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� The resting state fMRI was applied to investigate the Long Term Evolution (LTE) radiofrequency elec-
tromagnetic field (RF-EMF) exposure influence on spontaneous brain activity.

� A controlled LTE RF-EMF exposure environment was designed, and the amplitude of low frequency
fluctuation (ALFF) and fractional ALFF (fALFF) approaches were selected to analyze the resting state
fMRI signals.

� We found the spontaneous low frequency oscillations in brain were altered by the acute LTE RF-EMF
exposure.

a b s t r a c t

Objective: The motivation of this study is to evaluate the possible alteration of regional resting state brain
activity induced by the acute radiofrequency electromagnetic field (RF-EMF) exposure (30 min) of Long
Term Evolution (LTE) signal.
Methods: We designed a controllable near-field LTE RF-EMF exposure environment. Eighteen subjects
participated in a double-blind, crossover, randomized and counterbalanced experiment including two
sessions (real and sham exposure). The radiation source was close to the right ear. Then the resting state
fMRI signals of human brain were collected before and after the exposure in both sessions. We measured
the amplitude of low frequency fluctuation (ALFF) and fractional ALFF (fALFF) to characterize the spon-
taneous brain activity.
Results: We found the decreased ALFF value around in left superior temporal gyrus, left middle temporal
gyrus, right superior temporal gyrus, right medial frontal gyrus and right paracentral lobule after the real
exposure. And the decreased fALFF value was also detected in right medial frontal gyrus and right para-
central lobule.
Conclusions: The study provided the evidences that 30 min LTE RF-EMF exposure modulated the sponta-
neous low frequency fluctuations in some brain regions.
Significance: With resting state fMRI, we found the alteration of spontaneous low frequency fluctuations
induced by the acute LTE RF-EMF exposure.
� 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
e of low
al gyrus;

ersity of
inistry of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.clinph.2013.07.018&domain=pdf
http://dx.doi.org/10.1016/j.clinph.2013.07.018
mailto:cjr.malin@vip.163.com
mailto:luk@ucas.ac.cn
mailto:xieyi@catr.cn
http://dx.doi.org/10.1016/j.clinph.2013.07.018
http://www.sciencedirect.com/science/journal/13882457
http://www.elsevier.com/locate/clinph


278 B. Lv et al. / Clinical Neurophysiology 125 (2014) 277–286
1. Introduction

With the increasing use of mobile phone, more and more atten-
tion has been paid to the possible health effects of radiofrequency
electromagnetic fields (RF-EMF) Barnes et al., 2008; Patrick et al.,
2008. Among the various endpoints in human biological effects
of RF-EMF, human laboratory study is a direct approach which is
designed to evaluate the effects of RF-EMF exposure in a controlled
laboratory environment (Barnes et al., 2008). Particularly, most
studies are mainly focused on the possible RF-EMF effects in term
of brain activity and function. During the past few years, many ap-
proaches have been used to investigate the brain electrophysiolog-
ical and neurometabolic effects of mobile phone related RF-EMF
(Valentini et al., 2007; Kwon and Hamalainen, 2011). Electroen-
cephalography (EEG) studies provided the electrophysiological
evidences about the effect of RF-EMF at different frequency bands
during resting (Croft et al., 2002; Curcio et al., 2005), sleeping
(Huber et al., 2002) and event-related or evoked potentials (Curcio
et al., 2005; Kleinlogel et al., 2008). Neuroimage studies with Pos-
itron emission tomography (PET) measured the changes of regional
cerebral blood flow (rCBF) Huber et al., 2002; Haarala et al., 2003;
Aalto et al., 2006 or the brain glucose metabolism (Volkow et al.,
2011) to assess the cumulative effects of cell phone exposure on
brain. Although the results of these studies are not always consis-
tent, the findings have increased our understanding of RF-EMF
influence on human brain.

Functional magnetic resonance imaging (fMRI), which is based
on the principle of blood oxygenation level dependent (BOLD), is
another widely used neuroimage technique to measure the brain
hemodynamic changes (Logothetis and Wandell, 2004). The BOLD
signals will change in response to the underlying neural events
or neuronal processes when a stimulus or task is performed
(Logothetis and Wandell, 2004). Furthermore, even during the rest-
ing state, there are still spontaneous low frequency fluctuations of
BOLD signals which are related to the intrinsic neuronal activities
and have very important physiological significances (Fox and Rai-
chle, 2007). Many resting-state fMRI studies have reported that
the spontaneous neural activities are highly synchronous in some
district brain areas, such as between the bilateral motor cortical
areas (Biswal et al., 1995), within the language network (Hampson
et al., 2002) and within the default mode network (Greicius et al.,
2003). In order to detect the regional property of spontaneous fluc-
tuation in BOLD signal, a local measure called amplitude of low fre-
quency fluctuations (ALFF) is proposed which calculates the
averaged square root of power spectrum within a specific low fre-
quency range (typically 0.01–0.1 Hz) (Zang et al., 2007). Then a
normalized index of ALFF called fractional ALFF (fALFF), which
can reduce the sensitivity to physiological noise, is obtained by
taking the ratio of power spectrum of a specific low frequency
range to that of the entire frequency range (e.g. 0–0.25 Hz) Zou
et al., 2008. Previous study has investigated their test-retest reli-
ability (Zuo et al., 2010). And both measures have been utilized
to investigate the pattern of spontaneous brain activity in normal
subjects (Zuo et al., 2010) and their alternation in patients with
attention deficit hyperactivity disorder (Zang et al., 2007),
Alzheimer’s disease (He et al., 2007) and schizophrenia (Hoptman
et al., 2010). Using the fMRI technique, a recent study investigated
the brain BOLD response changes induced by an exposure of Global
System for Mobile Communication (GSM) signal when participants
were trained to perform a somatosensory Go-NoGo task (Curcio
et al., 2012). The result showed that they did not find any change
in BOLD response and cognitive performance after exposed by
GSM signal for 45 min. To the best of our knowledge, this is the
only one task-based fMRI study to evaluate the acute effects of
RF-EMF exposure, and there is no report about resting state fMRI
on this area. Whether the short-term RF-EMF exposure modulates
the spontaneous resting-state BOLD fluctuations in human brain
still needs to be confirmed.

