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Editorial on the Research Topic
 The Contribution of Postural Adjustments to Body Balance and Motor Performance: Volume II



This second volume of the Research Topic provides an up-to-date picture on how humans control balance and body motion during daily motor tasks, with a special focus on the relationship between postural adjustments, body balance and motor performance in healthy adults and individuals with various health conditions. It includes 18 contributions separated into four sections, each of them focusing on a specific aspect of balance and body motion control. In the first section, the focus is on multisensory integration in balance control during standing, sitting and gait initiation. The second section reports results of studies investigating the adaptability of gait and balance control under specific and controlled conditions in healthy individuals. The third section reports results of studies focusing on gait and balance disorders in specific clinical populations. Finally, in the last section, results of studies focusing on the development of innovative tools and methods to assess and improve gait, balance and cognitive functions in neurological patients are reported.


MULTISENSORY INTEGRATION IN BALANCE CONTROL

Balance control is a complex motor skill which involves the integration of many types of sensory information (sight, vestibular system and proprioception) and can be modified by sensory input alterations consequent to a pathology or aging processes.

Postural instability during stance with eyes closed was investigated by Sozzi et al. by using spectral analysis of center-of-pressure (COP) oscillations and different sensory conditions. While standing on foam, vision did not reduce low-frequency oscillations, while touch diminished the entire spectrum, except for the medium-high frequencies, as if sway reduction by touch would rely on rapid balance corrections.

Desgagnés et al. showed that surface anodal stimulation over the right mastoid in seated participants induced an ipsilateral body sway. Current intensity and duration affected amplitude and occurrence of the inhibitory short-latency and the excitatory medium-latency responses in lumbar erector spinae muscles; responses were amplified by right, but not left, head rotation. Vision did not influence the responses, suggesting its minimal contribution to vestibulomotor control during sitting. The lack of response reversal in the sagittal plane may reflect the biomechanical role of lumbar erector spinae to tune the lumbar lordosis during an induced body sway.

Relative contribution of sensory and motor components on postural control in young and old participants was investigated both by Lauzier et al. and Kimijanová et al. According to the Canadian group, feet soles vibration and standing on foam increased COP parameters, but foam was more effective than vibration in both groups. Conversely to foam, changes in COP parameters after vibration were no longer different between groups when correcting for the baseline levels; thus aging seems to differently affect “motor” and “sensory” components, the latter being relatively unaltered. The Slovak group showed instead that young people significantly modified anticipatory postural adjustments (APAs) during gait initiation when a previous vibratory perturbation was delivered to lower leg muscles. Sensitively scaled APAs according to the actual position of the body verticality, an effect which is absent in old participants. Significant age-related declines in APAs were observed regardless of altered proprioception. This seems to indicate that at the transition from standing to walking they probably require higher reliance on the visual input.

Since aging is known to increase the falling risk, the Sensory Organization Test (SOT) applied to old people appears to be a useful tool for assessing postural stability, risk of falling, and balance improvement during rehabilitation. Perucca et al. presented normative data of SOT for 80–84 and 85–89 years groups and concluded that the vestibular balance tended to be affected by aging more than vision and proprioception-based systems. However, Moon et al. stressed that SOT has limitations (high cost, lack of portability etc.) that hinder its use in clinical practice. Thus they developed an innovative system, called VR-ComBAT (for “Virtual Reality Comprehensive Balance Assessment and Training”), that provides a safe, feasible, and cost-effective virtual reality environment allowing the investigation of multisensory integration in balance control.



ADAPTABILITY OF GAIT AND POSTURAL CONTROL

Investigating gait and postural control adaptations under specific and controlled conditions in healthy individuals can be a relevant approach to identify solutions for the assessment and improvement of these functions in people with balance and mobility impairments. Bertrand-Charrette et al. pointed out that pain experimentally induced by electrical stimulation caused robust gait pattern adaptations in healthy participants and thus provided a valid model to study musculoskeletal pain-induced gait adaptations under controlled conditions.

During toe walking De Pieri et al. showed that healthy adults generate a larger support moment during the stance phase to maintain the knee stable compared to normal walking. These results suggest that the support moment can be an insightful parameter for assessing the muscle demand associated with gait in patients affected by toe walking, such as patients with cerebral palsy or idiopathic toe walking.

Tebbache and Hamaoui showed that during a sit-to-stand task, an increase in backrest inclination resulted in an increase in the activity level of the neck and trunk flexor muscles during the postural phase (prior to seat-off), but a decreased level activity of some lower limb muscles during the rising phase. These results, which reveal a change in muscle demand as a function of backrest inclination, may be particularly useful in developing solutions to improve sit-to-stand performance in people with muscle weakness.



GAIT AND BALANCE DISORDERS IN SPECIFIC CLINICAL POPULATIONS

Several musculoskeletal and neurological conditions can affect gait and postural control often leading to increased disability and significant reduction in quality of life and life expectancy. Consequently, much attention has been given to the investigation of both gait and postural control in patients with various neuromusculoskeletal conditions, either to establish baseline comparisons with healthy individuals, track natural history of diseases or assess clinical improvement following clinical interventions. As illustrated by the following studies, translational research including basic sciences, applied research and pragmatic clinical studies significantly contributes to the development of tailored rehabilitation strategies targeting gait and balance disorder.

Student et al. compared mean sway amplitude and mean velocity of both the COP and COM in patients with early-to-mid stage Parkinson's disease (PD), aged-matched healthy individuals and young healthy adults. Using a moving room paradigm, the authors showed that the net effect of a visual perturbation on mean COP velocity was significantly higher in patients with early-to-mid stage PD and aged-matched healthy individuals suggesting that such changes are mostly an effect of aging rather than a specific effect of early PD.

In a study investigating the task specificities of anticipatory muscle activations throughout various hand activities in subacute stroke survivors, Xia et al. showed several differences between stroke patients and healthy participants. Among the several between group differences observed, the authors reported changes in anticipatory muscle activations in the extensor carpi radialis muscle as well as changes in APAs.

Walking capacity is a critical health outcome in several patient populations with musculoskeletal or neurological diseases. Through a scoping review, Houle et al. summarized the best currently available scientific evidence regarding walking capacity in patients with lumbar spinal stenosis and associated neurogenic claudication. Their review showed on one side that several physical and psychological factors are associated with walking capacity in patients with lumbar spinal stenosis, and on the other side that assessment of walking capacity and associated physical and psychological factors lacks standardization therefore limiting stronger conclusions on the topic.

Spinocerebellar ataxia type 3 is a neurodegenerative disorder characterized by progressive ataxia, external progressive ophthalmoplegia, and other neurological manifestations. Liu et al. evaluated lower limb proprioception in 80 patients to assess the association between proprioception and clinical features of spinocerebellar ataxia type 3. Their results showed that lower limb proprioception was significantly impaired in patients with spinocerebellar ataxia type 3 and that increased impairment was associated with increasing age at onset and increasing disease duration.

Finally, Souza et al. compared the index finger kinematics during a free-endpoint whole-body reaching task and a cup-to-mouth task in participants with traumatic brachial plexus injury (uninjured limb) and healthy matched controls. Significant differences in movement parameters led the author to suggest that traumatic brachial plexus injuries lead to increased motor planning cost for the movement of the uninjured limb and that this cost is higher in tasks that require greater postural balance.



GAIT, BALANCE AND COGNITIVE REHABILITATION IN PATIENTS WITH PARKINSON'S DISEASE AND STROKE

The development of innovative tools and methods directed to assess and improve gait, balance and cognitive functions in PD patients and stroke are important for rehabilitation interventions.

Bhatt et al. developed a computer game-based rehabilitation treadmill platform for dual-task (DT) assessment and training in PD. Authors showed that this platform has the ability to repeatedly record reliable DT interference effects over time and track PD progression. The platform is directly applicable to other diseases than PD that affect gait and cognition.

Functional electrical stimulation (FES) and robot-aided stretching device are two other promising tools that may improve balance and gait function in neurological patients. Delafontaine et al. reported that bilateral applications of FES to the tibialis anterior muscles (ankle dorsi-flexor) may improve the capacity of PD to generate the APAs associated with gait initiation. Future studies are required before considering that this tool is valuable to optimize the effects of L-DOPA medication on gait initiation.

Zhai et al. stressed that stroke survivors with impaired control of the ankle due to stiff plantar-flexors often experience abnormal postural control, which affects balance and gait. These authors reported that robot-aided and manual ankle stretching training provided similar improvements in the ankle properties and balance post-stroke. However, only the robot-aided stretching training improved spasticity and stiffness of dorsiflexion significantly. Authors thus suggested that robot-aided rehabilitation may optimize current rehabilitation programs in stroke survivors.

Beside the use of innovative tools, physical activity is important for the rehabilitation and promotion of healthy aging. Zhang et al. defended the point-of-view that the practice of tai chi, a traditional Chinese martial art, can improve balance ability and reduce the risk of falls in people with mild to moderate PD.

In conclusion, this collection contributes to a better understanding of the basic mechanisms underlying the control of body balance and body motion during daily motor tasks. The collection also promotes the development of innovative tools and methods to assess and train gait and balance, with relevant applications in the fields of neurodegenerative conditions and rehabilitation.
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Background: Mobility and cognitive impairments in Parkinson’s disease (PD) often coexist and are prognostic of adverse health events. Consequently, assessment and training that simultaneously address both gait function and cognition are important to consider in rehabilitation and promotion of healthy aging. For this purpose, a computer game-based rehabilitation treadmill platform (GRP) was developed for dual-task (DT) assessment and training.

Objective: The first objective was to establish the test-retest reliability of the GRP assessment protocol for DT gait, visuomotor and executive cognitive function in PD patients. The second objective was to examine the effect of task condition [single task (ST) vs. DT] and disease severity (stage 2 vs. stage 3) on gait, visuomotor and cognitive function.

Methods: Thirty individuals aged 55 to 70 years, diagnosed with PD; 15 each at Hoehn and Yahr scale stage 2 (PD-2) and 3 (PD-3) performed a series of computerized visuomotor and cognitive game tasks while sitting (ST) and during treadmill walking (DT). A treadmill instrumented with a pressure mat was used to record center of foot pressure and compute the average and coefficient of variation (COV) of step time, step length, and drift during 1-min, speed-controlled intervals. Visuomotor and cognitive game performance measures were quantified using custom software. Testing was conducted on two occasions, 1 week apart.

Results: With few exceptions, the assessment protocol showed moderate to high intraclass correlation coefficient (ICC) values under both ST and DT conditions for the spatio-temporal gait measures (average and COV), as well as the visuomotor tracking and cognitive game performance measures. A significant decline in gait, visuomotor, and cognitive game performance measures was observed during DT compared to ST conditions, and in the PD-3 compared to PD-2 groups.

Conclusion: The high to moderate ICC values along with the lack of systematic errors in the measures indicate that this tool has the ability to repeatedly record reliable DT interference (DTI) effects over time. The use of interactive digital media provides a flexible method to produce and evaluate DTI for a wide range of executive cognitive activities. This also proves to be a sensitive tool for tracking disease progression.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT03232996.

Keywords: treadmill walking, spatiotemporal gait variables, cognitive performance, dual-task performance, Parkinson’s disease, intra-class correlation coefficient


INTRODUCTION

Safe, independent community walking requires both mobility skills and cognitive flexibility to manage complex terrains, for navigation in busy environments, to identify and track relevant visual targets, reading, and for processing of what is being seen. Mobility limitations (balance and gait impairments; Rochester et al., 2004; Kang et al., 2005) and decline in executive cognitive function (Olchik et al., 2017; Roheger et al., 2018) common to Parkinson’s disease (PD) often coexist (Plotnik et al., 2011; Schneider et al., 2015) and are prognostic of adverse health events, including falls (Mak et al., 2014; Paul et al., 2014). Over 60% of individuals with PD fall each year and a significant portion of those who fall will experience multiple falls (Pickering et al., 2007; Lord et al., 2017; Creaby and Cole, 2018). The consequences of falls are often severe, leading to disability, loss of independence, and social isolation.

The concept of motor automaticity has an important implication in the pathophysiology of PD related to mobility limitations and increased fall risk (Wu et al., 2015; Gilat et al., 2017). One model of executive cognitive functions presents the supervisory attentional system, which distinguishes between processing of non-routine, attentionally demanding activities vs. routine, automated tasks (Dirnberger and Jahanshahi, 2013). The role of the striatum has been equated with that of routine tasks, such as locomotion, that are usually performed automatically (Gilat et al., 2017). The information processing demands of community ambulation are presumed to affect the already limited locomotor control of PD patients (Rochester et al., 2004; Kang et al., 2005), and this may result in greater gait instability and a higher risk of falls (Heinzel et al., 2016; Penko et al., 2018). Consequently, dual-task (DT) assessment and training programs that address both mobility and cognition are important to consider in the prevention and rehabilitation of mobility and cognitive decline.

Impairments in gait (Rosenberg-Katz et al., 2015; Wu et al., 2015; Gilat et al., 2017), and in executive functions (Monchi et al., 2001, 2004) are associated with disruption of frontostriatal circuits in PD. This is consistent with findings of studies which have evaluated frontal lobe activity during DT-walking using functional near infrared spectroscopy (fNIRS). Several fNIRS studies have reported increased activation levels of the prefrontal cortex (PFC) during DT-walking as compared to walk-only trials in healthy able-bodied adults (Fraser et al., 2016; Maidan et al., 2016). Similar fNIRS studies evaluating PD patients have reported no difference in PFC activation levels for DT-walking trials as compared to walk-only trials (Holtzer et al., 2015; Maidan et al., 2016; Liu et al., 2021). A recent positron emission tomography pilot study of DT-walking evaluated brain glucose metabolism in PD (Hoehn and Yahr stages 2 and 3) in ten patients who rested and five who conducted a DT treadmill/cognitive video game task during the uptake period (Szturm et al., 2020). DT interference (DTI) was consistently shown for gait and cognitive game performance measures for the DT-walking group. As expected, glucose metabolism was significantly increased in several brain regions of the patients in the DT group, compared to the resting group, including the primary visual/sensorimotor areas, thalamus, superior colliculus, and cerebellum. Within the DT group, the three patients in the earlier stage of PD (Hoehn and Yahr stage 2) showed increased glucose uptake in the PFC during DT treadmill walking compared to the resting group, while the two patients at Hoehn and Yahr stage 3 did not. These behavioral and neuroimaging results suggest that simultaneous tasks may be accomplished via different mechanisms as neurodegeneration progresses in PD. A clinically valid and reliable treatment to assess and improve DT performance may translate to improved or slowed decline of cognitive performance and mobility.

Most DT gait studies are performed overground and all overground studies report a significant decrease in gait speed during the DT-walking condition as compared to walk only trials (Al-Yahya et al., 2011; Rochester et al., 2014; Stegemöller et al., 2014; Salazar et al., 2017; Raffegeau et al., 2019). Besides gait speed, many DT gait studies examine how cognitive demand affects gait rhythm and stability (i.e., recording spatiotemporal gait variables; Frenkel-Toledo et al., 2005; Montero-Odasso et al., 2012; Nankar et al., 2017). However, gait speed is a confounding variable as spatiotemporal and other kinematic gait variables are sensitive to changes in gait speed (Jordan et al., 2007; Chung and Wang, 2010; Keene et al., 2016; Cole et al., 2017). Most of the overground DT-walking studies use an instrumented walkway, which records only 4–6 consecutive steps (Bruijn et al., 2009; Hollman et al., 2010). It has been shown that using a continuous walking protocol instead of short intermittent walks, and collecting more than 30 consecutive steps improved reliability, in particular for measures of gait variability (Bruijn et al., 2009; Hollman et al., 2010; Galna et al., 2013). Furthermore, there is a limited choice of executive cognitive tasks that can be completed during overground walking, and for the short time period to walk a few meters. For example, common cognitive tasks used during overground walking include recall of names/words, serial subtraction, or auditory Stroop tests (Al-Yahya et al., 2011; Raffegeau et al., 2019). Walking outdoors requires visual attention, search, and processing of what is being seen (i.e., relevant visual information). Cortical areas devoted to visuospatial processing of behaviorally significant information, such as the PFC may be particularly susceptible to the neurodegenerative process in PD (Klencklen et al., 2012; Battisto et al., 2018; Lally et al., 2020). To overcome these limitations, Szturm et al. (2017, 2020) developed a computer game-based rehabilitation treadmill platform (GRP; Mahana et al., 2021) which provides an integrated approach to assess and treat the decline in balance, gait, visuomotor, and executive cognitive functions. The GRP consists of a standard treadmill instrumented with a pressure mapping system used to compute spatiotemporal gait variables and gait stability measures (Szturm et al., 2017; Ahmadi et al., 2018, 2019) and a computer display placed at the front of the treadmill for participants to view and interact with computer-generated activities while walking. The GRP includes an interactive computer game application for DT which allows for recording and analyzing participant’s actions and choices while walking and playing targeted cognitive games. Therefore, gait and cognitive performance can be measured synchronously during continuous, speed-controlled, steady state gait trials, lasting minutes.

In a previous study (Szturm et al., 2017), reliability of the GRP assessment tool has been established in older adults with fall histories. The present study aims to establish the reliability of the GRP assessment protocol in individuals with PD, and to examine the influence that visuospatial cognitive tasks have on gait performance in Hoehn and Yahr stage 2 (PD-2) vs. stage 3 (PD-3) patients. The first objective of the present study was to establish test-retest reliability and the minimal detectable change (MDC) of spatio-temporal gait variables, as well as visuomotor and cognitive performance measures examined during single task (ST; i.e., walking only or playing video games while sitting) and DT (i.e., walking while playing video games) conditions. The second objective was to examine the effects of task condition (ST vs. DT conditions) and disease severity (stage 2 vs. 3) on gait, visuomotor and cognitive performance measures. This objective addressed three hypotheses, which are as follows: (1) increased visuospatial cognitive loads (ST-walking vs. DT-walking) will have a significant effect on gait performance measures in both PD-2 and PD-3 patients, and vice versa: increased physical demands (sitting vs. walking) will have a significant effect on visuomotor and cognitive performance measures (ST-gaming vs. DT-gaming); (2) increased cognitive loads (ST-walking vs. DT-walking) have a greater influence in gait performance measures in PD-3 patients as compared to PD-2 patients; and (3) increased physical demands (sitting vs. walking) will have a greater influence on visuomotor and cognitive performance measures in PD-3 patients as compared to PD-2 patients.



MATERIALS AND METHODS


Participants

Thirty PD patients were recruited for this study. The inclusion criteria included: (a) 50–75 years of age, (b) clinical diagnosis of PD (Hoehn and Yahr stages 2 and 3) made by a movement disorders specialist based upon the United Kingdom PD Society Brain Bank diagnostic criteria (Hughes et al., 1992), (c) treated with antiparkinsonian medications, (d) able to walk at least 50 m without any assistance, and (e) adequate hearing and vision to perform the computer game task, i.e., while viewing an 80 cm monitor at a distance of 1 m. The exclusion criterions included (a) any significant cognitive impairment [Montreal cognitive assessment scores (MoCA; Nasreddine et al., 2005) <25], (b) any other neurological disorder except PD, (c) with any musculoskeletal impairment or uncontrolled cardio-vascular condition that might prevent participants from walking on a treadmill for 2–4 min. The Human Research Ethics Board at the University of Manitoba approved the study, and the study is registered at ClinicalTrials.gov. The Protocol Registration System number is NCT03232996. All participants provided informed consent. The participants were tested on two separate days, 1 week apart, and at the same time of day, during the ON medication phase. The Unified Parkinson’s Disease Rating Scale (UPDRS; Fahn et al., 1987) was completed in the first test session. Participants were instructed to take their medications at the same time prior to testing.



Instrumentation and Test Protocol

Figure 1 presents the components of the treadmill platform. Participants stood on a treadmill at a viewing distance of 100 cm from an 80 cm computer monitor. The treadmill is instrumented with a pressure mat (Vista Medical, Ca) which was used to record vertical foot contact forces and to compute spatiotemporal gait variables (Rochester et al., 2014). A miniature, wireless inertial-based (IB) mouse Scoop Pointer Remote (Model: RXR1000-0302E; Hillcrest labs) was used to control and interact with two computer applications described below. The IB mouse contains a 2-axis gyroscope and 2-axis accelerometer and firmware that provides an instantaneous angular position signal, and emulates a plug-n-play standard optical computer mouse. Velcro was used to secure the wireless motion mouse to a sports cap or plastic head band allowing head rotation to be used to point the device to control the position and motion of a computer cursor or game sprite. Therefore, a hands-free computer game controller was used to interact with various computer applications (cognitive activities) while treadmill walking. Head pointing movements are among the most natural and can easily be performed with minimal instruction.


[image: image]

FIGURE 1. Illustration of the treadmill platform and experimental set-up; (A) the motion mouse is shown attached to the head via a baseball cap. (D) Participant is walking on the instrumented treadmill while viewing a computer monitor. Head rotation (via motion mouse) is used to interact with the visuospatial cognitive task. (B,C) present snap shots of the VMT and VCG. (E) Presents synchronous plots of the target cursor motion and user movement trajectories (head rotation) for a typical VMT task. Maxima are the left most position and minima the right most position. (F) Presents the trajectory for one game movement response from target appearance to target disappearance. (G) Presents overlay trajectories of all game movement responses for one game session. Parts of Figure 1 have previously been published in Szturm et al. (2017, 2021).


Two computer applications were developed for DT balance assessment. Details of the applications and protocols can be found in Szturm et al. (2017). First, visuomotor tracking (VMT), as shown in Figures 1B,E, involves tracking a visual target that moves horizontally left and right on a computer display for several cycles. Two cursors of different shapes appear on the monitor. The target was a circle, its motion was computer controlled and moved at a predetermined frequency of 0.5 Hz with an amplitude of 80% of the monitor width. The second cursor, a rectangle, was slaved to head rotation via the IB mouse. Participants were instructed to move and overlap the rectangle head-controlled cursor with the target circle for several cycles. The second computer application involved a visuomotor cognitive game (VCG), as shown in Figures 1C,F,G. The goal of this task is to move a game paddle (via head rotation) horizontally to interact with the moving game objects. The game objects are categorized as designated targets or designated distractors. The game objects appear at random locations at the top of the display every 2 s and move to the bottom of the display. The game objects move in a diagonal path from top to bottom. In response to each game event, participants produced a head rotation (i.e., rotation of the IB mouse) to move the game paddle to catch the target objects while avoiding the distractors. A logged data file is generated that synchronously records (100 Hz sampling rate) the coordinates of the game paddle and the game objects (tracking cursor, target, and distractor objects).

These tasks were performed while walking on a treadmill at 0.9 m/s for 1 min. This speed was well tolerated by the PD-3 group in pilot-testing, allowing these patients to walk without falling or needing to lean on the treadmill supports. Four conditions were included: (a) walk only ST condition (WO), (b) DT-walk while performing a VMT task, (c) DT-walk while performing a VCG task, and (d) a ST gaming condition while seated (VMT and VCG games). Participants were not allowed to lean on the treadmill structure during testing. Prior to testing, the participants were allowed to play the games while seated for a few minutes to become familiar with each task.



Data Analysis

The following outcome measures were computed from the recorded pressure mat data; (a) average and coefficient of variation (COV) were computed over 30 consecutive steps, for right and left step length (SL) and swing time (SwT; 44), and (b) the location of all heel contacts in the mediolateral (ML) axis during each walk trial were determined, and the dispersion of heel contact locations were computed as the COV, and reported as ML-drift (Ahmadi et al., 2018). Since the statistical analysis showed no significant difference in means of right and left gait variables, only the right gait variables are presented.


VMT Performance Measures

Figure 1E presents synchronous plots of the computer-controlled target motion (circle cursor) and participants head rotation (rectangle cursor) for a typical VMT task. The total residual error (TRE) was determined by computing the difference between the trajectories of the target and head cursor motions for each sample period (Szturm et al., 2017). The first two cycles of the VMT tasks were excluded to allow the participants time to acquire the moving target and begin tracking.



VCG Performance Measures

Figure 1F presents the trajectory of an individual game movement response. The duration of each VCG trial was 60 s and each game event was 2 s. Therefore, 30 game movement responses were made, half in each direction. Based on the time indexes of each target appearance and disappearance, the software segments each individual game movement response and sorts them by direction. Figure 1G presents overlay plots of all game movement responses in one direction (Szturm et al., 2017). The following variables were determined from the game movement responses: (a) average response time (Avg. RT), i.e., the time from target appearance to the start of the game paddle (head rotation), (b) success rate (SR) determined as the percentage of target objects that were caught, and (c) movement variance (MV). The individual movement traces for each direction in one game session were averaged and the standard deviation (SD) computed for each sampled data point. The total SD over all sampled data points was taken as movement variation.



Statistical Analysis

The sample size for this study was computed using Table 1, of Zou (2012). Thirty participants were required for an intraclass correlation coefficient (ICC) value of 0.8, assurance of 70%, and class interval half-width of 0.15. Normal distribution of the data was assessed using the Shapiro–Wilk test, and Mauchly’s test of sphericity was used to test the equality of variance for comparison between different task conditions and stages of PD. The gait, VMT and VCG performance measures satisfied the assumptions of normality and equal variance.


TABLE 1. Demographic and clinical data by Hoehn and Yahr stage (stage 2: PD-2; stage 3: PD-3).
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Relative reliability was assessed using a two-way random model ICC. The ICC scores were considered to be high when equal to or greater than 0.70, moderate between 0.50 and 0.69, and low when less than 0.50 (Lexell and Downham, 2005). MDC was computed according to a published guideline (Lexell and Downham, 2005). Absolute reliability was analyzed using MDC (Messick, 1995; Haley and Fragala-Pinkham, 2006). Systematic errors between the test periods were evaluated using a paired t-test.

A repeated measures ANOVA was used to evaluate the effect of task condition (ST vs. DT), disease severity (Hoehn and Yahr stage 2 vs. 3) and the interaction of task and disease stage. The significance level was α set at p < 0.05. Effect size was calculated (Cohen’s d); values less than 0.20 were considered negligible, values between 0.20 and 0.50 were considered small, between 0.50 and 0.80 were medium, and greater than 0.80 was considered large (Schäfer and Schwarz, 2019). All statistical analysis was conducted using SPSS (v.22, SPSS Science, Chicago, IL, United States, RRID:SCR_019096).



RESULTS

Table 1 presents the demographic and clinical data for PD-2 and PD-3 participants. The male to female ratios were similar in the two PD groups. There was a slight age difference between the two groups but this was not statistically different [t(28) = 1.678, p = 0.105]. Test scores for the MoCA were similar between groups (p > 0.7). The UPDRS scores (Total and Motor) were significantly greater in the PD-3 group as compared to the PD-2 group (p < 0.001).

Table 2 presents group means and SD for tests 1 and 2, ICC values, and MDC values for gait variables (average and COV for SL and SwT and ML-drift). High test-retest reliability (ICC values of 0.76–0.98) were observed for average SL and SwT during the three-walking conditions: ST-walking only (WO), VMT-walking and VCG-walking. MDC as a percentage of the group mean (MDC%) ranged from 15–20% for Avg-SL and Avg-SwT. Moderate to high test-retest reliability (ICC values of 0.58–0.96) was observed for COV-SL and COV-SwT during the three walking conditions. The MDC% values for COV were higher than for average gait values; values ranged from 52–74%. Lower ICC values were observed for the ML-drift measures; range 0.43–0.88. The MDC% values for ML-drift were high, ranging 67–75%. Paired student t-tests revealed no significant difference between test 1 and test 2 for any of the gait variables (average, COV, or ML-drift, p > 0.2).


TABLE 2. Test-retest reliability results for spatial and temporal gait outcome measures (average and COV).
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Table 3 presents the ICC values and MDC values, along with group means and SD for both the VMT (TRE) and VCG (movement onset time, success rate, and movement variation) outcome measures. Moderate to high test-retest reliability (ICC values ranging from 0.48 to 0.95) were observed for TRE. The MDC% values for TRE were 19% for sitting and 21% for VMT-walking. Moderate to high test-retest reliability was observed (ICC values ranging from 0.41 to 0.95) for movement onset time, success rate, and movement variation. The MDC% values for movement onset time and success rate ranged from 11 to 20%, and for movement variation MDC% was 20% in sitting and 19% during walking. Paired student t-tests revealed no significant differences between test 1 and test 2 for any of the VMT or VCG outcome measures (p > 0.3).


TABLE 3. Test-retest reliability for visuomotor tracking (VMT) and visuomotor cognitive game (VCG) task performance during ST-sitting and DT-walking on the treadmill.
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Validity

Statistical results of the effect of task condition (WO vs. VMT/VCG), disease stage (PD-2 vs. PD-3), and task × stage interaction on the gait variables are presented in Table 4. There was a significant main effect of task condition on all gait performance measures (p < 0.05) except for ML-drift between WO and VMT conditions (p = 0.1). There was a significant main effect of disease stage on all gait outcome measures (p < 0.05) except for Avg-SwT (p = 0.1). With one exception (COV of SwT for the VCG task, p = 0.008), there was no interaction effect (task × stage) on any of the gait outcome measures (p > 0.1).


TABLE 4. Main effects and effect sizes (Cohen’s d) of task condition and PD severity on the gait outcome measures.
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Group means and SD of the spatiotemporal gait variables by task condition and disease stage are presented in Figure 2. As compared to the WO condition, the addition of the VMT and VCG tasks resulted in (a) a significant decrease in Avg-SwT and Avg-SL, and (b) a significant increase in COV-SL, COV-SwT, and ML-drift. As compared to the PD-2 group, the PD-3 group had significantly shorter Avg-SwT, larger COV values, and greater ML-drift. This was the case for WO, VMT, and VCG walk trials. Effect sizes for task condition and disease stage were similar, ranging from small to medium (0.20 to 0.52).
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FIGURE 2. Plots and values of group means and in brackets standard error of mean (SEM) for the gait variables by task condition and disease stage.


The magnitude of DTI (i.e., effects of task condition) of cognitive demands on gait performance measures was similar in both PD-2 and PD-3 groups. The one exception was a greater magnitude of DTI on COV-SwT for the PD-3 group as compared to the PD-2 group. Effect sizes for task × stage interaction were negligible, less than 0.20.

Statistical results of the effect of task condition and disease stage on VMT and VCG performance measures are presented in Table 5. There was a significant effect due to task condition and disease stage on TRE (p < 0.001), but there was no significant task × stage interaction effect for TRE (p = 0.2). As evident in Figure 3, TRE was significantly greater during DT-walking as compared to sitting, and was significantly greater in the PD-3 group compared to the PD-2 group. This was the case when tested in sitting and during DT-walking.


TABLE 5. Main effects and effect sizes (Cohen’s d) of task condition and PD severity on the visuomotor tracking (VMT) and visuomotor cognitive game (VCG) outcome measures.
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FIGURE 3. Plots and values of group means and in brackets standard error of mean (SEM) for the VMT and VCG outcome measures by task condition and disease stage.


There was a significant effect due to VCG task condition on movement onset time, success rate, and movement variation (Table 5). There was a significant effect due to disease stage on success rate but not on movement onset time or movement variation. There was no significant task × stage interaction effect on any of the three VCG outcome measures. As evident in Figure 3, there was a significant decrease in success rate and a significant increase in movement onset time and movement variation when tested during DT-walking as compared to sitting. Also, success rate was significantly higher in the PD-2 group compared to the PD-3 group when tested in sitting and during DT-walking. Medium effect sizes for TRE (d = 0.56), success rate (d = 0.58), and movement variation (0.52) were observed for task condition. Small effects sizes for TRE (0.47) and success rate (0.20) were observed for disease stage. Effect sizes for task × stage interaction were negligible, less than 0.20.



DISCUSSION

Overall, with a few exceptions, the computer game-based DT treadmill walking assessment protocol showed moderate to high test-retest reliability for the spatio-temporal gait measures, and VMT and VCG performance measures, under the DT condition. DTI was observed for all outcome measures of gait, VMT, and VCG with one exception: ML drift was not significantly different between WO and VMT trials. The limitation of a treadmill is the relatively narrow belt width, which does limit the degree to which a participant can drift leftward and rightward before stepping off the moving belt and falling. This constraint may have influenced the amount of ML drift during the VMT task. However, it is not clear why there was a significant increase in ML drift during the VCG tasks.

The present reliability findings are consistent with the results of Strouwen et al. (2016) who examined test-retest reliability for average SL and average time during overground DT-walking in individuals with PD (Strouwen et al., 2016). Participants walked on a GAITRite instrumented walkway of 4 m while performing backward-digit counting and an auditory Stroop test. Average SL and SwT and the cognitive performance measures (number of errors), demonstrated moderate test-retest reliability during DT-walking. However, it is not known whether gait speed was the same for task conditions and test periods in this study (Strouwen et al., 2016). The present analysis extends these results to include measures of variation: COV-SL, COV-SwT, and ML-drift. In addition, in the present study, participants performed the VMT and VCG tasks for 60 s while walking (DT); the same steady state velocity was used for both DT and ST (walk only) conditions and test periods. Therefore, the present analysis was based on averages and variance of 30 movement cycles (VMT), 30 game movement responses, and on average, 30 consecutive right and left steps. In regard to absolute reliability, MDC% values for the average SL and SwT gait variables for WO, VMT and VCG walking trials were in the range of 15–20%. Values of MDC less than 20% would be considered an acceptable level for use in clinical trials (Koo and Li, 2016). The COV and ML-drift outcome measures had high MDC% values, with a range of 52–75%. When evaluating the effectiveness of treatment programs, outcome measures having high MDC% values would require a greater amount of change from pre- to post-intervention in order to be considered significant. Thus, caution needs to be taken when using gait variability measures to examine change due to some intervention. In this regard, inclusion criteria may need to be restricted (for example to include only Stage 2 or Stage 3 PD patients) as to minimize subject variability.

A significant reduction in average SL, and average SwT was observed when the VMT and VCG tasks were added. This was the case for both PD-2 and PD-3 groups. These findings for average gait variables would indicate a significant effect of visuospatial processing load on locomotor rhythm and pacing. There was also a significant increase in COV of SL, SwT, and ML-drift when the visuospatial processing loads were increased. Gait variability measures are important outcome measures as they reflect gait stability (Frenkel-Toledo et al., 2005; Montero-Odasso et al., 2012, 2018; Ahmadi et al., 2019) and are independent predictors of falls (Callisaya et al., 2011; Heinzel et al., 2016). In addition, previous studies have reported increased ML excursions of the body during treadmill walking when exposed to moving visual scenes (Bauby and Kuo, 2000; O’Connor and Kuo, 2009). Taken together, the present findings for COV-SL/SwT and ML-drift would indicate a main effect of visuospatial processing load on gait stability in PD.

Most studies that examined DT-walking in PD patients have used cognitive tasks such as counting backward tasks, animal/word enumeration tasks, and auditory Stroop tests (Rochester et al., 2014; Stegemöller et al., 2014; Salazar et al., 2017; Raffegeau et al., 2019). The present study extends these tasks to include VMT and VCG tasks, which require participants to actively rotate their heads in order to track (VMT) and to interact (VCG) with moving target objects and avoid distractor objects. Many different types of similar head pointing movements and gaze fixations occur during our daily activities such as walking and navigating through busy and complex environments, avoiding people and obstacles, shopping and searching for specific items, or during many recreational activities. A significant decline in performance of all visuospatial processing tasks was observed when tested during DT-walking, as compared to sitting. This was the case for both PD-2 and PD-3 groups.

Schlachetzki et al. (2017) showed a significant decrease in gait speed, and SL of stage 3 participants as compared to stage 2. Hass et al. (2012) also reported a significant reduction in average SL, and average SwT of stage 3 participants compared to stage 2. The present study extends these findings and demonstrates a significant decline in gait, VMT and VCG performance measures for the PD-3 group compared to the PD-2 group during both ST and DT treadmill walking conditions. However, there was no significant difference in the magnitude of DTI (task × stage interaction) of cognitive demands on gait performance measures between the PD-2 and PD-3 groups. During the WO trials, SL was significantly less and gait variation and ML-drift were significantly greater in the PD-3 group compared to the PD-2 group. This may indicate that the PD-3 group is near the threshold level (capacity) beyond which a fall or loss of balance would occur, i.e., if the magnitude of DTI was higher in PD-3 patients, they would have fallen. For this reason, a greater increase of DTI in the PD-3 group would not be possible.

Following the principle of neural overlap (Wollesen et al., 2016; Crockett et al., 2017), DTI should be greatest when the cognitive and motor tasks engage the same neural circuits and processing resources, e.g., visual-spatial processing. Walking and maintaining balance on a moving treadmill requires attentional resources for continuous monitoring of rhythm, pacing, spatial orientation relative to borders of the treadmill belt, and to generate timely corrective responses to counter drift. This requires processing and organization of spatial information from multiple sensory systems, including visual spatial information. The VMT and VCG tasks used in the present study require sustained visual attention, visual search, cognitive inhibition and spatial processing of the moving targets, i.e., executive cognitive functions. The increased attentional demands and processing of spatial information to prevent drifting and, more seriously, falling, would compete for resources required to perform the VMT and VCG tasks, and vice versa.



LIMITATIONS

One limitation of the present study which is true of all DT studies relates to how individuals spontaneously prioritize their attention between the walking and the tracking/cognitive tasks. It is possible that walking was prioritized and participants did not attend to the tracking/cognitive activities with 100% effort. Alternatively, the information provided during the VMT and VCG tasks was received and processed and the performance was affected due to DTI. Modest performance levels were observed in the present study for both VMT and VCG tasks during walking. This would indicate the participants were attending to and processing the information they saw on the display. However, they may have stopped intermittently for a few seconds and prioritized locomotor processing (i.e., to correct rhythm, pacing and balance). Another limitation is that treadmill and overground are different types of walking tasks. However, treadmill walking involves repetitive stepping and dynamic stability requirements that are comparable to the demands of overground walking, as well the kinematics and kinetics of gait during treadmill and overground walking have very similar patterns and degree of variation (Watt et al., 2010; Hollman et al., 2016; Yao et al., 2019). In the present assessment, treadmill was used to ensure a steady state gait at a controlled speed and within a narrow spatial range (width/length of treadmill walking surface). Also important is that treadmills can be easily equipped with a computer monitor to access digital media. This provides standardized repeatable computer tracking and cognitive game activities and thus presents the same information to all participants on both test days, and for all test conditions (sitting and during walking). In addition, the gait and cognitive outcome measures are quantified not just for a few seconds, but for durations of minutes.

The absence of a healthy age-matched control group is another limitation. This analysis would provide added information as to differences in DTI due to age effects and disease stage. A study is in progress (paused due to COVID-19) to compare the effects of VMT and VCG on gait function (and vice versa) between age-matched able-bodied participants and stage 2 and 3 PD participants.

Finally, the VMT and VCG tasks used in the present study involve both head rotation and information processing, and at this point we cannot rule out any intersegmental mechanical effect of the head rotation as a cause of the gait changes observed between the WO and the DT walk trials. Head rotations required for the VCG tasks were relatively small head rotations of between 20–40 degrees, and of 300–500 ms in duration. These small ramp head rotations about the vertical axis would not likely cause any deviation in position of the body center of mass in ML or AP directions, i.e., passive mechanical disturbance to gait. Duysens et al. (2008) examined center of pressure migration during an open-loop tracking task (up to 30 degrees of visual target motion) while treadmill walking. Three tasks were performed: tracking with eye movements only (head stationary), tracking by rotating the head in synchrony with the moving visual target (open-loop tracking task), and tracking while rotating the trunk in synchrony with the moving visual target. The results demonstrated no significant deviation of the center of pressure migration when participants performed the tracking task with eye or head rotation, whereas, trunk rotations led to a doubling of ML-center of pressure deviation. The mechanical effect of head rotation on gait rhythm pacing and variation will receive further investigation.



CONCLUSION

The high to moderate ICC values along with the lack of systematic errors in the measures indicate that this tool has the ability to repeatedly record reliable DTI effects over time. This also proves to be a sensitive tool for tracking disease progression.

A comprehensive analysis of spatial and temporal features of steady state gait has a greater validity to measure gait performance (rhythm, pacing, and stability) as compared to gait speed alone. The use of standardized, interactive computer applications provides a flexible method to produce and evaluate a wide range of executive cognitive activities while performing complex motor behaviors such as walking. Objective evaluation of VMT and VCG computer tasks provide important information about different aspects of information processing.

While the focus of the present work is on assessment of DTI in PD, the GRP platform is directly applicable to other diseases that affect gait and cognition (e.g., cognitive vascular impairment, Alzheimer’s disease, and aging). Future studies will examine the type and levels of DTI that are prognostic of falls and adverse health events. A randomized clinical trial is also planned to examine the feasibility and effectiveness of a computer game-based DT training program for PD patients. Many designed cognitive games, as well as many engaging and inexpensive common and modern computer games can be used with the GRP to challenge a broad range of visuomotor and executive cognitive functions (Mahana et al., 2021).
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In Patients With Parkinson’s Disease in an OFF-Medication State, Does Bilateral Electrostimulation of Tibialis Anterior Improve Anticipatory Postural Adjustments During Gait Initiation?
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A complete lack of bilateral activation of tibialis anterior (TA) during gait initiation (GI), along with bradykinetic anticipatory postural adjustments (APAs), often occurs in patients with Parkinson’s disease (PD) in their OFF-medication state. Functional electrical stimulation (FES) is a non-pharmacological method frequently used in neurorehabilitation to optimize the effect of L-DOPA on locomotor function in this population. The present study tested the potential of bilateral application of FES on TA to improve GI in PD patients. Fourteen PD patients (OFF-medication state, Hoehn and Yahr state 2-3) participated in this study. They performed series of 10 GI trials on a force-plate under the following experimental conditions: (1) GI without FES (control group), (2) GI with 2Hz-FES (considered as a very low FES frequency condition without biomechanical effect; placebo group) and (3) GI with 40Hz-FES (test group). In (2) and (3), FES was applied bilaterally to the TA during APAs (300 mA intensity/300 μs pulse width). Main results showed that the peak of anticipatory backward center of pressure shift, the forward center of mass (COM) velocity and shift at foot off were significantly larger in the 40 Hz FES condition than in the control condition, while the duration of step execution was significantly shorter. In contrast, the capacity of participants to brake the fall of their COM remained unchanged across conditions. Globally taken, these results suggest that acute application of 40-Hz FES to the TA may improve the capacity of PD patients to generate APAs during GI, without altering their balance capacity. Future studies are required before considering that TA FES application might be a valuable tool to improve GI in PD patients and be relevant to optimize the effects of L-DOPA medication on locomotor function.

Keywords: Parkinson’s disease, functional electrical stimulation, gait initiation, anticipatory postural adjustments, tibialis anterior


INTRODUCTION

Gait initiation (GI), the transient period between steady-standing posture and steady-state walking, is a functional task known to be altered in patients with Parkinson’s Disease (PD) (Halliday et al., 1998). Alteration in GI has been identified as a source of fall in neurological patients (Stolze et al., 2004). GI is classically decomposed into three successive phases: the postural phase, which precedes the swing heel-off (and corresponding to the so-called “anticipatory postural adjustments,” APAs), the unloading phase (from swing heel-off to toe-off) and the execution phase ending at the time of foot-contact. During APAs, the tibialis anterior (TA) are activated bilaterally, which is responsible of backward center-of-pressure (COP) shift. This COP shift is necessary to generate the initial forces to propel the center-of-mass (COM) forward during the execution phase, and reach the desired step length and velocity (Lepers and Breničre, 1995). During step execution, the COM falls under gravity effect, and this fall is actively braked by the activation of stance leg triceps surae, which acts to attenuate the impact of the swing limb at foot contact (Honeine et al., 2013).

A complete lack of bilateral TA activation, along with bradykinetic APAs often occurs in PD patients in their OFF-medication state (Halliday et al., 1998), which may be one of the factors responsible for the symptoms of “start hesitation” typical of this population (Delval et al., 2014). Altered active COM braking has also been reported in patients with severe PD patients (Chastan et al., 2009).

Classical treatment of PD includes L-DOPA administration (Palmisano et al., 2020). It is however noteworthy that the positive effects of this pharmacological treatment is controversial (Rocchi et al., 2002). L-DOPA may indeed induce dyskinesia (Curtze et al., 2015), which may alter balance control in PD patients in their ON-medication state when compared to their OFF-medication state (Armand et al., 2009).

Recent studies reported that Functional Electrical Stimulation (FES), a non-pharmacological rehabilitation method, may be relevant to optimize the effect of L-DOPA on locomotor function. FES is a means of producing an active muscle contraction controlled in such a way to provide functional movement to assist everyday tasks. Sijobert et al. (2016) showed that plantar sensitive electrical stimulation during steady-state walking reduced freezing by about 12% in PD patients. Mann et al. (2008) reported that the application of FES on the common peroneal nerve of PD patients increased the average stride length, increased the distance covered during a 3-min walk test, and decreased the risks of falls in this population. FES stimulation might also specifically ameliorate gait in patients with freezing of gait (FOG) (Djurić-Jovičić et al., 2013). However, it is noteworthy that Mancini and Horak (2010) stressed that the greatest limitation of these clinical approaches to rating balance is that they cannot specify what type of balance problem a subject suffers in order to direct a treatment.

To our knowledge, no studies to date investigated whether FES may be efficient to facilitate GI in PD patients. The present study thus tested the potential of bilateral application of FES on TA to improve GI in PD patients.



METHODS

Fourteen PD patients [11 men and 3 women, aged 69 ± 7 years, height 166 ± 8.2 cm, body-mass 66 ± 15 kg [(mean ± SD)]; see Table 1, classified Hoehn and Yahr states 2-3 were included in the experiment. Only PD patients in their OFF-medication state (i.e., after 12-h withdrawal from their antiparkinsonian’s L-DOPA medications) were included because this is the condition where alterations in APAs development and associated TA activity mainly occur. All patients reported FOG. Exclusion criteria included: visual, hearing or orthopedic problems, other identified neurological troubles, dementia, severe dyskinesia, a score <25 on the Mini Mental State Exam, implanted deep brain stimulator and response fluctuations. The patients had no medical history of falling. All subjects gave informed written consent as required by the Declaration of Helsinki. The experiment was approved by the “Comité de Protection des Personnes Ile-de-France XI” under identification number 19028-60429.


TABLE 1. Demographic characteristics and clinical parameters of PD patients.

[image: Table 1]MDS-UPDRS: Movement disorders society-Unified Parkinson’s Disease Rating Scale; STS: Sit-to-Stand Task. STS score corresponds to the number of rising from a chair performed during 15 seconds; MMSE: Mini Mental State Exam.

Each participant performed series of GI trials at a spontaneous velocity on a force-plate (0.9 × 1.80 m, AMTI, Watertown, United States) following an acoustic signal delivered by the experimenter. Ten GI trials were performed in each of the three following experimental conditions (for a total of N = 30 trials): (1) GI without FES (control), (2) GI with 2 Hz FES (considered as a very low FES frequency condition without biomechanical effect), and (3) GI with 40 Hz FES. In (2) and (3), FES (referee Compex Wireless Professional®) was applied bilaterally to TA during APAs with an intensity of 300 mA and a pulse width of 300 μs. The order of the experimental conditions was randomly assigned across participants to avoid rank effects.

Force-plate data were low-pass filtered using a second order Butterworth filter with a 10 Hz cut-off frequency (Winter, 1990; Sinclair et al., 2013). The COP anteroposterior coordinate was computed from force-plate data. The instantaneous COM acceleration was determined from the ground reaction forces. COM velocity and position were computed with successive numerical integrations of COM acceleration (Yiou et al., 2016). Data were collected at a rate of 500 Hz. Data acquisition was controlled by a custom-made program written in MATLABTM [Version 5.3 (R11), The MathWorks Inc., United States].

Classical GI biomechanical parameters were analyzed. Temporal parameters included: duration of APAs (APAd, from onset variations of biomechanical traces to heel-off), unloading (UNL, from heel-off to toe-off) and execution phase (EXE, from toe-off to heel-contact). Spatial parameters included: peak backward COP shift (xPMAX), forward COM velocity (x’MTO) and COM position at toe-off (xMTO), forward COM velocity at foot-contact (x’MFC), step length (SL) and Braking Index (BI). GI biomechanical traces obtained in one representative PD subject and showing temporal parameters are reported in Figure 1.
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FIGURE 1. Typical biomechanical traces of gait initiation obtained in the three experimental conditions (Control, 2 and 40 Hz FES) and showing each dependent variable (one trial in one representative PD patient). Biomechanical traces. xP, xM, x’M, z’M: cenete of pressure (COP) displacement, center of mass (COM) displacement and COM velocity along the anteroposterior (x) and vertical (z) axis, respectively. B, F, U, D: backward, forward, upward and downward direction, respectively. t0, HO, TO, FC: onset of biomechanical traces, swing heel-off, toe-off and foot-contact, respectively. Experimental variables. APAd, UNL, EXE: time-windows for APAs, unloading and execution phases of gait initiation.


Mean values and standard deviations were calculated for each dependent variable. Repeated-measures ANOVAs were used to test the effect of the condition (control, 2 Hz FES, 40 Hz FES) on each variable after having checked normal distribution with the Shapiro-Wilk test. A significant outcome was followed up with the Tukey post hoc test. The threshold of significance was set at p < 0.05. The Cohen’s d (d’) was used to assess effect sizes. Effect sizes were classified as trivial (<0.2), small (0.2–0.49), medium (0.5–0.79), and large (≥0.8).



RESULTS

Statistical analysis showed that there was a significant effect of the condition on the following variables (Figure 2): xPMAX [F(2, 26) = 8.41, p < 0.01], x’MTO [F(2, 26) = 7.80, p < 0.01], xMTO [F(2, 26) = 13.64, p < 0.001] and EXE [F(2, 26) = 4.15, p < 0.05]. Specifically, post hoc test showed that xPMAX (p < 0.001; d′ = 0.38), x’MTO (p < 0.05; d′ = 0.58) and xMTO (p < 0.001; d′ = 0.17) were significantly larger in the 40 Hz FES condition than in the control condition, while EXE was significantly shorter (p < 0.05, d′ = 0.62, Figure 2). There was no significant effect of the condition on the following variables: APAd (590 ± 26 ms; mean of average values and standard deviation (SD) obtained in the three conditions together), UNL (163 ± 6 ms), SL (56 ± 1 cm), x’MFC (0.80 ± 0.01 m/s) and BI (65 ± 6%).
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FIGURE 2. Comparison of selected gait initiation parameters between the three conditions. Reported are mean values (all participants together) ± 1 SD. AP: anteroposterior direction. COM, COP: center of mass, center of pressure, respectively. ∗, ∗∗∗ indicates a significant difference between bars with p < 0.05 and p < 0.001 as revealed with the post hoc analysis.




DISCUSSION

When gait is initiated at spontaneous velocity as in the present study, PD patients are known to develop APAs of lower amplitude than healthy age-matched participants, i.e., their APAs are hypometric (Halliday et al., 1998; Palmisano et al., 2020). The present study thus tested the potential of bilateral application of FES on TA to improve GI in PD patients. The finding that, in the 40 Hz FES condition, PD patients spontaneously initiated gait with a larger APAs amplitude (in terms of peak backward COP shift and forward COM velocity/displacement at foot-off) than in the control condition without modifying their APAs duration, suggests that this symptom was attenuated by the treatment. As APAs amplitude is related to TA activation (Lepers and Breničre, 1995), this positive effect of FES can be ascribed to a putative increased in TA activation provided by the FES (not recorded). Furthermore, the duration of step execution was significantly shorter in the 40 Hz condition than in the control condition, while step length remained unchanged. In accordance with the literature (Lepers and Breničre, 1995), this quicker step execution can likely be ascribed, at least partly, to the increased APAs amplitude.

These results are in agreement with two previous clinical studies focusing on the effects of ankle dorsi-flexors assistance provided by 40 Hz FES application to lower legs on gait in PD patients (Mann et al., 2008; Popa and Taylor, 2015). For example, in the feasibility study of Mann et al. (2008), seven PD patients who exhibited freezing in gait used an FES device for a period of 8 weeks. This study showed that the FES treatment improved some gait parameters over the tested period of use with a carryover effect that is maintained without stimulation during that time and an immediate reduction in the frequency of falls. An immediate effect of FES was demonstrated over a 3-min walk but not over a 20-m walk. Furthermore, these authors showed that these improvements in gait persisted on reassessment 4 weeks after FES withdrawal, although the frequency of falls returned to pretreatment levels. Similar beneficial effects of FES application on gait were also reported in the pilot study of Popa and Taylor (2015) involving 11 PD patients. These authors showed that the mean walking speed, step length, and cadence of gait increased following a 2 weeks lower legs FES application. These authors further showed that FES treatment applied to the upper limb was also efficient to improve manual speed and dexterity. Interestingly, these motor improvements were associated with improvements in health related quality of life. These preliminary results thus suggest that FES application might be useful to attenuate both hypokinesia and bradykinesia in PD patients. However, it is clear that further studies involving a larger number of participants are required to confirm (or not) these beneficial effects of FES on the motor behavior of PD patients.

In the present study, it is noteworthy that, for the GI velocity spontaneously adopted by the PD patients, balance control was not altered by the FES since the active COM braking remained unchanged across conditions. COM braking is due to the activation of the stance leg triceps surae (TS) during the GI execution phase (Honeine et al., 2013). It therefore seems that the changes in TA activation with the 40 Hz FES application did not alter the TS antagonistic activity with a reciprocal inhibition effect from TA to TS. This finding was important to stress since the COM braking during GI is a main issue in PD patients (Chastan et al., 2009) and should not be further degraded by the treatment. Note that it was not possible to properly analyze EMG of lower leg muscles due to artifacts associated with FES application.

When compared to previous works in the literature on healthy elderly initiating gait at a spontaneous velocity (Halliday et al., 1998; Chastan et al., 2009; Palmisano et al., 2020), it seems that the GI parameters obtained by PD patients in the control condition were not dramatically altered. Note, however, that the peak backward COP shift (2.96 ± 1.02 cm) and the forward COM velocity at foot-off (0.18 ± 0.02 m/s) were both lower than values reported in healthy elderly (e.g., 3.54 ± 1.40 cm and 0.50 ± 0.13 m/s, respectively, in Halliday et al. (1998)). Following the 40 Hz FES application, the peak backward COP shift reached (3.67 ± 1.2 cm), a value which might be considered as within a normal range. The forward COM velocity at foot-off also increased (0.21 ± 0.03 m/s) but still remained below a normal range. In other words, it seems that acute application of 40 Hz FES failed to induce a complete recovery of APAs in PD patients, a finding that contrasts with the effects of L-dopa intake on the same APAs parameters as in the present study (Palmisano et al., 2020).

The present study adds to the growing efforts made by researchers to improve APA associated with GI in PD patients by the means of non-pharmacological/non-invasive devices such as powered ankle orthosis (Petrucci et al., 2019), self-triggered stimulus lowering stance side support surface, vibrations applied beneath the stance-side support surface (Creath et al., 2013), whole-body vibration (Fischer et al., 2019), lateral pull applied to the pelvis by motor-driven robotic system (Mille et al., 2007) or rhythmic auditory stimulus (Ghai et al., 2018). Study from our laboratory (not published) further suggests that acute ankle stretching may also be efficient to reduce ankle stiffness and improve APA in this population (see Vialleron et al., 2020 for a review on the effect of stretching on gait). Because gait and balance problems often respond poorly to treatment with anti-parkinsonian medications, and to other interventions such as deep brain stimulation (Bonnet et al., 1987; Krack et al., 2003), it is admitted that physical therapy interventions are an important clinical treatment for individuals with PD. These non-pharmacological methods might potentially be integrated in physical training protocols and/or be used by PD patients to provide assistance during locomotor tasks such as gait initiation and/or steady-state gait. We acknowledge that this preliminary study has several limitations, among which: (1) the PD patients involved in the experiment had relatively low-level of motor impairment. It is not known whether acute TA FES application may also be beneficial to PD patients with more severe symptoms; (2) the sample size was relatively small (n = 14 participants). It follows that the results may not be generalizable to all PD participants; (3) only acute TA FES effects were considered. To what extent PD patients might beneficiate from long-term TA FES application is unknown; (4) the carry-over effects were not evaluated.

Despite these limitations, the results of the present preliminary study along with studies of the literature (Mann et al., 2008; Popa and Taylor, 2015; see also Sujith, 2008 for a review on FES on neurological disorders) are encouraging. Future studies should address these limitations before considering that TA FES application might be a valuable tool to improve GI in PD patients and be relevant to optimize the effects of L-DOPA medication on locomotor function.
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Introduction: The study of motor responses induced by electrical vestibular stimulation (EVS) may help clarify the role of the vestibular system in postural control. Although back muscles have an important role in postural control, their EVS-induced motor responses were rarely studied. Moreover, the effects of EVS parameters, head position, and vision on EVS-induced back muscles responses remain little explored.

Objectives: To explore the effects of EVS parameters, head position, and vision on lumbar erector spinae muscles EVS-induced responses.

Design: Exploratory, cross-sectional study.

Materials and Methods: Ten healthy participants were recruited. Three head positions (right, left and no head rotation), 4 intensities (2, 3, 4, 5 mA), and 4 EVS durations (5, 20, 100, 200 ms) were tested in sitting position with eyes open or closed. EVS usually induced a body sway toward the anode (placed on the right mastoid). EMG activity of the right lumbar erector spinae was recorded. Variables of interest were amplitude, occurrence, and latency of the EVS-induced modulation of the EMG activity.

Results: The short-latency response was inhibitory and the medium-latency response was excitatory. Increased EVS current intensity augmented the occurrence and the amplitude of the short- and medium-latency responses (more inhibition and more excitation, respectively). EVS duration influenced the medium-latency response differently depending on the position of the head. Right head rotation produced larger responses amplitude and occurrence than left head rotation. Opposite head rotation (left vs. right) did not induce a reversal of the short- and medium-latency responses (i.e., the inhibition did not become an excitation), as typically reported in lower legs muscles. The eyes open condition did not modulate muscle responses.

Conclusion: Modulation of EVS parameters (current intensity and duration of EVS) affects the amplitude and occurrence of the lumbar erector spinae responses. In contrast, vision did not influence the responses, suggesting its minimal contribution to vestibulomotor control in sitting. The lack of response reversal in sagittal plane may reflect the biomechanical role of lumbar erector spinae to fine-tune the lumbar lordosis during the induced body sway. This hypothesis remains to be further tested.

Keywords: electrical vestibular stimulation, back muscles, erector spinae, vision, postural control


INTRODUCTION

The vestibular system contributes to balance control and posture (Gandevia et al., 2012; Forbes et al., 2014; Kingma and van de Berg, 2016). The central integration of sensory inputs, such as vestibular, proprioceptive and visual, ensures adequate motor control to estimate self-motion and maintain a stable posture (Cullen, 2011; Gandevia et al., 2012). Electrical vestibular stimulation (EVS) (previously known as galvanic vestibular stimulation) (Dlugaiczyk et al., 2019; Sluydts et al., 2020) is a technique used to study the role of the vestibular system in postural control (Dlugaiczyk et al., 2019; Ertl and Boegle, 2019). The application of transcutaneous current changes the polarization of the eighth cranial nerve, resulting in the modulation of the activity of the vestibular afferents without the need to move the head (Fitzpatrick and Day, 2004; Ertl and Boegle, 2019). EVS modulates the continuous firing rate of vestibular afferent fibers and probably recruits vestibular hair cells (Gensberger et al., 2016): the firing rate increases on the cathodal side (depolarization) and decreases on the anodal side (hyperpolarization) (Fitzpatrick and Day, 2004). When applied in a standing position, EVS creates an illusion of movement toward the cathode and a postural sway toward the anode (Lund and Broberg, 1983; Fitzpatrick and Day, 2004) along the interaural line (Fitzpatrick and Day, 2004). The postural response may result from a counteraction from the balance system to maintain balance; it would be opposite to the EVS-perceived body sway (Fitzpatrick et al., 1994; Fitzpatrick and Day, 2004). Thus, EVS allows studying the postural response and its related electromyographic (EMG) activity (Fitzpatrick and Day, 2004). EVS induces motor responses when muscles are engaged in balance control (e.g., the soleus in standing) (Britton et al., 1993; Ali et al., 2003; Dakin et al., 2016). The typical EVS-induced motor responses have two components: a short-followed by a reversed medium-latency response (i.e., inhibitory and excitatory) (Britton et al., 1993). The direction of the EVS-induced response (e.g., inhibition or excitation) depends on the position of the anode and head orientation in relation to the body. For example, EVS applied while standing with the head rotated to the right and the anode positioned on the right mastoid process produces a backward body sway. In both soleus muscles, the resulting response corresponds to a short-latency inhibition followed by a medium-latency excitation in EMG activity (Britton et al., 1993). In contrast, rotating the head to the left while keeping the anode on the right mastoid process produces a forward body sway and reverses the direction of the responses (i.e., the short-latency becomes excitatory, and the medium-latency, inhibitory). Finally, when EVS is used while participants look forward, a body sway occurs toward the anode (i.e., in the frontal plane). Thus, EVS induces a sway in a particular direction (e.g. backward, forward, right, or left) depending on the head position.

Although back muscles are crucial in the control of balance and posture (Massion, 1992), few studies tested the effect of EVS on back muscles activation. There is emerging evidence that differences exist between limb and trunk vestibular control, which implies that the optimal stimulation parameters may differ when studying trunk muscles compared to lower limb muscles. First, a recent study highlighted that the EVS-induced responses in thoracic and lumbar erector spinae (LES) muscles were less flexible than those of soleus muscle (Guillaud et al., 2020). Although tasks reducing the contribution of the soleus in balance control (e.g., standing with head contact on a vertical panel compared to without) also attenuated the soleus responses amplitude, such modulation did not occur for LES motor responses. Also, Guillaud et al. (2020) did not observe the reversal of these responses in back muscles (i.e., short-latency, inhibitory vs. medium-latency, excitatory) when comparing EVS-induced body sway in anterior and posterior directions, although another study reported reversal in the frontal plane for at least one participant (Ali et al., 2003). Second, the phase frequency estimates of LES motor responses was smaller than in lower limb and neck muscles responses during a stochastic vestibular stimulation (i.e., an unpredictable current used to study the vestibular system) (Dakin et al., 2007; Forbes et al., 2013). The authors suggested that this could represent a limited functional contribution of the LES muscles compared to lower limb and neck muscles for controlling balance in standing (Forbes et al., 2014). Third, it was suggested that the amplitude of EVS-induced motor responses in back muscles was considerably smaller than in limb muscles (Ali et al., 2003). These results highlight the importance of studying the influence of parameters on EVS-induced responses especially in back muscles in relevant postural conditions (i.e., when back muscles are more likely to be involved).

Although three studies tested the LES motor responses during EVS (Ardic et al., 2000; Ali et al., 2003; Guillaud et al., 2020), there is still an important knowledge gap about the influence of EVS parameters on these motor responses. Only one study has tested the effect of EVS intensities (up to 4 mA). The authors reported that using EVS intensity of more than 2–2.5 mA induced short-latency response of greater amplitude than smaller intensity although it was not clarified if this was for the soleus or LES muscles, and no descriptive statistics were reported (Ali et al., 2003). Other EVS studies of LES muscles used only one stimulation intensity [0.6 mA (Ardic et al., 2000) or 3.5 mA (Guillaud et al., 2020)]. EVS intensity between 1 mA (Britton et al., 1993) or 6 mA (Fitzpatrick et al., 1994) were used in studies of neck and limbs muscles although the rationale was not justified. Also, although very-short duration of EVS (e.g., 2 ms) evoked short-latency response in sternocleidomastoid (Watson and Colebatch, 1998) and masseter (Deriu et al., 2003) muscles, most EVS studies of back muscles used relatively longer EVS duration [e.g., 175 ms (Guillaud et al., 2020), 400 ms (Ali et al., 2003)]. The use of a long duration stimulus complicates the interpretation of the measured latency since it is not possible to determine when nerve depolarization occurs. Thus, it is unclear what are the optimal parameters to evoke motor responses in LES muscles.

The balance task tested may modulate the EVS-induced response. For example, a less demanding task in terms of postural control for ankle muscles attenuates the response amplitude (Fitzpatrick et al., 1994; Guillaud et al., 2020). Besides, when balance control involves the upper limb (e.g., holding a handle), responses appear in the triceps brachii muscles (Britton et al., 1993). These examples suggest high task-dependent flexibility of the vestibular system to maintain balance. Testing EVS-induced responses in trunk muscles in a sitting position appears relevant considering their important contribution to balancing the upper body and the possibility to by-pass the contribution of lower leg muscles to maintain a stable posture in this position. Although one study reported responses in LES muscles in a sitting position and reported a smaller response than in standing, many methodological factors such as the lack of EMG activity control during postural tasks makes this result difficult to interpret (Ali et al., 2003). In addition, using a sitting position may enable to combine EVS with other neurophysiological techniques such as transcranial magnetic stimulation, in which participants are seated when testing back muscles (O’Connell et al., 2007; Tsao et al., 2011a,b; Massé-Alarie et al., 2013, 2016a,b; Masse-Alarie et al., 2018). Combining these techniques may help to better understand the central processing of the vestibular responses.

Visual cues contribute to upright and seated postural control (Day and Cole, 2002; Blouin et al., 2007). For example, occluded vision increases body sway and related EVS-induced responses (Fitzpatrick et al., 1994; Mackenzie and Reynolds, 2018). However, it is still unknown if the absence/presence of vision similarly influence LES motor responses in sitting. The availability of more tactile inputs from the thighs in sitting compared to standing could differently impact motor responses induced by EVS.

Overall, it remains unclear how the modification of EVS parameters (e.g., EVS current intensity and EVS duration), head rotation or vision influence the short- and medium-latency LES motor responses. This study aimed to explore the effect of EVS parameters and conditions on LES motor responses in sitting. The main objective was to determine the effect of head position, current intensity and duration of EVS current on the amplitude, latency and occurrence of the short- and medium-latency LES motor responses. A secondary objective was to determine the effect of vision on the amplitude, latency and occurrence of the short- and medium-latency LES motor responses. Considering that a condition (i.e., a combination of parameters) usually producing a backward sway was associated with larger activation of LES muscles, we hypothesized that the head position (usually producing a backward sway) would produce larger amplitude and more frequent occurrence of LES motor responses as well as a higher EVS current intensity, a longer EVS duration and an absence of vision.



MATERIALS AND METHODS


Participants

The study involved a convenience sample of ten healthy participants recruited from the Centre Interdisciplinaire de Recherche en Réadaptation et en Intégration Sociale (CIRRIS) in Quebec City from July 9th, 2019 to August 28th, 2019. To be eligible for the study, participants needed to be between 18 and 60 years old. Exclusion criteria were: (i) pathology of the vestibular system (e.g., Menière’s disease, benign paroxysmal positional vertigo), (ii) pregnancy, (iii) allergy to tetracaine (the protocol involved the use of tetracaine-based analgesic cream), (iv) back pain, (v) idiopathic scoliosis, and (vi) any major pathologies interfering with the task tested in this study (e.g., neuropathy). We chose to exclude participants with scoliosis because of the imbalance in response to EVS between the right and left vestibular systems observed in these participants (Pialasse et al., 2015, 2016; Hatzilazaridis et al., 2019). The study was approved by the Ethics Research Committee of the Centre Intégré Universitaire de Santé et de Services Sociaux de la Capitale-Nationale (Project: #2019-1778), in accordance with the Declaration of Helsinki. All participants provided their written informed consent prior to the experiment.



Experimental Design

To test the effect of head position, EVS current intensity and EVS duration on the LES motor responses (main objective), participants sat on a chair without backrest with their arms along the body, feet touching the floor, and eyes closed. Participants had to maintain 15 ± 5% of the maximal voluntary contraction (MVC) of the right LES muscles by performing a slight active anterior pelvic tilt. Since participants had their eyes closed in most conditions, online auditory feedback helped maintaining a steady contraction using the pre-amplified EMG signal translated into an audio signal played through speakers. Online visual feedback [i.e., root mean square (rms) EMG] also helped the investigators to ensure muscle contractions accuracy. The investigators provided verbal feedback when necessary (i.e., instructions to increase or reduce the contraction). A period of training allowed participants to familiarize themselves with the procedure. Muscle activation was used to (i) standardize the pre-stimulus background EMG between participants and (ii) increase motoneuron excitability during EVS (Di Lazzaro et al., 1998). EVS studies consistently reported responses in muscles actively engaged in maintaining postural control [e.g., no responses in tibialis anterior muscle at rest (Fitzpatrick et al., 1994) or in soleus muscle in sitting participants (Ali et al., 2003)].

Participants came to the laboratory for one session of ∼3 h. For the main objective, 48 conditions were tested for this part of the study. Each condition combined parameters of EVS current intensity (2, 3, 4, and 5 mA), EVS duration (5, 20, 100, and 200 ms), and head rotation (maximal comfortable right and left rotations, and no rotation). Figure 1 presents the relationship between head rotation, electrodes positioning and usual induced body sway. For each condition, participants had their eyes closed and received a sequence of 15 stimulations, for a total of 720 stimulations. Fifteen stimulations per condition was chosen after the realization of pilot experiments to have an optimal balance between good signal-to-noise ratio and the duration of the session. EVS was randomly triggered between 5 and 8 s with respect to the last stimulation. The order of the conditions was randomized using two steps: (i) in function of the rotation of the head then (ii) in function of current intensity. The order of the EVS duration was not randomized and was always tested from the shortest to the longest EVS duration (5–200 ms). The condition with eyes open was tested after the same condition with eyes closed. Chin-acromion distance was measured to standardize the head rotation amplitude within-participant. In this way, the ranges of motion of right and left rotations were equal for a same participant. Participants maintained the same position throughout the experiment and avoided touching their legs or trunk since a light touch reduces the amplitude of LES motor responses (Maaswinkel et al., 2014). Rest periods were given as needed.


[image: image]

FIGURE 1. Relationship between head rotation, electrodes position and usual direction of the induced body sway. The figure presents an aerial view of the seated participant. The letter “C” indicates the position of the cathode and the letter “A” indicates the position of the anode, and the black arrows indicate the direction of the induced body sway. Left head rotation with the anode on the right mastoid induces a forward sway (A), no head rotation with the anode on the right mastoid usually induces a right body sway (B) and right head rotation with the anode of the right mastoid induces a backward sway (D). (C) Depicts a side view of the participant to show the position of an electrode (black circle) on the mastoid process.


To test our secondary objective on the effect of vision on LES responses (secondary objective), participants completed two additional conditions with eyes open: (i) right head rotation and (ii) left head rotation (EVS current intensity: 4 mA, EVS duration: 200 ms). Due to time constraint and feasibility, we did not repeat all conditions with eyes open and selected parameters based on published EVS studies and on our results from pilot experiments. The position was the same as described previously.

Overall, participants received a total of 750 stimulations in 50 different conditions. The only adverse effect reported was a slight fatiguability of back muscles at the end of the session for some participants.



EMG and Maximal Voluntary Contraction

A pair of Ag/AgCl surface electrodes (Kendall Medi-trace 200, Covidien, Dublin, Ireland) was placed 2 cm lateral to the L3-L4 joint line onto the right LES belly following SENIAM recommendations (Hermens et al., 2000). A ground electrode was positioned on the right anterior superior iliac spine and iliac crest. EMG of leg muscles was not recorded considering that no response was observed in sitting (Ali et al., 2003; Fitzpatrick et al., 1994; Day et al., 1997). In sitting position, participants performed a MVC during 3 s. in anterior pelvic tilt and in resisted trunk extension at the thoracolumbar spine junction. MVC of the task producing most EMG activity in the right LES muscle was tested again twice to measure three MVCs using the same technique. This method was used since (i) some individuals are not able to produce MVC in anterior pelvic tilt or in resisted trunk extension (e.g., flexion of the lumbar spine during resisted trunk extension or inability to perform the anterior pelvic tilt) and (ii) it reduced the likelihood to underestimate the MVC. A smaller MVC will result in a smaller absolute value for the 15% MVC during the task and will potentially result in smaller responses to EVS. The evaluator provided instructions and demonstrations on how to perform these contractions. To ensure maximal contraction, the evaluator motivated each participant. Thirty seconds resting periods separated MVC trials. The largest peak of rms EMG was considered as MVC, regardless of the technique (i. e., pelvic tilt vs. resisted lumbar extension). EMG was bandpass filtered (10–500 Hz, bandwidth filter), amplified 1,000 times (NEO-210A Analog Output Module, NTI) and sampled at 1,000 Hz using Power 1401 Data Acquisition System and Spike2 software (Cambridge Electronic Design, Cambridge, United Kingdom).



Electrical Vestibular Stimulation

Application of tetracaine hydrochloride gel, i.e., anesthetic cream (AMETOP GEL 4%, Smith and Nephew Medical Ltd., Hull, United Kingdom) on both mastoid processes 30 min before installing the electrodes reduced nociceptive and tactile sensations produced by EVS (Ertl and Boegle, 2019). The duration of the 750 stimulations, regardless of the preparation period, the time to adjust the parameters and the pauses took approximately 80–90 min. A bipolar constant current stimulator (Digitimer DS5, United Kingdom) produced a binaural EVS (using square-wave pulse current, i.e., the intensity is the same throughout the stimulation duration) through round electrodes (3.2 cm diameter PALS, Axelgaard Manufacturing Co., Fallbrook, United States) placed on the right (anode) and left (cathode) mastoid processes. Participants wore a headband for optimal contact between the electrodes and skin. Square wave pulses were generated with the Spike2 software using the Graphical Editor Tool, that enables modifying current intensity, duration, and waveform, and to trigger externally the electrical stimulation (i.e., the DS5).



Data Extraction and Analysis

For each short- and medium-latency response, three variables were calculated: latency, rms EMG amplitude and occurrence in the software Spike2. For each condition, the average rectified EMG was analyzed. The averaged EMG comprised the signal of the 15 stimulations gated to stimulus events. Via a microcontroller (model Leonardo, Arduino) the output of the constant current stimulator produced a TTL pulse serving as an input to the data acquisition board. The event served as a reference (time zero) for the response latency. Studied time windows ranged from −200 to 300 ms around the event onset. A two-step process was used to quantify the amplitude of the motor responses depending on if a response was discernible or not. First, when a motor response was discernible, the onset and offset of the short- and medium-latency motor responses was determined visually. EVS, however, did not always evoke a discernible LES motor response, and in the first step of this analysis, the evaluator skipped these conditions. When all the conditions were analyzed, the average onset and offset of the discernible motor responses were used to determine time windows for both short- and medium-latency motor responses. Second, these time windows were used to measure rms amplitude in the conditions without discernible responses i.e., 45–70 and 75–100 ms for short- and medium-latency responses, respectively. This technique provided quantitative values in the absence of discernible motor responses. The amplitude of the motor response was calculated as a percentage of the MVC after subtracting the pre-stimulus rms EMG (from –110 to –10 ms). This method allowed determining the direction of the response (excitatory vs. inhibitory) relative to the participant’s maximal contraction (Massé-Alarie et al., 2019). The occurrence was calculated as the percentage of participants having a discernible inhibitory/excitatory motor response (on the average rectified EMG signal of the 15 stimuli) on the total number of participants tested. The occurrence was measured for each condition. For example, a condition eliciting a discernible motor response in 8 out of 10 participants had an occurrence of 80%. The presence/absence of a motor response was determined visually. Published studies used similar visual strategies to identify motor-evoked potentials of back muscles using transcranial magnetic stimulation (Massé-Alarie et al., 2013; Masse-Alarie et al., 2016, 2018), withdrawal nociceptive reflex using electrical noxious stimulus of trunk muscles (Masse-Alarie et al., 2019) and anticipatory postural adjustment (Hodges and Bui, 1996).



