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Abstract
Over the past decade, linear and nonlinear surface electromyography (EMG) 
variables highlighting different components of fatigue have been developed. 
In this study, we tested fractal dimension (FD) and conduction velocity (CV) 
rate of changes as descriptors, respectively, of motor unit synchronization 
and peripheral manifestations of fatigue. Sixteen elderly (69  ±  4 years) 
and seventeen young (23  ±  2 years) physically active men (almost 3–5 h of 
physical activity per week) executed one knee extensor contraction at 70% 
of a maximal voluntary contraction for 30 s. Muscle fiber CV and FD were 
calculated from the multichannel surface EMG signal recorded from the 
vastus lateralis and medialis muscles.

The main findings were that the two groups showed a similar rate of change 
of CV, whereas FD rate of change was higher in the young than in the elderly 
group. The trends were the same for both muscles.
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CV findings highlighted a non-different extent of peripheral manifestations 
of fatigue between groups. Nevertheless, FD rate of change was found to be 
steeper in the elderly than in the young, suggesting a greater increase in motor 
unit synchronization with ageing. These findings suggest that FD analysis 
could be used as a complementary variable providing further information on 
central mechanisms with respect to CV in fatiguing contractions.

Keywords: electromyography, vastus lateralis, vastus medialis, muscle fiber 
conduction velocity, fractal dimension

(Some figures may appear in colour only in the online journal)

Introduction

Neuromuscular fatigue is an important factor in age-related phenomena. Muscle fatigue 
is defined as an exercise-induced decrease in force-generating capacity during maxi-
mal voluntary contractions (MVC), or a failure to maintain a required or expected force 
(Gandevia 2001, Enoka and Duchateau 2008). Muscle fatigue can arise from many points 
of the neuromuscular system and can be divided into central and peripheral fatigue 
according to its origin (Gandevia 2001). Overall, the results to date suggest that both 
central and peripheral factors may be mechanisms by which age-related differences in 
fatigue resistance vary during isometric and dynamic contractions. Studies conducted in 
the past few decades generally indicate that in elderly adults, muscles fatigue relatively 
less than in young adults (Kent-Braun 2009). This counterintuitive finding is known as 
the ‘fatigue paradox’ and is based on the observation that elderly adults exhibit a longer 
time to task failure than young adults when performing a submaximal isometric contrac-
tion (Christie et al 2011). Many features of the elderly neuromuscular system can explain 
this ‘paradox’: selective atrophy or denervation of type II fibers (Andersen 2003), slowing 
in the contractile properties, lower motor unit (MU) firing rates, and greater reliance on 
oxidative metabolism (Kent-Braun 2009).

A number of biological changes occur from the beginning of a fatiguing contraction: 
altered metabolic milieu; changes in muscle fiber conduction velocity (CV); alterations in 
the number and firing rate of the recruited MUs (Adam and De Luca 2005). Modifications 
of surface electromyography (EMG) during sustained contractions can highlight neuro-
muscular changes before the mechanical task failure (Merletti et al 1990). This allows the 
estimation of indices of fatigue avoiding discomfort related to exhaustive efforts, which 
is particularly advantageous with the elderly population (Boccia et al 2015b). We usually 
refer to myoelectric manifestations of fatigue as all the changes in surface EMG variables  
occurring during sustained muscle contractions. Since myoelectric fatigue is a multi-
factorial process, many indices of EMG fatigue can be estimated to highlight different 
characteristics of EMG signals (Gonzalez-Izal et al 2012). It can be suggested that com-
bining sets of EMG variables provides useful information to characterize muscle fatigue. 
Consequently, Mesin and colleagues (Mesin et al 2009) proposed a novel bi-dimensional 
vector composed of two components: the rates of change of muscle fiber CV and fractal 
dimension (FD). They suggested that (during submaximal isometric contraction) changes 
in CV can be mainly related to peripheral mechanisms of fatigue, whereas changes in FD 
were mainly related to central ones.

