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SUMMARY
Previous studies have observed increases in electroencephalographic
power during sleep in the spindle frequency range (approximately 11–
15 Hz) after exposure to mobile phone-like radio frequency electromag-
netic fields (RF EMF). Results also suggest that pulse modulation of the
signal is crucial to induce these effects. Nevertheless, it remains unclear
which specific elements of the field are responsible for the observed
changes. We investigated whether pulse-modulation frequency compo-
nents in the range of sleep spindles may be involved in mediating these
effects. Thirty young healthy men were exposed, at weekly intervals, to
three different conditions for 30 min directly prior to an 8-h sleep period.
Exposure consisted of a 900-MHz RF EMF, pulse modulated at 14 Hz or
217 Hz, and a sham control condition. Both active conditions had a peak
spatial specific absorption rate of 2 W kg)1. During exposure subjects
performed three different cognitive tasks (measuring attention, reaction
speed and working memory), which were presented in a fixed order.
Electroencephalographic power in the spindle frequency range was
increased during non-rapid eye movement sleep (2nd episode) following
the 14-Hz pulse-modulated condition. A similar but non-significant
increase was also observed following the 217-Hz pulse-modulated
condition. Importantly, this exposure-induced effect showed considerable
individual variability. Regarding cognitive performance, no clear expo-
sure-related effects were seen. Consistent with previous findings, our
results provide further evidence that pulse-modulated RF EMF alter brain
physiology, although the time-course of the effect remains variable
across studies. Additionally, we demonstrated that modulation frequency
components within a physiological range may be sufficient to induce
these effects.

INTRODUCTION

Mobile phones have become important devices of modern
communication. As a result of the widespread increase in use
of this technology, concerns have been raised regarding the
potential impact on human health, particularly on the CNS.
Despite numerous studies having been performed to address
this issue, it still remains unclear how and to what extent the

human brain is affected by radio frequency electromagnetic
fields (RF EMF) emitted by mobile phones.
Several experiments have revealed short-term changes in

electroencephalographic (EEG) spectral power during both
waking (Croft et al., 2002, 2008, 2010; Curcio et al., 2005;
Regel et al., 2007a) and sleep (Borbély et al., 1999; Huber
et al., 2000, 2002; Loughran et al., 2005; Regel et al., 2007b)
in conjunction with exposures to mobile phone-like RF EMF.
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Particularly in relation to sleep, which is also the focus of the
current study, it should be noted that some studies have
failed to find any RF EMF exposure-related effects on the
EEG (Fritzer et al., 2007; Wagner et al., 1998, 2000).
However, when study and statistical methodologies are
taken into account, as well as dosimetric and exposure
parameters, the studies that have given greater emphasis to
these important factors have consistently shown RF EMF-
induced effects on EEG spectral power during sleep (Borbély
et al., 1999; Huber et al., 2000, 2002; Loughran et al., 2005;
Regel et al., 2007b). This increase in EEG power has been
shown during and following RF EMF exposures, and has
mostly been observed in the spindle frequency range during
non-rapid eye movement (NREM) sleep (approximately 11–
15 Hz). One recent study also suggested that the increase in
EEG spectral power may be dose dependent (Regel et al.,
2007b). Other results indicate that pulse modulation of the RF
EMF, as employed by the most widely used system for
mobile telephony (Global System for Mobile Communica-
tions, GSM), is crucial to induce changes in brain activity, as
continuous wave exposure at the same intensities did not
induce any effects on the EEG (Huber et al., 2002; Regel
et al., 2007a). Despite these consistent exposure-related
enhancements of EEG power in the spindle frequency range
during sleep, it should be noted that the time-course of the
effect has been somewhat variable across studies, with
effects observed at several different time-points, as well as
throughout the sleep period (Borbély et al., 1999; Huber
et al., 2000, 2002; Loughran et al., 2005; Regel et al.,
2007b). Overall, these previous studies indicate that pulse-
modulated RF EMF exposure does have an influence on the
sleep EEG, which is in line with two recent reviews that also
conclude there is sufficient evidence of exposure-related
effects (Valentini et al., 2007; Van Rongen et al., 2009).
In addition to changes in brain activity, changes in

