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h i g h l i g h t s

� EMFs of GSM phone affect human brain rhythms, not yet clearly related to cognitive functions.
� EEG were recorded during a visual go/no-go before and after real or sham exposure of 45 min.
� Power decrease of high-frequency alpha rhythms (less cortical activation) after real exposure.
� Faster reaction time to go stimuli in the post- than pre-exposure period of the real GSM session.

a b s t r a c t

Objectives: It has been shown that electromagnetic fields of Global System for Mobile Communications
phone (GSM-EMFs) affect human brain rhythms (Vecchio et al., 2007, 2010), but it is not yet clear
whether these effects are related to alterations of cognitive functions.
Methods: Eleven healthy adults underwent two electroencephalographic (EEG) sessions separated by 1
week, following a cross-over, placebo-controlled, double-blind paradigm. In both sessions, they per-
formed a visual go/no-go task before real exposure to GSM-EMFs or after a sham condition with no
EMF exposure. In the GSM real session, temporal cortex was continuously exposed to GSM-EMFs for
45 min. In the sham session, the subjects were not aware that the EMFs had been switched off for the
duration of the experiment. In the go/no-go task, a central fixation stimulus was followed by a green
(50% of probability) or red visual stimulus. Subjects had to press the mouse button after the green stimuli
(go trials). With reference to a baseline period, power decrease of low- (about 8–10 Hz) and high-fre-
quency (about 10–12 Hz) alpha rhythms indexed the cortical activity.
Results: It was found less power decrease of widely distributed high-frequency alpha rhythms and faster
reaction time to go stimuli in the post- than pre-exposure period of the GSM session. No effect was found
in the sham session.
Conclusions: These results suggest that the peak amplitude of alpha ERD and the reaction time to the go
stimuli are modulated by the effect of the GSM-EMFs on the cortical activity.
Significance: Exposure to GSM-EMFs for 45 min may enhance human cortical neural efficiency and simple
cognitive–motor processes in healthy adults.
� 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction Hamblin and Wood, 2002). Indeed, the use of a mobile phone
People approaching the technology of digital mobile telephony
increased drastically in the last years, raising the issue of possible
effects of Global System for Mobile Communications electromag-
netic fields (GSM-EMFs) on human brain (Repacholi, 1998;
f Clinical Neurophysiology. Publish

: +39 06 6837300.
).
exposes head to a specific absorption rate (SAR) relatively higher
than that of the rest of body (Hossmann and Hermann, 2003).

GSM-EMFs can produce effects on living organisms and brain
due to thermal and non-thermal interactions (Hyland, 2000). After
an exposure of 25–30 min to the GSM-EMFs, temperature
increases at about .15 �C at tympanic level and at about .1 �C at
cerebral level (Curcio et al., 2004; Van Leeuwen et al., 1999;
Bernardi et al., 2000). When compared to the thermal effects of
ed by Elsevier Ireland Ltd. All rights reserved.
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the GSM-EMFs, the non-thermal biological effects are far from
being fully understood as a result of contrasting evidence, and
there is not yet a generalized consensus if and ‘‘where’’ these ef-
fects really take place (Repacholi, 1998; Leszczynski, 2001). On
one hand, it has been reported that acute exposure between 1
and 4 h to the GSM-EMFs could determine biological effects
in vitro (Leszczynski et al., 2002; Nylund and Leszczynski, 2004;
Sarimov et al., 2004; Buttiglione et al., 2007). Some biological
influence has been reported in vivo in animals (Shallom et al.,
2002; Ilhan et al., 2004) and humans (Moustafa et al., 2001; Ferreri
et al., 2006). These effects might be provoked by the influence of
Na–K trans-membrane ionic channels (Cleary, 1995), the alteration
of cellular homeostasis of Ca++ ion (Adey, 1981), the increase of cel-
lular excitability, and/or the activation of cellular response to stress
(Tattersall et al., 2001; Ferreri et al., 2006). On the other hand,
there are evidences in the literature reporting no measurable bio-
logical effects on brain functioning in a resting condition following
acute exposure to the GSM-EMFs (Krause et al., 2000).

Brain functioning has been evaluated during or following the
exposure to GSM-EMFs with contrasting results (Wagner et al.,
1998; Cook et al., 2002; Hamblin and Wood, 2002; Haarala et al.,
2003, 2004; Hossmann and Hermann, 2003; Krause et al., 2004;
Valentini et al., 2007). Some studies have reported faster reaction
time to semantic and working memory tasks (Preece et al., 1999;
Koivisto et al., 2000a,b; Smythe and Costall, 2003). However, other
studies have not been able to demonstrate or replicate such behav-
ioral effects (Freude et al., 1998; Haarala et al., 2003).

In this framework, power and coherence of eyes-closed resting
electroencephalographic (EEG) rhythms have provided useful in-
dexes for the evaluation of brain functioning in young and elderly
subjects (Babiloni et al., 2000, 2004a,b, 2007, 2008; Rossini et al.,
2006). It has been reported that in healthy subjects, the GSM-EMFs
induced a frequency dependent modulation in power of resting
EEG rhythms (D’Costa et al., 2003; Croft et al., 2002; Curcio et al.,
2005), especially at slow 2–4 Hz delta frequencies (Kramarenko
and Tan, 2003). It has also been reported that in young subjects,
GSM-EMFs increased inter-hemispheric coherence of frontal and
temporal resting state EEG rhythms at the dominant 8–12 Hz fre-
quencies, the so called alpha rhythms (Vecchio et al., 2007). With
respect to the young subjects, elderly subjects showed a statisti-
cally significant increase in the frontal and temporal inter-hemi-
spheric coherence of alpha rhythms (about 8–12 Hz) during the
GSM-EMFs stimulation (Vecchio et al., 2010).