CV is the first component of the index and it seems to be the most suitable variable to 
relate the modifications in EMG signals with the recruited MUs pool (Farina et al 2004).  
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CV increases gradually when larger MUs are recruited, such as when the intensity of mus-
cle contraction increases (Andreassen and Arendt-Nielsen 1987), since it is positively related 
to the fiber diameter (Sadoyama et al 1988, Blijham et al 2006). During sustained contrac-
tions, CV decreases have been related to many factors including an increase in muscle aci-
dosis (Brody et al 1991, Schmitz et al 2012), alterations in blood flow (Sjogaard et al 1988), 
decreasing of extracellular sodium (Na+) concentration (Overgaard et al 1997), and accumu-
lation of extracellular potassium (K+) ions (Fortune and Lowery, 2009). Elderly sedentary 
people showed lower decrements of CV with respect to young subjects during sustained con-
traction (Merletti et al 2002, Bazzucchi et al 2004, Bazzucchi et al 2005), but the long term 
trained elderly did not show such a difference (Casale et al 2003).

The second component of the index is based on the quantification of the signal’s geometri-
cal complexity, which is defined as FD (Kauffman 1986, Gitter and Czerniecki 1995). It was 
initially used to characterize the levels of muscle activation (Anmuth et al 1994, Gupta et al 
1997, Talebinejad et al 2009) and patterns of MU recruitment (Xu et al 1997). Later, Mesin 
and colleagues (Mesin et al 2009) compared FD with other electromyographic fatigue indices 
computed from synthetic sEMG signals.

They used two parameters to simulate synchronization, as proposed by Yao and colleagues 
(Yao et al 2000): the percentage of firings in each MU train synchronized with the firings of 
the other MUs; the number of firings synchronized together for each synchronization event, 
expressed as a percentage of the total number of MUs. During the simulation of fatiguing con-
tractions, they found that FD was the EMG parameter least affected by CV changes, weakly 
affected by fat layer thickness, and most related to the level of synchronization, and so it is 
a promising index of central response to fatigue. Decrease in FD has been recently consid-
ered as an indicator of increased MU synchronization during sustained contractions (Beretta-
Piccoli et al 2015).

MU synchronization is defined as a higher occurrence of simultaneous discharge of action 
potentials from different MUs than expected by chance. The most commonly used technique 
to estimate MU synchronization utilizes intramuscular EMG to assess the cross-correlation of 
pairs of single MU action potential trains (Nordstrom et al 1992). However, only a very small 
MU population of the active muscle is typically examined when estimating MU synchroniza-
tion by needle EMG (Semmler 2002). The representativeness of this small population and 
thus the physiological implications of the results can be questioned. On the other hand, many 
methods to obtain MU synchronization from the sEMG signal (Kleine et al 2001, Farina et al 
2002, Del Santo et al 2006) provide a more representative index, but are dependent on CV and 
therefore need un-fatigued contractions since CV is affected by fatigue (Arendt-Nielsen et al 
1989). Since FD is the EMG index least affected by CV changes (Troiano et al 2008, Mesin 
et al 2009), it has been considered as a promising index to monitor levels of synchronization 
in response to fatigue.

Distinguishing the contribution of MU synchronization from other myoelectric manifesta-
tions of fatigue could be important to gain insight into the muscle changes during fatigue and 
to differentiate for age among groups. Hence, the aim of the study was to use a bi-dimensional 
index to compare healthy young versus elderly subjects during a sustained contraction of knee 
extensor muscles. With regard to CV, the hypothesis was to confirm the results of Casale and 
colleagues (Casale et al 2003) for which CV rate of change was found to be similar between 
moderately trained young and elderly subjects. Meanwhile, we aimed to test if the FD rate 
of change could differentiate between the two groups as observed for other EMG parameters 
in the vastus lateralis (VL) and vastus medialis (VM) muscles, both in young (Rainoldi et al 
2008) and in elderly subjects (Boccia et al 2015a).
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Methods

Sixteen elderly men (age 69  ±  4 years; height 171  ±  6 cm; weight 77  ±  7 kg) and seventeen 
young men (age 23  ±  2 years; height 178  ±  7 cm; weight 77  ±  7 kg) participated in the study. 
Part of this sample also participated in our previous study (Boccia et al 2015a). Both young and 
elderly participants were moderately trained and they were typically involved in 3–5 h of physi-
cal activity per week. Young participants were recruited from the Sport Science University 
population whereas elderly participants were recruited from a local physical activity program 
in which they have participated for more than three years. Participants were excluded from the 
study if they had any musculoskeletal or neurological disorders affecting the spine or the lower 
limb. Participants were asked to refrain from performing strenuous physical activity 24 h before 
the experimental session. All participants gave written informed consent before the participa-
tion in the experiments. The research was previously approved by the Ethic Committee of 
Department of Neurological and Movement Science, University of Verona.