Statistical Analysis

The statistical analysis was performed on SPSS (version 26 Premium, IBM corp., United States). Shapiro-Wilk’s tests assessed the normality of the distribution. However, despite transformations, it was not possible to achieve a normal distribution. Thus, linear mixed models were realized on non-transformed data. Significance was set at p < 0.05. Results are presented as [mean (SD)].

The statistical model tested the rms EMG amplitude (% MVC) and the occurrence of the responses for both objectives. Due to many missing values for the latency (i.e., no discernible motor response), latency was described quantitatively without statistical analysis. To determine the effect of head position, EVS current intensity and EVS duration on the amplitude and occurrence of the short- and medium-latency motor responses (main objective), linear mixed models were independently computed on the short- and medium-latency variables. The model used a scaled identity covariance matrix with Rotation (right, left, no), EVS duration (5, 20, 100, 200 ms), and Current intensity (2, 3, 4, 5 mA) as fixed factors, and participants’ intercept as the random factor (i.e., to consider the variability between participants’ measurements). To determine the effect of vision on the responses of LES muscles (secondary objective), linear mixed models were independently computed on the short- and medium-latency variables. The model used a scaled identity covariance matrix with Rotation (right or left) and Vision (eyes open or closed) as fixed factors and participants’ intercept as the random factor. Sidak’s test corrected for multiple pairwise comparisons.



RESULTS

The mean age of participants (3 males, 7 females) was 24.3 (3.4) years. LES motor responses in one representative participant are presented in Figure 2 according to current intensity, and in Figure 3 according to EVS duration. The short- and medium-latency LES motor responses are obvious, especially at higher EVS current intensity. Table 1 shows the amplitudes, occurrences and latencies of the short- and medium-latency motor responses. Note that the short-latency response was inhibitory and the medium-latency response was excitatory regardless of the direction of the head rotation for all participants.


[image: image]

FIGURE 2. Example of rectified EMG signals recorded from the right LES muscles from a participant according to EVS intensity (EVS duration was 20 ms). Left column depicts muscle amplitude for left head rotation and right column show muscle amplitude for right head rotation. Gray lines represent the EMG traces recorded for each 15 stimulations by condition whereas the black line represents the average EMG signal by condition. The stimulation is set at Time 0 (the vertical line). Arrows, respectively, show the short- and medium-latency responses.
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FIGURE 3. Example of rectified EMG signals recorded from the right LES muscles from a participant according to EVS duration (EVS intensity was 4 mA with right head rotation): (A) 5 ms, (B) 20 ms, (C) 100 ms, and (D) 200 ms. Gray lines represent the EMG traces recorded for each 15 stimulations by condition whereas the black line represents the average EMG signal by condition. The stimulation is set at Time 0 (the vertical line).



TABLE 1. Mean amplitudes, occurrences and latencies of the short- and medium LES motor responses by condition [mean (SD)].
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Effect of Parameters on the Amplitude, Occurrence, and Latency of the Short-Latency Motor Response

The amplitude of the short-latency response showed a main effect of Current intensity [F(3, 406.9) = 13.13; p < 0.001]. Pairwise comparisons show that EVS current intensities of 3 mA (p = 0.041), 4 mA (p < 0.001), and 5 mA (p < 0.001) produced a larger inhibition than 2 mA while current intensity of 5 mA inhibited more LES muscle activation than 3 mA (p = 0.004; Figure 4A).
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FIGURE 4. Mean amplitude and occurrence of the short- and medium-latency responses according to current intensity (rotation and stimulus duration pooled within each EVS intensity). The first column of figures (A,B—black) is associated with the short-latency response while the second one (C,D—white) is associated with the medium-latency response. The first line of figures represents the amplitude (A,C) of the response while the second one represents the occurrence (B,D). *p < 0.05; **p < 0.01; ***p < 0.001.


The occurrence of the short-latency response showed main effects of Rotation [F(2, 407.9) = 6.35; p = 0.002] and Current intensity [F(3, 406.9) = 24.88; p < 0.001]. Pairwise comparisons were significant for the four EVS current intensities, except for the comparison between 4 and 5 mA (p = 0.841), indicating that higher EVS current intensities produced more frequently the short-latency response (Figure 4B). Also, pairwise comparisons showed that right head rotation induced more frequently the short-latency response compared to left (p = 0.003) and neutral (p = 0.02) head rotation (Figure 5A).
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FIGURE 5. Occurrence of the (A) short- and (B) medium-latency responses according to head rotation. *p < 0.05; **p < 0.01.


For all conditions combined, the mean latency of the short-latency response was 45.5 (5.3) ms. No obvious visual changes were present based on head rotation, EVS current intensity or EVS duration for the latency of the short-latency response.



Effect of Parameters on the Amplitude, Occurrence, and Latency of the Medium-Latency Motor Response

The amplitude of the medium-latency response showed a main effect of Current intensity [F(3, 407.0) = 20.63; p < 0.001] and of Rotation by EVS duration interaction [F(6, 407.0) = 2.56; p = 0.019]. Current intensities of 3 mA (p = 0.002), 4 mA (p < 0.001), and 5 mA (p < 0.001) all produced higher responses amplitude than 2 mA. Also, 5 mA produced a higher response amplitude than 3 mA (p < 0.001; Figure 4C). The Rotation x EVS duration interaction showed differences between Rotations only at 200 ms; the medium-latency response was larger in right (p = 0.001) and neutral (p < 0.001) than left head rotation (Figure 6). Also, the effect of EVS duration was different depending on head rotation. With the head in neutral position, 5-ms EVS produced a smaller response amplitude compared to 200 ms (p = 0.008) and 100 ms (p = 0.011). In left head rotation, 20-ms EVS produced a larger medium-latency response compared to 200 ms (p = 0.006; Figure 6). With the head rotated to the right, no difference was present between EVS duration.
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FIGURE 6. Mean amplitude of the medium-latency response according to the interaction between EVS duration and head rotation. Results of the medium-latency response are represented as amplitude against EVS durations for the three head rotations. Black bar: left rotation; hatched bar: no rotation; White bar: right rotation. *p < 0.05; **p < 0.01; ***p < 0.001.


Rotation [F(2, 408.2) = 3.953; p = 0.02] and Current intensity [F(3, 407.0) = 23.893; p < 0.001] significantly affected the occurrence of the medium-latency response. Pairwise comparisons showed that Right head rotation produced a higher occurrence of the response than Left head rotation (p = 0.016, Figure 5B). Except for the comparison between 4 and 5 mA (p = 0.542), larger EVS intensities produced more frequent responses (Figure 4D).

All conditions combined, the mean latency of the medium-latency response was 73.2 (5.1) ms. No obvious changes were present based on head rotation, EVS current intensity or EVS duration for the latency of the medium-latency response.



Effect of Vision

Vision showed no significant main effect or interaction on the amplitude [F(1, 27) = 1.10; p = 0.305] or occurrence [F(1, 27) = 1.90; p = 0.180] of the short-latency response, nor for the medium-latency response [amplitude: F(1, 27) = 0.43; p = 0.516 | occurrence: F(1, 27) = 0.45; p = 0.508].



DISCUSSION

This study explored the effect of EVS current intensity, EVS duration, head position and vision on the amplitude, occurrence and latency of the EVS-induced motor responses of right LES muscle. Based on our results, larger intensities of stimulation and right and neutral head rotations influenced the short- and medium-latency motor responses amplitude (i.e., more inhibited and more facilitated, respectively) and occurrence. Also, the EVS duration seemed to impact the medium-latency motor response depending on the head rotation. First, right and no head rotation compared to left head rotations produced larger motor response amplitude when using an EVS duration of 200 ms. Second, longer EVS duration produced larger medium-latency response amplitude only in no head rotation, whereas 20-ms EVS in left head rotation produced larger motor response amplitude than 200 ms. Visual cues did not influence the amplitude and occurrence of the short- and medium-latency motor responses.


Influence of EVS Parameters on Motor Responses

Some studies reported increased amplitude of short- and medium-latency motor responses with increased EVS current intensity (Fitzpatrick et al., 1994; Day et al., 1997). Modulation in EVS current intensity may lead to the recruitment of different afferent fibers. EVS primarily activates irregular vestibular afferent fibers transmitted by fast-conducting axons rather than regular vestibular afferent fibers transmitted by slow-conducting axons (Goldberg et al., 1984; Dlugaiczyk et al., 2019). Increased EVS current intensity recruits a more significant proportion of regular vestibular afferent fibers in monkeys (Goldberg et al., 1984). In humans, the recruitment of regular vestibular afferent fibers with the increase in EVS intensity could explain the higher occurrence and amplitude of short- and medium-latency motor responses as observed in animal studies.

EVS duration can also influence the motor responses. Although EVS studies of back muscles used longer stimulus duration [e.g., 175 ms (Guillaud et al., 2020), 400 ms (Ali et al., 2003)], using stimulus duration < 100 ms also result in LES motor responses. We observed that a 5-ms EVS duration induced a medium-latency motor response of smaller amplitude than for 20, 100, and 200 ms only in no head rotation condition. With the head rotated toward the right, the medium-latency motor response amplitude did not differ between EVS durations. In contrast, with the head toward the left, the medium-latency motor response amplitude was larger in 20 ms compared to other EVS durations. There was no effect of EVS duration on the short-latency motor response amplitude. Explaining the differences between the short- and medium-latency motor responses in different head positions remains challenging.

Overall, our results suggest that 5-ms EVS duration may induce motor responses, even though in few conditions their amplitude was smaller. EVS duration of 20 ms compared to 100- and 200-ms induced equal or larger motor responses, depending on the condition. Other studies reported that brief EVS duration might evoke responses. For example, EVS of 2-ms duration (5 mA) can evoke motor responses in the sternocleidomastoid (Watson and Colebatch, 1998) and masseter (Deriu et al., 2003) muscles, although they were only associated with movement of the head relative to the trunk rather than whole-body sway.



Influence of the Visual System

The EVS-induced motor response amplitude is highly context-dependent (Day et al., 1997; Fitzpatrick and Day, 2004; Gandevia et al., 2012; Maaswinkel et al., 2014; Ertl and Boegle, 2019). Biasing visual or proprioceptive input is frequently used to test their contribution to postural control. For example, if vision contributes to the motor responses, the absence of vision should increase its amplitude. In presence of visual input, the central nervous system could process the vestibular information induced by EVS as unphysiological or aberrant considering the mismatch between inputs coming from these sensory systems and reduce the gain on vestibular information. Vestibular-visual interaction occurs in standing, as authors reported much smaller EVS-induced motor responses with eyes open compared to closed (Britton et al., 1993; Fitzpatrick and Day, 2004). In contrast, our results do not support a significant contribution of vision on the amplitude and occurrence of the short- and medium latency motor responses in sitting. Increased gain of the somatosensory information while sitting could explain the small contribution of vision. In line, Fitzpatrick et al. (1994) concluded that visual input had a minor effect on EVS-induced responses when more somatosensory cues were available. In sitting, compared to upright standing, the large contact of the thighs and pelvis with the seat (i.e., involving more tactile receptors) may have provided large somatosensory input making postural control easier, even in the absence of vision. Future studies should test this hypothesis.



Patterns of the Short- and Medium-Latency Motor Responses

In an upright standing position, short- and medium-latency responses in soleus muscles (Britton et al., 1993; Fitzpatrick et al., 1994) are opposite (i.e., inhibitory or excitatory). The direction of the response depends on the rotation of the head relative to the position of the anode/cathode. Britton et al. (1993) reported an inhibitory short-latency response followed by an excitatory medium-latency response in the soleus when the experimental conditions produced a backward sway (left head rotation and anode on the left). Opposite head rotation or the same rotation with the anode on the opposite mastoid process reversed the direction of the responses. Such a reversal did not occur in the current study: the short-latency response was always inhibitory and the medium-latency response, excitatory, regardless of the head rotation. A recent study from Guillaud et al. (2020) also reported no reversal of the short- and medium-latency LES motor responses when changing the polarity of the electrodes while standing with right head rotation. In another study, authors reported a reversed direction of LES motor responses by depicting EMG data from a single participant in frontal and sagittal planes of motion. However, it remains unclear whether the reversal was consistent across participants since no mean data or descriptive statistics were provided (Ali et al., 2003). This discrepancy could be explained by the sitting posture that was different between studies and the position of the electrodes that may capture the EMG signal from different back muscles having different biomechanical roles in lumbar spine control (i.e., prime mover vs. intervertebral control).

Although we did not measure body sway in sitting, Day et al. (1997) measured it and observed body sways in opposite directions when reversing EVS polarities, even though the amplitude was smaller compared to standing. Reversing EVS polarities (i.e., switching the anode and the cathode position) while keeping the same head rotation reverses the direction of body sway in the same manner than keeping the same EVS polarity but rotating the head rotation in the opposite direction. We suggest that the lack of reversal (i.e., the short-latency motor response was inhibitory and the medium-latency motor response was excitatory regardless of the direction of the head rotation) may reflect the biomechanical role of the LES muscle during body sway, i.e., that the central nervous system did not use the LES muscles as agonists of the body sway but rather as “controllers” of the lumbar spine posture. This hypothesis needs to be tested in future studies while recording multiple trunk/hip muscles on both sides of the body.

Although reversal was absent, head rotation modulated the amplitude of both short- and medium-latency motor responses. Indeed, the left head rotation produced smaller responses than right and no head rotations. A reduction in motor responses amplitude was observed during a condition corresponding to a forward body sway (e.g., left head rotation and anode placed to the right) compared to backward sway (e.g., right head rotation and anode placed to the right) (Ali et al., 2003; Guillaud et al., 2020). However, it remains difficult to compare the motor strategy in no head rotation with the available literature since we did not measure motor responses for LES on both sides.



Latencies and Pathways Underlying EVS Induced Motor Responses

In paraspinal muscles, the medium-latency response ranged between 47 and 110 ms (Ardic et al., 2000; Ali et al., 2003; Guillaud et al., 2020). We observed a similar range of the medium-latency motor response (range: 61.0–86.3 ms). No previous study reported the latency of the short-latency motor response. However, since measuring latencies for each condition was not possible, we did not perform statistical analysis for this parameter. Although studies suggested that an increase in EVS current reduced the motor response onset (Iles and Pisini, 1992; Rosengren and Colebatch, 2002; Ali et al., 2003), we did not observe such a trend.

EVS depolarizes the eighth cranial nerve axons, and the action potentials travel to the muscles through the vestibulospinal tract (for review Forbes et al., 2014). The latencies observed for EVS-induced motor responses are 45.5 (5.3) ms for the short-latency response and 73.2 (5.1) ms for the medium-latency response. These relatively long latencies do not correspond to a monosynaptic fast-conducting pathway even when considering the latency between the vestibular organ and the vestibular nuclei. For example, the latency of the LES motor evoked potential (MEP) by transcranial magnetic stimulation of the primary motor cortex is between 14 and 18 ms (Tsao et al., 2011a; Jean-Charles et al., 2017). This latency is considered to represent a monosynaptic connection between the corticospinal cell and the α-motoneuron at the spinal level (Ferbert et al., 1992). Some authors argue that a long duration of central processing (e.g., by larger networks of interneurons at the vestibular nuclei and spinal cord levels) may cause these longer latencies (Forbes et al., 2014). For example, there is evidence in animal models that the vestibular pathways form direct (excitatory) or indirect (excitatory or inhibitory) connections with α-motoneurons (Lund and Pompeiano, 1968; Wilson and Yoshida, 1969; Grillner et al., 1970; Shinoda et al., 1986; Davies and Edgley, 1994). In other hand some could argue that the long latency of the EVS responses could be related to a late depolarization of the vestibular afferents due to long stimulus durations that are often used in EVS studies. However, the similarity of latencies (i) across EVS stimulus durations and (ii) between studies reinforce the validity of the observed EVS motor response latencies. Altogether, these results suggest that central processing of the vestibular afferents may occur at multiple levels of the central nervous system.



Limitations

Results need to be interpreted considering different methodological aspects. Even though attenuated by the application of anesthetic cream, tactile sensation induced by EVS can affect the responses (Ertl and Boegle, 2019). Moreover, the small number of participants combined with the large number of analyses carried out may have increased the likelihood of type II and I errors. EMG activity was only recorded in the right LES muscle, which prevented to confirm the absence of motor response reversal in the no head rotation condition (i.e., in the frontal plane of motion). Since the center of pressure or the trunk kinematics was not recorded, the analysis of the relationship between body sway and head rotation is based on the results of another study (Day et al., 1997). The number of stimulations per condition may be considered quite small when comparing to other studies (e.g., 160 stimulations; Ali et al., 2003). However, discernible motor responses without the need to integrate the EMG signal were observed in all participants. Also, the use of 15 conditions allowed to attain the study objectives, i.e., to identify optimal parameters. However, it is possible that more stimulations would have allowed to observe motor responses of smaller amplitude in some participants. Considering that not all conditions were repeated with eyes open, it is possible that vision could alter LES motor responses using untested EVS parameters and conditions. It is not possible to completely exclude the presence of an off-response for the 5 ms and the 20 ms-conditions, even though the results suggest a weak effect, if any, based on similar pattern of response and latency between EVS durations. We did not standardize head rotation between participants, considering the variability in individual cervical spine range of motion. Different amplitudes of head rotation between participants may have influenced the amplitude of the EVS-induced motor responses. However, we standardized head rotation (left vs. right) within-participant using the chin-acromion distance, which is rarely done in EVS studies.



CONCLUSION

This study explored the effect of head rotation, intensity, and duration of the EVS current, and vision on the EVS-induced motor responses in LES muscles. The EVS current intensity and EVS duration influenced the short- and medium-latency motor responses amplitude and occurrence. No reversal of the short- and medium-latency motor responses occurred in opposite head rotation (right vs. left). We suggest that this reflects the biomechanical role of the LES muscles to fine-tune the position of the lumbar lordosis during induced body sway. Finally, the presence of vision did not modulate the motor response amplitude and occurrence, suggesting a minimal contribution of vision to vestibulomotor control in sitting position.
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Accurate quantification of the impact of visual, somatosensory, and vestibular systems on postural control may inform tailor-made balance intervention strategies. The aim of this proof-of-concept study was to determine the safety, sense of presence, system usability, and face validity of a newly developed Virtual Reality Comprehensive Balance Assessment and Training (VR-ComBAT) in healthy young individuals. The VR-ComBAT included six balance condition: (1) stable surface with fixed virtual reality (VR) surroundings; (2) stable surface with blacked out VR surroundings; (3) stable surface with VR visual conflict; (4) unstable surface with fixed VR surroundings; (5) unstable surface with blacked out VR surroundings; and (6) unstable surface with VR visual conflict. Safety was evaluated using the number of adverse events, including scores on the Simulator Sickness Questionnaire. Sense of presence was evaluated using the igroup Presence Questionnaire (iPQ). System usability was assessed using the Systems Usability Scale (SUS). Friedman analyses with post hoc Wilcoxon Signed Rank tests were employed to demonstrate face validity by quantifying center of pressure (COP) changes in mean distance, mean velocity, and mean frequency in the anteroposterior (AP) and mediolateral (ML) direction across the six conditions. Twenty-three participants (27.4 ± 8.0 years old; 13 women) reported no adverse events. Participants scores on average 44.9 ± 9.6 on the iPQ and 79.7 ± 9.9 on the SUS. Post hoc analyses showed significant changes in COP-based measures when compared to baseline. The mean frequency change of COP showed direction-dependence in which increased frequency change in AP was observed while decreased change in ML was noted. The VR-ComBAT provides a safe, feasible, and cost-effective VR environment that demonstrates consistent sensory re-weighting between visual, somatosensory, and vestibular systems. Future studies should investigate whether VR-ComBAT can be used to inform precision rehabilitation of balance and fall prevention in older adults without and with neurological conditions.
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INTRODUCTION

Postural control requires the brain to integrate information from vision, somatosensory, and vestibular cues in order to respond timely and accurately to changes in the body’s alignment and tone with respect to visual surroundings, support surface, internal references, and gravity (Alcock et al., 2018; Ivanenko and Gurfinkel, 2018). These sensory systems sometimes provide conflicting information (Nashner and Peters, 1990). To illustrate, while sitting on a moving bus, the eyes inform the brain that the surroundings appear to be moving whereas the somatosensory system provides information that the body is stationary. In such cases, the brain needs to ignore or prioritize conflicting information to accomplish postural control (Gaerlan, 2010). Discrepancies in these systems become even more apparent in individuals with neurological conditions, resulting in increased postural imbalance, a higher risk of falls, and, in many cases, a higher fear of falling (Horak, 2006; Cronin et al., 2017). Accurate detection of the system that affects postural control in neurological conditions is key to tailor balance intervention and fall prevention programs to the needs of individuals at risk of falls.

Several computerized balance assessment tools have been developed, including dynamic posturography [e.g., Neurocom® SMART EquiTest®, Bertec® computerized dynamic posturography (CDP/IVR), Biodex® Balance] or wearable motion sensors (e.g., APDM Opal). These computerized balance assessment tools enable quantitative assessment of postural control (Mancini and Horak, 2010), reduce test performance variability, increase sensitivity to subtle changes (Visser et al., 2008), and determine the systems that may underly impaired postural control (Mancini and Horak, 2010). Of those, the Neurocom® SMART EquiTest® system (Natus, San Carlos, CA, United States) and Bertec computerized dynamic posturography (Bertec®, Columbus, OH, United States) are considered the gold standard of dynamic posturography assessment. These computerized sensory organization tests (SOT) challenge the visual, somatosensory, and vestibular systems to provide a detailed assessment of the underlying sensory deficits affecting balance. Although effective in evaluating and treating balance disorders (Alahmari et al., 2014), the high cost ($80,000–$180,000), space needs for the equipment, lack of portability, and time needed for training, have limited the use of the computerized SOT in clinical practice (Visser et al., 2008). The Clinical Test of Sensory Interaction on Balance (CTSIB) was developed to discern the relative contributions of the visual, somatosensory, and vestibular systems to postural control (Shumway-Cook and Horak, 1986). This test includes six static balance conditions with eyes open, eyes closed, and the use of a dome to create visual conflict combining with feet on firm or foam surface. This test was later modified to only four conditions, excluding the visual dome from the test procedures as the balance tasks with the visual dome did not differ from those in the eyes closed conditions (Cohen et al., 1993). Although clinically useful, the scoring system is crude, semi-objective, and may not be sensitive enough to detect subtle changes in postural control in neurodegenerative conditions (Suttanon et al., 2011).

The advent of portable force platforms with head-mounted virtual reality (VR) technology may provide a clinical, cost-effective, and user-friendly dynamic posturography assessment without compromising the evaluative and rehabilitative effectiveness of current computerized SOT. Although VR technology has emerged in the rehabilitation realm as a promising intervention tool to improve balance and gait (de Rooij et al., 2016; Cano Porras et al., 2018, 2019; Massetti et al., 2018; Chen et al., 2020), only few studies utilized VR to assess the sensory organization of postural balance (Lubetzky et al., 2018, 2019; Trueblood et al., 2018; Wittstein et al., 2020). However, it is not clear whether the SOT administered using a head-mounted VR set is safe and easy to use, provides a realistic experience to the user, and discriminates between postural control conditions that test different balance systems.

Unlike the Equilibrium Score calculated from the force platform of the Equitest® that evaluates postural balance through center of pressure (COP) displacement only in the anteroposterior (AP) direction, portable force platforms provide a multidimensional assessment of postural control. Quiet standing on a foam increased COP displacement in the AP direction by 8%, and in the mediolateral (ML) direction by 21% (Reynard et al., 2019). Adding assessment of ML sway and sway area has shown to quantify fall risk in neurological conditions, such as changes in postural sway characteristics while standing with eyes closed in Parkinson’s disease (Błaszczyk et al., 2007). Additionally, measuring COP frequency in AP and ML directions brings perspective of adopting different strategies to maintain balance. For example, evidence suggests that changes in perturbation conditions alter COP AP or ML frequency characteristics (Creath et al., 2005). Previous study also noted that postural sway in AP and ML directions can be attributed to ankle and hip control, respectively (Saffer et al., 2008).

The aim of this proof-of-concept study was to demonstrate the safety, sense of presence, system usability, and face validity of the Virtual Reality Comprehensive Balance Assessment and Training (VR-ComBAT) in healthy individuals. The overall hypothesis was that the VR-ComBAT will provide a safe and standardized VR-based balance testing environment in the healthy population. To test our hypothesis, we gauged sense of presence and system usability in the VR environment and satisfaction with our novel VR-based test. Face validity of the VR-ComBAT was evaluated by comparing multidirectional COP displacement and frequency measures across different postural control conditions.



MATERIALS AND EQUIPMENT


Hardware and Software Specifications

The VR-ComBAT consists of a computer that processes the VR input and output [Alienware (Intel® CoreTM i7-7800X CPU @ 3.50GHz; 16.0 GB RAM), Dell USA Corporation, Round Rock, TX, United States], a commercially available, head-mounted device (HMD) with integrated VR (HTC VIVE Pro Eye, HTC, Taoyuan, Taiwan), and two VR tracking sensors (Steam VR Base Stations, HTC, Taoyuan, Taiwan). The HTC VIVE Pro Eye headset includes dual-OLED 3.5-inch displays with a combined resolution of 2,880 × 1,600 pixels. The refresh rate of the screen is 90 Hz. The field of view is 110 degrees. The Steam VR (version 1.13, Valve, Bellevue, WA, United States) was used to simultaneously link the computer and the VR headset.

The VR headset was integrated with a force plate (AMTI Optima, Watertown, MA, United States) to measure the displacement and velocity of COP. The sampling frequency of the force plate was 200 Hz. The force plate was manually synchronized with the VR system by simultaneously starting the VR conditions and force plate measurement at each trial. The experimental setup is shown in Figure 1.


[image: image]

FIGURE 1. (A) Virtual Reality Comprehensive Balance Assessment and Training (VR-ComBAT) setup; (B) A participant wears the VR headset and stands on the foam surface placed over the force plate.


Unity 3D (version 2019.3.0; San Francisco, CA, United States) was utilized to create the VR-ComBAT environment. The executable application is available at http://bit.ly/VR-ComBAT (github). The basic setup of the VR environment includes three panels (one front, and two side panels), positioned at 90-degree angle to each, with multi-colored triangular patterns to help participants with visual fixation on the VR environment (Figure 2).
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FIGURE 2. Six VR-ComBAT conditions. (1) stable surface with fixed virtual reality (VR) surroundings; (2) stable surface with blacked out VR surroundings; (3) stable surface with VR visual conflict; (4) unstable surface with fixed VR surroundings; (5) unstable surface with blacked out VR surroundings; and (6) unstable surface with VR visual conflict.




Balance Conditions

The VR-ComBAT emulates six different conditions, that, in combination, test visual, somatosensory, and vestibular systems of balance (Figure 2). These conditions mimic the six conditions in the SOT of the Equitest®: (1) stable surface with fixed VR surrounding; (2) stable surface with blacked out VR surroundings; (3) stable surface with VR visual conflict; (4) unstable surface with fixed VR surroundings; (5) unstable surface with blacked out VR surroundings; and (6) unstable surface with VR visual conflict.

Condition 1 is a baseline that measures static balance on a fixed surface. The surrounding panels in the VR environment remain stationary. Participants can use input from visual, somatosensory, and vestibular systems to maintain balance. In condition 2, participants cannot rely on vision to remain upright since the VR surroundings are blackened out. Condition 3 creates a conflict between normal input from the somatosensory and vestibular systems and the visual information from the moving VR panels. The surrounding panels are moving in the anteroposterior direction with a maximum of 20 degrees and a maximum velocity of 15 degrees/s. Conditions 4, 5, and 6 are identical to 1, 2, and 3, respectively. However, in conditions 4, 5, and 6, a foam (Amazon Basics Balance Pad for Exercise Training, 35 cm × 5 cm × 40 cm, density = 0.04 g/cm3) is placed between the feet and the force plate, thus challenging the somatosensory system.



METHODS


Participants

This study was conducted in the Laboratory for Advanced Rehabilitation Research in Simulation, at the University of Kansas Medical Center. This proof-of-concept study recruited 23 healthy participants if they were (1) between 19 and 65 years of age; (2) had no walking or balance impairment [>45 in Berg Balance Scale (BBS; Berg et al., 1992) and >20 in Mini Balance Evaluation Systems Test (Mini-BESTest; Leddy et al., 2011)]; and (3) were able to understand and follow instructions in English. We excluded individuals who (1) had a history of neurological or vestibular conditions and (2) had visual acuity or visual field impairment that could not be resolved by corrective lenses. All participants signed written informed consent. The study ethics was approved by the Institutional Review Board at the University of Kansas Medical Center (#STUDY00145395).



Study Protocol

Following written consent, demographic information (age, sex, and education) was collected. The BBS (total score: 56, lower score indicating higher risk of balance problems) and Mini-BESTest (total score: 28, lower score indicating the higher risk of balance problems) were administered to confirm the absence of any balance impairments. Cognitive impairments were ruled out using the Montreal Cognitive Assessment (MOCA; Nasreddine et al., 2005). Next, participants were fitted with the VR headset and asked to step on the force plate. Then, participants stood on the force plate (conditions 1–3) or on the foam surface (conditions 4–6) with their feet shoulder width apart and hands naturally placed at their sides. Participants were asked to remain in the same position during each VR-ComBAT task (Figure 3). All participants were newly recruited and had no previous exposure to the VR-ComBAT system. There was no practice or learning trial before the recording, since all the conditions in VR-ComBAT were thoroughly explained by the lead researcher and were easy to perform for healthy young participants. Participants with glasses wore the VR headset without taking their glasses off, which allowed participants to experience the VR environment with their normal vision or corrected-to-normal vision. Participants were instructed to stand as still as possible. Each condition consisted of three trials that lasted 20 s per trial. Between each trial, a 5-s break was given. For conditions 2 and 4 (blacked out VR surroundings), the light of the testing room was also turned off to create a completely dark VR environment by removing any lights coming from the gaps of the VR headset. During the experiment, safety was assured by a gait belt and a research team member next to a participant in case of a fall or near-fall event. The experimental protocol is shown in Figure 4.
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FIGURE 3. Six VR-ComBAT conditions in the virtual environment. Conditions 1 and 4, conditions 2 and 5, and conditions 3 and 6 share the same VR balance testing environments.
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FIGURE 4. A flow chart of VR-ComBAT experimental procedure (BBS = Berg Balance Scale; iPQ = igroup Presence Questionnaire; Mini-BEST = Mini Balance Evaluation Systems Test; MOCA = Montreal Cognitive Assessment; SSQ = Simulator Sickness Questionnaire; SUS = System Usability Scale).




Outcome Measures


Safety

The number of adverse events (e.g., falls) was recorded. VR HMD is believed to increase simulator sickness (similar to motion sickness) compared to remote VR displays (Kim et al., 2014; Dennison et al., 2016). This increased proneness to simulator sickness is thought to stem from the high-fidelity, stereoscopic rendering of VR images. The realistic images displayed in VR HMD can create discrepancies between the perceived and expected visual sensory information, leading to increased symptoms of simulator sickness (Chang et al., 2020). We administered the Simulator Sickness Questionnaire (SSQ) after condition 6, which is the condition that was expected to induce most simulator sickness. The SSQ is regarded as the current gold standard in calculating simulator sickness in research (Kennedy et al., 1993; Jinjakam and Hamamoto, 2012). The SSQ is accurate and reliable to measure simulator sickness in high-fidelity VR environments such as driving simulators, flight simulators, and other VR systems (Kennedy et al., 1993). The score is comprised of three subsections, each with seven symptoms, in which there is some overlap: disorientation, nausea, and oculomotor. The symptoms include general discomfort, fatigue, headache, eyestrain, difficulty focusing, increased salivation, sweating, nausea, difficulty concentrating, the fullness of head, blurred vision, dizziness (eyes open and closed), vertigo, stomach awareness, and burping. The weighted score formula was used to calculate the global index, which reflects the total discomfort level, as well as the scores for the three subsections.

According to previous research (Kennedy et al., 1993), the three subscale scores were calculated by summing scores associated with each subscale and multiplying them by an appropriate weighting factor (9.54 for SSQ-Nausea, 7.58 for SSQ-Oculomotor, and 13.92 for SSQ-Disorientation). To calculate the total score of SSQ, the result was equal to the sum of the three unweighted subscale scores, multiplied by 3.74. A person with a total score of >100 is considered actively ill due to simulator sickness (Kennedy et al., 1993).



Sense of Presence

Sense of presence was evaluated using the iPQ. The iPQ is a multidimensional scale assessing the sense of presence in a VR environment. Sense of presence refers to the subjective feeling of being in a virtual environment. The reliability and validity of the iPQ have been established in previous work (Panahi et al., 2009). The 14 items of the questionnaire are scores on questionnaire contains 14 items, scored on an ordinal scale ranging from 1 to 5. One item reflects general sense of presence. The other items are categorized into sense of spatial presence (5 items), involvement (4 items), and experienced realism (4 items) (Hein et al., 2018).



System Usability

The SUS was administered to capture participants’ viewpoints on effectiveness, efficiency, and satisfaction levels of the VR-ComBAT (Brooke, 1996; Bangor et al., 2008). The questionnaire contains 10 items, each scored on a range from ranges from 0 to 100. The SUS total scores representing a composed measure of the system’s overall usability on a scale from 0 to 100.



Face Validity

Face validity evaluates the extent to which the measured variable appears to adequately measure the conceptual variable (Thomas et al., 1992). The face validity of VR-ComBAT to discriminate between different postural control conditions was evaluated using quantitative COP measures. These COP data were extracted from the force plate and processed using the MATLAB application (MathWorks, Natick, MA, United States) to calculate the following outcomes (Prieto et al., 1996):


• Mean distance in the AP (MeanAP) or ML (MeanML) direction: The average distance in the AP/ML direction from the mean COP.

• Mean velocity in the AP (VelAP) or ML (VelML) direction: The average velocity of COP in the AP/ML direction.

• 95% confidence ellipse area (95%Area): The area that encloses approximately 95% of the points on the COP path.

• Mean frequency in the AP (MfAP) or ML (MfML) direction: The frequency (Hz) of a sinusoidal oscillation with an average value of total path length of excursions in AP (or ML) over MeanAP (or MeanML).





Statistical Analysis

All statistical analyses were performed using SPSS (version 26, IBM Corporation, Armonk, NY, United States). The distribution of data was examined for normality using the Shapiro–Wilk test. Since the number of participants of this study was small and almost all data were not normally distributed, the Friedman test was conducted to examine the differences between conditions followed by post hoc Wilcoxon Signed Rank test. We identified a priori four pairwise comparisons to minimize committing type 1 error. We compared (1) condition 2 to condition 1 to tease out somatosensory system contributions; (2) condition 4 to condition 1 to tease out visual system contributions; and (3) condition 5 to condition 1 and (4) condition 6 to condition 5 to tease out vestibular system contributions (Shumway-Cook, 2011; Pletcher et al., 2017). The effect size ([image: image]) was adopted to indicate the strength of two conditions of VR-ComBAT. Of note, given that Wilcoxon Signed-rank test was conducted in this study, to more accurately reflect this non-parametric approach, we calculated the effect size (r) according to Rosenthal et al. instead of Cohen’s d effect size (Rosenthal et al., 1994). The significance levels of all analyses were set α = 0.05.



RESULTS

Participants (13 women and 10 men) were on average 27.4 ± 8 years old and reported 19.2 ± 2.5 years of education. None of the participants showed any impairment in static or dynamic balance, as evidenced by maximum scores on the BBS (56 ± 0) and on the Mini-BESTest (28 ± 0). Participants scored on average 28.3 ± 1.4 on the MOCA, indicating no cognitive impairments (Table 1).


TABLE 1. Demographic and clinical characteristics.

[image: Table 1]

Safety

No adverse events were reported during or after the study visit. SSQ total scores were on average 33.3 ± 66.1. Average SSQ average subscores were 2.9 ± 6.1 for nausea, 3 ± 5.9 for oculomotor, and 3 ± 7.2 for disorientation. Participants either scored none or slight on each item of the SSQ.



Sense of Presence

The average iPQ score of total iPQ was 44.9 ± 9.6 with average subscores of 18.8 ± 3.7 for spatial presence, 11.3 ± 3.5 for involvement, and 10.7 ± 2.7 for experienced realism.



System Usability

The SUS demonstrated nearly a total score of 80 in system usability (79.7 ± 9.9).



Face Validity

The Friedman test revealed significant differences across the six conditions for all COP-based measures (p < 0.01). Post hoc analyses (Table 2) showed that participants exhibited worse performance on most COP measures in conditions 2, 4, and 5 compared to condition 1.


TABLE 2. COP-based measures across the six VR-ComBAT conditions (N = 23).

[image: Table 2]
In the frequency-based analysis, an inverse trend between MfAP and MfML was observed across the conditions. Pairwise comparisons showed that MfAP increased while MfML decreased with respect to increased task difficulty (Figure 5).
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FIGURE 5. Mean rotational frequency of COP in anteroposterior (black) and mediolateral (gray) directions across the 6 VR-ComBAT conditions. *Significant differences (p < 0.05).




DISCUSSION

The aim of this proof-of-concept study was to determine the safety, sense of presence, systems usability, and face validity of the newly developed VR-ComBAT in healthy young individuals. We gauged sense of presence in the VR environment and satisfaction with our novel VR-based system as important outcomes of sense of presence. We also included comprehensive quantitative comparisons of multidirectional COP outcomes across the six conditions. The results of this study support our hypotheses that the VR-ComBAT is safe, highly acceptable, and able to detect multidirectional changes of postural control in terms of COP amid different conditions from healthy young participants.

The VR-ComBAT provided a safe and feasible virtual balance testing environment. As Howarth and Costello noted (Howarth and Costello, 1997), VR environments can induce temporary side effects such as general discomfort, fatigue, headache, nausea, and irritating eyes. However, in our study, no adverse events were reported by participants. In addition, the results of SSQ suggested that the VR-ComBAT did not cause any adverse effects of VR throughout the experiment.

Our findings on the sense of presence of the VR-ComBAT measured by iPQ and SUS demonstrated that our novel VR system was well accepted by participants. The total iPQ (44.9) was 9.9-point above neutral presence (35 = 70/2), demonstrating that participants indicated being present in the VR-ComBAT environment. The means of the three subscales of iPQ all contributed to the averaged overall score [spatial presence (18.8 out of 25), involvement (11.3 out of 20), and experience realism (10.7 out of 20)]. The average total score of SUS was approximately 80 out of 100, which demonstrated high effectiveness, efficiency, and satisfaction levels of the VR-ComBAT. The high system usability of VR was also reported in a VR-based rehabilitation study (Meldrum et al., 2012).

The six conditions of the VR-ComBAT emulate an environment equivalent to the SOT. Combined, they are purported to evaluate the sensory systems involved in postural control. Comparing conditions 2, 4, and 5 versus condition 1, our findings are consistent with results from previous SOT studies in healthy younger and older adults (Cohen et al., 1996; Pletcher et al., 2017). When the somatosensory system is confronted with a challenging environment (e.g., conditions 4 and 5), healthy young participants reweighted appropriately to their vision and vestibular systems to maintain postural control. The large effect sizes observed in condition 4 vs. 1 and condition 5 vs. 1 support postural control reliance on vision and vestibular systems, respectively (Pletcher et al., 2017). When comparing condition 6 (unstable surface with VR visual conflict) to condition 5 (unstable surface with blacked out VR surroundings), the significant decreased mean velocity and mean frequency indicate that blacking out the VR surroundings compromised postural control more so than providing conflicting visual information through a moving VR surround. Our results demonstrate that the perturbed somatosensory system might be compensated for by the visual-guided scene through the VR-ComBAT. Vision contributes to balance during quiet standing, and a previous study showed that individuals with impaired vision failed to maintain their postural stability in challenging conditions (Ray et al., 2008). To this end, future studies identifying the changes of COP-based measures in patients with sensory deficits using VR-ComBAT are warranted.

In addition to the findings in the AP direction, the COP-based measures in the ML direction (e.g., MeanML, VelML, and MfML) demonstrated significant changes in this study (e.g., conditions 2, 4, 5 vs. condition 1). Specifically, the change of mean COP frequency of this study is direction-dependent where the mean frequency increases in the AP direction while it decreases in the ML direction with respect to increased task difficulty (Figure 5). While confronted with a challenging environment, healthy young adults seem to restrict ML movement to maintain postural control. This direction-dependent phenomenon was in line with current evidence that additional energy expenditure, such as muscular effort, is required to maintain lateral stability during walking (Kuo and Donelan, 2010). More evidence is required to elucidate whether there is a relationship between COP frequency changes in different directions and energy expenditure. Future studies using the VR-ComBAT will examine whether this direction-dependent phenomenon of COP frequency alters in older adults or patients with deficits in sensory integration.

A previous study that integrated VR HMD with posturography provided similar conditions as the Equitest® SOT (Wittstein et al., 2020) and demonstrated a moderate reliability and a weak correlation between the developed VR SOT and the EquiTest® (Wittstein et al., 2020). The VR-ComBAT of this study emulates conditions that are equivalent to those in the EquiTest® as illustrated in Figure 2. In addition, our study provided a quantitative analysis of COP distance, velocity, area, and frequency in the anteroposterior and mediolateral direction. The importance of including multidirectional COP outcomes was illustrated in our direction-dependent phenomenon of frequency changes in the anteroposterior and mediolateral direction.

There are limitations to this proof-of-concept study. The current study included a relatively small number of healthy young adults. Therefore, we did not adjust for multiple comparisons in the post hoc analyses. Although we established the safety of the VR-ComBAT in healthy individuals, further studies are warranted to validate the VR-ComBAT in people with balance impairments. In addition, the balance testing conditions in the VR-ComBAT system were based on the testing conditions that originate from the EquiTest®. Although the current study demonstrated the face validity of the novel system, our new test requires validation against the EquiTest®. We list future directions of work to overcome the limitations observed in the current work and optimize the utilization of the VR-ComBAT. First, we plan to integrate the VR-ComBAT with a cognitive assessment to evaluate the effect of dual-tasking on reweighting for postural control. The eye-tracking integrated VR system such as HTC VIVE Pro Eye can be used to extract pupillary response, which is a valid measure of cognitive workload in demanding postural conditions (Orlosky et al., 2017). Second, we will employ the VR-ComBAT in older and/or patient populations to confirm the sensitivity of the VR-ComBAT in evaluating sensory organization of postural control. Third, not all clinical settings can afford a relatively expensive force plate system. One of the overarching goals of the VR-ComBAT development is to provide a cost-effective system. We developed the VR-ComBAT for research purposes. Thus, the cost of the current setup including force platform system ($10,000–$20,000) and VR HMD system ($500–$2,000) may be expensive for most clinics. However, we plan to create a clinically affordable VR-ComBAT by replacing the force plate with cost-effective COP measures such as Nintendo Wii Fit or gyroscope/accelerometers in smartphones. Lastly, our study found meaningful outcomes of COP changes in ML direction. Future VR-ComBAT conditions should include ML tilting in VR to further elucidate the effect of visual conflict on ML postural control.

In conclusion, this current proof-of-concept study demonstrates the safety, sense of presence, and face validity of the VR-ComBAT integrated with a COP measuring system.
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Objective: The purpose of this study was to evaluate the current state of scientific knowledge regarding physical and psychological factors associated with walking capacity in patients with lumbar spinal stenosis (LSS) with neurogenic claudication.

Design: Systematic scoping review.

Literature Search: We searched CINAHL (Cumulative Index to Nursing and Allied Health Literature), MEDLINE, Cochrane, PsycINFO, and SPORTDiscus databases.

Study Selection Criteria: Cohorts and cross-sectional studies reporting on associations between physical or psychological factors and impaired walking capacity in patients with symptomatic LSS were included.

Data Synthesis: Data were synthetized to identify associations between physical or psychological factors and either walking capacity, gait pattern characteristics, or functional tasks.

Results: Twenty-four studies were included. Walking capacity was significantly correlated with several pain outcomes, disability, estimated walking distance, and cross-sectional area of the lumbar spine. Gait pattern characteristics such as speed and stride were strongly and positively correlated with disability outcomes. Functional tasks were significantly correlated with lower back and upper limb disability, lower limb endurance strength, ranges of motion, and speed. Associations with psychological factors were mostly conflicting except for the Rasch-based Depression Screener and the Pain Anxiety Symptom Scale (PASS-20) questionnaire that were associated with a decreased performance in functional tasks.

Conclusion: Physical and psychological factors that are associated with walking capacity in patients with symptomatic LSS were identified. However, many associations reported between physical or psychological factors and walking capacity were conflicting, even more so when correlated with walking capacity specifically.

Keywords: lumbar spinal stenosis, neurogenic claudication, walking capacity, gait pattern characteristics, functional task


INTRODUCTION

Symptomatic lumbar spinal stenosis (LSS), characterized by a limited walking capacity due to leg pain, is a leading cause of disability in the elderly (1, 2). Narrowing of the lumbar spinal canal or lateral foramina, as well as compression or decreased blood flow to the nerve roots (3, 4) are considered the main causes of pain in this musculoskeletal condition. Lumbar spinal stenosis is affecting between 11 and 39% (5, 6) of the global population, especially people over the age of 65 (6, 7). The acquired form of LSS arises from degenerative changes, including disc degeneration (herniation or bulging), hypertrophy of the ligamentum flavum, and spondylolisthesis and/or facet osteoarthritis (3, 4, 8) and can involve the central canal, lateral recess, foramina, or any combination of these anatomical sites (8). Congenital LSS is due to abnormalities during development, leading up to smaller pedicles length, which directly affects the antero-posterior diameter of the spinal canal (9).

In patients with LSS, self-reported symptoms combined with a physical examination represent the main assessment components of the clinical portrait severity, considering that symptoms and associated disability do not always correlate with results from magnetic resonance imaging (MRI). Advanced imaging provides information on the presence and extent of lumbar spine degenerative changes and on the lumbar spinal canal size, but does not translate information on functional capacity (6). Indeed, a number of patients will show clear and severe signs of stenosis on imaging but will experience few or no symptoms. Commonly reported symptoms of LSS include leg pain, numbness, cramps, fatigue, and weakness (8, 10). These symptoms can be grouped under one appellation: neurogenic claudication (NC). The presence of NC is modulated by the patient's posture, as it is brought on by lumbar extension when standing or walking and relieved by lumbar flexion (i.e., sitting or bending forward) (8).

Neurogenic claudication is triggered by performing daily activities that require prolonged standing postures such as walking, and patients often face a decrease in quality of life (QoL) due to important walking and functional limitations. The assessment of walking limitations plays a central role in LSS management, both in the decision-making process regarding the diagnosis (11) and treatment options (12). Most recent studies evaluating treatment effects in patients with LSS have measured walking abilities using different assessment methods. Some of these studies focused on walking distance (13–15), while others focused on walking time (16, 17), or both (18, 19) to report on walking capacity. Indeed, severe symptoms combined with a decrease in walking capacity, and subsequently in QoL, prompt neurosurgeons to opt for surgery in patients with LSS (20, 21).

Walking impairment is a major issue in LSS, and many physical and psychological factors are related to this decrease in functional capacity. Several gait measures such as step length, cadence, step width, and gait cycle have been assessed in LSS patients, but it is not clear if and how they relate to the decline in walking capacity. It is also known that walking limitations can negatively influence or be influenced by psychological factors such as a perceived low QoL and self-efficacy, and increased anxiety and kinesiophobia (22, 23). Assessing physical and psychological factors may provide relevant information that would improve our understanding of how LSS affects daily activities.

The purpose of this study was to evaluate the current state of scientific knowledge regarding physical and psychological factors associated with walking capacity in patients with LSS and associated NC.



METHODS

As systematic scoping reviews are used to inform future research directions, this study design was deemed the most appropriate to capture information from heterogeneous studies, map existing literature and identify knowledge gaps (24). This scoping review was based on the framework of Levac et al. using a 5-step review method (25) and on the framework of Peters et al. for the systematic aspect of the study conduct (24). This study was registered on Open Science Framework (https://osf.io/6az7c/?view_only=15ad45d1f1f14517b3706b154af12bb6).


Step 1: Identifying the Research Question

This scoping review was conducted to answer the following question: What are the physical and psychological factors associated with walking capacity in patients with LSS and associated NC?

The main focus of this systematic scoping review was walking capacity in patients with LSS and associated NC. Exploring associations between physical or psychological factors and walking capacity or performance in functional tasks should provide critical information regarding the impact of LSS on daily functioning. Interventions targeting physical and psychological factors associated with the decline in walking capacity could improve patients' walking capacity and QoL and support surgical decision-making.



Step 2: Identifying Relevant Studies

The search strategy was elaborated in collaboration with a university librarian and was conducted using CINAHL (Cumulative Index to Nursing and Allied Health Literature), MEDLINE, Cochrane, PsycINFO, and SPORTDiscus databases from inception to October 4, 2019. Then, an update of the literature was completed on June 18, 2020. A combination of keywords and MeSH terms was used to identify relevant studies. The lead investigator (MH) conducted the literature search. The search strategy was first developed for MEDLINE and adapted to other databases when needed (see Supplement Material 1). Other sources such as Google Scholar and reference lists of relevant studies were hand-searched to ensure a comprehensive overview of the subject. An EndNote library (version X9, Clarivate Analytics, Boston, MA, USA) was created to import all citations from the search strategy. Then, all duplicates were identified and removed.



Step 3: Study Selection
 
Definitions of Key Concepts

Symptomatic LSS was defined as back and/or leg pain causing NC in patients diagnosed with degenerative LSS. The targeted outcome was walking capacity which was considered from two different perspectives: walking capacity defined as a distance or time spent walking, and walking capacity defined as performance during a functional task that repetitively involve lower limbs and/or trunk movement (e.g., the Timed Up and Go test or stairs climbing). Associated factors of walking capacity were regarded as either physical or psychological. Physical factors were divided into patient-reported outcome measures (PROMs) [e.g., pain, disability and QoL] and objectives measures [e.g., gait pattern characteristics (e.g., speed, cadence, and step width), lower limb strength and range or motion (ROM)] while psychological factors of interest included anxiety, depression, kinesiophobia, frailty, and self-efficacy.



Inclusion and Exclusion Criteria

To be included in this scoping review, studies had to be limited to human participants and be published in peer-reviewed scientific journals in either French, English, or Spanish language. Study designs were limited to cohort, and cross-sectional studies. Randomized controlled trials were also considered provided that they present baseline data of participants with LSS and associated NC and reported on correlation or regression prior to the beginning of the intervention. In addition, assessments had to include at least one physical and/or psychological outcome measures. To be include, studies needed to fulfill inclusion criteria regarding the specific populations (P), intervention (I), and outcomes measures (O) that are presented in Table 1. In addition, studies that included participants with congenital LSS, scoliosis, or vascular claudication were excluded. The following types of publication were also excluded: validation study, case study, cases series, systematic review and meta-analysis, gray literature, and governmental documents.


Table 1. Inclusion criteria regarding population, intervention, and outcomes measures.
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Screening

All potentially eligible articles were independently screened by a pair of reviewers (MH, MERP) in two phases, using a standardized Excel spreadsheet. In phase one screening, titles and abstracts were classified as relevant, possibly relevant, or irrelevant according to the eligibility criteria. Then during phase two screening, the full text of possibly relevant articles was reviewed by the same pair of reviewers for final determination of eligibility. Reviewers discussed disagreement to reach consensus for both phases of screening and a third independent reviewer (AAM) was consulted to achieve consensus if needed.




Step 4: Charting the Data

The following descriptive variables were extracted from all relevant studies using a standardized extraction form: authors, year of publication, title, country, study design, sample size, definitions of both LSS and NC, description of the study population (number of participants with LSS, LSS type, age, and gender ratio), independent variables, dependent variables, and key findings from study results. A pair of researchers independently extracted data (MH, JDB) and if necessary, a third person (AAM) was involved to resolve disagreements.



Step 5: Collating, Summarizing, and Reporting Results
 
Study Designs and Participants

Data regarding study designs, sample sizes, and patients' characteristics were summarized to provide an overall picture of the populations studied.



Quality Assessment

Quality assessment of all eligible studies was independently completed by two reviewers (MH, JDB) using the Appraisal tool for Cross-sectional Studies (AXIS) (26). When a disagreement between the two reviewers occurred, a third person (AAM) was involved to reach consensus. The AXIS tool contains 20 questions that address three different domains: study design (7 questions), study quality (7 questions) and risk of bias (6 questions). Each question is answered by either “yes” (1 point), “no” (0 point), or “do not know” (0 point). A sum of all “yeses” is calculated to provide an overall score with higher scores indicating higher quality. As none of the studies reported a description of the non-responders (question 7), question 14 (“If appropriate, was information about non-responders described?”) became non-applicable and therefore was removed from the quality assessment checklist, bringing the maximum possible score to 19. Furthermore, question 19 (“Were there any funding sources or conflicts of interest that may affect the authors' interpretation of the result?”) was given one point when it was specified that there were no conflicts of interest.



Results Organization

Results were first organized into two broad categories based on the nature of the reported associations. The categories were defined as follow: associations in relation to [1] walking capacity, and [2] functional tasks. Then, within each category, results were organized based on outcome measure types (i.e., PROMs, objective outcome measures, and any other relevant outcome whenever applicable).





RESULTS

The initial literature search identified 6,034 possible studies for inclusion in the scoping review. Following the removal of duplicates (n = 1,665), 4,369 studies remained. Initial screening of titles and abstracts resulted in the exclusion of 4315 articles that did not meet inclusion criteria. Out of the remaining 54 full-text articles, 21 fulfilled the inclusion criteria. Frequent updates of the search strategy were conducted during the review process. In light of the last update conducted on July 15, 2021, three additional articles fulfilling inclusion criteria were found bringing the final number of included studies to 24. All studies were published between 2007 and 2020 from 11 different countries over 3 continents (see Supplement Material 2 for more details). Figure 1 presents the study selection flowchart.


[image: Figure 1]
FIGURE 1. PRISMA flowchart.



Participants

Out of the 24 studies, seventeen were cross-sectional studies, five were prospective observational studies, one was a secondary analysis of a RCT, and one was a retrospective observational study. Sample sizes ranged from 12 to 1009 participants. In addition, out of the 2,973 participants included in the 24 studies, 1,694 had symptomatic LSS with NC. In most studies (n = 17), LSS was diagnosed using a combination of clinical assessment such as patient's history and/or physical examination, and findings of MRI. Regarding NC, only seven studies described NC as pain, numbness, weakness, or tingling in the lower extremity brought on by lumbar extension, standing, or walking. Based on criteria provided for inclusion of participants (or introduction section when inclusion criteria prevented the definitive identification of LSS subtypes), 974 presented with central LSS, 246 presented with combined central LSS and spondylolisthesis, 66 presented with either central or foraminal stenosis, 54 with either central or lateral stenosis, 49 with either central LSS or a combination of central and foraminal stenosis or lateral stenosis and 14 presented with lateral LSS. Finally, there were 291 patients for which the exact LSS type (e.g., central) was not explicitly described. Mean age of participants ranged from 58 to 76.9 years old across studies. Extracted data regarding population are presented in Supplement Material 2.



Quality Assessment

The 24 studies were assessed for quality using the AXIS tool. Two studies (27, 28) scored between 6 and 10, 14 studies (15, 19, 21, 29–39) scored between 11 and 15, and 8 studies (40–47) scored between 16 and 19. The items from the AXIS tool are reported in Supplement Material 3.



Associations

Surprisingly, no study investigated associations between gait pattern characteristics and walking capacity or functional tasks. However, a few studies reported associations between either physical or psychological factors and gait pattern characteristics. Considering that gait pattern characteristics do have a direct impact on walking capacity, these unplanned associations have been extracted and are now presented as a third category of associations along with walking capacity and functional tasks. All reported associations (significant or not) between either physical or psychological factors, and measures of walking capacity, functional tasks, or gait pattern characteristics are presented in Supplementary Table 1.

There was significant heterogeneity within both PROMs and objective measures used to assess physical and psychological factors for each category of outcome measures among the studies. Figure 2 illustrates the range of outcome measures reported.


[image: Figure 2]
FIGURE 2. Range and proportion of tools used to assess physical and psychological factors associated with walking capacity, functional task, and gait pattern characteristics. PROMs, Patient-Reported Outcome Measures; OM, Objective Measures; GPC, Gait Pattern Characteristics; QoL, Quality of Life; MRI, Magnetic Resonance Imaging; ODI, Oswestry Disability Index; SSSQ, Swiss Spinal Stenosis Questionnaire; DASH, Disability of the Arm, Shoulder and Hand questionnaire; RMDQ, Roland-Morris Disability Questionnaire; QBPDS, Quebec Back Pain Disability Scale; TSK, Tampa Scale of Kinesiophobia; PASS-20, Pain Anxiety Symptoms Scale; PCS, Pain Catastrophizing Scale; HADS, Hospital Anxiety and Depression Scale; DESC, Rasch-based Depression Screener; NRS, Numeric Rating Scale; LBP, Low Back Pain; SF-36, 36-item Short Form Health Survey; SF-12, Medical Outcomes Short-Form 12; HUI, Health Utilities Index Mark 3; VAS, Visual Analog Scale; CES-D, Center of Epidemiological Studies Depression Scale; CSA, Cross-sectional area; JOABPEQ, Japanese Orthopedic Association Back Pain Evaluation Questionnaire.


As a large range of associated factors were retrieved from the 24 studies, only significant associations with walking capacity, functional tasks, and gait pattern characteristics are reported herein. Additional details regarding non-significant associations are reported in Supplement Material 4. All associations are illustrated in Figure 3.


[image: Figure 3]
FIGURE 3. Associations between walking capacity, gait pattern characteristics, functional tasks, and PROMs and objective measures expressed in number of studies. PROMs, Patient-Reported Outcome Measures; OM, Objective Measures; QoL, Quality of Life; MRI, Magnetic Resonance Imaging; CES-D, Center of Epidemiological Studies Depression Scale; HUI, Health Utilities Index Mark 3; SF-36, 36-item Short Form Health Survey; SF-12, Medical Outcomes Short-Form 12; ODI, Oswestry Disability Index; SSSQ, Swiss Spinal Stenosis Questionnaire; ZCQ, Zurich Claudication Questionnaire; QBPDS, Quebec Back Pain Disability Scale; LBP, Low Back Pain; VAS, Visual Analog Scale; ROM, Range of Motion; PASS-20, Pain Anxiety Symptoms Scale; PCS, Pain Catastrophizing Scale; HADS, Hospital Anxiety and Depression Scale; TSK, Tampa Scale of Kinesiophobia; DESC, Rasch-based Depression Screener; DASH, Disability of the Arm, Shoulder and Hand questionnaire; RMDQ, Roland-Morris Disability Questionnaire; NRS, Numeric Rating Scale; JOABPEQ, Japanese Orthopedic Association Back Pain Evaluation Questionnaire.



Physical and Psychological Factors Associated With Walking Capacity
 
PROMs

Pain. Overall, conflicting results were found based on the four studies reporting on the association between leg and/or back pain and walking capacity (distance or time). More specifically, Ishimoto et al. reported a weak positive association between symptomatic LSS (lower limb and/or buttock pain) and the 6-m walking time at maximal pace (vs. usual pace) (31). Tomkins-Lane and Battie (15) reported moderate positive correlations between walking distance and number of years with back pain and number of years with leg pain. They also reported moderate negative associations between walking capacity and intensity of leg pain before walking, and the items 8 (pain and discomfort over the past week affecting activities) and 15 (pain and discomfort over the past week requiring medication) of the Health Utilities Index Mark 3 (HUI) questionnaire (15). The other two studies did not report significant associations between pain and walking capacity (28, 40).

Disability. Overall, conflicting results were found based on the six studies reporting on the association between disability and walking capacity (distance or time).

Three studies (28, 40, 44) measured disability using the Quebec Back Pain Disability Scale (QBPDS), of which only one showed a strong negative correlation between the total QBPDS score and walking distance (40). When looking at the questionnaire individual subscales, four (walk, reach, run, and groceries) were strongly and negatively correlated with total walking distance and one (stand) was strongly and negatively correlated with walking time to first symptoms.

All four studies using the Swiss Spinal Stenosis Questionnaire found moderate to strong negative correlations with walking capacity (15, 40, 41, 46). Specifically, Drury et al. reported a moderate association between walking distance and the SSSQ total score. Regarding the SSSQ individual subscales, results among the four studies were conflicting. Drury et al. reported moderate to strong negative correlations between walking capacity and the physical function and each component of the symptom subscale (pain, sensory and neuroischemic) (41). Thornes et al. reported a moderate negative correlation between walking capacity and the physical function subscale and Tomkins and Battie reported a moderate negative correlation between walking capacity and the symptom subscale. However, two studies also reported no correlation between walking capacity and some SSSQ subscales (40, 46).

All three studies using the Oswestry Disability Index (ODI) found weak to strong correlations with total walking distance (15, 40, 44). However, Conway et al. reported a non-significant correlation between the ODI and walking capacity regarding time to first symptoms (40).

Quality of Life. Overall, conflicting results were found based on the five studies reporting on the association between quality of life and walking capacity (distance or time) (15, 37, 40, 41, 44).

All three studies reporting on QoL using the 36-item Short Form Health Survey (SF-36) reported at least one significant associations of varying strength with walking distance (37, 40, 41). Of these, one reported a strong positive correlation between SF-36 and walking distance (41). When looking at the questionnaire individual subscales, three studies reported moderate to strong positive correlations between the physical functioning (PF) subscale and walking distance (37, 40, 41). Moreover, Drury et al. (41) reported moderate positive correlations between four of the subscales (role physical, bodily pain, general health index and social functioning) and walking distance whereas they reported a weak positive correlation between the vitality subscale and walking distance. Out of the two studies reporting on the association between the mental health subscale and walking distance (37, 41), only one reported a moderate positive correlation (37). One study used a shorter version of the SF-36 (SF-12) and reported no significant association (44). Finally, one study reported a moderate positive correlation between health-related QoL using the HUI questionnaire and walking capacity (15).

Anxiety and Depression. One study assessed depression using the CES-D and reported no significant correlation between depression status and walking distance (19).

Estimated Walking Distance. One study assessed estimated walking distance and showed a strong significant correlation between this estimated and measured walking distances (40).



Objective Outcome Measures

 MRI Findings. Overall, conflicting results were found based on the three studies reporting on the association between MRI characteristics and walking capacity (distance or time) (19, 27, 33). One study reported a negative association between the cross-sectional area of the dural tube measured at L1/L2 and walking distance (19). Two studies reported no significant correlation between MRI findings and walking distance (27, 33).

Other Objective Outcome Measures. Overall, conflicting results were found based on the six studies reporting on the association between other objective measures and walking capacity (15, 19, 30, 36, 40). Specifically, one study reported a strong positive correlation between maximum time of continuous activity per day over a 7-day period (at a minimum of low intensity) and walking distance (40), and another study reported a moderate positive correlation between daily step count and walking distance (35). One study showed a moderate negative correlation between balance problems and walking capacity (15). One study reported a negative association between BMI and walking distance, and a positive association between functional status (combination of tests) and walking distance (19). One study reported a strong negative correlation between trunk postural sway and maximum walking distance (36). Two of these studies also showed no significant association between other objectives measures and walking capacity (36, 40). Finally, one study reported a moderate negative correlation between handgrip strength and walking time and a weak positive correlation between handgrip strength and walking distance (30).




Physical and Psychological Factors Associated With Functional Tasks
 
PROMs

Pain. Overall, conflicting results were found based on the four studies reporting on the association between pain outcomes and functional tasks (31, 35, 38, 40). More specifically, strong positive correlations were found between leg pain severity and overall activity per day measured with an activity monitor, as well as maximum time of continuous activity per day (40).

Pryce et al. reported moderate to strong correlations between back pain (intensity and related function), leg pain (related function), and physical activity (volume and duration). Physical activity intensity was not associated with either back or leg pain intensity and function. They also reported moderate to strong negative correlations between back or leg pain intensity and bout length or maximum bout length of meaningful activity. However, back pain intensity was negatively correlated with bout length and maximum bout length only at meaningful physical activity intensity, while leg pain intensity was only correlated at moderate intensity (between 1.5 and 2.99 METs) (38). All other associations between pain and functional tasks were non-significant (31, 35).

Disability. Overall, conflicting results were found based on the five studies reporting on the association between disability and functional tasks (32, 35, 38, 40, 46, 47).

Conway et al. reported strong negative correlations between disability, measured using the run subscale of the QBPDS questionnaire, and overall activity per day, as well as between disability and time of continuous activity. All other correlations between the QBPDS and functional tasks were not significant (40).

Four studies conducted correlation analyses between the ODI and functional tasks (32, 38, 40, 47). Results from Pryce et al. (38) showed moderate to strong negative correlations between disability and physical activity volume, intensity, and duration. They also showed moderate to strong negative correlations between disability and maximum bout length at meaningful intensity and at moderate intensity during ambulatory behavior. The ODI was only correlated with bout length during ambulatory behavior at moderate intensity. Thornes et al. reported an association between stability in gait and the total ODI score. All other associations between ODI and functional tasks were not significant (32, 40).

The Roland-Morris Disability Questionnaire (RMDQ) was used in the study by Pryce et al. (38) to assess disability. In this study, authors reported moderate to strong negative correlations between disability and physical activity volume, intensity, and duration. They also reported moderate to strong negative correlations between disability and bout length and maximum bout length during ambulatory behavior (38).

Three studies reported on the correlation between the SSSQ [also known as the Zurich Claudication Questionnaire (ZCQ)] total score or subscales and functional tasks (35, 46, 47). The results of Thornes et al. (46) showed negative moderate correlations between the symptoms subscale and the 30-second Sit-to-Stand test, and the One Leg Stance test while they showed a positive moderate correlation between the symptoms subscale and the stair climbing test. The authors also reported a moderate correlation between the physical function subscale and stair climbing (46) and a weak association between the physical function subscale and the score of the Mini-BESTest (47). However, Minetama et al. (35) reported non-significant correlations between daily step count and the symptom subscale or the physical function subscale of the SSSQ.

Finally, Price et al. reported moderate to strong negative correlations between disability measured using the DASH questionnaire and physical activity volume, intensity, and duration, as well as bout length and maximum bout length during ambulatory behavior (38).

Quality of Life. Overall, conflicting results were found based on the two studies reporting on the association between QoL and functional tasks (38).

Pryce et al. reported moderate to strong positive correlations between the SF-36 total score and physical activity (volume, duration, intensity), and ambulatory behavior (bout length and maximum bout length) at both meaningful and moderate intensity (38). Further details about correlations between functional task and all SF-36 subscales are presented in Supplementary Table 1.

Depression, Anxiety, and Fear Avoidance. Two studies reported on the association between either depression or fear avoidance and functional tasks (21, 35). Depression was strongly and negatively correlated with the patient's participation in social, daily and work-related activities using the Aachen Activity and Participation Index (AAPI). Depression was also moderately and positively correlated with lower extremity function using the RehaCAT lower extremity subscale and with activities of daily living when using the RehaCAT lower extremity subscale. Minetama et al. (35) reported moderate negative correlations between daily step count and the total score, the cognitive anxiety subscale, the escape/avoidance subscale, and the fear subscale of the Pain Anxiety Symptom Scale (PASS-20). The authors also reported a weak negative correlation between daily step count and depression as measured by the Hospital Anxiety and Depression Scale (HADS) but no correlation with anxiety also measured by the HADS (35).

Furthermore, two studies reported on the association between kinesiophobia and functional tasks (21, 35). The somatic focus subscale of the Tampa Scale of Kinesiophobia (TSK) was strongly and positively correlated with the RehaCAT lower extremity subscale while the activity avoidance subscale was moderately and positively correlated with the RehaCAT lower extremity subscale. The score of the RehaCAT activities of daily living subscale was moderately and positively correlated with the somatic focus and the activity avoidance subscales of the TSK (21). The correlation between daily step count and kinesiophobia was not significant (35).

Finally, one study reported a correlation between daily step count and pain catastrophizing as measured with the Pain Catastrophizing Scale (PCS) (35). However, the correlations between each subscale of the PCS were not significantly correlated with daily step count.



Objective Outcome Measures

Objective Outcome Measures Two studies reported on the associations between other objective measures and functional tasks performance. Schmidt et al. (39) reported weak associations between either trunk extensor muscle endurance, leg strength asymmetry, or leg speed during a leg press and the Short Physical Performance Battery score. They also reported weak associations between either trunk extensor muscle endurance, knee flexion ROM, or knee extension strength asymmetry and the Habitual Gait Speed test, and a weak association between leg strength and the Chair Stand test (39). Finally, one study reported a moderate negative correlation between handgrip strength and walking steps (30).




Physical and Psychological Factors Associated With Gait Pattern Characteristics
 
PROMs
 
Pain Severity. Overall, conflicting results were found based on the three studies reporting on the association between pain severity and gait pattern characteristics (29, 34, 43). To assess pain severity, one study used the 11-point Numeric Rating Scale (NRS) and two studies used a Visual Analog Scale (VAS) (29, 34, 43). Only back pain, measured using the NRS, was weakly and positively correlated to walking velocity (29). Regarding leg pain, Kuwahara et al. (34) reported a moderate negative correlation between leg pain and peak trunk tilt during walking (34). Other significant correlations were reported between pain severity (location unspecified) and width of base of support, the Gait Disability Index (GDI), peak lumbar tilt pre- and post-walking, and changes in pelvis tilt variation during stance (43). All other gait pattern characteristics measured in these studies were non-significant.

Disability. Overall, conflicting results were found based on the three studies reporting on the association between disability and gait pattern characteristics (29, 42, 44).

Out of two studies using the ODI to assess disability (29, 44), one study reported strong positive correlations between disability and gait velocity and step length, as well as a weak positive correlation between disability and base of support (29). The same authors also reported that other gait pattern characteristics such as cadence, lumbar proprioception (except for left lateral bending) and ROM were not correlated with the ODI score. The second study reported a strong correlation between disability and free walking speed (44).

One study reported a moderate correlation between disability, measured using the QBPDS, and free walking speed (44).

Finally, one study reported weak positive associations between disability, measured using the JOABPED total score or its individual subscales, and short stride when walking (42).

Quality of Life.One study reported non-significant correlations between QoL using the SF-12 and gait pattern characteristics (29).



Objective Outcome Measures

One study reported weak positive correlations between anterior trunk flexion angle during walking and step length as well as maximum ankle plantar flexion moment (45).






DISCUSSION

This systematic scoping review explored the current state of scientific knowledge regarding the associations between physical or psychological factors and walking capacity in patients with LSS. Results show that physical factors are more commonly studied than psychological factors with 22 studies reporting on physical factors and 3 reporting on psychological factors. The systematic scoping review highlighted the use of a wide range of PROMs and objective measures, with disability being the most frequently reported outcome measure followed by pain. Among objective measures, reported tools were heterogenous with most used in no more than one study. A third outcome category (gait pattern characteristics) was added following data extraction given that no study directly assessed gait pattern characteristics in relation to walking capacity. Considering the impact of gait pattern characteristics on decreased walking capacity, associations between physical or psychological factors and gait pattern characteristics were reported. Results among studies were conflicting regarding associations between PROMs and either walking capacity, functional tasks, or gait pattern characteristics. Results were also conflicting for associations between objective measures and either walking capacity, functional tasks, or gait pattern characteristics. Some outcome measures, however, were clearly associated with several measures related to walking capacity. For instance, walking capacity was significantly associated with pain outcomes, disability, estimated walking distance, and cross-sectional area of the dural tube in the lumbar spine L1/L2. Among the included studies, functional tasks were associated with physical factors such as lower back and upper limb disability, and lower limb endurance, strength, ROM, and speed. Strong significant correlations were also found between gait pattern characteristics (speed and stride) and disability outcomes. These results clearly highlight the intricate and heterogeneous presentation of symptomatic LSS.

Conflicting results can possibly be explained by the heterogeneity of walking capacity tests used across studies. Most tests were not validated in people with symptomatic LSS (28, 31–33, 36, 41, 44, 46), although a few were validated in elderly individuals (31, 32, 44). Out of nine walking tests, only four (Self-Pace walking tests, Shuttle walking test, Treadmill walking test and 6-meter walking test) were validated and/or reliable specifically for patients with LSS (see Supplement Material 5 for further details). Further studies are needed to assess the validity of commonly used walking tests in patients with symptomatic LSS. Validated walking test for patient with LSS should be used to better understand walking limitations caused by LSS.

The most commonly reported psychological factor was depression and results were conflicting. The Rasch-based Depression Screener (DESC) and PASS-20 questionnaire were associated with decreased performance in functional tasks. Other psychological factors including anxiety, depression and kinesiophobia were either not associated or showed conflicting evidence of association with walking capacity, functional tasks, or gait pattern characteristics. A comprehensive assessment of walking capacity combined with a better knowledge of the physical and psychological factors associated with walking capacity will help health care professionals identified targeted rehabilitation strategies.

The present systematic scoping review highlighted conflicting results among studies reporting on the association between PROMs or objectives measures and measures related to walking capacity (i.e., walking capacity, functional tasks, and gait pattern characteristics). The wide range of questionnaires used to assess the same outcome could also explain some of these conflicting results. For instance, disability was reported using 6 different questionnaires, with only one being specifically validated for LSS (the SSSQ). Low back pain and/or leg pain were also reported among studies using different tools (presence or absence thereof, VAS, NRS, or HUI). The most commonly reported QoL questionnaire used was the SF-36. However, its association with walking capacity and functional tasks was unclear. On the other hand, the HUI, also used to assess QoL, was associated with greater walking capacity. Objective measures were all different across studies and such heterogeneity impeded our ability to determine whether specific outcome measures are related to walking capacity in patients with LSS. In addition, no study specifically assessed gait pattern characteristics such as stride, walking phases, or walking velocity in relation to walking distance or walking time. It seems important to evaluate these characteristics in order to establish if deviations from normal gait pattern are present in patients with symptomatic LSS. Knowing that risk of fall is increased in populations with mobility impairment (32), a better understanding of walking gait characteristics that can modify walking capacity is needed to know if these walking parameters can also contribute to an increased risk of fall. As such, slower walking speed seems to be related to increased fear of falling (48). Given that some changes in gait pattern normally occur with aging, it is important to know if additional changes are brought on by symptomatic LSS.

Another possible explanation for the conflicting results is the lack of a clear definition for LSS in the studies. Diagnostic ascertainment for inclusion of participants was not clearly mentioned in some studies. Furthermore, many studies reported only the range of included LSS subtypes among participant instead of providing the exact number of individuals per subtype. They also did not clearly describe affected levels.


Clinical Implications

For clinicians, understanding which walking parameters are modified in patients with LSS would provide new insights on the consequences brought on by LSS on gait. If any of these parameters are identified as associated factors, clinicians will be able to establish a treatment plan and monitor clinical evolution more closely over time. Clinicians are also aware that the patient's psychological state can have an impact on the prognosis of musculoskeletal disorders. For instance, patients with LSS reporting depression or at high risk of developing depression show poorer outcomes over time (49). However, more studies are needed to inform the possible implications of psychological status on walking-related functions in patients with LSS.

