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a  b  s  t  r  a  c  t

The  increasing  use  of mobile  phones  may  have  a  number  of  physiological  and  psychological  effects  on
human  health.  Many  animal  and  human  studies  have  reported  various  effects  on  the  central  nervous
system  and  cognitive  performance  from  of  exposure  to  electromagnetic  fields  (EMF)  emitted  by  mobile
phones.  The  aim  of  the present  study  was  to  evaluate  the  effects  of mobile  phones  on  the  morphology
of  the  human  brain  and  on cognitive  performance  using  stereological  and  spectroscopic  methods  and
neurocognitive  tests.

Sixty  healthy  female  medical  school  students  aged  18–25  years  were  divided  into  a low  exposure  group
(30  subjects,  <30  min  daily  use by  the  head)  and high  exposure  group  (30  subjects,  >90  min  daily  use  by
the  head).  Magnetic  resonance  images  (MRI)  of the  brain  analysed  on OsiriX  3.2.1  workstation.  Neu-
ropsychological  tests  were  performed  for each  subject.  In addition,  three  dominant  specific  metabolites
were  analysed,  choline  at 3.21  ppm,  creatine  at 3.04  ppm  and  N-acetyl  aspartate  at  2.02  ppm.  Analysis  of
the spectroscopic  results  revealed  no significant  difference  in specific  metabolites  between  the  groups

e from http://www.jmau.org on Wednesday, September 12, 2018, IP: 10.232.74.23]
(p  >  0.05). There  was  also  no significant  difference  in  terms  of hippocampal  volume  between  the groups
(p  >  0.05). In contrast,  the  results  of the  stroop  and  digit  span  (backward)  neurocognitive  tests  of  high
exposure  group  for  evaluating  attention  were  significantly  poorer  from  low  exposure  group  (p  <  0.05).
Based on  these  results,  we  conclude  that  a lack of attention  and  concentration  may  occur  in  subjects  who
talk  on  mobile  phones  for longer  times,  compared  to those  who  use  phones  relatively  less.

©  2017  Saudi  Society  of  Microscopes.  Published  by Elsevier  Ltd.  This  is  an open  access  article  under
he CC
t

. Introduction

Mobile phones, which operate at frequencies of 1.8–2.2 giga-
ertz (GHz) for digital systems and 400–900 MHz  for analogue
ystems, are currently very widely used, especially among adoles-
ents. Intensive use of mobile phones among adolescents is leading
o concern regarding common physical and emotional problems,
anging from insomnia to problems with concentration [1,2]. Dur-

ng mobile phone use, the human brain can be exposed to a high
pecific absorption rate (SAR) because of its close proximity to
ources of radiofrequency electromagnetic fields (RF-EMF) source.
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Exposure to mobile phones is generally associated with the emit-
ted RF power. Various parameters, including the properties of
the absorbing tissue, the antenna position and the magnetic field
frequency, must be considered in evaluating the side-effects of RF-
EMF  exposure on human health [3–5]. In that context, Hardell et al.
suggested that long-term exposure to RF-EMF emitted by mobile
phones may  increase the risk of brain tumours, such as glioma and
neuroma [6].

The morphological and biochemical alterations caused by RF-
EMF  exposures have been investigated in animal studies. At this
point, prenatal exposure results in smaller litter size, lower birth
weight and offspring with significant impairment of the hippocam-
pus, pyramidal cell and glial cells [7–9]. Neuronal damage in the

central nervous system has been reported due to both prenatal or
early adult exposures to electromagnetic radiation [3,10]. Effects of
EMF  have also been reported at the cellular level, including alter-
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tions in intracellular signalling pathways such as ionic distribution
nd changes in calcium (Ca+2) ion permeability [11,12]. Several
n vivo studies have also reported effects of RF-EMF on behaviour,
eurotransmitters and blood–brain barrier permeability [13,14].

n addition to the cellular effects of electromagnetic radiation, the
otential carcinogenic effects of EMF  emitted by mobile phones has
een investigated in various previous studies [15–20].

The prenatal effects of EMF  exposure can include cell death and
nhibition of the differentiation of neural stem cells. EMF  exposure
an also affect neurogenesis in both the developing and adult brain
10]. Bas et al. suggested that EMF  exposure can affect the new
ormation of cells in the cornu ammonis (CA) of the hippocampus
uring the embryonic development. This may  result in deteriora-
ion of behavioural and cognitive functions involving learning tasks
nd short-term memory [7]. Although many in vitro and in vivo
xperimental studies have been performed, the potential effects
f EMF  exposure on the central nervous system are still unclear
21,22].