Procedure

This investigation was an experimental, cross-sectional study. Participants were involved in 
one test session during which EMG signals were recorded from the quadriceps muscle during 
a submaximal isometric knee extensor contraction (figure 1). Participants were seated upright 
on the dynamometer chair (Cybex Norm, Ronconcoma, USA) and secured using a seatbelt; 
a strap was placed on the exercising thigh in order to minimize the participants’ movements. 
The participants were familiarized with the device by performing 10 submaximal isometric 
contractions at 60° of knee flexion (0°  =  full extension). Then, two MVCs were exercised 

Figure 1.  Participants were seated upright on the dynamometer chair (a). EMG signals 
were recorded from vastus lateralis (VL) and medialis (VM) muscles during an isometric 
knee extensor contraction of the dominant leg. EMG was recorded using linear adhesive 
electrode arrays of eight electrodes with 5 mm inter-electrode distance (b).

G Boccia et alPhysiol. Meas. 37 (2016) 162
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at 60°, separated by 5 min of rest. If MVCs differed more than 5% from each other, a third 
MVC was performed. During MVCs strong verbal encouragement was given by an operator 
to induce the participant to reach his highest level in each trial. Each MVC attempt lasted 
3–5 s. Participants received a visual feedback by Cybex software, and the highest MVC was 
considered to calculate sub-maximal loads.

Five minutes after the last MVC, participants were involved in one fatiguing contraction at 
70% of the torque exerted during the MVC. They were instructed to maintain a constant knee 
extension at 60° for 30 s. Participants received visual feedback on a display about the actual 
knee angle and were instructed to hold the target value of 60°. The task was considered failed 
when the limb moved  ±5° for more than 3 s. Standardized encouragement was provided by an 
operator to keep the limb as stable as possible.

EMG measurements

Myoelectric signals were recorded from VM and VL muscles of the dominant leg in a single 
differential configuration using linear adhesive electrode arrays of eight electrodes with 5 mm 
inter-electrode distance (OT Bioelettronica, Torino, Italy). Before the placement of the elec-
trode arrays the skin was slightly abraded with paste and cleaned with water in accordance 
with SENIAM recommendation for skin preparation (Hermens et al 2000). Anatomical land-
marks were adopted as described in previous methodological work (Rainoldi et al 2004). 
The optimal position and orientation of the array was sought for each muscle on the basis 
of visual inspection of the sEMG signals. The sites with clear propagation of muscle fiber 
action potential and the main innervation zones were identified using a dry linear array of 16 
electrodes with 5 mm inter-electrode distance (OT Bioelettronica, Torino, Italy). The adhe-
sive electrode arrays were then placed parallel to muscle fibers, distally with respect to the 
innervation zone, where unidirectional propagation of the MU action potentials was detected.  
To assure proper electrode–skin contact, electrode cavities of the arrays were filled with  
20–30 μl of conductive paste (Spes-Medica, Battipaglia, Italy). The electrode arrays were fixed 
using extensible dressing (Fixomull®, Beiersdorf). The sEMG signals were amplified, sampled 
at 2048 Hz, bandpass filtered (3 dB bandwidth, 20–450 Hz, 12 dB/oct slope on each side), and 
converted to digital data by a 12-bit A/D converter (EMG-USB, OT Bioelettronica, Torino, 
Italy). Samples were visualized during acquisition and then stored in a personal computer using 
OT BioLab software (version 1.8, OT Bioelettronica, Torino, Italy) for further analysis.

At the end of the measurement session, participant’s subcutaneous tissue layer thickness 
was measured with an ultrasound scanner (Acuson P50, 7.5 MHz linear array transducer, 
Siemens, Germany), in the location where the adhesive arrays were positioned.

Data analysis

The sEMG signals were visually inspected in order to select the best channels to use for 
variable estimations. The CV of sEMG signals were computed off-line with numerical algo-
rithms (Merletti et al 1990) using non-overlapping signal epochs of 0.5 s. CVs were calculated 
among all the accepted channels. CV was computed as e/d, where e is the inter-electrode 
distance and d is the delay time between the signals obtained from the two double differential 
arrays spaced 5 mm apart. The value of d was obtained by identifying the time shift required to 
minimize the mean square error between the Fourier transforms of the two double differential 
signals. The correlation coefficient between the two adjacent double differential signals was 
calculated: if the correlation coefficient was less than 0.80, the recorded signals were excluded 
from the analysis.