The Self-Paced Walking Test (SPWT) was the most used test to assessed walking capacity in patients with LSS and was the only reliable and validated one for this specific population. Results from the present systematic scoping review suggest that subjective evaluation tools such as the SSSQ and ODI were the disability-related questionnaires the most used and for which there were many significant associations with the three domains (walking capacity, functional tasks, and gait pattern characteristics). Regarding QoL, the most used questionnaire was the SF-36 but results were conflicting across studies. MRI findings (cross-sectional area) were associated with walking capacity. Regarding objective measures and psychological factors, current evidence suggests that further studies are needed to be able to better formulate recommendations for clinicians. Exploring other biomechanical walking parameters such as minimal toe clearance, speed, simple and double stance and step width can be interesting indicators to consider when assessing walking capacity in future studies.



Strengths and Limitations

To our knowledge, this is the first systematic scoping review to assess physical and psychological factors associated with walking capacity in patients with LSS. One strength of this review is that every step was consistent with the current standards for conducting a systematic scoping review (24, 25). It is not, however, without limitation. The first limitation of our study was the low number of studies that provided a direct evaluation of walking capacity. Only studies published in English, French or Spanish were considered for this scoping review. We cannot rule-out that additional relevant evidence may have been published in other languages. Moreover, most of the studies did not specify the level and location of the LSS limiting the clinical interpretation of the results with regards to distinction of LSS subtypes.




CONCLUSION

The present systematic scoping review allowed to identify physical and psychological factors that are associated with walking capacity in patients with symptomatic LSS. However, a large number of associations reported between walking capacity and physical or psychological factors were conflicting especially when correlated directly with the assessment of walking capacity.
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Objectives: The sit-to-stand (STS) transfer mobilizes an extended part of the kinematic chain throughout a postural phase characterized by a flexion of the trunk and a focal phase consisting of a whole-body extension. The aim of this study was to analyze the variations of the global muscular pattern and the biomechanical parameters in both phases, in relation with seat backrest inclination.

Methods: Fifteen participants were asked to stand up from a seat with 5 backrest inclination settings and at 2 execution speeds. The ground reaction forces and the activity levels of fifteen muscles of the trunk and lower limbs were investigated.

Results: Backrest-induced modifications were mainly observed in the postural phase: inclining the backrest backward increased the phase duration and the activity level of the sternocleidomastoideus and the rectus abdominis, while it reduced the activity of the tibialis anterior. It also allowed for an increased maximal anteroposterior velocity of the body center of mass. Higher execution speed led to increased and earlier muscular activities of many trunk and lower limbs muscles, predominantly in the postural phase.

Discussion: Taken together, these results suggest that a greater backrest inclination increases the demand in the postural phase due to the increase of the upper body gravity torque about the ischial tuberosities, and requires an adaptation of muscular activity levels and timing, but with the same overall pattern. The kinetic energy gained during the longer excursion of the trunk may also require less activation of the lower limbs muscles involved in the generation of propulsive forces of the body.

Keywords: sit-to-stand, backrest inclination, speed, ground reaction forces, electromyography, anticipatory postural adjustments


INTRODUCTION

The sit-to-stand (STS) is the demanding and frequent transfer from the seated posture to the standing posture. From a kinematic point of view, the STS consists of a trunk flexion phase followed by an extension of the trunk and lower limbs initiated after seat unloading (Kelley et al., 1976; Nuzik et al., 1986; Rodosky et al., 1989; Hirschfeld et al., 1999; Boukadida et al., 2015). Integrating kinetics, Schenkman et al. (1990) assumed that trunk flexion moves the body center of mass forward but above all increases the upper body forward momentum. This momentum is then transferred into a whole-body vertical momentum once the seat is unloaded, allowing for whole-body extension.

The STS, a demanding task, requires the activation of a large number of muscles with appropriate coordination. Some common components of this muscular pattern can be extracted from electromyographic studies. The first muscle to be activated during the STS task is the tibialis anterior (TA) (Doorenbosch et al., 1994; Roebroeck et al., 1994; Vander Linden et al., 1994; Gross et al., 1998; Khemlani et al., 1999; Rodrigues-de-Paula-Goulart and Valls-Solé, 1999; Tebbache and Hamaoui, 2020). Its activity is associated with foot stabilization during trunk flexion (Doorenbosch et al., 1994; Roebroeck et al., 1994; Vander Linden et al., 1994; Gross et al., 1998; Khemlani et al., 1999). As in many others forward oriented tasks, it is also involved in the backward shift of the center of pressure in STS initiation, together with the inhibition of the soleus muscle (Sol) (Crenna and Frigo, 1991). Head (sternocleidomastoid) and trunk (abdominal muscles) flexors are recruited to perform the forward tilt of the trunk (Rodrigues-de-Paula-Goulart and Valls-Solé, 1999). Quadriceps, together with hamstrings, are then activated for seat unloading and lower limb extension, with head (upper trapezius) and spinal extensors guiding the verticalization of the whole body (Munton et al., 1984; Roebroeck et al., 1994; Vander Linden et al., 1994; Rodrigues-de-Paula-Goulart and Valls-Solé, 1999; Bouchouras et al., 2015; Chorin et al., 2016). Several studies reported that quadriceps, hamstrings and trunk extensors are the main driving forces of the sit-to-stand and are activated once the vertical projection of the center of mass has been brought closer to the feet or its speed is sufficient (Pai and Rogers, 1990; Vander Linden et al., 1994; Rodrigues-de-Paula-Goulart and Valls-Solé, 1999; Hof et al., 2005). Posterior lower leg muscles control the horizontal momentum and stabilize the posture at the end of the STS (Doorenbosch et al., 1994; Khemlani et al., 1999; Rodrigues-de-Paula-Goulart and Valls-Solé, 1999; Cuesta-Vargas and Gonzalez Sanchez, 2013). In addition, a recent study exploring the effect of backrest inclination on muscular activity showed an increase in the activity level of upper body flexors (abdominal muscles and SCOM) and ST, together with a decrease in TA activity before seat unloading (Tebbache and Hamaoui, 2020).

According to Gelfand revisiting Bernstein’s ideas (Bernstein, 1967), voluntary movements include a postural component related to stability and a focal component related to the voluntary movement itself. Postural activity happens during and after the focal movement, but mainly beforehand (Belenkii et al., 1967; Bouisset and Zattara, 1981; Cordo and Nashner, 1982) with Anticipatory Postural Adjustments (APAs). APAs precede the focal movement, and their assumed goals include compensation of the forthcoming perturbation associated with the focal movement (Bouisset and Zattara, 1987) as well as the generation of propulsive forces when the movement involves a change of support base (Herman et al., 1973; Breniere and Do, 1986; Brenière and Do, 1991; Stapley et al., 1998). For the STS task, APAs occurring during the postural phase are rather used for the latter purpose.

Two main phases can thus be distinguished during the STS task: one called postural phase, during which the trunk is flexed forward, which acts as a preparation for the other phase, when body extension takes place and seat unloading occurs, namely the focal phase (Diakhaté et al., 2013; Alamini-Rodrigues and Hamaoui, 2017; Hamaoui and Alamini-Rodrigues, 2017). In between those 2 phases is the seat-off, when seat unloading occurs.

It has been shown that APAs are motor-task specific and are organized according to a well-defined sequence. They adapt to initial conditions, execution conditions (including speed) and to the functional state of the system (Bouisset and Do, 2008). Therefore, the characteristics of the seat, which are a key factor in seated posture ergonomics, might induce APAs adaptations when performing the STS task. Several studies explored those determinants biomechanically, mainly seat height (Rodosky et al., 1989; Schenkman et al., 1996; Gillette and Stevermer, 2012; An et al., 2013; Yoshioka et al., 2014) and feet position (Shepherd and Koh, 1996; Khemlani et al., 1999; Kawagoe et al., 2000; Gillette and Stevermer, 2012; Ng et al., 2015). It was shown that lowering seat height and putting the feet forward resulted in greater joint constraints (Burdett et al., 1985; Rodosky et al., 1989; Arborelius et al., 1992). A lower seat led to increased trunk maximal angular velocity to increase upper body momentum generation (Hughes et al., 1994; Schenkman et al., 1996) or to failure in the case of elderly subjects unable to use the momentum transfer strategy (Hughes et al., 1994).

However, the influence of seat backrest inclination in terms of biomechanics remains to our knowledge understudied, although most resting and transportation seats have an inclined backrest. In this setting, trunk flexion is initiated against the force of gravity, instead of benefitting from it when the trunk is initially upright (Millington et al., 1992). It also extends the trajectory of the center of mass during STS, offering opportunity for the generation of a greater horizontal momentum in the postural phase, which is a fundamental component of the postural phase and of the STS strategy (Schenkman et al., 1990; Pai et al., 1994).

Consequently, the question arises as to how the motor pattern of the postural and focal phases of the STS is adjusted to seat backrest inclination. The first option might be a simple adaptation of muscular activity levels, while the other would involve an in-depth reorganization of the program with a new set of muscles being active at a different timing. Given the importance of momentum control during the STS task, and in order to analyze this task when maximal performance is sought, a special interest was also given to the execution speed parameter. It was expected that performing the STS at maximum speed would exacerbate and make more visible the adaptation of the motor program to backrest inclination.

Part of a similar question was addressed in a previous paper (Tebbache and Hamaoui, 2020), which gave a first indication of muscular variations in the postural phase. This paper aims to further deepen that analysis by an additional kinetics analysis of the STS task. The main hypothesis was that inclined backrest requires a higher level of muscular activity during the postural phase, but induces an increased horizontal momentum which may ease the focal phase.



MATERIALS AND METHODS


Participants

Fifteen healthy subjects (7 males—8 females; age: 22.9 ± 3 years; weight: 65.8 ± 9.7 kg; height: 171.6 ± 7.4 cm, BMI: 22.2 ± 1.9 kg/m2), took part in this study. It was carried out in accordance with the recommendations of the local “Ethics Committee for Movement Analysis (CERAM), INU Champollion,” which has approved this study. All subjects gave written informed consent prior to the testing, in accordance with the Declaration of Helsinki. Due to a technical issue, one subject was then excluded from the results analysis.



Experimental Set-Up


Customized Adjustable Seat

A specifically designed modular airline seat (part of a 2-seat row) was used in this study. It was made adjustable by ARTEC Aerospace company (Seilh, France) by modifying a regular airline seat to allow for the investigation of the influence of specific parameters. The backrest inclination, defined as the angle between the backrest and the seatpan, was adjustable in the range 90°–130° continuously.



Force Platform

A 1 m × 2 m 6-channel custom-made force platform (Bertec, Columbus, United States), on which the adjustable seat was screwed, was used to record forces and moments in the three orthogonal directions (Figure 1) with a sampling frequency of 1,000 Hz.
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FIGURE 1. Seat on the force platform. Axes were as follows: x-axis is along the anteroposterior direction and points forward, y-axis along the mediolateral axis, pointing to the left, and z-axis follows the vertical direction, pointing upward.




Pressure Sensor

A 25-mm2 capacitive pressure sensor (C500 sensor PPS, Los Angeles, United States) was inserted under the seatpan cushion, at mid-thigh level (Figure 1) and used to detect the onset of seat unloading.



Electromyography

A 16-channel wireless surface EMG device (Zero Wire Model, Aurion, Milan, Italy) was used. The signal was sampled at 1,000 Hz, amplified with a gain of 1,000, the bandwidth was 10–500 Hz, and the common mode rejection ratio 90 dB.

Surface EMG was collected on the dominant side of the subject (as told by the subject), on 12 muscles: Upper trapezius (TraS), sternocleidomastoideus (SCOM), neck extensors (NE), rectus abdominis (RA), erector spinae in the thoracic region (ES T6), erector spinae in the lumbar region (ES L3), rectus femoris (RF), vastus medialis (VM), semitendinosus (ST), gastrocnemius medialis (GM), tibialis anterior (TA), and soleus (Sol). Electromyograms were obtained using Ag/AgCl pre-gelled disposable electrodes positioned 2 cm apart over the muscle belly, in line with muscle fibers direction and on prepared skin. All electrode placements were confirmed using palpation and manual resistance tests, following SENIAM recommendations (Hermens et al., 2000).

Maximal voluntary contraction (MVC) electromyograms against manual resistance were recorded for amplitude normalization purposes, with two trials of 3 s for each muscle.




Procedure

The experimental parameters were backrest inclination angle (90°–100°–110°–120°–130°) and execution speed [comfortable (CS)—maximal (MS)]. To standardize experimental conditions, the participants were barefoot and in their underwear. They first adopted a comfortable position on the seat, with their back resting against the backrest. Floor height was adjusted beforehand so that their thighs were horizontal, their feet flat on the floor, and their lower legs vertical. Feet placement was at a self-selected width, but the anterior-posterior position was imposed with the back of the heel at the rear end of the adjustable foot platform. Participants were asked to cross their arms loosely over their chest, then to stand up in response to a verbal signal, at the speed specified beforehand, namely comfortable or maximal. The comfortable speed was described as the natural self-selected speed used in daily life; the maximal speed was described as “as fast as possible.” They were instructed to perform an STS task shortly after a verbal signal was given, at a self-selected moment in time. Once in the standing posture, subjects had to keep still until an audio signal indicated the end of the trial. For each combination of the five backrest inclination levels and two execution speeds, five 6-s trials were performed, with a rest time of 10 s between trials and 120 s between series. Two training trials were implemented at each change of condition for the subjects to familiarize with the task of standing at the relevant speed and with a given backrest inclination.

Execution speed was randomized, but backrest inclination was performed in a systematic ascending order from 90° to 130°. Since the system of worm screw with crank used to set the backrest inclination at a precise level was very slow, randomization would have excessively lengthened the duration of the experiment.



Data Analysis


Electromyography

EMG signals were full-wave rectified, filtered with a band-pass Butterworth filter (10–450 Hz) and smoothed (sliding window of 51 ms) (Conforto et al., 1999).

Muscle onset was detected using an algorithm based on the work of Lidierth (1986). The muscle was considered active when the mean amplitude of the EMG signal across the 50 following samples exceeded the baseline mean by 2 baseline standard deviations for more than 90 ms, without going below it for more than 15 ms. Baseline parameters were calculated on the 50 ms before the verbal signal was given. Movement start time, described below, was considered as the time origin and subtracted from the onset times obtained.

Activity levels were calculated as the average rectified values (ARV) of the EMG signal for each phase, normalized by the ARV of the 3-s MVC signal. Each muscle was thus characterized by a mean activity level for each phase, both expressed in percent of the MVC (APP and AFP).



Force Plate and Pressure Sensor Data


Center of Pressure (CoP)

The anteroposterior position of the center of pressure (CoP) was calculated from Equation 1, considering that the forces in the anteroposterior directions were applied at the height of the platform beneath the feet (h) (Figure 1), above the force platform. This simplification is addressed in the limitations section.
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Considering


–xp as the anteroposterior position of the CoP,

–h as the height of the adjustable platform beneath the feet,

–Fx as the total ground reaction force in the anteroposterior direction,

–Fz as the total ground reaction force in the vertical direction,

–My as the external moment along the mediolateral axis calculated at the center of the force platform.





Time Markers

Start time, end time, and seat-off time were measured to calculate the duration of the postural phase (dPP), the focal phase (dFP) and the entire STS (dSTS).


Start Time

The STS transfer start time was associated with CoP backward displacement initiation. It was the first time when all the values of a 200-ms window were lower than the mean value calculated in the preceding 400-ms sliding baseline window minus two standard deviations on this window (Figure 2). Start time was associated with the first value of the 200-ms window.
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FIGURE 2. Detection of start and end times. Start time corresponded to the fall of xp below the threshold calculated from the preceding 400 ms baseline for at least 200 ms. Concerning end time, the detection area was reduced to the time interval following the first plateau after feet loading, and end time preceded the first 400 ms where peak-to-peak CoP anteroposterior displacement did not exceed 1 cm.




End Time

End time was detected based on CoP displacement as well. The algorithm included successive steps to determine the onset of the plateau following unloading, from which the CoP peak-to-peak amplitude on a 400 ms sliding window was calculated. When this value did not exceed 1 cm, the algorithm was stopped, and the end time was associated with the last sample of the window under consideration (Figure 2).



Seat-Off Time

Seat-off time was detected by means of the pressure sensor inside the seatpan structure under the cushion. The algorithm detected the time associated with the steepest negative slope, and then moved back to detect the time when this slope changed sign and stayed positive for at least 10 ms, indicating the seat-off (Figure 3).
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FIGURE 3. Seat-off detection. Starting from the time of occurrence of the steepest negative slope, the signal was analyzed backwards to identify the time when the slope changed sign and remained positive for at least 10 ms.





STS Indicators

The STS was characterized by means of time, amplitude and velocity parameters:


–Anticipatory postural adjustments duration (dPP): time between start time and seat-off

–Focal phase duration (dFP): time between seat-off and end time

–Total STS duration (dSTS): time between start time and end time

–Anticipatory postural adjustments amplitude (Δxp): difference between the initial and the minimal anteroposterior position of the CoP during the postural phase.

–Maximal CoG speeds in the anteroposterior (x′G max) and vertical (z’G max) directions: peak of CoG speed signals obtained by integrating accelerations with null initial conditions (Figure 4).
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FIGURE 4. STS indicators. Vsensor represents the pressure sensor beneath the seat; xp the position of the CoP, x′G the anterioposterior velocity of the CoG; z’G the CoG vertical velocity.


Shorter times to perform the STS and higher maximal speeds were considered as indicators of a better performance, according to existing literature (Bouisset and Do, 2008; Diakhaté et al., 2013; Hamaoui and Alamini-Rodrigues, 2017).




Statistical Analysis

A 2-factor repeated-measures ANOVA was conducted for each dependent variable, with backrest inclination (5 modalities) and execution speed (2 modalities) as within-subjects factors, and the level of significance set at 0.05. When statistical significance was reached, simple contrasts were analyzed, by comparing each backrest inclination setting above 90° to the 90° setting.





RESULTS

Our results are presented in tables, completed by figures for the most relevant variations. The structure of the tables varies in order to highlight the significant results. When no significant interaction effect was found between the two independent variables, namely backrest inclination and velocity, a different table was made for each of these variables containing values averaged over the different modalities of the other variable.


Electromyography


Onset Times

Most muscles investigated were firstly activated during the postural phase, with VM, RF, ST, and GM being activated close to the beginning of the focal phase. A significant effect of backrest inclination was observed on the onset times of 4 muscles, angles higher than 90° being associated with delayed onsets for VM (p < 0.001), and TA (p < 0.05), and TraS (p < 0.01 but with no significant contrast compared to 90°), and earlier onset of ES L3 (p < 0.01) (Table 1).


TABLE 1. Mean (SD) muscle onset times, in ms, for the 5 inclination conditions and for the 2 execution speeds, and p-values for effects of inclination (i), speed (V), and their interaction (i*V).
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When comparing the 2 speed conditions, performing at maximal speed significantly reduced the onset times of all muscles investigated except SCOM and RA.

Furthermore, the ANOVA revealed a significant interaction effect between backrest inclination × speed for ST (p < 0.01), with a significant simple main effect of backrest inclination only at comfortable speed (p < 0.05) but a significant effect of speed for each backrest inclination (p < = 0.01).



Activity Levels

When considering the mean activity levels, the most active muscles during the postural phase, showing values higher than 25%, were mainly located in the trunk (RA, ES L3, ES T6) and neck (NE, TraS) (Table 2). In the focal phase, these muscles were in contrast located in the lower limbs (VM, TA, Sol, GM), with decreased values for trunk and neck muscles (Table 3).


TABLE 2. Mean (SD) muscle activity levels in the postural phase (APP), in % MVC, for the 5 inclination conditions, calculated for both execution speeds.
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TABLE 3. Mean (SD) muscle activity levels in the focal phase (AFP), in % MVC, for the 5 inclination conditions, calculated for both execution speeds.

[image: Table 3]
Increasing backrest inclination resulted in significant variations of activity levels during the postural phase, with higher values for SCOM (p < 0.001) and RA (p < 0.001), and lower for TA (p < 0.05) (Table 2 and Figure 5). For this muscle, a significant decrease in activity was observed only from 120° on.
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FIGURE 5. Mean (SD) muscle activity levels in the postural phase (APP), in % MVC, for the 5 inclination conditions calculated for both execution speeds. Symbols for the p-values are as follows: ∗∗p < 0.01; ∗∗∗p < 0.001.


In the focal phase, increasing backrest inclination only led to lower activity levels for RF (p < 0.05) and Sol (p < 0.05) (Table 3).

Execution speed significantly increased activity levels in the postural phase of all muscles investigated except for TA and ES T6, although their mean activity level still increased in condition MS (Table 4).


TABLE 4. Mean (SD) muscle activity levels in the postural phase (APP) and in the focal phase (AFP) in % MVC for the 2 speed conditions: comfortable speed (CS) and maximal speed (MS), calculated for the 5 backrest inclination levels.
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During the focal phase, only half of the muscles investigated showed any significant variation according to execution speed, with a systematically higher activity in MS condition: RA (p < 0.05), RF (p < 0.001), VM (p < 0.001), Sol (p < 0.05), GM (p < 0.01), and ST (p < 0.01) (Table 4).

No statistically significant effect of the interaction between execution speed and backrest inclination was found.




STS Indicators


Durations

The total duration of the STS increased with backrest inclination (p < 0.01) and decreased with execution speed (p < 0.001) (Table 5), but some variations were also specific to each phase of the STS.


TABLE 5. Mean (SD) total durations of the STS (dSTS), duration of the postural phase (dPP), maximal CoG anteroposterior velocity (x′G max), for the 5 inclination conditions and for the 2 speed conditions: comfortable speed (CS) and maximal speed (MS).
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When considering the focal phase, its duration was shortened at maximum speed (p < 0.01), with no effect resulting from backrest inclination. When focusing on the postural phase, an interaction was found between the 2 factors (inclination × speed) (p < 0.01), requiring a specific analysis of the simple main effect of each variable for each different setting. Backrest inclination significantly lengthened postural phase duration under both speed conditions (p < 0.001), and maximal speed produced the reverse effect for all inclination levels (p < 0.001) (Table 5).



CoP Maximal Backward Displacement (ΔxP)

An interaction effect inclination × speed was evidenced by the ANOVA (p < 0.001) (Figure 6), requiring that each simple main effect be analyzed separately.
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FIGURE 6. Maximal CoP backward displacement as a function of speed and backrest inclination. Mean and standard deviations are presented for the 2 speed conditions and the 5 backrest inclination levels. ∗∗∗p < 0.001.


Backrest inclination had a significant effect only in the condition MS (p < 0.001), with CoP maximal backward displacement decreasing with backrest inclination at 120° inclination and 130° inclination compared to the 90° level (Figure 6 and Table 6).


TABLE 6. ΔxP values for the 5 inclination conditions and for in the 2 speed conditions: comfortable speed (CS) and maximal speed (MS).
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The effects of backrest inclination on CoP parameters could be observed in the raw data presented in Figure 7, with smaller and earlier excursion of CoP traces associated with increased inclination.


[image: image]

FIGURE 7. Displacement of xp during the postural phase (until SO, seat-off time) as a function of time for one subject for the 5 backrest inclinations.


Execution speed had a significant effect at each inclination level with greater CoP maximal backward displacement at MS (p < 0.001) (Table 6).

ΔxP decrease with backrest inclination at maximal speed can be observed in Table 6 and from the raw data in Figure 7.



CoG Maximal Forward Velocity

Maximal CoG forward velocity (x′G max), reached around seat-off, significantly increased with backrest inclination (p < 0.001) (Table 5) and with execution speed (p < 0.001). The contrast analysis showed that all backrest inclination levels higher than 90° caused significantly higher x′G max compared to the 90° level.



CoG Maximal Vertical Velocity

CoG maximal vertical velocity (z’G max), which was reached during the focal phase, was affected by speed conditions (p < 0.001), with larger values at MS (853 ± 159 mm/s at MS vs. 561 ± 85 mm/s at CS) (Table 5). However, no variation was observed according to backrest inclination.





DISCUSSION


Effects of Backrest Inclination

Results calculated from EMG and force plate signals revealed that the increase in backrest inclination levels caused significant variations of both muscular activity and biomechanical parameters during the STS.

With a reclined backrest, the duration of the postural phase increased. This phenomenon can be related to the increased range of motion of the trunk when it is initially more extended, under the hypothesis of a limited variation of movement velocity. Consistently, onset times were also delayed with backrest inclination for VM and ST, which are part of the prime movers of body extension (Roebroeck et al., 1994; Vander Linden et al., 1994; Rodrigues-de-Paula-Goulart and Valls-Solé, 1999).

In accordance with a recent study (Tebbache and Hamaoui, 2020), differences in mean muscular activity levels were mainly observed during the postural phase, with higher values for two trunk (RA) and neck (SCOM) muscles when the trunk was more inclined backward.

These variations might be explained by a larger initial torque of the force of gravity about the ischial tuberosities, as the lever arm of upper body weight is larger when the trunk is further extended, and therefore a higher level of muscular activity is required to perform trunk flexion. Moreover, the onset time of ES L3 was shorter when the backrest was more inclined, suggesting earlier involvement of the lower back muscles in order to generate forces at the lumbar level to counteract gravity.

This increased muscular demand during the postural phase led to a larger x′G max, which took place shortly after the seat-off. Smaller APAs amplitude and TA activity level could be related to this higher momentum gained during the extended course of trunk flexion.

More specifically, these results suggest that with increased trunk range of motion and velocity, the role played by TA is taken over by trunk muscles (specifically flexors, SCOM and RA) and becomes less essential for STS success.

Indeed, as observed in our previous study (Tebbache and Hamaoui, 2020), TA activity level was reduced with backrest inclination in the postural phase, with no variation during the focal phase. Its activation was also delayed when the backrest was inclined, suggesting a lower participation in the STS task, as observed by various authors when the initial geometrical configuration deviated from the standard one (Doorenbosch et al., 1994; Vander Linden et al., 1994; Khemlani et al., 1999; Rodrigues-de-Paula-Goulart and Valls-Solé, 1999). Indeed, TA is involved in the backward shift of the center of pressure at STS initiation, occurring together with the inhibition of the soleus muscle (Sol) (Crenna and Frigo, 1991). This functional unit thus results in a larger lever arm of the ground reaction force about the ankle joint, creating an angular external moment which facilitates the propulsion of the body by breaking the rotation equilibrium in whole-body movements such as the STS task, gait initiation or pushing ramp efforts (Breniere and Do, 1986; Crenna and Frigo, 1991). The analysis of CoP trajectory showed that the initial backward shift (ΔxP), which is considered as an indicator of APAs amplitude (Bouisset and Do, 2008; Diakhaté et al., 2013; Hamaoui and Alamini-Rodrigues, 2017), had smaller values when the backrest was more inclined, but only in MS condition.

This tends to further confirm the reduced necessity to generate those APAs, because they would have been less efficient given the initial segmental configuration and would even be counterproductive for fast hip flexion.

The compensation by the increased horizontal momentum should be enhanced at maximal speed, as the momentum gained is larger.

Furthermore, these results can be analyzed in light of the three mechanisms by which balance of a standing human can be maintained (Hof, 2007): displacing the CoP with respect to the vertical projection of the CoG (first mechanism), rotating a body segment with respect to the CoG (second mechanism) and applying an external force other than the ground reaction force (third mechanism) (Hof, 2007). Those three mechanisms contribute to modifying CoG acceleration. In the present study, it was observed that counter-rotating the trunk around the CoG (thus using the second mechanism) reduced the need for larger displacement of the CoP within the base of support (first mechanism).

The adjustments taking place during the postural phase and leading to a larger horizontal velocity allow for the maintenance of a globally unaltered focal phase, as suggested by its unchanged duration and CoG maximal vertical velocity.

Indeed, in contrast with x′G max, z’G max, which was reached later during the focal phase, was unaffected by backrest inclination, probably because the main effect of trunk flexion occurred along the anterior-posterior axis. Although the momentum transfer strategy suggests a transfer of the horizontal momentum to the vertical momentum (Schenkman et al., 1990), it seemed not to be entirely so in this study.

These results rather suggest a separate programming of the two phases although they are biomechanically interdependent.

It must be noted that the increase of postural phase duration in conditions of more inclined backrest does not necessarily represents a reorganization of the postural adjustments, as the course of trunk flexion is larger, and then automatically longer for a same execution speed.



Effects of Execution Speed

The speed factor was initially selected to highlight the effects of backrest inclination, but speed effects were also studied thoroughly. Results showed that all muscles, except TA and SCOM, which were the first to be activated, presented a reduced onset time at maximal speed. Higher levels were observed for 10 muscles out of 12 during the postural phase, and for 6 out of 12 during the focal phase, suggesting a predominant effect in the former, as observed in previous work (Tebbache and Hamaoui, 2020). These variations in the muscular pattern resulted in a shorter duration of both postural and focal phases, with an increase of ΔxP, x′G max and z’G max values. This way, earlier and higher muscular activity allowed for larger anticipatory postural adjustments and a better performance along the anterior-posterior and vertical axes. In contrast with the existing literature, which has depicted a more pronounced variation of vertical linear momenta compared to horizontal momenta (Pai and Rogers, 1988, 1990; Pai et al., 1994; Gross et al., 1998), our data showed the same levels of variation between CoP velocity peaks. Hence, the theory according to which horizontal momentum is limited due to balance constraints requiring the subject to stand straight at the end of the movement (Pai and Rogers, 1990) cannot be extended to conditions where the trunk was initially inclined backward.



Adaptability of STS Parameters

Taken together, results from EMG and force plate data showed an adaptation of the STS strategy driven by the new biomechanical demand related to backrest inclination and execution speed.

A more extended initial position of the trunk was associated with increased muscular activity which led to increased kinetic energy gained through a wider range of trunk flexion, lowering the need of APAs.

A similar analysis could be made in respect of execution speed, showing an increased activity of all recorded muscles during the postural phase, and an increase in APAs magnitude and CoG velocity peaks.

These adaptations to biomechanical factors, rather than an in-depth reprogramming of the task, are in line with existing literature, which showed that an increase in ischiofemoral contact area with the seat (Diakhaté et al., 2013), a reduction in cervical (Hamaoui and Alamini-Rodrigues, 2017) or lumbar mobility (Alamini-Rodrigues and Hamaoui, 2017) led to modifications in APAs amplitude or duration and to lower motor performance. An insight of this result was observed in our previous study (Tebbache and Hamaoui, 2020), with muscular variations concordant with the initial geometrical configuration and mainly confined to the muscles active in the postural phase.

However, it must be noted that the increase of postural phase duration in conditions of more inclined backrest does not necessarily represents a reorganization of the postural adjustments, as the course of trunk flexion is larger, which naturally extends the duration of the postural phase for a same execution velocity.

From a more conceptual point of view, our findings also support the key principles that postural adjustments are task-specific, adaptable and under the control of the central nervous system (Bouisset and Do, 2008). Such ability requires an internal representation of the biomechanical parameters of the human body and their integration in motor programming.



Practical Implications

Reclining the backrest, which increases static comfort due to a better distribution of the pressure across the soft tissue in contact with the seat (Hertzberg, 1972; Andersson et al., 1975; Barbenel, 1992) and to a decreased component of the gravity force on the spine (Andersson et al., 1979), has implications regarding the completion of the STS. It concerns the postural phase, with a need for higher activity of neck and trunk flexors (SCOM and RA) that could be a limiting factor for older people or patients presenting a weakness in these muscles. As a consequence, one can question the interest of bringing the backrest at 90° before performing the task, especially for people suffering a limited function of trunk and neck muscles. However, setting backrest inclination must then be easy to perform and much secure (slow velocity, no accidental triggering…), which is a challenging objective.

When considering the increase of kinetic energy for higher ranges of trunk flexion, which are associated with a lower need of TA and RF activity, it might in theory be beneficial to patients suffering lower limbs disorders, but only if trunk and neck muscles function is preserved.




LIMITATIONS

The main limitation of the study design was the absence of kinematical data, which did not allow for a segmental analysis of osteo-articular mobility and its association with the muscular pattern. The sample size was also relatively small, but the population was homogeneous in terms of age and BMI. Regarding data analysis, the method was oversimplified and approximations were made in calculating the position of the CoP and the CoG, but the consequences can be considered as negligible because the system was at postural equilibrium prior to movement initiation.

Another limitation might be the order of the tasks which was partly randomized (execution speed but not the backrest inclination angle) due to the technical constraints of the customed seat. However, the 120 s rest time between series and the repeated stimulation of the subject all along the experiment should have minimized this side effect.

It must also be noted that the postural phase is longer and probably more conscious in the STS than in many other tasks exploring the postural adjustments (rising on tip toes, pointing, gait initiation…). As a consequence, one can question the possibility that the variations of the postural phase observed in maximum velocity condition might rather represent the compliance to the experiment instructions than a postural adjustment supporting the focal phase. However, the participants were asked to reach the standing posture as fast as possible, and not to perform the two phases quicker. With the focus on the goal, they were given the freedom to adapt postural phase parameters to the focal phase.



CONCLUSION

This study revealed that the variations in STS programming associated with inclined backrest mainly consist in a simple and direct adaptation to the new biomechanical demand, with no in-depth reprogramming. It mainly raised the activity level of trunk and neck flexors due to the augmented torque of gravity about the ischial tuberosities center, but it also lowered the recruitment of some lower limbs muscles (TA, RF) thanks to the increased kinetic energy gained during the longer trunk flexion. Hence reclining the backrest should make the task more demanding at trunk level but less demanding for the lower limbs.
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Background: Standing on a foam surface is used to investigate how aging affect the ability to keep balance when somatosensory inputs from feet soles become unreliable. However, since standing on foam also affects the efficacy of postural adjustments, the respective contributions of sensory and motor components are impossible to separate. This study tested the hypothesis that these components can be untangled by comparing changes of center of pressure (CoP) parameters induced by standing on a foam pad vs. a novel vibration (VIB) platform developed by our team and targeting feet soles’ mechanoreceptors.

Methods: Bipedal postural control of young (n = 20) and healthy elders (n = 20) was assessed while standing barefoot on a force platform through 3 randomized conditions: (1) Baseline (BL); (2) VIB; and (3) Foam. CoP Amplitude and Velocity in the antero-posterior/medio-lateral (AP/ML) directions and COP Surface were compared between conditions and groups.

Findings: Both VIB and Foam increased CoP parameters compared to BL, but Foam had a significantly greater impact than VIB for both groups. Young and Old participants significantly differed for all three Conditions. However, when correcting for BL levels of postural performance, VIB-related increase of COP parameters was no longer different between groups, conversely to Foam.

Interpretation: Although both VIB and Foam highlighted age-related differences of postural control, their combined use revealed that “motor” and “sensory” components are differently affected by aging, the latter being relatively unaltered, at least in healthy/active elders. The combined used of these methods could provide relevant knowledge to better understand and manage postural impairments in the aging population.

Keywords: aging, cutaneous vibration, exteroception, foam surface, postural control, proprioception running title


INTRODUCTION

Aging results in structural and functional deteriorations of sensory receptors, as well as less effective neural processing of sensory afferents for motor and postural control (Perry, 2006; Atchison et al., 2008; Goble et al., 2009; Kwan et al., 2010; Seidler et al., 2010; Owsley, 2011). These changes play a key role in the increased risk of postural imbalance and falls in older adults (>65 years) (Vellas et al., 1997; Viseux, 2020), which have dreadful consequences both in human lives and healthcare costs1. Cutaneous mechanoreceptors located under the feet progressively lose their sensitivity with advancing age [i.e., reduced number of sensory receptors, decreased skin elasticity and a lower conduction time in the nervous system (Shaffer and Harrison, 2007; Kwan et al., 2010; Roberts and Allen, 2016; Viseux, 2020). Reduced sensitivity to cutaneous stimuli is in fact one of the earliest signs of peripheral neuropathy that develops with advancing age and in the presence of various diseases such as diabetes (Sacco et al., 2015). As a direct physical link with the ground, the foot sole is particularly well positioned to provide the postural control system with crucial sensory information about the ongoing state of balance (Viseux, 2020). Testing the integrity of feet mechanoreceptors and their contribution to postural control is thus highly relevant for an early detection of balance disorders and risk of falls in older peoples (Magnusson et al., 1990; Aboutorabi et al., 2018). However, most of the available evidence tested foot soles sensitivity with the participant lying down or seated, hence limiting our understanding of how foot sole receptors are actively engaged during postural tasks (Patel et al., 2011; Mildren et al., 2016).

Previous attempts to isolate the contribution of the foot sole during upright stance used various neuro-inhibitory methods targeting cutaneous receptors (e.g., cryotherapy, pharmacology or ischemia) (Magnusson et al., 1990; Meyer et al., 2004; Patel et al., 2011; Machado et al., 2017). However, these methods can be time-consuming, invasive and painful, and are therefore less suited for identifying sensory and postural control impairments in clinical settings. Instead, clinicians often ask patients to stand barefoot with their eyes closed on a compliant surface such as a foam mat (Cohen et al., 1993; Chiang and Wu, 1997; Patel et al., 2008; Khattar and Hathiram, 2012). The use of a soft surface intends to reduce the quality of skin mechanoreceptors’ input from the feet soles due to the decreased strength of the ground reaction force compared to a firm surface (Chiang and Wu, 1997). As a result, postural sway increases and discharge patterns from feet mechanoreceptors decrease because the postural control system re-weighted the sensory gains to rely more on the other available inputs (e.g., proprioceptive afferents from the ankles joint and muscles, vestibular system) (Fransson et al., 2007; Baltich et al., 2015). Therefore, the use of a foam mat helps clinicians interpreting the risk of falls and postural control impairments from a proprioceptive and exteroceptive standpoint. However, because the patient stands on a surface having particular viscoelastic properties, postural adjustments are also less efficient (Patel et al., 2011). Standing on a foam thus represents a more challenging environment for both sensory and motor aspects of postural control, and their distinctive impact on the global increase of body sway is inextricable.

In research, stimulation of the plantar surface of the foot by the use of focal vibration motors could offer an alternative solution to investigate the specific role of feet mechanoreceptors and sensory re-weighting mechanisms for postural control (Kavounoudias et al., 1998; Maurer et al., 2001; Thompson et al., 2011; Viseux et al., 2019). Our team recently developed the PortVIBplate, a simplified, portable and inexpensive tool to test the contribution of cutaneous mechanoreceptors to postural control (Lafontaine et al., 2020). The device exploits 40 vibration motors analogically. The software to control the platform, the 3D schematics and important information are made openly available to be reproduced by technological savvy persons (Lafontaine et al., 2020). Vibration (VIB) of feet soles with such a system has the advantage of reducing the quality of sensory inputs from mechanoreceptors without impacting the effectiveness of postural adjustments because the person is standing on a firm surface. The strong suprathreshold stimulation of the whole foot by the synchronous activation of VIB motors across the whole foot soles results in a constant bombardment of sensory receptors (Kavounoudias et al., 1998; Maurer et al., 2001; Thompson et al., 2011). By directly increasing their firing rate, foot soles mechanoreceptors are therefore less able to track and correct the course of the ongoing body sway. Contrasting the effects between VIB and foam could provide an unprecedented way for discriminating the contributions of sensory (vibration) vs. sensory + motor (foam) aspects of postural control allowing clinicians to better detect and manage sensory impairments and consequently reduce the risk of falls in older adults (>65 years).

The aim of this study was to compare the effects of vibrating the feet soles vs. standing on a foam mat on postural control in young adults and older adults (>65 years). Based on the available evidence, we hypothesized that (i) old adults will generally present higher postural imbalances compared to young adults; (ii) both the foam mat and feet vibration will increase postural oscillations compared to control condition (i.e., standing on a firm surface), but the impact will be greater for the foam because it challenges both sensory and motor aspects of postural control.



MATERIALS AND METHODS


Participants

Forty male and women aged from 22 to 87 years old were recruited to participate in the experiment. They were divided into 2 groups, young (n = 20) and old (n = 20) based on their age (i.e., young group: 18–30 years; old group: >65 years). Age, morphological characteristics and details about the level of their physical activity are presented in Table 1. Based on the inclusion criteria, the recruited participants were in good general health, community-dwelling and able to walk independently without a walking-aid. Exclusion criteria included any functional impairment related to cognitive, neurological, musculoskeletal, vestibular disorders, cardiovascular diseases and ankle, knee and hip injuries in the past 2 years. Research ethical approval was obtained prior to recruitment and participants gave their written informed consent in accordance with the Declaration of Helsinki and the local Ethics Committee.


TABLE 1. Participant’s characteristics.
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Experimental Procedure

Anthropometric measures were taken during the first session and the Global Physical Activity (GPAQv2) questionnaire (Bull et al., 2009) was self-administered to collect information regarding the level of physical activity at work and in leisure time. The experimental session (60 min) assessed postural control in bipedal stance in three randomized conditions (10 s/condition; 5 trials/condition): (i) Baseline (standing on the vibration platform but without stimulation), (ii) VIB (cutaneous vibration applied to the whole surface of both feet), (iii) Foam (standing on a 20″ × 16″ × 2.5″ balance pad, Airex Compagny, Switzerland). Duration of the postural measures in all conditions is established according to the duration of vibratory stimulation which, in a similar context (i.e., disruption of muscle spindles by tenon vibration), presents a good reliability for the CoP-based postural parameters (Kadri et al., 2020). Vibration was delivered at 50 Hz by the 40 vibrators (20/foot) of the portable vibration platform (PortVIBplate—see Lafontaine et al. (2020)). For all conditions, participants were asked to stand barefoot with eyes blindfolded and the arms along the body, and the feet position was standardized using marks on the PortVIBplate and Foam mat. The PortVIBplate and the foam mat were placed on a force platform (BIOMEC400, EMG System do Brazil, Ltda., SP) [for the characteristics see Kadri et al. (2020)], to measure variables of postural control based on linear parameters of the center of pressure (CoP). Brief rest period of 1 min between each trial and each condition allowed participants to rest and remove the blindfold. An investigator stood close to the participant to ensure its security during the tests. To control for potentially disruptive sounds and other distractions, the experimenters and participants were instructed to avoid conversations and make abrupt movements.



Data Analysis

The vertical ground reaction force data from the force platform was sampled at 100 Hz. All force signals were filtered with a Butterworth second order low-pass 35 Hz filter (Kadri et al., 2020). Data was converted into stabilometric analyses using the BIOMEC software combined with MATLAB routines (The Mathworks, Natick, MA, United States). The Amplitude (the absolute distance between the max and min center of pressure displacement, in cm), Velocity (sum of the cumulated CoP displacement divided by the total time, in cm s–1) in the anteroposterior (AP) and mediolateral (ML) directions of movement and Surface (90% confidence ellipse, in cm2) were calculated from CoP data.



Statistical Analysis

Data normality and the absence of outliers were confirmed with the Shapiro–Wilk test and visual screening of box-and-whisker plots. Participant’s characteristics were compared with the Unpaired T-Test (age, height, weight, and physical activity level) and the Chi-square test (gender). A repeated measures ANOVA model was applied with factors Group (young; old) and Conditions (BL, VIB, and Foam). In cases of a significant interaction between factors, pair-wise Bonferroni tests adjusted for multiple comparisons were realized. Statistical analysis was done using the SPSS version 20 program (Armonk, NY, United States) with a significant alpha risk below 0.05.




RESULTS

The young and old groups did not differ in terms of gender, height and weight, but were significantly different in their age and level of physical activity (young participants being more active than older—cf. Table 1).


Effects of Groups and Experimental Conditions

The analysis of variance found significant interactions between factors Groups and Conditions for all CoP parameters: AP Amplitude [F(2;76) = 7.68; P = 0.01]; ML Amplitude [F(2;76) = 18.65; P < 0.000]; AP Velocity [F(2;76) = 4.91; P = 0.01]; ML Velocity [F(2;76) = 22.22; P < 0.000]; CoP Surface [F(2;76) = 21.43; P < 0.000]. As shown in Table 2, post hoc comparisons found that all CoP parameters were significantly higher (p values < 0.01) for old compared to young participants across the three experimental conditions (BL, VIB, and Foam). Also, both groups showed significantly higher CoP parameters (P values < 0.01) with mostly large (>0.80) effect sizes (Cohen’s D, G∗Power 3.1 Software) for Foam vs. BL, VIB vs. BL and Foam vs. VIB (Table 3).


TABLE 2. Postural parameters expressed in mean ± standard deviation for each group and experimental conditions.
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TABLE 3. Effect sizes (Cohen’s D) between different conditions for each group in all postural parameters.
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Since Young and Old groups differed at BL, a supplementary analysis was realized to compare the impact of VIB and Foam between groups when correcting for BL levels of CoP parameters. Specifically, CoP parameters obtained during VIB and Foam conditions were expressed as ratios of BL level (i.e., VIB BL; Foam BL) and Young and Old groups were compared using Unpaired T-Tests. The analysis revealed that the following Foam/BL ratios were significantly higher for Old vs. Young participants: ML Velocity (p = 0.002); CoP Surface (p = 0.014). No significant differences between groups were found for VIB/BL ratios.




DISCUSSION

The present study compared the postural responses resulting from two different techniques aiming at altering the sensitivity of plantar mechanoreceptors in healthy young and old participants. Our results confirmed that significant but distinctive effects were found between these two techniques, suggesting different underlying mechanisms of sensorimotor integration and postural control. Using both vibratory and foam approaches in clinical practice could provide rich and complementary knowledge for better managing postural impairments and risk of falls in the older adults (>65 years).

We are not the first to use plantar cutaneous vibration to investigate mechanisms of postural control. However, previous studies vibrated restricted zones of the foot, such as the forefoot or the heels (Kavounoudias et al., 1998, 1999, 2001; Roll et al., 2002). Vibrating the forefoot soles mimics a forward change in the CoP position under the feet. This false proprioceptive signal is interpreted as a fall, and a rapid backward postural reaction occurs to maintain balance. In 1999, Kavounoudias et al. (1999) did test the impact of co-vibrating the two heels and two forefoot zones in nine young adults. They reported a slight but non-significant increase of COP parameters compared to baseline value without VIB. Conversely, our study found significant increases of all COP parameters when applying VIB, even in the youngest participants. Discrepancies between our respective results could be ascribed to the different methods used and sample size, especially VIB duration which was longer in the present work [10 vs. 2.5 s in Kavounoudias et al. (1999)]. Also, they employed 4 VIB motors covering restricted parts of the foot (heels and metatarsal heads), whereas our 40 vibrators essentially covered the whole foot soles, even the toes which have the highest density of cutaneous mechanoreceptors (Viseux et al., 2019). In addition, to the best of our knowledge no study used VIB of the whole foot to compare postural effects between young and older populations. A few studies did use other vibration techniques, such as tendinous vibration of ankle muscles (Hay et al., 1996; Teasdale and Simoneau, 2001; Abrahamova et al., 2009). It was found that these proprioceptive-to-motor postural reactions were greater in healthy older vs. younger adults, suggesting that age does not significantly impact the interpretation of proprioceptive feedback, but instead limits the ability to adapt to the disruptive sensory signal and reach a new “stabilized” posture during VIB stimulation (Abrahamova et al., 2009).

Conversely, we rather used vibration as a “directionless” increase in mechanoreception firing of the whole sole surface, and found that the determinants of postural stability (i.e., the Amplitude of CoP), postural control (the Velocity of CoP) and postural performance (i.e., the Surface of CoP) (Paillard and Noe, 2015) were markedly increased for both groups. This finding confirms that the spatial and temporal information about the pressure variations exerted under the feet were significantly altered by vibration (Kavounoudias et al., 1998, 1999), highlighting the privileged position of the feet soles as the only physical link between the body and the ground (Viseux, 2020). Plantar skin mechanoreceptors play a key role in regulating mechanisms of postural control by transmitting crucial information about the body’s relation with the environment (Patel et al., 2008; Viseux, 2020). The fact that mechanical vibration increased postural oscillations for both young and older adults support the relevance and effectiveness of this approach to study sensory processing and re-weighting mechanisms. Sensory re-weighting can be observed in the presence of an altered sensory signal (like it is the case when vibrating skin mechanoreceptors) and consists of dynamic inhibitory/excitatory mechanisms resulting in a decreased gain from the altered signal and increased reliance on the other unaltered sensory systems (Mahboobin et al., 2009).

As expected, our results showed a greater increase in all CoP postural parameters while standing on a foam surface in both young and old people (Table 2). These results are consistent with previous studies having found a decreased performance of postural control when standing with eyes closed on a foam surface vs. on a solid surface (Cohen et al., 1993; Chiang and Wu, 1997; Patel et al., 2008, 2011). Because our results found a significantly higher impact of foam vs. feet vibration for both groups (Table 2), it can be hypothesized that the relative contribution of “motor” disturbances caused by standing on an unsteady environment adds a significant impact to the reduced reliability of somatosensory information from the feet. Instead of VIB, Patel et al. (2011) applied a cooling technique targeting fast-adapting mechanoreceptors of foot soles and also concluded that foam-induced effect on postural control involves different mechanisms that remains to be elucidated. Therefore, we highly recommend that observations from the foam condition consider both the sensory and motor disturbances as a whole, because only cutaneous-specific methods such as VIB offer a restricted mean of altering mechanoreceptors’ function. However, by being more challenging the foam mat might serves as a better screening tool for ruling out postural control impairments than the vibratory platform. Overall, the use of both approaches (Foam and VIB with the PortVIBplate) in clinical practice could provide a more in-depth evaluation of sensory vs. motor impairments in an individual presenting with postural imbalance.

Another interesting finding concerns group comparisons between young and older participants. During baseline condition, postural parameters were significantly higher in the old group compared to the young group, which is in line with the literature having described a progressive deterioration of postural control with age (Lord et al., 2018). Aging has been shown to cause a decreased sensitivity of somatosensory receptors, lower conduction times within the nervous system, altered efficacy of sensorimotor processing mechanisms and delayed/weaker postural adjustments (Shaffer and Harrison, 2007; Viseux, 2020). In particular, Pacini’s corpuscles exhibit a reduction in their number and a decrease in their sensitivity to cutaneous vibration and other mechanical stimuli (Shaffer and Harrison, 2007). These age-related changes could in part explain the different performances at baseline between young and old groups. However, the significant increase in postural sway caused by vibration underlines that cutaneous afferents from the feet are still contributing significantly to maintain balance, at least in healthy and physically active older adults (>65 years) (Vellas et al., 1997; Kristinsdottir et al., 2001). Interestingly, when correcting for BL differences with the use of Foam/BL and VIB/BL ratios, we found that only Foam resulted in significantly higher postural disturbances for Old vs. Young participants. Because VIB had no such age-related contrast, it can be argued that mechanisms involved in re-weighting of sensory gains toward more reliable inputs (e.g., proprioceptive afferents from the ankles joint and muscles, vestibular systems) (Fransson et al., 2007; Baltich et al., 2015) are relatively unaffected in healthy elders. Instead, postural impairments observed when sanding on the foam pad are probably resulting to a greater extend to less effective motor adjustments (ex: appropriate strength and timing of leg muscle contractions).

As mentioned above, this new knowledge brought by our work enables an improved analysis of the specific contribution of somatosensory afferents to postural control. This is highly relevant for both research and clinical purposes, for instance to foster our understanding of sensory reweighting mechanisms and how there are affected by peripheral neuropathy and other age-related changes within the nervous system. For example, if no change of postural sway is observed when vibrating the feet soles it can be hypothesized that mechanoreceptors are severely impaired. Then, depending on the performances at baseline (and also with the foam mat), it can be concluded that the postural control system was able to rely on other sensory systems, or not. Future studies could also investigate whether postural oscillations are progressively re-stabilizing when applying a prolonged vibration, which would signify that the postural control network can undergo plastic adaptation and motor learning in the presence of a challenging / unreliable sensory environment. Future studies should investigate similar mechanisms but in persons presenting with balance and sensorimotor disorders, and in other postural tasks such as the semi-tandem or unipedal stance. Interestingly, recent publications highlighted the potential clinical interest of using skin vibration as a novel neurostimulation therapy for sensory and postural control retraining (Zhou et al., 2016; Viseux et al., 2019). Our vibration system could therefore serve both to identify individuals with altered foot sole / sensory-reweighting functions and provide therapeutic options to reduce the risk of fall in elders and other populations suffering from peripheral neuropathy.

Our results are mainly limited by the use of an inexpensive vibration platform, the PortVIBplate designed to be clinical-friendly (Lafontaine et al., 2020). VIB frequency in the present study was set at 50 Hz according to the technical charts provided by the manufacturer’s motors. Since the rotational movement of motors can be altered by several factors (e.g., technical quality of the motor, compliance of the surface in contact with the motor, variation in the electrical current which is separated into 40 motors, amount/modulation of pressure exerted by the foot), the actual frequency transmitted to the subject’s skin during weight-bearing was impossible to verify. During pilot tests realized when developing the PortVIBplate, we found random variations in the observed frequency which sometimes peaked at ± 20 Hz around the targeted 50 Hz. Even though we were able to find significant effects with our VIB parameters, it is impossible to know whether different findings could have been obtained if using different parameters (i.e., frequency or duration), knowing for instance that higher frequencies tend to induce greater postural effects (Kavounoudias et al., 1999, 2001). The impact of better controlling and modulating VIB parameters should be investigated further in the future. There is a clear need for developing closed-loop control systems able to measure and possibly apply online corrections of VIB parameters to ensure the methodological robustness of VIB research. Also, we recruited healthy and physically active older adults (>65 years) that are not representative of the general population, hence potentially underestimating the impact of age and comorbidities on the postural control system. Finally, guidelines about CoP measurements recommend at least 10 s for unipedal balance (Lin et al., 2008), and 10–20 s and more for the bipodal stance like in our study for reaching high reliability indices of CoP data (Parreira et al., 2013), but we preferred to restrict vibration to 10 s to replicate published protocols in the field of VIB-induced postural effects (Kadri et al., 2020). Future works should consider trying different vibration durations in order to determine the protocol offering the best balance between reliability, time-consumption and fatigue build-up.

In conclusion, our study provided the first evidence of a contrasting effect between two postural tests of sensory-reweighting (Foam, cutaneous VIB). While both approaches induced significant postural imbalances and were able to highlight age-related differences, we argue that only VIB of the whole plantar surface can specifically alter the sensory feedback from plantar soles mechanoreceptor. Using this specificity of VIB, we found that “motor” rather than “sensory” components involved postural control was primarily affected by aging. The foam mat might better serve as a screening tool, as the postural imbalances likely encompass both sensory and motor disturbances related to standing on an unsteady environment. Using the two methods in clinical practice appear highly complementary, for instance to investigate the integrity of proprioception coding in the presence of diabetic peripheral neuropathy (VIB), or to evaluate the risk of fall in unsteady environment such as snowy/sandy grounds (Foam).
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Background: Stroke survivors with impaired control of the ankle due to stiff plantarflexors often experience abnormal posture control, which affects balance and locomotion. Forceful stretching may decrease ankle stiffness and improve balance. Recently, a robot-aided stretching device was developed to decrease ankle stiffness of patient post-stroke, however, their benefits compared to manual stretching exercises have not been done in a randomized controlled trial, and the correlations between the ankle joint biomechanical properties and balance are unclear.

Objective: To compare the effects of robot-aided to manual ankle stretching training in stroke survivors with the spastic ankle on the ankle joint properties and balance function post-stroke, and further explore the correlations between the ankle stiffness and balance.

Methods: Twenty inpatients post-stroke with ankle spasticity received 20 minutes of stretching training daily over two weeks. The experimental group used a robot-aided stretching device, and the control group received manual stretching. Outcome measures were evaluated before and after training. The primary outcome measure was ankle stiffness. The secondary outcome measures were passive dorsiflexion ranges of motion, dorsiflexor muscle strength, Modified Ashworth Scale (MAS), Fugl-Meyer Motor Assessment of Lower Extremity (FMA-LE), Berg Balance Scale (BBS), Modified Barthel Index (MBI), and the Pro-Kin balance test.

Results: After training, two groups showed significantly within-group improvements in dorsiflexor muscle strength, FMA-LE, BBS, MBI (P < 0.05). The between-group comparison showed no significant differences in all outcome measures (P > 0.0025). The experimental group significantly improved in the stiffness and passive range of motion of dorsiflexion, MAS. In the Pro-Kin test, the experimental group improved significantly with eyes closed and open (P < 0.05), but significant improvements were found in the control group only with eyes open (P < 0.05). Dorsiflexion stiffness was positively correlated with the Pro-Kin test results with eyes open and the MAS (P < 0.05).

Conclusions: The robot-aided and manual ankle stretching training provided similar significant improvements in the ankle properties and balance post-stroke. However, only the robot-aided stretching training improved spasticity and stiffness of dorsiflexion significantly. Ankle dorsiflexion stiffness was correlated with balance function.

Clinical Trial Registration: www.chictr.org.cn ChiCTR2000030108.

Keywords: stroke, ankle, spasticity, stiffness, balance, robot


INTRODUCTION

Stroke is a leading cause of mortality, and approximately 2.5 million people experience a stroke annually in China (1). Stroke survivors have abnormal balance function due to spasticity, muscle weakness, sensory loss, and/or motor dysfunction (2–4). Structural changes of muscle fibers and connective tissue in stroke patients may result in a reduction in joint range of motion (ROM) and a clinical contracture for lacking mobilization and serious spasticity (5–9). Previous studies have demonstrated that stroke patients with impaired ankle control due to stiff plantarflexors and weak dorsiflexors often have a high fall rate (4, 10) because the ankle is crucial to control the location of the body's base of support and assist in controlling balance (11). Maintaining balance relies on well-controlled contraction of dorsiflexors and plantarflexors and specific ankle ROM (4, 12). Therefore, alleviating ankle muscle stiffness, and improving the muscles' soft-tissue extensibility and viscoelastic properties are important rehabilitation goals for stroke survivors in reestablishing balance function (13).

Many treatments to improve balance ability in stroke survivors are aimed at improving the posture control of the trunk and lower limbs including the use of strengthening exercises, functional neuromuscular stimulation, and visual feedback balance training (14–16). Ankle stretching exercises are also widely utilized to prevent and treat limited ankle ROM post-stroke to improve balance ability. Previous studies have demonstrated that higher resistance torque, increased joint stiffness, and decreased ankle ROM characterized by stroke survivors improved after completing passive stretching exercises (17–21). The aims of stretching exercises are to increase soft-tissue extensibility, normalize muscle tone, improve function and reduce pain (17, 22, 23). Passive ankle stretching can be manually applied by physical therapists or by using a stretching board, or by robotic systems (20, 23–26). Some of the factors that have limited clinic therapeutic regimens including cost, labor-intensive manual provision, availability of physical therapists, and limited access to clinical facilities. In practice, there are differences among therapies in the actual effects of manual stretching training, such as subjective judgment about the severity of spasticity, intensity, frequency, and duration of the manual stretching exercises.

Recently, an intelligent robot-aided stretching device was developed to decrease ankle stiffness of patients with neurological impairment due to stroke, spinal cord injury, multiple sclerosis, or cerebral palsy. Significant improvements were found in the ROM, maximum voluntary contraction, ankle stiffness, and comfortable walking speed (20, 27–29). The stretching velocity of this device decreases as resistance increasing, and will hold the ankle joint at the extreme position for a while to let stress relaxation occur when the predefined resistance torque is reached. By using this control strategy, the stretching device moves quickly in the middle (non-spastic) ROM and slows down in the stiffer part of the ROM, while never exceeding predefined stretching torques (19). Robotic adaptive stretching may be a quantitative stretching alternative therapy (30).

At present, there is a lack of RCT comparing the effects of robot-aided to manual ankle stretching training on the ankle joint properties and balance function post-stroke. The primary aim of this study was to evaluate the effects of the intelligent robot-aided stretching and manual stretching therapies on the ankle properties and balance function post-stroke. A secondary aim was to study how ankle stretching affects balance. We hypothesized ankle stretching would improve balance function for changing the neural and musculoskeletal characteristics of the ankle joint, and there may be different mechanisms between manual and intelligent stretching. A third aim was to investigate the relationship between ankle stiffness and balance function post-stroke.



METHODS


Trial Design

This is an assessor-blinded, randomized controlled trial. The aim was to compare the effects of robot-aided to manual ankle stretching training in stroke survivors with the spastic ankle on the ankle properties and balance function post-stroke, and further explore the correlations between the stiffness of the ankle and balance. The study was conducted according to the tenets of the Declaration of Helsinki, the guidelines for Good Clinical Practice, and the Consolidated Standards of Reporting Trials (CONSORT), approved by the local Ethics Committee “Beijing Tsinghua Chang Gung Hospital Medical Ethics” (18172-0-01), and registered at clinical trial (ChiCTR2000030108).



Participants

This RCT was conducted at the Beijing Tsinghua Chang Gung Hospital in China. Inpatients with stroke in the rehabilitation department of the hospital were recruited between May 2019 and November 2019. The inclusion criteria were: (1) ages between 18 and 75 years; (2) first-ever stroke with less than 6 months duration of spasticity of the affected ankle (Modified Ashworth Scale, MAS: 1-3 points); (3) medically stable; and (4) ability to stand independently without aids for at least 1 minute. Exclusion criteria were: communication problems, dementia based on clinical diagnosis, comorbidities affecting motor performance such as orthopedic, arthritic, inflammatory conditions that could influence balance, and limited ankle movement.



Interventions

Subjects in the experimental and control group had 10-session stretching training using the intelligent robot-aided stretching or manual stretching respectively (five times a week over 2 weeks, 20 minutes/session). During the 2-week period, both groups continued movement exercises for ankle mobility and strength.



Experimental Setup

An ankle rehabilitation robot (Beijing LTK Science and Technology Co., Ltd., Beijing, China) was used for intervention and outcome evaluations. While the subject was comfortably seated, the leg of the subject was strapped to leg support with the knee at 30° flexion and the foot was strapped onto a footplate with ankle dorsiflexion (DF) at 0°. The foot was secured to a footplate at the dorsal side and the heel using adjustable straps. The footplate was fixed to the motor shaft, and a torque sensor was aligned with the motor shaft to measure the ankle joint torque (Figure 1). The ankle stretching device was clamped to the chair to avoid movement of the device during stretching (18).


[image: Figure 1]
FIGURE 1. A subject seated in the ankle rehabilitation robot device.




Stretching Protocol

The ankle rehabilitation robot was driven by a servomotor controlled by a digital signal processor (20). Briefly, the stretching velocity was inversely proportional to the joint resistance torque, with the control adjusted at 2,000 Hz. The maximum stretching velocity was set at 12°/s (31). Typical stretching parameters were 15 to 20 Nm peak resistance torque in dorsiflexion, 5 to 10 Nm peak resistance torque in plantarflexion, and a 5-second holding period at the extreme positions. An experienced physiotherapist adjusted the peak resistance torque for each session based on manual stretching and feedback from the subject during the stretching therapy. When receiving the intelligent stretching exercises, the subjects were required to look at the display screen where an “ankle joint” moves from dorsiflexion to plantarflexion as the real dynamic stretching simultaneously and try to feel the ankle movement. The control group received stretching sessions in a clinic by the appointed physiotherapist. The positive range of motion (PROM) of the ankle was measured using a goniometer to ensure the safety of manual stretching before manual stretching exercises. Subjects remained as relaxed as possible while the physiotherapist stretching the paretic ankle from plantar to dorsiflexion in the sagittal plane slowly, and a 5-second holding period at the extreme dorsiflexion positions. There is no break in the process of manual or intelligent stretching training.



Outcomes

Clinical and demographic data were collected at enrollment. Subjects were evaluated before and after the interventions by a designated physiotherapist blinded to the group assignment. The primary outcome of the study was the change of stiffness of the ankle after the training, due to its relevance in physiologic control of the ankle. The secondary outcomes of the study were divided into three categories: biomechanical evaluations, clinical evaluations, and the Pro-Kin balance test (Pro-Kin254P, TecnoBody Company, Italy). The assessments included pre-assessment (baseline, before the first exercise session), post-assessment (after the tenth exercise session). The assessment sessions were done at the same time of the day with the assessments in the same order.



Biomechanical Evaluations

Evaluations included the DF PROM (passive ranges of motion measured in dorsiflexion direction movement), DF and PF stiffness (stiffness measured in dorsiflexion and plantarflexion direction movement), and dorsiflexor muscle strength. ROM and muscle strength were measured using the HogganMicroFET3 portable device (Hoggan Health Industries, Inc. Salt Lake City, USA). The Stiffness is defined as the ratio of ground reaction moment to angular deflection of the specific joint. Ankle stiffness measured in DF or PF passive movement was assessed as K = ΔT/Δθ, where K (Nm/°) was the quasi-static stiffness and ΔT was the passive torque increment during a certain amount of ankle angular movement (Δθ). As Δθ becomes infinitely small, the quasi-static stiffness approaches the slope of a tangential line of the torque-angle curve at a specific ankle position (32, 33). The peak stretching velocity in this study was set at 5°/s to avoid inducing reflex responses (21). The biomechanical evaluations using the ankle robot have been used and validated in several previous studies (34, 35). Quasi-static stiffness of the ankle plantarflexor (DF stiffness) was evaluated at 10° of DF and that of the ankle dorsiflexor (stiffness measured in PF direction movement, PF stiffness) at 30° of PF for the PROM of the subjects in the two groups all meet this criterion.



Clinical Evaluations

Each subject completed the following functional assessments during clinical evaluation sessions. MAS (0–5 points, with higher scores indicating worse spasticity) was used to measure the calf muscle hypertonia (36). Fugl-Meyer Motor Assessment of Lower Extremity (FMA-LE) (0–34 points) was used to evaluate the sensorimotor function of the lower limbs (37). The Berg Balance Scale (BBS) (0–56 points) was used to evaluate the balance function (38). The Modified Barthel Index (MBI) (0–100 points) was used to measure the activities of daily living (ADL) (39).



Balancing Test

This study also used a Balancing Instrument (Pro-Kin254P, TecnoBody Company, Italy) to assess balance function, based on the instantaneous data of postural sway using the force platform from movements of the center of pressure (COP) (16) (Figure 2). The COP is a weighted average of all the pressures over the surface area in contact with the ground. This is a valid and reliable device that measures static and dynamic balance function (40, 41). The force platform consists of multiple strain gauges placed under a circular surface of 50 cm of diameter at 120° to each other and has a 20 Hz sampling frequency (42). When subjects were standing on the platform, the COP sway was documented. The COP measures demonstrate where a subject's pressure is located in both the x- and y-axes. An increase in COP in either the F/B or M/L direction is indicative of postural disturbance. Subjects were required to stand statically on the force platform, and maintain visual focus on an “X mark” placed on an eye-level screen from their face. The position of the feet on the platform was standardized using a V-shaped frame. Each subject performed two standing tests lasting 30 seconds each: One test with eyes open (EO) and one with eyes closed (EC). There were six outcome variables: trajectory lengths (measured in mm), elliptical trajectory (measured in mm2), standard deviation medial/lateral (M/L SD measured in mm), standard deviation forward/backward (F/B SD measured in mm), average speed medial/lateral (M/L AS measured in m/s), and average speed forward/backward (F/B AS measured in m/s). Smaller values of the six parameters indicated the subject had a better balance function (43).


[image: Figure 2]
FIGURE 2. Static Balance Assessed by the Pro-Kin System.




Sample Size

The sample size calculation was conducted using G*Power 3.1.7 (http://www.gpower.hhu.de/). The effect size was estimated using our pilot data regarding decreases in DF stiffness after training (experimental group vs control group: 0.61 ± 0.21 vs. 0.31 ± 0.27) would be able to reveal a large effect size of Cohen's d = 1.24, at a power of 0.8 and an α level of 0.05 assuming a non-directional hypothesis. Thus, in the current study, a large effect size f = 0.4 was assumed in the Mann–Whitney U test model, with an α value of 0.05, power of 0.8, and an attrition rate of 10%, the minimum required sample size was estimated to be 18 subjects for this study.



Randomization and Blinding

After recruited subjects presented written informed consent, they were randomly assigned into the experimental group or control group in 1:1 ratio by drawing lots. The lots were designated as “experimental” or “control” by stratified randomization with random numbers generated from statistical software and presented in sealed opaque envelopes. Each subject received a sealed envelope that indicated the group they were assigned to. The researchers in charge of recruitment and randomization procedures were different, and the designated therapist was responsible for the assessment was kept blinded to the group allocation throughout the trial.



Statistical Analysis

Baseline characteristics were compared between the two groups by using Fisher's exact test for categorical variables and the Mann-Whitney U test for continuous and ordinal variables. The continuous variables were tested using the Shapiro-Wilk test to verify whether they met the normal distribution and using the homogeneity of variance test. Change with each intervention and during an observation period of two weeks were examined between the groups with a Mann-Whitney U test. Bonferroni corrections were applied to account for multiple comparisons (α = 0.0025) to reduce the probability of Type-I error. The Wilcoxon Signed Rank test was used to compare pre-and post-intervention measurements in each group. Furthermore, to more deeply understand the effects of ankle stiffness on balance function, the Spearman correlation analysis was performed for testing the association between stiffness and the Pro-Kin test, and the Kendall rank correlation coefficient (τ) for the correlation between MAS and ankle stiffness (effects were considered significant if P < 0.05). Under a small sample size, T-distribution was used to compute a 95% confidence interval (95% CI). All statistical analyses were performed with SPSS version 21.0. (IBM Corporation, Armonk, NY, USA).




RESULTS


The Flow of the Trial and Baseline Characteristics of Subjects

From May 2019 to November 2019, all inpatients in the rehabilitation department were screened. Of these, 43 stroke patients with ankle spasticity were eligible for evaluation. Among these subjects, 20 subjects did not meet the inclusion criteria, and 3 subjects declined to participate in this study (see Figure 3 for more details). A total of 20 subjects were recruited to the study, including 10 subjects randomized to the experimental group, and 10 subjects randomized to the control group. All enrolled subjects completed the 2-week training, and there were no dropouts or adverse events. There were no significant differences in subjects' characteristics between the two groups (Table 1).


[image: Figure 3]
FIGURE 3. CONSORT patient flow throughout the study.



Table 1. Baseline Characteristics of the Subjectsa.
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Biomechanical Evaluations: DF PROM, DF Muscle Strength and Joint Stiffness

Before training, there were no significant differences in DF PROM, DF muscle strength, or DF and PF stiffness between the two groups. The DF muscle strength increased significantly after the 2-week training period in the control group and experimental group (P = 0.005, and 0.005, respectively). Besides, significant decreases in DF stiffness and improvements in DF PROM were found for subjects in the experimental group (P = 0.008, and 0.041, respectively), but not in the control group (P = 0.139, and 0.157, respectively). No significant differences in biomechanical evaluations were found between the two groups after training (P > 0.0025) (Table 2) (Figure 4).


Table 2. Biomechanical Properties at pre- and post-training between two groups.
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FIGURE 4. Biomechanical and Clinical evaluations between groups. DF PROM (A), DF Stiffness (B), Ankle MAS (C). White and brown bars indicate pre-, and post-assessment. Error bars indicate standard error of the corresponding average (*p < 0.05 and **P < 0.01). DF, dorsiflexion; PROM, positive range of motion; MAS, Modified Ashworth Scale.




Clinical Evaluations

There were no significant differences in MAS, FMA-LE, BBS, or MBI before training between the two groups. The FMA-LE, BBS, and MBI increased significantly after the 2-week training period in the control group (P = 0.005, 0.007, and 0.041, respectively). We also found significant improvement in FMA-LE, BBS, and MBI in the experimental group (P = 0.007, 0.012, and 0.007, respectively). Besides, significant decreases were found in MAS for subjects in the experimental group (P = 0.046) but not in the control group (P = 0.317). No significant differences in clinical evaluations were found between the two groups after training (P > 0.0025) (Table 3) (Figure 4).


Table 3. Clinical evaluations at pre- and post-training between two groups.
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Balancing Test Results

There was no significant difference between the two groups in the Pro-Kin balance test before training. The ellipse area, trajectory length, M/L SD, and F/B AS with closed eyes and F/B SD with opened eyes decreased significantly after the 2-week training period in the experimental group (P = 0.005, 0.013, 0.012, 0.005, and 0.041, respectively). The trajectory length and M/L AS with opened eyes decreased significantly after the 2-week training period in the control group (P = 0.022, and 0.042, respectively). No significant difference in the Pro-Kin balance test results was found between the two groups after training (P > 0.0025) (Table 4).


Table 4. Pro-Kin balance test results at pre- and post-training between two groups.
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Correlations Between the Stiffness of the Ankle and the Balance Function

Regarding the two groups as a whole, we further explore the correlations between ankle stiffness and balance. The DF stiffness was significantly correlated with the results of the Pro-kin balance test with opened eyes, including the trajectory length, M/L SD, F/B AS, M/L AS (γ = 0.464, P = 0.003; γ = 0.313, P = 0.049; γ = 0.386, P=0.014; γ = 0.466, P = 0.002, respectively). The DF stiffness was also significantly correlated with MAS (τ = 0.265, P = 0.041) (Table 5) (Figure 5).


Table 5. Correlations Between stiffness and Pro-Kin balance test results when open eyes.
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[image: Figure 5]
FIGURE 5. The Spearman correlation analysis between DF stiffness and outcomes of the Pro-Kin test with eyes open. Trajectory length (A), M/L SD (B), F/B AS (C), M/L AS (D), Circle and Square indicate control, and experimental group. EO, Eye Open; F/B, Forward/Backward; M/L, Medial/Lateral; AS, Average Speed; SD, Standard Deviation.





DISCUSSION

The RCT showed significant within-group improvements in DF muscle strength, motor function of lower limbs, balance function, and activities of daily living after a 10-session training in two groups. However, the experimental group showed additional improvements in the DF stiffness, DF PROM, and MAS. Between-group comparisons represented no differences in all outcome measures. We believe the intelligent stretching robot could be an effective and safe alternative to manual stretching for therapists. Also, the intelligent stretching robot has the potential to use in stretching the ankle with spasticity and/or contracture regularly without the daily involvement of clinicians or physiotherapists.

Several studies have already been shown that continuous passive stretching can effectively reduce ankle stiffness (18, 20, 44). Another study further demonstrated that the repeated passive stretching can decrease spasticity through a combination of reflexive and mechanical factors for stroke survivors (45). Previous studies have shown that the change in mechanical properties of tendons depends on the stretching protocol (46). Stretching exercise under intelligent control has been effectively used to decrease ankle contracture and/or spasticity in stroke survivors (18, 20, 47). The intelligent stretching device was driven by a servomotor controlled by a digital signal processor (20). Briefly, the stretching velocity was inversely proportional to the joint resistance torque. The torque limits of plantar and dorsiflexion were preset before the stretching exercises. Once reaching the predefined resistance torque peak, the joint will be held at the extreme position for stress relaxation in a preset period (18, 32). This method may overcome potential viscoelastic responses and alter the muscle-tendon properties (48). Since the outcome of manual stretching might depend on the ability of the therapist to measure the limits of the ROM or “end feel” (19), which could not provide lasting and effective stretching. In addition, high-intensity stretching can induce a physiological response within the muscle-tendon unit and enhance neuroplasticity (49–52). Thus, the intelligent stretching robot can offer ideal exercise intensity, frequency, and duration (53, 54), while it is not feasible for the limited availability of physical therapists to deliver laborious manual therapy. This study demonstrated that improvements after the intelligent stretching of the spastic ankles post-stroke were consistent with previous research, including increased ROM and muscle strength, decreased ankle stiffness and spasticity (19, 55).

