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Electrocardiogram and arterial pressure measurements were studied under acute exposures to WIFI 
(2.45GHz) during one hour in adult male rabbits. Antennas ofWIFI were placed at 25cm at the right 
side near the heart. Acute exposure of rabbits to WIFI increased heart frequency (+22^) and arterial 
blood pressure (+14%). Moreover, analysis of ECG revealed that WIFI induced a combined increase of PR 
and QT intervals. By contrast, the same exposure failed to alter maximum amplitude and P waves. After 
intravenously injection of dopamine (0.50ml/kg) and epinephrine (0.50ml/kg) under acute exposure to 
RF we found (hat. WIFI alter catecholamines (dopamine, epinephrine) action on heart variability and 
blood pressure compared to control. These results suggest for the first lime, as far as we know, that 
exposure to WIFI affect heart rhythm, blood pressure, and catecholamines efficacy on cardiovascular 
system; indicating that radiofrequency can act directly and/or indirectly on cardiovascular system. 

© 2015 Elsevier B.V. All rights reserved.
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Due to the constant evolution of new technologies more and 
more people are exposed at home or at work to different frequen­
cies of electromagnetic fields (Feychting et al., 2005). In fact, there

is an increase in the use ofWIFI (wireless fidelity) devices 2.40 GHz 
by local networks (Brunel, 2004). Increasing evidence suggests 
that electromagnetic field (EMF) in the environment have many 
bioeffects (Lahbib et al.. 2014; Ghodbane et al., 2015) that could 
affect cardiovascular system (Gmitrov. 2007) and induce oxidative 
stress (Salah et al., 2013). Besides that, Abdelmelek ct al. (2006) 
showed an increase in norepinephrine in skeletal muscle after static 
magnetic field (SMF) exposure, indicating sympathetic hyperac­
tivity. Interestingly. Heart rate variability was usually used for 
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2.4. Analytical procedures

2.5. Statistical analysis

2. Materiel and methods

2.1. Animals

3. Results

2.2. Exposure system

2.3. Experimental design

The rabbits were divided into six groups and for each group six 
rabbits and treated by intravenous injection as follows:

The variation of the frequency and the cardiac rhythm were 
measured with an electrocardiogram" ECG". The ECG was recorded 
using Biopac® (MP35/3O). Changes in blood pressure were mea­

sured using a pressure transducer connected to a chart recorder.

Records of changes in heart rate were done using a device con­
sists of a software Biopac Student Lab 3.7.1, Biopac acquisition unit 
(MP35/30) with the associated cables, transformer BIOPAC. BIOPAC 
of electrode cables (SS2L), a computer, three vinyl disposable elec­
trodes subject (EL503). The electric phenomena hearts materialize 
on the ECG by a base line broken by a P wave, a complex QRS and a T- 
wave. We measured rhe intervals PR. QT, RR. and P wave, beats heart 
per minute (BPM) and maximum amplitude after each exposure to 
WIFI (2.45 GHz. 1 h) and before each injection of catecholamines 
(dopamine, epinephrine).

The animals were exposed to an access point (AP) from WIFI 
device (D-Link DWL-3200 AP with 802.11 g mode and WPA2 net­
work protection) as previously described in Salah et al. (2013). WIFI 
integrated two omnidirectional antennas that were setup for inter­
net broadcast via wireless at 2.45 GHz. The sham control rabbits 
were placed under the same condition without applying RF (0 Hz). 
Antennas of WIFI were placed at 25 cm at the right side near the 
heart (animal in dorsal decubitus).

In the present investigation we used adult male rabbit weigh­
ing 2.00 ±0.50 kg (Central Pharmacy. Tunis, Tunisia). Animals were 
housed ingroups of six in cages at+25 cC, under a 12:12 h light/dark 
cycle, with free access to water and commercial mash. Animals 
were cared for, under the Tunisian code of practice for the care 
and use of animals for scientific purposes. The experimental proto­
cols were approved by the Faculty Ethics Committee (Faculte des 
Sciences de Bizerte.Tunisia).

Statistical analysis of data was performed using analysis of 
variance (ANOVA) for comparison between groups. Values for (’) 
P< 0.05, (’*)P< 0.01. (‘■*)P<0.00l were considered statistically sig­
nificant. The data are shown as a mean ± standard error of the mean 
(SEM).

Group 1. Normal healthy control.
Group 2. Normal healthy; rabbits were exposed to WIFI one hour 
(between 9h and 13h).
Group 3. Rabbits were intravenously injected once with 
epinephrine (0.50 ml/kg).
Group 4. Rabbits were exposed to WIFI one hour (between 9h 
and 13h) following once intravenous injection of epinephrine 
(0.50ml/kg).

Our investigation reported that acute exposure to WIFI device 
induced an important reduction of the RR interval duration com­
pared to controls, indicating an increase of heart frequencies. 
Moreover, we observe an increase PR and QT intervals (Fig. 1A-C). 
WIFI may influence the activity of nodal tissues especially auriculo- 
vcntricular nodes. By contrast, rhe same exposure failed to alter P 
wave (Fig. ID).

The present data showed that WIFI radiation (2.45 GHz) induced 
an increase of heart beats of animals. However, amplitude of 
the electrocardiogram remained unchanged during WIFI exposure 
compared to controls (Fig. 2A and B). In addition, we observe 
that acute exposure of rabbits to WIFI (2.45GHz) during one hour 
induced an important increase in blood pressure compared to con­
trols as shown in Fig. 3.

Our investigation showed that the single injection of dopamine 
(0.50 ml/kg, iv) induced an increase of the RR, QT intervals dura­
tion and decreased rhe PR interval and P wave of electrocardiogram 
compared tocontrols. Moreover, injection of dopamine under acute 
exposure to RF (2.45 GHz. I h) induced an important decrease in 
the length of the RR and QT intervals and an important decrease in 
the duration of the interval PR compared with rabbits given only 
dopamine, whereas P wave remained unchanged (Fig. 4A-D).

The administration of dopamine under WIFI exposure (2.45 GHz, 
1 h) induced an important increase of beats per minute and 
decreased the maximum amplitude, compared to the rabbits 
injected only dopamine as reported in Fig. 5.

The epinephrine injection induced a decrease of RR. PR, QT inter­
vals duration and P wave of electrocardiogram compared to control. 
Contrary, combined treatment with epinephrine (0.50 ml/kg, iv) 
and WIFI induced an important increase in the length of RR and QT 
intervals. The same treatment provoke an important decrease of the 
duration of interval PR and P wave compared to control (Fig. 6A-D).

Group 5. Rabbits were intravenously injected once with dopamine 
(0.50 ml/kg).
Group 6. Rabbits were exposed to WIFI one hour (between 9h 
and 13 h) following once intravenous injection (iv) of dopamine 
(0.50ml/kg).

quantifying the autonomic nervous system activi ties (Acharyaet al., 
2002). Previous studies on animals and humans, demonstrated 
that EMF induced changes in heart activities. Pawlak et al. (2013) 
show that the exposure of animals to EMF increased heart rate, in 
chick embryos especially from 17 days of incubation (Gaffey and 
Tenforde, 1981), in rats, (Togawa et al., 1967) in rabbits, (Gaffey 
et al., 1980) in baboons, (Tenforde et al.. 1983) in monkeys, and 
(Jehensen et al.. 1988) in humans. Moreover, Thomas and Tenforde 
(2005) demonstrated the rise of blood flow under magnetic field 
environment. Interestingly, magnetic exposure induced electro­
cardiogram (ECG) abnormalities (Bortkiewicz et al., 1997). Creasey 
and Goldberg (1993) showed increase in heart rate and arrhythmia 
in people working around electrical trains (26kV/m). In addition, 
Braune et al. (1998) reported that exposure to GSM signals for 
35 min increased (+10%) blood pressure in volunteers. Vangelova 
et al. (2005) found that the radiofrequency may enhance hyperten­
sion and dyslipidemia. Cai et al. (2006) reported that radar exposure 
increased the rate of ECG changes in soldiers. Interestingly, Israel 
and Tomov (2000) showed high rates of hypertension in broad­
cast and TV station operators. The chronotropic effects, classically 
observed under radiofrequencies RF could be related to heart's 
excitability characteristic and rhythm or contraction (Elmas er al., 
2012).

The present study aimed to evaluate (i) firstly the effects of WIFI 
on heart rate variability and blood pressure, (ii) secondly the phys­
iological effects of catecholamines (dopamine and epinephrine) on 
heart rate under WIFI in rabbit.
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Our investigation point that acute exposure to WIFI induced 
an increase in heart rate and arterial blood pressure; showing a 
modulatory effects of RF on the cardiovascular system regulation. 
Interestingly, catecholamines (dopamine and epinephrine) bioef­
fects on cardiac rhythm and vasomotricity were altered by WIFI in 
rabbits.

Exposure to new wireless technologies will be inevitable in our 
domestic life. The development of new technologies such as WIFI, 
which allows data transfer through a microwave field (2.4 GHz) and

amplitude compared to the rabbits injected only epinephrine 
(Fig. 7A and B).

Single injection of dopamine (0.50 ml/kg) decreased the arterial 
pressure compared to control. By contrast, single administration of 
epinephrine (0.50 ml/kg) increased the arterial pressure. In case of 
rabbits treated with dopamine and epinephrine under RF exposure 
the arterial pressure return to the normal state. WIFI (2.45 GHz, 
1 h) exposure alters the classical responses observed following the 
administration of both catecholamines as showing in Fig. 8

The epinephrine injection induced an important increase in 
beats per minute and decreases the maximum amplitude com­
pared to control. In case of rabbits treated with epinephrine 
(0.50 ml/kg. iv) under RF radiation (2.45 GHz), we observed an 
important decrease of beats per minute and the maximum

Fig. 2. The effect of acute exposure to WIFI (2 45 GHz. 1 h; on: (A BPM control and 

BPM WIFI. (B) max control and max WIFI Values are given as the mean±SEM (or 

groups of six animals.
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rabbits were compared with control rabbits.
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Fig. 5. Effects of single injection of dopamine on the beats per minute (BPM) and maximum amplitude (max) in rabbits under WIFI (2.45 GHz, 1 h).

(1998) pointed for the implication of sympathetic tone induced by 
EMF in hypertension. The present investigation reported that acute 
exposure to WIFI provoked a decrease in the RR interval, indicating 
a tachycardia explaining the hypertension. By contrast. Jehensen 
et al. (1988) showed an increase (+17%) of the length of the RR inter­
val after ten minutes of SMF exposure in healthy volunteers. The 
PR interval reflects the time that electrical impulse takes to travel 
from the auriculo-ventricular node and enters to the ventricle. The 
increase in the PR interval supported that the conduction system of 
the heart was altered. It is in accordance with Bianchi et al. (1973) 
when mice were exposed to 100 kv/m (50 Hz); the QRS duration and 
the PR interval were each lengthened by 19.50%. While, the acute 
exposure to WIFI increased the QT interval; showing that the time 
for both ventricular depolarization and repolarisation was larger. 
Otherwise, the heart is a contractile organ that can generate its own 
rhythm (Elmas et al.. 2012). Arber and Lin (1985) showed that con­
tinuous exposure of neurons to microwaves for 60 min inhibited 
spontaneous activity and prolong the refractory period following 
depolarization. An increase of K‘ current could be implicated as a 
cause for prolongation of refractory period (Seaman and Wachtel. 
1978; Arber and Lin. 1985) as reported in our investigation by the 
prolonged PR and QT intervals.
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with a transmission rate from 1 to 50 Mbps (Valberg et al.. 2007); 
can have serious consequences on public health and multiple bioef­
fects (Sage and Carpenter. 2009). Our results show clearly that WIFI 
increased heart rate and arterial blood pressure probably via direct 
and/or indirect pathways. The direct effects of RF could be related 
to their action on Ca** and Zn+* homeostasis especially on diva­
lent mineral flux modulated by EMF as shown previously by Amara 
et al. (2007). Interestingly. Pilla et al. (1999) demonstrated that 
static magnetic fields (SMFs) in the range of 0-200 mT accelerate 
Ca+*/calmodulin-dependent myosin light chain phosphorylation. 
In order to demonstrate the whole mechanism and the implication 
of K* channel in the heart responses induced by RF. electrophysio­
logical studies of RF will be programmed for future investigations.

The indirect pathway will deal with the modulatory effects of 
RF on autonomic nervous system, plasma catecholamines, and glu- 
cocorticoides.

In fact. Abdelmelek et al. (2006) showed an increase in nor­
epinephrine in skeletal muscle following SMF (128 mT) exposure; 
indicating sympathetic hyperactivity. The sympathetic hyperactiv­
ity classically observed following EMF exposure explain in part our 
data reporting an increase of heart rate (HR) and arterial blood pres­
sure under WIFI exposure. Similar investigation by Braune et al.

3
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Fig. 4. Effects of single injection of dopamine on the component of electrocardiogram in rabbits under acute exposure to WIFI (2.45 GHz. 1 h). Values are given as the 

mean ± SEM for groups of six animals.
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Fig. 6. Effects of single injection of epinephrine on the component of electrocardiogram under WIFI (2.45GHz. 1 h). Values are given as the mean £SEM for groups of six 

animals.

Fig. 8. Effects of epinephrine and dopamine injections on blood pressure under acute exposure to WIFI (2.45 GHz. 1 h). Values are given as the mean i SEM for groups of six 

animals.
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Evolution of species has taken place in the presence of 

natural ionizing- and non-ionizing electromagnetic radiation, 

including sunlight, cosmic radiation, natural radioactivity 

and atmospheric electromagnetic phenomena, among others 

(1). There is increasing concern regarding the potentially 

harmful biological effects of exposure to electromagnetic 

fields (EMF), especially on humans, from military, industrial 

and commercial wireless telecommunication systems. Mobile
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Abstract. Rackground: Mobile phones max have harmful 

health effects and clinical examinations report ambiguous 

results oj exposure concerning neurophysiological and 

cardiovascular actions. Materials and Methods: This study 

investigated heart rate asymmetry (HRA) and heart rate 

variability (HRV) parameters with 1:2 and 1:1 metronome- 

paced inxpiralion/expiration ratios during short-term 

1.800MHz GSM cellular phone exposure in 20 healthy 

volunteers. Results: Significant HRA changes by Porta and 

Guzik indices were not found on exposure compared to sham 

exposure. Time-domain HRVparameters on exposure showed 

significant differences at 1:1 paced, but not at 1:2 paced 

breathing compared to sham exposure. A mild post-exposure 

effect was observed regarding root mean square of 

successive RR-differences. Conclusion: The findings reflect 

persisting acute effects of GSM handset emission on the 

autonomic nervous system. Exploring its influences on health 

slants and survival needs further studies. Symmetrical 

breathing can be used as a sensitizing factor in other 

HRV/HRA analysis studies.

phones have become popular and indispensable in our 

everyday life. The first generation analogue network was 

replaced in 1991 by the digital Global System for Mobile 

Communication (GSM), which had more than 90% market 

share still in 2014 in spile of the introduction of the third- 

generation Universal Mobile Telecommunication System 

(UMTS) in 2001 and the fourth-generation Long-term 

Evolution (LTE) in 2009. with increasingly improved 

transmission capacity (2). All three generations of mobile 

communication standards are simultaneously present in 

Hungary in 2017 (3).

The mobile communication system consists of a cellular 

network of base and mobile stations (cellular phone or 

handset). The latter emits significantly less microwave 

power, however, its long-term close proximity to the head 

and torso results in more significant exposure in the general 

(not professional) population. The possible biological effects 

of microwave radiation are related to the energy absorption 

by living cells and their interactions at (he molecular, 

cellular, tissue and organism level. Since the relative 

permeability of biological materials is around unity, 

independently of the exposure frequency, whereas their 

relative permittivity is 10-200. the magnetic rather than 

electric component of EMF may be responsible for any 

biological effects (4).

The direct biophysical mechanism of the interaction of 

EMF and living tissues is still not clear; hou'ever. there arc 

several theories (I). Membranes play a crucial role in biology 

by ensuring compartmentalization and interaction of the inner 

and outer cellular spaces al the same time. The interplay 

between membrane potential and membrane conductivity 

regulates cell functions, and excitation of neurons and 

contractile cells among others. A direct membrane-polarizing 

effect of microwave radiation can be excluded since the 

average capacity of the cell membrane (I pF/cm) is 

considered as a short circuit above - I MHz. hence there is 

no voltage drop and energy dissipation induced across the 

membrane itself (5). However, a low-frequency modulated 

radiofrequency field can act differently. Moreover.

'Heart Institute. University of Pecs. Pecs. Hungary:

2Depariment of Public Health Medicine. Medical School. University of Pecs. Pecs, Hungary
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relatively novel marker of HRV. based on the Poincarc-plol. 

This asymmetry can be quantified as Guzik index (24) or 

Porta index (25). among others. HR/X reflects the dynamics 

of respiratory arrhythmia, namely temporal asymmetry of 

pulse rale acceleration and deceleration as a consequence of 

inspiration/expiration period ratio, first published by our 

research group in 2012 (26): Change in inspiration/expiration 

ratio by double-paced breathing from 1:2 to 1:1 or 2:1 is 

followed by corresponding change of HRA parameters. HRA 

measures can be more sensitive markers of respiration-heart 

rate coupling than standard HRV parameters: additionally, 

paced breathing ’stress-situation' requiring auditory and 

cortical functions also acts as a sensitizing factor.

hi (he available literature, there is no publication on the 

effect of cellular phone exposure on HRA parameters and at 

different paced inspiration/expiration period ratios. The aim 

of present study was to examine the influence of the acute 

effects of pulsed microwave irradiation from a commercial 

cellular phone on HRV and HRA parameters during various 

double-paced breathing patterns in healthy volunteers in 

randomized double-blind repeated-measures crossover design.

The study was approved by (he Regional Research Ethics 
Committee (approval number: 2013/4747) and was conducted in 
accordance with (he Declaration of Helsinki and ils later 
amendments. Twenty healthy volunteers (14 female and six male) 
were enrolled. Informed consent was obtained from all individual 
participants included in (he study. The mean age was 25.2 (range 21 
to 32) years. The majority of the volunteers did not smoke (17 
altogether), two people smoked fewer than 10 cigaretles/day. and 
one person smoked more than 10 cigareltes/day. Sixteen volunteers 
consumed alcohol occasionally, while four did not consume alcohol 
at all. Regarding coffee consumption, the population was 
heterogeneous: six did not consume al all. seven occasionally and 
seven regularly drank coffee. The mean body mass index (HMD of 
the group was within (he normal range: 21.8±2.5 kg/m2. The 
participants were not allowed to consume alcohol, coffee or 
cigarettes for 4 hours before the test.

A commercial Nokia 623()i mobile telephone (Nokia Corporation. 
Helsinki. Finland) was used for radiofrequency exposure working 
on an 1.800 MHz GSM network (217 Hz pulse rale: 0.577 ps pulse 
width, actual emissions during the experiment were not measured) 
with SAR value of 0.70 W/kg at the head (27). The call to the 
mobile phone was initiated from a landline unit in a neighbouring 
room until automatic disconnection at about I minute and 
25 sec. and then the number was redialled three more times over a 
6-minute period. The participants had no information on the 
emission of (he phone since it was in silent mode and was totally 
covered by an elastic bandage.

During each experimental siage. a 6-min-long single channel 
electrocardiogram (ECG) and respiration signal were recorded by a 
microcontroller-based, baUcry-powered. handheld data acquisition 
system (Laszld Hejjel. Pecs. Hungary). An ultra-rapid thermistor 
probe was fixed under the volunteer’s nose for monitoring 
respiration. The thermistor sensed the cooling and wanning of the

considering the resting membrane potential of-70inV results 

in an electric field gradient across the 5 nm-ihick cell 
membrane of E= I4xIO6V/rn. the external EMF used in 

communication arc negligibly weak to be able to directly act 

on membrane potential (6)- Furthermore, the quantum 

(ionizing) effect of microwave radiation at the molecular level 

can be disregarded considering the energy carried by photons 
with a frequency of 0300-.3t)()GH7 would be 1.24xl()"h to 

l.24xl()-’ eV. This amount of energy is well below the 

ionizing threshold of biological molecules (-13.6 eV) and 

even .smaller than the 0.027eV energy of Brownian motion at 

37’C (4). Today the most widely accepted and explored 

theory for interaction is based on the thermal effects of 

microwave radiation. The current safety limits are established 

based on this: however, there are several biological 

phenomena that cannot be explained simply by warming of 

tissues, and temperature changes cannot be detected al all 

behind some observed biological effects (1. 7). The physical 

basis for thermal effects is excitation by rotational resonance 

of dipole molecules induced by sinusoidal EMF, which is 

resisted by the molecular moment of inertia and friction with 

the surrounding particles, which increases the thermal energy 

of the object, resulting in its warming up. In the microwave 

range, water and similar small dipolar molecules are the 

target of resonant frequency, although conformational 

changes of proteins via their bound waler or molecular arms 

can also be considered targets. Depending on the 

inhomogeneity of the tissues, local hot-spots can arise, and 

due to the temperature-dependent nature of relative 

permittivity, focal thermal breakdown can occur (4).

The present applicable standard of maximal transmission 

power of a hand unit is 1.0 W at GSM 1800/1900 and 2.0 W 

at GSM 850/900 (8). The European Union specific 

absorption rate (SAR) limit for the public is 2.0 W/kg 

averaged over 10 g of tissue, but in a few countries the limit 

is 1.6 W/kg averaged over I g of tissue (9).

Exposure to EMF may have negative health effects even 

below the power defined in safety standards. Investigations 

into possible adverse biological effect of cellular phones are 

focused on (he central nervous system (CNS) and inner ear. 

because most of (he microwave radiation is absorbed here 

due to the anatomical proximity to the signal source (10-15). 

Conclusions of human trials on the impact of EMF on the 

autonomic nervous system are controversial (16-19).

HRV analysis is a non-invasivc assessment of the actions 

of the autonomic neuroendocrine system on the sinus node 

via the beat-to-beal fluctuations of the heart rate. This 

method is considered valuable in the prediction of 

progression and outcome in several diseases (20-22). Allas 

el al. found no difference in HRV in 35 healthy volunteers 

breathing spontaneously during l()-minute exposure to EMF 

from a commercial mobile phone forced at 2 W output peak 

power at 900 MHz (23). Heart rate asymmetry (HRA) is a 
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flowing air during inhalation and exhalation, respectively. The 
instrument also contained a metronome Io (rigger inspiration and 
expiration with two different frequency beeps. Standard 300-sccond 
lachograms (22) were extracted from the ECG records by ECGRdel 
v2.4 (Laszlo Hejjcl), while the HRV analysis was carried out with 
Varian v2.2 (Lasz.16 Hejjel). The mean time between two R-waves 
on the ECG (RR interval; MeanRR). standard deviation of normal- 
to-normal RR-intervals (SDNN), coefficient of variation 
(CV%=SDNN/MeanRR). root mean square of successive RR- 
intcrval differences (RMSSD) in the time domain (21. 22); high- 
frequency (HF) integral in the range of 0.15-0.40 Hz (in normalized 
units), low-frequency (LF) component at 0.01-0.15 5Hz (in 
normalized units) and LF/HF were analysed by fast Fourier 
transformation in the frequency domain (21. 22); Porta index and 
Guzik index (24. 25) were also computed as HRA parameters.

The study was carried out at our Institution in 2014 in the late 
afternoon, in quiet circumstances. The volunteers lay in a 
comfortable supine position with head elevated at 30° 15 minutes 
prior to data acquisition to allow orthostatic adaptation. The ECG 

electrodes along with the thermistor probe were placed on the 
subject, and (he mobile phone was fixed on their right ear with an 
elastic bandage imitating its position during use. The subjects were 
educated regarding metronome-controlled respiration during this 
adaptation period. Talking and movements were not allowed, since 
these can influence HRV parameters (2S).

Five consecutive 360-sccond-long stages were recorded for each 
volunteer. A T=4.5s breathing cycle (0.22 Hz) was ensured by 
participants breathing according (o the built-in beeper. Since 
previous studies have already demonstrated that single metronome- 
controlled versus spontaneous breathing does not differ as regards 
of HRV parameters, we did not investigate spontaneous respiration 
here in order to reduce the study duration and hence the stress on 
(he participants (29. 30). During the first stage, only inhalation was 
according to the metronome. In the second and fourth stages, 
inhalation and exhalation were triggered with beeps of two different 
frequencies, in an asymmetrical manner at a 1:2 (physiological) 
inspiraliomexpiration ratio. During the third and fifth stages, 
symmetrical breathing was paced, i.c. 1:1 inhalation:exhulation
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Figure I. Ro.x and whisker diagrams of the time domain parameters. .-I; Mean time between two R-waves on the ECG (RR interval). B: Standard 

deviation of RR intervals (SDNN). C: Cve/lk ieiil of variation (CV%). l>: Root mean square o/ successive RR interval differences (RMSSDl. Boses: 

Lower and upper quartiles, hoiizontal line: median value, whiskers: minimum and masimitm values, square: mean value. *Friedinan lest p-value. 

**post-hoe Wileoson s paired-sample test p-values. only significant dijferenccs are indicated. Insp: Ontv inspiration paced without exposure: 1:1 

symmetrically paced inspirution/espiration: 1:2 asymmetrically paced inspiratiim/e.xpiration: i: with irradiation: n: without irradiation.
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rulio. The radiofrequency exposure f'roin the mobile phone took 
place randomly either during the second and third, or during the 
fourth and fifth stages, blinded to both the volunteers and the person 
who analyzed the records. Valentini <7 <il. stated in their meta­
analysis that GSM-irradiation causes only transient cortical 
phenomena by EEG studies, therefore only the instantaneous effects 
of radiofrequency exposure were analysed (10). For this reason and 
in order to minimize the mental load of our investigation, only two
6-rninutc exposures were applied with 1:2 and 1:1 inspiration/ 
expiration ratios in contrast to the frequently applied 30-minute 
microwave exposure. The entire measurement needed about 45 
minutes per volunteer.

Statistical analysis was prepared using the statistiXL vl.S 
(statistiXL. Broadway Nedlands. Western Australia) plug-in in 
Microsoft Excel (Microsoft Corporation. Redmond. WA. USA). The 
figures were constructed with OriginPro v2()17 (OriginLab 
Corporation. Northampton. MA. USA). Non-parametric repeated- 
measures ANOVA by Friedman was applied for primary assessment. 
Values ol’psfl.O? were considered statistically significant. Wilcoxon 
paired-sample tests with the Holm-Bonfcrroni correction of 
significance level were applied post-hoc. In pairs, the following 
were compared: A; only inspiration controlled by metronome (Insp) 
with sham-exposed (i.e. not exposed) asymmetrically double­
triggered breathing (1:2n): B: 1:2n patient with (he pattern of non­
irradiated symmetrical (1:1 n): C: irradiated asymmetrical (1:2i) with 
irradiated symmetrical breathing (l:li): D: l:2n with l:2i: and E: 
I: I n with I: I i.

U. 
£ 2

Time domain analysis. The mean RR-intcrval changed 

significantly according to Friedman's test. Wilcoxon's 

paired-sample test post-hoc showed a significant difference 

(/?=0.002) between the Insp and 1:2 paced sham-exposed 

measurements even after Holm-Bonferroni correction. 

Further comparisons of the mean RR-intcrval showed no 

significant changes (Figure I A).

The Friedman test of SDNN parameters was statistically 

significant (Figure IB), post-hoc paired-sample assessment 

resulted in significant differences even after p-value correction 

between 1:2 and 1:1 breathing measurements under EMF 

exposure (/>=0.()09). The other comparisons regarding SDNN 

demonstrated no significant changes. Interestingly, the mean and 

median of SDNN were separated at 1:1 breathing with EMF 

irradiation. The CV% behaved similarly giving a statistically 

significant p=0.008 value on comparing 1:2i with 1:1 i series by 

post-hoc Wilcoxon s paired-sample lest (Figure IC).

The RMSSD resulted in significant differences by 

Friedman test (p=0.022) and again.only 1:2i with l:li series

On manual checking of the ECG and respiration recordings, 

no records were rejected due to poor signal quality, 

inappropriate breathing, arrhythmia or any other reason. 

Moreover, spectral analysis by fast Fourier transformation 

clearly showed the respiratory peak at around 0.22 Hz for 

each individual.

Figure 2. Bos and whisker dianrams of the frequency domain 

parameters . A: Hiyh frequency power in n<>rmali:ed units (HFNUt. B: 

Low frequency band power in normalized units (LFNU). C: Low 

frequeney/hii’h frequency power ratio (LF/HF). Boxes: Lower and upper 

quartiles, horizontal line: median value, whiskers: minimum and 

maximum values, square: mean value. By Friedman lest p=O.IO7 for 

each frequency domain parameter, no significant changes. Insp: Only 

inspiration paced without exposure: 1:1 symmetrically paced 

inspiraticndexpiralion: 1:2 asymmetrically paced inspirationlexpiration: 

i: with irradiation; ti: without irradiation.
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Recombination of the lime domain measurements. In order

to reject or confirm order-dependent effects, the five stages

Figure 4. Petirstm'x coi reluiion and Speanniin'x rank correlation test.1; 

between Porta and Guzik indices. The tests showed a significanttv 

strong positive correlation. Pearson correlation.' 1^=0.932, p<l).t>f><H; 

Spearman rank eonetalion: r\=O.y4S. p-I .<>22x t(P,x.

significantly strong positive correlation above 0.9 between
Porta and Guzik indices with pcO.OOl and p= I .O22x10“’\ 

respectively (Figure 4).

Frequency domain analysis. Among frequency domain 

parameters (LF. HF. LF/HF) no statistically significant 

differences were found by Friedman test (Figure 2). Due to 

the complementary nature of LF and HF power and the 

ranking in Friedman test, the p-values proved to be 

identical.
2 

04- 
0

gave significant differences by post-hoc Wilcoxon's paired- 

sample test (p=().OO8. Figure ID). The increase of the 

interquartile distance is evident here as well, representing a 

possible separation of the population during cellular phone

EMF exposure at symmetrical but not asymmetrical 

breathing together.

