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This study examined the time dependence effects of exposure to radiofrequency radiation (RFR)
emitted by standard GSM cellular phones on the cognitive functions of humans. A total of 48 healthy
right-handed male subjects performed a spatial working memory task (that required either a left-hand
or a right-hand response) while being exposed to one of two GSM phones placed at both sides of the
head. The subjects were randomly divided into three groups. Each group was exposed to one of three
exposure conditions: left-side of the head, right-side, or sham-exposure. The experiment consisted of
12 blocks of trials. Response times (RTs) and accuracy of the responses were recorded. It was found
that the average RT of the right-hand responses under left-side exposure condition was significantly
longer than those of the right-side and sham-exposure groups averaged together during the first
two time blocks. These results confirmed the existence of an effect of exposure on RT, as well as the
fact that exposure duration (together with the responding hand and the side of exposure) may play an
important role in producing detectable RFR effects on performance. Differences in these parameters
might be the reason for the failure of certain studies to detect or replicate RFR effects.
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INTRODUCTION
The widespread use of cellular phones has
initiated research regarding the possible biological
effects of exposure to radiofrequency radiation
(RFR). This issue is of particular relevance because a
considerable number of people are exposed to cellular
RFR emitted in close proximity to the head. In addition,
some modern cellular systems (including the GSM—
Global System for Mobile communication that was
examined in this study) operate in a pulsed mode in
which data are accumulated and transmitted in short
bursts. This should be borne in mind, since some studies
have shown that modulated RFR may cause neurological effects even at low average power [Bawin et al.,
1975; Foster, 1996]. Others, however, show no such
effect [e.g., Green et al., 2005; Platano et al., 2007].
Previous studies that investigated RFR effects on
central nervous system and cognitive functions revealed
equivocal results. A study by Mann and Röschke [1996]
found changes in the EEG pattern of sleeping subjects
during an 8 h exposure to GSM RFR. The radiation
source had an 8 W output and the power density at the
head was estimated to be 0.05 mW/cm2. An attempt to
replicate these results by Wagner et al. [1998] has
failed. Later studies reported an effect of RFR exposure
2 2008 Wiley-Liss, Inc.

from mobile phones on EEG alpha power. Recent work
[Croft et al., 2008] found changes in the resting alpha of
volunteers exposed to GSM mobile phones (Nokia
6110) for 30 min. The effect was larger at ipsilateral
than contralateral sites over posterior regions. Furthermore, a study by Krause et al. [2000] tested the
effects of cellular phones on the EEG during an auditory
memory test. The findings indicated that EMF
decreased the theta band EEG activity during the
memory retrieval task, and increased the alpha band
activity. Again, a replication study by Krause et al.
[2004] failed to confirm these findings.
An epidemiological study by Oftedal et al. [2000]
found that mobile phone users (GSM and NMT—
Nordic Mobile Telephony) experienced a variety of
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symptoms (such as headaches, feelings of discomfort or
warmth behind/around the ear), either during or shortly
after a phone call. However, a study by Koivisto
et al. [2001] that compared subjective symptoms and
sensations (such as headaches, dizziness, fatigue,
itching, tingling of the skin, redness and feelings of
warmth on the skin) in a group that was exposed for
30–60 min to RFR to a control non-exposed group,
failed to reveal any significant differences between
these groups.
The effects of RFR on cognitive functions have
been examined in several studies [e.g., Preece et al.,
1999; Koivisto et al., 2000a,b; Haarala et al., 2003,
2004]. Preece et al. [1999] conducted tests on a
variety of short-term memory, long-term memory and
response time (RT) tasks. The subjects were exposed to
RFR at 915 MHz (1 and 0.25 W output powers). The
authors reported a reduction in RT, with the shortest RT
in cases where the subjects were exposed to 915 MHz at
1 W. Koivisto et al. [2000a] conducted twelve different
RT tests under exposure to 902 MHz at 0.25 W. In 3 of
the 12 tests, a reduction in the RT was observed.
Another study by Koivisto et al. [2000b] examined the
effects on the working memory and revealed a reduction
in RT under exposure. Once again, replicating those
results posed problems. In two studies by Haarala
et al. [2003, 2004] intended to replicate and extend
the effect of RFR on cognitive functions, subjects
performed cognitive and short-term memory tasks.
These studies failed to replicate the Koivisto et al.
[2000a,b] results.
In our previous study [Eliyahu et al., 2006] we
examined the effects of exposure to RFR emitted by a
standard cellular phone operation on human cognitive
functions. Subjects switched between performing four
distinct cognitive tasks—a spatial item recognition
task, a verbal item recognition task, and two spatial
compatibility tasks. All subjects performed all four
tasks under three exposure modes: right-side of the
head, left-side, and sham-exposure (counterbalanced
within subject design). The experiment was divided into
two 1-h sessions. We recorded the RTs and accuracy of
the responses. Slowing of the left-hand response in
the second part of the experiment under exposure of the
left-side of the head was observed.
As noted above, a failure to replicate RFR effects
was reported in several instances [Haarala et al., 2003,
2004]. Thus, the objective of the present study was to
replicate our previous findings and to extend them.
In particular, it was designed to examine the time
dependence of the above-mentioned effect. Specifically, we divided the experiment into 12 blocks of
50 trials. The participants received a short break after
each block. By averaging RTs separately for each block,
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we were able to track the time course of the RFR effect
throughout the experiment.
We compared the RFR effect of left and right
exposure sides on RTs during the spatial memory task
adopted from our previous study. This task was chosen
because it showed the largest RFR effects in our
previous study [Eliyahu et al., 2006] and because the
brain areas involved in performing this task had already
been identified [Courtney et al., 1998]. In addition, only
right-handed subjects were chosen as participants, since
they show greater hemispheric specialization than lefthanded [Amunts et al., 1996; Sasaki et al., 2007].
MATERIALS AND METHODS
Forty-eight healthy right-handed male subjects
were randomly divided into three equal groups. The
subjects in each group were exposed to only one of
the three exposure conditions: left-side of the head,
right-side, or sham-exposure. The experimental system
was identical to the one described in our previous work:
Each subject had two standard NokiaTM 5110 GSM
cellular phones (Nokia, Helsinki, Finland) attached to
both sides of the head by a specially designed nonconductive frame (Fig. 1). The cellular phones’ transmitted power was controlled by an HP GSM test system
model E6392B (Hewlett Packard, Palo Alto, CA). The
phones were operated with test SIM cards (Wavetek,
Ismaning, Germany). This system maintained the
phones at either no transmission or full power transmission (890.2 MHz, 33 dBm ¼ 2 W peak power, using
the typical GSM pulse frequency of 217 Hz, pulse
duration of 0.577 ms, duty cycle of 1/8, yielding 0.25 W
average power). The maximum specific absorption rate
(SAR) value reported for the Nokia 5110 model ranges
from 0.54 to 1.09 W/kg, depending on the phone