cognitive performance in response to RF EMF exposures
have previously been reported, most notably in relation to
reaction speed and accuracy of performance in various
cognitive tasks. However, the findings have been largely
inconsistent, with some studies showing improvements (e.g.
Koivisto et al., 2000; Preece et al., 1999), some showing
impairments (e.g. Regel et al., 2007b), and others finding no
measureable effects (e.g. Haarala et al., 2003, 2004). These
conflicting reports have led to uncertainty regarding potential
effects on cognition; however, a recent meta-analysis by
Valentini et al. (2010) concluded that mobile phone-like RF
EMF exposure does not seem to cause cognitive effects.
Overall, while no consistent effects on cognition have been

observed, studies have repeatedly shown similar effects of
mobile phone-like RF EMF exposures on the EEG. The
observation that pulse-modulated, but not continuous wave,
RF EMF affects the EEG in sleep points towards a non-
thermal biological mechanism in which pulse modulation
plays an important role. However, it remains unclear which
components of the RF EMF could be responsible for the
changes seen in EEG spectral power, or whether the

strength of certain low-frequency modulation components or
the crest factor (the ratio between pulse peak power and
time-averaged power) of the applied field are key elements to
induce an effect.
The present study aimed to investigate which field param-

eters may be responsible for the previously reported results
on electrical brain activity during sleep, while also providing
an indication of the underlying mechanisms involved. We
hypothesized that pulse-modulation components in the sleep
spindle frequency range (e.g. 14 Hz) could act as potential
mediators, as the majority of previous studies found an
influence of RF EMF exposure in this frequency range.
Additionally, we investigated pulse modulation at 217 Hz, as
this is the strongest component of the GSM signal and has
been consistently included in the exposure signal of previous
studies reporting effects on EEG spectral power. Cognitive
tasks were also implemented during exposure with the aim to
address previous inconclusive results regarding the effects of
exposure to pulse-modulated RF EMF on cognition.

MATERIALS AND METHODS

Subjects

Thirty young healthy men, aged between 20 and 26 years
[mean age 23.0 ± 0.3 years (±SEM)] were recruited by
advertisement at the University of Zurich and ETH Zurich.
All subjects were right-handed, non-smokers and free of
sleep complaints, drugs or medication. All participants owned
a mobile phone and reported to use it <2 h per week
(average use 41.1 ± 6.2 min per week).
A screening night was performed to identify and exclude

subjects with sleep disturbances (sleep apnoea and nocturnal
myoclonus) and sleep efficiency of <80%. Participants had
to abstain from caffeine and alcohol consumption, and adhere
to regular bedtimes (8 h, according to their scheduled bedtime
in the sleep lab) starting 3 days before the study. Compliance
was controlled by breath alcohol tests, wrist-worn actimeters
and sleep logs. On all study days physical exercise had to be
avoided, and on the exposure days mobile phone calls were
prohibited. The study protocol was approved by the cantonal
ethical committee, and participants gave their written informed
consent and were recompensed upon completion of the study.

Study procedure

The study was carried out in the sleep laboratory of the
Institute of Pharmacology and Toxicology, University of
Zurich. The protocol consisted of six study nights (three
exposure nights at weekly intervals, each preceded by an
adaptation night). Because only two persons could be
exposed simultaneously, participants were divided into pairs
and scheduled at different times for the exposure. There-
fore, respective bedtimes were either from 22:40 to
06:40 hours or 23:20 to 07:20 hours, with each participant
assigned to the same time schedule for exposure and
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sleep throughout the study. During exposure subjects
performed three different cognitive tasks while their heads
were positioned between two planar antennas. Exposure
lasted 30 min and ended 10 min before subjects had to go
to bed. After exposure subjects were asked to indicate
whether they were able to perceive a field. Prior to bedtime
and after waking up in the morning, subjects filled in
questionnaires rating their current mood state and wellbeing
on a visual analogue scale.

