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Although the ability to balance might feel effortless to the most, it should not be given for 
granted as even the normal process of ageing can compromise it, jeopardising people physical 
independence. It is therefore important to implement safe training routines that ultimately 
improve postural control strategies.  

We evaluated the suitability of whole body vibration (WBV) training –which induces muscle 
contraction via the stimulation of muscle spindles - for postural control applications. First, we 
tested the efficacy of different combinations of stimulation frequency and subjects’ posture in 
eliciting a response from those muscles that play a key role for the implementation of postural 
responses. Each combination was evaluated by jointly measuring the resulting muscular 
activation and soft-tissue displacement. Then, we investigated how the selected WBV 
stimulation affected the balance of healthy subjects. We evaluated the latter by analysing 
centre of pressure trajectories, muscle and cortex activation and their respective interplay.  

We found that high frequency vibrations, delivered to participants standing on their forefeet, 
evoked the greatest contraction of the plantarflexors. Undisturbed balance recorded after such 
stimulation was characterised by an increased sensitivity of muscle spindles. In line with the 
latter, the communication between the periphery and the central nervous system (CNS) 
increased after the stimulation and different muscle recruitment patterns were employed to 
maintain balance. On the posturography side, stability was found to be compromised in the 
acute term but seemed to have recovered over a longer term.  

Together, these findings suggest that, if appropriately delivered, WBV has the potential to 
stimulate the spindles of the plantarflexors. By doing so, vibration training seems to be able to 
augment the communication between the proprioceptive organs and the CNS, on which the 
system relies to detect and react to perturbations, leading to sensorimotor recalibration. 

 

Keywords: muscle spindle stimulation · undisturbed balance · electromyography (EMG) · 
coherence analyses (CMC/IMC) · posturography  
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The ability to control and move our body is the backbone of a happy existence. Once acquired 

and if unimpaired, it gives us the opportunity to focus on tasks that are cognitively more 

demanding and interesting without the need to actively think about how to perform the action 

required. Even for the accomplishment of the simplest movement, a certain degree of motor 

control is still required to carry it out neatly and precisely. Luckily, our central nervous system 

(CNS) is able to autonomously work out the most efficient combination of muscles needed to 

perform a specific action and to synchronise their recruitment in the most efficient way, which 

results in what is known as “muscle coordination”.  

Although it might feel effortless to the most, even standing requires a certain level of 

muscle activation and, in most cases, it is carried out without people having to actively decide 

which muscles to contract. However, in the case of neuromuscular impairments or sensory 

loss, even balancing on two legs on a stable surface can become extremely challenging. 

Without going into the details of specific pathologies, it is well established that even normal 

ageing leads to a general degradation of sensory organs, which include proprioceptive 

receptors located in the muscles, i.e. the muscle spindles (Miwa et al., 1995; Swash and Fox, 

1972). Since these receptors contribute to the perception of our body in space (Gandevia, 

1996; G M Goodwin et al., 1972; Proske, 2005), they play a fundamental role in the actuation 

of postural responses and their degradation is thought to partially explain the decline in 

standing balance that is usually observed with ageing (Lord et al., 1994, 1991; Swash and Fox, 

1972). Therefore, finding a way to improve proprioceptive sensitivity becomes crucial for either 

training or rehabilitation programme aiming at improving postural control.  

Since 1980s, the stimulating effect of mechanical vibrations on muscle spindles is 

known and has paved the way for vibrations to be included in both rehabilitation and training 

routines (Burke et al., 1976b, 1976a; Burke and Schiller, 1976; Hagbarth et al., 1976). Due to 

the enhanced muscle contraction that results from muscle spindle stimulation and for the 

advantages that come from muscles being able to produce a greater deal of force, practical 

ways to deliver vibrations have been researched. Among these, whole body vibration (WBV) 
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consists in the delivery of vibrations via mean of an oscillating platform with which the patient 

keeps contact, usually by standing on it. When vibrations are transferred from the sole of the 

feet to different muscles in the body, the change in muscle length is detected by muscle 

spindles and a proprioceptive response is triggered. The latter is then translated into an action 

potential travelling down a motor neuron, leading to the contraction of the muscle fibres 

connected to it. As part of the neuromuscular system, muscle spindles and the CNS are in 

constant communication with each other. The first provide feedbacks on the status of the 

periphery and the latter is in charge of processing not only proprioceptive, but also vestibular 

and visual information to control postural balance (Martin and Park, 1997). Specifically, 

ascending information coming from the peripheral body allows the detection of an external 

perturbation or a change in the position of the limbs: once these are processed, the appropriate 

muscle contraction is initiated to react to the perturbation and regain balance (Forbes et al., 

2018). Due to this consolidated knowledge, researchers wondered whether more sensitive 

muscle receptors would translate into a richer flow of proprioceptive information to the CNS 

and ultimately improve the ability to maintain an upright stance.  

As hypothesised, the addition of WBV to training routines led to improvements of 

postural control in healthy subjects (Dallas et al., 2017; Ritzmann et al., 2014; Torvinen et al., 

2002b) although controversial results were also reported (Torvinen et al., 2002a, 2002c). 

Similarly, studies performed on older adults and different patients reported positive but weak 

evidence of WBV benefits on balance in such populations (Lam et al., 2012; Osugi et al., 2014; 

Rogan et al., 2011; Saquetto et al., 2015; Turbanski et al., 2005), which also led to inconclusive 

results. (Ebersbach et al., 2008; Lam et al., 2012). These discording results might be due not 

only to the intrinsic differences between the sub-populations being tested, but also to the 

different WBV protocols being used. When delivering vibrations to the whole body via a 

vibrating platform, many parameters should in fact be taken into account, such as the 

stimulation frequency, the static (or dynamic) exercise performed by the subject, the exposure 

time and so on. These variables do in fact affect the desired outcome of the treatment –the 

muscle response- and as such should be appropriately tuned.  
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The main objective of this thesis was therefore to deepen the understanding of WBV 

stimulation in the context of postural control intervention, addressing the aforementioned 

issues. Specifically, the first goal was to define a mechanical stimulus that –via the selection 

of the appropriate vibration frequency and subjects’ posture- would target those muscles that 

are mostly recruited during upright standing. Then, the second goal was to use the defined 

stimulus for WBV stimulation and to assess its effect on postural control by recording a balance 

task before and after the treatment. Taken altogether, the findings of this thesis could play an 

important role in the investigation of the use of WBVs to stimulate muscle spindles and might 

pave the way for researching the restoration of lost sensitivity in these sensory organs, possibly 

having practical application in neuromuscular rehabilitation for healthy ageing. 

The following five chapters are therefore meant to describe not only the experimental 

studies conducted to achieve such goals, but also to give a theoretical and methodological 

background necessary to appreciate the analyses performed on the data and the conclusions 

drawn from it. The goal of the literature review proposed in Chapter 2 is to offer an overview 

of the possibilities and limitations linked to WBV as well as providing a description of postural 

control and the physiological processes involved in it. Chapter 2 is concluded with the 

presentation of the research questions formulated for this project and a quick description of 

the studies designed to address and answer such questions. Chapter 3 represents a 

mathematical description of the recording techniques used in the studies hereby presented. 

From surface electromyography to static posturography, the techniques are presented along 

the mathematical background of the analyses utilised to quantitatively investigate the data. 

Chapter 4 describes the first experimental study of the thesis, which goal was to define a WBV 

stimulation to target the superficial muscles of the lower leg that are mostly engaged for 

postural control. Chapter 5 describes the second experimental study, which objective was to 

assess the effect of the previously-defined WBV stimulation on undisturbed balance. Although 

a discussion of the findings is provided in each chapter, Chapter 6 offers an overall summary 

of the key results and their joint interpretation, along with a consideration of the possible future 

directions of this research. 
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2. Literature Review 
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2.1 Whole Body Vibration  

Whole body vibration (WBV) is a non-pharmacological mean of intervention whose use has 

recently grown in the rehabilitation and sport field (Saquetto et al., 2015). This treatment 

consists in the delivery of mechanical stimuli to the body via a vibrating platform, on which a 

subject stands performing either static or dynamic exercises. WBV has been proven to be 

beneficial under several aspects (Rittweger, 2010) among which muscle stimulation is the most 

credited (Cardinale and Bosco, 2003). It is in fact renowned that vibrations, applied to tendons 

or muscle bellies, induce a higher muscle spindle activation (De Gail et al., 1966; Marsden et 

al., 1969) that is measurable as an increase of firing rate of proprioceptive fibres (i.e. Ia fibres). 

However, it is not yet clarified how this enlarged amount of action potentials from the sensory 

network is then transduced into a higher motor unit (MU) activation rate (McBride et al., 2010; 

Shinohara, 2005). Nevertheless, the inclusion of WBV in training programs has successfully 

resulted in increased explosive muscle strength and muscle power in both trained athletes 

(Bosco et al., 1999; Mahieu et al., 2006) and young nonathletic adults (Torvinen et al., 2002a). 

The addition of a specific vibration treatment to the ordinary rehabilitation protocol for children 

with cerebral palsy showed positive outcomes too: both gait speed and gross motor function 

increased significantly for children who underwent WBV, indicating a possible improvement of 

motor coordination due to the treatment (Saquetto et al., 2015). 

Besides the effects on the neuromuscular system, WBV impact has recently been 

investigated also on bone mineral density (BMD). Even though controversial results can be 

found in the literature, two meta-analysis revealed similar outcomes, namely that long 

exposure to WBV produces small but significant improvements in hip and spine BMD in post-

menopausal women (Fratini et al., 2016; Slatkovska et al., 2010). Although these findings 

suggest the use of WBV as a possible non-pharmacologic supplement to prevention and 

therapy protocols of osteoporosis (Mahieu et al., 2006; Ruan et al., 2008; S. M. P. Verschueren 

et al., 2004), controversial results obtained in other studies (Tankisheva et al., 2015; Wysocki 

et al., 2011) underlie the need of further research before WBV is used in clinical practice. 
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Furthermore, the effects of WBV have been also investigated for other aspects: 

• Impact on the neuromuscular system. WBV induces progresses in balance due 

to neural and neuromuscular adaptation through muscle spindles stimulation. 

Those neural receptors indeed send information to the central nervous system 

(CNS) in charge of controlling postural balance (Martin and Park, 1997). For 

example, the inclusion of WBV in training protocols led to  improvements of 

postural control in both healthy and pathological subjects (Dallas et al., 2017; 

Ritzmann et al., 2014; Saquetto et al., 2015), suggesting the addition of a WBV 

treatment to the conventional fall prevention protocols for the elderly population 

(Osugi et al., 2014). However, Torvinen et al. (2002) reported controversial 

outcomes on postural control on healthy young adults (Torvinen et al., 2002a, 

2002c). 

• Hormonal level. The growth hormone response, for example, is increased when 

a regular resistive exercise is combined with vibration (Kvorning et al., 2006). 

• Blood flow. Changes in blood flow have also been recorded: both skin blood 

flow (Lohman et al., 2007; Rittweger et al., 2000) and muscle perfusion are 

enhanced during WBV exercises (Kerschan-Schindl et al., 2001). 

• Intramuscular temperature. The use of a vibrating platform has also been 

proven in successfully raising the intramuscular temperature more quickly and 

more efficiently than any other traditional warm-up forms (e.g., cycling or hot 

bath (D. J. Cochrane et al., 2008). This suggests the use of WBV as a mean of 

warming-up in those sports that require high muscle power. 

Although the use of WBV seems promising, there are unresolved aspects that still limit 

its systematic use in sport training and clinical rehabilitation. The first barrier is represented by 

the lack of a standardised protocol, which prevents clinicians from appropriately delivering the 
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treatment to patients (Rittweger, 2010). This is mostly due to the many variables that play a 

role in determining the outcomes of the treatment and to the (still unclear) way in which they 

affect the results. Examples of WBV determinants are the frequency and amplitude of the 

vibration, the posture of the subject on the platform and the type of platform itself (Rittweger, 

2010). Different combinations of some of the aforementioned variables were tested and their 

effect was evaluated in terms of the relevant electromyographic (EMG) activity (Lienhard et 

al., 2014a; Ritzmann et al., 2013), but no definitive conclusions were drawn. This brings the 

attention to the second big uncertainty, namely the interpretation of the surface EMG (sEMG) 

signal recorded during WBV. A debate is still ongoing about the meaning of the sharp peaks 

that appear in the sEMG spectrum at the stimulation frequency and its superior harmonics. 

While some interpret these as an enhanced muscular activation triggered by the vibrations 

(Ritzmann et al., 2010; Xu et al., 2015), others believe that motion artefacts -mainly caused by 

cable swinging and skin stretching- account for most of the peak content and should therefore 

be removed  (Abercromby et al., 2007a; Fratini et al., 2009a). More details on WBV-induced 

motion artefacts and how to deal with them are given in Chapter 3 (see paragraph 3.1.3).  

2.1.1 Mechanisms behind WBV effect on muscles 

Although WBV intervention has been proven effective to increase muscle contraction, and in 

turn, strength and power (Marin and Rhea, 2010a, 2010b; Osawa et al., 2013), the mechanism 

capable of eliciting such physiological response is still poorly understood. The following 

sections aim at presenting the two processes hypothesised to be responsible for it, namely 

tonic vibration reflex (TVR) and muscle tuning. 

2.1.1.1 Tonic Vibration Reflex  

The mechanism that is mostly accredited for triggering a response from the musculoskeletal 

system is similar to the one known as TVR (Bongiovanni and Hagbarth, 1990; Burke et al., 

1976a; Burke and Schiller, 1976). According to the latter, vibrations applied to foot soles induce 

changes in muscle length that stimulate the sensorial structures present within the muscles, 

namely the muscle spindles. The latter are sensory organs located between extrafusal muscle 
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fibres and are connected to the CNS via primary and secondary endings that carry 

proprioceptive information. These afferent nervous fibres wrap around the intrafusal muscle 

fibres that constitute the spindles and detects changes in the length of muscles. When WBV-

induced muscle stretch is detected by the spindles, motor neurons are activated via reflex 

responses and instruct muscle fibres to contract. This increased flow of APs to the muscles 

translates into an enhanced muscle fibre firing rate that, in turn, is measurable as a greater 

muscle activation –as observed during WBVs. The hypothesis that the enhanced muscle 

activity recorded during WBV is triggered by the TVR was well justified by the findings of 

pioneering studies on the effect that locally applied vibrations had on muscle response.  

Important results came from the investigation of vibration-induced soleus response in 

the decerebrate cat (Homma et al., 1972). These showed that the MU inter-pulse intervals–

which are defined as the time between an ending discharge and the adjacent one- were integer 

multiples of the vibratory cycle, indicating that MU discharge rate was synchronised with the 

vibratory stimulus. Subsequent results suggested that the same MU synchronisation would be 

applicable to humans as well (Hirayama et al., 1974) and were soon confirmed.  

When vibrations were applied to the Achilles tendon, the triceps surae MU discharge 

rate was found to synchronise with the vibratory cycle (Burke and Schiller, 1976). However, 

isolated MUs were not able to synchronise with the stimulus in a one-to-one fashion, but rather 

dropping sporadic cycles. A similar response was observed in the jaw elevator muscles of 

participants who were voluntarily contracting them while sustaining vibrations (Hagbarth et al., 

1976). Since it became clear that –under vibratory stimulation- even discharges of voluntarily 

driven MUs were phase-locked to the vibratory cycle, it was proposed that MU discharge timing 

depends on the level of synchronisation of the Ia afferent firing rate (Hagbarth et al., 1976). 

Further findings suggested that not only primary endings were responsive to a vibratory 

stimulus, but also II afferent fibres and Golgi tendons, indicating that vibrations trigger the 

response of the whole proprioceptive apparatus (Burke et al., 1976b).  
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While it has been proven that spindle endings responses were phase-locked to the 

vibratory cycle -with their firing pattern being either at the stimulation frequency or at 

subharmonics of it (Martin and Park 1997; R. Person and Kozhina 1992; R. S. Person and 

Kozhina 1989)- the discrepancy between their firing rate and MUs’ one has not fully been 

clarified yet. One obvious response is the difference in the discharge rate of the structures of 

interest: sensory organs on one side and MUs on the other. While primary and secondary 

endings have been proven to have high discharge rate upper thresholds, axonal impulses 

descending motor neurons cannot physiologically propagate at a frequency higher than 50 Hz 

(Basmajian, 1978). A second possible explanation of the difference between receptor and 

actuator timing could lie within the pathways through which the afferents communicate with 

motor neurons. Although the TVR is thought to be primarily generated by the vibration-locked 

firing pattern of Ia fibres through monosynaptic pathways, it cannot be excluded that 

polysynaptic pathways are employed too to process these proprioceptive signals (Homma et 

al., 1972; Kanda, 1972). Results obtained by Burke et al. (1976) did in fact show that sustained 

vibration led to a decrease in motor neuron response, suggesting that afferent signals are 

processed through an additional pathway other than the monosynaptic one (Burke and 

Schiller, 1976). In conclusion, it is presumably safe to state that both monosynaptic and 

polysynaptic pathways are involved in the processing of proprioceptive feedback that arise in 

response of vibrations.  

Although nowadays there is a common agreement on the fact that the TVR arises in 

response of vibrations applied directly to tendons or muscle bellies, evidence for the TVR to 

be actually triggered by WBV is still limited. However, encouraging results have recently been 

reported. A study comparing the latencies of stretch reflex responses with those obtained from 

sEMG activity of muscles undergoing WBV interestingly resulted in recording very similar 

latencies (Ritzmann et al., 2010). Furthermore, intramuscular recordings during WBV showed 

that MU firing rate was phase locked to the vibratory cycle, although not in a one-to-one fashion 

(Pollock et al., 2012), resembling the findings from the pioneering studies reported above. 
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Despite these findings suggest that a reflex response does occur probably as a 

consequence of vibration-induced muscle stretch, it is still unclear to what extent it contributes 

to increase muscle activity during WBV. 

2.1.1.2 Muscle tuning  

Another way to understand how muscles respond to WBVs is to look at the stress that 

vibrations represent for the body and the mechanisms the body relies on to control shock 

transmission. Among these, muscle activity and joint kinematics are those over which the body 

has a prompt control (Gross and Nelson, 1988; Lafortune et al., 1996). Since subjects are 

usually asked to keep a static posture during WBV exercises, the energy dissipated through 

joint kinematics is constant. Therefore, the only process through which harmful vibrations can 

be dampened during WBV is the regulation –or tuning- of muscle activity. 

The idea that muscles reduce resonance by dampening vibrations -especially when the 

frequency of the latter is close to the natural frequency of soft tissues– has been around for a 

while (Nigg and Wakeling, 2001). Muscle tuning is a defensive mechanism perpetrated by 

muscles to minimise soft tissue vibrations that has been proposed to arise in response to 

ground reaction forces generated during physical activities and that has been proven to occur 

in several occasions (Wakeling and Nigg, 2001a). When a pendulum apparatus was used to 

deliver different impact forces to the heels (modulated by the use of different shoe sole 

materials), diverse muscle activation patters were recorded, suggesting that muscle activity 

was adjusted to the distinct impact force loading rates (Wakeling et al., 2001). A similar result 

was then obtained during actual running trials performed with different shoes, which -once 

again- altered the impact force loading rate (Wakeling et al., 2002b). During a walking trial 

performed with soft and hard shoe conditions, no changes were recorded in the ground 

reaction force (GRF) transferred from the ground to the lower limb tissues, although a bigger 

force transmission was expected for the soft-shoe condition (Wakeling et al., 2003). Since the 

force transmitted was constant in both conditions and since an enhanced muscle activity was 

measured during the soft shoe condition recordings, it could be concluded that vibration 
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dampening must have increased. Moreover, the frequencies of the impact resulting from the 

soft shoe condition were closer to soft tissue resonance frequency, confirming that muscle 

activity increased to avoid vibration-induced resonance of soft tissue. As for vibrations 

delivered artificially to the whole body, in a similar way to what happens during WBVs, muscle 

activity was measured in response to continuous and pulsed vibrations delivered through a 

platform (Wakeling et al., 2002a). Results from this study confirmed that when the stimulation 

frequency is similar to the natural frequency of the soft tissues compound, a greater muscle 

activity is registered. The increase of muscle activation and force production leads to a 

dissipation of the vibration power through the cross-bridge cycles that ultimately results in a 

greater vibration dampening. Furthermore, when muscle activity increases, tissue stiffness 

increases and their natural frequency shifts toward higher values, avoiding harmful free 

vibrations of soft tissues, namely “resonance” (Wakeling et al., 2002a). In fact, as it is the mass 

and the stiffness of a system that define its natural frequency, muscle activity has a direct effect 

on the natural frequency of soft tissues. In other words, when cross-bridges within the muscle 

fibre are activated in response to impact forces, the induced mechanical work is dissipated 

and stiffness is generated, leading to a dampening of tissue vibrations (Cardinale and 

Wakeling, 2005).  

As for the TVR, muscle tuning has been hypothesised to be one of the mechanisms 

behind muscle response to the mechanical stimulation delivered via WBV and recent results 

suggest it might be so (Cardinale and Wakeling, 2005). Resonant-like behaviour of quadriceps 

rectus femoris (RF) were measured in response of WBV application (Fratini et al., 2009b), 

confirming the above-mentioned hypothesis. Similar results were obtained from the RF, biceps 

femoris (BF) and gastrocnemius lateralis (GL) when the relevant vibration-induced motion was 

recorded by an accelerometer placed on each muscle belly (Cesarelli et al., 2010). 

Interestingly, a different resonant-like motion was measured for each of the three muscles in 

the two analysed positions, which were hack squat (HS) and on the forefeet (FF). 

Accelerometers placed on RF and BF bellies showed the biggest displacement in the HS 

position when a mechanical stimulus of 23 Hz and 18 Hz was provided, respectively. The 
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displacement recorded in correspondence of the GL, instead, was appreciable only when 

participants were on FF and was maximum when a 27 Hz stimulus was used. These results 

show the dependency of the physiological response on the parameters of the mechanical 

stimulation and are indicative of the complicate way in which vibrations propagate in the body. 

They show that not only the WBV frequency but also the posture kept by the participants affect 

muscle response, as on the latter depend muscle tension and stiffness (Wakeling and Liphardt, 

2006; Wakeling and Nigg, 2001a). 

2.1.2 WBV treatment parameters 

As mentioned before, one of the biggest obstacles that prevents WBV from being 

systematically used in clinical and sport rehabilitation routines is the large number of 

determinants that play a key role in the treatment and highly affect its outcomes. Some of these 

parameters and the way in which they affect WBV outcomes are discussed in the following 

sections. 

2.1.2.1 Frequency and Amplitude 

The nature of the delivered stimulus is of obvious importance and, therefore, both frequency 

and amplitude of the applied vibrations have an impact on the relevant muscle response. The 

relationship between the stimulus characteristics and the muscle outcomes is not completely 

clarified yet, but some progresses have been made regarding the choice of these parameters. 

The range of frequencies that is commonly used in sport and clinical research is 

between 5 Hz and 60 Hz (Di Giminiani et al., 2015; Fratini et al., 2009b, 2009c; Lienhard et al., 

2014a), which interestingly falls in the range of muscles natural frequencies (Wakeling and 

Nigg, 2001b). Some studies suggest that muscle activation in the lower limbs increases linearly 

with the vibration frequency and the platform displacement (Lienhard et al., 2014a; Pollock et 

al., 2010; Ritzmann et al., 2013). Nevertheless, Fratini et al. (2009) recorded a different trend 

in the electromyographic response of the RF. The average root mean square (RMS) values of 

sEMG did not increase linearly with the frequency, but peaked at 23.3 Hz and decreased for 
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bigger frequencies. Interestingly, this behaviour was visible only after filtering the signal with 

sharp notch filters, but we have to postpone this topic to paragraph 3.1.3, where it is discussed 

in detail. An absence of linear relation between RMS values of sEMG and frequency was also 

reported in measurements from the vastus lateralis, where the greatest muscle response was 

observed in correspondence of a 30 Hz stimulus rather than the maximum frequency used  as 

stimulation (Cardinale and Lim, 2003a). Similar results were also obtained when the outcomes 

evaluated were different from electromyographic measurements: low frequency WBV (20 Hz) 

were proven to be more efficient than high frequency WBV (40 Hz) in the enhancement of 

hamstrings’ flexibility and squat jump (Cardinale and Lim, 2003b). Altogether, these findings 

indicate that muscle response might not be linked to the stimulation frequency in a linear 

fashion, but rather that specific frequencies trigger the greatest muscle activation, which is in 

line with the muscle tuning paradigm. 

 To the best of the author’s knowledge, the effect of the stimulus amplitude has instead 

been less investigated, but it has been proven to affect muscle activation as well. The latter is 

the vertical displacement undergone by the platform during a vibratory cycle and greater 

muscle responses were registered in correspondence of bigger stimulus amplitudes (Lienhard 

et al., 2014a; Pollock et al., 2010). 

2.1.2.2 Subject’s posture 

If the specifics of the stimuli are of obvious importance, the posture of the subject is relevant 

as well. Since tension and muscle stiffness affect the way in which vibrations are transferred 

along the kinematic chain (Wakeling and Liphardt, 2006; Wakeling and Nigg, 2001a), the 

posture kept by a subject on the platform is essential to facilitate the propagation of the stimulus 

towards specific muscles. 

Burke et al. (1976) observed that voluntary isometric contraction of muscles can 

enhance the response of muscle spindles to vibrations. This finding suggests that, when 

muscles are isometrically contracted, the vibration-induced firing rate of primary and secondary 



29 
 

I. Rigoni, PhD Thesis, Aston University 2021 
 

endings is increased, indicating that WBV outcomes are maximised if the stimulus is delivered 

to voluntarily contracted muscles. A simple way to deliver WBV to contracted muscles in the 

lower limbs is to instruct the subject to maintain a specific posture. This will ensure a 

contraction of the target muscles throughout the duration of the treatment. 

