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Abstract 

By recording surface EMG using standard bipolar EMG, previous studies have 

demonstrated that elderlies tend to activate their postural muscles during standing 

with a higher degree of activity and for a prolonged duration compared with young 

adults. The EMG biofeedback technique has been widely used to reduce the 

excessive level of muscle activity in different fields, e.g. the prevention and 

reduction of low back pain. In this view, EMG biofeedback could be a potential 

tool to assist aged subjects in reducing the excessive muscle activity during standing 

balance. However, whether the greater, prolonged activation observed locally in the 

muscles of aged subjects reflects the activation of the entire muscle is still an open 

question. It is possible that differences in the activation of postural muscles with 

aging are more or less expressive than previously appreciated. This thesis aimed at 

obtaining new insights into the rationale and the effects of the use of EMG 

biofeedback for the improvement of muscle efficiency during standing in the 

elderly. It was evaluated whether muscle activation during standing differ between 

young and aged subjects through a sophisticated detection system for the 

acquisition of surface EMGs from multiple regions of a single muscle (i.e., high-

density surface EMG). Before to test this hypothesis, a methodological issue was 

addressed to verify whether high-density surface EMG is selective enough to detect 

during standing: (a) different activation between ankle muscles, as observed with 

other techniques (intramuscular electromyography); (b) variations in the activity 

within ankle muscles (i.e., soleus muscles). The results of this methodological study 

revealed that the medial portion of soleus muscle was activated continuously 

compared to the lateral portion of soleus and medial gastrocnemius, which were 

activated intermittently.  These results suggest high-density surface EMGs can be 

used to discriminate the activity between ankle muscles (i.e., medial gastrocnemius 

and soleus) and muscle activity sampled from different regions of a single muscle 

(i.e., soleus) can provide estimates more representative of muscle activity during 

standing. High-density surface EMG was therefore used to assess muscle activity 

between young and aged subjects during standing. Key results indicate that during 



  

 

standing: (a) tibialis anterior and medial gastrocnemius muscles were active for a 

longer duration in aged than young subjects; (b) a greater proportion of medial 

gastrocnemius volume was active in aged individuals. Collectively, these results 

corroborate previous evidence that elderlies tend to stand with a greater muscle 

effort than young subjects. Thus, the well-documented attenuation effect of EMG 

biofeedback on muscle activity may extend to the control of human standing 

posture with aging. This Thesis addressed additional issues which could be relevant 

to provide more representative EMGs of muscle activity to the subject through 

EMG biofeedback and to prove the attenuation effect of EMG biofeedback on the 

activity of lower limb muscles during standing. The following two questions were 

addressed: i) should EMGs be sampled from both lower limbs to provide more 

representative information about calf muscles activity? It was observed differences 

in muscle activity between left and right ankle muscle while young subjects stood 

at ease. These results indicate muscle activity should be sampled from the ankle 

muscles of both legs to avoid a biased recording and feedback of muscle activity 

during standing. ii) Is the attenuation effect of EMG biofeedback on the ankle 

muscles activity generalized to – or compensated by – other muscles during 

standing? These findings revealed the attenuation effect of EMG-audio feedback 

on ankle muscles is not compensated by other lower limbs muscles not included for 

the feedback. Therefore, the EMG biofeedback may be a promising technique to 

assist individuals in more efficiently controlling lower limbs muscles during 

standing. If the short-term, attenuation, effect of EMG-audio feedback on ankle 

muscles’ activity in young individuals observed here is generalized to other 

populations (e.g., the elderly) and retained after training, then, improvement in 

postural muscle efficiency may contribute significantly to an ability to maintain 

standing balance, to respond to unexpected perturbation, standing on narrow 

stances and walking; with potential implication for the prevention of falls. 
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Chapter 1 

Human Standing Balance, EMG 

and Aging 

1.1 Human standing balance 

Human beings usually stand upright to perform most motor tasks.  Standing is 

essential for the majority of voluntary motor skills, such as walking, running, 

jumping, dancing and playing.  Imagine dancers performing ballet movements, they 

often have to stand, stand on tip toes, stand on one leg or jump.  Now, imagine a 

person doing daily activities.  Probably this person performed different motor tasks 

while standing throughout the day, such as cooking or cleaning the house.  People 

succeed in performing most functional tasks thanks to our ability to assume 

different body positions in space (i.e., postures) establishing a vertical orientation, 

commonly referred to as postural control.  The possibility of performing a 

repertoire of postures during standing demands body stability.  

In the human standing posture, body stability or balance is the ability of 

neuromuscular system to control the vertical projection of the body center of mass 

within the limits of a small base of support (i.e., feet; 1).  Once the body center of 

mass sways out of the limits of support base, the individual inevitably loses its 

balance.  Could the vertical projection of body center of mass move away from the 

limits of support base?  When people stand upright, the gravity pulls the body 

forward.  It occurs since our body center of mass is often projected in front of the 

ankle joint due to the arrangement of body segments.  Such an anterior sway of 
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body must be compensated in the opposite direction (i.e., backward) to maintain 

body stability, otherwise the vertical projection of the body center of mass would 

fall off the limits of support base and individual would lose its balance.  Then, the 

standing posture is characterized by some sort of movement, i.e. spontaneous, 

continuous and small body sways 2,3. 

Efforts have been made to understand how humans control their posture during 

standing.  There is a consensus in the literature that the control of standing posture 

relies on passive and active contribution of skeletal muscles.  In contrast to some 

evidences 4, studies have demonstrated the intrinsic muscle stiffness contributes 

partially (from about 67% to 90% of the load stiffness; the gravitational toppling 

torque) to stabilize body sways 5,6.  Thus, the active contribution of skeletal muscles 

seems of marked relevance to maintain body stability during standing.  Indeed, 

muscle activity have long been observed while subjects stand upright 7.  Insights 

have been gained into the active control of human standing balance from a 

technique referred to as electromyography.  The following sections of this chapter 

provide brief introduction and recent methodological issues regarding the 

electromyography and its contribution to the recent knowledge of the control of 

standing balance even with aging.  

1.2 EMG and the control of standing balance 

The EMG signal. Electromyography is a technique for the detection and analysis 

of electrical potentials produced during muscle contractions (i.e., the 

electromyogram or EMG signal).  The electrical potentials observed from the EMG 

signal reflect the functional units’ activity of the neuromuscular system.  Concisely, 

the functional unit of the neuromuscular system is the motor unit.  The motor unit 

consists in a single motor neuron, including its dendrites and axon, and the muscle 

fibers innervated by its axonal branches 8.  Once a motor neuron discharges an 

electrical potential, it goes toward the neuromuscular junctions and generates action 

potentials within the muscles fibers.  In literature, the summation of muscle fibers’ 

activity in the motor unit is referred to as motor unit action potential.  

1.2.1 How electromyography has been used in the literature of 

human postural control?  

Surface and intramuscular EMG.  EMGs are usually collected from electrodes 

positioned on the skin region over the muscle (surface electromyography) or 

inserted in the muscle tissue (intramuscular electromyography).  Both techniques 
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provide different advantages.  On one hand, intramuscular electromyography has 

high selectivity for individual motor unit action potential in relation to surface 

electromyography, since intramuscular electrodes (e.g., needles or wires) are 

inserted close to the muscle fibers 9.  The action potentials of single motor units 

therefore can be easily observed from intramuscular EMGs, at least at moderate 

force levels (cf. Figure 1 in 10).  Then, intramuscular electrodes are often used to 

measure motor unit activity.  On the other hand, detection systems for the 

acquisition of surface EMGs are expected to provide a more representative view of 

muscle activity, since surface electrodes sample from a larger muscle volume than 

intramuscular electrodes.  The surface EMG signal normally conveys many action 

potentials from a population of active motor units 10.  Due to its non-invasiveness, 

surface EMG rather than intramuscular EMG has been broadly used in the 

literature.  Recently, a methodological issue in the acquisition of surface EMGs for 

the understanding of active control of posture consists in how to use different 

detection systems for the sampling of surface EMG from postural muscles.  

Recent findings from high-density surface EMG to bipolar surface EMG.  A 

single pair of surface electrodes has been typically used for the sampling of EMGs 

from individual muscles 11–15.  Briefly, this acquisition procedure consists in:  (1) 

determining and amplifying the voltage (potential difference) between the signal 

detected from surface electrodes and the reference electrode by a device, known as 

differential amplifier;  (2) filtering such differential signal to attenuate possible 

undesired frequency components (e.g., 50 or 60 Hz) and converted into digital 

voltages values to be stored on a computer;  (3) finally, surface EMGs are processed 

for estimating electromyographic indices (Figure 1; 10).  Due to the task of acquiring 

surface EMG data from the individual is unobtrusive and less labor intensive with 

a small number of non-invasive electrodes, this type of EMG recording referred to 

as bipolar surface EMG, has attracted several researchers and clinicians.  

Bipolar surface EMG is often collected with a pair of electrodes closely spaced (i.e., 

inter-electrode distances ranged from 2 to 3 cm), which is commonly positioned 

approximately on the most prominent bulge of the muscle belly 11–15.  Such 

procedure is likely adopted in order to avoid factors that strongly influence the 

amplitude of surface EMGs, such as the presence of innervation zones and/or 

muscle tendons, and crosstalk; the recording of muscle activity other than that of 

interest 16.  Once collected in this way, it has been assumed that bipolar surface 

EMG represents the activity of entire muscle.  However, recent literature has 

pointed out misunderstandings when using a single pair of shortly spaced 
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electrodes, for example, to estimate the activity of muscles which play a 

predominant postural role. 

 

 
 

Figure 1: Simplified block diagram for the acquisition of bipolar surface EMG.  The 

main steps for the acquisition of bipolar EMGs are: (1) detection and amplification of 

differential, bipolar surface EMG signals; (2) filtering and converting into digital voltage 

values; (3) signal processing to compute electromyographic indices or features.   

 

The majority of muscles which have a postural role are large and pennate in-depth 

direction.  For example, the fascicles of gastrocnemius and biceps femoris muscles 

are extended from the superficial to deep aponeurosis 17–19.  This muscle 

architecture implies the muscle fibers are not parallel to the skin and, consequently, 

action potentials do not propagate along the muscle.  Action potential propagates 

toward the superficial aponeurosis and toward the deep aponeurosis, starting from 

the position of innervation zone.  Then, a single pair of shortly spaced electrodes 

positioned over pennate muscles likely records surface EMG from a local muscle 

region.  High representativeness of pennate muscles’ activity from a couple of 

electrodes closely spaced depends on previously knowledge whether a localized 

muscle region (e.g., muscle belly) is activated during a given a task, e.g. standing. 

Different regional patterns of activity within postural muscles (e.g., gastrocnemius), 

however, have been observed while subjects stand at ease.  Such an uneven 

distribution of activity in the muscle have been usually appreciated from 

sophisticated detection systems based on multiple surface electrodes.  High-density 

surface EMG is the general terminology used to indicate the sampling of multiple 

surface EMGs from a single muscle 10.  By collecting surface EMGs from different 
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portions along the longitudinal axis of medial gastrocnemius with a linear array of 

surface electrodes (Figure 2A), for example, it is possible to observe the spatial 

variation in medial gastrocnemius’ activity while a young subject stood at ease.  

More specifically, raw surface EMGs with relatively high amplitude were detected 

in the distal-medial region of medial gastrocnemius (channels 4-15) while EMGs 

with relatively low amplitude were sampled by channels 1-3 (Figure 2B).  Close 

inspection of figure 2C shows that different action potentials were detected from 

different channels in the array.  Once fascicles are orientated more parallel to the 

skin closer to the junction between medial gastrocnemius and Achilles tendon, 

propagating potentials may be observed in the distal region of this muscle.  In such 

case, most distal electrodes (i.e., channels 13-15) sample from the same group of 

fibers rather than from different proximo-distal fibers 20.  Actions potentials detected 

by other channels in the array, thus, likely belong to different motor units.  By 

comparing multiple intramuscular and surface EMGs sampled from different 

regions of gastrocnemius muscle, Vieira et al. 17 have demonstrated that the active 

motor units within gastrocnemius while subjects stand at ease likely occupy small 

territories along the muscle’s longitudinal axis (~4cm), suggesting that surface 

EMG recordings are selective to reveal spatial variations in gastrocnemius’ activity.  

Moreover, these authors detected a greater amount of active motor units in the 

distal-medial muscle portion compared with the proximal region.  Likewise, by 

collecting surface EMGs from multiple gastrocnemius’ regions with an array of 

surface electrodes, Hodson-Tole et al. 20 observed that gastrocnemius’ postural 

motor units tend to be localized more distally (i.e., ~above the most distal part of 

gastrocnemii junction).  On one hand, based on these evidences, one could argue 

that a couple of electrodes, not closely spaced, could provide bipolar EMG 

representative of medial gastrocnemius’ activity during standing if positioned on 

the distal-medial regions of this muscle.  On the other hand, a couple of electrodes 

shortly spaced would not suffice for the sampling of representative EMG activity 

from postural muscles, e.g. gastrocnemius.  High-density surface EMGs seems to 

provide therefore more representative view of muscle activity in pennate muscles. 

Are there alternatives for the acquisition of representative bipolar EMGs? Of 

more recent and applied interest is the notion of possible alternatives for the 

acquisition of bipolar EMGs which provide more representative estimates of 

postural muscles’ activation.  For example, the increase in the distance between the 

couple of electrodes.  By combining surface and intramuscular electromyography, 

from a preliminary study, Vieira et al. 21 observed inter-electrode distances up to 5-

7 cm may provide bipolar EMGs representative of medial gastrocnemius’ activity 

with negligible soleus crosstalk.  Then, increasing the distance between a couple of 
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electrodes and positioning them in the distal-medial region of medial gastrocnemius 

(i.e., where likely reside most of active postural units, see Figure 2), might be an 

alternative to high-density surface EMG for the sampling of EMG signal more 

representative of medial gastrocnemius’ activity while young subjects stand at ease. 

 

 
 

Figure 2: Spatial variation in medial gastrocnemius’ activity during standing. (A) A 

linear array of surface electrodes (1 cm inter-electrode distance; IED) positioned on the 

skin region covering the medial gastrocnemius muscle of the left leg while a young subject 

stood at ease. (B) Raw surface EMGs collected in single-differential derivation from the 

medial gastrocnemius during 10s of standing. Note EMGs with relatively high amplitude 

were detected by 11 channels (channel 4 to 8 and channel 10 to 15). Relatively low 

modulations in EMG activity were recorded by channels 1-3 and 9 (i.e., four channels). (C) 

An expanded view (i.e., 500 ms) of all EMGs. Note signal propagation in channels 13-15. 

 

Another possibility for the sampling of more representative bipolar EMGs could be 

to position two pairs of surface electrodes over the medial-distal region of medial 

gastrocnemius.  There also are alternatives for the acquisition of more 

representative bipolar EMGs from other postural muscle, such as soleus.  Previous 

studies have showed medio-lateral differences in soleus activation in different 

contexts 22,23.  Thus, a pair of surface electrodes positioned on each medio-lateral 
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portion of soleus (i.e., the soleus portions which are not covered by gastrocnemius 

heads) could be relevant to detect a more representative view of soleus activity in 

case of possible spatial differences in activity within soleus.  

These alternatives for the acquisition of more representative bipolar surface EMGs 

from ankle muscles with a parsimonious system of electrodes likely have potential 

implications in rehabilitation and training protocols.  Systems for the acquisition of 

bipolar EMGs has been widely used, for example, as the core of a technique known 

as EMG biofeedback which is used to re-educate muscle activation 24,25.  Such 

technique has been recently proposed for the training of postural control (see 

Chapter 2).  The knowledge and the possibility of sampling bipolar EMGs reflecting 

as much as possible the activation in the muscle as a whole seem to be crucial to 

avoid a biased view of muscle activity.  Even though current issues from high-

density surface EMG to bipolar surface EMG presented here, both techniques have 

provided insights into the understanding of human postural control. 

1.2.2 Insights into the optimal, active control of standing posture 

from electromyography 

Applications involving electromyography in the literature of human postural 

control generally consist in investigating:  (i) which and how muscles are activated 

during standing;  (ii) the mechanisms underpinning the control of standing posture;  

(iii) the effect of age and dementias on the postural muscles’ activity during 

standing;  (iv) the effect of training programs on postural activity.  The priceless 

information obtained from these applications have drawn attention to a paradigm 

of optimal, active, control of standing balance; body stabilization with minimal 

muscle effort.  The following lines summarize the studies that have indicated 

potential sources leading to such paradigm.   

For more than fifty years, studies have demonstrated that specific muscles seem to 

contribute actively for the maintenance of standing balance.  By sampling bipolar 

EMGs from different lower limbs muscles while young subjects stood at ease, 

Joseph et al. 7 observed clearly action potentials (amplitude ranged from 50 to 100 

µVpp) for the gastrocnemius and soleus muscles while for the thigh muscles (i.e., 

quadriceps and hamstrings), modulations in the amplitude of surface EMGs were 

usually close to the noise level (2 µVpp).  Even though Joseph et al. 7 have reported 

marginal contribution of thigh muscles for standing balance, recent studies have 

detected somewhat high degree of thigh muscles’ activity while young subjects 

stood at ease 14 and observed that such degree seems to increase progressively with 
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aging 11.  Extending the previous results, Heroux et al. 26 observed the calf muscles 

contributed differently while subjects stood at ease, in particular gastrocnemius’ 

heads.  By collecting intramuscular EMGs from gastrocnemius’ heads (medial and 

lateral) and soleus muscle of seven subjects, these authors rarely observed motor 

units’ activity in lateral gastrocnemius, while motor units’ activity was identified 

within the medial gastrocnemius and soleus muscles.  A forward lean on the verge 

of eliciting a step response was required to elicit moto units’ activity in lateral 

gastrocnemius.  Collectively, these findings demonstrate that the active 

contribution of calf muscles is crucial for the control of standing balance. 

Besides evidences on a substantial degree of calf muscles’ activity, studies have 

observed calf muscles are recruited intermittently in the standing posture.  By 

collecting intramuscular EMGs from different regions along the longitudinal axis 

of medial gastrocnemius, Vieira et al. 27 showed that the active contribution of 

medial gastrocnemius to the ankle torque in standing was preferentially due to the 

intermittent recruitment of motor units.  The intermittent motor units’ recruitment 

occurred with a modal interval of ~500 ms, i.e. two recruitments per second.  These 

two adjustments per second are consistent with tiny alterations in gastrocnemius 

and soleus movements for the compensation of the bodily forward sways.  Loram 

et al. 28 observed that gastrocnemius and soleus active movements are orthodox, 

impulsive and sluggish (~400 ms) during standing balance.  Regardless of potential 

sources account for such intermittent calf muscles’ activation, e.g. internal planning 
28 or event-triggered 29, timely postural activation reflects an efficient, active control 

of standing balance by the central nervous system.  