The above results suggest that GSM-EMFs may affect the mech-
anisms of cortical neural synchronization that generate resting
state EEG rhythms in the temporal and frontal regions, and that
these effects are modulated by the process of physiological aging
of the nervous system. However, it is not yet clear whether
GSM-EMFs can affect task-related EEG rhythms and relative cogni-
tive–motor performance. To address this issue, healthy adults
underwent two EEG sessions separated by 1 week, following a
cross-over, placebo-controlled, double-blind paradigm. In both
sessions, they performed a visual go/no-go task before and after
the exposure to GSM-EMFs or sham (placebo) stimulation. In the
GSM session, a helmet provided GSM-EMFs over temporal cortex
for 45 min. In the sham session, the procedures were equal as in
the GSM condition but the subjects were not aware that the helmet
had been switched off during the period of 45 min.

With reference to a baseline period, power decrease of low-
(about 8–10 Hz) and high-frequency (about 10–12 Hz) event-re-
lated desynchronization (ERD) of EEG alpha rhythms, which reflect
the facilitation of the information transfer through reciprocal thal-
amo-cortical and cortico-cortical pathways (Leocani et al., 2001;
Pfurtscheller and Lopes da Silva, 1999).

The present study is aimed to test the working hypotheses that
the peak amplitude of alpha ERD and the reaction time to the go
stimuli could be different in the two experimental conditions,
due to the effect of the GSM-EMFs on the cortical activity.

2. Methods

2.1. Subjects

Twelve healthy volunteers were enrolled but only 11 subjects
completed all experiments whose results were reported in the
present study. The group of eleven subjects was formed by eight
males and three females, mean ± standard error (SEM) of age being
43.63 ± 4.01 years (range: 24–63 years). In order to avoid cyclic
ovarian hormonal effects on cortical excitability and brain rhyth-
micity (Creutzfeldt et al., 1976; Becker et al., 1982; Smith et al.,
2002), the female subjects were enrolled only if in postmenopausal
age. All subjects were right-handed at Handedness Questionnaire
(Salmaso and Longoni, 1985). None of them had ever suffered from
neurological or psychiatric disorders. They were instructed to re-
frain from caffeine or alcohol and to maintain their regular cycle
of sleeping–waking in the days before the experiment. Further-
more, they had not used the mobile phone for more than 40 min
in the whole day preceding the EEG experiments.

2.2. Experimental procedures

A standard and commercially available mobile phone was used
for the present experiments having a device configuration identical
to previous studies from our group (Curcio et al., 2004, 2005; Ferreri
et al., 2006; Vecchio et al., 2007) to which the interested reader is re-
ferred. Briefly, GSM signal had a carrier frequency of 902.40 MHz
(modulation components of 8.33 and 217 Hz) and a peak power of
2 W (equivalent to an average power of 0.25 W). A maximum spe-
cific absorption rate (SAR) of .5 W/kg was reached (for technical as-
pects, see Curcio et al., 2008). During the experiment, the mobile
phone was always positioned on the left side of the head by a mod-
ified helmet able to ensure a constant distance of 1.5 cm between
the phone and the ear to eliminate perception of any overheating
produced by the phone. An identical phone (but turned off) was
placed on the right side of the helmet, to balance the weight and
to prevent that the subjects could localize the side of the eventual
GSM stimulation leading to an attentive lateralization.

In order to mimic conditions associated with the normal use of
a cell phone, the subjects could move around the room of the
experiment and could chat with the experimenters during the
GSM-EMFs or sham exposure (in that period there was no EEG
recording). Each subject performed two sessions separated by
1 week, following a cross-over, placebo-controlled, double-blind
paradigm. The GSM device was turned on (i.e. real exposure to
GSM) in the ‘‘GSM session’’ for 45 min and was turned off (i.e. just
sham exposure) in the ‘‘sham session’’ for the same time. During
both sessions, the subjects wore the helmet with both phones to
avoid any possible confounding effect of the variable ‘‘presence/ab-
sence of the mobile phone’’. The sequence of real and sham expo-
sure was pseudo-randomized to have about 50% of the subjects
with a real exposure to the GSM-EMFs in the first session.

The experimental design included (i) the EEG montage and
recording of go/no-go task before the GSM-EMFs or sham expo-
sure; (ii) the removal of the EEG electrodes; (iii) the GSM-EMFs
or sham exposure; (iv) the montage of the EEG electrodes and
the connection to the EEG amplifiers; (v) the EEG recording
go/no-go task after the GSM-EMFs or sham exposure. This proce-
dure prevented any interaction between GSM-EMFs and EEG elec-
trodes or cables.

During the go/no-go task, the subjects were seated in a comfort-
able reclining armchair, placed in a dimly lit, sound-damped and
electrically shielded room. They kept their forearms resting on
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the armchairs, with the right index finger resting between two but-
tons of a mouse, connected to a computer monitor. The monitor of
the computer was placed in front of them at a distance of about
90 cm. A trial of the go/no-go task included the following events:
(i) central fixation target for eyes lasting 2 s; (ii) a green or red vi-
sual stimulus lasting .5 s; (iii) motor reaction to the green (go)
stimuli pressing the left mouse button with right (dominant) hand.
In total, the subjects were presented with 120 stimuli (green and
red visual stimuli were pseudo-randomized with 50% of probabil-
ity) lasting about 10 min. Experimenter’s instructions emphasized
the request of an optimal behavioral performance.

2.3. EEG recordings

EEG data were continuously recorded (bandpass: .01–100 Hz,
sampling rate: 512 Hz; EB-Neuro Be-plus�, Firenze, Italy) from
56 scalp electrodes (cap) equispatially positioned over the whole
scalp according to a 10–10 system. The electrical reference was lo-
cated between the AFz and Fz electrodes, and the ground electrode
was located between the Pz and Oz electrodes. The electrode
impedance was kept below 5 kX. Simultaneously, the recording
of bipolar electro-oculographic data (EOG; bandpass: .01–100 Hz;
sampling rate: 512 Hz) monitored blinking and eye movements.

