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Abstract 

The aim of this study was to quantitatively investigate the effects of force load, muscle 

fatigue and extremely low frequency (ELF) magnetic stimulation on electroencephalography 

(EEG) signal features during side arm lateral raise task. 

EEG signals were recorded by a BIOSEMI Active Two system with Pin-Type 

active-electrodes from 18 healthy subjects when they performed the right arm side lateral 

raise task (90 degrees away from the body) with three different loads (0kg, 1kg and 3 kg; their 

order was randomized among the subjects) on the forearm. The arm maintained the loads until 

the subject felt exhausted. The first 10s recording for each load was regarded as non-fatigue 

status and the last 10s before the subject was exhausted as fatigue status. The subject was then 

given a five-minute resting between different loads. Two days later, the same experiment was 

performed on each subject except that ELF magnetic stimulation was applied to the subject’s 

deltoid muscle during the five-minute resting period. EEG features from C3 and C4 

electrodes including the power of alpha, beta and gamma and sample entropy were analyzed 

and compared between different loads, non-fatigue/fatigue status, and with/without ELF 

magnetic stimulation.  

The key results were associated with the change of the power of alpha band. From both 

C3-EEG and C4-EEG, with 1kg and 3kg force loads, the power of alpha band was 

significantly smaller than that from 0kg for both non-fatigue and fatigue periods (all p<0.05). 

However, no significant difference of the power in alpha between 1 kg and 3kg was observed 

(p>0.05 for all the force loads except C4-EEG with ELF simulation). The power of alpha 

band at fatigue status was significantly increased for both C3-EEG and C4-EEG when 

compared with the non-fatigue status (p<0.01 for all the force loads except 3kg force from 

C4-EEG). With magnetic stimulation, the powers of alpha from C3-EEG and C4-EEG were 

significantly decreased than without stimulation (all p<0.05), and the difference in the power 

of alpha between fatigue and non-fatigue status disappeared with 1kg and 3kg force loads, 

The powers of beta and gamma bands and SampEn were not significantly different between 

different force loads, between fatigue and non-fatigue status, and between with and without 

ELF magnetic stimulation (all p>0.05, except between non-fatigue and fatigue with magnetic 

stimulation in gamma band of C3-EEG at 1kg, and in the SampEn at 1kg and 3kg force loads 

from C4-EEG). Our study comprehensively quantified the effects of force, fatigue and the 

ELF magnetic stimulation on EEG features with difference forces, fatigue status and ELF 

magnetic stimulation.  

 
Keywords: Electroencephalography (EEG); Extremely low frequency (ELF) magnetic 

stimulation; Fatigue; Force; Lateral raise task.  

  



 
1. Introduction 

Electroencephalographic (EEG) signals have been recorded and analyzed during 

handgrip voluntary contraction task to understand their physiological association. Handgrip 

has been researched as part of the rehabilitation program for stroke patients with upper 

extremity movement disorder. However, from clinical application point of view, the handgrip 

task is not easy to perform for these stroke patients. Similar to the handgrip task, the side arm 

lateral raise task also generates isometric contractions, in which muscles generate tension 

without changing muscle length (Widmaier et al., 2010). Therefore, the brain activity with 

various motor tasks using the side arm lateral raise task should be studied to provide more 

evidence in the motor control. It is expected that performing the side arm lateral raise task 

could be easier in developing alternative rehabilitation programs for stroke patients in 

comparison with handgrip task.  

Fatigue, defined as the decline in force-producing capacity may originate from central 

and peripheral mechanisms (Berchicci et al., 2013; Cifrek et al., 2009). Peripheral muscular 

fatigue during isometric contraction has been studied (Hussain et al., 2009), while central 

neuromuscular fatigue associated with reduced voluntary activation of muscle needs more 

consideration. It would be important to investgate the characteristics of EEG signal on motor 

cortex between fatigue and non-fatigue status. On the other hand, it has been reported that 

peripheral electrical stimulation could induce a significant reduction of muscle fatigue and 

increase general excitability of the motor cortex (Jubeau et al., 2007; Thompson et al., 2004; 

Charlton et al., 2003). However, in practice, neuromuscular electrical stimulation is 

unpleasant and even painful (Lesser et al., 1979). Therefore, more comfortable stimulation 

techniques need to be investigated. A published study has suggested that, using transcranial 

brain stimulation, the extremely low frequency (ELF) magnetic fields may produce an 

enhancement in cortical excitatory neurotransmission (Capone et al., 2009). Although the 

peripheral magnetic stimulation has been recently studied on nerve system, it has not been 

applied on peripheral muscle (Liu et al., 2013). Whether the peripheral ELF magnetic 

stimulation could affect the brain activities, leading to the feasibility of alleviating fatigue is 

still unknown. 