Most previous RF-EMF exposure studies are focused on GSM
(Croft et al., 2002; Huber et al., 2002; Haarala et al., 2003; Curcio
et al., 2005; Aalto et al., 2006; Kleinlogel et al., 2008; Volkow
et al., 2011; Curcio et al., 2012) and Universal Mobile Telecommu-
nication System (UMTS) Kleinlogel et al., 2008. GSM network oper-
ates in 900 and 1800 MHz frequency bands, while UMTS network
operates mostly in 2100 MHz band. As one of the fourth generation
of mobile phone telecommunication standards, Long Term Evolu-
tion (LTE) telecommunication networks either by frequency-divi-
sion duplex (FDD) or by time-division duplex (TDD) have already
been deployed or will soon be put into commercial operation in
many regions (Parkvall et al., 2011). Its frequency bands range
from 800 up to 3500 MHz. As a relative new type of RF-EMF, it is
necessary to investigate the effect of LTE-related exposure. In addi-
tion, most previous studies used the commercial mobile phone as
the exposure source (Croft et al., 2002; Huber et al., 2002; Aalto
et al., 2006; Volkow et al., 2011; Curcio et al., 2012). This experi-
mental design might bring about the heating effect or the sound
noise (Huber et al., 2002; Haarala et al., 2003). And it is hardly to
maintain the same emission power in repetitive experiment.
Therefore, it is better to setup the controlled electromagnetic field
environment for exposure experiment.

In this study, we designed a double-blind, crossover, random-
ized and counterbalanced study to explore the possibility of altered
regional resting state brain activity induced by the near-field LTE
RF-EMF exposure. Each subject participated in real and sham expo-
sure separated by 1 day. The LTE signal was emitted by a dipole an-
tenna, and the electromagnetic field was controllable in order to
maintain the same exposure condition for each subject as much
as possible. Resting state BOLD fMRI signals of human brain were
collected before and after the 30 min RF-EMF exposures. Then we
utilized ALFF (Zang et al., 2007) and fALFF (Zou et al., 2008) meth-
ods to investigate the possible exposure-induced changes in the
amplitude of spontaneous fluctuations. We want to evaluate
whether the subjects in this experiment show the different low fre-
quency oscillations in some brain areas after the acute RF-EMF
exposure of LTE signal.
2. Methods

2.1. Subjects

In this study, eighteen right-handed healthy subjects were re-
cruited through the advertisement on campus Bulletin Board Sys-
tem (BBS). There are twelve males and six females, and the age
range is from 19 to 35 years (mean: 24.9 ± 3.9 years). The inclusion
criteria included: (a) no history of brain injury; (b) no history of
neurological disease or any other obvious illness that may influ-
ence the brain function; (c) be compatible with an MRI scan. Sub-
jects were instructed to abstain from alcohol and nicotine, and to
maintain their regular cycle of sleep-wake the day before the
experiment. They are all regular mobile phone users (less than
1 h per day), and no one used the mobile phone for more than
10 min in the whole day prior to the experiment. Written informed
consent was obtained from all subjects after the experimental pro-
cedure had been fully explained. This study was approved by the
ethics committee of the local institutional review board.
2.2. Experimental design

The experiment had two sessions (real and sham exposure) for
each subject. During each session, the experimental procedure was
designed to include three conditions in order: structural MRI and
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resting-state fMRI scan, RF-EMF exposure (real or sham), and rest-
ing-state fMRI scan again. The RF-EMF exposure lasted for 30 min
and therefore one session lasted about 1 h. The two sessions were
separated by 1 day. The whole design was a double-blind, cross-
over, randomized and counterbalanced paradigm. Subjects did
not know the sequence of real and sham exposure, while experi-
ment and data analysis were finished by different people. The
exposure experiment and MRI scan were performed at PLA General
Hospital (Beijing, China).

2.3. Exposure setup

The LTE exposure setup was designed to radiate each subject
with the identical power regardless of the power reflection due
to the existence of the human. We used the standard dipole
(SPEAG) as exposure source to simulate a controlled electromag-
netic field environment. Fig. 1 illustrated the experimental setting.
A CMW 500 (R&S) and an RF amplifier (AR) were used to generate
the LTE signals at 2.573 GHz band. Dipole antenna was placed on
the right side with a distance of 1 cm to the ear. The spacing dis-
tance was restricted by a white foam, and the length of the dipole
was perpendicular to the head length. During the exposure, sub-
jects were instructed to select a comfortable posture on the chair
with touching the foam. They would keep quiet while being not in-
volved in any task and hold on the condition as much as possible.
The exposure experiment was carried out in an anechoic chamber.