2.4. Preliminary data analysis

The EEG data were segmented into single trials of 6 s duration,
each trial lasting from �2 to +4 s after the onset of the visual stim-
ulus. Data epochs showing instrumental, ocular, and muscular arti-
facts were off line identified and automatically eliminated by a
computerized procedure. The EEG data affected by ocular artifacts
were corrected with an autoregressive method (Moretti et al.,
2003). Finally, two expert electroencephalographers (P.B. and
F.V.), blind to the type (GSM or sham) experimental condition,
visually double-checked and confirmed the automatic selection
and correction of the EEG single trials. A special attention was re-
served to the selection of the artifact-free EEG epochs to avoid that
artifacts could confound effects of GSM-EMFs (for example, eye
movements and blinking especially affect 0–6 Hz frequencies).
Therefore, only the EEG single trials totally free from artifacts were
considered for the subsequent analyses. It is worth noting that the
visual-evoked potentials were preliminarily subtracted by the arti-
fact-free EEG data with a modified version of inter-trial variance
(Klimesch, 1999). This procedure removed the phase-locked com-
ponents from the EEG on-going data subjected to the subsequent
spectral analyses. The motivation for this procedure steams upon
the concept that alpha ERD is generated by time-locked rather than
phase-locked mechanisms (Pfurtscheller and Lopes da Silva, 1999).

The artifact-free EEG data were re-referenced to common aver-
age and classified in go and no-go trials. For the aim of the present
study, we focused on the go trials having EEG and behavioral cor-
relates. The artifact-free go trials were further classified with re-
spect to the two experimental conditions (GSM, sham) and the
two periods of exposure (pre-exposure, post-exposure). In total,
the go trials were divided into four classes (pre-GSM, post-GSM,
pre-sham, post-sham). On average across subjects, the artifact-free
EEG data were formed by 28 single trials (±.6 SEM) for the pre-GSM
condition, 26.7 single trials (±.8 SEM) for the post-GSM condition,
27.5 single trials (±.7 SEM) for the pre-sham condition, and 26.7
single trials (±.9 SEM) for the post-sham condition.

2.5. Frequency analysis of alpha rhythms

Power spectrum analysis of the artifact-free EEG data was based
on a FFT approach using Welch technique and Hanning windowing
function (1 Hz frequency resolution). To identify the alpha
sub-bands, the individual alpha frequency (IAF) peak was identi-
fied according to the literature guidelines (Klimesch, 1996, 1999;
Klimesch et al., 1998). The IAF was defined as the frequency show-
ing the maximum power within the band ranging from 6 to 13 Hz
in the EEG spectrum. Of note, the IAF is dominant frequency in the
EEG spectrum (Klimesch, 1999), and represents a useful anchor fre-
quency to account for individual EEG spectral differences. The al-
pha sub-bands of interest were defined with respect to the IAF as
follows: the low-frequency alpha band was included between
IAF � 2 Hz and IAF, whereas the high-frequency alpha band was in-
cluded between IAF and IAF + 2 Hz. The mean IAF value was
10.1 Hz (±.2 SEM). The IAF peak was used as a covariate (together
with age and gender) for further statistics on EEG data, to remove
possible confounding effects of its variation across subjects and
conditions.

2.6. Computation of event-related desynchronization (ERD)

We followed the procedure for the computation of alpha ERD
(Pfurtscheller and Aranibar, 1979; Pfurtscheller and Neuper,
1994; Pfurtscheller et al., 1997). The peak amplitude of the alpha
ERD was defined as the percentage decrement in the instant power
density during a period of 1 s after the onset of the go stimulus
(‘‘event’’) as compared to the power density during the baseline
period from 1 s before the go stimulus onset.

In particular, the analysis of the ERD peak amplitude analysis
was performed at the individual low- and high-frequency alpha
sub-bands. The alpha ERD was evaluated at the following scalp
zones (i.e. regions of interest, ROIs): (i) F1, F3, F5, F7, Fz, F2, F4,
F6 and F8 electrodes for the frontal zone; (ii) C3, Cz and C4 elec-
trodes for the central zone; (iii) P3, Pz and P4 electrodes for the
parietal zone; (iv) O1 and O2 electrodes for the occipital zone;
and (iv) T3, T5, T4 and T6 electrodes for the temporal zone.

2.7. Topographic mapping of the alpha ERD percentage

The low- and high-frequency alpha ERD waveforms were ana-
lyzed to disclose the ERD amplitude peak, defined as the maximum
ERD value across all electrodes during a period of 1 s after the onset
of the go stimulus. The electrode having the maximal amplitude
peak of alpha ERD was considered as a reference for the latency
of the alpha ERD. The peak amplitude of the alpha ERD was auto-
matically measured for each experimental condition at each of
the electrodes to obtain the individual topographical map of the al-
pha ERD.

Topographic maps (256 colors) of the ERD (peak amplitude) at
the two alpha sub-bands were calculated on a 3D cortical model
using a spline interpolating function (Babiloni et al., 1996). This
model is based on the magnetic resonance data of 152 subjects dig-
itized at the Brain Imaging Centre of the Montreal Neurological
Institute (SPM96, www.mni.mcgill.ca), and is commonly consid-
ered as an acceptable template for the rendering of group neuroim-
aging data.

2.8. Statistical analysis

Concerning the behavioral data, statistical comparisons were
performed by Student’s t-test on the reaction time to the go stimuli
of the post- vs. pre-exposure period, separately computed for the
two recording sessions (sham, GSM); the threshold of the statisti-
cally significant t value was posed at p < .05 (corrected for multiple
comparisons; Nichols and Holmes, 2002).

Concerning the EEG data, statistical comparison was performed
on the peak amplitude of alpha ERD by analysis of variance (ANO-
VA) for repeated measures. Mauchley’s test served to evaluate the
sphericity assumption. Correction of the degrees of freedom was

http://www.mni.mcgill.ca
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made by Greenhouse–Geisser procedure, and Duncan’s test was
used for post hoc comparisons on interactions statistically signifi-
cant at p < .05. Statistical evaluation of the ERD (peak amplitude)
was performed by an ANOVA design for each alpha sub-band. Each
ANOVA included the factors Session (sham, GSM), Time (pre-expo-
sure, post-exposure), and ROI (frontal, central, parietal, occipital,
temporal). Subjects’ age, IAF, and gender were used as covariates.