In this study, the Pro-Kin was used to quantitatively evaluate the static balance of subjects, excluding the influences of the hip and stride strategy, and further explore the role of ankle strategy in posture control independently (56). The experimental group had significant improvements in balance tests with eyes open and closed, while the control group only improved with eyes open, which suggested that two kinds of stretching models might take different mechanisms to improve balance function.

Balance disorders of stroke survivors have various causes, such as muscle weakness, limited range of motion, spasticity, sensory changes, loss of coordination, and impaired central integration. In particular, stiff plantar flexors and weak dorsiflexors on the affected side increasing the risk to cause the muscular imbalance of the ankle (57). In our study, M/L SD in the experimental group and M/L AS in the control group decreased significantly. We assumed that two kinds of stretching exercises could change the ankle properties, and can improve balance in the M/L direction, for improving the symmetry of weight-loading on the lower limbs by increasing the contribution of the paretic limb in stroke survivors. The intelligent stretching could forcefully, safely, and repeatedly stretch the ankle to its extreme positions in the sagittal plane resulting in structural changes in the viscoelastic properties of the muscles and connective tissues. This method can further reduce ankle stiffness and increasing ROM and improving the stability of the ankle joint (19–21), therefore the movement of COP decreased significantly in sagittal planes with eyes closed and opened in our experimental group. Adequate balance relies on an accurate perception of physical input from the visual, proprioceptive, and vestibular systems (58). Stroke survivors exhibited obvious decreased postural stability, especially without visual feedback. Proprioception around the ankle joint resulting from sensory inputs (e.g., from cutaneous receptors, muscle-spindle receptors, and Golgi tendon organ located in muscles, tendons, and ligaments) is damaged post-stroke, which impairs the ankle strategy (59). In this study, the M/L SD and F/B AS decreased significantly in the experimental group with eyes closed. We hypothesized the robot-aided cyclic stretching could enhance proprioception of ankle joints effectively, and the balance of patients with eyes closed is also improved even in the visual feedback removal (60). While the control group did not have significant improvements in balance function with eyes closed. Compared with manual stretching exercises, the intelligent stretching device can provide feedback for patients. The strength of stretching force and range of motion of the ankle were displayed in the interface accompanied by a real-time ankle animation. This visual feedback might provoke the recovery of the damaged central nervous system (CNS) (61). Besides, this system contains different user-friendly modes, such as the evaluation of biomechanical properties, and the training mode. Those user-friendly features might attract patients to participate in the training and accelerate the recovery of balance function.

An ankle strategy is typically used on a solid base supporting a small amount of body sway (56, 62). This study further explored the correlation between ankle stiffness and the Pro-Kin balance test results with opened eyes. The findings showed that the stiffness of dorsiflexion was positively related to trajectory length, M/L SD, F/B AS, and M/L AS when opened eyes. However, those tests showed no significant correlation between PF stiffness and the Pro-Kin balance test results due to the mechanism was unclear. We suppose the possible mechanisms of how the ankle stiffness affected balance function are as follows.

The central controller uses sensory information to generate descending commands that produce corrective muscle forces to stabilize the body (63). The central nervous system (CNS) injuries post-stroke leads to muscle weakness and spasticity of the affected limb(s) post-stroke, often accompanied with drop and varus foot (64, 65), and lack of mobilization and prolonged spasticity may be accompanied by structural changes of muscle fibers and connective tissue, which may result in reductions in ROM and the contact area between the sole and the ground (66). Several studies have demonstrated that higher resistance torque, increased joint stiffness, and decreased ankle ROM characterized by stroke survivors improved after completing passive stretching exercises (18–20, 22, 67, 68). One previous study reported that the weaker inter-limb coordination in the sagittal plane (DF-PF) after stroke would cause imbalance (66). The intelligent stretching decrease ankle stiffness in the sagittal plane (DF-PF), which improved inter-limb coordination post-stroke in the F/B direction. Stroke survivors usually load more over their non-paretic limb than the paretic one when standing (69), as the re-establishment of ankle strategies, balance in M/L direction was also improved (67). After stretching, loosening of stiff muscle fascicles tendon and/or aponeuroses might facilitate force generation among fascicles and increase their overall force output, which increases the passive stability of the ankle joint by limiting ankle movement in both the frontal and sagittal planes (18, 67). Alterations in muscle-tendon unit stiffness and length induced by continuous stretching could improve the fidelity of ankle proprioception (50, 60), which might improve balance. In conclusion, we assumed that the decreased DF stiffness might improve balance by activating the muscles and increasing proprioception and ROM of the ankle joints. Further studies are necessary to verify this hypothesis. Overall, in this study, a significant correlation (τ = 0.265, P = 0.041) was observed between MAS and DF stiffness, which is consistent with the previous studies (19). This measure of stiffness can be used to obtain a more quantitative evaluation of ankle properties in the future.



LIMITATIONS

This study had limitations in methodological. First, given the number of samples available, between-group comparisons represented no differences in the biomechanical properties or balance function. Future studies with more subjects involved might show further group differences and increase the power of the study. Second, this study lacks a quantitative assessment of proprioception of the ankle joint, which is important in exploring the mechanisms of balance control recovery after stretching exercises. Third, the long-term effects of stretching training were unknown due to the absence of a follow-up period. Besides, our study only investigated the correlations between ankle stiffness and static balance in stroke survivors. The effects of ankle properties on dynamic balance need further investigation. Furthermore, muscle activations around the ankle joint will be collected using EMG for analysis as a function of ankle ROM, balance control, etc. Another limitation is the lack of a third group treated without stretching exercises. We plan to add one group of patients without stretching exercises to eliminate the improvement of ankle joint properties and balance function due to the natural history of stroke and better evaluate the effectiveness of the stretching therapy in the future. Future studies will further address these issues.



CONCLUSIONS

The robot-aided and manual ankle stretching training provided similar significant improvements in the ankle properties, balance, motor function, and ADL post-stroke. The robot-aided stretching devices provided labor-saved, high-intensity, and well-controlled passive stretching to stroke survivors with ankle impairments, which showed additional improvements across more parameters including the spasticity and stiffness of the ankle. Findings in this study suggested that robot-aided rehabilitation may be a beneficial addition to current rehabilitation programs. As an important part of posture control, the ankle joint properties were important in keeping the upright stance. In particular, ankle stiffness was correlated with balance function post-stroke. As a biomechanical property of the ankle joint, dorsiflexion stiffness may be a sensitive indicator for evaluating the balance ability post-stroke and predicting the risk of falls in the future.
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Gait initiation (GI) challenges the balance control system, especially in the elderly. To date, however, there is no consensus about the age effect on the anticipatory postural adjustments (APAs). There is also a lack of research on APAs in older adults after proprioceptive perturbation in the sagittal plane. This study aimed to compare the ability of young and older participants to generate APAs in response to the vibratory-induced perturbation delivered immediately before GI. Twenty-two young and 22 older adults performed a series of GI trials: (1) without previous vibration; (2) preceded by the vibration of triceps surae muscles; and (3) preceded by the vibration of tibialis anterior muscles. The APAs magnitude, velocity, time-to-peak, and duration were extracted from the center of pressure displacement in the sagittal plane. Young participants significantly modified their APAs during GI, whereas older adults did not markedly change their APAs when the body vertical was shifted neither backward nor forward. Significant age-related declines in APAs were observed also regardless of the altered proprioception.The results show that young adults actively responded to the altered proprioception from lower leg muscles and sensitively scaled APAs according to the actual position of the body verticality. Contrary, older adults were unable to adjust their postural responses indicating that the challenging transition from standing to walking probably requires higher reliance on the visual input. The understanding of age-related differences in APAs may help to design training programs for the elderly specifically targeted to improve balance control in different sensory conditions, particularly during gait initiation.

Keywords: gait initiation, anticipatory postural adjustments, age, proprioception, muscle vibration


INTRODUCTION

One of the most important requirements of successful locomotion is the ability to adapt gait to the various demands of the environment (Shumway-Cook and Woollacott, 2007). Motor adaptation, playing a significant role, can be defined as the process of making feedforward modifications or adjustments based on sensorimotor integration to already well-learned motor skills (Martin et al., 1996). The transition from standing to walking, i.e., gait initiation (GI) is known to be a highly challenging task for the balance control system involving correct sequencing of movement preparation and execution. Immediately prior to the stepping, anticipatory postural adjustments (APAs) act to accelerate the center of body mass (CoM) forward and towards the stance leg by moving the center of pressure (CoP) backward and towards the stepping leg in order to minimize the potential imbalance at the moment of single-leg stance (Crenna and Frigo, 1991; Jian et al., 1993). APAs along the anterior-posterior (AP) axis are predictive of motor performance (Lepers and Brenière, 1995) while APAs along the medio-lateral (ML) axis are predictive of postural stability (McIlroy and Maki, 1999; Honeine et al., 2016). In addition, as older individuals are more likely to fall during common daily activities, such as walking, changing position (Tinetti et al., 1995), or initiating a step in different environments (Polcyn et al., 1998; Henriksson and Hirschfeld, 2005), it is particularly important to appropriately respond to either externally or internally generated perturbation stimuli and produce corresponding balance adjustments during these locomotor tasks. Regarding this, GI provides an ideal task to investigate age-related changes in APAs, especially when a sudden change in sensory signals occurs. During the unperturbed stepping, previous studies reported characteristic modifications of APAs in older adults, for instance, reduced initial backward CoP shift, reduced velocity of CoM at the time of first swing foot toe off (Halliday et al., 1998; Khanmohammadi et al., 2015), or significantly diminished momentum-generating capacity of CoP shift (Polcyn et al., 1998). Due to aging, a delayed onset activity of tibialis anterior (Khanmohammadi et al., 2015), more variable muscle activity (Mickelborough et al., 2004), or even lack of anticipatory activity of lower leg muscles (Henriksson and Hirschfeld, 2005) were shown. The older adults exhibited a longer unloading phase with a higher frequency of ground reaction forces peaks and an earlier maximal force rate achieved during this phase (Jonsson et al., 2007). However, other studies reported no age effect (Patchay et al., 2002; Plate et al., 2016; Lu et al., 2017) or only a partial effect of aging (Jonsson et al., 2007) on APAs. Hence, generally, there is no consensus about the age effect on APAs during GI. Moreover, despite the fact that imbalance or falls frequently occur while moving the body in the sagittal plane and position of the body verticality is compromised currently in this plane (Robinovitch et al., 2013), previous studies have investigated APAs mostly in terms of lateral weight shift. Furthermore, to our knowledge, there is a complete lack of research on APAs in older adults when the proprioceptive system was perturbed in the sagittal plane before or during GI. If there are reports which elaborate about the changes in APAs associated with balance perturbation, they have examined postural responses in the frontal plane and mostly in young subjects (Ruget et al., 2008, 2010; Mouchnino and Blouin, 2013; Mille et al., 2014). These studies indicated that young adults are able to modify their APAs when the body is subjected to an external perturbation. If this is true also for older adults, who are more vulnerable to fall in the occurrence of balance perturbation in the sagittal plane, is still unclear. There is a general agreement that proprioceptive signals from leg muscles provide the primary source of information for postural control (see review by Henry and Baudry, 2019). However, aging is associated with a decrease in sensitivity, acuity, and integration of the proprioceptive signal resulting in reduced efficiency of postural control (Deshpande et al., 2016). Therefore, we assume that the age-related impairments in detection and processing of the proprioceptive signals would influence the postural adjustments of GI preceded by the vibration of lower leg muscles.

In the present study, we dealt with this issue by comparing the ability of young and older adults to generate the appropriate APAs in response to the vibratory-induced perturbation delivered immediately before GI. To our knowledge, no study to date examined the age-related differences in APAs due to such perturbation of balance in the sagittal plane. The specific aims were: (1) to determine to what extent the proprioceptive perturbation of balance affects APAs in young and older adults, and (2) to examine whether such an effect is dependent on age. We hypothesized that altered proprioception from lower leg muscles resulting in a modified representation of the body verticality would significantly affect APAs and this would manifest as a change of the APAs magnitude, velocity, and timing in young adults. In contrast, we further hypothesized that older adults would show decreased ability to appropriately respond to the perturbation due to postural and physiological declines associated with aging.



MATERIALS AND METHODS


Participants

Twenty-two young and 22 older adults (Table 1) free of musculoskeletal and neurological disorders that could influence balance control participated in the study. They had no medical history of falls, no pain, numbness, tingling, or weakness at the time of testing. The presence of sensory neuropathy was excluded by Pinprick testing (Nather et al., 2008; Blackmore and Siddiqi, 2016). All subjects gave informed written consent in agreement with the Declaration of Helsinki and the study was approved by the local Ethics Committee.

TABLE 1. Participant characteristics.
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Experimental Setup and Protocol

Gait was initiated from an upright standing on a custom-made force plate (45 × 45 × 6.5 cm; see details in Hirjaková et al., 2017), in-built and located at the beginning of a 5-m walkway. Postural responses were quantified by CoP displacement in the AP direction because changes induced by the vibratory stimulation were also expected in this direction. The CoP data were acquired at 100 Hz sampling frequency and low-pass filtered at 10 Hz cut-off frequency (Mancini et al., 2009; Sinclair et al., 2013). The initial stance position was consistent from trial-to-trial by tracing foot outlines on the force plate.

Before starting each trial, the subjects were required to realign the CoP location to the initial position detected on a monitor. The initial CoP position at vibration onset was arbitrarily assigned a value of zero. Proprioceptive stimulation was delivered by custom-made electromechanical vibrators (DC motor with small eccentric rotating mass, weighing 230 g, cylindrical in shape, 9 cm long with a diameter of 4.7 cm) attached with elastic bands. In the case of triceps surae (TS) muscles, vibrators were fixed to the Achilles tendon of both legs, at the level of the ankle joint, and the vibration-induced body tilt was in the same direction as the forthcoming APAs, i.e., backward. In the case of tibialis anterior (TA) muscles, vibrators were fixed on the tendons of the tibialis anterior, 3–5 cm above the ankle joint, and the vibration-induced body tilt was in the opposite direction as the forthcoming APAs, i.e., forwards. The dimensions and positioning of the vibrators did not disrupt locomotion and they were fixed to the tendons during both vibration and control trials (vibrators off). The activation and deactivation of the vibrators were computer-controlled. The stimulation lasted 5 s with an amplitude of 1 mm and a frequency of 80 Hz. Kinematics of the body (reflective markers placed bilaterally on the following landmarks: acromion, greater trochanter, lateral femoral condyle, lateral malleolus, 5th metatarsal, and heel) was recorded by the optoelectronic motion capture system (BTS Bioengineering, Italy) with a sampling frequency of 100 Hz. The vibration-induced body tilt in the sagittal plane was computed from kinematic data as the angle between the shoulder-hip line, i.e., trunk angle (position of the acromion to hip markers) with respect to the vertical (see details in Abrahámová et al., 2009). The final body tilt induced by vibration was quantified during the last second of vibratory stimulation.

Participants stood on a force plate in a natural upright posture with their arms alongside the body, feet approximately pelvis-width apart, and gaze fixating on a visual target set at the eye level and located 5 m away from the starting stance position. After the initial 5 s of quiet stance followed either by 5 s of vibratory stimulation (vibration trials) or another 5 s of quiet stance (control trials), each participant performed a series of GI trials immediately after hearing an acoustic signal (short “beep”) delivered by the computer. Participants were instructed to step with their dominant leg at a spontaneous velocity and walk straight ahead to the end of the walkway. The acoustic signal was triggered at the same moment as the vibration offset. Participants performed two practice trials to familiarize with the experimental conditions and then five trials were collected in each of the following conditions (for a total of N = 15 trials): (1) GI without previous vibratory stimulation (control trial); (2) GI preceded by tendon vibration of TS muscles; and (3) GI preceded by tendon vibration of TA muscles. The order of conditions was randomized across the subjects.



Data Processing and Analysis

The APAs variables (Figure 1) were extracted from backward CoP displacement. The onset of APAs was detected by an automated threshold-based algorithm, with the threshold set as 2.5 SD of CoP signal (Caderby et al., 2014) during the initial, pre-vibration period of each trial. The APAs were considered completed (end of APAs) at the time of swing limb heel-off (Rocchi et al., 2006; Delafontaine et al., 2021). The APAs magnitude (Peak AP) was measured by the peak of CoP excursion from the CoP position at the moment of vibration offset which was again arbitrarily assigned a value of zero. Related Time-to-Peak AP, from the onset of APAs to the instant of Peak AP was also measured (Mancini et al., 2009). The APAs velocity was calculated as a first derivative of CoP displacement and then the peak of CoP velocity (Peak Velo AP) was evaluated. The APAs duration (APAd) was measured as the time between the onset and the end of APAs (Mancini et al., 2009; Delafontaine et al., 2021). For comparison between the different body dimensions and subjects, CoP displacement was normalized to the foot length and CoP velocity was normalized to height by detrending normalization (O’Malley, 1996) which aims at removing the dependence of stabilometric parameters on anthropometric features (Chiari et al., 2002).
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FIGURE 1. Example of the anticipatory postural adjustments (APAs) variables measured during right-step initiation of the representative young subject during the control trial. Experimental variables evaluated from center of pressure (CoP) displacement (blue line) and velocity of CoP displacement (red line) in anterior-posterior (AP) direction: Peak AP, Time-to-Peak AP, APAd, Peak Velo AP. Vertical dotted lines: t0—onset of APAs; HO—swing limb heel-off.



Algorithms for CoP signal analysis and evaluation of the variables were written in MATLAB R2020b (MathWorks Inc., USA). The mean of five trials was used for statistical analyses. Repeated measures ANOVAs were used to test the effect of vibration (TS, C, TA), the effect of age (young, older), and their interaction on each variable after having checked normal distribution with the Shapiro-Wilk test. Greenhouse-Geisser adjustments were performed in cases where the assumption of sphericity was violated. Post hoc pairwise comparisons were conducted to identify further differences between TS and C condition, and TA and C condition within each age group. Follow-up independent samples t-tests were used on all dependent APAs variables to evaluate the age-related differences. The relationship between the magnitude of vibration-induced body tilt and the APAs magnitude was investigated by a partial correlation analysis while controlling for age. To reduce Type I error due to the multiple t-test comparisons, the Bonferroni correction was applied. All statistical analyses were performed using SPSS 18.0 (SPSS, Inc., IL-IBM, USA). The level of significance was set at p < 0.05 and effect size (partial eta squared η2) was also computed.




RESULTS

Significant main effects of vibration, age, and significant effect of vibration by age interaction were observed on all evaluated APAs variables (Table 2), except Peak Velo AP with no age effect. Further post hoc comparisons revealed that in young adults, all APAs variables were significantly different in vibration (TS, TA) compared to control (C) condition (Figure 2A). Young adults demonstrated a significant increase of Time-to-Peak AP and APAd in TS, and a significant decrease of Time-to-Peak AP and APAd in TA compared to the control condition. Oppositely, Peak AP and Peak Velo AP significantly decreased in TS and increased in TA compared to the control condition. Thus, the positional change of the body verticality induced by lower leg muscles vibration immediately before stepping resulted in significantly different APAs in young adults, which is clearly visible also in Figure 2B showing CoP trajectories of one representative young subject during all experimental conditions. Contrary, no significant differences in APAs variables were observed between vibration conditions and control GI in older adults (Figure 2A). Unchanged CoP trajectories of one representative older subject across all experimental conditions are displayed in Figure 2B.

TABLE 2. Summary of repeated measures ANOVAs for all evaluated anticipatory postural adjustments (APAs) variables.
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FIGURE 2. (A) Comparison of APAs variables evaluated from CoP displacement in the anterior-posterior direction across three different experimental conditions (TS—vibration of triceps surae muscles, C—control condition with no vibration, TA—vibration of tibialis anterior muscles) in the group of young and older subjects. The values are presented as group mean ± SEM. Post hoc differences between vibration conditions and control condition are marked: ++p < 0.01, +++p < 0.001. Differences between young and older are marked: *p < 0.05, **p < 0.01, ***p < 0.001. (B) A bird’s-eye view of the mean CoP trajectories during right-step initiation of representative young (left) and older (right) subject during tibialis anterior vibration condition (red), triceps surae vibration condition (blue), and control condition (black). The mean CoP trajectories are realigned according to the APAs onset which is represented by the star.



The partial correlation analysis showed no significant association between the extent of trunk angle induced by vibration of neither TS (r = 0.074, p = 0.636), nor TA (r = 0.044, p = 0.781) muscles and the APAs magnitude. Moreover, young and older participants did not significantly differ neither in backward (0.94 ± 0.19° vs. 0.76 ± 0.10°; p = 0.440, respectively), nor in forward (0.98 ± 0.21° vs. 0.70 ± 0.07°, p = 0.218, respectively) vibration-induced body tilt.

In addition to different anticipatory postural strategies due to the proprioceptive alteration of balance in young and older adults, further analyses revealed significant age-related declines in the APAs variables regardless of the altered proprioception before GI. The older subjects exhibited a significantly shorter Time-to-Peak AP in all experimental conditions compared to young adults (Figure 2A). Interestingly, APAd was significantly reduced in the older group only in TS condition. Moreover, a smaller Peak AP and Peak Velo AP were observed in older adults during control GI as well as GI preceded by TA vibration.



DISCUSSION

In this study, we compared the ability of young and older individuals to generate the appropriate APAs in response to the balance perturbation delivered immediately before gait initiation by bilateral vibratory stimulation of lower leg muscles. In line with our first hypothesis, the young participants significantly modified their postural adjustments during the preparatory phase of stepping and changed all APAs variables under both vibration conditions. In detail, the TS vibration before stepping resulted in backward body tilt to which young adults responded by smaller APAs magnitude and velocity and prolonged APAs duration and time-to-peak compared to unperturbed stepping. On the other hand, when they initiated a step from forward body tilt induced by the TA vibration, they increased the APAs magnitude and velocity while shortening both temporal parameters. As we expected, APAs were modulated according to the internal representation of the body verticality shifted by the vibration of lower leg muscles either forward or backward suggesting that the initial posture strongly influences forthcoming APAs. Our findings agree with previous studies (Rocchi et al., 2006; Dalton et al., 2011), which demonstrated scaling of APAs according to the initial posture. In line with our results, it was concluded that APAs during GI were modulated according to the proprioceptive information originating from the actual position of the body verticality which was altered by translation of support surface (Burleigh and Horak, 1996; Mouchnino and Blouin, 2013), unstable foam support surface (Chastan et al., 2010), the vibration of ankle muscles (Ruget et al., 2010), or applying resistance force at the pelvis (Mille et al., 2014; Laudani et al., 2021). As suggested in these studies, the central nervous system (CNS) utilizes feed-forward prediction for forthcoming voluntary movement, and utilizes immediate afferent information to modify the centrally initiated postural adjustments associated with stepping. Changes of APAs after the delivery of the proprioceptive perturbation suggest that CNS estimated the potentially destabilizing effects of the altered body verticality and acted to modify postural adjustments of GI in order to ensure the stability of the planned movement. The postural adaptations for GI, with respect to changes in proprioceptive information, support a role for multiple, distributed, and interactive systems for postural control (Burleigh and Horak, 1996). However, we found the APAs modulation according to the actual position of the body verticality only in young adults. Thus, the second hypothesis of the study was met as older adults showed a compromised ability to actively respond to the balance perturbation. Although the older subjects showed a similar trend of changing APAs in terms of increasing/decreasing of variables’ values with respect to the vibration compared to control condition as young adults, these changes were not significant. The first aspect which can play a role is an age-related decrease in the proprioception sensitivity which alters both the structures and the functioning of the proprioceptive system (Henry and Baudry, 2019). Alteration in the muscle spindles and their afferents, along with the integration of the signal at the supraspinal level, have been shown to influence proprioceptive perception and postural control in older adults (Goble et al., 2012). Based on our findings, it can be hypothesized that when older people experience a proprioceptive disturbance while initiating a step, they may not be able to properly respond by adjusting their anticipatory postural strategies. The second aspect includes the role of motor prediction in posture and locomotion coupling (Mille et al., 2014). Our findings may be supported by previous studies (Claudino et al., 2013; Laudani et al., 2021) indicating no postural prediction and movement coupling in older adults. It is possible that older individuals may have difficulties in utilizing APAs due to a lack of the necessary coupling between APAs and the stepping movement (Laudani et al., 2021) and also may have reduced usability and efficacy of APAs to ensure stability following the perturbation (Claudino et al., 2013). Another aspect concerns the age-related differences in the importance of proprioceptive and visual information for maintaining equilibrium. While the muscle proprioception is more important for balance control than vision in healthy young adults (Eysel-Gosepath et al., 2016), a decreased effect of proprioceptive alteration with aging indicated a lesser reliance on leg proprioception in older adults (Penzer et al., 2015; Deshpande et al., 2016). In line with this, the declines in peripheral sensory perception with aging caused elevated reliance on visual feedback (Franz et al., 2015).

In the current study, we further aimed to investigate the age-related differences in APAs regardless of proprioceptive alteration. During the unperturbed stepping, older adults showed significantly smaller APAs magnitude and shorter Time-to-Peak AP compared to young adults. Congruently, age-related changes in APAs were revealed in previous studies (Henriksson and Hirschfeld, 2005; Jonsson et al., 2007; Khanmohammadi et al., 2015; Laudani et al., 2021), but there are also studies which reported APAs unaffected by age (Plate et al., 2016; Lu et al., 2017). The findings of Plate et al. (2016), however, do not quite reflect the age-related changes in terms of young vs. old, as they considered as young the adults with mean age 43.8 ± 2.9 years and compared them with middle-aged and older adults (mean age 55.3 ± 2.8 and 66.4 ± 4.5 years, respectively). In the same line, Lu et al. (2017) reported an unchanged spatiotemporal profile of the APAs with aging (ages 20–79). Incongruence with our results may come from different instructions for gait initiation, i.e., self-initiated stepping.

Apart from a significantly reduced APAs magnitude and Time-to-Peak AP due to age in control GI, we found similarly reduced APAs variables also in TA vibration condition. However, in the TS vibration condition, older subjects showed a very similar magnitude of APAs as young adults, but the postural adjustments were significantly shorter and slightly faster than in young adults. We speculate that these different anticipatory adjustments in older adults between the two vibration conditions might be associated with a specific response to the vibration offset (i.e., the moment of vibratory stimulation turn off; Bzdúšková et al., 2018). Specifically, we assume that two autonomic motor control programs, i.e., response to vibration offset and forthcoming APAs came into conflict at the moment when the vibration suddenly stopped and simultaneously the acoustic signal indicated to initiate a step. The postural response to the vibration offset in case of soleus muscles vibration is characterized by a backward shift of CoP displacement followed by a forward CoP overshoot in order to establish equilibrium after the perturbation (Bzdúšková et al., 2018). Oppositely, the response to the TA vibration offset is performed as a forward body tilt followed by a backward CoP overshoot. Therefore, as APAs during GI are known as backward CoP shift, overshoot after the TA vibration offset occurs in the direction of forthcoming APAs and contrary, overshoot after the TS vibration offset occurs in the opposite direction as forthcoming APAs. Our results suggest that the latter case might be more challenging for older adults and indicate higher reliance on vision and adopting a stiffening strategy to prevent the loss of balance. In particular, when older adults experienced a significantly larger and faster overshoot after the TS vibration offset (Bzdúšková et al., 2018) and concurrently they had to initiate a step they might have less time for appropriate APAs resulting in faster and thus shorter APAs compared to young adults.

Interestingly, we revealed a significant decrease due to age in parameter APAd only in the TS condition, while Time-to-Peak AP was significantly different between the age groups in all experimental conditions. This indicates that Time-to-Peak would be a more sensitive parameter to detect early APAs impairments as total APAs duration.

A strength of the study was the comparison of the ability to generate APAs in response to the proprioceptive perturbation of balance both forward and backward. For the first time, hence, this study uncovered and reported sensitive scaling of APAs in the sagittal plane according to the externally shifted vertical in young adults, and revealed the inability to modify APAs in older adults. Therefore, these results should be taken into account when designing training and rehabilitation programs for the elderly specifically targeted to improve balance control in different sensory conditions, particularly during the transition from standing to walking in order to enhance a more accurate adjusting of APAs and potentially prevent falling. On the other hand, we acknowledge several limitations of the present study. First, we did not collect electromyographic signals from lower leg muscles during the vibratory stimulation and GI which could provide additional information about APAs and would help to interpret age-related differences. Second, we might benefit from the kinematic analysis of the first step performed immediately after the balance perturbation. Further studies should address these limitations as well as investigate whether it is possible to improve the proprioception from lower leg muscles and thus increase the anticipatory responsiveness to perturbation.

In summary, aging led to significantly reduced APAs during GI performed from the vibratory shifted vertical as well as from the natural body verticality. Moreover, young adults markedly modulated APAs in response to the vibration delivered before GI, which was in contrast with older adults who showed diminished modulation of APAs. Therefore we can conclude that the ability to generate the appropriate APAs in response to vibratory-induced perturbation particularly in the sagittal plane is age-dependent.
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Aging is known to increase the risk of falling. In older people, whose share in the total population is rising sharply, the Sensory Organization Test (SOT, Equitest NeuroCom) is a useful tool during rehabilitation and in clinical research for assessing postural stability, risk of falling, and balance improvement. Normative data for the SOT in the healthy population older than 79 years have not been previously published. We recruited 53 recreationally active healthy subjects aged 80 years and older from the general population in a cross-sectional study. We presented the normative data for SOT for the 80–84 and 85–89 years groups. Our results showed that the “vestibular” balance control tended to be affected by aging more than the vision and proprioception-based systems. A striking reduction in performance after the age of 85 years was observed. These findings will be useful for clinical and research purposes.
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INTRODUCTION

Humankind is experiencing constant lengthening in life and healthy years. In recent decades, the percentage of the older population has been rising sharply. According to data from the World Population Prospect (2019 Revision), the number of people aged 80 years or older tripled between 1990 and 2019, growing up to 143 million, and this number will triple by 2050, reaching 426 million (United Nations Department of Economic and Social Affairs [UNDESA], 2020). The World Health Organization defines an older person as one with a chronological age of 65 years or older (World Health Organization [WHO], 2013). Various subgroupings have been proposed by gerontologists to distinguish the diversity of older age (Forman et al., 1992; Zizza et al., 2009). The simplest criteria distinguish young old (60–69 years), middle old (70–79 years), and very old (80+ years) (Forman et al., 1992). This subdivision is further articulated by defining the oldest old (OO) as those aged 85+ years (Garfein and Herzog, 1995), thus implicitly limiting the very old (VO) to a 5-year wide group. However, these definitions are frequently updated as life expectancy continues to rise. The old population is the most susceptible to illness and disability (Christensen et al., 2009): the risk of falling increases with aging and is a major risk after 85 years old (Ferrer et al., 2012), becoming one of the main problems associated with aging (Rogers and Mille, 2003).

In physical and rehabilitation medicine, a large variety of clinical and instrumental tests are used to evaluate postural stability, that is, the ability to control the position of the center of mass in relation to a person’s base of support, during either static or dynamic tasks. The computed dynamic posturographic EquiTest® System (NeuroCom® International, Inc., Clackamas, OR, United States) (NeuroCom® International Inc., 2003) provides qualitative and quantitative analysis of balance control performance through the description of the center of gravity (COG) sway during standing (Nashner and Peters, 1990). Within the EquiTest® System, the Sensory Organization Test (SOT) creates sensory-conflict conditions, making the visual and/or the proprioceptive balance control systems unreliable. Scores are assigned to the oscillation of the subject (the higher, the greater the stability). In essence, the reliable system(s), including the vestibular one, are stressed in order to substitute the unreliable ones. Based on the SOT scores in the various conditions, “sensory analysis” (SA) scores are provided. SOT and SA norms are provided for age groups up to 79 years (20–59, 60–69, 70–79) (NeuroCom® International Inc., 2003). Those for subjects aged 80+ years are lacking.

From a quantitative point of view, normative data are crucial in the understanding of balance performance in healthy subjects (Guskiewicz et al., 1997; Ferber-Viart et al., 2007), in patients affected by vestibular (Pedalini et al., 2009; Alahmari et al., 2014) or other neurological disorders (Voorhees, 1990), and in the aging population as such (Anacker and Di Fabio, 1992; Buatois et al., 2007). Since healthy elderly people are known to show greater body sways during balance tasks with respect to younger individuals (Murray et al., 1975; Forth et al., 2007), a tool to assess whether these augmented oscillations have to be considered physiological or not is necessary, for both clinical and research purposes. The SOT has shown a decline in performance with increasing age in healthy adults (Forth et al., 2007). This study aimed to provide normative data for EquiTest SOT and SA for VO (aged 80–84 years) and OO subjects, with the latter group defined for this study in the 85–89 years range.



MATERIALS AND METHODS


Participants

Subjects aged 80+ years were recruited from a general healthy Italian population. To be included, subjects older than 79 years old and younger than 90 years old had to be able to walk without aid for at least 50 m, provide informed consent, and understand the instructions given during clinical and instrumental evaluations. We excluded individuals with diseases affecting the nervous system, both central and/or peripheral (e.g., Parkinson’s disease, previous traumatic brain injury, pallesthesia < 4/8), previous hip or knee joint replacement or other major surgeries or pathologies affecting the lower limbs or the spine, and acute or chronic pain. Mild visual impairment and mild hearing loss that did not affect activities of daily living were not considered as exclusion criteria. We investigated medication intake to rule out interactions with balance. All participants underwent a standardized neurological examination and structured medical interviews.

The study enrolled 53 subjects fitting the inclusion/exclusion criteria for T0 evaluation. We performed the second evaluation (T1) 2 weeks after T0 to assess the stability and reproducibility of the measurements. Of the 53 subjects, 39 carried out both test sessions. 14 participants dropped out after performing T0 evaluation, for the following reasons: n = 2 nausea or dizziness occurred after T0, n = 1 gym exercises performed between T0 and T1, n = 4 onset of acute pathologies after T0, n = 3 reported the testing session as too tiring and refused to participate to the follow-up, and n = 4 unsuitable climatic conditions at T1 date (hot summer temperatures).

Motor and cognitive status of the sample was assessed using validated instruments for the main functional domains: Mini Mental State Examination adjusted for age and schooling for cognitive status (Folstein et al., 1975; Magni et al., 1996), Functional Independence Measure for the overall degree of motor and cognitive independence (Linacre et al., 1994), 10-m Walking Test for gait (Brandstater et al., 1983), Equiscale (Tesio et al., 1997), and Dizziness Handicap Inventory short form (Tesio et al., 1999) for balance.

All tests were conducted at the Department of Neurorehabilitation of the Istituto Auxologico Italiano Research Hospital (Milan, Italy). All subjects were informed of the testing procedures and signed a written consent form approved by the hospital’s ethics committee, which also approved the study. This trial has been registered at ClinicalTrials.gov (Identifier: NCT04773496).

To assess postural stability, we used an EquiTest System equipped with the Data Acquisition Toolkit (software version 8.6.1). Data on patients’ age and height (measured on a precision scale) were provided at the beginning of the test as required by the device software. The EquiTest uses a mobile visual surrounding and a support surface containing a dual-force plate, consisting of two 23 × 46 cm footplates connected by a pin joint that can rotate in the sagittal plane following the patient’s anteroposterior sway, thus systematically altering the visual and somatosensory environments. We asked the subjects to stand upright on the instrument support without wearing footwear, with foot placement standardized relative to their height and with arms relaxed at their sides. They had to look straight forward and stand as still as possible during the trials. The SOT measures the sway of the COG under six different conditions (Table 1). The visual surround and the force plate, separately or together, may move in a sway-referenced manner, following the patient’s own anteroposterior sway, thus delivering inaccurate information to the eyes, feet, and joints. Subjects wore a safety jacket hanging from the top of the instrument frame. Data were recorded during three trials for each condition. Each trial lasted 20 s. The sway gain setting was fixed at 1.00, making the support surface and/or visual surround matching the patient’s sway exactly.


TABLE 1. The six conditions of the Sensory Organization Test [Adapted from Instructions for Use: EQUITEST® SYSTEM OPERATOR’S MANUAL, Clackamas, OR (United States): NeuroCom® International Inc., 2003].

[image: Table 1]In the EquiTest System the amount of sway of the COG is expressed in degrees to allow comparison of scores between individuals of different heights. The angular limits of stability are nearly the same for all normal adults, regardless of height (NeuroCom® International Inc., 2003). The equilibrium score compares the patient’s anteroposterior (AP) sway during each trial to a theoretical sway stability limit of 12.5 degrees (NeuroCom® International Inc., 2003). SOT Scores for each condition are given in the range of 0–100, with higher scores representing better performance and participants swaying to the limits of stability receiving low scores (NeuroCom® International Inc., 2003). Score 0 is assigned to a trial marked as “fall” (a stepping reaction, hands touching the surround or, in extreme cases, subject being supported by the safety jacket). Score 100 is assigned to full stability (never achievable in practice). A cumulative 0–100 SOT score (composite SOT) is also assigned to the overall test. Normative data are given as age-specific 95th percentile limits.

The SA scores (0–100, the higher the better the condition) were computed as ratio between the mean scores of specific conditions: SOM represents the ratio of the second to the first condition (if reduced it suggests a somatosensory impairment is present); VIS is the ratio of the fourth condition to the first (if reduced i.e., inability to use vision for compensatory purposes); VEST is the ratio of the fifth to the first condition (if reduced i.e., a possible vestibular deficit as in condition 5 balance is entrusted exclusively to the vestibular system). PREF highlights the visual preference (ratio of conditions with unreliable vision compared to those where vision is absent—i.e., conditions (3 + 6) to (2 + 5), when reduced it implies the subject relies on visual information even when those are unreliable (NeuroCom® International Inc., 2003).

The first evaluation (T0) (subject’s history, functional scales, and instrumental evaluation) took approximately 90 min for each subject. To assess the reliability of the measurement, we repeated all six conditions of the SOT (T1) 2 weeks later (± 2 days). We asked the participants not to train or practice any kind of exercise between T0 and T1. Data collection was carried out by operators with experience in this assessment or trained for this purpose.



Statistical Analysis

We performed data analysis using STATA statistical software, version 11 (Computing Resource Center, Los Angeles, CA, United States, 2011). Descriptive statistics (mean ± SD, median) for each SOT condition and composite scores were generated. The SOT’s score distributions for the entire sample and for the two different populations (VO and OO) were tested for normality (skewness and kurtosis test). Data are represented using bar charts and box plots. To allow comparison with the normative data of the previous 10-year age group, we set the level of significance at p < 0.05. We calculated the normative data as stated by NeuroCom, setting the limits of normality at the 5th percentile by applying the following equation: SOT norms = mean - (SD ∗ 1.67) (NeuroCom® International Inc., 2003).

To assess the test-retest reliability, we used intraclass correlation coefficients (ICC 3.1, two-way random-effect model, absolute agreement) for the composite SOT and for each condition evaluated at T0 and T1. According to the literature (Koo and Li, 2016), reproducibility is labeled as poor when ICC < 0.5, moderate if between 0.5 and 0.75, good if between 0.75 and 0.9, excellent when > 0.90.



RESULTS

53 subjects participated in the study (25 women, 47%). The mean ± SD age of the entire sample was 83.4 ± 3 years (median: 82 years), with a range of 80–89 years. The mean and median ages did not differ substantially between men (83 ± 3.2 years, median: 81.5 years, range: 80–89 years) and women (83.88 ± 6 years, 84 years, 80–89 years). By applying the stated definition of VO (80–84 years) and OO (for this study 85–89 years), we divided the sample into two populations, as follows: VO, n = 35 (66%), and OO, n = 18 (34%). For both VO and OO, descriptive statistics for demographics and functional tests are provided in Table 2. The subjects were cognitively intact and had no balance, walking, or global functional impairments. T1 assessment was performed by 26 VO and 13 OO participants.


TABLE 2. Descriptive data on very old (VO) and oldest old (OO) groups.

[image: Table 2]The SOT scores for the entire sample and for the two different groups (VO and OO) were not normally distributed, according to the skewness and kurtosis test. The bimodal distribution of the observed scores seemed to fit the study’s originally proposed division between two different populations (VO and OO). The non-parametric Mann–Whitney test confirmed that the scores for each condition (except conditions 3 and 6) and composite SOT were statistically different between the two groups.

Descriptive data (median and interquartile range) for the six conditions and the composite SOT for the two groups are shown as box plots in Figure 1, while mean scores for each condition and for the composite SOT are presented in Figure 2. Table 3 summarizes the descriptive statistics (mean ± SD and median), normative data, and variance analysis for SOT. Descriptive statistics (mean ± SD and median) and normative data for SA are presented in Table 4. Normative data for each condition and composite SOT are reported in Figure 3, while normative data for SA are in Figure 4. In Tables 3, 4 and Figures 2–4 the data on the 70–79 years age group, as provided by NeuroCom in the User’s manual, are reported in order to give the reader a quick comparison among the different age groups. The NeuroCom’s sample was composed of 29 participants (14 women and 15 men). No further statistical analysis has been performed on the NeuroCom’s sample data.
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FIGURE 1. Box plots (median and interquartile range; outliers are represented as dots) for the six testing conditions and for the composite Sensory Organization Test for the very old (80–84 years) and oldest old (85–89 years) groups.
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FIGURE 2. Mean values for the three age groups in the six conditions and for the composite Sensory Organization Test data. The lowest values in condition 5 describe an age-related worsening of vestibular function. Data for the 70–79 age group are provided by NeuroCom® International Inc. (2003).



TABLE 3. Descriptive, variance analysis, and normative data for each condition and composite SOT for three age groups: 70–79 years (data provided by NeuroCom® International Inc., 2003), very old (VO, 80–84 years), and oldest old (OO, 85–89 years).

[image: Table 3]
TABLE 4. Sensory analysis (SA) descriptive (mean ± SD, median) and normative data for three age groups: 70–79 years (data provided by NeuroCom® International Inc., 2003), very old (VO, 80–84 years), and oldest old (OO, 85–89 years).

[image: Table 4]
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FIGURE 3. Normative data for the six conditions and for the composite Sensory Organization Test data in the three age groups considered in this study. The striking reduction in norm values in conditions 5 and 6 is due to the wide standard deviation in those conditions. Data for the 70–79 age group are provided by NeuroCom® International Inc. (2003).
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FIGURE 4. Normative data for sensory analysis (SA) for the three age groups considered in this study. Data for the 70–79 age group are provided by NeuroCom® International Inc. (2003).


We tested the test-retest reliability of our sample and the ICC values provided good reproducibility of the Composite SOT and moderate to good reproducibility for each of the six SOT condition scores. ICC values are reported in Table 5.


TABLE 5. Interclass correlation coefficients (ICC) for each condition and for composite SOT in the whole sample between T0 and T1.

[image: Table 5]


DISCUSSION

The study of SOT in the healthy population has recently developed (Guskiewicz et al., 1997; Ferber-Viart et al., 2007; Pierchała et al., 2012; Pletcher et al., 2017), but not yet in the population aged 80–89 years. As suggested by the increased incidence of falls in the elderly, one or more of the systems involved in postural control lose efficiency with age (Peterka and Black, 1990). Our results showed that balance control in VO and OO is less effective when vestibular information is the only one available, in particular above 84 years of age. This finding is consistent with previous clinical observations (Ferrer et al., 2012). The older adults of the third millennium are the healthiest, most active, and longest-living in human history and are now a demographic phenomenon in most countries (United Nations Department of Economic and Social Affairs [UNDESA], 2020). The literature deals comprehensively with the concept of healthy aging and the interaction between physiological age-related deficits and actual neurological pathology (Morris and McManus, 1991; Kaye et al., 1994; Nardone et al., 2000; Papegaaij et al., 2014). Aging involves the degeneration of various central nervous system (CNS) and peripheral nervous system (PNS) structures, with a loss in brain volume and weight around 5% per decade after age 40 and possible more above age 70 (Peters, 2006), and physiological changes in postural control and balance (Nardone et al., 2000; Kaye et al., 1994; Camicioli et al., 1997), related to sensory deficits (Judge et al., 1995), CNS integration abnormalities (Morris and McManus, 1991), and musculoskeletal aging (Judge et al., 1996). From this point of view, a reduction in neurological performance can be defined as a sequela of neuroanatomical and neurofunctional changes (Morris and McManus, 1991; Papegaaij et al., 2014). The risk of falling increases in older adults, and balance impairment is one of the main targets of rehabilitation treatment (Chang et al., 2004).

As expected, mean values decreased in both VO and OO groups from Condition 1 (i.e., all sensory information available) to Condition 5 (i.e., visual information absent and proprioception not reliable). In the variance analysis, we observed that the scores for all conditions and for the composite SOT were statistically different between the VO and OO, with the exception of condition 6 and, broadly, of condition 3. A similar observation for condition 3 has already been provided in a previous study (Pletcher et al., 2017). In that paper statistical differences were seen between military groups with different tactical demands in all SOT conditions with the exception of condition 3; the authors hypothesized that the similar distribution of the SOT scores for condition 3 and somatosensory scores among groups might reflect the disadvantage to the visual system due to the sway-referenced surround. In our sample this result may suggest that aging can affect the use of proprioceptive information less than vestibular information with respect to balance control. However, this aspect requires further investigation.

The normative data for conditions 1 and 2 are similar between VO and OO. In the OO group the norms for conditions 5 and 6 are equal to zero, and this evidence may imply that vestibular information are not sufficient for OO for maintaining balance control, and that a low vestibular score at the SOT could be considered as “normal” (whereas it would still be considered as pathological in the VO population).

Moreover, the comparison of normative data for the six SOT conditions, composite SOT and SA for VO and OO with those of the previous decade (Tables 3, 4) suggests some thoughts:


-The normative data for conditions 1 and 2 for the two groups in our sample were higher than those stated by NeuroCom for the 70–79 years age group. The reason for this discrepancy could have various origins. First, the sample adopted by NeuroCom for the 70–79 age group was smaller (n = 29, 14 female) than ours. Although declared asymptomatic, their sample was not previously evaluated for functional performance and medication intake. Second, aging for our subjects occurred 20 years later than the NeuroCom original study, so that health care conditions might have improved. Third, subjects who survived for a long time without health concerns could have had a functional advantage during aging. Fourth, the mediterranean environmental context might have fostered a healthier aging.

-The greatest differences with the NeuroCom 70–79 years group can be found for Conditions 5 and 6 norms: both VO and OO display lower values than the 70–79 group. This evidence may suggest that a reduction in the efficiency of the vestibular system can be involved in the increasing rate of falling in the elderly.



The reliability of the measures of SOT scores and of the composite SOT were found to be moderate to good. The reliability of SOT scores for Conditions 1–6 were comparable to those reported in previously published papers for individuals aged 20–80 + (19) and above 65 years of age (Ford-Smith et al., 1995). As already pointed out by Forth et al. (2007), there is a considerable variability in the ICCs of the different SOT conditions, ranging from 0.52 to 0.79 in our sample.

The normative data provided by this work may lead clinicians and researchers in defining the degree of balance impairment in individuals aged 80–89 years old. Moreover, the identification of the impaired sensory systems can guide the development of rehabilitation programs tailored on the patient and the measurement of rehabilitation outcomes. This information, together with other validated tool, will help in assessing the risk of falls in elderly people.



CONCLUSION

This study provided normative data for SOT and SA assessed by the EquiTest® System in healthy older subjects. Poor postural stability is a risk factor for falls and subsequent injury. To our knowledge, this study is the first to present SOT and SA norms for subjects aged 80+ years. Moreover, we investigated subjects in the oldest old category (85–89 years). Data from our research can assist both clinicians and researchers who deal with balance in older subjects.



LIMITS OF THE STUDY

The recorded data for the sample were not normally distributed. The variance analysis revealed how the vestibular performance decreased suddenly over a 5-year horizon (80–84 years vs. 85–89 years) and suggested an opportunity for studies with an older and wider span of older healthy subjects. However, it is not easy to find a large number of healthy subjects aged 85 + years. More studies focused on subjects aged 85 + or 90 + years will be possible and easier in the future, considering the global phenomenon of aging.
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We addressed postural instability during stance with eyes closed (EC) on a compliant surface in healthy young people. Spectral analysis of the centre of foot pressure oscillations was used to identify the effects of haptic information (light-touch, EC-LT), or vision (eyes open, EO), or both (EO-LT). Spectral median frequency was strongly reduced by EO and EO-LT, while spectral amplitude was reduced by all “stabilising” sensory conditions. Reduction in spectrum level by EO mainly appeared in the high-frequency range. Reduction by LT was much larger than that induced by the vision in the low-frequency range, less so in the high-frequency range. Touch and vision together produced a fall in spectral amplitude across all windows, more so in anteroposterior (AP) direction. Lowermost frequencies contributed poorly to geometric measures (sway path and area) for all sensory conditions. The same subjects participated in control experiments on a solid base of support. Median frequency and amplitude of the spectrum and geometric measures were largely smaller when standing on solid than on foam base but poorly affected by the sensory conditions. Frequency analysis but not geometric measures allowed to disclose unique tuning of the postural control mode by haptic and visual information. During standing on foam, the vision did not reduce low-frequency oscillations, while touch diminished the entire spectrum, except for the medium-high frequencies, as if sway reduction by touch would rely on rapid balance corrections. The combination of frequency analysis with sensory conditions is a promising approach to explore altered postural mechanisms and prospective interventions in subjects with central or peripheral nervous system disorders.

Keywords: stance, critical conditions, body oscillation, spectral analysis, centre of foot pressure, length and area of sway path, vision, haptic


INTRODUCTION

The sensory control of bipedal human stance has been a matter of investigation for many years (1–3). A plethora of studies has been published on this topic, including some from our group (4, 5). Body sway when standing upright on a solid base of support is normally almost negligible in healthy subjects, witnessing accurate and precise neural control (6, 7) based on the internal model of gravitational and inertial forces (8) and on multiple inputs from the receptors detecting the body state. The excursions of the centre of foot pressure (CoP) of subjects standing quietly on the firm ground are approximately contained within the size of a dime, even if there is a large variability in sway across different healthy subjects (9). In several conditions, though, sway area can significantly increase, such as standing on sloped surfaces or when leaning forward or backward (4, 10), or decrease when subjects stand on elevated platforms (11). Standing on viscoelastic, compliant support like a foam pad produces larger sway and obvious body unsteadiness (12–14). This can in some cases lead to falls (15, 16), especially when vision is not available (17) or when sensory deficits are present (18–20).

Vision is important for body stabilisation during standing (21, 22). Sway may increase without vision compared to eyes open during quiet stance on a firm platform (23) with the effects depending on the distance between the feet (22, 24–26). Vision is also able to gate the effects of vibration (activating the primary receptors of the muscle spindles) of the neck muscles, consisting of a large forward sway when the eyes are closed (27). Vision also moderates the postural effects of the Achilles tendon vibration (28) and plays a more important role in postural stability under challenging conditions compared to quiet stances, such as on a mobile platform or on a foam surface (13, 29–31). When vision is available, subjects reduce reliance on proprioception and increase reliance on visual information (25).

Proprioception is crucial in the control of body stability and orientation in space (32–35), and various manoeuvres have been put in place to clarify its role, including muscle vibration as a tool for activating the spindles (36) or leg ischemia by compression to attenuate the transmission of their firing (37, 38). However, the contribution of the spindles to standing posture may not have been completely elucidated, not to speak of the role of the information from the foot sole and from the intrinsic foot muscles (39–41). These inputs under a quiet stance on the firm ground would play a limited function because the information originating in the primary spindle terminations, which are mainly sensitive to the velocity of muscle stretch (42), may not be crucial in the absence of rapid changes in muscle length. Under a quiet stance, the small-diameter fibres originating in the secondary spindle terminations may play a predominant role (43). Further, reweighting of the proprioceptive information normally occurs, as attested by the reduction in the amplitude of the soleus muscle H-reflex during unperturbed stance (44). Moreover, the reflex excitability of the motor neurons of the leg muscles is decreased when the stance is stabilised by holding onto a solid frame (45, 46) or by lightly touching fixed support (47). The role of proprioception can be more important when the balance is challenged (48) without vision. Under perturbed conditions or with a major reduction of the support surface (49, 50), when the postural muscle activity plays a major stabilising role, the role of proprioception is amplified and that of vision becomes of minor importance (51, 52). Moreover, velocity information would be crucial to stabilise posture during standing on foam support, where the task difficulty is increased and balance is controlled by many muscles acting at several joints (49, 53–57).

Haptic information is effective in reducing postural sway. The effect of a light fingertip touch is comparable to that obtained by opening the eyes (58–63). It can selectively originate from touch receptors (64) and occurs with contact forces below those necessary to mechanically stabilise the body (65–67). Touch-induced stabilisation occurs both when standing on firm ground and when standing on foam (68, 69) or after a balance perturbation (70, 71). With eyes closed, a light touch of an object next to the body, or a touch of the ground by the cane (66, 72), modifies the control of posture, because finger or cane can be appropriately moved to get the information they are searching for (73). The integration of visual and haptic cues in the control of stance has received much less attention than for the identification of object features (74, 75), but the same operating principles might underpin the effects of either or both inflows. For that matter, reaching and grasping (76) are in fact coordinated with postural adjustments (46, 77).

It is easy to measure sway. The force platform upon which subjects stand captures the path of the wandering centre of foot pressure in a given time period, and its length can be measured along with the surface covered by its journey. The geometric and statistical measures of sway (length of sway path and ellipses containing 95% of the acquired points) show a reasonable reproducibility (78) but bear large inter subject variability (79). Further, although sway path and sway area often co-vary, the correspondence between the former and the latter measure may not be consistent across subjects or patients (27, 80), because the same length of the oscillation skein may not occupy the same surface all the time (81). These measures can also overlap between eyes-open and eyes-closed conditions or between young and elderly (82, 83). In turn, the stabilising effect of vision is indistinguishable from that of touch (62). A different analytical approach might more consistently disclose unique attributes of the visual and haptic stabilising effects (21, 84).

When vision and touch are available, sway can further decrease compared to either information alone (63, 74). On the other hand, removal of peripheral sensation, as by anaesthesia or cooling of the skin of the foot sole, increases body oscillations (40). It might be supposed that integration of multiple inputs, as from the eye, the skin, the proprioceptors, or the graviceptors, can afford excellent body stabilisation (reduction of CoP sway) in accordance with the assumption that “more is better.” This view would implicitly assume the existence of one posture-controlling centre able to integrate the sensory inputs and produce the adequate motor commands, which are evidently optimally designed when the centre receives the best possible amount of information. Body oscillations during quiet stance should then diminish monotonically as a function of the number and competence of the sensory inputs.

The assumption of the present study is that potential differences in the effect of vision or touch on stance control cannot be clearly evinced from the geometric analysis of the standard sway variables such as sway path length or area. Sway metrics more closely connected to the muscle synergies and to the presumably responsible supra-spinal and spinal control modes, expressed by the rambling and trembling behaviour (85, 86), would be more telling. Other methods, like indexing postural dynamics, have been exploited with attention to the multiple time scales of control that subserve standing postures (87, 88), such as the stabilogram-diffusion analysis (89, 90), the wavelet-based spectral analysis (91–93), and the sample entropy (94, 95), which provides measures advising automaticity of postural behaviour.

The purpose of this study has been to increase our knowledge on the role of the sensory control of stance by leveraging the tool of spectral frequency analysis (96–99) rather than through the sole use of geometric sway measures, such as the amplitude of sway area and length of sway path (23). Since oscillations frequencies have a strong relationship to leg and foot muscle activity (100), we hypothesised that the frequencies prevalent under certain conditions may offer a straightforward way of identifying whether the control of stance selects distinct balancing modes under a given sensory condition.

Different laboratories have identified a few frequency windows within the frequency spectrum and have connected these windows to the contribution of vestibular or visual or somatosensory information (99, 101–105). Occasionally, criteria for choosing the width of the frequency windows (106) have been provided. Further, the opinion that proprioception would be disrupted when standing on foam is at variance with the plain consideration that proprioception may be modest and downweighed in a quiet stance (see above), while a massive proprioceptive input must reach the central nervous system during the complex adjustments (often unconsciously produced) carried out when standing on foam (107).

Hence, we addressed the sensory modulation (visual, haptic) of postural behaviour in healthy young people through the use of spectral analysis of the CoP displacement. We have hypothesised that vision and touch stabilise body sway through at least partially different modes of action detectable by the spectral analysis. We first critically examined the use of this tool since there is a wide divergence in the way frequency spectra and frequency windows are defined by different laboratories. We then considered the distribution of the frequency spectrum oscillations when stabilisation was achieved through the use of haptic information (light touch, EC-LT) or vision (EO) or both (EO-LT). In addition, we compared the data obtained by the frequency analysis to those based on geometric sway measures. Finally, we compared the results obtained on the foam to those obtained on a solid base of support (BoS). Consistent modulations of the median frequency of the spectrum and of specific frequency windows thereof emerged, suggesting different neural mechanisms of sway-minimisation strategy for vision and haptic sense.



MATERIALS AND METHODS


Participants

Nineteen healthy young adults (9 men and 10 women) participated in the study. Their average age was 29 ± 4.2 years (mean ± SD), height 172.6 ± 7.2 cm, and weight 68.9 ± 13.5 kg. All subjects were free of neurological and musculoskeletal disorders and either had no sight problems or if so, had their visual acuity corrected during the procedure. All gave written informed consent to participate in the experiments that were performed in accordance with the Declaration of Helsinki and approved by the institutional Ethics Committee (Istituti Clinici Scientifici Maugeri, approval number #2564CE).



Procedures

Subjects stood barefoot for at least 100 s on a force platform (Kistler 9286BA, Switzerland). The outer profiles of the parallel feet were set at hip width. The head was facing forward. Balance was measured under two Base of Support (BoS) conditions, solid and foam, two visual conditions, eyes open (EO) and eyes closed (EC), and two touch conditions, no-touch and light-touch (LT), resulting in eight experimental conditions. The foot position was marked on a paper sheet placed on top of the platform or of the foam pad (Airex-Balance Pad 50 cm L × 41 cm W × 6 cm H) for consistency across trials.

Subjects were asked to stand at ease (108), not to stare at a fixed point (109) but to look at the visual scene of the laboratory wall at 6 m distance, featuring the horizontal and vertical profiles of a bookcase. They were asked to avoid the head pitch, roll, and yaw movements, and if possible, ample gaze deviations. In the EC condition, subjects were asked to close their eyes before the start of the acquisition epoch and to keep their eyes closed throughout the trial. In the LT condition, the index finger of the dominant hand was kept on the surface of a haptic device made by a flat horizontal wooden square (10 × 10 cm) fixed on top of a strain gauge (Figure 1). The instruction was to maintain a constant “light touch” on this smooth plane. The output of the strain gauge was recorded by a device that beeped when the vertical force passed the threshold of 1 N. The haptic device was located in front of the subject at about the height of the belly button and distant about 15 cm from it in the sagittal plane. There was no instruction to keep the finger immobile on the force pad and hence, small fluctuations in the hand and finger position were allowed. The finger never slipped off the force pad. The device seldom beeped, mostly in the time period before the acquisition.


[image: Figure 1]
FIGURE 1. Sketch of the test situation showing a standing subject in front of the force pad (yellow) during the light-touch (LT) trials. The force pad device beeped when the force exceeded 1 N. Subjects rarely reached this force level during the trials. In the sketch, the foam is shown (blue). In the absence of touch, both arms were along the trunk. The same position(s) were assumed with the eyes closed (EC) or open (EO).


The data presented here originate from an investigation that required each volunteer to come to the laboratory eight times on separate days. Each day, the subject completed eight equal-duration (100 s) consecutive standing trials in one of the conditions of interest (EC, EO, EC-LT, and EO-LT). In the following analysis, only the first of the eight trials for each sensory condition has been considered and analysed because an adaptation process proved to take place in the successive trials (manuscript in preparation).



Data Acquisition and Processing

The last 90s epoch of each 100s stance trial was acquired in order to avoid the accustoming phase occurring immediately after mounting on the platform (with/without foam). This duration of the trials had been selected in order to be the longest possible to avoid exhaustion while at the same time allowing a good resolution of the oscillation frequencies. Critical parameters to obtain a reliable power spectrum were the duration of the acquired epoch (that defines the lowest detectable frequency) and the sampling rate (that defines the highest detectable frequency) (110–112).

All platform data and the data from the haptic device were captured at the sampling frequency of 140 Hz by a PC on which the dedicated software was running (Smart-D, BTS, Italy). All data were moved to another PC for post-hoc analysis, and calculations were done using the Excel software and customised LabVIEW programs (National Instrument, USA). The force platform signals of the CoP displacements along both the anteroposterior (AP) and mediolateral (ML) directions were high-pass filtered at 0.01 Hz with a 4th order Butterworth philtre after removing the respective mean values. The length of the sway path was the total length of the wandering CoP during the 90 s epoch, calculated using a software compiled on LabVIEW, and sway area was the surface of the 95% ellipse fitted to the dispersion of the time-series of the AP data plotted against those of the ML recorded in the same epoch (113).

The frequency analysis was performed by applying the fast Fourier transform to the ML and AP CoP time-series data of each trial, subject, sensory, and BoS conditions. This was done by means of the Auto power spectrum VI algorithms of the LabVIEW functions. The frequency resolution, i.e., the sampling frequency (140 Hz) divided by the number of samples acquired by the platform (12,600 samples), was 0.011 Hz. The power spectrum signal was expressed as [image: image] since the root mean square (rms) of a signal is defined by urms = [image: image]. For example, in the case of a sinusoidal waveform like u (t) = A sin (2π/T*t), where A is the peak amplitude, T = 1/f, and f is the waveform frequency, the rms of this waveform is urms = A/√2 = 0.707*A. In the case of a sinusoidal peak to peak displacement of 10 cm amplitude, the amplitude of the power spectrum signal would be about 18 [image: image].

An example of this analysis is shown in Figure 2. The analysis has been applied to the data of a pilot test made under dynamic EO foam condition consisting of continuous deliberate mediolateral oscillations around 0.5 Hz (left panels) performed by one experimenter following the rhythm of a metronome for a 90 s period. The amplitude of the rhythmic ML displacement was set by the distance between the feet. The computed oscillation frequency in the ML direction (Figure 2A, red) has a peak around 0.5 Hz, and the amplitude of this peak is about 21 [image: image] In the AP direction (green), the oscillations are smaller and less regular than in the ML direction with a peak frequency of about 1 Hz (Figure 2G). In the right panels of the Figure, the results of the same analysis are reported and applied to a performance during which the same subject was asked to deliberately shake like a raving lunatic on the foam for 90 s (Figures 2C,D). In this case, the spectral analysis shows oscillations at frequencies >2 Hz, and the amplitude of the spectrum is negligible above 5 Hz (Figures 2F,H).


[image: Figure 2]
FIGURE 2. Examples of deliberate sway of the body are performed in order to test the recording and analysis procedures. Voluntary, wide, and rhythmic predominantly mediolateral oscillations were performed in response to 0.5 Hz beeps of a metronome (A,B). The relevant power spectrum profiles in the frontal (ML, with a large peak at 0.5 Hz) and sagittal (AP) planes are reported in (E,G). Note the difference in the ordinates of (E,G). The same subject deliberately performed large body movements at the highest frequency possible (C,D). The relevant power spectrum profiles are shown in (F,H). Now the oscillation frequencies have a wider range and smaller peak amplitudes. Under both circumstances, the deliberate oscillations were performed with the eyes open and lasted 90 s. In (A–D), only 10 s are depicted for easily identifying the CoP oscillations. The traces are dispersed around zero because their mean value has been removed. The power spectra are computed over the 90 s trial.


In the analysis of our experimental trials performed under quiet stance, the frequency range of interest was not predefined. However, we decided to limit the analysis to the part of the frequency spectrum below 2 Hz owing to the negligible amplitude of the power spectrum from 2 Hz onwards. In the EC foam condition, the area under the profile (calculated as the sum of the amplitude of the values of every sample) of the spectrum from 0.01 to 2 Hz corresponded to the 98.8 and 99.0% of the area of the entire spectrum from 0.01 to 70 Hz, for ML and AP, respectively (114).

The amplitude of the body sway (area of the 95% confidence ellipse fitted to the CoP path in the horizontal plane) was hardly affected by oscillation frequencies beyond 2 Hz. Figure 3 shows that the ellipse fitted onto the CoP of the ML and AP traces plotted after high-pass filtering at 2 Hz (Figure 3B) contains a very small percentage (0.7%) of the original unfiltered signal (Figure 3A). The CoP path length diminishes to a much smaller extent (52%).


[image: Figure 3]
FIGURE 3. Effect of high-pass filtering. Body oscillations during a 90 s trial were performed with EC on the foam base of support by a representative subject. The oscillations normally ranged about 3–4 cm in both mediolateral (ML) and anteroposterior (AP) directions (A). (B) The shrink of the oscillation pattern of the same trial as in A when the AP and ML time series were computed on the 2 Hz high-pass filtered signals.


Median frequency and mean level of the spectrum were calculated for each sensory and BoS condition between 0.01 and 2 Hz for the AP and the ML CoP displacements. Median frequency (at which the power spectrum is divided into two parts of equal area) was calculated by means of Matlab software. Then, specific frequency windows (Ws) were identified for further analysis of the effects of the manipulation of conditions on the power spectrum. The Ws identification was made based on the “default” condition (the EC foam trial), which featured the maximum overall amplitude of the entire power spectrum profile compared to all other conditions tested. Then, the boundaries of the Ws were selected based on the profile of the mean power spectrum obtained by averaging the profiles of the EC foam trial of all the subjects (Figure 4). In detail, the Ws have been operationally identified by the superimposition of the mean EC power spectra separately for the frontal (ML) and the sagittal (AP) planes. The local minima were identified in successive epochs of 0.05 Hz of the traces. The same procedure was repeated for the local minima of the profile of the SD trace of the mean power spectrum as a companion criterion. It turned out that the local minima in the successive epochs of the mean power spectrum trace and of its SD trace almost coincided in most cases. These points would correspond to oscillation frequencies poorly represented in our population. They were arbitrarily considered critical discriminating points for the identification of the boundaries of the Ws. Further, in order to simplify the interpretation, some of the minima were disregarded and a few adjacent Ws merged. Hence, the analysis was restricted to six windows only.


[image: Figure 4]
FIGURE 4. Frequency windows identification. The graphs show the mean profile of the power spectrum (average of the profiles obtained in all the subjects, the thick black line) in the ML and AP directions [(A,B), respectively]. The thin dark grey lines are the corresponding profiles of the SD of the means. A similar pattern for the ML and AP spectra is obvious. The superimposed SD traces largely reproduce the up and downs of the mean spectra and show minimum values close to the relative minimum values of the mean spectra. The blue and red dots correspond to the local minima of the mean and SD traces, respectively, computed in the consecutive 0.05 Hz windows. The pale-coloured rectangles indicate the frequency windows used in the analysis.


Moreover, based on the visual comparison of the profiles of the mean power spectra obtained for the ML and AP directions of CoP oscillations and of their SD, which were similar and almost superimposable across the entire frequency range, we decided to utilise the same Ws identified for the ML direction for the AP direction. This procedure allowed to identify the following frequency Ws, which were equal for both the ML and the AP directions: W1 (the lowest frequency), from 0.01 to 0.055 Hz; W2, 0.055 to 0.2 Hz; W3, 0.2 to 0.44 Hz; W4, 0.44 to 0.8 Hz; W5, 0.8 to 1.31 Hz; and W6, 1.31 to 2 Hz. For each W, the mean level of the spectrum was calculated and compared across the sensory and BoS conditions.



Data Treatment and Statistics

The mean power spectra profiles (mean + SD) obtained for the CoP oscillations were point-by-point compared by Student's t-test according to a procedure used in this laboratory (115). The oscillation frequencies at which the Student's t-test value bypassed the probability of 0.05 (two-tailed pairwise test) were taken as the frequencies at which ML and AP oscillations became different. This procedure was used to compare the ML and AP power spectra in the EC condition and the spectra under both EC-LT and EO conditions on foam in order to investigate the differences in the contribution to the stabilisation process of touch and vision.

The data pertaining to the mean profile of the AP power spectrum were plotted against those of the mean profile of the ML power spectrum for the EC foam condition. This relationship was studied by a linear regression model and the coefficient of determination (R2) was calculated. Also, the relationships between the mean level of the ML and AP spectrum in each frequency window and the CoP path length and sway area were studied by a linear regression model and the R2 was calculated.

Assumptions for parametric statistics were met for all variables of interest as assessed by the Kolmogorov-Smirnov and Levene's test. The following analyses were performed separately for the two BoS conditions (solid and foam). A 2 (ML and AP directions) × 4 (vision and touch conditions) repeated measure (rm) ANOVA was used to compare the median frequency and the mean level of the spectrum between 0.01 and 2 Hz. A 2 (ML and AP directions) × 4 (vision and touch conditions) × 6 (frequency windows) rm ANOVA was used to compare the mean level of the spectrum calculated in each frequency window. In order to highlight the difference between sensory conditions in each window, a 2 (ML and AP directions) × 4 (vision and touch conditions) rm ANOVA was applied to the mean level, separately for each window. The effects of the different sensory conditions on path length and sway area of the CoP were compared by a 1-way rm ANOVA. A two-tailed paired t-test was used to compare the force exerted by the subjects on the touch pad between EC-LT and EO-LT conditions.

The main effects of BoS (foam and solid) on the median frequency and on the mean level of the spectrum between 0.01 Hz and 2 Hz were compared by a 2 (BoS) × 2 (ML and AP directions) × 4 (vision and touch conditions) rm ANOVA. A 2 (BoS) × 4 (vision and touch conditions) rm ANOVA was used to test the effect of the two BoS on CoP path length and sway area. A 2 (BoS) × 2 (EC-LT and EO-LT conditions) rm ANOVA was used to compare the effect of the base of support on the force exerted by the subjects on the touch pad. The post-hoc was the Fisher's LSD test. The significance level was set at 0.05. The value of [image: image] was reported as well. Where the differences were significant, the Cohen's d effect sizes highlighted the strength of the difference. Statistical tests were performed using Statistica (Statsoft, USA).




RESULTS

The findings are itemised for the sake of clarity. The CoP data collected in the foam condition are presented first, followed by those recorded in the solid BoS condition. Within each branch of the investigation, the power spectrum data in the different experimental conditions are presented first, followed by the geometric data of path length and sway area and by the comparisons of frequency and geometric data. In both cases, the data regarding the ML precede those of the AP oscillations. The comparisons between foam and solid BoS conditions are reported at the end of the section.


Foam Base of Support
 
Power Spectrum
 
ML and AP Oscillations (EC) Have Similar Profiles

The analysed range of the power spectrum reached from 0.01 to 2 Hz. The area under the curve of this range corresponded to more than 98% of that of the entire spectrum (along both the ML and the AP directions). In particular, no frequency peak however small was obvious in the profile of the power spectrum beyond 2 Hz.

Figure 5 shows the mean power spectra superimposed for the ML and AP oscillations (Figure 5A) in the EC condition and the result of applying the t-test to each of the frequency values (Figure 5C). The profiles were similar. However, differences between the two spectra were detected by the Student's t-test between 0.1 and 0.3 Hz and in scattered positions for higher frequencies. In inset Figure 5B, the data pertaining to the mean profile of the AP power spectrum were plotted against those of the mean ML power spectrum for the EC condition. Each sampled frequency point is considered (n = 180 data points corresponding to the frequency units). Clearly, there is a good regression line, indicating that when the value of the power spectrum profile at a certain sampled frequency was low in ML, the corresponding AP value was also low and vice versa.


[image: Figure 5]
FIGURE 5. Comparison between the ML and AP spectra. In (A), the superimposed power spectra in the ML and AP directions (EC) appear similar, except for a slightly higher amplitude of the AP (green) compared to the ML spectrum (red). The regression line fitted to the data points of AP vs. ML (B) has a slope slightly higher than 1 and the intercept close to origin of the axes (y = 1.15 × + 0.0008, R2 = 0.72, p < 0.001). The plot in (C) shows the probability values associated with the t-test of the point-to-point differences between the two spectra. The red dashed line indicates the significance of the differences at p < 0.05. Consistent but limited differences between the two spectra were observed at low frequencies.




Sensory Conditions

The mean profiles of the power spectra in the four tested conditions (EC, EC-LT, EO, EO-LT) when standing on foam are shown in Figures 6A,B. For each condition and each subject, the median frequency and the mean level of the spectrum was calculated (Figures 6C–F). All conditions included, the median frequency was not different between ML and AP [F(1, 18) = 0.86, p = 0.36]. However, there was a significant difference in the median frequency between sensory conditions [F(3, 54) = 64.5, p < 0.001, d = 3.76, [image: image] = 0.78] and a significant interaction between ML and AP directions and sensory conditions [F(3, 54) = 3.16, p = 0.03, d = 0.84, [image: image] = 0.15]. For both ML and AP, the median frequency was higher with EC (EC and EC-LT) than with EO (EO and EO-LT) (post-hoc, p < 0.05 for all comparisons). In the ML direction, there was no difference in the median frequency between EC and EC-LT (p = 0.76) and between EO and EO-LT (p = 0.73). In the AP direction, instead, the median frequency was higher with EC-LT than with EC (p < 0.001), but there was no significant difference between EO and EO-LT (p = 0.14). All conditions included, there was a significant difference in the mean level of the spectrum between ML and AP directions [F(1, 18) = 5.53, p = 0.03, d = 1.1, [image: image] = 0.23], a significant difference between sensory conditions [F(3, 54) = 88.35, p < 0.001, d = 4.43, [image: image] = 0.83] and a significant interaction between ML and AP directions and sensory conditions [F(3, 54) = 27.11, p < 0.001, d = 2.45, [image: image] = 0.6]. In the ML direction, the mean level of the spectrum under EC condition was the highest (post-hoc, p < 0.001 for all comparisons) and became the smallest in the EO-LT condition (p < 0.01 for all comparisons). In the EC-LT condition, the mean level was not different to the mean level under EO (p = 0.1). Also, in the AP direction, the mean level of the spectrum under EC condition was the highest (post-hoc, p < 0.001 for all comparisons) and became the smallest in the EO-LT condition (p < 0.01 for all comparisons). Moreover, in the EC-LT condition, the mean level of the AP spectrum was smaller than in the EO condition (p < 0.001).


[image: Figure 6]
FIGURE 6. Power spectra under different sensory conditions. This contrasts the spectra during the trials performed on foam without vision (EC, red), with vision (EO, green), and with the addition of touch (EC-LT, yellow; EO-LT, blue). Obviously, the level of the spectrum for all the “stabilised” conditions is smaller than with EC (A,B). The median frequency of the spectrum (C,D) is definitely smaller with vision (EO and EO-LT) than without vision (EC and EC-LT), both in the frontal and sagittal plane. Conversely, the mean level (E,F) is small in the three “stabilised” conditions. In this case, the reduction in the mean level also applies to EC-LT. Triangles indicate significant differences (Δp < 0.001).