The insights that normal population activates efficiently, not continually and 

intensely, their postural muscles during standing is congruent with the recent notion 

that the control of posture is primarily concerned with minimizing muscle 

activation.  Recent studies have drawn attention to alternating periods of muscle 

activation and silencing (i.e., intermittent open loop control) seem to be a natural 

strategy of choice adopted by the central nervous system due to potential benefits: 

(1) allow the nervous system to sense joint angles without interference from muscle  

contraction 30;  (2) compensate for delays in the feedback loop 31; (3) reduce 

metabolic costs 29;  (4) not increase postural instability 31.  As recently put forward 

in the literature, postural control system seems to prioritize the minimization of 

muscle activation at the cost of increased, though not excessive, postural sways 32.  

In the view of optimal postural controller based on minimal muscle effort, learning 

to efficiently activate the postural muscles could be advantageous for the control of 
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posture in individuals who stand with excessive muscle activation, e.g. elderly 

subjects. 

1.3 Age-related changes in the active control of standing 

balance 

Of recent interest is the notion of age-related alterations in postural muscles’ 

activity during standing.  From bipolar surface EMGs collected from the plantar 

flexors, previous studies have reported the elderlies tend to stand with a more 

continuous and higher degree of activation than young individuals.  Moreover, 

while tibialis anterior is typically silent in young subjects during standing 33,34, in 

aged individuals it is often recruited 14.  Then, changes in the level of 

agonist/antagonist ratio have been often observed with aging.  Benjuya et al. 11, for 

example, collecting bipolar surface EMGs from soleus and tibialis anterior muscles, 

observed the soleus/tibialis anterior activity ratio was significantly lower for the 

aged subjects when compared with the young individuals during standing, 

suggesting increases in the level of muscle cocontraction at the ankle in the elderly.  

Besides the differences in the ankle muscles’ activity, the contribution of thigh 

muscles for standing balance seems to change with aging.  By collecting surface 

EMGs locally from thigh muscles, Laughton et al. 14 observed aged subjects 

activated for a longer duration the vastus lateralis than young individuals during 

standing.  Alternatively, Benjuya et al. 11 detected a higher degree of 

semitendinosus’ activity (hamstring) while elderly individuals stood at ease with 

respect to young subjects.  Collectively, the higher degree of calf and thigh muscles’ 

activity for a prolonged duration in aged than young subjects suggest standing 

becomes progressively more demanding with aging.  

The excessive muscle effort may be detrimental for postural control in the old age. 

As discussed previously, some ankle muscles are rarely activated while young 

subjects stand at ease (e.g., tibialis anterior).  Such muscle silencing, however, 

seems to indicate the tibialis anterior plays a proprioceptive role for the control of 

standing balance.  By recording EMG signals and ultrasound images during 

standing, Di Giulio et al. 33 revealed that changes in muscle length of tibialis anterior 

was markedly associated with alterations in the ankle joint angle, suggesting tibialis 

anterior may have an important, passive, postural role; it may be a better source of 

proprioceptive information than active muscles in the standing posture (e.g., calf 

muscles).  The insight that silent muscles may have a strong proprioceptive role 

during standing implies aged subjects, when activating intensely their dorsal and 

plantar flexors for a long duration, are predicted to sense postural sway with 
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interference from muscle contraction 30.  Prior account, indeed, has reported lower 

efficacy of proprioceptive pathway in aged than young subjects for the control of 

standing balance 35.  Besides a less economical, fatigue-resistant control 36, 

excessive muscle activity during standing might compromise the sensitivity of 

proprioceptive feedback for the control of posture.  Therefore, the pattern of muscle 

activation should be considered in the repertoire of protocols so far designed for the 

improvement of postural control to understanding whether aged subjects are able to 

activate more efficiently their postural muscles during standing.  

1.4 Available protocols for the training of postural control 

with aging 

Generally, declines in the control of posture with aging has long been indicated due 

to the high incidence of falls; a major health problem for the elderly.  Falls in elderly 

people have resulted in serious, different types of fractures (e.g., hip fractures) and 

physical injuries.  Then, fall-related hospitalization is particularly common in this 

population 37–39.  Besides to cause individual morbidity, researchers have also 

stressed that falls can lead to declines in independence of activities of daily life and 

placement in assisted-living facilities, having potential impacts in the life of people 

65 years and older 40,41.  

Age-related alterations in the neuromuscular and sensory systems have been 

thought to contribute to an increased likelihood for falls.  Briefly, advancing age 

has been associated with:  (i) reductions in ankle muscle strength 42;  (ii) slow 

muscle response when compensating for sway perturbations 43,44;  (iii) excessive 

ankle muscle coactivation for standing 11–13; and (iv) declines in function within 

sensory systems 45.  Such changes in the postural control systems lead to increases 

in the size of postural sway while aged subjects stand upright 45,46.  Increases in the 

amplitude of body sways might compromise upright balance and can lead to falls 
47,48.  Thus, several training programs have been proposed primarily to preserve 

and/or reduce postural sway within functional levels.  These training programs are 

usually referred to as balance training.  Some examples of balance training are 

shown as follows:  

One or two legged exercises on unstable support surfaces.  Conventional balance 

training focus on challenging body stability while individuals stand on unstable 

support surfaces with one or two legs 49.  Different training devices are used as 

unstable support surfaces, such as wobbling boards, tilt boards, spinning tops, half 

discs, soft mats and cushions (cf. Figure 1 in 50).  An alternative to these training 
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devices is keeping the balance control on a tightened ribbon, sport activity known 

as “slacklining”.  Studies have shown balance training with unstable support 

surfaces leads to reductions in the amplitude of postural sway.  For example, by 

applying the balance training based on single limb stance on an ankle disk in 

athletes who swayed excessively due to ankle joint injury, Gauffin et al. 51 observed 

that these subjects were able to reduce the size of their postural sway (~3 mm) while 

standing on the symptomatic foot, suggesting an improved body stability after this 

training.  Keller et al. 52 observed individuals who attended slackline training could 

decrease their postural sways while standing on a free-swinging platform with one 

leg and maintain balance on the slackline for at least 20 s after training.  Elderly 

subjects were also able to reduce the amount of postural sway following a balance 

training program 53.  

Besides reductions in the postural sway size, balance training exposing individual 

to unstable support surface may:  (i) increase the muscle strength 53;  (ii) improve 

jumping abilities 54;  (iii) increase maximal rate of force development 55; and (iv) 

decrease the level of ankle muscles’ activity during standing 53,56.  Then, this type 

of training is also frequently used in prevention and rehabilitation of the lower limb 

muscles, e.g. in athletes.  More recently, studies have indicated this type of balance 

training induces plasticity of the sensory-motor pathways 49,53, contributing likely 

for a more efficient control of posture by means of reduction in the neural drive to 

the muscle.  

Human bodily practices. The effects of human bodily practices as martial arts (e.g., 

Tai Chi and Qigong) and Yoga on aged postural control has been recently 

investigated in literature, since they demand the performance of several postures 

with relatively slow, meditative, dance-like movements during standing (for a 

review see 57,58).  Prior accounts have reported aged subjects who practice these 

types of “standing meditation postures” may improve their balance skills and, 

consequently, they are less likely to falls 59–61.  For example, Li et al. 60 observed 

the Tai Chi training was more promising to reduce fall risk with respect to stretching 

training.  More specifically, these authors reported a small number of falls, injurious 

falls and reduced fear of falling after 6-month in elderly subjects who attended Tai 

Chi training than those following stretching training.  In addition, Tai Chi group 

obtained greater score in Berg Balance Scale than stretching group; this result 

suggests Tai Chi contributed for improvements of balance skills in different 

functional tasks.  Additionally, a recent study observed Tai Chi training may be 

effective to reduce the size of postural sway during standing (Sheng et al., 2014). 
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On the view of decrease risk for falling and improvements of balance skills, human 

bodily practices (e.g., Tai Chi, Qigong and Yoga) have been indicated as promising 

training of postural control 62.   

Biofeedback of postural sways.  Motor tasks based on the precise control of body 

position in space from the feedback of variables related to human motion have been 

proposed recently as a promising component in balance training programs.  More 

specifically, biofeedback techniques for balance training involve typically the 

acquisition of variables related to balance performance (e.g., joint angles, trunk 

acceleration or the position of body center of pressure) and feed back to the subject, 

allowing thus individuals to have an augmented information about their own body 

sways and control them voluntarily 63,64.  Among available biofeedback-based 

balance training, information can be displayed back to the subject from different 

modalities, such as audio or visual 63,65.  The protocol which is widely used in 

rehabilitation programs is the visual feedback of center of pressure (CoP) position 

while individuals stand at ease 66.  From the visualization of CoP signal, subjects 

are expected to reduce their postural sways during standing 67.  More specifically, 

force plates are often used for the quantification of CoP position during standing 

(i.e., the resultant vector of ground reaction forces under the feet; 47).  With aging, 

individuals who attended training programs related to CoP visual biofeedback could 

learn to maintain upright stability with smaller body sways 66,68.  Reductions in the 

size of postural sway were also achieved by the elderly from wearable systems for 

body motion-based audio biofeedback 69,70.  Most importantly, although not very 

clear, improvements in balance performance after the biofeedback-based training 

protocols likely reflect in a reduced incidence of falls.  Significant effect of the 

visual feedback-based balance training compared with control group was observed 

on recurrent falls (8% vs 55% of falls) during a 1-year follow up period as well as 

a reduced risk of falling 71. 

Recently, an alternative biofeedback approach based on biological-related signals, 

i.e., surface EMGs, has been proposed for balance training 72.  On the view of 

optimal postural control based on minimal muscle effort and the potential impact 

of EMG biofeedback technique in reducing the excessive muscle activity, EMG 

biofeedback-based balance training is a promising approach for the improvement 

of postural control and, consequently, prevention of falls in the elderly.  The 

following chapter provides brief overview about the significant effects of EMG 

biofeedback on the pattern of muscle activity of aged and young subjects in 

different contexts, besides its potential impact in reducing the unnecessary muscle 

effort while individuals stand at ease. 
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Chapter 2 

EMG biofeedback for the training 

of postural control 

2.1 EMG biofeedback to re-educate muscle activation 

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 66,73.  On one hand, biomechanical biofeedback is related to variables of 

body motion (e.g., joint angle or CoP position), which are commonly used for 

balance training, as discussed previously (see chapter 1, subsection 1.4).  On the 

other hand, biological-related variables include, for example, the electrical activity 

of muscles (e.g., bipolar surface EMG), brain and heart 73.  Several researchers have 

reported the EMG biofeedback is a promising technique to suppress the excessive 

level of agonist activity or muscle coactivation 74–76, with potential implications for 

the improvement of postural control in terms of muscle efficient, e.g. with aging. 

One of pioneers in suggesting biofeedback as potential tool for the training of 

muscle activity was Basmajian et al. 77, testing a biofeedback protocol for the 

training of single motor units within a hand muscle.  By sampling intramuscular 

EMGs from a hand muscle (i.e., abductor pollicis brevis) and feed back them to the 

subject in the form of auditory or visual signals, the author reported volunteers were 

able to learn how to: (i) repress the activity of a single motor unit and recruit another 

one; (ii) recruit the several units over which they have gained control; (iii) reduce 
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and increase the discharge frequency of a well-controlled unit.  After biofeedback 

training, most participants learnt to control the activity of individual motor units 

even in the absence of feedback.  From these evidences, several researchers have 

widely accepted the idea of using biofeedback technique to assist subjects with 

impaired motor control in recovering the normal pattern of muscle activity 78.  

Bipolar surface EMG rather than intramuscular EMG, however, are often used 

within the designs of EMG biofeedback techniques due to its non-invasiveness and 

simplest form to detect surface EMGs. 

Briefly, EMG biofeedback design involves typically three technical stages to 

transmit feedback based on surface EMGs to the subject: (1) the sampling of EMG 

signal from a couple of surface electrodes; (2) the estimation of the level or timing 

of muscle activity (i.e., descriptive signal of raw surface EMG); (3) the 

representation of this signal to the subject through audio, visual or vibration cues 

(Figure 3).  From table 1, for example, it is possible to observe that studies have 

commonly monitored the EMG level and feed back it to the subject from audio 

and/or visual modality.  More recent biofeedback techniques, as shown in Figure 3, 

use wireless EMG devices to transmit bipolar surface EMGs to receivers such as 

notebook, tablet or smartphone.  Within the receiver, the targeted information is 

processed and transmitted to the subject as biofeedback.  These sophisticated and 

wearable EMG devices are thought to have a relevant potential for rehabilitation or 

training programs.  Once these recent EMG systems are based on surface EMG 

recording and easy to use software to acquire and provide biofeedback information 

to the subject, biofeedback protocols can be easily implemented in the community 

setting, and potentially in patients’ homes, contributing for a more frequent training.  

In addition, the task of providing EMG biofeedback information to subjects is less 

time consuming and less intrusive.  

When using biofeedback techniques to continuously detect and provide real-time 

information about muscle activity to the subject, the main goals are (i) attenuation 

of unnecessary muscle activity and (ii) muscle activity facilitation 25,79,80.  From 

table 1, it is possible to appreciate the multiple pathologies the biofeedback 

techniques have been tested on.  For instance, the EMG biofeedback has been 

effective to directly assist patients with chronic low back pain in reducing the 

excessive level of paraspinal activity during standing 75.  By providing the visual 

feedback of erector spinae’ activity, collected from a pair of surface electrodes, to 

the patients within 15 treatment sessions spread over a period of three weeks, 

Nouwen 75 observed these patients were able to stand with relatively low levels of 

paraspinal activity after biofeedback training.  Alternatively, reductions in the level 
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of muscle activity at wrist joint were also observed in stroke patients following an 

EMG biofeedback training.  Aslan et al. 81 applied 15 sessions of biofeedback 

training, lasting 20 minutes each one, aimed at reducing wrist flexor muscle 

spasticity at the hemiplegic arm in patients following stroke.  The authors observed 

lower level of wrist flexors’ activity of about 20% after training with respect to 

baseline measurements. 

 

 
 

Figure 3: General block diagram of an EMG biofeedback system. EMGs from 

gastrocnemius muscles are sampled with surface electrodes from a wearable and wireless 

EMG system (orange circles on the body’s subject in the panel). Such system transmits the 

EMG signals to computers, tablets or smartphones (receivers) which process and transform 

the EMG into an audio signal and provided it to the subject (EMG-audio biofeedback) 

through headphone.  

 

Excessive muscle activity has also been attenuated when individuals are informed 

about the timing of muscle activity during a given task.  By providing feedback 

when the level of muscle activity was higher than a threshold for a given duration, 

Hermens et al. 25 observed individuals with neck-shoulder myalgia were able to 

relax more frequently their trapezius muscles of about 15% after training with 

respect to pre-training during working conditions.  These results suggest patients 

with different clinical conditions could learn to attenuate their muscle activity 

through the EMG biofeedback-based training.  EMG biofeedback may also have 
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the potential to facilitate the level of activity in individual muscles.  For example, 

Ng et al. 80 compared the EMG ratio of vastus medialis/vastus lateralis between an 

exercise group and an EMG biofeedback+exercise group.  The biofeedback 

protocol proposed by Ng et al. 80 aimed at assisting subjects to perform different 

exercises while increasing the level of activity in vastus medialis and maintaining 

a constant level of vastus lateralis’ activity.  These authors reported increases in the 

vastus medialis/vastus lateralis EMG ratio of about 30% after training.  

Collectively, these results indicate EMG biofeedback as potential tool to re-educate 

muscle activity.  

Possible mechanisms may underpin the effectiveness of EMG biofeedback in 

alternating muscle activity.  Two hypotheses come from the experiments of 

Basmajian 77 who observed subjects can recall voluntarily the activity of different 

single motor units while inhibiting the activity of neighbors after EMG biofeedback 

training.  Basmajian 82 speculated either new pathways or auxiliary feedback 

pathways can be recruited following the EMG biofeedback training.  Favoring the 

latter hypothesis, Wolf 83 suggested that the primary role of EMG biofeedback 

might be to activate central synapses previously unused or underused in executing 

motor commands.  These potential sources accounting for the effectiveness of EMG 

biofeedback are still considered in recent literature (Huang et al. 2006).  Regardless 

of possible mechanisms underpinning the effect of EMG biofeedback on muscle 

activation, subjects may be able to change their pattern of muscle activity through 

this technique. 

Notwithstanding reductions/increases in muscle activity from the EMG 

biofeedback, it is not clear whether such changes in the muscle activity are retained 

after training.  A common question raised by researchers is “Are any benefits 

maintained after biofeedback training ceases?”84.  It seems well-accepted in 

literature different biofeedback training programs may be effective to improve 

muscle activity temporary, regardless of clinical application.  The minimal training 

volume showed in Table 1, for example, was that one of Holtermann et al. 24.  More 

specifically, participants involved in this study attended five sessions of unilateral 

biofeedback training on trapezius activity during normal computer work at their 

workplace was carried out.  Holtermann et al. 24 observed this short EMG 

biofeedback-based training was sufficient to reduce the degree as well as the timing 

of trapezius activity in computers workers during normal work.  However, the long-

term effect of the EMG biofeedback training is not commonly evaluated, e.g. for 

reduction of pain intensity in fibromyalgia 85.  Among the studies presented in table 

1, only the studies of Hermens et al. 25 and Dannecker et al. 86 performed follow-up 
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measurement.  For example, Hermens et al. 25 reported the attenuation effect of 

EMG biofeedback was retained even after 4 weeks of EMG biofeedback training.  

The results of Hermens et al. 25 reflect learning has taken place in addition to short-

term improvements in performance, with potential implications for rehabilitation 

process 84.  Therefore, it seems relevant to consider the assessment of retention 

effect for determining the effectiveness of biofeedback protocols by means of 

learning in different clinical applications. 

2.2 EMG biofeedback for reducing the excessive muscle 

effort during standing 

EMG biofeedback has been recently proposed as alternative biofeedback technique 

for the improvement of postural control in standing posture.  Vieira et al. 72 

investigated for the first time the influence of EMG-audio feedback protocol on the 

ankle muscles’ activity during standing.  With this feedback approach and in 

relation to standing at ease, these authors observed young subjects were able to 

decrease by 5% and 10% the degree of medial gastrocnemius and soleus activity, 

respectively.  Most importantly, such a reduced muscular effort did not lead to 

larger postural sways and greater antagonistic activation (i.e., higher tibialis 

anterior’s activity).  These results reveal young individuals could attenuate the level 

of ankle muscles’ activity, reflecting likely more efficient postural activation with 

the EMG-audio feedback without hindering postural stability. Additional 

investigations related to the effects of EMG biofeedback on postural activity, 

however, might be relevant to prove the effectiveness of this technique in reducing 

the level of postural activity during standing.  

