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Abstract—In order to evaluate the influence of extremely low 

frequency pulsed magnetic fields (ELF PMF) on human brain, 

we conducted the magnetic stimulation experiments (1 Hz, 10 

mT, 20 min), and analyzed the changes of spontaneous EEG 

activity from 10 subjects. Compared with sham exposure group, 

the EEG power of theta band (3.5-7.5 Hz) and lower-alpha band 

(7.5-10 Hz) from the stimulation group increased significantly 

after magnetic stimulation. By analyzing the latency period and 

amplitude of P300 in auditory oddball task, we found that the 

latency period extended and the amplitude decreased. We 

suggested that these results might be explained via event-related 

synchronization induced by magnetic stimulation.  

I. INTRODUCTION 

Magnetic stimulation has become a research focus 

because it’s safe, effective, non-invasive, cheap, and it can 

conduct deep stimulation. Some researchers have applied the 

magnetic stimulation into the clinical treatment and got some 

exciting results. 

Boris Pasche et al. found that the stimulation of 

low-frequency pulse magnetic field modulated by radio 

frequency decrease sleep latency and increase total sleep time 
[1]. Marcello Massimini et al. used the transcranial magnetic 

stimulation with each pulse at 1 Hz to evoke high-amplitude 

slow wave which leaded to a deepening of sleep [2]. R Huber et 

al. found that exposure to 30-minute extremely magnetic field   

(900 MHz; spatial peak specific absorption rate 1 W/kg) 

during the waking period preceding sleep affected human 

sleep electroencephalogram (EEG) [3]. However, few 

researchers studied the influence of extremely low frequency 

pulsed magnetic fields (ELF PMF, stimulus frequency under 
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100 Hz and magnetic field intensity was under 100mT) to 

brain.  

Wang Mingshi presented a time-varying ELF PMF 

(changing from 13 Hz to 1 Hz), which could be used to 

improve sleep quality [4]. However, whether a low consistent 

frequency stimulation would induce the change of EEG better? 

If so, it would be very promising in sleep quality improving 

and adjuvant therapy of insomnia. 

Thus, in this paper, we proposed a constant ELF PMF 

exposure experiment and analyzed the spontaneous EEG and 

auditory evoked P300 potential of participants both in the real 

stimulation group and the sham group. 

II. METHODS 

A. Subjects and EEG recording 

10 male subjects (age 23-27) participated in the 
experiment. They were students of Tianjin University, all of 
which were right-handed, healthy and reported with no history 
of mental illnesses or attention deficit disorders. In the 
experiment, we stimulated the occipital region of the subjects 
with a specially designed magnetic coil [5].The stimulation 
frequency was 1 Hz; the energy intensity was 10 mT and the 
distance between axis and the center was 2 cm. The EEG 
acquisition equipment and the signal analysis system were 
manufactured by NeuroScan Company. The scalp potential of 
each channel was amplified separately, band-pass filtered 
(0.05-70 Hz), and digitized with a sample rate of 1000 Hz. 

B.   Procedure 

Experimental diagram is shown in Fig. 1. Firstly, an 
8-minute spontaneous EEG and a 7-minute auditory Oddball 
task [6] were recorded to acquire the original status of subjects 
before stimulation. After that, a 20-minute ELF PMF or a 
sham single-blind experiment proceeded. At last, the 
spontaneous EEG and P300 evoked potential were recorded 
again to acquire the final status of subjects after stimulation.  

Every subject participated in two sessions, one consisted 
of a real exposure and the other a sham one, which were blind 
to subjects. There was one week interval between two sessions, 
and the real/sham order was randomly. The experiment was 
conducted in a shielded room, and the subjects were required 
to be relaxed with their eyes closed and wore a headphone. 
During the auditory Oddball task, the sound lasted 50 ms with 
an interval of 1000 ms. This process repeated 400 times. The 
subjects were required to press the key immediately when 
hearing an infrequent high-pitched target tone (2000 Hz, with 
a probability of 20%) which was randomly embedded in a 
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train of frequent low-pitched non-target tones (1000 Hz, with 
a probability of 80%). Fig. 2 shows the stimulus sequence. 

 
Figure 1.  The experiment procedure 

Figure 2.  The stimulus sequence. 

 

Figure 3.  a is the stimulation model. b is the distribution of the 
stimulation-induced electric field intensity.  

C.  Extremely low frequency magnetic stimulation model 

Fig. 3a shows the stimulation FEM model [5, 7] used in this 

experiment. The magnetic coil was placed about 2 cm above 

the occipital skull. Fig. 3b shows the distribution of the 

stimulation-induced electric field intensity in human brain. 