In literature it is common to find that subjects are asked to keep a hack squat position, 

although examples of single leg squat equally resulted in improvements of muscle power and 

strength (Bosco et al., 1999; Fagnani et al., 2006). According to the type of intervention, 

athletes were sometimes instructed to hold positions that resembled sport specific gestures 

(Wyon et al., 2010) or to perform training exercises on the platform (Delecluse et al., 2005; 

Mahieu et al., 2006). Encouraging results were also obtained in improving postural control 

when subjects maintained a forefeet stance on the vibrating platform (Ritzmann et al., 2014). 

Nevertheless, a direct comparison of static and dynamic WBV exercises showed that a greater 

electromyographic activity is evoked from muscles in isometric contraction conditions, rather 

than from muscles contracting in an eccentric and concentric fashion (Abercromby et al., 

2007a). However, no actual physiological justification has been provided on the reason why 

static WBV exercises might be more efficacious than dynamic ones.  

An insight on how muscle response can be affected by the position acquired during 

WBVs was offered by analysing the local muscle motion induced by the vibrations recorded by 

accelerometers placed on the skin in correspondence of the muscle belly (Cesarelli et al., 

2010). The results showed that while the local motion of thigh muscles (RF and BF) is more 

pronounced in a HS posture, the motion of a lower leg muscle (GL) is larger when a subject is 

standing on FF. Similar findings on sEMG signals gave credit to the hypothesis that contracted 

muscles are more responsive to WBVs, and that this response can be tuned not only by 

adjusting the frequency of the stimuli but also the posture held by the subject (Ritzmann et al., 

2013). Testing different combinations of frequencies, postures, platform type and external 

loads, two major conclusions were drawn. In the first place, it was found that increased knee 

flexion angles generated an increased activation of the knee extensor muscles (RF and tibialis 
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anterior), and a decreased response of the plantar flexor ones (gastrocnemius medialis and 

soleus). In the second place, it was concluded that a FF stance significantly enhanced muscle 

activity in the plantar flexors and diminished the response of knee extensors. On one side, 

these results suggest that different kinematic chains allow for the transmission of vibrations to 

different muscles. On the other side, they indicate that the acquisition of different postures lead 

the same muscles to different level of stiffness, changing their natural frequency and therefore 

altering their response to the same vibratory stimulus, which is once again in line with the 

muscle tuning paradigm. 

 

2.1.2.3 Other WBV determinants 

Among all WBV variables, the frequency of the stimulation and the posture held by 

participants are the most widely investigated, possibly because their effect on WBV outcomes 

has been better justified from both the physiological and mechanical point of view. However, 

there are also other parameters that should be taken into account when this treatment is used 

and those are: 

• the type of platform used to deliver the stimulus 

• the exposure time  

• the cumulative dose 

• the inclusion of external loads.  

The following paragraphs aim at describing the way these affect WBV treatment outcomes, in 

order to explain the uncertainty linked to each of them and therefore the difficulty of 

appropriately tuning the treatment. 

The type of device used in the treatment has been proven to influence the duration of 

the outcomes: platforms delivering synchronous vibrations evoke a bigger treatment effect on 
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muscle power and strength for long-term adaptations compared to side-alternating platforms 

(Marin and Rhea, 2010a, 2010b). These findings therefore suggest the use of a synchronous 

stimuli to observe long-term improvements, and the use of a side-alternating one to elicit acute 

effects in muscles. 

As well as the platform used, the amount of time subjects are continuously exposed to 

the mechanical stimuli affects the final WBV outcomes. Exposure times ranging from 30 

seconds up to 20 minutes are used for one single session in current protocols (Bosco et al., 

1999; Dallas et al., 2017; Ritzmann et al., 2014; Sucuoglu et al., 2015). However, previous 

findings demonstrated that prolonged periods of vibration causes not only a decrease in EMG 

activity, but also a reduction in MU discharge rate and contraction force (Bongiovanni et al., 

1990). Specifically, 10-20 seconds of vibration seem to be sufficient to increase Ia afferent 

inputs, while sustained vibrations reduce their inflow to alpha motor neurons (Shinohara, 

2005). 

If long-term outcomes are the objective of the treatment, the cumulative dose is another 

parameter that should be consciously tailored, which is the total amount of vibrations delivered 

to the participant throughout the duration of the treatment. A significant increase in lower-limb 

extension strength was recorded after two-month of WBV exercises in young non-athletic 

adults, which reversed and decreased by the end of the fourth month of intervention. A net 

improvement was instead registered for the jump height by the end of the treatment (Torvinen 

et al., 2002a). The effect of the total amount of exposure to vibration undergone by the subjects 

throughout the treatment is not of simple investigation due to the variability observed in the 

different studies. Each study, indeed, adopts a different WBV treatment protocol, sometimes 

changing the stimulus specifics (frequency, amplitude and type of platform used), the exercises 

and the exposure time along the treatment period (Delecluse et al., 2003). 

The inclusion of external loads, for example via the use of a weightlifting bar, can affect 

the intervention outcomes too. Studies showed that WBV performed with additional loads of 

20%, 30% and 40% of the subject’s body mass increase not only muscle response, but also 
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metabolic power and performance (Garatachea et al., 2007; Rittweger et al., 2001; Ritzmann 

et al., 2013). Although it is suggested that greater loads stimulate greater responses in term of 

oxygen consumption and heart rate principally in the young population (D.J. Cochrane et al., 

2008), conclusive results have not been produced yet. 

The differences found in the afore-mentioned studies do not only depend on the variety 

of protocols used and population tested, but also on the way the results were analysed and 

interpreted. Chapter 3 presents more details on the preprocessing steps and the analyses 

employed in the present thesis. 

2.2 Undisturbed upright standing  

Maintaining an upright stable posture does probably feel effortless to most human beings. 

However, this easiness does not reflect the complexity of the control mechanisms that are 

actuated by the nervous system to keep the body in balance. Moreover, it does not matter how 

trained the postural control mechanisms are: a completely still upright posture is impossible to 

achieve and maintain, since the body constantly sways. The incapacity of keeping a completely 

stable upright stance is due to the fact that, differently from other animals, humans are shaped 

as long bodies that develop in the vertical direction, rather than in the horizontal one, and have 

a small base on which to balance. In addition, two thirds of the mass of a human body is located 

above the waist, placing the body centre of mass (COM) in front of the ankle joint (Forbes et 

al., 2018). Because we live in a gravitational environment, gravity acts on the standing person 

who would fall forward if no other forces acted in the opposite direction. The forces that prevent 

a standing person from falling forward are those generated by the plantarflexor muscles in the 

calf, namely the gastrocnemius and the soleus (SOL). The contraction of the triceps surae 

muscles pulls the person backward and prevents the body from toppling. However, since it is 

practically impossible to exert the exact amount of force necessary to fully stabilise the COM, 

the dorsiflexor muscles -such as the tibialis anterior (TA)- are engaged as well to 

counterbalance those forces that pull the body backwards. These corrections are continuously 
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ongoing and are reflected by the constant sway of the body, which makes even quiet standing 

an actual dynamic effort (Horak et al., 1997). 

 The COM of a body is where the mass of the latter is balanced and can be calculated 

by weight-averaging the COM of the segments of which the body is composed. Since the COM 

can be approximated as the application point of the resultant of the external forces, a force 

equal and opposite to the gravitational forces must act on the COM for the standing body not 

to lose equilibrium. Although the centre of pressure (COP) is sometimes wrongly interpreted 

as the projection of the COM on the base of support, it actually represents the location of the 

GRF equal and opposite to the resultant of the forces exerted by the muscles to resist gravity 

and accelerate the COM.  In other words, while on one side the COM reveals the actual body 

sway, on the other side the COP reflects the neuromuscular response actuated to adjust COM 

imbalances (Winter, 1990). The condition necessary for maintaining an upright stance is that 

the horizontal projection of the COM does not exceed the base of support (Horak and 

Macpherson, 1996). In the case of bipedal undisturbed balance, the latter is the surface defined 

by the area under the feet. Generally, static stability is proportional to the mass of the body 

and the surface of the base of support. Moreover, the higher is the COM with respect to the 

base of support, the less stable the body is (Hayes, 1982).  

To investigate the biomechanics of human free standing, the standing body has often 

been described as an “inverted-pendulum”, where the feet are the fixed base and the rest of 

the body (legs, trunk, neck and head) is free to move around the ankle as a single rigid segment 

(Winter et al., 1998). According to this model, the COM position is adjusted in the sagittal plane 

mainly by plantarflexor/dorsiflexor torques that act around the ankle and represent the so-

called “ankle strategy” (Horak and Nashner, 1986; Winter, 1995). Oscillations in the frontal 

plane are instead mostly controlled by the hip abductor/adductor moments -the so-called “hip 

strategy”- as the ankle invertor/evertor torques are negligible in this plane (Winter, 1990). 

Although the hip strategy is still adopted to avoid a forward fall, it is the ankle strategy that 

represent the dominant mechanism during quiet standing  (Gatev et al., 1999; Winter, 1990). 
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However, although the inverted-pendulum is useful for understanding the mechanics of human 

standing, the ability of balancing on two legs without falling goes beyond the simplification 

offered by this model. This ability does in fact result from the processing of a huge amount of 

sensory information that allows the fine tuning of muscle activation to counteract a loss of 

balance. All together, these mechanisms represent the so-called “postural control”, which is 

described in the next paragraph.  

2.2.1 Postural control 

For a long time, postural control was believed to be a simple summation of reflex responses. 

This view was supported by studies showing that animals were able to maintain balance by 

tonic reflexes alone (Magnus, 1925), which led to the hypothesis that the same low level 

mechanisms would apply to humans. However, many were the reasons for which not to pursue 

such parallelism. Firstly, human balancing is different from that of most animals as its stance 

is bipedal rather than quadrupedal, making the base of support smaller and making it easier 

for the COM -which is also at a higher position with respect to the base- to be located outside 

of it (Loram et al., 2005a). Secondly, the contribution of short latency (SLAT) responses 

(reflexes) to postural control was shown to be minimal even in animals since cats with spinal 

transections –but intact SLAT reflexes- were unable to maintain an unsupported stable stance 

(Fung and Macpherson, 1999). Nevertheless, it was proposed that human beings could 

maintain an upright stance by the instantaneous activation of muscle activity via stiffness 

control (Winter et al., 1998). According to this model, the sole role of the CNS was to select 

the right tonus for the ankle muscles. However, this model was soon challenged by the fact 

that ankle stiffness alone was proven not to be enough to balance, suggesting that an active 

mechanisms of stabilisation must be responsible for the ability of humans to stand still 

(Morasso and Schieppati, 1999). Hence, it is reasonable to state that standing balance is 

achieved by both passive torques –generated by reflexes triggered by muscle lengthening and 

shortening- and active ones –controlled by cortial drive (Peterka, 2002). Since these active 

torques are activated through a feedback control system, it became clear that sensorimotor 

integration played a big role for postural control. 
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Postural control is therefore nowadays no longer believed to be the result of equilibrium 

reflexes, but rather the product of fine motor control achieved via complicated neural 

integrations (Horak and Macpherson, 1996; Ivanenko and Gurfinkel, 2018). It is enough to look 

at an infant attempting to stand to realise that balancing on two legs is a motor skill itself and 

requires a certain degree of learning and maturity of the senses to be effectively carried out 

(Hayes, 1982). The ability to maintain balance does in fact depend on the ability to detect 

internal and external perturbations, react to the latter and generate the appropriate corrective 

torques to keep the COM within the base of support. In order to detect internal perturbations 

(such as excessive muscle lengthening due to losses of balance) or external ones (such as a 

sudden change in the lightening of the surrounding environment or a displacement of the base 

of support) humans rely on sensory information of different nature. Proprioceptive, vestibular 

and visual feedbacks play a fundamental role for postural control, as several studies 

demonstrated that balance is compromised when these systems are stimulated or challenged 

(Peterka, 2002). Sensory information are carried from the periphery to the CNS via afferent 

nerves and processed either at the spinal (SLAT), brainstem (medium latency responses, 

MLAT) or brain level (long latency responses, LLAT), producing an internal representation of 

the position of the body (kinaesthesia) (Horak and Jacobs, 2007). Finally, to counteract the 

loss of balance, muscles are recruited in the appropriate proportion to generate a force that, 

applied against the base of support, accelerates the COM in the desired direction.  

As it is believed to happen in most of the movements performed on a daily basis, 

muscles are not activated in a single fashion, but rather by common neural signals that are 

input to muscles located in different part of the body, forming the so-called “muscle synergies” 

(Bernstein, 1967; Farmer, 1998; Turvey, 1990). These are thought to play a fundamental role 

even for postural control, further supporting the idea that balancing requires fine motor control 

and a certain degree of training (Loram et al., 2005a; Morasso and Schieppati, 1999).  
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2.2.2 Sensory feedbacks 

As previously mentioned, sensory feedbacks are fundamental for human postural control and 

are provided by the vestibular, visual and proprioceptive systems. 

The vestibular system is composed of three semicircular canals and the otolith organs 

–saccule and utricle- to which the canals are connected. The first ones detect angular head 

velocity sensing its direction. Since their gain is smaller for frequencies below 0.1 Hz, the 

semicircular canals are thought to encode information about unexpected impulses to the head 

(above 0.5-1 Hz) rather than slow postural oscillations that characterise undisturbed upright 

standing. The second ones are sensitive to linear accelerations that occur in every direction, 

signalling the CNS about the position of the head (tilts). Because their gain is high even at low 

frequencies (below 0.5 Hz), otolith organs are thought to play an important role in detecting 

natural slow head oscillations that are characteristic of undisturbed balance. Summarising, the 

vestibular system -located in the inner ear- detects rotational and linear motion of the head 

with respect to the vertical (gravity), allowing us to perceive our postural verticality (Forbes et 

al., 2018). Galvanic vestibular stimulation has been proven to evoke both body sway and body 

tilt (Day et al., 1997; Hlavacka and Njiokiktjien, 1985), but the application of this stimulation 

does not fall within the scope of this thesis.  

Afferent information from the visual system originate from photoreceptors in the retina 

that detect changes in contrast and motion of brightness. When signals from the direction-

sensitive ganglion cells of both eyes are processed in the brain, the perception of translation 

and rotation arises. In the context of upright standing, visual information allow for the detection 

of head orientation with respect to the real visual world, contributing to the perception of self-

motion (Forbes et al., 2018). Visual cues permit also the prediction of oncoming obstacles or 

perturbations, allowing the system to preventively tune the postural reaction. Several studies 

investigated changes in stability that occurred in response to the closure of the eyes, 

alterations of the visual field or the motion of the visual surrounds and confirmed the important 

role they play in balance control (Bronstein, 1986; Dijkstra et al., 1994). 
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The term somatosensory feedback includes all those sensory information produced by 

the mechanoreceptors and proprioceptors that allow the detection of the body position. The 

first ones include receptors that respond to pressure, touch and vibrations and are located in 

the skin. In the context of postural control, they play an important role in detecting a slip or an 

alteration of the weight distribution under the foot soles. Specifically, Merkel cells and Ruffini 

endings respond to low-frequency variations of pressure and skin stretch, while Meissner and 

Pacinian corpuscles are sensitive to high-frequency deformations and vibration of the skin 

(Forbes et al., 2018). The second ones instead include receptors that contribute to the 

perception of body position. Among the proprioceptors, muscle spindles are located within the 

muscles and are sensitive to changes of muscle length, while Golgi tendon organs are placed 

within tendons and sense stretch encoding active muscle force production (Forbes et al., 

2018). 

Among all, somatosensory inputs from the lower limbs appear to be those on which 

postural responses mostly depend and the reason is twofold (Horak et al., 1994; Inglis et al., 

1994). First, proprioceptive thresholds are the lowest in detecting COP velocity, and so lower-

limb proprioceptors are the first one to be triggered by a perturbation (Fitzpatrick and 

Mccloskey, 1994; Peterka, 2002; Sturnieks et al., 2008). Second, somatosensory feedbacks 

drive postural responses of different latencies: not only SLAT responses, such as the 

monosynaptic stretch reflex, but also LLAT ones, which originate from higher-level processing 

of sensory feedbacks and produce postural synergies (Horak and Jacobs, 2007).  

2.2.3 Muscle activation 

As previously mentioned, contractions of muscle via reflex responses were proven not to be 

sufficient for stabilising balance and for counteracting postural perturbations (Fung and 

Macpherson, 1999; Morasso and Schieppati, 1999). Although SLAT responses originated in 

the spinal cord are thought to be employed in the most automatic early phases of postural 

responses, more complex muscle activations, which originate from high-level processing in the 

brain, are engaged in the later phases of these responses (Horak and Jacobs, 2007).  
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The CNS is indeed thought to deal with the many degrees of freedom that characterise 

the musculoskeletal system by recruiting muscles in fixed groups, or synergies, ultimately 

simplifying the problem of motor control (Bernstein, 1967). In other words, synergies are used 

as an ensemble of heuristic solutions that convert task-oriented goals into “detailed 

spatiotemporal patterns of muscle activation” (Ting and McKay, 2007). The term “synergy” 

refers to a set of muscles that are activated by the same neural signal, allowing both a simpler 

control of movements and flexibility of the final outcome (Torres-Oviedo et al., 2006). It is 

believed that the wide range of motor behaviours that humans are able to accomplish 

originates in fact by the activation of just a few muscle synergies, which are recruited in varying 

combinations according to the task to be accomplished (Ting and McKay, 2007). Although it 

was proposed that some muscle synergies might be innate to some extent –as those shaping 

the postural responses of a new-born (Massion, 1998)– there is more evidence is support of 

the fact that muscle synergies result from adaptive processes, such as the intersubject 

variations in both the number and muscle synergy patterns (Thoroughman et al., 2007). A 

synergy control structure was confirmed to be behind human movements like pedalling and 

walking since outcomes such as the kinematics and whole limb force well correlated with 

muscle groupings (Barroso et al., 2014; Ting et al., 1999). As for postural responses, a study 

showed that 95% of the automatic postural response to surface translation was explained by 

as little as four synergies in cats and that these were similar across the animals (Ting and 

Macpherson, 2005). Since each synergy was recruited in response of a specific set of 

directions and it was also correlated with a single force vector, it was suggested that the neural 

commands (in charge of activating synergies) do in fact signal the endpoint force that should 

be exerted by the limbs to resist the translation of the surface in that specific direction. Similarly, 

later analyses of muscle synergies recruited in response of different postural tasks 

(multidirectional rotation and translation of the base of support at different stances) confirmed 

the robustness of such synergies (Torres-Oviedo et al., 2006). Indeed, the fact that five 

synergies were able to reconstruct 80% of the total variability -across cats and tasks- 

suggested that the generation of functional synergies is at the base of robust task-variables 

control. Specifically, when the postural task was slightly altered, the differences observed in 



39 
 

I. Rigoni, PhD Thesis, Aston University 2021 
 

the muscular activation were not explained by a change in the recruited synergies, but rather 

by a different modulation of the activation levels of the synergies belonging to the same set. 

Even in humans, six synergies were sufficient to reconstruct the postural responses across 

subjects and tasks, resembling the previously mentioned ankle and hip strategies (Torres-

Oviedo and Ting, 2007). Altogether, these results suggest that postural responses are shaped 

by the recruitment of the same synergies in proportions that vary according to the task. 

Although it is commonly accepted that a neural control is at the basis of our ability to 

perform precise and complex movements, the way in which the CNS actually governs the 

many degrees of freedom that characterise the musculoskeletal system is still an open 

question. While synergies offer an insight into the coordinated activation of muscles, 

intramuscular coherence (IMC) and corticomuscular coherence (CMC) are particularly suited 

to investigate the neural implementation of the control strategies that allowed the synchronised 

recruitment of such muscles (Boonstra, 2013).  While IMC reflects the common oscillatory input 

to different muscles, CMC represents the interplay between the periphery and the CNS, or, in 

other words, both afferent and efferent signals (J. Liu et al., 2019). More details on these 

powerful measures are given in Chapter 3 (see paragraph 3.3). 

2.2.4 Neural markers of Postural control 

As previously mentioned, postural control is actuated via the activation of short, medium and 

long latency responses. The term SLAT includes those stretch reflexes triggered by 

proprioceptive signals that are processed at the spinal level and lead to the contraction of 

muscles to counterbalance the detected stretches. Those processed at the brainstem level are 

instead referred to as MLAT responses and are not always distinguishable from the LLAT 

ones, which are preprocessed in the cortex, all the way up the neural axis. Because SLAT 

responses are not enough to stabilise balance, all of them play a role in shaping the postural 

response to perturbations. Specifically, it is suggested that SLAT and MLAT responses play a 

big role in the first phase of the response –the most automatic one- where input from the 

periphery trigger pre-set synergies in the brainstem. The later phases are instead less 
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automatic and involve responses processed at the cortical level. More in detail, it is suggested 

that the cortical loop involving the cerebellum is responsible for the human ability of formulating 

postural responses based on previous experience. Instead, the cortical loop involving the basal 

ganglia allows the adaptation of postural responses from the current context (Horak and 

Jacobs, 2007). 

The involvement of cognitive-motor processes has been proven to occur during both 

perturbed and spontaneous upright standing tasks (Maki and McIlroy, 2007; Mierau et al., 

2017; Slobounov et al., 2005, 2013; Wittenberg et al., 2017), as the cortical activity was seen 

to change according to level of attention required. In correspondence of tougher balance tasks, 

a general increased cognitive load has been observed and quantified as power drops in alpha 

frequency range or increments of the individual alpha peak frequency (Hülsdünker et al., 2016; 

Petrofsky and Khowailed, 2014; Slobounov et al., 2009, 2008; Solis-Escalante et al., 2019). In 

parallel, increased activity in beta (Petrofsky and Khowailed, 2014; Tse et al., 2013), gamma 

(Chang et al., 2016; Tse et al., 2013) and theta (Hülsdünker et al., 2015; Slobounov et al., 

2009) bands were recorded across different studies during more challenging postural 

conditions. Specifically, beta and gamma frequency bands were proposed as facilitators of 

sensorimotor integration (Chang et al., 2016), resembling the interpretation proposed by Baker 

et al (2007). According to the latter, oscillations in beta band (15-30 Hz) might have the 

potential to recalibrate the sensorimotor system after a movement. More in detail, beta band 

activity (BBA) is suggested to aid the monitoring of the periphery status, facilitating the 

processing of inputs from the latter and ultimately maintaining a constant motor output (Baker, 

2007). On this note, it was proposed that the role of BBA was to signal the inclination to 

preserve the status quo, promoting the recalibration of the sensorimotor system via a more 

efficient processing of sensory feedback (Engel and Fries, 2010). If interpreted in the context 

of postural control, since oscillations in beta-band act to stabilise the motor output and minimise 

diverging movements (Androulidakis et al., 2007, 2006; Gilbertson et al., 2005), an increase in 

BBA might reflect the attempt of the system to maintain balance, i.e. the status quo. Because 

BBA might favour a more effective processing of sensory feedbacks, an increase of activity in 
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this band during a postural task might also reflect a better processing of proprioceptive signals 

–on which postural control relies- to ultimately recalibrate the sensorimotor set after a 

disturbance and minimise COP fluctuations.  

Activity in beta band have been thoroughly investigated in the context of motor control 

as oscillations around 20 Hz in the motor and somatosensory cortex were found to be coherent 

with activity from contralateral muscles (Baker, 2007). The interplay between the CNS and the 

peripheral muscles was quantified with CMC and was vastly documented to occur during 

isometric contractions and voluntary movements (Andrykiewicz et al., 2007; Conway et al., 

1995; Kilner et al., 2002, 1999; Kristeva et al., 2007, 2002; Omlor et al., 2007; Petersen et al., 

2012; Peterson and Ferris, 2019; Roeder et al., 2020; Ushiyama et al., 2017; Watanabe et al., 

2020). The same level of evidence is instead not available for motor control involved in postural 

tasks. Very few studies did in fact evaluate CMC during standing balance (Masakado et al., 

2008; Murnaghan et al., 2014) and even less managed to prove the existence of CMC during 

postural control (Jacobs et al., 2015; Ozdemir et al., 2018; Vecchio et al., 2008). While 

someone suggest that upright standing does not require cortical control (Masakado et al., 

2008; Murnaghan et al., 2014), others highlight that it is possibly due to the fact that CMC 

depends not only on the task (Kilner et al., 2000, 1999), but also on the functional role and 

level of specialisation of the chosen muscles (Ushiyama et al., 2012, 2010). 

2.3 Thesis’ objectives 

The main aim of this thesis is to deepen the understanding of Whole Body Vibration stimulation 

with particular attention to postural control interventions. To this aim, two objectives were 

define: the following paragraphs describe the research questions and the studies designed to 

address them. 

2.3.1 Customisation of WBV stimulation for calf muscles  

The first step undertaken to better understand how WBVs affect postural control mechanisms 

was to define those stimulation parameters that best targeted the muscles recruited during 
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such activity. Since the ankle strategy is the one mostly engaged during unrestricted bipedal 

balance and since the muscles of the lower leg are those needed to put such strategy into 

play, the first study presented in this thesis is focussed on the selection of those stimulation 

variables that evoke the biggest response from the TA, the GL and the SOL muscles. Because 

of the physical limitations posed by the device available in the laboratory and, in order to avoid 

subject fatigue, the number of variables taken into account was restricted to two: stimulation 

frequency and subject posture. Soft tissue accelerations and sEMG signals were collected 

from these muscles and compared across WBV stimulations, during which different vibration 

frequencies (ranging from 15 to 30 Hz) were utilised and subjects were asked to hold either a 

HS or FF static posture. The combination of stimulation frequency and subject posture that 

maximised lower limb muscle response –and therefore boosted the sensitivity of their specific 

muscle spindles- was used as WBV stimulation in the second study.  

2.3.2 Characterisation of WBV effect on postural control 

The second objective of this thesis was to understand how the enhancement of the sensitivity 

of lower limb muscle spindles -obtained via mechanical stimulation- influences postural control. 