Fig. 1. Subject with phone frame attached to the head.
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position [DASY Test Report, 2000]. The phones were
located in a position as similar as possible to that
of typical use, and the antenna was located
approximately 1.5 cm away from the subject’s head.
The communication between the phones and the test
system was wireless, at an extremely low output power
(0.01 mW), thus considered negligible. The phones
were battery operated during the experiment. They
were mounted on the subject’s head before the first
task and removed at the end of the experiment. The
experiment was approved by the Ethical Helsinki
Committee of the Soroka Medical School at
Ben-Gurion University (Beer-Sheva, Israel). The subjects completed a questionnaire concerning intakes of
tea, coffee, alcohol and the amount of sleep they had
prior to the experiment. All participants reported
adequate sleep in the night prior to the experiment,
and they had not drunk excessively; thus, all subjects
were included in the analysis.
The RF exposure regime was single-blinded, that
is, the experiment manager was aware of the exposure
mode while the subjects were not, since the phones were
silent during the whole test. An opaque partition
was placed between the experiment manager and
the subjects during the experiment. The experiment
manager controlling the cellular phones was not the one
giving the instructions to the subjects, though both the
experiment manager and the person giving instructions
were aware of the exposure condition.
In the present experiment we studied only the
cognitive task that showed the most significant effect of
RFR on RT in the former study, that is, the spatial
working memory task adapted from Courtney et al.
[1998]. It was performed by all subjects (as presented in
Fig. 2). The task proceeds as follows: three target
‘‘faces’’ are presented (for 650 ms each), in three
random locations (out of eight possible). These eight
possible locations are positioned as a 3 by 3 square

(excluding the middle position). After an additional
3000 ms, another face appears in a random position.
The subject has to decide whether the last face location
matched any of the preceding three locations, and to
respond by pressing a key with either the right-hand
(to mark a match) or the left-hand (a mismatch), using
the ‘‘/’’ key and the ‘‘z’’ key, respectively. Match and
mismatch responses were randomly determined (on
average, there were 25.36 match, 24.63 no-match in
each block). The examined parameters were the RT and
the percentage of correct responses made by the
subjects.
The task utilized a standard laboratory PC-based
software (Micro Experimental Laboratory 2.0TM,
Psychology Software Tools, Pittsburgh, PA) and the
visual stimuli were presented on a 14 inch monitor, with
a refresh rate of 60 Hz. In case of an erroneous response
the computer emitted a 400 ms beep at 500 Hz.
After a short practice session (15 trials) one of the
cellular phones was turned on (exposure groups only)
and subjects performed 12 blocks of 50 trials each. The
blocks were separated by a short break of a few seconds.
The whole experiment typically lasted 1 h per subject.
Trials with RTs longer than 3 s or shorter than
100 ms were not included. Only those trials in which the
response was correct were included in the RT analyses.
These procedures excluded 4.4% of the overall
observations. The Analysis of variance (ANOVA) on
RT (in ms) as dependent variable included Group (rightside, left-side, and sham-exposure) as an independent
between-groups variable, Block (1–12) and Responding Hand (left vs. right) as within-group independent
variables. In addition, an ANOVA on accuracy (%
correct) was performed including the same variables
as the RT ANOVA. When appropriate, all P values for
within variable were corrected according to Greenhouse-Geisser epsilon.
RESULTS