This study was designed to evaluate the effects of EMF  emitted
y mobile phones on the hippocampus using stereological, neu-
ological and spectroscopic methods that have previously been
alidated. At this point; we considered two groups with relatively
ower and higher reported use of mobile phones. Furthermore; for
he better understand of the effects of EMF  on the brain tissue, there
s a need for further studies at the cellular and molecular level.

. Materials and methods

This cross-sectional study was performed following approval by
he Medical Research Ethics Committee of Ondokuz Mayıs Univer-
ity (2014/547). Informed consent was obtained from all subjects
rior to the study.

.1. Study group

In the present study; the medical students were given volun-

 free from http://www.jmau.org on Wednesday, September 12, 2018, IP
eer forms in accordance with our study criteria. At this point;
he related students were recruited from the sixty healthy female

edical students (volunteer) who are between 18 and 25 years
f age and have been using mobile phones <30 min  daily use by

ig. 1. MR  images from one subject showing the hippocampus. Images were analysed on 

he  output data from this process.
d Ultrastructure 5 (2017) 191–197

the head and >90 min  daily use by the head for 5 years. Then;
magnetic resonance imaging (MRI) examination of medical stu-
dents’ hippocampus was performed on a 1.5 T scanner (Magnetom
Symphony, Siemens, Germany) between September and November
2014, at the Ondokuz Mayıs University hospital. These were divided
into two groups depending on the duration of time they reported
having talked on their cell phones. Because mobile phone use is
ubiquitous, it was not possible to find a unexposed control group.
So, the low exposure group consisted of 30 subjects who had spo-
ken on their cell phones for <30 min  daily use by the head in the
previous five years. The high exposure group consisted of 30 sub-
jects speaking on mobile phones for >90 min  daily use by the head
in the previous five years. Because people tend to hold phones next
to the side of the head that corresponds to their dominant hand,
the right-side hippocampus was  evaluated on images from right-
handed medical students, and the left hippocampus on images from
left-handed medical students.

2.2. Magnetic resonance imaging protocol

MR images were taken using a 1.5 T MR  unit (Magnetom Sym-
phony, Siemens, Germany) with a six-channel coil. Data were
analysed from T1-weighted sequences (T1-fl3d-cor-iso) with the
parameters Repetition Time/Echo Time (TR/TE): 13.0/4.76 ms;  FOV
read: 200; FOV phase: 100; section thickness, 2.0 mm with an inter-
section gap of 0,2 mm;  flip angle: 25◦; average: 2, distance factor:
20; bandwidth: 160 and phase end: R > > L.

2.3. Magnetic resonance spectroscopy analysis

In addition to MRI, spectroscopy was  also performed at the
Ondokuz Mayıs University hospital using a 1.5 T system (Mag-
netom Symphony, Siemens, Germany) wıth a six-channel head
coil. Magnetic resonance spectroscopy (MRS) permits examina-
tion of the brain by detecting the levels of some metabolites
related to neuronal and glial conditions [23]. Also, MRS  can explore

232.74.23]
aging at the molecular level. Multivoxel MRS  was performed using
a point-resolved spectroscopy sequence (CSI-Se-135-PRESS). The
scanning parameters were Repetition Time/Echo Time (TR/TE):
1500/135 ms;  average: 4; flip angle: 90◦; water suppression BW:

the software OsiriX 3.2.1 workstation. Hippocampal volumes were estimated using
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5; FOV R > > L: 160; FOV A > > P: 160; thickness F > > H: 8 mm;  Vol
 > > L: 90; Vol A > > P: 60; width: 50; vector size: 1024; rotation:
.00; preparation scans: 4; band width: 1000 and acquisition dura-
ion:1024. The total scan time was approximately 15 min. The raw
ata were evaluated automatically using a commercially available
pectral analysis software package (Syngo Multi Modality Work-
lace version VE23A). Three dominant specific metabolites were
nalysed in this study, Cho at 3.21 ppm, Cr at 3.04 ppm and NAA at
.02 ppm.

.4. Volumetric analysis

The original DICOM MR  images obtained from the subjects were
nalysed on the software OsiriX 3.2.1 workstation to calculate
he mean volume of the hippocampus (Fig. 1). Using the OsiriX
oftware, the hippocampal boundary was manually traced three
imes in each slice, and the average area of the hippocampus was
btained. Using the 3D multiplanar reconstruction (MPR) option,
he view size was enlarged to 768 × 768 mm,  and 2 mm thick axial

PR  images were generated in digital imaging and communica-
ions in medicine (DICOM) format.