Since the presence of the human body cause non-negligible
power reflection for the nearby dipole (Standard 1528. IEEE recom-
mended practice for determining the peak spatial-average specific
absorption rate (SAR) in the human head from wireless communi-
cations devices: measurement techniques. NJ, 1528), the net power
delivered to the dipole is reduced. Furthermore, the anatomical dif-
ference also induces the variation in the actual delivered power
(TN, 2012). It is crucial to determine the subject-specific delivered
power during the exposure experiments. Therefore, we applied the
similar protocol dedicating to system check for specific absorption
rate (SAR) measurement per subject in Standard 1528. IEEE recom-
mended practice for determining the peak spatial-average specific
absorption rate (SAR) in the human head from wireless communi-
Fig. 1. Experimental setup for LTE RF-EMF exposure. (A) Flow diagram.
Amp = amplifier; Dir. Coupler = directional coupler; Att = attenuator; PM = power
meter. (B) Signal generator including CMW 500 (R&S) and RF amplifier (AR). (C)
Dipole antenna. During experiment, subjects sit on the chair and put his/her right
ear close to the dipole with the space as 1 cm restricted by the white foam.
cations devices: measurement techniques. NJ (1528) (Fig. 1). The
reflected power could be monitored by PM2, which was compen-
sated by adjusting the signal generator to a desired output. The
net power delivered to the dipole was set to 24 dBm.

2.4. MRI scan

All the MR data were acquired on a 3.0 T MR system (SIGNA EX-
CITE, GE Healthcare) with a conventional eight-channel phased ar-
ray surface coil. The magnetic gradient field is 40 mT/m and the
slew rate is 150 mT/m/s. During each session, subject has two
MRI scans, one is performed before the RF-EMF exposure (pre-
exposure scan) and the other is immediately after the exposure
(post-exposure scan). Since the effect of RF-EMF on biological tis-
sues is known to decay rapidly over time, we tried our best to short-
en the time interval (about 40–50 s) between the end of the RF-EMF
exposure and the actual post-exposure resting-state fMRI scan, and
keep it be approximate constant as much as possible across
subjects. The pre-exposure scan consisted of the high resolution
T1-weighted images and the resting-state fMRI images, while
post-exposure scan only included the resting-state fMRI images.
The T1-weighted images were acquired by using three-dimensional
fast spoiled gradient echo (3D FSPGR) sequence with parameters:
repetition time (TR) = 6.8 ms, echo time (TE) = 2.9 ms, number of
sagittal slices = 188, slice thickness = 1 mm, slice gap = 0 mm, field
of view (FOV) = 22 � 22 cm, flip angle (FA) = 15�, matrix
size = 256 � 256, in-plane resolution = 1.0 � 1.0 mm, and number
of excitation (NEX) = 1. For the resting-state fMRI, the images were
collected by using an echo-planar imaging (EPI) sequence with the
following parameters: TR = 2 s, TE = 30 ms, slice thickness = 3 mm,
slice gap = 0.8 mm, FOV = 22 � 22 cm, FA = 90�, matrix size =
64 � 64, in-plane resolution = 3.4 � 3.4 mm, NEX = 1, and 32
transverse slices to cover the whole brain volume. The pre-/post-
exposure resting-state fMRI scans have the same parameters, and
each scan lasted for 6 min to collect 180 image volumes. Two recent
studies have investigated the impact of scan duration (Van Dijk
et al., 2010; Zuo et al., 2013). Their results demonstrated that
5 min of acquisition time is enough to obtain reliable results (Van
Dijk et al., 2010; Zuo et al., 2013). Therefore, our imaging scan dura-
tion is enough for current fMRI data analysis. During the scan, sub-
jects were instructed to relax and awake with their eyes closed, and
not to think of anything in particular as much as possible. At the end
of each scan, subjects were asked to make sure whether they had
fallen asleep, and none of them reported they had.

2.5. SAR measurement

There are two purposes for the structural images in this exper-
iment: one is to generate the parameters of spatial normalization
for functional images which will be described in the next part,
and the other is to establish the head anatomical model for RF-
EMF dosimetric studies (Kainz et al., 2005). Using the head ana-
tomical model, we can measure the SAR power distribution to
check the safety of LTE RF-EMF exposure condition. The process
is similar to our previous preliminary work (TN, 2012).

First, the head structural images were segmented interactively
to identify 24 tissues (TN, 2012) with software iSeg (Zurich Med
Tech AG). Then we performed the Finite-Difference Time-Domain
(FDTD) simulation Taflove and Hagness, 2005 to estimate the
SAR power distribution induced in different head tissues. Protocols
of numerical evaluation were defined as: FDTD spatial lattice was
1 � 1 � 1 mm3; dielectric parameters were obtained from the web-
site (http://www.fcc.gov/oet/rfsafety/dielectric.html and http://
niremf.ifac.cnr.it/tissprop/); time update step was 1.8 picoseconds;
8-layer perfectly matched layer (PML) Taflove and Hagness, 2005
has been used as absorption boundary condition, and there were
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30 grids between the PML boundary and the models. The FDTD cal-
culation was finished by using software SEMCAD X14.8 (SPEAG)
and SEMF Y, 2011.

During the simulation, the half wavelength dipole antenna was
also modeled. The S parameters were numerically simulated and
compared with the measured results to ensure the consistency.

2.6. fMRI image preprocessing

The fMRI image preprocessing was carried out using Statistical
Parametric Mapping software (SPM8, www.fil.ion.ucl.ac.uk/spm/)
and DPARSF software (Yan and Zang, 2010). Briefly, the first ten
functional volumes were discarded for the signal equilibrium and
the subjects’ adaptation to the scanning environment. The remain-
ing 170 volumes were corrected for the intra-volume difference in
acquisition time and the inter-volume difference in head motion.
The mean functional image for each individual was generated from
the corrected functional volumes. Then the corresponding
T1-weighted structural image was co-registered to the mean
functional image with a rigid body linear transformation. The
transformed structural image was segmented into gray matter,
white matter, cerebrospinal fluid with a unified segmentation algo-
rithm (Ashburner and Friston, 2005) and generated the normaliza-
tion parameters. Next, the corrected functional images were
spatially normalized to the Montreal Neurological Institute (MNI)
space by using the transformation parameters obtained from the
unified segmentation and re-sampled into 3 � 3 � 3 mm3 resolu-
tion. After spatial normalization, the resulting functional images
were further smoothed by convolution with an isotropic Gaussian
kernel (full width at half maximum = 4 mm), and then removed the
linear trend.