It is well accepted that analysis of EEG signals is useful to measure the brain activity 

during the motor task. Different approaches have been applied to investigate the changes of 

EEG signal characteristics during motor tasks of varying muscle force or fatigue levels. Some 

studies have applied linear analysis, including the typical power spectra analysis (Rosenberg 

et al., 1989). The alpha, beta and gamma spectra of the EEG signal are associated with the 

excitability of the brain functional area. With the rapid development of non-linearity theory, 

non-linear approaches, including the complexity analysis, the analysis of Lyapunov exponent 

(Übeyli, 2009, Yao et al., 2009) and Fractal dimension (Liu et al., 2005a) have been used for 

quantifying nonlinear dynamics of EEG time series. Among them, one big advantage of 

complexity analysis is that it only requires relatively small number of points to describe the 

whole system, in comparison with other non-linear parameters such as Lyapunov exponent 

and correlation dimension which often need more than ten thousand data points. Sample 

entropy, as one of complexity measures, has been often used to quantify the amount of 

regularity and the unpredictability of fluctuations over time-series data. For instance, it has 

https://xue.glgoo.com/citations?user=ijUVXqkAAAAJ&hl=zh-CN&oi=sra
http://www.sciencedirect.com/science/article/pii/S0165027012002671#bib0225
http://www.sciencedirect.com/science/article/pii/S0165027012002671#bib0060
https://en.wikipedia.org/wiki/Unpredictability
https://en.wikipedia.org/wiki/Time-series


been used as a feature extraction method for detecting epileptic seizures in EEGs (Song and 

Liò, 2010). In this study, sample entropy, in combination with the powers of alpha, beta and 

gamma spectra of the EEG signal, are therefore applied for a comprehensive analysis of EEG 

signal characteristic changes with force load, fatigue, and ELF stimulation.  

This study aimed to investigate the effects of different force loads on the forearm on the 

powers of alpha, beta and gamma and sample entropy derived from EEG signals during the 

side arm lateral raise task, and compare their difference between fatigue and non-fatigue 

status, and between with and without ELF magnetic stimulation.  

 

2. Materials and methods 

2.1 Subjects 

18 healthy male subjects (aged 25±3years) without any history of neurological or 

psychiatric disorders were recruited. All subjects were right-handed, according to the 

Oldfield’s Edinburgh inventory (Oldfield, 1971). Informed and written consent was obtained 

from the volunteers after the aims, potential benefits and risks were explained. The study was 

carried out according to the Declaration of Helsinki of the World Medical Association, and 

approved by the Local Ethics Committee of Beijing University of Technology.  

 

2.2 Experimental devices 

2.2.1 EEG recording device 

32-channel EEGs were recorded with a sampling rate of 1024Hz from the BioSemi 

ActiveTwo (BioSemi, Netherlands) system using pin-type active-electrodes mounted in a 

headcap. BioSemi system is a bio-potential measurement system up to 280-channel with 

24-bit resolution. Common Mode Sense (CMS) active electrode and driven Right Leg (DRL) 

passive electrode were selected as ground electrodes according to system specification. These 

2 electrodes form a feedback loop, which drives the averages potential of the subject (the 

common mode voltage) as close as possible to zero ADC reference voltage. 

 

2.2.2 Magnetic stimulation device 

A magnetic stimulation device was developed in our lab. Four-circular coil was designed 

and the stimulus signal was generated and driven by an ARM microprocessor and power 

amplifier. The intensity and frequency of the stimulation were adjustable between 10-40 mT 

and 1-10 Hz, respectively. In this study, their corresponding values were 30 mT and 6 Hz. 

Within each simulation cycle, there were three 50Hz pulses, as shown in Fig.1(c).  
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Fig.1 Measurement protocol, timing diagram and stimulus signal 

 

2.3 Experimental procedure 

During the experiment, the subjects were asked to sit comfortably with the right arm side 

lateral raise (90 degrees away from the body). Three different loads (0kg, 1kg and 3kg) on the 

forearm were used to generate the isometric force at the upper limb muscle. The sequence 

order of the loads was randomized among the subjects.  

While the arm was laterally raised with one of the three loads, EEG signals were 

digitally recorded and saved for off-line analysis until the subject was exhausted. The subject 

was then given a five-minute rest between different loads. The same procedure was then 

repeated twice with a total of 9 EEG recordings, as shown in Fig.1 (a).  

Two days later, the same experiment was repeated with additional 9 EEG recordings 

from each subject, except that the magnetic stimulation was applied to the subject’s deltoid 

muscle during the five-minute resting period. 

 

2.4 EEG signal pre-processing and analysis 

In this study, EEG signals from electrodes C3 and C4 were further analyzed because 

they were positioned over sensorimotor regions which have close relationship with motor 

control (Liu et al., 2007, 2005b). Next, for the EEG signal recorded at a certain load, the first 

10s recording was regarded as non-fatigue status and the last 10s before the subject was 

exhausted as fatigue status, as shown in Fig.1 (b). The 10s baseline EEG before each loading 

task and the two segments of 10s EEG signals during the loading task were extracted for 

further analysis. There 54 segments in total for each subject (3 segments from each recording 

3 repeats; 3 loads; with and without stimulation) 

After the signal segmentation, the noise was removed from the EEG with a 0.5~45 Hz 

band-pass filter since the main frequency band of EEG signals are related to alpha (7-13Hz), 

beta (13-30Hz) and gamma (30-45Hz) bands. Next, the influences of blinks and eye 

movements were effectively identified and corrected using independent component analysis. 
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Current source density transformations were then applied to reduce the effect of volume 

conduction on EEG signals.  