.5. Cognitive tests

Neuropsychological tests were performed to determine the
ffects of EMF  exposure on mental functions in each group. These
ere performed (Hanoi tower test, digit span test, K.A.S. test, stroop

est, digit symbol test, Beck depression inventory test and Benton
udgment of line orientation test) for each subject between 10:00
nd 11:00 a.m.

.5.1. Hanoi tower test
Informed consent was obtained from all subjects, and their

lanning skills were assessed using the classic tower of Hanoi.
erformance in the tasks was assessed based on the time taken,
umber of moves required and how many times the rules were
roken. Curve analysis of the operating properties of the receiver
as performed to assess the usefulness of the tower of Hanoi in
istinguishing the subjects in the two groups in terms of cognitive
unctions [24].

.5.2. Stroop test
This test assesses the parameters of attention and the stroop

ffect, which demonstrate the interference in the reaction time in
 task. It involves the evaluation of selective attention, speed of
rocessing, and flexibility of cognitive tasks, and is used for the
ssessment of executive functions. It is related to frontal lobe activ-
ty. The test consists of five sections and four cards. The parameters
f time, number of fixed responses and number of errors are deter-
ined for each section. The stroop test is used to evaluate how easy

 person can keep a goal in mind and choose an unfamiliar response
y suppressing a habitual one. The test involves three sections. The
rst two parts consist of asking the subject to name the colours of
4 dots (colour naming) and 24 randomly coloured words in four
olumns (word naming). In the third section, subjects are asked to
ame the colours of words printed in colours that are deliberately
ot denoted by the name (for instance, the word “blue” may  be
ritten in red) (interference), and the time required to finish each

ask and colour word interference are evaluated [25].

.5.3. Digit symbol test
The digit symbol test task from the Wechsler Adult Intelligence

e from http://www.jmau.org on Wednesday, September 12, 2018, IP: 1
cale (WAIS) was applied to all subjects [26]. The subjects were
iven coding keys matching nine numbers (1–9) to nine symbols.
nder the coding key, lines of randomly arranged numbers were
rinted with empty boxes below. The subjects had 90 s in which
d Ultrastructure 5 (2017) 191–197 193

to write as many numbers as possible in the empty boxes, taking
into account the relations between digits and symbols given in the
coding keys. The amount of successfully finished items gave the
data for the assessment of the outcome [27].

2.5.4. Digit span test
Relations between hippocampal morphology and memory were

investigated using the digit span test [28]. Attention and mem-
ory were assessed using the age-standardized score on the digit
span test [26]. Short-term memory was  assessed using different
modalities of stimulation and response like visual-oral (V-O), auro-
ral (A-O), aural-written (V-W). Like other number sequence tests,
this is used to evaluate attention [29].

2.5.5. Beck depression inventory test
A commonly used parameter for testing depression levels is the

Beck Depression Inventory test. This self-report test consists of 21
items scored on a 4-point scale between 0 (symptom not present)
and 3 (very intense symptom). A shortened version of the test also
exists, involving 7 items to be used by individuals providing pri-
mary care [30].

2.5.6. K.A.S. test
Verbal fluency was assessed using the K.A.S. test [31]. Subjects

are required to verbally state as many words as they are able start-
ing with a particular phoneme (K, A or S) in a specific category such
as fruits, colours or animals. These letters were selected since they
are the three most commonly used letters in Turkish. The subjects
were given 1 min  for each phoneme [29].

2.5.7. Benton judgment of line orientation test
The Benton judgment of line orientation test is a widely

used neuropsychological test measuring visuospatial judgment.
Responses given to 60 items contained in this test were manually
recorded onto a database with a computerized basis. Both stimulus
lines were required to be recognized to obtain a raw score of 1 for
each item (total possible score = 60 points). In the event that only
one or no stimulus line was successfully recognized, a raw score of
0 was  awarded for that item [32,33].

2.6. Statistical analysis

Statistical analysis were carried out on SPSS 21.0 software. Rela-
tionships between groups in terms of hippocampal volumes and
hippocampal ratios of related metabolites were evaluated using
the Wilcoxon signed rank test. Cognitive analysis were performed
with the Mann Whitney-U test and chi square test. Statistical signif-
icance was  set at p < 0.05. Data were expressed as mean ± standard
deviation (SD).