2.7. ALFF and fALFF calculation

After the image preprocessing, ALFF and fALFF were calculated
from the processed functional volumes. These two measures reflect
different aspects of spontaneous fluctuations in brain: ALFF indi-
cates the absolute strength of spontaneous fluctuations within a
specific frequency range, whereas fALFF represents the relative
contribution of specific spontaneous fluctuations to the whole
detectable frequency range (Zuo et al., 2010). To obtain them, the
processed fMRI time series of each voxel was transformed to the
frequency domain with a fast Fourier transform and the square
root of the power spectrum was calculated at each frequency. ALFF
was obtained by averaging the square root across a predefined fre-
quency range (Zang et al., 2007). And fALFF was calculated as the
ratio of ALFF in the predefined frequency range to the ALFF over
the entire detectable frequency range (Zou et al., 2008). During
the image preprocessing, we did not apply any temporal band-pass
filter to the functional images, therefore, the detectable frequency
range is from 0 to 0.25 Hz (1/2�1/TR = 1/2�1/2 = 0.25, where TR is
the repetition time of resting-state fMRI scan). We selected the
0.01–0.1 Hz as the predefined frequency range to calculate the
ALFF and fALFF values, since fMRI signals in this frequency range
were mainly related to physiological meanings while the noise of
very low-frequency drift and high-frequency respiratory and heart
rhythms were eliminated (Biswal et al., 1995; Zuo et al., 2010). In
order to reduce the global effects of variability across subjects, the
ALFF/fALFF on each voxel was standardized by dividing the global
mean ALFF/fALFF value (Zang et al., 2007; Zuo et al., 2010).

2.8. Statistical analysis

All statistical analysis was performed in a voxel-by-voxel man-
ner. To determine the intrinsic whole brain patterns of spontane-
ous fluctuations, we first performed the within-condition analysis
by applying the random-effect one-sample t tests on the individual
ALFF/fALFF maps within each condition. Then we performed the
between-condition analysis in order to detect the possible changes
of spontaneous fluctuations caused by RF-EMF exposure. The ran-
dom-effects paired t tests were applied on the ALFF/fALFF maps be-
tween pre- and post-exposure in each session (real or sham
exposure). All statistical results were corrected for multiple com-
parisons at a significant level of P < 0.05 with Monte Carlo simula-
tion method (Ledberg et al., 1998). This step was achieved by using
AlphaSim program (http://afni.nih.gov/afni/docpdf/AlphaSim.pdf)
with a combined threshold of P < 0.01 and a minimum cluster size
of 513 mm3.

In addition, we also performed the functional connectivity anal-
ysis among the different brain regions. The regions of interest
(ROIs) were identified based on the results of between-condition
analysis. And the mean time series of signals in each ROI were ex-
tracted from the processed fMRI signals (after linear detrend and
filtered with 0.01–0.1 Hz). The correlation coefficients between
ROIs were calculated and analyzed to evaluate their changes
among different conditions by using one-sample t tests. Significant
threshold was set at P < 0.05.
3. Results

3.1. SAR power distribution in head

During the simulation, the dipole had 1 cm distance to the right
ear of head model which was the same as in the measurement. The
incident power to the antenna was scaled to the measured net
delivered power. Fig. 2 illustrated the results of estimated SAR
power distribution in two subjects. The maximum voxel based
SAR for 1 g tissue is 2.18 W/kg in Subject A and 2.36 W/kg in Sub-
ject B. Therefore, the spatial peak SAR averaging over 10 g tissue
was 0.9 and 1.07 W/kg, which were less than the safety limits in
ICNIRP guidelines (ICNIRP (International Commission on
Non-Ionizing Radiation Protection), 1998).

3.2. Within-condition pattern of spontaneous fluctuations

Fig. 3 showed the pattern of spontaneous fluctuations detected
by one-sample t test. Only the result of real exposure was pre-
sented since there were similar results for real and sham exposure.
The top two rows illustrated the results of ALFF maps for pre- and
post-exposure, while the button two rows were the results of fALFF
maps. The t value maps were corrected using the AlphaSim proce-
dure at P < 0.05. From these figures, we observed some brain re-
gions showing the significant higher standardized ALFF/fALFF
values than the globe mean ALFF/fALFF value. The regions included
posterior cingulate cortex/precuneus, medial prefrontal cortex,
inferior parietal lobule and occipital areas. The distributions of
spontaneous fluctuations were shown as the similar pattern be-
tween the conditions of pre- and post-exposure, based on not only
ALFF analysis but also fALFF analysis. Comparing the results be-
tween ALFF and fALFF maps, the significant higher ALFF values
were observed in the region surrounding the bilateral lateral fis-
sure, while much more pronounced regions were found on the
frontal and occipital areas from the fALFF maps.

3.3. Between-condition difference of spontaneous fluctuations induced
by exposure

The between-condition differences between pre- and post-
exposure were examined based on ALFF and fALFF maps by using
paired t tests. We did not find any between-condition difference
in sham exposure. For the real exposure, we detected the

http://afni.nih.gov/afni/docpdf/AlphaSim.pdf


Fig. 2. Slice views for estimated SAR power distribution in two subjects (A and B). The top row is coronal view, and the button row is axial view. (C) The slice positions. SAR
maps are colored according to the bar on the right, and 0 dB equals 2.36 W/kg for a specific voxel.

