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Abstract

Biofeedback based on electromyograms (EMGs) has been recently proposed to reduce exaggerated postural activity.  Whether the effect of EMG biofeedback on the targeted muscles generalizes to – or is compensated by – other muscles is still an open question we address here.  Fourteen young individuals were tested in three 60 s standing trials, without and with EMG-audio feedback: (i) collectively from soleus and medial gastrocnemius and (ii) from medial gastrocnemii.  The Root Mean Square (RMS) of bipolar EMGs sampled from postural muscles bilaterally was computed to assess the degree of activity and postural sway was assessed from center of pressure (CoP).  In relation to standing at naturally, EMG-audio feedback from soleus and medial gastrocnemii decreased plantar flexors’ activity (~10%) at the cost of increased amplitude of tibialis anterior (~5%) and vasti muscles (~20%) accompanied by a posterior shift of the mean CoP position.  However, EMG-audio feedback from medial gastrocnemii reduced only plantar flexors’ activity (~5%) when compared to standing at naturally.  Current results suggest the EMG biofeedback has the potential to reduce calf muscles’ activity without loading other postural muscles especially when using medial gastrocnemii as feedback source, with implications on postural training aimed at assisting individuals in activating more efficiently postural muscles during standing. 

1. Introduction
Biofeedback technique has been applied since at least the 60s, to train and/or allow subjects to control biomechanical or biological variables which are not under direct control (Giggins et al., 2013; Van Peppen et al., 2006).  While biomechanical biofeedback is related to variables of body motion (e.g., joint angle or CoP position; (Dault et al., 2003; Davis et al., 2010), biological-related variables can include the electrical activity of muscles (i.e., the electromyogram, EMG), brain and heart (Giggins et al., 2013).  When using biofeedback to continuously detect and provide real-time information about the level or timing of muscle activity to an individual, several researchers have indicated that EMG biofeedback allows the (re)education of muscle activity (Doan-Aslan et al., 2012; Ma et al., 2013; Ng et al., 2008). As a result, EMG biofeedback has been proposed as the reference technique to assist subjects with different clinical conditions in reducing the excessive muscle loading or increasing the level of muscle excitation (Doan-Aslan et al., 2012; Holtermann et al., 2008; Ma et al., 2011; Ng et al., 2008).  

EMG biofeedback has been recently proposed to improve balance control by efficiently activating the postural muscles during standing.  As recently put forward in the literature, reduction of unnecessary muscle activation may provide advantages for the postural control, such as: (i) proprioceptive feedback without noise from muscle contraction (Loram et al., 2009); (ii) body stability from an economical, fatigue-resistant control (Loram et al., 2011); (iii) decreases in postural rigidity (Nagai et al., 2012).  Vieira and colleagues (2016) showed indeed young individuals were able to decrease the degree of calf muscles’ activity without changing postural sways with the EMG-audio feedback when compared to standing at naturally.  These results indicate EMG-audio feedback could assist young subjects in more efficiently controlling leg muscle activity without hindering postural stability.  Thus, the possibility of minimizing muscular effort through EMG biofeedback may posit an innovative postural training paradigm specifically targeting the fine control of postural sways, with potential relevance for the training of populations who activate exaggeratedly their muscles during standing, e.g. the elderly (Benjuya et al., 2004; Laughton et al., 2003). 
Additional investigations, however, might be relevant to understanding the effects of EMG feedback on the level of activity of lower limbs muscles.  Researchers have long indicated the assessment of response generalization of EMG biofeedback should be considered in the repertoire of biofeedback protocols aimed at reducing the general level of muscle activity (Wilkinson, 1975).  The main concern is whether the attenuation effect on a single muscle from EMG biofeedback is manifested at – or compensated by - muscles other than those involved in feedback (Ince et al., 1984).  Studies have shown, indeed, when EMG feedback is used to reduce the excessive muscle activity (e.g., of scapular stabilizer during computer working), the relaxation effect can be manifested bilaterally, even if the feedback is given unilaterally (Holtermann et al., 2008; Vedsted et al., 2011).  Moreover, it was also observed the attenuation effect of feedback may be compensated by other muscles which were not included in the feedback in strictly controlled biomechanics conditions (i.e., isometric shoulder abductions; Palmerud et al., 1998).  Collectively, these results suggest it is relevant to assess the activity of other muscles not included in the feedback to prove the effectiveness of innovative biofeedback protocols in reducing excessive postural activity, e.g. during standing.
This study aimed at investigating therefore whether the attenuation effect on calf muscles’ activity from the EMG-audio biofeedback is generalized to – or compensated by - other lower limbs muscles during standing in young individuals.  In agreement with previous studies, we expected to observe the attenuation effect of EMG-audio feedback on calf muscle’ activity without increased activity of thigh muscles because: (i) EMGs collected from the ankle muscles presented lower amplitude while subjects stood with than without EMG-audio feedback (Vieira et al., 2016); and (ii) thigh muscles seem to contribute marginally for the control of standing balance in healthy, young subjects (Benjuya et al., 2004; Laughton et al., 2003).
2. Methods