 

2.5 EEG features  

EEG features, including the powers of alpha, beta and gamma and sample entropy 

(SampEn, a nonlinear feature), were calculated in this study. They were selected because they 

can reflect the excitability of the brain functional area and the variety of complexity.  

 

Power of EEG within a given frequency band  

Power spectra density was calculated by the method of averaged periodograms. The 10s 

EEG signal sequence x(n), n=0, 1, … , N-1, was divided into K segments with J samples 

overlapping, and each of the segment has L samples. The recording was subdivided as: 

xi(n)=x(n+i(L-J)), i=0, 1, …, k-1, n=0, 1 , …, L-1. The periodogram of the K segments was 

described by equation (1). In this study, N=10240, L=2048, K=9, J=1024. 

 

𝑆𝑥(𝑒𝑗𝑤) =
1

𝐾𝐿
∑ |∑ 𝑥𝑖(𝑛 + 𝑖(𝐿 − 𝐽))𝑒−𝑗𝑤𝑛

𝐿−1

𝑛=0

|

2𝐾−1

𝑖=0

 (1)  

Next, the power in the frequency band of alpha (7-13Hz), beta (13-30Hz) and gamma 

(30-45Hz) was calculated respectively by equation (2): 

 

𝐸 =  ∑ 𝑠𝑥(𝑒𝑗𝑤)

𝑓2

𝑓=𝑓1

 (2)  

where f1 and f2 represent the lowest and the highest frequency within the frequency band 

[f1, f2]. 

 

Sample entropy 

Entropy is a non-linear measurement of the complexity of EEG signal. For a given 

embedding dimension m, tolerance r and number of data points N, SampEn(m, r, N) is the 

negative logarithm of the probability that if two sets of simultaneous data points of length m 

have distance<r then the two sets of simultaneous data points of length m+1 also have 

distance<r.  

For the time-series EEG of length N= {x1, x2, x3, …, xN} with a constant time interval τ, 

we defined a template vector of length m, such that Xm(i)= {xi, xi+1, xi+2, …, xi+m-1} and the 

distance function d[Xm(i), Xm(j)] (i≠j). We counted the number of vector pairs in template 

vectors of length m and m+1 having d[Xm(i), Xm(j)] < r and denoted it by B and A 

respectively. The sample entropy was defined as: 

SampEn= -log(A/B) (3) 

A= number of template vector pairs having d[Xm+1(i), Xm+1(j)] < r of length m+1 

B= number of template vector pairs having d[Xm(i), Xm(j)] < r of length m 

The value of m was set to be 2 and the value of r to be 0.2×stand deviation (std) of 18 

subjects at the same status.  

It could be seen from the definition that A has a value smaller or equal to B. Therefore, 

SampEn (m, r, N) is always either be zero or positive value. A smaller value of SampEn 

indicates better self-similarity in EEG. 

 



2.6 Data and statistical analysis 

The median, lower and upper quartiles of EEG features (the powers in the different 

frequency bands and SampEn) were calculated, separately for different force loads, for 

fatigue/non-fatigue status and without/with ELF stimulation. ANOVA test was performed 

using software SPSS 22 (SPSS Inc.) to assess the effects of different forces, 

fatigue/non-fatigue, with/without stimulation on EEG features (between different days), and 

their interaction effects. The ANOVA test was independently performed for the baseline 

EEGs before the tasks and the EEG segments during loading tasks. Post-hoc multiple 

comparisons were applied to compare the effects of different force loads，fatigue/non-fatigue 

and with/without stimulation and their interactions. A P-value below 0.05 was considered 

statistically significant.  

 

3. Results 

3.1 Lateral raise task duration  

The raise duration varied between subjects and between different force loads. As shown 

in Fig.2, the lateral task duration decreased significantly with increased force loads (P<0.001). 

However, the duration was not significantly different between with and without stimulation 

(P>0.05). 

 

 

Fig. 2 Lateral raise task duration with different force loads, separately between with and 

without ELF stimulation. The data was presented as mean±SD.  

 

3.2 Overall of change EEG features  

The powers of alpha, beta and gamma bands and SampEn of baseline EEG segments 

were not significantly different between repeat measurements, between different force loads, 

and between with and without magnetic stimulation (all p>0.05), demonstrating that baseline 

EEG features of resting interval was not statistically different across different conditions. 

Table 1 and 2 give the overall results of all the EEG features with their values of median, 

lower and upper quartiles, separately for different force loads, for the fatigue/non-fatigue 

status and without/with stimulation. The key effects are summarized below.   

Table 1. Summary of C3-EEG features, separately for different force loads, for the 

fatigue/non-fatigue status and without/with stimulation. The data was presented as median 

(lower quartiles ~ upper quartiles). 