To this aim, both physiological and behavioural outcomes were collected during four minutes 

of unrestricted balance before and after participants underwent WBV stimulation delivered with 

the specifics outlined from the first study. COP trajectories were collected and analysed to 

investigate how the stability of the participants changed after the WBVs. Moreover, in order to 

understand how WBVs affected the underlying mechanisms that are responsible for such 

outcome, sEMG and electroencephalographic (EEG) signals were collected from the lower leg 

muscles and the scalp, respectively.  
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3. Methodologies 
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The purpose of this chapter is to provide a comprehensive overview on the recording 

techniques presented in the following chapters and to offer a technical and mathematical 

background on the analysis used to quantify physiological effects. Additional and in more 

depths details can be found in the relative sections of Chapters 4 and 5.  

3.1 EMG 

Electromyography (EMG) is the recording technique used to quantify muscle activation. 

Although the electrodes can be of different type and size -intramuscular or surface, bipolar or 

multichannel, with areas ranging from few mm2 to hundreds of mm2- they all record the 

electrical activity associated with the underlying action potentials (APs) that propagate along 

the muscle fibres (Merletti and Farina, 2016).   

3.1.1 Origin of the EMG signal 

Contractions produce electrical activity within the relative muscles, which is generated in a 

process that involves the central nervous system and the muscle fibres organised in functional 

units that are generally referred to as motor units (MUs). A MU comprises a motor-neuron 

descending from the spinal cord (or brain stem) to the periphery and all the muscle fibres that 

are physically connected to it. Muscle contraction is initiated by an AP that propagates along 

the motor-neuron and terminates in the neuromuscular junction, leading to the activation 

(firing) of the innervated fibres, the electrical activity of which forms what is known as “motor 

unit action potential” (MUAP). The repetitive stimulations of a MU produce sequences of 

MUAPs which are generally referred as motor unit action potential trains (MUAPTs). 

Specifically, when the AP reaches the neuromuscular junction, acetylcholine –a 

neurotransmitter- is released and disrupts the membrane resting potential. The excitation of 

the sarcolemma (membrane of the muscle fibre) leads to a propagation of the depolarisation 

zone from the neuromuscular junction in both directions to the end of the tendons, generating 

an intracellular action potential (IAP). In parallel to the electrical phenomenon, the physical 

muscle contraction occurs. As the IAP propagates, it causes the release of calcium (Ca2+) from 

the sarcoplasmic reticulum; Ca2+ binds with troponin molecules on actin filaments, whose 
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configuration changes and results in myosin-binding sites being suddenly available. Myosin 

heads (on thick myosin filament) bind with the now free myosin-binding sites (on thin actin 

filament) in a bond known as “cross-bridge”. When the myosin head tilts down, the actin 

filament is dragged in the opposite direction and the muscle fibre shortens. The repetition of 

this cycle is also referred to as “contractile activity” which leads to the production of the muscle 

force necessary to perform movements (Merletti and Farina, 2016). Every muscle contraction 

therefore generates multiple MUAPTs on the same MU and multiple MUAPTs on different 

MUs. The resultant electrical activity measured internally or on the surface of the muscle is a 

spatiotemporal summation of all these signals at the measurement sites (electrodes). 

The EMG signal represents the recording of this electrical activity and, as well as 

reflecting the extent of MU activation and their firing rate,  reflects the amount of motor neuron 

firing in the spinal cord or brain stem (Merletti and Farina, 2016). 

3.1.2 Preprocessing and analysis of sEMG  

In our study we used surface EMG (sEMG) recordings, which are performed using surface 

electrodes. Since the positioning of the latter is crucial for sEMG recordings to ensure result 

consistency, electrodes were placed according to the SENIAM guidelines (Hermens et al., 

2000, 1999). Before electrode placement, the area was shaved to minimise artefacts induced 

by body hair and oily substances were removed by rubbing the skin with alcohol (Merletti and 

Farina, 2016).  

Before analysing and quantifying the muscular activation, the sEMG data were band-

pass filtered and, as details on the frequency range are specific to the study design, they can 

be found in the relative sections of Chapter 4 and 5. Generally, the low frequency content was 

removed as the skin and fat tissues, which separate the signal source from the recording site 

(altogether constituting the volume conductor), act as a low-pass filter (Merletti and Farina, 

2016). To quantify the overall muscular activation, the root mean square (RMS) of the sEMG 

recordings was used. For a time-series 𝑥 of 𝑁 points, its RMS is calculated as follows: 
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𝑅𝑀𝑆 = √
1

𝑁
∑|𝑥𝑖|2

𝑁

𝑖=1

 

The RMS is an estimation of the amplitude of the sEMG signal, which changes accordingly to 

the amount of firing MUs and the rate at which APs are discharged and therefore provides a 

measure of the “strength” of muscle contraction (Merletti and Farina, 2016). EMG recordings 

are usually normalised by the maximum voluntary contraction and expressed as a percentage 

of the latter. However, because in this thesis the sEMG RMS values are compared in a paired 

fashion and electrodes were not replaced between trials, the baseline value was either used 

as normalisation factor when more than two conditions were tested (study 1) or simply 

analysed against the one obtained under the other condition (study 2) (Burden, 2010).  

The frequency content of sEMG signals was instead analysed via mean of 

corticomuscular and intermuscular coherence (CMC and IMC, respectively) analyses. The first 

measure reflects the frequency similarities between the cortical activations and the MUs of a 

specific muscle (J. Liu et al., 2019; Mima and Hallet, 1999) and the second one represents the 

common neural input shared between MUs of different muscles (Farmer, 1998). Since the 

volume conductor causes the attenuation of the spectral content at the low frequencies, all 

sEMG time-series were full-wave rectified before CMC and IMC were estimated. sEMG 

rectification has been largely debated (Merletti and Farina, 2016), but it is strongly 

recommended for coherence analyses as it is thought to be crucial for the demodulation of the 

neural component from sEMG (Boonstra and Breakspear, 2012; Halliday and Farmer, 2010; 

Myers et al., 2003; Yao et al., 2007). The synchronisation of muscle activation (IMC) was 

investigated with state-of-the-art complex network analyses (Boonstra et al., 2015; Kerkman 

et al., 2020): details on coherence estimation and graph theory are given in paragraph 3.3.  

3.1.3 Motion artefacts on sEMG during WBV 

Power spectrum of sEMG signals recorded during WBVs present sharp peaks at the 

stimulation frequency and its superior harmonics (Figure 3.1, a), and their physiological 
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meaning is still under debate. Similar spikes were addressed for the first time at the beginning 

of 1990. Since the capacity of individual MU to synchronise their firing pattern to a vibratory 

stimulus was already demonstrated (Burke and Schiller, 1976; Lebedev and Polyakov, 1992; 

Person and Kozhina, 1992, 1989), these spikes were explained as a result of the summation 

of action potentials of several MU phase-locked to the vibratory cycle (Lebedev and Polyakov, 

1992, 1991). Based on this interpretation, authors have either ignored or interpreted these 

spikes in power occurring during WBSs as a demonstration of an increased synchronisation 

of MU firing rate to the stimulation frequency (Cardinale and Bosco, 2003; Ritzmann et al., 

2010; Xu et al., 2015). Only in 2007, Abercromby et al. suggested that such sharp peaks might 

mostly represent motion artefacts (caused by relative movements between electrodes and the 

skin and the stretching of the skin itself) and proposed to remove them with band-stop filters 

(Abercromby et al., 2007a). More formal demonstrations were later proposed and further 

suggested that motion artefacts accounted for the majority of the variability of spectral peaks 

(Fratini et al., 2009a; Sebik et al., 2013). Nevertheless, this issue is still debated and there is 

no definitive agreement on whether the spikes are caused by the tonic vibration reflexes or 

motion artefacts (Ritzmann et al., 2010; Xu et al., 2015). Although differences and limitations 

within study set-ups might have generated different outcomes (Bifulco et al., 2013), it is likely 

that sEMG spectrum contains both reflex activity and motion artefacts (Lienhard et al., 2014b).  

While motion artefacts are limited to sEMG spectral peaks, the reflex activity extends 

to a broader range of frequencies (Ritzmann et al., 2010). It could be therefore concluded that 

the removal of the spikes in the sEMG spectrum does not affect the deductions that can be 

drawn on WBV effect on the neuromuscular system. For this reason, and for continuation with 

previous studies (Cesarelli et al., 2010; Fratini et al., 2009a, 2009b), the spectral spikes were 

removed via mean of narrow stop band filters. Details on the latter are provided on the relative 

section of the Chapter 4 and an example of the artefact removal is given in Figure 3.1. 
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Figure 3. 1: Motion artefacts removal via spectral filtering 

Preprocessing of the sEMG signal recorded from the gastrocnemius lateralis during WBV stimulation at 

30 Hz. a) Power spectrum of the raw signal (orange) and the filtered one (purple); b) magnification of 

the power spectrum of the filtered signal, from which the peaks were removed via mean of narrow stop-

band filters; c)  raw (orange) and filtered (purple) sEMG signal. 

3.2 EEG 

Richard Caton is usually cited for being the first one to record electrical activity from the brain 

of animals such as cats, monkey and rabbits (Caton, 1875). However, the activity of the human 

brain was visualised and quantified in the form of voltage oscillations for the first time by Hans 

Berger (Berger and Gloor, 1969), who paved the way for neuroimaging research via 

electroencephalogram recordings. Electroencephalography (EEG) is not the only brain 

imaging technique, nevertheless, it is one of the few techniques capable of non-invasively 

measuring the direct neural activation and of having excellent temporal resolution. In addition, 

the advance of technology has seen the latest models of EEG recording devices become 

portable and therefore offer freedom of movement, making EEG a suitable technique also for 

studies involving motor and postural tasks.  

3.2.1 Origin of the EEG signal 

Electroencephalography records the electrical activity of the brain by measuring the difference 

in voltage between two recording sites. Since electrodes are placed on the scalp, what EEG 

records is the summation of excitatory and inhibitory post-synaptic potentials (EPSPs and 

IPSPs), rather than the individual potentials themselves. The binding of specific messengers 
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(glutamate for EPSPs and gamma-aminobutyric acid for IPSPs) to the postsynaptic membrane 

causes ion channels to open, leading to a change in the permeability of the membrane. 

According to the nature of the ions moving through the membrane (Na+ and K+ for EPSPs and 

Cl- for IPSPs), the post-synaptic potential is called excitatory or inhibitory, depending on 

whether it leads to depolarisation (EPSP) or hyperpolarisation (IPSP) of the neuron, 

respectively stimulating or inhibiting the transmission of an action potential along the axon of 

the neuron. Among all, pyramidal neurons are those that mostly contribute to the generation 

of the EEG signal. These are nervous cells placed perpendicularly to the surface of the cortex 

and, as the cortex folds on itself, they are radiant -oriented along the radius from the centre of 

the head to the cortex- or tangential to the scalp -placed perpendicularly to the radius that from 

the centre of the head is projected toward the cortex- (Figure 3. 2 3.2). When triggered at the 

synaptic site, an EPSP (or IPSP) is generated and an intracellular current -perpendicular to 

the cortical surface itself- is then associated to the apical dendrite of the neuron and becomes 

detectable via EEG recordings (Hari and Puce, 2017). This microscopic current is generated 

by the movement of ions through the membrane of the neuron and is also referred to as 

“current dipole”. EEG is more sensitive to radial dipoles, although also tangential ones 

contribute to the overall recorded electrical activity, providing they are not similar in strength 

and are not placed on the opposite sides of a sulcus (Cohen, 2014). Due to of their orientation 

and duration, EEG signals are mostly made of post-synaptic potentials rather than action 

potentials (Hari and Puce, 2017). 
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Figure 3. 2: Current dipoles and pyramidal neurons 

Schematic illustration of pyramidal neurons (black), which are perpendicular to the cortex, despite of its 

folding. The excitation of the apical dendrite generates a current flow that is modelled with radial and 

tangential current dipoles (red), depending on their orientation with respect to the radius that from the 

centre of the brain projects to the scalp.  

3.2.2 Preprocessing and analysis of EEG signals 

Since the goal of EEG recordings is to quantify the physiological electrical activation of the 

brain, any other source of noise that is not related to the relevant phenomena is to be 

discarded. These artefacts can be of different nature and are usually generated by muscular 

activations, head or sensor movements, or other electrical sources such as devices present in 

the recording environment (Hari and Puce, 2017). To discern genuine brain activation from 

artefacts, a semi-automatic preprocessing pipeline was adapted from previously proposed 

research (Brunet et al., 2011): 

• The raw EEG data were cropped at the time window of interest and successfully 

de-trended. The obtained signals were mirrored at both ends before filtering to 

avoid edge artefacts (Cohen, 2014). Then, a zero-phase FIR filter (band pass filter 
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between 13 and 32 Hz) was applied to extract the content of the signals situated in 

the beta frequency range. Trials were then cropped to remove the padding and de-

trended again.  

• To remove extraocular muscle (eye-blink) artefacts, a regression method was 

preferred to the more commonly used independent component analyses. While in 

the first one the bias is limited to the selection of regression channels to be used 

consistently across participants, in the second one the bias extends to the selection 

of components to be removed for each participant.. According to this method, a 

channel containing clear eye-blink artefacts is subtracted from the rest of the 

signals in proportion to their similarity. Since extraocular muscle artefacts are 

predominant in those channels that are physically close to the eyes, frontal sensors 

are usually removed from the dataset and used as “reference artefact” channels 

(Croft and Barry, 2000; Parra et al., 2005; Pedroni et al., 2019). In this thesis, the 

signals recorded at FP1, Fz and FP2 sites were subtracted from the other channels, 

proportionally to their contribution to each channel. Therefore, for example, for a 

trial of 𝑁 samples acquired with 𝑚 electrodes, being 𝐸𝑂𝐺 [𝑁 × 3] the matrix of 

reference artefact channels and 𝐸𝐸𝐺𝑟 [𝑁 × 𝑐ℎ𝑟] the matrix of the remaining 

channels (𝑐ℎ𝑟 = 𝑚 − 3), the artefact-free 𝐸𝐸𝐺𝑐𝑙𝑒𝑎𝑛 matrix [𝑁 × 𝑐ℎ𝑟] was obtained 

as: 

𝐸𝐸𝐺𝑐𝑙𝑒𝑎𝑛 = 𝐸𝐸𝐺𝑟 − 𝐸𝑂𝐺 ∗ (
𝐸𝑂𝐺

𝐸𝐸𝐺𝑟
) 

• Noisy channels were identified in a semi-automatic fashion as well: channels whose 

standard deviation (SD) exceeded the average SD (calculated across all 𝑐ℎ𝑟) by a 

factor of 1.7 were interpolated. Specifically, the identified noisy channels were 

replaced by the average of the EEG signals from the neighbouring channels -

defined as those sensors that distanced less than 5 cm- (Hassan and Wendling, 

2018). This thresholding value was selected after visual inspection of the trials 
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confirmed that it led to the rejection of those channels exceeding the physiological 

range of ±80 𝜇V  (Hassan and Wendling, 2018). 

• The remaining 𝑐ℎ𝑟  channels were then re-referenced to the common average, to 

further increase the signal-to-noise ratio (SNR)  for coherence analyses (Mima and 

Hallett, 1999; Snyder et al., 2015). 

The frequency content of the preprocessed EEG signals was then analysed in Matlab 

®R2019a (The Mathworks, Inc., Natick, MA). The power spectral density (PSD) was estimated 

with Welch’s averaged periodogram (Welch, 1967), using Hamming windows of one second 

overlapping by 75%. According to this method, the PSD is estimated for every window and the 

final PSD is obtained by averaging across windows  

3.3 Spectral Analyses, Coherence and Graph Theory 

At the basis of EEG and EMG signal processing is the analysis of their frequency content, 

which can be referred to as “spectral analysis”. This procedure corresponds to decompose the 

original time-series into different sine waves that, if summed together, can reconstruct it (Figure 

3.3 d.1 and Figure 3.3 d.2). The extrapolation of these waves –which differ in frequency, 

amplitude and phase- coincide with the calculation of the Fourier transform of the time-series. 

In detail, the dot product is calculated between the signal and the sine waves of different 

frequencies and reflects the similarity between the signal and the sine wave, for every 

frequency. To calculate the dot product of two vectors 𝑎 and 𝑏 of length 𝑁 each element of 𝑎 

is multiplied by the corresponding element of 𝑏 and then all points are summed:  

𝑑𝑜𝑡_𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = ∑ 𝑎𝑖𝑏𝑖

𝑁

𝑖=1

 

Let us consider a time-series 𝑥; the Fourier coefficient (𝑋𝑓) of 𝑥 for a specific frequency 𝑓 is 

given by the dot product of 𝑥 and the sine wave 𝑒
−𝑖2𝜋𝑓(𝑘−1)

𝑁 :  
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𝑋𝑓 = ∑ 𝑥𝑘𝑒
−𝑖2𝜋𝑓(𝑘−1)

𝑁

𝑁

𝑘=1

 

where 𝑁 are the data points of 𝑥. If 𝑥 was acquired with a sampling frequency 𝐹𝑠, the spectrum 

can be computed for a maximum of 
𝐹𝑠

2
 frequencies, according to the Nyquist theorem. Once 

𝑋𝑓 are calculated, the “power spectrum” or “power spectral density” of the signal is obtained 

by plotting the power (squared value of the modulus of the Fourier coefficient) versus the 

frequency components (Figure 3.3), and reflects the extent to which the specific sine wave 

contributes to the original signal (Cohen, 2014). 

 

Figure 3. 3: Power spectra of sine waves 

Plots of sine waves (top row) and their power spectra (bottom row). a), b) and c) are sine waves 

characterised by different frequencies and amplitudes; d) is the sine wave given by the sum of the 

others.  

Spectral analyses were performed in this thesis to investigate the extent to which the 

frequency and phase contents of two signals were similar to each other. Magnitude-squared 

coherence was then selected as a measure of similarity between two time-series 𝑥 and 𝑦 and 

was obtained as following: 
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𝐶𝑥𝑦(𝑓) =
|𝑃𝑥𝑦(𝑓)|

2

𝑃𝑥𝑥(𝑓)𝑃𝑦𝑦(𝑓)
 

where 𝑃𝑥𝑥 is the auto-spectrum of 𝑥 and 𝑃𝑥𝑦 is the cross-spectrum obtained by Fourier 

transforming the cross-correlation of 𝑥 with 𝑦. Practically, while the numerator depends on the 

phase difference between the two signals –modulated by the amplitude of the signals 

themselves and averaged over time- the denominator serves as a normalisation factor. The 

latter results in magnitude-squared coherence values ranging between 0 and 1, indicating 

absence of or complete correlation between the two signals, respectively (Cohen, 2014). In 

this thesis, CMC was calculated between sEMG and EEG signals to quantify the frequency 

association between neural and muscular signals: details on the permutation test used to 

assess the statistical significance of the results are given in paragraph 3.5.1 (J. Liu et al., 2019; 

Mima and Hallet, 1999). Intermuscular coherence (IMC) was instead calculated between 

sEMG signals recorded from different muscles to assess the common neural drive that is 

believe to play an important role in motor control facilitation via synergies formation (Bernstein, 

1967; Farmer, 1998; Turvey, 1990). State-of-the-art connectivity analyses were used to 

investigate muscle synchronisation. IMC series were used as the connectivity measure 

between two muscles and the significance of the network metrics yielded from the analyses 

were assessed via mean of non-parametric statistics (Cohen, 2014). 

In the past decades, network science has been widely used to reflect how different 

brain regions interact with each other. In order to define and analyse the organisational 

properties of a network, graph theory turned out to be a powerful framework since 1999 (Biggs 

and Lloyd, 1999). A graph simply is the mathematical representation of a network as it is made 

of nodes (vertices) interconnected with each other by edges. Similarly, a network can be 

represented by a connectivity matrix [𝑁 × 𝑁], where the 𝑁 rows (and columns) represent the 

nodes and the 𝑁 × 𝑁 matrix elements represent the edges (Cohen, 2014). While matrixes 

better represent large networks, graphs contain information about the relative location of the 

nodes and are usually easier to interpret: in this thesis, both visualisation methods are provided 
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for completeness. Networks can be weighted or binary and directed or undirected. In weighted 

networks, the coupling strength (edges) between the 𝑁 nodes are on a continuous range from 

the strongest connection (highest edge value) to the weakest one (lowest edge value). In a 

binary network, edges can be either 1 –existent connection- or 0 –inexistent connection. In 

directed networks, edges yield information about not only how strong the connection is 

between two nodes, but also in which direction the interaction evolves. For undirected 

networks instead, this information is not available and the connectivity matrixes are therefore 

symmetric. In regard of the connectivity measures usually used on neural data, both phase-

based (i.e. phase-locking value) and amplitude-based (i.e. linear correlation coefficient) 

measures, as well as spectral coherence are used to reflect a statistical dependency between 

brain regions. On EMG dataset instead, intermuscular coherence is the one used to reflect the 

common neural input to different muscles (Boonstra et al., 2015). In EMG analyses, vertices 

corresponds to the muscles (the electrodes recording the activity of specific muscles) and 

edges corresponds to the intermuscular coherence estimated between them.  

Weighted undirected connectivity matrixes were obtained for different frequency bands 

via non-negative matrix factorization (NNMF). Generically, NNMF is used to decompose a 

matrix 𝑉 [𝑛 × 𝑚] into two matrixes 𝑊 [𝑛 × 𝑘] and 𝐻 [𝑘 × 𝑚] yielding the 𝑘 basis components 

and their corresponding weights, respectively: 

𝑉~𝑊𝐻 

 To put it simply, let us assume that 𝑉 is a matrix of dimensions 𝑛 × 𝑚 where the 𝑚 

columns of 𝑉 represent the features of the dataset (coherence spectra) and 𝑛 represents the 

sample length (frequency bin). Each column 𝑣 (coherence spectra) can then be approximated 

by the linear combination of the columns of 𝑊 (frequency components) weighted by their 

corresponding elements of 𝐻 (coupling strengths) (Lee and Seung, 1999). The latter can be 

rewritten in the following form, where 𝑣 and ℎ are the columns of 𝑉 and 𝐻:  

𝑣 = 𝑊ℎ 
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For the purpose of this thesis, the IMC spectra of every participants under every 

condition (totalling 𝑚 spectra) were gathered in the same matrix 𝑉 and decomposed into 𝑘 

frequency components (columns of 𝑊) and their corresponding coupling strengths (elements 

of 𝐻). For every frequency component, 𝐻 represented the weighted undirected connectivity 

matrix reflecting the similarity between the frequency content of two firing muscles. Although 

connectivity matrixes are usually thresholded for neural data, no threshold was applied in this 

thesis –other than for visualisation purposes- because of the small size (10x10) of the 

connectivity matrixes themselves (Boonstra et al., 2015). 

To quantify the organisation of the network, different network metrics were employed: 

strength (STR), clustering coefficient (CC), betweenness centrality (BC) and participation 

coefficient (PC ). These were chosen as they reflect both the segregation and the integration 

of the network (see Figure 3.4). 

• The strength of a node A is calculated by adding the weights of the connections 

(edges) directly linked to A. It reflects the importance of A with respect to the 

other nodes (Barrat et al., 2004).  

• The clustering coefficient of a node A is given by the ratio of the number of 

nodes that are connected to A that are also connected to each other and the 

number of nodes that are connected to A. It reflects the segregation of the 

network and the level of local specialisation as it depends on the density of the 

connections created by A’s neighbours (Bullmore and Sporns, 2009; Watts and 

Strogatz, 1998). 

• The participation coefficient of A reflects how much A is connected to nodes 

belonging to other modules. In other words, it provides information about how 

much information are shared and distributed across modules. Modules are 

community of nodes with high local specialisation (internal connectivity) but low 

integration (external connectivity) (Guimerà and Nunes Amaral, 2005).  
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• The betweenness centrality of A is given by the proportion of all the shortest 

paths that contain A. A high value of BC indicates that the node is well 

integrated in the network (Sporns et al., 2007; Zuo et al., 2012).  

 

Figure 3. 4: Graph metrics 

A network made of seven nodes is displayed. a) The connection of node C with other nodes are 

highlighted and its STR is 3. b) The CC of node F is 2/3: the denominator is the number of nodes 

connected to F (continuous line) and the numerator is the number of those nodes connected to F (E, D 

and G) that are also connected to each other (dashed line). c) Different colours are given to nodes 

belonging to different modules: C and D (connector hubs) have high PC as they are connected to nodes 

of different modules; F and A (provincial hubs) have low PC as they are connected only to nodes of their 

own module. 

3.4 COP 

To evaluate the ability of a person to balance, dynamic and static posturography is employed 

as a non-invasive recording technique. The first one consists of assessing balance in response 

to a perturbation, while the latter characterises the balance performance during quiet standing. 

For the purpose of this thesis, static posturography was carried out by asking the participants 

to stand on a force platform that, via mean of force and movement transducers, detects the 

oscillations of the body and digitise them in what is known as “centre of pressure (COP) 

trajectories”. The COP motion reflects the motion of the vertical reaction force vector and is 

usually analysed in the anterior-posterior (AP)–or sagittal- plane and in the medial-lateral (ML) 

–or frontal- one. To characterise postural steadiness, two metrics were obtained from the COP 

time-series: the COP mean displacement (MD) and the COP mean velocity (MV). The first one 

was chosen as it reflects the effectiveness of postural control; the second one was chosen 
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because of its association with the regulatory activity put into place during postural control (Kim 

et al., 2012; Prieto et al., 1996). The COP time-series were first de-meaned and low pass 

filtered at 12.5 Hz (Donker et al., 2007) as 95% of the power of the time-series is below 5 Hz 

(Maurer and Peterka, 2005). Then, the COP metrics were obtained for both the AP and ML 

direction. The formula shows how to calculate the mean COP displacement in the ML direction, 

where 𝑁 is the number of time points in COP time-series 𝑀𝐿: 

𝑀𝐷𝑀𝐿 =
1

𝑁
∑ |𝑀𝐿(𝑛)|

𝑁

𝑛=1

 

 

The mean COP velocity was calculated as the ratio between the total length of the path –given 

by adding the distances between consecutive time points- and the duration of the recording in 

seconds (𝑇); the following formula is the one used to calculate the mean COP velocity in the 

ML direction: 

𝑀𝑉𝑀𝐿 =
∑ |𝑀𝐿(𝑛 + 1) − 𝑀𝐿(𝑛)|𝑁−1

𝑛=1

𝑇
 

 

Since anthropometric factors are correlated with postural outcomes (Bryant et al., 

2005), the COP displacement and velocity were normalised by participant’s height, weight and 

age by applying a simultaneous detrending normalisation (Chiari et al., 2002; O’Malley, 1996). 