The working hypotheses of the statistical analysis were that
peak amplitude of alpha ERD and reaction time to the go stimuli
differed in the post-GSM than pre-GSM condition but not in the
post-sham than pre-sham condition.
Fig. 2. Topographic maps of amplitude peak of low-frequency (about 8–10 Hz)
alpha event-related desynchronization (ERD) across subjects (grand average). The
peak amplitude of alpha ERD is mapped for the two recording sessions (sham, GSM)
and for the two periods of GSM-EMFs or sham exposure (pre, post). Color scale:
maximum alpha ERD (%) is coded in white. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
3. Results

3.1. Behavioral results

No behavioral error to the go/no-go task was observed during
the two recording sessions (GSM, sham), according to the experi-
menters’ instructions of an optimal behavioral performance. Group
means (±SEM) of the reaction time to the go stimuli were 391 ms
(±14 ms) for the pre-GSM condition, 364 ms (±17 ms) for the
post-GSM condition, 392 ms (±19 ms) for the pre-sham condition,
and 377 ms (±19 ms) for the post-sham condition. To compare
these behavioral results, we performed a Student’s t-test for the
reaction time of the post- vs. pre-exposure period, separately com-
puted for the two sessions (sham, GSM). There were significant p
values (p < .011) only in the GSM session, pointing to faster reac-
tion time to the go stimuli (i.e. better behavioral performance) in
the post-GSM than pre-GSM condition. No statistically significant
behavioral effect was observed in the sham session (p = .125).

3.2. Scalp distribution of alpha ERD

To show the global quality of the EEG data, Fig. 1 plots pass-
banded EEG activity at the alpha range (7–13 Hz) for C3 electrode
in the post-GSM condition. Specifically, 10 consecutive event-re-
lated EEG segments were shown. It is noted a clear reduction in
Fig. 1. Seven to 13 Hz activity (showing a marked ERD) calculated as a percentage
of post-stimulus alpha activity relative to pre-stimulus alpha activity in the post-
GSM condition. These data refer to a single representative subject.
amplitude of alpha oscillations in association with the stimulus on-
set (zero time).

For illustrative purpose, Figs. 2 and 3 show topographical maps
of low- and high-frequency alpha ERD in the sham and GSM ses-
sions during the two exposure periods (pre- and post-exposure).
In general, the maps were characterized by an evident alpha ERD
(i.e. cortical activity) over the whole scalp. Of note, the high-fre-
quency alpha ERD appeared to be lower in amplitude in the post-
than pre-exposure period of the GSM session (see Fig. 2).
Fig. 3. Topographic maps of amplitude peak of high-frequency alpha ERD (about
10–12 Hz) across subjects (grand average). The peak amplitude of alpha ERD is
mapped for the two recording sessions (sham, GSM) and for the two periods of
GSM-EMFs or sham exposure (pre, post). Color scale: maximum alpha ERD (%) is
coded in white. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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3.3. Statistical analysis of alpha ERD

Fig. 4 shows the results relative to a statistically significant
ANOVA interaction between the factors Session (sham, GSM) and
Time (pre-exposure, post-exposure) for the high-frequency alpha
ERD (F(1, 10) = 8.97; p < .01; subjects’ IAF, age, gender and reaction
time as covariates). The post hoc testing revealed that (i) for the
GSM session, the alpha ERD amplitude was lower in the post- than
pre-exposure period (p < .005); (ii) compared with the sham ses-
sion, the GSM session showed lower alpha ERD amplitude
(p < .0005) in the post-exposure period. These results suggest that
the GSM-EMFs (GSM session) induced a peculiar reduction of cor-
tical activity as revealed by alpha ERD during the go trials of the
post-exposure period. The ANOVA relative to the low-frequency al-
pha ERD showed no statistically significant result (p > .05).

For illustrative purpose, Fig. 5 shows the scalp distribution of
the amplitude difference of high-frequency alpha ERD in the
post- vs. pre-exposure periods of the sham and GSM sessions. As
a control analysis, we compared such difference with an ANOVA
Fig. 4. Peak amplitude of high-frequency alpha ERD illustrating the results of a
statistically significant ANOVA interaction (F(1, 10) = 8.97; p < 0.01) between the
factors Session (sham, GSM) and Time (pre-exposure, post-exposure).

Fig. 5. Scalp distribution of the amplitude difference between the high-frequency
alpha ERD in the post- vs. pre-exposure period for the two sessions (sham, GSM).
design. The control ANOVA pointed to a statistical main effect Ses-
sion (F(1, 10) = 8.97; p < .01), showing higher values of high-fre-
quency alpha ERD difference in the GSM than sham session. This
result confirmed the reduction of alpha ERD (i.e. cortical activity)
after the GSM exposure.
3.4. Control analysis

In order to understand whether or not the effect of GSM-EMFs is
specific to the alpha range or not, statistical comparisons were per-
formed on the ERD/ERS of other frequency bands by the analysis of
variance (ANOVA) for repeated measures. Mauchley’s test served
to evaluate the sphericity assumption. Correction of the degrees
of freedom was made by Greenhouse–Geisser procedure. Duncan’s
test was used for post hoc comparisons on interactions statistically
significant at p < 0.05. Specifically, an ANOVA design was per-
formed for each frequency band. Namely, there were ANOVAs for
five bands based on individual frequencies such as delta (IAF � 8
to IAF � 6 Hz), theta (IAF � 6 to IAF � 4 Hz), alpha 1 (IAF � 4 to
IAF � 2 Hz), alpha 2 (IAF � 2 to IAF Hz), and alpha 3 (IAF to IAF +
2 Hz), as well as three fixed bands such as beta 1 (13–20 Hz), beta
2 (20–30 Hz), and gamma (30–40 Hz). Each ANOVA included the
factors Session (sham, GSM), Time (pre-exposure, post-exposure),
and ROI (frontal, central, parietal, occipital, temporal). Subjects’
age, IAF, and gender were used as covariates. This control analysis
showed that delta, theta, alpha 1, alpha 2, beta 1, beta 2 and
gamma presented no statistical interaction including Session and
Time. Alpha 3 band presented just a very slight and non-significant
statistical trend towards a decrease of EEG power desynchroniza-
tion in the post-GSM condition (p < 0.09).
4. Discussion