 

 



Electrode     Force (kg) 

Feature 

0 1 3 

--C3 
Non-fatigue Fatigue Non-fatigue Fatigue Non-fatigue Fatigue 

 Power-Alpha 15.7 

(1.9~39.8) 

19.8 ** 

(6.6~53.3) 

5.3 

(1.6~11.7) 

10.1 **  

(1.9~21.0) 

2.9 

(1.9~4.2) 

3.9  

(2.3~4.7) 

 Power-Beta 2.0 

(1.2~7.8) 

1.8 

(1.1~8.1) 

1.9 

(1.4~7.4) 

2.0 

(1.2~9.6) 

2.1 

(1.3~8.5) 

2.2 

(1.0~8.4) 

Without 

stimulation 

Power-Gamma 

(×10-4) 

3.0 

(2.0~14.9) 

3.5 

(2.5~20.1) 

3.9 

(2.2~25.9) 

2.6 

(2.0~21.2) 

3.7 

(2.8~25.6) 

4.6 

(2.5~53.8) 

 SampEn 0.33 

(0.31~0.33) 

0.32 

(0.30~0.33) 

0.32 

(0.31~0.33) 

0.32 

(0.28~0.32) 

0.31 

(0.29~0.33) 

0.30 

(0.28~0.32) 

 Power-Alpha 5.3 

(3.7~6.5)  

6.5 * 

(4.9~7.9) 

1.7   

(1.3~2.3) 

1.7  

(1.2~2.2) 

1.8  

(1.2~2.4) 

1.7 

(1.2~4.4) 

 Power-Beta 2.4 

(1.4~6.1) 

2.4 

(1.1~4.0) 

1.7 

(1.2~5.6) 

1.8 

(1.2~3.5) 

2.0 

(1.1~5.2) 

1.8 

(1.3~5.3) 

With 

stimulation 

Power-Gamma 

(×10-4) 

3.3 

(2.6~6.3) 

16.5 *
 

(12.0~45.0) 

3.1 

(2.1~4.8) 

18.4 *
 

(8.8~30.0) 

9.6 

(6.3~22.1) 

8.5 

(4.3~15.4)  

 SampEn 0.33 

(0.27~0.36) 

0.30 

(0.28~0.35) 

0.31 

(0.29~0.33) 

0.29 

(0.27~0.33) 

0.31 

(0.28~0.33) 

0.29 

(0.28~0.32) 
*p<0.05; **p<0.01. Comparison the same force level at non-fatigue and fatigue. 

 

Table 2. Summary of C4-EEG features, separately for different force loads, for the 

fatigue/non-fatigue status and without/with ELF stimulation. The data was presented as 

median (lower quartiles ~ upper quartiles). 

 
Electrode     Force (kg) 

Feature 

0 1 3 

--C4 
Non-fatigue Fatigue Non-fatigue Fatigue Non-fatigue Fatigue 

 Power-alpha 33.1 

(10.4~127.3) 

73.1 * 

(12.5~187.2) 

11.5 

(4.9~27.3) 

16.6 * 

(6.9~44.0) 

12.4 

(8.1~17.2) 

15.4 * 

(11.0~29.5) 

 Power-beta 8.1 

(5.6~16.6) 

9.2 

(4.8~13.6) 

9.5 

(4.6~14.5) 

8.6 

(5.6~14.8) 

8.5 

(5.7~14.2) 

9.6 

(6.7~14.2)  

Without 

stimulation 

Power-gamma 

(×10-4) 

13.6 

(6.6~22.7) 

14.5 

(7.5~19.4) 

12.3 

(6.8~22.5) 

11.4 

(5.8~20.7) 

11.6 

(5.5~17.2) 

9.9 

(6.9~23.3) 

 SampEn 0.34 

(0.30~0.36) 

0.33 

(0.32~0.36) 

0.34 

(0.31~0.36) 

0.33 

(0.29~0.35) 

0.32 

(0.28~0.35) 

0.33 

(0.30~0.35) 

 Power-alpha 20.7 

(16.7~28.3)  

30.8 * 

(16.5~34.3) 

6.0   

(5.0~7.7) 

6.2 

(4.6~9.2) 

10.3 

(6.5~12.9) 

12.1 

(8.1~14.7)  

 Power-beta 9.8 

(5.2~32.1) 

7.9 

(5.5~17.0) 

8.2 

(6.1~18.5) 

8.1 

(4.8~17.5) 

8.4 

(4.7~15.4) 

9.4 

(6.0~17.7) 

With 

stimulation 

Power-gamma 

(×10-4) 

2.8 

(2.3~6.6) 

17.4 * 

(10.0~44.8)  

10.8 

(5.6~25.6)  

7.9 

(5.3~20.8) 

11.5 

(6.5~40.4) 

11.2 

(7.9~16.3)  

 SampEn 0.34 

(0.29~0.37) 

0.34 

(0.32~0.37) 

0.33  

(0.31~0.36) 

0.29 * 

(0.28~0.32) 

0.33 

(0.28~0.35) 

0.29 * 

(0.28~0.32) 
*p<0.05. Comparison the same force level at non-fatigue and fatigue. 

 

3.3 Effect of force on EEG features  

3.3.1 Effect of force on power spectra and SampEn without magnetic stimulation 

Fig.3 (a+c) and Fig.4 (a+c) show the powers in alpha and gamma bands from C3-EEG 

and C4-EEG when there was no magnetic stimulation during the resting period. Their 

difference between different force loads are given for both non-fatigue and fatigue periods.  