Researchers have long been indicated the assessment of response generalization of 

EMG biofeedback should be considered, that is, the effect of EMG biofeedback on 

muscles other than that included for biofeedback (i.e., targeted muscle) 87.  For 

example, Poppen et al. 88 stated “the biofeedback trainer should systematically 

observe and record the postural changes that occur throughout the trainees’ body, 

and not focus narrowly on the EMG signal from a particular muscle group”.  The 

main concern is whether the attenuation effect in an individual muscle from EMG 

biofeedback is manifested at – or compensated by - other muscles during a given 

task 89.  Prior accounts have demonstrated that an attenuation effect and/or 

compensation effect from EMG biofeedback protocols may occur between muscles 

depending on the motor task.  More specifically, the following effects have been 

observed when the EMG biofeedback is provided from a single muscle: (i) the  
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Table 1: The effect of EMG biofeedback (BF) - based training on muscle activity 

Article Subjects BF variable BF mode Training* Clinical application % change (pre-post training) 

Estella Ma et al. 79 Young healthy EMG level Visual 2x wk, 4 wks#  

Total: 8 sessions 

Hyperfunctional voice 

disorder 
EMG level: ↓ 10%. 

Aslan et al. 81 Elderly 

hemiplegic 
EMG level Audio and visual 5x wk, 3 wks, 20 min DS 

Total: 300 min 
Stroke EMG level: ↓ 20%. 

Chao Ma et al. 90 Young with neck-

shoulder pain 
EMG level Audio 2-5 wk, 6 wks, 120 min DS 

Total: 1440-3600 min 

Low back and neck 

pain 
EMG level: ↓ 50%. 

Holtermann et al. 24 Young healthy EMG level Audio and visual 1 wk, 5 wks, 30 min DS 

Total: 150 min 

Low back and neck 

pain 

EMG level: ↓ 50 %; 

EMG timing: ↓ 10 %. 

Hermens et al. 25 Young with neck-

shoulder pain 
EMG timing Vibration 5 wk, 4 wks, 480 min DS 

Total: 9600 min 

Low back and neck 

pain 

EMG level: ↓ 10 %; 

EMG timing: ↓ 15 %. 

Nouwen et al. 75 Young with low 

back pain  
EMG level Visual 5 wk, 3 wks, 15 min DS 

Total: 225 min 

Low back and neck 

pain 
EMG level: ↓ 40 %. 

Barney et al. 91 Young healthy EMG level Audio 5 wk, 3 wks, 30 min DS 

Total: 300 min 
Knee conditions EMG level: ↑ 10 %. 

Ng et al. 80 
Young with 

patellofemoral 

pain 

EMG level Visual 7 wk, 8 wks, 30 min DS 

Total: 1680 min 
Knee conditions Agonist ratio: ↑ 30 % 

Christanell et al. 92 Young EMG level Audio and visual 4 - 2 wk, 6 wks# 

Total: 24 – 12 sessions 
Knee conditions EMG level: ↑ 25 % 

Dannecker et al. 86 Young with stress 

urinary 
EMG level Visual 7x wk, 4 wks, 20 min DS 

Total: 560 min 
Urinary incontinence EMG level: ↑ 50 % 

* Protocol of biofeedback-based training only. wk – number of weekly sessions; wks – number of weeks; DS – duration of training session; # DS not declared
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transfer of the attenuation effect to the contralateral muscle 24,93; (ii) limitation to 

transfer the relaxation effect to not-synergistic muscles 93; and (iii) compensation 

effect (i.e., increases in the level of activity) on other muscles not included in the 

feedback during strictly controlled biomechanics conditions (i.e., isometric 

shoulder abductions 94).  These results suggest is relevant to consider the assessment 

of effect generalization to prove the effectiveness of innovative biofeedback 

protocols, e.g. in reducing the level of muscle activity during standing. 

If EMG biofeedback is able to assist young individuals in more efficiently 

controlling leg muscle activity, it could be a promising technique to recover muscle 

activity within optimal levels in different populations or patients during standing. 

For example, it is well-documented aged individuals activate their ankle and thigh 

muscles to a greater extent and for a prolonged duration while stand at ease 

compared with young subjects 11,12,14.  With respect to healthy aged subjects, 

parkinsonians show exacerbated ankle stiffness and muscle coactivation during 

standing balance 95.  In the case of individuals with excessive muscle activity learn 

to control more efficiently their postural muscles from an EMG biofeedback-based 

balance training, thus, improvement in the postural muscle efficiency could 

contribute significantly to an ability to maintain standing balance, to respond to 

unexpected perturbation, standing on narrow stances and walking; with potential 

implication for the prevention of falls.  
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Chapter 3 

Does the global temporal activation 

differ in triceps surae during 

standing balance? 1 

3.1 Abstract 

One of the most important muscular groups which contribute to maintain standing 

balance is triceps surae.  However, it is unclear whether the muscles which 

constitute the triceps surae, medial gastrocnemius and soleus, have different 

temporal patterns of activation during upright stance.  The work described in this 

chapter aimed at evaluating whether the temporal activation differ among the 

postural muscles of triceps surae in young subjects during standing.  Nine male 

volunteers performed two tasks: standing quietly and with voluntary back and 

forward sways over their ankle.  Electromyograms (EMGs) from soleus medial and 

lateral regions and from MG were sampled with linear arrays of surface electrodes.  

The percentage of muscle activation in time (i.e. temporal index) was computed for 

each muscle during upright standing.  The results revealed that the medial portion 

                                                 
1 Scientific paper published in “37th Annual International Conference of the IEEE Engineering 

in Medicine and Biology Society”, 2015; Authors: Dos Anjos F, Fontanella F, Gazzoni M, Vieira 

TM. 
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of soleus muscle was activated continuously compared to the lateral portion of 

soleus and medial gastrocnemius, which were activated intermittently.  Therefore, 

the global temporal activation differed among the postural muscles of triceps surae 

during standing balance.    

3.2 Introduction 

Triceps surae activation is crucial for the control of human standing posture.  As 

the human center of gravity is projected anteriorly to the ankle joint, plantar flexors 

must compensate the gravitational toppling torque to ensure standing balance 1,96–

98.  Curiously, these agonist muscles seem to present distinct pattern of activation; 

small portions of soleus (SOL) are continuously activated while those of medial 

gastrocnemius (MG) are intermittently activated during upright stance 27,99,100.  

Conversely, lateral gastrocnemius provides a marginal, active contribution to 

standing maintenance 26,101.  However, as intramuscular electrodes and bipolar 

electrodes sample from a localized muscle region, it is unknown whether the 

temporal activation between the main postural controllers of ankle, MG and SOL, 

differs globally.  In this context, the evaluation of different SOL and MG portions 

may be essential to distinguish whether theses muscles are differently controlled by 

the central nervous system (CNS) during standing balance.  Action potentials 

generated by different populations of motor units in a large calf muscle volume may 

be sampled with an array of surface electrodes 17,20, allowing to investigate whether 

the temporal pattern of activation observed locally for the SOL and MG during 

upright stance represents a larger muscle volume.  This study aimed at evaluating 

whether the temporal activation estimated from a large muscle volume (i.e., global) 

differs between the medial gastrocnemius and soleus muscles during standing 

balance. 

3.3 Methods 

3.3.1 Participants 

Nine male volunteers (mean±SD: 26±3 years; 72.33±9.43 kg body mass; 1.77±0.06 

m height) provided written informed consent before participating in the study.  All 

procedures used in this study were in accordance with the Helsinki Declaration of 

1975, as revised in 2000.  These subjects did not report any balance impairment, 

neurological disorders, muscular injuries or the intake of medications that could 

affect their standing balance. 
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3.3.2 Experimental procedures 

Participants were instructed to stand upright on a force plate with their eyes open, 

their arms alongside the body and their feet in parallel and comfortable position.  

Previous evidence has shown a significant effect of intention on the standing control 

mechanisms 102.  As we wish to investigate the muscle activation during natural, 

unconscious standing, subjects were engaged in active conversation to get 

distracted from the task of controlling their standing body.  Furthermore, 

participants were also asked to sway as much as possible back and forward over 

their ankles, without lifting their heels and toes.  These standing tasks lasted 60s 

and data acquisition was initiated and ceased upon the issuing of the auditory cues 

“ready, go” and “stop”, respectively. 

3.3.3 Instrumentation 

Linear arrays of surface electrodes (10 mm inter-electrode distance) were placed on 

MG and SOL muscles of dominant leg after carefully cleaning the skin with 

abrasive paste 103.  The positioning of electrodes on each muscle was guided 

through ultrasound imaging (Telemed, Echo Blaster 128, 2 MHz to 10 MHz linear 

probe).  Specifically, for the MG muscle, EMGs were sampled with an array of 16 

electrodes, placed along the length of MG, aligned with MG-Achilles tendon 

junction and with its most proximal electrode positioned 2 cm distally from the 

popliteal fossa (Figure 4).  For the SOL muscle, a surface array of 4 electrodes was 

placed on each muscle medial (MSOL) and lateral (LSOL) portions in order to 

investigate different temporal pattern of activation.  The medial and lateral arrays 

were positioned at an angle of 45 degrees to the leg longitudinal axis and with their 

most proximal electrode located 3 cm distally to the junction between MG and LG 

and the Achilles tendon, respectively.  Such array orientation may facilitate the 

recording of small action potentials while standing and it is characterized by a high 

signal-to-noise ratio 23. 

EMGs were recorded in single-differential derivation with a multi-channel 

amplifier (10-750 Hz bandwidth; EMG-USB, OTBioelettronica, Turin, Italy).  All 

signals were sampled at 2048 kHz using a 12-bit A/D converter (± 2.5 V input 

dynamic range).  EMGs were amplified by 5000-10000 to maximise signal-to-noise 

ratio and then offline, band-pass filtered (cutoff frequencies: 15-350 Hz) with a 

second order Butterworth filter. COP displacement was computed from the vertical 
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force signals supplied by the force plate (9286AA Kistler, Zurich, Switzerland) and 

digitised synchronously with the surface EMGs. 

 

 
Figure 4: A: Schematic representation of the linear surface arrays positioned on MG 

and SOL while a subject is standing.  B: MG-Achilles tendon junction (arrow point) 

identified in the ultrasound image to guide the placement of surface arrays. 

 

3.3.4 Data analysis and statistics 

The global temporal pattern of MG and SOL activation was quantified through a 

temporal index of muscle activation obtained from the root mean square (RMS) 

amplitude of EMGs.  

RMS values were computed using a 40 ms running-window for each channel 

separately, providing 1500 RMS values per channel 14.  As calf muscle presents 

bursts of activity during upright stance, short epochs are more sensitive for the 

identification of ON or OFF states.  For each RMS value, an ON or OFF state was 

assigned according to whether the RMS amplitude exceeded the baseline threshold 

for a given duration.  More specifically, if at least five consecutive RMS values 

exceeded the baseline these five samples were deemed ON (i.e., RMS amplitude 

indicated an active state if they exceeded the baseline for at least 200 ms).  This 

procedure was selected because it was observed to be not sensitive to spurious 

occurrences of an isolated, high RMS value and because previous evidence suggests 

bursts of calf muscles activity during standing occur in 200 ms intervals 27.  
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Following previous evidence (Laughton), baseline was defined as three standard 

deviations over the mean RMS amplitude and calculated over 3 s of muscle rest (75 

epochs of 40 ms).  On the view of deactivation of plantar flexors when the body 

sways closer to ankle joint (Di Giullio 2009 and Vieira 2012), periods of muscle rest 

were determined here during the voluntary sway task; calf muscles’ EMGs were 

within the noise level during backward sways (Figure 5). 
 

 

Figure 5: An example of fluctuations in calf muscles’ EMG amplitude and in COP 

position during the voluntary sway task.  EMGs in the intervals indicated with grey bar 

(backward sways) were considered to compute the baseline level. 

 

As EMGs were recorded from an array of surface electrodes from each muscle, 

baseline was defined separately for each channel.  ON-OFF levels of each channel 

were processed through the logical disjunction (“Or”) to produce the resultant global 

on-off signal (temporal index).  Consequently, whenever there was an ON level for 
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any channel, the resulting state for the corresponding time sample within the 60s 

acquisition period was regarded as ON.  Furthermore, as electrodes located in the 

distal portion of MG can detect the same propagating action potential, indicating the 

length of same group of muscle fibers instead of action potentials generated by motor 

units in different muscle regions 20, such channels were excluded from the analysis.  

The selection of the channels to exclude, showing only propagating action potentials, 

was performed by the experimenter through visual inspection of EMG signals.  

Figure 6 illustrates the ON-OFF calculation for EMGs collected from the MG 

muscle.  

 

 
Figure 6: Calculation of the resultant ON-OFF signal of MG for a representative 

subject while standing.  A: Identification of MG channels over different muscle fibers for 

MG ON-OFF calculation.  B: ON-OFF computation for each channel selected from MG 

muscle; Raw EMGs (grey), RMS baseline (dashed line), RMS signal (black) and ON-OFF 

signal (blue).  C: Resultant ON-OFF signal of MG calculated through logical disjunction 

(“Or”) between EMGs from MG muscle. 

  

The Kruskal-Wallis ANOVA by Ranks was used to verify whether the temporal 

index of muscle activation differed between muscles.  Post- hoc comparisons of 

ranks for all groups were made considering the significance level of 5%. 
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3.4 Results 

Distinct patterns of global activation in time were observed in triceps surae through 

the temporal index.  The Kruskal-Wallis test revealed that the temporal indices were 

significantly different from each other (p<0.01).  Post hoc comparisons further 

indicated a greater number of ON events for MSOL than for MG (p<0.01) and 

LSOL (p<0.05; Figures 7 and 8).  Even those individuals who presented very low 

values of time index for the MSOL (46.19% and 50.60%; see Figure 8), obtained a 

smaller number of ON events for the MG (19.82% and 16.68%) and for the LSOL 

(18.35% and 26.43%), respectively.  Moreover, there was no significant difference 

between the temporal index of MG and LSOL (p>0.05). 

 

 
Figure 7: Resultant ON-OFF signal obtained for the MG (A), MSOL (B) and LSOL 

(C) muscles for a representative individual while standing. 

 

3.5 Discussion 

Prior studies have observed a heterogeneous pattern of activation in small portions 

of triceps surae, with SOL having a continuous activation and MG an intermittent 

activation 27,99,100,104.  Nevertheless, these results likely do not represent the 
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temporal activation of these muscles globally, since they were evaluated from 

localized muscle regions.  In this study the global temporal activation in the triceps 

surae of healthy young men was investigated during upright stance. 

 

 
Figure 8: Box plot of temporal index of muscle activation. The temporal index was 

computed through the resultant ON-OFF signal of each muscle. Temporal index of MSOL 

was significantly higher than temporal index of MG and LSOL (* p<0.05).  

 

Our results showed that, globally, calf muscles have a distinct temporal pattern of 

activation in standing balance.  Specifically, SOL was activated almost 

continuously while MG was activated intermittently.  Besides, different portions of 

SOL had a different duration of activation.   These results support the notion of 

tonic innervation of SOL and phasic of the gastrocnemius for the control of postural 

sway in the standing posture 27,33.  Differences between the temporal activation of 

MG and SOL may depend on how far forward from the ankles an individual 

maintain his postural sway.  On average, activity in the SOL muscle and very low 

modulation in the MG activity have been observed while subject sways closer to 

the ankles 33.  Once the subject sways forward, there is an increase of the number 

of motor units recruited and of the motor unit firing rates of MG and SOL 27,100.  

Consequently, an agonist behavior in both muscles might occurs to correct forward 

sway events 33.  This implies that CNS seems to control both muscle independently, 
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in which MG onset occurs to assist SOL muscle in the correction of forward sway.  

Therefore, CNS seems to adopt a control strategy based on intermittent synergistic 

effect of MG and SOL to maintain upright stance. 

Furthermore, distinct proportions of muscle fiber type in the muscles of triceps surae 

could favor the continuous activation of SOL muscle while standing.  It was 

observed that SOL contains a higher proportion of slow twitch fibers (70%) than 

MG (50%) 105  Thus, the recruitment of SOL MUs likely result in a muscular 

contraction characterized by low force generating capabilities and high fatigue 

resistance 106.  As low active ankle torques have been observed during upright stance 

[~5 Nm; 107], SOL may be more suited to compensate the forward sway during 

standing balance.  However, suppose that differences in the duration of activity 

between plantar flexors are accounted for differences in the fiber type composition 

between these muscles is questionable, since fiber type is highly adapted to physical 

demand 108 and, therefore, can be extremely variable among individuals 109.  

Interestingly, distinct temporal patterns of activation were also observed between 

the medial and lateral portions of SOL muscle.  Functional differences between the 

medial and lateral parts of SOL in the control of lateral sway could explain their 

distinct temporal patterns of activation.  On one hand, the emergence of LSOL 

EMGs related to ankle eversion movement seems to indicate that LSOL also 

contribute in the compensation of lateral sway during standing balance 110.  On the 

other hand, the activation of medial muscles located at calf might contribute to ankle 

inversion movement, since MG activation together with other ankle inversors 

contribute to ankle lateral stabilization 111.  However, future studies are needed to 

confirm functional differences between MSOL and LSOL during standing balance. 

These results suggest that CNS may control independently the compensatory activity 

of plantar flexors in standing balance.  This selective activation of triceps surae may 

reflect an efficient control of standing balance, since CNS prioritizes an intermittent 

activation of MG and within SOL muscle instead of a continuous activation. 

3.6 Conclusion 

The results of this study indicate that global temporal activations of the muscles 

located at calf differ during standing balance. MSOL is continuously activated 

while LSOL and MG are intermittently activated during upright stance.   
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Chapter 4 

The spatial distribution of ankle 

muscles activity discriminates aged 

from young subjects during 

standing 2 

4.1 Abstract 

During standing, age-related differences in the activation of ankle muscles have 

been reported from surface electromyograms (EMGs) sampled locally.  Given 

though activity seems to distribute unevenly within ankle muscles, the local 

sampling of surface EMGs may provide a biased view on how often and how much 

elderly and young individuals activate these muscles during standing.  This study 

aimed therefore at sampling EMGs from multiple regions of individual ankle 

muscles to evaluate whether the distribution of muscle activity differs between aged 

and young subjects during standing.  Thirteen young and eleven aged, healthy 

subjects were tested.  Surface EMGs were sampled at multiple skin locations from 

tibialis anterior, soleus and medial and lateral gastrocnemius muscles while subjects 

stood at ease.  The root mean square amplitude of EMGs was considered to estimate 

                                                 
2 Scientific paper published in Frontiers in Human Neuroscience, 2017; Authors: Dos Anjos F, 

Pinto TP, Gazzoni M, Vieira TM. 
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the duration, the degree of activity and the size of the region where muscle activity 

was detected.  Our main findings revealed the medial gastrocnemius was active for 

longer periods in aged (interquartile interval; 74.1–98.2%) than young (44.9–

81.9%) individuals (P = 0.02).  Similarly, while tibialis anterior was rarely active 

in young (0.7– 4.4%), in elderly subjects (2.6–82.5%) it was often recruited (P = 

0.01).  Moreover, EMGs with relatively higher amplitude were detected over a 

significantly wider proximo-distal region of medial gastrocnemius in aged (29.4–

45.6%) than young (20.1–31.3%) subjects (P = 0.04).  These results indicate the 

duration and the size of active muscle volume, as quantified from the spatial 

distribution of surface EMGs, may discriminate aged from young individuals 

during standing; elderlies seem to rely more heavily on the active loading of ankle 

muscles to control their standing posture than young individuals.  Most importantly, 

current results suggest different conclusions on the active control of standing 

posture may be drawn depending on the skin location from where EMGs are 

collected, in particular for the medial gastrocnemius. 