3. Results

In the present study; MRI  belonging to hippocampus were
investigated by stereological and spectroscopic analysis also neuro-
physiological tests in medical students that reported using mobile
phones for <30 min  daily use by the head and for >90 min  daily use
by the head. At this point; the findings obtained from these images
were expressed as follows.

3.1. Stereological results

.74.23]
Stereology now plays a central role and is an essential element
in morphometric studies [34,35]. At this point, according to our
stereological results there was  no significant difference in the vol-
ume  of hippocampus between the low and high exposere groups
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Fig. 2. Graph showing hippocampal volumes in the two groups; no significant dif-
ference was  observed between the groups (p � 0.05).

Table 1
Mean CV values of hippocampus volumes for each group; CV, coefficient of variation.

Groups Hippocampus
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Table 2
Mean ± SD values belonging to cognitive tests for each group.

Groups Cognitive tests Mean ± SD

Low exposure Hanoi tower test 55.2500 ± 14.64923
Stroop test 8.7250 ± 1.43485
Digit symbol test 56.2500 ± 5.72131
Beck depression test 8.6875± 4.20664
K.A.S. test 42.6250 ± 7.48220
Line orientation test 53.1875 ± 3.12450
Digit span test (forward) 5.1250 ± 1.14746
Digit span test (backward) 4.6250 ± 0.61914

High exposure Hanoi tower test 54.8667 ± 11.44469
Stroop test 12.8500 ± 3.39897
Digit symbol test 55.4667 ± 6.46824
Beck depression test 6.8667 ± 3.54293
K.A.S. test 39.7333 ± 14.57722*

Line orientation test 53.4667 ± 5.81705
Digit span test (forward) 4.1333 ± 1.06010

[Downloaded free from http://www.jmau.org on Wednesday, September 12, 2018, IP: 10.232.74.23]
Low exposure CV 0.17
High exposure CV 0.13

p > 0.05) (Fig. 2). In addition, the mean coefficient of variation (CV)
alues for two groups were displayed as follows (Table 1).

.2. Spectroscopic results

In the present study, EMF  exposure-dependent alterations in
he cerebral metabolites were analysed using MRS. At this point,
here was no significant difference between the groups in terms of
pectroscopic analysis (p > 0.05) (Fig. 3).

.3. Cognitive test results

Analysis of the applied neuropsychiatric tests revealed no sig-
ificant differences in terms of perceptual process, structuring,
ental functions or frontal executive function tests. Cognitive test

esults revealed a significant difference between the groups only
n the stroop, and digit span (backward) tests performed to eval-
ate attention (p < 0.05). Furthermore, there were no significant
ifferences between the groups in terms of the applied K.A.S. test
p > 0.05). All mean ± SD values belonging to cognitive tests were
isplayed as follows (Table 2).

. Discussion

Many animal and human studies have focused on biological
ffects of EMF exposure, and particularly on changes in blood brain
arrier permeability, neuronal structure and function and memory
unction [10,36,37]. Some animal studies have reported no effect
f EMF  on neuronal structure, memory function or blood-brain
ermeability [38,39]. Generally, experimental and epidemiological
tudies belonging to animals which show the side-effects of EMF
ave investigated these at frequencies of 900 and 1800 MHz, due
o the widespread use of mobile phones [40,41]. Previous experi-
ental studies of animals have reported adverse effects of mobile
hone exposures on the development of the central nervous sys-
em during gestation [4,10,42]. Similarly, previous studies using

 mouse model have suggested that RF-EMF exposure leads to
Digit span test (backward) 2.3846 ± 0.96077*

* p < 0.05.

harmful effects on memory tasks and neurobehavioral functions
[43–45]. However, many studies which used a rat model have also
reported that RF-EMF exposure has no effects on spatial learning
and memory tasks [46–48]. Furthermore, some studies which used
rats as a model have even reported that RF-EMF exhibits beneficial
effects on cognitive functions [49–51]. In addition to animal stud-
ies, alterations in visual cerebral potentials have also been reported
in humans [52]. Furthermore, Jalaluddin et al. investigated the nor-
malised volume of the hippocampus in normal Malay children and
adolescents. At this point, they demonstrated that there was no
significant difference between the actual and normalised values of
hippocampal volume in their study [53]. Moreover, Volkow et al.
indicated that RF-EMF exposure from cell phone use affects func-
tion of brain in humans, as shown by the regional increases in
metabolic activity [54]. Additionally, Aalto et al. demonstrated that
EMF  emitted by a mobile phone affects regional cerebral blood flow
in humans [55]. Besides, Haarala et al. reported that 902 MHz EMF
emitted by mobile phones had no effect on the cognitive function-
ing in humans [56]. Furthermore, Verrender et al. displayed that
920 MHz  EMF  exposure may  affect the cognitive performance of
humans [57].