The present study tested the hypothesis that GSM-EMFs affect
both task-related alpha rhythms and relative cognitive–motor per-
formance. To address this issue, healthy adults underwent two ses-
sions of EEG recordings separated by 1 week. In both sessions, they
performed a visual go/no-go task before and after the exposure
(45 min) to GSM-EMFs or sham (placebo) stimulation. Power de-
crease of alpha rhythms (i.e. alpha ERD) indexed task-related cor-
tical activity. Results showed lower high-frequency alpha ERD and
faster reaction time to go stimuli in the post- than pre-exposure
period of the GSM session. No effect was found in the sham session
and in other frequency bands. These results extend preceding find-
ings on the effects of GSM-EMFs in humans. On one hand, previous
studies have shown that exposition to GSM-EMFs was followed by
faster reaction time to semantic and working memory tasks
(Preece et al., 1999; Koivisto et al., 2000a,b; Smythe and Costall,
2003). On the other hand, it has been reported an effect of GSM-
EMFs on power (D’Costa et al., 2003; Croft et al., 2002; Kramarenko
and Tan, 2003; Curcio et al., 2005) or an increase on coherence
(Vecchio et al., 2007, 2010) of resting state EEG rhythms. In this
vein, the results of the present study suggest an effect of GSM-
EMFs on both task-related alpha rhythms and cognitive–motor
performance in humans.

At least two main issues need require a careful discussion. The
first issue is why the effects of GSM-EMFs were specifically ob-
served at high-frequency alpha rhythms (about 10–12 Hz). There
is consensus that these rhythms reflect the functional modes of
thalamo-cortical and cortico-cortical loops that facilitate/inhibit
the transmission and retrieval of sensorimotor information into
the brain during the performance of cognitive–motor tasks (Steri-
ade and Llinás, 1988; Brunia, 1999; Klimesch, 1999; Pfurtscheller
and Lopes da Silva, 1999). One can therefore hypothesize that
exposure to GSM-EMFs interacts with the oscillatory activity of
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cortical circuits involved in the processing and transformation of
sensorimotor information during a cognitive go/no-go task. In con-
trast, GSM-EMFs would not interact with low-frequency alpha
rhythms (about 8–10 Hz), which are supposed to reflect the regu-
lation of global cortical arousal (Klimesch, 1999; Pfurtscheller and
Lopes da Silva, 1999). Less clear are the physiological cellular
mechanisms at the basis of the mentioned effects of GSM-EMFs
on the brain circuits generating alpha ERD and relative information
processing. It can be speculated that these mechanisms might rely
upon the influence of GSM-EMFs on Na–K trans-membrane ionic
channels (Cleary, 1995), the alteration of cellular homeostasis of
Ca++ ion (Adey, 1981), the increase of cellular excitability, and/or
the activation of cellular response to stress (Tattersall et al.,
2001; Ferreri et al., 2006).

The second issue is why the effects of GSM-EMFs interacted
with the generators of EEG rhythms widely distributed over
cerebral cortex. It can be speculated that a widespread effect
might be related to the go/no-go task of the present experiment.
Despite its simplicity, the processing of the go/no-go task implies
the activation of several circuits of the cerebral cortex. Prefron-
tal–parietal areas may be involved in the regulation of visual
attention and executive functions (i.e. inhibition of impulsive
behavior). Occipital areas may be engaged in the processing of
colors and shape of the visual stimuli. Frontal premotor areas
may sub-serve visuo-motor transformations, whereas frontal pri-
mary motor areas may sub-serve the preparation, execution; and
control of motor response. In the present experimental condi-
tions, the GSM-EMFs might reduce the excitatory processes
and/or enhance the inhibitory processes along the mentioned
cortical networks. The relative reduction of the reaction time
(go stimuli) at group level does not seem to be due to a trade-
off between speed and accuracy, since the accuracy did not differ
as a function of GSM-EMFs. An alternative explanation stems
upon an enhancement of ‘‘efficiency’’ in the cortical information
processing. This explanation requires further experimental sup-
port in a larger population to evaluate the hypothesis of a linear
correlation between alpha ERD and reaction time to the go stim-
uli across single subjects. In the present study, the relationship
was found just at group level. Originally, the concept of ‘‘neural
efficiency’’ has been coined to explain the results of psychomet-
ric studies in experts (Vernon, 1993), and is considered as a sta-
ble, trait-like construct that varies between individuals (Haier
et al., 1988, 2004; Rypma et al., 2006). It postulates a more effi-
cient cortical function in individuals with the best score on tests
probing cognitive functions. From an operational point of view, it
is expected that compared with non-experts, experts show corti-
cal responses lower in amplitude during the performance of
tasks related to their skill. This hypothesis has been repeatedly
tested by neuroimaging studies using positron emission tomog-
raphy (PET), single photon emission computed tomography
(SPECT), and functional magnetic resonance imaging (fMRI);
these studies have shown that subjects with the best score on
tests probing intelligent quotient, word fluency, spatial skills,
and working memory are characterized by weakest fronto-parie-
tal activation during the execution of cognitive tasks (Haier
et al., 1988, 1992, 2004; Charlot et al., 1992; Parks et al.,
1988; Rypma and D’Esposito, 1999; Rypma et al., 2002, 2005;
Ruff et al., 2003). Only few neuroimaging studies have chal-
lenged these results (Newman et al., 2003; Gray et al., 2003).
The concept of ‘‘neural efficacy’’ has been recently extended to
‘‘experts’’ such as athletes. It has been shown that task-related
centroparietal alpha rhythms were lower in amplitude in elite
karate or fencing athletes than in non-athletes (Babiloni et al.,
2009; Del Percio et al., 2009). In the present study, the recruited
subjects were not ‘‘experts’’ in the sense that they were not (or
had not been) professionals in the field of sport, music, enter-
tainment or disciplines implying highly developed sensorimotor
skills. In a wide sense, the present findings suggest a ‘‘neural
efficiency’’-like effect of GSM-EMFs (i.e. 45 min) in non-experts.
However, this tentative explanation needs to be corroborated
by future correlation experiments in larger populations and a
wide range of cognitive tests.