Exposure conditions

Three exposure conditions were applied in a partially
balanced, randomized double-blind crossover design:
(i) a pulse-modulated RF EMF at 14 Hz (crest factor = 30.95,
pulse width = 2.3 ms); (ii) a pulse-modulated RF EMF at
217 Hz (crest factor = 8, pulse width = 0.577 ms); and
(iii) a sham condition. A broader pulse width was used in
the 14-Hz condition due to safety considerations. Both active
field conditions were applied at the left side of the subject�s
head with a carrier frequency of 900 MHz and a time-average
peak spatial specific absorption rate (SAR, 10 g average) of
2 W kg)1 (for detailed SAR distribution, see Huber et al.,
2003, 2005; Boutry et al., 2008; note that the illustrated
exposed hemisphere is the opposite to that of the current
study, and that 0 dB now equals 2 W kg)1), corresponding to

the exposure limit for the general public (International
Commission on Non-Ionizing Radiation Protection., 1998).
Higher harmonics were present due to the rectangular pulse
structures (for details on signal characteristics, see Fig. 1).
To ensure a well-defined position with respect to the two

planar antennas, the subjects� heads were positioned
between two plates such that the centre of the antenna
was 42 mm vertically above the ear canal at a distance of
115 mm from the head (Huber et al., 2000, 2003). Elec-
trode leads were placed horizontally to the emitted field in
order to minimize any possible interference of the RF EMF.
To avoid acoustic perception of the active field conditions,
a brown noise (spectral density proportional to 1 ⁄ f 2) was
generated by a loudspeaker in the exposure room. Aver-
age sound pressure levels were estimated to be <35 dB
without noise (below threshold of the device), and
43 ± 2 dB with applied brown noise at the level of the
subjects� heads.

Polysomnographic recordings

During 8 h of nighttime sleep we continuously recorded the
EEG (derivation C3A2), electrooculogram, electromyogram
(EMG; mental or submental) and electrocardiogram (ECG)
with a polygraphic amplifier Artisan (Micromed, Mogliano
Veneto, Italy). The analogue signals were conditioned by a
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Figure 1. Signal characteristics of the two applied field conditions and their corresponding amplitude spectra. The 10 g peak spatial specific
absorption rate (SAR) was 2 W kg)1 for both signals. (a) Pulse structures of the 14-Hz pulse-modulated RF EMF. Pulse width was 2.3 ms with a
SAR peak of 61.9 W kg)1. The crest factor (ratio of pulse peak power to average power) was 30.95. (b) Amplitude spectra of the envelope
(normalized to 100 at 0 Hz, as in Huber et al., 2005) of the 14-Hz pulse-modulated (pm) RF EMF. (c) Pulse structures of the 217-Hz pulse-
modulated RF EMF. Pulse width was 0.577 ms with a SAR peak of 16 W kg)1 and crest factor of 8. (d) Amplitude spectra of the envelope of the
217-Hz pm RF EMF.
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high-pass filter (EEG: )3 dB at 0.15 Hz; EMG: 10 Hz; ECG:
1 Hz) and an anti-aliasing low-pass filter ()3 dB at 67.2 Hz),
digitized at 256 Hz, and transmitted via fibre-optic cables to a
computer, running the software Rembrandt DataLab (Version
8.0; Embla Systems, Broomfield, CO, USA).
Visual scoring of 20-s epochs was performed according to

the criteria of Rechtschaffen and Kales (1968). Sleep cycles
were defined according to Feinberg and Floyd (1979). EEG
power spectra of consecutive 20-s epochs (FFT routine,
Hanning window, averages of five 4-s epochs) were com-
puted, and artefacts were removed both visually and with a
semi-automatic procedure (Huber et al., 2000). The fre-
quency resolution was 0.25 Hz, and frequencies between
0.75 and 20 Hz were analysed.
Mean power spectra of NREM and stage 2 sleep (for the