HRA analysis. The Friedman test resulted in statistically 

significant p-values for both Porta (/?=().016; Figure 3A) and 

Guzik (p=0.009; Figure 3B) indices. However, posi-hoc 

Wilcoxon's paired-sample test of Porta index demonstrated 

only a tendency for differences between 1:2 and 1:1 

breathing patterns in both comparisons sham-exposed and 

irradiated pairs (/>=0.0ll for l:2n r.v. ]:ln; p=0.024 at 1:2i 

for l:li) after Holm-Bonferroni correction of the 

significance level. Wilcoxon's paired-sample test for Guzik’s 

index showed similar results: />=().O27 for I:In v.r. 1:2n; 

p=().0H for l:li vj;. I:2i. There were no significant 

differences in either index between sham-exposed and 

irradiated groups comparing (he same breathing patterns: 

1:In vs. I:li and 1:2n v.y. 1:2i (Figure 3). Both Pearson's 

correlation and Spearman's rank correlation confirmed a
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Figure 3. fio\ and whisker diagrams of heart rate asymmetry (HRA) parameters. A.- Porta index. H: Guzik index. Roses: Lower and upper quartiles, 

horizontal line: median value, whiskers: minimum and maximum values, square: mean value. *Frie<lman test p-vahte. only significant differences 

are indicated: the examined post-hoc Wilcoxon's paired sample tests resulted in non-significam p-valties after Hulm-Ronferroni correction. Insp: 

(Inlv inspiration paced without exposure: 1:1 symmcirit allv paced inspiration/expiration: 1:2 asvinmeiriealiv paced inspiration/expiration: i: with 

irradiation: It: withiml irradiation.
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Figure 6. Root mean square <>/ stuxessivt differences (RMSSD) changes 

after separation of the firsi-e.xposed and second-exposed volunteers. 

Ruses: Lauer and upper quartiles, horizontal line: median value, 

whiskers: minimum and maximum values, square: mean value. 

Horizontal axis svith the breathing patterns, the serial number, and the 

presence of exposure. Insp - Only inspiration paced without exposure. 

1:1 svmmetricallv paced inspiration/expiration: 1:2 asvmmetricallv 

paced inspiration/expiration; i: with irradiation; n; without irradiation, 

bottom line: stage serial number.

Figure 5. Standard deviation (SDN’Nl changes according to the order of 

measurement and breathing pattern. Roses: Ixtwer and upper quartiles, 

horizontal line: median value, whiskers: minimum and maximum values, 

square: mean value. *Friedman test p-value. **post-hoc Wilcoxon's 

paired-sample test p-values. only significant dijferenees are indicated. 

Insp: Only inspiration paced without exposure: 1:1 symmetrically paced 

inspiration/expiration; 1:2 asymmetrically paced iitspiration/expiration; 

i: with irradiation; n: without irradiation.

Additionally to electric inhomogeneity and anisotropy of the 

human body, local EMF effects are influenced by the 

wavelength relative to the target size, penctraiion/damping 

and intracorporal reflections of the microwave besides 

passive and active thermoregulation processes, such as 

instantaneous regional blood flow. All these factors call for 

sophisticated numerical simulation studies, phantom model 

tests, careful extrapolation of experimental results, and 

further epidemiological investigations (4. 6). In the present 

study, the possible effects of pulsed, low-frcqucncy- 

modulated EMF emitted by mobile phones on the autonomic 

modulation of the heart rate was investigated by HRV and 

HRA analysis at different paced breathing patterns. We 

supposed altered breathing-respiratory sinus arrhythmia 

coupling on exposure which could be detected by HRA 

analysis. We did not find statistically significant differences 

in HRA parameters due to exposure, and even the earlier 

published (26) reporting on 1:1 r.v. 1:2 breathing did not 

reach statistically significant differences after Holm- 

Bonferroni correction of the significance level in spile of the 

similar study population and pace-adhered breathing verified 

by recordings. The powerful correlation of Guzik and Porta 

indices observed in this study also calls attention to their 

were regrouped in (he order of data acquisition ignoring 

irradiation: 11 volunteers were exposed in the 2nd and 3rd 

stage, while nine were exposed in the 4th and 5th stage. 

Figure 5 demonstrates that there were no significant 

differences in SDNN among the groups with identical 

breathing patterns independently of (he EMF exposure. 

Between the 1:1 and 1:2 groups. SDNN in the 2nd and 3rd 

stages differed. p=0.002 is considered a statistically 

significant difference even after Holm-Bonferroni correction. 

Exploring possible post-exposure effects, the 2nd and 3rd 

irradiation (n= 11) and 4th and 5th stage irradiation (n=9) 

groups were analyzed separately according to exposure 

versus sham-exposure, given that RMSSD reflects 

parasympathetic influence on heart rale. The 2nd and 3rd 

stage exposed groups gave the chance to examine post­

exposure effects up to 12 minutes (during the 4th and 5th 

stages) following a 12-minute EMF exposure. During 

exposure (n=11+9) and before exposure (n=9). the 1:1 

breathing resulted in greater median and mean RMSSD than 

with 1:2 breathing (Figure 6). Paradoxically, the post­

exposure analysis (n=l 1) showed lower mean and median 

RMSSD with 1:1 breathing. Due to the small number of 

people in the split groups, we did not perform further 

statistical analysis. However, this may be the explanation for 

the significant differences according to breathing patterns 

only between the 2nd and 3rd but not between the 4th and 

6th stages apparent in Figure 5.
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redundancy, since assuming a constant heart rate during the 

examination period, the number of heart beats and the inter­

beat differences in the accelerating and decelerating set of 

points of the Poincare plot are reciprocal, as detailed in our 

previous investigation (26).

On the other hand, wc detected statistically significant 

elevation of the SDNN. CV% and RMSSD parameters during 

irradiation in symmetrical but not in asymmetrical breathing 

patterns. Thus 1:1 paced breathing seems to be a sensitizing 

factor in HRV analysis, at least concerning the effects of EMF. 

The higher inter-individual variation of HRV in the I :li group 

(Figure IB-D) may be the result of the presence of some 

individuals with electromagnetic hypersensitivity, or due to the 

non-uniform power of exposure since actual emissions during 

the experiment were not measured: this is a limitation of the 

study. The power output of mobile phones is automatically set 

to the necessary minimum (31) in order to increase battery life 

and reduce emission. Individuals with electromagnetic 

hypersensitivity only comprise a minority of the population: 

they report symptoms that may be related to exposition to 

weak EMF (32). However. Hietancn and co-workers did not 

ascribe subjective complaints of adverse effects of mobile 

phone emission in a blind study on 20 healthy volunteers (33). 

In a meta-analysis (34) no evidence was found of a causal 

association of elcctrosensitivity and EMF. Ekiti and colleagues 

conducted a study similar in volume on EMF-scnsitive and 

healthy volunteers: combined GSM900. GSM 18()() and UMTS 

2000MHz base station-like exposure did not affect subjective 

well-being, skin conductance or pulse rate (35). Another 

limitation of our study is the fixed 1:2 and 1:1 sequence of 

breathing patterns, resulting in longer (altogether 12 minutes) 

exposure or a pre-exposed state al 1:1 breathing, however, we 

considered the negative results or only a rapidly recovering 

transient effect of previous authors (10, IS. 23. 35. 36) 

regarding cellular phone exposition and HRV, hence we 

focused on the immediate effects of exposure on HRV and 

HRA parameters. However, randomization made it possible to 

examine post-exposure effects in 11 volunteers, where we 

found opposite changes of RMSSD with 1:2 versus 1:1 

breathing patterns compared to the exposed (the same group 

n=l I) or pre-exposed (other group n=9) cohort (Figure 6). 

This can reflect vagal withdrawal following 12-minute-long 

mobile phone EMF irradiation.

HRV analysis is a relatively frequently used non-invasive 

method to analyse the acute impact of mobile phone 

irradiation on the autonomous modulation of cardiac 

functions. In our previous study (23). wc did not find any 

changes in standard HRV parameters during short-term 900 

MHz GSM EMF exposure in healthy volunteers. Parazzini et 

al. concluded that short-term RF irradiation of healthy young 

persons by mobile phone does not result in statistically 

significant changes but suggested a weak interaction of time 

domain parameters and LF power (36). Other researchers 

came to similar conclusions regarding blood pressure and 

spectral HRV parameters in 120 volunteers (18). Upon 

habitual exposure to mobile phone radiation, the time domain 

HRV parameters were lower and the LF/HF ratio was higher, 

suggesting a shift to sympathetic activation compared to 

controls not using cellular phone at all (37).

The mean RR-interval at the inspiration-only controlled 

first run was significantly shorter (corresponding to higher 

pulse rale) compared to 1:2 paced sham-exposed 

measurements. The latter was the second stage only in about 

the half of the participants considering the double-blind 

randomized exposure. The 15 minutes of orthostatic 

adaptation prior to recording excludes orthostatic effects: a 

stress reaction caused by the beginning of the recording or 

starling the paced breathing might be one explanation.

Szmigielski and co-workers detected altered diurnal 

rhythm of blood pressure and heart rate in people regularly 

working exposed to EMF compared to not exposed controls 

with the same working pattern (16). The effect was 

additionally proportional to the electric field strength, 

ranging from 20 to 550 V/m at 0.738-1.503 MHz. Braune 

and colleagues used a remote-controlled 900 MHz GSM 

phone al the right hemisphere for 35 minutes in 10 healthy 

volunteers and found an increase in capillary 

vasoconstriction due to increased efferent sympathetic 

activity resulting in higher systolic and diastolic blood 

pressures but (here were no changes in standard baroreflex 

tests (17). On (he other hand. Barker ef al. excluded any 

significant effect in mean arterial pressure and heart rale 

variability (HRV) parameters on short-term exposure by 

simulating GSM and TETRA handsets in 120 healthy 

subjects (18). Tahvanaincn and co-workers did not find any 

change in arterial blood pressure or heart rale during or after 

35 minutes of exposure at 900 or 1800 MHz at maximal 

allowed antenna power in a double-blind placebo-controlled 

crossover trial in 32 healthy volunteers (19).

Braune el al. suspected blood pressure elevation and 

increased efferent sympathetic activity due to cellular 

phone irradiation central effects since there were no 

changes in standard baroreflex tests (17). Our experimental 

setup demands more complex interaction between auditory 

(beep for pacing), cortical (recognition and differentiation 

of beep frequency and intentional breathing in and out), 

and autonomic centres (intentional breathing and reflex 

responses to intrathoracal and blood pressure changes), all 

of them localized in the vicinity of the microwave signal 

source. Valentini and co-workers concluded in their meta- 

analysis of the neurophysiological effects of mobile phone 

exposure that not only the cortex but also subcortical 

structures such as the hypothalamus and thalamus can be 

affected by pulsed microwave radiation since the alpha and 

sigma bands of EEG arc enhanced during exposure (10). 

However, in our study we cannot exclude the role of 
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haroreflexes following intrathoracal pressure changes due 

to breathing either at the receptor level or at processing in 

the brain stem. In addition, the carotid body is close to a 

mobile phone during use. so its function may also vary 

with exposure. We believe an interaction exists between 

the affected centres resulting in a delay of feedback which 

can increase HRV under 1:1 breathing and EMF exposure. 

This might be due to the excitation effect of cellular phone 

exposure on the brain (10). resulting in increased 

sympathetic activity in accordance with Braune et nl. (17) 

and Ekici and co-workers (37), considering also the 

relatively longer inspiratory period during the 1:1 

breathing compared to the 1:2 pattern. During inhalation, 

respiratory sinus acceleration is a result of vagal 

withdrawal and increased sympathetic flow. In our 

investigation, HF power (vagal effect) decreased and LF 

power (vagal and sympathetic interactions) increased upon 

exposure during 1:2 breathing (Figure 2). however, it did 

not reach statistical significance by the Friedman test. We 

suspect that microwave exposure acts mainly during 

inspiration.
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To our knowledge, the present examination was the first 

investigating HRA and HRV parameters with different 

paced inspiration/expiration ratios during short-term GSM 

cellular phone exposure in a double-blind repeated- 

measures design crossover trial. Significant HRA changes 

were not found on exposure compared to sham exposure, 

however, time domain HRV parameters on exposure were 

significantly different at 1:1 paced but not at 1:2 paced 

breathing, considering symmetrical breathing as a 

sensitizing factor. We observed a mild post-exposure effect 

regarding RMSSD. This finding reflects persisting acute 

effects of GSM handset emission on the autonomic 

nervous system, although exploring its real effects on 

health status and on survival, as well as the elucidation of 

any underlying physiopathology, call for further higher- 

volume double-blind studies focused on respiration­

circulation coupling. Our study reproduced the HRA 

changes accordingly to the metronome-controlled 

inspiration/expiration ratios. The strong correlation of 

Porta and Guzik indices was also demonstrated in the 

overall study raising (heir redundant nature. Symmetrical 

breathing (1:1 inspiratiomexpiration ratio) can be used as 

sensitizing factor or ’stress test' in other HRV/HRA 

analysis studies.
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he Victorian Auditor-General's November 2009 
report1 criticized the rollout of smart meters, which 
had commenced in 2009 under a previous 

government’s mandate from 2006. As a result, a freshly
elected Victorian Premier announced in 2010 that his 
government would review the program. Following a number 
of reports, including those by Deloitte/ EMC Technologies? 
and Lockstep Consulting? the new Victorian government 
announced on December 14, 2011, that it would continue 
with the program. Although the program would result in an 
overall net cost to consumers of $319 million dollars (NPV at

Outcome Measures • The author used her medical 
experience and judgment to group symptoms into 
clinically relevant clusters (eg, pain in the head was 
grouped with headache, tinnitus was grouped with ringing 
in the ears). The author stayed quite close to the wording 
used in the original entries. She then calculated total 
numbers and percentages for each symptom cluster. 
Percentages were rounded to the nearest whole number.
Results • The most frequently reported symptoms from 
exposure to smart meters were (1) insomnia, (2) headaches, 
(3) tinnitus, (4) fatigue, (5) cognitive disturbances, 
(6) dysesthesias (abnormal sensation), and (7) dizziness. 
The effects of these symptoms on people’s lives were 
significant.
Conclusions • Review of some key studies, both recent 
and old (1971), reveals that the participants’ symptoms 
were the same as those reported by people exposed to 
radiofrequency fields emitted by devices other than smart 
meters. Interestingly, the vast majority of Victorian cases 
did not state that they had been sufferers of electromagnetic 
hypersensitivity syndrome (EHS) prior to exposure to the 
wireless meters, which points to the possibility that smart 
meters may have unique characteristics that lower people’s 
threshold for symptom development. (Altern Ther Health 
Med. 2014;20(6):28-39.)

Self-Reporting of Symptom Development From
Exposure to Radiofrequency Fields of Wireless 

Smart Meters in Victoria, Australia: A Case Series

ABSTRACT
Context • In 2006, the government in the state of Victoria, 
Australia, mandated the rollout of smart meters in 
Victoria, which effectively removed a whole population’s 
ability to avoid exposure to human-made high-frequency 
nonionizing radiation. This issue appears to constitute an 
unprecedented public health challenge for Victoria. By 
August 2013, 142 people had reported adverse health 
effects from wireless smart meters by submitting 
information on an Australian public Web site using its 
health and legal registers.
Objective ♦ The study evaluated the information in the 
registers to determine the types of symptoms that 
Victorian residents were developing from exposure to 
wireless smart meters.
Design • In this case series, the registers’ managers 
eliminated those cases that did not clearly identify the 
people providing information by name, surname, postal 
address, and/or e-mail to make sure that they were 
genuine registrants. Then they obtained consent from 
participants to have their deidentified data used to compile 
the data for the case series. The author later removed any 
individual from outside of Victoria.
Participants • The study included 92 residents of Victoria, 
Australia.
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2008 values), Deloitte’s analysis of the costs and benefits of which involves transmission from each meter directly to a 
the program had concluded that it made economic sense to collection tower in a star-like configuration.6-9 
continue given that a large portion of the costs had already Smart meters do not have to be wireless. Italy has 
been sunk into the project? The rollout was scheduled to completed the largest smart meter rollout to date. Their smart 
conclude by the end of 2013, but the deadline has been meters are hard-wired and communicate over the existing 
extended because of delays caused by technical difficulties, power lines.111 Other options have been proposed, such as 
inaccessible sites, and customer refusals. communication via telephone lines, whereas fiber optic cabling

has already been successfully deployed in other parts of the 
Issues Surrounding Rollout world.11 Claims have been made that all types of electronic

After installation of wireless smart meters began, meters, including wired smart meters, can introduce dirty
anecdotes of people developing symptoms started to be electricity (ie, high-frequency voltage transients and
reported in mainstream media. For example, an article in the harmonics) along the wiring of a house, because of their
Herald Sun in Melbourne reported that Marc and Maureen switching-mode power supply, as well as back into the main
Florio and their 4 children had left their home, claiming that powerline.12 The function of the switching-mode power supply
they had been experiencing constant headaches and sleep is to convert alternating current (AC) coming in from the
deprivation since a neighbor’s smart meter had been power lines to direct current (DC), which is required to run
installed 3 weeks earlier.5 the electronic meter. This process creates high frequency

Public concerns over a number of issues with the voltage spikes, which are emitted constantly, 24/7, and which
compulsory rollout of smart meters have since intensified travel along building wires and radiate outward from them,
and multiplied. They have included (1) adverse health effects; Critics claim that this dirty electricity can lead to short- and
(2) safety issues, such as a possible increased risk of house long-term, adverse health effects.111’ 
fires; (3) the incompatibility of the smart meter with existing 
wiring and appliances, possibly causing damage to electrical Sources of Radiation 
devices in the home; (4) privacy issues surrounding the Electromagnetic fields (EMFs) is a broad term that 
collection and on-selling of vast amounts of data that reveal encompasses both natural and human-made sources of 
customers’energy usage patterns; (5) security issues, such as radiation. The electromagnetic spectrum describes the 
those inherent in any type of wireless communication (ie, a continuum of different frequencies put together with the
vulnerability to hacking and to cyber-attacks); (6) cost associated wavelength of each frequency.1,1-’5 The frequency is
concerns; and (7) a perceived lack of democratic process the number of oscillations or cycles per second, whereas 
because of the way in which the rollout had proceeded? In wavelength describes the distance between successive peaks 
response to these concerns. Energy Safe Victoria (ESV) of a wave.'6 As a result, wavelength and frequency are
released a report in July 2012, “Safety of Advanced Metering inseparably intertwined: The higher the frequency, the
Infrastructure in Victoria,” which stated that “smart meters shorter the wavelength is.14 The electromagnetic spectrum is 
are safe,”7 notwithstanding the fact that ESV had mentioned divided into 2 main types: (I) ionizing radiation, which 
in their draft in May 2012 that the issue of possible health comprises cosmic and gamma rays, X-rays, and ultraviolet
effects was “beyond the detailed scope” of the report." rays; and (2) nonionizing radiation.14,1517

Victorias smart meters are electronic meters that are Ionizing radiation has so much energy per quantum that 
capable of measuring electricity consumption in 30-minute it is able to break chemical bonds between molecules.14 The 
intervals and have a transmitter/antenna that is able to negative effect on health of ionizing radiation is well
broadcast the collected data wirelessly to the base? Victorias recognized.17 In this report, however, the term radiation will
smart meters also have a second internal antenna for the be used to describe nonionizing radiation, which does not 
Home Area Network (HAN) radio, which can be turned on carry sufficient energy to break molecular bonds.14 
when requested by the customer? The electronic meter is all Nonionizing radiation includes (1) extremely low- 
that is needed to implement time-of-use tariffs (ie, charging frequency fields, such as those emitted by electrical appliances
different rates for electricity at different times); however, the and power lines; (2) intermediate-frequency fields, such as
remote-reading function means that meter readers are no those used in some antitheft and security systems; and
longer required and that the power companies can disconnect (3) high-frequency radiation, which includes radiofrequency
and reconnect power remotely? In effect, a smart grid, as fields, such as those produced by mobile telephones, television
opposed to deployment of electronic meters, constitutes the and radio transmitters, and radar, as well as microwaves, a
power companies’ communication system. The bulk of subset of radiofrequency radiation, which have frequencies
Victoria’s power distributors use wireless mesh networks that in the 300 MHz to 300 GHz range.16 The last are used in
rely on the smart meters to act as relay stations, with microwave ovens and for wireless Internet.1415
households’ data hopping unpredictably from meter to These definitions are arbitrary but represent a useful way 
meter, thus forming a mesh? Any reflective surface can cause of describing different parts of the nonionizing component 
a deviation in the transmission route of the radiofrequency of the spectrum. Discussions of and research on the effects of 
signal. One distributor has deployed a WiMax network, nonionizing radiation revolve around thermal and
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state the symptoms from which they were suffering that they 
believed had resulted from exposure to electromagnetic 
radiation (EMR) that had been emitted from smart meters. 
The information could be submitted online or the form could 
be printed and filled in by hand, then sent to a designated 
postal address. Neither form of registration posed direct 
questions about types of symptoms or offered any form of 
tick-a-box questionnaire, thereby avoiding the suggestion of 
various symptoms, and both steered clear of a recruitment­
style approach to the collection of information.

The author subsequently approached the managers of 
the Web site and the registers, and based on her status as a 
medical practitioner, she received permission to view people’s 
deidentified data in both registers in hard-copy form. It was 
immediately apparent to the author that people from 
disparate parts of Victoria were listing the same or similar 
symptoms from exposure to smart meters. The majority of 
people could not possibly have known each other, and they 
certainly had no access to information that had been 
registered by others, as data sent to the registers had been 
kept strictly private and confidential. Because the information 
appeared to point to a new and ongoing public health 
problem for Victoria, the author decided that a case series 
report, based on the cases in the registers, was warranted.

nonthermal effects.17 According to the main regulatory 
agencies in Australia and the United States, only thermal 
effects are capable of affecting human health17; however, this 
article will deal exclusively with the nonthermal, or biological, 
effects on humans of nonionizing radiation. For this reason, 
the author has used the terms radiation, radiofrequency, and 
microwaves interchangeably in this article.

As societies industrialize, an unprecedented increase in 
the number and diversity of EMF sources occurs.11* These 
sources include (1) video display units (VDUs) associated 
with computers and mobile phones and their base stations,11* 
(2) wireless Internet, (3) digital television and radio, and— 
more recently—(4) wireless utility meters and their 
associated infrastructure. For some time, individuals have 
reported a variety of health problems that they relate to 
exposure to EMF.18

METHODOLOGY
The author began by enlisting the agreement and 

cooperation of the managers of the public Web site and 
registers and by instructing them on her planned methodology. 
The managers were given the task of selecting appropriate 
cases from both their health register and legal register. The 
cases were included when the managers could clearly identify 
the person by name, surname, postal address, and/or e-mail 
address to make sure that they were genuine registrants. In the 
case of children, name and surname, together with postal 
address and/or e-mail address of at least 1 parent, were 
considered sufficient for identification of the child.

The managers then proceeded to print or photocopy 
each qualifying individuals entry and to deidentify each case, 
providing the author with each person's gender, date of birth, 
and the name of his or her residential suburb. The author 
considered these details important for statistical purposes. 
Children’s symptoms were reported by their parents. E-mail 
addresses and phone numbers were hidden by the registers’ 
managers, and the author made no attempt to contact any 
person to obtain additional details or ask for clarification(s). 
This practice was judged by the author to be appropriate, not 
only for the maintenance of anonymity but also because any 
further questioning would have had the potential to introduce 
biases in reporting and interfere with its spontaneous and 
unsolicited nature. What was not written or written clearly 
was simply omitted from the report. This fact must be kept in 
mind when reading the case series.

The Web site’s managers then proceeded to seek signed 
written consent to use peoples deidentified data to compile a 
report. This request was done by sending a letter to each 

Electromagnetic Hypersensitivity Syndrome
Electromagnetic hypersensitivity syndrome (EHS) is 

characterized by a variety of nonspecific symptoms. The 
most common ones include dermatological symptoms— 
redness, tingling, and burning sensations—as well as 
neurasthenic and vegetative symptoms—fatigue, tiredness, 
concentration difficulties, dizziness, nausea, heart 
palpitations, and digestive disturbances.1" This syndrome was 
first described by Russian researchers in the 1950s, who 
called it microwave sickness.17

Although the range of estimates of the EHS prevalence 
in the general population is broad, a survey of self-help 
groups has indicated that approximately 10% of reported 
cases have been considered severe.1" The World Health 
Organization (WHO) has expressed a willingness to consider 
professional and public input on evidence supporting the 
inclusion of EHS into the 11th version of the International 
Classification of Diseases (1CD), to be released in 2O15.15 
Various national governments have also recognized EHS as 
an emerging public problem. Sweden classifies EHS as a 
functional impairment,15 whereas the Council of Europe 
Resolution 1815 calls for particular attention to be paid to 
the needs of electrosensitive people and for the introduction 
of special measures to protect them, including the creation of 
wave-free areas not covered by the wireless network.1’

In May 2013, the author of the current study became 
aware that people were registering adverse health effects 
from smart meters on a public Web site. Two ways existed for 
people to register: (1) a health register and (2) a legal register. 
The health register requested that people send their data to a 
specific e-mail address if they believed that their health had 
been affected following installation of smart meters, asking 2 
questions: (1) “Are you hypersensitive to electromagnetic 
radiation from sources such as smart meters and mobile 
phones?” and (2) “Has your health been affected following 
the installation of smart meters?” The legal register 
contained 1 similarly worded open-ended question: “Do you 
believe your health has been affected by the installation of 
smart meters?” If the answer was “yes," people were asked to 
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Figure 1. Map of Victoria and Places of Residence of the 
People in the Study’s Cases

individual, mainly via post, but in a few cases in which postal 
addresses were not available, via e-mail. In the case of 
children, consent had to be signed by 1 of the parents. One 
case was drawn directly from the public side of the earlier- 
mentioned Web site, and for this reason, consent was not 
sought for that case because it was already available in the 
public domain. The Web site contained a significant number 
of publicly available cases of symptoms from smart meters; 
however, the chosen case was included because it was the 
only one that provided fully identifiable details: name, 
surname, residential address, and phone number. The author 
subsequently removed 1 case from outside the state of 
Victoria and 1 from a resident of New Zealand.

Of 142 fully identifiable cases before this removal, 91 
consented, with the 1 additional case being in the public 
domain and not requiring consent. Therefore, the sample size 
was 92, and the author received all deidentified submissions 
in hard-copy form only. They were stored in her home office 
under lock and key. The author intends to keep all documents 
for a period of 5 years after publication of this article. At the 
end of this period, the documents will be destroyed.

For the results, the author has used her medical 
experience and judgment to group symptoms into clinically 
relevant clusters (eg, pain in the head was grouped with 
headache; tinnitus was grouped with ringing in the ears). The 
author has stayed quite close to the wording used in the 
original entries. Total numbers and percentages were 
calculated for each symptom cluster. Percentage values were 
rounded to the nearest whole number.

Figure 2. Five Most Common Symptoms 

60%-

meters had aggravated their conditions. The place of 
residence of the person representing each case study was 
important, because the locations illustrate that individuals 
reporting symptoms were not concentrated in 1 geographical 
area but were from different and varied parts of metropolitan 
and rural Victoria. Figure 1 shows the residential locations of 
the current study’s cases marked with red dots; 67% of the 
Victorians in this study lived within Melbourne’s metropolitan 
area (ie, Melbourne’s suburbs), which is shaded a darker 
green on the map. This correlates almost perfectly with 
current demographics for the state, which show more than 
70% of all Victorians living in Melbourne’s suburbs.

As Figure 2 shows, the most common symptoms were 
(1) insomnia, sleep disturbance, or sleep disruption—44 
people (48%); (2) headaches, head pain, or dull head—41 
people (45%); (3) tinnitus, ringing in the ears, or 
buzzing/noises in the ears—30 people (33%); (4) tiredness, 
lethargy, or fatigue, including chronic fatigue, exhaustion, or 
weakness—29 people (32%); and (5) cognitive disturbances, 
inability to concentrate or think, disorientation, or memory 
loss—28 people (30%). Table 1 identifies the symptoms that 
were experienced by participants, other than the 5 most 
common, with their incidence.

RESULTS
Of the 92 participants reporting symptoms from exposure 

to wireless smart meters, 87 were adults and 5 were children. 
Of the adults, the youngest person was 23 years of age and the 
oldest was 74; 55 (63%) were female and 32 (37%) were male. 
The children were aged 6,10, and 14 years, with the ages of the 
remaining 2 children unknown. The childrens group was 
composed of 2 females and 3 males. Therefore, for the total 
group, 57 (62%) were female and 35 (38%) were male.

Of all the individuals, 39 (42%) did not specify whether 
their symptoms were caused by their neighbors’ or their own 
smart meters. This lack of information was not surprising, 
because that kind of information was not sought in either the 
health or the legal registers. Iherefore, it is of note that a total 
of 53 people (58%) volunteered this data: (1) 27 (29%) 
claimed that their symptoms were from exposure to their 
neighbors’ smart meters, (2) 20 (22%) thought the adverse 
health effects were from a smart meter at their own homes, 
and (3) 2 wrote that their symptoms were from both their 
neighbors’ and their own smart meters. It is also interesting 
that 3 people stated that they experienced symptoms when 
visiting friends or relatives who had a smart meter, and 1 
person became ill after exposure to a smart meter at work.