From both C3-EEG and C4-EEG, the powers in alpha band with 1kg and 3kg force were 

significantly smaller than 0kg for both non-fatigue and fatigue periods (all p<0.05). However, 



there was no significant difference of the power in alpha between 1 kg and 3kg (all p>0.05). 

The powers of beta and gamma bands and SampEn were not significantly different between 

all the different force loads (all p>0.05).  

 

3.3.2 Effect of force on power spectra and SampEn with magnetic stimulation 

Fig.3 (b+d) and Fig.4 (b+d) show the powers in alpha and gamma band from C3-EEG 

and C4-EEG with magnetic stimulation during the resting period. 

From both C3-EEG and C4-EEG, the powers of alpha band with 1kg and 3kg force were 

significantly smaller than 0kg for both non-fatigue and fatigue periods (all p<0.01). For the 

comparison of EEG features between 1kg and 3kg force, it was observed that only the power 

of alpha of C4-EEG from 3kg force was significantly larger than 1kg force at both 

non-fatigue and fatigue status (both p<0.01). There was no significant difference between 

different force levels for the other EEG features (all p>0.05). 

 

 

Fig.3 Effects of force and fatigue on the powers in alpha and gamma bands from C3-EEG, 

separately for with and without stimulation during resting periods, and between different 

force loads. The data was presented with median, lower and upper quartiles. 
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Fig.4 Effects of force and fatigue on the powers in alpha and gamma bands from C4-EEG, 

separately for with and without stimulation during resting periods, and between different 

force loads. The data was presented with median, lower and upper quartiles. 

 

3.4 Effect of fatigue on EEG features 

3.4.1 Effect of fatigue on power spectra and SampEn without magnetic stimulation  

In the absence of magnetic stimulation, as shown in Fig.3 (a+c) and Fig.4 (a+c), when 

compared with the non-fatigue status, the powers of alpha band from both C3 and C4 

electrodes were significantly increased at fatigue status (p<0.01 for all the force loads except 

3kg force from C3-EEG). There was no significant difference between non-fatigue and 

fatigue status for the power of beta and gamma bands, and for the SampEn (all ps>0.05). 

 

3.4.2 Effect of fatigue on power spectra and SampEn with magnetic stimulation  

In the presence of magnetic stimulation, as shown in Fig.3 (b+d) and Fig.4 (b+d), the 

key results were that, for both C3-EEG and C4-EEG, the difference in power of alpha and 

gamma bands between fatigue and non-fatigue status was only observed at 0kg force load (all 

p<0.05). There was no significant difference between non-fatigue and fatigue for the other 

EEG features (all p>0.05, except in gamma band of C3-EEG at 1kg, and the SampEn at 1kg 

and 3kg force loads from C4-EEG). 

 

3.5. Comparison of the different effects of force and fatigue on EEG features with and 

without magnetic stimulation  

As shown in Fig.3 and Fig.4, with magnetic stimulation during the resting period, at all 

levels of force loads, the powers of alpha from C3-EEG and C4-EEG were significantly 
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decreased than with stimulation (all p<0.05). More importantly, with magnetic stimulation, 

the difference between fatigue and non-fatigue status in the power of alpha band only existing 

with 0 kg force load, and then disappeared with 1kg and 3kg force loads.  

There were no significant differences in the power of beta and gamma bands and 

SampEn between with and without stimulation (all p>0.05, except the SamEns at 1kg and 3kg 

force from C4-EEG at fatigue status were significantly decreased).  

 

3.6. Interaction effects of force, fatigue and magnetic stimulation on EEG features 

No interaction effect was obtained between loads, fatigue and stimulation (all p> 0.05 for 

the powers of alpha, beta and gamma bands and SampEn from both C3 and C4 EEGs). 

 

Discussion and conclusion 

This study quantitatively investigated the baseline EEG features (the powers of alpha, 

beta and gamma bands and SampEn) and the changes of these EEG features with different 

force loads on the forearm during the side arm lateral raise task. The difference between 

fatigue and non-fatigue status and the effect of magnetic stimulation on these changes were 

also quantified.  

In this study, similar patterns have been observed in EEG features change with force 

loads and fatigue, suggesting that both contralateral and ipsilateral primary sensorimotor 

cortex involved in the task modulation. This phenomenon of ipsilateral involvement has been 

previously reported, where it has been shown that the fMRI signal of the contralateral 

sensorimotor area increased with the signal of the ipsilateral sensorimotor area at the same 

time during the intermittent submaximal fatigue muscle contractions, (Crone et al., 1998; 

Dettmers et al., 1995; Ehrsson et al., 2000; Tanaka et al., 2011).The previous study (Paus et al. 

2001) have demonstrated that peripheral electrical stimulation could led to the increase of 

corticospinal excitability without increased cortical inhibition, which may enhance the 

reorganization of the motor cortex or strengthening some of the synaptic connections within a 

certain cortical area thereby minimizing the extent of central fatigue. Concurrently, the 

cutaneous and muscle sensory afferent activity is fed back in the central nervous system (CNS) 

and plastic changes can be induced in the motor cortex. Thus, the peripheral stimulation by 

the integration of descending and afferent inputs in the CNS may modulate cortical activity 

(Thompson et al., 2004; Jubeau et al., 2007). 