The COP parameters were regressed against the participants’ height and the mean of the 

original values was added to the regression residuals (Figure 3.5). The latter were then 

iteratively regressed against the participants’ weight and age and the final normalised residuals 

were used for statistical analysis.  
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Figure 3. 5: Simultaneous detrending normalisation 

Dependency of the AP COP mean velocity on participants' anthropometrics. Left: MVAP collinearity with 

subjects’ height. Right: linear fit of the MVAP after its normalisation vs height. The procedure was 

repeated iteratively on the normalised MVAP to remove any trend linked to subjects’ mass and age. 

 

3.4.1 Sample Entropy and Complexity Index 

To gain an insight on the extent of postural control employed by participants after the WBVs, 

the complexity index (CI) was obtained from the COP time-series as the sum of sample entropy 

(SE) calculated over different time scale. The SE of a vector provides insights into the regularity 

of the data in the vector and is calculated as follows: 

𝑆𝐸(𝑚, 𝑟, 𝑁) = −𝑙𝑛
∅𝑚+1(𝑟)

∅𝑚(𝑟)
 

where 𝑁 is the vector length, 𝑚 is the distance between the compared points of the time-series, 

𝑟 is the similarity radius and ∅ is the probability for two points that are 𝑚 distance apart to be 

within the distance 𝑟. Computing the SE of a time-series over different time scales yields what 

is known as “multiscale sample entropy” (MSE) which provides insight not only on the 

predictability of the time series, but also on its complexity (Costa et al., 2005). Practically, MSE 

is obtained by coarse graining the vector with different time windows and computing the SE 

over the new coarse-grinded time-series. In other words, when a time scale of 2 is selected, 
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the first 2 data points of the original vector are averaged and the result constitutes the first time 

point of the new vector; the second 2 data points are averaged and placed in the second 

position of the new time-series and so on (Figure 3.6). The repetition of this procedure for 

different windows leads to the formation of new time-series, from which a SE value is 

calculated. The sum of the SEs over the new coarse-grinded vectors gives the CI, which 

illuminates about the automaticity of postural control as lower CIs were interpreted as a 

reflection of less efficient postural control mechanisms. As a minimum number of data points 

is required to ensure reliable SE probabilities, a sample number of 600 was selected for the 

longest time scale in the analysis presented in this thesis (Busa and van Emmerik, 2016). 

 

Figure 3. 6: Coarse-graining procedure for MSE calculation 

The original time-series 𝑥, of length 𝑛, is coarse-grinded with a time scale of 2 (top row) and a time scale 

of 3 (bottom row). The resulting time-series 𝑦 are of length 𝑛 2⁄  and 𝑛 3⁄ , respectively and are used for 

SE calculation. 

 

3.5 Statistical Analysis 

When possible, non-parametrical tests were preferred to parametrical ones as no assumptions 

are needed on the probability distribution of the data and therefore better apply to real 

physiological data that rarely satisfy the normality assumption. Comparisons of 

multidimensional data –such as soft tissue accelerations (time domain) and CMC estimates 

(frequency and channel domain)- were performed with the non-parametric cluster-based 
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permutation test (Maris and Oostenveld, 2007). Differently, comparisons of summary single 

values -such as EMG RMS, beta band power averaged across channels and COP measures- 

between conditions were performed with analyses of variance (ANOVA) (Field, 2013) and the 

non-parametrical version of the paired-sample Student’s t-test, namely the Wilcoxon test. 

Since a single-group repeated-measures design was used in both studies, dependent-sample 

permutation test, repeated-measures ANOVAs and Wilcoxon signed-rank tests were 

specifically selected to test differences between groups (metrics calculated under different 

conditions) whose samples were obtained from the same participants. Although priority was 

given to non-parametrical statistics, ANOVAs were employed to assess the significance of the 

sEMG results of the first study as a corresponding non-parametric test capable of testing for 

interactions is not available.  

3.5.1 Cluster-based permutation test 

Cluster analyses were chosen to analyse time and frequency series not only because of their 

robustness to unknown data probability distributions, but also because they allow the inclusion 

of physiologically plausible constraints to the data. Moreover, they provide a solution to the 

multiple comparison problem (MCP) without diminishing the statistical power of the test as 

much as the Bonferroni correction does. The MCP arises when several tests are run over time 

points, frequency bins or multiple sensors and the probability of rejecting the null hypothesis 

(declaring a significant difference between experimental conditions) under the condition of no 

significant difference increases: in other words, the more statistical tests are run, the bigger 

the probability of committing a false positive. The cluster-based permutation test does in fact 

address the MCP by clustering together samples that are adjacent in time  (frequency, space), 

well justified by the neurobiological and physiological assumption that an effect observed at a 

specific time point (frequency bin, sensor) is likely to persist even at the time point (frequency 

bin, special location) immediately before and immediately after. 

The cluster-based permutation test builds on two key methods which are: 1) the 

formation of clusters of samples that are continuous along one (or more) dimension of the data, 
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2) the non-parametric testing of two datasets via mean of permutation tests. In the following 

paragraphs, the time domain will be considered, but it might as well be the frequency and the 

spatial one. Therefore, all instances where “time point” occurs could be replaced by “frequency 

bin” or “sensor”. 

The first step is to calculate the so-called cluster-based test statistic via the following steps: 

1. To test whether two conditions are significantly different from each other at a 

specific time point, a statistical test (t-test) is run between the two conditions at that 

specific time point. This procedure is repeated for all time points and results in a 

statistic (t-statistic) that evolves along time.  

2. A threshold (T) is set for the t-statistic obtained for every time point and those t-

statistics whose value is above T are clustered together. In this thesis, t-values 

were thresholded at the 97.5-th quartile as a T=0.05 and a two-sided t-test was 

chosen to analyse our data. 

3. For all the newly formed clusters, the t-statistics are summed together and the 

cluster with the biggest value is selected as cluster-based test statistic, which is 

used to evaluate the difference between the experimental conditions. We will refer 

to the cluster-based test statistic of the original groups as t0. 

After the cluster-based statistic is calculated for the original data, its statistical significance is 

calculated via mean of a non-parametrical permutation test: 

4. For each subject, randomly draw one of the two trials and place it into subset 1. 

Place the remaining trials in subset 2, so that the new two subsets have the same 

number of trials of the original conditions. The outcome of this procedure is the 

random partition.  
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5. Calculate the cluster-based test statistic on this new subsets as explained in the 

points above (1-3). 

6. Repeat steps 4 and 5 N times (usually N>1000) and use the cluster-based test 

statistic to build a histogram.  

7. Calculate the ration between the random partitions that gave a statistic larger than 

the observed one (t0) and the total random partitions: this proportion is called the 

Monte Carlo estimate and represents the p-value of t0. In other words, if less than 

5% of the random partitions (assuming significance at .05) resulted in a larger 

cluster-based test statistic than t0, than the null hypothesis can be rejected and a 

significant difference between conditions in the cluster can be inferred (Figure 3.7).  

A more detailed description of the cluster-based permutation test and its implementation in 

Fieldtrip can be found in the literature (Maris and Oostenveld, 2007) and (Oostenveld et al., 

2011), respectively. 

 

Figure 3. 7: Conditions for H0 rejection or acceptance 

Illustration of the cluster-based test statistic distribution obtained for 1000 permutations. The cluster-

based test statistic obtained from the original data (t0) is depicted by the red vertical dashed line; the 

cluster-based statistic corresponding to the significance level of 0.05 (talpha) is depicted by the green 

vertical dashed line. a) When the proportion of cluster-based test statistics that are larger than t0 is less 

than 5%, H0 is rejected and a statistical difference can be declared. b) If t0 is smaller than more than 5% 

of the test statistics, the null hypothesis is instead accepted and no statistical difference is declared. 
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3.5.2 ANOVA 

The term “Analysis of Variance” (ANOVA) refers to those statistical models developed by 

Ronald Fisher to compare the means of three or more groups. ANOVA represents a 

generalisation of the Student’s t-test as instead of analysing the differences between two 

groups, it allows for the comparisons of three or more. However, ANOVA is an omnibus test, 

which means that it does not provide information on where the differences lie, but only that at 

least two groups differ significantly from each other. Post hoc tests are to be run afterwards if 

group differences are to be tested. Although this might seem a redundant procedure –and the 

debate on whether to skip the ANOVA and jump directly to post hoc tests is currently open 

(Howell, 2010; Wuensch, 2012)- it is common practice to do so as it well controls the rate of 

Type I errors, reducing the probability of declaring a significant difference where there is none. 

A general overview of the simplest version of ANOVAs, one-way ANOVA, will be given and 

details of the test employed in this thesis, the two-way ANOVA, will be provided. 

In order to conduct an analysis of variance, some assumptions are to be met and those 

that are common to most ANOVA tests are: 1) the dataset should be free from significant 

outliers; 2) the dependent variable (DV) should be approximately normally distributed for each 

level of the independent variable (IV) (Field, 2013). Although the assumption of normality is 

important for ANOVAs, the tests are quite robust and as long as the probability distributions of 

the data are similarly skewed across levels, the test can be carried out. If this condition is not 

met, a logarithmic transformation of the data is usually applied to reach a more normal 

distribution.  

If the assumptions are met, the F-statistic is calculated, which is simply a ratio of 

variances. Specifically, F is calculated as follows: 

𝐹 =
𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
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The numerator corresponds to how scattered are the group means from the overall group 

mean. To put it differently, the further apart are the group means, the more likely it is for the 

groups to belong to different populations: in fact, the bigger the variability between groups, the 

bigger F. The denominator corresponds to the variability of the data within each group, or in 

other words, “how scattered are the samples from the group mean”. If there is low variability 

within groups, it means that –in each group- data are close to their mean, and F value 

increases (Figure 3.8).  

 

Figure 3. 8: Normal distributions 

Normal probability distributions with different mean and standard deviations are here illustrated for the 

purpose of visualising the following: a) low between-group variability; b) high between group variability; 

c) low within-group variability; d) high within-group variability. 

Once the F-statistic is calculated, its significance is estimated. In order to do that, the 

F-distribution, which depends on the degree of freedom of the numerator and the denominator, 

is used to calculate the probability of observing an F-value equal or bigger than the one 

observed from the data. If this probability –otherwise called p-value- is smaller than 5% (as 

alpha is usually set to .05), the null hypothesis is rejected and a significant difference between 

at least two of the groups is declared. Post hoc tests can then be run in the form of pairwise 

comparisons to test where the difference lies.  
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To test the effect of stimulation frequency and subject’s posture (IVs) on sEMG RMS 

of muscles in the lower leg (DVs) a two-way repeated measures ANOVA was used. Differently 

from the one-way ANOVA, here the independent variables are two, each of which with its own 

levels [frequency (4) x posture (2)]. Therefore, it is used to test not only the effect of the IVs –

or within-subject factors- but also the interactions between these, as it tests whether the value 

of one factor affects the effect of the other factor on the DV. For reporting results, the adopted 

working pipeline was set to be as the following: 

• If significant interactions resulted from the two-way ANOVA, post hoc tests were 

run in the form of paired t-test and one-way ANOVA to analyse the simple main 

effect of subjects’ posture and frequency, respectively (Field, 2013);  

• If no significant interaction was found, the main effect of within factors was 

reported, if significant (Field, 2013). 

The MCP was addressed by applying a Bonferroni correction, which is incorporated in SPSS 

23.0 (IBM Corp., Armonk, NY, USA): the significance level, alpha, was simply divided by the 

number of comparisons carried out, including those performed for the analyses of variances 

and those performed as post hoc tests. 

3.5.3 Wilcoxon test 

The Wilcoxon signed-rank test was introduced by Frank Wilcoxon (Wilcoxon, 1945). It was 

selected for this thesis as it represents the non-parametric version of the dependent sample 

Student’s t-test, which is used to compare two groups of variables that are “paired” or, in other 

words, are obtained from the same subject. While the validity of the t-test depends on the 

probability distribution of the data –which has to resemble normality- the Wilcoxon signed-rank 

test does not have such requirement. More simply, the DV should be continuous, the paired 

values have to be independent from each other and it has to be possible to refer to them as 

“greater or smaller of” (Lowry, 2015). The steps on which the Wilcoxon signed-rank test builds 
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on are summarised in the following lines for a comparison run between two groups (condition 

A and condition B), each of which is made of N observations: 

• For every pair, the absolute value of the difference between the groups is calculated: 

|𝑥𝐴 − 𝑥𝐵|. 

• For every pair, the sign of the paired difference is calculated: 𝑠𝑖𝑔𝑛(𝑥𝐴 − 𝑥𝐵). 

• Those differences that equal zero are removed from the dataset and the dimension is 

reduced to 𝑁𝑟.  

• For every pair, the absolute value of the paired differences are ranked: the smaller 

absolute value is ranked 1 and those absolute differences that are equal receive the 

average value of the ranks they span; 

• The W-statistic is calculated as the sum of the signed ranks, where Ri is the rank of the 

ith pair: 𝑊 = ∑ [𝑠𝑔𝑛(𝑥𝐴 − 𝑥𝐵) ∗ 𝑅𝑖]
𝑁𝑟
𝑖=1 . 

• The W statistic is compared with a critical value that depends on the sample size: if the 

absolute value of W results bigger than the critical value, the null hypothesis can be 

rejected and a significant difference between the two groups declared (Lowry, 2015).  
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4. Customisation of WBV stimulation 

for calf muscles  
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4.1 Introduction 

Whole body vibration (WBV) refers to the use of mechanical stimulation, in the form of vibratory 

oscillations extended to the whole body, to elicit neuromuscular responses in multiple muscle 

groups. Vibrations are generally delivered through lower limbs via the use of platforms on 

which subjects stand. Training and rehabilitation programmes utilising this modality often 

include physical exercise performed on such platforms (Dolny and Reyes, 2008). This 

approach has become increasingly popular as it evokes a large muscle response and, more 

importantly, it elicits muscles activity through physiological pathways (Granit and Steg, 1956), 

improving overall motor performance while enhancing strength and flexibility (Alam et al., 2018; 

Delecluse et al., 2003; Osawa et al., 2013; Rittweger, 2010; Saquetto et al., 2015; Wyon et al., 

2010). 

The mechanism believed to be responsible for such outcomes, known as tonic vibration 

reflex (TVR), has been proven to explain the increased and synchronised motor-unit (MU) firing 

rates recorded during locally-applied (i.e., focal) vibrations (Burke et al., 1976a; Burke and 

Schiller, 1976). Indeed, when vibrations are applied directly to tendons or muscle bellies, 

muscle fibres length changes activating a reflex response from muscle spindles. This 

translates in an increased MU firing rates phased-locked specifically to the vibratory cycle, i.e. 

the TVR (Burke and Schiller, 1976; Hagbarth et al., 1976; Hirayama et al., 1974; Homma et 

al., 1972; Martin and Park, 1997; Person and Kozhina, 1992, 1989).  

In WBV, instead, vibrations are not applied locally, but transferred to the target muscles 

via the kinematic chain determined by the body posture (Cardinale and Lim, 2003a; Pollock et 

al., 2012; Ritzmann et al., 2010); this provides similar muscular outcomes with respect to focal 

stimulations as well as additional systemic postural responses, providing better flexibility and 

applicability to large exercise programmes (Rittweger, 2010). Specifically, when the whole 

body is exposed to mechanical shocks (such as vibrations), absorption strategies act to 

dampen oscillations and dissipate energy through modulation of both muscle activity and joint 

kinematics, over which the body has prompt control (Gross and Nelson, 1988; Lafortune et al., 
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1996). Moreover, in WBV, somatosensory feedback pathways are enhanced by reflexes 

arising from mechanoreceptors in the lower limbs, with significant implications for motor 

coordination and postural control during quiet stance (Fitzpatrick et al., 1992). Human ability 

to keep an upright stance, in fact, depends on the integration of somatosensory, vestibular and 

visual feedbacks (Horak et al., 1997; Peterka, 2002) that translates in specific muscles 

activation patterns and body sway about the ankle joint (Winter, 1995). The ankle strategy - 

actuated by modulation of plantar- and dorsi- flexor muscles - is indeed considered the primary 

approach to reposition the centre of gravity either during quiet stance or in response to external 

perturbations (Gatev et al., 1999; Winter, 1995). Cross-correlation analyses between muscle 

activity and centre of pressure further confirm how leg muscles (with particular focus on the 

Gastrocnemius Lateralis and Soleus) play a central role in postural control dynamics 

(Fitzpatrick et al., 1992; Gatev et al., 1999). Therefore, it could be inferred that, if selectively 

targeting lower leg muscles, WBV training may also improve coordination and balance of 

different subpopulations. 

Promising results of WBV training are reported in the literature (Bautmans et al., 2005; 

Bogaerts et al., 2007; Lam et al., 2012; Mahieu et al., 2006; Ritzmann et al., 2014; Rogan et 

al., 2011; Torvinen et al., 2002b; Turbanski et al., 2005; van Nes et al., 2004), but a few 

discording results still jeopardise the systematic use of such approach in training and 

rehabilitation practices (Torvinen et al., 2003, 2002c; Yang et al., 2015). Conflicting results 

might be related to the high amount of variability in WBV settings (e.g., stimulation frequency, 

posture, stimulation amplitude, stimulation duration etc.) used throughout different studies, 

while still lacking standardised training protocols. Among the most investigated variables, 

stimulation frequency and subject posture have relevant impact in eliciting an efficient muscle 

tuning response to WBV (Lienhard et al., 2014a; Pollock et al., 2010; Ritzmann et al., 2013). 

Previous findings suggest that muscles contract to reduce the soft-tissue resonance, 

especially when the stimulation frequency, ωa, is close to their natural one (Wakeling et al., 

2003, 2002a; Wakeling and Nigg, 2001a). This process, known as muscle tuning, is 
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perpetrated by muscles to minimise the soft-tissue vibrations (Wakeling and Nigg, 

2001b)(Wakeling et al., 2001) and has been recently proposed as one of the possible body 

reactions to WBV (Abercromby et al., 2007a, 2007b). Therefore, a careful selection of 

stimulation frequency, ωa, to match the resonant one, ω0, seems the key element to maximise 

muscle responses to WBVs (Cesarelli et al., 2010). Generally, the natural frequency of a 

system depends on its mass, m, and stiffness, k, according to the equation ω0=√𝑘/𝑚 

(Rittweger, 2010); being the mass of a muscle constant, modulating muscle stiffness via a 

change in subject posture results in a change in the system’s natural frequency. This seems 

to explain conflicting results in the literature when combined dynamic and static exercises 

(holding a fixed posture e.g. hack squat) are performed on platforms (Bosco et al., 1999; 

Fagnani et al., 2006) (Wyon et al., 2010). During dynamic exercises on a vibrating platform the 

body kinematic chain involved in the transmission of the mechanical stimulus changes 

continuously, making extremely difficult to define the stimulus delivered at the target muscle 

group. However, during static exercises on a platform, the energy dissipated through joint 

kinematics is constant and muscle contraction is the major mechanism tuned to dampen 

vibration. Indeed, Abercromby et al. confirmed that static exercises during WBV enhance 

higher muscle response than performing dynamic exercises, during which muscles contract in 

an eccentric and concentric fashion (Abercromby et al., 2007a). 

With the present study, the authors want to provide a comprehensive analysis of the 

effects of WBV on lower leg muscles. In particular, this chapter reports the findings on muscle 

activity and soft-tissue mechanical dynamics and their link to both vibration frequency and 

subject posture, when WBV is delivered via a side alternating platform. Suggestions are 

presented on the appropriate approach to use for training professionals and practitioners, with 

consideration given to potential implications for postural control enhancement training. 
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4.2 Materials and Methods 

4.2.1 Subjects and experimental design 

Seventeen females and eight males (age: 24.8 ± 3.4 years; height: 172.0 ± 8.6 cm; mass: 64.6 

± 10.5 kg) volunteered in the study after providing written consent. To evaluate muscle 

activation and displacement during WBV, surface electromyography (sEMG) signals and 

accelerations were collected from three lower limb muscles during two static exercises 

performed in static conditions (without WBV – hereafter called baseline activity) and when 

different vibration frequencies were delivered. The protocol of the study received approval by 

the Ethics Committee of the School of Life and Health Sciences at Aston University 

Pairs of Ag/AgCl surface electrodes (Arbo Solid Gel, KendallTM, CovidienTM 30 mm x 

24 mm, centre-to-centre distance 24 mm) were placed over the gastrocnemius lateralis (GL), 

tibialis anterior (TA) and soleus (SOL) muscles of the dominant leg accordingly to SENIAM 

guidelines (Hermens et al., 2000) (pink markers in Figure 4.1). The reference electrode was 

placed on the styloid process of the right ulna. The sEMG data were sampled at 1000 Hz 

(PocketEMG, BTS Bioengineering, Milano, Italy) and sent wirelessly to a laptop via the Myolab 

software, version 2.12.129.0 (BTS Bioengineering, Milano, Italy). 

Accelerations were measured via tri-axial accelerometers (AX3, Axivity Ltd, Newcastle, 

United Kingdom; range = ±16g, sampling frequency = 1600 Hz) placed on GL, TA and SOL 

muscle bellies, next to the EMG electrodes (yellow markers in Figure 4.1). The accelerometers 

were aligned with the x-axis parallel to the long axis of the leg segment, the z-axis normal to 

the skin surface and the y-axis perpendicular to the x-z plane. Accelerations were recorded 

using the open source software OMGUI developed by Newcastle University (“AX3 OMGUI 

Configuration and Analysis Tool, v38, GitHub,” 2015). 
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Figure 4. 1: Sensor placement 

Pairs of bipolar electrodes were placed in correspondence of TA, GL and SOL muscle bellies, according 

to SENIAM guidelines (Hermens et al., 2000) and are highlighted with the pink markers. Tri-axial 

accelerometers were secured next to the sEMG electrodes and are here highlighted with the yellow 

markers. 4.2.2 Whole Body Vibration stimulation protocol 

Subjects underwent the WBVs barefoot. The WBVs were delivered via a side-alternating 

platform (Galileo® Med, Novotec GmbH, Pforzheim, Germany), as it was shown to evoke 

bigger neuromuscular activations than synchronous vibrating ones (Ritzmann et al., 2013): a 

peak-to-peak amplitude of 4 mm was used. For each subject, ten trials were collected to 

evaluate the effect of different stimulation frequencies -0, 15, 20, 25, 30 Hz- and two subject 

postures: hack squat (HS) and forefeet (FF). During HS trials, subjects were asked to keep 

their knees flexed at about 70°, with 0° corresponding to the knee fully extended, and a 

goniometer was used to check the angle at the beginning of each HS trial (see Figure 4.2, 

right). During FF trials, subjects were asked to keep their heels in contact with a parallelepiped-

shaped foam (30 x 4 x 3 cm) glued on the platform, to ensure their heels were 3 cm off the 

ground (see Figure 4.2, left).  

Trials were administered in a random order with a one-minute break between 

consecutive trials. Hereafter, trials with vibratory stimulation are referred to as “the WBV trials” 

TA

SOL SOL
GL
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(𝐻𝑆15 𝐻𝑆20 𝐻𝑆25 𝐻𝑆30 𝐹𝐹 15 𝐹𝐹20 𝐹𝐹25 𝐹𝐹30) and the others as “the baseline trials” (𝐻𝑆0 and 

𝐹𝐹0). WBV trials consisted of 40 seconds: recordings contained 10 seconds with no vibration 

(𝑊𝐵𝑉𝑜𝑓𝑓 portion), once the subject acquired the prescribed posture, followed by 30 seconds 

of WBVs at the prescribed frequency (𝑊𝐵𝑉𝑜𝑛 portion). Baseline trials were used to assess the 

relevant subject-specific EMG baseline activity (𝐻𝑆0 and 𝐹𝐹0) over a 30 s period.  

 

Figure 4. 2: View of study set-up 

Participants were asked to hold either a forefeet posture (left) or a hack squat one (right) during the 

WBV stimulation. The motion capture system is visible in the background as well as the force platform, 

placed on the left of the WBV one, on which the participant is standing.  

Twelve Vicon Vero v2.2 optical cameras (Vicon Nexus, Vicon Motion Systems Limited, 

Oxford, UK) were used to measure subjects posture and assure consistency throughout the 

experiment (Abercromby et al., 2007a). Sixteen retroreflective markers were attached to the 

participant’s body, according to the Plug-In-Gait Lower-Limb model. Data were sampled at 100 

Hz and knee and ankle angles were obtained by extracting the kinematics in the sagittal plane 

using the proprietary software. Specifically, the ankle and knee angles were used to check for 

consistency across conditions and subjects. The first was defined as the angle between the 

tibia and the normal to the foot (see Figure 4.3, left) and the second one was defined as the 

angle between the thigh and the extension of the tibia (see Figure 4.3, right). 
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Figure 4. 3: Extraction of participant kinematics 

Motion capture outputs are superimposed on the video recording of the participant. The ankle angle 

(left) and the knee angle (right), that are used to describe participants’ posture during the WBV 

stimulation, are displayed in yellow.4.2.3 Data processing and features extraction 

4.2.3.1 sEMG Data 

To isolate the muscle activity preceding the stimulation (𝑊𝐵𝑉𝑜𝑓𝑓) from the one actually induced 

by the vibrations (𝑊𝐵𝑉𝑜𝑛 ), each WBV trial was split into two epochs: 10 and 30 seconds, 

respectively. The central portions of these signals (6 and 20 seconds, respectively) were 

extracted and retained for analyses. Similarly, the central 20 seconds of the baseline trials 

(𝐻𝑆0 and 𝐹𝐹0) were extracted and retained for analyses. In total, ten 20 second-long epochs 

and eight 6 second-long epochs were analysed for each muscle and subject.  