Fig. 3. Within-condition results during real exposure detected by one-sample t test for ALFF (A and B) and fALFF (C and D) method with AlphaSim corrected at P < 0.05. The
conditions included pre-exposure (A and C) and post-exposure (B and D). The t value maps were colored according to the bar at the bottom. From these maps, we could clearly
observe the areas having the significant higher standardized ALFF/fALFF value than the globe mean ALFF/fALFF value. LH = left hemisphere and RH = right hemisphere.
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between-condition changes of spontaneous fluctuations induced
by RF-EMF exposure successfully (Fig. 4 and Table 1 for the results
of ALFF maps, while Fig. 5 and Table 1 for the results of fALFF
maps). Fig. 4A showed the results which we did not perform the
multiple corrections for ALFF maps. We observed that the de-
creased ALFF values in some regions (e.g. around the temporal cor-
tex) and the increased values in some other regions (e.g. around
the prefrontal cortex and occipito-parietal cortex). The results after
multiple corrections were shown in Figs. 4B and 5, while positive
values represent the ALFF/fALFF in pre-exposure is larger than that
in post-exposure. After RF-EMF exposure, three brain regions
showed significantly decreased ALFF values (P < 0.05, AlphaSim
corrected), including cluster 1 which located in the junction of left
superior temporal gyrus (STG_L) and left middle temporal gyrus
(MTG_L), cluster 2 which located in the posterior part of right
superior temporal gyrus (STG_R) and cluster 3 which located in
the junction of right medial frontal gyrus (MFG_R) and the right
paracentral lobule (PCL_R). And only one cluster nearby MFG_R
and PCL_R was identified to have the significant decreased fALFF
values. From the AlphaSim corrected results, we did not find any
region that showed the significant increased values of ALFF or fAL-
FF across the whole brain in post-exposure condition.

Additionally, we calculated the correlation coefficients among
the three observed clusters from ALFF maps. Fig. 6A illustrated
their mean and variance values in four different exposure condi-
tions. Although we did not detect any significant between-condi-
tion differences of functional connectivity, there was a trend
toward higher correlation between cluster 1 and cluster 2 after
exposure in real session (P = 0.059). The mean values of functional
connectivity in the real post-exposure were visualized on the



Fig. 4. ALFF between-condition differences between pre- and post-exposure during
real exposure. (A) The result before multiple comparisons, and (B) The result after
multiple comparisons (P < 0.05, AlphaSim corrected). The maps are colored
according to the bars at the bottom. LH = left hemisphere and RH = right hemi-
sphere. More details of these regions were described in Table 1.
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ICBM-152 brain template from the top side of axial view (Fig. 6B)
and the back side of coronal view (Fig. 6C).
4. Discussion

4.1. Experimental setup and SAR measurement

In our study, exposure experiment and MRI scan were per-
formed by independent person, while subjects and data analyst
were blind to the sequence of real and sham exposure. The dou-
ble-blind, crossover, randomized and counterbalanced design is
to avoid the subjective bias or other influences (e.g. the time elapse
during the RF-EMF exposure). The choice of exposure site was
inconsistent in previous studies: some selected the left side of
brain (Curcio et al., 2005; Aalto et al., 2006) while others selected
the right side (Volkow et al., 2011; Curcio et al., 2012). We selected
the right side of the head as the place to put the dipole antenna
since most right handed people tend to use the cell phone in their
right ear (Siegel et al., 2012).

During the exposure, the LTE signal was emitted by a standard
dipole instead of mobile phone to maintain the consistent
exposure condition as much as possible. While the presence of
the human body might influence the power reflection for the near-
by dipole, adjusting the subject-specific delivered power is a key
part to effectively compensate the reflective power. We found that
the mean reflective power due to the human body is 3.3 dB with a
standard deviation of 1.4 dB. The result indicated that if the reflec-
tive power was not considered in the study, the realistic emission
power may diminish to less than 50% of the desired value. The high
standard deviation suggested the anatomical difference was also
an important consideration. For example, in the extreme case,
one subject induced a reflective power up to 5.3 dB, which indi-
cates that the actual emission was only 30% of the desired value.
If the subjects cannot be assured the identical radiation, dose-ef-
fect relationship would be blurred. It is a possible reason that many
experiments yield non-consistent and irreplaceable results
(Valentini et al., 2007; Kwon and Hamalainen, 2011). Therefore,
we applied the protocol dedicating to system check for SAR
measurement in Standard 1528. IEEE recommended practice for
determining the peak spatial-average specific absorption rate
(SAR) in the human head from wireless communications devices:
measurement techniques. NJ (1528) and adjusted the signal gener-
ator to obtain a desired output (Fig. 1). Our previous studies have
established the Chinese anatomical model to evaluate the wide-
band RF-EMF exposure (Wu et al., 2011; Wu et al., 2012; Wu
et al., 2013a; Wu et al., 2013b). Here, we established the anatom-
ical head model from structural MR images and examined if the
SAR power distribution is under the safety limits (Fig. 2).