Regarding the force effect on EEG features, the key finding is that the power in alpha 

band at 1kg and 3kg force were significantly smaller than 0kg regardless of whether fatigue 

was involved in the motor performance. The reason could be that the number of neurons 

participating in controlling force increase with force from 0 to 1 kg. Alpha band activity is 

often described as a form of cortical idling with its amplitude inversely related to the activated 

number of neuronal populations during cognitive and sensorimotor processes (Baumeister et 

al., 2012; Niedermeyer et al., 2005). If the participant keeps the arm elevated, more or 

different motor units will be required as an expression of forced effort, leading to the decrease 

of alpha. Meanwhile, the increase of fatigue leads to the raise of alpha activity. Therefore, it is 

speculated that the change of alpha activity varies across different period of motor task. This 

could be explained by the combined effects of the abovementioned two physiological 

mechanisms. We also found that there was no significant difference in alpha band between 



1kg and 3kg, indicating that, with the increase of force from 1kg to 3kg, only a minor amount 

of if any additional neurons were activated. 

For the comparison of EEG features between fatigue and non-fatigue status, the 

increased power values of alpha band with muscle fatigue suggests that, with the reduction of 

cortical excitability, the brain may fail to fully activate the performing muscles. Our results 

agreed with a previously published study, where a significant increase in the power of alpha 

of EEG was observed as a result of fatigue induced by repetitive handgrip maximal voluntary 

contractions (Liu et al., 2005b). In addition, Ribeiro et al. (Ribeiro et al., 2007) reported that 

fatigue impairs the proprioceptive and kinesthetic properties of muscles by changing the 

threshold of muscle spindle discharge. Consequently, that may lead to an altered afferent 

feedback (Pedersen et al., 1999), and a decrease in excitatory input to the primary motor 

cortex induced a decrease in the responsiveness of the motoneurons in the primary motor 

cortex through a change in their motoneuron adaptation.  

With ELF stimulation during the resting period, it was noticed that the power values of 

alpha band were smaller than those without stimulation. This can be explained by the fact that 

the stimulation increased the excitability of the motor cortex and thus reduced the alpha 

activity. Earlier study also showed that the somatosensory evoked potential related to median 

nerve stimulation can be evoked by peripheral magnetic stimulation (Biller et al., 2011). In 

addition, it has been observed that, with stimulation, the power of gamma frequency band at 

fatigue were greatly higher than non-fatigue, especially from C3-EEG, which suggested the 

activation may shift from lower to higher frequency band. However, whether the shift of 

cortex activation from lower (alpha) to higher frequency (gamma) is continuous or discrete 

needs to be investigated in the further study. The previous study also suggested that local 

regional activation by an external stimulus via a sensory pathway entailed attenuated alpha 

and increased gamma oscillatory activity (Doesburg et al. 2015). More importantly, with 

magnetic stimulation, the difference in the power of alpha between fatigue and non-fatigue 

status disappeared with 1kg and 3kg force loads, providing scientific evidence on its potential 

clinical application to reduce fatigue.  

The present work has the following limitations. Firstly, the fatigue was subjectively 

determined by each individual, leading to big variation in the observed EEG features. A 

future study could include a consistent criterion for fatigue determination to reduce the 

subjective determination. Secondly, a questionnaire should be filled by participants and used 

to assess whether the applied weights or other factors resulted in a different subjective 

impression with and without stimulation. Thirdly, the effect of using different stimulus modes 

including the waveform, intensity and frequency, could be investigated, as well as the 

comparison with simultaneous EEG recording during magnetic stimulation. Fourthly, only 

electrodes C3 and C4 for cortical sensorimotor regions were used for preliminary analysis. In 

the future, Cz over the supplementary motor area, Fz over the central frontal area and Pz over 

the central parietal field could also be investigated to analyze the movement-related EEG 

signals comprehensively. Finally, as a preliminary study, only male subjects were recruited 

because it is more convenient to place electrodes on their head with short hair. Nevertheless, a 

published study (Carrier et al., 2001) has investigated the gender difference of EEG features, 

where they concluded that there was no gender difference. 



In conclusion, our study comprehensively quantified the effects of force, fatigue and the 

ELF magnetic stimulation on EEG features, demonstrating the brain activation changes with 

arm force modulation, fatigue status and ELF magnetic stimulation. 

 

 

 

 

 

 

 

Compliance with Ethical Standards: All procedures performed in studies involving human 

participants were in accordance with the ethical standards of local ethics committee of Beijing 

University of Technology and with the 1964 Helsinki declaration and its later amendments or 

comparable ethical standards. 

Funding: This study was funded by National Natural Science Foundation of China 

(81441053) and Beijing Natural Science Foundation (7172015&7132028). 

Informed consent:  Informed consent was obtained from all individual participants included 

in the study. 