Only 7 people (8%) stated that they considered 
themselves to have been suffering from EHS prior to smart 
meter exposure. Of these, 2 felt that radiation from smart

100 kilometres
62 miles



Table 1. Other Symptoms

Abbreviations: EHS = electromagnetic hypersensitivity syndrome.
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It is concerning that 40% of all participants reported 4 or 
more symptoms, as this finding is very likely to be predictive 
of a greater level of disability (Figure 3);-Eleven percent-had 
developed only 3 symptoms, 20% only 2 symptoms, and 29% 
only 1 symptom. Note that the author counted “adverse 
health effect(s) not otherwise specified” as 1 symptom. She is 
of the opinion that even 1 symptom, depending on its type 
and severity, could result in significant disruption for an 
individual. An example of this result is the experience of the 
person in Case 82, an adult male who developed only 1 

Symptom/Symptom Cluster ,

Dysesthesias, including nerve pain, neuropathy, burning sensations, tremors, cold extremities, and 
poor circulation

Dizziness/loss of balance

Heart palpitations

Nausea

Onset of EHS

Pain (in joints, bones, muscles, other and including arthritic changes)

Pressure/heat/weird feeling in or on head

Anxiety/agitation/irritability/restlessness

Adverse health effects not otherwise specified

Problems with eyes or eyesight/blurred vision

Chest pain/pain in the heart

Rashes/skin irritation/skin discoloration/dry skin

Aggravation of pre-existing medical condition

Digestive problems/bowcl irritability/stomach pain

Muscle spasms/cramps/twitches________________________________________________________

Nose bleeds

Ear problems (ear pain, loss of hearing)

Depression/loss of motivation

Increased rate of infections/colds

Allergies/food sensitivities

Aggravation of EHS

Sinus problems_______ __ _____________________________________ ______________________

Lump in throat/sore throat

Weight loss/loss of appetite____________________________________________________________

Swollen face/lips_____________________________________________________________________

Bladder infections/strains 

Flu-like symptoms _____ _____________________________________________________________

Dehydration/thirst

Weight gain 

Inability to talk_______________________________________________________________________

Loss of motor skills

Loss of feeling and movement from waist down

symptom—chronic, severe nerve pain—and had to go on a 
disability pension as a result.
— It may reasonably be expected that a random sample of 

the population would also report a number of symptoms at 
any one time, but the difference in these cases is that all 
people in this study self-reported symptoms that they 
attributed directly to smart meters. Because EHS is a self­
reported syndrome and given the current absence of a 
reliable assessment tool for identifying EHS in individuals, 
Eltiti et al’0 concluded that researchers have to rely on the

n(%)

20 (22%)

19(21%)

16(17%)

15 (16%) 

14(15%)

13 (14%) 

12(13%) 

12(13%)

11 (12%) 

10(11%) 

9(10%)

7(8%) 

6(7%)

5(5%)

5(5%)

4 (4%)

3 (3%) 

3(3%)

3(3%)

3(3%)

2(2%)

2(2%)

2(2%)

2 (2%) 

2(2%) 

2(2%)

1 (1%)

I (1%) 

1 (1%) 

1 (1%)

1 (1%)

1 (1%)



Table 2. Effect on Peoples LivesFigure 3. Number of Symptoms per Person
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Effect
1. Having to go on a disability pension
2. Not being able to use part of one’s house
3. Restricting freedom of movement
4. Spending a lot of money on shielding products
5. Causing financial problems
6. Causing relationship problems
7. Having to undergo otherwise unnecessary medical 

investigations
8. Needing to see a psychologist and doctors
9. Producing general deterioration in quality of life

10. Needing to restrict time spent using a computer
11. Needing to avoid all EMR-emitting devices
12. Being unable to drive
13. Causing secondary stress
14. Having to temporarily move out of one’s home while it 

was being shielded
15. Developing concerns about long-term effects of 

exposure
16. Relocating bedroom
17. Decreased performance at work
18. Being unable to work
19. Being able to feel normal only when away from home
20. Causing several issues, such as lethargy or cognitive

impairment, secondary to sleep disturbances
21. Needing to move into a caravan 25 km out of town
22. Sleeping in a van for 6 months
23. Relocating to another state

Figure 1 shows that people in this study were from 
disparate parts of the state of Victoria. They were from 
metropolitan as well as regional and rural areas and were not 
concentrated in any geographical area, which makes possible 
causes of symptoms related to a specific location unlikely 
(eg, proximity to airports, wind farms, open-cut coal mines, 
or chemicals used in agriculture). It is also unlikely for the 
reported symptoms to be associated with any seasonal factor 
(eg, extremes of temperatures, degree of humidity, bushfire 
smoke, or a high pollen count), because the reporting period 
stretched between September 2012 and August 2013, which 
meant that symptoms were reported during all 4 seasons.

Smart meters represent an ubiquitous presence throughout 
the state of Victoria, having been rolled out across the entire 
state. Their presence is not subject to seasonal variation. 
Therefore, they are a credible possible cause of the symptoms 
reported in this study, although a case series cannot prove 
causality. It can and does, however, offer a new hypothesis, one 
that will have to be tested by further research.

More than one-half (55) of all the cases did not state 
what effect the symptoms had had on their lives. This lack is 
possibly caused by the fact that the registration of their 
symptoms occurred in an open-ended style that did not

individual’s self-diagnosis of their symptoms as caused by 
exposure to EMF. The researchers proposed an EHS screening 
tool that is centered on the fact that an individual explicitly 
attributes his or her symptoms to exposure to EMF-producing 
object(s).20

Similarly, a survey conducted by the Dutch 
Electrohypersensitivity Foundation in 2007 argues that EMF- 
affected individuals simply know, often by experimentation, 
that certain pieces of electrical equipment, installations, or 
facilities make them sick and that most of the problems are 
solved when these items are switched off or the EMF 
exposure is lowered by shielding or increasing the distance 
from a device.21 This statement mirrors the experience of the 
majority of the Victorian cohort, who were specific in their 
description of their health problems as being directly related 
to smart meter exposure. A chronological relationship 
existed between the onset of exposure and symptom 
development.

A chronological relationship between length of exposure 
and an increase in the number or severity of symptoms, 
however, did not necessarily exist. This finding suggested a 
possible all-or-nothing mechanism, whereby smart meter 
exposure leads people to reach a personal threshold beyond 
which adverse health effects are consciously perceived. More 
than one-half (58%) of all the current participants also 
volunteered a statement with regard to the location of the 
smart meter(s) that they had identified as causing their 
symptom(s) and described clear alleviation of symptom(s) 
when they moved away from the smart meter(s) or when 
shielded from the smart meter(s).

As a consequence, a large number of people self-helped 
either by using shielding measures or by putting distance 
between themselves and the smart meter(s), which meant 
either relocating their bedrooms, moving to another 
residence, ceasing employment, restricting their movement 
in general, or moving out of the state of Victoria (Table 2).

r 

L k



34 ALTERNATIVE THERAPIES, NOV/DEC 2014 VOL. 20, 6 Lamech—Symptoms From Radiofrequency Exposure in Victoria. Australia

directly ask questions other than whether they thought that changes and/or pyramidal tract lesions as mentioned in the 
smart meters had affected their health. Moreover, participants 1971 report; and (15) loss of motor skills or loss of feeling and 
had consented for their deidentified data to be used to movement from the waist down, which are both consistent 
compile a report at a time after their initial submission to the with pyramidal tract lesions and effects on locomotor nerves 
Web site’s registers. This situation had the benefit of that are listed in the NMRI paper. In looking at these 
eliminating the likelihood of a real or perceived secondary symptoms that were not obviously listed in the NMRI report, 
gain for registrants but also led to the writing of short, simple it is important to keep in mind that the language of that report 
statements that did not elaborate on how the symptoms had was more technical and clinical compared with the current 
affected their lives. Table 2 provides details about the effect case series, in which the author has purposely stayed true to 
on the lives of the 37 people who made a statement about the wording and terms used by participants and which is, 
those effects.. therefore, less technical and less interpretive.

In 1990, a study was commissioned in response to a 
DISCUSSION petition that had been signed by a group of residents in
Biological Effects of Radiation Schwarzenburg, Switzerland, who claimed to be experiencing ill

With regard to the reported symptomatology related to health from a shortwave-radio transmitter present in their small 
wireless smart meters, it is interesting to look back at a town. The Federal Office of Energy was charged with setting up 
research report by Dr Zorach R. Glaser for the Naval Medical a study group, which was chaired by Dr J. Cattin, head of the 
Research Institute (NMRI) in the United States, completed in Section Energy Management, and which included the University 
1971 and revised in 1972.” The report lists in excess of 2300 of Berne and Swiss Telecom, among others.23 The study was 
references on the biological responses to radiofrequency and criticized, particularly because of Swiss Telecoms involvement 
microwave radiation in its bibliography. What is immediately and because of its 5-year duration, which was too short a time 
apparent is the fact that most of the symptoms reported in the foranyconclusivefindingsonlong-termhealtheffects,including 
current case series were also present in the NMRI report. This cancer, to emerge.24 It nevertheless revealed some impressive
fact indicates that biological effects from nonionizing radiation understandings on short-term effects from exposure to
are the same irrespective of the device that emits them— radiofrequency fields. The most important of these effects was
accounting for frequency, intensity, and duration—and that that of sleep disruption, which was very common, affecting 55%
such biological effects were already known and reported to the of those older than 45 years, and which was directly associated
public in 1971. In fact, Glaser mentions 2 even earlier studies with the electromagnetic-field strength of the transmitter.23
that were both published in 1969.22ThevalueofGlaser’sreport Other symptoms reported by residents included headaches,
lies particularly in its lack of bias and conflict of interest tiredness, general weakness, irritability, nervousness, limb pain,
because the sponsoring department was the Bureau of lower-back pain, and palpitations. Most important, personality
Medicine and Surgery (Navy) in Washington, DC. studies were carried out that showed that symptoms were not

In terms of the biological symptoms listed, an almost related to a health-worrying personality but displayed a dose­
complete overlap exists with symptoms reported in the current response relationship with logistic regression. The strong
case series. All commonly reported symptoms in the current correlation between the type of symptoms experienced by the
case series, such as insomnia, headaches, tinnitus (described as Victorian cohort and by the residents of Schwarzenburg,
buzzing about the ears in the NMRI document), fatigue, together with the shared high prevalence of sleep disruptions in
cognitive disturbances, memory problems, dizziness, buzzing bothgroups.shouldfurtherinformassessmentofthesignificance 
in the head, heart rate problems, eye problems, chest pain, of the findings of the current case series.
dysesthesias, anxiety, and restlessness are very clearly biological A consensus paper of the Austrian Medical Associations
symptoms that were listed in Glasers report,22 together with EMF Working Group, adopted on March 3,2012, in Vienna and 
less common symptoms, such as heat/weird feeling in/on the titled “Guideline of the Austrian Medical Association for the 
head, skin problems, digestive problems, muscle cramps, sinus Diagnosis and Treatment of EMF-related Health Problems and 
problems, depression, loss of appetite, and dehydration.22 Illnesses (EMF Syndrome),” mentions a survey carried out in

The symptoms reported by Victorians but not mentioned Switzerland in 2001.25 In it, 394 respondents attributed specific
in the 1971 report are (1) nausea; (2) pressure in the head; health problems to EMF exposure. The following symptoms
(3) pain other than head or chest pain, although the pain could were reported: (1) sleep problems (58%), (2) headaches (41 %),
be caused by changes in oxidative processes tn tissues as listed (3) nervousness (19%), (4) fatigue (18%), and (5) difficulty

-by Glaser, and consequent tissue inflammation; (4) shortness of concentrating (16%). It is apparent at first glance that the first 2
breath; (5) ear problems—pain and decreased hearing; symptoms are of the same order of frequency as for the
(6) allergies and food sensitivities; (7) nose bleeds; (8) increased Victorians in the current case series (Figure 4). A very similar
rate of infections/colds; (9) bladder infections/strains (10) flu- percentage of people complained of headaches in both the
like symptoms; (11) lumps in the throat (the NMRI report current study (45%) and the Swiss one (41%). A similar, albeit
instead mentions a peculiar metallic taste in the mouth); slightly lower, number of participants reported sleep problems,
(12) swollen face or swollen lips; (13) weight gain; (14) inability such as insomnia and frequent waking, in Victoria (48%) versus
to talk, which could be caused by electroencephalogram (EEG) those reported in the Swiss study (58%). All 5 symptoms



Figure 4. Victorian Cohort Versus Swiss Study
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Table 3. Summary of Biological Effects of Nonionizing 
Radiation

Effects
1. Pathological leakage of the blood-brain barrier, which 

allows toxins into brain tissues
2. Pathological leakage of the blood-gut barrier
3. Altered immune function, including increased allergic 

and inflammatory responses
4. Cardiovascular effects, particularly on blood pressure 

and heart rate
5. Disregulation of circadian rhythms and reduced 

melatonin production, which may account for 

insomnia
6. Nervous system effects, which include altered 

brainwave activity, changes in neuronal functioning 
and changes in autonomic nervous system 
electrophysiology

7. Desynchronization of neural activity that regulates 
critical functions in brain, gut, and heart

8. Lipid peroxidation of cell membranes
9. Elevated intracellular calcium with consequent 

disruption of cell metabolism
10. Poorly functioning mitochondria
11. Production of stress proteins as a result of the direct 

interaction of EMF with the DNA molecule, whereby 
DNA acts as a fractal antenna (because of its coiled-coil 
configuration)

12. Altered biochemical functions and production of 
hormones

13. Increased production of free radicals and deficiencies 
of antioxidants such as glutathione and melatonin 
leading to oxidative stress

Difficulty Nervousness
Concentrating

H Swiss study-

reported in the Swiss survey corresponded to symptoms 
experienced by the Victorian cohort, with fatigue (32%) and 
difficulty concentrating (30%) being more common in 
Victoria and nervousness (anxiety/agitation) (13%) being 
less common.

The Austrian Guidelines also list a number of what their 
authors consider to be EMF-related symptoms: sleep 
problems, fatigue, exhaustion, lack of energy, restlessness, 
heart palpitations, muscle and joint pain, headaches, 
depression, difficulty concentrating, forgetfulness, anxiety, 
urinary urgency, anomia, dizziness, tinnitus, and a sensation 
of pressure in the head and the ears?5 Al) listed symptoms 
were experienced by Victorians in the current study, if the 
reader accepts that anomia corresponds with inability to talk 
and urinary urgency to bladder infections/strains.

Short-term effects from exposure to radiofrequency 
fields are also mentioned in another recent publication, the 
BioInitiative 2012 report prepared by 29 independent 
scientists and health experts from around the world. It 
documents bioeffects (ie, adverse health effects) and public 
health conclusions about effects of nonionizing radiation, 
including radiofrequency microwave fields. It replaces the 
Biolnitiativc 2007 report.2* These effects involve cognition; 
memory and learning; behavior; reaction time; attention and 
concentration; and altered brainwave activity (altered EEG), 
as well as insomnia; discomfort; loss of well-being; sleep 
disruption; aberrant immune, allergic, and inflammatory 
responses in tissues; interference with normal cardiac 
function; alteration of circadian rhythms; and 
desynchronization of neural activity that regulates critical 
functions in the brain, gut, and heart. Radiofrequencies can 
act as disrupters of synchronized neural activity.

The BioInitiative report offers a detailed explanation on 
how environmental exposures to artificial EMFs can interact 
with fundamental biological processes in the human body?'’ 
This finding should not be unexpected because “human beings 
are bioelectrical systems.”2* In addition to short-term effects, 
the report dwells on the long-term sequelae (pathological

conditions) from chronic exposure to nonionizing radiation, 
which include genotoxicity and DNA breakages among 
others.26 It is not strictly within the scope of this case series to 
explain the biophysical mechanisms that may account for 
acute symptoms or effects or to discuss the long-term serious 
health endpoints associated with radiofrequency radiation; 
however, a summary of the nonthermal biological effects of 
nonionizing radiation is contained in Tabic 3. It is distilled 
from the BioInitiative report and intends to be a basic guide 
for clinicians.

It also needs to be mentioned that in 2011, the 
International Agency for Research on Cancer (IARC), which 
is part of the WHO, classified radiofrequency fields as a 
Group 2B Possible Human Carcinogen, based on an increased 
risk of glioma after 10 years or longer of cell phone use?7 The 
IARC clarified that the evidence for carcinogenicity applies 
to exposures to radiofrequency radiation from all sources, 
not only cell phones (ie, it is not device-specific).2* This 
finding has implications for the continued massive rollout of 
wireless technologies, in particular the wireless smart utility

-J 
liiliM

Sleep 
Problems 

| Victorian cohort
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This article has discussed the fact that people from 
various regional and metropolitan areas in the state of

... exposure is additive and consumers may have already 
increased their exposures to radiofrequency radiation in 
the home through the voluntary use of wireless devices 
such as cell and cordless phones, personal digital assistants 
(PDAs), routers for internet access, home security 
systems, wireless baby surveillance monitors (baby 
monitors), and other emerging devices. It would be 
impossible to know how close a consumer might be to his 
or her limit, making safety a uncertainty if SmartMeters 

are mandatorily installed.’1

Of an initial 142 people who had formally registered 
their adverse health effects from smart meters related to the 
current study, 92 consented to participation. The author 
considers this number to be significant and most likely to 
represent the tip of the iceberg in terms of total numbers. 
Underestimation could be caused by the fact that people do 
not associate their symptoms with smart meter exposure 
when the symptoms are not severe or do not occur 
concurrently. In addition, this underdiagnosis may be caused 
by a lack of knowledge about the effects of wireless 
technologies on the part of the general population and the 
majority of the medical fraternity. The ongoing campaign of

meter, which was described in a recent statement to the UK Again, this statement correlates with the conclusion in 
Parliament as having triggered thousands of complaints of ill the Austrian Guidelines that ‘‘multiple exposures to different 
health and disabling symptoms worldwide.29 EMF sources must be taken into account.’’25 Dr Namkung's

conclusion that "... governmental agencies are the only
Mandated, Involuntary Exposure defense against such involuntary exposure” to mandated

With regard to smart meters, 2 unique features should smart meters’ nonionizing radiation emissions31 applies in a 
be considered: (1) exposure may be involuntary and (2) particularly relevant way to the Victorian experience, 
exposure can be universal. In Victoria, smart meters were A similar view is also shared by Dr David O. Carpenter 
mandated, thereby removing the individuals choice to avoid and 53 other scientists and doctors, who, in an article 
exposure in his or her own home, and involuntary exposure published in 2012, outline some of the effects of EMF 
also occurred to meters in neighboring homes. Each smart exposure with the intent to correct some of the gross 
meter in the mesh networks transmits an unknown and misinformation regarding wireless smart meters and 
variable number of burst transmissions per day, which advocate for the application of a precautionary principle, 
typically reach into many thousands in number.3” Meters on such as using wired meters.32
the WiMax network,9 although not communicating with Although some of the studies discussed in this report 
each other and deploying only bidirectional communication offer recommendations regarding wireless smart meter 
between a meter and the base station, nevertheless send deployment (Table 4), virtually no published studies are 
hourly time synchronization signals in addition to their daily available with respect to smart meters and human health, 
session transmissions.3 and no long-term studies exist because of the newness of

A submission by the Public Utilities Commission of the technology.
California shows that only 45.3 seconds of transmissions per Notably, an early voice of concern on this issue was that
day (<0.1% duty cycle) still equates to 9600 transmissions.30 of Don Maisch, PhD, from Tasmania, who posed the question
Exposures are likely to be physiologically additive in of whether smart meters would end up creating a public
nature.25-2'’-3' Moreover, belief is increasing in the concept that health nightmare in an article published in September 2012.33
intermittent pulses of radiofrequencies, such as those used in In it, he explained how current exposure standards are
the smart grid, are more biologically significant compared outdated and no longer relevant and warned that, given the 
with constant-type exposures, even when the time-averaged sheer number of people exposed, simply dismissing anecdotal
exposure is miniscule.26-31 This kind of signal is biologically evidence of symptoms from smart meters as a nocebo
active and not invisible to the human body and its proper (harmless) effect without a serious research effort would be
biological functioning, because the unpredictable pulses inexcusable, 
disrupt the synchronized biological oscillations within cells.26
The Austrian Medical Association recommends that such Incidence of Effects 
periodic signals should be critically evaluated, whereas 
nonperiodic signals may be considered more leniently.25

In a 2012 memorandum titled "Health Risks Associated Victoria, of all ages and during all seasons, have reported
with SmartMeters,” Dr Poki Namkung, public health officer symptoms from exposure to the radiofrequency fields of
of the County of Santa Cruz (CA, USA) stated that no wireless smart meters as well as the onset or aggravation of
scientific literature exists on the health risks of smart meters EHS and the aggravation of pre-existing medical conditions
because they are a new technology.31 This statement parallels after installation of the meters. Interestingly, only 8% of the
the Austrian EMF Working Groups statement that “new participants in the current study stated that they had suffered
technologies and applications have been introduced without from EHS prior to exposure to smart meters, which suggests
certainty about their health effects.”25 Dr Namkung also that the threshold for symptom development appears to be
explains that research on the potential health risks from significantlylowerwhenitcomestowirelessmeterscompared
radiofrequencies has been funded largely by industry because with that for other wireless devices,
little funding is available for basic scientific research.31

The report indicates:



Table 4. Summary of Scientific Reports

Author(s) RecommendationsTide

Glaser11 1971

Switzerland 1995

Austria 2012

2012

Namkung31 2012

2012

2012

Abbreviations: EMF = electromagnetic field; RF= radiofrequency; EHS- electromagnetic hypersensitivity syndrome.
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New, biologically based public­
exposure standard; precautionary 
approach to RF exposure levels

“Bibliography of Reported 
Biological Phenomena and Clinical 
Manifestations Attributed to 
Microwave and Radio-frequency 
Radiation”

“Health Risks Associated with 
SmartMctcrs"

Notes marked 
deterioration of sleep 
quality in persons 
exposed to radio 
transmitter

Discusses EMF-related 
problems and outlines 
clinical-management 
approach

Summarizes long-term 
and short-term health 
effects of EMF exposure, 
in particular from smart 
meters

“Electromagnetic and 
Radiofrequency Fields Effect on
Human Health”

Primary method of treatment of 
EMF-related health problems to 
consist of prevention or reduction of 
EMF exposure

“Smart Meters: Correcting the 
Gross Misinformation"

Dean, Rea, 
Smith, Barrier 
(American 
Academy of 
Environmental 
Medicine)'7

Discusses different types 
of radiation and effect of 
the increasing use of 
wireless technology on 
human health

Immediate caution on smart-meter 
installation; further research on 
effects of EMF and RF exposure; use 
of safer technology, including for 
smart meters

“Study on Health Effects of the 
Shortwave Transmitter Station of 
Schwarzenburg. Berne. Switzerland"

Limitations of Current Study
The main limitation of the current study is that, being a 

case series, it is a descriptive, retrospective study that does 
not have a control arm and can therefore help formulate a 
new hypothesis, but can only make limited statements on the 
causality of correlations observed.

Another limitation, which is specific to this type of 
noninterventional analysis of existing nonidentifiable data, is 
that the author was not able to contact individual case studies 
and was therefore unable to clarify or add to the information 
given by them. For the same reason, the author was also 
unable to follow up these cases longitudinally, which is 
something that could have potentially yielded valuable 
information.

Experts 
from more 
than 10 
countries

All available, peer-reviewed research 
data on EMF applicable to smart 
meters; governmental agencies to 
protect public health from 
involuntary exposure 

Application of Precautionary 
Principle, such as using wired meters

"Guideline of the Austrian Medical 
Association for the Diagnosis and 
Treatment of EMF-related Health 
Problems and Illnesses (EMF 
Syndrome)” 

“BioInitiative 2012-A Rationale for 
Biologically-based Exposure 
Standards for Low-Intensity 
Electromagnetic Radiation"

the state government and power distributors to portray 
smart meters as safe has also contributed to this lack of 
knowledge. Even when people believe that their new 
symptom(s) are caused by smart meters, some are not able to 
report or register their symptoms because they have no 
Internet access, and of those who do, not all are aware of Web 
sites or ways.to.make reports.

Reviews more than 1800 
new scientific studies 
added to the Bioinitiative 
Report 2007, which cited 
2000 studies on adverse 
health effects from 
extremely low frequencies 
and radiofrequencies 

Indicates objective 
evidence supports EHS 
diagnosis; no scientific 
literature on health risks 
of smart meters

Austrian 
Medical 
Association’s 
EMF Working 
Group2* 

Prepared by 29 
experts, edited 
by Sage & 
Carpenter2’’

United 
Stales

Authors 
from a 
number of 
countries; 
published in 
Canada

United
States

Carpenter et 
al12

Country

United 
States

Altpeter, 
Krebs, Pfluger, 
et al2'

CONCLUSIONS
This case series has discussed the most commonly 

reported symptoms from wireless smart meters. Although 
some of these symptoms are also reported in relationship to 
other environmental exposures, such as proximity to airports 

No specific recommendation; 
prepared for the Naval Medical 
Research Institute, Bethesda, 
Maryland; approved for unlimited 
public release

No urgent protection measures; 
review of current exposure 
guidelines; further research

Subject Matter and 

Year Findings

Provides more than 2000 
references on the 
biological responses to 
radiofrequency radiation
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or wind turbines, Victorians in this report claimed a direct 
chronological association between exposure to wireless smart 
meters and symptom development. A look at the place of 
residence of people reporting symptoms does not suggest a 
link to any possible environmental factors that are 
geographically specific. Seasonal factors are also excluded, 
because the reporting period stretched over all 4 seasons. Hie 
effect of these symptoms on people’s lives is far-ranging, from 
stress, financial problems, and unnecessary investigations to 
needing to move out of one’s home and even to another state.

The author of the current study offers the hypothesis 
that some people can develop symptoms from exposure to 
the radiofrequency fields of wireless smart meters. This 
hypothesis cannot be disproven without further assessment 
of the affected individuals and the electromagnetic fields in 
which they live. An evidence-based approach, such as the 
one used in all other areas of medicine, must be applied, 
which would mean the establishment of a postrollout 
surveillance study and funding for further research into the 
particular effects of wireless smart meters, in conjunction 
with research into the short-term and long-term 
consequences of EMR exposure. Until more knowledge is 
accumulated and until this type of wireless technology can 
be proven safe, the author believes that communities should 
use a cautionary approach, asking for a moratorium on 
deployment of wireless smart meters and smart grids and for 
the use of safer technologies for smart meters, such as hard­
wiring, fiber optics, or other nonharmful methods of data 
transmission, including reading of meters by meter readers. 
Living in a wireless smart grid makes the Austrian Medical 
Association’s recommendation to “take all reasonable 
measures to reduce exposure to electromagnetic fields” 
impossible to implement.

Dr Maisch’s article title, “Smart Meter Health Concerns: 
Just a Nocebo (Harmless) Effect or an Emerging Public 
Health Nightmare?”, resonates strongly with the Victorian 
experience so far. This question is very pertinent and one 
that must be urgently answered.
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International Agency for Research on Cancer

IARC Monographs Questions and Answers

What does the IARC Monographs Programme do?

What types of agents or substances are evaluated?

How does IARC choose which agents to evaluate?

How is the evaluation carried out?

The Monographs Programme identifies and evaluates environmental causes of cancer in humans. To 

date, more than 900 agents have been reviewed.

World Health 
Organization

During the second part of the meeting, the entire Working Group meets together to discuss the 

subgroup evaluations and to combine these into overall evaluations of carcinogenicity to humans.

IARC works with international experts to identify priorities from among agents suspected of causing 

cancer, based on the availability of scientific evidence of carcinogenicity and evidence that people 

may be exposed to the agent. Priority can be given to a wide variety of agents or substances with 

different impacts on public health. For example, air pollution has a high public health impact 

because everyone is exposed, even if exposure levels are generally low. On the other hand, 

occupational exposures, such as those involving vinyl chloride, may be very high and can therefore 

have a marked impact even if very few workers are exposed.

The Monographs Programme evaluates chemicals (e.g. formaldehyde), complex mixtures (e.g. air 

pollution), occupational exposures (e.g. work in coke production), physical agents (e.g. solar 

radiation), biological agents (e.g. hepatitis B virus), and personal habits (e.g. tobacco smoking).

The evaluation is carried out by a Working Group of independent international experts. The experts 

prepare draft documents in advance, based on the available scientific evidence, and subsequently 

gather for eight days at IARC in Lyon to discuss and finalize their assessment of whether a specific 

agent causes cancer. They critically review the scientific evidence according to strict criteria, which 

focus on determining the strength of the available evidence that the agent causes cancer. First, the 

experts work in subgroups to critically review four types of data:

• The situations in which people are exposed to the agent

• Epidemiological studies on cancer in humans exposed to the agent (scientific evidence of 

carcinogenicity in humans)

• Experimental studies on cancer in laboratory animals treated with the agent (scientific 

evidence of carcinogenicity in animals)

• Studies of how cancer develops in response to the agent (scientific evidence on cancer 

mechanisms).



1ARC Monographs Questions and Answers

What are the different classifications?

What are the different classifications of agents?

How are these classifications used? Can (ARC enforce regulations based on these 

classifications?

Group 2B; The agent is possibly carcinogenic to humans.
This category is used when there is limited evidence of carcinogenicity in humans and less than 

sufficient evidence of carcinogenicity in experimental animals. It may also be used when the 

evidence of carcinogenicity in humans does not permit a conclusion to be drawn (referred to as 

"inadequate" evidence) but there is sufficient evidence of carcinogenicity in experimental animals.

IARC, 150 Cours Albert Thomas, 69372 Lyon CEDEX 08, France - Tel: +33 (0)4 72 73 84 85 - Fax: +33 (0)4 72 73 85 75
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Health and regulatory agencies include IARC evaluations in their consideration of actions to prevent 

exposure to potential carcinogens. IARC does not recommend regulations, legislation, or public 

health interventions, which remain the responsibility of individual governments and other 

international organizations.

IARC classifies carcinogens in five categories ranging from carcinogenic to humans (Group 1) to 

probably not carcinogenic to humans (Group 4). The classification indicates the weight of the 

evidence as to whether an agent is capable of causing cancer (technically called "hazard"), but it 

does not measure the likelihood that cancer will occur (technically called "risk") as a result of 

exposure to the agent.

Group 1: The agent is carcinogenic to humans.
This category is used when there is sufficient evidence of carcinogenicity in humans. In other words, 

there is convincing evidence that the agent causes cancer. The evaluation is usually based on 

epidemiological studies showing development of cancer in exposed humans. Agents can also be 

classified in Group 1 based on sufficient evidence of carcinogenicity in experimental animals 

supported by strong evidence in exposed humans that the agent has effects that are important for 

cancer development.

Group 2A: The agent is probably carcinogenic to humans.
This category is used when there is limited evidence of carcinogenicity in humans and sufficient 

evidence of carcinogenicity in experimental animals. Limited evidence means that a positive 

association has been observed between exposure to the agent and cancer but that other 

explanations for the observations (technically termed chance, bias, or confounding) could not be 

ruled out.

Group 2
This category includes agents with a range of evidence of carcinogenicity in humans and in 

experimental animals. At one extreme are agents with positive but not conclusive evidence in 

humans. At the other extreme are agents for which evidence in humans is not available but for 

which there is sufficient evidence of carcinogenicity in experimental animals. There are two 

subcategories, indicating different levels of evidence.



(ARC Monographs Questions and Answers

What does the classification mean in terms of risk?

What is the difference between risk and hazard?