2.1 Participants
Fourteen young individuals (12 men; range values: age 21–36 years; body mass 58–88 kg; height 162–190 cm) volunteered to participate in this study.  Participants provided written informed consent after being informed of the experimental procedures, which conformed to the latest Declaration of Helsinki and were approved by the Regional Ethics Committee (Commissione di Vigilanza, Servizio Sanitario Nazionale - Regione Piemonte - ASL1 - Torino, Italy).  Volunteers did not report any balance impairments, neurological disorders, muscular injuries, or the intake of medications that could aﬀect their standing balance on the occasion of experiments.
2.2 Experimental protocol

Participants were instructed to stand upright barefoot on a force plate, with eyes open and arms alongside the body for 60s.  Three standing conditions were tested, two with and one without EMG-audio feedback.  In the EMG-audio feedback conditions, participants were instructed to reduce the volume of an audio signal proportional to the level of activity of their ankle muscles without changing their standing posture (Vieira et al., 2016).  Audio feedback was provided from EMGs collected once from both medial gastrocnemius and soleus muscles and once only from medial gastrocnemii.  Given the evidence that surface EMGs collected unilaterally may not provide equal estimates of plantar flexor’s activity during standing (dos Anjos et al., 2018), we provided EMG-audio feedback from both legs.
Prior to starting the EMG-audio feedback conditions, two procedures were applied.  First, subjects were asked to sway their body over their ankle as much as possible back and forward for 40s, without lifting their feet and at their preferred speed.  This standing task was considered to normalize surface EMGs (Vieira et al., 2016).  Second, a brief period of familiarization with the audio stimulus was given to participants.  During the standing condition without the EMG-audio feedback, taken as a reference condition, subjects were engaged in active conversation to avoid any voluntary change in muscle activity (Loram and Lakie, 2002).
Subjects were not allowed to move their head, trunk, and upper and lower limbs during data acquisition beyond those observed during natural standing.  Trials started over in the case the evaluator perceived any gross movements.  Subjects positioned their feet at a comfortable distance while keeping heels and toes at the same position along with the force plate anterior-posterior axis.  The contour of both feet was marked on the force plate before starting experiments to ensure participants would position their feet similarly in all standing tests.  The three standing conditions were applied twice, providing six standing trials, applied at random order and with two-minute intervals in-between.
2.3 Electrodes’ positioning