In Figure 7, the median frequency of the spectrum is plotted against its mean level for ML and AP directions in the four sensory conditions for each subject. A large variability across subjects is obvious in the plots. However, it is clear that the red and yellow circles (no vision, EC and EC-LT, respectively), have high median-frequency values, while the green and blue circles (vision, EO and EO-LT, respectively) mostly include low frequencies values. Conversely, touch (EC-LT and EO-LT, the clusters of the yellow and blue symbols, respectively), produced the largest reduction in the mean level, regardless of the visual condition. This consideration applies to both ML and AP directions. In the plots, the large circles correspond to the mean values of the clusters. As expected, the conditions EO and EO-LT feature small values for both variables. The median frequencies with touch were just larger (even not significantly so for the ML direction) than under the corresponding EC and EO conditions (without touch) for both the ML and the AP directions.


[image: Figure 7]
FIGURE 7. Relationship between median frequency and mean level of the spectrum. There is a weak relationship between the value of the median frequency and the mean value of the entire spectra in each subject (n = 19), in both the frontal (A) and the sagittal planes (B). The relatively large variability across subjects is underscored by the plots. However, when the mean values of each of the coloured clusters are considered (the large circles with their SDs), it appears that vision (EO, green) and vision and touch (EO-LT, blue) feature small oscillation frequencies with small oscillation amplitudes. Without vision, however, touch clearly reduces the mean level (EC-LT, yellow) compared to no-vision (EC, red), while the oscillation frequencies are hardly changed, particularly along the ML direction.




Distinct Effects Are Elicited by the Sensory Conditions in the Different Frequency Windows

Figure 8 shows the mean level of the spectrum calculated for the ML (Figure 8A) and AP directions (Figure 8B) across all the subjects in each of the identified frequency windows. In the bottom panels (Figures 8C,D), the percent changes with respect to the EC condition are reported for the ‘stabilised’ conditions. There was a difference between the mean level of the spectra of the ML and AP directions, all conditions included [F(1, 18) = 13.1, p < 0.01, d = 1.7, [image: image] = 0.42], a difference between sensory conditions [F(3, 54) = 96.6, p < 0.001, d = 4.62, [image: image] = 0.84] and between frequency windows [F(5, 90) = 115.6, p < 0.001, d = 5.06, [image: image] = 0.86]. There was a significant interaction between ML and AP directions and sensory conditions [F(3, 54) = 22.2, p < 0.001, d = 2.23, [image: image] = 0.55], ML and AP directions and frequency windows [F(5, 90) = 3.4, p < 0.01, d = 0.87, [image: image] = 0.16], between sensory conditions and frequency windows [F(15, 270) = 15.4, p < 0.001, d = 1.83, [image: image] = 0.45], and between ML and AP directions, sensory conditions and frequency windows [F(15, 270) = 5.26, p < 0.001, d = 1.08, [image: image] = 0.23].


[image: Figure 8]
FIGURE 8. Mean levels of the spectrum in the frequency windows (Ws) standing on foam. The mean level of the spectrum is irregularly distributed across the distinct Ws (A,B). The EC condition (red bars) features a large mean level compared to the other sensory conditions in all the Ws, regardless of the ML or AP direction and of the progressive decrease in amplitude at the higher frequencies. The “stabilised” conditions show a non-uniform pattern depending on Ws and sensory conditions. EC-LT reduces the mean level in all the Ws in ML and more so in AP. Whereas, in ML and AP, EO (green) shows large mean levels at the low frequencies. Overall, the mean level at the highest frequencies is broadly reduced in all “stabilised” conditions. Distinct symbols indicate significant differences (□p < 0.05; °p < 0.01; Δp < 0.001). A compact compendium of the percent reduction compared to EC (red outermost trace) in the mean level of the distinct frequency Ws under the EC-LT, EO, EO-LT conditions is given by the radar plots in (C) (ML) and (D) (AP).


Figures 8C,D give an easy view of the similarities and differences in the mean levels of the distinct frequency windows in the three “stabilised” conditions. In W1 and W2, vision (EO, green) had a small effect in ML and AP compared to EC. For all remaining frequency windows, vision reduced the mean level to a large extent in AP and ML. Touch without vision (EC-LT, yellow) moderately reduced the mean level in all frequency windows in ML, more so in AP. Touch and vision (EO-LT, blue) reduced the mean level of the entire spectrum in ML, particularly for the W3–W6, more so in AP.

ML Direction. In detail, in W1, the mean levels in the EC and EO conditions were not much different (post-hoc, p = 0.09). The mean level with EC was >2 conditions with touch (EC-LT and EO-LT, p < 0.05 for both comparisons). When touch was added (EC-LT condition), the mean level of the spectrum was not different from the mean level of the EO and of the EO-LT conditions (p > 0.4 for both comparisons). When touch was added to vision (EO-LT), there was no difference compared to the EO condition (p = 0.67). In W2, touch diminished the mean level of the spectrum with respect to the corresponding visual condition without touch (post-hoc, EC-LT vs. EC: p < 0.001; EO-LT vs. EO: p < 0.05). Touch under the EC condition diminished the mean level with respect to EO (p < 0.01). EC and EO were not different (p = 0.6). In W3, EC had the largest spectrum than the other sensory conditions (p < 0.001 for all comparisons). When touch was added (EC-LT), the spectrum diminished to less than half of EC (p < 0.001) but remained greater than EO (p < 0.05) and EO-LT (p < 0.01). When touch was added to vision, there was no difference in the amplitude of the spectrum compared to EO (p = 0.33). In W4, the EC had the largest spectrum compared to the other sensory conditions (p < 0.001 for all comparisons). With EC-LT, the mean level was greater than with EO and EO-LT (p < 0.05 for both comparisons). There was no difference between EO and EO-LT (p = 0.51). In W5, EC was greater than EO (p < 0.05). When touch was added (EC-LT), the mean level was smaller with respect to EC (p < 0.001). There was no difference between EO and EO-LT (p = 0.14). In W6, the mean level in the EC condition was the greatest (p < 0.05 for all comparisons).

AP Direction. In W1, touch with respect to no-touch diminished the mean level of the spectrum both with EC and EO (post-hoc, p < 0.001 for all comparisons). There was no difference between EC and EO either with (EC-LT vs. EO-LT, p = 0.62) or without touch (EC vs. EO, p = 0.39). The mean level in W2 behaved similarly to W1. Again, touch diminished the mean level of the spectrum with respect to the corresponding visual condition without touch (EC-LT vs. EC, p < 0.001; EO-LT vs. EO: p < 0.01). The mean level without vision (EC) was reduced by a touch more than by vision (p < 0.001). There was a significant difference in this window between EC and EO (p < 0.01), but there was no difference between EC-LT and EO-LT (p = 0.18). The pattern of the spectrum in the four sensory conditions was broadly reproduced in W3, W4, W5, and W6. EC had the largest mean level than the other sensory conditions (p < 0.001 for all comparisons within each window). When touch was added (EC-LT), the spectrum became similar to EO (p > 0.08 in each window). There was a difference between EO and EO-LT in W3 and W5 (p < 0.05 for both windows) but not in W4 and W6 (p > 0.14 for both windows).



Touch and Vision

The potentially different processes subserving the “stabilising” effects of touch without vision (EC-LT) and of vision without touch (EO) have been the object of additional analysis. In Figure 9, the spectrum of the EC-LT condition is superimposed to that of the EO condition for the ML (Figure 9A) and AP (Figure 9B) directions, and the result of applying the point-by-point t-test analysis (Figures 9C,D) is shown. For the ML direction, touch (EC-LT) significantly decreased the amplitude of the spectrum between 0.07 and 0.15 Hz (approximately corresponding to the frequency window W2) with respect to the EO (no-touch), while the amplitude of the spectrum was greater for EC-LT with respect to EO between 0.3 and 0.8 Hz (approximately corresponding to W4). For the AP direction, the amplitude of the spectrum was smaller with EC-LT than EO only at low frequency, while there was an increased amplitude for frequencies in W4 (EC-LT > EO). This analysis confirms the emergence of a relatively large high-frequency component of the spectrum, for both ML and AP, selective for touch. However, this component did not raise the spectrum up to its EC values and disappeared when vision was available (EO-LT, see Figures 5, 7).


[image: Figure 9]
FIGURE 9. Comparison of the effects of the “stabilising” touch and vision conditions. EC-LT (yellow) and EO (green) are compared in (A,B) for the ML and AP directions, respectively. Touch compared to vision remarkably decreases the spectrum in the very low frequency range (~0.01–0.2 Hz) but increases its level in the range 0.3–0.8 Hz. Graphs (C,D) (reporting the p-values of the point-to-point differences between the mean values of the entire spectra) show that the mean levels are significantly different in these ranges. The differences are less strong in the higher frequency range for the AP direction. The red dashed lines indicate the level at which the differences are significant at p < 0.05.





Geometric Sway Measures

The statokinesigrams of a representative subject under the four different conditions while standing on the foam BoS are shown in Figures 10A–D. Sway area diminished with touch and with vision with respect to EC. The bottom panels show the mean CoP path length (Figure 10E) and the mean sway area (Figure 10F) calculated across all subjects. The CoP path length was different between conditions [F(3, 54) = 18.4, p < 0.001, d = 4.76, [image: image] = 0.85] and there was a difference between each condition (EC > EC-LT > EO > EO-LT, post-hoc, p < 0.01, for all paired comparisons). When vision and touch were combined (EO-LT), the CoP path length became the smallest (p < 0.001 for all paired comparisons). Of note, the force applied by the fingertip to the force pad (Figure 10G) was virtually the same regardless of the vision condition (EC-LT and EO-LT, paired t-test, p = 0.63).


[image: Figure 10]
FIGURE 10. Geometric sway measures. The four top panels show representative diagrams of the CoP sway trajectory (black line) together with the 95% ellipse profile (red) in one subject in the four sensory conditions tested on foam (A–D). The diagrams broadly match the mean values of path length (E) and sway area (F) of the entire cohort of subjects. There is a discordance in the two metrics (length and area), whereby the path length diminishes with EC-LT and EO-LT, but the sway area decreases proportionally more. (G) The fingertip forces applied to the force pad during the touch conditions (both EC-LT and EO-LT) were similar. Distinct symbols indicate significant differences (□p < 0.05; °p < 0.01; Δp < 0.001).


Similar but not identical results were obtained considering the sway area. There was a significant difference between conditions [F(3, 54) = 83.4, p < 0.001, d = 4.3, [image: image] = 0.82]. With EC, the sway area was the largest with respect to the other sensory conditions (post-hoc, p < 0.0001 for all comparisons) and became the smallest with EO-LT (p < 0.0001 for all comparisons). When touch was added to EC, the sway area become not different from EO (EC-LT vs. EO, p = 0.23) but remained greater than with EO-LT (p < 0.001).

The relationship between the mean level of the spectrum in the ML (Figures 11A–F) and AP directions (Figures 11G–L) vs. the CoP path length and sway area in the different frequency windows are shown in Figure 11. W1 and W2 are shown in the first two columns. In the panels of the right column, the frequency windows from W3 to W6 (containing the highest frequencies) and their levels are merged. There was no relationship between the mean level of the ML or AP spectrum and the CoP path length or sway area in the first frequency window (W1). The relationship improved from the W2 to the higher frequency windows, especially for the CoP sway area (p < 0.001 for all regression lines) for both ML and AP directions. The equation of the regression lines fitted to the data is reported in Table 1 for the ML and AP directions.


[image: Figure 11]
FIGURE 11. Not all the frequency windows match the geometric sway measures. The contribution of the ML (A–F) and AP (G–L) sway frequencies to the geometric sway measures is limited to high frequency windows (EC, red; EC-LT, yellow; EO, green; EO-LT, blue). The columns refer to W1 (A,D,G,J), W2 (B,E,H,K), and from W3–W6 (C,F,I,L). Each symbol refers to one subject. (A–C,G–I) The spectrum amplitudes vs. the CoP path length, and (D–F,J–L) the spectrum amplitudes vs. the sway area. For both sway area and path length, the slope of the regression lines increases with frequency under all sensory conditions but only for W2 onwards.



Table 1. Relationship between level of mediolateral (ML, left part) and anteroposterior (AP, right part) spectrum and CoP path length and sway area.

[image: Table 1]




Solid Base of Support
 
Power Spectrum

The mean power spectra profiles computed for the four tested conditions (EC, EC-LT, EO, EO-LT) when standing on the solid BoS are shown in Figures 12A,B. For each condition and for each subject, the median frequency and the mean level of the spectrum were calculated between 0.01 and 2 Hz (Figures 12C–F).


[image: Figure 12]
FIGURE 12. Power spectrum on solid BoS. (A,B) compare the power spectra during quiet stance EC (red), EO (green), EC-LT (yellow), and EO-LT (blue). For the low-frequency range, the mean level with EO was not smaller than with EC (for both ML and AP directions). Touch (EC-LT) and vision (EO) produced the smallest amplitudes of the spectrum. The median frequency of the entire spectrum was not much different across conditions (C,D). However, the mean level was larger in AP than ML (both EC and EO), and much larger without touch (E,F). Overall, median frequencies were about half, and the mean level was about half to a quarter of those with foam (compare to Figure 5). The changes with respect to EC of the distinct frequency windows are shown in the radar plots (G,H) for both ML and AP directions. Compared to the foam conditions (see Figure 8), the mean levels are less than half. Distinct symbols indicate significant differences (□p < 0.05; °p < 0.01; Δp < 0.001).



Sensory Conditions

All conditions included, the median frequency was not different between ML and AP [F(1, 18) = 0.2, p = 0.65]. There was a difference between conditions [F(3, 54) = 4.1, p < 0.05, d = 4.25, [image: image] = 0.18] and an interaction between median frequency of ML and AP directions and sensory conditions [F(3, 54) = 4.01, p < 0.05, d = 4.14, [image: image] = 0.18]. For the ML direction, the median frequency was much higher with EC than with all other sensory conditions (post-hoc, p < 0.05 for all comparisons). There was no difference between EC-LT and the two conditions with eyes open (EO and EO-LT) (p > 0.4 for both comparisons) and between EO and EO-LT (p = 0.22). For the AP direction, EC was not different from the other sensory conditions (p > 0.1 for all comparisons). EC-LT was larger with respect to EO (p < 0.05) and EO-LT (p < 0.05). There was no difference between EO and EO-LT conditions (p = 0.44).

The mean level of the spectrum between 0.01 and 2 Hz was different between ML and AP [F(1, 18) = 16.45, p < 0.001, d = 1.91, [image: image] = 0.48]. There was a difference between conditions [F(3, 54) = 11.4, p < 0.001, d = 1.59, [image: image] = 0.39] and an interaction between ML and AP directions and sensory conditions [F(3, 54) = 12.6, p < 0.001, d = 1.67, [image: image] = 0.41]. For ML, the mean level was not different between sensory conditions (post-hoc, p > 0.2 for all comparisons). For AP, the mean level with EC was higher than with EC-LT and EO-LT (p < 0.001), but was not different from EO (p = 0.35). The mean level with EC-LT was smaller than EO (p < 0.001) and similar to EO-LT (p = 0.57). Compared to the foam condition, the median frequency was lower for the solid BoS [F(1, 18) = 60.7, p < 0.001, d = 3.66, [image: image] = 0.77] when all sensory conditions were included. The mean level of the spectrum between 0.01 and 2 Hz was also different between foam and solid BoS [foam > solid, F(1, 18) = 108.19, p < 0.001, d = 4.89, [image: image] = 0.86].



Frequency Windows

In Figures 12G,H, the mean level of the spectrum in the different frequency windows and their percent reduction with respect to EC condition is reported for each sensory condition.

There was a difference in the spectrum mean level between the ML and AP directions when all conditions included [F(1, 18) = 17.4, p < 0.001, d = 1.97, [image: image] = 0.49]. There was also a difference between conditions [F(3, 54) = 9.08, p < 0.001, d = 1.42, [image: image] = 0.33] and between frequency windows [F(5, 90) = 38.1, p < 0.001, d = 2.91, [image: image] = 0.68]. There was an interaction between ML and AP directions and sensory conditions [F(3, 54) = 10.3, p < 0.001, d = 1.51, [image: image] = 0.36], ML and AP directions and frequency windows [F(5, 90) = 8.6, p < 0.001, d = 1.38, [image: image] = 0.32], between sensory conditions and frequency windows [F(15, 270) = 4.8, p < 0.001, d = 1.03, [image: image] = 0.21], and between ML and AP directions, sensory conditions and frequency windows [F(15, 270) = 4.5, p < 0.001, d = 0.99, [image: image] = 0.20]. For the ML direction, there was no significant difference between sensory conditions for W1 and W2 (post-hoc, p > 0.2 for all comparisons). In W3 to W6 there was no difference in the mean levels between EC-LT and EO-LT (p > 0.6 for all comparisons) and between EC and EO (p > 0.3). Touch reduced the level under both EC-LT and EO-LT conditions (p < 0.05). The level of the EC-LT condition was not much different to EO (p > 0.07), and that of EO-LT was smaller than EO (p < 0.05). For the AP direction, touch reduced the mean levels in all the frequency windows (EC-LT vs. EC and EO-LT vs. EO, p < 0.001). There was no difference between EC and EO (p > 0.07). Similarly, EC-LT and EO-LT were not different across the windows (p > 0.3).




Geometric Sway Measures

The mean CoP path length and the mean sway area calculated across subjects standing on solid BoS are shown in Figures 13A,B. ANOVA on the CoP path length showed a difference between sensory conditions [F(3, 54) = 3.46, p = 0.02, d = 0.88, [image: image] = 0.16]. With EC, the path length was greater than EC-LT and EO-LT (post-hoc, p < 0.05 for both comparisons), but not different from EO (p = 0.4). There was no difference between the two conditions with touch (EC-LT vs. EO-LT, p = 0.92). ANOVA, on the sway area, showed a significant difference between sensory conditions [F(3, 54) = 11, p < 0.001, d = 1.56, [image: image] = 0.38]. Sway area with EC and EO was greater than EC-LT (post-hoc, p < 0.01 for both comparisons) and EO-LT (p < 0.01 for both comparisons). There was no difference in sway area between EC and EO (p = 0.17) and between EC-LT and EO-LT (p = 0.68). Path length [F(1, 18) = 90.5, p < 0.001, d = 4.48, [image: image] = 0.83] and sway area [F(1, 18) = 93.97, p < 0.001, d = 4.56, [image: image] = 0.84] were greater with foam than solid BoS when all sensory conditions are included. Much as with foam, during the trials performed on the solid BoS vision did not affect the force applied by the subjects onto the force pad (Figure 13C) (paired t-test, p = 0.29). In turn, the touch forces exerted on solid BoS were not different from those recorded when standing on foam [F(1, 18) = 2.6, p = 0.12].


[image: Figure 13]
FIGURE 13. CoP path length and sway area on solid BoS. The path length and 95% ellipse area with the solid BoS are much smaller than in the foam condition. While the path length is not very different across sensory conditions (A), sway area shows larger differences across conditions, the minimal excursions of the CoP being present when touch is available (B). In the solid BoS condition, the touch forces (C) are similar, with and without vision. Distinct symbols indicate significant differences (□p < 0.05; °p < 0.01; Δp < 0.001).






DISCUSSION

Our hypothesis was that vision and light touch stabilise body sway through at least partially different actions (31). To this objective, we have computed and analysed both the usual stabilometric indices (sway path and sway area) and the power spectra of the oscillation frequency along with both the frontal and the sagittal planes in healthy young subjects standing on a compliant and on a solid surface.

Spectral analysis of body oscillations during stance has been repeatedly exploited in order to understand the processes underpinning the control of equilibrium in the absence of external perturbations (35–39, 116–120). Singh et al. (98) had a contiguous research question and emphasised open issues in attributing specific frequencies to the effect of different sensory modalities on standing posture. Inconsistencies in the methodological approach across the literature might have detracted researchers and clinicians from the use of standardised approaches. The span of considered frequencies varies across laboratories, and one wonders whether frequencies as high or higher than, say, 2 Hz can have a practical counterpart for the interpretation of the sway of healthy, non-trembling subjects (121, 122). Moreover, the value of the ordinate in the power spectrum is sometimes of difficult interpretation, also because of dissimilar modes in the signal processing (e.g., filtered/non-filtered) and the metrics used in different studies, so that attention seems to have been devoted more to the frequencies themselves than to the effective amplitude of their power spectrum. We have leveraged this approach in order to test the possibility that the effects of different sensory conditions and support bases on the body sway can be easily detected by the frequency analysis compared to the commonly used metrics and can yield details not granted by the simple analysis of the CoP path length or sway area.

We have tried to identify ranges and amplitudes of oscillation frequencies presumably having an actual physical counterpart in the wandering of the CoP of the standing body, and to detect spectrum windows which could be questioned for elucidating the effects of adding haptic and visual sensory information on the CoP oscillations identified in the most unstable condition (eyes closed, EC). As a consequence, we have limited our analysis to the region of the power spectrum (below 2 Hz) encompassing about 99% of the total available spectrum (i.e., containing the frequencies up to 70 Hz, which depend on the frequency of sampling of the CoP signal). We have also checked that the oscillations beyond 2 Hz represent a tiny proportion of the geometric metrics, the sway area, and the path length. The oscillations beyond 2 Hz do indeed represent a minor part of the sway area (<1%) (see Figure 3B). They contribute to the path length by about 50%, though. The incongruous length of the sway path compared to its area is due to the long period of acquisition, when the filtered signal does negligibly oscillate but may show minimal displacements, the sum of which gives rise to sizeable total lengths over the 90 s epoch. Perhaps, for this reason, frequencies from 2 to 20 Hz have been considered in some studies on dizzy patients (123, 124).

With EC foam, the frequency spectra and their amplitudes were broadly similar in both ML and AP directions, but larger in AP for frequencies in the W1 and W2. This was not unexpected because the spontaneously oscillating body during quiet stance does not really care about the space directions along which to move, and the balancing strategies of a double-inverted pendulum are not really functionally separated (56, 125) unless imposed by the feet distance (24, 126, 127). In our subjects, this distance (the outer profile of the feet was about the hip distance) was appropriate for promoting omni-directional sway, as obvious in the shape of the wandering of the CoP on the horizontal plane (see Figures 3A, 10A,C).

The median frequencies are higher without vision (EC). The median frequencies remain high (or get relatively higher in the AP direction) when touch is added to EC. Hence, the median frequency is not a good predictor of the effect of the haptic information. Conversely, vision is associated with low median frequency values. This is true both with and without touch. In general, vision diminishes the median frequency, while touch diminishes the amplitude of the spectrum. It seems that vision prescribes the frequency of oscillation, upon which touch quantitatively modulates the amplitude. As expected, there is a broad correspondence between the amplitude of the spectra and the geometric sway measures (compare Figures 6E,F with Figures 10E,F). Across the sensory conditions, the length of the sway path is broadly reflected in the amplitude of the mean level of the spectrum along the ML direction, and the sway area is rather reflected in the mean level along the AP direction.


Vision and Touch Stabilise the Standing Body on the Foam
 
Vision

The power spectrum of the oscillation frequencies with EC foam has been considered here the default condition, against which to compare the stabilising effects of vision and touch and both together. Compared to EC, vision (EO) reduced the area of the ellipse by about 61% and the CoP path length by about 53% (see Figure 10). In the spectral analysis, the addition of vision remarkably lowered the median frequency of the entire spectrum. This diminution affected the entire spectrum both in the ML (63%) and in the AP (60%) directions (see Figure 5). This was consistent with a decrease in the amplitude of the medium-high frequencies with sparing of the low frequencies. While the amplitude of each of the oscillation frequency windows was smaller with EO than with EC, the vision had no effect on the spectral mean level of the low-frequency windows in the ML and AP directions. This is in keeping with the findings by Yamagata et al. (86), who showed that slow oscillations, or drifts, appear to be poorly sensitive to vision. Conversely, the reduction was conspicuous for the subsequent windows (between 0.2 and 0.8 Hz), i.e., for oscillation cycles lasting from 5 to nearly 1 s. The highest-frequency windows (beyond 0.8 Hz) were scarcely influenced by vision, much as had been previously shown (56, 117). Under unstable conditions (as standing on an inclined surface or on a balance trainer ball), the slow components of the postural sway appear to depend on vision compared to more stable conditions (128–130). No significant vision effects on the oscillation frequency were noted by Šarabon et al. (82), probably because they measured the average frequency. In our hands, the reduction was clear in the median frequency, just because of the preserved low-frequency and reduced high-frequency oscillations. The frequency window W3 (from 0.2 to 0.44 Hz) should contain frequencies related to ventilation (131), i.e., broadly between 0.2 and 0.3 Hz for ventilation cycles from 12 to 18 per minute, which are probably blunted in the mean spectrum by inter-subject variability. In our hands, the amplitude of the postulated ventilation component diminishes with the general decay of the mean level of the spectrum in the stabilised conditions, making it difficult to draw strong deductions. Interestingly, stabilisation by vision (EO vs. EC) reduced both length and area of the CoP wandering without decreasing the level of the lowest part of the spectrum (the frequency Ws 1 and 2, spanning 0.01–0.2 Hz). The absence of influence of this part of the spectrum on the geometric sway measures is “compensated” by the strong relationships between the level of the higher-frequency windows with CoP path length and sway area (see Figure 11).



Touch

A light touch is a potent stabilising stimulus, able to replace vision in subjects with impaired vestibular system (132–134). In the present study, like in several others [(7), see Lackner (47) for a recent review], the haptic information arose from the index fingertip lightly touching the force pad and from the muscles active in this task. In many studies, the vertical force of the fingertip on the force pad representing the earth-fixed reference was generally well-below 1 N and was considered to be inadequate for mechanical stabilisation (60, 135, 136). Importantly, during our experimental trials, the force did not change across the different sensory or BoS conditions.

Compared to EC, the light touch without vision (EC-LT) reduced the sway area (by about 68%) and the path length (40%). In the frequency domain, EC-LT had minimal effects on the median frequencies of the ML and AP spectra (see Figures 6–9). However, EC-LT reduced the level of the spectrum, along with the ML (by 55%) and more so along with the AP (77%) direction (137–139). It is not unlikely that the haptic reference helped diminish the “slow” sway oscillations more in the sagittal than in the frontal plane (140, 141). This would depend on the haptic task, whereby the reference (the fingertip onto the force pad) was located just in front of the subjects, almost coinciding with the sagittal plane, and broadly congruent with the direction of the gaze (142, 143). However, we would not exclude that, when standing on foam, a minor but non-negligible additional advantage might have been furnished by the contact of the finger with the force pad. We have no information on the amplitude or direction of the friction forces on the force pad, though. Although minimal, these cannot be disregarded (144). Since the body oscillations reduction along the ML direction was similar for touch and vision, we suppose that the added reduction in the AP direction was due to the anterior position of the force pad. Qualitative changes occur, however, even when the haptic stimulus is applied to diverse body sites and has no definite direction of action (145). As to the location of the haptic device, we would remind that similar stabilising effects are obtained by using a cane touching the ground (146). The use of a tool is as helpful as the fingertip input and does not produce a different stabilisation.



Touch and Vision Stabilise Balance Through Distinct Actions

The stabilising effects of touch (EC-LT) and vision (EO) have been directly compared. While both conditions resulted in a similar reduction of path length and sway area (147), their modulation of the spectrum frequencies was definitely divergent. This was clear in the superimposition of the frequency spectra obtained in the two conditions on foam. While the addition of vision (EO) had no effect on the very low frequencies of the spectrum, the same frequencies abated with touch (EC-LT). Conversely, while the higher frequencies were reduced with vision, a broad peak intruded with touch between 0.3 and 0.8 Hz (148), as if the former frequency window drop and the increase of the latter were a necessary quality of the touch effect. It has been known for decades that touching or even aiming to a stable structure diminishes the amplitude of the leg muscle long-latency reflex responses to stretch (46, 149, 150), whereas the short-latency responses are hardly affected. Touch would not be powerful enough for cancelling the medium-high frequencies, likely sustained by continuous operation of short-chain reflexes that represent a major share of the oscillations EC. Further, a new inter-foot coordination pattern (26) would emerge when a midline reference (the LT in front of the subject) is available and attenuate slow omnidirectional oscillations in favour of fast, short displacements. The sway area reflects this effect, as shown by the major shrinkage of the ellipses fitted to the EC-LT (but not EO) data, with a minor reduction in path length. One might speculate that touch without vision sustains the elevated level of excitability of the proprioceptive circuits operating with EC as if this would serve prompt postural corrections when an obstacle challenges the equilibrium in the frontal plane. We would add that, while the spectrum profiles of EC-LT and EO (i.e., during stabilisation by vision or touch) clearly intersected on foam (Figure 8), this pattern disappeared when standing on solid BoS. On the other hand, even the differences between EC and EO disappear with solid BoS, where the sensory information is less crucial for stabilisation.



The Combination of Touch and Vision Produces the Maximal Stabilisation

The integration of touch and vision has been often studied in the context of studies on space perception (151). The interaction of both inputs would take place in cortical areas that are related, among other things, with the control of equilibrium (152–155). In our hands, the condition touch and vision together (EO-LT) clearly proved to be able to further reduce the sway area and the path length (more so the area than the path length) compared to EC (area and path length were reduced by 83 and 69%, respectively). Sway area and path length were also reduced compared to touch (EC-LT) (by 47 and 48%) (see Figure 10) and to EO when separately considered (by 57 and 34%), confirming the findings of Honeine et al. (63). Regarding the frequency spectrum, EO-LT was superior in attenuating the oscillations on foam compared to vision alone (EO). However, EO-LT was not superior to touch without vision (EC-LT) in the low-frequency windows (W1 and W2). In this vein, we would mention that, while the integration of haptic and visual inputs in cortical regions likely plays a role, other probably concurrent processes cannot be overlooked. Effectiveness in visuo-haptic integration is enhanced by object-selective brain regions with increased salience of the stimulus (156). Salience can be attributed to our light touch here because attention was devoted to keeping the force within the required range, even if subjects did not look at the force pad with EO. The level of attention would be most likely different in the foam than in the solid BoS condition. In the former case, a precision task would be implicit (141), even if not expressly required. In the latter case, the task can be more easily carried out and provide a simple haptic reference in the absence of accidental displacement (73).




Foam and Solid BoS

The solid BoS, compared to foam, diminished the median frequency of the spectra almost selectively for the EC condition (both EC and EC-LT), whereas the median frequencies with vision (both EO and EO-LT) were similar in the two BoS conditions. However, the oscillations in the 0.3–0.8 Hz and higher frequency windows (W3–W6) under EC-LT conditions appear only when standing on foam, as if this frequency range were a distinctive feature of standing on a compliant surface. Instead, the mean level of the spectrum was much reduced for all sensory conditions on solid BoS in both ML and AP directions. The effect of touch on the mean level seems to be proportionally stronger on foam in keeping with the observation that unstable balance enhances the haptic sensitivity (157). Generally speaking, it seems that the distinct qualitative contributions to the stabilisation process by vision, touch, or both are hard-wired. These contributions are modulated in amplitude. When the body is in a stable condition (solid BoS), it would continue to operate but are adaptively scaled (or “downweighed”) to the new state.

The balancing behaviour standing on a compliant surface must adapt to the spring-like properties of the foam that influence sway by its own mechanical compliance. This would favour higher activity in the muscles controlling mediolateral oscillations (49, 98). For example, the mean levels of the AP and ML spectra were less different on foam than on solid BoS, suggesting proportionally larger mediolateral adjustments on foam. The inverted pendulum model does not apply to this condition, and movements at several joints contribute to the equilibrium control (13, 158). Analogously, it seems simplistic to posit that the proprioceptive system is disturbed, or its contribution attenuated or invalidated when standing on foam (43, 159, 160). Sway while on foam compared to solid BoS may be less useful for “exploration” of the support base (161) and for “resetting” of the input from the adapting receptors of the foot sole (40). Whereas, pelvis and trunk movements may be more important in getting information about body segments' orientation in space when task difficulty increases (134, 162). The continuous corrections of the body segment displacements on the foam are likely dependent on proprioceptive volleys, which send a continuous (meaningful) input to various regions of the brain and produce appropriate short- and long-latency reflexes (163). Conversely, the vibration of the leg muscles, producing a non-meaningful proprioceptive input, has a smaller effect on body sway while standing on foam (164) or on an unstable support (165, 166). If anything, these findings support the notion that proprioception continues to operate (and likely much more) on a compliant (foam) than solid BoS. The vibration of trunk muscles has, instead, a larger effect compared to the vibration of the leg muscles (164), a finding that we interpret as a shift in excitability of different circuits rather than mere disruption of proprioceptive information by vibration. Of note, touch increases the postural tone in trunk muscles (167). It is not clear, though, whether the new trunk postural activity can be responsible for the relative increase in medium-high frequencies seen while standing on foam in EC-LT condition (168, 169).

With EC, our subjects were actually unstable on foam (but never made a step during these trials) and became stable with touch (EC-LT). Touch devoid of mechanical action (always <1 N) could have had such effect just because proprioception was properly working. In a sense, the ampler the joint movements on foam, the more substantial the proprioceptive input from multiple muscles, not excluding those of the forearm muscles enabling and contributing to a significant haptic input (64, 170). Mastering a complex proprioceptive input can be difficult and lead to instability. However, there must be a large safety margin compensating for unpredictable alteration in proprioceptive input. Young subjects, healthy except for the Marfan syndrome, a disorder targeting the connective tissue, show impaired balance control under critical conditions (unstable BoS, eyes closed) (171). However, just a few of them had to be supported during the trials despite presumably altered reflex patterns due to their unique joint hypermobility.



Frontal and Sagittal Planes

Control of balance in the mediolateral direction is critical (52, 172) and is often impaired in older adults and when the asymmetry of stance is present, like for instance in stroke patients (173, 174). There were considerable differences in the mean level of the spectrum of all the frequency windows between ML and AP directions, and the overall pattern of the effects of touch and vision were distinct along the frontal and sagittal planes and both on foam and solid BoS (compare Figures 8, 12). On the other hand, the median frequency was not different between the frontal and the sagittal planes for both foam and solid BoS. Touch compared to no-touch, regardless of vision availability, exerted a larger stabilising effect in the AP than in the ML direction. Such a stabilised condition (EC-LT and EO-LT) may have reduced the “rambling” component of the control while favouring the “trembling” omponent (86, 175), thanks to the haptic reference in the AP direction. With vision, a difference also emerged between ML and AP directions in the mean level of the spectrum because spectrum amplitude relatively prevailed in the AP direction on solid BoS.



Limitations

The sample size was not determined prior to the study. However, the effect size of the significant differences indicates always large effects. Given our sample size of 19 participants, the study proved to have a sufficient power (>80%) to detect an effect in median frequency larger than 0.12 Hz between the EC-LT and EO conditions. The data have been collected here and analysed on the basis of one single trial per subject per condition (i.e., the first trial of a series of eight trials), administered in order to investigate the effect of the sensory conditions in the adaptation to repeated stance performances. Given the inter-individual variability in the stance performance (9, 176), particularly when standing on foam, this procedure is certainly a limitation however hardly avoidable because repetition of stance trials produces significant adaptation in the balancing pattern (8, 127, 177–180). Alsubaie et al. (181) have recently shown that different measures of postural sway are reliable when recorded at two visits 1 week apart, including measures with unstable BoS and sensory conditions. We do not know whether the frequencies might change as a function of the viewing scene (the characteristics of the patterned environment or the visual target being close or far) or of the position, texture, and orientation with respect to the body of the force pad, or of the force exerted by the finger. Further, the effect of the inner mechanical spring-like properties of the foam on the recorded signal has not been addressed, thereby preventing quantitative considerations on the role of proprioception standing on foam (or on solid BoS as well) and its potential interaction with vision and touch. Moreover, the feet position has not been manipulated, contrary to Šarabon et al. (82), who however found no major difference in the oscillation frequencies across different positions.

No estimation of the role of the vestibular information is provided here (182, 183), and no measure of the displacement in space of body segments such as the head and the pelvis. The information from the plantar foot sole, certainly different between foam and solid BoS, must have played a role. It has been proposed that our perception of verticality on a compliant surface, dependent in part on the plantar foot mechanoreceptor input, decreases when vision is not available (39, 184). We made no attempt to assess the contribution of these receptors. Electrical activity of the muscles involved in the control of equilibrium under the tested conditions has not been recorded, either. This information would help define the coordination properties underpinning the changes in oscillation frequency prescribed by the sensory conditions and the factors leading to the specific power spectrum features of postural sway. Moreover, this preliminary investigation is limited to young adult healthy subjects, and no information on the behaviour of aged healthy persons (185–187) or of patients with equilibrium disorders has been collected and analysed in these conditions according to this methodology (188).




CONCLUSION

The data suggest that the oscillation frequency analysis, in spite of its relative complexity, gives information on the control mode of critical stance exerted by different sensory inputs, not supplied by common and simpler geometric sway measures. The use of foam highlighted a significant increase in medium-high frequencies with touch in the absence of vision compared to vision alone. In perspective, the approach based on the analysis of distinct windows in the frequency spectrum of the body oscillations would help postulate the existence, and define the respective mechanisms, of the specific process through which different sensory information contributes to body stabilisation under critical conditions (31). Differences in balance control between young and older subjects would also be easily defined and exploited as a measure of balance alterations in patients due to impairments of various origins (189–192).
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Background: Traumatic brachial plexus injury (TBPI) typically causes sensory, motor and autonomic deficits of the affected upper limb. Recent studies have suggested that a unilateral TBPI can also affect the cortical representations associated to the uninjured limb.

Objective: To investigate the kinematic features of the uninjured upper limb in participants with TBPI.

Methods: Eleven participants with unilateral TBPI and twelve healthy controls matched in gender, age and anthropometric characteristics were recruited. Kinematic parameters collected from the index finger marker were measured while participants performed a free-endpoint whole-body reaching task and a cup-to-mouth task with the uninjured upper limb in a standing position.

Results: For the whole-body reaching task, lower time to peak velocity (p = 0.01), lower peak of velocity (p = 0.003), greater movement duration (p = 0.04) and shorter trajectory length (p = 0.01) were observed in the TBPI group compared to the control group. For the cup-to-mouth task, only a lower time to peak velocity was found for the TBPI group compared to the control group (p = 0.02). Interestingly, no differences between groups were observed for the finger endpoint height parameter in either of the tasks. Taken together, these results suggest that TBPI leads to a higher cost for motor planning when it comes to movements of the uninjured limb as compared to healthy participants. This cost is even higher in a task with a greater postural balance challenge.

Conclusion: This study expands the current knowledge on bilateral sensorimotor alterations after unilateral TBPI and should guide rehabilitation after a peripheral injury.

Keywords: kinematic analysis, motor planning, brachial plexus, uninjured limb, upper limb, peripheral nerve injury


INTRODUCTION

The brachial plexus comprises a dense network of spinal nerves originating from vertebrae C5 to T1. Traumatic brachial plexus injury (TBPI) is more commonly found in young adults involved in motorcycle accidents (Faglioni et al., 2014), and typically causes sensory, motor and autonomic deficits of the affected upper limb (Resnick, 1995). The injury can partially or entirely affect the brachial plexus nerve roots (C5-T1) (Dubuisson and Kline, 2002; Moran et al., 2005). As a consequence, proximal shoulder and elbow flexor muscles are those most susceptible to paralysis and sensory loss (Özkan and Aydin, 2001), with the degree of sensorimotor dysfunction varying as a function of the lesion extent and severity (Crouch et al., 2016). Although complete reconstruction of the damaged peripheral nerve pathways is not possible, complex reconstructive surgeries (Noland et al., 2019) and physical therapy (Kinlaw, 2005; Milicin and Sîrbu, 2018; Rich et al., 2019; Chagas et al., 2021) are often performed to restore the motor function of the affected upper limb.

Employing posturographic measurement, Souza et al. (2016) found that TBPI affects body balance, suggesting that the consequences of TBPI on motor control are not restricted to the injured upper limb. Webber et al. (2019) showed that TBPI patients display a greater range of motion of the trunk accompanied by limited shoulder external rotation while performing activities of daily living with the injured arm. In a similar way, Nazarahari et al. (2021) found increased trunk motion when the injured shoulder was performing flexion/extension and abduction/adduction as compared with the uninjured side. These results point toward plastic modifications of the motor plan after a TBPI in respect of upper limb movements, presenting a potential challenge to postural balance.

In another line of evidence, several studies have demonstrated that TBPI is capable of promoting structural and functional modifications in the sensory (S1) and motor (M1) primary cortices contralateral and ipsilateral to the affected side (Mano et al., 1995; Malessy et al., 1998; Beaulieu et al., 2006; Anastakis et al., 2008; Taylor et al., 2009; Davis et al., 2011; Jaggi and Singh, 2011; Yoshikawa et al., 2012; Liu et al., 2013; Fraiman et al., 2016; Lu et al., 2016; Amini et al., 2018; Torres et al., 2018; Fischmeister et al., 2020). Liu et al. (2013) observed changes in interhemispheric connectivity between motor areas, while Fraiman et al. (2016) observed reduced functional connectivity in the representation of the trunk and upper limbs bilaterally in M1, suggesting that TBPI might result in alterations of motor control beyond the affected limb. Recently, Rangel et al. (2021) investigated the occurrence of prediction markers in anticipation of observed sensorimotor events in individuals with upper trunk TBPI. The results showed that TBPI specifically affected the ability to predict upcoming tactile events for the dominant limb. Furthermore, TBPI blurred the prediction markers of upcoming movements in the sensorimotor cortex contralateral to the uninjured limb, indicating that higher order plastic effects might occur following a peripheral sensorimotor loss. This evidence therefore suggests that kinematic changes in the uninjured limb occur after a TBPI.

Kinematic parameters of goal-directed actions have long been shown to reflect their motor plan (Bernstein, 1967; Soechting and Lacquaniti, 1981; Marteniuk et al., 1987; Papaxanthis et al., 1998; Desmurget et al., 1999; Svoboda and Li, 2018). The motor plan encodes where the reach will land on average (the endpoint) and the expected movement duration (Wolpert and Landy, 2012). Several studies have shown that reaching movements display regularities such as typical straight trajectories and bell-shaped velocity profiles (Bernstein, 1967; Atkeson and Hollerbach, 1985; Flash and Hogan, 1985; Marteniuk et al., 1987; Soechting and Flanders, 1991). Duration is an important kinematic component because of the speed-accuracy tradeoff, with movements that take more time to execute being spatially more accurate (Wolpert and Landy, 2012). In addition, Marteniuk et al. (1987) showed that when the task demands greater precision (grasping versus pointing, for example), the duration of the deceleration phase of the trajectory is increased as a consequence of the greater demand for sensory feedback to perform the task.

Motion analysis after TBPI has been used in the clinical context in order to quantify compensatory trunk movements and shoulder dysfunction, and thus help prioritize secondary surgical targets (Webber et al., 2019; Nazarahari et al., 2020). Webber et al. (2019) identified compensatory trunk movements accompanied by limited external rotation of the shoulder when individuals with TBPI performed feeding and dressing tasks. The authors concluded that the restoration of external rotation of the shoulder would be a beneficial secondary target of surgical recovery of motor function. In addition to being a tool for objective outcome evaluation of TBPI and its biomechanical consequences, motion analysis also allows inferences about motor planning aspects to be made through calculation of spatiotemporal variables. Kinematic analysis can thus be profitably used to explore further changes in motor planning after a TBPI. Since bilateral alterations in the sensorimotor cortex have been reported to occur after a TBPI (Liu et al., 2013; Fraiman et al., 2016; Ramalho et al., 2019) our conjecture is that an unilateral TBPI might lead to changes in the motor plan of both limbs. To our knowledge no investigation has focused specifically on the kinematics of the uninjured limb. Measuring the kinematics of the uninjured limb might reveal changes in the motor plan of the upper limbs induced by TBPI and help to guide rehabilitation programs.

The main objective of this cross-sectional study was to investigate the kinematic features of the uninjured upper limb in participants with TBPI. Specifically, we analyzed the kinematic parameters of movement performed with the uninjured upper limb of individuals with TBPI in a free-endpoint whole-body reaching task. This task allows the subjects to freely choose their final hand position, introducing a spatial ambiguity and exposing the subject to a number of subjective choices (Haggard, 2008; Andersen and Cui, 2009; Berret et al., 2011; Hilt et al., 2016). Furthermore, this task presents a postural challenge that allows the investigation of the individual strategies used to choose a suitable hand trajectory toward the target while conserving postural balance (Flanders et al., 1999; Hilt et al., 2016). In addition, we introduced a new task (bringing a cup to the mouth) to investigate the association between the postural component and motor planning in individuals with TBPI, as this task requires minimal trunk displacement. We hypothesized that kinematic features of the uninjured upper limb would be affected by a unilateral TBPI as compared to healthy individuals.



MATERIALS AND METHODS


Participants

Patients with TBPI were recruited from a database (Patroclo et al., 2019) maintained by the Laboratory of Neuroscience and Rehabilitation of the Institute of Neurology Deolindo Couto of the Federal University of Rio de Janeiro from June 2018 to September 2019. This database contains patients’ epidemiological, physical and clinical information collected by a multidisciplinary team through digital questionnaires. The following inclusion criteria were applied: age between 18 and 50 years, right-handed (Oldfield, 1971) before the lesion and with unilateral TBPI, diagnosed by clinical evaluation and/or complementary exams. Individuals were excluded if they presented other neurological injuries, a Mini-Mental State Exam (Folstein et al., 1975; Brucki et al., 2003) score below 24, visual loss or uncorrected visual impairment. Upper extremity function after a TBPI was measured using the version of the Disabilities of the Arm, Shoulder and Hand questionnaire (DASH) adapted to Brazilian Portuguese (Orfale et al., 2005). The DASH is composed of 30 questions that address the ability to perform upper extremity activities and the severity of symptoms (Hudak et al., 1996). Each question is scored on a scale from 1 to 5, with a total score rate from 0 to 100. A higher score reflects greater disability.

All participants were informed about the experimental procedures and provided a written consent form before the tests. The procedures were approved by the ethics committee of the Institute of Neurology Deolindo Couto, the Federal University of Rio de Janeiro (process number: 1.375.64).



Experimental Procedure


Whole-Body Reaching Task

The experimental protocol was adapted from the study by Hilt et al. (2016). From a standing position, the participants were asked to perform a series of reaching movements toward a homogenous surface upon which no specific endpoint was drawn. This surface (2.0 m high × 0.9 m wide) consisted of a white plastic screen positioned at an angle of 15° from the vertical, located at a distance of 120% of the arm’s length from the surface of their shoulder (measured from the acromion to the apex of the index finger). The distance and angle were chosen to allow a significant reaching distance, requiring the controlled maintenance of equilibrium without placing subjects beyond the limits of their balance (Figure 1A; Hilt et al., 2016). Thus, changes in the kinematic metrics could be attributed to the combined motions of the uninjured limb and trunk. The participants were positioned on a rigid surface while their feet were positioned hip-width apart and parallel to the sagittal plane. Reflective markers (15 mm in diameter) were placed in the apex of the right and the left index fingers.
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FIGURE 1. Experimental protocol. (A) Movement trajectory length (blue dotted line) and finger endpoint (black star) during the reaching in position 1 (P1). Adapted from Hilt et al. (2016). (B) Cup-to-mouth task. (C) Schematic representation of the fixed stimuli sequence in the reaching task. (D) Schematic representation of the sequence of stimuli in the cup-to-mouth task.


Participants were instructed to remain facing forward, without turning their body, and with their arms relaxed at their sides. The task was to point toward the apparatus using their arm (left and right) starting from three different initial positions: position 1 (P1), arm relaxed next to the body; position 2 (P2), elbow flexed at 90° forward from the side of the body; position 3 (P3), elbow flexed with the hand at shoulder height. Starting from each of the initial postures the participant was instructed to point toward the apparatus with their index finger at a comfortable speed when they heard a “beep” (Figure 1C).

Six trials (2 per position) were performed as training and the data were not included in the analysis. The reaching tasks were separated into blocks: two blocks were performed with the right upper limb and two blocks were performed with the left upper limb. For TBPI participants, the first two blocks were performed with the uninjured limb, and the last two blocks with the injured limb. Each block contained 24 trials (8 for each start position), totaling 96 trials for each participant.

The initial position sequence could be fixed or variable within a block. We defined as a fixed sequence the consecutive order: P1, P2, and P3. In the variable sequence there was a 20% chance of P3 being altered by P2. The participants performed the task in the following order: 1 block of fixed sequence and 1 block of a variable sequence. TBPI patients only performed the task with their injured upper limb if they were able to adopt and maintain the initial positions. To avoid muscle fatigue participants had intervals of 5 mins between blocks.



The Cup-to-Mouth Task

We performed a supplementary experiment to investigate if a simple plastic cup-to-mouth task in a standing position might also cause changes in the kinematic profile in individuals with TBPI. From a standing position, with both arms relaxed by their sides and holding a plastic cup in the moving hand, the participants were asked to perform a series of three different tasks illustrated by showing them a picture projected (Epson PowerLit S18+®, Epson, Japan) onto a white wall of an actor doing the following tasks: task 1, keep the arm straight close to the body while holding the cup; task 2, flex the elbow at 90° while holding the cup without any pause in the movement and return to the position in task 1; and task 3, bring the cup to the mouth and immediately return to the position in task 1 (Figure 1B). The picture illustrating the task was shown to the participant for 5 s, in which time they were told to perform the task. They then had to wait for the next picture, which was shown after the exhibition of a fixation cross for 5 s (Figure 1D).

These tasks were also separated into two blocks performed with the right/uninjured upper limb and two blocks performed with the left/injured upper limb for both sequence conditions. Each block contained 24 trials (8 for each task), totaling 96 trials for each participant. Only the data collected in task 3 will be considered in this study, as our goal was to compare the kinematic results of this task with those found in the whole-body reaching task.




Data Acquisition and Analysis

Movements in three axes (mediolateral, X, antero-posterior, Y and vertical, Z) were recorded at 100 Hz using Vicon Nexus software version 2.2 (Vicon Motion Systems Ltd, Vicon, United States) and a seven-camera motion capture system with 1 Megapixel resolution (Vicon Bonita 10, Vicon, United States). The triaxial coordinate time series of the index finger reflective markers were recorded. The sequence of initial positions was generated using the software Presentation® (Neurobehavioral System, United States). Data acquisition was synchronized with the stimulus presentation through a synchronizer (Vicon Lock).

Pre-processing was performed using Vicon Nexus 2.2 software. The index finger marker triaxial coordinates were reconstructed and analyzed offline using Matlab software (R2015a, Mathworks Inc., Natick, MA, United States). As the index finger describes a curved trajectory, we estimated index finger speed by its tangential velocity ([image: image]) in relation to the path. For each instant of time, the tangential velocity ([image: image]) is calculated by multiplying the sampling frequency (fs) to the magnitude of index finger displacement vector ([image: image]), which corresponds to the index finger displacement in 3-D space.

[image: image]

The 3-D reconstruction of the tangential velocity profile was estimated and subsequently filtered with a 5th-order low pass filter at 10 Hz cutoff. The movement was divided in two phases: (I) from the initial position to the target (apparatus or mouth) and (II) returning from the target to initial position. The onset of each phase was calculated using 5% of peak velocity (PV) as a threshold value. The same threshold was used to detect the end of each phase, i.e., when the tangential velocity dropped below the 5% of peak velocity (Esteves et al., 2016). Peaks and valleys were detected and marked along the velocity profile of each trial, and each phase of the movement consisted of two valleys and a peak. Phase I was separated for analysis and the tangential velocity profile was time-normalized by a linear interpolation of 200 points. Discrepant velocity profile shapes in each trial for each condition were detected through visual inspection, marked and excluded from the analysis.


Outcome Measures

The following dependent variables were calculated for the index finger marker:


•Vertical Finger Endpoint (VFE): index finger endpoint measured on the vertical axis normalized by the height of the participant.

•Horizontal Finger Endpoint (HFE): index finger endpoint measured on the horizontal axis normalized by the upper limb length.

•Movement Duration (MD): the time interval between the onset and offset of the reach movement.

•Trajectory Length (TL): the distance traveled by the index finger marker during the reaching movement.

•Peak Velocity (PV): the maximal velocity attained for each participant in the reaching movement.

•Time to Peak Velocity (TPV): the ratio between the acceleration duration and movement duration. A TPV index greater than 0.5 indicates that acceleration duration was longer than the deceleration duration for the reach movement; conversely, a TPV index less than 0.5 indicates that deceleration duration was longer than the acceleration duration for the reach movement. TPV is the kinematic parameter of the movement considered as providing optimal information about motor plans (Marteniuk et al., 1987; Sartori et al., 2011).






Statistical Analysis

All the analyzed kinematic variables displayed normal distribution (Kolmogorov-Smirnov calculated p ≤ 0.05). A paired T test was performed to compare the kinematic parameters collected from the right versus the left upper limb in the control group. No significant difference was observed (p > 0.05). Therefore, the kinematic values obtained for each arm (i.e., left and right) were averaged per control subject to perform statistical analysis. Kinematic analysis of the TBPI group corresponds to the uninjured upper limb recording, since only three participants succeeded in performing the tasks with the injured limb. A Mann Whitney U test was applied by comparing the kinematic measures of left and right uninjured sides to verify the existence of injury side effects.

A three-way mixed model ANOVA was performed with event sequence (fixed sequence vs. variable sequence), initial position (P1 vs. P2 vs. P3) and group (TBPI vs. control) as independent variables for each kinematic parameter. The level of significance was set at 5%. No main effects were observed for event sequence, so they were removed from the model, leaving a two-way model with the other two factors. A two-way mixed model ANOVA was applied with group and initial position as factors. Tukey’s post-hoc analysis was subsequently applied. All statistical analyses were performed using STATISTICA version 10 (Statsoft Inc., United States). Post-hoc power analyses were conducted using G*Power software (Erdfelder et al., 1996), with α = 0.05, two-tailed, to check the statistical power of our results.




RESULTS


Participants

From an initial group of 12 participants with TBPI, 11 individuals (2 females) matched the pre-established criteria. The TBPI group exhibited the following characteristics: median age, 35 years of age (range 22–43); median height 174 cm (range 152–184); and median weight 75 kg (range 39–105). Four participants had left arm and seven right arm TBPI (Table 1). A control group of 12 healthy individuals matched in gender, age and physical characteristics was recruited for the study with the following characteristics: median age, 28 years of age (range 19–48); median height 178 (153–190); and median weight 77 kg (52–101). Anthropometric measures and age were similar between the groups (Mann-Whitney tests p > 0.05 for all comparisons).


TABLE 1. Traumatic brachial plexus injury (TBPI) individual characteristics.
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The characteristics of the individuals with TBPI are presented in Table 1. From eleven participants included in the TBPI group, four had complete (C5–T1) and seven had partial TBPI. Ten participants with TBPI had undergone surgical reconstruction of the brachial plexus and only one had not undergone any surgical procedure. The median time elapsed from the injury to participation in the experimental protocol was 48 (range: 4–116) months. The median DASH score was 45.0 (range: 25.0–59.5; Table 1). Only three individuals in the TBPI group were able to perform the tasks with the injured arm (data not analyzed).



Kinematic Parameters for Whole-Body Reaching Task

The kinematic analysis of the uninjured upper limb of the TBPI vs. control participants was evaluated by means of a two-way ANOVA. This analysis was performed with group (TBPI patients vs. control) and initial position (P1, P2, and P3) as independent variables for each kinematic parameter. The group comparison results are shown for the tangential velocity profile, movement duration, trajectory length and index finger end-point parameters.


Peak Velocity

Peak velocity was significantly lower for the TBPI group when compared to the control group [F(1, 63) = 9.75, p = 0.003; Figure 2A and Table 2]. Moreover, as expected, the PV differed in respect of the initial position [F(2, 63) = 25.69, p < 0.001; Table 2]. Post-hoc comparisons showed that all positions differed (p < 0.01). No significant interaction between group and initial position was found [F(2, 63) = 0.1, p = 0.91; Table 2]. With our sample size and effect size estimate for the PV variable, the post-hoc power analysis revealed a 51% power to detect a large effect size (d = 0.87) between groups.
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FIGURE 2. Kinematic performance for groups. (A) Tangential velocity profile. Mean (continuous line) and standard deviation (shaded area) for the TBPI group in red and the control group in blue in the reaching phase. The blue dotted line indicates the peak of velocity of the control group and the red dotted line marks the peak velocity of the TBPI group. *p < 0.05. (B) Trajectory length and movement duration for TBPI (red bar) and control (blue bar) groups. The average of trials per subject is displayed as a gray dot. *p < 0.05. (C) Normalized finger endpoint in vertical and horizontal planes. The symbols represent the normalized average position of the index finger at the end of reaching per subject (TBPI in red, and control in blue) and per starting position (position 1 – circle, position 2 – square, position 3 – triangle). Left finger endpoints are plotted with colored dots, and the right ones with white dots. No significant differences between TBPI and control groups were found for normalized finger endpoint in vertical (p = 0.99) and horizontal planes (p = 1.00). The covariance data are shown through the 95% confidence ellipse for each group (TBPI – smallest diameter: 0.15, largest diameter: 0.90; Controls – smallest diameter: 0.40; largest diameter: 0.72).


TABLE 2. Mean and standard deviation of the TBPI and control groups per initial position in the reaching task.
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Time to Peak Velocity

The TPV analysis revealed that the TBPI group had significantly lower values for this parameter than the control group [F(1, 63) = 6.64, p = 0.01], which means that the duration of the acceleration phase was shorter for the TBPI group when compared to the control group (Figure 2A and Table 2). Differences between the initial position for the TPV parameter were also observed [F(2, 63) = 13.83, p < 0.001]. Post-hoc analysis showed that P2 differed from the others (P1 and P3, p < 0.01; Table 2). No significant interaction between group and initial position was found [F(2, 63) = 0.8, p = 0.46; Table 2]. With our sample size and effect size estimate for the TPV variable, the post-hoc power analysis revealed a 75% power to detect a large effect size (d = 1.17) between groups.



Movement Duration

A main effect was found for the group [F(1, 63) = 4.38, p = 0.04]. The TBPI group showed greater MD compared to the control group (Figure 2B and Table 2). No other effects were observed for this parameter (see Table 2). With our sample size and effect size estimate for the MD variable, the post-hoc power analysis revealed a 27% power to detect a medium effect size (d = 0.58) between groups.



Trajectory Length

The TBPI group showed significantly shorter TL [F(1, 63) = 6.3, p = 0.01] compared to the control group (Figure 2B and Table 2). As expected, the TL differed between the initial position [F(2,63) = 171.36, p < 0.001] for all positions (p < 0.01; Table 2). No significant interaction between group and initial position was found [F(2, 63) = 0.5, p = 0.61; Table 2]. With our sample size and effect size estimate for the TL variable, the post-hoc power analysis revealed a 58% power to detect a large effect size (d = 0.94) between groups.



Finger Endpoint

No significant differences were found for the FE parameters for both the vertical [F(1, 63) = 1.40, p = 0.24] and horizontal [F(1, 63) = 0.23, p = 0.63] planes (Figure 2C and Table 2), although the TBPI participants seemed to exhibit a smaller variability in FE when compared to controls. No differences for initial position comparison were found for the VFE [F(2, 63) = 0.01, p = 0.99] and HFE [F(2, 63) = 0, p = 1] parameters (see Table 2).



Injury Side Effects

No difference was observed between left and right sides of TBPI except for the TPV parameter in P3 (U = 0.00, p = 0.003). With our sample size and effect size estimate for the TPV variable in the P3, the post-hoc power analysis revealed a 88% power to detect a large effect size (d = 2.25) between groups.




Kinematic Parameters for the Cup-to-Mouth Task

One-Way ANOVA was applied to compare those same kinematic parameters between the control and the TBPI groups in the cup-to-mouth task (Supplementary Table 2). The TBPI group was composed of the same eleven patients described in Table 1, and the control group was composed of nine out of the same twelve individuals tested in the pointing task. The TBPI group showed lower TPV (0.34 ± 0.04) compared to the control group (0.37 ± 0.02) [F(1, 18) = 6.91, p = 0.02]. No significant differences between groups were found for PV [F(1, 18) = 3.3, p = 0.09], MD [F(1, 18) = 3.68, p = 0.07], TL [F(1, 18) = 2.65, p = 0.12] and VFE [F(1, 18) = 0.12, p = 0.73]. With our sample size and effect size estimate for the TPV variable, the post-hoc power analysis revealed a 51% power to detect a large effect size (d = 0.95) between groups. No effect of injury side for the cup-to-mouth task was observed for any kinematic parameters.




DISCUSSION

We aimed to describe the kinematic features of the uninjured upper limb in participants with TBPI. As the free endpoint whole-body reaching task involves a greater postural challenge (Flanders et al., 1999; Hilt et al., 2016) compared to a simple cup-to-mouth task, we hypothesized that the effects of TBPI on the kinematics of the uninjured limb would be more evident in the former than in the latter task. Indeed, whereas lower TPV values were found in the TBPI group compared to the control group for both tasks, lower PV values, greater MD and shorter TLs were found in the TBPI group only for the reaching task.


Kinematic Changes in the Uninjured Limb: Time to Peak Velocity

For both tasks, a reduced TPV of the uninjured limb was found in the TBPI group compared to the control group. Shorter TPV values translate into a shorter period of acceleration followed by a longer deceleration period while performing the movement. This ratio provides information about the motor strategies used to control actions (Marteniuk et al., 1987; Papaxanthis et al., 1998; Sartori et al., 2011), since the deceleration phase duration increases with the task demand (Marteniuk et al., 1987). Rangel et al. (2021) have suggested that the plastic reorganization after TBPI is associated with modifications in motor planning. Changes in trunk representation, occurring bilaterally in M1 (Fraiman et al., 2016), in addition to balance impairment in adults with TBPI (Souza et al., 2016), could translate as greater motor cost to TBPI participants in performing both tasks in a standing position.

Hilt et al. (2016) showed that in healthy participants reducing the base of support leads to an increased deceleration phase in the TPV parameter. In the same way, the shortening of the acceleration phase and the lengthening of the deceleration phase in the TPV parameter found for both tasks in the present study could relate to the negative impact of TBPI on balance (Souza et al., 2016). A reduced TPV, favoring a lengthened control of the final portion of the reaching movement, could occur as a consequence of postural balance prioritization. Since the reduced TPV was also observed in the TPBI group in the cup-to-mouth task, then the mere control of upright posture could be challenging enough to impact the kinematics of the uninjured upper limb. In fact, although both tasks are performed in a standing posture, there are differences when it comes to their postural challenges.

The two tasks clearly differ in terms of the specific role of the trunk. In the whole-body task, there is a dynamic role for the trunk in assisting the upper limb movement (Hilt et al., 2016), whereas in the cup-to-mouth task the trunk functions rather as a stabilizer, allowing a relative independence of the upper limb movement (Flanders et al., 1999; Hilt et al., 2016). Crucially, the two tasks also clearly differ in the task demand imposed over postural control, being much higher for the whole-body task (Hilt et al., 2016). Thus, the augmented need of postural control imposed by the whole-body task could explain the higher number of altered kinematic parameters observed amongst TBPI participants.

Since a reduced TPV was found for both tasks in the TBPI group, it is reasonable to suppose that the longer deceleration phase would reflect an alteration in the motor plan related more generically to movements of the uninjured limb. Conversely, for the whole-body reaching task there could be a postural balance component associated more specifically with the other kinematic alterations, as discussed below.



Kinematic Changes in Uninjured Upper Limb: Other Kinematic Parameters

In the whole-body reaching task, the participant has to choose a suitable hand trajectory toward the target while keeping postural balance (Flanders et al., 1999; Hilt et al., 2016). These task constraints can affect both movement planning and execution compared to reaching from a standing position without trunk displacement. Marteniuk et al. (1987) observed that reaching tasks demanding higher precision were executed with longer movement duration and a prolonged deceleration phase (when compared to the acceleration phase). Considering that reaching movements show an initial ballistic phase and a subsequent controlling phase in which fine adjustments are made to successfully achieve the task goal (Desmurget and Grafton, 2000), it is reasonable to think that tasks with higher precision requirements demand more sensory feedback control during the movement deceleration phase (Marteniuk et al., 1987).

Besides the effects of TBPI on the TPV parameter, we found lower PV values and longer MD in the TBPI group compared to the control group when performing the whole-body reaching task. These results are similar to those found by Callegari et al. (2018) who reported that during an upper limb pointing task, individuals in postural positions with less trunk stability showed longer movement duration and lower peak velocity. These effects might indicate greater difficulty in planning upper limb movements (Callegari et al., 2018).

Individuals with TBPI have also exhibited a reduction in TL of the index finger. A reduced trajectory length might reflect detriment in the correlation between trunk and limbs angular displacement (Stapley et al., 1999; Berret et al., 2009). This possibility seems supported by the fact that, although not statistically significant, TPBI end point appeared more compact and more precise than controls, suggesting that the task goal (virtual target to reach) is achieved despite a deterioration of coordination between the arm and the trunk. Moreover, upper limb kinematics was shown to be equilibrium-dependent (Stapley et al., 1999; Berret et al., 2009). For instance, Paizis et al. (2008) found a reduction of wrist trajectory length in young adults in equilibrium restriction conditions similar to those observed in older adult individuals without postural restrictions. The authors proposed that such a strategy becomes dominant in the motor plan of older adults (Paizis et al., 2008). Hilt et al. (2016) observed that the “optimizing balance” strategy was preferred when healthy individuals performed a whole-body-reaching task under reduced postural stability. According to the optimal control theory, motor control will always prioritize a lower cost to achieve the task goal (Todorov, 2004). Our results suggest that the cost to optimize motor planning to achieve the task goal successfully with the uninjured limb was greater for the TBPI group than for the control group.



Target Specificity

In a free-endpoint whole-body reaching task the participants are free to choose their final hand position, which results in the greater involvement of implicit variables to guide action selection (Haggard, 2008; Andersen and Cui, 2009; Berret et al., 2011; Hilt et al., 2016). Interestingly, participants with TBPI were able to reach the final position as precisely as the control group, independently of the motor strategy used to achieve it. Furthermore, no significant differences were observed between the groups in respect of the finger endpoint parameter in the cup-to-mouth task.

Finger endpoint consistency for both groups, and the differences between the TBPI and control groups for the velocity and trajectory profiles in the reaching task could reflect the motor system’s efficacy in controlling the numerous degrees of freedom involved in the intended movement in order to achieve a same goal (Bernstein, 1967; Turvey et al., 1982; Schöner and Kelso, 1988; Latash et al., 2002; Bizzi et al., 2008). Chang et al. (2009) observed similar results in an animal model of peripheral nerve injury in the ankle extensor muscle; Although there was an alteration in the trajectories of individual joint kinematics, those of limb orientation and limb length remained largely invariant, even when considering the paralyzed ankle extensor muscles. These results suggest that changes in mean joint angles were coordinated as part of a long-term compensation strategy to minimize change in whole limb kinematics (Chang et al., 2009). This strategy may represent a fundamental compensation principle after peripheral injuries that allows the adaptation to the new condition with a minimal effect on overall motor function.



Differences in Starting Position

The differences observed between the starting positions in the whole-body reaching task for the majority of kinematic parameters confirm that they offer different mechanical constraints for movement planning and execution. Previous studies have shown that the differences in the initial positions of the upper limb in free-endpoint reaching tasks in sitting (Berret et al., 2011) or standing posture (Hilt et al., 2016) did not influence the target choice in healthy subjects. Similar results were observed in our present study, in which a small variability in the target choice was found for both groups independently of the initial mechanical constraints of the upper limb.



Consequences for Rehabilitation

Current TBPI therapeutic objectives consist of improving muscle strength, range of motion and functionality (Milicin and Sîrbu, 2018; Rich et al., 2019; Chagas et al., 2021), as well as reducing the pain (Lovaglio et al., 2019) of the injured upper limb. Kinematic alterations shown here for the uninjured upper limb in the whole-body task in comparison to the cup-to-mouth task suggest, however, that the greater the postural challenge of the task, the greater is the motor cost to plan and perform it. Indeed, Souza et al. (2016) had already warned about the need to prevent and treat balance impairment in TBPI patients. The present work furthers this proposal by providing evidence in favor of including whole body and uninjured arm movements in TBPI rehabilitation programs. A better understanding of the motor plans changes after a TBPI upon the uninjured limb may help to improve the development of more accurate kinematic measures and more effective and customized rehabilitation programs.



Study Limitations

The main limitations of the current study were the small sample size as well as its heterogeneity regarding the extent of the injury, the occurrence and type of surgical intervention and the time elapsed since the injury. We have reproduced a very well characterized task to impose trunk displacement (Hilt et al., 2016). This said, a higher number of participants might help to confirm the kinematic results. Also, a direct measurement of the trunk motion would be helpful to identify more precisely its contribution to the altered kinematic parameters found for the uninjured limb as compared to controls.




CONCLUSION

This is the first study to show kinematic changes in the uninjured upper limb of adults with TBPI. Our results indicate a higher cost to perform the tasks, reflecting the greater impairment in motor planning and motor control of the individuals with TBPI. These findings expand the current knowledge on bilateral sensorimotor alterations after unilateral TBPI (Liu et al., 2013; Fraiman et al., 2016; Souza et al., 2016; Ramalho et al., 2019). Also, they indicate that treatment after a brachial plexus injury should not be restricted to the affected upper limb and that the postural difficulty of the task should be considered in a treatment program. This study provides important information that could be helpful to guide the rehabilitation program after peripheral injuries. Future research must be performed to better understand the neural mechanisms involved in the kinematic modifications in the uninjured upper limb induced by TBPI.
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Introduction: Lower limb pain, whether induced experimentally or as a result of a musculoskeletal injury, can impair motor control, leading to gait adaptations such as increased muscle stiffness or modified load distribution around joints. These adaptations may initially reduce pain but can also lead to longer-term maladaptive plasticity and to the development of chronic pain. In humans, many current experimental musculoskeletal-like pain models are invasive, and most don’t accurately reproduce the movement-related characteristics of musculoskeletal pain. The main objective of this study was to measure pain adaptation strategies during gait of a musculoskeletal-like experimental pain protocol induced by phase-specific, non-invasive electrical stimulation.

Methods: Sixteen healthy participants walked on a treadmill at 4 km/h for three consecutive periods (BASELINE, PAIN, and POST-PAIN). Painful electrical stimulations were delivered at heel strike for the duration of heel contact (HC) using electrodes placed around the right lateral malleolus to mimic ankle sprains. Gait adaptations were quantified bilaterally using instrumented pressure-sensitive insoles. One-way ANOVAs and group time course analyses were performed to characterize the impact of electrical stimulation on heel and forefoot contact pressure and contact duration.

Results: During the first few painful strides, peak HC pressure decreased on the painful side (8.6 ± 1.0%, p < 0.0001) and increased on the non-stimulated side (11.9 ± 0.9%, p < 0.0001) while HC duration was significantly reduced bilaterally (painful: 12.1 ± 0.9%, p < 0.0001; non-stimulated: 4.8 ± 0.8%, p < 0.0001). No clinically meaningful modifications were observed for the forefoot. One minute after the onset of painful stimulation, perceived pain levels stabilized and peak HC pressure remained significantly decreased on the painful side, while the other gait adaptations returned to pre-stimulation values.

Discussion: These results demonstrate that a non-invasive, phase-specific pain can produce a stable painful gait pattern. Therefore, this protocol will be useful to study musculoskeletal pain locomotor adaptation strategies under controlled conditions.

Keywords: pain, pain protocol, gait, adaptation, ankle, musculoskeletal


INTRODUCTION

In the presence of acute pain, whether induced experimentally or as a result of a musculoskeletal injury, various sensorimotor modifications are often present. They include proprioceptive deficits, altered patterns of neuromuscular activations and/or altered movement kinetics/kinematics (Sterling et al., 2001; Bank et al., 2013). For example, after an ankle sprain, increased knee valgus at heel contact (HC) and reduced hip extension at toe-off (TO) can be observed in the injured limb (Crosbie et al., 1999; Doherty et al., 2015; Punt et al., 2015). Effects on the non-injured joints are also reported, such as reductions in ankle plantar flexion at HC and TO (Doherty et al., 2015). Similarly, a decrease in motor performance can even be seen in both limbs, as shown with the Star Excursion Balance Test (Bertrand-Charette et al., 2020).

While some of these changes are associated with the injured anatomical structure and affect mechanical joint stability (Laskowski et al., 2000), others lead to the protection of the painful limb, and to immediate pain reduction. According to Hodges and Tucker (2011), the repeated use of “protective” pain-avoidance motor strategies, while beneficial in the short-term, can become detrimental in the longer-term, and lead to pain chronicization. Indeed, the presence of pain can modify muscle stiffness and/or muscle recruitment, thereby changing the way load is applied on articular surfaces and lead to early wear of the locomotor apparatus. Transforming an initial pain-avoidance motor strategy into a regular motor pattern therefore represents a form of maladaptive learning (Hodges and Tucker, 2011) that should be avoided to prevent chronic pain development (Henriksen et al., 2011).

As inadequate management of acute pain could potentially increase the risk of developing chronic pain (Sinatra, 2010), it is of the utmost importance to better understand the impact of acute pain on lower limb motor control. In order to assess this impact, a valid musculoskeletal (MSK) pain model to study pain adaptation strategies must induce lasting effects, not only immediate withdrawal effects. Unfortunately, many current acute MSK pain models are invasive [e.g., intramuscular injections of hypertonic saline or adenosine (Madeleine et al., 1999; Henriksen et al., 2011)] and most don’t accurately represent the movement-related (or phasic) nature of MSK pain. For example, hypertonic saline or adenosine injections and ischemic contractions have been described as producing a tonic, continuous pain (Stohler et al., 1996; Bennell et al., 2004) that can induce both local and referred (widespread) pain (Graven-Nielsen et al., 2003). Regarding the latter, MSK injuries such as ankle sprain tend to generate mainly local pain around the injury site (Dubin et al., 2011). To better represent this aspect, previous pain models, such as the steel beads model of Levins et al. (1998), were designed to generate localized pain in order to alter gait pattern and study gait adaptations. The reduction in single-limb support on the painful limb is similar to what Hodges and Tucker (2011) suggested, however, this protocol cannot control parameters such as pain timing, duration, or intensity.

Gallina et al. (2021) have recently proposed a pain protocol using low-frequency sinusoidal electrical stimuli and showed that this type of electrical stimulation can induce knee pain of constant intensity for 60 s. However, the stimulation used was continuous. A protocol using nociceptive electrical stimulation that would be phase-specific (i.e., having adjustable pain intensity and present only at an MSK-pain relevant moment of the gait cycle), and being described as an acute MSK-like pain, would be more ecological to study the effects of experimental acute pain on gait motor control. Therefore, to avoid some of these limitations, an experimental pain model using electrical stimulation was developed. Pain induced by electrical stimulation is non-invasive, can produce a pain sensation of adjustable intensity, has the potential of being focal to the site around electrode location, and can be triggered at a specific moment of the gait cycle (Duysens et al., 1992).

The main objective of this study was therefore to characterize the impact of a phase-specific, painful electrical stimulation on gait adaptations. As gait is a complex multi-articular movement, we decided to focus the analysis of this study on two functionally important movement outputs during gait: the HC phase representing the initial contact and weight acceptance phases of the gait cycle, and push-off, a key part of the pre-swing phase associated with the control of gait speed (Dean et al., 2000). Vertical force magnitude and support duration were measured in these two regions of interest (ROIs) using pressure-sensitive insoles. As pain perception can be quite diverse, the secondary objective of this study was therefore to qualify the nociceptive stimulus perceived by the participants in order to highlights the potential similarities between “MSK” aspects of a real acute pain and the actual electrical nociceptive stimulation delivered.