5. Conclusions

Can the exposure to GSM-EMFs of a mobile phone influence
both human dominant alpha rhythms and behavioral performance
during a cognitive task? Here we report lower power decrease (i.e.
lower cortical activity) of widely distributed high-frequency alpha
rhythms and faster reaction time to go stimuli after the exposure
(i.e. 45 min) to GSM-EMFs compared with a baseline condition.
No effect was found after the placebo (sham) stimulation. These re-
sults confirm the working hypothesis. The conclusion of the pres-
ent study should be replicated by further investigations testing
the duration of the effects of GSM-EMFs on EEG activity and behav-
ior in experts and non-experts as a function of the time of expo-
sure. We are at the beginning of an intriguing research but
practical applications of the present results cannot be foreseen in
the short-run at the present stage of the experiments, even if a
number of exciting scenarios could be hypothesized. For example,
the effects of GSM-EMFs on EEG activity and cognitive processes
might be tested in elderly subjects with different levels of cognitive
decline due to incipient Alzheimer’s disease.

Acknowledgments

Thanks to Dr. Giuseppe Curcio who gave us the access to the
modified helmet for the delivery of GSM-EMFs. Dr. Paola Buffo par-
ticipated to this study in the framework of her Ph.D. program at the
Doctoral School in Neurophysiology, Department of Physiology and
Pharmacology, University of Rome ‘‘Sapienza’’.

References

Adey WR. Tissue interactions with non-ionizing electromagnetic fields. Physiol Rev
1981;61:435–514.

Babiloni F, Babiloni C, Carducci F, Fattorini L, Onorati P, Urbano A. Spline Laplacian
estimate of EEG potentials over a realistic magnetic resonance-constructed
scalp surface model. Electroencephalogr Clin Neurophysiol 1996;98(4):363–73.

Babiloni C, Del Percio C, Rossini PM, Marzano N, Iacoboni M, Infarinato F, et al.
Judgment of actions in experts: a high-resolution EEG study in elite athletes.
Neuroimage 2009;45(2):512–21.

Babiloni C, Babiloni F, Carducci F, Cincotti F, Del Percio C, De Pino G, et al.
Movement-related electroencephalographic reactivity in Alzheimer disease.
Neuroimage 2000;12(2):139–46.

Babiloni C, Binetti G, Cassetta E, Cerboneschi D, Dal Forno G, Del Percio C, et al.
Mapping distributed sources of cortical rhythms in mild Alzheimer’s disease: a
multicentric EEG study. Neuroimage 2004a;22(1):57–67.

Babiloni C, Ferri R, Moretti DV, Strambi A, Binetti G, Dal Forno G, et al. Abnormal
fronto-parietal coupling of brain rhythms in mild Alzheimer’s disease: a
multicentric EEG study. Eur J Neurosci 2004b;19(9):2583–90.

Babiloni C, Cassetta E, Binetti G, Tombini M, Del Percio C, Ferreri F, et al. Resting EEG
sources correlate with attentional span in mild cognitive impairment and
Alzheimer’s disease. Eur J Neurosci 2007;25(12):3742–57.

Babiloni C, Frisoni GB, Pievani M, Vecchio F, Infarinato F, Geroldi C, et al. White
matter vascular lesions are related to parietal-to-frontal coupling of EEG
rhythms in mild cognitive impairment. Hum Brain Mapp 2008;29(12):1355–67.

Becker D, Creutzfeldt OD, Schwibbe M, Wuttke W. Changes in physiological, EEG
and psychological parameters in women during the spontaneous menstrual
cycle and following oral contraceptives. Psychoneuroendocrinology
1982;7:75–90.

Bernardi P, Cavagnaro M, Pisa S, Piuzzi E. Specific absorption rate and temperature
increases in the head of a cellular-phone user. IEEE Trans Microw Theory Tech
2000;48:1118–26.

Brunia CH. Neural aspects of anticipatory behavior. Acta Psychol (Amst)
1999;101(2–3):213–42 (Review).

Buttiglione M, Roca L, Montemurno E, Vitiello F, Capozzi V, Cibelli G.
Radiofrequency radiation (900 MHz) induces Egr-1 gene expression and
affects cell-cycle control in human neuroblastoma cells. J Cell Physiol
2007;213(3):759–67.



F. Vecchio et al. / Clinical Neurophysiology 123 (2012) 121–128 127
Charlot V, Tzourio N, Zilbovicius M, Mazoyer B, Denis M. Different mental imagery
abilities result in different regional cerebral blood flow activation patterns
during cognitive tasks. Neuropsychologia 1992;30(6):565–80.

Cleary SF. Effects of radio-frequency radiation on mammalian cells and
biomolecules in vitro. In: Blank M, editor. Electromagnetic fields: biological
interactions and mechanisms. Washington, DC: American Chemical Society;
1995. p. 467–77.

Cook CM, Thomas AW, Prato FS. Human electrophysiological and cognitive effects of
exposure to ELF magnetic and ELF modulated RF and microwave fields: a review
of recent studies. Bioelectromagnetics 2002;23:144–57.

Creutzfeldt OD, Arnold PM, Becker D, Langenstein S, Tirsch W, Wilhelm H, et al. EEG
changes during spontaneous and controlled menstrual cycles and their
correlation with psychological performance. Electroencephalogr Clin
Neurophysiol 1976;40:113–31.

Croft RJ, Chandler JS, Burgess AP, Barry RJ, Williams JD, Clarke AR. Acute mobile
phone operation affects neural function in humans. Clin Neurophysiol
2002;113(10):1623–32.

Curcio G, Ferrara M, De Gennaro L, Cristiani R, D’Inzeo G, Bertini M. Time-course of
electromagnetic field effects on human performance and tympanic
temperature. Neuroreport 2004;15(1):161–4.