first four NREM sleep episodes) were calculated and anal-
ysed with linear mixed models (SAS 9.1.3; SAS Institute,
Cary, NC, USA), presuming an identical intraclass correlation
for all subjects. We included the factors Condition (sham,
14-Hz and 217-Hz pulse modulation) and Order (sequence of
applied conditions), as well as their interaction. Where the
factor Condition or the interaction Condition · Order was
significant, post hoc paired t-tests were performed (level of
significance a < 0.05). Additionally, analyses of the temporal
evolution of the spectral power in the two specific frequency
bands where an effect was observed (11–11.5 Hz, 12.75–
13 Hz) were performed across the first four NREM sleep
episodes. The linear mixed model included the factors
Condition, Episode (1–4) and the Condition · Episode
interaction.
As spindle peak locations in the power density spectra

vary considerably among individuals, individual peaks were
detected in the range from 10 to 15 Hz based on whole-
night power density spectra of stage 2 sleep. If more than
one peak was present (observed in five of 29 participants),
the peak with the higher frequency was selected (due to
effects most commonly being observed in the fast spindle
frequency range). Corresponding spindle peak power was
calculated in stage 2 sleep of NREM sleep episodes as
power in the range of ±0.5 Hz around the peak for each
subject.
For rapid eye movement (REM) sleep, average power

spectra were calculated and analysed for each episode with
linear mixed models using the factors Condition, Order and
the corresponding interaction. Subjects who had <5 min of
artefact-free epochs within a REM sleep episode were
excluded for that episode. Furthermore, outliers with relative
EEG power changes of more than 100% compared with
sham were excluded (based on the most consistent changes
in NREM sleep in the current study being of a magnitude of
80% or less). The first REM sleep episode was not
considered, due to an insufficient number of subjects
reaching the 5-min criterion (n = 9). Twenty subjects contrib-
uted to episodes 2 and 4, and 21 to episode 3.
Sleep variables as derived from visual scoring (Tables 1

and 2) were analysed with a linear mixed model ANOVA

including the factors Condition, Order and their interaction.
One subject was excluded from the sleep analysis due to
insufficient sleep efficiency in all three exposure nights. Heart
rate was derived from R–R intervals detected in the ECG and
averaged for each NREM and REM sleep episode. Analysis
was performed as for the power spectral data.

Table 1 Sleep variables as derived from visual scoring

Sham 14-Hz pm 217-Hz pm

Total sleep time (min) 456.5 (2.4) 454.3 (2.1) 456.3 (2.5)
Sleep latency (min) 13.8 (2.2) 14.4 (1.7) 15.2 (2.7)
REM sleep latency (min) 73.0 (2.8) 71.2 (2.7) 68.7 (2.3)
Waking after sleep onset
(min)

3.5 (1.5) 4.7 (1.5) 2.2 (0.6)

Stage 2 (min) 200.9 (5.9) 201.0 (4.9) 206.9 (5.6)
Slow wave sleep (min) 120.3 (5.5) 119.8 (4.8) 118.6 (3.8)
REM sleep (min) 121.6 (4.1) 120.1 (2.9) 116.8 (4.9)
Movement time (min) 6.9 (0.6) 6.5 (0.6) 6.5 (0.5)
Sleep efficiency (%) 95.0 (0.5) 94.6 (0.4) 95.0 (0.5)

Data are provided in minutes with standard error of the mean in
parentheses (n = 29). Sleep efficiency is given as a percentage of
total sleep time. Sleep latency was measured as interval from
lights off to the first occurrence of stage 2. Rapid eye movement
(REM) sleep latency was measured from sleep onset to the first
occurrence of REM sleep. Slow wave sleep includes stages 3 and
4 of non-rapid eye movement sleep. Time in bed was 8 h. No
significant differences between the exposure conditions were
observed.