4.2. Within-condition pattern of spontaneous fluctuations

Traditional fMRI studies have focused on the task-evoked re-
sponses in BOLD signal. However, the spontaneous modulation of
BOLD signal was also observed in the brain even without any
external stimulus or task (Fox and Raichle, 2007). The neural activ-
ity manifested as slow spontaneous fluctuations (typically <0.1 Hz)
have provided some insight into the intrinsic functional organiza-
tion in normal brain (Biswal et al., 1995; Hampson et al., 2002;
Greicius et al., 2003; Zuo et al., 2010) and the possible alteration
that was linked with the neurological and psychiatric diseases
(He et al., 2007; Zang et al., 2007; Hoptman et al., 2010). Over
the past decade, lots of processing methodologies have been pro-
posed to deal with the resting-state fMRI data, and different meth-
ods may reflect different aspects of spontaneous brain activity (See
article Margulies et al., 2010 for a review). While most methods fo-
cused on the resting-state functional connectivity (Biswal et al.,
1995; Hampson et al., 2002; Greicius et al., 2003), ALFF method
(Zang et al., 2007) and its improved version called fALFF (Zou
et al., 2008) method were used to characterize the local spontane-
ous brain activity. In our study, within-condition analysis showed
the significant higher standardized ALFF/fALFF values than the
globe mean ALFF value in the posterior cingulate cortex/precuneus,
medial prefrontal cortex, inferior parietal lobule and occipital areas
(Fig. 3), which was consistent with the previous findings (Zang
et al., 2007; Zou et al., 2008; Zuo et al., 2010). And we found most
of them are the components of the default mode network (Greicius
et al., 2003). The default mode network has been characterized by
greater metabolic and neural activity during rest than active task
performance, and considered as a physiological baseline for brain
(Raichle et al., 2001; Greicius et al., 2003). Our results indicated
these brain regions might maintain the higher spontaneous low
frequency fluctuations during resting state than other areas.

ALFF indicates the absolute strength of spontaneous fluctua-
tions within the frequency range between 0.01 and 0.1 Hz, and fAL-
FF is a ratio which represents the relative contribution of specific
spontaneous fluctuations to the whole frequency detectable fre-
quency range. Some studies have reported that ALFF analysis might
be susceptible to the physiological noise, and fALFF method could



Table 1
Brain regions showing significant between-condition difference in ALFF/fALFF values between pre- and post-exposure condition during real exposure.

Cluster Brain region BA MNI coordinate Peak t-value Cluster size (mm3)

X Y Z

ALFF 1 STG_L, MTG_L 22, 39 �57 �57 9 4.83 783
2 STG_R 21, 22, 41 57 �30 3 4.82 1242
3 MFG_R, PCL_R 6 0 �24 51 3.95 1161

fALFF 4 MFG_R,PCL_R 6 3 �24 57 5.19 540

BA = Brodmann area; MNI = Montreal Neurological Institute; STG_L = left superior temporal gyrus; MTG_L = left middle temporal gyrus; STG_R = right superior temporal
gyrus; MFG_R = right medial frontal gyrus; PCL_R = right paracentral lobule.
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reduce this influence especially in the vicinity of blood vessels and
cerebral ventricles (Zou et al., 2008; Zuo et al., 2010). Our results
illustrated there were significant higher ALFF values surrounding
the bilateral lateral fissure while they were disappeared on fALFF
maps (Fig. 3). This phenomenon could be explained by the fact that
the middle cerebral artery pass laterally through the lateral fissure
(Nowinski et al., 2011).

4.3. Brain regions of between-condition difference induced by exposure

The paired t tests have successfully detected the between-con-
dition difference caused by RF-EMF exposure on both ALFF and
fALFF maps during the real exposure (Fig. 4, Fig. 5, and Table 1).
Although the increased ALFF values were present in the prefrontal
cortex and occipito-parietal cortex both laterally and medially
(Fig. 4A), they did not reach significance after multiple compari-
sons, possibly because of the small sample size. After AlphaSim
corrected, there were decreased ALFF values surrounding STG_L,
MTG_L, STG_R, MFG_R and PCL_R (Fig. 4B and Table 1), and de-
creased fALFF values around MFG_R and PCL_R (Fig. 5 and Table 1).
The results indicated that RF-EMF exposure modulated the sponta-
neous brain activity in these brain regions.

Before explaining the findings in the present study with respect
to other previous neurophysiological studies, we need to point out
several discrepancies among them which might lead to the incon-
sistent results. Firstly, we evaluated the induced effects of LTE-re-
lated RF-EMF exposure at 2.573 GHz band, whereas most previous
studies investigated the effects of GSM signal at 900/1800 MHz
band (Croft et al., 2002; Huber et al., 2002; Haarala et al., 2003;
Curcio et al., 2005; Aalto et al., 2006; Kleinlogel et al., 2008;
Volkow et al., 2011; Curcio et al., 2012) or UMTS signal at
2100 MHz band (Kleinlogel et al., 2008). Secondly, during the mo-
bile phone use, skin temperature can increase around the exposure
site. Only a small part of the temperature rise is contributed by the
RF-EMF exposure while most is mainly due to the heat conduction
from operating phone (Anderson and Rowley, 2007). Therefore, it is
hard to determine whether the observed effects are caused by
heating-induction or RF-EMF exposure when using mobile phone
as exposure source. In our study, we used the dipole antenna in-
stead of mobile phone. The dipole antenna does not lead to the
temperature rise and thus is completely free from heating-induc-
tion. Thirdly, the dipole antenna was put at a distance of 1 cm to
the subject’s ear, yet when using a real mobile phone the antenna
is not located in front of the ear, instead, backwards in close prox-
imity to the temporal-occipital cortex (Haarala et al., 2003; Aalto
et al., 2006). Such discrepancy of exposure site might explain the
differences of brain regions found in the present study with respect
to other studies. Finally, we selected the resting state fMRI to
investigate the possible effects of RF-EMF exposure, while previous
studies often used EEG (Croft et al., 2002; Huber et al., 2002; Curcio
et al., 2005; Kleinlogel et al., 2008) or PET (Huber et al., 2002;
Haarala et al., 2003; Aalto et al., 2006; Volkow et al., 2011).
Different neurophysiological techniques characterize different
properties of brain activity, thus we cannot compare with their
findings directly, and need to investigate whether the observed ef-
fects of RF-EMF exposure are comparable among different studies.