A single pair of adhesive surface electrodes (24 mm diameter, Spes Medica, Battipaglia, Italy) was positioned bilaterally on each of the seven different muscles evaluated: gastrocnemius medialis, soleus, tibialis anterior, vastus medialis and lateralis, semitendinosus and biceps femoris (Figure 1).  Bipolar electrodes were placed at a 3.5 cm center-to-center distance.  We used such a relatively large inter-electrode distance to ensure the greatest possible number of fibers would reside within the detection volume of the muscles of interest (Lynn et al., 1978); we would sample from most of the fiber of the targeted muscles. For subjects with subcutaneous and gastrocnemius thickness values greater than 2.0 cm, the 3.5 cm inter-electrode distance was observed to provide representative EMGs with negligible crosstalk from soleus (Vieira et al., 2017).  For the muscles sampled, electrodes were aligned along the muscle longitudinal axis. For the medial gastrocnemius, the center of the distal electrode was positioned medially to the most distal part of the junction between gastrocnemius’ heads to obtain a bipolar EMG representative of different, proximo-distal fibers (Hodson-Tole et al., 2013).  In the medial aspect of the soleus muscle, the distal electrode was positioned 3 cm distally from the junction between the Achilles tendon and the medial gastrocnemius, with the center of the proximal electrode positioned at an angle of 45 degrees to the line connecting the junction between gastrocnemius’ heads and the calcaneus tip (Figure 1).  We collect EMGs medially rather than laterally from the plantar flexors due to their substantial contribution to standing (Heroux et al., 2014).  For the tibialis anterior, a couple of electrodes was positioned parallel and proximally to the muscle’s longitudinal axis and located 1 cm laterally to the tibial crest; the center of the proximal electrode was placed 2 cm distally to the head of fibula bone (Vinti et al., 2018).  For each thigh muscle, the pair of surface electrodes was positioned approximately on the most prominent bulge of the muscle belly, following previous literature (Amiridis et al., 2003; Benjuya et al., 2004; Laughton et al., 2003). Pairs of surface electrodes were positioned on each muscle after cleaning the skin with abrasive paste. Gastrocnemii junction and their myotendinous junction were identified with ultrasound imaging (cf. Supplementary Material in Vieira et al., 2010).  Parasagittal images were taken with a linear ultrasound probe (10MHz, 4cm length; Echo Blaster 128, Telemed Ltd., Vilnius, Lithuania), with participants lying comfortably on a padded bed.  
2.4 Electromyographic and stabilometric recordings

Bipolar EMGs were recorded with a wireless system (200 V/V gain; 10–500 Hz bandwidth amplifier; DuePro system, OTBioelettronica and LISiN, Politecnico di Torino, Turin, Italy).  EMGs were digitized at 2,048 Hz with a 16 bits A/D converter.  Center of pressure (CoP) coordinates in the anterior-posterior and medio-lateral directions were computed from the ground reaction forces measured by a piezoelectric force-plate (9286AA Kistler, Zurich, Switzerland).  Reaction forces were sampled at 2,408 Hz using a multifunction data acquisition device (16 bits A/D converter; USB-6210, National Instruments, Austin, USA).  An ad-hoc Matlab script (MathWorks Inc., MA, USA) was developed to synchronously sample EMGs and reaction forces.
2.5 Modulation of audio signal from bipolar, calf muscles’ surface EMGs
The audio stimulus (sinusoidal signal) was modulated in amplitude and frequency based on EMG amplitude (Vieira et al. 2016).  Briefly, bipolar surface EMGs from medial gastrocnemius and soleus (Figure 2A) were first full-wave rectiﬁed, smoothed with a low-pass, 4th order Butterworth ﬁlter (3Hz cut-oﬀ frequency).  Each EMG envelope was then normalized with respect to the EMG envelope obtained during the reference condition (voluntary sways; see subsection 2.2).  Specifically, the 5th and the 95th percentiles of the reference EMG envelope were respectively used for the subtraction of background noise and amplitude normalization.  These normalized EMG envelopes were averaged across muscles (Figure 2B) and resampled at 8000 samples/s.  Finally, the amplitude and frequency of the sinusoidal audio signal were modulated using a sigmoid and a linear function, respectively (Figure 2C).  This coding was used because it allowed to reduce the ankle plantar flexors’ activity without threatening postural stability through EMG biofeedback (Vieira et al., 2016). The audio signal (Figure 2D) reached 99% of its maximal intensity when the amplitude of normalized EMG equaled 90% (Figure 2C); this low sensitivity condition was observed to assist subjects in minimizing plantar flexors’ activity without a corresponding increase in dorsiflexion activation (Vieira et al., 2016).  A custom Matlab script (MathWorks Inc., MA, USA) was developed to read and process input EMG samples, modulate the audio samples from EMGs and write these audio samples to the sound card of the computer’s audio device with a delay shorter than 50 ms.  After this digital processing, the DAQ board within the sound card converts the audio samples with the sample rate of signal sent to audio device (i.e., 8000 Hz) and outputs it to the headphones (Panasonic RP-HF400B, Japan) worn by the participants. 
2.6 Assessing the effect of EMG-audio feedback
The effect of EMG-audio feedback was assessed both on the degree of muscle activity and postural sways.  Bipolar EMGs from the seven muscles (bilateral) tested were first band-pass ﬁltered with a fourth-order Butterworth ﬁlter (20–350Hz cutoﬀ; zero lag, bidirectional ﬁlter).  Then, the Root Mean Square (RMS) was used to quantify the amplitude of surface EMGs collected from each muscle (Figure 1), separately for the three standing conditions.  RMS values were computed over the whole standing duration (60s), providing an overall indication of the degree of muscle activity during each standing condition.  Postural sways were assessed from the CoP position.  CoP data was 50 Hz low-pass ﬁltered with a second-order Butterworth ﬁlter to attenuate high-frequency noise (zero lag, bidirectional ﬁlter).  Specifically, the size of CoP sways and the mean CoP position (during the whole standing duration) were quantified in the sagittal and frontal planes.  Based on previous evidence suggesting the modal duration of bodily sways is less than 2s (Bottaro et al., 2008; Vieira et al., 2012), the size of CoP sways was defined from standard deviation values computed over 2s epochs (Vieira et al., 2016).  CoP and EMG parameters were averaged across the same standing trials (each task was applied twice per subject) to ensure good reliability of stabilometric descriptors (Pinsault and Vuillerme, 2009).
2.7 Statistical analysis