Curcio G, Ferrara M, Moroni F, D’Inzeo G, Bertini M, De Gennaro L. Is the brain
influenced by a phone call? An EEG study of resting wakefulness. Neurosci Res
2005;53(3):265–70.

Curcio G, Valentini E, Moroni F, Ferrara M, De Gennaro L, Bertini M. Psychomotor
performance is not influenced by brief repeated exposures to mobile phones.
Bioelectromagnetics 2008;29(3):237–41.

D’Costa H, Trueman G, Tang L, Abdel-rahman U, Abdel-rahman W, Ong K,
et al. Human brain wave activity during exposure to radiofrequency field
emissions from mobile phones. Australas Phys Eng Sci Med
2003;26(4):162–7.

Del Percio C, Babiloni C, Marzano N, Infarinato F, Vecchio F, Lizio R, et al. ‘‘Neural
efficiency’’ of athletes’ brain for upright standing: a high-resolution EEG study.
Brain Res Bull 2009;79(3–4):193–200.

Ferreri F, Curcio G, Pasqualetti P, De Gennaro L, Fini R, Rossini PM. Mobile phone
emission and human brain excitability. Ann Neurol 2006;60(2):188–96.

Freude G, Ullsperger P, Eggert S, Ruppe I. Effects of microwaves emitted by cellular
phones on human slow brain potentials. Bioelectromagnetics 1998;19:384–7.

Gray JR, Chabris CF, Braver TS. Neural mechanisms of general fluid intelligence. Nat
Neurosci 2003;6(3):316–22.

Haarala C, Bjornberg L, Ek M, Laine M, Revonsuo A, Koivisto M, et al. Effects of a
902 MHz electromagnetic field emitted by mobile phones on human cognitive
function: a replication study. Bioelectromagnetics 2003;24:283–8.

Haarala C, Ek M, Bjornberg L, Laine M, Revonsuo A, Koivisto M, et al. 902 MHz
mobile phone does not affect short term memory in humans.
Bioelectromagnetics 2004;25(6):452–6.

Haier RJ, Siegel BV, Nuechterlein KH, Hazlett E, Wu JC, Paek J, et al. Cortical glucose
metabolic rate correlates of abstract reasoning and attention studied with
positron emission tomography. Intelligence 1988;12:199–217.

Haier RJ, Siegel Jr BV, MacLachlan A, Soderling E, Lottenberg S, Buchsbaum MS.
Regional glucose metabolic changes after learning a complex visuospatial/
motor task: a positron emission tomographic study. Brain Res 1992;570(1–
2):134–43.

Haier RJ, Jung RE, Yeo RA, Head K, Alkire MT. Structural brain variation and general
intelligence. Neuroimage 2004;23(1):425–33.

Hamblin DL, Wood AW. Effects of mobile phone emissions on human brain activity
and sleep variables. Int J Radiat Biol 2002;78(8):659–69.

Hyland GJ. Physics and biology of mobile telephony. Lancet
2000;356(9244):1833–6 (Review).

Hossmann KA, Hermann DM. Effects of electromagnetic radiation of mobile phones
on the central nervous system. Bioelectromagnetics 2003;24(1):49–62
(Review).

Ilhan A, Gurel A, Armutcu F, Kamisli S, Iraz M, Akyol O, et al. Ginkgo biloba prevents
mobile phone-induced oxidative stress in rat brain. Clin Chim Acta 2004;340(1–
2):153–62.

Klimesch W. Memory processes, brain oscillations and EEG synchronization. Int J
Psychophysiol 1996;24(1–2):61–100 (Review).

Klimesch W, Russegger H, Doppelmayr M, Pachinger T. A method for the calculation
of induced band power: implications for the significance of brain oscillations.
Electroencephalogr Clin Neurophysiol 1998;108(2):123–30.

Klimesch W. EEG alpha and theta oscillations reflect cognitive and memory
performance: a review and analysis. Brain Res Rev 1999;29(2–3):169–95.

Koivisto M, Krause CM, Revonsuo A, Laine M, Hämäläinen H. The effects of
electromagnetic field emitted by GSM phones on working memory.
Neuroreport 2000a;11:1641–53.

Koivisto M, Revonsuo A, Krause C, Haarala C, Sillanmaki L, Laine M, et al. Effects of
902 MHz electromagnetic field emitted by cellular telephones on response
times in humans. Neuroreport 2000b;11:413–5.

Kramarenko AV, Tan U. Effects of high-frequency electromagnetic fields on human
EEG: a brain mapping study. Int J Neurosci 2003;113(7):1007–19.

Krause CM, Sillanmaki L, Koivisto M, Haggqvist A, Saarela C, Revonsuo A, et al.
Effects of electromagnetic field emitted by cellular phones on the EEG during a
memory task. Neuroreport 2000;11(4):761–4.

Krause CM, Haarala C, Sillanmaki L, Koivisto M, Alanko K, Revonsuo A, et al. Effects
of electromagnetic field emitted by cellular phones on the EEG during an
auditory memory task: a double blind replication study. Bioelectromagnetics
2004;25(1):33–40.
Leocani L, Toro C, Zhuang P, Gerloff C, Hallett M. Event-related desynchronization in
reaction time paradigms: a comparison with event-related potentials and
corticospinal excitability. Clin Neurophysiol 2001;112:923–30.

Leszczynski D. Mobile phones, precautionary principle, and future research. Lancet
2001;358(9294):1733.

Leszczynski D, Joenvaara S, Reivinen J, Kuokka R. Non-thermal activation of the
hsp27/p38MAPK stress pathway by mobile phone radiation in human
endothelial cells: molecular mechanism for cancer- and blood–brain barrier-
related effects. Differentiation 2002;70(2–3):120–9.

Moretti DV, Babiloni F, Carducci F, Cincotti F, Remondini E, Rossini PM, et al.
Computerized processing of EEG–EOG–EMG artifacts for multi-centric studies
in EEG oscillations and event-related potentials. Int J Psychophysiol
2003;47(3):199–216.

Moustafa YM, Moustafa RM, Belacy A, Abou-El-Ela SH, Ali FM. Effects of acute
exposure to the radiofrequency fields of cellular phones on plasma lipid
peroxide and antioxidase activities in human erythrocytes. J Pharm Biomed
Anal 2001;26(4):605–8.