 

References 

Abásolo D, Hornero R, Espino P, Álvarez D and oza J P 2006 Entropy analysis of the EEG 

background activity in Alzheimer’s disease patients Physiol. Meas. 27 241-253 

Andersen B, Felding U A and Krarup C 2012 Increased probability of repetitive spinal 

motoneuron activation by transcranial magnetic stimulation after muscle fatigue in 

healthy subjects J Appl Physiol. 112 (5) 832-840 

Baumeister J, Reinecke K, Schubert M, Schade J and Weiss M 2012 Effects of induced 

fatigue on brain activity during sensorimotor control Eur J Appl Physiol. 112 2475-2482 

Berchicci M, Menotti F, Macaluso A and Di Russo F 2013 The neurophysiology of central 

and peripheral fatigue during sub-maximal lower limb isometric contractions Front 

Hum Neurosci. 7(135) 1-10  

Biller S, Simon L, Fiedler P, Strohmeier D and Haueisen J 2011 High frequency oscillations 

evoked by peripheral magnetic stimulation 33rd Annual International Conference of the 

IEEE EMBS Boston, Massachusetts USA, August 30 - September 3 1149-1152 

Capone F, Dileone M, Profice P, et al. 2009 Does exposure to extremely low frequency 

magnetic fields produce functional changes in human brain? J Neural Transm. 116 

257-265 

Carrier J, Land S and Buysse D J et al. 2001 The effects of age and gender on sleep EEG 

power spectral density in the middle years of life (ages 20–60 years old) 

Psychophysiology 38(2) 232–242  

Charlton C S, Ridding, M C, Thompson P D and Miles T S 2003 Prolonged peripheral nerve 

stimulation induces persistent changes in excitability of human motor cortex J Neurol Sci. 

208(1-2) 79-85 

Cifrek M, Medved V, Tonković S and Ostojić S 2009 Surface EMG based muscle fatigue 

evaluation in biomechanics Clin Biomech. 24 327-340 

https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=S2LC49Bx2hKovdRzGiE&author_name=Andersen,%20B&dais_id=319538&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=S2LC49Bx2hKovdRzGiE&author_name=Felding,%20UA&dais_id=19301372&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=S2LC49Bx2hKovdRzGiE&author_name=Krarup,%20C&dais_id=33583272&excludeEventConfig=ExcludeIfFromFullRecPage


Crone N E, Miglioretti D L, Gordon, B, Sieracki J M, Wilson M T, Uematsu S and Lesser R P 

1998 Functional mapping of human sensorimotor cortex with electrocorticographic 

spectral analysis I. Alpha and beta event-related desynchronization. Brain 121 

2271-2299 

Dettmers C, Fink G R, Lemon R N, Stephan K M, Passingham R E, Silbersweig D, Holmes A, 

Ridding M C, Brooks D J and Frackowiak R S 1995 Relation between cerebral activity 

and force in the motor areas of the human brain Neurophysiol. 74 802-815 

Doesburg S M, Ward L M, Ribary Urs 2015 The alpha-theta-gamma (ATG) switch: Toward 

unified principles of cortical processing Curr Tre in Neuro. 9 1-12 

Ehrsson H H, Fagergren A, Jonsson T, Westling G, Johansson R S and Forssberg H 2000 

Cortical activity in precision- versus Power-grip tasks: an fMRI study Neurophysiol. 83 

528-536 

González-Izal M, Malanda A, Gorostiaga E and Izquierdo M 2012 Electromyographic models 

to assess muscle fatigue J Electromyogr. Kines. 22 501-512 

Hao D M, Qin W and Wu C S 2010 Motor cortex networks in stroke patients during recovery 

with fMRI Trans. Nanjing Univ. Aeronaut. Astronaut. 27(1) 55-61. 

Hussain M S, Reaz M B, Mohd‐yasin F and Ibrahimy M I 2009 Electromyography signal 

analysis using wavelet transform and higher order statistics to determine muscle 

contraction Int J Expert Syst. 26(1), 35-48 

Jubeau M, Zory R, Gondin J, Martin A and Maffiuletti N A 2007 Effect of electrostimulation 

training–detraining on neuromuscular fatigue mechanisms Neurosci Lett. 424 41-46 

Lesser R P, Koehle R and Lueders H 1979 Effect of stimulus intensity on short latency 

somatosensory evoked potentials Clin Neurophysiol. 47 377-382 

Liu C, Zhu J, Li J, Wang S, Qiu J, Shi Q, Liu J, Zhong L and Zhu J 2013 Functional magnetic 

stimulation system and pulsed magnetic-field effect on peripheral nerve Ieee T Magn. 

49(5), 1853-1856. 