After verifying data distribution was Gaussian (Shapiro-Wilk’s W-test, P > 0.05), parametric statistics were used to compare the degree of muscle activity between the standing conditions.  A two-way analysis of variance (ANOVA) was applied to test the effect of Condition (3 levels: one control and two feedbacks) and Side (2 levels: left and right) on the RMS amplitude, with standing conditions as repeated measures.  Side effect was considered to verify whether the changes in muscle activity with the EMG biofeedback depend on the body side, since right and left muscles may contribute differently for standing balance (dos Anjos et al., 2018).  A one-way ANOVA for repeated measures was applied to compare the mean CoP position and the size of CoP sways between the standing conditions, since data followed a Gaussian distribution (Shapiro-Wilk’s W-test, P > 0.05). Paired comparisons were made with the Tukey-HSD post hoc test. The level of statistical significance was set at 5%.
3. Results
3.1 The level of lower limb muscles’ activity with EMG-audio feedback 

The effect of EMG-audio feedback on the degree of activity manifested differently for different muscles. In relation to the standing reference condition, qualitative considerations from results of a representative participant when standing with EMG-audio feedback indicate that: i) soleus activity was low; ii) gastrocnemius activity was sporadic; iii) thigh activity was high depending on the muscles considered for the feedback (Figure 3).  When EMG-audio feedback was provided from both soleus and medial gastrocnemius muscles, EMGs with relatively high amplitude were observed for the vastus muscles and biceps femoris in relation to standing at ease (Figure 3).  Moreover, bursts of activity were observed for the semitendinosus and vastus lateralis while this individual stood with the EMG-audio feedback from the medial gastrocnemius when compared to standing at naturally (Figure 3).
Figure 4 illustrated the degree of ankle and thigh muscles’ activity during the standing conditions tested here.  ANOVA revealed only a significant main effect of Condition on the RMS amplitude for the ankle and vasti muscles (F > 8.547, P < 0.01 in all cases).  Since there were no significant interactions between Condition and Side (F < 0.688, P > 0.506 in all cases) and a main effect of Side on the RMS amplitude for all muscles tested here (F < 3.190, P > 0.085 in all cases), all results refer to the main effect of Condition and post hoc comparisons in the following.  For the soleus muscle, the RMS amplitude (F = 21.622, P < 0.001) decreased by about 15% with EMG-audio feedback from both ankle plantar flexors (Tukey-HSD post hoc test; P < 0.001) and by ~5% with EMG-audio feedback from only medial gastrocnemii (P = 0.017) in relation to standing at ease, with lower RMS with the combined feedback than the feedback based on medial gastrocnemius (P = 0.001).  Similarly, for medial gastrocnemius (F = 12.426, P < 0.001), EMG-audio feedback from both plantar flexors and from only medial gastrocnemii reduced the RMS amplitude by ~10% (P < 0.001) and ~5% (P = 0.006), respectively, when compared to the standing at naturally, without significant differences in the RMS amplitude between the feedback conditions (P = 0.217).  For the tibialis anterior muscle (F = 8.547, P < 0.001), the EMG-audio feedback from both plantar flexors increased the RMS amplitude by ~5% and by ~3.5 when compared to the standing at naturally (P < 0.001) and the feedback from only medial gastrocnemius (P = 0.014), respectively. Unlike the ankle plantar flexors, greater RMS values were revealed for the vasti muscles (~20%; medialis: F = 17.822, P < 0.001; lateralis: F = 20.678, P < 0.001) with the combined EMG-audio feedback than standing at naturally (medialis: P < 0.001; lateralis: P < 0.001) and the feedback from only medial gastrocnemius (medialis: P = 0.002; lateralis: : P < 0.001).  No significant diﬀerences in RMS amplitude of vasti muscles were found between standing at naturally and the feedback from only medial gastrocnemius (medialis: P = 0.056; lateralis: P = 0.103).  There was no significant main effect of Condition on the RMS amplitude of bipolar EMGs collected from semitendinosus (F = 2.983, P = 0.059) and biceps femoris (F = 0.261, P = 0.771), regardless of the muscles involved in the EMG biofeedback.
3.2 Alterations in the center of pressure displacement with EMG-audio feedback
The planar representation of CoP position for a representative participant illustrates the effect of EMG feedback on the postural sways (Figure 5).  Differences in the mean CoP position were visually evident when this participant stood with EMG feedback from both plantar flexors; the mean CoP position shifted backward by ~25 mm and to the right by ~5 mm in relation to the standing at ease condition.