What do classifications in Groups 2A and 2B mean?
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For example, radiofrequency electromagnetic fields are classified in Group 2B because there is 

evidence that falls short of being conclusive that exposure may cause cancer in humans and in 

Group 2A means that the agent is probably carcinogenic to humans. For agents in this category, 

there is usually convincing evidence that the agent causes cancer in laboratory animals and some 

evidence that it could cause cancer in humans, but the evidence in humans is not conclusive.

Group 2B means that the agent is possibly carcinogenic to humans. Agents can be classified in Group 

2B in several different ways. Usually a classification of Group 2B means that there is convincing 

evidence that the agent causes cancer in experimental animals but little or no information about 

whether it causes cancer in humans. This category can also be used when there is some evidence 

that the agent could cause cancer in humans and in experimental animals but neither the evidence 

in humans nor the evidence in animals is convincing enough to permit a definite conclusion to be 

drawn.

The IARC Monographs Programme evaluates cancer hazards but not the risks associated with 

exposure.

The distinction between hazard and risk is important. An agent is considered a cancer hazard if it is 

capable of causing cancer under some circumstances. Risk measures the probability that cancer will 

occur, taking into account the level of exposure to the agent. The Monographs Programme may 

identify cancer hazards even when risks are very low with known patterns of use or exposure. 

Recognition of such carcinogenic hazards is important because new uses or unforeseen exposures 

could lead to risks that are much higher than those currently seen.

Group 3; The agent is not classifiable as to its carcinogenicity to humans.
This category is used most commonly when the evidence of carcinogenicity is inadequate in humans 

and inadequate or limited in experimental animals. Limited evidence in experimental animals means 

that the available information suggests a carcinogenic effect but is not conclusive.

Group 4: The agent is probably not carcinogenic to humans.
This category is used when there is evidence suggesting lack of carcinogenicity in humans and in 

experimental animals.

The classification indicates the strength of the evidence that a substance or agent causes cancer. The 

Monographs Programme seeks to identify cancer hazards, meaning the potential for the exposure to 

cause cancer. However, it does not indicate the level of risk associated with exposure. The cancer 

risk associated with substances or agents assigned the same classification may be very different, 

depending on factors such as the type and extent of exposure and the strength of the effect of the 

agent.



IARC Monographs Questions and Answers

Why should two substances or agents classified in the same Group not be compared?

Where can I find the list of agents evaluated and their categories?

The list of agents classified by the Monographs Programme can be found on lARC's webpage:

http ://monog raDhs.iarc.fr/ENG/Classification/index.DhD

More information about the Monographs Programme is available at

httD://monograDhs, iarc.fr/index.Dhp

In other words, because the Groups indicate the strength of the evidence regarding a cancer 

hazard and not the risk, the risk associated with two agents classified in the same Group may be 

very different.
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animals. Aloe vera leaf extract is also classified in Group 2B, based on studies showing that it causes 

cancer in rats, but it has not been studied in humans.

The classifications reflect the strength of the scientific evidence as to whether an agent causes 

cancer in humans but do not reflect how strong the effect is on the risk of developing cancer. The 

types of exposures, the extent of risk, the people who may be at risk, and the cancer types linked 

with the agent can be very different across agents. Therefore, comparisons within a category can be 

misleading. First, exposures may vary widely. For example, there is widespread exposure to the 

Group 1 agent air pollution, whereas far fewer people would be exposed to certain Group 1 

chemicals, such as 1,2-dichloropropane. Second, the magnitude of risk associated with exposure to 

two agents may be very different. Active smoking carries a much higher risk of lung cancer than does 

air pollution, although both are categorized in Group 1. Third, the number of resulting cancers can 

be different; for example, tobacco smoking causes some common cancers, whereas 1,2- 

dichloropropane causes a rare bile duct cancer. This also applies to Group 2 agents. For example, 

radiofrequency electromagnetic fields and the prescription drug digoxin are each classified in Group 

2B.
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Protect children's health and well-being. Children are not little adults 
and are disproportionately impacted by all environmental exposures, 
including cell phone radiation. Current FCC standards do not account for 
the unique vulnerability and use patterns specific to pregnant women and 
children. It is essential that any new standard for cell phones or other 
wireless devices be based on

As radiation standards are reassessed, the AAP urges the FCC to adopt radiation 
standards that:

The American Academy of Pediatrics (AAP). a non-profit professional 
organization of 60.000 primary care pediatricians, pediatric medical sub­
specialists. and pediatric surgical specialists dedicated to the health, safety and 
well-being of infants, children, adolescents, and young adults appreciates this 
opportunity to comment on the Proposed Rule ’'Reassessment of Exposure to 
Radiofrequency Electromagnetic Fields Limits and Policies” published in the 
Federal Register on June 4, 2013.

In the past few years, a number of American and international health and scientific 
bodies have contributed to the debate over cell phone radiation and its possible link 
to cancer. The International Agency for Research on Cancer (I ARC), part of the 
United Nations' World Health Organization, said in June 2011 that a family of 
frequencies that includes mobile-phone emissions is ’’possibly carcinogenic to 
humans.” The National Cancer Institute has stated that although studies have not 
demonstrated that RF energy from cell phones definitively causes cancer, more 
research is needed because cell phone technology and cell phone use are changing 
rapidly. These studies and others clearly demonstrate the need for further research 
into this area and highlight the importance of reassessing current policy to 
determine if it is adequately protective of human health.
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President

protecting the youngest and most vulnerable populations to ensure they are safeguarded 
throughout their lifetimes.

Reflect current use patterns. The FCC has not assessed the standard for cell phone 
radiation since 1996. Approximately 44 million people had mobile phones when the 
standard was set; today, there are more than 300 million mobile phones in use in the 
United States. While the prevalence of wireless phones and other devices has 
skyrocketed, the behaviors around cell phone uses have changed as well. The number of 
mobile phone calls per day. the length of each call, and the amount of time people use 
mobile phones has increased, while cell phone and wireless technology has undergone 
substantial changes. Many children, adolescents and young adults, now use cell phones 
as their only phone line and they begin using wireless phones at much younger ages. 
Pregnant women may carry their phones for many hours per day in a pocket that keeps 
the phone close to their uterus. Children born today will experience a longer period of 
exposure to radio-frequency fields from cellular phone use than will adults, because they 
start using cellular phones at earlier ages and will have longer lifetime exposures. FCC 
regulations should reflect how people are using their phones today.

Provide meaningful consumer disclosure. The FCC has noted that it does not provide 
consumers with sufficient information about the RF exposure profile of individual phones 
to allow consumers to make informed purchasing decisions. The current metric of RF 
exposure available to consumers, the Specific Absorption Rate, is not an accurate 
predictor of actual exposure. AAP is supportive of FCC developing standards that 
provide consumers with the information they need to make informed choices in selecting 
mobile phone purchases, and to help parents to better understand any potential risks for 
their children. To that end. we support the use of metrics that are specific to the exposure 
children will experience.

The AAP supports the reassessment of radiation standards for cell phones and other wireless 
products and the adoption of standards that are protective of children and reflect current use 
patterns. If you have questions, please contact Clara Filice in the AAP's Washington Office at 
202/347-8600.
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Background
With the increasing use of third generation (3 G) mobile 

phones, social concerns have arisen concerning the possible 

health effects of radio frequency-electromagnetic fields (RF- 

EMFs) emitted by wideband code division multiple access 

(WCDMA) mobile phones in humans [1], On the basis of 

limited evidence from both human and animal studies, 

the World Health Organization (WHO) has classified RF- 

EMFs as possibly carcinogenic to humans (Group 2B) (2). 

WHO considered the RF-EMFs provocation studies on 

children of different ages to be a high-priority research in 

*

Abstract

Background: With the rapid increasing use of third generation (3 G) mobile phones, social concerns have arisen 
concerning the possible health effects of radio frequency-electromagnetic fields (RF-EMFs) emitted by wideband 
code division multiple access (WCDMA) mobile phones in humans. The number of people, who complain of various 
symptoms such as headache, dizziness, and fatigue, has also increased. Recently, the importance of researches on 
teenagers has been on the rise. However, very few provocation studies have examined the health effects of 
WCDMA mobile phone radiation on teenagers.

Methods: In this double-blind study, two volunteer groups of 26 adults and 26 teenagers were simultaneously 
investigated by measuring physiological changes in heart rate, respiration rate, and heart rate variability for 
autonomic nervous system (ANS), eight subjective symptoms, and perception of RF-EMFs during sham and real 
exposure sessions to verify its effects on adults and teenagers. Experiments weie conducted using a dummy 
phone containing a WCDMA module (average power, 250 mW at 1950 MHz; specific absorption rate, 1.57 W/kg) 
within a headset placed on the head for 32 min.

Results: Short-term WCDMA RF-EMFs generated no significant changes in ANS, subjective symptoms or the 
percentages of those who believed they were being exposed in either group.

Conclusions: Considering the analyzed physiological data, the subjective symptoms surveyed, and the 
percentages of those who believed they were being exposed, 32 min of RF radiation emitted by WCDMA mobile 
phones demonstrated no effects in either adult or teenager subjects.

Keywords: Physiological changes, Subjective symptoms, RF-EMFs perception, Provocation, ANS, Smart phones, 
Teenagers

Effects of short-term radiation emitted by
WCDMA mobile phones on teenagers and adults

the 2010 Research Agenda [3j. Russian National Commit­

tee on Non-Ionizing Radiation Protection (RNCNIRP) an­

nounced that absorption of EMF in a child’s brain was 

greater than in an adult's brain because larger brain areas 

including those responsible for intellectual development 

were exposed in a child’s brain in their resolution [4], As a 

child's brain is also undergoing development and its intel­

lectual functions are maturing, it is more susceptible to en­

vironmental hazards than an adult’s brain.

Lindholm et al. [5] monitored local cerebral blood flow 

during exposure to Global System for Mobile Communi­

cation (GSM) mobile phone radiation in a teenager group 

(14 - 15 years old). They also measured electrocardiogram 

(ECG), blood pressure, and temperature simultaneously. 

They concluded that there were no significant changes 

during the short-term RF-EMFs exposure. Kramarenko 
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0.999

< 0.001

0.207

0.590

0.796

0.999

0.002

0.783

0.116

< 0001

No. of subjects (n)

Male, female 

Age (yr) 

Height (cm) 

Weight (kg) 

Body mass index (kg/m‘) 

Non-smoker: smoker 

Computer usage time (hr/day) 

IV viewing time (hr/day) 

Mobile phone usage time (hr/day) 

Mobile phone usage periods (yr)

Methods
Participants

The experiment was performed as a double-blind study 

with a total of 52 subjects: 26 adults and 26 teenagers. 

Only healthy subjects without any diseases and not on 

medications were chosen for the two groups, and 14 - 17 

year old subjects were selected for teenager group because 

the experiment was demanding and potentially stressful, 

we did not recruit children younger than 14 years old. We 

used the electromagnetic hypersensitivity (EHS) screening 

tool developed by Eltiti et al. [12] to exclude EHS subjects. 

We excluded electromagnetic hypersensitive individuals, 

because their conditions were more psychological than 

physiochemical, resulting in some possible bias in our re­

sults [13], Moreover, we already investigated effects of 

WCDMA mobile phone radiation on electromagnetic 

hypersensitive subjects [14].

As shown in Table 1, there were no significant differences 

in male-to-female ratio, height, weight, body-mass index, 

smoking status, TV viewing time per day (hr), or mobile 

phone usage time per day (hr) between the two groups. Be­

cause of the different characteristics of two groups, there 

were significant differences in age, computer usage time 

per day (hr), and mobile phone usage periods (xt).

The participants were advised not to consume caffeine, 

smoke or exercise before the day of the experiment to 

minimize confounding factors. All subjects, who were re­

cruited by advertisements at the Yonsei University Health 

System, in Seoul, Korea, were informed of the purpose and 

procedure of the experiment, and were required to give 

written consent to participate. The Institutional Review 

Board of the Yonsei University Health System approved the 

protocol of this study (project no: 1-2010-0030).

and Tan recorded electroencephalogram (EEG) changes 

during the exposure of ten adults and ten children 

(12 years old) to a GSM phone. They suggested that cellu­

lar phones may reversibly influence the human brain [6]. 

Preece et al. [7] examined whether a standard mobile 

phone exposure at 902 MHz had a significant effect on cog­

nitive function in 18 children (10 - 12 years old). There 

was a tendency for reaction time to be shorter during ex­

posure to radiation than in the sham condition, but no ef­

fects reached statistical significance after the Bonferroni 

correction. Haarala et al. [8] investigated the potential ef­

fects of a standard 902 MHz GSM mobile phone on 10 - 

14 year old children’s cognitive function, and found that the 

mobile phone had no effect on children’s cognitive func­

tion. Kwon et al. [9] investigated the effects of GSM mobile 

phone use on the auditory sensory' memory in 17 children 

(11-12 years old). They found that a short exposure to 

mobile phone EMF had no statistically significant effects on 

the neural change-detection profile measured with mis­

match negativity. Although such studies as mentioned 

above have examined the effects of GSM mobile phone on 

teenagers or children, there are a few studies investigating 

about the effects of WCDMA mobile phone radiation on 

children or teenagers.

The autonomic nervous system (ANS) plays an import­

ant role not only in physiological situations, but also in 

various pathological settings. Among the different avail­

able noninvasive techniques for assessing the ANS, heart 

rate variability (HRV), which is obtained from heart rate, 

has emerged as a simple and noninvasive method to 

evaluate the sympathovagal balance at the sinoartrial level

[10] . Respiration rate is also closely associated with HRV

[11] . Therefore, we selected the three physiological vari­

ables including heart rate, respiration rate, and HRV to as­

sess ANS activity.

In this double-blind study, two volunteer groups of 26 

adults and 26 teenagers who were mostly middle school 

students were simultaneously investigated by measuring 

physiological changes in heart rate, respiration rate, and 

HRV for ANS, eight subjective symptoms, and perception 

of RF-EMFs during sham and real exposure sessions. In 

contrast to many other studies that have examined certain 

aspects of physiological changes, subjective symptoms, or 

perception respectively, this study investigated simultan­

eously these three factors to more reliably examine the 

bio-effects of WCDMA mobile phone radiation on two 

groups, especially teenagers. The aim of this study was to 

test whether RF-EMFs affected heart rate, respiration rate, 

and HRV, or gave rise to subjective symptoms in adults 

and teenagers. We also compared the ability of adults and 

teenagers to perceive exposure to RF radiation. We tested 

the null hypothesis that adult and teenager groups would 

have no differences in ANS, subjective symptoms, or per­

ception between sham and real exposures.

25 : 1

2.2 i 2.0 

1.9 ± 1.6

1.3* 1.3

5.7 ± 1.9

Experimental setup

The laboratory was used exclusively for this experiment, 

and all other electrical devices were unplugged except for 

our instruments to minimize background field levels.

Teenager P-value

26

13: 13

15.3 x 0.7 

164.4±7.3

57.8 + W.4 

21.3*2.8

Table 1 Demographics of participants

Adult

26

13: 13

28.4 - 5.1

167.1 ±8.0

59.4 ± 11.1

21.1-2.3

24 : 7

5.3 ±3.7

1.7± 1.1 

05* 0.5 

11 8 * 2.4
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Physiological measurements

The duration of each exposure session was 64 min, as

shown in Figure 3. Before the experiments, subjects were

Experimental procedures

No information was given to the subjects except that 

they would be asked about symptoms and RF-EMFs per­

ception at the beginning of the first experimental day. 

Sham and real sessions were conducted as a double­

blind test to minimize any test bias resulting from a sub­

ject and an experimenter recognizing the operational state 

of the WCDMA module. The experiment was performed 

for two days, one day for a real session and a second day 

for a sham session (or vice versa). No matter which came 

first, sham or real exposure, the second session was always 

conducted at approximately the same time of the day as 

the first session in order to maintain the subjects’ physio­

logical rhythm. The order of sham and real sessions for 

each subject was randomly assigned by our automatic ex­

posure control program using MATLAB 2012b (Math­

works Inc. Natick, MA) to minimize experimental bias. 

The sham exposure was the first session for 14 teenagers 

and 15 adults. Time duration between the sessions was a 

minimum of one day and a maximum of 10 days.

Room temperature and relative humidity, which could 

considerably affect outcomes, were recorded and main­

tained as shown in Table 2. For the adult group, room 

temperature and humidity showed no significant differ­

ences between real and sham sessions. For the teenager 

group, room temperature and humidity showed no signifi­

cant differences between real and sham sessions. For the 

sham sessions, room temperature and humidity showed no 

significant differences between adult and teenager groups. 

For the real sessions, room temperature and humidity 

showed no significant differences between adult and teen­

ager groups.

Background extremely low frequency (ELF) fields at the 

head level in the laboratory were measured to ensure that 

they did not influence the subjects. The average ELF elec­

tric and magnetic fields were 1.8 ± 0.0 V/m and 0.02 ± 0.01 

pT, respectively, measured using an electric and magnetic 

field analyzer (EHP-50C; NARDA-STS, Milan, Italy). The 

average RF field was 0.05 ± 0.00 V/m with a microwave fre­

quency range from 1920 to 1980 MHz, measured using a 

radiation meter (SRM 3000; NARDA-STS, Pfullingen, 

Germany). Both the average background ELF and RF-EMFs 

were negligible.

To achieve better control over exposure, we used a 

WCDMA module with Qualcomm chipsets (baseband: 

MSM6290, RF: RFR6285, power management: PM6658, 

San Diego, CA) to generate WCDMA RF-EMFs instead of 

a regular smart phone. The WCDMA module continu­

ously transmitted at a mean output power of 250 mW (24 

dBm) at 1950 MHz, which was measured using a wireless 

communication test set (E5515C, Agilent, Santa Clara, 

CA). The module was inserted into a dummy phone [15}, 

and the location of the module was varied to meet the rec­

ommended restriction in specific absorption rate (SAR)lg 

of 1.6 W/kg for general public, according to the Institute 

of Electrical and Electronics Engineers (IEEE) Standard 

[16]. The SAR measurements were made with a DASY 4 

measurement system (SPEAG, Zurich, Switzerland), and a 

Twin SAM (specific anthropomorphic mannequin) phan­

tom was filled with head tissue-equivalent liquid (mass 
density, 1000 kg/m3) as specified by the Federal Commu­

nications Commission (FCC). The measured dielectric 

properties of the liquid were o = 1.41 S/m and Er = 39.7 for 

the WCDMA frequency range. When the antenna of the 

module was positioned 67.5 mm from the ear reference 

point (ERP) of the dummy phone, the averaged peak 

spatial SARig was determined to be 1.57 W/kg at 

1950 MHz at the left cheek position [17]. The electric field 

and pow’er drift at the ERP were 6.9 V/m and -0.001 dB, 

respectively. The measured SAR distribution is shown in 

Figure 1.

The module was connected via a 5 m USB cable and a 

USB type ammeter to a portable laptop computer (X- 

Note R500, LG Electronics, Seoul, Korea), which con­

trolled the module and monitored electrical current to 

check exposure conditions (Figure 2). The laptop com­

puter was remotely controlled from another outside 

desktop computer to satisfy the double-blind study de­

sign. The dummy phone was attached to the subjects head 

using an earplug and headset to fix it at the ERP next to 

the cheek [18]. The phone was held at a distance of 3 mm 

from the ear using a piece of wood for insulation to pre­

vent battery-generated heat from providing subjects with 

an indication that the phone w’as working. The apparatus 

was constructed from only plastic and rubber without any 

metal [18,19].

i

OdB 1.76 mW/g

Figure 1 The measured specific absorption rate (SAR) distribution 

of the wideband code division multiple access (WCDMA) module 

on the left side.
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Subjects wore a coiled band around their upper abdo­

men for measurement of inductance changes resulting 

from cross-sectional change.

instructed to rest in a sitting position for at least 10 min. 

Physiological data were collected for 5 min each for four 

different stages: pre-exposure (stage I), after 11 min of ex­

posure (stage II), after 27 min of exposure (stage III), and 

post-exposure (stage IV) [14]. At each stage, ECG and res­

piration were simultaneously measured for 5 min because 

of the minimum data requirement for HRV [20]. Heart 

rate, respiration rate, and HRV were obtained with a com­

puterized polygraph (PolyG-l, Laxtha, Daejeon, Korea) 

with a sampling frequency of 512 Hz. The data were trans­

ferred to a laptop computer (X-note R500, LG Electronics, 

Seoul, Korea) and analyzed using data acquisition software 

(Telescan 0.9, Laxtha) and analysis software (Complexity 

software, Laxtha). The PolyG-I recorded ECG through 

Ag-AgCl electrodes (2223, 3 M, St. Paul, MN) placed on 

both arms and the right leg of participants.

We first obtained heart rate from ECGs and then ac­

quired HRV and the power spectrum of HRV. High- 

frequency power (HEP) reflects effects on respiratory 

sinus arrhythmia, an index of parasympathetic nerve ac­

tivity, whereas low-frequency power (LFP) reflects ef­

fects on both sympathetic and parasympathetic nerves 

[21]. In this study, the LFP/HFP ratio was used as an 

index of autonomic nerve activity balance. Respiratory 

inductance plethysmography, with an excitation fre­

quency of 3 MHz, was used to measure respiration rate.

Data analysis

A repeated two-way analysis of variance (ANOVA) was 

performed using SPSS software (SPSS 20, SPSS, Chicago, 

IL) to investigate differences in heart rate, respiration 

rate, and LFP/HFP ratio with exposure and stage for 

adult and teenager groups. A P-value < 0.05 was consid­

ered statistically significant. Subjective symptoms, which 

are ordered paired data, were analyzed using a non­

parametric Wilcoxon signed-rank test A total of 64 P- 

values (4 stages x 8 symptoms x 2 groups) were obtained 

for the real and sham exposure sessions for the eight 

symptoms at four stages in both groups. The significance 

level was adjusted to 0.0125 (0.05/4) because testing was 

performed in four stages.

Subjective symptoms and perception of RF-EMFs

The four shaded areas in Figure 3 denote periods during 

which subjects were questioned about eight symptoms, 

with each period lasting approximately 1 min. The eight 

subjective symptoms of throbbing, itching, warmth, fa­

tigue, headache, dizziness, nausea, and palpitation were 

evaluated through verbal surveys, which were graded on 

a 4-point scale ranging from 1 (no sensation) to 4 

(strong sensation) as suggested by Koivisto et al. [22], In 

addition, perception of EMF exposure was investigated 

every 5 min throughout the entire session, denoted by 

an "o" in Figure 3. Subjects were asked to answer the 

question “Do you believe that you are exposed right 

now?" nine times during each session. Percentages of 

those who believed they were being exposed were calcu­

lated for pre-exposure, exposure, and post-exposure pe­

riods. The total number of inquiries was 260 (5x52) 

during real exposure and 676 (13x52) during non­

exposure; the total number of subjects was 52 (26 + 26).

0.823

0.319

P-value

Adah

*
g;=

Table 2 Room temperature (°C) and relative humidity (%) 

in the real and sham sessions for the adult and teenager 

groups (mean ± SD (min-max))

Group Real

Adult

Random order 
(real or sham) 

day 

Sham

1*’ day

Real

P-value

0.770

0731

- «=>! 

Data [ 

Acquisition

[ Subjective symptoms

'-------Perc**™00----------J oral survey

*■—c USB type Ammeter

Sham

24.5 ± 0.9 (23-26) 24 5 ± 0.7 (23-26)

Teenager 24.7 ± 0.9 (23-27) 24.6 ± 0.9 (23-27) 

0.430 0.724

40.5 4 1.9 (37-45) 40 3 ±3.2 (35-52)

Teenager 41 S ± 2.9 (38-50) 41.5 ± 2.9 (38-50)

P-value 0.055 0.186

]

y
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significant difference among stages (P = 0.033). For the 

teenager group, LFP/HFP was not significantly different

between real and sham exposures (P = 0.661), but was sig­

nificantly different among stages (P = 0.002).

Stage
I

Results
Physiological variables

Heart rate, respiration rate, and LFP/HFP ratios of the 

adult and teenager groups during real and sham exposures 

are shown in the top section of Table 3. A repeated two- 

way ANOVA showed no significant differences in heart 

rate or respiration rate for stage or exposure in either 

group. However, LFP/HFP ratios showed significant differ­

ences by stage in both groups, as shown in the bottom of 

Table 3. Therefore, a Bonferroni post hoc test was done 

after two-way ANOVA to investigate any differences in 

LFP/HFP ratios between stages for each group. For the 

adult group, LFP/HFP showed no significant difference be­

tween real and sham exposures (P= 0.307), but did show a 

o.

0 S 10 15 16 21 26 27 32 37 42 43 48 S3

Figure 3 Experimental procedures for measuring physiological changes and investigating symptoms and perception. ECG and 
respiiation were measured for 5 mm each for four stages, the four shaded areas arc periods m which the subjects were questioned about the 
eight symptoms "o' indicates timing of lhe inquiries about RF-EMF perception during each session.

There were two exposure sessions for each participant, 

and nine perception inquiries for each session, as shown 

in Figure 3. For each session, there was one inquiry during 

pre-exposure, five inquiries during sham or real exposure, 

and three inquiries during post-exposure. In both groups, 

the percentages of those who believed they were being ex­

posed were obtained and evaluated for significant differ­

ences between real and sham sessions using McNemar’s 

test The pre-exposure period (first inquiry) of the sham 

sessions was compared with that of the real sessions to 

test whether conditions before sham and real exposures of 

subjects were the same. The sham exposure period was 

compared with the real exposure period to test whether 

the subjects could detect the fields (second through sixth 

inquiries). The post-exposure period after sham exposure 

was compared with the post-exposure period after real ex­

posure to test whether the real exposure influenced the 

perception of exposure in the post-exposure period (sev­

enth through ninth inquiries).

The significance level of the exposure period was ad­

justed to 0.01 (0.05/5), and that of the post-exposure 

period was adjusted to 0.017 (0.05/3) because testing was 

for five and three inquiries. Fisher’s exact test was applied 

to evaluate differences in the percentages of those who an­

swered "yes”, which were nominal data, between the adult 

and teenager groups for sham and real exposure sessions. 

Fisher’s exact test was used because the expected values in 

any cells in the contingency table were below 5.

Stage 
JI " 

26 27

-I Real or Sham Session k

■] Exposure (Real or Sham)

Subjective symptoms and perception percentages

Neither the adult nor the teenager group showed signifi­

cant differences in any of the eight subjective symptoms 

surveyed (throbbing, itching, warmth, fatigue, headache, 

dizziness, nausea, and palpitation) between sham and real 

sessions in any of the four stages (Additional file 1: Table 

SI and S2).

Table 4 shows the percentages of subjects who believed 

they were being exposed during exposure (real or sham) 

in the adult and teenager groups. We compared the per­

centages of those perceiving exposure during real and 

sham exposure period (second through sixth inquiries) 

using McNemar’s test and found no significant difference 

between real and sham exposure period in the adult or 

teenager groups. To test for delayed effects of real expos­

ure on post-exposure perception (seventh through ninth 

inquiries), we applied the same test and found no signifi­

cant difference in the percentages of those who believed 

they were being exposed following real and sham expo­

sures in the adult (P = 0.999 at all three inquiries) or teen­

ager (P = 0.500, P= 0.999, P= 0.999) groups. Also, no 

significant difference was seen during pre-exposure period 

(first inquiry) between real and sham exposures in teen­

ager (P = 0.999) group, indicating that the conditions ex­

perienced by subjects before real and sham exposures 

were the same. For adult group, we could not perform 

McNemar’s test because no one answered “yes” in pre­

exposure period. Similarly, a chi-square test for trend 

showed that the percentages of those who believed they 

were being exposed during pre-exposure, sham exposure, 

and post-exposure were not significantly different in the 

adult (P = 0.440) or teenager (P = 0.195) groups. This dem­

onstrated that conditions could not be distinguished for 

participants throughout sham-exposure sessions.

Figure 4 shows the percentages of participants in the 

adult and teenager groups for each inquiry number who 

believed they were being exposed in sham (Figure 4A) 

and real (Figure 4B) exposure sessions. No significant
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LFP/HFP ratio

Adult

Real Sham Real RealSham Real Real Sham Real

Stage Mean (standard error)

19.3(0.5) 19.2(04) 1.9(03) 23(0.4) 1.6(03) 1.5 (03)766(2.1) 79.1(1.9) 793(2.1) 80.9(1.7) 18.0 (0.5) 183 (0.5)I

193(0.5) 193(0.6) 2.6(0.4) 3.1 (0.7) 1.7(03) 2.0(04)76.6(2.1) 77.9 (1.7) 79.8 (1.8) 80.4(1.6) 18.2 (0.4) 18.1 (0.6)

19.2(0.5) 19.8(0.5) 23(03) 36(1.0) 2.6 (0.5) 1.9(03)754(2.0) 77.5 (1.7) 80.7 (1.8) 80.7(1.7) 18.4 (0.5) 18 2 (0.5)

19 7 (0 5) 203 (0.5) 3 2 (0.7) 2.9 (0.6) 23 (0.5) 23 (0.4)76.5 (2.1) 77.1 (1.7) 81.2(1.6) 81.0 (1.7) 18 2 (0 5) 17 9 (0.6)IV

factor P-value (F - statistic)

0.843 (0.040) 0.433 (0.635) 0.307 (1.088) 0.661 (0197)Exposure 0.328 (0.997) 0.671 (0.184)

0.033* (3.723) 0 002* (5.49?)0.211 (1.644) 0323 (1.180) 0.677 (0.510) 0.067 (2.48D

0222 (1.562)0633 (0.575) 0.444 (0.903) 0267 (1350)0324 (1.168) 0.209 (1.600)

2nd 6th

Adult (n = 26) Sham 7.7 0.999 0.999 7.77.7 0.999

Real 7.7 7.7 7.73.8 3.8

11.5 7.7Teenager (n = ?6) Sham 7.7 0.0 0.250 38 0250 0.999 0.9990.999

Real 11.5 11.57.7 11.5 15.4

Table 3 Descriptive and statistical tests for heart rate, respiration rate, and LFP/HFP ratio among stage, exposure, 

and interaction

Choi et al. BMC Public Health 2014, 14:438
http://www.biomedcentral.com/1471-2458/14/438

decrease LFP/HFP [23]. Hjortskov et al. [24] reported that 

psychological stress could result in an increased LFP/HFP. 