4.2 Introduction 

Different mechanisms have been suggested to account for the control of human, 

standing posture.  Of recent interest is the notion that bodily sways are arrested by 

timely, triggered bursts of calf muscles’ activity 26–28.  The physiological 

mechanism underpinning timed activation in standing is controversial; some 

suggest there is an internal clock triggering calf muscles’ activation 112 while others 

believe activation is event-triggered 29.  In spite of the potential sources accounting 

for such intermittent, postural activation, alternating periods of muscle activation 

with silencing seems advantageous.  Periodically silencing postural muscles during 

standing may: (i) allow the nervous system to sense joint angles without 

interference from muscle contraction 36; (ii) compensate for intrinsic, feedback 

delays 31; (iii) reduce metabolic costs 29; (iv) not increase postural instability 31.  In 

this view, the assessment of muscle activation may therefore reveal pivotal features 

of the control of standing posture, especially e.g., in persons with balance 

impairments.  

Surface EMGs revealed, indeed, key differences in the activation of postural 

muscles with aging.  From bipolar surface EMGs collected from the plantar flexor 

muscles, for example, previous studies reported that elderlies tend to stand with a 

more continuous and higher degree of activation than young individuals 12–14.  

Moreover, while tibialis anterior is typically silent in young subjects during 
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standing 33,34, in aged individuals it is often recruited 14.  From the point of view of 

muscle activation, it seems therefore standing becomes progressively more 

demanding with aging.  A crucial question arising from previous studies is whether 

the greater, prolonged activation observed locally (i.e., with bipolar EMGs) in 

plantar and dorsal flexors of aged subjects reflects the activation of the muscle as a 

whole.  

The spatial distribution of surface EMGs over the whole muscle rather than the 

local sampling of surface EMGs with bipolar electrodes seems to more likely 

provide a genuine indication on the duration and degree of muscle activity.  EMGs 

with different amplitudes have indeed been observed when sampled from different 

regions of a single muscle 113,114, suggesting activity does not distribute uniformly 

within the muscle volume.  This uneven distribution of activity has been often 

observed for the calf muscles and for a number of circumstances, including standing 
20,23,115.  Methodologically, these results suggest the local sampling of surface 

EMGs may not provide a representative view of the degree and duration of calf 

muscles’ activation.  Physiologically, the differential distribution of activity within 

the calf muscles may indicate a key mechanism contributing to the control of 

muscle force and thus of the standing posture.  It is therefore possible that 

differences in the activation of postural muscles with aging are more expressive 

than previously appreciated.  

This study questions, for the first time, whether the distribution of muscle activity 

differs between aged and young subjects during standing.  Differently from previous 

studies, here we use arrays of surface electrodes to sample EMGs from different 

regions of individual, ankle muscles.  More specifically, from surface EMGs 

collected serially from ankle plantar and dorsal flexors we ask: do young and aged 

subjects activate an equal proportion of their muscles for a similar duration during 

standing?  If aging is associated with greater muscular effort for standing control 
12,13, we therefore expect to observe EMGs with greater amplitude for a longer 

duration and in a larger muscle region in aged than young individuals. 

4.3 Material and Methods 

4.3.1 Participants 

Thirteen young male volunteers provided written informed consent before 

participating in the study (mean ± SD; age: 26 ± 3 years; body mass: 72.4 ± 10.1kg; 

height: 1.75 ± 0.06m) and 11 aged (70 ± 6years; 72.9 ± 12.5kg; 1.72 ± 0.08m).  All 

participants were classified as minimally active according to the international 
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physical activity questionnaire (IPAQ); short self-administered version 116.  All 

community-dwelling older adults lived independently.  We decided to include 

participants without a sedentary lifestyle because physical inactivity may further 

broaden the between subjects variability often reported for stabilometric descriptors 
117.  The experimental procedures considered in this study conformed to the 

Declaration of Helsinki and were approved by the Regional Ethics Committee 

(Commissione di Vigilanza, Servizio Sanitario Nazionale—Regione Piemonte— 

ASL 1—Torino, Italy).  Volunteers did not report any balance impairments, 

neurological disorders, muscular injuries, or the intake of medications that could 

affect their standing balance at the occasion of experiments. 

4.3.2 Experimental protocol 

Participants were instructed to stand upright barefoot on a force-plate, with eyes 

open and arms alongside the body.  They positioned their feet at a comfortable 

orientation and distance, while keeping heels and toes at the same position along 

the force plate anterior-posterior axis (Figure 9A).  Prior to starting experiments, 

the contour of both feet was marked on the force plate to ensure participants would 

keep the same feet position throughout the standing tests.  

Two standing tasks were applied.  In the first task, participants were provided with 

visual feedback of their CoP position in the anterior-posterior axis and were 

instructed to keep it at 65% of the longitudinal size of their support base for 60s 

(Figure 9B). The size of the support base in the anterior-posterior axis was defined 

as the distance between the tip of the third metatarsal head and the tip of the 

calcaneus bone projected in the anterior-posterior direction (Figure 9A).  The 65% 

figure corresponds roughly to 80% of the distance between the heels and the anterior 

limit of stability of healthy, young subjects 118; this figure was selected to ensure a 

somewhat high degree of calf muscles active loading while not threatening stability, 

in particular for the aged individuals.  All elderly subjects tested could stand with 

their CoP at the target value without losing balance.  This postural task was 

considered for the normalization of EMGs, as described below.  In the second task, 

volunteers were asked to stand at ease for 60s.  Subjects were engaged in active 

conversation to ensure they would take their mind off the test and thus avoid any 

voluntary change in muscle activity 102.  The trial started over in the case gross body 

movements were noticed by the experimenter.  The standing at ease task was 

applied three times, in accordance with previous evidence on excellent reliability 

of stabilometric descriptors 119.  Similarly, good-to excellent reliability has been 
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recently reported for EMGs detected from the calf muscles in aged individuals 

during standing 120.  Five minute intervals were applied between trials and their 

order was randomized. 

 

 

 

Figure 9: Standing protocol and feet and electrode positioning. (A) Schematic 

illustration showing the procedure considered to measure feet length. The midpoint 

between the tip of left and right calcaneus bones was considered as the origin of the 

reference system for center of pressure (CoP) and foot length measurements. The target 

value, corresponding to 65% of the foot length projected on the anterior-posterior axis (AP 

axis), was calculated and then considered for the normalization task shown in (B). In such 

task, participants were asked to keep their CoP position in the AP axis (black line) within 

10% (±5%) of the target value (thick, gray line). (C) The positioning of electrode arrays is 

shown for the tibialis anterior muscle (left), for the medial and lateral gastrocnemius heads 

and for the soleus medial and lateral portions (right). 

 

4.3.3 Electrodes’ positioning 

Linear arrays of surface electrodes were used to sample the distribution of ankle 

muscles’ activity.  Arrays were positioned over the plantar and dorsal flexors of 

both legs.  Two arrays of 16 electrodes (10mm inter-electrode distance) were used 
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to detect surface EMGs from the medial and lateral gastrocnemius muscles.  The 

most proximal electrode was located 2cm distally to the popliteal fossa and arrays 

were aligned parallel to the longitudinal axis of each gastrocnemius’ head (Figure 

9C).  Such positioning maximizes the representation of action potentials from 

muscle units residing in different, proximo-distal gastrocnemius’ regions 17.  EMGs 

were sampled with one array of 16 electrodes (10mm inter-electrode distance) from 

the tibialis anterior muscle, aligned 1cm laterally and parallel to the tibial crest and 

with the most proximal electrode located 2cm distally to the fibula’s head (Figure 

9C). Given the in-depth pennate architecture of tibialis anterior, as for 

gastrocnemius, such positioning is expected to provide EMGs representative of 

different, proximo-distal fibers.  Two arrays with four electrodes each (10mm inter-

electrode distance) were used to sample EMGs from the soleus medial and lateral 

portions.  For each soleus portion, arrays were aligned ∼45 degree outward to the 

line connecting the junction between gastrocnemius’ heads and the calcaneus tip. 

The lower border of both the medial and lateral arrays was positioned 3cm distally 

to the medial gastrocnemius myotendinous junction (Figure 9C; 23).  Gastrocnemii 

junction and their myotendinous junction were identified with ultrasound imaging 

(cf. Supplementary Material in 101). Arrays were positioned after cleaning the skin 

with abrasive paste. 

4.3.4 Electromyographic and stabilometric recording 

EMGs were recorded in single-differential derivation.  All 51 single-differential 

EMGs were amplified by a between-individuals variable factor—5,000 or 10,000—

to ensure the highest signal-to-noise ratio without saturation (10–750 Hz bandwidth 

amplifier; EMG-USB, OTBioelettronica and LISiN, Politecnico di Torino, Turin, 

Italy).  CoP coordinates in the sagittal and frontal planes were computed from the 

ground reaction forces supplied by a piezoelectric force-plate (9286AA Kistler, 

Zurich, Switzerland).  Reaction forces and surface EMGs were sampled 

synchronously at 2,048Hz using a 12-bit A/D converter (±2.5 V input dynamic 

range). 

4.3.5 Quantifying muscle activity during standing  

Raw surface EMGs were visually inspected.  Whenever any channel in the array 

presented contact problems, likely due to high skin-electrode impedance, or 

massive power line interference, the corresponding channel was disregarded. 

Occurrences of low quality EMGs were infrequent (17 out of 1,224 EMGs detected 
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in total) and were observed mainly in one channel per array.  After controlling for 

signal quality, EMGs from tibialis anterior and gastrocnemius muscles were 

inspected for the identification of propagating potentials.  Propagating potentials 

may be observed in the distal muscle region, where surface electrodes and muscle 

fibers may run in parallel direction.  In such case, different electrodes sample from 

the same group of fibers rather than from different, proximo-distal fibers (cf. Figure 

1 in 20).  Channels providing propagating potentials were therefore excluded from 

analysis; from 0 to 8 channels per array were excluded for the 24 participants tested. 

After visual inspection, EMGs were band-pass filtered with a fourth order 

Butterworth filter (15–350Hz cutoff; zero lag, bidirectional filter).  Then, the Root 

Mean Square (RMS) was computed over 40ms epochs 14, providing a total of 1,500 

RMS values per channel.  From these RMS values, three indices were considered 

to assess for how long, how diffusely and how much elderly and young activated 

their ankle muscles during standing.  

Instants of activation were estimated by comparing the RMS values obtained during 

standing with the background activity.  The background activity was defined from 

the RMS amplitude of EMGs collected with the ankle muscles at rest 14. More 

specifically, for each channel in each array of electrodes we:  (i) computed the RMS 

values over 40ms epochs for EMGs detected during 3s while participants were in 

supine position, providing a total of 75 RMS values;  (ii) calculated the mean and 

the standard deviation for these RMS values;  (iii) set the threshold defining the 

background noise level as the mean value plus three standard deviations;  (iv) 

assigned Active or Inactive state to RMS samples respectively exceeding or not 

exceeding the background threshold.  This procedure provided a series of Active-

Inactive state values per channel.  Given the EMGs detected by consecutive 

electrodes in the array sample from different fibers along the muscle proximo-distal 

axis, concurrent Active-Inactive events were often not observed between channels 

(Figure 10A).  For this reason, to provide a global indication on the duration of 

muscle activity during standing, the muscle was deemed active whenever an Active 

state was observed across channels (cf. shaded areas in Figures 10A, B).  The global 

series of Active-Inactive states indicates how long the ankle muscles were active 

throughout standing, regardless of where activity was observed in the muscle. 

Based on the instants of activation, the spatial distribution and the intensity of 

muscle activity were computed.  First, the number of channels detecting surface 

EMGs with RMS amplitude greater than 70% of the highest RMS amplitude in the 

array was identified.  The 70% amplitude threshold was selected because it has been 

shown to provide a robust identification of channels located over active fibers 
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within muscles pennate in the depth direction 121.  The number of segmented 

channels multiplied by the inter-electrode distance was then normalized with 

respect to the muscle length (see below).  Second, the degree of muscle activity was 

estimated by averaging the RMS values across all segmented channels for each 

muscle tested.  This average RMS amplitude was then normalized with respect to 

the RMS amplitude averaged across channels identified during the normalization, 

standing task (Figure 9B), to compensate for the effect of anatomical differences 

between participants on the surface EMGs 122.  It should be noted here the  

 

 
 

Figure 10: Computation of instants of muscle activation. (A) Shows examples of 

single-differential EMGs detected by channels 1, 7, and 10 from the medial gastrocnemius 

muscle of a single participant. Note action potentials do not appear with equally high 

amplitude in the three channels. The muscle was considered active whenever for any given 

instants the RMS amplitude exceeded the background activity in at least one channel. Light 

gray rectangles in the grid denote periods within which the RMS amplitude of EMGs in 

each channel exceeded the background activity computed with the muscle at rest (see text). 

The resulting series of instants of muscle activity for this representative example is 

illustrated with a succession of white (Inactive state; muscle at rest) and gray (Active state; 

muscle active) rectangles (B). 
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normalization of EMGs collected in a given condition with respect to that collected 

in a reference condition compensates for the effect of inter-individual differences 

on their amplitude though not on the spatial distribution of their amplitude.  Finally, 

the size of the active region in the proximo-distal direction and the degree of activity 

were considered for analysis whenever any given muscle was active for at least 10% 

of the total, standing duration.  Following previous evidence, occurrences of such 

sporadic activity was regarded as of marginal relevance for the control of standing 

posture 26.  Given we observed medial gastrocnemius was active for different 

durations (∼20%) between legs in both aged and young subjects, the 

electromyographic indices and architectural muscle parameters (see below) 

computed from the subject’s leg active for longer durations (left side for 10 young 

and 8 elderly subjects) were used for comparisons between groups. 

4.3.6 Measurements of ankle muscles’ length and subcutaneous 

thickness 

Parasagittal images from tibialis anterior and gastrocnemii 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 in prone position.  

The participants’ feet were positioned out of the padded bad.  Initially, the 

myotendinous junction was identified and marked on the skin.  The length of tibialis 

anterior was then quantified as the distance between its myotendinous junction and 

the head of the fibula, whereas the length of each gastrocnemius head was defined 

as the shortest distance between the myoetendinous junction and the popliteal fossa. 

Subcutaneous thickness and pennation angle were further quantified to assist in the 

interpretation of potential proximo-distal differences in the distribution of activity 

with aging.  Subcutaneous thickness was computed as the distance between the 

skin/fat layer over the muscle and its superficial aponeurosis from parasagittal 

images obtained with the probe centered halfway the muscle length.  Thickness 

measurements were taken from the central region of the proximal, central and distal 

thirds of the ultrasound images and then averaged, providing a representative 

indication on the general subcutaneous thickness per subject 123.  Finally, the 

pennation angle was estimated as the angle between a clearly visible fascicle in the 

image and the muscle deep aponeurosis 124.  Thickness and pennation angle values 

were obtained with the muscle at rest. 
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4.3.7 Quantifying the CoP sway area 

The CoP sway area was considered to assess how largely young and elderly 

individuals swayed during the whole standing tests.  The overall size of postural 

sways was estimated from the elliptic area conveying almost 85% of the total CoP 

samples during standing 125.  The CoP elliptic area, as well as the EMG descriptors, 

were averaged across the three standing trials and considered for between-group 

comparisons.  CoP data was 50Hz low-pass filtered with a second order Butterworth 

filter to remove high-frequency noise.  

4.3.8 Statistical analysis 

Non-parametric statistics were applied to compare the distribution of ankle 

muscles’ activity between young and aged individuals, after ensuring the data 

distribution was not Gaussian (Shapiro-Wilk’s W-test, P < 0.03 in all cases).  The 

Mann-Whitney U-test was used to verify whether, during standing and for each 

muscle independently, the duration of the active period, the degree of activity, the 

relative size of the active region and the CoP elliptic area were different between 

groups.  The same statistics was applied to assess regional differences in activity 

within soleus, by comparing the normalized RMS amplitude obtained for the 

muscle medial and lateral aspects.  The level of statistical significance was set at 

5% and data were reported using non-parametric, descriptive statistics. 

 

4.4 Results 

Representative examples of variations in ankle muscles’ activity during 

standing 

Different ankle muscles were activated differently when young and aged individuals 

stood at ease.  Descriptive considerations on these differences are summarized in 

this section based on the data shown in Figure 11 for one young and one aged, 

representative participant.  Lateral gastrocnemius was active for 6 and 17% of the 

whole standing trial for the young and aged subjects respectively.  For the tibialis 

anterior muscle, the amplitude of EMGs remained below the background activity 

for the young subject during the whole standing duration while, for the elderly, 

bursts of activity were observed and provided an active duration of 36%. 

Conversely, EMGs with remarkably high amplitude in the soleus medial and lateral 

portions were observed consistently for both subjects (cf. shaded areas in Figure 

11). 
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The medial gastrocnemius showed a somewhat different pattern of activity when 

compared with the other ankle muscles.  Differently from lateral gastrocnemius, 

soleus and tibialis anterior, medial gastrocnemius was not completely silenced, was 

not activated almost continuously and did not show sporadic bursts of activity.  For 

both participants whose data is shown in Figure 11, alternate periods of medial 

gastrocnemius activation and silencing were observed consistently during standing 

(Figure 12A).  When considering the distribution of activity within medial 

gastrocnemius, EMGs with relatively high amplitude were detected by six channels 

in the young and by nine channels in the aged subject (cf. gray circles in Figure 

12B). 

 

 
 

Figure 11: Modulations in ankle muscles’ activity during standing. Single-differential 

EMGs collected for a representative channel from the tibialis anterior, the soleus medial 

and lateral portions and from the lateral gastrocnemius of a representative young and 

elderly participant are shown for 10s of standing at ease. Light gray areas in the bars 

indicate periods within which the RMS amplitude exceeded the background activity (i.e., 

Active state). 