Fig. 2. The spatial working memory task: A target ‘‘face’’ is presented three times (for 650 ms each) in three random locations on
the screen out of eight possible locations. After an additional
3000 ms, another face appears in a random position.The subject
has to decide whether the last face location matches any of the
preceding locations, and to respond by pressing a key with
either the right-hand (when there is a match) or the left-hand
(a mismatch).
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An ANOVA on the RT as dependent variable
yielded significant main effects of Block, F(11,495) ¼
6.86, P < 0.001, indicating that when we average all
other conditions (i.e., all exposure groups and both
hands) there was an improvement of 88 ms from the first
to the last block (probably due to practice, the overall
RT was 944 ms (s.d. ¼ 231 ms) in the first block and
856 ms (s.d. ¼ 242 ms) in the last block), and Hand,
F (1,45) ¼ 28.86, P < 0.001, indicating that when we
average all blocks and all exposure groups, right-hand
responses were 50 ms faster than left-hand responses
(the overall RT was 912 (s.d. ¼ 214 ms) and 862 ms
(s.d. ¼ 214 ms) for the left and right hands, respectively). It should be noted that this last effect might have
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Fig. 3. Response time in ms for the right-hand (match) responses (right panel) and the left-hand
(mismatch) responses (left panel) for thethree exposure conditions: left-side ofthehead, right-side
and sham-exposure.Error bars represent the standard errorof the mean.

been the result of ‘‘match‘‘ responses being faster than
‘‘mismatch’’ responses, or of all subjects being righthanded.
Following Eliyahu et al. [2006] we present the
average RTs, as a function of Group, Block, and
Responding Hand in Figure 3 (triple interaction was
not significant, F(22,495) < 1 P ¼ 0.79. The 95%
confidence interval, Masson and Loftus [2003] for this
triple interaction was 48 ms). A visual inspection of the
results reveals indeed that the RFR effect seems to
be time dependent. Moreover, similar to Eliyahu et al.
[2006] RFR slowed RT in left-side exposure only, and
the right-side and sham-exposure showed comparable
RT patterns. In fact, the differences between right-side
and sham-exposure were far from being statistically
significant, t(45) ¼ 0.24, P ¼ 0.80. In order to increase
statistical power for further comparisons (and in
line with our previous study) we averaged the rightside exposure and sham-exposure and treated them a
single reference group.
In order to check the time dependence of the RFR
effect (see Fig. 3) and following the results from
Eliyahu et al. [2006] we devised a series of planned
comparisons to test the specific exposure effects
separately for each hand. During the first block,
the average RT of the right-hand responses under the