The qualitative differences reported for a single participant were confirmed statistically from group data in the sagittal plane.  There was a main effect of Condition on the mean CoP position in the anterior-posterior direction (F = 11.674, P < 0.001), with the combined EMG feedback leading to significant posterior shift of CoP position in relation to standing naturally (P < 0.001) and the feedback from only medial gastrocnemius (P = 0.011; Figure 6A, left).  No significant diﬀerences in the CoP position were found between the standing at ease and feedback from only medial gastrocnemius (P = 0.262).  In the frontal plane, ANOVA did not reveal a significant effect of EMG-audio feedback on the mean CoP position (F = 0.602; P = 0.555; Figure 6A, right).  Similarly, the size of CoP sways did not change between standing conditions in both the sagittal (F = 0.792; P = 0.464; Figure 6B, left) and frontal planes (F = 0.518; P = 0.601; Figure 6B, right).
4. Discussion
In this study, we specifically asked whether the attenuation effect of EMG-audio biofeedback on the level of calf muscles’ activity is generalized to – or compensated by - other lower limb muscles during standing.  Surface EMGs were collected from different ankle and thigh muscles of both legs with pairs of surface electrodes to estimate the degree of muscle activity during three standing conditions: (i) without EMG-audio feedback; (ii) with EMG-audio feedback from soleus and medial gastrocnemius muscles; (iii) with EMG-audio feedback from medial gastrocnemii.  In relation to standing at ease, while the biofeedback from a single plantar flexor (medial gastrocnemii) significantly decreased the RMS amplitude of EMGs collected from calf muscles, the biofeedback from both medial gastrocnemius and soleus significantly: (i) decreased calf muscles’ activity; (ii) increased the activity of tibialis anterior and vasti muscles; (iii) shifted backward the mean CoP position.  These findings suggest that depending on the biofeedback source (i.e., medial gastrocnemii), EMG-audio feedback seems to assist young individuals in reducing the level of calf muscles’ activity without loading other postural muscles and threatening postural stability, with implications on postural training aimed at efficienttly activating postural muscles.
Considerations on the sources of EMG feedback
In young subjects, spontaneous postural sways during standing are mainly regulated through activation of plantar (i.e., soleus and medial gastrocnemius) rather than dorsal flexors due to biomechanical aspects of posture; the center of gravity falls anteriorly to the ankle joint (Basmajian and De Luca, 1985). The minimization of muscle effort during standing (e.g., from biofeedback protocols) in adults would mainly demand, therefore, the reduction of calf muscles’ activity (Vieira et al., 2016).  Based on this, we provided the EMG biofeedback through the activity of soleus and medial gastrocnemius muscles by using the auditory modality, in agreement with Vieira et al. (2016).  Differently from the previous work, we also tested the EMG biofeedback from only medial gastrocnemius in the current study.  Our decision to test the potentialities of using only the medial gastrocnemii as a feedback source was motivated by recent evidence on the age-related changes in postural activity suggesting the elderly activates excessively medial gastrocnemius to control postural balance (Dos Anjos et al., 2017).  The soleus muscle instead is continuously active during standing balance regardless of postural alterations with aging (Dos Anjos et al., 2017; Heroux et al., 2014; Laughton et al., 2003), supporting the notion that efficient postural control relies on soleus activation during standing balance.  Then, we used only the medial gastrocnemius in the biofeedback since it may be the targeted source for the feedback-induced relaxation effect. As presented below, new insights have been gained into the effects of different sources of EMG-audio biofeedback on the level of activity of different lower limbs muscles during standing.
EMG biofeedback and the activity of postural muscles
Differences in muscle activity emerged when subjects stood with the EMG-audio feedback from the calf muscles.  First, feedback-related reductions in the degree of activity of medial gastrocnemius and soleus muscles reached significance regardless of the type of biofeedback, with soleus’ activity decreasing more in the combined biofeedback condition (Figure 4).  The percentage of amplitude reduction in the calf muscles’ activity (5-10%; Figure 4) was comparable with that previously observed with a similar EMG-audio feedback condition, based on EMGs collected from soleus and medial gastrocnemius unilaterally, during standing (Vieira et al., 2016).  Our results suggest, therefore, young subjects were able to reduce the level of calf muscles’ activity during standing when using EMG-audio feedback from their own calf muscles.  In general, these findings support previous studies on the relaxation effects of EMG biofeedback on the muscle(s) of interest (Doan-Aslan et al., 2012; Holtermann et al., 2008; Ma et al., 2013).