 

Ankle muscles’ activation in elderly and young individuals during standing 

When considering group data, differences in the duration of ankle muscles’ activity 

were observed between elderly and young subjects.  The Mann-Whitney U-test 

revealed the medial gastrocnemius was activated for longer periods in aged 
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(median, interquartile interval; 81.2, 74.1–98.2%) than young (58.8, 44.9–81.9%) 

individuals (Figure 13A; P = 0.02; N = 24; 13 young × 11 aged subjects).  Similarly, 

notwithstanding the marked variability in the duration of active periods for the 

elderly, aged participants activated their tibialis anterior muscle during standing for 

a significantly longer duration than young subjects (P = 0.01; N = 24); tibialis 

anterior was rarely active in young (1.3, 0.7–4.4%) though not in the elderly (29.1, 

2.6–82.5%).  No group differences were observed in the duration of lateral 

gastrocnemius (P = 0.07) and soleus medial (P = 0.90) and lateral (P = 0.26) 

portions. 

 

 
Figure 12: Duration and distribution of medial gastrocnemius activity during standing. 

Raw EMGs detected by channels located over the gastrocnemius superficial aponeurosis, 

from channel 1 to 10, are shown in (A) for a young and elderly representative participant. 

Light gray areas indicate periods within which the RMS amplitude exceeded the 

background activity. (B) Shows an expanded view of all EMGs. Note different action 

potentials appear in different channels for each subject. Note also there is no delay between 

potentials detected by consecutive channels (e.g., channels 1–6 for the aged participant). 

The distribution of RMS amplitude across channels is represented from circles, with gray 

circles indicating the segmented channels; that is, channels detecting largest EMGs in the 

array (see text). 
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The degree and the distribution of activity within ankle plantar flexors varied 

differently between groups.  The RMS amplitude of EMGs collected from the 

medial gastrocnemius and from the medial and lateral soleus portions did not differ 

between elderly and young (Figure 13B; P > 0.40 in all cases; N = 24).  No 

differences were observed between the RMS amplitude for EMGs collected 

medially and laterally from soleus muscle, both for young and elderly (P > 0.70 in 

both cases).  In contrast, for medial gastrocnemius, EMGs with relatively higher 

amplitude were detected over a significantly wider proximo-distal region in aged 

(32.5, 29.4–45.6%) than young (29.8, 20.1–31.3%) subjects (Figure 13C; P = 0.04; 

N = 24).  Given the lateral gastrocnemius and tibialis anterior of young individuals 

were active for a somewhat short period during the whole standing tests (less than 

10% on average; Figure 13A), these muscles were disregarded from further 

consideration. 

Medial gastrocnemius’ subcutaneous thickness and pennation angle 

No differences in subcutaneous thickness were observed between groups (P = 0.58). 

Thickness values ranged from 1.6 to 2.7mm for young and from 1.6 to 3.5 for aged 

participants.  Similarly, the pennation angle did not differ significantly (P = 0.37) 

between young (range: 19.6–24.0 degrees) and aged subjects (17.2–25.0 degrees). 

Differences in CoP sway area with age 

While aged participants stood at ease, their CoP occupied an area roughly twice 

(median, interquartile interval; 4.4, 3.8–9.6cm2) as large as that (2.3, 1.6–4.5 cm2) 

confining the CoP of young participants (P = 0.052). 
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Figure 13: Age-related differences in the ankle muscles’ activity during standing. 

Boxplots in (A) show the relative period within which, during standing, young (white 

boxes) and elderly (gray boxes) individuals activated their ankle muscles. Group data in 

(B) corresponds to the normalized, RMS amplitude obtained for both groups from the 

medial gastrocnemius and from the medial and lateral soleus portions. The proximo-distal 

size of medial gastrocnemius region over which largest EMGs were detected in both groups 

is shown in (C). Asterisks indicate significant differences between groups (P < 0.05). 

 

4.5 Discussion 

In this study we used arrays of electrodes to investigate whether the temporal and 

spatial distributions of ankle muscles’ activity differ between elderly and young 

individuals during standing.  We hypothesized that elderlies would present greater 

EMGs, distributed over a larger muscle region and for a longer duration than young 

individuals.  Surface EMGs from different regions of the ankle muscles were 
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collected while subjects stood at ease to test this hypothesis.  Our key results 

indicate that during standing:  (i) tibialis anterior and medial gastrocnemius muscles 

were active for a longer duration in aged than young subjects; (ii) a greater 

proportion of medial gastrocnemius volume was active in elderlies.  Collectively, 

these results indicate elderlies rely more heavily on the active loading of ankle 

muscles to control their standing posture than young individuals. 

Preliminary, methodological considerations on surface EMG detection 

Differently from previous studies, here we sampled surface EMGs with arrays of 

electrodes (Figure 9C).  Our decision to sample activity from multiple locations of 

individual ankle muscles was motivated by recent evidence suggesting different 

muscle regions may be activated differently  113,114, in particular for pennate muscles 
17,20,22,115; EMGs sampled locally (i.e., with a single pair of shortly spaced 

electrodes) may not provide a representative view of muscle activation.  Indeed, as 

shown in Figure 10, EMGs in different locations may provide different estimations 

for the duration of gastrocnemius activity.  Considering EMGs were represented 

with different amplitude in different muscle regions (Figures 10, 12), the duration 

of muscle activity would have been likely underestimated if we had not considered 

EMGs detected at different skin regions (cf. shaded areas for individual and all 

channels in Figure 10).  Similarly, biased estimations on the degree of each calf 

muscles’ activity would have been obtained if we had considered the RMS 

amplitude of EMGs detected locally.  Depending on where EMGs were detected 

from, in particular for young individuals (Figure 12), their corresponding RMS 

values would provide either under- (white circles in Figure 12B) or over (gray 

circles in Figure 12B) estimates of the degree of activity in the whole muscle. 

Through arrays of surface electrodes, we were able to obtain estimates of the 

duration and degree of activity presumably more representative of individual ankle 

muscles’ volumes than previously appreciated.  As discussed below, new insights 

have been gained into age-related differences in postural activation from such a 

high-density, surface EMG approach. 

Are the ankle muscles activated for a similar duration in aged and young 

subjects? 

The differences between aged and young individuals reported here were muscle 

dependent.  When considering the duration of activity for lateral gastrocnemius and 

soleus muscles, statistic differences were not observed between groups.  Both 

groups recruited lateral gastrocnemius for less than ∼20% of the total, standing 
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duration (Figures 11, 13A).  The soleus muscle, on the other hand, was activated 

for periods roughly longer than 80% of standing.  These results corroborate 

previous findings on the duration of calf muscles’ activity, extensively reported for 

young subjects.  Indeed, while the absence of activity in lateral gastrocnemius has 

been observed in some subjects 26,34, it seems well-documented that soleus is 

recruited at almost all time during standing 14,26.  Even though the temporal 

activation of postural muscles is not as commonly assessed for elderlies as it is for 

young individuals, Laughton et al. 14 observed age similarities for the duration of 

soleus activity during standing.  Extending the observation of Laughton et al. 14, our 

current results suggest the duration of activity of the lateral gastrocnemius and 

soleus regions accessed by our surface electrodes is unlikely sensitive to aging.  

Age differences emerged however in the duration of medial gastrocnemius and 

tibialis anterior activity during standing.  Aged individuals activated their medial 

gastrocnemius muscle for a period ∼20% longer, on average, than their young 

counterparts (Figure 13A).  Similarly, tibialis anterior was active for a longer 

(∼30%) period in aged than in young subjects (Figure 13A).  The median duration 

of tibialis anterior activity observed here, both for young (∼2%) and elderlies 

(∼30%), is well in agreement with the duration of activity periods reported by 

Laughton et al. 14 for this muscle.  From a first inspection of results presented in 

Figure 13A, we feel inclined to consider the co-activation mechanism as 

responsible for the age differences in the timing of plantar and dorsal flexors’ 

activation during standing.  More specifically, while young subjects predominantly 

activated their plantar flexors, elderlies activated both plantar and dorsal flexor 

muscles during standing (Figures 11, 12A, 13A).  In spite of controversies on 

whether co-activation may be detrimental or may compensate for poor control of 

posture, co-activation is often associated with increased postural sways 12,13,126. 

Corroborating this common view, in the elderlies, we observed the CoP was 

confined within an elliptic area almost twice as large as that confining the CoP of 

young subjects.  Regardless of the mechanisms underpinning age-differences in 

posture control, current results here suggest elderlies activate their ankle muscles 

for longer durations during standing than young subjects. 

Do elderly and young recruit their calf muscles to a similar extent during 

standing?  

Two notes on our estimates of the degree of activity are necessary before 

interpreting results.  Young subjects activated tibialis anterior and lateral 
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gastrocnemius somewhat rarely (Figures 11, 13A).  We therefore disregarded both 

muscles from age comparisons.  A second observation concerns how we conceived 

muscle activity.  While the amplitude of EMGs is traditionally considered to assess 

the degree of muscle activity, here we considered both the amplitude and the size 

of skin region where EMGs with relatively high amplitude were sampled (Figures 

10, 12).  As argued below, the extent to which elderly and young activate their calf 

muscles depends both on the amplitude and on the amplitude distribution of surface 

EMGs.  

The proximo-distal distribution of the amplitude of medial gastrocnemius EMGs 

distinguished aged from young individuals during standing.  While young subjects 

presented EMGs with relatively high amplitude in the gastrocnemius distal region, 

corroborating previous findings 20, EMGs with similarly high amplitude were 

sampled from a larger, proximo-distal muscle region in aged individuals (c.f. gray 

circles in Figures 12B, 13C).  Different sources could have accounted for a 

somewhat extensive distribution of EMG amplitude in the elderlies.  A first issue 

to consider is the potential difference in muscle architecture between groups.  Both 

subcutaneous thickness and pennation angle have shown to affect dramatically the 

amplitude distribution of surface EMGs; thicker subcutaneous tissue and smaller 

pennation angle result both in more spatially diffused surface EMGs 122,127.  Current 

results however did not indicate significant, age differences in gastrocnemius 

architecture.  The lack of anatomical differences between groups leads us to 

consider the possibility that elderlies activated a larger gastrocnemius volume than 

young subjects during standing.  In spite of recent controversies 128,129, it seems 

well-accepted that, for the gastrocnemius muscle, EMGs sampled in different 

proximo-distal regions reflect the activity of different muscle fibers 17.  The 

amplitude of EMGs detected distally and proximally, for example, is associated 

with the number of active fibers in the muscle distal and proximal regions 

respectively 127.  Given the mean amplitude of EMGs sampled from medial 

gastrocnemius was similar between groups (Figure 13B), the wider skin region 

from where EMGs with high amplitude were detected (Figure 13C) suggests a 

relatively greater proportion of muscle fibers may have been recruited in the 

elderlies. 

Age differences in the distribution of activity for soleus were not as clear as for 

gastrocnemius.  Since soleus is largely covered by the gastrocnemius muscles, 

spatial differences in soleus activation were assessed by comparing the amplitude 

of EMGs detected laterally and medially (Figure 9C).  Our decision to assess both 

regions was based on previous evidence showing medio-lateral differences in soleus 
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activation 22,23.  Given we were here interested in assessing the degree of muscle 

activity during standing, sampling EMGs unilaterally could provide a biased view 

on the actual degree of soleus, postural activity.  Indeed, even though results in 

Figure 13B indicate EMGs with equal amplitude were detected medio-laterally for 

both age groups, stating young and aged subjects activate a similar proportion of 

their soleus muscle in standing is potentially fairly speculative.  Considerations on 

the relevance of spatial differences in soleus activation with age are therefore 

conditioned to the possibility of sampling EMGs from a greater soleus region (with 

e.g., intramuscular electrodes) in future investigations. 

Future perspectives and limitations 

Spatial differences in the amplitude of EMGs collected from elderlies and young 

during standing have methodological and physiological implications.  A first crucial 

point to consider is the localized representation of surface EMG during standing. 

Here we show that, depending on where a single bipolar EMG is collected from the 

gastrocnemius muscle, different conclusions maybe drawn on age differences 

during standing.  The local sampling of muscle activity provided by bipolar surface 

EMGs may indeed contribute to explaining current disparities observed in the 

literature.  While some studies did not report age differences in the degree of plantar 

flexors’ activity during standing at ease 14,130, others have however documented a 

significantly higher degree of plantar flexor activation with aging 12,13.  Anticipating 

the differences between studies were due to inappropriate EMG sampling is a 

statement we strongly discourage.  On the other hand, though, our current results 

suggest that different interpretations may emerge from EMGs detected locally 

during standing.  Of more physiological, applied interest, is the suggestion that 

elderlies tend to stand with a greater degree of muscle effort than young subjects 

(Figures 13A, C).  According to recent evidence, standing with minimal muscular 

effort while affording some degree of bodily sways may be advantageous; it may 

reduce the metabolic cost of standing 29, eliminate motor noise 36 and compensate 

for delays in the feedback loop 31.  While acknowledging the value of different 

protocols so far devised for the balance training 60,131, here we suggest that learning 

to efficiently activate dorsal and plantar flexors during standing could be beneficial 

for the control of standing posture in aged individuals.  

Some additional considerations on the results presented here are necessary.  Both 

young and aged subjects showed a somewhat large variability in the duration of 

ankle muscles activity (Figure 13A).  A first possible explanation to such inter-
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individual variability is the difference in ankle stiffness between subjects 6. 

Additionally, the inter-individual variability in muscle activation during standing, 

in particular the duration of tibialis anterior activation in the elderly, may be due to 

different neural sources.  With aging, an assortment of impairments arising at the 

peripheral and central levels of the nervous system may develop, each impacting 

detrimentally and differently on the control of the standing posture 132.  By testing 

subjects without a sedentary lifestyle we expect to have limited the repertoire of 

posture-related impairments affecting present results.  A final consideration regards 

whether crosstalk could have affected our results.  We believe this possibility is 

unlikely.  First because action potentials were represented locally in the surface 

EMGs.  For example, the fact that action potentials detected from a given 

gastrocnemius region did not appear in neighbor channels (cf. Figure 10 and 

expanded view of EMGs in Figure 12) suggest any crosstalk from muscles other 

than gastrocnemius was relatively marginal.  Moreover, the duration of activity of 

both muscles would be the same if crosstalk from soleus had contributed 

substantially to EMGs collected from gastrocnemius.  In spite of these 

considerations, our results show the duration and the region of muscle activity, as 

quantified from surface EMGs, discriminate well-aged from young individuals 

during standing. 
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Chapter 5 

Does the plantar flexors activity 

differ between lower limbs during 

standing? 

5.1 Abstract 

Inferences on the active contribution of plantar flexors to the stabilisation of human 

standing posture have been drawn from surface electromyograms (EMGs).  Surface 

EMGs were however often detected unilaterally, presuming the myoelectric activity 

from muscles in a single leg reflects the pattern of muscle activation in both legs.  

In this study we question whether surface EMGs detected from plantar flexor 

muscles in both legs provide equal estimates of the duration of activity.  Arrays of 

surface electrodes were used to collect EMGs from gastrocnemius and soleus 

muscles while twelve, young male participants stood at ease for 60 s.  Muscles in 

each leg were deemed active whenever the Root Mean Square amplitude of EMGs 

(40ms epochs) detected by any channel in the arrays exceeded the noise level, 

defined from EMGs detected during rest.  The Chi-Square statistics revealed 

significant differences in the relative number of active periods for both muscles in 

the majority of participants tested, ranging from 2% to 65% (χ2>17.90; P<0.01).  

Pearson correlation analysis indicated side differences in the duration of 

gastrocnemius though not soleus activity were associated with the centre of pressure 
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mean, lateral position (R=0.60; P=0.035).  These results suggest therefore that 

surface EMGs may provide different estimates of the timing of plantar flexors’ 

activity if collected unilaterally during standing and that asymmetric activation may 

be not necessarily associated with weight distribution between limbs.  Depending 

on the body side from which EMGs are collected, the active contribution of plantar 

flexors to standing stabilization may be either under- or over-valued. 

5.2 Introduction 

Insights into the neuromuscular mechanisms underpinning the control of human 

standing posture have been gained from surface EMGs.  It seems well established, 

for example, that medial gastrocnemius is activated intermittently and soleus is 

activated continuously during standing 26,33 .  An apparently, equally well accepted 

notion in the literature is the neural stiffening of the ankle joint in unstable 

circumstances, as suggested by the increased degree of co-activation of plantar and 

dorsal flexors 133,134.  Moreover, different mechanisms for standing control have 

been implicated from calf muscles’ surface EMGs 2,28,135,136.  While all these pieces 

of evidence substantiate the potential relevance of surface electromyography, 

inferences on the neuromuscular determinants of posture control have been often 

drawn from EMGs collected from calf muscles in either left or right leg. 

Side differences in calf muscles’ activation have been however observed from 

surface EMGs detected in different standing conditions.  Uneven distribution of 

body weight, muscle fatigue, disturbances in proprioceptive or vestibular inputs and 

proximity of the center of gravity vertical projection to the ankle joint are some 

factors possibly associated with asymmetric activation of ankle plantar flexors 137–

140.  While asymmetric activation of plantar flexors may be well expected during 

prolonged standing, when e.g. occurrences of shifts in body weight between limbs 

are frequent 141, the differential activation of plantar flexors between legs seems 

controversial during quiet standing.  For example, although Masani et al. 34 reported 

the left and right plantar flexors are activated equally during standing others 

detected plantar flexors’ EMGs with different amplitudes between legs 139,142.  On 

top of these disparities, recent evidence has shown surface EMGs sampled locally 

from gastrocnemius unlikely represent the whole muscle volume 17,20.  It seems 

therefore relevant to ask whether inferences on the activation of plantar flexors may 

be drawn from EMGs collected unilaterally while subjects stand at ease. 

In this study we investigate whether left and right plantar flexors are elicited for 

equal durations during standing.  Instances of muscle activation are estimated from 
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surface EMGs sampled with arrays of electrodes from different regions of the 

gastrocnemius and soleus muscles, ensuring action potentials represented in 

different muscle regions would contribute to estimating periods of muscle activity 
143.  If plantar flexors of both legs are activated equally during standing, we expect 

to observe EMGs with relatively high amplitude for similar durations between 

limbs.  To our knowledge this is the first study to systematically evaluate the 

bilateral representation of plantar flexors’ myoelectric activity during standing. 

5.3 Methods 

5.3.1 Participants 

Twelve young male volunteers (range: 24-34 years; 60-90 kg; 1.70-1.87 m) 

participated in this study after providing written, informed consent.  Experimental 

procedures conformed to the Declaration of Helsinki and were approved by the 

Local Ethics Committee (Commissione di Vigilanza, Servizio Sanitario 

Nazionale—Regione Piemonte—ASL1—Torino, Italy). 