Nam et al. [25] reported that LFP/HFP monotonically in­

creased at each stage during 30 min of sham exposure in 

both EHS and non-EHS groups. In this experiment, one of 

the potential sources of stress was the requirement that the 

subjects not move during the 64-min experiment. In fact, 

the "no-movement" requirement was the factor that drew 

the most complaints from the participants, especially the 

teenagers. Therefore, the significant increase in LFP/HFP 

with time in the real and sham exposure sessions of both 

groups must have resulted from factors other than field ex­

posure such as psychological stress, anxiety, or environ­

mental factors.

For the eight subjective symptoms attributed to WCDMA 

mobile phone radiation, neither the adult group nor the 

teenager group showed significant differences between 

sham and real exposures in any of the four stages. Cinel 

et al. [26] found no evidence suggesting that exposure to 

mobile phone RF-EMFs affected subjective symptoms. 

Koivisto et al. [22] also reported that the RF-EMFs expos­

ure did not produce any consistent subjective symptoms

differences were seen between the adult and teenager 

groups in all inquiries during sham or real exposure ses­

sion. Even though both groups showed low percentages of 

belief of being exposed during the sham exposure period 

(Figure 4A), they also showed low percentages during the 

real exposure period (Figure 4B). In summary, Table 4 

shows no significant difference in perception percentages 

between real and sham exposure period in the adult or 

teenager groups. Figure 4 also shows no significant differ­

ence between the adult and teenager groups in sham or 

real exposure period. Therefore, we concluded that neither 

the adult nor the teenager group correctly perceived the 

RF-EMFs considering Table 4 and Figure 4.

Discussion
Neither the adults nor the teenagers showed significant 

differences in heart or respiration rate between real and 

sham exposures or among stages. For LFP/HFP, however, 

significant differences were seen between some stages dur­

ing both real and sham exposure sessions in both groups. 

One disadvantage of the LFP/HFP analysis is that it is con­

siderably influenced by stress, which can increase or 

Teenager 

Sham

Table 4 percentages of those who believed they were being exposed during sham and real exposure period, and P- 
values for sham and real exposures in adult and teenager groups

Group Session

Respiration rate (bpm)

Adult Teenager

Sham

Heart rate (bpm)

Adult Teenager

Sham

Stage

Ini er act ion
(exposure and stage)

•POOS, bpm; beats per min.
LFP/HFP ratio; low-frequency power/high-frequency power (power spectrum of heart rate variability). 

Stage I; pre-exposure. Stage II; after 11 min of exposure. Stage ill; after 27 min of exposure, Stage IV; post-exposure.

Exposure

4th3rd 4th Sth

Mean (%) P-value Mean (%) P-value Mean (%) P-value Mean (%) P-value Mean (%) P-value 

38 0.999 7.7 0.999 3.8 0.999
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or sensations such as headache, dizziness, and fatigue in 

the non-EHS subjects. In conclusion, RF-EMFs did not 

give rise to subjective symptoms in adults or teenagers in 

this study.

No significant differences were seen in the percentages 

of participants who believed they were being exposed be­

tween the real and sham exposures in either the adult or 

the teenager group. Kwon et al. [27] reported that they 

found no evidence that their 84 participants perceived 

GSM mobile phone EMFs. All participants, even including 

six subjects with high self-rated sensibility, were not able 

to perceive mobile phone EMFs. No significant differences 

in percentages of perception were seen for either group 

among participants who believed they were being exposed 

during either pre-exposure or post-exposure periods be­

tween real and sham exposures. Also, no significant differ­

ences were observed in the percentages of perception for 

either the adult or teenager groups during sham exposure 

sessions (pre-exposure, sham exposure, post-exposure). 

Therefore, our experimental protocol appeared to be min­

imally biased since we confirmed no delayed effects, no dif­

ferences in pre-exposure condition, and no difference in 

the percentages of those who believed they were being ex­

posed during the pre-exposure, sham exposure, and post­

exposure periods. In this study, the subjects had only two 

choices, “yes” or “no”, to the perception inquiry of RF- 

EMFs. However, it could have been biased against subjects 

who were not sure. For future study, it is recommended to 

give subjects another choice, "unsure”, and to exclude the 

answer in calculating the perception accuracy.

Children are more preferable to teenagers as participants 

in this study because the former are more vulnerable than 

the latter [28], However, it is difficult for children due to 

stress to participate in our experiment, which needs a "no­

movement” requirement for approximately one hour. It is 

also difficult to recruit children because of difficulty in 

obtaining parents’ approval. We finally recruited teenagers 

as the second best Those are the reasons why there are 

only a few provocation studies with children. Croft et al.

[15] measured alpha activity for both GSM and WCDMA 

exposure among adolescents, young adults, and elderly 

groups. They reported an effect of GSM exposure in 

young adults, but observed no effect in adolescents or the 

elderly, or in any age group, as a function of WCDMA ex­

posure. This result for WCDMA exposure is consistent 

with ours, even though they examined brain activity and 

we did heart rate.

There are three limitations in this study. The first limita­

tion is the small number of participants. The number of 

26 adults and 26 teenagers may not be to conclude that 

there are no effects of radiation emitted by WCDMA in 

both adults and teenagers. Moreover, any effect of 

WCDMA mobile phone radiation on the autonomic sys­

tem might be quite limited and difficult to detect. There­

fore, to draw some more definitive conclusions on this, a 

much larger sample will be needed. Secondly, in our study,

B
I 100 

80

60 ■ 

r 40 - 

20- 

0 -

A
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£

40- 

•3 
-

£ i 7

_2 3 4 ___5_

Real exposure period

••■Adult(h= 26) "•"Teenager (n*26)

Figure 4 Percentages who believed they were being exposed at nine inquiry points in adult and teenager groups for sham (A) and 

real (B) exposure sessions. Bars ndicate standard errors
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more subjects received sham exposure for the first session. 

Ideally, the same number for each session would be better. 

However, the skewness is small and probably makes no 

difference. Lastly, we did not investigate the effects of the 

repetitive and daily regular exposure to RF radiation emit­

ted by WCDMA mobile phones, which could be hazard­

ous to teenagers, as well as adults. Therefore, further 

study on repetitive and daily regular exposure is necessary 

to examine the long-term effects, especially on teenagers.

Conclusions
In both adults and teenagers, there were no significant dif­

ferences in heart rate, respiration rate, or LFP/HFP, which 

are all related to ANS, between sham and real exposure to 

a WCDMA module (average power, 24 dBm at 1950 MHz; 

specific absorption rate, 1.57 W/kg) for 32 min. There was 

no association between eight subjective symptoms and 

short-term RF-EMFs exposure in either group. We could 

not find evidences of the hypothesis that the self-perception 

of the exposure between two groups was different. There­

fore, based on our physiological data, survey of subjective 

symptoms, and percentages of participants who believed 

they were being exposed, no effects were observed in teen­

agers or adults as a result of 32 min exposure to RF radi­

ation emitted by WCDMA mobile phones.

References
Henrich 5, Thomas 5, Heumqnn C, ven Knes R, Radon K- Association 

between exposure to radiofrequency electromagnetic fields assessed by 

dosimetry and acute symptoms in children and adolescents: a 

population based cross-sectional study. Environ Health 2010. 9:75. 

Barin R. Grosse Y, Lauoy-Secretan B. El Glussassi F, Bouvard V, Benbrahlm- 

Tallaa L. Guha N, Islam! Galic-et L, Soaif K- Carcinogenicity of radiofre­

quency electromagnetic fields, tonce: Oncct 201 i. 12:624-626 

World Hpalm Organization: WHO research agenda 'or radio freguer.cy field; 

2010 [htip//www.who.in;/f?mf] Accessed August 29. 2013 

Grigoriev Y. Nikitina V, Giigoriev 0: Resolunoir Oecticinagnetic Helds from 

mob-te p/ic’.'ies. Health ehea on children and teenagers Moscow: Russian 

•National Committee on Ncn-lonqing Radiation Protection; 2011. 

Lincholrn H. Alanko T. Rmtamaki H, Kannala S, Toivonen T, Sisio"en H, 

Tiikkaja M. Halonen J, Makinen T. Hietanen M: Thermal effects of mobile 

phone RF fields on children: a provocation study. Rrag Eiophys Mol Eiol 

2311. 107:399-403.

Kramaieno AV, Tan U: Effects of high-frequency electromagnetic fields on 

human EEG: a brain mapping study. In; J Nej:osc> 2003,113:1037-1019. 

Preece A.W. Goodfellow 5. Wright MG. Butler SR, Dann £J, Johnson Y. 

Manktdow TC, Wesnes < Effect of 902 MHz mobile phone transmission on 

cognitive function in children. Sioeieaiomagnencs 2005, 26(Sunpl 7):i38-14j. 

Haarala C. Bergman M, Lame M, Revcrsuo A, Koivisro M. Hamalainen H: 

Electromagnetic field emitted by 902 MHz mobile phones shows no 

effects on children's cognitive function. Eioetect'crrogneiics 200S, 

26Sappl 7).144-150

Kwon MS, Huotilamen M, Shestakova A. Kujala T, Naatanen R. Hamalainen H: 

No effects of mobile phone use on cortical auditory change-detection in 

children: an ERP study. Hoeiectromognetics 2010. 31:191-199.

10. Sztajzcl J. Heart rate variability: a noninvasive electrocardiographic 

method to measure the autonomic nervous system. Swiss Med Wuty 202-4, 

134:514-522.

11. Poybcnen M, Syvaoja S, Haitikainen J, Rjukonen E. Takala J: The effect of 

carbon dioxide, respiratory rate and tidal volume on human heart rate 

variability. Anq Anaestnestot Scar'd 2004,48:93-i01.

12 Eltiti S. Wallace D. Zougkou K. Russo R. Joseph 5. Rasor ?. Pox E‘ 

Development and evaluation of the electromagnetic hypersensitivity 

questionnaire. Bioelec.troinogneiic.s 2007, 28:137-151.

13. Rubm GJ, Das Munshi J. Wessely 5- Electromagnetic hypersensitivity: a 

systematic review of provocation studies. Psychosom Med 2005.67:224-232.

14. Kwon MK. Choi JY. Kim 5K. Yoo IK, Kim DW. Effects of radiation emitted 

by WCDMA mobile phones on electromagnetic hypersensitive subjects. 

Environ Health 2012. 11:69.

15. Cron RJ, I eimg S, VicKenzic Rj. Lougtnan 5P. Iskra 5. Hamblin DL, Cooper NR. 

Effects of 2 G and 3 G mobile phones on human alpha rhythms: Resting 

EEG in adolescents, young adults, and the elderly, sioelecuomognetics 2010. 

31:434-444.

16 IEEE Standard 1528-2003' Retow.endeci Practice tor Determining the Peak 

Spatiai-Aveiage Specific. Absorption Rate (SAR) in the Human Head From 

Wireless Communications Devices: Mcasutemem Technipues. IEEE Standard 

Coordinating Committee 34; New York 2003 ihnps77ieeexploreieee.org/ 

s:amp/siampjsp7toi&arnumber= 1259064]

i 7. Seard 3B, Kam? W. Omsni T, lyama T, Watanabe S, Fujrwara 0, Wang J. 

Bit-Rabik G. Faraone A, Wiart J. Christ A, Koster N, Ae-kycung L. Kroeze H, 

Siegbahn M, Ke-hvari J, Abrishamkar H, Simon W, Manteuffel D. Nikoloski N: 

Comparisons of computed mobile phone induced SAR in the SAM 

phantom to that in anatomically correct models of the human head. 

/EEE Irons Hectromagn Compat 2006,48:397-407



Page 9 of 9

18

19.

20

21.

22.

23.

24

25.

25.

27.

28

z*

• Convenient online submission

BioMed Central

X.

Submit your manuscript at 
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and take full advantage of:

Choi et al. BMC Public Health 2014, 14:438
http://www.biomedcentral.com/1471-2458/14/438

• Thorough peer review

• No space ronstraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed. CAS. Scopus and Google Scholar

• Research which is freely available for redistribution

doiJO.1186/1471-2458-14-438

Cite this article as: Choi er .il.: Effects of short-term radiation emitted by

WCDMA mobile phones on teenagers and adults. BMC Public Health

2014 14---38.

I'iaarala c. 'Iakio F, R.ntee T, Laine M, Kcivisio M. Revonsuo A, I lamalainen H 
Pulsed and continuous wave mobile phone exposure over left versus 

right hemisphere: effects on human cognitive function. 

BioeiectfomGgnet’Ci 29C7, 28:289-295

Untetlechne: M. Sauter C. Schmid G. Ze-tlhofer J: No effect of an UMTS 

mobile phone-like electromagnetic field of 1.97 GHz on human 

attention and reaction time. Bioeiec'.romagiwci 2008. 29:145-153. 

Ma-ek MJ. Thomas BA. John C. Bobcrt LK, Alberto M, A'thu JM. Peter JS: 

Heart rate variability: standards of measurement, physiological 

interpretation, and clinical use. Eut Hee: J 1995,17:354-381. 

Parazz ni M, Ravazzani P. Tocnola C-, muroezy G. Moina1 =3. Sacchettini A, 

Xvdesi G, Muinarci LT- Electromagnetic fields produced by GSM cellular 

phones and heart rate variability. Bioelecrar.agnebcf 2007, 28:122-129. 

Koivisto M, Haarjla C, Krause CM. Revons-.io A, Laine M, Hamalainen H: GSM 

phone signal does not produce subjective symptoms. Bioelectro'riagretics 

2001,22:212-215.

Akselrod 5, Gordon D, Ubel FA, Shannon DC. Berger AC. Cohen RJ: Power 

spectrum analysis of heart rate fluctuation: a quantitative probe of 

beat-to-beat cardiovascular control. Soei'ce 1981. 213:220-222. 

Hjcnskov N. Rissen D, Slangsled A'K, Falientin N. Lundberg U. Sogaa'd K: 

The effect of mental stress on heart rate variability and blood pressure 

during computer work. Eur J Appl Physic! 2004 , 92:84-89. 

Karn KC, Kim SW, Kim SC. Kirn CW. Effects of RF exposure of teenagers and 

adults by CDMA cellular phones, eioe-tefroma^neto 2006. 27:509-514. 

Cinel C. Russo R, Bolcinl A. Fox F_ Exposure to mobile phone 

electromagnetic fields and subjective symptoms: a double-blind study. 

Psycnosonr Mea 2008. 70:345-348

Kwon MS, Koivislo M, Laine M, Hamalainen H. Perception of the 

electromagnetic field emitted by a mobile phone. 

Bioelectromagnetics 2008, 29:154- i 59.

Kheifcts L, Repacholi M. Saunders R, Van Deventer E: The sensitivity of 

children to electromagnetic fields. 2005,116:e303-e313.



The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health1/22/2020

■

Andrea Vornoli. Laura Falcioni. Daniele Mandrioli. Luciano Bua. and Fiorella Belooggi

Received 2019 Jul 10; Accepted 2019 Sep 10.

CoRyiiglll© 2019 by the authors.

Abstract

1. Introduction
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RFR, which includes radio waves and microwaves, correspond to 30 kHz-300 GHz the 

electromagnetic spectrum. RFR has enough energy to move atoms in a molecule around or cause them 

to vibrate, but not enough to ionize (to detach electrons from atoms or molecules), which is, therefore.

Since mobile phone usage has become an integral part of everyday life for the vast majority of the 

population, unprecedented human exposure to radiofrequency radiation (RFR) from conception until 

death has been occurring in the last two decades. Consequently, there is an increasing public interest in 

the possible health risks derived from mobile phone use and base station-related exposure.

Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and 

conditions of the Creative Commons Attribution (CC BY) license (httD://creativecommons.org/licenses/bv/4.0/).

kacraatiaul Jauraalaf 

Environmental Research
and Public Health

Cesare Maltoni Cancer Research Center, Ramazzini Institute, Castello di Bentivoglio, via Saliceto 3, 

Bentivoglio, 40010 Bologna, Italy; falcionil@ramazzini.it (L.F.); mandriolid@ramazzini.it (D.M.); 

bual@ramazzini.it (L.B.); belpoqgif@ramazzini.it (F.B.)

Correspondence: vornolia@ramazzini.it

The proliferation of cellular antennas and other radiofrequency radiation (RFR) generating devices of 

the last decades has led to more and more concerns about the potential health effects from RFR 

exposure. Since the 2011 classification as a possible carcinogen by the International Agency for 

Research on Cancer (lARC). more experimental studies have been published that support a causal 

association between RFR exposure and health hazards. As regard cancer risk, two long-term 

experimental studies have been recently published by the US National Toxicology Program (NTP) and 

the Italian Ramazzini Institute (RI). Despite important experimental differences, both studies found 

statistically significant increases in the development of the same type of very rare glial malignant 

tumors. In addition to carcinogenicity, reproductive organs might be particularly exposed, as well as 

sensitive to RFR. In this work, we reviewed the currently available evidence from in vivo studies on 

carcinogenicity and reproductive toxicity studies in order to summarize the contribution of 

experimental research to the prevention of the adverse effects of RFR on human health.
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In 2011 the International Agency for Research on Cancer (IARC). part of the WHO. declared RFR to 

be “possibly carcinogenic to humans", group 2B [2.7], basing primarily on limited evidence in humans 

that long-term users of mobile phones held to the head resulted in an elevated risk of developing brain 

cancer, and limited evidence from animal studies that RFR exposure lead to cancer.

Those biological changes occurring when body temperature increase is below 1 °C are referred to as 

nonthermal RFR effects. Temperature variations within the range of I °C are considered as thermal 

noise [2]. There is an ongoing debate regarding whether nonthermal biological effects can occur as a 

result of exposures to low-intensity RFR. Even though some authors have suggested that exposure to 

low-intensity RFR would not be able to induce significant biological effects through a plausible non­

thermal mechanism numerous are the studies that associate specific biological effects to RFR

exposures at levels considered below those expected to result in a measurable amount of tissue heating. 

The mechanisms of interaction between living organisms and RFR have not yet been well 

characterized, but several mechanisms have been proposed, besides tissue heating: among these are 

included the induction of ferromagnetic resonance, the alteration of ligand binding to hydrophobic sites 

in receptor proteins, and above all the most plausible is the forced-oscillation of free ions in all 

biological cells resulting in irregular gating of voltage-gated ion channels in cell membranes [6]. 

Moreover, exposure to low levels of RFR can cause small temperature changes in localized areas of 

exposed tissues leading to conformational changes in temperature-sensitive proteins and inducing the 

expression of heat-shock or stress-response proteins [2].

Among the effects induced by RFR. tissue heating is a well-established and biologically plausible 

mechanism: When the RFR exposure occur at levels high enough, the absorption of energy by a 

biological system could overcome its capability to regulate the body temperature. Assuming the phones 

are not emitting more than permitted, typical human exposures to RFR occur at intensities that are not 

capable of inducing significant tissue heating if devices are used according to the manufacturers' 

recommendations for use.

This review aims to address the current knowledge of both the carcinogenic and the 

reproductive/developmental hazards of RFR emerged from in vivo experimental studies. Firstly, cancer 

bioassays have been reviewed. Based on the animal model, reviewed articles were separated by 

paragraphs in studies on rats, mice and other models (including trans-genic models). Those 

experimental studies in which wild type ortransgenic/tumor-prone strains of rats and mice were 

subjected to RFR long-term exposure of at least one year were taken into consideration. Those 

experiments with an exposure duration beneath the 12 months were deliberately excluded, since they 

can not be considered reliable carcinogenicity studies [10].

One of the biggest concerns is that RFR might have reproductive and developmental adverse effects, in 

particular, disturbing testicular function and altering sperm parameters. It is indeed probable that the 

penetration of RFR into the testis may be more pronounced than other tissues, given the lower 

protection of this organ by tissue, in comparison to others. It is well known that the temperature of the 

testicles is 2 °C to 3 °C lower than the rectal one. and the right temperature for spermatogenesis is 

considered to be 35 °C [8]. The habit of keeping the cellphone in the trouser pocket or the prolonged 

use thereof may have an impact in generating hyperthermia of the scrotum, as well as oxidative stress, 

which represent the main damage generation mechanisms [0], besides non-thermal effects.

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

known as non-ionizing radiation. The important properties of non-ionizing radiation include the 

frequency at which it is generated, measured in megahertz (MHz) or gigahertz (GHz), and the intensity 

of the waves, or the specific absorption rate (SAR). which is the rate of energy absorption per unit mass 

of biological tissue [1]. RFR can cause tissue heating when having sufficient intensity, which is the 

principle of the microwave oven functioning. Given the ability of RFR to heat tissues, the toxic effects 

of RFR are often pointed to thermal effects only.
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2. Cancer-Related In Vivo Investigations

2.1. Rats

https://www.ncbi.nlm.nih.gov/pmc/ar1icles/PMC6765993/ 3/32

Among rat studies. La Regina et al. (2003 ). using a carousel system, tube-exposed Fischer 344 (F344) 

rats for 4 h/day. 5 days/week. for 24 months. Two different types of RFR (835.62 MHz FDMA. 847.74 

MHz CDMA) at one brain SAR level of 1.3 ± 0.5 W/kg each were applied to the animals. Each group 

(2 RFR and 1 sham) consisted of 160 rats (80/80). No significant differences between treated and 

sham-exposed animals were found in the incidence of any spontaneous tumors [13].

Anderson et al. in 2004 exposed F344 rats to 1.6 GHz RFR. Animals were divided into three groups of 

treatment: One group was sham exposed, and two groups were subjected to a far-field RFR Iridium 

signal. Exposures started prenatally at levels resulting in fetal brain SAR of 0.16 W/kg. After 

parturition, 90 restrained animals per sex and per group underwent 2 h/day, head-first, near-tleld 

exposures for 5 days/week until the rats were two years old. with calculated levels of brain SAR 

corresponding to 0.16 W/kg and 1.6 W/kg and near-field sham controls. It was not observed any 

statistically significant difference among the three experimental groups as for the incidence of 

neoplastic lesions [14].

In 2007, Smith et al. divided 1170 Han Wistar rats among 65 male and 65 female per group, exposing 

the animals for 2 h/day. 5 days/week for up to 24 months at three nominal SARs of 0.44, 1.33. and 4.0 

W/kg to Global System for Mobile Communications (GSM) or Digital Cellular System (DCS) wireless 

communication signals. No adverse reaction was observed following exposure to different levels of 

both the signals. Particularly, except for those results that the authors reputed as isolated, trivial 

observations not related to the treatment, this study did not report any statistically significant finding in 

the incidence, multiplicity. latency, or type of any primary cancers that can be attributable to RFR 

neither in male nor in female rats [15],

Also, five two-years promotional cancer studies involved promotion of N-Ethylnitrosourea (ENU)- 

induced cancer, four in F344 rats and one in SD rats [16,17.18.19.20]. RFR carrier frequencies ranged 

from 836 to 1950 MHz with different modulations. Nevertheless, none show'ed an increase nor in 

ENU-initiated brain cancer promotion nor any other statistically significant observation. It should be 

noted that in all the five studies, a carousel system to restrain rats was used, and this likely have 

presented a stress factor, complicating the interpretation of the results.

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

Secondly, apical endpoints investigated in reproductive and developmental toxicity peer-review'ed 

studies were used for PubMed selection of relevant in vivo animal studies. Hence, those experiments in 

which the authors evaluated the effect of RFR exposure towards reproductive system health were 

reviewed. Based on the animal model, reviewed articles were separated by paragraphs in studies on

rats, mice and other mammalian models.

Since billions of people are exposed to the potential carcinogenic risks of RFR. studies in laboratory 

animals must be as sensitive as possible for really being informative. The Organization for Economic 

Co-operation and Development (OECD) and the NTP have drawn up specific guidelines for the 

conduction of carcinogenicity studies [11.12]. Among the specifications for design and conduct of 

experimental studies to evaluate carcinogenic potential of xenobiotics. such as the physical agent RFR. 

are in example the following: (1) Each dose group and concurrent control group should contain at least 

50 animals of each sex. (2) at least three dose levels should be used (in addition to the concurrent 

control group), and (3) the period of dosing and duration of the study should be of at least 24 months 

[10].
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The studies discussed in this section are summarized in Table 1.
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The Ramazzini Institute (RI) study was the largest long-term bioassay ever performed exploring the 

health effects of RFR. comprising 2448 rats. The whole-body exposure for 19 h/day of male and 

female SD rats to a 1.8 GHz GSM far field of 0. 5. 25, 50 V/m. started prenatally and lasted until 

natural death [23].

The study by the US National Toxicology Program (NTP) was the largest rodent bioassay carried out 

by this U.S. government Institution. SD rats were exposed to RFR in special chambers for up to two 

years, with exposure began in the womb. The RFR exposure was intermittent. 10 min on and 10 min 

off. for a total of about 9 h a day. with exposure levels of 1.5. 3. and 6 W/Kg/bw. Rats were exposed at 

a frequency of 1900 MHz to total body RFR from two technologies. CDMA and GSM [22].

During the use of cordless and handheld mobile phones, the brain is the main target of RFR. An 

increase in gliomas of the brain, the same tumor found in people after long-term cell phone use. was 

obseiwed in both NTP and RI studies, although a statistically significant increase was observed only by 

NTP. The results published by the RI highlighted a statistically significant increased incidence of a very 

rare glial tumor of the heart, the Schwannoma, in male rats treated at the highest dose (50 V/m). This is 

the same type of tumors found to be increased by NTP using far higher exposure levels, tumor 

involving the same hystotype of the acustic nerve (vestibular) neurinoma observed in humans after 

intensive mobile phone use in epidemiological studies [2]. Both in the NTP and in the RI studies, the 

increase in the risk of Schwannomas was low.

In the NTP study, an increased number of male rats bearing adrenal gland tumors was also considered 

to be related to exposure. The RI publication only documents brain and heart findings. Data from the 

other organs are about to be published.

NTP doses were established to mimic the localized exposure on body tissues from a cell phone placed 

near the body—and were, therefore, particularly higher than those used by the RI. which were, instead, 

similar to those found in our living and working environment to mimic (he full-body human exposure 

generated by mobile telephony base antennas. Despite these differences, recently, both the studies 

found statistically significant increases in the development of the same type of very rare glial malignant 

tumors [22.23].
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Among the studies conducted in Sprague-Dawley (SD) rats, in 1992 Chou et al. exposed 200 SD rats 

for 25 months, 21.5 h per day, to pulse modulated 2450-MHz RFR at 0.144-0.4 W/kg of whole body 

SARs. Exposed animals showed a statistically significant increase in the incidence of primary 

malignant tumors, compared to the same number (h = 200) of sham-exposed rats. Among those 

neoplasms found in the exposed rats were thyroid cancer and malignant lymphoma. The importance of 

these results is given by the fact that the thyroid gland is one of the most RFR-exposed organs during 

mobile phone usage, especially during a call [21].
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Table 1

Studies of carcinogenicity in rats exposed at least two years to radiofrequency radiation (RFR).

Increased Tumor

Incidence

(Significance)

835.62 MHz FOMA. 847.74

MHz CDMA 1.3 ±0.5 W/kg
(NS)

(NS)(2004)

(NS)

(1992)

Male heart

Open in a separate window

M. males: F. female: li. hour(s): NS. not significant.

2.2. Mice

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6765993/ 5/32

Sprague-Dawley rats (M)

25 months Chou et al..

Strain, Species (Sex)

Duration Reference

1800 MHz (GSM) 0.1 W/Kg. 

0.03 W/Kg. 0.001 W/Kg

Exposure Time No. of

Animals

9 li/dax. 7 days/week

105/sex/group

Male brain glioma

and heart

Fischer 344 rats(M. F) 24 

months Anderson el al..
2 h/day. 5 days/week 

90/sex/group

Not any increased

tumor incidence

Sprague-Dawley rats (M.

F) Before birth trough 24 

months Wyde cl al.. (2016)

RFR Exposure

Levelfrequencies, Intensities

(Any Other Co-Exposure)

19 It/dax. 7 days/week

Groups l.ll:

400/sex/group Groups

III. IV: 200/scx/groiip

4 h/day. 5 days/week

80/sex/group

2 h/day. 5 days/week

65/scx/gnnip

Not any increased

tumor incidence

Schwannoma (/? < 

0.05) and female 

brain glioma (NS)

21.5 h/day. 7 days/week 

200/gruup

In addition to the study conducted in SD rats. NTP also conducted a carcinogenesis study in B6C3FI/N 

mice. Animals were located in special chambers and treated with RFR for up to two years, with 

exposure began at 5-6 weeks of age. The RFR exposure was intermittent. 10 min on and 10 min off. 

for a total of about 9 h a day. with exposure levels of 2.5. 5 m and 10 W/Kg. The whole body of the 

mice were exposed to RFR al a frequency of 1900 MHz. from two technologies. CDMA and GSM. In 

male or female mice, exposure to cell phone RFR did not significantly increase the incidence of any 

neoplastic lesions [24].

2450 MHz pulse modulated

0.144-0.4 W/kg

900 MHz (GSM. CDMA) 1.5.

3. 5 W/kg

1600 Ml Iz iridium signal 

Prenatal brain SAR (fetuses): 

0.16 W/kg Brain SAR: 0.16

W/kg. 1.6 W/kg

Sprague-Dawley rats (M. 

F) Before birth trough 

spontaneous death Falcioni 

el al.. (2018)

900. 1800 MHz (GSM. CDS)

0.44. 1.33. and 4.0 W/kg

Not any increased 

tumor incidence

Fischer 344 rats (M. F) 24 

months La Regina et al.. 

(2003)

Fischer 344 rats(M. F) 24 

months Smith et al.. (2007)

Total primary

cancers malignant 

l\ mphoma thyroid 

cancer (p < 0.05)

Schwannoma (p <

0.05)
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The studies discussed in this section are summarized in Table 2.

Table 2

Studies of carcinogenicity in mice exposed at least two years to RFR.

Increased Tumor Incidence

(Significance)
Animals

Not anv increased tumor

incidence (NS)

(2010)

UMTS fields 0.04. 0.4. and 2

(2015) (tumor promotion) (p < 0.05)

M. males: F. female: h. hour(s); NS. not significant.
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Exposure

time No. of

Not any increased tumor

incidence (NS)

2 h/day. 5 

days/week

50/sex/group

23.5 h/day. 7 

days/wcck

96/group

Using B6C3FI mice. Tillmann et al. (2007) experimentally evaluated the possible carcinogenic effects 

of RFR at 902 and 1747 MHz. respectively of the GSM and of the DCS standards. Mice were 

restrained and exposed over a period of 2 years for 2 h/day. 5 days/week to three different whole-body 

averaged SAR levels of 0.4. 1.3. 4.0 W/Kg body weight, or were sham exposed. No statistically 

significant increase in the incidence of any particular tumor type was observed in the RF exposed 

groups as compared to the sham exposed group [25].