Table 2 Amount of NREM, REM and stage 2 sleep per sleep
cycle

Sham 14-Hz pm 217-Hz pm

Cycle 1
NREMS (min) 73.0 (2.8) 71.2 (2.7) 68.7 (2.3)
REMS (min) 15.7 (2.7) 13.8 (2.2) 14.8 (2.0)
Stage 2 (%) 24.2 (1.7) 23.7 (1.6) 23.6 (1.9)

Cycle 2
NREMS (min) 76.5 (2.9) 76.8 (2.5) 79.5 (2.3)
REMS (min) 30.8 (2.5) 30.8 (2.4) 29.7 (2.9)
Stage 2 (%) 52.8 (4.1) 50.4 (3.6) 53.5 (3.1)

Cycle 3
NREMS (min) 75.4 (2.6) 75.2 (2.6) 71.5 (2.3)
REMS (min) 34.3 (2.7) 34.1 (3.1) 35.3 (3.1)
Stage 2 (%) 76.0 (2.9) 72.9 (2.6) 74.7 (2.7)

Cycle 4
NREMS (min) 61.0 (1.8) 61.1 (1.9) 61.8 (2.5)
REMS (min) 39.8 (3.5) 44.9 (3.4) 40.7 (4.8)
Stage 2 (%) 74.9 (3.3) 80.4 (3.6) 76.6 (3.1)

Non-rapid eye movement sleep (NREMS) and rapid eye move-
ment sleep (REMS) durations are provided in minutes, and stage 2
sleep provided as the proportion of NREMS (%), with standard
error of the mean in parentheses (n = 29). Not every participant
reached four full sleep cycles (defined as having at least 5 min of
REMS), therefore different numbers of participants contributed to
the amount of REMS in sleep cycle 4 (sham: n = 22; 14-Hz pm:
n = 28; 217-Hz pm: n = 26). No significant differences between the
exposure conditions were observed.
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Cognitive tasks

During the 30 min of exposure, subjects performed three
different cognitive tasks [�simple reaction time task� (SRT);
�2-choice reaction time task� (CRT); �N-back task� (N-back)].
To assess possible changes that might occur during expo-
sure, the 30 min was divided into two 15-min sessions in
which each task was presented twice in a fixed order (SRT,
CRT, 1-, 2-, 3-back). In the SRT, subjects had to press a �0�
on the response box with the right index finger whenever a �0�
appeared on the screen. During the CRT, they had to press a
�J� or �N� button (right index and middle finger) on the
response box whenever �JA� (yes) or �NEIN� (no) was shown
on the screen. The N-back task included three levels showing
a one-by-one random sequence of consonants, and subjects
had to compare the current letter with the letter one, two or
three trials back and respond by pressing �J� for same letters
or �N� for different letters. The cognitive tasks were applied
and analysed as described by Regel et al. (2007b). As
residuals of speed [1 ⁄ reaction time, (1 ⁄ s)] for SRT were not
normally distributed, a non-parametric Wilcoxon-signed-rank
test was performed to compare the two exposure conditions
with sham for sessions 1 and 2, and the difference between
the two sessions. For the CRT and N-back a linear mixed
model ANOVA was performed, which included the factors
Condition (sham, 14 Hz, 217 Hz), Session (1, 2), Order
(sequence of applied conditions), as well as interaction
effects. Significant differences were further analysed by post
hoc paired t-tests. Accuracy (percentage of correct answers)
for the CRT and N-back tasks was statistically analysed with
non-parametric Wilcoxon-signed-rank tests. Comparisons of
both exposure conditions versus sham were performed for
sessions 1 and 2, and the difference between the two
sessions. Multiple endpoint adjustment for cognitive out-
comes was performed as in Regel et al. (2007b), and the
significance level was adjusted accordingly to P < 0.015.
One subject had to be excluded from the analysis of the
cognitive tasks because one session could not be started on
time due to software problems.