5.3.2 Experimental protocol 

Two different tasks were applied.  In the first task, subjects were instructed to relax 

their muscles completely while lying supine on a padded bed.  Surface EMGs 

collected at this condition were considered to set the background, noise level as 

indicated below.  In the second task subjects stood on a force plate for 60 s, with 

eyes open, arms alongside the body and feet in a comfortable position.  Their heels 

and toes were aligned parallel to the force plate lateral axis (Figure 14).  The feet 

contour was marked on the force plate to ensure participants would keep the same 

stance throughout experiments.  Subjects were engaged in active conversation to 

suppress any voluntary control of calf muscles’ activity during standing 102.  The 

second task was applied three times, with 2 min intervals in-between. 

5.3.3 Signal recordings 

Single-differential EMGs were collected from the soleus and medial gastrocnemius 

muscles of both legs with linear arrays of silver-bar, surface electrodes (1x10mm; 

10mm inter-electrode distance).  Arrays of 16 electrodes were positioned over 

medial gastrocnemius muscles, aligned parallel to the muscle longitudinal axis and 

with the most proximal electrode located 2 cm distally to the popliteal fossa (Figure 
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14A).  Two shorter arrays with four electrodes each were used to sample EMGs 

from soleus; arrays were oriented ~45° outward to the line connecting the junction 

between the gastrocnemii and the calcaneus and the distal electrode was located 3 

cm distally to the medial gastrocnemius myotendinous junction (Figure 14A).  

Ultrasound imaging (linear probe; 10 MHz; Echoblaster 128, Telemed Ltd., 

Vilnius, Lithuania) was used to identify gastrocnemii and myotendinous junctions 

(cf. supplementary material in 101).  Electrodes were positioned after cleaning the 

skin with abrasive paste. 

 

 
 

Figure 14: Electrodes and feet positioning. A, shows the positioning of electrode arrays 

for the medial gastrocnemius and soleus muscles. B, a schematic illustration of feet 

positioning is shown.  Foot length was calculated as the distance between the tip of the 

third metatarsal head and the calcaneus bone.  The distance between the centers of the 

length of each foot was considered to define the lateral distance between feet and thus the 

anterior-posterior axis.  C, an expanded view of CoP shown in B.   

 

EMGs were amplified by a variable factor across subjects (5,000-10,000) to 

maximize the signal-to-noise ratio (10-750Hz bandwidth amplifier; EMG-USB, 

OTBioelettronica and LISiN, Politecnico di Torino, Turin, Italy).  Signals were 

digitized at 2048 Hz using a 12-bit A/D converter (±2.5V dynamic range).  Ground 

reaction forces supplied by a piezoelectric force-plate (9286AA Kistler, Zurich, 

Switzerland) were sampled synchronously with EMGs. 
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5.3.4. Assessment of muscle activity 

Initially, raw EMGs were visually inspected for the identification of channels with 

contact problems or massive power line interference; 13 out of 432 channels were 

discarded.  Moreover, specifically for gastrocnemius, the most distal channels in the 

array detecting propagating potentials were excluded.  The presence of propagating 

potentials indicates the distal channels provide redundant information on muscle 

activation, given they sample from the same rather than from different 

gastrocnemius fibres (cf. Figure 1 in 20).  After visual inspection, EMGs were band-

pass filtered (15–350Hz cut-off; 4th order Butterworth bidirectional filter).  Root 

Mean Square (RMS) amplitude was then computed over 40ms epochs 14, providing 

a total of 1,500 RMS values per channel. 

The duration of muscle activity was estimated from RMS values.  First, background 

activity was defined from RMS values calculated for EMGs detected with the plantar 

flexors at rest; background level was set as the mean plus three standard deviations 

calculated over 3s of rest (40ms epochs;14).  Background level was defined 

separately for each channel in each array of electrodes.  Whenever the RMS 

amplitude of any channel in a given array exceeded the background level, the 

corresponding muscle was deemed active during standing.  This procedure provided 

a series of active instances, indicating the proportion of the standing test during 

which the activity of each muscle in each limb exceeded the background level (cf. 

Figure 2 in 143).  Finally, the median number of active periods across the three 

standing tests was considered for analysis. 

5.3.5 Calculation of CoP lateral position  

CoP position was computed from the vertical, ground reaction forces and then low-

pass filtered (5 Hz cut-off; 2nd order Butterworth filter).  CoP coordinates in the 

frontal plane were averaged across the whole standing duration and across the three 

standing tests.  This mean CoP position was then: i) referred to the anterior-posterior 

axis passing midway through the lateral distance between feet (Figure 14B), with 

negative values indicating CoP was on average closer to the left foot; ii) normalized 

with respect to the lateral distance between feet, compensating for the different, 

comfortable stances adopted by participants. 
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5.3.6 Statistical Analysis 

Contingence tables were created from the median number of active instances, 

separately for each muscle and subject.  The Chi-square (χ2) test was then applied 

to test for whether the proportion of active periods between limbs was similar 

during standing 144.  After ensuring the data distribution was Gaussian (Shapiro-

Wilk’s W test, P>0.23 in all cases), Pearson correlation was applied to verify 

whether side-differences in the duration of activity (i.e., right/left ratio of the 

number of active periods) were associated with the CoP mean position in the frontal 

plane. 

5.4 Results 

Side-differences in plantar flexors’ activity 

Activation periods obtained from surface EMGs detected from different muscle 

regions were not the same.  As shown for a representative participant (5s epoch; 

Fig. 15A), EMGs with relatively high amplitude were predominantly detected from 

the distal region of the right gastrocnemius muscle.  Close inspection of an 

expanded view of these raw EMGs further indicates that action potentials of 

different motor units were detected from different regions, resulting in the 

identification of different periods of activity across channels.  Our procedure for 

estimating the duration of muscle activity was not sensitive however to regional 

differences in EMG amplitude; regardless of where action potentials were detected 

from the muscle they were considered to estimate periods of activity (cf. grey 

rectangles in Fig. 15B right panel). 

Statistically significant side differences in the duration of activity were observed 

for at least 10 out of 12 participants tested during standing (Fig. 16).  The absolute 

right-left difference in the duration of activity ranged from 3.7% to 65.3% for the 

gastrocnemius muscle (Fig. 16A; χ2>33.35; P<0.01; N=10 subjects).  For the soleus 

muscle, this difference ranged from 2.0% to 37.2% (Fig. 3B; χ2>17.90; P<0.01; 

N=11 subjects).  Differences in the duration of activity were not observed 

consistently for the same side and muscle; two and four participants activated 

respectively more frequently the gastrocnemius and soleus muscles of the right leg 

(cf. circles and squares in Fig. 16).  Although participants five and six activated the 

left and right gastrocnemius for a similar, relative duration (~50%; Fig. 16A), these 

muscles were concurrently active during less than 30% of the standing test (cf. grey 

rectangles in Fig. 16).  Finally, for all participants, regardless of the leg considered, 
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soleus was active for either a longer (χ2>4.19 and P<0.04 for 23 legs) or similar 

(χ2=1.15 and P=0.28 for the right leg of the subject five) duration when compared 

to gastrocnemius. 

 

 

Figure 15: A, example of single-differential EMGs recorded by channels 3, 5 and 9 

from the left and the right medial gastrocnemius of a single, representative participant.  B, 

shows an expanded view (500 ms; dashed area) of the raw EMGs shown in A.  Grey 

rectangles indicate the active periods identified separately per channel and for all channels 

(grey rectangles shown below EMGs; cf. Methods).  Note different channels detected 

different action potentials and therefore provided different active periods for the right 

gastrocnemius.  Percentages denote the relative number of active periods (i.e., duration of 

muscle activity) throughout the whole (60 s) standing test. 

 

Correlation between CoP lateral position and side-differences in muscle 

activity 

Associations between side-differences in active periods and CoP lateral position 

were muscle dependent.  Subjects whose CoP was on average located closer to the 

right leg activated more frequently their right, gastrocnemius muscle (Fig. 17A; 

Pearson R=0.60; P=0.035; N=12 subjects).  For the soleus muscle, no significant 

correlation between the ratio of proportion of active periods and CoP lateral 
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position was observed (Fig. 17B; R= 

-0.10; P=0.75; N=12). 

 

 

Figure 16: Asymmetries in the duration of plantar flexors’ activity. The relative 

duration of activity of the left (circles) and right (squares) medial gastrocnemius (A) and 

soleus (B) muscles is shown for the 12 participants tested.  Vertical, grey rectangles indicate 

the relative amount of the standing duration within which muscles in both legs were active 

concurrently.  Asterisks indicate significant differences in the duration of activity between 

the legs (P<0.05). 

 

5.5 Discussion 

In this study we investigated whether the duration of medial gastrocnemius and 

soleus activity differs between legs while healthy, young subjects stood at ease.  

Representative estimations of the duration of activity were obtained by sampling 

surface EMGs from different regions within each muscle.  Statistical analysis 

revealed that subjects activated their left and right calf muscles for different 

durations during standing.  Side differences in the duration of muscle activity were 

observed for at least 10 out of the 12 participants tested, ranging from 2% to 65% 
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(Fig. 16).  Exclusively for gastrocnemius, these side differences were positively 

correlated with the mean CoP lateral position (Fig. 17).  Our results suggest 

therefore that surface EMGs may provide different estimates of the timing of 

plantar flexors’ activity if collected unilaterally during standing. 

 

 

Figure 17: Side differences in the duration of muscle activity and centre of pressure 

position. Scatter plots are shown, with the ratio (right/left) of the duration of medial 

gastrocnemius (A) and soleus (B) activity plotted in the y axis and the centre of pressure 

(CoP) position in the frontal plane plotted in the x axis.  CoP position was normalised with 

respect to the lateral distance between feet (cf. Fig. 1).  Regression (dashed) lines were 

drawn for clarity. 

 

Were plantar flexors active for similar durations between legs? 

Individual results indicate gastrocnemius and soleus muscles were active for 

different durations between legs for 10 and 11 out of 12 subjects tested, 

respectively.  We analysed subjects separately because there was no reason to group 

them according to body side.  Our hypothesis that plantar flexors in both limbs 

would be activate for different durations during standing was based on side-

differences in the amplitude of surface EMGs 139,142.  Even though subjects may 

alternate the distribution of body weight between limbs 145,146, in particular during 

prolonged standing 141, we are not aware of any evidence suggesting subjects should 

active consistently muscles in either right or left leg.  Indeed, our results suggest 

some subjects activated for longer durations their right plantar flexors whereas 
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others showed the opposite (Fig. 16).  Differences in the duration of muscle activity 

between legs were also variable between subjects, ranging from 4% to 65% for 

gastrocnemius and from 2% to 40% for soleus.  Regardless of these inter-individual 

differences in the duration of activity, asymmetries in the duration of the period 

through which gastrocnemius and soleus muscles were active were generally 

observed (Fig. 16).  Results shown in Fig. 16 seem therefore to support the notion 

that muscles in both limbs were elicited for different durations during standing. 

Side differences in the duration of activity differed between muscles.  Subjects 

showing the greatest differences in the duration of gastrocnemius and soleus 

activity between legs were different (Fig. 16).  Specifically concerning 

gastrocnemius, the duration of activity was associated with the CoP mean, lateral 

position; subjects standing closer to the right leg activated for longer duration their 

right gastrocnemius muscle and vice-versa (Fig. 17).  This observation is consistent 

with the documented contribution of gastrocnemius muscle to the production of 

ankle inversion torque 111,147.  Similar reports on a systematic contribution of soleus 

to ankle inversion-eversion moments were not found, possibly because the soleus 

line of action is directed more closely to the midline of the foot than that of 

gastrocnemius 147.  Asymmetries in the timing of activation of gastrocnemius 

though not of soleus were partly explained (36%; Fig. 17) by lateral differences in 

the CoP mean position, which may be therefore associated with the uneven loading 

of both legs 148.  Corroborating this differential muscle response, Henry and 

colleagues 110 observed the medial gastrocnemius responds to surface translations 

directed over a larger, oblique range than soleus (cf. their Fig. 3).  When drawing 

considerations on differences between muscles from current results, it should be 

noted however we were able to sample from a small, medial region of the large 

soleus muscle (Fig. 14), not concealed by gastrocnemius.  As discussed by Agur et 

al. 149, in virtue of architectural differences within soleus, surface EMGs collected 

from the muscle medial region may reflect a predominant, plantar flexion action.  

Regardless of the actual, predominant action of the soleus region sampled in this 

study, asymmetries in the duration of activity were observed (Fig. 16).  Factors 

other than CoP mean lateral position may contribute to explaining side differences 

in the duration of plantar flexors’ activity.  While the identification of these sources 

urges further investigation, current results suggest inferences on the timing of 

muscle activation during standing may not proceed from EMGs collected 

unilaterally. 
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What are the implications of asymmetric activation of plantar flexors? 

Before commenting on the implications of current findings, we would like to 

mention we assessed side differences in the timing rather than in the degree of 

muscle activity.  Two reasons motivated our decision.  First, averaging the 

amplitude of EMGs across the whole standing duration would provide a biased 

indication on the degree of muscle activity; low, average EMG amplitude may not 

necessarily indicate low degree of activation but e.g. alternated periods of rest and 

activity 14,143.  Most importantly, the timing of muscle activity, as quantified from 

surface EMGs, has provided substantial contribution to our understanding of the 

human, postural control.  It seems to discriminate well the pattern of activation of 

different muscles 33 and populations 14,95 during standing.  It has also driven the 

notion that standing stabilisation may be achieved well by alternating periods of 

muscle silencing and activation 28,33.  Asking therefore whether surface EMGs 

detected from muscles in either leg reflect muscles in both legs during standing 

seems of general relevance. 

Results presented here have direct, practical and methodological implications.  On 

one hand, our results corroborate the general view that gastrocnemius and soleus 

remain active for different durations during standing; despite the inter-individual 

difference in the stiffness of the ankle joint 6, previous studies consistently report 

that gastrocnemius and soleus are activated respectively intermittently and 

continuously during standing 26,33.  On the other hand, our results (Fig. 16) indicate 

that surface EMGs detected bilaterally do not provide equal estimates of the 

duration of plantar flexors activity.  Even the soleus muscle, which is often observed 

to be active continuously during standing 26,34, showed a variable duration of 

activity between legs for some subjects (Fig. 16B).  These results are not necessarily 

in contrast with the view that humans sway as an inverted pendulum during 

standing.  While experimental observations of CoP and centre of gravity sways have 

confirmed the inverted pendulum, standing model 4, the inverted pendulum 

assumption does not seem to justify stating ankle muscles in both legs are activated 

similarly (Fig. 16).  More specifically, according to results presented here, the 

active participation of plantar flexors to the correction of bodily sways may be 

either under- or over-valued, depending on the body side from which surface EMGs 

are detected.  Drawing inferences on the neural mechanisms governing the 

activation of plantar flexors during standing may therefore require the detection of 

EMGs from both legs. 
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Chapter 6 

Is the attenuation effect on the ankle 

muscles activity from the EMG 

biofeedback generalized to – or 

compensated by – other lower limb 

muscles during standing?  

6.1 Abstract 

Biofeedback based on electromyograms (EMGs) is a promising technique to reduce 

exaggerated muscle activity.  For example, it has been recently shown that healthy 

subjects are able to suppress the plantar flexors’ activity when provided with EMG-

audio feedback during standing without threatening stability.  Whether however the 

effect of EMG-biofeedback on the ankle muscles’ activity generalizes to – or is 

compensated by – other muscles not included for the biofeedback is still an open 

question we address here.  Fourteen young individuals were asked to stand barefoot 

comfortably with eyes open.  Three 60 s standing trials were applied: (i) without 

EMG-audio feedback, (ii) with EMG-audio feedback from medial gastrocnemius 

and soleus and (iii) with EMG-audio feedback from medial gastrocnemius and 

tibialis anterior muscles.  Surface EMGs from the soleus medial aspect, medial 
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gastrocnemius, tibialis anterior, vastus medialis, vastus lateralis, semitendinosus, 

and biceps femoris of both legs were sampled with a pair of surface electrodes.  The 

Root Mean Square (RMS) of EMGs over the whole standing duration was averaged 

across sides to assess the degree of postural activity for each muscle.  In relation to 

standing at ease, our main findings revealed EMG-audio feedback from medial 

gastrocnemius and soleus muscles decreases the EMG level of plantar flexors 

(~15%; P < 0.05), did not change the level of tibialis anterior’s activity (P > 0.05) 

and increases the amplitude of surface EMGs sampled from vastus medialis and 

lateralis muscles (~ 40%; P < 0.05).  In contrast, EMG-audio feedback from medial 

gastrocnemius and tibialis anterior muscles leads to a reduction in the level plantar 

flexors’ activity (~5%; P < 0.05) without increasing the amplitude of EMGs 

collected from the tibialis anterior, vastus medialis, vastus lateralis, semitendinosus, 

and biceps femoris (P > 0.05).  These alterations in the level of postural activity 

were accompanied by a posterior shift of the mean CoP position (~5% of the foot 

length projection; P < 0.05 when using the feedback from both plantar flexors) and 

no significant changes in the size of CoP sways (P > 0.05) regardless of EMG 

biofeedback condition.  These results indicate the attenuation effect of EMG-audio 

feedback on calf muscles is not compensated by other lower limbs muscles not 

included for the feedback depending on the biofeedback condition tested here. 

Therefore, the EMG-audio feedback may be a promising technique to assist 

individuals in reducing excessive muscle activity without overloading other lower 

limbs muscle during standing. 

6.2 Introduction 

EMG biofeedback is a promising technique to re-educate the pattern of muscle 

activity during a task.  Prior accounts have observed individuals while receiving 

continuously real-time information about the own level of muscle activity are able 

to attenuate or extend the level of muscle activity.  For example, EMG biofeedback 

has been effective to directly assist patients with chronic muscle pain in reducing 

the excessive level of muscle activity associated likely with the muscle pain (e.g., 

in the neck-shoulder; 25).  Likewise, reductions in the level of wrist flexor muscle 

spasticity at the hemiplegic arm in patients following stroke were also observed 

after an EMG biofeedback training 81.  Alternatively, EMG biofeedback may also 

assist individuals in increasing the degree of muscle activity 80,91.  Collectively, 

these results suggest individuals could learn to change their pattern of muscle 
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activity with the EMG biofeedback-based training; potential technique to re-

educate muscle activity.  