RFR cocarcinogenic effect was explored in the 2010 tumor promotion study by the same authors. Mice 

were exposed for two years to Universal Mobile Telecommunications System (UMTS) fields at 

intensities of 0 (sham). 4.8. and 48 W/m". The low-dose group (4.8 W/m“) was subjected to additional 

prenatal ethylnitrosourea (ENU) treatment of 40 mg/kg body weight, and showed an increase in the rate 

of lung tumor and in the incidence of lung carcinomas in comparison with the control group treated 

only with ENU [2£].

902MHz(GSM) 1747 MHz

(DCS) 0.4. 1.3. 4.0 W/Kg

RFR Exposure Level:

Frequencies Intensities

(Any Other Co-Exposure)

23.5 h/day. 7

days/week

60/group

Female lymphoma, lung adenoma 

and carcinoma, liver carcinoma

UMTS Helds 48 W/m2 and 

4.8 W/m2 + prenatal ENU 

treatment of 40 mg/kg/b.w.

9 h/day. 7 

days/week

105/scx/group

B6C3FI mice (M. F) 

Tillmann el al.. (2007)

B6C3F1/N mice(M. F) 

Before birth trough 24 

months Wyde cl al.. 

(2016)

W/kg + prenatal ENU 

treatment of 40 mg/kg/b.w.

B6C3FI mice(F) 24 

months Tillmann el al..

B6C3FI mice (F) 24 

months Lerchl et al..

Strain, Species, (Sex)

Duration Reference

1900 MHz (GSM. CDMA)

2.5. 5. and 10 W/Kg

Similar results were obtained from a follow-up study in which mice were treated with RFR at SAR 

levels of 0 (sham). 0.04, 0.4. and 2 W/kg [27]. The incidence of lung and liver tumors and of malignant 

lymphomas was significantly higher in RFR exposed animals, compared to control (sham-exposed) 

rats.

Female lung carcinoma and lung 

tumor rate in ENU-prclreatcd 

group (tumor promotion) (p < 

0.05)
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The studies discussed in this section are summarized in Table 3,
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Among the studies conducted on transgenic/tumor-prone animal strains, in 1997. Repacholi et al. 

observed an increase in p-cell lymphoma in transgenic mice exposed to pulsed digital RFR. Such 

increase was observed for female piml (carrying a lymphomagenic oncogene) mice after 18 months of 

exposure to a modulated 900 MHz GSM signal of two 30-min periods per day. at SAR exposure levels 

ranging from 0.008 to 4.2 W/kg. averaging 0.13-1.4 W/kg [28]. This result was not replicated by the 

studies of Utteridge et al. (2002) and Oberto et al. (2007) that had similar designs [29,30],

In the study by Oberto et al. (2007) that the authors defined as “an extension of a previously published 

study conducted by Repacholi el al.’-, female Piml transgenic mice (n = 50/group/sex) were tube- 

restrained and treated for I h/day, 7 days/week, up to 18 months, at whole body SAR levels of 0, 0.5, 

1.4, 4.0 W/kg. The results of this bioassay do not suggest any effect due to pulsed 900 MHz RFR 

exposure on the onset of tumors, thus, disproving once again, the results by Repacholi et al., under the 

conditions used [30],

In particular, in 2002 Utteridge and collaborators used a modulated 898.4 MHz GSM signal for 

exposing female heterozygous piml transgenic (lymphoma-prone) mice (» = 120 per group) in a 

“ferris-wheel" system. Tube-restrained animals were RFR-radiated for 1 h/day and 5 days/week within 

two years at 0. 0.25. 1.0. 2.0. and 4.0 W/kg as whole body SAR levels. In addition, the study included a 

non-restramed cage control group, and a positive control, treated only with 50 mg/kg ENU. All in all. 

contrary to what observed by Repacholi. no lymphoma increase was observed in the RFR exposed 

groups [29].

The possible co-carcinogenic effect of 2450 MHz RFR exposure and 3, 4-benzopyrene was explored 

by Szmigielski et al. in 1982 in two different types of transgenic mice. Balb/c and C3H/HeA mice were 

exposed to RFR from 6 weeks of age for 2 h a day. 6 days a week, up to I year of age. either before 

(over I or 3 months) or concurrently to the treatment with benzopyrene (over five months). RFR at the 

frequency of 2450 MHz showed to induce cancer promotion at both 50 and 150 W/m". The findings of 

this study revealed an increase in chemically-induced and spontaneous tumors [31].

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health

2.3. Other Models
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Table 3

Studies of carcinogenicity in other models exposed at least two years to RFR.

Not anv increased tumor incidence

(NS)

E mu-l’iml mice
900 MHz GSM 0.008-

f$-ccll lymphoma (p < 0.01)

cancer in Balb/c mice (p < 0.05)

M. males: F. female; h. hour(s): NS. not significant; NR. not reported.

3. Reproductive/Developmental Toxicity In Vivo Investigations

3.1. Male Reproductive System

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6765993/ 8/32

RFR Exposure Level: 

Frequencies Intensities

(Any Other Co­

Exposure)

Exposure

Time No. of 

Animals

Increased Tumor Incidence 

(Significance)

I h/day. 5

daysAveek

120/sex/group

Strain. Species, (Sex)

Duration Reference

4.2 W/kg. averaging

0.13-1.4 W/kg

2450 MHz 50. 150

W/m" Balb/c mice also

Acceleration of breast tumor 

developed in CjH/HeA mice 

Acceleration of BP-induced skin

1 h/day. 7 

days/week

50/sex/group

I h/day. 7 

days/week

100/group

Both OECD and NTP recently updated their study guidelines for reproductive and developmental 

toxicity adding various functional endpoints for assessing how an agent can affect the reproductive and 

endocrine status of animals [32.33]. Here, we used those endpoints for articles selection by Pubmed to 

assess the state of art of the literature about RFR toxicity potential, distinguishing for studies on the 

male and female reproductive system, and other reproductive/developmental endpoints, discriminating 

by strains of experimental animals. In particular, the apical endpoints used for literature search on 

Pubmed were the following: Assessment of sperm quality, viable litter size/live birth index, neonatal 

growth, neonatal survival indices, prenatal mortality, weight and morphology of reproductive organs, 

estrous ciclicity, precoital interval, mating and fertility indices and reproductive outcome, duration of 

gestation, parturition, landmarks of sexual maturity (vaginal opening, urogenital distance, balano- 

preputial separation), functional toxicities and CNS maturation, qualitative and quantitative physiologic 

endpoints revealing unique toxicities of pregnancy and lactation, nesting and nursing behavior, sexual 

behavior, sex ratio in progeny, oocyte quantification.

treated with 3. 4- 

benzopyrene (BP)

E mu-Piml mice 

(lymphoma-prone) (M. F) 24 

months Utieridge et al. 

(2002)

C3H/HcA (breast cancer- 

prone) and Balb/c mice 12 

months (M. F) Szmigielski et 

al. (1982)

898.4 MHz GSM 0.25.

1.0. 2.0. and 4.0 W/kg

(lym phoma-pronc) (F) 18 

months Repacholi et al. 

(1997)

E mu-Piml mice 

(lymphoma-prone) (M. F) 18 

months Obcrto et al. (2007)

900 MHz pulse 

modulated 0.5. 1.4. 4.0 

W/kg

N<»i any increased tumor incidence

(NS)

2 h/day. 6 

days/week

NR
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In 2007, the study by Yan et al. reported a statistically significant decreased motility of the epididymal 

sperm of SD rats treated with 1.9 GHz RFR, in comparison to controls. Furthermore, treated rats, 

unlike the unexposed, showed abnormal clumping of spermatozoa. Compared to the previous study by 

Dasdag et al., the apparent opposition in the results obtained by Yan et al. may be likely due to the 

longer treatment period to which rats from the same strain were subjected in this experiment. In fact.

A study by Trosic et al. was aimed to establish the possible negative impact of RFR exposure on Wistar 

rat male reproductive health. The research group evaluated the count, motility and form of spermatozoa 

from the cauda epididymis, as well as the histology of the testis. Animals were total body irradiated for 

I h/day over two weeks to 915 MHz RFR. at the average SAR value of 0.6 W/kg. An haemocytometer 

was used for microscopically determining the quality, quantity and structure of free sperm ceils taken 

from the epididymis. This study revealed no statistically significant changes in any of the evaluated 

endpoints [39].

One of the first studies investigating cellphone RFR was conducted in SD rats and examined just the 

effects, due to exposure on testicular and sperm function. Rats were restrained in cages built ad hoc in 

Plexiglas, and mobile phones were placed 0.5 cm under the cages. Cellular phones with frequencies 

between 890 and 915 MHz were activated at a SAR level of 0.52 W/kg for 20 min/day for up to one 

month. No statistically significant difference between treated and control animals was reported in this 

study for any of the analyzed parameters [34].

Testicular histological changes in rats exposed to 848.5 MHz RFR for 12 weeks were explored by Lee 

et al. <2010). Male SD rats underwent two daily exposure periods of 45-min. with an interval period of 

15 min. The authors investigated the concentrations of MDA in the testis and epididymis, the sperm 

count in the cauda epididymis, the frequency of the stages of spermatogenesis, the germ cell count, and 

the appearance of apoptotic cells in the testis. According to the results of this study, rat

spermatogenesis was not influenced by any detectable adverse effect [35].

In 2011. Imai et al. performed a study on adolescent SD rats, exposing the animals to 1.95 GHz RFR at 

a whole-body SAR level of 0.4 W/kg for 5 h/day. 7 days/week. for a total of 5 weeks. The exposure 

period corresponded with the reproductive maturation of the rats. No difference in weights of the 

epididymis, seminal vesicles, testis or prostate was observed between exposed and control rats. Sperm 

count in the epididymis and testis was not influenced by the treatment, and no alterations in the sperm 

motility, morphology, or in the histological appearance of seminiferous tubules, including the 

spermatogenic cycle stage, was observed between treated and untreated animals [37],

Two years later, the same researchers examined the effects of combined exposure to 848.5 MHz 

CDMA and 1950 MHz WCDMA RFR on most of the same parameters analyzed in their previous 

study. SD rats underwent RFR exposure for 45 min a day. 5 days a week for a total of 3 months, at an 

average whole-body SAR of 4.0 W/kg for both the frequencies. Based on the findings, they concluded 

that not even such simultaneous exposure resulted in any observable adverse effect on rat testicular 

function

Among “non-influential" studies conducted in Wistar rats, in 2007 Ribeiro et al. investigated the effects 

of subchronic RFR exposure emitted by GSM cellular phone (1.835-1.850 GHz) for 1 h/day for 11 

weeks on the testicular function. Epididymal sperm count, epididymal and testicular weight, total 

testosterone in the serum and lipid peroxidation levels in these organs, such as various qualitative 

testicular histopathological end points were analyzed. No statistically significant difference was found 

between treated and control animals for all the considered endpoints [38].

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

3.1.1. Rats
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To investigate the hypothesis of an increased production of free radicals and other effects on fertility', 

the same researchers exposed the same strain of male rats to the same type and duration of RFR 

exposure. They found the antioxidant enzymes glutathione peroxidase and superoxide dismutase 

significantly lowered, and the catalase and malondialdehyde significantly increased in (he exposed 

group, compared to the unexposed. Moreover, testicular sperm of exposed rats showed an increased 

content in micronuclei and a significantly changed cell cycle of G(0)-G(l) and G(2)/M. Generation of 

free radicals (ROS) was significantly increased in sperm [45],

In 2014. Qin et al. used adult male SD rats to explore the circadian effects of the exposure to RFR on 

reproductive functional markers. Animals in circadian rhythm (based on melatonin measurements) 

underwent RFR exposure at 1.8 GHz. at a SAR level of 0.0405 W/kg, for 2 hours a day. for 32 days in 

total. Circadian rhythms were found disrupted in animals exposed to RFR. as well as testosterone 

levels, daily sperm production and sperm motility were found decreased, the activity of y-GT and ACP 

down-regulated, and the mRNA expression of cytochrome P450 and steroidogenic acute regulator)' 

protein were altered in comparison to sham exposed rats. These results show that RFR exposure can 

negatively impact male reproductive functional markers, both in terms of total daily levels and in terms 

of circadian rhythmicit}’ [41].

Finally, in 2019. Guo et al. explored the effects of 30 days exposure to pulsed modulated RFR at 220 

MHz on the sperm quality in male adult SD rats. Calculated average whole body and testis SAR values 

were 0.030 W/kg and 0.014 W/kg, respectively. Compared to controls, (he sperm quality in the treated 

group decreased significantly. Sperm cells quality was assessed by measuring the survival rate, the 

number and the abnormalities of spermatozoa. After the treatment, the level of Leydig cells secreting 

factor assessed by ELISA decreased significantly, whereas the Western blotting-assessed levels of 

caspase 3. cleaved caspase 3. and the BAX/BCL2 ratio in the testis markedly increased. Moreover, the 

levels of secreted factors of Sertoli cells assessed by ELISA and the testis morphology by HE staining, 

showed an evident change following RFR treatment [42],

Different outcomes emerged from most of the studies conducted in Wistar rats, for example when rats 

of the same strain were exposed to RFR emitted by an active cell phone at the GSM frequencies of 0.9 

and 1.8 GHz for I h a day for I month, in comparison to a group of animals exposed for the same 

period to a no battery cell phone. Total sperm count was not affected, but sperm motility of 

experimental rats was significantly reduced by the exposure. The average percent of motile sperm 

reduced of about 40%, being 72.0% ± 8.7% in control rats and 43.1% ± 10.0% in RFR-exposed rats. 

Moreover, epididymis and testis of RFR exposed animals showed a marked increase in lipid 

peroxidation and a significant decrease in GSH content [431.

Kesari et al. (2010) exposed adult rats for 2 h/day up to 5 weeks to 900 MHz RFR with a level of SAR 

estimated to be 0.9 W/kg. Treated animals showed a significantly decreased total sperm count and level 

of protein kinase C (PKC). as well as an increase in apoptosis of spermatozoa. The enzyme PKC is 

commonly located in head, neck, and tail of human sperm, and plays an important role in the acrosomal 

reaction and sperm motility. The authors associated the reduction in PKC activity to the RFR- 

dependent possible overproduction of ROS in the sperm of exposed animals [44],

In the same year. Meo and collaborators exposed male Wistar albino rats to GSM cell phone RFR for 

half an hour a day or for 1 h a day, for a 3 months period in total. In comparison to control rats, 18.75% 

of longer exposed rats showed the arrest of sperm maturation and hypospermatogenesis. The exposure 

to cell phone RFR for half an hour a day did not result in any abnormal findings in the animals [46].

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

the experimental rats, restrained in special plastic holding tubes, were daily exposed to cell phone RFR 

for three hours, followed by 30 min of non-exposure outside the tubes, and. to follow, by another 

exposure period of 3 h more 140].
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In the same year, a study by Meena et al. aimed to evaluate the protective effect of the well-known 

antioxidant melatonin (MEL) in male Wistar rats, demonstrated that the prolonged RFR exposure could 

generate oxidative stress-mediated damage of the testes. The animals were divided into four groups: 

Controls (sham exposure); 2 mg/kg MEL treated; 2.45 GHz RFR exposed; and co-lreated with RFR + 

MEL. Exposure was of 2 h a day for 45 days, and SAR was estimated at 0.14 W/Kg. Experimental 

observations showed that RFR biochemically induced oxidative damage by significantly decreasing 

testicular LDH levels and by increasing testicular MDA and ROS levels. Furthermore. RFR 

significantly affected the sperm count, the levels of testosterone, the fragmentation of DNA in 

testicular cells, the content of xanthine oxidase and carbonylated proteins [491.

A long-term study analyzed the effects of exposure to cell phone emitting al 900 MHz on the 

reproductive organs of male rats. Specific levels of SAR for testis and prostate ranged from 0.0373 to 

0.0623 W/kg. Exposed rats underwent RFR 3 h daily for one year. Once the experiment ended, the 

authors claimed that, under the condition used. RFR alter some reproductive parameters. In particular, 

the morphologically abnormal spermatozoa rates of treated rats were found significantly higher, in 

comparison to control rats. Moreover, at the histological examination of the seminiferous tubules, the 

Johnsen testicular biopsy score and the tunica albuginea thickness were found significantly decreased 

in the exposed animals (481.

The most recent study performed tn Wistar rats for evaluating the effects of RFR on the male 

reproductive system was that of Gautam et al. in 2019. Rats underwent cell phone RFR exposure from 

3G technology for 2 h/day for 45 days in specially designed exposure structures. A spermatogenic cells 

decrease was detected through histopathological examination, as well as sperm membrane and sperm 

Adult male Wistar-Albino rats were long-term treated with 2.4 GHz RFR reproducing Wi-Fi exposure 

to evaluate the potential DNA damage on a series of different tissues. The detection of possible DNA 

damage was realized through the method of the single cell gel electrophoresis assay (comet). In 

exposed rats, the % tail DNA values of the liver, brain, kidney, and skin tissues were higher than that of 

the controls, but the increase resulted statistically significant only in testes tissue [5 I).

Exposure effects on testes were also evaluated in another long-term study, in which rats underwent Wi­

Fi-emitted 2.4 GHz RFR for 24 h a day during 12 months. Among the different parameters analyzed, 

the weight of the seminal vesicles and epididymis, the diameter of the seminiferous tubules and the 

thickness of tunica albuginea were found significantly lowered, compared to controls, while head 

defects and mitochondria) distribution alterations in the mid-piece of sperms significantly increased in 

the exposure group 150],

In a study conducted in 2018. Narayanan et al. investigated the possible adverse effects on blood 

biochemical and reproductive parameters of adolescent male albino Wistar rats exposed to 1 h/day 900 

MHz RFR from a mobile phone for 28 days. The treatment caused a slight reduction in sperm motility 

and a statistically significant increase in abnormal sperm percentage, in comparison to unexposed rats. 

Moreover, the testes of 900 MHz-exposed animals showed a loss of germ cells, in particular, 

spermatids and spermatocytes. Furthermore, the activity of testes caspase-3 was slightly increased, and 

MDA concentration was found increased in exposed rats [52].
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In a study of 2012. Kesari and Behari exposed Wistar rats to cell phone RFR for 2 h a day for 45 days. 

Exposed rats showed a significant decrease in testosterone levels and an increased activity of caspase-3 

protein, compared to controls. Transmission Electron Microscope observations also revealed sperm 

head and midpiece of sperm mitochondrial sheath distortions. Furthermore, this study revealed a 

reduction in litter size and weight of the progeny deriving from RFR-exposed male rats mated with 

unexposed females, compared to controls. The authors attributed these observations to ROS 

overproduction in rats exposed to cell phone RFR [42].
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The studies discussed in this section are summarized in Table 4.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6765993/ 12/32

tail morphology alterations. Among the various biochemical and physiological parameters analyzed, 

significant increases in lipid peroxidation and ROS levels with concomitant sperm count decrease and 

alteration in the mitochondrial activity of spermatozoa were observed [52].
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Table 4

Male reproductive studies in rats exposed to RFR.

A,

Endpoint(s) Impacted by RFR (Significance)

Animals

890-915 MHz

Not any statistically significant alteration (NS)rats

848.5 MHz 2.0
Not any statistically significant alteration (NS)

20/group

45 min/dav. 5
848.5 MHz

Not any statistically significant alteration (NS)
rats Lee el

al.. (2012)

1950 MHz

Not any statistically significant alteration (NS)

el al..
24/group

12011)

1.835-1.850
Wistar rats

Not any statistically significant alteration (NS)Ribeiro et

al.: (2007)

Wistar rats
915 MHz 0.6

Not any statistically significant alteration (NS)Trosic ci
W/kg

al.. (2013)

1900 MHz

Open in a separate window
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Sprague-

Dawlev

Sprague-

Dawley

rats Imai

RFR Exposure

Level
Exposure

Time No. of

I li/day. 7 

days/week. 2 

weeks 9/group

days/week. 12 

weeks

Strain.

Species

Reference

Sprague-

Dawley

Frequencies,

Intensities

20/group (cage 

control group:

5)

20 min/day. 7

days/week. 1

month 8/group

90 min/day. 5 

days/week. 12

weeks

(Any Other

Co-Exposure)

I h/day. 7 

days/week. 11 

weeks 8/group

h. hour(s): NS. not significant: NR. not reported: ROS. reactive oxygen species: GSH. glutathione: PKC. protein 

kinase C: Hi. histone kinase; CAT. catalase; GPx. glutathione peroxidase: SOD. superoxide dismutase: XO. 

xanthine oxidase: MDA. malondialdehyde: HOS test. Hypo-Osmotic Swelling test: StAR. steroidogenic acute 

regulatory protein: y-GT. y-glutamyltransferase: ACP. acid phosphatase: T. testosterone: BAX. bcl-2-like protein 

4; BCI.2. B-cell lymphoma 2.

Dasdag et

al.. (2003)

5 h/day. 7 

days/week. 5

weeks

(CDMA). 1950 

MHz.

(CDMA) 0.4

W/kg, 0.08

W/kg

Sprague-

Dawley

rats Lee et W/kg (CDM/X)

al.. (2010)

(GSM) 0.52

W/kg

GHz(GSM) 1.4

mW/cirT. (1.04
niW/cm^

(WCDMA)4.0

W/kg
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3.1.2. Mice

The studies discussed in this section are summarized in Table 5.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6765993/ 14/32

In a very recent experimental study, the same authors investigated the impact of GSM RFR at 900 MHz 

on germ cells development during spermatogenesis of Swiss albino mice. Animals were divided into 

four groups, one of which underwent RFR exposure 3 h a day twice, for 35 days, another received the 

same exposure with 5 mg/kg bw/day MEL supplementation, a third group received only MEL, and the 

last one remained unexposed. As consistent with the previous experiment. RFR exposure caused 

extensive DNA damage in germ cells, arrest in pre-meiolic stages of spermatogenesis, eventually 

leading to sperm head defects and low sperm count. Moreover, excess free radical generation was 

revealed through biochemical assays, thus, leading to histological and morphological changes, 

respectively in testis and germ cells morphology. These effects were either diminished or absent in 

RFR-exposed animals supplemented with MEL [57]. This result confirms the findings by Meena et al. 

in Wistar rats [49].

In the first study reported on mice, the animals were subjected to 0.09 W/kg RFR exposure, at 900 

MHz. Polycarbonate cages were accommodated within an ad hoc built waveguide where mice were 

irradiated for 12 h/day for a week. The mitochondrial genome and the nuclear p-globin locus resulted 

significantly damaged when the DNA integrity was detailed analyzed through qPCR. Apart from this 

genotoxic effect in epidtdymal spermatozoa, this study did not document any other detrimental effect 

by RFR exposure on the development of male germ cell [£4]. Nonetheless, it should be pointed out that 

in this study it was used a SAR value about 10 times lower than that used in the 2010 study by Kesari 

et al. conducted in Wistar rats [44]. The contrasting outcomes from these two studies may be partly 

explained by both the different experimental exposure conditions, and the different strain used (mice 

are much smaller than rats).

A 2010 study by Otitoloju el al. exposed male mice at residential quarters and a workplace complex to 

RFR from radio base antenna at 900 to 1800 MHz for six months, and compared to unexposed animals 

observed a statistically significant increase (39.78 and 46.03%. versus 2%, respectively) in the 

occurrence of sperm head defects. Such abnormalities were found to be dose-dependent, and mainly 

consisted of pin-head, banana-shaped and knobbed hook sperm head [55].

The study conducted by Pandey et al. in 2017 using Swiss albino mice investigated the effects of RFR 

exposure on male germ cell transformation kinetics, and evaluated the possible recovery. Animals were 

exposed to 900 MHz RFR for 4 or 8 h a day for a total of 35 days. Some animals were sacrificed after 

those 35 days of exposure, while others were given the opportunity to recover from exposure for 

further 35 days. The damage index of germ cells and the sperm head abnormalities were significantly 

increased in exposed mice. Flow' cytometric estimation of germ cell subtypes in mice testis revealed

2.5-fold increases in spermalogonial populations with significant decreases in spermatids. A reduction 

of almost three times in primary spermatocyte to spermatid turnover, and a fourfold reduction in 

spermatogonia to spermatid turnover were found, to indicate a spermatogenesis arrest in the premeiotic 

stage. As a consequence, post-meiotic germ cells markedly decreased at the histological observation of 

the testes, as well as the sperm count lowered in mice exposed to RFR. Furthermore, histological 

alterations, such as epithelium depletion, maturation arrest and loss of immature germ cells into the 

seminiferous tubule lumen were also observed. Nevertheless, all the observed effects showed varying 

degrees of recovery when animals underwent to a post-treatment recovery period [56].
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Table 5

Male reproductive studies in mice exposed to RFR.

Endpoint(s) Impacted by RFR (Significance)

Animals

exposure)

CD1 Swiss

mice

Aitken et

al. (2005)

Albino

900 to 1800

MHz (GSM) NR

(20 KJ)

Swiss

albino

Swiss

albino

W/kg

Open in a separate window

h. hour(s): NS. not significant; NR. not reported.

3.1.3. Other Models
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Damage in the mitochondrial genome and in the nuclear 0- 

globin locus by DNA integrity analysis using qi’CR

900 MHz (GSM)

0.09 W/kg

Strain,

Species

Reference

Frequencies,

Intensities (Any

Other Co­

Exposure

Time No. of

Two studies were performed by the same research group using adult male rabbits to evaluate the effect 

of mobile phone-emitted RFR on weekly collected semen samples. The two lagomorph studies were 

conducted with the identical experimental design and protocol of exposure and differed only in the 

frequencies used, which were of 900 MHz [58] and 800 MHz [59]. The whole-body average SAR was 

0.43 W/kg in both studies. Mobile phone in standby mode was positioned close to the genitalia of the 

animal for 8 h/day over 12 weeks in order to assess testicular function. Salama et al. evaluated fructose 

and citrate levels, sperm motility and viability, serum testosterone levels, histological sections from the

Increased sperm head abnormalities (knobbed hook, pin-head 

and banana-shaped sperm head) (/? < 0.05)

6 h/day. 7

days/wcek. 35

days 15/group

2-1 h/day. 7

days/week. 6

monlhs5/group

Decreased sperm count, sperm head abnormalities, extensive 

DNA damage in genu cells, arrest in pre-meiotic stages of 

spermatogenesis, excess free radical generation resulting in 

histological and morphological changes in testis and germ 

cells morphology (p < 0.05)

mice.

Pandcy et

al. (2018)

days/week. 35 

days 15/group

12 h/day. 7 

days/week. 1 

weck5/group

Increased damage index in germ cells, sperm head defects, 

decreased sperm count, arrest in pre-meiotic stage of 

spermatogenesis, loss of immature germ cells into the 

seminiferous tubule lumen, epithelium depletion and 

maturation arrest (p < 0.05)

900 MHz (GSM) 

(Melatonin 5

mg/kg bw/day)

0.0054-0.0516

mice.

Pandcy el

al. (2017)

RFR Exposure

level

900 MHz (GSM) 4 or 8 h/day. 7 

0.0054-0.0516

W/kg

mice, mas

musculiis

Olitoloju

et al.
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Table 6

Male reproductive studies in other models exposed to RFR.

Rabbits

Salama et

al. (2009)

Rabbits

Salama el

al. (2010) I l/sex/group

h. Iiour(s): NS. not significant; NR. not reported.

3.2. Female Reproductive System and Other Reproductive/Developmental Endpoints

3.2.1. Rats

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6765993/ 16/32

Lary et al. exposed pregnant SD rats to 100 MHz RFR at a SAR level of 0.4 W/kg. for 6 h and 40 

min/day. The exposure period was from gestation day 6 to 11, for a total of 40 h. The SAR value used 

corresponded to the maximum permissible level as indicated by the 1982 American National Standards 

Institute (ANSI) standard for RFR exposure. Irradiated rats did not differ in the percentage number of 

malformed fetuses, implantations per litter, percentage of implantations dead or resorbed, fetal weight, 

fetal crown-rump length, or fetal sex ratio, compared to untreated (sham-exposed) rats. The results 

showed a lack of embryotoxic or teratogenic effect in rats at the maximum permissible RFR exposure 

level following the 1982 ANSI recommendations [60].

8 h/day. 7 days/

week. 12 weeks

A 2009 study by Ogawa et al. investigated the effect of 90 min/day 1.95 GHz CDMA emission on SD 

rats embryogenesis, exposing the dams from gestation day 7 to 17. All the animals were killed at 

gestational day 20. and the fetuses were extracted by cesarean section. The authors compared treated 

and untreated rats for placental weights, number of live, dead or resorbed embryos, sex ratios, weights, 

or visceral, external, or skeletal abnormalities of live fetuses Neither differences in maternal body 

weight gain, nor adverse effects of RFR exposure on any considered embryotoxic and reproductive 

parameters analyzed were observed [61].

900 MHztmobilc phone in 

standby mode) 0.43 W/kg

800 MHz (mobile phone in 

standby mode) 0.43 W/kg

Strain.

Species

Reference

RFR Exposure Level

Frequencies. Intensities (Any

Other Co-Exposure)

Exposure Time

No. of Animals

Decreased sperm concentration and 

motility, decrease in the diameter of 

seminiferous tubules (/? < 0.05)

Decreased fructose levels in sperm and 

spenn motility (p< 0.05)

Endpoint(s) Impacted by RFR

(Significance)

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

prostatic complex, ampulla, and vesicular gland. Compared to the unexposed group, there was a 

significant decrease in both fructose levels and number of motile sperms In the exposed group at the 

I Oth week of exposure. There were no changes in citrate levels. A significant reduction in the sperm 

concentration in the exposed group at week 8 and a drop in sperm motility at week 10. accompanied by 

a significant decrease in the diameter of seminiferous tubules were also observed. The studies 

discussed in this section are summarized in Table 6.

8 h/day. 7 days/ 

week. 12 weeks

10/sex/group
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One of the first evidence of teratogenicity, due to RFR in SD rats was that showed by Lary et al. in the 

early 1980s using low, non-thermal exposure level, with results in contrast with other findings from the 

same authors [60]. For investigating possible embryotoxic effects, in this study, pregnant SD rats were 

irradiated with 27.12 MHz RFR on gestation day 9 at an approximately SAR value of 11 W/kg. 