RESULTS

Sleep variables and subjective measures

Spectral analysis of the sleep EEG revealed an increase of
power in the spindle frequency range following exposure in
the second NREM sleep episode [Condition, F2,58 > 3.42,
P < 0.04 (NREM); F2,58 > 4.14, P < 0.03 (stage 2)]. Post hoc
analyses revealed that this increase was significant in both
stage 2 and NREM sleep following the 14-Hz pulse-modu-
lation condition (P < 0.05: 12.75–13.25 Hz in NREM sleep;
P < 0.05: 11.25, 12.75–13 Hz in stage 2 sleep; Fig. 2). The
maximum increase for both NREM and stage 2 sleep was
seen at 13 Hz, with a magnitude of 18% and 23%, respec-
tively. Trend level increases (approximately 11%) were also
observed in several adjacent frequency bins (P < 0.1: 11 and
11.5 Hz in stage 2 sleep). A similar increase in spectral

power was observed following the 217-Hz pulse-modulation
condition (approximately 16%); however, it did not reach
significance.
The temporal evolution of the effect following the 14-Hz

pulse modulation was analysed for the first four NREM sleep
episodes in the affected frequency ranges in stage 2 sleep
(slow spindle range: 11–11.5 Hz; fast spindle range: 12.75–
13 Hz). Statistical analysis revealed a significant Condition
effect (F1,203 = 4.75, P = 0.031) for the fast spindle range
only. Post hoc analysis showed a significant increase of
power in the second NREM sleep episode (P = 0.008;
Fig. 3).
The effect was further explored for each individual�s

spindle peak in the power density spectra (power ± 0.5 Hz
around peak) in stage 2 sleep of the second NREM sleep
episode. A relative increase or decrease was arbitrarily
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Figure 2. Average relative EEG power density spectra (derivation
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rapid eye movement (NREM) sleep episode [14-Hz pulse modulation
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pulse-modulated condition that were significantly different from sham
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defined as a ‡5% change from sham. Following the 14-Hz
pulse-modulated exposure, 62% (18 ⁄29) of subjects had an
increased amplitude (maximal increase 76%), while 24%
(7 ⁄29) showed a decrease in power compared with sham
(maximal decrease 24%; Fig. 4). Individual spindle peak
power following the 217-Hz pulse-modulated exposure
showed both increases (11 ⁄29, 38%) and decreases
(13 ⁄29, 45%) compared with sham, but there was no
association with the respective change in the 14-Hz pulse-
modulated condition. The specificity of the effect was also

investigated; however, there was no correlation between the
distance of each individual�s spindle peak frequency from
14 Hz and their respective increase or decrease in spindle
peak after exposure to the 14-Hz pulse-modulated field.
Analysis of spectral data during REM sleep showed a few

scattered significant P-values for both RF EMF conditions in
the second and third REM sleep episode, and an increase of
approximately 11% (11.75–12.25 Hz, P < 0.03, paired t-test)
in the fourth REM sleep episode compared with sham for the
217-Hz pulse-modulated condition.
No significant effects on sleep architecture were found

(Table 1). In particular, sleep efficiency, waking after sleep
onset and REM sleep percentage ⁄ latency were not affected
by exposure. The amount of NREM and REM sleep for each
cycle, as well as the contribution of stage 2 sleep to NREM
sleep, is shown in Table 2. No exposure-related changes
were observed. Additionally, heart rate, as derived from ECG
data (R–R intervals), was analysed separately for each
NREM and REM sleep episode and showed no exposure-
related alterations.
Subjects were unable to identify the exposure conditions,

with the majority of responses (64 ⁄90) reporting no percep-
tion of a field at all. Where subjects did report having
perceived a field (14), they were mostly incorrect and no one
was able to correctly identify all three conditions. Further-
more, no differences between exposure conditions were
observed for subjective mood, wellbeing or sleep quality.