Our main hypothesis was that electrically evoked phasic pain (and not a non-painful stimulation) would modify the gait into a pain-avoidance strategy, leading to a gait pattern modification beyond an initial pain-avoidance strategy (as reported clinically; O’Connor et al., 2013). This would therefore be a good experimental model to later study MSK-like pain during gait. In addition, we hypothesized that the pain generated would have similar qualities to acute MSK-like pain, i.e., local at the application site, phase-specific and qualified mainly by sensory pain descriptors, such as those reported in the Short-Form McGill Pain Questionnaire-2 (SF-MPQ-2).



MATERIALS AND METHODS


Participants

A convenience sample of 16 young healthy participants (28.2 ± 4.8 years old; 8 females) was recruited from Université Laval student population for this single-day, repeated measures design study. Participants had to be naïve to the task and present no self-reported pain. The exclusion criteria were self-reported symptoms or movement limitations at the lower limb or any neurological impairment that could affect task performance. All participants read and signed a consent form describing the experimental procedure and their involvement in the study. This protocol was approved by the local Ethics Review Board (CIUSSS-CN, #2010-212). The experimental procedures were in accordance with the Declaration of Helsinki.



General Protocol

Participants took part in a 2-h laboratory session. After filling the Waterloo Footedness Questionnaire (WFQ; Elias et al., 1998), they walked at 4 km/h on a motorized treadmill (Biodex Gait Trainer 2) for four periods: a 5-min PRE-BASELINE period to familiarize with treadmill walking and to set individual painful stimulation intensity, a 3-min BASELINE period, where they walked without any stimulation, a 3-min PAIN period with stimulation on every gait cycle, and a 3-min POST-PAIN period with no stimulation. Short rest moments (<30 s) were given between the four walking periods. Participants wore shoes instrumented with pressure-sensitive insoles (Tekscan F-Scan, South Boston, MA, United States) to collect dynamic pressure distribution under the foot and temporal gait parameters. They were instructed to walk on the treadmill normally, and to keep walking as they would normally in the presence of pain.

During the PAIN period, they verbally rated ankle pain intensity every 15 s using a numeric Visual Analog Scale (VAS; range 0–10). Immediately after the PAIN period, they rated their global unpleasantness intensity using a modified numeric VAS incorporating the anchors “not bad at all” and “the most unpleasant imaginable” (Duncan et al., 1989), painful region size by pointing at circles of different diameters (Bennell et al., 2004), and pain location by pointing on a schematic shank and foot chart (Bennell et al., 2004). Upon completion of the treadmill walking test, participants completed the SF-MPQ-2. The SF-MPQ-2 consists of 22 pain descriptors divided into four sub-scales: continuous pain, intermittent pain, predominantly neuropathic pain, and affective (Dworkin et al., 2015).



Painful Electrical Stimulation

Real-time heel-contact duration was measured using a pressure-sensitive foot switch located under the right heel. It served as stimulus trigger and stimulus duration control. There was no time delay between HC and actual electrical stimulus onset. A home-made electronic circuit interfaced the foot switch with two Grass s-88 stimulators (Grass Instruments, Quincy, MA, United States) wired in-series for signal generation, and a Digitimer DS7A stimulator (Hertfordshire, United Kingdom) for stimulus delivery to the participants. The painful electrical stimulation consisted of series of five pulses (pulse width: 500 μs; pulse frequency: 200 Hz) delivered in bursts at 30 Hz, for the duration of individual right HCs (Figure 1A). Kendall 2.2 cm2 H69P disposable electrodes were placed on the right lateral malleolus and 2 cm further along the distal end of the fibula and used for stimulus delivery. Intensity required to reach 3/10 on the VAS was determined for each participant during the PRE-BASELINE period (steps of 5 mA increased every 10 s) and maintained constant throughout the experiment.


[image: image]

FIGURE 1. Regions of interest. (A) Schematic representation of the pain-generating set-up and electrical stimulus waveform. (B) Representation of the two functional regions of interest: heels and metatarsals.




Non-painful Electrical Stimulation Controls

In a subgroup of five participants, a second walking test was performed on a separate day in the presence of non-painful stimulation, to assess the contribution of stimulation distraction on the gait biomechanical parameters. Walking periods duration, order, etc., remained the same except for stimulation intensity that was set at 1.4× perceptual threshold (PT), compared to approximately 3.0× PT for the pain experiment.



Gait Adaptations Characterization

F-Scan pressure-sensitive insoles (Tekscan, South Boston, MA, United States) were used to collect dynamic pressure distribution under the foot and temporal gait parameters. Peak foot pressure magnitude and duration in the heel and metatarsal regions (see section “Materials and Methods” and Figure 1B) were quantified for each stride of the BASELINE, PAIN, and POST-PAIN walking periods, bilaterally.



Data Analysis

Stride-to-stride duration of the nociceptive electrical stimulation was measured off-line from recordings of the pulse trains using a custom-made program written in MATLAB (Version R2018b, MathWorks, United States). The Tekscan data analysis software (F-Scan Research V7.5; Tekscan, United States) was used to set the ROIs on the pressure data from the insoles around the heels and the metatarsals for each participant (Figure 1B). These two ROIs were selected as they represent two functionally important outputs of movement strategies during gait: HC representing the initial contact at heel strike, weight acceptance and mid-stance phases of the gait cycle, and push-off a key part of the pre-swing phase associated with gait speed (Dean et al., 2000). These functional ROIs will be referred to as heel and metatarsal regions throughout this paper, respectively. Both peak pressure magnitude and contact duration of these ROIs were extracted and analyzed with a custom-made MATLAB program.



Statistics

To measure the effects of pain on gait adaptations, two complementary analyses were performed; (1) evolution over time for the group data (Fortin et al., 2009; Bertrand-Charette et al., 2021) of the time course (Cumming and Finch, 2005); (2) multi-epochs (see below) for statistical comparisons (see Bertrand-Charette et al., for details).


Multi-Epochs Analysis

The following epochs were defined:


(1)BASELINE late: mean of the last 50 strides of the group BASELINE period;

(2)PAIN early: mean of the first 5 strides of the group PAIN period;

(3)PAIN late: mean of the last 50 strides of the group PAIN period;

(4)POST-PAIN early: mean of the first 5 strides of the group POST-PAIN period;



One-way ANOVA with Dunnett’s multiple comparisons test were performed to compare these epochs using GraphPad Prism (version 9.0.0). The level of significance was set at 0.05.



Group Time Course Analysis

A 95% confidence interval (CI95%) was calculated from the last 50 baseline strides to represent normal stride-to-stride variability observed during BASELINE walking. PAIN and POST-PAIN data were then compared to this CI95% using an 11-points moving average line as a visual reference. Moving average values outside of the CI95% were considered as significantly different from baseline.



Questionnaires

Individual scores on the WFQ and SF-MPQ-2 were extracted and pooled to report the footedness and frequency of perceived pain qualities.



General Unpleasantness, Painful Area Size, and Location

Data collected for each participant were extracted and pooled to report the group painful area size and location on the ankle.



Duration of the Nociceptive Stimulation

The duration of each stimulation was extracted for each participant and pooled to report mean duration and standard deviation.





RESULTS


Participants’ Characteristics

The group was composed of 16 participants (mean age: 28.2 ± 4.8 years; 8 females; see Table 1 for participants’ characteristics).


TABLE 1. Participants’ characteristics.

[image: Table 1]


Stimulus Intensity, Duration, and Pain Level During Gait

The mean stimulus intensity necessary to obtain a phasic painful stimulation of 3/10 on the VAS during gait at the onset of the pain period was 14.4 ± 5.2 mA. While stimulus intensity was maintained fixed throughout the PAIN period, pain intensity perceived by the participants slightly decreased over the first 60 s, and then stabilized at 2.5 ± 0.4/10 (time course shown in Figure 2A). Pain tended to be centered on the right lateral malleolus with a mean diameter of 3.3 ± 1.3 cm. No radiating pain was reported by participants. The mean duration of the nociceptive stimulation was 300.7 ± 59 ms, 112.1 ± 12.1 ms shorter than the total HC phase measured with the insoles (Figure 3A).
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FIGURE 2. Description of the perceived pain. (A) The mean score and standard deviation (black lines) on the Visual Analog Scale for pain intensity as measured every 15 s for all participants while walking during the PAIN period. (B) Frequency of perceived pain qualities, as assessed using the Short-Form McGill Pain Questionnaire-2.
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FIGURE 3. Pressure duration time course. (A) The mean pressure durations for each gait cycle during PAIN period are presented for the heel ROI extracted from the pressure-sensitive insoles (blue dots) and for the pressure-sensitive foot switch located under the right heel (orange dots). (B) Results from the non-painful stimulation control experiment. Mean pressure durations are presented for the five participants for each period with the 95% confidence interval (black dashed line) based on the BASELINE.




Perceived Pain Qualities of the Nociceptive Electrical Stimulation

Participants rated the general unpleasantness of the stimulation session at 4.3 ± 1.7/10. According to the results of their SF-MPQ-2 (Figure 2B), the electrical stimulus was described as throbbing (n = 10/16), sharp (n = 13/16), tender (n = 10/16), electric-shock (n = 16/16), and tingling (n = 15/16). Other qualities of pain reported were stabbing and numbness (n = 7/16). All perceived qualities of pain are presented in Figure 2B.



Effect of Painful Electrical Stimulation on Gait Adaptations

As mentioned in section “Materials and Methods,” gait is a complex multi-articular movement resulting in various movement strategies. Therefore, this section will present our results according to the two functionally important movement outputs identified by our ROIs (heel for weight acceptance; metatarsals for push-off), separately for peak pressure and contact duration.


Epoch Analysis for Peak Pressure Magnitude

Regarding the heel ROIs, on the stimulated side, HC peak pressure magnitude was significantly reduced by 8.6 ± 1.0% (p < 0.0001) and 8.1 ± 0.4% (p < 0.0001) during the PAIN early and PAIN late, respectively, compared to BASELINE late. During the PAIN early, on the non-stimulated side, HC peak pressure magnitude significantly increased by 11.9 ± 0.9% (p < 0.0001). For the metatarsal ROIs, significant changes can be found on the stimulated side for PAIN early (1.9 ± 0.7% reduction; p < 0.05), PAIN late (2.3 ± 0.3% increase; p < 0.0001), and POST-PAIN early (3.8 ± 0.7% reduction; p < 0.0001) compared to BASELINE late. On the non-stimulated side, a significant reduction of 5.5 ± 0.7% (p < 0.0001) can be observed during PAIN early when compared to BASELINE late. Overall, 10 participants reduced their HC peak pressure magnitude on the stimulated side during the PAIN early period, while 9 of them increased their HC peak pressure magnitude on the non-stimulated side. There was no relationship between pain intensity and HC peak pressure magnitude (see Supplementary Figure 1).



Epoch Analysis for Contact Duration

Regarding HC duration, a significant reduction was observed during PAIN early (mean duration reduction of 12.1 ± 0.9%; p < 0.0001) and PAIN late (mean duration reduction of 4.4 ± 0.4%; p < 0.0001) while an increase can be observed in POST-PAIN early (mean duration increase of 3.4 ± 0.9%; p < 0.001) for the right heel ROI. For the non-stimulated side, a mean reduction of 4.8 ± 0.8% (p < 0.0001) was present for the PAIN early epoch. For the metatarsal ROIs, a significant mean reduction of 9.3 ± 1.4% (PAIN early, p < 0.0001) was present on the stimulated side, but nothing during PAIN late and POST-PAIN early. On the non-stimulated side, a significant 2.7 ± 0.6% (p < 0.0001) reduction can be observed for PAIN early only. There was no relationship between pain intensity and contact duration. Overall, HC duration was reduced for 12 participants on the stimulated side and 11 participants on the non-stimulated side during PAIN early.



Peak Pressure Magnitude Time Course

A statistically significant drop in peak pressure during HC was observed for the PAIN period on the stimulated side only (Figure 4A). Peak HC pressure decreased to a mean 90.6 ± 4.0% of baseline value for the first five strides (PAIN early, p < 0.0001) and stabilized under the lower CI95% of BASELINE for the remaining of the painful period.
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FIGURE 4. Group time courses. The three periods are presented for group peak pressure magnitude (A) and group contact duration (B) with the 95% confidence interval (black dashed line) based on the BASELINE. The two ROIs are presented for the right (painful) and the left (non-stimulated) foot. The black dotted lines represent the 11-points moving average for the PAIN and POST-PAIN periods.


In contrast, the non-stimulated side had a significant increase in HC peak pressure magnitude, that can be seen at the beginning of the painful period (mean maximal increase of 12.0 ± 3.8% of baseline values for PAIN early, p < 0.0001). Thereafter, the HC peak pressure moving average line remained around the upper CI95% for the rest of PAIN period.

For the metatarsal ROIs, the moving average line remained most of the time within the CI95% for both pain periods: less than 25 strides were over the upper CI95% for the painful side, and below the lower CI95% for the non-stimulated side.

For the heel ROIs during POST-PAIN period, participants returned to their normal HC peak pressure. Only the right metatarsal ROI showed peak pressure values around the lower CI95% (POST-PAIN late: 96.8 ± 1.7% vs. lower CI95%: 96.7%).



Contact Duration Time Course

Regarding HC duration on the painful side, the moving average line was below the CI95% for most of the painful period (Figure 4B). Mean duration spent on the right heel for PAIN early was 391.0 ± 7.2 ms compared to 443.8 ± 8.9 ms during BASELINE late value (p < 0.0001), showing a 12.1 ± 0.9% reduction. When looking at the non-stimulated side, a transient significant reduction in contact duration was observed for the first 43 steps of the PAIN period when compared to the baseline HC duration.

For the metatarsal ROIs, the moving average lines remained within the CI95% most of the time during PAIN.

Regarding the POST-PAIN period, all ROIs values tend to vary around to the upper CI95%, with the right metatarsal ROI being the only ROI significantly increased compared to baseline values. This increase represents a 3.4 ± 0.9% (p < 0.001) of BASELINE late.




Non-painful Stimulation Control Experiment

The effect of non-painful electrical stimulation on heel-contact duration was also tested in a subgroup of five participants on a different day. Results show that the non-painful stimulation did not affect HC duration (see Figure 3B).




DISCUSSION

The present study demonstrates that a painful phasic electrical stimulation applied at the ankle can modify the gait pattern beyond an initial pain-avoidance response in healthy participants. By assessing peak pressure magnitude and contact duration of the heel and metatarsal ROIs bilaterally as a means of quantifying the presence of gait adaptations, our results suggest that this protocol can recreate pain-avoidance reactions during the first few strides for duration and peak pressure magnitude. Moreover, the results suggest that this painful stimulation generates a modified painful gait pattern with a persistent reduction in HC peak pressure magnitude for the remaining of pain exposure. As a control, five of the participants returned to the lab for a similar experiment, in the presence of non-nociceptive stimulation. No change in contact duration was observed during the non-nociceptive stimulation, suggesting that the effect seen here is pain-specific.


Gait Adaptations With Electrical Pain

Participants modified their gait pattern in the presence of phasic nociceptive electrical stimulation. It is important to notice that not only did they modify their gait (HC duration and peak pressure) during the initial phase of the PAIN period (PAIN early), as hypothesized, but they also showed a persisting reduction of their HC peak pressure magnitude that stabilized for the rest of the stimulated period (PAIN late). These two periods will be discussed separately below.

During PAIN early, there was a significant reduction in HC peak pressure and HC contact duration, indicative of an unloading of the painful limb. Even though the stimulation protocol was not designed to generate a complete withdrawal response on the stimulated side (withdrawal caused by higher stimulus intensities such as those presented in Spaich et al. (2004), this unloading suggests that stimulation was painful enough to alter the gait pattern. This effect on the painful side was associated with an increased HC peak pressure on the non-stimulated side, indicative of a dynamic increase in weight transfer to that limb (loading). This bilateral change in motor strategy could be interpreted as a protective response, based on Hodges and Tucker (2011).

After approximatively 25 strides into the PAIN period, HC peak pressure stabilized below the lower CI95%, i.e., at a significantly lower level than before PAIN period. This pressure level was then maintained stable for the rest of the pain period, i.e., for approximately 125 more strides (Figure 4A). Participants therefore showed a persisting reduction in HC peak pressure on the painful side. HC contact duration continued to tend toward baseline values until the end of the pain period. On the non-stimulated side, both pressure magnitude and contact duration returned to BASELINE values. Together these results suggest that the electrical nociceptive stimulus not only generated acute pain-avoidance gait modifications (as mentioned above), but also lead to the development of a persistent modification in gait pattern for the duration of the pain exposure. It is this modified gait pattern that will enable further studies on sensorimotor control or gait modifications with a well-controlled nociceptive stimulus in the future. The current protocol therefore brings a simple and powerful tool to further our knowledge in this field of research.

During the POST-PAIN period, statistically significant changes were observed, mainly for HC duration on the stimulated side. However, these changes were fairly small compared to the main effect observed during the PAIN period. As an example, on the painful side, an increase of 3.4 ± 0.9% relative to baseline duration is measured, compared to the 12.1 ± 0.9% decrease observed for PAIN early. Such small changes are therefore unlikely to be functionally or clinically meaningful.



Link Between Heel Contact Pressure Duration and Stimulation Duration

Even if participants modified their contact duration to modulate pain duration (similar to what has been seen in Gallina et al. (2021) with task-relevant modulation of perceived pain intensity), they still maintained their unloading of the painful limb (reduced HC peak pressure) to possibly continue to “protect” the painful limb. We suggest that this persistent behavior could represent a maladaptive gait modification, according to Hodges and Tucker (2011). Using nociceptive electrical stimulation is therefore a powerful pain model that mimics possible adaptation to modulate pain as shown in Gallina et al. (2021) and by our results.



Perceived Qualities of the Nociceptive Stimulus

Regarding painful area size and location, the electrical stimulation used in our protocol was localized around the stimulation site (3.3 ± 1.3 cm), similar to the result of Gallina et al. (2021). This is a major improvement compared to saline or adenosine injections and ischemic block (Graven-Nielsen et al., 2003), with participants reporting pain in various location below their knee.

As a means of further describing the qualities of the pain generated, previous studies using other experimental pain models simulating lower limb MSK pain (saline injections, ischemic block) have used the McGill Pain Questionnaire (versions 1 or 2). They have reported various qualities from the sensory subgroups of the SF-MPQ-2 including Aching and Throbbing (Bennell et al., 2004; Smith et al., 2020) or Stabbing, Cramping, Burning, Heavy, and Exhausting (Graven-Nielsen et al., 2003).

In the present study, Throbbing, Sharp, Tender, Electric-shock, and Tingling were the most frequently reported pain qualities. Sharp and Electric-shock have been categorized as intermittent pain descriptors, Throbbing and Tender as continuous, and Tingling as predominantly neuropathic (Dworkin et al., 2009). These subcategories were suggested by Dworkin et al. (2009, 2015), for participants suffering from chronic pain and acute low back pain. It has been shown that people suffering from acute pain tend to use sensory subgroups (continuous, intermittent, and predominantly neuropathic descriptors) more frequently compared to participants with chronic pain, that tend to score more frequently the affective descriptors (Reading, 1982). Due to the electrical nature of the pain used in our protocol, it is not surprising to have a higher number of participants reporting Electric-shock and Tingling over Burning or Cramping (frequent with the other models). However, in the present study, participants mainly reported sensory subgroups pain descriptors, and only rarely affective ones. This further supports the fact that the electrical nociceptive stimulation represents a good acute pain model.



Comparisons to Other Pain Models


Similarities in Term of Motor Response to Pain

The electrically evoked phasic ankle pain protocol led to effects similar to those of other pain models used to study gait modifications. Regarding HC peak pressure reduction on the painful side, Madeleine et al. (1999) noted similar modifications following saline injections in the tibialis anterior, where participants tended to put less weight on the injected leg. Also, Seeley et al. (2013) noticed a decrease in peak vertical impact ground reaction force of 3–4% following injection in the infrapatellar fat pad. Regarding the decrease in HC duration, Levins et al. (1998) also noted a decrease in single limb support duration while using steel beads under the heel to create the painful stimulus. Such similarities with other experimental pain models further support the validity of our electrically evoked phasic ankle pain model during gait. One main difference, however, is that injections create a tonic continuous pain that rapidly increases and then gradually reduces (Madeleine et al., 1999; Graven-Nielsen et al., 2003). On the contrary, painful electrical stimulation can be triggered at a specific moment of the gait cycle as shown in this study and the pain intensity can be modulated by participants (Gallina et al., 2021). Our model therefore leads to the same effect observed throughout their experiment. However, since time-courses aren’t available to compare their results to ours, it is difficult to further conclude in terms of initial vs. late effects.

Previous work with electrical stimulation showed some similarities with our phase-specific ankle pain model. Studies investigating painful electrical stimulation at the lower back (Moseley et al., 2004; Moseley and Hodges, 2005) and at the knee (Tucker et al., 2012; Gallina et al., 2021) showed an altered motor response in the assessed muscles. Even if these studies used movement to trigger pain [for example arm movement to elicit painful stimulation of the lower back (Moseley and Hodges, 2005) or shifting body weight to modulate pain perception at the knee (Gallina et al., 2021)], none of them used a functional activity such as walking to trigger a painful stimulation. This phase-specific aspect of our pain model made it possible to study how pain can alter motor response during a task involving sensory gating and sensorimotor processing (Nielsen, 2003).



Advantages of the Electrically-Evoked Phasic Pain

In addition to the similarities with previous experimental pain models, using electrical stimulation allowed us to generate a local, phase-specific, non-invasive pain. Importantly, the mild to moderate pain level of 3–4/10 on the VAS (Boonstra et al., 2014) was easily reached for all participants at relatively low stimulation intensities (maximal intensity: 27 mA). Furthermore, this corresponds to what is typically reported during gait following grade I or II lateral ankle sprains (LASs) (Ivins, 2006). Electrode placement alongside the distal end of the lateral malleolus evoked a localized pain while avoiding radiating pain toward the foot. This is an improvement over other pain models, such as saline injections or ischemic block (Graven-Nielsen et al., 2003), where radiating pain was reported to a larger region than targeted. Only one of our participants felt pain from the lateral malleolus to the lateral side of the calcaneum. Moreover, electrical stimulation is less invasive and no flares are present hours after initial exposure to the stimulus (Petersen and Rowbotham, 1999).

A major advantage of this painful stimulation protocol is that it can be adjusted in its timing of application to target a specific moment in the gait cycle, i.e., it is phase-specific. Unlike other pain models such as capsaicin, saline, or ischemic block, which are described as a tonic continuous pain (Graven-Nielsen et al., 2003; Bouffard et al., 2014), the painful stimulus used in this study was present only during HC and lasted less than 500 ms.

This phasic aspect is closer to what is experienced during actual MSK pain. Levins et al. (1998) used steel beads to create a phasic plantar heel pain experimentally. Similar to our results, Levins et al. (1998) reported that participants reduced the amount of time spent on the painful limb. However, unlike the electrical stimulation proposed here, they could not precisely set the pain timing, duration, or intensity, as it could vary across participants depending on their mass, gait speed, and gait pattern (initial and adapted). The electrically evoked phasic ankle pain protocol presented in this study also shows direct similarities with actual ankle injuries. Regarding HC peak pressure, Doherty et al. (2015) suggested that, following a first acute ankle sprain, patients tend to use a “compensatory mechanism” that consists of attenuating impact forces at HC. Similar results can be seen during other movements, such as a drop vertical jump, where participants with an acute ankle sprain are offloading the injured limb or increasing the load on the non-injured limb (Doherty et al., 2014).




Strengths and Limitations of the Study

This study has some limitations. First, the relatively young adult group and relatively small sample size that was recruited might limit the generalizability of the results. Also, participants walked on a treadmill, which may not be as functional as walking overground, but was necessary for our stimulation setup. Regarding the pain intensity, following the first minute of pain exposure, the perceived pain level stabilized around 2.5/10 (compared to the 3/10 initially reached). This could be partly explained by the electrical nature and parameters of the stimulation, close to what is used for transcutaneous electrical nerve stimulation (TENS), known for its hypoalgesic effects in healthy participants (Chesterton et al., 2002, 2003). Using monophasic square waveform at 300 Hz with an intensity of 14.4 ± 5.2 mA [compared to the 7.4 ± 2.2 mA sinusoidal waveform at 4 Hz in Gallina et al. (2021)] show similarities to usual TENS parameters (Chesterton et al., 2003). Importantly, this 0.5-point reduction in pain score had no major impact on the objectives of the study, that were to study gait modifications in the presence of pain. Now knowing that these stimulation parameters can induce changes in pain intensity, it will be possible to conduct future studies using parameters similar to Gallina et al. (2021). In addition, adjusting pain intensity to reflect the amount of pressure on the heel could be an improvement to even better represent the MSK-like aspect of our protocol. Finally, collecting electromyographic data would’ve made it possible to determine if flexion reflex were elicited following painful stimulation.

This study also has several strengths. It presents an original protocol to elicit pain experimentally that shares characteristics similar to actual MSK pain, in order to study human adaptation to nociceptive stimulation. One of the highlights of this phase-specific pain model is its easily adjustable nature (in terms of phase, duration, and intensity at any moment of the experiment), that allowed being present at a functionally relevant moment of the gait cycle. Another highlight is the longer-lasting gait modifications that quickly stabilized to obtain a robust modified gait pattern during the painful condition. Moreover, this model is non-invasive making it safe and easy to use in many settings and populations. Finally, it is possible to recreate gait adaptations that are found in other validated pain models and actual MSK injuries.




CONCLUSION

These results support the use of the proposed phase-specific electrically evoked phasic ankle pain protocol to study gait adaptations in the presence of MSK-like pain. This protocol is an attractive MSK-like pain model, as it is non-invasive and can target specific, functionally relevant moments of the gait cycle, and shows similarities with actual MSK pain adaptation strategies. Future studies will use this protocol to further investigate the similarities of persisting gait adaptations to those observed during actual MSK pain, and thereby advance our understanding of the effects of MSK pain on global motor control.
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INTRODUCTION

Parkinson's disease (PD) is a common degenerative disease of the central nervous system. Clinically, its incidence is second only to Alzheimer's disease, which seriously harms the health of middle-aged and elderly people (1). Main clinical manifestations of this disease include balance disorder, resting tremor, bradykinesia, and muscle stiffness, and this disease has a high incidence and disability rate. However, initial symptoms of PD are different, and the early symptoms are often ignored by people, which delays the optimal time to manage the disease. PD is closely related to age. Epidemiological surveys showed that the global prevalence of PD is 0.3%, among which the population over 65 years old accounts for 1–2%, and the prevalence rate over 85 years old increases to 3–5% (2, 3). A meta-analysis of people, both genders, with PD showed that men are at higher risk of PD than women (4). The progression of PD is unpredictable and may suddenly worsen. People with PD often complain that their symptoms clearly worsen within one year.

Fall is a balance disorder that often occurs in the late stage of PD. However, some studies have found that abnormal body swings occur in the early stages of PD, that is, mild balance dysfunction, which gradually worsens as the course of the disease progresses (5). Some researchers have found that people with Hoehn-Yahr stageII PD have balance adjustment disorders when they turn around (6). Newly diagnosed unmedicated people with PD have abnormal balance (7). Ultrasound of abnormal brain substantia nigra shows mild balance wobble in high-risk people with PD (8). Therefore, people with PD can have mild balance dysfunction in the early stage (9). As the course of the disease progresses, people with PD will inevitably show signs of abnormal dynamic balance, and even fall, leading to fractures and disability.

Although the apoptosis of dopaminergic cells in the substantia nigra striatum is the main cause of motor symptoms of PD, the balance disorder cannot be explained by lack of dopamine alone. Application of PET-CT found that apoptosis of the substantia nigra is closely related to motor retardation, but it has little to do with postural balance. It is well known that Medoba cannot alleviate or partially alleviate the symptoms of balance disorders in people with PD. Levodopa is the first-line drug for the treatment of PD. It has a good therapeutic effect on muscle stiffness and motor retardation, but there is no consensus on whether it can improve the symptoms of instability in PD (10, 11). In addition, long-term use of drugs can cause adverse drug reactions, such as nausea, vomiting, and orthostatic hypotension. Deep brain stimulation (DBS) is a surgical treatment for movement disorders such as PD (12). A study found that DBS stimulation of bilateral pontine nuclei can provide an effective treatment for alleviating gait and balance abnormalities in people with PD (13). In other studies, the effect of DBS on gait and balance disorders has been less successful and may even lead to freezing and increased gait imbalance (14). For the symptoms of PD, management rather than treatment is considered a more realistic strategy. Therefore, it is particularly important to actively seek safe and effective complementary and alternative therapies to improve the balance disorder in PD. Since 2002, Complementary and alternative therapy has been widely used in the United States and has attracted the attention of patients with neurological diseases (15). Short-term muscle stretching and functional electrical stimulation have also been shown to be effective in improving the gait of patients with PD (16, 17). Exercise therapy is considered to be an adjunct to medical and surgical treatments designed to maximize function, improve quality of life, and minimize or reduce complications (18). Although exercise therapy is recommended as an effective treatment for persons with PD, there is no uniform standard for specific exercise patterns (19, 20).

Fear of falling, decreased muscle strength, and decreased proprioception are the main factors that cause falls. A study reported that the elderly showed lower muscle use efficiency and greater postural swings in standing balance tasks, which means that the elderly has a greater risk of falls (21). Lelard et al. (22) considered that any form of physical activities can increase confidence in maintaining balance, and that strength and proprioception training is the most suitable balance exercises for healthy elderly people. However, due to practical considerations, the elderly, especially elderly people with PD, have a low chance of participating in special strength training.

Tai chi, a popular traditional Chinese martial art, has gradually developed into an exercise therapy. As we all know, tai chi is a form of exercise that requires long-term practice and continuous improvement, and Yang tai chi is the most popular (23). Tai chi can increase muscle strength and improve body coordination. Unlike other complementary and alternative therapies, tai chi training is very economical, and there is no need to consider whether the state can provide subsidies. According to a report, each tai chi class in the United States is worth USD 3.5, which is acceptable to most practitioners (24). Practitioners can choose actions that improve balance and flexibility rather than the entire set of actions. In recent years, tai chi has been proven to improve many diseases, such as chronic obstructive pulmonary disease, heart failure, and knee osteoarthritis (25). In the tai chi training process, participants continuously adjust their center of gravity while moving slowly in multiple directions to maintain their body balance. A meta-analysis showed that tai chi has a promoting effect on balance, and it is believed that it has a good effect on the strengthening of proprioception (26, 27). A study by Guo et al. (28) found that compared with a control group who had not practiced tai chi, the elderly who had practiced tai chi for an average of 9 years or more had a great advantage in proprioception of the knee and ankle joints. This shows that long-term tai chi exercise helps maintain or strengthen the proprioception of the elderly.

The balance and stability of people with PD are seriously threatened, and tai chi training has potential healing effects. Therefore, this article aims to outline the key role of tai chi training in enhancing balance ability and preventing falls in people with PD. Moreover, the authors emphasize the limitations and challenges of this research on tai chi to improve balance ability in PD.



TAI CHI PROMOTES THE BALANCE ABILITY OF PEOPLE WITH PD

Human daily activities cannot be performed without balance ability. Studies have shown that elderly people with PD are more likely to be admitted to a hospital for fractures due to falls (29). Therefore, seeking active and effective exercise methods to enhance the balance ability of elderly people with PD is particularly important for improving their quality of life. Tai chi has slow rhythm and continuous movements. It enhances the balance ability of people with PD by constantly shifting the center of gravity. The decreased balance ability of people with PD is closely related to loss of posture control. Tai chi training finely controls joints through muscle coordination. In addition, tai chi training can strengthen the sensory stimulation of the limbs and lower limb muscles, which is very important for the improvement of the movement and balance ability of people with PD.

In order to investigate how tai chi reduces the risk of falls, Rahal et al. (30) compared the balance ability between healthy elderly people who practiced Tai Chi and ballroom dancers. They found that the tai chi group had faster walking speed and shorter transfer time, and that in the sit-to-stand test the tai chi group had better balance performance in the final standing posture. Besides, Zhou et al. (31) reported the influence of tai chi training on posture control of elderly women. When the tai chi group shifted the center of gravity as quickly as possible to complete the special orientation posture, and remain stable without falling, the overall, lateral, and anteroposterior diameter swing paths of the center of gravity were smaller than those of the control group. The study by Holmes et al. (32) found that tai chi can reduce the swing of the body's center of gravity caused by respiratory disturbance, thereby reducing the instability of the body. Zhou et al. (33) found that Tai Chi can effectively increase muscle strength of the lower limbs for elderly people. Furthermore, crossing obstacles is a behavior that occurs in daily life, which requires better dynamic balance ability. Chang et al. (34) reported that when crossing obstacles, the flexion angle of the hip joint in a tai chi group was significantly greater when raising the leg, and that the tai chi group had a larger stride, faster stepping speed, and shorter time required to cross an obstacle. Therefore, tai chi training has a positive effect on maintaining balance when crossing obstacles. Another research by Zou et al. (35) showed that both the 24-style tai chi and the modified Chen-style tai chi can effectively enhance the balance function and adaptability of body posture control in elderly people with PD. Recent studies have shown that tai chi exercise can better promote balance function, and that it is significantly better than stretching exercises and multi-modal exercises in reducing the incidence of moderate injury falls and severe injury falls (36, 37). However, the results of this study cannot determine whether Tai Chi is suitable for elderly PD patients since the participants were not PD patients though over 65 years old.

Tai Chi can effectively improve the static balance ability of middle-aged and elderly people, but there is no direct evidence to improve PD patients' static balance ability (38). In tai chi movements, such as “brushing keen and twisting step” and “parting the wild horse's mane,” the legs should be open to a larger and suitable angle, and the maximum swing should be emphasized when doing the movements (39, 40). The knees should be bent and squat with the knee joints on the frontal axis. The angle between the sagittal axis and the sagittal axis is increased, and this posture can improve the control ability of the practitioner's lower limbs. This may be the key reason for long-term tai chi training to improve posture control ability and reduce the ellipse area that represents the static balance ability.

The significance of tai chi for the treatment of PD is mainly to improve gait and strengthen neuromuscular control to reduce the risk of falls. Characteristics of the included studies are shown in Table 1. A research study by Li et al. (39) found that tai chi can maintain and improve various body functions of elderly people with PD and that it is a very effective exercise therapy. In its follow-up study (41), 195 patients with PD, Hoehn-Yahr stages 1 to 4, were randomly divided into tai chi group, resistance training group, and stretching training group, each for 60 min/time, 2 times/week, for a total of 24 weeks of intervention. The results showed that the tai chi group performed better than the resistance group in terms of maximum excursion, with a difference of 5.55 percentage points between the groups (95% confidence interval [CI], 1.12–9.97, P = 0.01). In terms of directional control, the difference between groups was 10.45 percentage points (95% CI, 3.89–17, P = 0.002). Compared with the stretching group, the tai chi group had more obvious differences between the groups in maximum excursion and direction control. This showed that tai chi has significant effects on improving postural stability and functional ability of people with mild to moderate PD. Liu (42) et al. showed that tai chi exercise-assisted balance and gait training can reduce the occurrence of falls in people with PD, and that the improvement of traction in the tai chi training group was significantly better than that of the control group. A study by Gao et al. (43) found that the 12-week Yang Style tai chi was better than the control group in improving the Berg balance scale (p < 0.05), and that the number of falls in the Tai Chi group during the 6-month follow-up period was significantly less than that in the control group. The number of falls in the tai chi group was 0.3 ± 0.62 times, and in the control group it was = 0.64 ± 0.74 times (p < 0.05). In a preliminary experiment conducted by Hackney et al. (44), 30 people with PD were randomly divided into a tai chi group and a control group. The tai chi group intervened for 1 h a day twice a week, for a total of 10 weeks. The control group did not intervene. The results showed that before and after exercise, the tai chi group had significant changes in the Berg Balance Scale, Unified Parkinson's Disease Rating Scale (UPDRS), Timed Up and Go, tandem stance test, 6-minute walk, and backward walking compared with the control group.


Table 1. Characteristics of the included studies.
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However, there are only few studies that believe tai chi has no significant effect on reducing falls in people with PD (45, 46). Amano et al. (47) found that tai chi training had no effect on the gait and posture control of people with PD, and that no improvement in people's balance ability was observed. It was speculated that the reason could be the short duration of training, which was only 16 weeks and only 2 to 3 practice sessions per week.



LIMITATIONS OF CURRENT TAI CHI RESEARCH

There are some limitations in the research on Tai Chi improving the balance ability of people with PD. This may be attributed to the following reasons: at present, most clinical control studies recruit subjects who have no foundation in tai chi training. After randomization, the trial group will be given tai chi training and practice for not more than 6 months to evaluate the difference with the control group (46, 47). Therefore, the reason for the diverse conclusions is the difference in the standard degree of tai chi movement and length of training. Moreover, when formulating tai chi to improve the balance ability of people with PD, the characteristics of different tai chi categories should be considered, and unified Tai Chi training movements should be performed. The selection and modification of Tai Chi actions for PD needs to focus on the severity of the disease of people with PD to enhance the reproducibility and generalization of the research results.

Tai Chi, as a medium-intensity aerobic exercise, with frequency of training of three times a week, can meet the recommended standards of American College of Sports Medicine (ACSM). Furthermore, tai chi is a kind of physical and mental exercise. During exercise, breathing and soothing music should be used to effectively improve the mood of people with PD, and it is beneficial to overcome the fear of falling. Compared with the rehabilitation training content of modern medicine, tai chi training improves the abnormal gait and balance disorders of elderly people with PD. It does not require special equipment and venues, and the exercise intensity and difficulty are not challenging, which is convenient for people with PD to practice. Tai chi improves the movement and balance abilities of people with PD, effectively reducing physical and psychological burdens of caregivers, and it has high social and economic benefits.



CONCLUSION

The authors of this article point out that tai chi can improve balance ability and reduce the risk of falls in people with mild to moderate PD. It is an effective non-drug intervention. In addition, in view of the differences in research results, the existing problems of Tai Chi intervention in PD should be deeply analyzed. This is also a key issue that needs attention and consideration in the future research. However, more evidence-based research is needed to prove the effectiveness of tai chi in improving balance ability and preventing falls of people with PD. Researchers designing tai chi movements should take into full consideration the special physical conditions of people with PD, movements that are simple and easy to learn while having good effects on improving balance ability. Based on a good mass foundation, tai chi movement will be more widely used and promoted as a daily care plan for people with PD.
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Objectives: To demonstrate the task-specificities of anticipatory muscle activations (AMAs) among different forward-reaching tasks and to explore the StartleReact Effect (SE) on AMAs in occurrence proportions, AMA onset latency or amplitude within these tasks in both healthy and stroke population.

Methods: Ten healthy and ten stroke subjects were recruited. Participants were asked to complete the three forward-reaching tasks (reaching, reaching to grasp a ball or cup) on the left and right hand, respectively, with two different starting signals (warning-Go, 80 dB and warning-startle, 114 dB). The surface electromyography of anterior deltoid (AD), flexor carpi radialis (FCR), and extensor carpi radialis (ECR) on the moving side was recorded together with signals from bilateral sternocleidomastoid muscles (SCM), lower trapezius (LT), latissimus dorsi (LD), and tibialis anterior (TA). Proportions of valid trials, the incidence of SE, AMA incidence of each muscle, and their onset latency and amplitude were involved in analyses. The differences of these variables across different move sides (healthy, non-paretic, and paretic), normal or startle conditions, and the three tasks were explored. The ECR AMA onset was selected to further explore the SE on the incidence of AMAs.

Results: Comparisons between move sides revealed a widespread AMA dysfunction in subacute stroke survivors, which was manifested as lower AMA onset incidence, changed onset latency, and smaller amplitude of AMAs in bilateral muscles. However, a significant effect of different tasks was only observed in AMA onset latency of muscle ECR (F = 3.56, p = 0.03, η2p = 0.011), but the significance disappeared in the subsequent analysis of the stroke subjects only (p > 0.05). Moreover, the following post-hoc comparison indicated significant early AMA onsets of ECR in task cup when comparing with reach (p < 0.01). For different stimuli conditions, a significance was only revealed on shortened premotor reaction time under startle for all participants (F = 60.68, p < 0.001, [image: image] = 0.056). Furthermore, stroke survivors had a significantly lower incidence of SE than healthy subjects under startle (p < 0.01). But all performed a higher incidence of ECR AMA onset (p < 0.05) than with normal signal. In addition, the incidence of ECR AMAs of both non-paretic and paretic sides could be increased significantly via startle (p ≤ 0.02).

Conclusions: Healthy people have task-specific AMAs of muscle ECR when they perform forward-reaching tasks with different hand manipulations. However, this task-specific adjustment is lost in subacute stroke survivors. SE can improve the incidence of AMAs for all subjects in the forward-reaching tasks involving precision manipulations, but not change AMA onset latency and amplitude.

Keywords: startle, stroke, anticipatory muscle activation, rehabilitation, anticipatory postural adjustments


INTRODUCTION

Anticipatory muscle activations (AMAs) are considered as unconscious muscular activities to prevent the upcoming external disturbance to posture brought by the focal movement (1). For example, when we sit at the table and prepare to enjoy a glass of wine, we raise our right shoulder and arm to accurately grasp the glass in front of us. Before the arms are raised, our body will first move back to offset the disturbance of the forward movement, and approximately 50 ms before or at the same time, the muscles of the trunk and limbs have also been activated to prevent disturbance caused by voluntary movement and ensure the precision of grasp action. Such posture adjustments and muscle activation of the trunk and proximal joints are called anticipatory postural adjustments (APAs) and AMAs, respectively. As one motor control strategy, such anticipations are integrated into motor programing in a feed-forward way to both maintain postural stability and improve the focal motor performance (2, 3). The APAs could be observed and evaluated by the displacement of the body center of mass via postural graphic analysis and AMAs via surface electromyography (sEMG) (3–5) in the corresponding time window (6). In coping with disturbances and task accuracy (7), the AMAs show orderly activations and adjustments of systemic bilateral muscles and were further depicted as a servo-system responding to external or internal disturbance (2).

Compared with the displacement of the body center of mass, which represents the feedforward trunk movements, the AMAs of the whole body can provide more abundant muscle onset information, and it has been used for the movement prediction (3, 8). Related researches on the upper-limb movement at a sitting position indicated that AMA order, the amplitude of contraction, and duration could be used as predictive factors for the forthcoming action (3). The changes in AMA patterns brought about by the limb movements in different directions and speeds are easy to understand due to the different amplitude and directions of the disturbances. Indeed, even at the forearm level, the AMA tune of limb muscles could be opposite when performing finger taps with hand prone or supine (9). This phenomenon suggests that the AMAs are involved in the precision movement of the hand (9), and the timing and sequence of muscle activations can be specifically adjusted according to the position of the forearm. And this intra-limb AMA pattern seems to be further optimized in the precision movement on the dominant hand (7). The above results suggest that with the mastery and proficiency of precision tasks, task-specific AMAs will also be formed simultaneously. Therefore, it is reasonable to believe that skilled activities of hand have developed their specific AMA patterns. In addition, the highly developed human motor cortex and the extensive representative areas of the hand further provide a structural basis for the specialization of the precision movements of the hand. An experiment on monkeys indicated that firing neurons in the motor cortex were significantly different during the execution of reach and grasp (10). Thus, the human motor cortex is very likely to show these task-specific neuron activations, which represent different motor commands, respectively. Increasing pieces of evidence revealed that AMAs and the recruitment of prime mover shared the same motor command (11, 12). This means that the AMA patterns of the precision reach and grasp activities in humans may be task-specific. However, most previous studies using fast-arm flexion, reaching or pointing as their test paradigm (3), rarely consider hand manipulations. Whether such task-specific AMA patterns exist in the forward-reaching tasks involving finger movements is still unknown. This exploration of task-specific AMAs may help the development of motor intention recognition for the arm-hand tasks and provide personalized neurofeedback rehabilitation training for patients with motor dysfunction of the upper limb.

For most stroke survivors, the recovery of arm-hand function is one of the longest and most challenging topics. On the one hand, damage to the central nervous system directly leads to the loss of control of hand movements. On the other hand, abnormal muscle synergy patterns (typically flexor synergy) (13) and spasticity (14) that appear in the upper limbs during the recovery process can also hinder normal arm-hand movements. In addition, even if the single joint movements of the wrist and fingers can be restored, a lot of effort is still needed to regain the dexterity of functional arm-hand movements, such as precision grasp (15). A large number of studies have confirmed that APA training helps to restore the trunk function and balance of patients with stroke (16, 17). Given the important role of AMAs in upper-limb activities, we have reason to believe that targeted training based on AMAs may help the recovery of forearm and hand function in patients with stroke. However, before that, we need to learn more about the AMA patterns in the forearm-hand movement of patients with stroke.

In the stroke population, delayed or even abnormal AMAs occur commonly in global muscles (18) and manifest a systemic less response to the upcoming disturbances, with more severe impairment to the contralateral side (19). These abnormalities require more voluntary compensation from both trunk and limb muscles to counteract disturbances and even ensure the accuracy of movement (6). Unfortunately, these pathological movement patterns involving atypical feedforward AMAs along with abnormal neuromodulation pathways would be over-enhanced with the time past for the severely injured stroke population (20–22). Therefore, evaluating the AMAs early after the stroke onset may allow us to more clearly find the functional defects before the occurrence of overcompensation. And the targeted training of AMAs for the arm-hand movement may be more effective.

Nevertheless, unresponsive AMAs in the stroke population may be submerged in the abnormal background noise and hard to detect (23). Besides the improvement from an sEMG signal processing technology (24), the introduction of the StartReact Effect (SE) (25) may provide a novel approach to trigger AMAs. A loud acoustic stimulus approximately higher than 110 dB could lead to the early initiation of prepared movements, including AMAs (4, 26). This phenomenon is explained as a well-prepared program that can be triggered output in advance mainly through the cortical reticulospinal tract (25). Coincidentally, the functional neuroregulatory structures of APAs include supplementary motor area (27), primary motor cortex (28), and pontomedullary reticular formation (29), which have a high degree of overlap with cortical reticulospinal formation. In healthy subjects, the loud acoustic stimulus has been confirmed to increase the response frequency of AMAs during gait initiation (4). Moreover, some studies further revealed that the exposure to startling does not impact the upper-limb voluntary activities but enhances the actual reaching performance in stroke subjects (30, 31). However, not all movement initiation can be triggered by SE early, it is negative in some distal finger manipulation activities (32). Whether startle has similar effects on reaching tasks involving precision hand movements remains unclear.

In the present study, we have designed a series of goal-directed hand manipulation tasks based on the forward-reaching paradigm (33–35) at a sitting position with the torso fully involved. We hypothesize that there is likely to be specific AMAs in different hand manipulation tasks, and patients with stroke may retain or lose these specificities. Meanwhile, positive SE may exist in these tasks and has a significant impact on the AMAs of patients with stroke. The first aim of our study was to investigate the task specificities of AMAs among different hand activities and further probe into its preservation or atypical changes in the stroke population. Simultaneously, we explored the SE on the occurrence proportion, muscle onset latency, and amplitude of AMAs on trunk and limb muscles in both healthy and stroke participants. The results of this study provide a basis for a better understanding of the AMAs in 3-D upper-limb grasp activities and give suggestions to develop novel approaches to APA rehabilitation after stroke based on SE.



MATERIALS AND METHODS


Participants

Experiments were carried out in age-matched 20 male subjects, 10 healthy volunteers, and 10 patients with stroke. The inclusion criteria for stroke subjects were: (1) first onset of ischemic or hemorrhage of the unilateral cortex and sub-cortex at the subacute phase (7 days to 6 months) (36); (2) age between 18 and 65 years old; (3) able to perform at least 30-degree shoulder flexion with the paretic arm without support at the sitting position; (4) no hearing impairment and able to understand movement instructions; and (5) good tolerance for 114 dB sudden audio stimulation. Participants would be excluded if they suffer impairments from other diseases or states that severely affect the participant's upper-limb and trunk function, such as fracture, rheumatoid arthritis, amputation, and high fever. Finally, all participants need to sign the informed consent before participation. This study was approved by the institutional ethical committee of Tongji Hospital (No. TJ-IRB20210648) and has completed the online pre-registration for clinical research (No. ChiCTR2100048222).

However, we failed to collect the data from one male patient with stroke, due to the missing anterior deltoid (AD) muscle onset data caused by loosely attached electrodes to the sEMG unit. For stroke subjects #8 and #9, the data of bilateral lower trapezius (LT) and latissimus dorsi (LD) were missing due to the temporary malfunction of electrodes. Finally, data from 10 healthy subjects and 9 patients with stroke were used for the analyses of this study. The baseline characteristics were summarized in Table 1. The mean age of stroke and healthy groups was 42.42 ± 13.26 and 36.50 ± 6.95 years old, respectively. The mean time post-stroke onset for the 9 patients was 2.83 ± 2.11 months.


Table 1. Demographic characteristics of the participants.
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Clinical Assessments

In subjects with stroke, the Fugel-Meyer assessment for upper extremity (FMA-UE) (37) was used for the evaluation of the motor function of the upper limb. Moreover, the spasticity was assessed by the modified Ashworth scale on biceps (38) on the paretic side. All patients have impairments in the upper extremity with a mean score of FMA-UE at 33.78. And their median score (Grade 1) of modified Ashworth scale revealed normal or slightly increased spasticity. Age, body mass index, and dominant hands were all comparable in both groups (see Table 1).



Experimental Procedure

In a warm, dry, and quiet room, participants were ordered to sit with their hips and knees flexed ~90° on a height-adjustable seat 1.5 m in front of a blank blackboard. The subject's upper limbs were asked to place next to the trunk as a starting position and keep the whole body relaxed as much as possible. A pallet tripod with 80% shoulder height was placed on the subject's anterolateral side (45°) with a distance of 120% arm length from the acromion to the pallet center. Participants were asked to perform the required task correctly according to the auditory information from a stereophonic headphone (Sennheiser HD25-I; Wedemark, Germany). These tasks include reaching the center of the pallet, reach to grasp a tennis ball (about 58 g), or an inverted coffee takeaway cup with palm inward (7 cm base and 15 cm high) at the same weight. An illustration of the details in the task “reach to grasp a cup” in our study is provided in Figure 1.


[image: Figure 1]
FIGURE 1. An illustration of the task “reach to grasp a cup” in our study. The outline of the human body in the gray dashed line and the black solid line represent the position of the subject in the pre-motor preparation and motor execution phases in the “reach to grasp a cup” task, respectively. The black rectangle represents the position where the infinite surface EMG sensors is placed. The individually adjusted seat height, the relative position of the cup, and the acromion of movement side are clearly marked. The computer-generated “Warning” and “Go” cues were communicated to the subject through a headset.


The 3 tasks with 10 repetitions of each were randomly assigned into 30 trials within a test. Subjects would take an 1-min break after completing 10 consecutive trials. On each trial, within 5 s after the start of the experimental program, the subjects were verbally informed of the target action, such as “reaching to grasp the cup,” and then hear a warning cue with continuous “beep” (82 dB, 1,000 Hz) for 0.5 s to prompt for “Get ready.” In the next 2.5 to 3 s, the second auditory cue “Go” represents the initiation of the aiming task. Intervals between the two cues were separated randomly to prevent anticipation. In control trials, the “Go” cue was a 40-ms “beep” sound as same as the warning cue, whereas it was replaced with a broadband white noise (114 dB, 40 ms) for “Go” in the startle trials. Although some research suggests that 124-dB acoustic stimulus may be more efficient (39) because of patient acceptability, we chose a relatively mild startle stimulation used in similar researches (40, 41). There is a 15-s interval between every two trials to ensure that the subjects are fully relaxed and provide sufficient time for the replacement of the ball or cup on the tripod. About 30 trials were required for the test on each side for all participants, and half of those trials would use startle white noise as a “Go” cue. The orders of 15 control or 15 startling “Go” cues were also randomized in the test. At the beginning of these trials, 5–10 practices were implemented to ensure the smooth completion of the task. Healthy subjects were tested on the right hand first, and stroke participants completed it on the non-paretic side before using the paretic arm. Regardless of the performance, the test operators encouraged all subjects to complete the corresponding task as quickly and accurately as possible throughout the test. Additional encouragement for stroke subjects with obvious muscle paralysis would also be provided. The Psychtoolbox-3 toolkit based on MATLAB (2017b, MathWorks, Natick, MA, USA) was used for the design and execution of all tests.



Surface Electromyography and Data Preprocessing

The Ag/AgCl surface electrodes connecting to wireless sEMG units were placed bilaterally on the subject's right and left sternocleidomastoid muscles (SCM), the bilateral (LT), bilateral (LD), and tibialis anterior (TA). AD, flexor carpi radialis (FCR), and extensor carpi radialis (ECR) of the motion side were also placed with electrodes for sEMG recording. All operations in our experiment followed the SENIAM recommendations, and the signals were visually verified by voluntary contraction. The sEMG signals were collected by the Ultimu EMG system (Noraxon USA Inc., Scottsdale, AZ, USA) at a sampling rate of 2,000 Hz.

The raw data of sEMG were output and processed via the MATLAB software (2017b, MathWorks, Natick, MA, USA). The raw data directly output pre-processed first, including data segmentation and data filtering process by using a 30–300 Hz bandpass filter and a 50-Hz notch filter. The Teager–Kaiser energy operation was used to process the filtered data, which was based on the simultaneous sEMG amplitude and instantaneous frequency as a reference basis and has achieved higher reliability than normal methods (24). After data rectification and normalization, the threshold detection method was used to determine the onset time of muscle activation. The threshold T can be set as:

[image: image]

where μ and σ are the mean and SD of baseline amplitudes of the time window 2,500–500 ms before each “Go” cue, and h is a preset variable (h = 3 in this study). Finally, the morphological operation (42) was used to eliminate false-positive activation points.

According to the video recording, trials with obvious task errors (such as movement initiation before the “Go” cue or performing the wrong task) were eliminated first. The left and right side data of healthy subjects were converted to the same model, and the data of patients with stroke were converted to the non-paretic side and the paretic side data. The muscle activation onset time of AD was considered as time zero (T0) for all tasks. Moreover, the premotor reaction time was calculated for the interval between the rise of the “Go” signal to T0. Trials were also excluded from the data analysis if the reaction time of AD is within 30 ms after the “Go” cue or exceeds 400 ms for muscle response. The remaining trials were considered valid. Furthermore, the reaction time of SCM was also calculated. If the reaction time of either SCM was in the time window of 30 to 130 ms after the “Go” cue, the trial will be marked as a positive SCM+ trial. SCM+ has been suggested as a sign of a complete SE in the upper-limb movements (25). The onset latency of the other muscles each was calculated as the difference between muscle activation onset to T0. The integrals of sEMG of the muscle activation amplitude were calculated at the APAs window (−100 to +50 ms) (6, 43) to T0. A detailed description of the definition and calculation process of the parameters and outcome variables were provided in Table 2.


Table 2. The definition and calculation process of the parameters and outcome variables.
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Statistical Analyses

Demographic data and proportion variables (e.g., number of valid trials and incidence of SCM+) were first checked for their normality of distribution. And independent Student's t-tests were used for demographic data comparisons between healthy and stroke subjects. Differences in proportion variables between the two sides of stroke subjects were tested by paired t-tests. A general linear model using 3 move sides (healthy vs. non-paretic side vs. paretic side), 2 conditions (startle or normal), and 3 move tasks (reach, reach to grasp a ball or cup) as fixed factors were performed to test the differences. The original model included the main effects of the above 3 fixed factors, interaction effects of each two fixed factors, and a random intercept for subjects. Since no significant effect of interaction terms was found in all tests, they were excluded from the model analysis. Factors without significant main effects were also excluded from the final model for the analyses of corresponding variable. For the final positive models, post-hoc comparisons with Bonferroni corrections were used for those fixed factors with significant main effects. Moreover, for the healthy subjects, we made a model involving 2 conditions and 3 move tasks as fixed factors and a random intercept for subjects to do the analysis. Another general linear model using 2 move sides (non-paretic side vs. paretic side), 2 conditions (startle or normal), and 3 move tasks (reach, reach to grasp a ball, or reach to grasp a cup) as fixed factors and including random intercept for subjects was also performed to test the differences in stroke subjects. In the final positive models, post-hoc comparisons with Bonferroni corrections were used. The software IBM SPSS 22.0 (IBM Corp., Armonk, NY, USA) was used for all statistical analyses, and p < 0.05 was set as the significant level.




RESULTS


The Proportion of Valid Trials and Trials With Valid AMA Onset

Those proportion variables were compared between healthy participants and stroke subjects. A total of 1,027 trials were successfully screened out from the tests of 19 participants (1,140 trials). The healthy group had significantly higher numbers of valid trials than the stroke group (55.90 ± 3.28 vs. 52.00 ± 2.60, F = 1.02, p = 0.01). However, no difference was detected in the numbers of valid trials between the non-paretic and paretic sides (p > 0.05) in stroke subjects.

The numbers of valid AMA onset trials of each muscle in the 8 testing muscles range from 418 to 666, and the top two incidences of AMAs were in FCR and ECR as 64.86% and 62.90%, respectively. The contralateral LD (cLT) achieved the lowest at 40.70%. Moreover, the percentage of valid AMA trials in ECR, FCR, and both TAs all indicated lower AMA incidence in the stroke group (p < 0.01). No significant differences were detected between the two groups in the proportions of valid AMA trials of bilateral LT and LD (p < 0.01). It was worth mentioning that the four patients with lower FMA scores can still detect obvious AMAs in ECR and FCR (see Table 3).


Table 3. Proportion of startle responses and anticipatory muscle activations (AMAs) of subjects.
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Muscle Onset Latency

In the analyses on the effects of the 3 above fixed factors (move sides, conditions, and tasks) on muscle onset latency, no main effect of conditions was observed (p > 0.05). The factor move sides have significant main effects on the activation onset latency of muscle ECR, FCR, bilateral LT, and bilateral TA (p < 0.05). No main effects were observed of the 3 fixed factors for the muscle onset latency of bilateral LD (p > 0.05). The post-hoc comparisons were made on onset latency of the above muscles except LD in the different sides (healthy, non-paretic, and paretic sides). Significant activation delays on muscle ECR, FCR, bilateral LT, and ipsilateral TA (iTA) were observed in the healthy side when compared with the paretic side (p < 0.01). Differences of muscle onset latency between the healthy and non-paretic sides were also found in ECR (−5.85 ± 44.23 vs. −17.85 ± 52.80 ms, p = 0.04) and contralateral TA (cTA; −20.05 ± 51.76 vs. −41.59 ± 54.11 ms, p < 0.01). The muscle onsets of FCR and bilateral LT in the movement of the paretic side were also earlier than the non-paretic side (p ≤ 0.02).

The factor move tasks only have significant main effects on the muscle onset latency of ECR (F = 3.56, p = 0.03, η2p = 0.011) and ipsilateral LT (iLT) (F = 3.92, p = 0.02, η2p = 0.013). And post-hoc comparisons revealed significant differences between the move task reach (ECR, −5.37 ± 45.91; iLT, −8.66 ± 50.03 ms) and cup (ECR, −17.42 ± 50.05; iLT, −22.01 ± 53.69 ms) (p < 0.03), indicating an obvious earlier muscle onset of ECR and iLT in the move task cup. However, no differences were detected in onset latency of the above two muscles between task reach and ball (p > 0.05).

A further separate general linear model analysis involving fixed factors of conditions and tasks was made for the muscle onset latency of ECR and iLT in healthy subjects. No obvious main effects of conditions were observed for the two variables (p > 0.05). And the model was negative for the exploration of the main effect on the conditions, move tasks for muscle onset latency of iLT (p > 0.05). Only move tasks have significant main effects on the muscle onset latency of ECR (F = 4.98, p < 0.01, η2p = 0.024). Moreover, the post-hoc comparisons of the above model on different move tasks revealed significant earlier AMA onset of ECR in move task cup when compared to task reach (p < 0.01). However, no difference of AMA onset of ECR was detected between task reach and ball or ball and cup (p > 0.05). Figure 2 provides mean with SEM of AMA onset latency on each muscle across the 3 move tasks and different move sides.
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FIGURE 2. Tunes of AMA onset in the three move tasks of the healthy, non-paretic, and paretic side. This illustrates the tunes of AMA onset in task reach, grasp a ball, and grasp a cup with different move sides, including healthy subjects, non-paretic side, and paretic side of stroke subjects, respectively. Horizontally arranged from left to right are the mean with SEM of AMA onset latency in healthy, non-paretic, and paretic sides; vertically arranged from top to bottom are the different AMA onset latency (mean with SEM) in tasks cup, ball, and reach. **p-value < 0.01.


The general linear model analyses involving factors of move sides, conditions, and tasks for the muscle onset latency of ECR, FCR, bilateral LTs, bilateral LDs, and bilateral TAs of both sides were made in stroke subjects. The results indicated that no main effect of conditions and tasks was observed in the model on the muscle onset latency of all muscles (p > 0.05). It also revealed the only significant main effect of move sides for onset latency of FCR (F = 5.54, p = 0.02, η2p = 0.022), iLT (F = 18.86, p < 0.01, η2p = 0.072), and cLT (F = 12.74, p < 0.01, η2p = 0.058). The results revealed a significantly earlier muscle onset of FCR, iLT, and cLT when using the paretic side to complete reaching and grasp move tasks.



AMA Amplitude of Muscles

In the general linear model analyses, no main effects of conditions on AMA amplitude of these muscles were found (p > 0.05). However, significant main effects of factor move sides were observed in the AMA amplitude of ECR (F = 8.82, p < 0.001, η2p = 0.026), FCR (F = 18.09, p < 0.001, η2p = 0.052), iLT (F = 12.99, p < 0.001, η2p = 0.042), cLT (F = 7.35, p = 0.001, η2p = 0.027), ipsilateral LD (iLD) (F = 6.01, p = 0.003, η2p = 0.023), and cLD (F = 24.33, p < 0.001, η2p = 0.099). And the post-hoc comparison on move sides revealed the significant smaller AMA amplitude of ECR, FCR, and cLD in both non-paretic and paretic sides of the stroke subjects (p < 0.01). The AMA amplitude of cLT on the paretic side was also smaller than healthy side (p < 0.01). Nevertheless, significant larger AMA amplitude of iLT and iLD of the paretic side was observed when compared to the non-paretic side (p < 0.05). The AMA amplitude of iLT on paretic side also performed larger than healthy side (38.47 ± 35.55 vs. 26.37 ± 27.41 times, p < 0.01). The AMA amplitude of iLD on paretic side was equivalent to the healthy side (43.62 ± 35.14 vs. 41.35 ± 36.43 times, p > 0.05).

For the fixed factor of move tasks, only a significant main effect on the AMA amplitude of iLT was observed (F = 3.81, p = 0.02, η2p = 0.013). And the post-hoc analyses on move tasks revealed a larger AMA amplitude of iLT in task reach (32.50 ± 31.66 times) compared with task ball (24.97 ± 26.39 times) (p = 0.02). But no difference was detected between reach and cup (26.40 ± 27.96 times) (p > 0.05). For AMA amplitude of bilateral TAs, no significant main effects of the three fixed factors (move sides, conditions, and tasks) were detected (p > 0.05). The muscle onset latency and AMA amplitude of ECR and iLT are shown as examples in Figures 3B–E. Supplementary Material 1 provides the detailed results of positive general linear models and the post-hoc comparisons for these variables.
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FIGURE 3. Illustrations of the comparisons across different sides and move tasks in premotor reaction time, muscle onset latency, and amplitude of ECR and iLT. (A) Representation of the different AD reaction times of normal or startle conditions of healthy, non-paretic, and paretic sides. (B,C) Representation of the different ECR onset latency and ECR AMA amplitude of the “reach,” “ball,” and “cup” tasks in healthy, non-paretic, and paretic sides, respectively. (D,E) Representation of the different iLT onset latency and iLT AMA amplitude of the “reach,” “ball,” and “cup” tasks in healthy, non-paretic, and paretic sides, respectively. All data were presented by mean and SD. *p-value < 0.05; **p-value < 0.01.




Premotor Reaction Time

In the general linear model analyses on all subjects, significant main effects of stimuli conditions (F = 60.68, p < 0.001, η2p = 0.056) and move sides (F = 7.87, p < 0.001, η2p = 0.015) were found in the premotor reaction time. However, no main effect of move tasks on premotor reaction time was observed (p > 0.05). It was significantly faster in the startle condition (146.47 ± 66.02 ms) than normal condition (183.65 ± 84.56 ms) (p < 0.001). And the post-hoc comparisons revealed significant differences between the healthy and paretic sides (160.47 ± 68.71 vs. 181.51 ± 93.25 ms, p = 0.005) and between the non-paretic and paretic sides (159.80 ± 79.03 vs. 181.51 ± 93.25 ms, p = 0.001). No differences were detected between the healthy and non-paretic sides (p > 0.05). The comparisons of AD reaction time of different move sides in startle and normal conditions are shown in Figure 3A.



Incidence of SCM+

In the 525 valid trials with startling “Go” cue, 183 trials were marked as positive SE with SCM+ (34.86%). Incidence of SCM+ in stroke subjects was significantly lower than healthy participants (F = 0.39, p < 0.01).

Considering that SE on AMAs is systemic (44), and the percentage of valid AMA trial numbers over 50% would provide better reliability (45), we selected the ECR AMA onset to further explore the SE on the incidence of AMAs. Both the healthy and stroke groups showed a higher incidence of ECR AMA onset in startle than normal condition (p < 0.05).

The difference in the incidence of ECR AMA onset in stroke subjects at different conditions of the two sides was further compared. Higher incidence of ECR AMA onset was observed in startle condition on both non-paretic and paretic sides when compared to the normal condition (t = −3.21, p = 0.01; t = −2.83, p = 0.02). No difference was detected in the incidence of ECR AMA onset in the startle condition between the two sides of stroke subjects (p > 0.05; see Table 3).




DISCUSSION

In the present study, we first confirmed the existence of task-specific AMA patterns of precision reach and grasp activities at the forearm in the healthy population. At the same time, the AMAs of the proximal joints, trunk, and lower limbs did not show specific adjustments to these hand manipulation tasks. In our test paradigm, a significantly earlier AMA initiation of muscle ECR was observed in tasks with cylinder-shaped grasping movement. However, these task-specific AMAs of ECR disappeared in stroke subjects. Moreover, we found widespread decreased AMA incidence and amplitude on bilateral muscles caused by stroke, which was more pronounced in the limbs on the paretic side. Fortunately, these survivors with severe upper-limb motor impairment still preserved the activation of AMAs in the forearm muscles. Meanwhile, although the patients with stroke performed lower SE incidence, the startle can induce significantly shorter premotor reaction time for all participants in our test paradigm (Figure 3). Startle can also help to increase the incidence of AMAs, but not affect the latency and amplitude of AMAs. In other words, SE leads to the early initiation of AMAs, but it did not affect the corresponding inherent AMA tunes of forward-reaching tasks.

Consistent with previous researches (18, 19), we found systemic AMA dysfunctions in subjects with subacute stroke. And a significant decline of AMA incidence of bilateral muscles in stroke subjects was observed. However, most of the previous studies ignored the fluctuations of AMA response at the individual levels, and the incidence of AMA onset was rarely reported (3, 46, 47). As shown by recent studies, the incidence of AMAs (45, 48, 49) and proportion of SCM+ trials (25, 44, 50) were important parameters for the evaluation of APAs or the state of startle-related pathways. It has been suggested in a previous study that stroke-induced atypical APAs via an unbalanced excitability/inhibitory control of the central nervous system (51), and typically the system was inhibited (44). Therefore, the proportion variables are important references to the state of this control system. In addition, increasing pieces of evidence suggested the impaired motor programing, and APA deficits were caused by the imbalance or atypical controls of the bilateral cortical reticulospinal tract (44, 51, 52). One pilot study has confirmed the potential benefits in reaching movement performance (31). This improvement in functional performance may have a certain relationship with the response incidence of AMAs. Given the special contribution of the startle to activation of this pathway, some rehabilitation approaches developed based on startle may be helpful for increasing the APA incidence and even improve the arm-hand motor performance.

Compared with the experimental results of Yang et al. (44), the muscles on the non-paretic side did not show large-scale AMA onset abnormalities in our study, which may be due to the choice of different motor test paradigms and participants. Yang uses the reaching task in the standing position as the test paradigm, and does not involve precision hand manipulation. This type of AMAs that do not involve finger movements may be different from precision tasks of the hand. Moreover, our study recruited subjects with subacute stroke, whereas Yang et al. (44) and Pereira et al. (46) recruited participants at the chronic phase from 1 to 20 years after stroke onset. Due to the high adaptability and neuroplasticity of the central nervous system, increasing compensation could be adaptive, which may develop new movements or behavioral patterns based on the remaining neural substrate (36). These changes may strengthen certain abnormal AMA responses (20, 53). It is possible that the non-paretic side of stroke survivors still retains the normal AMA control at the early phase, but this control is replaced by a more compensational one over time. Therefore, a timely understanding of the characteristics of AMA deficit in the subacute phase after stroke may be more helpful to the APA rehabilitation strategies at this stage.

In our research, the ECR AMAs in the cup task showed obvious earlier onset than in the reach task. It is worth mentioning that this task-specific ECR AMA onset was only manifested in normal subjects, and stroke participants did not have this feature. This end-adjustment strategy for different hand activities in ECR AMA onset reflects that our central nervous system tends to adopt remote AMAs to adapt to the execution of various dexterity tasks. This kind of regulation of distal-specific muscles that can improve the task performance has also been found on muscle TA of the anterior leg in fencing athletes (54). Compared with the reaching task, the columnar grasping (task: cup) performs additional wrist flexion and rotations of the forearm, which requires higher control of the forearm. The participation of wrist and finger movements would cause greater disturbance to the arm, which leads to the earlier onset of ECR AMAs for combating the disturbance and improving the task performance. As the onset of several muscles had been used as the predictor of forthcoming movements (3), the task-specific AMA onset latency of ECR might be a useful predictor of the forthcoming wrist and finger movements. The reason why we failed to observe similar changes on muscle FCR may be related to our test paradigms. All tasks were performed in palm-down and palm-inward postures, and the difference in forearm posture may lead to changed AMA onset of both ECR and FCR (9).

However, this task-specific performance in ECR disappeared in stroke subjects even at the non-paretic side (see Figures 3B,D). This phenomenon has been suggested as the obvious deficit of feedforward motor preparation in stroke subjects (55). In previous imaging studies, abnormal hyperexcitability of the bilateral premotor cortex was revealed in stroke survivors, and it had a negative correlation with the recovery of motor function (56–58). As we have learned, the premotor cortex is mainly responsible for motor planning and preparation, and the excessive excitability of these areas would induce reinforced inhibition to the cortical reticulospinal tract (44) and consequently affect the modulation of task-specific AMAs. This was supported by the lower incidence of ECR AMAs and positive SE response, which may reflex the impaired cortical reticulospinal tract after stroke (22, 44). Therefore, rehabilitation interventions for the impaired cortical reticulospinal tract may be helpful for the recovery of AMAs after stroke. For the arm-hand movements, novel treatments could be developed based on the task-specific AMA onset of ECR, such as neurofeedback training for humancomputer interaction and rehabilitation robotics (59).

On the contrary to most previous researches (46), we observed comprehensive earlier AMA onset in ECR, FCR, and bilateral LTs and TAs in stroke subjects. This could not be fully explained by the change of AMAs accompanied by the alignment of the scapula and thorax (60) as mentioned by Pereira et al. (46) in a similar study. One possible explanation is that sufficient time for preparation results in the delayed activation of AMAs in proficient movements. A similar research of Akbaş et al. (54) revealed that the onset of TAs in professional fencers at a well-prepared state was significantly delayed than that of normal people. The time of about 2.5 s, we set, is enough for the subjects to make adequate preparations (61). Another reasonable explanation is that the AMA onset latency of subacute stroke survivors is polarized, with premature or delayed activation onset, and the delayed part has been filtered out by the time window we set and considered as negative AMA response. And a state of full preparation before the motor execution improved the stability of AMA performance in healthy subjects (61) but has limited effects for stroke survivors.

Our research also has some limitations. First of all, we did not use SCM+ as the marker to screen valid SE trials for group comparisons. Instead, we included all valid trials that used the startle “Go” cue into the final analysis. In our tests, the positive incidence of SCM+ for stroke and normal participants was 16.6 and 25.9%, respectively. The result of healthy subjects in our study has comparable SCM+ proportions with the result from a previous study (40) at the same stimuli intensity (114 dB). Such occurrence proportions of SCM+ may lead us to underestimate the influence of SE on motor initiation and AMA onset latency or amplitude. Early muscle onset can also be found without premature activation of SCM in trials with startling “Go” cues (62). Simply emphasizing the use of data from positive SCM+ trials may lose valuable information from SCM− trials. In the case that the participant is acceptable, a 124-dB cue (39) might be better. The second limitation of our study was that our experiment did not strictly limit the severity of motor impairment of participants. The large difference in FMA score may indicate different dominant neural pathways they rely on (22), which may lead to unstable results. Stroke survivors within different motor function levels may use different motor synergies of flexors and extensors (22) and perform different AMA responses. Stratified analysis should be necessary according to the subject's motor function states in further researches with a higher sample size. At last, our research focused on the initiation of AMAs and did not include classic APA evaluation indicators, such as onset or velocity of displacement of body center of mass on the trunk (3, 5) in this study. SE may affect the movement amplitude and velocity of the trunk and limbs of stroke survivors (30, 31). The integration of a wearable inertial measurement unit with sEMG may better optimize our conclusions. In addition, future research design around upper-limb functional rehabilitation may need to consider more direct and effective evaluation methods, such as grip strength.



CONCLUSIONS

The present research revealed task-specific AMAs of muscle ECR in forward-reaching movements involving precision hand manipulations. This research also indicated the impaired APAs with lower incidence of SE and AMA response, changed AMA onset latency, and smaller AMA amplitude in patients with stroke. And startle can improve the incidence of AMAs in both healthy and stroke populations, but it does not affect the tunes and amplitude of AMA onset. And the deficit of such task-specific AMAs in ECR indicates the impairment of APA programming for arm-hand precision movements on both hands in the stroke population. Finally, these findings may provide support to develop novel methods for APA rehabilitation after stroke.
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Background: Spinocerebellar ataxia type 3 (SCA3) is one of the most common hereditary neurodegenerative diseases. Postural control dysfunction is the main symptom of SCA3, and the proprioceptive system is a critical sensory component of postural control. Accordingly, proprioception quantification assessment is necessary in monitoring the progression of SCA3.

Objective: We aimed to quantitatively assess lower limb proprioception and investigate the relationship between proprioception and clinical characteristics in patients with SCA3.

Methods: A total of 80 patients with SCA3 and 62 health controls were recruited, and their lower limb proprioception was measured using the Pro-kin system. Clinical characteristics of the SCA3 patients were collected. Multivariable linear regression was used to investigate potential affected factors for lower limb proprioception.