left-side exposure condition (thus engaging mostly the
left cerebral hemisphere) was 146 ms longer than the
right-side and sham-exposure groups combined,
t(45) ¼ 2.11, P < 0.05. This difference was significant
across the second block as well t(45) ¼ 2.01, P < 0.05,
but it was slightly smaller, numerically, 139 ms on
average. In the remaining blocks, the effect was no
longer significant (t(45) < 1). Left-hand responses
showed the same pattern, that is, right-hand responses
under left-side exposure were slower (see Fig. 3);
however, this trend was weaker and did not reach
statistical significance for the first block (t(45) ¼ 1.56,
P ¼ 0.12).
Please note that in the above analysis we used
planned comparisons as recommended for replications.
We argue that the use of post hoc comparisons is
inappropriate in the present case because post hoc
comparisons which prevent an increase in Type I errors
(detecting an effect that does not exist) increase the
probability of Type II errors, which involve missing a
real effect. We wish to acknowledge the fact that the
specific comparisons were non-significant when using
post hoc (such as Bonferroni) criteria.
The ANOVA using accuracy (these data are
not presented in the figure) as a dependent variable
yielded only block dependence F(11,495) ¼ 2.82, as a
Bioelectromagnetics
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significant effect, indicating that accuracy was higher
in the last block (0.965) compared to the first block
(0.950), t(45) ¼ 2.80, P < 0.05. We did not find any
effect of RFR on accuracy, presumably because the
accuracy level was very high.
At the end of each experiment, subjects were
asked whether they had heard any noises. None of them
reported any noise. Subjects also failed to judge which
phone was operating during the experiment.
DISCUSSION
This experiment was designed to replicate and
extend our previous work [Eliyahu et al., 2006] and
specifically to investigate the time dependence of RFR
effects emitted by cellular phones. We found that the
average RT of the right-hand responses under left-side
exposure condition was significantly longer than that
under right-side exposure and sham-exposure averaged
together, during the first two blocks only. Left-hand
responses showed the same pattern, but it was weaker
and non-significant. The present results confirmed the
existence of an effect of exposure on RT and replicated
some of the results obtained in our previous work;
namely, in both experiments RTs of left-side exposed
subjects were different from those of the sham- and
right-side exposed ones. In addition, both studies
demonstrate that RFR effects may be time dependent,
that is, they can be observed only at specific phases of
the experiment.
At this point there is no acknowledged explanation for the existence of cognitive effects of cellular
phones, especially not for their possible attenuation
over time. However, our results may point toward a
possible mechanism: It is known that time dependence
of cognitive tasks is governed at the first stages
especially by practice (or learning) processes [Ackerman, 2007]. We found that RTs were prolonged at the
beginning of the experiment but this effect diminished
with time. Presumably, RFR influence is more prominent in the initial phases, when the task is unpracticed.
The idea that practice may be more vulnerable to RFR,
as well as to other sensory stimuli, is supported by other
works on animals [Thomas et al., 1975; D’Andrea et al.,
1977; Sanza and De Lorge, 1977; De Lorge and Ezell,
1980; Schrot et al., 1980; Saunders et al., 1991],
showing reduced task acquisition under RFR exposure
[Yamaguchi et al., 2003; Lai, 2004]. Note that Courtney
et al. [1998] identified the superior frontal sulcus as an
area specialized in processing the spatial task used
in the present design. Interestingly, right and left
hemispheres did not show similar patterns of activation,
so the specific role of each hemisphere in processing the
present task is not clear. Thus, we cannot determine the
Bioelectromagnetics

exact cause for the different pattern of results for the two
hands.
Some differences in performance between the
present and our former study [Eliyahu et al., 2006]
should be mentioned. One of them is that in the current
work the effect was significant for the right hand, and
not significant (although, numerically evident) for the
left hand, while in the previous research slowing was
observed for the left-hand responses only. In addition,
the time dependence of the effect was different: in the
present experiment the RFR effects were apparent at
the first two blocks of the experiment and decreased
over time. Hence, RTs of the various groups became
similar towards the end. However, in the previous work
the average RTs of all exposure groups were similar in
the first half of the experiment. The RT (of the affected
hand of the left-side exposed subjects) increased
over time, and in the second (and last) part became
longer (relative to sham and right-side exposed
condition). However, the differences in the time
dependence between the two studies might have a
simple explanation. First, in our previous study an effect
was observed only in the second hour, while in this work
the whole experiment lasted merely 1 h. Furthermore,
the effect in this study was significant only in the first
two blocks (which lasted approximately 5 min each),
while (similar to our previous work) the average RT
across the first hour showed no effect. Finally, it should
be emphasized that contrary to the current experiment,
the previous one was not designed to look for time
dependent effects. Moreover, each subject switched
between performing four different tasks and three
exposure conditions as described in Eliyahu et al.
[2006]. Consequently, the time dependence observed in
the first experiment should be cautiously interpreted.
The origin of the differences between our result
and other studies [Preece et al., 1999; Koivisto et al.,
2000a,b; Haarala et al., 2003, 2004] that reported either
a reduction or no significant change in the RTs, is
unclear. These differences could be due to several
reasons such as: Mobile phones’ location and specific
model, exposure methodology—right and left hemispheres, responding hand—left or right, exposure time,
and the differences in the cognitive tasks.
In summary, we have found that experiment
duration, exposure side and responding hand may have
major influence on the detection of RFR effects. These
parameters might explain the failure of certain studies
to observe or replicate RFR effects. The inclusion of the
above parameters in the design of any future experiment
seems to be crucial. Looking at the overall average
RT or accuracy might not reveal potential RFR
outcomes, and more fine-grained time analysis might
be required to observe it. In addition, the involvement of
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confounding factors (such as thermal heating or
magnetic field emitted by the phones’ circuits) must
be examined.
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electromagnetic field emitted by cellular phones on the EEG
during an auditory memory task: A double blind replication
study. Bioelectromagnetics 25:33–40.
Lai H. 2004. Interaction of microwaves and temporally incoherent
magnetic field on spatial learning in the rat. Physiol Behav
82:785–789.
Masson MEJ, Loftus GR. 2003. Using confidence intervals for
graphically based data interpretation. Can J Exp Psychol
57:203–220.
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