Cognitive tasks

A significant session effect (1st versus 2nd half of exposure)
was seen in all cognitive tasks, independent of exposure
condition. Overall, reaction speed tended to be lower across
tasks during active exposure conditions compared with sham
(Fig. 5); however, this was not always the case. After
correction for multiple comparisons no significant differences
in speed were observed in the SRT and CRT. In the 1-back
and 2-back tasks, speed was significantly affected by
exposure (Condition, 1-back: F2,145 = 6.64, P = 0.002; 2-back:
F2,145 = 7.52, P = 0.0008); however, post hoc analyses
showed that there was only a trend level decrease in speed
in the first session of the 2-back task for the 217-Hz pulse-
modulated condition (P = 0.035). Accuracy was significantly
decreased in the first session of the 3-back task in the 14-Hz
pulse-modulation condition (P = 0.013, Wilcoxon-signed-
rank test). No further effects on reaction speed or accuracy
were observed.

DISCUSSION

Consistent with previous research, the current study showed
that pulse-modulated RF EMF alters brain physiology.
Specifically, exposure led to an increase in EEG power
during NREM sleep in the spindle frequency range, which
has also been reported previously by a number of well-
controlled studies (Borbély et al., 1999; Huber et al., 2000,
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2002; Loughran et al., 2005; Regel et al., 2007b). The
increase in EEG spectral power was present following the
14-Hz pulse-modulated exposure condition in both stage 2
and NREM sleep in the second NREM sleep episode. This
suggests that the 14-Hz pulse-modulation component, which
is in proximity to the physiological sleep spindle frequency, is
one potential mediator of the observed effects on the sleep
EEG.
The 14-Hz pulse modulation led to a significant increase in

EEG spectral power; however, there was also a smaller but
non-significant increase observed following the 217-Hz con-
dition. This suggests that the specificity of the pulse modu-
lation may not be the most important factor as, to a certain
extent, both pulse-modulation frequencies resulted in an
enhancement of EEG spectral power in the spindle frequency
range during sleep. Thus, it may be that any biologically
relevant pulse modulation of RF EMF (that is, pulse modu-
lation in a physiological range) would be sufficient to induce
changes in electrical brain activity. In support of this, an
enhancement of frequency-related biological rhythms was
reported by Bawin et al. (1973), who showed that exposure to
high-frequency (147 MHz) EMF, amplitude-modulated at
frequencies close to the biologically dominant frequency,
acted as a reinforcer and increased the rate of occurrence of
spontaneous rhythms. Furthermore, stimulation frequency-
dependent effects on brain activity have also been observed
with transcranial magnetic stimulation (for review, see Sack
and Linden, 2003), while another recent study reported
altered intracortical excitability specifically in relation to GSM
mobile phone exposure (Ferreri et al., 2006).
The relative non-specificity of the applied pulse modulation

could imply that, aside from the frequency of the pulse
modulation, the power of the RF EMF may also play an

important role in inducing changes to sleep EEG spectral
power such as those observed in both the current study and
previous studies. For example, as pulse peak power was
almost four times higher for the 14-Hz pulse-modulated
exposure (crest factor = 30.95) than for the 217-Hz pulse-
modulated exposure (crest factor = 8), this could be partly
responsible for the more prominent increase in sleep EEG
spectral power observed following the 14-Hz exposure
condition.
Further to the specificity of the pulse modulation and the

applied power of the RF EMF, the possible contribution of
higher harmonics in the applied signal can also not be
excluded as a potential factor in the current study. Exposure
consisted of pulse-modulation components of either 14 Hz or
217 Hz, plus the associated higher harmonics (Fig. 1).
Therefore, the observed effect could depend on different
frequencies or a combination of different frequencies to a
certain extent. Further research employing exposures that
attenuate these higher harmonics would help to clarify the
impact of these signal characteristics in relation to the effects
on the sleep EEG.
In terms of the temporal evolution of the effect, the