Although fMRI technique has been a powerful tool to investi-
gate the brain function in neuroscience during the past 20 years
(Bandettini, 2012), till now, only one study attempted to examine
the RF-EMF exposure effects on brain activity by using BOLD fMRI
signal (Curcio et al., 2012). They designed an event-related fMRI
experiment with G0-NoGo task, and measured the BOLD response
while performing the cognitive task before and after the exposure.
The results revealed no significant change in BOLD response in-
duced by mobile phone exposure. Our study has found the alter-
ation of spontaneous low frequency fluctuations caused by acute
RF-EMF exposure. It was not very strange that we did not obtain
consistent results with Curcio’s study (Curcio et al., 2012). The first
reason is that their exposure source was a typical basic GSM signal
with a carrier frequency of 902.40 MHz (Curcio et al., 2012), while
we used the standard dipole antenna to emit a LTE signal at
2.573 GHz. The conditions of RF-EMF exposure are different be-
tween the two studies. Second and more importantly, Curcio
et al. Curcio et al. (2012) examined the task-evoked responses in
BOLD fMRI signal, whereas our study focused on the spontaneous
low frequency fluctuations in brain during resting state. Previous
study suggested that a direct comparison should be performed
with caution between the results obtained from the resting-state
study and the task-state study (Zang et al., 2007). Generally, the
task-evoked responses are the signal changes from resting-state
to task-state. The signals during resting-state are usually viewed
as the baseline and not taken into account in task-response study.
More and more studies have revealed that they are more related to
spontaneous neural activity and provide us with important insight
into the intrinsic functional architecture of the brain (Fox and Rai-
chle, 2007; Zuo et al., 2010). Therefore, our study and Curcio’s
study investigated difference states for brain activity and their pos-
sible changes induced by RF-EMF exposure.

Neural activity in the brain is often accompanied by the changes
in glucose utilization, blood oxygenation utilization and cerebral
blood flow (CBF) Bélanger et al., 2011; Murphy et al., 2013. In gen-
eral, the increased neural activity is associated with the increased
cerebral metabolic activity (including glucose consumption and
oxygen consumption), and also gives rise to the increase of CBF
with the mechanism of neurovascular coupling (Bélanger et al.,
2011; Murphy et al., 2013). PET imaging allows us to measure
the changes of CBF or brain glucose metabolism (Bélanger et al.,
2011). BOLD signals measured with fMRI depend on many inter-
acting factors, which are sensitive not only to the changes of CBF
but also to the oxygen consumption (Murphy et al., 2013). There-
fore, there is a complex nonlinear coupling relationship between
CBF and BOLD signals (Mechelli et al., 2001). When CBF is larger
than the increasement of oxygen consumption, oxyhaemoglobin
is oversupplied to the regional area leading to a reduction in
deoxyhaemoglobin concentration, thus resulting in the increased
BOLD signals (Murphy et al., 2013). Previous studies with PET



Fig. 5. fALFF between-condition differences between pre- and post-exposure
during real exposure (P < 0.05, AlphaSim corrected). The maps are colored according
to the bar at the bottom. LH = left hemisphere and RH = right hemisphere. More
details of this region were described in Table 1.

Fig. 6. (A) The mean and variance values of correlation coefficients among three clus
correlation coefficients in real post-exposure were plotted on brain surface (ICBM-152 b
(C). The nodes are scaled by cluster size and the lines are scaled by correlation coefficie
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techniques have investigated the effects of RF-EMF exposure on
brain rCBF (Huber et al., 2002; Haarala et al., 2003; Aalto et al.,
2006). In our study, we found the decreased low frequency oscilla-
tions in STG_R, STG_L and MTG_L with ALFF analysis. They local-
ized in the lateral temporal cortex and their posterior parts
encompassed the auditory cortex which played an important role
in auditory processing. One previous PET study has reported that
the exposure to an active mobile phone produced a relative de-
creased rCBF bilaterally in the auditory cortex (Haarala et al.,
2003). They explained that the decreased rCBF might be due to a
weak sound signal from an active phone (noise caused by the bat-
tery). A subsequent study eliminated this confounding factor and
found a decreased rCBF in the ipsilateral inferior temporal cortex
and an increased rCBF in the bilateral prefrontal cortex (Aalto
et al., 2006). In our experiment, we used the dipole antenna as
the exposure source. Therefore, there was no probable confounding
effect of auditory noise, and our result was to some extent consis-
tent with the result reported by some previous studies (Haarala
et al., 2003; Aalto et al., 2006). This revealed that the acute RF-
EMF exposure might modulate the neural activity which corre-
sponded to the auditory processing, not only reflecting on the
changes of rCBF but also on the BOLD signals. When using fALFF
analysis, the changes of spontaneous fluctuations induced by RF-
EMF exposure disappeared in STG_R, STG_L and MTG_L, indicating
ters. Different color bars show different exposure conditions. The mean values of
rain template) from the top side of axial view (B) and the back side of coronal view
nt.
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that the exposure effect was likely to relative slight in these areas.
Both ALFF and fALFF analysis have found the decreased spontane-
ous low frequency fluctuations in MFG_R and PCL_R. Previous fMRI
studies have reported MFG was considered for information pro-
cessing in decision-making (Talati and Hirsch, 2005), and PCL
was involved in the lower extremity movements (Lim et al.,
1994) and was one of the secondary somatosensory areas
(Damasio, 1999). The result on MFG_R and PCL_R illustrated the
RF-EMF exposure might modulate the neural activity which corre-
sponded to the decision-making and somatosensory processing.
Several studies have found that the increased rCBF in the prefrontal
cortex (Huber et al., 2002; Aalto et al., 2006) and also the higher
brain glucose metabolism in the orbitofrontal cortex and temporal
pole (Volkow et al., 2011). In our study, no significant increased
ALFF/fALFF values were found across the whole brain. Previous
studies have revealed that both oxidative and nonoxidative glucose
metabolism processes are involved during neural activity
(Bélanger et al., 2011; Figley and Stroman, 2011). Therefore, the
changes of glucose metabolism induced by RF-EMF exposure might
not always be associated with the alternation of BOLD signals, and
the underlying mechanism still need to be investigated in the
future.