All epochs were band-pass filtered between 5 and 450 Hz with a 5th order Butterworth 

filter (Fratini et al., 2009c) and a mean running root mean square (𝑟𝑅𝑀𝑆) value was obtained 

from both the baseline (𝑅𝑀𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) and the 𝑊𝐵𝑉𝑜𝑓𝑓 epochs (𝑅𝑀𝑆𝑊𝐵𝑉𝑜𝑓𝑓). 

To remove motion artefacts from 𝑊𝐵𝑉𝑜𝑓𝑓 and 𝑊𝐵𝑉𝑜𝑛 epochs (Fratini et al., 2009a), a 

type II Chebyshev band-stop filter was applied at each stimulation frequency and its harmonics 

up to 450 Hz on the sEMG spectra. This resulted in 30, 22, 18 ad 15 stop-band filters applied 
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to epochs derived from WBV trials delivered at 15, 20, 25 and 30 Hz, respectively, following 

the calculation: 

#filters = 𝑟𝑜𝑢𝑛𝑑(
𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡

𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
) 

For each WBV trial, two 𝑟𝑅𝑀𝑆 vectors were computed on both artefact-free epochs (𝑊𝐵𝑉𝑜𝑓𝑓 

and 𝑊𝐵𝑉𝑜𝑛) (Fratini et al., 2009a) and used to calculate the relevant mean RMS values: 

𝑅𝑀𝑆𝑊𝐵𝑉𝑜𝑓𝑓~ and 𝑅𝑀𝑆𝑊𝐵𝑉𝑜𝑛, respectively. To compare the values obtained during the different 

trials, a factor taking into account the proportion of power removed by the comb-notch filter 

was calculated (Lienhard et al., 2015): 

𝐵𝑖𝑎𝑠 =
𝑅𝑀𝑆𝑊𝐵𝑉𝑜𝑓𝑓~

𝑅𝑀𝑆𝑊𝐵𝑉𝑜𝑓𝑓
 

and was used to adjust 𝑅𝑀𝑆𝑊𝐵𝑉𝑜𝑛 values: 

𝑎𝑑𝑗𝑅𝑀𝑆𝑊𝐵𝑉 = 𝑅𝑀𝑆𝑊𝐵𝑉𝑜𝑛 ∗
1

𝐵𝑖𝑎𝑠
 

To evaluate the WBV-induced increment of muscular activation, 𝑅𝑀𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 were subtracted 

from the 𝑎𝑑𝑗𝑅𝑀𝑆𝑊𝐵𝑉 obtained for the WBV trials in the respective posture. These resulting 

values will be hereafter referred to as the 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉: 

𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉 = 𝑎𝑑𝑗𝑅𝑀𝑆𝑊𝐵𝑉 −  𝑅𝑀𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 

In total, eight values were retained for each subject and used for statistical analysis. 

4.2.3.2 Acceleration data 

Baseline trials were not included in the following analyses: raw accelerations from WBV trials 

were analysed in Matlab ®R2019a (The Mathworks, Inc., Natick, MA). Accelerations were 
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band-pass filtered between 10 and 100 Hz to remove gravity components and accommodation 

movements, usually confined between 0 and 5 Hz (Nowak et al., 2004; Prieto et al., 1996), 

and to retain only vibration-induced muscle displacements, located mostly at the stimulation 

frequency and its superior harmonics (Fratini et al., 2009a). Filtered epochs were then double 

integrated to estimate local displacement along the different axes (𝑑𝑖𝑠𝑝𝑥 , 𝑑𝑖𝑠𝑝𝑦, 𝑑𝑖𝑠𝑝𝑧) and the 

constant values introduced by each integration were removed with a 5 Hz high-pass filter. The 

total displacement recorded at each muscle level was estimated as: 

𝐷𝐼𝑆𝑃𝑇𝑂𝑇(t) = √𝑑𝑖𝑠𝑝𝑥(𝑡)2 + 𝑑𝑖𝑠𝑝𝑦(𝑡)2 + 𝑑𝑖𝑠𝑝𝑧(𝑡)2  

where 𝑡 = 1,2, … , 𝑁, with 𝑁 being the total number of samples. 

To track the low-frequency mechanical muscle response to WBVs, a moving average 

of 𝐷𝐼𝑆𝑃𝑇𝑂𝑇 (𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇) was calculated using a 250ms sliding window (Figure 4.4). To 

compare muscle displacement among different subjects, 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 vectors were time-

locked to the point where a 0.1 change in the slope was detected, which will be hereafter 

referred to as the vibration onset. 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 from all participants were used for statistical 

analyses. Acceleration data were analysed in terms of the estimated displacement rather than 

accelerations themselves as the TVR and muscle tuning mechanisms –known to be those able 

to increase muscle response (Cardinale and Bosco, 2003; Cardinale and Wakeling, 2005)- are 

triggered by muscle stretch (namely, change in length) rather than changes in muscle 

accelerations. Moreover, as the acceleration is used to directly derive the displacement, any 

significant difference in the first would lead to significant differences in the latter. 

To visualise the 3D displacement recorded in correspondence of muscle bellies, 

Lissajous figures were computed for a representative subject at two time points descriptive of 

muscle response to vibrations:  

• 𝑡𝑃: a peak time-point was selected in correspondence of the maximum value of each 

𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 signal in a 2-second interval after the vibration onset; 
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• 𝑡𝐴: a common attenuation time-point among the different muscles was chosen to 

represent the response following the peak phase, where muscle displacement is 

stabilised and minimised reaching a steady-state. The time-point representing the 

ending of the peak (𝑡𝐸𝑛𝑑𝑃𝑒𝑎𝑘) was first computed for each muscle and trial: 

𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇signals were averaged across subjects and low-pass filtered at 10 Hz. 

A 0.5 s sliding window search was applied to identify the slope change time point 

(𝑡𝐸𝑛𝑑𝑃𝑒𝑎𝑘), with a threshold of 0.06. Once a 𝑡𝐸𝑛𝑑𝑃𝑒𝑎𝑘 was identified for all muscles and 

conditions, 𝑡𝐴 was defined as: 

𝑡𝐴 = 𝑟𝑜𝑢𝑛𝑑(𝑚𝑎𝑥 (𝑡𝐸𝑛𝑑𝑃𝑒𝑎𝑘) +
1

2
∗ 𝑚𝑎𝑥 (𝑡𝐸𝑛𝑑𝑃𝑒𝑎𝑘)) 

where 𝑚𝑎𝑥 (𝑡𝐸𝑛𝑑𝑃𝑒𝑎𝑘) is the highest peak duration observed across muscles and 

conditions. 

To quantify the extent of the displacement attenuation at each muscle site, 𝐴𝑇𝑇𝐷𝐼𝑆𝑃 

was calculated for each subject as the difference between the maximum displacement 

recorded at that site and the steady-state one: 

𝐴𝑇𝑇𝐷𝐼𝑆𝑃 = 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇(𝑡𝑃) − 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇(𝑡𝐴) 
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Figure 4. 4: Extraction of muscle dynamics 

On the left side, muscle displacement obtained from double integration of the soft-tissue acceleration 

recorded at the GL site, 𝐻𝑆30. Displacement along time is reported for the x, y and z axis. On the right, 

the GL total displacement obtained from the combination of the signals on the left (in purple): the moving 

average is depicted in orange. The vibration onset is indicated on the graphs by the vertical dashed line; 

the two-second interval used for the search of 𝑡𝑃 is highlighted with a grey area4.2.4 Statistical Analyses 

For each muscle, a cluster-based permutation test was used to compare the mechanical 

response of muscles over time (Maris, 2012; Maris and Oostenveld, 2007) for: 

• 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 between the two postures at different frequencies (four tests); 

• 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 between frequency pairs in HS and FF (twelve tests). 

Time series comparisons were performed over the portion of the signals between the vibration 

onset and 𝑡𝐴 to include both the peak and stabilisation phase and because no effect was 

expected before the WBVs. 5000 permutations were used to build the random distribution 

against which the test statistic of the actual signal was compared. An alpha level of 0.05 was 

used to identify the significant clusters for each comparison (Gerber, 2020). To overcome the 

multiple comparison problem (MCP) introduced by the number of comparisons run for each 

muscle, the cluster p values were further Bonferroni corrected.  

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑝𝑣𝑎𝑙𝑢𝑒 =
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=
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The same analyses were run on the muscle signals from which the platform one was 

subtracted. Specifically, for each subject, the 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 estimated at the platform site 

was subtracted from the 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 estimated at each muscle level. This additional 

analysis was run to confirm that the different muscle behaviour observed across frequencies 

and postures were not caused by differences in the stimulation itself. 

To test whether the electromyography activity increased significantly during WBVs, for 

each muscle, eight Wilcoxon signed rank tests (frequency (4) x posture (2)) compared the 

𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉  to a normal distribution with zero mean and unknown variance. Analyses 

were performed in Matlab ®R2019a. 

For each analysed muscle, a two-way repeated measures Analysis of Variance 

(ANOVA) was conducted to examine the effect of stimulation frequency and subject posture 

on 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉 [frequency (4) x posture (2)], with Bonferroni corrections. Since muscle 

responses were investigated per se, outliers were removed from the dataset of the specific 

muscle after visual inspection of the data. Residuals were inspected and the approximate 

normal distribution of the data was confirmed by the Anderson-Darling test (Mohd Razali and 

Bee Wah, 2011). Mauchly's test of sphericity was used to assess the sphericity of the data: 

when the latter was not met, a Greenhouse-Geisser correction was applied. Analysis were run 

in SPSS 23.0 (IBM Corp., Armonk, NY, USA) (Field, 2013).  

To relate the mechanical response with the physiological one, a Pearson correlation 

coefficient was calculated between 𝐴𝑇𝑇𝐷𝐼𝑆𝑃 and the outlier-free 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉 population, 

after the subjects that were identified as outliers for ANOVA analyses were removed from the 

respective 𝐴𝑇𝑇𝐷𝐼𝑆𝑃 population. For each muscle, 15 tests were run to assess the main effect 

of posture (2), the main effect of frequency (4), interactions (8) and correlation on pooled data 

(1). To overcome the MCP, the Bonferroni-corrected p value used for declaring statistical 

significance was p=.0033. 
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4.3 Results 

All subjects were able to undergo WBV stimulations while holding the prescribed postures. The 

average ankle angles measured in forefeet were -9.35° ± 6.42 where a negative measure 

indicates a plantar flexion. When participants underwent the WBVs in hack squat, the average 

knee angle was 70.77° ± 4.43.  

The visual inspection of the platform displacement confirms that the amplitude of the 

stimulation remained constant across participants, postures and frequencies. As expected, the 

acceleration recorded by the sensor glued to the platform shows that stimuli of increasing 

frequencies led to increasing platform accelerations (see Figure 4.5). 

 

Figure 4. 5: Platform acceleration and displacement during WBVs 

The moving average of the acceleration (top row) and displacement (bottom row) measured by the 

sensor attached to the platform are displaced (mean +/- standard error) during WBVs at different 

frequencies. The accelerometer data recorded for the same frequency, while the subject held a HS or a 

FF posture have been pooled together. 

4.3.1 Muscle dynamics analysis 

Our results confirmed that the muscles dynamics differed significantly depending on the 

posture and frequency: overall, a larger displacement was observed in HS trials and at lower 

frequencies. A characteristic mechanical peak was recorded shortly after the start of the 
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stimulations in both postures, with the only exceptions of TA and SOL muscles when stimulated 

at 15 Hz. Moreover, although peaks varied among muscles, postures and frequencies, the 

average displacement showed a similar trend with a successive drop and a further stabilisation 

some seconds after the peak (Figure 4.6). 

More in detail, although peak heights seemed stable across the frequency range, the 

drop changed significantly among muscles and postures (Figure 4.6). GL displacement after 

the peak, was significantly smaller at higher frequencies - at 20, 25 and 30 Hz rather than at 

15 Hz (p<.001) and at 30 Hz rather than at 20 (p<.001) (Figure 4.6, a.1) in HS. In FF, a similar 

trend was recorded: a smaller displacement was found at 30 Hz with respect to 25 Hz (p<.001) 

(Figure 4.6, a.2). At each frequency, the displacement recorded at the GL site after the 

vibration onset was greater in HS than in FF (p<.001). 

The average displacement recorded at the SOL site was smaller at 30 Hz than at 15, 

20 and 25 Hz (p<.001) while in HS (Figure 4.6, b.1). Similarly, in FF, a smaller displacement 

was recorded at 30 Hz than at 15, 20 and 25 Hz (p<.001) and at 25 Hz than at 15 Hz (p<.001) 

(Figure 4.6, b.2). As for the GL, the displacement recorded at the SOL after the vibration onset 

was significantly bigger in HS than in FF (p<.001). 

The mechanical response of TA also confirmed the trend observed for the other two 

muscles. Its displacement was always smaller at higher frequencies (p<.001) in HS (see Figure 

4.6, c.1) and in FF (see Figure 4.6, c.2). The total displacement of the TA muscle after the 

vibration onset was greater in HS than in FF (p<.001) 
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Figure 4. 5: Muscle dynamics during WBVs at different frequencies and postures 

Moving average of the total displacement (mean +/- standard error) for each muscle (a=GL, b=SOL, 

c=TA). The top row (.1) shows the mechanical responses while subjects underwent the WBVs in hack 

squat; the bottom row (.2) shows the responses while subjects were in forefeet. The results of the 

cluster-based permutation tests are indicated by the black lines (p<.003125) and the conditions 

considered for each comparison are listed via the colour-wise legend. The vertical dotted line represents 

the vibration onset 

Similar results were obtained from the permutation test run on the relative displacement 

estimated at each muscle site, further confirming that the differences obtained for the absolute 

displacement of muscles across conditions were not caused by differences in the stimulus 

delivered by the platform (see Figure 4.7). 

M
o
v
A

v
g
D

IS
P

T
O

T
[m

m
]

M
o
v
A

v
g
D

IS
P

T
O

T
[m

m
]

time [s]

time [s] time [s] time [s]

time [s]

15 Hz

20 Hz

25 Hz

a.1

a.2 b.2

c.1

c.2 30 Hz

b.1

time [s]



86 
 

I. Rigoni, PhD Thesis, Aston University 2021 
 

 

Figure 4. 6: Muscle dynamics normalised by platform displacement 

Mean (+/- standard error) of the 𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 of each muscle (a=GL, b=SOL, c=TA) from which the 

𝑀𝑜𝑣𝐴𝑣𝑔𝐷𝐼𝑆𝑃𝑇𝑂𝑇 of the platform was subtracted. The top row (.1) shows the normalised mechanical 

responses while subjects underwent the WBVs in hack squat; the bottom row (.2) shows the responses 

while subjects were in forefeet. The results of the cluster-based permutation tests are indicated by the 

black lines (p<.003125) and the conditions considered for each comparison are listed via the colour-

wise legend. The vertical dotted line represents the vibration onset 

Figure 4.8 shows the three-dimensional components of muscle displacement recorded 

for a representative subject at 𝑡𝑃 and 𝑡𝐴, which was located 4.7 s after the vibration onset since 

the longest peak duration was of 3.12 s, recorded for the GL in  𝐻𝑆30. Overall, two main effects 

can be highlighted. The first is a reduction of muscle oscillations mainly along the muscle 

longitudinal direction (x-axis) with some effects also along the y-axis. The second is a change 

of phase (sometimes a complete inversion) that can be noted as the frequency of the 

stimulation changes.  
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Figure 4. 7: Lissajous figures of GL, SOL and TA undergoing WBVs 

Details of the mechanical response of the investigated muscles (a= Gastrocnemius Lateralis, b= Soleus, 

c= Tibialis Anterior) for a representative subject. For each muscle, graphs on the left depict the moving 

average of the total displacement observed for the two postures (hack squat, HS, in orange and forefeet, 

FF, in dark green) at the four WBV frequencies. Each row indicates the stimulation frequency: 15, 20, 

25 and 30 Hz, from top to bottom. Peak and attenuation points are also shown with pink and light green 

markers (cross and diamond, respectively). The relevant 2-D displacement projections (Lissajous 

figures) are shown in the central and right panel for the HS and FF postures, respectively, computed at 

𝑡𝑃 (pink curve) and at 𝑡𝐴 (light green curve) 
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4.3.2 Muscle activity analysis 

Normality was confirmed for the dependent variables in almost all conditions for all three 

muscles. 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉 was not always normally distributed for TA, but the latter 

distributions were similarly skewed to those that met normality. Four subjects were removed 

from the 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉 dataset of GL and SOL, and three from that of TA, since 

represented outlier values. Distribution of 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉 values for the different muscles, 

posture and frequencies is depicted in Figure 4.9. 

A significant WBV-induced muscle activation (𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑅𝑀𝑆𝑊𝐵𝑉) was observed in all 

conditions for the GL (p<.05 for 𝐻𝑆15; p<.001 for remaining conditions) and in almost all 

conditions for the SOL (p<.001), apart from 𝐻𝑆15 (p<.05 for 𝐻𝑆20 and 𝐻𝑆25). Instead, the TA 

showed a significant response to WBVs only for 15 and 30 Hz (both HS and FF) and 𝐹𝐹25 

(p<.05). 

ANOVA analyses showed that although no significant interaction was found for the GL, 

main effect of stimulation frequency (F(3, 60) = 14.397, p< .001, η2 = .633) and subject posture 

were statistically significant (F(1, 20) = 15.433, p= .001, η2 = .436). Specifically, GL-sEMG 

activity increased more in in FF than in HS (p=.001) and 30 Hz was the stimulation frequency 

that evoked the highest muscular activation when compared to 15 Hz (p<.001) and 20 Hz 

(p=.001). The WBV-induced increment of GL activation was also higher at 25 Hz than at 20 

Hz (p<.05). Similarly, no significant interaction was found for the SOL and a similar stimulation 

frequency (F(1.772, 35.434) = 12.982, p< .001, η2 = .394) and subject posture (F(1, 20) = 

6.357, p<.05, η2 = .241) main effects were found. The WBV-induced increment of SOL activity 

was higher in FF than in HS (p=.02) and 30 Hz was the stimulation frequency in which the 

highest sEMG increment was found when compared to 15 Hz (p<.01), 20 Hz (p<.01) and 25 

Hz (p<.05). Moreover, a 25 Hz stimulation led to a higher muscle activation than 20 Hz (p<.01). 

No significant interaction nor main effect was instead found for the TA. 
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Figure 4. 8: sEMG RMS ANOVA results 

Box plots of incrementRMSWBV values at different stimulation frequencies (15-30 Hz) of 

a=Gastrocnemius Lateralis (N=21), b=Soleus (N=21), and c=Tibialis Anterior (N=22) are shown. 

Different colours are used to distinguish between the muscle responses in hack squat (orange) and in 

forefeet (dark green) while the dots represent the outliers retained for the specific population. No 

significant interactions resulted from the ANOVAs. For significant main effects of stimulation frequency 

and subject posture refer back to the text. The figure was produced with Gramm (Morel, 2018) 

4.3.3 Relation between muscle dynamics and muscle activity 

Pearson correlation analyses yielded significant results for the SOL muscle. 

Specifically, a positive correlation was found between the increase of muscle activity and the 

amount of displacement attenuation for the following tests: 1) on the pooled data (rho=0.2886, 

p<.001, see Figure 4.10, B); 2) on the data collected in FF pooled across frequencies (rho= 

0.48483, p<.001, see Figure 4.11, B) and 3) on the data collected  in 𝐹𝐹20 and 𝐹𝐹25 

(rho=.63778, p=.0019 and rho=.066425, p=.001 respectively). No significant correlations were 

found between the augmented activation of GL and TA and the extent of displacement 

reduction measured at the respective site (see Figure 4.10, A and C). 
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Figure 4. 9: Correlation between muscle activity and displacement attenuation – pooled data  

Person correlation analyses were performed between the increase of activation of GL (A), SOL (B) and 

TA (C) and their respective displacement attenuation (N=168). The asterisk depicts the significant 

correlation found for the SOL muscle. 

 



91 
 

I. Rigoni, PhD Thesis, Aston University 2021 
 

 

Figure 4. 10: Correlation between SOL activity and displacement attenuation – effect of posture 

Results of correlation analyses (N=84) performed between the increase of activation of SOL and the 

displacement attenuation recorded in hack squat (A) and forefeet (B). The asterisk depicts the significant 

correlation found for in forefeet. 

4.4 Discussions 

Although every muscle shows a distinct response to WBVs - significantly determined by subject 

posture and stimulation frequency - a common mechanical pattern, never highlighted before, 

can be observed from our results. In response to vibratory stimulations, the extent of 

oscillations of muscles shows a rising phase, a peak oscillation and a subsequent drop, all of 

which completed within 4 to 5 seconds after the vibration onset, followed by a sustained stable 

response (plateau). Neither the stimulation amplitude nor the posture of participants varied 

during individual tests, hence it was concluded that a neuromuscular response must have been 

responsible of this phenomenon. However, the platform employed longer times to reach higher 

vibration frequencies (see figure 4.5, top tow), posing a possible confound effect.  Therefore, 

to further verify that the observed differences in muscle displacement were due to different 

neuromuscular responses rather than differences in the stimulation, the muscle displacements 

were normalised by the platform one, using a framework similar to a previously proposed one 

(Cesarelli et al., 2010). Since changes in muscle length are those responsible for the increased 

muscle activity observed during WBVs (Cardinale and Bosco, 2003; Cardinale and Wakeling, 

2005), the mechanical response of muscle was characterised by the muscle displacement 
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rather than acceleration. Moreover, we reasoned that as displacement is derived directly from 

acceleration, significant differences in the latter would reflect in the first. The permutation tests 

run on the normalised muscle displacements not only confirmed the results from non-

normalised data, but were also able to capture a greater deal of differences between responses 

to different stimulation frequencies, suggesting that the observed muscle responses were 

indeed to be attributed to a neuromuscular response rather than differences in the stimulation. 

The overall displacement recorded in HS for the analysed muscles, both in the peak 

and in the plateau phases, was always significantly larger than in FF. This could find 

explanation in the fact that vibrations are transmitted differently through the body according to 

leg geometry and joint stiffness (Lafortune and Lake, 1996), with higher level of vibration 

registered at the knee level when the subjects hold a HS position rather than a FF one (Harazin 

and Grzesik, 1998). 

The three-dimensional analysis of the peak vs plateau muscle oscillations also 

revealed two interesting mechanical responses. Firstly, the reduction of the extent of the 

displacement clearly appeared along the longitudinal direction (x-axis), suggesting activity 

along the main contraction axis of the muscle. Secondly, the change of phase of the 

mechanical response, notable in the Lissajous figures as a different angle between the two 

ellipses, might represent a counter action to produce force during the lengthening phase of the 

muscle, condition necessary to dissipate vibration power (Wakeling et al., 2002a). In fact, 

although MUs can synchronize to vibrations in a one-to-one fashion within physiological 

limitations, their response to WBVs is characterised by the presence of a variable latency jitter, 

which delays the activation (reflected by the phase shift) but does not de-synchronise it 

(Romano et al., 2018). 

Both these effects require further investigations to confirm such findings; nevertheless, 

our results align to the muscle tuning theory and are backed by correlation outcomes 

(discussed later on): the increased muscle activation dampen soft-tissue oscillations in 

response of impact forces applied to the feet (i.e. during gait and running) (Wakeling et al., 
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2003, 2002b; Wakeling and Nigg, 2001b). During WBVs, in fact, vibrations are transferred from 

the feet to the muscles via the body kinematic chain and produce soft-tissue compartment 

oscillations around the stimulation frequency, which in our case was in the range of the natural 

frequencies of calf muscles (Wakeling and Nigg, 2001a). In light of the reported theory, it is 

therefore reasonable to assume that, if a resulting potential resonance is detected, muscle 

contraction is increased to avoid damage, creating the characteristic raising and falling curves 

observed in our recordings. This increase in muscle stiffness in fact, not only dampen the 

oscillations to a controlled level (observed plateau phase), but in turn shifts the natural 

frequency of the soft tissue toward higher values (Wakeling and Nigg, 2001a), and away from 

the WBV one. These dynamic analyses advance the understanding of muscles reaction to 

WBVs according to stimulation characteristics and, specifically, highlight that only after a 

period of time, which in this study is around 5 seconds, this reaction can completely settle. This 

may also explain why static exercises are found to be more effective than the dynamic ones 

(Abercromby et al., 2007a): during the first, muscles have time to tune to WBVs while during 

the latter the kinematic chain is continuously altered, leading to continuous changes in muscle 

contraction and sensitivity to vibrations (Burke et al., 1976a). 

WBV-induced muscle activation has also highlighted specific combinations of 

posture/frequency able to produce maximal results. Recordings have been appropriately 

filtered for vibration-induced motion artefacts and therefore results were not overestimated 

(Fratini et al., 2014, 2009a; Romano et al., 2018). As expected, muscles behaved differently: 

GL activity was significantly enhanced in all WBV combinations, supporting the previously-

demonstrated beneficial effects of WBV (Cardinale and Lim, 2003a; Di Giminiani et al., 2013; 

Krol et al., 2011; Marin et al., 2009; Roelants et al., 2006), while for the SOL and the TA only 

specific combinations were able to significantly increase muscle activation. 