Results: We found that the patients with SCA3 experience poorer lower limb proprioception characterized by significant impairment in the average trace error (ATE) and time to carry out the test time execution (TTE) compared to controls (P < 0.05). Moreover, there were significant differences in TTE between the right and left lower limbs (P < 0.05) of the patients. Regression analyses revealed that increasing age at onset (AAO) predicts poorer lower limb proprioception for both ATE (β = 2.006, P = 0.027) and TTE (β = 1.712, P = 0.043) and increasing disease duration predicts poorer lower limb proprioception for ATE (β = 0.874, P = 0.044). AAO (β = 0.328, P = 0.019) along with the expanded alleles (β = 0.565, P = 0.000) could affect the severity of ataxia. By contrast, ATE (β = 0.036, P = 0.800) and TTE (β = −0.025, P = 0.862) showed no significant predictors.

Conclusions: Lower limb proprioception in patients with SCA3 is significantly impaired when compared to healthy controls. Increasing AAO and disease duration are related to impaired lower limb proprioception.

Keywords: spinocerebellar ataxia type 3, lower limb proprioception, Pro-kin system, postural control, disease progression


INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD), is the most common inherited spinocerebellar ataxias and one of autosomal dominant neurodegenerative disorders with high clinical heterogeneity (1). SCA3 is caused by the expansion of cytosine-adenine-guanine (CAG) triplet repetitions in the coding region of the ATXN3 gene (14q32.1), which results in an expanded polyglutamine repeat in the encoded ataxin-3 protein, causing severe atrophy of the cerebellar Purkinje cell layer, brain stem, cortex and spinal cord (2, 3). The clinical characteristics of patients with SCA3 have various manifestations, including postural control dysfunction, gait ataxia, oculomotor abnormalities, dysarthria and peripheral neuropathy (4).

Postural control dysfunction, one of the main factors of SCA3 directly affecting gait, is associated with an increased incidence of falls in this population (5–7). Postural control is a complex process requiring the central integration of numerous sensory-motor processes (8). The influence of motor control and vision aspects on postural control has been reported in SCAs (9, 10). The proprioceptive system is a critical sensory component of postural control (11). It has been suggested that cerebellar damage may cause varied impairments to proprioceptive sense (12). Therefore, pathological processing of proprioceptive information may be a key pathological mechanism of postural control dysfunction in SCA3. Several studies about other neurological disorders, such as stroke, multiple sclerosis, Parkinson's disease, and Huntington's disease, have suggested that disturbances in proprioception are important for the postural control of patients (13–15). However, little attention has been directed toward proprioceptive deficits in the progression of SCA3, which is the most common subtype of SCAs (16).

Pro-kin system [Prokin 254 (Pro-Kin Software Stability), TecnoBody S. r. l., Dalmine, 24044 Bergamo, Italy] is an advanced evaluation technology with a computerized proprioceptive kinematic footboard. It can analyze and integrate the on-screen tracks of patients to generate targeted assessment and rehabilitation paths of proprioceptive deficits (15). The validity of Pro-kin to assess postural instability in patients with SCA3 has been demonstrated (17), and the system has been used to test lower limb proprioception function in patients with hemiparetic stroke, multiple sclerosis, total knee prosthesis and knee osteoarthritis (15, 18, 19). Our previous research used the Pro-kin system to evaluate the postural control stability of SCA3 patients and showed that postural instability may be correlated with disease severity (17). Using the Pro-kin system to assess the postural control dysfunction of advancing neurodegenerative diseases, including SCA3, can become a potential longitudinal biomarker. However, as one component of postural control, proprioception in SCA3 is barely studied, and the relationship between proprioception and the clinical characteristics of patients with SCA3 remains unclear.

In this study, we intend to use the Pro-kin system to quantitatively identify lower limb proprioception in SCA3 and explore the correlation between lower limb proprioception and the clinical characteristics of patients with SCA3 in order to formulate a rehabilitation treatment plan for SCA3 for reference.



METHODS


Participants

Employing a cross-sectional design, this study included both individuals with a diagnosis of molecular-confirmed SCA3 (20) and healthy controls (HCs) as participants. Between October 2018 and December 2019, we recruited 80 patients with SCA3 and 62 HC participants at The First Affiliated Hospital of Fujian Medical University in Fuzhou. The protocol was approved by the Ethics Committee of The First Affiliated Hospital, Fujian Medical University [Approval No: MRCTA, ECFAH of FMU(2018)201]. The design and procedures of the study were performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from the participants prior to their participation.

The inclusion criteria for participants with SCA3 were (1) a definite genetic diagnosis of SCA3; (2) 20–80 years of age; (3) Mini-Mental State Examination score > 27; (4) ability to stand independently in the upright position for 30 s; (5) no evidence of other neurological, musculoskeletal or cardiovascular disorders; and (6) a willingness to participate. The exclusion criteria were (1) unstable vital signs and uncontrolled hypertension; (2) history of vestibular symptoms or vestibular disease; (3) presence of cognitive impairment, visual or hearing pathologies; (4) inability to stand independently for 30 s with eyes closed; (5) lack of sensitivity in the lower limbs; (6) musculoskeletal, cardiovascular or respiratory system impairments or other accompanying ailments; (7) engagement in another rehabilitative study protocol; (8) peripheral neuropathy; or (9) on medication affecting the musculoskeletal system or proprioception and postural stability (e.g., anti–depressants, dopaminergic agents, hypnotics).

The control group, which included mostly spouses and caregivers of patients with SCA3/MJD, was matched for age, gender and environmental characteristics. Relatives at risk were excluded from the HC group. The control group comprised 62 individuals without neurological, musculoskeletal or cardiorespiratory impairments.



Genotype and Phenotype Analysis

Genomic DNA was extracted from peripheral blood samples provided by each patient using QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany). The numbers of CAG repeats of the patients were determined by polymerase chain reaction amplification combined with Sanger sequencing, as previously reported (20).

Ataxia specialists interviewed each patient to obtain all information needed for the present study. Age at onset (AAO) was defined as the age when ataxia symptoms related to SCA3 first appeared, which was estimated according to the reports of patients, close relatives, or care providers. Disease duration was the time span between AAO and the age at first visit. The severity of ataxia was assessed with the Scale for the Assessment and Rating of Ataxia (SARA), which comprised of eight cerebellar function tests with a total score ranging from 0 (absence of ataxia) to 40 (most severe ataxia) (21).



Pro-kin System Assessment

We conducted an observational study between SCA3 patients and HC participants at the same time of the day. Pro-kin system was used to measure the proprioception on a multiaxial balance evaluator for lower limbs. A rehabilitation therapist blinded to the groups conducted the assessments. All participants received the assessments in a quiet and naturally and brightly lit room. Participants are evaluated as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Participant used the Pro-kin system to test the lower limb proprioception.


To measure lower limb proprioception, the footboard of the system was set to allow angular movements in the sagittal and frontal planes. Participants placed their right limb on the footboard and then their left limb on a fixed support platform equal in height to the footboard (15). They were then asked to draw circular route lines on the screen by moving their lower limb (on the footboard). Their motor task was to try to keep the circular route lines drawn by the movements of their lower limb (on the footboard) superimposed as much as possible on those already drawn by the system (Figure 2). The test stopped automatically at the end of five turns. The right lower limb was measured first and then the left lower limb. Average trace error (ATE) and time to carry out the test time execution (TTE) [s] were evaluated (15, 18, 19). Large ATE values mean large errors in path control, which indicate poor lower limb proprioception. TTE was the time from the start to the end of the trial.


[image: Figure 2]
FIGURE 2. The actual recording of the path of circular during proprioceptive multiaxial assessment in the right lower limb in (A) a health control subject and (B) a SCA3 patient.


Each test was repeated three times and the mean scores were recorded. The assessment lasted approximately 20 minutes. The participants were oriented to the test in the evaluation mode before performing the actual test. To reduce the risk of falls and minimize interference from external support, a trainer stayed close alongside or behind the participants.



Statistical Analyses

For analyses of the basic demographics between SCA3 patients and HC subjects, Chi-square tests were used to compare the gender distribution. Two independent samples T-tests and Mann-Whitney U tests test were used, respectively, for normal and non-normal distributed variables, the result of which were confirmed by Kolmogorov-Smirnov testing. Following the results of these tests, variables with normal distribution and non-normal distribution were expressed as mean ± SD and median (range), respectively.

We used multivariable linear regression to examine the relationship between proprioception and phenotype variability in patients with SCA3. First, we assessed the predictors of proprioception measures: ATE and TTE. These measures were predicted by the following independent variables: gender (binary), AAO, disease duration, SARA score and length of normal and expanded CAG repeats. Next, we analyzed the predictors of the severity of ataxia as measured with the SARA score by using the following independent variables: ATE, TTE, gender (binary), AAO and length in normal and expanded CAG repeats.

All the statistical analyses were performed using SPSS version 20.0 (SPSS Inc., Chicago, IL, USA). The results were considered statistically significant at P < 0.05.




RESULTS

Table 1 shows the demographic characteristics of 80 patients with SCA3 (male: 43, female: 37) and 62 healthy control participants (male: 31, female: 31). There were no statistically significant sociodemographic (i.e., age and gender) differences between patients with SCA3 and the HC group. In the patients, the mean AAO was 32.34 ± 8.63 years, average disease duration was 7.10 ± 3.56 years, median length of expanded alleles was 75 (69–81), median length of CAG repeats in normal alleles was 19 (13–44) and average SARA score was 9.23 ± 2.86.


Table 1. Demographic characteristics of study subjects.
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There are two groups of lower limb proprioception outcome variables presented in Table 2. We first compared all outcome variables separately for the right and left limbs between the patient and control groups. We found that ATE on the left limb and TTE on both lower limbs were significantly worse for patients compared to controls (P < 0.05). Second, we compared all outcome variables separately for the patient and control groups between the right and left limbs. We found that though both groups have bigger outcomes in ATE and TTE in the left limb compared to the right limb, while there was only a significant difference in TTE between their right and left limbs in SCA3 patients (P < 0.05).


Table 2. Lower limb proprioception measures in SCA3 and health controls.
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Multivariable linear regression was used to examine the relationship between lower limb proprioception measures and clinical characteristics in patients. First, we investigated the predictors of lower limb proprioception (Table 3) using regression models predicting ATE and TTE. The results indicated that increasing AAO predicts poorer lower limb proprioception for both ATE (β = 2.006, P = 0.027) and TTE (β = 1.712, P = 0.043) and increasing disease duration predicts poorer lower limb proprioception for ATE (β = 0.874, P = 0.044). On the contrary, higher lengths of CAG repeats in expanded alleles do not predict poorer lower limb proprioception for both ATE (β = −0.200, P = 0.301) and TTE (β = −0.159, P = 0.376). Next, we also performed multivariable linear regression to examine whether lower limb proprioception could affect the severity of ataxia (Table 4). We found that AAO (β = 0.328, P = 0.019) along with the expanded alleles (β = 0.565, P = 0.000) could affect the severity of ataxia. By contrast, ATE (β = 0.036, P = 0.800) and TTE (β = −0.025, P = 0.862) showed no significant predictors.


Table 3. The affected factors on lower limb proprioception.
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Table 4. The influences of lower limb proprioception on disease severity.
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DISCUSSION

To date, rehabilitation for SCA3 is a research hotspot, but there are few studies focusing on lower limb proprioception. Impaired lower limb proprioception can affect postural control and increase the risk of falling, which further aggravates the disease process of SCA3. Therefore, exploring the relevant influencing factors of proprioception and effectively formulating a corresponding rehabilitation plan are of great significance for the treatment of SCA3. The present study was the first to use the Pro-kin system to investigate lower limb proprioception in patients with SCA3 and explore the relationship between proprioception and clinical characteristics in patients.

Compared to the HC group, the patients with SCA3 exhibited significant impairments in lower limb proprioception. Our finding confirmed that cerebellar damage results in deficits of proprioception (12). Both groups have poor proprioception outcomes in their left limb compared with their right. This phenomenon may be explained that subjects of both groups are right-limb dominance, which was associate with better activation characteristics in the left primary sensorimotor cortex and the basal ganglia (22). Within the patient group, our regression analyses revealed that AAO and lengths of expanded CAG repeats predicted the severity of SCA3. Increasing AAO and disease duration predicted poorer lower limb proprioception. The correlations between disease duration and disease severity in SCAs and between greater functional loss and longer duration of the disease have been described (17, 23). Our findings are consistent with these research results. However, multivariable linear regression of SARA related to ATE and TTE showed no significant, so we failed to indicate that lower limb proprioception can predict the severity of ataxia in SCA3 patients.

In this work, we performed the lower limb proprioceptive function test instead of weakening somatosensory feedback by asking participants to stand on foam with both feet to analyze the interactions between postural stability and proprioceptive function (24). To the best of our knowledge, this study is the first to analyze the proprioception of the left and right feet separately in patients with SCA3. Our finding of significant impairments in lower limb proprioception represented by ATE and TTE measures using the Pro-kin system was supported by other studies on neurological disorders. For example, Sergio Bagnato found a significant increment of the ATE and TTE on the unaffected side leg in stroke patients as measured by the Pro-kin system (18). Patients with multiple sclerosis have also been reported to have worse assessment outcomes of ATE and TTE before proprioceptive training with the Pro-kin system (15).

Although the mechanism of how lower limb proprioception affects postural control in SCA3 is still poorly understood, there are several possibilities. First, patients present muscular rigidity and a locking of knees and ankles when undergoing testing for lower limb proprioception, causing abnormal joint movements related to postural control. The decline of knee and ankle joint position sense affects the implementation of knee and ankle strategies that are associated with postural control (25–28), which may be the cause of poor postural control function in SCA3 patients. Second, the pathological involvement of spinocerebellar proprioceptive input and the loss of integrity of the medial somatosensory descending system may explain the abnormal postural control (24, 29). Third, the cortical motor areas receive abnormalities in the peripheral afferent input or the brain response to sensory input may interfere with motor program processing in the cortical motor areas (18, 28).

This study is not without limitations. First, the force platform was limited to SCA3 patients who could safely perform the test (i.e. those able to stand unassisted for a certain duration). Second, as the study had a cross-sectional observational design and its evaluation of disease progression was retrospective, we did not provide information on changes in lower limb proprioception over time in our patients. Third, we did not use neurophysiological methods such as functional magnetic resonance imaging and somatosensory evoked potential. These methods are more specific to study the function of somatosensory descending system and cortical motor reaction, which could help indicate how lower limb proprioception affects postural control. Fourth, determining how to formulate targeted training of proprioception for SCA3 is worthy of further in-depth thinking.



CONCLUSION

In this cross-sectional study, we showed that lower limb proprioception in patients with SCA3 was significantly impaired. Increasing AAO and disease duration were found to be related to impaired lower limb proprioception. However, lower limb proprioception could not predict the severity of ataxia in patients. These findings are important as they can help characterize the disease and thus assist in the development of new therapies and rehabilitation programs.
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Postural instability marks a prevalent symptom of Parkinson’s disease (PD). It often manifests in increased body sway, which is commonly assessed by tracking the Center of Pressure (CoP). Yet, in terms of postural control, the body’s Center of Mass (CoM), and not CoP is what is regulated in a gravitational field. The aim of this study was to explore the effect of early- to mid-stage PD on these measures of postural control in response to unpredictable visual perturbations. We investigated three cohorts: (i) 18 patients with early to mid-stage PD [Hoehn & Yahr stage (1–3); 1.94 ± 0.70]; (ii) a group of 15 age-matched controls (ECT); and (iii) a group of 12 young healthy adults (YCT). Participants stood on a force plate to track their CoP, while the movement of their entire body was recorded with a video-based motion tracking system to monitor their CoM. A moving room paradigm was applied through a head-mounted virtual reality headset. The stimulus consisted of a virtual tunnel that stretched in the anterior-posterior direction which either remained static or moved back and forth in an unpredictable fashion.We found differences in mean sway amplitude (MSA) and mean velocities of CoP and CoM between the groups under both conditions, with higher MSA of CoP and CoM for PD and higher mean velocities of both variables for PD and ECT when compared with YCT. Visual perturbation increased mean CoP velocity in all groups but did not have effects on mean CoM velocity or MSA. While being significantly lower for the young adults, the net effect of visual perturbation on mean CoP velocity was similar between patients with PD and age-matched controls. There was no effect of the visual perturbation on mean CoM velocity for any of the groups.Our simultaneous assessment of CoP and CoM revealed that postural control is reflected differently in CoM and CoP. As the motion of CoM remained mostly unaffected, all groups successfully counteracted the perturbation and maintained their balance. Higher CoP velocity for PD and ECT revealed increased corrective motion needed to achieve this, which however was similar in both groups. Thus, our results suggest increased effort, expressed in CoP velocity, to be an effect of age rather than disease in earlier stages of PD.

Keywords: Parkinson’s disease, body sway, virtual reality, center of mass (CoM), center of pressure (CoP)


INTRODUCTION

Due to the ongoing demographic transition and subsequent over-aging of modern societies in many industrialized countries, neurodegenerative diseases are gaining in prevalence, with Parkinson’s disease (PD) being the second most common after Alzheimer’s disease (Lange and Erbguth, 2017; Tysnes and Storstein, 2017). In addition to the cardinal symptoms of rigidity, hypokinesia and resting tremor, as the disease progresses, most patients also develop postural instability (Jankovic, 2008). The onset of postural instability, as determined by clinical tests, can vary widely between individuals and ranges from months to decades after initial diagnosis. Postural instability comprises the inability to maintain equilibrium under dynamic and static conditions such as preparation of movements, perturbations, and quiet stance (Appeadu and Gupta, 2021) and leads to an increased risk of falls. Reportedly, postural instability is associated with a reduction in quality of life and even diminished life expectancy of those affected (Koller et al., 1989; Fasano et al., 2017; Bäckström et al., 2018). However, since only some patients exhibit a progressive form with severe instability, it is crucial to identify those who are prone to falls. A common indicator to predict the individual risk of future falls is whether the patient had experienced more than two falls in the preceding year (Pickering et al., 2007). This implies, however, that patients already had a history of falls and thus hampers the usefulness as a predictor to take preventive measures. Thus, identifying reliable biomechanical indicators of postural instability is crucial to monitor the development of this symptom and allow early intervention.

Maintaining equilibrium, i.e., a stable upright body position in space, involves complex, intertwined processing of various sensory inputs. Out of these inputs, visual information is claimed to be one of the most important contributors (Berthoz et al., 1975; Bronstein, 1986; Laurens et al., 2010). Sense of balance can easily be manipulated by external visual stimuli, which in turn has the potential to give insight into the underlying neural processing (van Asten et al., 1988; Alghadir et al., 2019). Regarding such visual manipulations, previous research has shown that unpredictable perturbations of the visual scene generate a strong dynamic destabilization of a quiet upright stance (Winter et al., 1990; Guerraz et al., 2001; Musolino et al., 2006; Barela et al., 2009). In particular, patients with PD show an increased reliance on the visual system to maintain an upright stance as compared to healthy individuals (Bronstein et al., 1990; Weil et al., 2016). Moreover, the stimulus used in this study was found to successfully produce different responses in patients with PD and age-matched controls (Engel et al., 2021b). Based on these previous results, a visual disturbance was added in this study with the aim to increase potential differences between PD and ECT.

A sensitive measurable indicator of this destabilization constitutes an increased sway of the body (Horak and Mancini, 2013; Pantall et al., 2018). The body’s Center of Mass (CoM) is claimed to be the main variable controlled by the central nervous system to maintain equilibrium (Horak and Macpherson, 1996; Peterka, 2002). However, considering the heterogenic mass distribution of the human body, assessment of CoM requires tracking and subsequent mathematical processing of several body segments. Therefore, tracking of the Center of Pressure (CoP), which reflects the total of forces enacted on the ground, is widely used in body sway research, as its motion can directly be assessed through simple force platforms (Vsetecková and Drey, 2013). Existing models to describe the relationship between CoP and CoM during human bipedal upright stance include that of an inverted pendulum (Winter et al., 1997; Gage et al., 2004; Laurens et al., 2010). In this context, CoM typically is considered to be the controlled variable, while CoP is the controlling variable. Accordingly, CoP controls CoM and keeps its position above the base of support (Winter et al., 1996; Takeda et al., 2017; Morasso, 2020). Displacements of CoM which exceed this area lead to falls if the current velocity is directed away from the center (Horak et al., 1989; Hof et al., 2005; Roman-Liu, 2018).

The velocity of these body sway parameters has proven to be a suitable measure to compare body sway between particular groups with balance impairments and healthy controls (Takeda et al., 2017), while the sole displacement of their trajectories is suggested to be less suitable to identify potential differences (Masani et al., 2014). For instance, Palmieri and colleagues showed that an increase in CoP velocity signifies increased postural instability while slower CoP velocity indicates more effective balance control in an upright stance (Palmieri et al., 2002). Moreover, Nantel and colleagues showed that higher CoP velocities seem to be an indicator of the severity of postural instability in PD. Their study revealed that age-matched controls are able to maintain their posture more effectively, signalized by a lower CoP velocity (Nantel et al., 2012). Thus, CoP velocity might serve as a potential biomarker for deterioration of postural stability (Maurer et al., 2003; da Conceição et al., 2019) and might predict fallers in PD (Beretta et al., 2018). However, there is evidence that increased CoP velocities also occur in the healthy elderly (Roman-Liu, 2018). Since most people affected by PD are of advanced age (Rijk et al., 1995), it is unclear whether this deterioration of postural control is due to the disease alone.

Due to the hitherto cumbersome assessment of CoM, the majority of existing studies only investigated the motion of CoP. CoM is claimed to be the main controlled variable by the central nervous system, as it represents the interaction of the body with the gravitational field. Even though recent technologies allow for easier tracking of the whole body, research on CoM motion, especially in response to visual perturbations, remains sparse. Moreover, in this way, tracking of CoM provides insight into actual 3-D motion of the body, as opposed to COP, which only describes a 2-D projection on the ground Thus, investigation of CoM motion bears the potential to investigate additional alterations that might be related to PD as well as age.

Recently, affordable, and user-friendly equipment, which was originally designed for the gaming industry, has been validated for research purposes. This includes the Microsoft Kinect v2 (Microsoft, Redmond, WA, USA), which allows for video-based full-body motion tracking, as well as the Nintendo Wii Balance Board (Nintendo, Kyoto, Japan) to replace a research-grade force platform (Chang et al., 2013; Dehbandi et al., 2017; Clark et al., 2018). In addition, a convenient means to perform visual manipulations that has recently been established is the use of commercially available virtual reality headsets to apply a moving room paradigm (Engel et al., 2020, 2021a). Accordingly, a combination of these experimental tools and approaches enables a straightforward simultaneous assessment of CoP and CoM under visual perturbations, through which empirical conclusions can be drawn about the relationship between both parameters.

Thus, the aim of this study was to simultaneously assess CoP and CoM dynamics to investigate differences in mean sway amplitude (MSA) and mean velocity of both parameters between patients with early-to-mid stage PD (PD), a control group (ECT) of age-matched healthy adults and a third group of young (YCT) healthy adults. To assess potential differences which occur before the onset of recurrent falls due to postural instability, we purposely recruited patients in early to mid-stages of the disease. This study may hence provide a proof-of-concept to demonstrate the feasibility of postural assessment using a low-cost set-up in patients with PD. By this means, we aim to lay a foundation for the long-term goal of our research which is to establish nuanced and sensitive measures to detect PD patients at risk of falls before the onset of clinically apparent postural instability.

Postural behavior was evaluated under two conditions: (i) during quiet standing, while participants’ visual field remained stable; and (ii) while they underwent unpredictable perturbations of their visual surroundings in the anterior-posterior (AP) direction. By testing three different groups, our goal was to differentiate between potential disease-specific and age-related alterations in body sway during quiet stance as well as under visual perturbation, which might be expressed differently in CoP and CoM. We hypothesized: (1) that patients with PD show the largest MSA and highest velocity of both parameters under both conditions, followed by the elderly healthy adults, while both parameters will be smallest for the young group. Moreover, we expected to find (2) that MSA and mean velocity of both parameters increase under visual perturbation in all groups. Lastly, we hypothesized (3) that these increases will again be strongest for the group of patients and weakest for the group of young healthy adults.



MATERIALS AND METHODS


Participants

Eighteen patients with PD [age: range: (42–76); mean ± standard deviation: 58.10 ± 8.66] diagnosed based on the Movement Disorder Society diagnostic criteria (Postuma et al., 2015) in early to moderate disease stages {Hoehn and Yahr: [(1–3); 1.94 ± 0.70; Hoehn and Yahr, 1967] with a mean disease duration of 4.8 years [(0–15); 4.79 ± 4.71]} participated in the study. A prerequisite for the inclusion of patients was that they were able to walk without any assistance and did not report more than one fall in the previous year. Only one patient reported a previous fall event. Also, none of the patients had experienced Freezing of Gait before or during the experiment. All of the patients were assessed “on” their regular dose of dopaminergic medication [Levodopa Equivalent Daily Dose (LEDD): (105–1980); 651.63 ± 529.97]. The two control groups consisted of 15 age-matched healthy individuals [age: (49–70); 59.80 ± 6.45] as well as 12 young healthy participants [age: (22–28); 23.92 ± 1.50].

Exclusion criteria were any neurological disorder other than PD (e.g., neuropathies, epilepsy, multiple sclerosis, schizophrenia, severe, depression, dementia, etc.) or orthopedic (e.g., at the hip, spine, knee, etc.) disorders which could affect their balance and upright stance as well as cognitive impairment based on the Montreal Cognitive Assessment as a screening tool for general cognitive abilities with a cut-off score of 24 points (Ciesielska et al., 2016). All subjects had normal or corrected to normal visual acuity.

All participants gave written informed consent prior to the experiment, including with regard to the storage and processing of their data. Experimental procedures involving healthy individuals were approved by the Ethics Committee of the Psychology Department, University of Marburg. Research including patients with PD was approved by the Ethics Committee of the Faculty of Medicine, University of Marburg (Case 77/19). All research was conducted in accordance with the Declaration of Helsinki.



Technical Setup

Participants stood on a Wii Balance board (Nintendo, Kyoto, Japan) to track their CoP (Figure 1). Wearing no shoes, they were instructed to position their feet about shoulder-width apart, about parallel on the ground. During trials, their arms were to hang at their sides without effort. They were instructed to remain their gaze straight ahead. To perform tracking of their body motion, we used a Kinect v2 video-based motion tracking system (Microsoft, Redmond, WA, USA) which recorded the 3-D positions of 25 different “body joints” as determined by an internal algorithm. The camera was located 210 cm in front of the participants and fixed at a height of 140 cm. Visual stimuli were presented through a head-mounted virtual reality headset (HTC Vive, HTC, New Taipei City, 206 Taiwan). The frame rate was 90 Hz. The field of view extended over 110° in the vertical as well as horizontal directions.
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FIGURE 1. Technical setup. Subjects stood on a Wii Balance Board to track their CoP. Their body movement was tracked by a video-based motion tracking system positioned in front of them (not displayed). Visual stimuli were presented through a head-mounted virtual reality headset. Stimuli consisted of a virtual tunnel in anterior-posterior (AP)-direction, which either remained static (upper right panel) or moved back and forth unpredictably (lower right panel).



In the virtual world, participants stood inside a tunnel that was world-fixed and stretched in the AP direction. The visual stimulus was custom made, based on the open-source Python pyopenvr framework1. The demarcation of the tunnel was made up of black spheres, whose position was randomly generated for every trial. The length of the tunnel was set to 50 m and the radius was adjusted to the eye level of every subject so that their gaze was directed at the radial center of the tunnel, 25 m in front of them. Just before the end of the tunnel, at a distance of 24 m, we implemented a fixation dot at the radial center.

To prevent participants from falling, they were secured by a harness which was attached to the ceiling. We ensured that the harness guaranteed subjects’ safety but was not providing lift during trials. The setup has successfully been established and described in more detail in previous work (Engel et al., 2021a, b).



Experimental Paradigm

Each subject performed 10 trials of the static condition (SC) where the tunnel remained motionless and 20 trials of the unpredictable condition (UC), during which the tunnel was moving back and forth in an unpredictable fashion. In this way, every subject performed a total of 30 trials. The order of trials was pseudorandomly shuffled. The unpredictable motion of the tunnel was made up of a series of random tunnel displacements along the AP axis which were based on a flattened random frequency spectrum (random white noise). This was to ensure that all frequencies were equally present in the sequence, which improved comparability between trials and avoided biases towards specific frequencies that might have interfered with the body sway of individual subjects. The maximum step size was set to 80 cm. At the beginning of each trial, the tunnel remained motionless and—in the UC—started moving after a randomized onset time between 5 and 8 s. The motion lasted for 30 s, after which the tunnel remained static for another 5 s to provide the subjects with relaxation time. In this way, the duration of each trial was 40–43 s.

As soon as the subjects indicated by a verbal command that they were ready, the experimenter started the next trial. To signal its beginning, the fixation dot changed its color from red to white. During the 30 s motion phase (or static phase), the fixation dot occasionally shifted its color to black in a transient fashion. This event occurred randomly between zero and 10 times over the course of each trial. Participants’ task was to pay attention to these shifts and keep track of their numbers to ensure that they kept fixating. After the end of each trial, subjects had to report the number of changes they noticed. If the reported number was off by more than two, the respective trial was discarded. After each trial, subjects had time to relax and adjust their posture as long as they needed. Across all trials, every subject had a minimum of two larger breaks to prevent fatigue. During these breaks, participants were able to leave the setup and sit down or walk around. The entire experiment took about 2 h to complete.



Data Analysis

A custom-made Python script was used for recording and storing raw data. Further analyses were conducted in MATLAB (The MathWorks, Inc., Natick, USA). For all following analyses, we extracted the time-courses of CoP and the 3-D body segments which corresponded to the AP-directions. Time courses of the CoP, which more precisely reflect the displacement, and the 3-D body segments from individual trials were aligned to the respective stimulus onset.

To determine the position of CoM, we calculated the 3-D center positions of 16 body segments and summed them with individual weighting factors taken from Winter (2009, p. 86). Before determining our final variables, in each trial, we subtracted a first-order polynomial from the raw data of CoP and CoM using the detrend function in MATLAB. This was to eliminate potential continuous motion artifacts which might have occurred during trials (Cruz et al., 2021). To determine the MSA, we calculated the standard deviation of the detrended time courses. Afterward, we computed the mean velocity by taking the first derivative of the detrended time courses and calculated the average of the absolute values of the derivation across time. In order to investigate additional temporal dynamics of the obtained MSA and mean velocities, we also distributed the detrended signals into small bins of 0.5 s, of which we calculated MSA and mean velocity individually.

Lastly, to gain insight into the net effect of the unpredictable condition on the motion of CoP and CoM we subtracted MSA values obtained during the static condition from the MSA values obtained during visual perturbation for each parameter, respectively. In the same way, we calculated the net effect of the visual perturbation on the mean velocities of both parameters.



Statistics

We used non-parametric testing on ranked data due to our unequal group size, the relatively small number of participants, and subsequent non-comparable variance. Kruskal-Wallis tests with follow-up pairwise comparisons using Dunn’s test with Bonferroni correction were used to evaluate group differences (PD, ECT, YCT). Differences between groups according to post hoc pairwise comparisons are reported as effect sizes based on correlation coefficients (r) using z-standardized test statistics. To test the influence of the unpredictable movement of the tunnel on MSA and the mean velocities of CoP and CoM within each group, we performed a Wilcoxon signed-rank test. We considered 95% confidence intervals (p < 0.05) to reject the null hypothesis. Statistical analyses were performed in SPSS (IBM, Armonk, NY, USA).




RESULTS

In a first step, we analyzed baseline data, i.e., MSA and velocity of CoP and CoM while the tunnel remained static (SC). There was a significant effect of group on the mean CoP sway amplitude (H(2) = 20.21, p < 0.001) and on mean CoP velocity (H(2) = 14.91, p = 0.001). As displayed in Figure 2A, there was a visible trend across groups, with patients with PD showing the highest mean CoP sway amplitude, followed by the ECT group, which in turn exhibited a slightly higher mean CoP sway amplitude than the YCT group. In post hoc pairwise comparisons, there were significant differences between PD and ECT (p = 0.009, r = 0.51) and between PD and YCT (p < 0.001, r = 0.79). However, there was no difference between ECT and YCT (p = 0.41, r = 0.29). A similar trend became apparent in mean CoP velocities, displayed in Figure 3A. However, there were neither significant differences between PD and ECT (p = 0.255, r = 0.35) nor between ECT and YCT (p = 0.376, r = 0.36). Only the higher mean CoP velocity of PD deviated significantly from the mean CoP velocity of the YCT group (p = 0.001, r = 0.70).
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FIGURE 2. Box plots representing the mean sway amplitude of CoP (panel A) and CoM (panel B) of all groups under the static condition (SC) and the mean sway amplitude of CoP (panel C) and CoM (panel D) of all groups under the unpredictable condition (UC), when the tunnel moved unpredictably in the AP direction. In each plot, red lines indicate the respective group medians. Gray boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. Black dots indicate data of single subjects within each group. The asterisks indicate that there is a significant difference between the groups. CoP, Center of Pressure; CoM, Center of Mass. *p < 0.5.
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FIGURE 3. Box plots representing the mean velocity of CoP (panel A) and CoM (panel B) of all groups under the static condition (SC) and the mean velocity of CoP (panel C) and CoM (panel D) of all groups under the unpredictable condition (UC), when the tunnel moved unpredictably in the AP direction. In each plot, red lines indicate the respective group medians. Gray boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. Black dots indicate data of single subjects within each group. Note the different scaling of panel (C) as compared to panels (A,B,D). *p < 0.5.



Regarding mean CoM sway amplitude (Figure 2B), there was also a significant effect of group (H(2) = 17.157 p < 0.001). Here, a similar trend emerged as in the CoP data. Post hoc comparisons revealed significant differences between PD and ECT (p = 0.013 r = 0.50) and between PD and YCT (p < 0.001 r = 0.72). There was no statistically significant difference between the YCT and ECT (p = 0.68 r = 0.23). Further, the effect of group was also significant for mean CoM velocities (H(2) = 14.288, p = 0.001), accompanied by a similar trend as for CoP (Figure 3). Here, there was also no significant difference between PD and ECT groups (p = 0.351, r = 0.27), while CoM of YCT moved significantly slower in comparison to PD (p < 0.001, r = 0.69). It also moved considerably slower than CoM of the elderly healthy adults, albeit not reaching statistical significance (p = 0.079 r = 0.43).

In a second step, we compared responses to the unpredictable visual movement of the tunnel between the groups in terms of MSA (CoP: H(2) = 14.42, p = 0.001; CoM: H(2) = 13.63, p = 0.001) and mean velocities (CoP: H(2) = 14.76, p = 0.001; CoM: H(2) = 13.25, p = 0.001). The results are displayed in panels C and D of Figures 2, 3. Here, a similar trend across groups like in the static condition (SC) became apparent. The PD group showed the highest mean CoP sway amplitude, followed by ECT. Mean CoP sway amplitude of the YCT was the lowest. In contrast to the SC, we were only able to detect statistically significant differences between PD and YCT (p < 0.001, r = 0.69), but neither between PD and ECT (p = 0.21, r = 0.32) nor between ECT and YCT (p = 0.13, r = 0.39). Furthermore, like in the SC, we did not observe statistical difference in mean CoP velocity between PD and ECT (p > 0.999, r = 0.17). However, there were significant differences between a higher mean CoP velocity of PD as compared to YCT (p = 0.001, r = 0.69) as well as between higher values of ECT as compared to YCT (p = 0.034, r = 0.53). Investigation of mean CoM sway amplitudes during the unpredictable condition showed the same trend. There was a significant difference between PD and YCT (p = 0.001, r = 0.67). However, neither PD and ECT (p = 0.138, r = 0.347) nor ECT and YCT (p = 0.256, r = 0.33) exhibited significant differences in their CoM MSA. The same applied to the mean CoM velocities. Here, there was also only a significant difference between the PD and YCT groups (p = 0.001, r = 0.66).

In addition to the differences between groups in both the SC and the UC, we also investigated the effect that the visual influence had on each group. For the mean CoP sway amplitude under visual perturbation, we were able to find an increase for both the ECT (p = 0.004, r = 0.75) and the YCT (p = 0.023, r = 0.66) groups when compared with the SC. On the other hand, we could not find any difference between the different conditions within the PD group (p = 0.616, r = 0.12). Mean CoM sway amplitudes were not influenced by the visual perturbation.

Unpredictable motion of the tunnel significantly increased mean CoP velocity in all groups when compared with the static condition (PD: p = 0.001, r = 0.81; ECT: p = 0.001, r = 0.88; YCT: p = 0.002, r = 0.88). This was also observed in the mean velocity of CoM, albeit to a much smaller extent. Here, statistical tests only yielded significant effects for ECT (p = 0.001, r = 0.84) and YCT (p = 0.041, r = 0.59).

As the motion of the tunnel led to an increase in mean velocity in each respective group and of MSA of CoP in ECT and YCT, we also investigated the net effect of visual perturbation (UC) on MSA and mean velocity of both parameters. To this end, for each group, we subtracted the average MSA during the static condition from the average MSA during perturbation. The same was done for the mean velocities. Even though in the case of CoM the increase in both parameters was rather small, for comparison, we also calculated the net effect of visual perturbation on CoM MSA and velocity. The results for the MSA data are displayed in panel A of Figure 4 (CoP) and Figure 5 (CoM), respectively, and the result for the mean velocities are shown in panel A of Figure 6 (CoP) and Figure 7 (CoM). Despite the apparent trend, we could not find an effect of the group on MSA, neither for CoP nor for the CoM data (CoP: H (2) = 5.41, p = 0.067 and CoM: H (2) = 6.06, p = 0.048). Even when Kruskal-Wallis testing of CoM data yielded p < 0.05, this could not be confirmed in the subsequent pairwise comparisons with corrected p-values.
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FIGURE 4. (A) Box plots showing the net effect of the unpredictable tunnel motion on mean CoP sway amplitude as compared to the static condition for each group. Red lines indicate the respective group medians. Gray boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. Black dots indicate data of single subjects within each group. (B) Net-effect “time courses” of resulting binned mean CoP sway amplitude across time. Black vertical lines indicate stimulus onset (left) and offset (right).
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FIGURE 5. (A) Box plots showing the net effect of the unpredictable tunnel motion on mean CoM sway amplitude as compared to the static condition for each group. Red lines indicate the respective group medians. Gray boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. Black dots indicate data of single subjects within each group. (B) Net-effect “time courses”of resulting binned mean CoM sway amplitude across time. Black vertical lines indicate stimulus onset (left) and offset (right).
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FIGURE 6. (A) Box plots showing the net effect of the unpredictable tunnel motion on mean CoP velocities as compared to the static condition for each group. Red lines indicate the respective group medians. Gray boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. Black dots indicate data of single subjects within each group. The asterisks indicate that there is a significant difference between the groups. (B) Net-effect “time courses” of resulting binned mean CoP velocities across time. Black vertical lines indicate stimulus onset (left) and offset (right).
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FIGURE 7. (A) Box plots showing the net effect of the unpredictable tunnel motion on mean CoM velocities as compared to the static condition for each group. Red lines indicate the respective group medians. Gray boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. Black dots indicate data of single subjects within each group. (B) Net-effect “time courses” of resulting binned mean CoM velocities across time. Black vertical lines indicate stimulus onset (left) and offset (right).



Nevertheless, the net difference revealed that visual perturbation led to a strong increase of mean CoP velocity in both PD and ECT, while it had only a slight effect on YCT. This was backed by statistical testing, which yielded unpredictable visual perturbation to have a significantly different net effect on mean CoP velocity between PD and YCT (p = 0.013, r = 0.52) as well as between ECT and YCT (p = 0.006, r = 0.59). There was no significant difference between PD and ECT (p > 0.999, r = 0.06). To gain additional insight into the temporal dynamics of this effect, we sorted the mean CoP and CoM velocities of each group in temporal bins, as described in our methods. The resulting binned time series for mean CoP velocity can be seen in Figure 6B. Shortly after stimulus onset, mean CoP velocity increased drastically in both elderly groups (PD and ECT), but only minimally for the young. Remarkably, the rise in CoP velocity occurred with the same latency for PD and ECT, i.e., roughly 300 ms. The latency in the YCT was lower at around 100 ms. During the stimulus, each group maintained a considerably stable mean CoP velocity. When the motion of the tunnel stopped, again with similar latency (2.5 s), the mean CoP velocity of PD and ECT dropped to the prestimulus level.

This did not apply to the difference in mean velocities of CoM between the two conditions, as there was barely a visible net effect in any of the groups. This was also reflected in statistical testing between groups which revealed no significant effects. The net effects on mean CoM and their respective binned distribution over time are displayed in Figure 4.



DISCUSSION

In our study, we investigated potential disease- and age-specific changes in postural control during quiet stance in a static environment (static condition, SC) as well as in response to random visual perturbations (unpredictable condition, UC) by simultaneously assessing mean sway amplitude and mean velocity of CoP and CoM. For this purpose, we recruited three different cohorts: a group of patients with PD (PD), a group of age-matched healthy adults (ECT), and a group of young healthy adults (YCT).

Considering mean sway amplitude and mean velocity of both CoP and CoM, we hypothesized the highest amount of body sway for the group of patients with PD in both visual conditions, SC and UC, respectively. This was confirmed for MSA in both parameters which corroborates previous research (e.g., Bronstein et al., 1990; Cruz et al., 2018), whereas the observable trend in mean velocity data was not reaching statistical significance.

In terms of the effect of visual perturbation on body sway, we could only find increased mean CoP sway amplitudes for ECT and YCT but not for PD. There was no effect of the visual perturbation on mean CoM sway amplitudes in any of the groups. Based on our velocity data, we were able to partially confirm our second hypothesis, since all groups exhibited a higher mean velocity of their CoP when exposed to random displacements of the tunnel. However, this was again only true for CoP in the PD and ECT groups and did not hold for CoM in any of the groups. Thirdly, we expected that the net increase would again be strongest for the group of patients. Even though we found differences between groups, this hypothesis was not supported by our findings.

In general, CoP MSA was higher than CoM MSA in all groups, irrespective of the condition. These findings reflect the fact that displacement of CoP needs to exceed that of CoM in a given direction in order to properly counteract its movement (Winter, 2009; Zemková et al., 2016; Takeda et al., 2017). The same was true for the mean velocity of CoP, which was higher than the mean velocity of CoM in each group. This is in line with previous research, which revealed a higher dynamic range of CoP when compared to CoM (Winter, 1995; Winter et al., 1996; Horak et al., 2005).

In addition, across groups, there were the same trends regarding MSA and mean velocities of CoP and CoM under both conditions (Figures 3, 4). Even though our data revealed a slight increase in CoP MSA for the ECT and YCT groups, MSA, in general, remained almost unaffected by the visual stimulation for both parameters. However, our data on mean CoP velocity revealed that it almost doubled for PD and ECT when exposed to the visual perturbation, and still increased slightly for the YCT group. Furthermore, the mean CoM velocity was barely affected by the visual perturbation in any of the groups. When compared to displacement (MSA) as a measure of postural sway, our findings suggest the mean velocity of CoP to better reflect postural destabilization due to the movement of the tunnel. Accordingly, as our stimulus and thus the perturbation quickly changed directions, it seems logical that CoP had to move more quickly, reflected in a higher velocity, to keep CoM stable. This is remarkable and supports the idea that CoP and CoM show different behavior in response to a destabilizing environment (Carpenter et al., 2010; Takeda et al., 2017).

The increased motion of CoP but unaffected motion of CoM could be explained by the two different functions these variables are claimed to represent in the context of balance control. As described in our introduction, CoM is suggested to be the variable controlled by the CNS to maintain equilibrium (Winter et al., 1990; Horak et al., 2005; Zemková et al., 2016). It, therefore, reflects the outcome of internal processes as a response to the sensory input and a slow overall velocity indicates general stability. As visual perturbation barely affected the motion of CoM, this can be interpreted that all the groups successfully maintained their balance. The motion of CoP, on the other hand, reflects the forces enacted on the ground to push the body (CoM) back towards its equilibrium position once it gets deflected. Hence, the increased motion of CoP, expressed in our study as mean velocity, might represent a certain kind of effort that was required to perform its task.

Although we could detect higher CoP MSA for PD when compared to ECT, to our surprise, we did not find significantly higher CoP or CoM velocities between patients with PD and age-matched controls. However, there was high variation within the group of patients, which might have masked possible effects. In order to find potential indicators for postural instability at the early and mid-stages of PD, we purposely selected a high proportion of patients who only had mild symptoms. Clinical postural instability, defined as H&Y 3, had only previously been diagnosed in a few patients included in our study (Table 1). Thus, our results might suggest that balance control as expressed in CoP and CoM velocity is not impaired in these early stages, which was in line with the clinical assessment of our patients. This result of our study indicates that these parameters may be unsuitable to identify early disease-related changes of postural instability.

TABLE 1. Demographic information regarding age (in years), Montreal Cognitive Assessment (MoCA) score, Hoehn & Yahr stage (H & Y stage), levodopa equivalent dose (LEDD), and duration of the disease since initial diagnosis of each individual subject in the PD group.
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On the other hand, mean CoP sway amplitude and velocity were lower for the group of young healthy adults. A similar effect could be seen in the CoM data. With CoM as an outcome of balance control mechanisms, both older groups exhibited greater instability compared to the younger adults. This indicates increased CoP and CoM velocity, both reflecting poorer balance control, to be an effect of age rather than disease (Masani et al., 2014; Roman-Liu, 2018). Since we used visual perturbation in our paradigm, this can possibly be explained by increased reliance on vision not only by the patients with PD, but by the elderly in general (Hay et al., 1996), but further experiments are required to settle this question.

In addition to our investigation of CoP and CoM displacements (MSA) and velocities between groups under both conditions separately, we also investigated the net effect of the visual perturbation on both parameters inside each group (Figures 4–7). There was no net effect on MSA, neither of CoP (Figure 4A) nor of CoM (Figure 5A). Regarding the net effect on CoP velocity (Figure 6), the differences between the groups as compared to the separate conditions became more pronounced. Here, the difference of data between both elderly groups and the young participants reached statistical significance, while there was again no significant difference between data from patients with PD and their age-matched peers. The net effect revealed a strongly visible gap between the elderly and the young (Figure 6), again speaking in favor of an age effect of increased CoP motion in response to the visual perturbation. By sorting the time-course data into bins and calculating MSA and mean velocity for each bin, we were able to probe the temporal dynamics of both parameters during stimulus presentation. Even though visual inspection of the mean of the binned data suggests an effect on CoP MSA in PD and ECT (Figure 4B), there was no statistical correlation. Accordingly, none of the groups exhibited an effect of the visual stimulation on the MSA of both parameters.

With regard to mean velocity, temporal dynamics did not only confirm the difference in behavior between both elderly groups and the young adults, but now also revealed that CoP velocity increased at a very short latency with respect to stimulus onset for all groups (Figure 4B). Moreover, it also decreased again with a similar delay for all groups. Hence, there seemed to be no measurable difference in response time between the groups, neither due to age nor due to disease. This is contrary to the evidence on prolonged latencies in response to motor tasks in PD (De Nunzio et al., 2007), but at the same time in line with other studies, which also did not detect differences in neural response latency (Rinalduzzi et al., 2015). A direct comparison of the net effects of the visual disturbance between MSA and mean COP velocity shows that only mean CoP velocity increases significantly due to the destabilizing effect of the unpredictably moving stimulus.

To our surprise, there was barely a noticeable net effect on CoM mean velocity, also considering temporal dynamics (Figure 7). None of the groups exhibited any destabilization in their CoM, as its velocity did not increase under visual perturbation. This means, as we stated before, that by increasing the motion of their CoP all groups were able to maintain their CoM at equilibrium and thus successfully counteracted the visual perturbation. In this regard, there was again neither an effect of age nor of disease on postural stability. The majority of patients (83%) in the PD group were in Hoehn & Yahr stages 1 or 2, i.e., exhibiting no postural instability in clinical examination. Only four of the patients were in H&Y stage 3. Hence, our results suggest that measuring CoM may accurately reflect the clinical state. In light of the differential results regarding CoM and CoP, the joint measurement of both variables adds significant value to exploring the equilibrium behavior. In addition, the inexpensive and easy-to-use alternative for measuring both CoP and CoM used in this study significantly simplified data collection compared with previous approaches for measuring CoM. Therefore, it would be intriguing to perform longitudinal studies with larger cohorts to also look into possible effects of disease progression on our measured parameters and to define a narrower time frame as to when balance deterioration starts to occur in PD.

The main limitations of our study include the relatively small and heterogenous groups. In a post hoc sample size calculation, the strong effect size regarding the influence of the mean CoP velocity by the stimulus compared to static condition translated into the minimum required sample sizes (PD: n = 15, ECT: n = 13, YCT: n = 13) that were satisfied by the number of participants in each group. Still, there is a risk that the study may have been underpowered for detecting meaningful differences in other measures between older healthy controls and participants with PD considering the trends in the data that did not reach statistical significance (for example, in mean CoP velocity). Furthermore, there was a rather large variety of disease duration, motor disease severity, and dosage of dopaminergic medication in the PD group. On the other hand, considering the large variability within PD itself regarding disease progression, this sample represents a typical cohort of PD patients in the early and mid-disease stages. Only three patients were diagnosed with postural instability, while the majority were in the early stages of the disease. However, despite postural impairment being claimed to only become present in advanced stages of the disease (Jankovic, 2008), we hoped to find impairments in balance control which were not yet manifested as apparent clinical symptoms. Moreover, all patients were treated with different doses of dopaminergic medication depending on their symptoms. Although the impact of dopaminergic medication on postural stability in general as well as on CoP velocity remains an area of debate as previous studies found conflicting results (Rocchi et al., 2002; Maurer et al., 2003; Nantel et al., 2012), we cannot exclude effects of medication on our results. Furthermore, no additional clinical scores (e.g., UPDRS-III) were recorded to more precisely capture motor symptom severity and balance impairment in relation to our findings.

The exact position and distance between the feet on the Wii Balance Board has not been specified which might have influenced CoP measurements between trials (Chiari et al., 2002; Palmisano et al., 2020). Lastly, although previous studies did not support a significant effect of a dual-task design on CoP displacement in PD (Fernandes et al., 2015), maintaining balance under additional cognitive load caused by the counting task might have affected our findings.



CONCLUSION

In our study on visual perturbation of balance in PD and two healthy control groups, we found effects of visual perturbation on CoP dynamics, but only weak effects on CoM dynamics, which could be explained by the different natures of both parameters. These effects were much stronger for patients with PD and age-matched controls than they were for young healthy adults, which supports previous findings on the deterioration of balance with age. Against our expectations, we did not identify subclinical alterations of visuomotor balance control in patients with early- to mid-stage PD. Instead, we found similar behavior in both elderly groups when exposed to our unpredictable visual perturbations. Nonetheless, in light of their limitations, our findings suggest that the mean velocity of CoP may provide a useful quantitative measure to objectify clinical findings of balance control while experiencing a non-stationary visual scenery.
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Toe-walking characterizes several neuromuscular conditions and is associated with a reduction in gait stability and efficiency, as well as in life quality. The optimal choice of treatment depends on a correct understanding of the underlying pathology and on the individual biomechanics of walking. The objective of this study was to describe gait deviations occurring in a cohort of healthy adult subjects when mimicking a unilateral toe-walking pattern compared to their normal heel-to-toe gait pattern. The focus was to characterize the functional adaptations of the major lower-limb muscles which are required in order to toe walk. Musculoskeletal modeling was used to estimate the required muscle contributions to the joint sagittal moments. The support moment, defined as the sum of the sagittal extensive moments at the ankle, knee, and hip joints, was used to evaluate the overall muscular effort necessary to maintain stance limb stability and prevent the collapse of the knee. Compared to a normal heel-to-toe gait pattern, toe-walking was characterized by significantly different lower-limb kinematics and kinetics. The altered kinetic demands at each joint translated into different necessary moment contributions from most muscles. In particular, an earlier and prolonged ankle plantarflexion contribution was required from the soleus and gastrocnemius during most of the stance phase. The hip extensors had to provide a higher extensive moment during loading response, while a significantly higher knee extension contribution from the vasti was necessary during mid-stance. Compensatory muscular activations are therefore functionally required at every joint level in order to toe walk. A higher support moment during toe-walking indicates an overall higher muscular effort necessary to maintain stance limb stability and prevent the collapse of the knee. Higher muscular demands during gait may lead to fatigue, pain, and reduced quality of life. Toe-walking is indeed associated with significantly larger muscle forces exerted by the quadriceps to the patella and prolonged force transmission through the Achilles tendon during stance phase. Optimal treatment options should therefore account for muscular demands and potential overloads associated with specific compensatory mechanisms.
Keywords: toe-walking, equinus gait, musculoskeletal modeling, muscle function, muscle contributions, joint moments, support moment
INTRODUCTION
Heel-striking is considered a vital feature of a normal gait pattern. The gait of most children reaches a fairly mature pattern approximately one year after the initiation of walking (Bertsch et al., 2004). During the first year of bipedal walking, typically developing children learn to heel-strike, allowing them to walk more efficiently and stabilize their motion (Hallemans et al., 2006; Zeininger et al., 2018). In some children, however, a heel-strike pattern is either not developed at all or lost during the maturation of gait. These children may remain on forefoot during all phases of the gait cycle, or the heel may touch the ground only at a later point later during the step. These forefoot or flatfoot patterns are referred to as toe-walking. Toe-walking is observed in children diagnosed with cerebral palsy (CP), autism, and various other neurologic and orthopedic pathologies (Schweizer et al., 2013). In the absence of neurological, orthopedic or psychiatric diseases, it is referred to as idiopathic toe-walking (ITW) (Engelbert et al., 2011). In patients affected by CP, alterations of the gait pattern persist until adulthood, often determining a decline in mobility (Morgan and McGinley, 2013). Toe-walking is also observed in adults who suffered a stroke (Balaban and Tok, 2014) or a traumatic brain injury (TBI) (Williams et al., 2009). Both stroke and TBI patients can present equinus foot deformities which are associated with altered joint kinematics, reduced walking speed, and difficulties in foot clearance (Kinsella and Moran, 2008; Fock et al., 2009; Boudarham et al., 2013; Schwachmeyer et al., 2013; Manca et al., 2014). Poor foot placement control can also lead to instability during gait and an increased risk of falling (Dean and Kautz, 2015). During toe-walking, stability is reduced because of the smaller contact area between the foot and the ground (Perry et al., 2003). Furthermore, several studies have reported complaints of fatigue and pain during walking tasks in toe-walkers (Balemans et al., 2015; Alriksson-Schmidt and Hägglund, 2016; Eken et al., 2019), which may lead to a reduced health-related quality of life (HR-QoL) (Williams and Haines, 2015). A better understanding of the energetic demands associated with abnormal gait patterns could help establish intervention strategies that prevent fatigue and the deterioration of gait (Opheim et al., 2009; Lundh et al., 2018).
Toe-walkers present alterations in gait kinematics and kinetics at various joints in the lower limb (Winters et al., 1987; Kelly et al., 1997; Schlough et al., 2020). These kinematic changes are associated with premature and prolonged electromyographic (EMG) activity of the ankle plantarflexors (Kalen et al., 1986; Perry et al., 2003). Similar lower-limb joint kinetics and EMG activities were also observed in able-bodied subjects during voluntary toe-walking (Davids et al., 1999; Kerrigan et al., 2000; Perry et al., 2003; Romkes and Brunner, 2007). Romkes and Brunner (Romkes and Brunner, 2007) observed similar gastrocnemius and tibialis anterior EMG activity between voluntary and obligatory unilateral toe-walking, suggesting that the altered activations of these muscles might be required to meet the altered kinetic demands at the ankle and could therefore be partially regarded as muscle activity which is necessary in order to toe-walk. Kerrigan et al. (Kerrigan et al., 2000) observed a reduction in peak joint moments at the ankle and the knee during toe-walking, suggesting that it might require less muscle strength compared to normal a heel-to-toe gait. Perry et al. (Perry et al., 2003), on the other hand, observed an increase in mean and peak EMG activity of the plantarflexors during voluntary toe-walking, despite a reduction in peak internal plantarflexion moment – and therefore in the expected plantarflexor muscle forces. The increase in muscle EMG intensity was thought to be a consequence of a reduction in the force-generation capacity of the calf muscles when the ankle was in a plantarflexed position, in line with previous studies (Herman and Bragin, 1967; Hoy et al., 1990). Computational approaches have also been used to characterize the different contributions of the lower-limb muscles to body weight support and propulsion, showing that not only the ankle plantarflexors but also knee extensors, knee flexors, and hip extensors present an altered function during toe-walking (Sasaki et al., 2008).
Gait analysis has evolved over recent years, notably through the use of musculoskeletal modeling in clinical settings (Smith et al., 2021). Musculoskeletal modeling represents a valuable non-invasive tool to estimate the internal body loads, which could not be directly measured otherwise (Vigotsky et al., 2019; Imani Nejad et al., 2020). Modeling estimates showed good agreement with experimentally measured quantities, such as joint loads from instrumented prostheses and muscle activations from EMGs (Lund et al., 2012; Marra et al., 2014; De Pieri et al., 2018, 2019; Lunn et al., 2020; Sun et al., 2020). Through conventional gait analysis and inverse dynamics, we are able to compute kinetic parameters such as net joint moments and joint powers, which provide us insight into the function of various muscle groups in healthy and pathological gait patterns (Sloot and van der Krogt, 2018). With current musculoskeletal modeling approaches, however, it is possible to additionally predict how the load is shared across individual muscles during a given motion (Erdemir et al., 2007; Andersen, 2021). This approach is particularly useful for the analysis of human locomotion (Sylvester et al., 2021) and reveals important information about the functional role of specific muscles, particularly of the biarticular ones (Thelen et al., 2011; Seth et al., 2018). Therefore, analyzing the muscular demands associated with toe-walking using musculoskeletal modeling could provide meaningful information for the clinical management of conditions characterized by this walking pattern.
Furthermore, a synthetic parameter that could provide an insight into the required muscular demands during gait is the support moment. This parameter was first introduced by D. Winter in 1980 and was defined as the sum of the sagittal extensive moments at the ankle, knee, and hip joints (Winter 1980). The support moment quantifies how much the limb is pushing away from the ground and can be used to estimate the muscular demands necessary to prevent a collapse of the stance limb during walking (Winter 2009). In 2000, A.L. Hof provided a mechanical interpretation for this concept, demonstrating that a slightly reformulated definition of the support moment was responsible for preventing the collapse of the knee due to external forces (Hof, 2000). The support moment seems well-suited to investigate the required overall extensive muscular effort to maintain stance limb stability in pathological populations (Wyers et al., 2021).
The aim of this study was to understand and characterize, from a biomechanical perspective, gait deviations occurring during voluntary unilateral toe-walking, compared to normal gait, in a cohort of healthy volunteers. In particular, the focus was to describe the functional contributions of the major flexor and extensor muscles to the kinetics of gait. For this purpose, required muscle contributions to the joint sagittal moments were calculated using musculoskeletal modeling. The analysis of healthy individuals provides a unique insight on the muscular demands solely related to the specific gait pattern, independently of any underlying neuromuscular control disorder. As toe-walking alters the alignment of the stance limb relatively the ground reaction forces (GRF), functional adaptations for posture and movement control are expected in the lower-limb muscles to counteract these external forces. It was therefore hypothesized that toe-walking is associated with higher demands on the lower-limb muscles compared to normal walking. Additionally, the support moment is suggested as a synthetic indicator of the overall muscular demands during stance, and further clarifications about its physical meaning are provided.
MATERIALS AND METHODS
Participants and Gait Analysis
Nine healthy adult subjects (four males, five females; age 30.1 ± 3.7 years) without a history of neurologic or orthopedic disorders underwent kinematic (motion capture system: Vicon Motion Systems Ltd., Oxford, UK) and kinetic (force platforms: Kistler Group, Winterthur, CH) 3D gait analysis, as part of a previous study (Romkes and Brunner, 2007). Gait data were acquired barefoot at a self-selected speed using the Plug-in Gait lower-body marker-set (Kadaba et al., 1990). One of the ten healthy subjects originally included in Romkes and Brunner (2007) was excluded due to an incomplete set of markers. Subjects were first tested during normal walking and were then shown a sagittal plane video of a patient with unilateral CP. They were asked to mimic the unilateral toe walking pattern seen in the video. The subjects practiced until obtaining a reproducible pattern, while care was taken by the investigators to ensure that knee and ankle positions were correct. Four to six walking trials were measured for each walking modality per subject. Further details on the experimental data collection can be found in Romkes and Brunner (2007).
Musculoskeletal Modeling
Marker trajectories and ground reaction force (GRF) data were used as input for an inverse dynamics analysis in the AnyBody Modeling System (AnyBody Technology, Denmark) (Damsgaard et al., 2006). Individual models for each subject were created from a detailed musculoskeletal model of the lower limb (Carbone et al., 2015; De Pieri et al., 2018), which was scaled to match the overall anthropometrics and the marker data collected during a standing reference trial (Lund et al., 2015).
Each hip joint was modeled as a 3-degrees of freedom (DOF) ball-and-socket joint, while knee and talocrural joints were modeled as 1-DOF hinges. The position of the patella was defined as a function of the knee flexion angle, while the motion of the subtalar joint was restricted due to the reduced number of markers on the foot segment (one heel- and one toe-marker). Muscles were modeled as Hill-type actuators, with calibrated tendon slack-length (Heinen et al., 2016) and instantaneous muscle strength that followed force-length and force-velocity relationships (Hill, 1938; Zajac, 1989; Andersen, 2021).
Joint kinematics were first computed from the measured marker trajectories (Andersen et al., 2009) and were reported in anatomical coordinate systems according to the International Society for Biomechanics’ (ISB) recommendations (Wu et al., 2002). An inverse dynamics analysis, based on a third-order-polynomial muscle recruitment criterion, was then performed to calculate the required muscle activations and forces, as well as the resulting joint moments (Andersen, 2021). At each joint level, the internal net sagittal moment was calculated in the proximal coordinate system according to ISB recommendations (Derrick et al., 2020). In each lower-limb joint, sagittal plane rotations were unconstrained, therefore the internal sagittal net joint moment is equal to the sum of the sagittal moments generated by all the muscles spanning the joint:
[image: image]
The contribution of each joint-spanning muscle to the joint net sagittal moment was computed as the product of the force exerted by the muscle times the distance of its instantaneous line of action from the center of rotation of the joint (De Pieri et al., 2018). For biarticular muscles, the contributions to the net sagittal moments around both joints were computed. Additionally, the force exerted by the quadriceps muscles on the patella and the force transmitted by the triceps surae to the Achilles tendon were calculated.
Support and Progression Moments
The support moment [image: image] was calculated as a weighted sum of the lower-limb joints sagittal extensive moments, according to the definition by A.L. Hof (Hof, 2000), in which the individual sagittal moments around the ankle ([image: image]), knee ([image: image]), and hip ([image: image]), were considered positive when extensive. This definition of the support moment is equal to the component of the GRF acting in the direction of the hip-ankle line ([image: image]) times knee eccentricity ([image: image]):
[image: image]
As a corollary of this interpretation, it was suggested that the component of the GRF acting transversally to the direction of the hip-ankle line ([image: image]) is determined by the difference between hip and ankle sagittal moments divided by the distance between hip and ankle ([image: image]). We defined the difference between hip and ankle moments as progression moment [image: image]:
[image: image]
[image: image] and [image: image] were calculated as a function of the knee flexion angle using trigonometric relationships, under the assumption that thigh and shank have equal lengths. The complete geometrical derivation of these relationships is reported in Hof (2000).
[image: image] and [image: image] were calculated by projecting the GRF vector into a newly defined reference frame, in which the vertical axis passes through the ankle and the hip joint centers. The mediolateral axis was parallel to the floor and perpendicular to the gait direction (defined by the floor-projection of the heel marker in two consecutive ipsilateral foot strikes), and the anteroposterior axis was defined as the cross-product of vertical and mediolateral ones (Figure 1).
[image: Figure 1]FIGURE 1 | Ground reaction force vector (in blue) and the newly defined reference frame (in red) with the vertical axis connecting the ankle and the hip joint centers, and the anterior-posterior axis transversal to the hip-ankle line.
The support and progression moments [image: image] and [image: image], calculated as the sum or difference of the individual joint moments as described previously, were then compared to the physical quantities [image: image] and [image: image], respectively. Additionally, muscle contributions to the support and the progression moments were calculated by combining (Eq. 1) into (Eqs 2, 3), respectively:
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Data Analysis
Gait trials were processed and analyzed through the toolkit AnyPyTools (Lund et al., 2019) in the Python programming language (Python Software Foundation). The analysis of joint kinematics and joint kinetics, including muscle contributions, was focused on the sagittal plane as the plane of forward motion. Joint moments, muscle contributions to the joint moments, and support and progression moments were normalized by body mass. The muscle forces acting on the patella and the Achilles tendon were normalized by body weight (BW). Kinematic data (angles) were time-normalized during the gait cycle (GC) from foot strike (0%) to foot strike (100%), while kinetic data (moments and forces) were time-normalized for the duration of the loaded stance phase (ST), from foot strike (0%) to foot off (100%). Averages per subject were then calculated based on the four to six collected trials.
Statistical Parametric Mapping Analysis
Differences between normal walking and voluntary toe-walking were analyzed through statistical parametric mapping (SPM; www.spm1D.org, v0.43) (Friston et al., 1994; Pataky, 2012) for joint kinematics, joint moments, muscle contributions to the joint moments, muscle forces, and for support and progression moments. Due to the reduced number of tested subjects (n = 9), non-parametric (Pataky et al., 2015) two-tailed paired t-tests were used to identify statistically significant differences between the two walking modalities.
The comparison between support and progression moments and their respective physical equivalents, [image: image] and [image: image], was carried out through non-parametric, two-tailed, two-sample t-tests.
The output test statistic—SnPM{t}—was evaluated at each point of GC or ST. The significance level was set at α = 0.05, and the corresponding critical thresholds—t*—were calculated based on the temporal smoothness of the input data through random field theory. The probability that similar suprathreshold regions would have occurred from equally smooth random waveforms was then calculated. In the interest of clarity, only differences that were statistically significant for more than 2% of GC or ST are discussed.
RESULTS
Lower-Limb Kinematics
The subjects participating in this study were able to successfully reproduce a toe-walking pattern similar to the one they were shown in a video of a unilateral CP patient. In the sagittal plane, their voluntary toe-walking pattern was characterized by an initial toe-contact, and the foot-floor inclination angle significantly differed from their normal gait pattern throughout the GC, with the heel never touching the ground (Figure 2). During toe-walking, the ankle was significantly more plantarflexed during the whole GC, the knee was more flexed from mid-swing until terminal stance (81–47% GC), the hip was more flexed from mid-swing until loading response and during mid-stance (80–10% and 21–54% GC), and the pelvis was more anteriorly tilted from mid-stance until mid-swing (28–74% and 79–90% GC).
[image: Figure 2]FIGURE 2 | Lower-limb sagittal plane kinematics during GC. Mean ± 1SD pelvic tilt, hip flexion, knee flexion, ankle flexion, and foot-floor inclination angles are reported as solid lines during normal walking and as dashed lines during voluntary toe-walking. Phases of GC for which a statistically significant difference in the SPM paired t-tests was found are indicated as grey bars below each subplot.
Joint Moments and Muscle Contributions
When walking on their toes, the subjects also presented statistically significant differences in the internal net sagittal joint moments compared to their normal gait pattern. These kinetic differences translated into altered required moment contributions in the sagittal plane from the muscles spanning each joint.
At the ankle (Figure 3A), toe-walking was associated with a significantly larger net extension (plantarflexion) moment during loading response and mid-stance (0–44% ST) and with a reduced extension moment during terminal-stance and push-off (52–90% ST). As a consequence of the altered kinetics, toe-walking required an earlier and larger extensive contribution during loading response and mid-stance from the gastrocnemius (0–38% ST) and the soleus (6–46% ST), while the gastrocnemius also provided a reduced contribution to the peak extension moment during terminal-stance and push-off (46–82% and 86–93% ST). The tibialis anterior did not provide any flexion (dorsiflexion) contribution during initial contact and loading response (0–16% ST) when toe-walking. Additional statistically significant differences in soleus (0–3% ST) and tibialis anterior (36–38% and 82–94% ST) were characterized by negligible magnitudes in both walking modalities.
[image: Figure 3]FIGURE 3 | Lower-limb sagittal plane kinetics during ST. Mean ± 1SD ankle (A), knee (B) and hip (C) sagittal net internal moments (black/grey) and the sagittal moment contributions of the relative joint-spanning muscles (colored) are reported as solid lines during normal walking and as dashed lines during voluntary toe-walking. Phases of ST for which a statistically significant difference in the SPM paired t-tests was found are indicated as colored bars at the bottom. ST phases in which statistically significant differences were observed but the moment contributions were characterized by negligible magnitudes are reported in lighter colors.
At the knee (Figure 3B), the subjects presented a longer-lasting net flexion moment during loading response, decreased during 0–2% ST and increased during 6–13% ST when toe-walking. From mid- to terminal-stance (46–83% ST), the flexion moment was significantly reduced. No statistically significant differences were found during early mid-stance when the net sagittal moment was extensive for normal walking and toe-walking. In terms of muscles’ contributions to the knee net sagittal moment, the gastrocnemius provided a larger flexion moment during the first half from loading response (1–36% ST) and a reduced flexion moment during mid-stance to push-off (42–93% ST) when toe-walking. A significantly larger extension moment was required from the vasti during mid-stance (41–58% ST) when walking on the toes, while their extensive contribution was almost null during this phase while normal walking. The peak extension moment from the vasti occurred for both walking modalities during loading response and was characterized by a larger mean value and a broader variability during toe-walking, albeit not significantly different (0.88 ± 0.44 Nm/kg at 23% ST during toe walking vs 0.65 ± 0.28 Nm/kg at 22% ST during normal walking). The hamstrings provided a reduced but longer-lasting flexion contribution during loading response (lower during 0–3% ST and increased during 8–18% ST). The rectus femoris provided a significantly larger extension contribution during initial contact (0–6% ST) but of negligible magnitude.
At the hip (Figure 3C), toe-walking was characterized by a larger and delayed net extension moment during loading response (lower during 0–5% ST and increased during 11–18% ST) and by a reduced net flexion moment during terminal-stance (73–82% ST). When toe-walking, the gluteus maximus provided a larger contribution to the extension moment during initial stance (0–2% and 8–17% ST), similarly to the adductor magnus (11–21% ST), while the hamstrings provided a reduced extensive contribution during initial contact (0–4% ST) and a slightly increased one during loading response (11–21% ST). The significant flexing contribution of the rectus femoris (0–5% ST) was of negligible magnitude.
Support Moment
Toe-walking was associated with a significantly higher support moment during mid-stance (34–65% ST) (Figure 4A), as a consequence of the altered joint sagittal moments (Figure 4B).
[image: Figure 4]FIGURE 4 | Support moment in the sagittal plane during ST. (A) Mean ± 1SD support moment (black/grey) is reported during normal walking (solid line) and toe-walking (dashed line). The phase of ST for which a statistically significant difference in the SPM paired t-test was found is indicated as a grey bar below. (B) Mean ± 1SD support moment (black/grey), ankle (blue), knee (red), and hip (green) internal net sagittal moments, weighted according to the definition by A.L. Hof (Hof, 2000), are reported for normal walking (top, solid lines) and toe-walking (bottom, dashed lines). (C) Comparison between support moment and the external forces acting on the stance limb. Mean ± 1SD support moment (black/grey) compared to the product of the GRF component acting in the direction of the hip-ankle line FP times knee eccentricity q (violet-blue), during normal walking (solid line, top) and toe-walking (dashed line, bottom). The support moment is acting in the opposite direction compared to the moment produced by the GRF. The phases of ST for which a statistically significant difference in the SPM two-sample t-test was found are indicated as violet-blue bars below.
The support moment calculated according to Hof’s formulation showed a similar trend and comparable magnitude with the product of the GRF component acting in the direction of the hip-ankle line ([image: image]) times knee eccentricity ([image: image]) (Figure 4C). Statistically significant differences between [image: image] and [image: image] were found during the initial transition phase and pre-swing (0–4% and 71–100% ST for normal walking, 0–6% and 72–100% ST for toe-walking). This confirms that a weighted sum of the three lower-limb joint moments is responsible for preventing the collapse of the knee during stance.
When looking at the contribution of the major lower-limb muscles to the support moment during normal walking (Figure 6A), it emerges that the hamstrings briefly provide extensive vertical support during initial heel-strike while the other major hip extensors – gluteus maximus and adductor magnus – immediately follow and provide some support throughout the initial phases of stance. The largest contributor during loading response is the vasti, with a synergistic contribution from the rectus femoris. Approximatively around 20% ST, the soleus also starts providing a positive contribution to the support moment, and it becomes the dominant contributor from mid-stance until push-off. From mid-to terminal-stance, the rectus femoris also plays a significant supporting role. During terminal stance, the mean support moment across the cohort becomes negative (∼60–80% ST), corresponding with the peak knee flexion moment (Figure 4B). During this phase, the hamstrings and the gastrocnemius provide a net negative contribution to the support moment. During pre-swing, the vasti work again synergistically with the rectus femoris and the soleus to provide a net positive support moment.
During toe-walking, the hamstrings provide a prolonged negative contribution during the initial foot contact until loading response. This is counteracted by a synchronous positive contribution from the gluteus maximus and the adductor magnus. The soleus is required to provide a positive and large contribution already during loading response and lasting until push-off. The vasti remain the largest contributors to the support moment, and their activation is also continuously required from load acceptance throughout ST. The rectus femoris contribution is also qualitatively reduced, particularly during push-off. The mean support moment remains positive throughout ST when toe-walking, despite a negative contribution from the hamstring during terminal stance. The gastrocnemius provides a small positive contribution during terminal stance.
Progression Moment
Toe-walking was associated with a significantly reduced peak backward progression moment during the initial foot contact and loading response (0–40% ST) (Figure 5A). The mean progression moment becomes forward-oriented at 14% ST during toe-walking, compared to normal walking when this transition occurs at 31% ST. This was determined by an earlier forward contribution by the ankle sagittal moment (Figure 5B). From mid- to terminal-stance, toe-walking was characterized by a significantly reduced peak forward progression moment (53–89% ST).
[image: Figure 5]FIGURE 5 | Progression moment in the sagittal plane during ST. (A) Mean ± 1SD progression moment (black/grey) is reported during normal walking (solid line) and toe-walking (dashed line). The phases of ST for which a statistically significant difference in the SPM paired t-test was found are indicated as grey bars below. (B) Mean ± 1SD progression moment (black/grey), ankle (blue), and hip (green) internal net sagittal moments, weighted according to the definition derived from A.L. Hof (Hof, 2000), are reported for normal walking (top, solid lines) and toe-walking (bottom, dashed lines). (C) Comparison between support moment and the external forces acting on the stance limb. Mean ± 1SD progression moment (black/grey) compared to the product of the GRF component acting transversally to the direction of the hip-ankle line FT times the distance between hip and ankle p (violet-blue), during normal walking (solid line, top) and toe-walking (dashed line, bottom). The progression moment is acting in the opposite direction compared to the moment produced by the GRF. The phases of ST for which a statistically significant difference in the SPM two-sample t-test was found are indicated as violet-blue bars below.
The progression moment, defined as a corollary of Hof’s interpretation, showed a similar trend and comparable magnitude with the product of the GRF component acting transversally to the direction of the hip-ankle line ([image: image]) times the distance between hip and ankle ([image: image]) (Figure 5C). Statistically significant differences between [image: image] and [image: image] were found during the transitions between stance and swing phases (0–2% and 92–100% ST for normal walking, 0–2% and 93–100% ST for toe-walking), as well as during 11–24% ST for normal walking and 26–41% ST for toe-walking. This suggests that only ankle- and hip-spanning muscles are counteracting the external forces acting transversally to the stance leg.
The muscles’ contributions to the progression moment were qualitatively different between normal walking and toe-walking (Figure 6B). During normal walking, in order to counteract the forward-oriented [image: image] (Figure 5C), the hamstrings provide a backward contribution during the initial heel-strike. Their contribution remains present albeit reduced during most of the stance phase. The other hip extensors – gluteus maximus and adductor magnus – immediately follow and provide a backward contribution during loading response, together with the tibialis anterior. This highlights a synergistic effect of hip extensors and ankle dorsiflexors in early stance in slowing down the anterior motion of the leg. From mid-stance, the ankle plantarflexors – soleus and gastrocnemius – provide a forward contribution to the progression moment (counteracting the posteriorly oriented [image: image]), as does the iliopsoas during pre-swing. The forward contribution of the rectus is smaller compared to the iliopsoas. There is an overall synergistic action of ankle plantarflexors and hip flexors in rotating the leg forward.
[image: Figure 6]FIGURE 6 | Contributions of the lower limb muscles to support and progression moments. (A) Mean support moment (black) and sagittal moment contributions of the major lower-limb muscles are reported for normal walking (top, solid lines) and toe-walking (bottom, dashed lines). For each muscle, the contribution to the support moment is calculated as a weighted sum of its contributions to the joints it spans, as indicated in Eq. 4. Weighing factors are reported in brackets ([image: image] for ankle and hip, [image: image] for the knee). (B) Mean progression moment (black) and sagittal moment contributions of the major lower-limb muscles are reported for normal walking (top, solid lines) and toe-walking (bottom, dashed lines). For each muscle, the contribution to the progression moment is calculated as a weighted contribution to the joint it spans, as indicated in Eq. 5. Weighing factors are reported in brackets ([image: image] for the ankle, [image: image] for the hip).
During toe-walking, the hamstring provided a relatively larger backward contribution for a prolonged period of ST. The lack of tibialis anterior backward contribution is compensated by a larger relative contribution of all hip extensors during early stance. At the same time, the soleus and the gastrocnemius provide a forward contribution already during the early stance. The hip extensors and the ankle plantarflexors are therefore acting antagonistically during the initial phases of ST when toe-walking. During mid-stance to late stance, the forward contribution to the progression moment of the plantarflexors remains substantial, and it is strengthened by a synergistic effect of the iliopsoas and to a smaller extent of the rectus femoris during pre-swing.
Muscle Forces on Patella and Achilles Tendon
Toe-walking was associated with significantly larger muscle forces exerted by the quadriceps to the patella during mid-stance (49–56% ST) (Figure 7A). The significantly higher muscle forces during initial foot contact (0–3% ST) were of negligible magnitude.
[image: Figure 7]FIGURE 7 | Mean ± 1SD magnitude of the muscle forces transmitted from the quadriceps muscle to the patella (A) and from the triceps surae to the calcaneus through the Achilles tendon (B), during normal walking (solid lines) and toe-walking (dashed lines), normalized to body weight (BW). The phases of ST for which statistically significant differences in the SPM paired t-tests were found are indicated as red bars below each subplot. ST phases in which statistically significant differences were observed but the muscle forces were characterized by negligible magnitudes are reported in a lighter tint.
Regarding the muscle forces exerted from the triceps surae to the calcaneus (Figure 7B), toe-walking was also characterized by a prolonged force transmission through the Achilles tendon, with higher forces during early stance (2–39% ST) and a reduced peak force during terminal-stance (48–92% ST).
DISCUSSION
The objective of this study was to describe the gait deviations occurring in a cohort of healthy subjects when they are voluntarily walking on their toes compared to their normal heel-to-toe gait pattern. The focus was to characterize the functional adaptations of the major lower-limb muscles which are required in order to toe walk. The role and importance of each muscle to the kinetics of gait was assessed by estimating its required contribution to the joint net sagittal moments using musculoskeletal modeling. Additionally, the concept of the support moment was used to evaluate the overall muscular effort necessary to maintain stance limb stability and prevent the collapse of the knee due to external forces (winter 1980, 2009; Hof, 2000).
Compared to a normal heel-to-toe gait pattern, toe-walking was characterized by significantly different lower-limb joint kinematics and kinetics (Table 1). The altered kinetic demands at each joint translated into different required moment contributions from most flexor and extensor muscles. In particular, an earlier and prolonged ankle plantarflexion contribution was required from the soleus and gastrocnemius during most of the stance phase. On the other hand, the tibialis anterior did not provide any dorsiflexion contribution during the initial stance phase when toe-walking. At the knee, a reduced net flexion moment during mid-to terminal-stance corresponded with a significantly larger knee extension contribution required from the vasti during mid-stance, while the hamstrings provided a reduced but longer-lasting knee flexion contribution during loading response when toe-walking. All hip extensors provided a larger extensive moment during loading response. Overall, different muscular activations are therefore functionally required at every joint level in order to toe-walk compared to normal walking.
TABLE 1 | Overview of most important differences in sagittal kinematics and kinetics occurring in toe-walking compared to normal walking during different periods of the stance phase.
[image: Table 1]The higher support moment during the stance phase indicates that an overall higher muscular effort is required during toe-walking to support the stance limb. The computed muscle contributions to the support moment reveal that different muscles effectively work to maintain a stable leg during different phases of walking. In particular, when toe-walking, a higher extensive contribution is required by the soleus during initial stance, and by the vasti, which present a prolonged extensive activity during mid-stance while the contribution of the rectus during pre-swing is reduced compared to normal walking. The hamstrings, which provide an extensive contribution to the support moment in a normal heel-to-toe gait pattern, are instead providing a flexing contribution during initial contact when toe-walking. These changes indicate an overall different support strategy to maintain a stable leg during the stance phase and prevent the knee from collapsing.
The analysis of the progression moment, which was derived as a corollary of A.L. Hof formulations (Hof, 2000), showed that during normal walking, forward-oriented external forces are counteracted by hip extensors and ankle dorsiflexors (initial ST) while backward-oriented external forces are balanced by activation of ankle plantarflexors and hip flexors (mid- and terminal ST). During toe-walking, this activation pattern is altered, with the hip extensors and ankle plantarflexors being simultaneously activated during the initial phases of ST. The altered activation of gastrocnemius and soleus during early stance seems to be required to maintain a force balance transversally to the leg axis when toe-walking.
Furthermore, toe-walking was characterized by significantly larger muscle forces exerted by the quadriceps to the patella and prolonged force transmission through the Achilles tendon during the stance phase.
Prolonged muscular effort and overuse may lead to fatigue, pain, and a reduced HR-QoL (Balemans et al., 2015; Williams and Haines, 2015; Alriksson-Schmidt and Hägglund, 2016; Eken et al., 2019). In particular, the higher loads required from the vasti may explain the high prevalence of knee pain and patellofemoral symptoms observed in CP patients, especially with increasing age (Jahnsen et al., 2004; Rethlefsen et al., 2015). Overactive quadriceps muscles may lead to an overstretched patellar tendon and a further loss of functionality (Villani et al., 1988; Jahnsen et al., 2004). Similarly, the prolonged force transmission through the Achilles tendon in a plantarflexed position may be associated with tendon shortening and contractures (Tardieu et al., 1989; Solan et al., 2010). Optimal treatment options should therefore aim at addressing the primary neuromuscular disorders which are associated with an altered gait pattern in order to avoid secondary long-term adverse consequences.
The restoration of a heel-to-toe gait pattern may improve the functionality and the gait efficiency of toe-walking patients while reducing the long-term risks associated with compensatory mechanisms (Brunner et al., 2021). Several treatments aiming at restoring a heel-strike pattern are available (Graham et al., 2016), ranging from conservative options, such as physical therapy (Palmer et al., 2010), casting, and orthotic devices (Totah et al., 2019), to the use local medication (Botulinum toxin-A) (Strobl et al., 2015) and bone and soft tissue corrective surgeries (McGinley et al., 2012). Physiotherapy could also benefit from a better understanding of the compensatory mechanisms to define targeted strengthening and rehabilitation programs (Damiano and Abel, 1998; Booth et al., 2018). Therefore, the choice of treatment depends on a correct understanding of the underlying pathology and on the individual biomechanics of walking.
This study was limited to a cohort of nine healthy volunteers who were asked to mimic a pathological toe-walking pattern. Through the analysis of healthy individuals, this study isolated the influence of a specific motion pattern on the optimally-required muscular loads, without additional assumptions of altered neuromuscular control (Steele et al., 2015). Musculoskeletal modeling addresses the muscle redundancy problem by identifying an optimal set of muscle activations that can provide the necessary forces and torques to reproduce an experimentally measured motion (Crowninshield and Brand, 1981; Rasmussen et al., 2001; Andersen, 2021). The timing of the predicted muscle contributions for both walking modalities in this study is in qualitative agreement with the EMG data reported for the same healthy cohort (Romkes and Brunner, 2007), further confirming the validity of the modeling predictions in a healthy cohort. These assumptions, however, might not always hold true when analyzing the motion of patients with aberrant motor control, such as those affected by CP (Veerkamp et al., 2019).
Romkes and Brunner (2007) observed similar gastrocnemius and tibialis anterior EMG activity between voluntary (healthy) and obligatory (pathological) unilateral toe-walking. These measured activations of gastrocnemius and soleus during toe-walking may therefore be interpreted as dictated by the biomechanics of toe-walking, rather than by the pathology alone. Such muscle activations, which have a direct correspondence with the measured kinematic pattern, can also be predicted through musculoskeletal modeling. It is also expected that similar gait patterns would lead to similar predicted activation patterns in healthy and pathological subjects. These predicted activations in pathological subjects could be interpreted as optimal and minimally required activity in order to perform a given motion. In reality, patients may also present additional muscle activity in the form of antagonist or stabilizing co-activations (Solomonow et al., 1988; Unnithan et al., 1996; Ikeda et al., 1998), which cannot be predicted adequately within the current musculoskeletal modeling framework (Mortensen et al., 2018). For instance, different activations of the rectus femoris during the swing phase were previously observed between voluntary and obligatory toe-walking (Romkes and Brunner, 2007). However, the kinetic analysis in this study was limited to the stance phase. A better understanding of the functional role of different muscles during swing phase motion is also necessary (Arnold et al., 2007; Brunner and Rutz, 2013).
Overall, the analysis of healthy individuals provides a unique insight into the gait-pattern-related muscular demands. Nevertheless, the generalization of these findings to a pathological population should be carried out cautiously. Despite being able to mimic a typical unilateral toe-walking pattern, the gait of the healthy participants in this study was characterized by slight differences in spatiotemporal parameters, leg length discrepancy, and joint kinematics compared to obligatory toe-walking CP patients (Romkes and Brunner, 2007). Future research should aim at investigating gait data of actual toe-walking patients characterized by different neuromuscular conditions to confirm whether they show similar kinetic patterns and required muscular demands. Other commonly-observed pathological gait patterns and deviations (Winters et al., 1987; Rodda and Graham, 2001) may also present altered kinetic strategies (Steele et al., 2013) and should therefore be investigated further in addition to toe-walking.
The modeling framework developed in this study was based on 3-dimensional optical motion-capture gait data and an accurate 3-dimensional geometrical representation of the lower-limb based on cadaveric data (Carbone et al., 2015; De Pieri et al., 2018). However, due to the reduced number of markers on the foot segment, the motions of the ankle joint complex were simplified by neglecting subtalar inversion and eversion, which could affect the prediction of muscle activations (Jinha et al., 2006). Additionally, bone morphology variability in the transversal and frontal planes could also affect the prediction of muscle activations and forces (Passmore et al., 2018; Kainz et al., 2020; Martelli et al., 2020; De Pieri et al., 2021; Modenese et al., 2021; Veerkamp et al., 2021).
The lower-limb muscles were modeled as Hill-type actuators (Heinen et al., 2016) characterized by a muscle strength that followed force-length and force-velocity relationships (Hill, 1938; Zajac, 1989; Heinen et al., 2016; Andersen, 2021). Previous work underlined the importance of accounting for force-length relationships as a result of non-optimal contractile conditions associated with altered joint positions when toe-walking (Neptune et al., 2007). Specifically, the ankle plantarflexors are shortened during toe-walking and present, therefore, a reduced force-generating capacity (Herman and Bragin, 1967; Hoy et al., 1990; Perry et al., 2003). Patients with spasticity, prolonged equinus postures, and/or fixed muscular contractures may also present alteration of the underlying muscle morphology and intrinsic mechanical properties (Tardieu et al., 1982; Delp, 2003; Weidensteiner et al., 2021), even though it was shown that children with diplegic CP were able to generate maximum ankle torques at similar joint angles (Engsberg et al., 2000; Neptune et al., 2007). Therefore, restoring a more optimal foot and ankle position, as during heel-to-toe gait, may lead to improvements in muscle functionality and strength. On the other hand, muscle weakness is a commonly observed symptom in pathological populations (Hanssen et al., 2021) which can lead to inefficient and compensatory activations of other muscles, thus increasing the overall energetic cost of walking (van der Krogt et al., 2012). While the muscle strength of the participants in this study could be considered unimpaired, accounting for subject-specific scaling of muscle strength and mechanical properties may play a more important role in pathological populations (Kainz et al., 2018; Vandekerckhove et al., 2021).
The definition of the support moment as the weighted sum of the lower-limb joints sagittal extensive moments was derived from the mechanical interpretation provided by A.L. Hof (Hof, 2000) rather than the original formulation by D. Winter (Winter, 1980). According to this definition, the support moment counteracts the moment generated by the vertical component of the GRF times knee eccentricity and thus prevents the collapse of the knee (Hof, 2000). The comparison between the support moment and the vertical GRF moment showed good agreement for both walking modalities, with a similar overall trend and statistically significant differences limited to heel strike and pre-swing. This strengthens the interpretation that the support moment counteracts the external forces that would flex the knee. A higher support moment during toe-walking compared to normal walking indicates an overall higher muscular effort required when walking on the toes, as suggested by previous EMG analyses (Rose et al., 1999; Perry et al., 2003). It has to be mentioned that Eqs 2, 3 was derived under the approximation of equal shank and thigh lengths and while assuming massless legs (Hof, 2000). Neglecting the inertial contributions to the joint moments might therefore have affected the accuracy of the identity between the support moment and the moment produced by the external force. For more dynamic motions, such as running and jumping, this model might no longer be valid (Hof, 2000). The self-selected walking speed and the foot-floor inclination angle may further influence the resulting balance of forces and the predicted muscle contributions. This analysis was limited to the sagittal plane. Frontal plane balance and mediolateral stability are fundamental aspects of any support and locomotion strategy (Pandy et al., 2010). The lack of trunk markers did not allow to identify support strategies associated with upper-body control (Wyers et al., 2021). The control of the contralateral limb could also play an important role in forward propulsion while maintaining stability (Bovonsunthonchai et al., 2012). Nevertheless, the support moment can serve as a synthetic parameter to identify inefficient gait patterns and quantify the overall muscular demands associated with walking in pathological populations (Holsgaard-Larsen et al., 2019; Wyers et al., 2021).
The relationship between the progression moment [image: image], defined as the difference between hip and ankle extensive moments, and the moment generated by the transversal GRF component ([image: image]) times the distance between hip and ankle ([image: image]) was also further evaluated. A good agreement between these two quantities was found for both walking modalities. This suggests that the forces acting transversally to the stance leg are counteracted by muscular contributions around the ankle and the hip, and not around the knee, as already suggested by Hof (2000). During toe-walking, altered activation of ankle and hip muscles is also required to maintain a force balance transversally to the leg axis. The relationship between these altered muscle activation patterns counteracting transversal forces during gait and different balance strategies, known from postural analyses, should be further evaluated (Horak and Nashner, 1986).
Muscle-induced acceleration analysis is another computational approach that can reveal how much each muscle supports the weight of the body and contributes to a forward acceleration during walking (Neptune et al., 2001; Neptune et al., 2004; Arnold et al., 2005; Liu et al., 2006; Sasaki et al., 2008; Hamner and Delp, 2013; Steele et al., 2013; Uchida and Delp, 2021). In addition to calculating the muscle-induced accelerations on the body center of mass, Neptune et al. (Neptune et al., 2001) computed the accelerations that the lower-limb muscles induce around the knee joint during walking. They observed that the vasti were the main contributors to knee stability during early stance while the rectus contributed towards terminal ST. The gastrocnemius induced the knee into flexion around mid-stance, while the soleus was the only muscle that provided knee stability throughout single-leg stance. These observations are in line with the muscle contributions to the support moment during normal walking presented in this study, further indicating that the support moment should be interpreted with a focus on knee stability rather than center of mass acceleration. The knee-extending effect of the triceps surae was previously explained through dynamic coupling (Zajac and Gordon, 1989; Uchida and Delp, 2021). This effect is clinically known as plantar flexion—knee extension couple (Gage, 1995; Brunner and Rutz, 2013; Sangeux et al., 2015). While the soleus causes an extension of the knee by accelerating the shank backwards (Anderson, 2006), the gastrocnemius can induce either a net knee flexion or extension, depending on ankle and knee positions (Zajac, 1993; Uchida and Delp, 2021). The analysis of the soleus contribution to the support moment confirmed an overall net knee-extensive activity for both walking modalities. On the other hand, the gastrocnemius worked as a net knee flexor during normal walking while it provided a small extensive contribution when walking on the toes. Neptune et al. (Neptune et al., 2001) further suggested that impaired soleus activity would require compensatory mechanisms to prevent the knee from collapsing, most probably through prolonged activation of the vasti, in agreement with clinical observations (Murray et al., 1978; Sutherland et al., 1980). The analysis of the muscle contributions to the individual joint moments and the support moment confirmed the important role of the vasti.
Nevertheless, the physical meaning of the muscle contributions determined through induced-acceleration analysis is not well-defined and should be interpreted carefully (Chen, 2006). The support and the progress moment definitions used in this study were also derived from simplified force equilibrium equations. While this study provides an intuitive interpretation of muscle forces as counteracting external forces to provide a net force and moment balance, conclusions about muscle functionality should also be drawn with caution in light of the previously-stated limitations. Further comparisons between support moment and induced-acceleration analyses of toe-walking are required to elucidate the physical meaning of the outcome measures of both analyses. Simulation frameworks able to predict de novo kinematics based on a mathematical model of the neuro-musculoskeletal system may overcome such limitations. These novel computational tools could better clarify muscle functionality by highlighting causal relationships between muscle characteristics or surgical intervention and the resulting overall motion pattern (Geijtenbeek, 2019; De Groote and Falisse, 2021; K.; Veerkamp et al., 2021).
The muscular demands and joint loads experienced during different motions and activities of daily living should also be the focus of further studies. In particular, sports activities that involve repetitive forefoot contact, such as running (Besier et al., 2009; Fredericson and Misra, 2012; Neal et al., 2016), jumping (Ferretti et al., 1983; Lian et al., 2017), or ballet (Prisk et al., 2008; Smith et al., 2015; Sobrino et al., 2015), may also lead to overuse injuries, such as patellofemoral pain syndrome, patellar tendonitis, Achilles tendonitis, and forefoot injuries. Similarly to toe-walking, the use of high-heeled shoes also leads to a plantarflexed position of the foot during walking, thus determining alterations of joint kinetics and muscle activations (Stefanyshyn et al., 2000; Simonsen et al., 2012).
CONCLUSION
Musculoskeletal modeling allows investigating the kinetic requirements placed on individual muscles in association with a specific kinematic pattern, such as toe-walking. Walking on the toes, compared to a normal heel-to-toe gait pattern, induces altered kinetic balances at each joint level, thus determining functional adaptations for most lower-limb muscles, as shown in the analysis of a cohort of healthy volunteers mimicking a unilateral toe-walking pattern. Overall, the analysis of healthy individuals provides a unique insight on the muscular demands solely related to the specific gait pattern, independently of any underlying neuromuscular control disorder. It can be expected that similar activation patterns would be predicted through musculoskeletal modeling in both healthy and pathological subjects with similar gait patterns. Modeling predictions can be interpreted as the most optimal activation pattern required from the lower-limb muscles in order to walk in a specific manner. While a generalization of these conclusions to pathological populations should still be done cautiously, the method presented in this study has the potential to provide meaningful information for the clinical management of conditions characterized by altered gait patterns.
The support moment for instance can serve as a synthetic parameter to quantify the overall muscular demands associated with specific gait patterns. A higher support moment during toe-walking indicates an overall higher muscular effort necessary to maintain stance limb stability and prevent the collapse of the knee. Higher muscular demands during gait may lead to fatigue, pain, and reduced quality of life. Musculoskeletal modeling predictions suggest that toe-walking is indeed associated with significantly larger muscle forces exerted by the quadriceps to the patella, and prolonged force transmission through the Achilles tendon during the stance phase. The restoration of a normal heel-to-toe gait pattern may improve muscle functionality and gait efficiency, while reducing potential long-term adverse consequences, such as knee extensor overload. Optimal treatment options should therefore account for muscular demands and potential overloads associated with specific compensatory mechanisms.
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10.20 + 3.97
9.00 £ 2.00°