There had been lots of EEG studies to investigate the effect of
RF-EMF exposure (Valentini et al., 2007; Kwon and Hamalainen,
2011). The consistent results were mainly obtained from the rest-
ing and sleeping EEG (Croft et al., 2002; Huber et al., 2002; Curcio
et al., 2005), while not from event-related or evoked potentials
studies (Valentini et al., 2007; Kleinlogel et al., 2008; Kwon and
Hamalainen, 2011). Considering the complexity of human brain,
it is better to make clear the RF-EMF effect on spontaneous brain
activity before trying to explore the possible effect induced by
RF-EMF during cognitive processing. Croft et al. (2002) found the
mobile phone exposure altered the resting EEG with decreasing
activity in delta band (1–4 Hz) and increasing activity in theta/al-
pha band (8–12 Hz). Recent studies indicated the resting-state
fMRI signal correlated with the power coherence in low-frequency
bands, particularly the delta band (Lu et al., 2007). And in bilateral
prefrontal and parietal cortex, there were widespread negative cor-
relations between BOLD fMRI signal and EEG power of alpha band
(Laufs et al., 2003). The decreasing EEG activity in delta band (Croft
et al., 2002) and increasing EEG activity in alpha band (Croft et al.,
2002; Curcio et al., 2005) could be used to explain plausibly our
findings of the decreased ALFF/fALFF induced by RF-EMF exposure.

During the exposure, the radiation source was on the right side
of head with a distance of 1 cm to the ear. Cluster 2 (STG_R) was
close to this exposure site, while cluster 1 (STG_L, MTG_L) was
approximate on the homologous areas in the opposite hemisphere
and cluster 3 (MFG_R, PCL_R) was on the ipsilateral side but rela-
tive far away from the exposure site. The results demonstrated
the RF-EMF exposure modulated the brain neural activity not only
in the closer brain region but also in the remote region and even in
the contralateral brain region. The remote effects of RF-EMF have
been observed in many previous studies (Croft et al., 2002; Huber
et al., 2002; Haarala et al., 2003; Aalto et al., 2006), although the
reported brain regions were not completely consistent. Previous
studies have found GSM RF-EMF exposure modulates the inter-
hemispheric functional coupling of EEG alpha rhythms (Vecchio
et al., 2007). In our study, we investigated the correlation among
the three observed clusters. Although we did not detect any signif-
icant differences, there was a trend toward higher correlation be-
tween cluster 1 and cluster 2 after exposure in real session
(Fig. 6). The results showed that RF-EMF exposure might not only
affect the regional neural activity but also slightly alter the func-
tional connectivity between different brain regions. It provides us
with some evidences to explain the underlying neural mechanism
for the remote effects of RF-EMF exposure.
4.4. Limitations and future work

Given the relevance of the present study for both the scientific
and industrial fields, and considered that this is the first study find-
ing the acute effect of RF-EMF exposure on BOLD response, some
limitations require attention and need to be improved in the fu-
ture. These issues can be summarized in two categories, experi-
mental design and data analysis. For experimental design, we
used the dipole antenna to generate the LTE signals at 2.573 GHz
band and put it near the right ear. Our findings cannot be directly
used to infer whether the similar effects would be observed by
other frequency RF-EMF (e.g., 900, 1800 MHz) or other exposure
site (e.g., close to the temporal-occipital cortex), thus more exper-
iments need to be performed to investigate them. In addition, we
applied the resting-state fMRI while subjects were instructed to
stay awake and keep relax. Although all subjects reported they
did not fall asleep, it is difficult to completely rule out the possibil-
ity that subjects fell asleep or experienced sleepiness during MRI
scan. Further studies can collect EEG data simultaneously to
monitor the level of consciousness during the resting-state fMRI
(Horovitz et al., 2008). For data analysis, we used FDTD method
to examine whether SAR power distribution induced by RF-EMF
exposure was under the safety limit, and performed the ROI-based
functional connectivity analysis among the observed brain regions
in order to investigate the remote effects of RF-EMF exposure.
Further works include investigating the correlation between spon-
taneous low frequency fluctuations and the SAR power distribution
in all subjects to establish the dose-effect relationship, and exam-
ining the possible RF-EMF effect on large-scale functional connec-
tivity across the whole brain.

In conclusion, we designed a controlled LTE RF-EMF radiation
source and applied the resting state fMRI technique to examine
the spontaneous low frequency fluctuations changes in normal hu-
man brain induced by LTE RF-EMF exposure. The ALFF and fALFF
approaches have been selected to localize the alteration of sponta-
neous low frequency fluctuations between pre- and post-exposure
condition. The experimental results provide the evidences that
acute exposure induced by LTE RE-EMF affects the brain activity
during resting state. However, whether the induced alteration on
spontaneous low frequency fluctuations is directly harmful to
brain function still needs to be investigated.
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