Treatment determined a relatively quick rise in the temperature of rat colony. As the duration of the 

exposure increased, embryotoxic and teratogenic effects of the RFR-induced hyperthermia also

ATt-Aissa assessed immunological biomarkers in the sera of young Wistar rats RFR-exposed in utero 

and postnatally. Pregnant rats were located in a reverberation chamber and exposed to a Wi-Fi signal at 

the frequency of 2.45 GHz for 2 h a day and 5 days a week. Dams were whole-body exposed at average 

SAR values of 0, 0.08, 0.4. and 4 W/kg from gestation day 6 to 21. Furthermore, three newborns per 

litter were exposed for an additional 35 days. Antibodies directed against 15 different antigens related 

to damage and/or pathological markers were analyzed using the biochemical assay ELISA performed 

on sera of the experimental rats. The humoral response of the newborns showed no changes among 

different groups, for all the SAR levels used and the biomarker types considered. Some data on 

gestational outcome following in utero exposure to Wi-Fi signals were also provided by the present 

study; in particular, mass evaluation of dams and pups and the number of pups per litter w;ere 

monitored, as well as the genital tracts of young rats were analyzed for abnormalities by measuring 

anogenital distance. Under the conditions used, the author's findings indicate the absence of adverse 

effects, due to Wi-Fi signal exposure on general conditions and delivery in of Wistar rats [65].

The following year, another similar study from the same authors was conducted in rats of the same 

strain for investigating the exposure effects to a Wi-Fi signal with the same frequency on the male and 

female reproductive system. Adolescent animals were exposed for 1 h a day and 6 days a week to RFR. 

for three weeks in the case of males and for two weeks in the case of females. Afterwards, the rats were 

mated, and the couples treated for three more weeks. The day before parturition, clinical signs.

abnormalities and mortality were evaluated in the fetuses. Under the condition used, the exposure to the 

Wi-Fi RFR signal did not determine any detrimental effect on fertility and reproductive organs either in 

male or in female rats. Likewise, the fetuses did not show’ any macroscopic abnormality [64].

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

In a study of 2010. Takahashi el al. evaluated the effects of 2.14 GHz RFR reproducing the emission of 

radio base antennas of mobile telephony. Pregnant SD rats were long-term whole-body exposed at two 

different exposure levels and compared to untreated animals. The calculated average SAR at the high 

exposure level ranged from 0.066 to 0.093 W/kg for the dams, and from 0.068 to 0.146 W/kg for the 

fetuses and the F( I) progeny. At the low exposure level, the SARs were estimated to be around 43% of 

those calculated for the high level. Treated rats underwent 20 h/day RFR exposure during gestation and 

lactation period. Parameters evaluated in dams were gestational conditions, organ weights and growth, 

while the F( 1) generation w’as evaluated at 10 weeks of age for growth, development, survival rates, 

hormonal status, physical and functional development, memory function and reproductive ability. The 

F(2) offspring were analyzed for possible effects of teratogenicity and embryotoxicity. Both the RFR 

exposed dams and F( I) progeny showed no treatment-related effect for any of the parameters 

evaluated. The same was observed for the F(2) generation. The RFR exposure conditions used in this 

study did not determine any adverse effect on rat pregnanes’ or development 1621.

Among the ’Tion-infiuential" studies conducted in Wistar rats, two were conducted by Poulletter de 

Cannes and collaborators. Animals were exposed over two generations to a 2450 MHz Wi-Fi emission 

signal during gestation and lactation periods. In 2012. these researchers evaluated the possible adverse 

effects on pregnant rats and their F(1) generation of a Wi-Fi signal prenatal exposure of 2 h a day, 6 

days a week, for a total of 18 days. The whole-body SARs used corresponded to 0.08. 0.4, and 4 W/kg. 

No statistically significant effects were noted at each dose tested in both dams and their pups, 

respectively in terms of observed abnormalities and pre- and postnatal development signs of toxicity 

[61].
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The studies discussed in this section are summarized in Table 7.
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To evaluate the impact of the prenatal exposure to 1800 MHz RFR on bone development, pregnant SD 

rats were exposed for 6. 12. and 24 h/daily for a total of 20 days. The rats were inspected at the end of 

the day 60 after birth, and compared to the progeny of untreated dams. The increase in prenatal RFR 

exposure time caused a significant decrease in the levels of cartilage at rest and a significantly 

increased number of apoplotic myocytes and chondrocytes. Importantly. Erkut et al. demonstrated that 

an exposure of 24 h per day to RFR impaired tibia, ulna and femur development. Furthermore, a 

calcineurin activity decrease was observed in both muscle and bone tissues. This study indicated that 

the development of muscle and bone tissues was negatively impaired by prenatal exposure to 1800 

MHz RFR [72],

The same research group administered with methanol SD rat dams concomitantly exposed to RFR, in 

order to evaluate whether the interactive effects observed for RFR and 2ME were limited to this agent, 

or if similar synergies could be observed with other chemicals. After the sacrifice of the animals on 

gestation day 20. external malformations were evaluated in the examined progeny. When RFR or 

methanol was administered alone, the authors observed a statistically significant increase in the number 

of resorbed fetuses. The same was not observed when the agents were co-administered to experimental 

rats [72]. Further studies in the field of developmental toxicology would be needed in order to clarify 

these contradictory results about the complex role of the different agents in interacting with RFR.

A series of experimental studies conducted by Nelson and his research group investigated in depth the 

combinatory' developmental toxicity effects of RFR at 10MHz and the organic compound 2- 

methoxyethanol (2ME). For this purpose. SD rats were exposed to the two agents individually or 

concurrently, in comparison to sham-exposed animals. The authors used highly diverse doses and 

liming of exposure of pregnant rats: after the sacrifice of the animals on gestation day 20, external 

malformations were evaluated in the examined progeny. Results showed that the adverse effects 

produced by both the treatments administered alone were enhanced when the agents were co­

administered. In addition to a significant, dose-related, increased frequency of malformations, the 

combination treatment enhanced the severity of malformations too. This extended project demonstrated 

that the co-administration of RFR and 2ME synergistically induced teratogenic effects, but only at 

hyperthermic levels of RFR [68.69.70.71]■

The study by Oral et al., in 2006, investigated the potential adverse effects of RFR on the endometrial 

tissue of Wistar rat. with particular reference to RFR-induced oxidative stress and apoptosis. Animals 

were exposed to 900 MHz cell phone RFR for 30 min a day. for one month in total. In their study, the 

authors evaluated lipid peroxidation trough MDA as a marker of endometrial impairment induced by 

oxidative stress, and Bax. Bcl-2. caspase-3. and caspase-8 to assess apoptosis immunohistochemically. 

Based on the findings from this study, the electromagnetic fields emitted from cell phones may cause 

oxidative stress and endometrial apoptosis [74],

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

increased. Both the temperature of the dams and the amount of time the temperature remains high in 

the dams were responsible for embryotoxic and teratogenic effects, due to treatment-related 

hyperthermia 166.67],
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Table 7

Evaluated Endpoint(s)

Animals
(Significance)

Reference

6 h 40 I

Viable tiller size/live birth index.
100 MHz 0.4 min/dav. 6

W/kg

1950 MHz

CDMA 0.4

W/'kg

2140 MHz

et al..

(2010)

Wistar

2450 MHz Not anv

de Cannes

et al..

(2012)

Open in a separate window

h. hour(s): NS. not significant: NR. not reported.
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90 min/day.

7

rals(F)

Poulletier

neonatal growth, neonatal survival

indices, prenatal mortality
significant

alteration (NS)

Noi any

.staiisticallv

RFR Exposure

Level

(Any Other

Co-Exposure)

Frequencies.

Intensities

Exposure

Time No. of

Landmarks of sexual maturity, viable 

litter size/live birth index, neonatal

Landmarks of sexual maturity, viable 

litter size/live birth index, neonatal

statistically

significant

alteration (NS)

significant

alteration (NS)

Not any

staiisticallvgrowth, neonatal survival indices, sex 

ratio in progeny, physiologic endpoints 

revealing unique toxicides of pregnane} 

and lactation

2 h/day. 6 

days/weck.

18 days

Prenatal

days/week.

10 days 

2()/group

(CDMA)

Dams:0.066-

20 h/day. 7 

days/week.

Gestation (3

weeks) +

lactation (3

weeks)

4/group

growth, neonatal survival indices, sex 

ratio in progeny, phy siologic endpoints 

revealing unique toxicides of pregnancy 

and lactation

(CDMA Wi-Fi

signal) 0.08.

0.4. 4 W/kg

Sprague-

Dawley

rats (F)

Laiy et

al.. (1983)

Sprague-

Daw ley

rats (F)

Ogawa et

al.. (2009)

Prenatal study; Number of live and dead 

fetuses per uterine horn, number and 

location in each uterine horn of earl} and 

late rcsoqnion sites, distribution of 

implantation sites on each uterine horn. 

Postnatal study: Landmarks of sexual 

maturity, viable litter size/live birth 

index, neonatal growth, neonatal survival 

indices, sex ratio in progeny, physiologic 

i*nclr»nint< iininnr* nt"

0.093 W/kg

Pups: 0.068-

0.146 W/kg

Strain,

Species

(Sex)

Duration

study: 5

dams/group.

and their

pups

Postnatal

days 3-

10/group

Not any

staiistically

significant

alteration (NS)

Sprague-

Dawley

rats (M.

F) 

Takahashi

Female reproductive studies and other reproductive/developmental endpoints in rats exposed to 

RFR.

Endpoint(s)

Impacted by

RFR

study: 15 

(lamit/ornnn

i
J
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In their third study, the same authors collected from each animal three coronal sections of the brain, 

including various anatomical regions to investigate a possible stress response given by heat shock 

proteins (HSPs) induction. The immunostaining of HSP25, 32 and 70 revealed no stress response. 

Exposure of mouse fetal brains to cell phone R.FR during the gestation period did not cause any stress 

response by immunohistochemically evaluating HSPs [791.

To study the expression of immediate earl}’ gene c-fos as a marker of neural stress, the authors 

collected fetal heads on gestational day 19 as in the previous experiment. No statistically significant 

change in the expression of c-fos was immunohistochemically observed in the same brain regions 

evaluated in the previous experiment. The lack of difference in c-fos immunoreactivity between control 

and exposed brains indicated no stress response in the brain of (he fetuses following cell phone RFR 

exposure during gestation period [78].

Two studies regarding the potential RFR impact on mating were conducted in mice. In 2009. a large 

study performed in both female and male C57BL mice living over four generations under constant 

(life-long. 24 h/day) exposure to three doses of UMTS RFR at 1966 MHz investigated histological, 

physiological, behavioral and also reproductive parameters. Adult mice underwent whole-body RFR 

exposure at the average SARs of 0.08, 0.4. and 1.3 W/kg (means calculated at mating time), and were 

compared to control (sham-exposed) animals. This study did not report any RFR-induced significant 

effect on both male and female reproductive system, particularly for what concerns the offspring 

development, the appearance of reproductive organs, and the fertility' potential [7,5].

In three different works, Finnie and collaborators explored the impact of cell phone RFR exposure on 

fetal mouse brain development, investigating different outcomes. The common design contemplated 

the use of a specifically built 900 MHz exposure system, through which pregnant mice received for 1 

h/day a far-field, whole body exposure at a SAR level of 4 W/kg from gestation day 1 to 19. In the first 

experiment, the authors explored the effect of cell phone exposure on blood-brain barrier (BBB) 

permeability in the immature mouse brain. On the 19th day of gestation, just before delivery, heads 

were collected from fetuses. The integrity of BBB was evaluated by immunohistochemistry using 

endogenous albumin as a vascular tracer in the cerebral cortex, thalamus, hippocampus, midbrain, 

cerebellum, medulla and basal ganglia. No albumin extravasation was found in brains from control or 

exposed mice, indicating no increase in vascular permeability of the considered regions of the fetal 

brain [77].

In the study by Zhu et al. (2015). mice were treated for 15 days with continuous 900 MHz RFR for 4 

h/day at average SAR of 0.731 W/kg. Ended the treatment, all the exposed mice were individually 

mated with three mature virgin females. After 7 days, each male mouse was moved to a new cage for 

mating with three other female mice. This process was repeated for four consecutive weeks in total. At 

gestation day 18. all female mice were sacrificed for examining uterine content and evaluating the 

putative mating. All the observations conducted during the one month-long mating period showed no 

statistically significant differences in untreated female mice mated with treated male mice as regards 

total and live/dead uterine implants and percentage of pregnancies, in comparison to females mated 

with control male mice. As consistent with the previous study, this study showed no RFR mutagenic 

potential on male germ line [T&].

Magras et al. in 1997 studied the possible adverse effects of RFR exposure on the prenatal development 

of mice. Mice were located in sites of different power densities around an "antenna park*' and were 

mated five limes in a row. until 118 pups were generated. Thus, newborns were weighed, measured, 

and macro- and microscopically examined. Authors observed a progressive decrease in the number of 

generated newborns per dam, leading to irreversible infertility 1801.
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3.2.2. Mice
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The studies discussed in this section are summarized in Table 8.
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The evaluation of RFR-induced possible toxic effect on mouse ovaries was the aim of the 2009 study 

by Gul et al. using 21 days old mouse female pups. Pregnant mice underwent cell phone RFR by 

placing mobile devices under the cages for the entire pregnancy period. Cell phones in standby position 

were turned on to speech position for 15 min every 12 h. Female newborns were sacrificed on day 21 

after delivery, and the right ovaries were collected for determining the number of follicles. Findings 

from (his study indicated a significantly decreased number of follicles in exposed pups compared to 

controls, indicating a toxic intrauterine effect of RFR on pup ovaries [81].
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As indicated by animal studies focusing on female reproductive system outcomes, the main targets of 

the potential adverse effect, due to RFR exposure are endometrial tissue, ovarian follicle numbers, 

granulosa cells, quality of oocytes and embryos during pregnancy. However, to date studies conducted 

in mammals regarding both female reproductive system and other reproductive/developmental 

endpoints are highly diverse, very' inconsistently conducted and. most of all. report different specific 

outcomes, making it difficult to come to a conclusion about the different specific subjects.

As reported in the present review, more in vivo bioassays on RFR have been conducted since the 2011 

IARC review, most of which adopted improved exposure systems and more accurate measures of RFR 

dosimetry'. In particular, the two long-term experimental studies by NTP and RI were performed for 

evaluating the effects of everyday human exposure to RFR electromagnetic fields. NTP doses have 

been established to mimic the localized exposure on body tissues from a cell phone placed near the 

body. and. are therefore, particularly higher than those used by the Rl. that is instead similar to those 

found in our living and working environment to mimic the full-body human exposure generated by 

mobile telephony base antennas. Despite the differences, recently, both studies reported a statistically 

significant increased incidence of the same type of very rare glial malignant tumors of heart 

(schwannoma) and brain (glioma). These tumors involve the same cells of the acoustic nerve vestibular 

neurinoma observed in humans in certain epidemiological studies. Another fact supporting this 

consistency is that the Schwann cells are glial cells of the peripheral nervous system whose role is to 

form myelin, and are analogous to oligodendrocytes of the central nervous system. The NTP defined as 

clear evidence the carcinogenic activity of GSM-modulated 900 MHz RFR of mobile phones, 

particularly based on this statistically significant increase in the development of malignant heart 

Schwannoma in male SD rats [22]. Nonetheless, it must be reported that both NTP and RI used 

simulated mobile telephony signals emitted by generators, rather than real-life signals from cell phones 

and mobile telephony base antennas, respectively, and this represents a limit shared with many other 

studies discussed within this review. In fact, these simulated signals employ fixed parameters and no 

variability, thus, resulting in very' different from the corresponding real emissions that instead vary' 

constantly and unpredictably. This makes real-life signals more bioactive, and living organisms seem to 

have much less defense against highly variable environmental stressors [85.86]. Therefore, the use of 

simulated signals might also lead to an underestimation of the potential harmful effects.

Some long-term studies published up to the 2011 RFR IARC evaluation failed to demonstrate the 

carcinogenicity of RFR in experimental animals. RFR exposure has not been considerably linked to an 

increased incidence of tumors at any site both in rats or mice exposed for 24 months at different RFR 

intensities [ 13.14.15.25_1. and in transgenic and tumor-prone mouse strains [29.3(}J. If these studies have 

contributed to an increase in knowledge about potential RFR toxicity, critical limitations in the design 

of the majority of these studies seriously limit the usefulness of the information for properly evaluating 

the carcinogenic potential of RFR. Among the limitations are very short daily exposure durations (less 

than two hours a day) in strongly restrained experimental animals or exposed to radiations levels too 

low for properly evaluating the carcinogenicity of RFR [14.Xi.25| or had one exposure level only 1131. 

Moreover, most of these long-term studies did not justify the selected dose(s). and was characterized by 

poor dosimetry which did not consider the growth of the animals. Those studies using tumor-

susceptible and genetically altered animals were not focused on evaluating RFR carcinogenic potential, 

but rather on investigating the effects in the specific target sites in that particular model [29.301. 

Furthermore, some of the studies made with tumor-prone laboratory animals did not expose the animals 

to RFR for sufficient time (< 1 year), and for this reason, were not included in this review [82.£2,84L 

Lastly, additional points of criticism are the limited number of organs assessed for histopathology and 

inadequate group sizes (<50 animals/sex/group).

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health
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In conclusion, according to NTP. there is now clear evidence that RFR causes cancer in experimental 

animals. RFR re-evaluation has also been listed as a priority by IARC [87]. There is also stronger 

evidence that RFR exposure is responsible for causing alteration of various sperm parameters, thus, 

affecting male fertility. Although a clear quantification of the carcinogenic and reproductive risk is still 

lacking, these animal findings suggest that a precautionary approach should be promoted by regulator}’ 

and health agencies, especially for children and pregnant women. Caution should also be considered in 

the development and spread of the upcoming 5G technology, particularly in light of the proposed 

higher frequencies and intensities of the signal. Long-term animal studies are urgently necessary to 

verify' the possible health effects of 5G technology.

Seminiferous tubules, spermatozoa and Leydig cells are the main targets of this damage, and sperm 

count, motility and morphology represent the more frequently affected parameters. The abnormalities 

highlighted in many studies are likely related in a direct manner to the duration of mobile phone use 

and/or to the proximity to the RFR source. Several studies support the hypothesis that RFR exposure 

causes an increase in oxidative stress, leading to DNA and sperm membrane lipid damage which 

eventually cause the aforementioned effects. Therefore, it is essential to conduct mechanistic studies 

for elucidating the manner in which RFR impairs biological function, thus, providing a solid rational 

cause. Moreover, more studies are needed to supply stronger evidence that RFR emitted from mobile 

telephony base antennas and the use of the cell phone alter sperm and gonads functions given the many 

limitations characterizing the existing literature. Nevertheless, based on the in vivo animal studies 

conducted so far. it is likely that RFR could negatively impact sperm damaging male human fertility, 

especially when the mobile phone is kept in active mode in an area close to testicles.

The Contribution of In Vivo Mammalian Studies to the Knowledge of Adverse Effects of Radiofrequency Radiation on Human Health 

On the other side, the evidence from studies on male reproductive system suggest that RFR exposure 

might negatively affect male fertility. The increased sperm cell death rate accompanied by reduced 

sperm quality and motility seems to be the more recurring effects, due to RFR exposure in SD rats 

[3&.39.4Q]. Guo et al., based on their findings from the most recent study conducted in SD rats 

suggested that the RFR-induced impaired sperm quality in SD rats might be accounted for by the 

increased apoptosis of testicular cells and the disruption of the secreting function of Leydig cells. 

Based on the available literature on male Wistar rats, most of the studies show that RFR exposure 

causes the decrease of sperm motility and number, and the increase of oxidative stress

143.44.45.47.49.52.53]. Sperm head abnormalities accompanied by an altered mitochondrial 

distribution, are also often reported I47.48.50.52.53J. Since an appropriate distribution of mitochondria 

plays a key role in sperm motility, the alterations found by some studies may explain the reported 

reduced sperm motility [47.50]. Most of the available mouse studies are in agreement that the oxidative 

stress induced by RFR exposure can cause DNA damage in germ cells. This genotoxic effect can alter 

cell cycle progression, causing decreased sperm count and motility, and abnormalities of the sperm 

head in mice [54.55,56,57]. Interestingly the two recent works by Pandey proved the MEL inhibitory 

effect, as well as the reversibility of such harmful effects in case of suspension of RFR exposure. The 

same authors also hypothesized that exposure to RFR led to mitochondrial membrane depolarization in 

mice germ cells which in turn results in altered cellular redox homeostasis [56.57].
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Evaluation ofthe Genotoxicity of Cell Phone Radiofrequency 
Radiation in Male and Female Rats and Mice Following Subchronic 

Exposure

Over the past two decades, cellular telephone use has 
become nearly ubiquitous worldwide: cell phone subscrip­
tions numbered -7.68 billion in 2017 according to the 
International Telecommunication Union (2017) with -5.12 
billion unique subscribers (GSMA Intelligence 2019). 
Radiofrequency radiation (RFR) is a form of electromag­
netic radiation that ranges from 3 kHz to 300 GHz. Most 
cell phones transmit RFR signals within the 800-900 and 
1.800-2,200 MHz ranges (International Agency for 
Research on Cancer [IARCJ Working Group on the Evalu­
ation of Carcinogenic Risks to Humans 2013).

Concern exists as to whether cell phone RFR frequen­
cies are capable of adversely affecting human health. 
Although some epidemiological studies suggest that cell 
phone use might increase the risk for certain brain
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The National Toxicology Program tested two com­
mon radiofrequency radiation (RFR) modulations 
emitted by cellular telephones in a 2-year rodent 
cancer bioassay that included interim assessments 
of additional animals for genotoxicity endpoints. 
Male and female HsdtSprague Dawley SD rats 
and B6C3F1/N mice were exposed from Gesta­
tion day 5 or Postnatal day 35, respectively, to 
code division multiple access (CDMA) or global 
system for mobile modulations over 18 hr/day, at 
10-min intervals, in reverberation chambers at spe­
cific absorption rotes of 1.5, 3, or 6 W/kg (rats, 
900 MHz) or 2.5, 5, or 10 W/kg (mice, 
1,900 MHz). After 1 9 (rats) or 1 4 (mice) weeks of 
exposure, animals were examined for evidence of 
RFR-associated genotoxicity using two different 
measures. Using the alkaline (pH > 13) comet 
assay, DNA damage was assessed in cells from
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three brain regions, liver cells, and peripheral 
blood leukocytes; using the micronucleus assay, 
chromosomal damage was assessed in immature 
and mature peripheral blood erythrocytes. Results 
of the comet assay showed significant increases in 
DNA damage in the frontal cortex of mole mice 
(both modulations), leukocytes of female mice 
(CDMA only), and hippocampus of male rats 
(CDMA only). Increases in DNA damage judged 
to be equivocal were observed in several other tis­
sues of rats and mice. No significant increases in 
micronucleated red blood cells were observed in 
rats or mice. In conclusion, these results suggest 
that exposure to RFR is associated with an increase 
in DNA damage. Environ. Mol. Mutagen. 
00:000—000, 2019. © 2019 The Authors. Environ­

mental and Molecular Mutagenesis published by Wiley Peri­

odicals, Inc. on behalf of Environmental Mutagen Society.
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MATERIALS AND METHODS

Animal Husbandry

Time-mated Hsd:Sprague Dawley SD rats (11-14 weeks of age) 

(Harlan. Indianapolis. IN) were received on GD2 at the laboratory (Illinois 

Institute of Technology Research Institute: IITRI. Chicago. IL). After 

littering, male and female pups were housed with their dams until weaning 

on Postnatal day 28 (PND28). During the perinatal phase, rats were fed 

irradiated NIH-07 wafers: from weaning until study completion, rats were 

fed irradiated NTP-21XX) rodent diet (Zeigler Brothers, Gardners. PA), 

Male and female B6C3FI/N mice (Taconic. Germantown. NY) were 

received at 3-4 weeks of age. Mice were quarantined for 10-14 days and 

were 5-6 weeks of age at the start of exposure. Mice were fed irradiated 

NTP-2000 rodent diet. All animals were provided food and tap waler (city 

of Chicago. IL. municipal supply) a<l libitum. During the studies, animal 

health was monitored according to the NTP sentinel animal program. 

Mice, and rats after weaning, were housed individually in solid polycar­

bonate cages with irradiated hardwood bedding (Sani-chips. PJ. Murphy, 

Montville, NJ) within custom designed, stainless steel reverberation cham­

bers. Environmental conditions were set to maintain a 12-hr light/dark

clearly defined, statistically homogenous radiofrequency 
field, that shielded animals from all other sources of RFR. 
and eliminated the need for restraint, a method commonly 
employed by other researchers for point-source exposures 
(Capslick et al. 2017; Gong et al. 2017). Animals were 
housed inside the reverberation chambers and exposed to 
RFR for a total of 9 hr 10 min per day in 10-min on/off 
cycles (over the course of an — 18 hr period) at frequencies 
with modulations being used in cellular networks (Capstick 
et al. 2017). In addition, the exposure levels selected for 
this study were based on the results of previously con­
ducted dosimetry studies and thermal pilot studies that 
demonstrated no measurable hyperthermia in rats and mice 
at the exposure levels chosen for this study (Gong et al. 
2017; Wyde el al. 2018).

In the NTP study design, Sprague Dawley rats and 
B6C3F1/N mice of both sexes were whole-body exposed 
to RFR (CDMA or GSM modulations). Rats were exposed 
in uiero beginning on Gestation day 5 (GD5). and mice 
were exposed beginning at 5 weeks of age. After a total of 
19 weeks of exposure for rats and 14 weeks for mice, sub­
sets of 5 rats and 5 mice of each sex from each exposure 
group were removed from the ongoing 2-year cancer bioas­
say after subchronic exposure and assessed for DNA dam­
age using the comet assay, and for changes in 
chromosomal structure and/or number using the peripheral 
blood erythrocyte micronuclei (MN) assay. For the comet 
assay, cells from three functionally distinct structures of the 
brain (frontal cortex, hippocampus, and cerebellum), along 
with liver cells and peripheral blood leukocytes were 
assessed. Brain tissue was analyzed in the comet assay due 
to concerns that RFR may increase risk for brain cancer in 
humans, whereas liver cells and blood leukocytes were 
selected for analysis as these cells are part of typical ana­
lyses conducted al the NTP for DNA damage.

cancers, such as gliomas and acoustic neuromas (a,k,a. 
vestibular schwannomas), the odds ratios for these 
increased risks are quite low (INTERPHONE Study 
Group 2010; Cardis el al. 2011; Hardell et al. 2011; 
Larjavaara et al. 2011; Salo et al. 2011; Hardell and 
Carlberg 2015). Conclusions drawn from these observa­
tions may be premature, as cell phone use has become 
commonplace only within the past two decades, a period 
of lime that may be insufficient to accurately assess 
cancer-related outcomes. Results of previous rodenl can­
cer studies conducted with a variety of RFR exposures 
and durations are inconsistent and inconclusive, and many 
of these studies used experimental protocols with impor­
tant limitations, indicating a need for a more definitive 
study (IARC Working Group on the Evaluation of Carci­
nogenic Risks to Humans 2013).

Additionally, extensive reviews of the literature on the 
genotoxicity of various frequencies and modulations of 
RFR have concluded that evidence for RFR-associaled gen­
otoxicity is inconsistent and weak (Brusick et al. 1998; 
Ruediger 2009; Verschaeve et al. 2010). and some key 
studies reporting RFR-associaled genotoxicity in human 
cell lines could not be replicated (Speit et al. 2013). As 
with the cancer studies, interpretations of the genotoxicity 
studies, particularly those performed in vivo, have also 
been limited by issues of experimental design. In 2013. 
after reviewing the available data, the IARC classified 
radiofrequency electromagnetic fields (RF-EMF). which 
include the RFR wavelength range, as "possibly carcino­
genic to humans (Group 2B)." based on limited evidence 
in experimental animals and limited evidence in humans on 
the association between RF-EMF and cancer (IARC Work­
ing Group on the Evaluation of Carcinogenic Risks to 
Humans 2013).

To help inform human health risk assessments, the 
National Toxicology Program (NTP) designed and con­
ducted a 2-year rodenl cancer study of cell phone RFR, 
using code division multiple access (CDMA) or global sys­
tem for mobile (GSM) modulations, the principal modula­
tions used in the United States (CDMA and GSM) and in 
the rest of the world (GSM). GSM and CDMA are second- 
generalion (2G) and third-generation (3G) technologies, 
respectively, and they differ in the method in which infor­
mation is incorporated and transmitted within frequency 
bands. The previous inconsistent genotoxicity and tumori- 
genicity findings that have been reported following RFR 
exposure could be due in part to the immense and unique 
technical challenges inherent in studying the effects of non­
ionizing radiation, including RFR (Capslick et al. 2017; 
Gong et al. 2017). To address these challenges and provide 
data to clarify possible adverse biological effects of cell 
phone RFR exposure, the NTP look into account numerous 
variables and parameters in designing its rodent cancer bio­
assay. Key features included construction of custom- 
designed reverberation chambers that exposed animals to a
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Reverberation Chambers
Tissue Sample Collection

Comet Assay

Dosimetry, Specific Absorption Rates, 

and Exposure Regimen

cycle, a temperature of 72 ± 3'F, a humidity range of 50 ± 15%. and >10 

air changes/hr.

Animal use was in accordance with the U.S. Public Health Service pol­

icy on humane care and use of laboratory animals and the Guide for the 

Care and Use of Laboratory Animals (National Research Council 1996). 

Animal housing facilities were accredited by the Association for /\ssess- 

ment and Accreditation of Laboratory Animal Care; all procedures were 

approved by the IITRI Institutional Animal Care and Use Committee The 

RFR exposures perfonned at IITRI were in compliance with Food and 

Drug Administration Good Laboratory Practice Regulations (21CFR, Pan 

58). Animals were euthanized by CO; asphyxiation.

Reverberation chambers were self-contained rooms that were designed 

to house unrestrained animals in cages and expose them to a uniform ticld 

of RFR (GSM or CDMA.) and to shield animals from all outside RFR. 