Red and blue represented the largest and smallest intensity 

respectively. It is clear that the induced electric field strength 

was large within the coil projection area on the skull and 

decreased slightly in the lateral and medial regions. 

III. DATA ANALYSIS 

Firstly, the EEG data were preprocessed by removing the 
ocular artifact, possible interference from head and muscle 
movements and 50 Hz power frequency interference. Then, 
compared with the sham group, we analyzed the EEG data 
with following methods. 

A.  desynchronization and synchronization induced by 

Magnetic stimulation 

On the basis of the definition of event-related 
desynchronization and synchronization (ERD/ERS) [8-10], we 
proposed the concept of event-related desynchronization / 
synchronization induced by magnetic stimulation 
(MSI-ERD/ERS). Under the effect of ELF PMF, the brain 
activity would be inhibited and the low-frequency signal in 

EEG, especially the power of theta (3.5-7.5 Hz) and alpha 
band (7.5-12.5 Hz), would increase. This is  called magnetic 
stimulation induced event-related synchronization 
(MSI-ERS). On the contrary, the phenomenon that the power 
of high-frequency signal in EEG especially beta band (12.5- 
30 Hz) decreased, which is called magnetic stimulation 
induced desynchronization (MSI-ERD). The quantified 
formula is defined as:  

MSI-ERD (MSI-ERS)  = (A — R) / R × 100%                 (1)    

Where A stands for the power of the target band in the 
experimental period, and R is the power of the target band in 
the reference period. When the calculated value of (1) is 
negative, it indicates reduction of energy in the specified 
target band, and this is MSI-ERD: -100 indicates the energy 
disappeared completely; 0 indicates the energy remains 
unchanged, that is, no MSI-ERD/MSI-RES. When the value is 
positive, it indicates that the energy increased, which means 
MSI-ERS happened, and the higher the value, the more 
obvious the MSI-RES. 

B. Sample Entropy 

As a nonlinear measurement of signal complexity, Sample 

Entroy (SE) is the modification of approximate entropy 

(ApEn) [11]. Unlike ApEn, SE demonstrates advantages such 

as data length independence and trouble-free implementation. 

The definition of SE is given in (2). SE applies to both 

deterministic signal and stochastic signal, which is very useful 

for analyzing EEG, a combination of deterministic and 

stochastic components. In EEG analysis, SE is used to 

measure the complexity of the changes in brain electrical 

activity. The more complex the EEG sequence, the more 

active the brain. 

 

                            (2)    

Where, given embedding dimension m, tolerance r and 

number of data points N, ( )

m

rB
is the estimated probability that 

two sequences match for m points, and  
1

( )

m

rB 

 is the estimated 

probability that the sequences match for m+1 points. In this 

study, SE was calculated using m = 2 and r = 20%. 

IV. RESULT 

Firstly, we analyzed the initial state before real and sham 

stimulations. No significant differences were showed in the 

spontaneous EEG by using the above methods (all Ps > 0.05). 

Also, the waveform and behavior results of P300 did not 

change clearly (all Ps > 0.1). Thus, we would compare EEG 

data of post-stimulation next. 

A. EEG power spectral analysis before and after stimulation 

After data preprocessing procedure, we analyzed the 
average power spectrum of EEG signal. Compared with the 
sham group, the average MSI-ERD/ERS values on each 
electrode of 10 participants were shown by brain topographic 
map [12]. Maximum ERD and maximum ERS were coded in 
blue and red respectively. In Fig. 4, the typical MSI-ERD/ERS 
pattern could be observed after stimulation.  
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In theta band and lower-alpha band (7.5-10 Hz), the scalp 
topographies are mostly red and yellow, which indicate that 
the MSI-ERS was more intensive over the central brain and 
occipital area. After Bonferroni correction (0.05/2 = 0.025) 
examining, the theta band increased significantly in frontal 
cortical and parietal cortical areas (Fz and Cz) (Fz: p < 0.002, 
df = 9, t = -4.62; Cz: p < 0.001, df = 9, t = -2.92); as well as the 
lower-alpha band in frontal and occipital cortical area (Fz, F4 
and O2) (Fz: p < 0.004, df  = 9, t = -3.88;  F4: p < 0.004, df = 
9, t = -3.86; O2: p < 0.008, df = 9, t = -3.41).  

For the upper-alpha (10 – 12.5 Hz) band and beta band, 
there was no significant change after magnetic stimulation (all 
Ps>0.05). 

B. SE analysis 

In Fig. 5, it shows the histogram of the average SE values 
on all electrodes of 10 subjects. After Bonferroni correction 
examining, no significant change was showed (O1 (p < 0.046, 
df = 9, t = -2.31), T3 (P = 0.035, df = 9, t = 2.49)).  