ANOVA results highlighted that undergoing WBV in forefeet led to a higher increase of 

GL and SOL sEMG activity rather than holding a hack squat position, confirming previous 

research findings (Ritzmann et al., 2013). This can be explained as contracted muscles are 
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more responsive (Burke et al., 1976a), being both muscles plantar-flexors and therefore more 

engaged in FF than HS (Carlsöö, 1961; Okada, 1972). Generally, WBVs delivered at 30 and 

25 Hz triggered a greater activation in both muscles rather than 20 and 15 Hz, as similar 

findings reported (Di Giminiani et al., 2013) and supporting previous proposal of GL natural 

frequency residing between 25 and 30 Hz (Cesarelli et al., 2010). These conclusions are 

further confirmed by the observation of the permutation test results. Most differences were 

appreciable for the plateau phase, rather than the peak, where the displacement of GL and 

SOL soft-tissue compartments was significantly reduced at 30 Hz than at other WBV 

frequencies, further supporting the idea that this frequency is the one triggering the largest 

tuning effect. Moreover, the positive correlation found between the sEMG increase of the SOL 

muscle and the extent of displacement attenuation further suggest that the reduction of 

displacement observable in the plateau phase is indeed the manifestation of a neuromuscular 

response, potentially activated to reduce resonance. Despite these encouraging results, it is 

important to point out that, although significant, the increase of muscle activation is relatively 

small, as the reported partial-eta squared values suggest and therefore its impact on the sport 

and rehabilitative field might be limited. However, these findings are in line with previous 

studies, even if the direct comparison is not possible because of differences in the data pre-

processing and normalisation (Lienhard et al., 2014a; Ritzmann et al., 2013). 

No specific trend was instead found for the TA. This results might be explained by (i) 

the stimulation frequencies used in this study that were limited to 30 Hz and not enough close 

to TA’s natural frequency, which ranges up to 50 Hz (Wakeling et al., 2002a); (ii) the selected 

postures that did not lead to an appropriate level of TA engagement, limiting its response to 

WBVs (Burke et al., 1976a).Combining the above, it can be inferred that 30 Hz-forefeet might 

be the best combination of stimulation frequency and subject posture when aiming to 

effectively enhance both GL and SOL muscular responses, which is in agreement with 

previous studies (Cesarelli et al., 2010; Ritzmann et al., 2013). For the explored combinations, 

instead, the TA muscle showed that WBVs elicit muscular activity but did not allow to identify 
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any combination producing a significantly higher response. Therefore, a wider range of 

frequencies and postures should be explored. 

Finally, although some combinations of WBV key variables are more effective in 

targeting leg muscles, Wilcoxon test results showed that WBV stimulation evoked significantly 

higher EMG responses even from those muscles that would normally not be contracted in the 

prescribed posture (i.e. TA in FF, SOL and GL in HS) (Carlsöö, 1961; Okada, 1972), especially 

if delivered at frequencies close to the natural one of the soft-tissues (Wakeling and Nigg, 

2001a). This is in agreement with previous studies reporting increased GL activations while 

subjects underwent WBV in hack squat at high frequencies (25-30 Hz) (Abercromby et al., 

2007a; Di Giminiani et al., 2013; Pollock et al., 2010). 

4.5 Limitations 

The impossibility of synchronising muscle activation and soft tissue acceleration is among the 

limitations of this study, as it would have allowed the quantification of the correspondence 

between the physiological and the mechanical response. Moreover, the synchronisation of the 

sEMG and accelerometer recordings with the accelerometer attached to the WBV platform 

would have allowed to monitor the punctual muscular response to the vibrations for each 

individual subject. However, in regard of the latter, the synchronisation procedure adopted in 

this chapter allowed for a more accurate synchronisation between subjects. Vibrations 

propagate differently along the body according not only to the level of stiffness of the muscles, 

but also to the dimensions of the limbs themselves. As all the participants differed in height 

and body mass, it is reasonable to believe that the mechanical stimulation “travelled” differently 

along very different bodies. With the procedure here proposed it was possible to align the soft-

tissue accelerations depending on the time point where the tissue begins to oscillate, rather 

than on the platform onset. 
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4.6 Conclusions 

Our results highlighted that WBVs via side-alternating platforms can be optimised for calf 

muscle training, if aimed at achieving the maximal level of elicited response, and in particular:  

• In order to allow muscles to produce a stable contraction, training programmes should 

only include static exercise on a vibrating platform or, at least, participants should hold 

the same posture for a minimum of five seconds. 

• Calf muscles produce maximal response if participants are standing on the forefeet 

during stimulations. 

• Finally, vibration frequencies in the range of 25-30Hz should be used during WBV 

training sessions for calf muscles. 

The systematic targeting of the plantar flexors via proper selection of stimulation frequency 

and subject posture represents an opportunity to maximise the ankle strategy outcome and to 

possibly improve postural control.  
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5. Characterisation of WBV effect on 

Postural Control  
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5.1 Introduction 

For a few decades it has been thought that balance was maintained merely by passive local 

reflexes, as mammals were found to be able to stand still solely by tonic muscle contractions 

(Magnus, 1925). However, this view has been recently challenged and a new working 

hypothesis has been proposed suggesting that balancing –as well as any other type of human 

movement- requires active planning, therefore involving global multisensory integration and 

processing of a higher level (Casadio et al., 2005; Lakie et al., 2003; Loram et al., 2005b, 

2005a; Loram and Lakie, 2002; Morasso and Sanguineti, 2002; Morasso and Schieppati, 

1999). According to this perspective, as we stand, inputs from the outer environment are 

processed online by the central nervous system (CNS) to maintain a stable upright stance 

(Horak, 2006; Shumway-cook and Horak, 1986). Vestibular, visual, somatosensory and 

auditory cues are integrated to regulate muscle contraction over time, with the ultimate goal of 

adjusting the centre of mass position, preventing falls (Forbes et al., 2018; Horak and 

Macpherson, 1996). Efficient postural control results from an effective interplay between 

sensory feedbacks integration and cortical drive to the muscles, which allows to detect, react 

to and correct the perturbations that normally occur while standing upright. Two effective tools 

are available to investigate the communication occurring between muscles and the brain: 

intermuscular coherence (IMC) and corticomuscular coherence (CMC) (Boonstra, 2013). 

IMC is thought to represent the common neural input that, originating from efferent and 

afferent pathways, is fed to motor units (MUs) of different muscles (Sears and Stagg, 1976). 

To facilitate motor control, the CNS is thought to deal with the several degrees of freedom of 

the musculoskeletal system by coordinating muscle activation, i.e. recruiting muscles in groups 

(Bernstein, 1967; Farmer, 1998; Turvey, 1990). An innovative way to look at IMC is to study 

muscle synchrony via complex network analysis, which has largely been employed to 

understand the organisation of cortical activity (Hassan and Wendling, 2018; Rubinov and 

Sporns, 2010). Thanks to this technique, the synchronous modulation of muscles across tasks 

was revealed to be functional, which means that different muscle networks are employed to 

carry out different “planned” movements (Boonstra et al., 2015; Kerkman et al., 2020).  



99 
 

I. Rigoni, PhD Thesis, Aston University 2021 
 

Similarly, CMC has been historically thought to represent pyramidal neurons signalling 

to spinal motor neurons, subsequently commanding the corresponding muscle fibres (Halliday 

et al., 1995). However, recent findings suggest that it also reflects afferent couplings, namely 

the ascending flow of information that from receptors in the muscles reaches somatosensory 

areas in the brain (Campfens et al., 2013; J. Liu et al., 2019; Witham et al., 2011). This belief 

is further supported by the fact that oscillations in beta band (15-30 Hz) are observed both in 

the motor (M1) and somatosensory (S1) cortex (Witham et al., 2007; Witham and Baker, 2007) 

and are coherent with the activity recorded from contralateral contracting muscles (Baker et 

al., 1997; Conway et al., 1995). The presence of activity in beta frequency range has been 

vastly documented in the human motor system (Grosse et al., 2002; Salmelin and Hrai, 1994; 

Tiihonen and Kajola, 1989) and is the reason why CMC is mostly investigated in beta band (J. 

Liu et al., 2019; Witham et al., 2011). Most studies on CMC used experimental designs 

involving steady-state motor output, such as precision grip and isometric contractions, 

(Conway et al., 1995; Kilner et al., 2002, 1999; Kristeva et al., 2007, 2002; Omlor et al., 2007; 

Ushiyama et al., 2017; Watanabe et al., 2020) or dynamic voluntary movements (Andrykiewicz 

et al., 2007; Petersen et al., 2012; Peterson and Ferris, 2019; Roeder et al., 2020), such as 

walking. Very few studies evaluated CMC during standing balance (Masakado et al., 2008; 

Murnaghan et al., 2014) and even less managed to prove the existence of CMC during postural 

control (Jacobs et al., 2015; Ozdemir et al., 2018; Vecchio et al., 2008), possibly because CMC 

depends a lot on the task (Kilner et al., 2000, 1999), the functional role and level of 

specialisation of the chosen muscles (Ushiyama et al., 2012, 2010) and even the individuals 

themselves (Campfens et al., 2013; Ushiyama et al., 2011).  

 

Although most studies failed to find CMC in beta band during balance tasks, it is 

sensible to investigate postural control mechanisms by inspecting couplings in such frequency 

range. Oscillations between 13 and 30 Hz have in fact been linked to the attempt of preserving 

the ongoing sensorimotor state. More in detail, Engel and Fries suggest that beta band activity 

(BBA) acts as a facilitator of proprioceptive feedback processing (Engel and Fries, 2010). In 

the intended attempt of preserving the status quo and regaining balance after a disturbance,  
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the enhanced activity observed in beta band is thought to promote the handling of 

proprioceptive signals coming from the periphery, on which we rely for the perception and 

recalibration of the sensorimotor system (Baker, 2007). 

 

Among all the inputs that we use online to modify our posture, somatosensory ones 

play perhaps the most important role due to the fact that proprioceptive thresholds are the 

lowest in detecting centre of pressure (COP) velocity (Fitzpatrick and Mccloskey, 1994; 

Peterka, 2002; Sturnieks et al., 2008). Receptors in the muscles -muscle spindles- are stretch-

sensitive and yield information about the length and contraction of muscles, contributing to the 

perception of limb and joint position in space (Gandevia, 1996; G M Goodwin et al., 1972; 

Proske, 2005). As most sensory organs, even muscle spindles lose their sensitivity in time 

(Miwa et al., 1995; Swash and Fox, 1972) and this is also thought to partially explain the decline 

in standing balance that is usually observed with ageing (Lord et al., 1994, 1991; Swash and 

Fox, 1972). Therefore, finding a way to improve proprioceptive sensitivity becomes crucial for 

any training and rehabilitation programme aiming at improving postural control.  

 

A renowned way to stimulate muscle spindles is to apply mechanical vibrations to 

muscle bellies and tendons. These have been proven to evoke reflex responses - tonic 

vibration reflex (TVR)- that result in a MU firing rate increase and, consequently, in a bigger 

electromyographic (EMG) response (Burke et al., 1976a; Burke and Schiller, 1976; Hagbarth 

et al., 1976; Homma et al., 1972; Martin and Park, 1997; Person and Kozhina, 1992, 1989). A 

way to extend muscle spindle stimulation to the lower limbs is to expose every muscle to the 

mechanical stimulus, which is possible by delivering vibrations to the whole body via an 

oscillating platform, as it occurs in whole body vibration (WBV) stimulation. The latter has been 

recently included in training and rehabilitative programmes as a mean to evoke neuromuscular 

responses from various muscles and therefore enhance muscle contractions (Alam et al., 

2018; Cardinale and Bosco, 2003; Delecluse et al., 2003; Osawa et al., 2013; Rittweger, 2010). 

Because TVR has been appointed as the main mechanism responsible for the enhanced 

sensitivity of muscle spindles primary endings and for the increased muscle activation 
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observed during WBVs (Cardinale and Bosco, 2003; Pollock et al., 2012; Ritzmann et al., 

2010), the latter represents a reasonable candidate for muscle spindle stimulation. 

 

The goal of this study was to investigate the effect that mechanical vibrations - intended 

as a way to stimulate muscle spindles - have on postural control mechanisms. Vibrations are 

delivered in such a way that the targeted muscles –soleus (SOL) and gastrocnemius lateralis 

(GL)- are those that contribute the most to the primary strategy put into place during 

undisturbed human standing: the ankle strategy (Horak and Nashner, 1986). The effect that 

calf-muscle spindle stimulation has on postural control mechanisms is studied via classic 

analyses of CMC and BBA as well as state-of-the-art IMC network analyses (Boonstra et al., 

2015; J. Liu et al., 2019). Balance outcomes are evaluated with typical posturography analyses 

and muscle activity is analysed with more common root mean square values. 

 

5.2 Materials and Methods 

5.2.1 Subjects and experimental design 

Eleven females and six males (age: 23.06 ± 2.51 years; height: 167.22 ± 9.74 cm; mass: 61.32 

± 10.69 kg) volunteered in the study after giving written consent. History of neuromuscular or 

balance disorder and recent injuries to the lower limbs were the exclusion criteria. Among the 

inclusion criteria, participants were required to do more than 5 hours per week of physical 

activity. They were also asked to not consume alcoholic beverages and to not assume 

medication over the 24 hours prior to the experiment. The protocol of the study received 

approval by the Ethics Committee on Life and Health Sciences of Aston University.  

A single-group, repeated-measure design was used and the data were collected at the 

Aston Laboratory for Immersive Virtual Environments. Electroencephalographic (EEG), COP 

and surface EMG (sEMG) signals of calf muscles were collected while participants underwent 

a balance task, performed before and after WBV mechanical stimulation.  
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5.2.2 Experimental protocol and data recording 

A familiarisation session was run for participants to get acquainted with the WBV device before 

the study began. After the recording equipment was set up, the first part of the study consisted 

in recording four baseline balance (BB) trials of 60 seconds. Participants were instructed to 

“stand as still as possible” (Zok et al., 2008) with feet shoulder-width apart and arm along the 

trunk while fixating their gaze at a tape cross placed on the wall in front of them, at 

approximately 2.5 meters distance. After the baseline trials were collected, the second part of 

the study took place: a one-minute vibratory stimulation was delivered with a side-alternating 

platform (Galileo® Med, Novotec GmbH, Pforzheim, Germany) that operated at 30 Hz, peak-

to-peak amplitude of 4 mm. While undergoing the WBVs, participants stood on their forefeet, 

knees unlocked, keeping contact between heels and a 4 cm tall foam parallelepiped glued to 

the platform (Ritzmann et al., 2014). This combination of WBV settings (stimulation frequency 

and subjects’ posture) was chosen as it triggers the greatest response of the plantarflexors 

muscles -SOL and GL- (refer to Chapter 4). The WBV stimulation was followed by the 

recording of four balance trials of 60 seconds each, which will be referred to as Post-

Stimulation balance (PSB) trials. After the WBVs, participants were asked to position 

themselves on the platform as soon as they felt ready to undergo the postural task. We will 

refer to BB and PSB as the two conditions tested in this study. 

EEG and sEMG data were acquired using EEGO sports ES-232 (ANT neuro, 

Enschede Netherlands). To collect the electrical brain activity (EEG), a 64-channel Ag/AgCl 

wet-electrode waveguard cap was used in connection to a portable amplifier fixated on the 

participants’ backs. Data were continuously collected with a standardised 10-20 system 

montage and were sampled at 1000 Hz. Caps of different sizes were fitted on the head of 

participants; the correct placement was obtained by checking that Cz was placed at mid-

distance between the nasion and inion anatomical points and at mid-distance between the left 

and right lobes. Muscle signals (sEMG) were collected via bipolar Ag/AgCl electrodes (Arbo 

Solid Gel, KendallTM, CovidienTM 30 mm x 24 mm, centre-to-centre distance 24 mm) that 

were connected to the portable amplifier via cascaded bipolar adaptors XS-271.A, XS270.B, 
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XS-270.C. Electrodes were placed over the tibialis anterior (TA), GL, SOL, rectus femoris (RF) 

and biceps femoris (BF) muscles of both legs and arranged along the presumed direction of 

muscle fibres, as recommended by the SENIAM guidelines (Hermens et al., 2000, 1999). The 

reference electrode was placed over the tuberosity of the right tibia. To reduce inter-electrode 

resistance, the skin area was shaved and degreased by mean of light abrasion with a 

disinfectant. To quantify balance, COP trajectories were recorded and sampled at 1000 Hz via 

an AMTI OR 6-7 force platform (Advanced Mechanical Technology, Watertown, MA, USA) 

connected to a motion capture system (Vicon Nexus, Vicon Motion Systems Limited, Oxford, 

UK). A LabJack U3-HV acquisition unit was programmed in Matlab ®R2019a (The Mathworks, 

Inc., Natick, MA) with a custom-made script to synchronise electrophysiological acquisitions 

and posturography data. The trigger signal was sent as a 5V TTL signal to the DB25 port of 

the EEGO sports master amplifier and as a 1.25V TTL signal to the rear of the Vicon Lock unit.  

 

5.2.3 Data synchronisation 

Since participants reacted differently to the stimulation, different delays were recorded 

between the WBV stimulation and the first PSB trial.  

To allow a consistent comparison while evaluating the acute effect of WBV on balance, 

the first BB and PSB trials were preprocessed to match the delay between the WBVs and the 

first PSB across participants. The distribution of the time employed by each participant to 

reposition on the force platform (delays) was analysed and the subjects whose delay 

represented an outlier values were removed from the dataset. The recordings (EEG, sEMG 

and COP) of the retained subjects were then synchronised to those of the subject that scored 

the greatest delay and were further cropped to match the duration of the shortest recording. 

The same cropping procedure was applied to the first BB trials, which were cropped at the 

same time point of the corresponding PSB trial to make the trials collected before and after the 

WBVs comparable. These preprocessed signals will be hereafter referred to as the cropped 

ones. 
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The long-term effect of WBV stimulation on balance was evaluated by concatenating 

the four BB trials and the four PSB trials into two 240 second-long epochs, which were then 

used for analyses. These signals will be hereafter referred to as the concatenated ones. 

 

5.2.4 Data preprocessing –EEG and sEMG 

The cropped and the concatenated EEG epochs were preprocessed in Matlab ®R2019a (The 

Mathworks, Inc., Natick, MA) in a semi-automatic fashion, following the steps proposed in the 

software Cartool (Brunet et al., 2011). The EEG signals were de-trended, mirrored to avoid 

edge-artefacts (Cohen, 2014), filtered in beta band (13-32 Hz) with a zero-phase FIR filter, 

cropped and de-trended again. Eye-blinks were removed automatically by subtracting the 

signals recorded at FP1, FPz and FP2 sites from the remaining 60 EEG channel data, 

proportionally to their contribution to each channel (Croft and Barry, 2000; Parra et al., 2005; 

Pedroni et al., 2019). Channels with standard deviation (SD) exceeding the average SD by a 

factor of 1.7 were replaced by the average of the signals from neighbouring channels (Hassan 

and Wendling, 2018). The value of the factor was placed at 1.7 after a visual inspection –

confirmed also by a second researcher- of the preprocessed channels confirmed that this 

threshold was not too conservative, leading to the interpolation of channels exceeding the 

physiological range of ±80 𝜇V  (Hassan and Wendling, 2018). Channels were re-referenced to 

the common average to increase signal-to-noise ratio (SNR) (Mima and Hallett, 1999; Snyder 

et al., 2015). 

The cropped and the concatenated sEMG epochs were preprocessed and analysed in 

Matlab ®R2019a (The Mathworks, Inc., Natick, MA), using custom-made scripts. The power 

line noise was occasionally present not only at 50 Hz, but also at superior and inferior 

harmonics. To suppress such noise, a comb stop-band filter was used at harmonics between 

25 and 150 Hz, using a stop band of 1 Hz. The signals were band-pass filtered between 20 

and 260 Hz with a zero-phase Butterworth filter (Roeder et al., 2020), after padding was applied 

to avoid edge-artefacts (Cohen, 2014). Filtered sEMG epochs were then rectified (Halliday et 
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al., 1995; Halliday and Farmer, 2010; Myers et al., 2003; Sebik et al., 2013) with a Hilbert 

transform, which provides results similar to a full-wave rectification (Boonstra and Breakspear, 

2012; Murnaghan et al., 2014; Myers et al., 2003). The preprocessing was done using Fieldtrip 

ft_preprocessing function (Oostenveld et al., 2011). 

 

5.2.5 Data analysis 

5.2.5.1 CMC 

CMC analyses were performed only on those muscles targeted by the vibrations: the lower 

limb ones (SOL, GL and TA). Coherence estimates were computed between the preprocessed 

EEG and sEMG signals (both between the cropped epochs and the concatenated ones), for a 

total of 360 couplings [EEG channels (60) x muscles (6)] per condition. Power spectral 

densities (PSD) of EEG and sEMG signals were estimated with Welch’s averaged 

periodogram method (Welch, 1967), segmenting the epochs in Hamming windows of one 

seconds and zero overlap (Jacobs et al., 2015). The CMC between the signal 𝑥 –EEG- and 𝑦 

–sEMG- was then calculated as: 

𝐶𝑥𝑦(𝑓) =
|𝑃𝑥𝑦(𝑓)|

2

𝑃𝑥𝑥(𝑓)𝑃𝑦𝑦(𝑓)
 

 

where 𝑃𝑥𝑦 is the cross-spectral density between the input signals for a given frequency 𝑓, and 

𝑃𝑥𝑥 and 𝑃𝑦𝑦 are the auto-spectral densities of 𝑥 and 𝑦, respectively. In total, 720 CMC vectors 

[EEG channels (60) x muscles (6) x condition (2)] were retained for statistical analyses. 

5.2.5.2 BBA 

To quantify beta band activity changes between before and after the WBVs, the average power 

in beta frequency range (15-30 Hz) was used as a summary statistic (Omlor et al., 2007). PSDs 

were estimated with Welch’s averaged periodogram (Welch, 1967), using non-overlapping  

Hamming windows of one second, and were obtained for cropped and concatenated EEG 

epochs recorded from the sensors overlying the sensorimotor cortex (C3, C4, CP3 and CP4), 
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(Anderson et al., 1995; Müller et al., 2000; Southgate et al., 2010; Tsuchimoto et al., 2017). 

For each subject, average power values were then averaged across channels and two 

summary values (𝐵𝑒𝑡𝑎𝑃𝑜𝑤𝑒𝑟𝐵𝐵 and 𝐵𝑒𝑡𝑎𝑃𝑜𝑤𝑒𝑟𝑃𝑆𝐵) were retained for statistical analyses. 

 

5.2.5.3 IMC and muscle networks 

sEMG signals from all muscles were instead used for connectivity analyses. IMC was 

estimated between all muscle pairs using mschoere Matlab function.  Forty-five combinations 

(𝐶𝑛,𝑘) resulted from the formula: 

𝐶𝑛,𝑘 =
𝑛!

𝑘! (𝑛 − 𝑘)!
 

where 𝑛 = 10 is the total number of muscles (nodes) and 𝑘 = 2 is the number of muscles in 

each arrangement (pair). Magnitude-squared coherence values were computed over sEMG 

power spectral density (PSD) using Welch method, with window length of 1 second and overlap 

of 75% (Boonstra et al., 2015). To break down the connectivity values into different frequency 

components and to make the coupling strength comparable between conditions, a non-

negative matrix factorization (NNMF) algorithm was run on a 𝑁 × [𝑀 × 𝑃 × 𝐶] (frequency bin x 

[muscle pairs x participants x conditions]) weighted undirected connectivity matrix. Nnmf 

Matlab function was used to decompose the coherence spectra (0-40 Hz) in two matrixes 

𝑊𝐴𝑙𝑙𝑆𝑢𝑏𝑗 [𝑁 × 𝐾]) and 𝐻𝐴𝑙𝑙𝑆𝑢𝑏𝑗 [𝐾 × [𝑀 × 𝑃 × 𝐶]], where 𝐾 equals 6 and is the number of 

frequency components in which the matrix was factorised. 5000 iterations were used. The two 

matrixes were then reshaped into subject-specific 𝑊 [𝑁 × 𝐾] and 𝐻 [𝐾 × 𝑀] for both conditions 

(𝑊𝐵𝐵 [42 × 6] and 𝐻𝐵𝐵[6 × 45]; 𝑊𝑃𝑆𝐵 [42 × 6] and 𝐻𝑃𝑆𝐵[6 × 45]). For every subject, 𝐻 was 

reshaped into six weighted undirected connectivity matrixes 𝐶, which yielded the connection 

strengths between nodes (muscles) in every frequency band. CBB and CPSB resulted in 10 × 10 

connectivity matrixes. To conduct a static node-wise analysis, four connectivity metrics were 

obtained for every node of the subject-specific CBB and CPSB of every frequency component: 

clustering coefficient (CC), participation coefficient (PC), betweenness centrality (BC) and 

node strength (STR). The network measures obtained from the same muscle were used for 
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statistical analysis. To run a static edge-wise analysis, the connection strengths of the 45 

muscle pairs yielded by CBB - CPSB were retained for statistical analysis. 

5.2.5.4 sEMG 

A root mean square (RMS) value was obtained from the preprocessed sEMG epochs of those 

muscles targeted by the WBVs (SOL, GL and TA) before and after the stimulation. In total, 12 

[muscle (6) x condition (2)] RMS values were obtained for each participant and retained for 

statistical analysis. To quantify the level of muscle fatigue induced by the stimulation, a 

frequency parameter was extracted from the filtered unrectified sEMG epochs. Specifically, 

the median frequency (MFBB - MFPSB) of the sEMG power spectrum –computed with the same 

specifics used for IMC estimation- was identified for each participant and for each muscle as 

the frequency that divides the spectrum in two parts of equal power (S. H. Liu et al., 2019; 

Stolen et al., 1981).  

5.2.5.5 COP 

The cropped COP coordinates and the concatenated ones were analysed in Matlab ®R2019a 

(The Mathworks, Inc., Natick, MA) with custom-made scripts. The mean of each signal was 

subtracted from anterior-posterior (AP) and medial-lateral (ML) COP coordinates, which were 

then low-pass filtered at 12.5 Hz using a 4th order Butterworth filter (Donker et al., 2007). For 

each condition and each participant, as described in (Prieto et al., 1996), COP mean distance 

(MD) and COP mean velocity (MV) values were computed for both directions: MDAP, MDML, 

MVAP and MVML . The four stabilometric parameters were normalised by participant’s height, 

weight and age by applying a simultaneous detrending normalisation (Chiari et al., 2002; 

O’Malley, 1996).  