enhancement of EEG spectral power was most prominent
for both exposure conditions in the second NREM sleep
episode, which corresponds to approximately 2–3 h after
sleep onset and exposure cessation. This observed effect
declined in the latter sleep episodes and, although still
present, did not reach significance. These results provide
further evidence that the effect of pulse-modulated RF EMF
outlasts exposure by several hours. However, the time-
course of the effect is a characteristic that has varied across
previous studies, which have reported an increase of the
effect towards the end of sleep (Huber et al., 2002), similar
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Figure 5. Mean reaction speed (±SEM) for all five cognitive tasks performed during the 30-min exposure (n = 29) in the 14-Hz and 217-Hz
pulse-modulation (pm) conditions and sham. Sessions indicate the first and second 15 min of exposure. In the 1-back and 2-back tasks,
reaction speed in the active field conditions was different from the sham condition (mixed model ANOVA, factor �Condition�; P < 0.015). However,
post hoc analyses showed that there was only a trend level decrease in speed in the first session of the 2-back task for the 217-Hz pulse-
modulated condition (P = 0.035). (SRT, simple reaction time task; CRT, 2-choice reaction time task).
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levels throughout sleep (Regel et al., 2007b), or that the
effect is only present at the beginning of sleep and ⁄or
decreases in the course of sleep (Borbély et al., 1999; Huber
et al., 2000; Loughran et al., 2005). It remains unclear why
the temporal evolution of the effect has been so variable. The
discrepancies could be due to a number of experimental
factors that have differed between studies. For example, the
different exposure parameters (such as duration and intensity
of exposure, crest factors and modulation schemes) em-
ployed across studies or the influence of individual variability
in response to exposure to pulse-modulated RF EMF could
play a role. Indeed, there was considerable variability in the
effect of exposure on spectral EEG power during sleep in the
current study, with the majority of participants showing an
increase, while some showed no change or even a decrease
following the 14-Hz pulse-modulated exposure. The pres-
ence of individual differences in response to RF EMF
exposure was also recently shown by Loughran et al.
(2008), which highlights the importance of the consideration
of inter-individual variability when conducting human
research on RF-related biological effects.
Despite the changes observed in NREMsleep EEG spectral

power following exposure, there were no effects on sleep
architecture. This is consistent with the majority of previous
studies, and confirms that the responses seen in the EEG do
not result in any changes to the overall pattern or quality of
sleep. In contrast to most previous research, it must be noted
that some small effects on EEG spectral power during REM
sleep were seen in the present study. Only one early study
reported effects on REM sleep EEG power (Mann and
Röschke, 1996), and this was unable to be replicated by the
same researchers in subsequent studies (Wagner et al.,
1998, 2000) or by other independent researchers (Borbély
et al., 1999; Huber et al., 2000, 2002; Loughran et al., 2005;
Regel et al., 2007b). There was no clear pattern in the small
changes of EEG power observed during REM sleep, and
therefore until independently verified or replicated, interpreta-
tion remains difficult.
Regarding effects on cognition, it is still unclear to what

extent RF EMF influences cognitive performance, such as
attention, reaction speed and working memory. In the current
study reaction speed tended to be slower with 217-Hz pulse
modulation in all tasks, whereas accuracy of performance
was largely unaffected. A number of previous studies have
investigated exposure-related effects on cognition, using the
same or similar tasks, and although changes in reaction
speed and accuracy have been reported, no consistent
effects have been observed. This may suggest that there are
no repeatable effects of pulse-modulated RF EMF on
cognitive performance, or that the tests currently employed
may not be sensitive enough to elucidate such effects (Regel
and Achermann, 2011). Additionally, a recent review and
meta-analysis by Valentini et al. (2010) highlighted the
heterogeneity of results from previous studies, and con-
cluded that there is currently no evidence that cognition is
influenced by mobile phone-like RF EMF exposure.

In conclusion, our results provide further evidence for
short-term effects of RF EMF exposure on the sleep EEG in
healthy, young male adults. In particular, we showed that
pulse-modulation frequency components within a physiolog-
ical range are sufficient to induce these effects. Despite these
repeatable short-term effects on the sleep EEG, there is no
indication of an impact on overall sleep quality, neither
objective nor subjective, or on cognitive performance. Further
research on the specificity of pulse-modulation components
may help to provide an insight into potential mechanisms
behind the observed EEG alterations, which may also bring
us closer to potential consequences of mobile phone use for
public health.
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