Liu J Z, Lewandowski B, Karakasis C, Yao B, Siemionow V, Sahgal V and Yue G H 2007 

Shifting of activation center in the brain during muscle fatigue: An explanation of 

minimal central fatigue? NeuroImage. 35 299-307 

Liu J Z, Yao B, Siemionow V, Sahgal V, Wang X, Sun J and Yue G H 2005b Fatigue induces 

greater brain signal reduction during sustained than preparation phase of maximal 

voluntary contraction Brain Res. 1057 113-126 

Liu J Z, Zhang L, Yao B, Sahgal V and Yue G H 2005c Fatigue induced by intermittent 

maximal voluntary contractions is associated with significant losses in muscle output but 

limited reductions in functional MRI-measured brain activation level Brain Res. 1040 

44-54 

Liu J Z, Yang Q, Yao B, Brown RW and Yue G H 2005a Linear correlation between fractal 

dimension of EEG signal and handgrip force Biol. Cybern. 93 131-140 

Mima T, Matsuoka T and Hallett M 2001 Information flow from the sensorimotor cortex to 

muscle in humans Clin. Neurophysiol. 112(1) 122-126  

Niedermeyer E L and da Silva F H 2005 Electroencephalography: Basic principles, clinical 

applications, and related fields 2nd edn. Lippincott Williams & Wilkins London 

Oldfield R C 1971 The assessment and analysis of handedness: the Edinburgh inventory 

Neuropsychologia. 9 97-113 

http://primo.anglia.ac.uk/primo_library/libweb/action/search.do?vl(freeText0)=Mima%2c+%20Tatsuya%20+&vl(107337257UI0)=creator&vl(107337258UI1)=all_items&fn=search&tab=default_tab&mode=Basic&vid=ANG_VU1&scp.scps=scope%3a(%2244APU%22)%2cEbscoLocalSet1%2cEbscoLocalSet2%2cprimo_central_multiple_fe&ct=lateralLinking
http://primo.anglia.ac.uk/primo_library/libweb/action/search.do?vl(freeText0)=+Matsuoka%2c+Takahiro+&vl(107337257UI0)=creator&vl(107337258UI1)=all_items&fn=search&tab=default_tab&mode=Basic&vid=ANG_VU1&scp.scps=scope%3a(%2244APU%22)%2cEbscoLocalSet1%2cEbscoLocalSet2%2cprimo_central_multiple_fe&ct=lateralLinking
http://primo.anglia.ac.uk/primo_library/libweb/action/search.do?vl(freeText0)=+Hallett%2c+Mark&vl(107337257UI0)=creator&vl(107337258UI1)=all_items&fn=search&tab=default_tab&mode=Basic&vid=ANG_VU1&scp.scps=scope%3a(%2244APU%22)%2cEbscoLocalSet1%2cEbscoLocalSet2%2cprimo_central_multiple_fe&ct=lateralLinking


Paus T 2001 Primate anterior cingulate cortex: Where motor control, drive and cognition 

interface Nat. Neurosci. 2 417-424 

Pedersen J, Lonn J, Hellstrom F, Djupsjobacka M and Johansson H 1999 Localized muscle 

fatigue decreases the acuity of the movement sense in the human shoulder Med Sci 

Sports Exerc. 31 1047-1052 

Ranganathan V K, Siemionow V, Liu J Z et al. 2004 From mental power to muscle 

power—gaining strength by using the mind. Neuropsychologia. 42 (7) 944-956 

Ribeiro F, Mota J and Oliveira J 2007 Effect of exercise-induced fatigue on position sense of 

the knee in the elderly Eur J Appl Physiol. 99 379-385 

Rosenberg J R, Amjad A M, Breeze P, Brillinger D R and Halliday D M 1989 The fourier 

approach to the identification of functional coupling between neuronal spike trains Prog 

Biophys Molec Biol. 53 1-31 

Song Y and Liò P 2010 A new approach for epileptic seizure detection: sample entropy based 

feature extraction and extreme learning machine J Biomed Sci Eng. 6 556–567 

Suresh D M 2011 Temporal dynamics of primary motor cortex gamma oscillation amplitude 

and piper corticomuscular coherence changes during motor control Exp Brain Res. 212 

623-633 

Tanaka M and Watanabe Y 2011 Neural compensation mechanisms to regulate motor output 

during physical fatigue Brain Res. 1395 46-52 

Thompson A K and Stein R B 2004 Short-term effects of functional electrical stimulation on 

motor-evoked potentials in ankle flexor and extensor muscles Exp Brain Res. 159(4) 

491-500 

Ushiyama J, Masakado Y, Fujiwara T et al. 2012 Contraction level-related modulation of 

corticomuscular coherence differs between the tibialis anterior and soleus muscles in 

humans J Appl Physiol. 112(8) 1258-1267 

Übeyli E 2009 Automatic detection of electroencephalographic changes using adaptive 

neuro-fuzzy inference system employing Lyapunov exponents Expert Syst Appl. 36 

9031–9038 

Van Duinen H, Renken R, Maurits N and Zijdewind I 2007 Effects of motor fatigue on 

human brain activity, an fMRI study Neuroimage 35(4) 1438-1449 

Widmaier E P, Raff H, Strang K T 2010 Muscle Vander's Human Physiology: The 

Mechanisms of Body Function (12th ed.) New York, McGraw-Hill 250-291 

Yao B, Liu J Z, Brown R W et al. 2009 Nonlinear features of surface EEG showing 

systematic brain signal adaptations with muscle force and fatigue Brain Res. 1272 89-98 

https://xue.glgoo.com/citations?user=ijUVXqkAAAAJ&hl=zh-CN&oi=sra