Recently, EMG biofeedback has been proposed for reducing the exaggerated 

muscle activity while individuals stand at ease.  To author knowledge, Vieira et al. 
72 investigated for the first time the influence of EMG-audio feedback protocol on 

the ankle muscles’ activity during standing.  In relation to standing at ease, the 

authors observed young subjects were able to decrease by 5% and 10% the degree 

of medial gastrocnemius and soleus muscles’ activity, respectively, with the EMG-

audio feedback.  This attenuation effect on the calf muscles’ activity from the EMG-

audio feedback did not lead to excessive postural sways and greater level of 

antagonistic activation.  These results indicate EMG-audio feedback could assist 

young subjects in more efficiently controlling leg muscle activity without hindering 

postural stability.  As recently put forward in the literature, reduction of 

unnecessary muscle activation may provide possible advantages for the control of 

posture, such as: (i) proprioceptive feedback without noise from muscle contraction 
30; (ii) body stability from an economical, fatigue-resistant control 36; (iii) decreases 

in postural rigidity 56.  Thus, the possibility of minimizing muscular effort without 

excessively increasing the size of postural sway may posit an innovative training 

paradigm specifically targeting the fine control of postural sways, with particular 

relevance for the training of populations who activate exaggeratedly their muscles 

during standing, e.g. aged individuals. 

Additional investigations, however, might be relevant to understand the effects of 

this technique on the level of activity of lower limbs muscles.  Researchers have 

long been indicated the assessment of response generalization of EMG biofeedback 

should be considered in the repertoire of EMG biofeedback protocols aimed at 

reducing the general level of muscle activity 87.  The main concern is whether the 

attenuation effect on an single muscle from EMG biofeedback is manifested at – or 

compensated by - other muscles during the task 89.  Prior accounts have 

demonstrated that an attenuation effect and/or compensation effect from EMG 

biofeedback protocols may occur between muscles depending on the motor task.  

On one hand, EMG feedback from a targeted muscle seems sufficient to transfer 

the relaxation effect to the contralateral muscle during computer work conditions 
24,93.  On the other hand, limitation to transfer the relaxation effect to not-synergistic 

muscles may occur when biofeedback is provided from a single muscle during 

computer work conditions 93.  Moreover, other muscles not included in the feedback 

may compensate the attenuation effect on the targeted muscle from the EMG 

biofeedback in strictly controlled biomechanics conditions (i.e., isometric shoulder 
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abductions 94).  Collectively, these results suggest it is relevant to assess the activity 

of other muscles not included in the biofeedback to prove the effectiveness of 

innovative biofeedback protocols in reducing the level of muscle activity, e.g. 

during standing. 

This study aimed at investigating therefore whether the attenuation effect on calf 

muscles from the EMG-audio biofeedback is generalized to – or compensated by - 

other lower limbs muscles during standing.  If the attenuation effect of EMG-audio 

feedback on calf muscle’ activity is not compensated by other muscles, we expect 

to observe: (i) bipolar EMGs collected from the ankle muscles with lower amplitude 

than those sampled during standing at ease; and (ii) bipolar EMGs collected from 

the thigh muscles with amplitude values within standing at ease levels, since thigh 

muscles seem to contribute marginally for the control of standing balance in 

healthy, young subjects 11,14.   

6.3 Methods 

6.3.1 Participants 

Fourteen young individuals (12 men; range values: age 21–36 years; body mass 58–

88 kg; height 162–190 cm) were tested and provided written informed consent 

before participating in the study.  The experimental procedures considered in this 

study 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 at the occasion of experiments. 

6.3.2 Experimental protocol 

Participants were instructed to stand upright barefoot on a force plate, with eyes 

open and arms alongside the body.  They positioned their feet at a comfortable 

orientation and distance, while keeping heels and toes at the same position along 

the force plate anterior-posterior axis.  Prior to starting experiments, the contour of 

both feet was marked on the force plate to ensure participants would keep the same 

feet position throughout the standing tests. 
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Three standing trials were applied.  In the first task, subjects were asked to sway as 

much as possible back and forward for 40s.  They were specifically instructed to 

sway their body only from ankle movement, without lifting up their fore and rear 

foot and at their preferred speed.  This postural task was chosen to ensure a 

somewhat high degree of ankle and thigh muscles’ activity during standing. Then, 

this postural task was considered for the normalization of surface EMGs, and for 

providing EMG-audio feedback to the participants (see subsection 6.3.5).  In the 

second task, referred to as standing at ease, subjects were engaged in active 

conversation for 60s to ensure they would not concentrate on their posture while 

standing and thus avoid any voluntary change in muscle activity 102.  In the third 

task, participants were instructed to reduce the volume of an audio signal 

proportional to the level of activity of their ankle muscles without changing 

standing posture.  EMG-audio feedback based on the level of activity of the right 

and left (i) medial gastrocnemius and soleus muscles and (ii) medial gastrocnemius 

and tibialis anterior muscles were tested.  We decided to provide EMG-audio 

feedback to the subjects related to their right and left calf muscles to avoid a biased 

feedback of muscle activity, since side-differences in the calf muscles’ activity were 

observed previously while individuals stood at ease (see Chapter 5).  The 

motivations for testing the effects of an audio feedback based on EMGs collected 

from medial gastrocnemius and tibialis anterior muscles on the lower limbs 

muscles’ activity were: (i) potential impact on individuals with balance 

impairments (e.g., aged subjects) who may activate to a greater extent and for a 

prolonged duration mainly medial gastrocnemius and tibialis anterior muscles 

during standing 143; (ii) in preliminary experiments on eight subjects who 

participated in the current study, sporadic modulations in the bipolar EMGs 

collected from tibialis anterior muscles were observed during standing.  Before each 

EMG-audio feedback condition, a brief period of familiarization with the audio 

stimulus was given to the participants.  For all standing tasks, subjects were not 

allowed to move their head, trunk and upper and lower limbs.  Trials started over 

in the case any gross movements was perceived by the evaluator.  Two minute 

intervals were applied between standing trials, which were selected at random 

order.  The standing at ease task and each EMG-audio feedback condition were 

applied two times.  

6.3.3 Electrodes’ positioning 

A single pair of adhesive surface electrodes (24 mm diameter, Spes Medica, 

Battipaglia, Italy) was positioned on ankle and thigh muscles of both legs (Figure 
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18).  Inter-electrode distance was defined according to the total tissue 

(subcutaneous + muscle) thickness for each muscle tested using ultrasound imaging 

as described in the following.  We expected such inter-electrode distance provides 

more representative information of muscle activity with negligible activity from 

nearby muscles (i.e., crosstalk) 21.  At the ankle level, medial gastrocnemius, soleus 

(medial aspect) and tibialis anterior muscles were studied.  In the medial 

gastrocnemius, the center of distal electrode was positioned medially to the most 

distal part of junction between gastrocnemius’ heads and, the bipolar system was 

positioned parallel to the line connecting the junction between medial 

gastrocnemius and Achilles tendon and the popliteal fossa.  The positioning of a 

pair of surface electrodes moderately spaced on the medial gastrocnemius’ distal-

medial region may sample bipolar EMG more representative of muscle activity, 

since active postural units may reside more distally in the medial gastrocnemius 20.  

In the medial aspect of soleus muscle, the distal electrode was positioned 3 cm 

distally from the junction between the Achilles tendon and the medial 

gastrocnemius 23 and the center of the proximal electrode was positioned at an angle 

of 45 degrees to the line connecting the junction between gastrocnemius’ heads and 

the calcaneus tip.  The bipolar system on the tibialis anterior muscle was positioned 

parallel to the muscle longitudinal axis and located 1 cm laterally to the tibial crest; 

the center of the proximal electrode was positioned 2 cm distally to the head of 

fibula bone.  As propagating potentials may be observed in surface EMGs collected 

from multiple surface electrodes positioned serially on the distal-medial region of 

tibialis anterior muscle 143, we expected that a pair of surface electrodes moderately 

spaced and positioned on the medial-proximal region of tibialis anterior provides 

bipolar EMG representative of different muscle fibers.  For each thigh muscle, the 

pair of surface electrodes was positioned approximately on the most prominent 

bulge of the muscle belly 11,14,130 and with an inter-electrode distance equivalent to 

total tissue thickness.  Given the pennate architecture of thigh muscles18, such 

positioning is expected to provide bipolar EMGs more representative of muscle 

activity. 

Ultrasound imaging was used to estimate total tissue (subcutaneous + muscle) 

thickness as well as to identify gastrocnemii junction and their myotendinous 

junction (cf. Supplementary Material in Vieira et al., 2010b).  Briefly, parasagittal 

images of ankle and thigh muscles were taken with a linear, ultrasound probe 

(10MHz, 4cm length; Echo Blaster 128, Telemed Ltd., Vilnius, Lithuania) located 

approximately on the same electrodes’ positioning, with participants lying 
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comfortably on a padded bed.  Total tissue thickness was estimated as the distance 

between the skin/fat layer over the muscle and the muscle deep aponeurosis 

Thickness measurements were taken from the central region of the ultrasound 

images.  Pairs of surface electrodes were positioned on each muscle after cleaning 

the skin with abrasive paste. 

 

 

Figure 18: Electrodes’ positioning. Schematic illustration showing the positioning of 

pair of electrodes for the tibialis anterior, vastus lateralis and vastus medialis (left), medial 

gastrocnemius, soleus medial aspect, semitendinosus and biceps femoris (right) of the right 

leg. 

 

6.3.4 Electromyographic and stabilometric recordings 

Bipolar EMGs were recorded with a wearable, wireless system (180 V/V gain; 10–

500 Hz bandwidth amplifier; DuePro system, OTBioelettronica and LISiN, 
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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 sagittal and frontal 

planes were computed from the ground reaction forces supplied 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).  A custom Matlab script 

(MathWorks Inc., MA, USA) was considered to sample synchronously bipolar 

EMGs and reaction forces.  

6.3.5 Modulation of audio signal from bipolar, surface EMG 

The audio stimulus (sinusoidal signal) was modulated in amplitude and frequency 

on the basis of EMG amplitude with the same procedure proposed by Vieira et al. 
72 to provide subjects with EMG-audio feedback of surface EMGs collected from 

calf muscles with linear arrays of surface electrodes (cf. Figure 1 in 72).  

Depending on the biofeedback condition, bipolar surface EMGs collected from both 

medial gastrocnemius and soleus muscles or from both medial gastrocnemius and 

tibialis anterior muscles were considered.  Bipolar surface EMGs from the selected 

muscles (Figure 19A) were: (i) full-wave rectified and smoothed with a low-pass, 

4th order Butterworth filter (3Hz cut-off frequency) obtaining the EMG envelopes; 

(ii) each EMG envelope was normalized with respect to EMG envelope identified 

during the reference condition (voluntary sways; see 6.3.2).  The 5th and the 95th 

percentiles of the reference EMG envelope were respectively used for the 

subtraction of the background noise and for the amplitude normalization of the 

EMG envelopes; (iii) the normalized EMG envelopes were averaged to provide an 

EMG envelope representing the activity of muscles (Figure 19B); (iv) the averaged 

envelope was resampled at 8000 samples/s.  The amplitude of the audio stimulus 

was modulated from a sigmoid function, while the frequency of this signal was 

modulated from a linear function as detailed below (Figure 19B).  Previous 

evidence has shown from this coding,  EMG-audio feedback of surface EMGs 

collected from calf muscles assists individuals in reducing the muscle effort at ankle 

joint during standing 72. 
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The amplitude a[n] of the audio signal was modulated as:    
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where EMG[n] corresponds to the samples of averaged EMG envelope, after 

background noise subtraction and normalization, and Th stands for the threshold 

defining the sensitivity of the EMG audio modulation.  For example, when the EMG 

envelope reaches Th the intensity of the audio stimulus reaches 99% of its maximal 

value.  Once a very sensitive audio stimulus likely makes the task of reducing the 

level of muscle activity from EMG-audio feedback very hard (i.e., audio volume 

and frequency easily saturate 72), EMG-biofeedback sensitivity was defined by 

setting Th to 90% of the 95th percentile of the distribution of the averaged EMG 

envelope obtained during the voluntary sways.  By comparing audio stimulus with 

different sensitivities while individuals stood with EMG-audio feedback, prior 

evidence reported such sensitivity (Th to 90% of voluntary sways) was not 

accompanied by significant posterior shifts of postural sway and increased 

antagonist activity in relation to standing at ease 72. 

The frequency f[n] of the sinusoidal, audio signal was modulated according to: 

 










h

h

TnEMG

TnEMGmnEMG
nf

][,450

][,100][
][  (4) 

 

where the angular coefficient m being defined as: 
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EMG biofeedback was provided to participants in real time.  A custom Matlab 

script (MathWorks Inc., MA, USA) was written to output the modulated, audio 

signal into the soundcard of a personal computer.  The audio stimulus was then 

transmitted wirelessly to headphones worn by participants. The time taken to 

compute and average envelopes and modulate the sinusoid ranged from 10 to 20ms.  
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Figure 19: (A) Standing with EMG-audio feedback, where participants were asked to 

reduce the volume of an audio signal proportional to the level of activity of their ankle 

muscles without changing standing posture. (B) Modulating audio signal from bipolar 

EMGs. B shows a short epoch (700 ms) of raw bipolar EMGs collected from both soleus 

(SO, EMG signals 1 and 2) and medial gastrocnemius (MG; EMG signals 3 and 4) while 

participant stood at ease and exhibits the averaged, EMG envelope computed from these 

bipolar EMGs, which its amplitude was considered for modulating the audio stimulus 

(sinusoidal signal). 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. 

 

6.3.6 Quantifying variations in the degree of muscle activity  

The Root Mean Square (RMS) was used to quantify the amplitude of surface EMGs 

collected from the ankle and thigh muscles during the standing conditions.  Bipolar 

EMGs were band-pass filtered with a fourth order Butterworth filter (20–350Hz 
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cutoff; zero lag, bidirectional filter).  Then, the RMS amplitude of EMGs was 

computed over the whole standing duration (60s) and it was averaged across sides 

to assess the degree of postural activity for each muscle.  Averaging the amplitude 

of EMGs across the whole standing duration would provide an overall indication of 

any increase in the degree of muscle activity throughout standing condition.  The 

RMS amplitude of EMGs was averaged across the standing trials. 

6.3.7 Quantifying variations in the center of pressure 

Global posturographic parameters of CoP displacement were considered to assess 

whether subjects change their postural sway due to EMG-audio feedback 

conditions.  Specifically, alterations in the size of CoP sways and in the mean CoP 

position (during the whole standing duration) were quantified in the sagittal plane.  

Our interest in evaluating CoP variations in the anterior-posterior direction was due 

to previous study demonstrating the EMG biofeedback affects the CoP position and 

displacements in the sagittal rather than in the frontal plane while young subjects 

stood at ease 72.  The standard deviation was computed over 2 s epochs to evaluate 

the effect of EMG-audio feedback on the size of individual CoP sways 72.  The 

mean CoP position in the anterior-posterior direction was normalized with respect 

to the foot length projection for assessing how much the mean CoP position travels 

in relation to the boundary of foot (i.e., support base) between standing conditions.  

The size of the support base in the anterior-posterior axis was defined as the distance 

between the tip of the third metatarsal head and the tip of the calcaneus bone 

projected in the anterior-posterior direction (cf. Figure 1 in 143).  The standard 

deviation and the mean CoP position were averaged across the standing tests.  CoP 

data was 50 Hz low-pass filtered with a second order Butterworth filter to attenuate 

high-frequency noise. 

6.3.8 Statistical Analysis 

After verifying that the data distribution for the RMS amplitude of bipolar EMGs 

computed from some muscles was not Gaussian (Shapiro-Wilk’s W-test, P < 0.05 

in nine cases), non-parametric statistics were used to compare the degree of muscle 

activity between standing conditions.  The effect of EMG-biofeedback on the 

degree of muscle activity was assessed with Friedman ANOVA by ranks, with 

standing conditions as repeated measures.  Paired comparisons were made with 

Wilcoxon signed-rank test 144, considering the significance level of 5 %.  The same 

statistics was applied to compare the CoP mean position and the size of CoP sways 

(i.e., standard deviation) between standing conditions in the sagittal plane. 
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6.4 Results 

The level of lower limbs muscles’ activity with EMG-audio feedback  

Bipolar EMGs collected from the ankle and thigh muscles of a representative 

participant were clearly different between standing at ease and EMG-audio 

feedback conditions (Figure 20).  For the ankle muscles, Figure 20 shows bipolar 

EMGs with greater amplitude for the plantar flexors during the standing at ease 

with respect to EMG-audio feedback conditions for a representative participant.  

For the tibialis anterior, however, EMGs with low amplitude were observed 

between standing conditions.  Contrary to the ankle muscles, greater EMGs were 

observed for the thigh muscles when EMG-audio feedback was provided from both 

medial gastrocnemius and soleus muscles in relation to the other conditions.  More 

specifically, EMGs with markedly high amplitude were observed for the vastus 

medialis and vastus lateralis while standing with EMG-audio feedback from both 

plantar flexors.  High modulations in the EMG amplitude for the semitendinosus 

and biceps femoris muscles, however, were not often observed between standing 

conditions for this individual.  

Group data revealed that the RMS amplitude of bipolar EMGs, i.e. level of muscle 

activity, varied significantly with biofeedback conditions during standing 

(Friedman ANOVA main effect; P < 0.05 for soleus, medial gastrocnemius, vastus 

medialis and vastus lateralis).  For soleus, RMS amplitude decreased of about 15% 

when EMG-audio feedback was provided from plantar flexors (median, 

interquartile range; 31.33, 25.93 - 56.77%) and of about 5% with the EMG-audio 

feedback from plantar and dorsal flexors (medial gastrocnemius and tibialis 

anterior; 40.47, 32.47 - 70.32%) in relation to standing at ease (44.56, 40.13 - 

68.25%, P < 0.05 in all cases; Figure 21).  When considering the difference in the 

normalized RMS amplitude between standing conditions, lower RMS values were 

observed for fourteen (range: 1.27 - 41.90%) and ten (range: 0.82 – 27.58%) out of 

fourteen subjects during EMG-audio biofeedback from medial gastrocnemius-

soleus and from medial gastrocnemius-tibialis anterior respectively with respect to 

standing at ease.  For the medial gastrocnemius, EMG-audio feedback from plantar 

flexors reduced significantly RMS amplitude in ~10% (10.10, 8.01 - 18.56%), 

while EMG-audio feedback from medial gastrocnemius-tibialis anterior attenuated 

significantly it in ~5% (13.52, 10.07 - 19.40%) when compared with standing 

naturally (18.30, 12.11 - 25.67%, P < 0.05 in all cases; Figure 21).  While thirteen 
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participants reduced the level of medial gastrocnemius’ activity with the EMG-

audio biofeedback from medial gastrocnemius-soleus (range: 0.26 - 20.08%), ten 

individuals activated to a lesser extent their medial gastrocnemius during the EMG-

audio biofeedback from medial gastrocnemius-tibialis anterior (range: 0.32 - 

17.46%) in relation to standing at ease.  Moreover, between biofeedback conditions, 

lower RMS amplitude was observed for soleus (~10%) and medial gastrocnemius 

(~3.5%) with EMG-audio feedback from plantar flexors than with EMG-audio 

feedback from plantar and dorsal flexors for at least ten participants (P < 0.03 in all 

cases).  For the tibialis anterior, no statistical differences in the RMS amplitude 

were revealed between standing conditions (Friedman ANOVA, P = 0.11; Figure 

21).   