However, inconsistent evidence exists about the effects of RF-
EMF  on cognitive functions and associations with hippocampal
functions [56,58,59]. At this point, further investigation of the
mechanisms underlying the impacts of mobile phones on the brain
is needed.

In the present study, we examined MR  images obtained from
medical students humans using stereological methods. We  esti-
mated hippocampal volumes using OsiriX 3.2.1 software in humans
who used the mobile phone for <30 min  daily use by the head
and for >90 min daily use by the head. However, no significant
difference was determined between the groups in terms of hip-
pocampal volumes. In this context, there have been very few studies
to date investigating the effects of mobile phones on hippocampal
volume in the human brain using MR  images. Wang et al. investi-
gated volumetric changes in grey and white matter associated with
mobile phone use by investigating functional magnetic resonance
images (fMRI) in college students. They suggested that overuse of
mobile phones can cause alterations in cerebral morphology and
that these alterations may  help to understand the effects of EMF  on
the brain and underlying neuronal mechanisms [60]. In this study,
we performed spectroscopic and neurocognitive tests to evaluate

correlations with volumetric values. Our findings showed a signif-
icant difference between the groups in the stroop and digit span
(backward) tests, involving the assessment of attention. Our study
may be crucially important to understanding lack of attention and
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ig. 3. This graph shows the ratios of particular metabolites in the right (R) and left
AACr in the right hemisphere, while group D, E and F indicate the ratios of ChoCr,

he  groups (p � 0.05). Cho, cholin; NAA, N-acetylaspartate; Cr, creatine.

oncentration. Additionally, we also observed a decreased ability
o suppress stimuli in subjects who talk on the mobile phone for
xtended periods. However, we determined no significant differ-
nce in other neurological tasks between the groups. Schoeni et al.
nvestigated the effects of nocturnal mobile phone use on cogni-
ive functions in adolescents, employing neurocognitive tests to

easure verbal and figural memory. They suggested that nocturnal
se of mobile phones may  lead to an increase in health symptoms
uch as rapid fatigue and headache. However, and in contrast to
ur results, they observed no effect of exposure to EMF  emitted by
obile phones on concentration capacity and memory [61]. In addi-

ion to these effects of mobile phones on cognitive performance,
ovvahedi et al. studied the short-term effects of RF radiation

n reaction time and short-term memory in elementary school
tudents. Those authors suggested that electromagnetic radiation
xhibited beneficial effects on short-term memory [62].

We also investigated metabolic changes in the brain, using the
pectroscopic analysis in addition to volumetric and cognitive tests.
he metabolites were identified in the brain in terms of energy
etabolism and cognitive functions. Cho, Cr and NAA are par-

icularly associated with membrane metabolism, and Cho is the
etabolite responsible for producing phosphocholine for mem-

rane synthesis in all cells [63]. In the present study we observed
o significant difference between the groups in terms of ratios of
ho/Cr, Cho/NAA or NAA/Cr in the right and left hemispheres. When
he literatures were searched, it can be seen that there are var-
ous studies on the different exposure conditions. At this point,
egros et al. reported that 60 Hz magnetic field exposure at 1800 �T
an modulate activity in specific brain regions after the end of the
xposure period which was 1 h [64]. Furthermore, Mortazavi et al.
howed that the university students were significantly affected by

 10 min  exposure to EMF  in a day emitted by mobile phone [65].
n the contrary, Movvahedi et al. [62] indicated that a 10 min  talk
eriod in a day could not alter the reaction time and short-term
emory in the elementary school students who are between 8 and

0 years of age [62].
In the conclusion, in our small study the use of mobile phones

or more than 90 min  in a day is associated with increased prob-
ems of concentration and attention. However, prolonged use of
obile phones in our study found no impact on memory tasks and
ippocampal volume. Further research involving larger numbers of
ubjects is now needed in order to validate these findings and in
mispheres of the brain. Groups A, B and C indicate the ratios of ChoCr, ChoNAA and
AA and NAACr in the left hemisphere. There was no significant difference between

order to determine if there are very small changes in hippocampal
volume in exposed individuals compared to controls.
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