To compute the multiscale sample entropy (MSE), the preprocessed AP and ML time-

series were further normalised by their standard deviation values (Donker et al., 2007; Lake et 

al., 2002; Richman and Moorman, 2000). MSE was obtained with a Matlab File Exchange 

function and the recommended default values of the pattern length and similarity criterion were 

used (Costa et al., 2005, 2002; Malik, 2020; Zhou et al., 2016). The complexity index (CI) was 
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computed as the sum of the individual sample entropies obtained for every time scale in both 

directions –ML and AP- obtaining CIML and CIAP respectively (Busa et al., 2016; Busa and van 

Emmerik, 2016). For the long-term analyses -due to the dimension of the data- the MSE was 

not computed on the concatenated epochs, but on the individual epochs of one minute. The 

MSE values obtained from the four epochs preceding (and following) the WBVs were averaged 

to obtain 𝑀𝑆𝐸𝐵𝐵 (and 𝑀𝑆𝐸𝑃𝑆𝐵) that were used to compute the respective complexity index 

values.  

5.2.6 Statistical Analysis 

5.2.6.1 CMC 

For every muscle, the 60 CMC vectors obtained from BB trials were compared to the respective 

ones obtained from the PSB trials via mean of a cluster-based permutation test (Maris and 

Oostenveld, 2007), which was carried out in Fieldtrip using 2000 permutations (Oostenveld et 

al., 2011). Comparisons were run in the beta frequency range and this procedure was applied 

to the CMC vectors obtained from both the cropped and concatenated EEG and sEMG epochs.  

5.2.6.2 BBA 

A one-tailed Wilcoxon test was run to evaluate whether any significant difference was present 

in BBA in the somatosensory cortex between before and after the vibratory stimulation. The 

directionality of results from the permutation test was used to infer on the effect of WBVs on 

BBA.   

5.2.6.3 IMC 

Since we had no prior information on the effect of WBVs on muscular connectivity during 

balance, two-tailed Wilcoxon signed rank tests were used to test it. Tests were run for every 

muscle in every frequency component between the connectivity metric obtained from CBB and 

CPSB. For the node-wise analysis, 4x10x6 ([metrics X muscles X frequency components]) tests 

were performed on the connectivity metrics obtained from the balance results. For the edge-

wise analysis, 45x6 ([muscle pairs X frequency components]) tests were run on the connection 

strengths computed from the balance trials, respectively. To correct for the multiple 
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comparisons, the False Discovery Rate (FDR) (Benjamini and Hochberg, 1995; Groppe et al., 

2011; Thissen et al., 2002) procedure was applied for every metric (CC, PC, BC, STR, edge) 

across muscles, within each frequency band.  

5.2.6.4 sEMG 

To quantify the differences in muscle activations between the balance trials (before and after 

WBV stimulation), six two-tailed Wilcoxon signed rank test were run between RMSBB and 

RMSPSB, one for each muscle. To test the hypothesis that a greater level of muscle fatigue was 

induced by the WBVs, six one-tailed Wilcoxon signed tests were run between MFBB and MFPSB, 

one for each muscle. 

5.2.6.5 COP 

Since we had no a priori expectation on the effect of WBVs on postural stability, a two-tailed  

Wilcoxon signed rank test was run for every normalised parameter (MDAP, MDML, MVAP and 

MVML). Since two parameters were obtained from each time-series (ML and AP), a Bonferroni 

correction was applied to the significance level that was therefore set at 0.025. A Spearman 

correlation coefficient was used to quantify the level of collinearity between the COP 

parameters and the anthropometrics.  

Another two-tailed Wilcoxon signed rank test was used to test for significant differences 

between complexity indexes measured in moth directions before and after the mechanical 

vibrations.  

 
 

5.3 Results 

For the main analyses on the acute effect, two subjects were removed from the dataset as the 

time occurred between the vibratory stimulations and the balance trials -delays- were outlier 

values (11.6 s and 40.4 s). The alignment of balance recordings resulted in trials of the length 

of 44.779 s. The average delay occurred between the WBV stimulation and the balance task 
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was 27.8726 +/-4.1071 s. For the analyses on the longer-term effect, all 17 subjects were 

retained, and the concatenation of balance trials resulted in two 4-minute long epochs.  

 

5.3.1 CMC results  

The permutation test run on 45 s-long epochs found two significant clusters in correspondence 

of a bigger CMC after the WBVs. Specifically, a stronger coupling was observed around 22 Hz 

between the right GL and electrodes situated mostly in the contralateral hemisphere (Figure 

5.1, a.1). The effect had the same directionality for the right SOL and the same central 

contralateral electrodes but was centred around 18 Hz (Figure 5.1). No significant difference 

was identified on the CMC vectors obtained from the concatenated EEG and sEMG epochs. 

 

 

Figure 5. 1: Corticomuscular coherence topographic maps and spectra 
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On the left-side, voltage topographic maps of the difference between EMG-EEG couplings before and 

EMG-EEG couplings after the WBVs (CMCBB and CMCPSB, respectively), averaged across subjects, are 

reported for the right GL (a.1) and the right SOL (a.2). The asterisks depict electrodes that showed a 

significantly bigger CMC around 23 Hz (a.1) and 19 Hz (a.2). On the right-side, CMC spectra (mean +/- 

standard error) of EMG-EEG couplings before and after the stimulation are reported for the right GL 

(b.1) and the right SOL (b.2). The asterisks depict the frequency bin at which the CMC signals differed 

between conditions, as identified by the cluster-based permutation test. Results are shown for CMC 

vectors obtained from the 45 second-long baseline (BB) and post-stimulation (PSB) trials.  

5.3.2 BBA results 

A one-side Wilcoxon test was used to test the hypothesis that S1 BBA after the vibratory 

stimulation was higher than during the baseline balance trials. The result obtained for 

𝐵𝑒𝑡𝑎𝑃𝑜𝑤𝑒𝑟𝐵𝐵 and 𝐵𝑒𝑡𝑎𝑃𝑜𝑤𝑒𝑟𝑃𝑆𝐵 estimated from cropped epochs showed that BBA in S1 

increased after the WBVs (p<.01) and are displayed in Figure 5.2. No change was found in the 

long term, when BBA was estimated from the concatenated epochs.  

 

Figure 5. 2: Changes in beta band activity 

Box plot of the average power estimated in beta band for EEG epochs recorded at C3, C4, CP3 and 

CP4 during balance trials before (purple) and after (orange) the vibratory stimulation. Significance 

(p<.01) is indicated by the asterisk and results are reported for 45-s long epochs. 
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5.3.3 IMC results  

The components obtained from the NNMF of the cross-coherence spectra of 45-s long epochs 

are displayed in Figure 5.3 and represent the following frequency bands: 0 Hz; 2 Hz; 8 Hz; 14 

Hz; broad band peaking around 10, 20 and 30 Hz; general broad band. The node-wise analysis 

provided significant results only for few components and metrics (Figure 5.4): 

• The clustering coefficient (obtained from the muscle network at 2 Hz) of right SOL, left 

SOL, right GL and left GL decreased significantly after the stimulation (p<.05, FDR 

corrected); 

• The strength of the right SOL node (obtained from the muscle network at 2 Hz) 

decreased after the WBVs (p<.05, FDR corrected); 

• The betweenness-centrality of the right SOL (obtained from the muscle network 

peaking around 10,20 and 30 Hz) decreased after the WBVs (p<.01); 

• The betweenness-centrality of the left BF (obtained from the muscle network peaking 

around 2 Hz) increased after the WBVs (p<.01). 

Similarly, few significant results were obtained for the edge-wise analysis (Figure 5.3): 

• The connection strength between the two SOL muscles decreased at 2 Hz after the 

stimulation (p<.05, FDR corrected). In addition, the connections between left GL-right 

SOL and between right SOL-right GL decreased after the WBVs (p<.01); 

• The connection between left RF and left BF at 8 Hz increased after the stimulation 

(p<.05, FDR corrected); 

• The strength of the connection between left RF and the left SOL increased after the 

WBVs (p<.05, FDR corrected), for the broad frequency component peaking at 10, 20 

and 30 Hz; 
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• The connection strength between left GL-right RF and left GL-right BF increased after 

the WBVs (p<.01) in the broad frequency component. 

Similar frequency components were obtained from the concatenated epochs. However, 

although a decrease of CC and STR was measured at 2 Hz for both the left and right soleus, 

these results did not pass the FDR correction. Similarly, a decrease in the strength connection 

between left SOL-right SOL and between left SOL-left GL was significant, but did not pass the 

FDR correction. 
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Figure 5. 3: Edge-wise analysis of muscle networks 

The left column depicts the six frequency components in which the coherence spectra were 

decomposed via NNMF (one for each row). The second and third columns show the adjacency matrixes, 

averaged across subjects, obtained for each frequency component from the 45-s long trials before and 

after the stimulation, respectively. These matrixes give the connection strengths, at different 

frequencies, between the 10 muscles (nodes of the network). The fourth column depicts the muscle 
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networks averaged across subjects and conditions: the weight of the edges is obtained by averaging 

the two adjacency matrixes (pre and post stimulation) for each frequency component. The widths of the 

edges in column 4 reflect the strength of the connection. The fifth column depicts the statistical results 

of the edge-wise analysis. For each frequency component, only those edges that were significantly 

different (p<.05) between conditions (pre vs post) are depicted. Comparisons that resulted particularly 

significant (p<.01) are depicted via a dotted line; comparisons that resulted significant after FDR 

correction are depicted via a dashed line. The colours of the edges reflect the direction of the effect, 

with red lines indicating that the connection strength decreased after the stimulation and green lines 

indicating an increase after the stimulation. The width of green and red lines indicates the size of the 

effect. 
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Figure 5. 4: Node-wise analyses of muscle networks 

Results are reported only for those network metrics and frequency components where at least one node 

changed significantly (p<.01) between conditions: strength, clustering coefficients and betweenness-

centrality. The left column depicts the frequency component of interest. The second and third columns 

show the network metric values, obtained for the specific frequency band, for each node before and 

after the stimulation, respectively. The fourth column represents the statistical results of the node-wise 

analysis. For each frequency component and metric, only those nodes that were significantly different 

(p<.05) between conditions (pre vs post) are depicted. Node that changed significantly (p<.01) are 

contoured by a blue line and those that survived FDR correction are contoured by a yellow line. The 

colours of the nodes reflect the direction of the effect, with red nodes indicating that the specific metric 
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decreased after the stimulation and green lines indicating an increase after the stimulation. The size of 

the nodes indicates the size of the effect. 

5.3.4 sEMG results  

The acute-term analyses revealed that muscular activation increased especially among the 

right muscles, which represented the dominant ones for most subjects (11 out of 15): GL 

(p<.01) and SOL (p<.01) measured a bigger contraction after the vibrations were delivered. 

Similarly, a RMSPSB bigger than RMSBB was found also for the left GL (p<.05) (Figure 5.5). The 

right GL and SOL –dominant muscles for 12 out of 17 subjects- showed an increased RMSPSB 

even across the 4 minutes following the WBVs (p<.05). The MF of the left GL decreased 

significantly after the WBVs when computed over the 45 second-long sEMG signals and on 

the 4 minute-long ones (p<.05). The PSD of the other muscles did not shift towards lower 

frequencies after the stimulation.  

 

Figure 5. 5: sEMG RMS before and after the WBVs 

RMS values of lower limb muscles and their difference between the 45 second-long baseline (BB) and 

post-stimulation (PSB) trials: (*) and (**) indicate p<.05 and p<.01, respectively.  

 

5.3.5 COP results 

The COP parameters (MDAP, MDML, MVAP and MVML) were all weakly dependent on the 

anthropometric measures, with low not-significant Spearman correlation coefficients (ρ<0.5 

and p>.05). Wilcoxon tests run on 45-second long trials revealed that MDML, MVML and MVAP 
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increased immediately after the WBV (p<.001, p<.01, p<.001 respectively), while the mean 

distance covered by the COP in the anterior-posterior direction was not affected by the WBV 

stimulation (p>.025). Moreover, CIML decreased significantly in the minute following the 

mechanical vibrations (see Table 5.1 for numerical values and Figure 5.6 for visual 

representation). When the analyses were run on 4-minute long trials, the postural control in 

the ML direction appeared recovered and the only significant results concerned metrics in the 

AP direction, registering a significant increase in MVAP and CIAP after the WBVs (p<.001 and 

p<.05 respectively). 

 

Acute effect Long-term effect 

Before WBV After WBV Sig. Before WBV After WBV Sig 

MDML 

[mm] 
1.2048  

(0.58993) 
2.035  

(1.0358) 
<.001 

1.8664 
(0.5833) 

2.0752 
(0.84663) 

n.s. 

MDAP 

[mm] 
3.8638  

(1.8355) 
4.2152   

(2.0284) 
n.s. 

4.4109  
(1.8188) 

4.7835 
(2.4278) 

n.s. 

MVML 

[mm/s] 
3.1203 

(1.2576) 
4.1649   

(1.9881) 
<.01 

3.7458 
(1.0435) 

4.0312  
(1.5435) 

n.s. 

MVAP 

[mm/s] 
5.8089 

(2.7194) 
7.0018  

(3.2175) 
<.001 

6.4842  
(2.7002) 

7.8529  
(3.6153) 

<.001 

CIML 

[] 
29.0177 
(9.6788) 

24.2097 
(12.4752) 

<.05 
38.7976 

(11.0532) 
37.5236 

(14.3219) 
n.s 

CIAP 

[] 
18.9068 
(10.073( 

21.0632 
(11.6938) 

n.s. 
33.0845+-
14.7674 

37.0358 
(18.9514) 

<.05 

Table 5. 1: Static posturography results 

Mean (SD) values are reported for the static and dynamic stabilometric analysis, during both balance 

tasks, both before and after the stimulation. The respective significances resulted from the Wilcoxon 

test are reported as well. 
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Figure 5. 6: Multiscale sample entropy and complexity index 

Plots of sample entropy averaged across subjects in the anterior-posterior (1.) and in the medial-lateral 

direction (2.) before and after the WBVS (round and cross marker, respectively). In (2.), the area under 

the curve is displayed to represent the calculation of the CI for the ML direction, post stimulation. In (3.) 

boxplots of the complexity index are displayed for the ML and AP direction (CIML and CIAP) and significant 

differences are depicted by the asterisk (p<.05)). 

5.4 Discussions 

Based on the results of our previous study (see Chapter 4) and a large body of literature (Alam 

et al., 2018; Cardinale and Bosco, 2003; Delecluse et al., 2003; Osawa et al., 2013; Rittweger, 

2010), we can confidently assume that the sensitivity of soleus and gastrocnemius lateralis 

muscles spindles was enhanced during the WBVs. 

Interestingly, while it is renowned that during WBVs, muscle contraction is boosted, this 

is the first study that demonstrates that an increased muscle activation persists even after the 

stimulation itself during upright standing. This increased activity –measured as a bigger RMS 

sEMG across both GL and the right SOL-  is likely to be consequential to an enhancement in 

the sensitivity of muscles spindles of the related muscles (Cardinale and Bosco, 2003). 
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However, since this is not a direct measurement of muscle spindle activity, we also tested the 

hypothesis that the increase of RMS sEMG was caused by fatigue. Since muscle fatigue 

relates to a diminished capacity to generate force, it should be quantified via mean of MVC-

derived or power-derived measures (Vøllestad, 1997). However, when such measures are not 

available and the EMG recordings are the only one accessible, the median frequency of the 

EMG power spectrum is the measure that is the least sensitive to noise, and therefore, the 

recommended one (Stolen et al., 1981). After the WBVs, a reduction of the latter was found 

only for the left GL, indicating that the increased activity of the sole non-dominant muscle that 

showed a significant increase after the WBVs is more likely to reflect muscle fatigue than an 

increased muscle spindle sensitivity (Vøllestad, 1997). However, the MF of the dominant GL 

and SOL did not shift towards lower frequencies, indicating that, for the dominant plantar 

flexors, the sEMG increase registered after the WBVs does indeed reflect that their muscle 

spindles, whose sensitivity was boosted during the WBVs, remain more sensitive even once 

the stimulation is off. It could also be argued that the observed increase of plantarflexor 

activation is to be attributed to a substantially different postural stance acquired by participants 

as a results of vibration-caused illusionary kinaesthetic (Guy M. Goodwin et al., 1972). 

Illusionary limb displacement –or ‘’aftereffect’’- has in fact been registered after vibrations 

(Ribot-Ciscar et al., 1998) and would explain an illusionary shift of the COP towards the anterior 

direction, which would in turn explain the increased activity of both plantarflexors. However, it 

would not be straightforward to justify why only the dominant plantarflexors showed an 

enhanced activation, since contraction of both the right and the left ones is needed to stabilise 

a system that is falling forward. Because the position taken by the participants on the force 

platform at the beginning of the postural task was not consistent across trials, it is not possible 

to test this hypothesis. However, the fact that only the dominant plantarflexors showed an 

increased activation after WBVs suggest that it is more likely for the latter to reflect muscle 

spindle sensitivity rather than the counteraction to a shift in postural stance. 

This inference relates well to our results on corticomuscular coherence, which support 

the idea that a greater exchange of information between the muscles and the cortex occurred 
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after the WBVs (J. Liu et al., 2019). Since CMC has been historically utilised to describe the 

cortical drive to the muscles (Halliday et al., 1995), while recent findings support the idea that 

it also reflects afferent couplings from the periphery to the cortex itself (Campfens et al., 2013; 

Witham et al., 2011), the findings of this study can be interpreted in two ways. If read in the 

first perspective, our results indicate that a bigger cortical drive to the targeted muscles 

occurred after the stimulation. Using the more recent approach, we may suggest that more 

sensitive muscle spindles translated into a more abundant flux of proprioceptive feedbacks 

from the relevant muscles –right SOL and GL. Either way, the increased CMC measured after 

the WBVs indicates an overall greater interplay between afferent and efferent signals that from 

the periphery reached the brain -and vice versa- with the purpose of detecting perturbations 

and correcting them via muscle modulation.  

Building on this train of thoughts, the enhanced activity observed after the stimulation 

in beta band falls well in support of this hypothesis. An increased BBA in the somatosensory 

areas of the brain –measured as a greater spectral power over C3, CP3, C4 and CP4 

(Anderson et al., 1995; Müller et al., 2000) - indicates a greater attempt of the sensorimotor 

system to preserve the status quo (Engel and Fries, 2010; Spitzer and Haegens, 2017). More 

specifically, a bigger BBA allows the system to more efficiently process proprioceptive signals 

from the periphery with the ultimate goal of ‘recalibrating’ the sensorimotor set or, in our case, 

adjusting the COP position after an unexpected loss of balance (Engel and Fries, 2010). 

The increased need for recalibration and the increased CMC observed after the WBVs 

are well justified by the fact that, in our participants, the ability of balancing declined 

immediately after the stimulation. In fact we observe a clear degradation of stability in the 

medial-lateral direction after the mechanical stimulation, as shown by a larger COP 

displacement and velocity in the ML plane (Geurts et al., 1993; Palmieri-Smith et al., 2002). In 

addition to these unambiguous results, a reduced complexity of postural sway in the ML 

direction further confirms the reduction of the ability to maintain balance and the increased 

attempt of the system to maintain an upright stance. A smaller CI does in fact indicate a bigger 
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regularity of COP paths, which is positively correlated to the attention needed to balance and 

reflects a less automatic postural control (Busa and van Emmerik, 2016; Donker et al., 2007). 

From our results it could therefore be inferred that, being the ML COP trajectories more regular 

after the WBVs, participants employed a greater amount of effort to maintain the same upright 

stance, which is in line with BBA results. The observed balance disruption in the ML direction 

is reasonable as this is the one that is mostly affected by the WBVs. In the AP direction instead, 

we observe only an increased COP velocity, which –if not associated with a bigger COP 

displacement- is not recognised as a sign of worsening balance (Davids et al., 1999; Palmieri-

Smith et al., 2002). To link these behavioural results with the physiological ones, when the 

postural instability grows, lager COP movements lead to greater uncertainty in the periphery, 

which triggers a bigger demand for oscillatory recalibration (Baker, 2007). 

The increased need for cortical recalibration is reflected in the modified muscular 

networks that are observed after the WBVs. As shown by our results, the weights of the muscle 

networks are modified –or recalibrated- across different frequency ranges after the WBVs. 

Specifically, the greatest changes are observed in correspondence of those muscles from 

which the affluence of afferent information increased, namely the soleus and gastrocnemius 

lateralis. Changes in connection strength are observable across these muscles –bilaterally- 

especially at very low frequencies (< 5 Hz), which resemble the frequency ranges reported by 

previous studies on intermuscular coherence during balance (Boonstra et al., 2015, 2008; 

Mochizuki et al., 2006; Peterson and Ferris, 2019). Moreover, significant differences are 

detectable for the network metrics at the same frequency. The clustering coefficient of bilateral 

SOL and GL was significantly reduced after the stimulation, as well as the strength of the right 

SOL. This could lead to the speculation -well aligned to the current literature (see next 

paragraph)- that these muscles were less synchronised with the rest of the network and 

therefore modulated more individually.  

It was in fact suggested that IMC at frequencies below 6 Hz reflects subcortical inputs 

or reflexes, while IMC at higher frequencies reflects cortical ones (Nandi et al., 2019). In details, 
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the first backs stiffness control while the second supports direction specific muscle control via 

synergy formation. In our case, the reduced STR and CC found for the plantarflexors indicate 

a reduction of synchronisation of the latter with other muscles –or reduced IMC- for frequencies 

below 5 Hz. This might suggest that subcortical inputs (spinal reflexes) were less employed 

for the modulation of the plantarflexors after the WBVs. Because the plantarflexors were clearly 

more active after the stimulation, but less spinal modulation was present, it could be that more 

cortical control was employed for these muscles. However, this conclusion is valid only if IMC 

at low frequencies reflects modulation via subcortical inputs. To this regard, different views are 

present in the literature. Loram et al. do in fact suggest that the changes in plantarflexors length 

observed around 2 Hz during unperturbed balance  are the result of active modulation of 

muscle activity, rather than simple reflex responses to modulate stiffness (Loram et al., 2005b, 

2005a). Besides the differentiation of the strategies put into place (SLAT, MLAT or LLAT), the 

network reconfiguration observed after the WBVs suggest that a change in the modulation of 

muscle activation is likely to have occurred after the stimulation while a cortical-muscular loop 

might have played an important role in this recalibration.  

As for the analyses conducted on the four minutes before and after the WBVs, 

significant results are found only for the sEMG and COP data. The first ones indicate that an 

enhanced muscle activation of dominant GL and SOL -triggered by the mechanical vibrations- 

persisted even once the stimulation was off (Merletti and Farina, 2016). The posturography 

results are instead more complicated to interpret. When computed across the four minutes 

after the WBVs, the COP parameters seem to stabilise in the ML plane and only an increase 

of COP velocity in the AP direction is found, which, if not associated with an increase of COP 

displacement, is more complicated to interpret (Palmieri-Smith et al., 2002). Davids et al.(1999) 

did in fact report a smaller mean COP velocity in participants who had an anterior cruciate 

ligament complete rupture than in the control group (Davids et al., 1999), contradicting the 

common belief that a higher velocity reflects a worse ability of controlling posture (Palmieri-

Smith et al., 2002). 
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The simultaneous recording of a significant increase of mean velocity and no significant 

change of COP distance might suggest that the average amount of time necessary to cover a 

fixed distance decreases after vibrations are applied. Although not straightforward, it is 

reasonable to infer that the decrease of time between one COP position and the next one 

might be linked to an increased muscle’s ability to adjust their length to counterbalance a body 

sway. This interpretation, although questionable, is in line with a more efficient postural control 

as the increased AP complexity index –measured over the four minutes after the stimulation- 

suggests  (Donker et al., 2007). 

5.5 Limitations 

The small sample size is to be listed among the limitations of the current study as a bigger 

sample size would have allowed more powerful analyses. However, the sample size used here 

is in line with previous published studies (Airaksinen et al., 2015; Boonstra et al., 2015). 

5.6 Conclusions 

Our results indicate that WBVs (delivered via a side-alternating Galileo platform) disrupt 

balance in the ML direction (increment of COP measures) and therefore a bigger effort is 

necessary for controlling the upright stance (decrement of COP complexity index). At the same 

time, an increased activation is measured across the targeted muscles, which is thought to 

reflect an increase of muscle spindle sensitivity that in turn translates into a bigger influx of 

proprioceptive feedbacks to the cortex (partially explained by CMC increase). A greater cortical 

control is then employed to recalibrate the sensorimotor system and more reliance is put on 

proprioceptive feedbacks (BBA increase). The increased oscillatory recalibration translates 

into the employment of a different muscle modulation (muscle network reconfiguration), 

needed to readjust the COP position online. In summary, muscle spindle stimulation led to a 

recalibration of postural control mechanisms in the acute term. 



125 
 

I. Rigoni, PhD Thesis, Aston University 2021 
 

Altogether, our results suggest that, while balance is highly disrupted in the first place, 

the system may be able to recover from such disruption and regain control of postural 

mechanisms over a period of four minutes.    
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6. General Discussions 
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The work presented in this thesis verges around the understanding of how mechanical 

vibrations -delivered to the whole body via an oscillating platform- can affect the postural 

responses employed to maintain balance during undisturbed upright standing.  

The reason that drove our research towards this direction is the fact that, although the 

processing of sensory inputs is the backbone of our postural control, the final outcome of 

bringing the COM back within the base of support is ultimately implemented via the modulation 

of muscle contraction (Peterka, 2002). Therefore, the stimulation of the musculoskeletal 

system was central to our design in order to target directly the actuation of postural strategies. 

A simple way to trigger a muscle contraction and therefore train the muscle to some extent is 

to evoke a reflex response via mean of mechanical vibrations (Cardinale and Bosco, 2003). 