G Boccia et alPhysiol. Meas. 37 (2016) 162
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FD was calculated with the box-counting method, as previously reported (Gitter and 
Czerniecki 1995, Mesin et al 2009). As expressed in Mesin et al (2009): ‘a set of square boxes 
are used to cover the signal. When decreasing the side of the boxes in a dichotomic process, 
the number of boxes required to cover the signal increases exponentially. Plotting the loga-
rithm of the number of boxes required to cover the signal versus the logarithm of the inverse 
of the box area, an approximately linear relation is obtained. The slope of the interpolation 
line (estimated in the least mean squared sense) is the fractal dimension’. FD is defined in the 
following expression as:

=
N

FD 
log

log
L

1

where N is the number of boxes required to cover the signal and L is the box side, with the ratio 
indicating the slope of the interpolation line.

Median power spectral frequency (MDF) and FD estimates were computed using non-
overlapping signal epochs of 0.5 s and were averaged among all the accepted channels. 
Data were analyzed by custom-written software in MATLAB R2014a (Mathworks, Natick, 
Massachusetts).

Statistical analysis

Linear regression has been demonstrated to be the best model to fit EMG data during fatigu-
ing contractions (Rainoldi et al 1999). Linear regressions were used to calculate the initial 
value and the rate of change (calculated as the percentage ratio between the change of EMG 
estimates in 1s and the initial value, expressed as %/s) of the EMG variables. Linear regression 
Kolmogorov–Smirnov tests were used to determine the normality of distributions. A two-
way ANOVA (2 groups  ×  2 muscles) was conducted to detect differences in sEMG variables 
(CV, FD, and MDF). When the ANOVAs results were significant, the post hoc analysis was 
performed using the t test with Bonferroni correction. The paired t test was used to identify 
differences in MVC and subcutaneous tissue between groups. The threshold for statistical 
significance was set to p  <  0.05. Data were expressed as mean  ±  SD.

Figure 2.  Time courses of muscle fiber conduction velocity (CV) and fractal 
dimension (FD) for young (white) and elderly (filled) representative participants. The 
surface EMG signals reported here were recorded from the VL during an isometric 
contraction at 70% of MVC. Each EMG variable is normalized with respect to its 
initial value and the slope of the regression line represents an index of myoelectric 
fatigue: the greater the rate of change of surface EMG variables, the greater the 
manifestations of fatigue.
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Results

The young showed higher MVC torque than the elderly group (young: 326  ±  50 Nm; elderly: 
236  ±  28 Nm; Cohen’s d  =  2.2; p  <  0.001). No differences were detected in sub-cutane-
ous tissue thickness between groups both in VM (young: 4.0  ±  1.7 mm; elderly: 3.6  ±  0.9; 
p  =  0.412) and VL (young: 3.4  ±  0.8 mm; elderly: 3.9  ±  1.1 mm; p  =  0.562). All CV esti-
mates were found in the physiological range (ranged from 3.6 to 5.6 m s−1) and double differ-
ential signals showed a high correlation coefficient (ranging from 86% to 94%): consequently 
all EMG signals were included in the analysis.

CV and FD values for two young participants were classified as outliers (outside the inter-
val mean  ±  3SD) and thus removed from further analysis. Consequently, the analysis was 
performed only on 15 young and 16 elderly participants. Representative examples of CV and 
FD time course are reported in figure 2. The Kolmogorov–Smirnov tests (p  >  0.05) showed 
normal distributions of data after removing the outliers.

CV

The initial values of CV showed significant group  ×  muscle interaction (F  =  6.4, p  =  0.017). 
There was a significant main effect for group (F  =  4.7, p  =  0.037) whereas there was not a sig-
nificant effect for muscle (F  =  0.5, p  =  0.451). The slope of CV did not show significant group 
x muscle interaction (F  =  0.3, p  =  0.563), and there was no significant main effect for muscle 
(F  =  0.1, p  =  0.728) and group (F  =  0.4, p  =  0.527). Post-hoc analysis is reported in table 1.