Newman SD, Carpenter PA, Varma S, Just MA. Frontal and parietal participation in
problem solving in the Tower of London: fMRI and computational modeling of
planning and high-level perception. Neuropsychologia 2003;41(12):
1668–82.

Nichols TE, Holmes AP. Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum Brain Mapp 2002;15(1):1–25.

Nylund R, Leszczynski D. Proteomics analysis of human endothelial cell line
EA.hy926 after exposure to GSM 900 radiation. Proteomics 2004;4(5):
1359–65.

Parks RW, Loewenstein DA, Dodrill KL, Barker WW, Yoshii F, Chang JY, et al. Cerebral
metabolic effects of a verbal fluency test: a PET scan study. J Clin Exp
Neuropsychol 1988;10(5):565–75.

Pfurtscheller G, Aranibar A. Evaluation of event-related desynchronization (ERD)
preceding and following voluntary self-paced movement. Electroencephalogr
Clin Neurophysiol 1979;46(2):138–46.

Pfurtscheller G, Neuper C. Event-related synchronization of mu rhythm in the EEG
over the cortical hand area in man. Neurosci Lett 1994;174(1):93–6.

Pfurtscheller G, Neuper C, Flotzinger D, Pregenzer M. EEG-based discrimination
between imagination of right and left hand movement. Electroencephalogr Clin
Neurophysiol 1997;103(6):642–51.

Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchronization and
desynchronization: basic principles. Clin Neurophysiol 1999;110(11):1842–57
(Review).

Preece AW, Iwi G, Davies-Smith A, Wesnes K, Butler S, Lim E. Effect of a 915-MHz
simulated mobile phone signal on cognitive function in man. Int J Radiat Biol
1999;75:447–56.

Repacholi MH. Low-level exposure to radiofrequency electromagnetic fields: health
effects and research needs. Bioelectromagnetics 1998;19:1–19.

Rossini PM, Del Percio C, Pasqualetti P, Cassetta E, Binetti G, Dal Forno G, et al.
Conversion from mild cognitive impairment to Alzheimer’s disease is predicted
by sources and coherence of brain electroencephalography rhythms.
Neuroscience 2006;143(3):793–803.

Ruff CC, Knauff M, Fangmeier T, Spreer J. Reasoning and working memory:
common and distinct neuronal processes. Neuropsychologia 2003;41(9):
1241–53.

Rypma B, D’Esposito M. The roles of prefrontal brain regions in components of
working memory: effects of memory load and individual differences. Proc Natl
Acad Sci USA 1999;96(11):6558–63.

Rypma B, Berger JS, D’Esposito M. The influence of working-memory demand and
subject performance on prefrontal cortical activity. J Cogn Neurosci
2002;14(5):721–31.

Rypma B, Berger JS, Genova HM, Rebbechi D, D’Esposito M. Dissociating age-related
changes in cognitive strategy and neural efficiency using event-related fMRI.
Cortex 2005;41(4):582–94.

Rypma B, Berger JS, Prabhakaran V, Bly BM, Kimberg DY, Biswal BB, et al. Neural
correlates of cognitive efficiency. Neuroimage 2006;33(3):969–79.

Salmaso D, Longoni AM. Problems in the assessment of hand preference. Cortex
1985;21:533–49.

Sarimov R, Malmgren LOG, Markova E, Persson BRR, Belyaev IY. Nonthermal GSM
microwaves affect chromatin conformation in human lymphocytes similar to
heat shock. IEEE Trans Plasma Sci 2004;32:1600–8.

Shallom JM, Di Carlo AL, Ko D, Penafiel LM, Nakai A, Litovitz TA. Microwave
exposure induces Hsp70 and confers protection against hypoxia in chick
embryos. Cell Biochem 2002;86(3):490–6.

Smith MJ, Adams LF, Schmidt PJ, Rubinow DR, Wassermann EM. Effects of ovarian
hormones on human cortical excitability. Ann Neurol 2002;51:599–603.

Smythe JW, Costall B. Mobile phone use facilitates memory in male, but not female,
subjects. Neuroreport 2003;14:243–6.

Steriade M, Llinás RR. The functional states of the thalamus and the associated
neuronal interplay. Physiol Rev 1988;68(3):649–742.

Tattersall JE, Scott IR, Wood SJ, Nettell JJ, Bevir MK, Wang Z, et al. Effects of low
intensity radiofrequency electromagnetic fields on electrical activity in rat
hippocampal slices. Brain Res 2001;904(1):43–53.

Valentini E, Curcio G, Moroni F, Ferrara M, De Gennaro L, Bertini M.
Neurophysiological effects of mobile phone electromagnetic fields on
humans: a comprehensive review. Bioelectromagnetics 2007;28(6):415–32.

Van Leeuwen GM, Lagendijk JJ, Van Leersum BJ, Zwamborn AP, Hornsleth SN, Kotte
AN. Calculation of change in brain temperatures due to exposure to a mobile
phone. Phys Med Biol 1999;44(10):2367–79.



128 F. Vecchio et al. / Clinical Neurophysiology 123 (2012) 121–128
Vecchio F, Babiloni C, Ferreri F, Curcio G, Fini R, Del Percio C, et al. Mobile phone
emission modulates interhemispheric functional coupling of EEG alpha
rhythms. Eur J Neurosci 2007;25(6):1908–13.

Vecchio F, Babiloni C, Ferreri F, Buffo P, Cibelli G, Curcio G, et al. Mobile phone
emission modulates inter-hemispheric functional coupling of EEG alpha
rhythms in elderly compared to young subjects. Clin Neurophysiol
2010;121(2):163–71.
Vernon PA. Biological approaches to the study of human intelligence. Norwood,
NJ: Ablex; 1993.

Wagner P, Roschke J, Mann K, Hiller W, Frank C. Human sleep under the influence of
pulsed radiofrequency electromagnetic fields: a polysomnographic study using
standardized conditions. Bioelectromagnetics 1998;19(3):199–202.