The latter do in fact induce muscle fibres to continuously shorten and lengthen: this change in 

muscle length is detected by sensory organs such as muscle spindles that synchronise the 

firing rate of Ia and II afferent fibres with the vibratory cycle, initiating a reflex response –the 

TVR. The enhanced inflow of afferent signals leads the motor unit (MU) firing rate to not only 

to increase but also synchronise with the vibratory cycle -within its physiological limits- resulting 

in an enhanced muscle contraction that is measurable with sEMG.  

Among the different means of stimulating skeletal muscles, WBVs was chosen as it 

represents a safe and easy way to trigger muscle response. Moreover, as it does not require 

extreme effort by the person receiving it, it is suitable for those groups of people for whom 

performing intense physical activity could be challenging. In this perspective, WBV stimulation 

represents a viable training mean for both healthy subpopulations such as athletes and older 

adults (Mahieu et al., 2006; Osugi et al., 2014; S. M. Verschueren et al., 2004), and more 

vulnerable ones like children with cerebral palsy (Saquetto et al., 2015) and patients with 

Parkinson’s disease (Turbanski et al., 2005). 

Moreover, this mean of stimulation offered the possibility to not only train the muscular 

response (via the enhancement of the muscular contraction), but also stimulate the muscle 
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spindles (via the TVR) (Cardinale and Bosco, 2003) that play a fundamental role in detecting 

internal and external perturbations during balance (Forbes et al., 2018). In other words, 

mechanical stimulation via WBVs allowed us to stimulate not only the musculoskeletal system 

but also the proprioceptive one that dominates in shaping the postural responses. In this 

perspective, we hypothesised the WBVs had a double effect on upright standing balance. On 

one side, it had the potential to target the muscle spindles (the detectors), affecting the flow of 

afferent signals that help detecting and reacting to perturbations. On the other side, it affected 

the skeletal muscles, the actuators of the postural response. 

The first objective of this thesis was to enhance the sensitivity of the spindles of those 

muscles that most contribute to the actuation of the ankle strategy: plantarflexors and 

dorsiflexors. This strategy was specifically targeted because it is the mechanism that 

dominates during undisturbed upright stance (Blenkinsop et al., 2017; Gatev et al., 1999). In 

fact, due to our body mass distribution, the human COM is positioned slightly in front of the 

ankle and, in order not to topple forward because of gravity, the plantarflexors exert a force 

that pulls the COM backward (Horak and Nashner, 1986; Winter, 1995). Since it is impossible 

to produce the correct amount of force, the dorsiflexors also act to bring the body forward again 

and so on in a continuous cycle that manifests as an oscillatory motion around the ankle joint 

that is well described by the inverted-pendulum model. 

6.1 Effect of subject’s posture and stimulation frequency on 

muscles during WBV 

As mentioned above, the first goal of this thesis was to define the combination of stimulation 

frequency and subject posture that triggered the biggest response from the muscles involved 

in the ankle strategy mechanism. Among the plantarflexors, the gastrocnemius lateralis (GL) 

and soleus (SOL) were chosen and among the dorsiflexors, the tibialis anterior (TA) was 

selected. The choice fell on these muscles for three reasons. 1) They are superficial muscles, 

meaning that sEMG is suitable for the quantification of their activation. 2) Detailed and 

approved guidelines are available for the placement of the sEMG sensors (Hermens et al., 
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2000, 1999). 3) They are relatively distant from each other, reducing the possibility of cross-

talk artefacts (Merletti and Farina, 2016).  

We hypothesised that a single combination of WBV parameters could result optimal for 

the three muscles. However, a stimulation that triggered muscle response the most was found 

only for GL and SOL. For the TA, no WBV stimulation seemed to work particularly better than 

the others, which is probably because its natural frequency might be located at higher 

frequencies than those tested (Wakeling et al., 2002a). This partial result may be justified by 

the fact that during WBVs, two mechanisms are thought to explain the increased muscle 

activity: TVR on one side and muscle tuning on the other (Cardinale and Bosco, 2003; 

Cardinale and Wakeling, 2005). While, according to the TVR paradigm, the motor unit firing 

rate synchronises with every stimulation cycle –as long as it is physiologically feasible-, in the 

muscle tuning paradigm muscular activation patterns depend on the stimulation frequency. In 

regard of the latter mechanism, the biggest muscle activation –associated with the greatest 

level of vibration dampening- is found when the frequency of the impact force is close to the 

natural frequency of the muscle itself (Wakeling et al., 2002a). Since the natural frequency 

depends not only on the mass but also on the muscle force produced, the same muscle can 

have different resonant frequencies depending on its level of contraction (Wakeling and Nigg, 

2001a). One simple way to modulate the engagement level of a muscle is by acquiring a 

specific static posture (Carlsöö, 1961; Okada, 1972), which also allows to keep joint kinematics 

constant, leaving muscle activity the only option for the body through which to dissipate 

mechanical energy. Muscles such as the Rectus Femoris and the Tibialis Anterior are for 

example more engaged when a hack squat posture is kept, while the Gastrocnemius and the 

Soleus are more contracted when a person goes on forefeet (Carlsöö, 1961; Okada, 1972).  

We therefore asked our participants to undergo WBV stimulation at different 

frequencies while holding two static postures: a hack squat and a forefeet one. To investigate 

the dynamic reaction of each muscle to the mechanical stimulation, an accelerometer was 

placed on the skin in correspondence of the underlying muscle belly. Moreover, to better 
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understand the meaning of the change of the muscle oscillations in time and to relate it to its 

physiological counterpart, the electromyographic activity of each muscle was recorded as well.  

Results on muscle dynamics highlighted a pattern that, to the author’s knowledge, had 

never been shown before. The displacements estimated from the accelerations recorded in 

correspondence of the muscle bellies do in fact peak at first and then stabilise around a 

constant value for the rest of the trial. However, neither the acceleration of the platform nor the 

displacement estimated from it showed a similar behaviour. The graphs obtained for both these 

parameters show a linear increase with a successive stabilisation (plateau) and no “peak 

phase”. Specifically, while the platform displacement values are constant across frequencies, 

the acceleration maximum value -around which the signal stabilises- increase for increasing 

frequencies, as expected (Figure 4.5). Because the platform did transmit vibrations in a linear 

fashion, it can be concluded that the peak-plateau pattern observed from the skin-mounted 

accelerometers reflects some kind of neuromuscular reaction. Interestingly, the amplitude and 

duration of the peak depend on both the posture held by the subject and the frequency of the 

stimulation received, and differ across muscles. Our findings suggest that muscles are 

characterised by specific reaction times during which the oscillation recorded at the skin level 

peaks and is then reduced, reaching a steady-state. This behaviour is in line with the muscle 

tuning paradigm and is likely to reflect the muscle reaction to avoid resonance by increasing 

its stiffness. Moreover, it further confirms the importance of WBV parameters such as the 

posture held by the person receiving it and the frequency of the stimulation.  

Overall, all muscles presented some common patterns. In the first place, smaller 

plateau values were observed for higher frequencies. Considering that the amplitude of the 

platform oscillation did not change across frequencies, it was concluded that higher 

frequencies were dampened more than lower ones. Since the natural frequencies of the triceps 

surae muscles are similar and GL one was found to be around 30 Hz (Cesarelli et al., 2010), 

this result is in line with the muscle tuning paradigm according to which a greater dampening 

occurs when the stimulation frequency is close to the natural frequency of the tissue (Wakeling 
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et al., 2002a). This interpretation is supported also by the physiological measures, as the 

obtained results indicate that both posture and frequency have a significant main effect on GL 

and SOL WBV-induced activation. More in detail, the RMS-increase of both muscles was 

significantly bigger in forefeet (FF) than in hack squat (HS). Although it is renowned that the 

activation of plantarflexors is greater in FF than in HS  (Carlsöö, 1961; Okada, 1972), this 

results indicate that the WBVs trigger a greater response in these muscles when they are more 

activated, in line with the fact that vibrations are more effective on contracted muscles than on 

relaxed ones (Burke et al., 1976a). As for the frequency, 25 and 30 Hz evoked greater 

responses than 15 and 20 Hz, results that are in agreement with the conclusions drawn from 

the mechanical dynamics. Similarly for the TA, smaller plateau values were found in 

correspondence of higher frequencies, with 30 Hz leading to the greatest drop after the peak. 

Although this outcome might suggest that higher frequencies may trigger greatest muscle 

response, it is important to notice that the physiological counterpart does not support such 

conclusion. In fact, no significant differences were found neither across frequencies nor 

posture, which led to conclude that perhaps higher frequencies are necessary to evoke a 

significant response. This conclusion is sensible because the TA is a small muscle with a small 

mass and, considering that smaller masses correspond to bigger natural frequencies 

(Wakeling and Nigg, 2001a), its resonant frequency might be located above 30 Hz (Wakeling 

et al., 2002a). On a further note, it is important to highlight that the filtering procedure applied 

to sEMG RMS did allow to avoid the overestimation of muscle activity during WBVs and to 

correct for the different proportions of signal that were removed for different frequencies.  

The second common pattern observable from the soft tissue displacement is that 

bigger oscillations occurred during HS rather than during FF, both in the peak –reaction- phase 

and in the plateau –attenuation- one. Because maintaining different postures means forming 

different kinematic chains, it is reasonable to assume that vibrations propagated differently 

along the body accordingly to leg geometry and joint stiffness (Lafortune and Lake, 1996). 

Moreover, our results confirm previous findings showing that the same stimulation led to higher 
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level of vibrations at the knee level in HS rather than in FF (Harazin and Grzesik, 1998), further 

confirming the importance of investigating the effect of the posture kept.  

The third and last common pattern is observable from the three-dimensional plots of 

the accelerometer oscillations. As Figure 4.6 shows, the greatest reduction of displacement 

between the peak and plateau phase (across muscles, frequencies and postures) occurs along 

the longitudinal direction of the muscle, suggesting activity along the main contraction axis. 

Moreover, the change of phase of the mechanical response may represent the evidence of a 

synchronised counter action enabled to dissipate vibration power (Wakeling et al., 2002a).  

Altogether, these findings allowed us to draw some general guidelines that might be of 

use to training professionals and practitioners who are currently using WBVs or are considering 

it for future applications. 1) It is important to select the WBV parameters in the best possible 

way since not all WBV stimulations actually induce a significant muscular enhancement (as 

shown by the TA RMS). 2) Muscles are characterised by specific reaction times –that in our 

case spanned from four to five seconds- to react to the stimulation and initiate the response 

that is the actual goal of the stimulation itself. 3) Therefore, dynamic exercises might be less 

efficacious than static ones because the body kinematic chain is in constant change together 

with the level of muscle contraction, on which depend muscle sensitivity to vibrations.  

More importantly for the scope of this thesis, the reported results indicate that a high 

frequency stimulation –delivered to a person standing on the forefeet- is more efficacious in 

triggering a muscular response from the plantarflexors (GL and SOL). As for the analysed 

dorsiflexor muscle (TA), our inconclusive findings suggest that the best stimulation frequency 

might not reside within the range tested. Therefore, it was concluded that, in order to evoke 

the greatest response from the plantarflexors muscles (which play a fundamental role for 

balancing during upright standing) with the device available in the laboratory, a stimulation of 

30 Hz delivered to a person undergoing a training in forefeet would have represented the best 

choice. 
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6.2 Effect of WBV on postural control 

To test whether the stimulation of plantarflexors muscle spindles affected postural control 

mechanisms, trials of undisturbed upright stance were recorded before and after the WBVs. 

The balance task was kept to its simplest as the goal was to investigate natural balance. 

Moreover, in order to isolate the proprioceptive response, the other systems involved in the 

maintenance of a stable posture –vestibular and visual- were not specifically stimulated during 

the balance tasks.   

Most studies involving WBVs and balance assessment actually investigate the long-

term effect of intense stimulation. In healthy adults, for example, balance control was assessed 

two days before and two days after a WBV training of four weeks (tree sessions per week, with 

sets of 3 to 20 minutes WBs) (Ritzmann et al., 2014). Similarly, interventions of eight and six 

weeks (static HS posture and vibrations of 30 Hz for the first one, dynamic exercises and 

variable stimulation frequency and amplitude for the second one) were evaluated in term of 

postural control, yielding discording outcomes (Dallas et al., 2017; Mahieu et al., 2006). 

Results from the time-up-and-go (TUG) test and the tandem standing time suggested that, with 

older adults, training routines of six weeks and six months of static WBV exercises were 

beneficial for balance (Bautmans et al., 2005; Osugi et al., 2014).  

A different approach was instead used in our study as we investigated the acute effect 

of WBV stimulation on postural control rather than the effect of a long-term intervention. To 

quantify such effect, physiological measures were collected on top of behavioural ones, to 

provide insights about the mechanisms producing the latter, namely the COP displacement 

observable from the posturography. To our knowledge, this is the first time the WBV effect on 

corticomuscular coherence and intermuscular coherence is investigated.  

Among the several results reported in this thesis, the increased muscle activation 

registered during the balance task after the WBVs –quantified as sEMG RMS- is probably the 

most interesting finding of all. In fact, on one side, the RMS is a variable wildly used to quantify 
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the extent of muscle activation (Merletti and Farina, 2016), making it reliable and of simple 

interpretation; on the other side, the sEMG was collected during a static task so it is not 

compromised by motion artefacts that are instead more common during WBVs. The enhanced 

muscle activity that was registered after the stimulation predominantly for the dominant SOL 

and GL suggests that a greater amount of MUs were firing after the WBVs rather than before 

(Merletti and Farina, 2016), although the balance task was unaltered. If read in the perspective 

of “muscle spindle stimulation”, this result is likely to reflect a larger sensitivity of the spindles 

of the plantarflexors that were targeted by the stimulation (Cardinale and Bosco, 2003). 

Moreover, the bigger GL and SOL activation did not occur only in the first trial following the 

vibrations, but persisted throughout the four minutes after the stimulation, revealing the extent 

of WBVs effect on the neuromuscular system. This result suggests that muscle spindles, which 

were stimulated during the WBVs, remain more sensitive even once the stimulation is off. 

However, this outcome alone does not necessarily relate to how postural control strategies 

might have been affected by WBVs. An insight on this can be offered by the results obtained 

from the corticomuscular and intermuscular coherence (CMC and IMC) analyses, if read jointly 

with the quantification of cortical activity in beta band.  

CMC analyses indicate that –after the stimulation- a significantly bigger 

corticomuscular coherence is observable between the dominant plantarflexors and the 

contralateral EEG activity around 20 Hz. Although it is true that very few studies found CMC 

during undisturbed upright standing, it is important to highlight that the CMC coherence values 

resulted from our study are in line with the order of magnitude of those of previous studies 

(Jacobs et al., 2015; Murnaghan et al., 2014; Vecchio et al., 2008). Moreover, while during 

sustained contraction the coherence spectra show a single broad peak across the whole 

frequency range 15-30 Hz (Andrykiewicz et al., 2007; Murnaghan et al., 2014; Ushiyama et 

al., 2017; Witham et al., 2011), during balance tasks, lower peaks are visible at different 

frequencies in the same beta band (Jacobs et al., 2015). Once more, our results are in line 

with the literature since we observe different peaks in the range 15-30 Hz. It is possible that 

differences between the conditions are appreciable only because the sensorimotor system 
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was stimulated by the WBVs which triggered a greater exchange of information between the 

periphery and the nervous system. In fact, CMC is thought to represent both afferent and 

efferent signals from the proprioceptive organs to the CNS and vice versa (J. Liu et al., 2019). 

Therefore, the increased CMC observed for the dominant GL and SOL, at 23 and 19 Hz 

respectively, might reflect either a greater influx of proprioceptive feedback from the spindles 

-that are more sensitive and possibly more responsive after the vibrations- or a larger cortical 

drive to the muscles, needed after the vibrations to maintain a steady motor output. 

The cortical activity in beta band was quantified as the average power between 15 and 

30 Hz of the signals recorded from the electrodes overlying the sensorimotor cortex. In this 

thesis, we did not reconstruct the EEG sources because, since neither the participant-specific 

electrode positions nor the structural MRI scan were available, the accuracy of the 

reconstructed source locations would have been limited (Michel et al., 2004). Therefore, we 

analysed the scalp EEG signals measured by the electrodes C3, C4, CP3 and CP4, which are 

employed in the literature for analysing the sensorimotor cortex activation (Müller et al., 2000; 

Southgate et al., 2010; Tsuchimoto et al., 2017). BBA was found to be significantly bigger after 

the WBVs, suggesting a bigger extent of the sensorimotor system to maintain the status quo 

(Engel and Fries, 2010). If read in the perspective of “postural control following muscle spindle 

stimulation”, this finding indicates a greater effort to preserve a stable posture and possibly a 

greater processing of proprioceptive feedbacks for the recalibration of the sensorimotor set 

(Baker, 2007).  

The behavioural results obtained from the COP trajectories are helpful to understand 

the reason behind the greater need for sensorimotor recalibration that seems to characterise 

balance after the WBVs. Among the many variables available to quantify balance, the mean 

COP distance (MD) and the mean COP velocity (MV) were chosen as the first one is 

associated with the postural control effectiveness, while the second one with the regulatory 

activity put into place during postural control (Kim et al., 2012; Prieto et al., 1996). Moreover, 

both of them were proven to be reliable measures for double-legged stance trials (Le Clair and 
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Riach, 1996; Murray et al., 1975). Since a simultaneous increase of both COP MD and MV 

suggests a decreased ability to maintain balance (Palmieri-Smith et al., 2002), it was quite 

straightforward to conclude that the ability to maintain an upright stance was compromised by 

the WBVs in the acute term, especially in the frontal plane. This result is sensible as the 

stimulation occurred mainly in the medial-lateral direction and is further confirmed by a 

decrease of the complexity of the COP trajectory registered in this plane. The smaller 

complexity index (CI) registered in the first minute after the stimulation does in fact suggest a 

reduced automaticity and efficacy of the postural control strategies that was also measured for 

pathological subjects when compared to healthy ones (Busa et al., 2016; Busa and van 

Emmerik, 2016). In other words, our results suggest that the mechanical stimulation 

destabilised the postural control especially in the ML direction to the point that a greater effort 

was needed to balance, which well correlates with the increased cortical activity in beta band 

(Busa and van Emmerik, 2016; Donker et al., 2007).  

Last but not least, the results obtained from the analyses on intermuscular coherence 

are in support of the fact that, after the WBVs, balance was destabilised and a greater effort 

was necessary to keep an upright posture, triggering a greater need for sensorimotor 

recalibration (Baker, 2007). The muscle network estimated in the first balance trial after the 

stimulation did in fact differ from the one before, suggesting that different activation patterns 

were employed after the muscle spindles were stimulated. Specifically and most interestingly, 

the greatest differences between conditions are appreciable for the dominant SOL and GL, 

that are the muscles targeted by the WBVs. Moreover, the biggest changes occur at low 

frequencies, which are the frequencies at which stronger IMC values are reported in the 

literature (Boonstra et al., 2015, 2008; Mochizuki et al., 2006; Peterson and Ferris, 2019). 

These network alterations are likely to reflect the recalibration of the sensorimotor system that 

occurred in response of a compromised balance. Although it could be speculated that lower 

clustering coefficients of SOL and GL found after the WBVs might indicate that the recruitment 

of these muscles occurred in a more “individual” and less synchronised fashion, we do not 

want to push this interpretation too far as the physiological interpretation of muscle network 
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metrics is still quite limited in the literature. Moreover, different interpretations of the 

physiological counterpart of low-frequency IMC  are available too (Loram et al., 2005a; Nandi 

et al., 2019) and we believe future studies are necessary to prove whether WBVs are capable 

of altering the type of postural responses employed during balance (short, medium and long 

latencies). 

Altogether, these results suggest that medial-lateral stability is compromised by the 

WBVs in the acute term and that a greater effort is therefore needed to maintain an undisturbed 

upright stance after the stimulation than before. On top of this and since our findings suggest 

that muscle spindles remain more sensitive even after the stimulation, our results might 

indicate that the stimulation evoked a more substantial interplay between the periphery and 

the CNS, ultimately leading to sensorimotor recalibration. 

It is important to highlight that the above interpretation applies to the understanding of 

the immediate effect of WBVs on postural control. In fact, these results subsist only in the first 

minute after the WBVs and tend to fade away with time, which suggests that the increased 

communication between muscles and the brain –induced by the mechanical stimulation- might 

have a short lifespan. Differently from neural markers, COP and EMG markers persist even 

when computed on a longer time scale (four minutes). More comprehensive paradigms are 

needed to test this hypothesis, but it could be speculated that, after the acute response, 

balance seems not only to return to pre-stimulation levels, but also to improve after the WBVs. 

The argument in support of this statement is twofold. On one side, a greater COP velocity is 

observed in the AP direction after the stimulation but, contrarily to what is usually reported in 

the literature (Palmieri-Smith et al., 2002), it is not associated with bigger COP fluctuations. 

Since the same distance was covered over a shorter time after the WBVs (same COP 

displacement but bigger COP velocity), this may reflect the ability of the system to recruit 

muscles faster and therefore be more prompt to react to unexpected perturbations (Loram et 

al., 2005a). On the other side, the complexity of the AP COP trajectory increases significantly 

in the long-term, suggesting a re-appropriation of a more autonomous and spontaneous 
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postural control. Moreover, reading this result jointly with the fact that no alteration in the AP 

COP displacement was recorded after the WBVs, it could be speculated that the postural 

control employed after the vibrations was not only more spontaneous, but also –possibly- more 

efficient (Donker et al., 2007). 

6.3 Thesis key findings 

To summarise, the major findings of this thesis are related to 1) the customisation of 

WBV stimulation for the enhancement of calf muscles activation and 2) the effect of calf muscle 

stimulation via WBVs on postural control. Our findings demonstrate that, by selecting the 

appropriate (static) posture and stimulation frequency it is possible to target specific muscles 

and therefore to maximise their response to the stimulation. Specifically, a 30 Hz stimulus 

delivered to a person standing on the forefeet via a side-oscillating platform evokes the 

greatest response from the plantarflexors. When investigating the effect of the latter stimulation 

on postural control, our results suggest that the muscle spindle sensitivity, which is boosted by 

the mechanical stimuli, remain enhanced even after the WBVs. On the behavioural side, the 

WBVs compromise balance in the acute term, but not in the long one. On the physiological 

side, the stimulation of the proprioceptive system boosts the interplay between the periphery 

and the central nervous system, favouring the processing of proprioceptive feedbacks for the 

maintenance of balance, ultimately leading to sensorimotor recalibration.   

6.4 Future works 

Starting from the drawbacks of the study designs, a potential future work is suggested for the 

continuation of this line of research. 

Beside the fact that synchronised sEMG signals and accelerations were not available 

for the first study, another issue that hinders the potential of this design is the determination of 

the natural frequency of the specific muscles for each subject. According to Wakeling et al. 

(2002), the natural frequency of a specific muscle corresponds to the peak of the PSD obtained 

from the relevant sEMG signal recorded in response to white-noise stimulation (Wakeling et 
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al., 2002a). Since the platform available in the laboratory was not controllable remotely but 

could work just at predefined frequencies, the response of muscles to a white-noise driven 

displacement could not be measured. However, the definition of subject- and muscle-specific 

natural frequencies would not only help interpret the physiological and mechanical outcomes, 

but also determine the most effective combination of WBV parameters at an individual level. 

The rational continuation of our research would be to investigate whether the type of 

postural responses employed by the participants change after muscle spindles are stimulated. 

In other words, the next step would be to research whether the modulation of postural response 

shifts from subcortical to cortical -or vice versa- after the stimulation of muscle spindles. 

Because postural response latencies are measured as the time between the onset 

perturbation (i.e. surface translation) and the first measurable increase of EMG activity 

(Huisinga and Horak, 2014), they are measurable only in response to a known disturbance, 

artificially triggered by the experimenter. Since they cannot be quantified during undisturbed 

balance, we are not able to discern short latency responses from medium and long ones, and 

therefore could not draw any conclusions on whether or not cortical-loops were the preferred 

ones after the WBVs.  

Since it is suggested that a decrease in response latencies reflects a switch to (shorter) 

spinal reflex pathway (Ackermann et al., 1991), it would be reasonable to measure whether 

the latencies of the postural responses increase or decrease after the WBV. An example of a 

study design that would allow to not only measure the latencies but also increase the reliability 

of the results includes the recording of several WBV stimulations and the respective post-

stimuli balance trials. More in details, four one-minute balance trials can be collected at the 

beginning of the experiment (baseline) and after the different WBV stimulations. During the 

balance tasks, sudden translations of the platform would constitute the external artificial 

perturbation. To increase the SNR, several WBV stimulations would be delivered with the 

specific outlined in the first experimental chapter. Averaging the response times before and 

after the WBVs would also allow to compare acute responses and long term ones, while 
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increasing the reliability of the results. Postural responses with shorter latencies after the 

WBVs could reflect a shift in the control from cortical to spinal and vice versa for longer ones.    

A deeper understanding of the extent to which mechanical vibrations boost muscle 

spindle sensitivity and whether this leads to a change in the postural strategies preferred by 

the CNS could result useful for the implementation of rehabilitation protocols for different 

subpopulations, including older adults.  

Besides the applicability of these results, it is important to remember that WBVs –other 

than having the ability to stimulate muscle spindle sensitivity- led to a clear disruption of 

balance in the minute after the stimulation. While this might be a natural and unavoidable 

consequence of the substantial shake to which the body is exposed in the sagittal plane, it 

would be worth exploring whether delivering vibrations in alternative ways could impact 

postural control while not disrupting balance in the acute term (which might not be viable for 

the elderly). Promising results come from a study delivering light vibrations to the sole of the 

foot (Zhou et al., 2016), which are found to boost postural control, as shown by the increment 

of complexity of the posturography. Different delivery methods should therefore be explored 

via the joint analyses of behavioural measures and physiological ones as it was proposed here. 

In this way, it will be possible to understand not only whether vibrations-induced muscle spindle 

stimulation actually improves postural control but also where the increased postural control 

originates, namely from a shift in control strategy, higher influx of proprioceptive inputs or 

system recalibration. 
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