Change

Mean (LB; UB) 95%CI

~1,050.50(~2, 748.31; 629.31)
—223.30(~705.04; 258.44)
~2.60(-5.87; 0.67)
—1.40(~6.04; 3.24)
—4.20(-13.77;5.37)
—4.10(~15.70; 7.50)

—170.80(~478.82; 119.22)
—~79.90(~169.86; 10.06)
~0.70(~1.92: 0.62)
~0.20(~1.78; 1.38)
—1.10(~3.25: 1.05)
~2.10(~4.40; 0.20)

Between-Group
Difference in Change

pb

1.000
0.821
0.340
0.068
0.381
0.909

0.734
0.705
0.301
0817
0.939
0.539

8D, standard deviation; Cl, confidence interval: AS, Average speed; F/B, Forward/Backward; ML, Medlal/Lateral direction. Comparison between pre- and post-training values in each group with Wilcoxon signed rank test: *P < 0.05,

‘P < 0.01. PP values indicate significance level of between-group differences in change with Mann-Whitney U test: according to the Bonferroni correction, ***P < 0.0025.
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MAS

Elipse Area
Trajectory Length
F/B SD

ML SD

F/BAS

ML AS

DF stiffness

0.266
0.262
0.464
0.155
0313
0.386
0.466

P

0.041*
0.102
0.464
0.339
0.049"
0014

0.002"

PF stiffness

-0.133
—0.285
—0.308
-0.228
-0.277
—0.206
—0.264

P

0317
0.074
0.063
0.157
0.084
0.202
0.100

Spearman’s coefficient (y) was used to estimate the correlation between stiffness (K) and
the Pro-Kin system results, and the Kendall rank correlation coefficient (x) was used to
estimate the correlation between stifiness (K) and MAS. Values are y or t. P < 0.05, **P

<0.01.
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Parameters Experimental group Control group P
(n=10) (n=10)

Age (year) 61.90 = 962 60.00 & 6.62 0288°
Duration post-stroke (day) 54.20 + 3385 68.10 + 50.20 0.650°
Sex (W/F) 9/1 9/1 1.00°
Cerebral infarction/cerebral hemorrhage (case) 10/0 10/0 1.00°
Side of lesion (right/left, case) 73 73 1.00°
Height (m) 168 + 0.05 169 + 0.04 0.568°
Weight (kg) 7470 & 9.71 70.40 & 5.40 0.120°
BMI (kg/m?) 26,33 + 3.65 24.45 + 1.72 0082

BMi, Body Meass Index; M, male; F, female. ?Values are mean < standard deviation, or number. ®Fisher's exact test. “Mann-Whitney U tests between groups for baseline values. There

were no significant differences between groups at baseline for clinical characteristics.
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Experimental group Control group Between-Group
Difference in Change

Variable Pre Post® Change Pre Post? Change P®

Mean + SD Mean£SD  Mean (LB; UB) 95%Cl Mean + SD Mean £SD  Mean (LB; UB) 95%CI

DF PROM (%) 1650 + 217  16.70 + 1.42* 1.20(-0.14;264) 1700 = 1.16 17.20 + 1.23 0.20 (-0.10; 0.50) 0.108
DF Strength (N) 102,50 + 44.54 132.82 = 43.44* 30.32(10.73;49.91) 101.4 & 59.71 123.80 £ 58.55"  22.46 (6.55;38.37) 0.596
DF Stiffness (Nm/deg)  1.62 + 0.24 1194024 -043(-0.61; -0.24) 1.32 + 0.41 1.10 £ 0.42 —-0.22 (-0.53; 0.08) 0.472
PF Stiffness (Nm/deg)  0.21 + 0.04 0.19 £ 0.03 -0.02(-0.05;0.02) 021 £0.07 024 £ 009 0.03 (-0.05; 0.10) 0.622

SD, standard deviation; Cl, confidence interval. DF or PF stiffness is stiffness measured in dorsiflexion or plantarflexion passive movement. Comparison between pre- and post-training
values in each group with Wilcoxon signed rank test: *P < 0.05, **P < 0.01. ®P values indicate significance level of between-group differences in change with Mann-Whitney U test:
according to the Bonferroni correction, ***P < 0.0025.
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Age group

Condition 1

Condition 2

Condition 3

Condition 4

Condition 5

Condition 6

Composite SOT

70-79 years VO 80-84 years 00 85-89 years VO vs. 00 70-79 years VO 00
Mean + SD Mean + SD Mean + SD Variance analysis SOT normative data
(Median) (Median)

89.4+114 943 +1.3 926+1.7 p < 0.000 70 92 90
(94.3) (92.6)

85.8+13.5 91143 89.9+27 p <0.048 63 86 85
(91.6) (89.8)

88.2+ 3.8 90 +7.6 89.1 £ 3.4 p < 0.098 82 77 83
91.3) (89.6)

77.6 55 772+83 71.2+10.4 p <0.018 69 63 54
(79.0) (74.3)

61.6 £ 10.2 48.8 £17.5 28.9+24.6 p < 0.005 45 20 0
(48.0) (21.8)

53.0+ 155 47.7 £20.5 332+273 p < 0.064 27 13 0
(53.6) (34.6)

7284+ 5.4 69.9 + 8.4 60.7 £10.3 p < 0.003 64 56 43
(73.0) (58.5)

SOT, Sensory Organization Test.
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Eyes

Surroundings
Platform

Sensory System used

n.a., not applicable.
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Open
Fixed
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Somatosensory

Condition 2

Closed

n.a.

Fixed
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Condition 3
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Sway-referenced
Fixed
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Fixed
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Vision
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Closed
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Vestibular
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Score range (better score)

VO (80-84 years old) (n = 35)

Mean =+ SD (Median)

00 (85-89 years old) (n = 18)

Mean + SD (Median)

Age

Male

Number of medications
MMSE(*)

FIM® —Comprehensive
FIM® —Motor

FIM® —Cognitive
Equiscale

DHI

Step length cm

Gait speed m/s

n.a.
n.a.

n.a.

0-30 (30)

18-126 (126)

13-91 (91)

5-35 (35)

0-16 (16)

0-13(0)

Ability to perform the 10 mWT

81.5+ 1.4 (81)
57.1% (n = 20)
25+23(2)
28.6 + 1.8 (29.1)
125 + 1.4 (126)
90.1 + 1.4 (91)
35 + 0.16 (35)
15.3+1(16)
0.6 £ 0.94 (0)
64.9 £ 7.6 (65)
117 £0.2 (1.18)

87.1£1.7(87)
44.4% (0= 8)
30+2(3)

29.6 +2.4(30.3)
123.9 + 2.4 (124)
89.6 0.8 (90)
34.3 +£2.4(35)
14.5 £ 1(15)
0.8+0.8(1)
57.5 £ 6.9 (58)
11 £0.1(1.1)

n.a., not applicable; MMSE, Mini Mental State Examination; FIM, Functional Independence Measure; DHI, Dizziness Handicap Inventory short form; 10 mWT, 10-m

Walking Test.

(*) MMSE scores have been corrected for age and schooling. The number of medications taken by subjects ranged from O to 10 and were mostly in the three main
categories of anti-hypertensives, proton-pump inhibitors, and those for benign prostate hypertrophy. Among the subjects, 17% (n = 9) did not take any medication, 17%
(n = 9) took only one medication, and 34% (n = 18) took a maximum of two or three drugs per day. Only four subjects used more than six medications per day.
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Variable

Effect F df p 2
APAd Vibration 24501 (2,84 <0001 0452
Age 5954 (1,42 0019 0124
Vibration x Age 9401  (2,84)  <0.001  0.183
Time-To-Peak AP Vibration 33935  (2,84) <0001 0447
Age 32791 (1,42 <0001 0438
Vibration x Age  7.423  (2,84) 0003  0.150
Peak AP Vibration 10965 (2,84 <0.001 0.207
Age 5855 (1,42 0020 0122
Vibration x Age  12.628  (2,84)  <0.001  0.231
Peak Velo AP Vibration 37408 (2.84) <0001 0471
Age 0144 (1,42 0707 0008
Vibration x Age  11.238  (2,84)  <0.001  0.211

Significant effects are marked in boldl, Note: Greenhouse-Geisser corrected values are
reported where appropriate.





OPS/images/fnhum-15-761262/cross.jpg
3,

i





OPS/images/fnhum-15-761262/fnhum-15-761262-g001.jpg
100

20

Sensory Organization Test

LA L, i

condition 1 condition 2 condition 3 condition4 condition 5 condition6 Composite

| | s0-84years [ 85-89 years





OPS/images/fnhum-15-761262/fnhum-15-761262-g002.jpg
80

60

40

20

= f= 70-79years
=@ 80-84 years
—f— 85-89 years

condition 6 SOT-Comp





OPS/images/fnhum-15-771446/fnhum-15-771446-t001.jpg
Young (22-35years) ~ Older (65-83 years)  p-value
n 22 22

Gender (M/F) 913 13

Age (years) 29.0 3.4) 737 (5.6) <0.001
Height () 1.72 0.07) 1.63(0.09) <0.001
Weight (ka) 665 (13.3) 737 (12.2) 008
Foot length (cm) 258(1.7) 25.9(1.6) 073

Mean (SD). Significant effects are marked in bold.
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PD patients Sex Age (years) Height Body- Disease Hoehn and MDS-UPDRS  STS (numbers MMSE

(cm) mass duration Yahr stage motor /15's) (points)
(kg) (years) examination
(section IlI)
Subject 1 Male 63 158 62 4 3 28 8 30
Subject 2 Male 74 174 70 10 2 25 8 30
Subject 3 Male 80 170 62 5 3 24 4 25
Subject 4 Female 75 169 76 12 2 30 8 30
Subject 5 Male 70 170 76 8 2 19 11 30
Subject 6 Male 64 170 70 15 3 32 7 25
Subject 7 Female 62 158 45 12 2 19 8 30
Subject 8 Male 78 173 82 4 3 24 5 27
Subject 9 Male 70 176 87 6 3 28 6 27
Subject 10 Male 71 160 66 8 2 27 7 27
Subject 11 Male 68 160 52 7 2 19 9 29
Subject 12 Male 57 155 48 5 2 35 7 28
Subject 13 Male 63 157 40 8 3 21 8 30
Subject 14 Female 71 180 90 6 2 32 5 28
Mean (SD) - 69 (7) 166 (8.2) 66 (15) 8(3) 2(0.5) 26 (5.3) 7 28 (2)

MDS-UPDRS, Movement disorders society-Unified Parkinson’s Disease Rating Scale; STS, Sit-to-Stand Task, STS score corresponds to the number of rising from a
chair performed during 15 s; MMSE, Mini Mental State Exam.
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Cognitive performance measures Task condition PD stage Interaction (Task x Stage)
F p d F p d F p d

Visuomotor tracking performance

Total residual error 26.4 0.001 0.56 16.8 0.001 0.47 1.6 0.2 0.07

Visuomotor cognitive game performance

Movement onset time 8.3 0.009 0.32 0.7 0.41 0.03 29 0.1 0.10

Success rate 28.8 0.001 0.58 4.2 0.05 0.20 0.03 0.9 0.01

Movement variation 22.2 0.001 0.52 0.7 0.42 0.03 0.06 0.8 0.01
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Characteristics

Age 28.2+438
Sex

o Male 8

e Female 8
Footedness

 Right 14

o Left 2
Stimulation intensity (mA) 144+£52
Mean VAS score (range 0-10) 25401
Unpleasantness score (range 0-10) 43+1.7

mA, milliamps; VAS, Visual Analog Scale.
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Kinematic parameters

TBPI group (n = 11)

Control group (n = 12)

P1 P2 P3 P1 P2 P3
Movement duration (s) 1.78 1.77 1.86 1.56 1.59 1.62
(0.40) (0.36) (0.37) (0.35) (0.35) (0.36)
Trajectory length (cm) 111.40 69.27 96.07 120.10 73.67 99.68
(8.56) (5.51) (7.68) (9.85) (5.20) (10.62)
Peak velocity (cm/s) 154.20 84.38 120.80 187.60 107.60 149.60
(36.21) (21.80) (27.51) (40.27) (30.22) (48.34)
Time to peak velocity 0.30 0.42 0.33 0.37 0.44 0.38
(0.06) (0.06) (0.06) (0.06) (0.06) (0.07)
Finger endpoint (V) (%H) 0.74 0.78 0.74 0.75 0.76 0.756
(0.03) (0.03) (0.03) (0.08) (0.08) (0.09)
Finger endpoint (H) (%UL) 0.34 0.34 0.34 0.32 0.33 0.33
(0.18) (0.19) (0.19) (0.15) (0.15) (0.15)

Vertical Finger Endpoint (VFE) expressed as a percentage of participant’s height (%H), Horizontal Finger Endpoint (HFE) expressed as a percentage of participant’s upper

limb length (%UL).
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ID

TBPIO1
TBPIO2
TBPIO3
TBPIO4
TBPIOS
TBPIO6
TBPIO7
TBPIO8
TBPIO9
TBPI10
TBPI11

Age

37
28
42
35
39
27
38
43
30
29
20

T

14
35
41
51
54
27
116
53
48
70
4

Injured side

Left
Left
Left
Right
Right
Right
Right
Right
Right
Left
Right

Diagnosis

C5-C7
C5-C7
C5-C8, T1
C5-C7
C5-C8, T1
C5-C7
C5-C8, T1
C5-C6
C5-C8, T1
C5-C7
Posterior Cord

T2
5/8

11/13
15
6/15
5
6
5

T3

9/6
32
38
48
43/41
12
110/101
48
42
65

Surgical Procedure

Ac-SE/Oberlin
Oberlin
INT-MSC, Ac-SE
Ac-SE, Oberlin
INT-MSC/Ac-SE
Ac-SE
INT-MSC/Ac-SE
Ph-SE, Oberlin, and Tr-Ax
Ac-MSC
Ac-SE and Oberlin
None

DASH

50.8
275
43.3
59.5
30.0
59.2
45.0
45.7
25.0

Age in years; T1, time between the injury and the kinematic assessment in months; T2, time between the injury and the surgery in months; T3, time between the surgery
and the kinematic assessment in months; Oberlin, ulnar nerve transfer to musculocutaneous nerve; INT-MSC, intercostal nerve transfer to musculocutaneous nerve;
Ac-SE, accessory nerve transfer to suprascapular nerve; Ph-SE, phrenic nerve transfer to suprascapular nerve; Tr-Ax, medial triceps transfer to axillary nerve; Ac-MSC,
accessory nerve transfer to musculocutaneous nerve; Disabilities of the Arm, Shoulder and Hand (DASH) was collected in 9 of the 11 participants.
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Condition Test 1 Test 2 ICC Value MDC
mean (SD) mean (SD) (95% CI) (MDC %)

Visuomotor tracking performance

Total residual error

Sitting 11.3(2.2) 10.9 (2.6) 0.88 (0.74-0.95) 2.2(19)
Walking 14.6 (3.2) 13.3(3.1) 0.76 (0.48-0.89) 3.1 1)
Visuomotor cognitive game performance

Movement onset time

Sitting 0.6 (0.1) 0.6 (0.1) 0.85 (0.68-0.93) 0.07 (11)
Walking 0.7 (0.1) 0.6 (0.1) 0.55 (0.41-0.71) 0.14 (20)
Success rate

Sitting 82.9(15.4) 86.7 (14.2) 0.85 (0.65-0.93) 16.5 (20)
Walking 73.4(15.9) 72.5(19.2) 0.89 (0.77-0.95) 14.4 (19)
Movement variation

Sitting 18.1 (2.2 18.8 (8.1) 0.60 (0.45-0.72) 3.7 (20)
Walking 21.9 (3.9) 22.1 (3.5) 0.85 (0.67-0.93) 4.1 (19)

This table demonstrates the mean (standard deviation, SD) for test 1 and test
2, intraclass correlation coefficient (ICC) values (95% confidence interval, Cl), and
minimal detectable change (MDC% as a percentage of the group mean).
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Gait outcome measures Task condition PD stage Interaction (Task x Stage)
F p d F p d F p d
Visuomotor tracking performance
Avg. SL (cm) 3.8 0.05 0.20 20.5 0.001 0.52 0.3 0.6 0.01
Avg. SwT (s) 8.1 0.01 0.29 0.6 0.5 0.10 0.1 0.8 0.01
COV SL (%) 19.8 0.001 0.51 12.6 0.02 0.34 2.7 0.1 011
COV SwT (%) 5.6 0.03 0.25 12.2 0.002 0.36 0.3 0.6 0.12
ML-drift (%) 2.6 0.1 0.19 6.1 0.02 0.27 2.8 0.1 0.16
Visuomotor cognitive game performance
Avg. SL (cm) 24 0.1 0.12 19.7 0.001 0.50 1.2 0.3 0.05
Avg. SWT (s) 6.5 0.02 0.26 0.9 0.3 0.04 0.001 08 0.01
COV SL (%) 15.7 0.001 0.46 12.6 0.002 0.36 0.1 0.8 0.01
COV SwT (%) 3.7 0.05 0.20 7.4 0.01 0.31 8.4 0.008 0.12
ML-drift (%) 5.0 0.03 0.28 6.5 0.02 0.26 0.5 0.5 0.02

Avg., average; SL, step length; SwT, swing time; COV, coefficient of variation; and ML-drift, mediolateral drift.
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PD-2 PD-3 p-value (PD-2 vs.

PD-3)
Total participants 15 15
Age (mean + SD) years 632+55 66.6+56 0.105
Male/Female 9/6 10/5 0.705
Time since diagnosis (years) 4.4+41 6.7+4.4 0.150
UPDRS Total (mean + SD) 286+9.9 43.6+96 <0.001
UPDRS Motor (mean £SD)  209+7.7 30.8+6.6 <0.001
MoCA (mean =+ SD) 290+1.0 287410 0.418
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Condition Test 1 Test 2 ICC Value MDC

mean (SD) mean (SD) (95% CI) (MDC %)
Average SL (cm)
WO 45.9 (13.6) 44.7 (14.1) 0.92 (0.84-0.96) 9.1 (20)
VCG 43.3(16.8) 41.6 (16.4) 0.97 (0.93-0.98) 7.9 (18)
VMT 42.1(13.8) 46.3 (14.7) 0.91 (0.81-0.96) 8.3 (19
Average SwT (s)
WO 0.72 (0.1) 0.70 (0.1) 0.91 (0.81-0.96) 0.12 (16.7)
VCG 0.65 (0.1) 0.65 (0.1) 0.90 (0.76-0.95) 0.10 (15.4)
VMT 0.66 (0.1) 0.67 (0.1) 0.90 (0.76-0.95) 0.11 (16.7)
COV SL (%)
WO 26.2 (14.3) 24.6(138.1) 0.81 (0.58-0.91) 18.2 (70)
VCG 36.5 (21.5) 35.8 (21.1) 0.90 (0.77-0.95) 18.8 (52)
VMT 36.1(16.5) 34.0(14.4) 0.87 (0.71-0.94) 23.1 (64)
COV SwT (%)
WO 10.9 (6.1) 11.1 (5.6) 0.89 (0.76-0.95) 7.5 (69)
VCG 12.5(6.7) 12.7 (7.3) 0.84 (0.64-0.92) 8.8 (70)
VMT 13.1(9.1) 13.1 (9.1) 0.91 (0.80-0.96) 9.5 (74)
ML-Drift (%)
WO 13.9(7.7) 13.4 (6.8) 0.63 (0.43-0.83) 9.2 (67)
VCG 18.6 (9.4) 17.1 (10.4) 0.74 (0.565-0.88) 14.1(75)
VMT 16.3 (7.5) 17.7 (8.1) 0.67 (0.45-0.85) 11.8 (73)

Presented are the group mean (standard deviation, SD) for test 1 and test
2 (occurring 1 week later), intraclass correlation coefficient (ICC) values (95%
confidence interval, Cl), and minimal detectable change (MDC% as a percentage
of the group mean). The values are for single-task walking only (\WO), dual-task
visuomotor cognitive game (VCG), and dual-task visuomotor tracking (VMT) tasks.
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Coefficient estimate Standard error  P-value

SARA

Gender® —-0.189 0.62 0.004
AAOC 0.328 0.044 0.019
Normal alleles 0.099 0.044 0.374
Expanded alleles 0.565 0.187 0.000
ATE 0.036 0.016 0.800
TTE -0.025 0.014 0.862

ATE, Average Tace Error; TTE, Test Time Execution; AAO, Age At Onset; SARA, The Scale
for the Assessment and Rating of Ataxia.

Bold value showed significance.

aMale vs. female.
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Coefficient estimate Standard error P-value

ATE

Gender® 0.081 6.368 0.547
AAOC 2.006 2.409 0.027
Disease duration 0874 2.864 0.044
SARA 0.122 2.498 0.685
Normal alleles —0.039 0.445 0771
Expanded alleles —-0.200 1.616 0.301
TTE

Gender® 0.074 7.007 0.657
AAOC 1712 2651 0.043
disease duration 0.707 3.151 0.08
SARA 0.080 2.748 0915
Normal alleles 0.081 0.489 0514
Expanded alleles -0.159 1.778 0.376

ATE, Average Tece Error; TTE, Test Time Execution; AAO, Age At Onset; SARA, The Scale
for the Assessment and Rating of Ataxia.

Bold value showed significance.

aMale vs. female.
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Indices  Lower limb

ATE R

TTE R

P-value

SCA3 group

33 (8.66-124.33)
53.66 + 20.43
0.1422
100 (73.67-202)
100.66(0-205.33)
0.0427

HC group

26(3.67-101.33)
29,67 (3.00-124.00)
0.192¢
76(0-152.67)
79.67(61.67-154.00)
0.327°

ATE, Average Tace Error; TTE, Test Time Execution; R, Right; L, Left.
Variables with normal distribution were represented as mean  standard deviation;
variables in non-normal distribution were expressed as median (range). Bold value showed

significance.
aMann-Whitney U-test.

P-value

0.066*
0.035%

00
0





OPS/images/fneur-13-833908/fneur-13-833908-t001.jpg
SCA3 group
Sample size, N 80

Age, years 39.14+9.58
Gender (male/female) 43/37
Dominant side (fight/left Right
Disease duration, years 710+ 3.56
Age at onset, years 32.34 £863
Normal alleles, N 19 (18-44)
Expanded alleles, N 75 (69-81)
SARA score 923+ 2.86

HC group

62
42 (18-65)

31/31

Right
NA
NA
NA
NA
NA

P-value

NA
0.594%
0.657°

NA

NA

NA

NA

NA

NA

SARA, The Scale for the Assessment and Rating of Ataxa; N, number; NA, not applicable.
Variables with nomal distribution were represented as mean = standerd deviation;
variebles in non-normal distribution were expressed as median (range).

*Menn-Whiney U-test.
bChi-square test.
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NE

TraS

SCOM

EST6

ESL3

v
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MS
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MS
190°
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MS
Cs
MS
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MS
/90°
Ccs
MS
Cs
MS
190°
cs
MS
CS
MS
Ccs
190°
MS
cs
MS
Cs
MS
190°

90°

358.9 (220)
114.6 (155.1)
168.9 (215.2)

9.4(71.8)

58.5 (443.8)
-45.8 (28.6)
105.1 (310.7)
~16.3 (130.6)
665.9 (205.3)
293.2 (103.7)

569.8 (352.4)
225.3 (165)
51.3(100.7)
26.8 (76.5)

480.8 (341.2)
153.8 (166.3)
634.8 (331.9)
160.6 (101.6)
655.9 (159.9)

272.1 (141)
280 (180.5)

150 (77.9)
462.1(182.6)
148.9 (81.6)

100°

335.1 (269.3)
76.8 (167.4)
123.7 (143.9)
26.3 (114.4)
NS
30.9 (379.9)
55.9 (376.3)
-29.6 (76.8)
—49.9 (32.1)
688.3 (163.5)
315.8 (109.4)
NS
520.1 (312.4)
197.1 (189)
4.2 (48.4)
-30.3(12.3)
o
443.3 (432.4)
172.3 (182.1)
638.9 (268.3)
203.6 (160.7)
726.5 (192)
NS
302.3 (156.3)
273.9 (139.6)
124.9 (90.1)
396.6 (111)
131.5 (89.9)
NS

110°

310.2 (344.1)
118.5 (216.9)
140.6 (233.9)
15.7 (76.6)
NS
—46.7 (163.2)
-57.5 (25.8)
-60.7 (42)
-53.7 (35.8)
778.4 (201.4)
332 (140.4)
"
590.1 (384.3)
206.6 (217)
19.2 (65.1)
-27 (19.9)
"
576.6 (485.7)
163.1 (250.4)
691.3 (349.5)
207.3(196.8)
822.7 (2665.7)
H
340.5 (182.1)
273.9(183.1)
112.8 (88)
414 (225.4)
113.3 (110.1)
NS

120°

321.8(292.3)
111.9 (238)
126.3 (189.3)
18.9 (84.7)
NS
-89.4 (39.4)
-66.7 (22.9)
~72.5 (55.3)
-6.9 (119)
810.3 (185.7)
398.2 (142.2)
o
462.8 (298.4)
190.7 (162.1)
39.5 (29.3)
1.2(57.9)
NS
523.7 (497.4)
122.7 (169.3)
748.2 (474.8)
192.1 (218.5)
787.3(318)
NS
323.8 (245.7)
267.4 (220.4)
100.7 (93.5)
354.9 (145.1)
93.7 (97.7)

3

130°

3565.6 (382.6)
65.5 (174.9)
163.1 (316.0)
9.1 (70.5)
NS
-121.1 (63.5)
-68(30.2)
-17.2 (76.5)
—34.9 (47.9)
953.9 (257.9)
477.3 (184.8)
610.8 (365)
256.9 (198.5)
82.6 (127.3)
0.7 (23.1)
NS
667 (511)
199.3 (245.9)
719.8 (472.9)
227 (234.4)
893.6 (399.3)
280.1 (264.4)
253.6 (188.7)
105.6 (114.5)
310.1(142.7)
81.5 (93)

Ak

p(i)
NS

NS

NS

NS

NS

NS
NS

p(v)

NS

NS

NS

p(i*V)
NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

When the global effect of inclination is significant, the contrasts for each inclination compared to i0 is also shown (/90°). Symbols for the p-values are as follows: “p < 0.05;
**p < 0.01; **p < 0.001; NS: p > 0.05.
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Symbols for the p-values are as follows: *p < 0.01;, **p < 0.001; NS: p > 0.05.

A dash (") indicates that no statistically significant global effect was found, and

therefore no further analysis was made.
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Asp 90° 100° 110° 120° 130° pli)

NE 22,57 22.44 26.16 27.41 27.86 NS
(12.45) (11.84) (19.37) (22.17) 21.72)

p(/90°) = = = ~

TraS 10.42 9.62 9.08 8.98 9.55 NS
(7.49) (6.63) 5.77) (6.13) (7.37)

p(/90°) - - - -

SCOM 3.25 3.18 3.78 3.52 3.55 NS
(1.93) (1.82) (2.23) (2.08) (2.24)

p(90°) - - - -

RA 5.61 5.82 5.63 5.73 5.85 NS
(6.28) (6.15) (6.06) (6.19) 6.6)

p(90°) - - - -

VM 33.15 30.62 31.49 30.10 30.34 NS
(10.64) 9.78) (11.01) (11.17) (10.92)

p(/90°) - - - _

RF 16.51 15.04 15.98 15.45 15.97 .
(8.06) (7.47) (8.24) (7.51) (8.29)

p(/90°) 5 NS ¥ NS

TA 28.19 26.57 26.18 25.57 26.84 NS
(21.63) (20.19) (17.88) (18.92) (22.01)

p(90°) - - - -

Sol 34.72 324 31.35 30.22 32.85 *
(16.25) (14.93) (15.48) (13.88) (18.26)

p(/90°) NS g i NS

GM 26.41 27.96 25.51 27.63 28.11 NS
(22.46) (26.65) (23.60) (23.94) (24.48)

p(/90°) - - - _

ST 24.67 20.18 23.79 22.61 21.27 NS
(18.13) (12.32) (18.44) (18.00) (14.87)

p(/90°) - - - -

EST6 155 15.61 16.09 15.38 15.87 NS
(9.28) (9.01) (9.40) (7.95) (8.70)

p(90°) - - - -

ESL3 32.10 30.51 30.61 28.58 29.53 NS
(11.45) (10.26) (12.18) (8.18) 8.81)

p(90°) - - - -

Symbols for the p-values are as follows: “p < 0.05; *p < 0.01; NS: p > 0.05.
A dash (=) indlicates that no statistically significant global effect was found, and
therefore no further analysis was made.
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cs MS p(V) cs MS p(V)
NE 27.20 47.62 24.91 25.66 -
(14.00) (16.99) (15.75) (19.99)
TraS 19.62 35.08 10.01 9.05 -
(10.39) (21.07) 6.72) (6.54)
SCOM 10.24 28.06 3.11 3.8 -
(6.49) (14.10) (1.66) 2.32)
RA 27.11 59.43 # 5.29 6.16 *
(18.85) (38.58) 6.19) 6.1)
VM 3.31 4.86 x 28.49 33.79
(3.94) ©2.79) 9.73) (10.88)
RF 4.28 7.31 14.16 17.42
2.9) 4.42) (7.33) (8.01)
TA 18.65 21.23 - 25.71 27.63 -
(15.08) (16.35) (20.98) (18.89)
Sol 11.67 24.67 " 28.99 35.63 *
6.7) (15.79) (12.96) (17.46)
GM 8.25 23.14 20.39 33.87 &
(7.91) (19.59) (17.45) (27.52)
ST 2.66 459 # 17.35 27.65 #
(1.76) 3.8) (10.12) (19.59)
EST6 175 42.32 - 16.27 15.11 .
(16.24) (58.75) 9.5) (7.97)
ESL3 33.36 83.31 28.98 31.55 —
(34.07) (75.74) (7.75) [12.1)

Symbols for the p-values are as follows: *p < 0.05; *p < 0.01; **p < 0.001; NS:
p > 0.05. A dash (") indicates that no statistically significant global effect was
found, and therefore no further analysis was made.
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Subjects Valid trial  Incidence of Proportion of AMAs in valid trials (%)
numbers  SCM* (%)

ECR FCR iLT olT iLD oLD iTA cTA
# 53 15.09 56,60 52.83 62.26 60378 58.49 52.83 56.60 32,08
# 56 23.21 67.86 7857 82.44 66.07 46.43 41.07 66.07 58.93
#3 52 21.15 61.54 5385 9231 65.38 75.00 61.54 5000 5192
4 48 12.50 35.42 35.42 4167 3750 3333 27.08 50.00 37.50
# 54 7.4 37.04 44.44 59.26 57.41 44.44 55.56 18.52 2222
4 54 18.52 51.85 46.30 48.15 40.74 3333 38.89 48.15 2778
# 52 19.23 59.62 7115 7885 69.23 38.46 55.77 38.46 4038
8 50 20.00 50,00 58,00 N/A N/A N/A N/A 18.00 40.00
4 49 12.24 34.69 34.69 N/A NA N/A N/A 24.49 2857
#Stroke 5200(260) 1660  5051(1227) 5281  66.38(1865) 5667  47.07(15.11)  47.58  41.14(1731) 8771
group, mean 5.11) (14.88) (12.63) (12.19) (11.82)
(D)

Healthy 5500(328) 2585  7260(0.08) 7487  60.48(15.10) 4818  60.55(15.66) 4800  64.36(2059) 5547
group, (7.25) (1351) (7.39) (14.60) (19.50)
mean (SD)

F-value 1.02 039 1.48 001 078 275 017 002 0.06 270
p-value 001 <001 <001 <001" 0.718 0.114 0.105 0.946 <001 <001

Incidence of SCM* represents the percentage of numbers of valid trials with position earlier onset of stemnocleidomastoid muscle in total valid trial number of subjects. ECR, FCR, i/cLT,
i/cLD and i/cTA represents muscle extensor carpi radialis, flexor carpi raialis, ipsilateral/contralateral lower trapezius, ipsilateral/contralateral latissimus dorsi, and psilateral/contralateral
tibialis anterior. *p-value < 0.05,
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Parameters/outcomes

To

Premotor reaction time
Valid trials numbers

Incidence of SCM*

AMA onset

Proportion (incidence) of
AMASs in valid trials

Muscle onset latency

AMA amplitude

Definition

The muscle activation onset time point of anterior deltoid in
each trial

The response time of motor initiation (shoulder flexion)
Valid trials numbers in the total 60 trials for each subject

The percentage of valid startle trials with positive activation of
muscle sternocleidomastoid (positive startle react effect) in total
vald trails for each subject

Anticipatory muscle activation onset of the testing muscles

The percentage of AMA onset trial numbers in total valid trial
numbers for each muscle of each subject

The interval of muscle onset time to To in each trial with positive
AMA onset

The muscle activation amplitude of each muscle at the APA
window in each valid trial with AMA onset

Calculation methods

Over 10 consecutive samples of the smoothed signal exceeding
the threshold (the mean with 3 SD of baseline amplitudes of for
anterior deltoid in the time window 2,500 to 500ms before each
“Go” cue).

The interval between the rise of “Go” signal to Ty at each trial.

Trials were excluded if the premotor reaction time is within 30ms
after the “Go” cue or exceeds 400ms for muscle response.
“Number of valid startling trials with muscle activation time of
either side of bilateral SCMs was in the time window of 30 to
130ms after ‘Go’ cue”/total valid trails including normal and white
noise signals.

The onset time point calculation through the threshold method

(T = ju+ ho). In valid trals, the number of muscie activation onset
at the APAS window: —100 to + 50ms to T for each muscle
except AD and SCMs.

“AMA onset trial numbers for each muscle of each subjects” /
“total valid trial numbers for each muscle of each subject”

Use the actual activation time of the target muscle minus the time
point of T

The integral of the amplitude of SEMG signal after the
preprocessing step in the time window —100 to + 50ms to To,

SCM+ represents a positive response of sternocleidomastoid muscle. AMA represents anticipatory muscle activation.
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Subjects Age(yr)  BMI(kg/m?) Timefrom Dominant Pareticside Stroketype Lesionlocation ~ FMA-UE  MAS (/4)

onset (mos) hand (160)
# 48 19.16 55 R R | Sub- & Cortical 11 0
# 60 25.00 05 R L | Subcortical 65 0
#3 53 2052 05 R L | Cortical 8 0
# 4 2372 5 R R H Sub- & Cortical 13 1+
# 42 2359 1 R L | Sub- & Cortical 10 0
6 40 18.01 4 R L H Cortical 32 1+
#7 53 26.73 1 R R | Cortical 40 1
#8 18 25.39 3 R R H Sub- & Cortical 61 1
4 27 1834 5 R L H Cortical 64 1
iStroke group 4244 (13.26) 2228(331)  283(211) alR 4R/SL ars1 Cortical: 2 33.78(24.63)  1(Mid)
(=9 Subcortical: 1

Sub- & Cortical: 4

Healthy group 3650 (6.95) 21.86 (2.55) NA alR N/A N/A N/A N/A N/A
(n=10)

BMI, body mess index; FMA-UE, Fugel-Meyer assessment for upper extremity; MAS, modiied Ashworth scale.
#Represents the stroke participations. The yr. is same as years old. The mos. represent months. Sub~ means sub~cortical lesion of the subject. The | and H represent ischemia and
hemorrhagic stroke, respectively. The median score of the 9 stroke subjects was provided as grade 1 (Mid.). /A means not applicable.
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Study

Lietal (39)

Lietal. (41)

Gao etal. (43)

Amano et al. (47)

Hackney et al. (44)

Participants

n=17
Age: 7151 (£ 5.4)y

HY scale1-3 stage abilty to walk
‘with/without aids

n=195

Age: 40-85y

HY scale scale1-4 stage ability to walk
with/without aids.

n=76

Age>40y

Independent walking>1 fall during past 1y
n=45

Age: 50-7 0y

HY scale 2-3 stage abilty to walk
with/without aids

n=26

Age > 40y

HY scale 1.5-3 stageindependent

walking with/without aids for 3 m

Interventions

Yang style Tai Chi-based stepping exercises vs.
no intervention
90min, 5 times/week, 5 weeks

Tai Chi vs. resistance training vs. stretching
60min, 2 times/week, 24 weeks

Yang style Tai Chi vs. no intervention
60min, 3 times/week, 12 weeks

Tai Chi vs. Qigong vs. no intervention
60min, 2 times/week, 16 weeks

Yang short style Tai Chi vs. no
intervention
60min, 2 times/week, 20 sessions

‘Outcomes

50-ft walk, TUGT, FRT

Falls, TUG,
UPDRS-I, limit-of stabilty, FRT,
gait, strength

Occurrences of falls,
BBS, TUGT, UPDRS-IIl

Gl, gait, UPDRS-IIl

BBS, TUG, TS, UPDRS-IL,OLS, GAITRite,
BMWT

HY scale, Hoehn and Yahr scale; TUGT, timed up and go test; FRT, functional reach test; UPDRS, Unified Parkinson’s Disease Rating Scale; B8S, Berg Balance Scale; Gl, gait initiation;
TS, tandem stance; OLS, one-leg stance; 6MWT, 6-min walk test.
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Young old Significant
N =20 N =20 difference
between groups
Characteristics
Age (years):
Mean + SD 24.85 +2.37 73.8+5.72 p =0.00
Gender 9/11 9/11 p=0.62
(n = women/male)
Height (cm):
Mean + SD 171.41 £9.43 166.68 + 9.1 p=0.11
Weight (Ibs):
Mean + SD 162.5 + 35.33 1567.36 £29.39 p=0.61
Physical activity
level (min/week):
Mean + SD 374.2+297.08 147.4 £+ 65.81 p =0.00
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Groups

Young Oid
Conditions
Postural parameters Baseline VviB Foam Baseline ViB Foam
Amplitude AP (cm) 1.20+£0.33 1.41 +0.392 2.79 + 0.6420 1.40+£0.43 1.72 £ 0.542 3.76 + 1.1620
Amplitude ML (cm) 1.49 +£0.43 210 £ 0.622 3.41 £ 0.63%° 1.88 +0.47 2.46 £ 0.742 5.03 + 1.012b
Velocity AP (cm/s) 1.07 £0.17 1.20+0.182 1.85 + 0.49%:0 1.28+£0.33 1.38 +£0.292 2.43 +0.7320
Velocity ML (cm/s) 1.02 +£0.32 1.55 +0.432 2.19 + 0.53%° 1.38 & 0.44 1.99 + 0.692 3.77 + 1.062°
Surface (cm?) 1.66 + 0.84 2.63 + 1.632 8.70 4 3.532.0 242 +1.28 3.72 + 2.052 16.75 + 6.7220

All conditions are statistically different between Young and Old groups (o < 0.01). 2denotes significant difference with Baseline (p < 0.017). °denotes significant difference
between Foam and VIB conditions (p < 0.01). VIB, Cutaneous vibration with the PortVIBplate.
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Baseline vs VIB Baseline vs Foam  VIB vs Foam

Young old Young [o][¢] Young old
group group group group group group

Postural
parameters

Amplitude AP (cm) 0.57 0.64 2.86 2.32 2.47 2.02
Amplitude ML (cm) 1.10 0.89 3.44 3.59 2.09 2.83
Velocity AP (cm/s)  0.74 0.32 1.81 1.81 1.51 1.64
Velocity ML (cm/s)  1.36 1.00 2.53 2.59 1.31 1.91
Surface (cm2) 0.68 0.72 1.36 2.31 1.23 2.18
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dsSTS dPP (ms) dFP X Gmax 2’ Gmax

(ms) (ms) (mm/s) (mm/s)
CcSs MS
90° 2,267 738 374 1,711 578 706
(436) (154) (71) (276) (118) 217)
100° 2,393 775 407 1,802 601 693
(879) (149) 97) (816) (111) (194)
110° 2,342 851 463 1,685 612 706
477) (175) (98) (292) (112) (186)
120° 2,487 939 525 1,765 626 721
(430) (150) (110) (304) (108) (196)
130° 2,553 1,080 610 1,707 630 709
(476) (163) (124) (813 (14) (190)
o) o rx NS NS
p(100°/90°) NS NS B - B -
p(110°/100°) NS _ _
p(1200/1 1 Oo) wx Hkk Hokok _ Hxk _
D(730°/720°) Hkk Hkk Hohk _ Hrk _
o(i*V) NS ** NS NS NS

For dPR, speed conditions were considered separately as the interaction effect i x
V was significant. Symbols for the p-values are as follows: *p < 0.05; *p < 0.01;
o < 0.001; NS: p > 0.05. A dash (“-") indicates that no statistically significant
global effect was found, and therefore no further analysis was made.
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Axp (mm)

cs MS
90° 55 210
(25) 72)
100° 60 212
22 (1)
110° 62 194
(23) (65)
120° 67 178
(26) (68)
130° 65 157
(24) (50)
p(i) NS e
0(100°/90°) . NS
o(110°/100°) = NS
p(120°/110°) _
0(130°/120°) _
pM Fedek
p(i*V) Fkk

"

Symbols for the p-values are as follows: **p < 0.001; NS: p > 0.05. A dash (=)
indicates that no statistically significant global effect was found, and therefore no
further analysis was made.
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Major sagittal kinematic and kinetic differences of toe-walking compared to normal walking during stance phase

Kinematics

Ankle kinetics

Knee kinetics

Hip kinetics

Support
moment

Progression
moment

Initial contact

Toe-contact (vs heel);
Plantarflexed ankle (vs
neutral);

Larger knee flexion;
Larger hip flexion

Net piantarfiexion (vs
dorsiflexion) moment;
Gastrocnenius
plantarfiexion
contribution;

Lack of tibialis anterior
dorsiflexion contribution

Lower net flexion
moment;

Lower hamstring flexion
contribution

Lower net extension
moment;

Lower hamstring
extension contribution;
Larger gluteus maximus
extension contribution

Lower backward
progression moment

Loading response

Toe-contact (vs heel):
Plantarflexed ankle (vs dorsilexed);
Larger knee flexion;

Larger hip flexion

Net plantarfiexion (vs dorsiflexion)
moment;

Gastrocnemius plantarflexion
contribution;

Soleus plantarfiexion contribution;
Lack of tibialis anterior dorsifiexion
contribution

Prolonged and larger et flexion
moment;

Gastrocnemius flexion contribution;
prolonged hamstring flexion
contribution

Prolonged net extension moment;
prolonged and larger hamstring
extension contribution;

Larger gluteus maximus extension
contribution;

Larger adductor magnus extension
contribution

Early transiion backward to forward
progression moment

Mid-stance

Toe-contact (vs fit foot);
Plantarflexed ankle (vs
dorsiflexed);

Larger knee flexion;
Larger hip flexion

Larger net plantarflexion
moment;

Prolonged and initially larger
gastrocnemius plantarfiexion
contribution;

Prolonged and larger soleus
plantarflexion contribution

Prolonged net extension
moment;

Lower gastrocnemius fiexion
contribution;

Larger vasti extension
contribution

Larger extensive support
moment

Larger forward progression
moment

Terminal stance

Toe-contact (vs flat foot);
Plantarflexed ankle (vs
dorsiflexed);

Larger knee flexion;
Larger hip flexion;
Larger anterior peivic tit

Lower net plantarfiexion
moment;

Lower gastrocnemius
plantarflexion
contribution

Lower net flexion
moment;

Lower gastrocnemius
flexion contribution

Lower net peak flexion
moment

Larger extensive support
moment

Lower forward
progression morment

Pre-swing

Larger foot-floor
inclination angle;

Larger ankle
plantarfiexion;

Lower peak hip
extension;

Larger anterior peivic it

Lower peak net
plantarflexion moment;
Lower gastrocnemius
plantarflexion
contribution

Lower gastrocnemius
flexion contribution

Lower peak forward
progression moment
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Normal vision
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surface
Condition 1 Condition 2 Condition 3
20°
Unstable
surface
Condition 4 Condition 5 Condition 6
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Condition Amplitude (% MVC) Occurrence (%) Latency (ms)
mA ms (Short) (Medium) (Short) (Medium) (Short) (Medium)
Right rotation (n = 10)
2 5 —1.32(1.84) 2.75 2.73 10 40 28.3 (n.a) 80.1(22.0)
20 —1.63 (2.03) 3.28 (2.41 30 40 46.1 (2.6) 69.0 (12.6)
100 —1.91 (2.33) 217 (2158 30 40 57.2(11.8) 83.7 (9.3)
200 —1.84 (3.05) 1.87 (3.13 30 20 49.0 (4.7) 68.9 (14.4)
3 5 —1.94 (1.94) 2.83 (3.56 50 60 48.9 (4.9) 69.4 (7.1)
20 —2.22(3.34) 473 (4.28 50 80 45.0 (10.8) 67.6 (7.6)
100 —2.70 (2.69) 3.71 (3.43 40 30 50.9 (3.5) 73.4 (5.2
200 —2.95 (2.34) 3.96 (3.60 60 60 44.3(13.7) 69.5 (5.4)
4 5 —4.28 (1.87) 3.04 (6.12 70 60 47.6 (6.9) 75.2 (16.5)
20 —2.13 (3.08) 4.42 (2.84 60 70 46.4 (10.5) 67.4 (10.0)
100 —3.31 (2.53) 3.74 (2.84 70 60 50.7 (10.0) 77.7 (7.5)
200 —3.56 (2.74) 4.33 (3.16 70 70 47.9(3.2) 70.4 (5.0)
5 5 —2.85(2.47) 3.37 (4.53 60 60 441 (5.9) 69.3 (14.5)
20 —3.60 (2.78) 5.28 (3.91 80 70 43.1(7.0) 721 (4.3
100 —2.57 (4.10) 5.33 (2.79 70 80 42.8(10.8) 70.4 (12.5)
200 —3.50 (2.98) 5.15 (3.09 70 80 451 (4.2) 70.5 (4.7)
Left rotation (n = 10)
2 5 —0.53 (1.69) 1.30 (3.29 10 20 58.0 (n.a.) 86.3 (5.2)
20 —0.18 (1.83) 1.87 (3.46 0 10 n.a. 67.0 (n.a.)
100 —3.15 (1.96) 1.50 (4.17 60 20 39.7 (11.7) 72.3 (5.8)
200 —0.31 (2.95) 1.82(3.38 10 40 48.6 (n.a.) 61.0 (12.5)
3 5 —1.09 (2.59) 2.43 (4.12 20 40 44.7 (13.3) 70.7 (10.7)
20 —2.80(1.97) 3.76 (3.94 50 50 51.2(2.7) 73.4 (8.4)
100 —2.53 (2.55) 2.03 (4.75 40 30 55.0 (21.3) 68.2 (4.3)
200 —1.62 (2.37) 1.56 (2.16 10 30 52.9 (n.a.) 76.7 (19.7)
4 5 —3.05 (2.59) 3.31 (4.31 50 50 42.3(4.1) 72.3 (9.5)
20 —2.24(2.77) 4.41 (@427 50 70 451 (5.4) 76.0 (13.1)
100 —2.09 (2.82) 3.27 (6.92 40 40 41.1(9.4) 68.9 (7.9)
200 —1.88 (3.30) 2.86 (4.03 40 50 40.3 (8.4) 61.3 (8.6)
5 5 —2.87 (3.03) 2.78 (4.30 50 50 44.1 (3.4) 67.8 (4.7)
20 —3.60 (3.09) 4.75 (4.30 60 70 46.2 (3.0) 78.6 (13.1)
100 —3.70(3.18) 4.92 (2.97 70 80 41.1(5.8) 73.2(10.2)
200 —2.82 (2.65) 2.09 (4.76 50 60 45.2 (2.8) 72.2 (6.5)
No rotation (n = 9)
2 5 —0.40(1.16) 1.42 (3.22 0 11 n.a. 65.0 (n.a.)
20 —1.77 (1.92) 0.99 (3.06 11 11 55.3 (n.a.) 68.9 (n.a.)
100 —1.46 (2.56) 2.97 (3.40 33 44 42.9 (21.8) 74.3(14.5)
200 —0.64 (1.36) 2.02 2.12 0 22 n.a. 84.4 (13.6)
3 5 —1.93(2.13) 1.40 (3.63 33 22 41.3(10.5) 67.8 (4.5)
20 —1.93 (2.98) 3.5 (5.20 33 44 51.1(3.6) 731 (6.2
100 —2.01 (1.76) 3.24 (3.29 22 44 42.5(0.1) 79.0 (23.0)
200 —1.33 (2.48) 4.12 (3.08 33 67 50.6 (5.8) 86.0(19.9)
4 5 —1.13(3.05) 2.37 3.21 44 44 36.6 (12.0) 70.2 (7.5)
20 —1.86 (2.82) 4.02 (2.81 44 67 41.4 (6.4) 71.8 (20.1)
100 —2.55 (3.05) 4.99 (3.32 67 78 51.2(7.1) 75.3(13.5)
200 —0.97 (4.38) 4.73 (1.95 44 78 41.8(5.0) 74.3 (10.1)
5 5 —1.67 (2.51) 3.68 (3.24 44 56 44.0 (4.2) 68.5 (4.0)
20 —3.02 (2.84) 5.58 (3.64 78 78 43.0(3.2) 70.2 (5.8)
100 —3.27 (3.58) 5.14 (2.33 44 78 40.0 (3.3) 79.7 (13.5)
200 —2.96 (2.99) 5.67 (3.75 44 78 46.7 (2.7) 73.9(7.9)
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Patient ID

Age  MoCA H&Y—Stage LEDD  Disease

(vears) (mg)  duration

(months)
1 55 27 2 900 79
2 51 20 1 105 29
3 70 2 2 282 9
4 52 29 2 250 5
5 51 29 1 242 15
6 62 2 3 821 86
7 53 29 2 935 176
8 70 28 3 210 40
9 50 29 3 774 62
10 55 28 1 150 21
11 53 28 2 786 43
12 ) 2 3 1,880 188
13 53 29 2 1,980 133
14 76 24 2 465 32
15 65 28 1 515 61
16 57 29 2 780 22
17 42 29 1 121 2
18 63 28 2 532 a3
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Inclusion criteria P

1 c

o

« Patients with LSS:
Localization:
- Central
- Foraminal
- Lateral
« With or without spondylolisthesis
* Coexisting LSS types
(e.g., central + foraminal)
 Presenting with NG
« Having at least 18 years old

* Associations provided before any
mediical intervention is initiated

+ Data collected during one of these
situations:
- Walking
- Cimbing stairs
- Running
- Functional tasks

* Non-applicable

* Physical and psychological factors
related to:
- Walking capacity
- Functional tasks.
- Gait pattern characteristics

If there was a mixed sample (e.g., LSS and healthy participants), the stucy was kept only if data from patients with LSS could be extracted separately.

P, Population; |, Intervention; C, Comparison; O, Outcome measur

LSS, lumbar spinal stenosis; NC, neurogenic claudication.
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MeanAP
(mm)
MeanML
(mm)

VelAP

(mm/s)
VelML (mm/s)

95%Area
(mm?)

MfAP (Hz)

MML (H2)

Condition 1

3.71 (1.02)

1.33 (0.65)

17.31 (3.46)

9.22 (1.21)

148.99 (102.53)

0.92 (0.29)

1.49 (0.56)

Condition 2

4.17 (1.90)
0.21 [0.12-0.36]
1.61(0.82)*
0.34[0.3-0.38]
18.71 (4.03)"
0.4 [0.25-0.56]
9.82 (1.65)"
0.38 [0.31-0.45]
190.46 (152.39)"
0.26 [-10.1 fo
10.61]

0.96 (0.37)
0.05 [0.01-0.09]
1.39 (0.64)
0.25 [0.23-0.27]

Condition 3

3.90 (1.26)
0.18[0.13-0.22]
1.73 (1.41)
0.37 [0.32-0.42]
18.89 (3.22)
0.42 [0.25-0.58]
9.56 (1.74)
0.20[0.12-0.27]
209.30 (239.64)
0.21[-13.14 to
13.56]

0.96 (0.27)
0.1 [0.09-0.12]
1.38(0.63)
0.34 [0.34-0.35]

Condition 4*

5.50 (1.57)
0.61 [0.49-0.74]
3.15 (1.08)
0.62 [0.49-0.75]
29.73 (7.56)
0.62 [-0.25 to 1.49]
15.40 (3.93)
0.62 [0.18-1.05]
530.12 (314.76)
0.62 [-23.99 to
25.23]
1.03 (0.32)
0.31[0.3-0.33]
0.96 (0.28)
0.6 [0.56-0.76]

Condition 5*

5.92(1.83)
0.62 [0.78-0.46]
3.24 (1.19)
0.62 [0.48-0.75]
32.96 (8.19)
0.62 [0.49 to 1.72]
15.88 (3.30)
0.62 [0.15-1.09]
574.78 (342.18)
0.62 [-29.91 to
31.15]

1.06 (0.27)
0.41 [0.4-0.43]
0.96 (0.29)
0.58 [0.53-0.61]

Condition 6

5.92 (2.16)
0.62 [0.46-0.78]
3.12 (1.19)
0.62 [0.49-0.75]
29.59 (7.61)™
0.62 [-0.24 to 1.49]
14.39 (3.02) **
0.62 [0.25-0.98]
569.81 (450.65)
0.62 [-29.24 to
30.48]
0.98 (0.30) **
0.23 [0.22-0.24]
0.91 (0.25) **
0.59 [0.55-0.64]

Each cell represents the mean (standard deviation) on top and effect size r [95% CI] compared to condition 1 at bottom in italics.

*Significant differences when compared to condition 1 (p < 0.05).
**Significant decrease when compared to condition 5 (o < 0.05).

MeanAP/MeanML, Mean distance of COP in the anteroposterior/mediolateral direction, VelAP/VelML, Mean velocity of COP in the anteroposterior/mediolateral direction;
95%Area, 95% confidence ellipse area of COP; MAP/MfML, Mean rotational frequency of COP in the anteroposterior/mediolateral direction.
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Age Sex BBS Mini-BESTest MOCA

Participants (N = 23) 27.4+£8.0 13 female, 10 male 56+ 0 28+0 283+1.4

BBS, Berg Balance Scale; Mini-BESTest, Mini Balance Evaluation Systems Test; MOCA, Montreal Cognitive Assessment.