C. Auditory P300 analysis 

Auditory P300 evoked potentials were obtained from each 

participant by averaging the segmented data for targets after 

data preprocessing. Fig. 6 shows the P300 waveforms on Fz, 

Cz and Pz electrodes under real or sham exposure. After 

Bonferroni correction examining, the post-stimulus P300 

latent period was noticeably prolonged during target 

processing (Fz:  P < 0.010, df = 9, t = -3.27; Cz: P < 0.015, df 

= 9, t = -3.00; Pz: P < 0.024, df = 9, t = -2.71). And the 

post-stimulus P300 amplitude obviously decreased (Fz:  P < 

0.025, df = 9, t = 2.68; Cz: P < 0.024, df = 9, t = 2.72; Pz: P < 

0.021, df = 9, t = 2.80). 

D.  Behavioral Results 

As a behavioral characteristics feature, mean reaction time 

is always used to evaluate drowsiness. The reaction time of 

P300 is shown in Table 1. There was an extremely significant 

difference between the two groups (P<0.01). The mean 

reaction time of the real group (330.39ms) was much longer 

than that of sham group (308.80ms).  

 
 

 

 

 

 

 

 

 

 

 

Figure 4.  Brain topographic map of MSI-ERD/ERS in different 
frequencies. 

 

 

 

Figure 5.  The comparison of Sample Entropy under sham or real exposure. 

 

Figure 6. The P300 waves under sham or real exposure 

TABLE I.  TABLE I.  The comparison of average reaction time in 
auditory oddball experiment before and after the stimulated.  

State 

Parameter 

Mean reaction 

time 

Standard 

deviation 
T P 

Sham exposure 308.80 6.76 
-3.279 0.002 

Real exposure 330.39 5.61 

 

V. DISCUSSION 

In this study, the participants were exposed in 1 Hz, 10 mT 

ELF PMF or sham one for 20 minutes. Compared to the 

control condition, the results showed significant MSI-ERS 

effect, especially in Fz, Cz, F4 and O2 electrodes. In P300 

experiment, the latency was longer and the amplitude was 

lower in real exposure than the sham one. Meanwhile, the 

reaction time was prolonged. However, no significant SE 

change was shown.  

MSI-ERS, the increase of EEG power in lower-frequency 

of theta and alpha activity probably reflects a decrease in 

cortical activation [13, 14], which usually occurred under 

decreased arousal levels [15-17]. Therefore, the power of alpha 

and theta frequency band provides an adequate index of the 

subjects’ drowsiness. 

P300 is related to information processing of the brain. The 

latency and amplitude of which are proved to be the objective 
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evaluation indicators of cognition. The amplitude indicates 

the amount of psychological and mental resources; the length 

of the latency period represents the reaction time of subjects to 

stimuli [18-21]. Therefore, the longer latency and the lower 

amplitude in real exposure indicate that the efforts devoted by 

participants on psychology and mentality were reduced after 

ELF PMF. 

Behavioral analysis could be more intuitive to reflect the 

changes in psychological and thinking activities. Prolonged 

reaction time was observed in the event-related task after real 

stimulation. In line with the conclusion obtained from the 

P300 analysis, the inhibiting effect of brain induced by the 

ELF PMF had great impact on subjects, which was 

demonstrated by the longer reaction time of participants.  

In the experiment, the stimulation energy of ELF PMF was 

10mT, which was not sufficient to trigger nerve cells to 

generate action potentials. Based on cellular transmembrane 

signal conduction theory [12, 22], electromagnetic field could 

affect the cells through its influence to the signaling systems, 

and then had further effects on the whole organism. Therefore, 

we argue that the ELF PMF used in the experiment just works 

as a trigger or inducement, which might influence some 

particular links of biological system, and then the cells 

amplify and integrate the reactions caused by the influence. 

After a series of biological reactions, it eventually led to the 

MSI-ERD/ERS. This interpretation agreed with limit cycle 

theory about the organism intrinsic regularity [23, 24]. So it 

might give one possible explanation that ELF PMF could lead 

to a weakening of brain cell excitability, and suppress the 

brain activities. These inhibiting effects finally result in 

prolonged reaction time on behavior. 

In conclusion, this study demonstrated that the specified 

frequency magnetic field could induce an increase of low- 

frequency activity in EEG and suppress the brain states, which 

could have a potential application on sleep quality improving, 

and adjuvant therapy of insomnia. Our study also expect to 

reveal the mechanism of brain induced effect under ELF PMF 

and to support further clinical application.  
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