The relaxation effect of biofeedback on the calf muscles was, however, compensated by other lower limb muscles depending on the feedback source.  Higher RMS amplitude was shown for tibialis anterior (~5%) and vasti muscles (~20%) with EMG feedback from both soleus and medial gastrocnemii than standing without and with feedback from only medial gastrocnemii (Figure 4).  Such an increase in the RMS of anterior leg muscles (tibialis anterior and vasti muscles) was likely an attempt to compensate for the significant posterior shift of body (i.e., mean CoP position) during the feedback from both soleus and medial gastrocnemii (Figures 5 and 6A).  Once the body center of mass is projected vertically and slightly in front of the ankle joint (Basmajian and De Luca, 1985), swaying the body center of mass back at the ankle may be a potential mechanism to reduce the level of plantar flexors’ activity when using EMG biofeedback (Vieira et al., 2016).  Current findings revealed changes in the mean CoP position without differences in the size of COP sways (Figure 6B).  In this view, individuals may be attempting to reduce the audio volume associated with ankle plantar flexors’ activity during the combined biofeedback by changing their absolute body position on the force plate (Figure 5 and 6A) but at the cost of increased muscle activity on the opposite side of the body (see tibialis anterior and vasti muscles’ activity in Figure 4).  This hypothesis might also explain the greater amplitude reduction in soleus activity when using biofeedback collectively from soleus and medial gastrocnemii than in the other standing tasks (Figure 4).  Vieira et al. (2006) demonstrated such posture variations in the presence of a reduction in plantar flexors’ activity emerged with the use of highly sensitive EMG-audio biofeedback, i.e. small changes in EMG amplitude suddenly increase the audio level toward saturation.  Then, we did not use a very sensitive biofeedback since it could be unpleasant to the subjects and could lead to undesirable effects on postural control (increased muscle activity accompanied by changes in postural sway; Vieira et al., 2016).  Additionally, our current findings suggest the number of plantar flexors involved in the feedback (soleus and medial gastrocnemius) might be another factor related to undesirable changes in postural control.  The continuous feedback from soleus could have made the biofeedback task more difficult (i.e., individuals hardly silence the audio volume), presumably explaining the postural strategy involving the posterior shift of body to reduce the plantar flexors’ activity.  Indeed, while EMG amplitude profile seems to be intermittent for the medial gastrocnemius, soleus seems to be recruited at almost all time regardless of standing task (Figure 3).  It is well-accepted soleus rather than medial gastrocnemius is activated almost continuously during standing (Heroux et al., 2014; Vieira et al., 2012).  Therefore, these findings seem to discourage the use of EMG-audio feedback provided collectively from soleus and gastrocnemius of both legs, if the goal is to assist individuals in more efficiently controlling leg muscle activity without threatening postural stability.
When providing EMG biofeedback only from medial gastrocnemii, feedback-related changes were unrelated to increases in postural activity.  We observed participants succeeded in reducing the level of plantar flexors’ activity bilaterally without increasing the activity of other lower limb muscles (Figure 4) and without changing postural sway (Figure 6) with feedback from medial gastrocnemius alone.  These results corroborate previous findings on the level of calf muscles’ activity and postural sway when using less sensitive EMG-audio feedback from soleus and medial gastrocnemius unilaterally (Vieira et al., 2016).  The possibility that changes in the mean CoP position could explain the reduction of calf muscles’ activity is unlikely, since marginal differences in the CoP parameters were observed between standing without and with feedback of medial gastrocnemii (Figure 6).  An alternative explanation could involve internal mechanisms in reducing neural drive to ankle muscles when using EMG biofeedback (Basmajian, 1988; Wolf, 1983), however, it requires further investigations.  Despite the potential sources accounting for such reduction in calf muscles’ activity, our results suggest the muscles involved in the biofeedback (i.e., medial gastrocnemii) may also be a key aspect to achieve the relaxation of ankle muscles without loading other lower limb muscles and threatening postural stability.  It is therefore possible that EMG biofeedback based on medial gastrocnemii may have potential implications for the postural training in individuals who rely on excessive activation of postural muscles for controlling standing balance, especially aged subjects (Benjuya et al., 2004; Dos Anjos et al., 2017; Laughton et al., 2003).  Caution should be taken, however, regarding the generalization of these results.  Whether the immediate, attenuation and/or compensation effect of EMG-audio feedback on the activity of postural muscles, in young individuals observed here, is generalized to other populations (e.g., the elderly) and retained after postural training based on EMG biofeedback, is the topic of future research.  
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Figure Captions
Figure 1: Electrodes’ positioning on the lower limb muscles tested. Schematic illustration showing the positioning of pair of electrodes (gray circles) for the tibialis anterior, vastus lateralis and vastus medialis (left), medial gastrocnemius, soleus medial aspect, semitendinosus and biceps femoris (right) of the right leg.