FD

The initial value of FD did not show significant group x muscle interaction (F  =  0.2, 
p  =  0.612). There was a significant main effect for group (F  =  5.7, p  =  0.022) whereas there 
was not a significant effect for muscle (F  =  2.7, p  =  0.110). The slope of FD did not show sig-
nificant group x muscle interaction (F  =  0.7, p  =  0.406). There was a significant main effect 
for group (F  =  8.4, p  =  0.007) whereas there was not a significant effect for muscle (F  =  0.2, 
p  =  0.635). Post-hoc analysis is reported in table 1.

MDF

The initial value of MDF did not show a significant group x muscle interaction (F  =  2.2, 
p  =  0.148). There was a significant main effect for muscle (F  =  6.5, p  =  0.017) whereas there 
was not a significant effect for group (F  =  1.2, p  =  0.276). The slope of MDF did not show a 
significant group x muscle interaction (F  =  0.7, p  =  0.408). There was not an effect for group 
(F  =  0.7, p  =  0.396) and for muscle (F  =  0.01, p  =  0.983). Post-hoc analysis is reported in 
table 1.

Discussions

We investigated knee extensor muscles of physically active elderly compared to physically 
active young men using multichannel surface EMG during a fatiguing contraction. The main 
results were that the two groups showed a similar rate of change of CV, whereas FD rate of 
change was higher in the young than in the elderly group. The trends were similar for both 
VM and VL muscles.
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During voluntary contractions, changes of CV are affected by both sarcolemmal func-
tion (peripheral mechanism) and MU recruitment (central mechanism) (Farina et al 2004). 
In the present study we aimed to separate the contribution of synchronization (which is influ-
enced by central mechanisms (Farina and Negro, 2015)) from other manifestations of fatigue 
(being central or peripheral). Here we found that the two groups were similar in terms of CV 
changes but remarkably different in terms of FD changes. This finding appears to be important 
for gaining insight into the neuromuscular changes during fatigue and to distinguish among 
groups of different age.

CV rate of change

The physically active elderly group did not show differences in CV rate of changes with 
respect to the young group in knee extensor muscles (table 1). Accordingly, well-trained 
elderly subjects did not show differences with respect to young subjects in the tibialis anterior 
muscle (Casale et al 2003), notwithstanding sedentary elderly subjects showed lower decre-
ments of CV (Merletti et al 2002, Bazzucchi et al 2004, Bazzucchi et al 2005) with respect 
to the sedentary young. Despite this, CV rate of change cannot be used to deduce the relative 
activation of muscle fiber types due to a number of confounding factors (Farina et al 2004); a 
lower proportion of type II muscle fibers has been demonstrated to generate a lower decrease 
of CV over time (Sadoyama et al 1988, Kupa et al 1995, Mannion et al 1998). However, 
regardless of fiber type composition, a lower decrease of CV over time has been considered as 
the EMG evidence of lower fatigability of the elderly with respect to young persons (Merletti 
et al 2001, Merletti et al 2002). Despite the fact that the analysis of the power spectral fre-
quency was beyond the scope of this study, MDF showed trends similar to CV results. Indeed, 
the rate of change of MDF did not show a difference between the young and the elderly. Our 
results suggest that the older group showed the same fatigability as the young group, likely 
because long-term training performed by elderly subjects might have counteracted the aging 
effect usually observed in the muscles of sedentary subjects.

The isometric contraction used to assess fatigability was a task highly standardisable 
and easy to accomplish for the participants. However, such a task is far from real-life move-
ment and everyday physical demands. The isometric contraction was chosen since it is the 
most reliable contraction for calculating CV. A high contraction level was chosen to recruit 
the whole available MU pool, thus excluding MU rotation (that is the MU recruitment/ 
de-recruitment) (Bawa et al 2006) during the course of the contraction, which can bias CV 
estimates. Furthermore, we did not adopt a low-intensity task since it could have been affected 
by changes in central activation (Taylor and Gandevia, 2008), thus limiting the insight on 
peripheral fatigue as underlined by changes of CV.