 

 

Figure 20: 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 and standing with EMG-audio feedback. Signals are shown 

over a relatively short epoch (5s) to facilitate observing the modulations in bipolar EMG 

amplitude for the different standing conditions. 
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Different from ankle muscles, significantly higher RMS values (~40%) were 

revealed for vastus medialis (50.45, 18.97 - 65.07%) and vastus lateralis (47.52, 

26.24 - 69.63%) while subjects stood with EMG-biofeedback from plantar flexors 

than standing naturally (vastus medialis: 12.25, 3.74 - 40.48%; vastus lateralis: 

8.75, 4.79 - 39.41%; P < 0.01 in all cases; Figure 21).  Notwithstanding markedly 

high RMS values during EMG-audio feedback from plantar flexors, there was no 

significant difference in the RMS amplitude for vastus muscles between EMG-

audio feedback when provided from medial gastrocnemius and tibialis anterior 

muscles and standing at ease (P > 0.06 in all cases).  Finally, no significantly 

differences were found in the RMS amplitude of bipolar EMG collected from 

semitendinosus and biceps femoris between standing conditions (Friedman 

ANOVA, P > 0.29 in both cases).  

 

 

Figure 21: Differences in the degree of ankle and thigh muscles’ activity during EMG-

audio feedback conditions. Boxplots are shown for the RMS amplitude of surface EMGs 

collected from the ankle and thigh muscles during standing conditions. Whiskers denote 

non-outlier range and asterisks indicate significant differences between conditions (P < 

0.05). 
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Alterations in the CoP displacement with EMG-audio feedback 

When considering data from all participants for the posturographic parameters of 

CoP displacement, significant differences were revealed for the mean CoP position 

between standing conditions in the sagittal plane (Friedman ANOVA main effect; 

P < 0.01).  Wilcoxon signed-rank test showed that the mean CoP position 

normalized by foot length projection was localized closer to the heel while 

individuals stood with the EMG-audio feedback from plantar flexors (median, 

interquartile range; 37.27, 34.67 – 40.62%) in relation to that estimated during 

standing without (42.00, 38.32 – 44.49%) and with the EMG-audio feedback from 

plantar and dorsal flexors (38.83, 35.46 – 49.10%; P < 0.01 in all cases).  Contrary 

to the mean CoP position, the size of CoP sways did not change (Friedman ANOVA 

main effect; P = 0.29) between standing at ease (1.97, 1.63 – 3.05 mm), with EMG-

audio feedback from plantar flexors (2.41, 1.90 – 2.83 mm) and with EMG-audio 

feedback from plantar and dorsal flexors (1.96, 1.68 – 2.23 mm).  

 

6.5 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.  We hypothesized EMGs collected from the 

calf muscles with lower amplitude during biofeedback conditions than standing at 

ease, and those sampled from the thigh muscles with amplitude values within 

standing at ease levels, regardless of biofeedback condition.  The main findings of 

this study were: (i) the RMS amplitude of bipolar EMGs collected from medial 

gastrocnemius and soleus muscles decreased significantly during the EMG 

biofeedback conditions tested here in relation to standing at ease; (ii) the RMS 

amplitude of EMGs sampled from the thigh muscles did not change during the 

EMG-audio feedback from medial gastrocnemius and tibialis anterior muscles 

when compared with standing naturally.  These results suggest with the feedback 

from the medial gastrocnemius and tibialis anterior muscles, EMG-audio feedback 

assists young individuals in reducing the level of ankle muscles’ activity without 

increasing the level of activity in other lower limb muscles.  
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Methodological issues on surface EMG detection for EMG biofeedback 

In the current study, we provided EMG-audio feedback based on calf muscles’ 

activity from both lower limbs and sampled surface EMGs with a pair of surface 

electrodes.  Firstly, the motivation to provide EMG-audio feedback involving 

surface EMGs recorded from ankle muscles of both legs was based on our previous 

study (see Chapter 5 in this Thesis) showing side-differences in the ankle muscles’ 

activity while young subjects stand at ease.  Depending on the side where bipolar 

EMGs are collected from (ankle muscles of right or left leg), therefore, a biased 

view of ankle muscles’ activity can be estimated and provided to the subjects as 

EMG biofeedback (cf. subjects #3 and #12 in Figure 16).  On the recent view that 

a pair of surface electrodes may sample bipolar EMG more representative of muscle 

activity, at least in postural muscles during standing 21, we opted by providing 

EMG-audio feedback from a parsimonious electrodes system rather than the use of 

a high number of electrodes in order to make the task of acquiring surface EMG 

data from lower limbs muscles unobtrusive and less labor intensive; extremely 

recommended in applications of EMG biofeedback 78.  More specifically, by 

triggering and averaging surface EMGs collected from medial gastrocnemius with 

firing instants of soleus’ motor units identified from intramuscular EMGs during 

standing, Vieira et al. 21 observed medial gastrocnemius’ EMGs with high 

amplitude (i.e., comprising a high number of pennate fibers) and with negligible 

crosstalk of soleus muscle using inter-electrode distances up to 5-7 cm.  Increasing 

the distance between electrodes may therefore be a simple alternative to surface 

electrodes’ array for the sampling of more representative bipolar EMG from 

postural muscles during standing.  We opted for inter-electrode distances 

proportional to the total tissue (muscle + subcutaneous) thickness to contain the 

contribution of any crosstalk marginal in the bipolar EMG collected from the 

targeted muscle.  Collectively, through these methodological procedures, we 

believe to provide a more representative EMG-audio feedback information about 

the ankle muscles’ activity to the subject and from a parsimonious electrodes 

system.  As discussed below, new insights have been gained into the effects of EMG 

biofeedback on the level of activity in lower limbs muscles using this EMG-audio 

feedback approach. 
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Does EMG-audio feedback from the ankle muscles affect the degree of activity 

of lower limb muscles?  

The level of ankle muscles’ activity was reduced with the EMG-audio 

feedback.  Individuals activated to a smaller extent their medial gastrocnemius 

(~5%) and soleus (~10%) muscles during both EMG biofeedback conditions in 

relation to standing at ease (Figures 20 and 21).  From the inspection of Figure 20, 

for example, EMGs with lower amplitude were sampled from the medial 

gastrocnemius and soleus muscles of a representative individual during both EMG 

biofeedback conditions with respect to standing naturally.  Differently, the tibialis 

anterior muscle was recruited on average to a similar extent between standing 

conditions (~5%; Figure 21).  It is probably explained by the fact that young 

subjects rarely activate their tibialis anterior muscles during standing 14,143.  This 

result suggests the participants tested here did not take advantage of EMG-audio 

feedback to reduce the level of tibialis anterior muscle’s activity.  Collectively, 

these current findings corroborate previous results on the degree of calf muscles’ 

activity while young subjects stood with the EMG-audio feedback from the right 

medial gastrocnemius and soleus muscles 72.  Vieira et al. 72 reported EMG-audio 

feedback resulted in a significant decrease in EMG level of plantar flexors with a 

marginal increase in tibialis anterior’s activity compared with standing at ease.  

Extending the results obtained by Vieira et al. 72, our results suggest EMG-audio 

feedback was effective to reduce the level of plantar flexors’ activity during 

standing when provided from soleus and medial gastrocnemius muscles or from 

medial gastrocnemius and tibialis anterior muscles of both legs. 

Besides evaluating the effects of EMG biofeedback conditions proposed here on 

the activation of ankle muscles, the present study assessed the influence of EMG 

biofeedback on the level of thigh muscles’ activity.  Depending on the biofeedback 

condition, our results revealed increases in the level of thigh muscles’ activity with 

respect to standing at ease.  Higher RMS amplitude (~40%) was found for 

quadriceps muscle (i.e., vastus medialis and lateralis) with the EMG-audio feedback 

based on medial gastrocnemius and soleus muscles than standing at ease (see 

Figures 20 and 21).  Such an increase in the level of vastus muscles’ activity may 

be due, in part, to the posterior shift of body during this EMG-audio feedback 

condition.  We observed the mean CoP position was localized closer to the ankle 

joint (i.e., more posteriorly ~5%) during this biofeedback condition in relation to 

that estimated during standing naturally.  Once the body center of mass is projected 

vertically and slightly in front of ankle joint, moving the body center of mass 

posteriorly may be a potential mechanism to reduce the level of plantar flexors’ 
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activity during standing when using the EMG-audio feedback 72.  By activating the 

quadriceps, individuals may be attempting to prevent the body’s center of mass 

from moving further backward.  On the other hand, this EMG-audio feedback 

condition could lead to knee hyperextension, shifting the mean CoP position 

posteriorly.  The greater activation of vastus muscles and non-significant changes 

in the level of ankle flexors in the EMG-audio feedback from medial 

gastrocnemius-soleus in relation to standing at ease (Figure 21) might further 

suggest individuals move the body center of mass more backward using more 

frequently the hip than ankle joint.  Once the moment of inertia is smaller at hip 

than ankle level during standing, hip movements would produce a faster response 

with respect to ankle movements to attenuate the sound level from the feedback of 

the medial gastrocnemius and soleus’ activity.  However, in absence of direct 

measurement of the joint angles, such interpretations require further investigations.  

Regardless of potential mechanisms account for increases in the level of vastus 

muscles’ activity, these results indicate the attenuation effect on the level of ankle 

muscles’ activity obtained from this EMG-audio feedback condition was 

compensated by other muscles not included for biofeedback.   

Different from the EMG-audio feedback from both plantar flexors, individuals did 

not activate to a greater extent their vastus muscles and the other thigh muscles 

tested here when using the EMG-audio feedback based on medial gastrocnemius 

and tibialis anterior muscles (see Figures 20 and 21).  In seven out of 14 subjects, 

more specifically, changes in the RMS amplitude did not differ more than 5% for 

the vastus muscles between this EMG-audio feedback condition and standing 

naturally.  The representative participant in Figure 20, for example, activated its 

vastus medialis at 19.70% and its vastus lateralis at 16.55% of normalization task 

during standing at ease, while hearing muscle activity mainly from both medial 

gastrocnemius, he activated its vastus medialis at 18.32% and its vastus lateralis at 

14.92% of the normalization task.  Sporadic efforts to prevent the body’s centre of 

mass from moving further backward likely explain the similar degree of vastus 

muscles’ activity between this EMG biofeedback condition and standing at ease.    

The non-significant, posterior shift of the CoP position might account for the 

reduction in the degree of plantar flexor’s activity without affecting the level of 

thigh muscles’ activity.  We observed participants succeeded in reducing the level 

of plantar flexors’ activity during this EMG-audio feedback condition with the CoP 

mean position located more posteriorly (~3%) than standing naturally.  The smaller 

posterior shift of CoP mean position during the EMG-audio feedback from the 
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medial gastrocnemius-tibialis anterior may explain the smaller differences in the 

level of medial gastrocnemius and soleus muscles in this biofeedback condition 

with respect to the feedback from medial gastrocnemius-soleus (Figure 21).  The 

posterior shift of CoP mean position with a concomitant reduction in the level of 

plantar flexors’ activity fits well with the notion the plantar flexors’ activity tends 

to be attenuated when individuals sway closer to ankle joint during standing 27,33,72. 

Collectively, these results indicate the EMG-audio feedback from the medial 

gastrocnemius and tibialis anterior muscles was effective enough to reduce 

significantly the level of plantar flexors’ activity (cf. Figure 21) without increasing 

the level of activity in the other lower limbs muscles not included for the 

biofeedback.   

Methodological implications and additional considerations  

The results obtained in this study have methodological implications for applied and 

clinical research.  We observed different effects may emerge between lower limbs 

muscles depending on the muscles included for the EMG biofeedback.  A 

compensation effect on the knee muscles from the EMG-audio feedback of both 

calf muscles may occur, while an attenuation effect on the ankle muscles from the 

EMG-audio feedback based on medial gastrocnemius and tibialis anterior muscles 

may prevail during standing.  Then, our results seem to discourage the use of EMG-

audio feedback based on medial gastrocnemius and soleus muscles of both legs, if 

the goal is to assist individuals in more efficiently controlling leg muscle activity 

during standing.  For example, it is well documented aged individuals activate their 

ankle and thigh muscles to a greater extent 12,13,143 and for a prolonged duration 14,143 

with respect to young subjects during standing.  From the EMG-audio feedback 

based on the right and left medial gastrocnemius and soleus muscles, therefore, 

aged subjects could activate to a greater extent their thigh muscles while decreasing 

the level of calf muscles’ activity.  By acknowledging the possible benefits related 

to the reduction of excessive muscle activation for the control of posture, such as 

(i) correction of postural sway without muscle noise 30, (ii) reduction of postural 

rigidity 56, (iii) concession of economical, fatigue-resistant control 36, EMG audio-

feedback based on both medial gastrocnemius and tibialis anterior muscles may be 

more appropriate to assist individuals in reducing the unnecessary muscle activation 

during standing.  Whether the short-term, attenuation effect of EMG-audio 

feedback based on the medial gastrocnemius-tibialis anterior activity in young 

individuals observed here is generalized to other populations (e.g., the elderly) and 

retained after training is the topic of future research.   
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Additional investigations are also necessary, however, to verify whether the 

compensation effect of EMG-audio feedback from both plantar flexors on thigh 

muscles ceases after training, prevailing the attenuation effect on ankle muscles.  A 

progressive decrease in leg muscle activity has been observed in literature with task 

practice, as suggested by the shift from co-activation to reciprocal activation of 

ankle muscles after repeated and predictable perturbations of stance 134.  If this 

assumption holds, the training with EMG-audio feedback from both medial 

gastrocnemius and soleus muscles could attenuate the exaggerated ankle muscles’ 

activity (Figure 21) without increasing thigh muscles’ activity, enabling the 

application of different types of EMG-audio feedback (from one or more calf 

muscles) to improve muscle efficiency during standing.  Even in the case of postural 

sway closer to heel with respect to standing naturally with the EMG-audio feedback 

condition, it is expected such shift does not compromise body stability in the 

standing posture.  

In relation to standing at ease, we observed participants succeeded in reducing the 

level of plantar flexors’ activity in both biofeedback conditions with the mean CoP 

position located closer to the ankle joint (i.e., more posteriorly).  One could argue 

whether such difference was enough to bring the mean CoP position closer to the 

posterior, functional limit of stability, and threaten body stability during standing.  

Our results revealed the significant posterior shift of mean CoP position when using 

the feedback from the medial gastrocnemius-soleus was of about 5% of foot length 

projection with respect to standing at ease.  Such difference likely was not enough 

to move the mean CoP position away from the midfoot.  By measuring the CoP 

excursions while young subjects performed different leaning postures during 

standing, previous studies observed that: (i) the anterior and posterior boundaries 

of functional limit of stability correspond roughly to 80% and 15% of the distance 

between the heels and the toes; and (ii) the mean CoP position is on average located 

at 40% of foot length during standing naturally, as identified in this study 118,150.  

During the EMG biofeedback conditions tested here, therefore, the mean CoP 

position was likely maintained around midfoot without compromising body 

stability during standing.  Threats to the body stability could exist depending on the 

size of postural sway while individuals heard the activity of their calf muscles from 

the EMG-audio feedback.  In the present study, however, we observed that the size 

of postural sway remained within standing at ease levels regardless of EMG 

biofeedback condition. 
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Chapter 7 

General conclusions  

This PhD thesis attempted to bring physiological information about the relevance 

and the effects of the use of EMG biofeedback for the improvement of muscle 

efficiency during standing in the elderly.  From the studies “The spatial distribution 

of ankle muscles activity discriminates aged from young subjects during standing” 

(Chapter 4) and “Is the attenuation effect on the ankle muscles from the EMG 

biofeedback generalized to – or compensated by – other lower limb muscles during 

standing” (Chapter 6), it was concluded that:   

1) Different from young individuals, the elderly activates to a greater extent the 

medial gastrocnemius in terms of the size of muscle’s active region and for a 

prolonged duration the medial gastrocnemius and tibialis anterior muscles during 

standing balance (Chapter 4).  Then, the elderly tends to stand with a greater muscle 

effort than young subjects.  Given that the reduction of excessive muscle activation 

may be advantageous for postural control, learning to efficiently activate the 

postural muscles during standing could be beneficial for the control of standing 

posture in aged individuals, with potential implication for the prevention of falls.  

2) The attenuation effect of EMG-audio biofeedback on the ankle muscles during 

standing is not compensated by other lower limbs muscles when using the feedback 

from the medial gastrocnemius and tibialis anterior muscles (Chapter 6).  These 

results prove the attenuation effect of EMG biofeedback on the activity of lower 

limb muscles during standing.  Then, the training based on the EMG-audio 

feedback mainly from the medial gastrocnemius and tibialis anterior muscles might 
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have a high impact on the rehabilitation of individuals who activate their lower limb 

muscles excessively during standing, e.g. elderly subjects.  

From the methodological studies on differences in the timing of muscle activity, 

estimated with surface EMGs sampled from a large muscle volume, between calf 

muscles (Chapters 3 and 5), it was concluded that: 

1) The duration of muscle activity differs between and within calf muscles of a 

single leg.  It was observed the medial portion of soleus was almost continuously 

active while the lateral portion of soleus and the medial portion of gastrocnemius 

muscle were active more intermittently during standing (Chapter 3).  These results 

suggest high-density surface EMG discriminated well the activity between ankle 

muscles (i.e., medial gastrocnemius and soleus), as observed from intramuscular 

EMGs in literature, and muscle activity sampled from different regions of a single 

muscle (e.g., soleus) can provide estimates more representative of muscle activity 

during standing.  Therefore, key information on the postural control in different 

populations could be extracted by sampling surface EMGs from a representative 

muscle volume and from different calf muscles. 

2) The timing of calf muscles’ activity differs between lower limbs during standing. 

Specifically, it was demonstrated soleus and medial gastrocnemius were active for 

different durations between legs (Chapter 5).  This finding indicates surface EMGs 

collected unilaterally may provide a biased view of calf muscles’ activity while 

individuals stand at ease.  Thus, surface EMGs should be collected bilaterally to 

provide a representative estimation of calf muscles’ activity in the standing posture.  

Such result has direct implications on the application of EMG biofeedback for the 

training of postural control, suggesting a representative feedback of ankle muscles’ 

activity requires the sampling of surface EMGs from both legs. 
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