Figure 2: Modulating audio signal from the bipolar EMGs’ amplitude. A shows a short epoch (700 ms) of raw bipolar EMGs collected from both soleus (SO; EMG signals 1 and 2) and medial gastrocnemii muscles (MG; EMG signals 3 and 4) while the participant stood with EMG-audio feedback. B exhibits the averaged, EMG envelope computed from the bipolar EMGs, which its amplitude was considered for modulating the audio stimulus (sinusoidal signal). C shows the amplitude and the frequency of this audio signal were respectively modulated according to a sigmoid and linear function. Note the correspondence between the amplitude of bipolar EMGs, the EMG envelope and the modulated audio signal shown in D.
Figure 3: Modulations in the ankle and thigh muscles’ activity with EMG-audio feedback. Bipolar EMGs collected from the soleus (SO) medial aspect, the medial gastrocnemius (MG), the tibialis anterior (TA), the semitendinosus (ST), the biceps femoris (BF), the vastus medialis (VM) and vastus lateralis (VL), of a representative participant are shown during standing at ease (left) and standing with the types of EMG-audio feedback (right). Signals are exhibited over a relatively short epoch (5s) to facilitate observing differences in the amplitude of bipolar EMGs between standing conditions.

Figure 4: Differences in the degree of ankle and thigh muscles’ activity during EMG-audio biofeedback (EMG-BF) conditions. Mean (±SD) values are shown for the RMS amplitude of surface EMGs collected from the ankle and thigh muscles during standing conditions. * indicates signiﬁcant difference (P < 0.05).

Figure 5: (A) The spatial representation of center of pressure (CoP) position (gray traces) considering the whole task (60s) and the coordinates of the mean CoP position (red square) are shown for a representative subject during standing conditions. 

Figure 6: Mean (±SD) values are indicated for the mean center of pressure (CoP) position (A) and the size of CoP sways (standard deviation; B) in the anterior-posterior and medio-lateral directions during standing conditions (MG – medial gastrocnemii; SO – soleus). * indicates signiﬁcant differences (P < 0.05).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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