FD rate of change

The negative FD rates of change in both groups suggest an increase in MU synchronization 
during the endurance contraction, probably as a result of an adaptation to muscle fatigue by 
the central nervous system. This is in agreement with a number of previous studies showing 
an increase in MU synchronization during fatiguing contraction with intensity from 25% to 
100% of MVC (Holtermann et al 2009, Talebinejad et al 2010, Kumar et al 2011, Arjunan 
et al 2014, Beretta-Piccoli et al 2015). Two other studies conducted at an intensity of 20% 
(Contessa et al 2009) and 10% of MVC (Semmler et al 2000) did not report an increase in MU 
synchronization during the time course of the contraction. Taken together, these results sug-
gest that during fatiguing contraction an increase in MU synchronization occurs at an intensity 
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higher than 20% of MVC. The FD rate of change was steeper in the elderly than in the young 
group, suggesting that the elderly subjects relied on MUs synchronization more than the 
young ones. Conversely, two previous studies, which adopted contraction levels of 50% and 
10% of MVC, respectively, showed that MU synchronization was similar between young and 
elderly subjects (Kamen and Roy 2000, Semmler et al 2000). The divergence between previ-
ous results and ours is likely explained by the contraction level. We can speculate that the dif-
ference in MU synchronization between young and elderly subjects occurs only in fatiguing 
contraction at an intensity as high as 70% of MVC but not at a lower intensity, as occurred 
in previous studies. However, since we evaluated only one contraction level, definitive physi-
ological conclusions cannot be drawn. Furthermore, in the process of age-related neuromus-
cular changes, it cannot be distinguished whether increased synchronization could be either 
beneficial or detrimental for the older individual (Kamen and Roy 2000). In this study, the FD 
variable appears more sensitive than the MDF variable in detecting differences between young 
and elderly men when fatigue occurred. This is in accordance with the observation of previ-
ous studies in which the MU synchronization descriptors were more sensitive to fatigue than 
power spectral frequency descriptors (Talebinejad et al 2010, Kumar et al 2011).

Initial values

The initial values of FD were higher in the elderly than in the young (reaching statistical 
significance in VL, table  1), suggesting that at the beginning of contraction the MU syn-
chronization was lower in the elderly than in the young VL muscle. However, fat layers and 
skin properties (influencing myoelectric volume conduction and electrode–skin impedance) 
varied considerably between subjects and groups. These subject-dependent factors influenced 
(biased) the FD of the signal, but not the change of FD of a subject in time (Mesin et al 2009). 
As a result, single values of the FD will not necessarily reflect the actual MU synchronization 
level. However, the MU synchronization index (the rate of change of FD) avoids the subject-
dependent bias providing a valid estimate of the actual change in MU synchronization level.

Since CV is positively related to muscle fiber diameter (Blijham et al 2006), it can be 
used to highlight fiber size differences in the superficial volume of VL and VM muscles.  
In agreement with our previous data (Boccia et al 2015b), the initial values of CV were higher 
in the young than in the elderly subjects (reaching statistical significance in VL but not in VM, 
table 1). It is possible to argue that the difference in muscle fiber size between the groups is 
evident only at VL but not in VM. However, greater details concerning this issue would be 
beyond the scope of this paper and are reported in our previous study (Boccia et al 2015b).

Limitations

The first limitation of the present study was that mechanical fatigue was not quantified (e.g. 
by means of time to task failure). Moreover, we were not able to distinguish between cen-
tral and peripheral fatigue in the fatiguing contraction, since techniques such as interpolated 
twitch technique and evoked contractile properties were not used. It is likely that the firing 
rate influences the fractal properties of the surface EMG signal. Furthermore the development 
of muscular fatigue has been associated with a decline in MU firing rates and has been found 
in older adults (Kamen et al 1995) and during prolonged contractions in both populations 
(Christie and Kamen 2009). Hence, the combination of these factors has partially affected our 
results. For these reasons, future researches should focus on simultaneous estimation of MU 
synchronization and firing rate.
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Finally, in recent years, alternative descriptors of MU synchronization, with low depend-
ency on CV (e.g. sub-band skewness, Piper rhythm), have been developed and tested (Gronlund 
et al 2009, von Tscharner et al 2011), but were not taken into account in the present study.

Conclusion

In conclusion, young and elderly moderately trained men showed non-different CV rate of 
changes indicating non-different fatigability, and likely non-different muscle fiber composi-
tion, between groups. Nevertheless, FD rate of change was found to be steeper in the elderly 
subjects than in the young, suggesting a greater increase in MU synchronization during the 
contraction. Our results suggest that FD analysis could be used as a complementary variable 
providing information on central mechanisms with respect to CV in fatiguing contraction.
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