Detailed descriptions of the design of the reverberation chambers and the 

RFR exposure system arc provided in Capstick et al. (2017) and Gong 

et al. (2017). Uniformity of the RFR field was achieved by installing exci­

tation antennas with rotating horizontal and vertical reflective surface pad­

dles to ensure uniform distribution of statistically homogenous RFR fields 

within the volume of the chambers. Therefore, animals were exposed to 

all polarizations of RFR fields from all directions regardless of their pos­

ture or orientation to the antenna. Animals were housed one per cage to 

prevent interference in energy absorption. Cages, cage racks, and materials 

used to deliver food and waler to the animals were designed to minimize 

interference with RFR exposure. Chamber design and animal housing 

were developed in collaboration with the National Institute of Standards 

and Technology (NIST) and the Foundation for Research on Information 

Technologies in Society (IT’IS). RFR field intensity, uniformity, quality nf 

modulation, and numerous other parameters were validated by NIST, and 

consistency of exposure was monitored in real time by ITTS. Further eval­

uation of the exposure systems is presented in NTP Technical Reports 

595 (NTP 2018a) and 596 (NTP 2018b).

On the day of necropsy. RFR exposure ceased al 7 a.m. Necropsies 

were performed in two shifts. For each species, 35 male animals (5 con­

trols. 15 exposed to CDMA, and 15 exposed to GSM) were necropsied 

1.5-4 hr after cessation of exposure and 35 female animals (5 controls. 

15 exposed to CDMA, and 15 exposed to GSM) were necropsied approxi­

mately 4.5-7 hr after cessation of exposure. Animals were necropsied in 

the following order: one animal from each dose group starting with the 

sham exposed group, moving through each dose group for each RFR mod­

ulation in turn, then rotating back to the sham control group; animals were 

necropsied in numerical order within each dose group. Five tissues were 

collected from each animal for the comet assay. One blood sample per ani­

mal collected by retro-orbital bleeding was divided into two aliquots; one 

for the comet assay and the other for the MN assay.

For the comet assay. 50 pL of blood were transferred to a tube con­
taining 1 ml- of freshly prepared cold mincing buffer (Mg-'’2. Ca*2. and 

phenol free Hank’s Balanced Sall Solution [Life Technologies. Carlsbad, 

CA) with 20 mM ethylenediamine tetraacetic acid (EDTA) pH 10.0 and 

10% vol/vol fresh dimethyl sulfoxide |DMSO|) pH 7.47. The liver and (he 

hippocampus, cerebellum, and frontal cortex sections of the brain were 

removed, rinsed with cold mincing buffer, and held on ice (<5 min) until 

processed. Small portions (3-4 mm’) of each tissue were placed in tubes 

containing cold mincing solution and rapidly minced until finely dispersed. 

Blood and minced tissue samples were immediately flash frozen in liquid 

nitrogen and transferred to a —80’C freezer for a minimum of 1 week until 

shipment by overnight air courier on dry ice to the analytical laboratory 

(ILS. Research Triangle Park. NC).

For the MN assay, blood samples (-200 pL) were placed into EDTA 

tubes and immediately refrigerated. The samples were sent on the day of 

collection to ILS on cold packs via overnight air courier. Upon arrival, 

samples were diluted in anticoagulant (heparin) and fixed in ice-cold meth­

anol (Sigma-zMdrich, St. Louis. MO) according to instructions provided 

with the MicroFlow'’LtJS Kit (Litron Laboratories. Rochester. NY). Fixed 

samples were stored in a -ROT freezer for at least 3 days prior to analysis 

by flow cytometry.

reverberation chamber emitted one power level for one modulation. Male 

and female mice, due to similarity in weight and size, were exposed 

together in 7 reverberation chambers. In contrast, due to gender-related 

differences in weight and size, male and female rats were exposed in sepa­

rate chambers, thus requiring 14 chambers. To control for possible posi­

tional differences in RFR field strength, cages were rotated in the racks 

weekly. Because SAR is dependent on body weight, the energy used to 

emit RFR was adjusted twice weekly for rats and once weekly for mice 

based on the average weight of all animals in an exposure chamber.

The sham control rats and mice were housed in reverberation chambers 

without activation of RFR. One group of live animals of each sex/specics 

served as the sham control for both CDMA and GSM exposures.

Briefly, in pilot studies, body temperatures were monitored using sub­

cutaneously implanted temperature chips (Wyde et al. 2018). Both young 

and older animals were tested for the possibility of thermal effects from 

radiation. An upper limit of 1°C was set as an acceptable increase in body 

temperature. Models predicted that thermoregulation might not he 

maintained in rats exposed to an specific absorption rate (SAR) > 6.0 W/ 

kg. delivered at a frequency of 900 MHz. and in mice exposed to an 

SAR > 10.0 W/kg. delivered at a frequency of 1.900 MHz (Gong et al. 

2017; Wyde et al. 2018). Thus, these were selected as the highest exposure 

levels in the current study, and the two lower exposures were each reduced 

by half. Due to technical constraints, body temperatures could not be mon­

itored in the current study.

Rats were exposed to SARs of 0, 1.5. 3.0. or 6.0 W/kg (CDMA or 

GSM) RFR (900 MHz) beginning in taero at GD5 and continuing through 

gestation (-2 w-eeks) until weaning at PND28. Exposures continued for 

14 weeks after weaning. Mice were exposed to SARs of 0, 2.5. 5.0. or 

10.0 W/kg (CDMA or GSM) RFR (1.900 MHz) for 14 weeks beginning 

at 5-6 weeks of age. Rat exposures were initialed at the lime of implanta­

tion (GD5) to simulate whole-life exposures in humans, but because 

B6C3FI/N mice are poor and unpredictable breeders, this animal model is 

not suitable for whole-life exposure assessments. Exposures ran daily from 

11:00 a.m. to 2:00 p.m. and from 3:40 p.m. to 7:00 a.m.. with RFR cycling 

on and off every 10 min. resulting in a total duration of exposure of 9 hr 

10 min per 24-hr period. This exposure schedule accommodated two daily 

intervals for animal care. Animals were housed individually in a total of 

21 reverberation chambers. 7 for the mice and 14 for the rats. Each

Slides were prepared and analyzed as described previously (Hobbs 

et al. 2012: Recio et al. 2012) with some modifications. In a laboratory 

with controlled humidity (S6O%). samples were thawed on ice and a por­

tion of the cell suspension was diluted with 0.5% low melting point aga­

rose (Lonza. Walkersville. MD) dissolved in Dulbecco’s phosphate buffer 

(Ca*2. Mg-*2, and phenol free) at 37QC and layered onto each well of a 

2-wcll ComctSlide1M (Trevigen. Gaithersburg. MD). Slides were prepared 

one tissue at a time, such that 35 slides were prepared at a time in 3 batches 

of 10 and I batch of 5. and each batch was immediately refrigerated to 

solidify the agarose and prevent deterioration of the samples. Once all 

slides per tissue had been prepared and refrigerated for at least 20 min 

(typically <2 hr for completion of an entire set), the slides were immersed 

in cold lysing solution (2.5 M NaCI. 100 mM Na2EDTA. 10 mM tris
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I’ x aluc1 P valueDose (W/kg)

Frontal cortex

2.00 ± 0.71

CDMA

Hippocampus

CDMA

Cerebellum

CDMA

2.40 ± 1.07

Liver

13.81 - 2.88

CDMA 22.99 - 2.77

Peripheral blood leukocytes

1.48 ± 0.29

CDMA

P = 0.012

0
1.5

3.0

6.0

0

1.5

3.0

6.0

0.135

0.151

0.019

0.08)

0.098

0.057

0.136

0.164

0.114

0c

1.5

3.0

6.0

0.596

0.156

0.166

0.295

0.121

0.026

0.244

0.107

0.069

1.000

0.043

0.092

“Exposure began in utero on GD5.

hMean ± SE.

‘Pairwise comparison with the sham control group; exposed group values are significant at P £ 0.025 by Williams’ or Dunn’s test.

'’A comet figure was considered a hedgehog if 290% DNA was in the tail. % Hedgehogs = number of comets with >90% tail DNA/150.

■■'Sham control; no exposure to CDMA-modulated cell phone RFR.

'Dose-related trend derived from one-tailed linear regression or Jonckhccrc’s test; the trend is significant when P s 0.025.

0

1.5

3.0

6.0

0

1.5

3.0

6.0

TABLEI. DNA damage in Male Sprague Dawley Rats Exposed to CDMA-Modulated Cell Phone Radiofrequency Radiation 
(900 MHz) for 19 Weeks*1

16.{M ± 2.14

20.79 ± 3.10 

P = 0.154

% Tail DNA 

(100 celts)h

% Hedgehogs
(150 cclls)b d

|hydroxymcthyl|aminomelhanc. pH 10. containing freshly added 10% 

DMSO. and 1% Triton X-100) overnight with refrigeration. After rinsing 

in 0.4 M Trizma base (pH 7.5). slides were treated with cold alkali solu­

tion (300 mM NaOH, 1 m.M Na;EDTA. pH > 13) for 20 min to allow 

DNA unwinding, electrophoresed at 4-9’C for 20 min at 25 V 

(0.7 V/cm), with a current of approximately 300 mA, neutralized with 

Trizma base, dehydrated in absolute ethanol (Phannco-AAPER. Shel­

byville. KY). and air-dried. Slides from the same species, sex. and tissue 

were run together during electrophoresis and were placed randomly into 

the electrophoresis lank by exposure lex cl and modulation to control for 

any possible variations in electrical field. Slides were stored at room tem­

perature in a desiccator (relative humidity S6O%) until stained and scored. 

NaCl. Na2EDTA. Triton X-100. DMSO. and Trizma base were purchased 

from Sigma-Aldrich: NaOH was purchased from Fisher Scientific 

(Pittsburgh. PA).

After staining with SYBRW Gold (Molecular Probes, Life Technologies, 

Grand Island. NY), slides, independently coded to mask treatment, were 

scored using Comet Assay IV Imaging Software. Version 4.3.1 (Perceptive 

Instruments, Suffolk, UK). DNA migration was quantified as % tail DNA 

(OECD 2016). Comets were classified as scorable, nonscorable. or ’'hedge­

hog.'’ Comets were classified as hedgehogs if they had no easily defined

% Tail DNA

(150 cells)b

0.69 ± 0.20

1.16 = 0.47

1.83 = 0.74

2.57 ± 0.80

33.60 = 17.89

68.60 ± 15.70

7.80 ± 0.86

41,10 ;fc 14.80

head, that is, all DNA appeared to be in the tail, or the head and tail 

appeared separated. Initially. % tail DNA was determined for 100 scorablc 

comet figures per animal/tissuc. standard practice al the lime the study was 

conducted (prior to OECD Guideline 489). In addition, the frequency of 

hedgehogs was determined by tabulating the number of hedgehogs per 

1 (X) cells per animal/tissuc, but hedgehog frequencies were not analyzed for 

statistical significance, in accordance with OECD Guideline 489. Although 

it has been proposed that hedgehogs arc apoptotic cells, some studies 

strongly suggest that hedgehogs represent cells with high levels of repairable 

DNA damage (Rundell ct al. 2(X)3; Lorenzo ct al. 2013), and it remains 

uncertain in the field as to what hedgehogs represent.

In the initial scoring of the rat samples, we noted that the range of % 

tail DNA values appeared truncated at ~ 65%. To better understand this 

observation, we reanalyzed the rat slides, scoring 150 cclls/tissue/animal. 

as recommended by the OECD guideline (OECD 2016). In this second 

scoring exercise, we included analysis of scorable comet images that, upon 

visual inspection, appeared to be hedgehogs to determine if (his affected 

the capture of DNA damage levels between 65 and 100% tail DNA. For 

the 150-cell scoring method, because the % hedgehogs were not indepen­

dently determined, the value was estimated by dividing the number of 

comets with 290% tail DNA by 150. Several mouse tissues were also

0.27 i 0.27

0.13 = 0.13

2.53 = 1.29

3.20 = 1.72

l.(X)0

0.081

0.049

4.90 = 0.82

6.33 x 1.00

13.75 ± 6.01

15.86 ± 5.91 

P = 0.061

8.99 - 1.55

12.27 ± 2.21

15.46 ± 2.25

16.77 ± 5.44 

P = 0.043

0.681

0.504

0.163

0x0
0.27 - 0.16

2.93 x 2.20

1.00 ± 0.77

10.60 ± 3.89

12.20 ±6.84

l.(X)0

0.504

0.731

0 ± 0 

0 ± 0 

0.13 x 0.13 

0 ± 0

5.57 = 0.92

5.60 ± 0.71

10.70 ± 3.66

10.58 ± 3.52 

P = 0.156

1.73 ± 1.73

14.67 ± 5.57

0.80 - 0.49

9.07 ±7.10

5.88 ± 0.39

8.06 ± 1.20 

8.16 - 0.98

10.42 = 2.18 

P = 0.014

1.07 - 0.45

0.40 ± 0.27

2.53 x 0.90

2.40 ± 1.44

% Hedgehogs
(100 cells)*1

6.18 - 0.72

6.00 x 0.48

9.51 = 1.17

12.78 x 3.96 

P = 0.0(M

0.20 - 0.20

0.80 ± 0.80

0.40 ± 0.40

1.40 ± 1.17

9.73 ± 0.81

8.24 - 0.39

18.77 ± 3.27 

23.62 ± 8.66 

P = 0.005'

0.40 - 0.24

1.80 = 0.80

9.40 ± 6.81 

8.00 ± 3.91

25.71 ± 8.71

55.41 ± 7.91

19.11 ± 2.28 

40.01 ± 7.90 

P = 0.385

1.22 = 0.45

2.13 - 0.34 

2.08 = 0.43 

P = 0.071

3.40 ±1.21

3.80 = 2.33

6.20 - 2.56

4.40 ± 2.98
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Data analysis

Micronucleus Assay

P value*Dose (W/kg) /’ value

Frontal cortex

GSM

Hippocampus

GSM

Cerebellum

GSM

P = 0.132

Liver

GSM

Peripheral blood leukocytes

GSM

0

1.5

3.0

6.0

0.539

0.604

0.534

0.186

0.227

0.080

0.190

0.232

0.088

O'

1.5

3.0

6.0

0.69 ± 0.20

3.97 ± 2.75

1.97 ± 0.35

1.28 ±0.23 

P = 0.089

TABLE II. DNA Damage in Male Sprague Dawley Rats Exposed to GSM-Modulated Ceil Phone Radiofrequency Radiation 
(900 MHz) for 19 Weeks41

5.57 ± 0.92

7.36 ± 2.48

6.37 ± 0.77

8.48 ± 1.85

0

1.5 

3.0

6.0

0

1.5

3.0

6.0

% Tail DNA 
(100 cells)’'

% Tail DNA 
(150 cells)11

33.60 ± 17.89 

21.00 1 12.30

28.40 ± 15.07

24.80 ± 16.13

% Hedgehogs
(150 cells)h d

0.40 ± 0.24

2.40 ±1.91

3.40 ± 1.17

5 (X) ± 2.86

0.20 ± 0.20

3.20 ± 2.71

1.20 ± 0.49

0.40 ± 0.24

reevaluated using the 150-cell method for comparison. Although there was 

no concurrent positive control group (as is standard for all NTP chronic 

and subchronic animal toxicity tests), slides made with human 

lymphoblastoid TK6 cells treated with ethyl mcthanesulfonate were 

processed in parallel with each tissue set as an internal technical control 

for slide preparation, staining, and electrophoresis.

0

1.5

3.0

6.0

9.73 ± 0.81 

11.96 - 1.65

17.98 ± 5.12

9.57 ± 1.57 

P = 0.500r

% Hedgehogs

(100 cells)h

Data from both the comet and the MN assays, presented as 

mean ± standard error (SE). were analyzed using the same statistical 

methods (Kissling e( al. 2007). Mean % tail DNA was calculated for 

each tissue per animal: likewise, mean MN-RET and MN-erythrocytcs 

per 1.000 cells, as well as %RET. were calculated for each animal. 

Levenc's test was used to determine if variances among treatment 

groups were equal at significance level 0.05. When variances were 

equal, linear regression analysis was used to test for trend and Williams' 

lest was used lo evaluate pairwise differences between each treated 

group and the control. When variances were unequal. Jonckhccre's test 

was used to evaluate linear trend and Dunn's lest was used to assess the 

significance of pairwise differences of each treated group with the con­

trol group. To maintain the overall significance level at 0.05. the trend 

as well as the pairwise differences were declared statistically significant 

if P < 0.025. A result was considered positive if the trend test was sig­

nificant and at least one dose group was significantly elevated over the 

control, or if two or more dose groups were significantly increased over 

the corresponding control. A response was considered equivocal if only

Flow cytometric analysis of red blood cells was performed using Micro- 

Flow,,| l,s Kit reagents and a FACSCalibur1M dual-laser bench top system 

(Becton Dickinson Biosciences. San Jose. CA) as described previously 

(Win el al. 2(X)8) and was consistent with OECD Test Guideline 474 (OECD

2014). Briefly, both immature erythrocytes (reticulocytes. RET) and mature 

erythrocytes were analyzed for the presence of MN. For each sample. 20.000 

(±2.000) RET were analyzed and -I x IO*’ mature erythrocytes were enu­

merated concurrently during micronucleated-RET (MN-RET) analysis, all­

owing for calculation of the percentage of RET (95RET) among total 

erythrocytes as a measure of bone marrow toxicity.

0.547

0.634

0.536

0.092

0.111

0.072

0.146

0.021

0.272

0 ± 0 

0.27 ± 0.27 

0 ± 0 

0 ± 0

1.48 ±0.29

1.83 ± 0.63

1.78 ± 0.33

1.50 ± 0.27 

/’ = 0.550

0.352

0.419

0.446

0.634

0.545

I .(MX)

0.465

0.247

1.000

0.295

0.354

0.149

6.18 ± 0.72

6.98 ± 0.42

8.66 ± 1.96

6.30 ± 0.32 

/’ = 0.343

0.27 ± 0.27

0.40 ± 0.27

1.20 ± 0.57

1.30 ± 0.13

5.88 ± 0.39 

11.82 ± 2.68 

9.64 ± 1.27

11.69 ± 3.92 

P = 0.103

8.99 ± 1.55

17.24 = 4.09 

14.77 ± 2.54

21.32 ± 9.55 

P = 0.076

13.81 = 2.88 

13.26 ± 2.38 

13.09 ± 2.32 

14.49 ~ 2.71 

/’ = 0.404

1.07 ± 0.45

0.27 = 0.16 

1.47 - 0.57

3.60 x 2.03

25.71 = 8.71

23.27 x 9.43

25.15 = 8.43

28.25 ± 10.55 

P = 0.390

1.73 ± 1.73

4.13 ± 3.64

0.40 ± 0.40

4.93 ± 3.94

2.00 ± 0.71

1.40 ± 0.51

8.20 ± 2.69

3.1X) ± 1.55

4.90 ± 0.82

9.43 ± 4.69

8.66 ±2.17

12.11 = 3.89 

P = 0.076

3.40 ± 1.21

4.80 ± 2.84

4.80 ± 1.53

10.20 ± 7.98

0 ± 0

1.33 ± 1.17 

1.47 = 0.68

1.07 = 1.07

■‘Exposure began in utero on GD5.

bMean ± SE.

'Pairwise comparison with the sham control group: exposed group values are significant al P S 0.025 by Williams' or Dunn's test.

lIA comet figure was considered a hedgehog if ^90% DNA was in the tail. % Hedgehogs = number of comets with >90% tail DNA/150.

‘Sham control; no exposure to GSM-modulated cell phone RFR.

'Dose-related trend derived from one-tailed linear regression or Jonckhccre's test; the trend is significant when P 5 0.025.
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RESULTS

Comet Assay

P value1-'Dose (W/kg) P value

Frontal cortex

7.03 ±1.21

CDMA 12.70 ± 5.15

Hippocampus

CDMA

Cerebellum

CDMA

Liver

CDMA

Peripheral blood leukocytes

CDMA

0

1.5

3.0

6.0

0c

1.5
3.0
6.0

0s

1.5

3.0

6.0

0.346

0.379

0.126

TABLE III. DNA Damage in Female Sprague Dawley Rats Exposed to CDMA-Modulated Ceil Phone Radiofrequency Radiation 
(900 MHz) for 19 Weeks"

0.20 ± 0.20

1.20 ±0.80

0.40 ± 0.40

9.80 ± 8.81

0.621

0.709

0.342

% Hedgehogs

(100 cells)h

% Tail DNA 

(150 cells?

% Hedgehogs 

(150 cells?0

Eight hundred tissue samples were analyzed for % tail 
DNA in the comet assay. The mean % tail DNA. SE. and 
statistical outcomes for pairwise and trend comparisons 
are shown for all 40 sets of tissues (5 tissues x 8 condi­
tions of the study) in Tables 1-8. Results are reported 
based on the standard 100-cell scoring approach in use at 
the lime that the data were collected. Data obtained using 
the 150-cell scoring approach (OECD 2016) are noted for

% Tail DNA 

(100 cells?

0

1.5 

3.0

6.0

3.80 ± 1.07

2.(M) ± 1.05

2.00 ± 0.63

1.20 ± 0.37

0

1.5

3.0

6.0

the few instances where results differed between the two 
methods. In addition, results that were either positive or 
equivocal are presented in figures to illustrate interanimal 
variability in response, and to compare the 100- versus 
150-cell scoring results (Figs. 1-3). Samples were not 
removed from analysis unless a technical issue was identi­
fied with acquisition of the sample, or if the result was 
considered to be biologically implausible, as apparent out­
liers or influential data points could represent true biologi­
cal variability. Of the 800 tissue samples that were 
analyzed for % tail DNA. three samples were omitted 
from analysis. Two samples, female rat hippocampal tis­
sue exposed to 1.5 W/kg GSM and female rat hippocam­
pal tissue exposed to 3.0 W/kg. were omitted due to a 
labeling error that occurred during necropsy. A sample of 
hippocampal tissue from a sham-exposed female rat was

0.13 ± 0.13

0.40 ± 0.27

0.13 ± 0.13

2.93 i 2.77

the trend test was significant or only a single dose group was signifi­

cantly increased over the control. In the absence of either a significant 

trend or a significantly elevated dose group, the result was considered 

negative.

0.40 ±0.16

8.67 ■■ 1.61

1.87 = 0.88

7.20 ± 5.62

12.23 = 2.18

25.37 ± 12.96 

18.70 ± 5.28

33.49 ± 11.14 

P = 0.035

0.634

1.000

0.163

0.671

0.747

0.650

7.00 ± 1.87

33.40 ± 15.11

12.40 1 3.59

31.40 1 12.33

4.93 ± 1.09

4.61 ± 1.61

3.89 ± 0.43

5.88 ± 0.63 

P = 0.249

12.41 = 1.64

26.15 = 8.57

16.17 ± 2.17

26.65 ± 6.91 

P = 0.102

0.782

0.634

0.092

3.15 ± 0.40

3.77 ± 1.19
4.13 ± 0.54

6.06 ±2.18

P = 0.048

0.83 ± 0.32

1.07 ± 0.34

1.33 = 0.21

6.53 ± 5.23

0.205

0.249

0.150

1.000
0.465

0.028

0.145

0.176

0.059

10.09 ± 0.87

15.26 ± 3.35 

11.49= 2.05

18.35 = 3.44 

P = 0.113

0.531

0.382

0.218

0 ± 0

0.53 ± 0.53

0.13 - 0.13

0.27 ± 0.16

0.13 ± 0.13 

4.00 ± 3.67

0.67 ± 0.42 

2.00 ± 1.17

13.14 ± 1.20 

14.94 = 0.70

15.24 = 1.97

19.11 ± 5.27 

P = 0.080

0.371
0.361

0.082

9.50 ± 2.27 

13.00 = 3.63 

P = 0.166'

5.94 ± 0.98

4.91 i 0.58

5.46 ± 0.83

5.86 ± 0.84 

P = 0.421

18.08 ± 1.30 

20.58 = 2.06

20.63 = 1.92

29.55 - 9.44 

P = 0.068

“Exposure began in uiero on GD5.

bMean ± SE.

'■'Pairwise comparison with the sham control group: exposed group values are significant at P S 0.025 by Williams' or Dunn's test.

dA comet figure was considered a hedgehog if 290% DNA was in the tail. % Hedgehogs = number of comets with 290% tail DN/V150.

cSham control; no exposure to CDMA-modulated cell phone RFR.

rDosc-rciated trend derived from one-tailed linear regression or Jonckhecrc's test; the trend is significant when P < 0.025.

= 4.

3.80 = 1.46 

19.00 ± 15.04

9.80 ± 5.12

25.40 ± 11.44

3.32 ± 0.09

4.45 ± 1.53

3.94 ± 0.40

12.76 = 7.59 

/’ = 0.013

9.00 ± 2.58

8.40 = 1.96

9.40 ± 2.89

21.20 ± 11.12
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P value11Dose (W/kg) P value

Fronial cortex

GSM

Hippocampus

GSM

Cerebellum

GSM

Liver

GSM

Peripheral blood leukocytes

GSM

0

1.5

3.0

6.0

0e

1.5

3.0

6.0

0.820

0.843

0.723

9.00 ± 2.58

7.25 ± 3.20 

19.50 ± 7.89 

10.00 -i 3.81

0.856

0.877

0.376

TABLE IV. DNA Damage in Female Sprague Dawley Rats Exposed to GSM-Modulated Cell Phone Radiofrequency Radiation 
(900 MHz) for 19 Weeks"

% Tail DNA 

(100 cells)h

0.13 ± 0.13

0.27 ± 0.16

0.13 x 0.13

0.40 x 0.16

7.00 ± 1.87

13.20 ± I 1.23 

17.00 ± 14.76

35.20 ± 19.42

0

1.5 

3.0

6.0

0

1.5

3.0

6.0

0.83 x 0.32 

1.50 ± 1.29

3.66 = 1.40 

2.93 = 1.53

% Tail DNA 

(150 cells)"

omitted because il had a biologically implausible value of 

56.1% tail DNA.
In rats, the only clear positive result was observed in hip­

pocampus cells of male rats exposed to the CDMA modu­
lation when evaluated using the 100-cell scoring approach 
(Table I: Fig. 1A.B). Although the levels of DNA damage 
in hippocampus cells were also increased in an exposure- 
related fashion using the 150-cell scoring approach, the 
increases did not meet our criteria for statistical significance 
(Table I). Equivocal results were obtained for the frontal 
cortex (CDMA) of male rats using both scoring approaches 
(Table 1; Fig. 2A, B). For male rat blood leukocytes (both 
modulations), results from scoring 100 cells were negative; 
however, equivocal responses were seen with the 150-cell 
method based on a significant trend test (P = 0.012) or 
pairwise test (P = 0.021) for CDMA- and GSM-exposed

% Hedgehogs

(150 cells)h d

rats, respectively (Tables 1 and U). No statistically signifi­
cant increases in % tail DNA were observed in any of the 
samples from female rats exposed to either modulation 
(Tables III and IV). Although it would appear that an 
equivocal result was obtained for CMDA-exposed female 
rat blood leukocytes using the 150-cell scoring approach 
(Table III), this result was driven by a single animal in the 
high exposure (6 W/kg) group.

In mice, positive results were obtained with both scoring 
approaches in frontal cortex of male mice (CDMA and 
GSM) (Tables V and VI; Fig. 3A-D) and blood leukocytes 
of female mice (CDMA) (Table VII; Fig. 3E.F). Scoring 
150 cells resulted in a positive response in liver of female 
mice exposed to CDMA; a similar pattern of response was 
seen with the 100-cell scoring method, but none of the 
increases met our criteria for significance (Table VB). No

3.15 ± 0.40

2.80 ± 0.33

3.39 ± 0.68

3.93 ± 0.63 

P = 0.093

5.94 ± 0.98

5.69 ± 0.75

4.62 ± 0.85

6.62 ± 0.96 

P = 0.302

‘it Hedgehogs

(100celL)h

0*

l.5g

3.0*1

6.0

0x0

0±0 

0 ± 0 

0.27 ~ 0.16

18.08 i 1.30 

17.54 i 3.59 

28.08 = 7.00 

18.19 = 3.35 

P = 0.534

4.93 x 1.09

5.11 ±0.63

3.51 ± 0.74

6.54 ± 2.33 

P = 0.705

10.09x0.87

9.91 ± 2.60

9.46 ± 2.07 

18.99 ± 6.20 

P = 0.394

7.03 ±1.21

4.87 ± 0.47

6.18 ± 0.67

6.74 ± 0.74 

P = 0.386

0.593

0.447

0.203

0.936

0.351

1.000

1.000

1.000

1.000

3.32 x 0.09

3.07 x 0.43

2.82 ±0.52

3.86 ± 0.76 

P = 0.580

1.000

1.000

1.000

0.662

0.749

0.381

0.731

1.000

1.000

1.000 

0.662

1.000

0.13 x 0.13

0.93 ± 0.62

0.27 ± 0.16

4.00 ± 3.23

0.40 ± 0.16 

0 ± 0

0.67 ± 0.21

0.13 x 0.13

0.20 x 0.20

0.80 ± 0.49

0.60 ± 0.24

1.00 ± 0.32

1.000

1.000

1.000

13.14 = 1.20 

13.22 x 1.56 

17.67 x 3.64

13.21 x 1.03 

P = 0.334

3.80 x 1.46

2.20 ± 0.73

5.60 x 2.36

6.40 ± 2.73

‘‘Exposure began in utero or> GD5.

"Mean = SE.

fPairwise comparison with the sham control group; exposed group values are significant at P < 0.025 by Williams’ or Dunn’s test.

dA comet figure was considered a hedgehog if 290% DNA was in the tail. % Hedgehogs = number of comets with 290%. tail DNA/150.

cSham control; no exposure to GSM-modulated cell phone RFR.

'Dose-related trend derived from one-tailed linear regression or Jonckheere’s lest; the trend is significant when P < 0.025.

= 4,

12.23 x 2.18

6.28 x 1.00

9.83 x 1.11

13.74 x 2.79 

P = 0.\M'

12.41 ± 1.64 

17.05 ± 7.24 

14.06 ± 5.68 

26.03 ± 10.69 

P = 0.580

3.80 x 1.07

2.00 ± 0.71

0.60 ± 0.24

2.40 ± 1.03
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Dose (W/kg) P value1’ P value

l-'iontal cortex

CDMA

Hippocampus

CDMA

Cerebellum

CDMA

Liver

CDMA

Peripheral blood leukocytes 0.40 ± 0.24

0

CDMA

P = 0.057

5.0

10.0

0

2.5 

5.0

10.0

0

2.5 

5.0

10.0

0.449

0.527

0.CH6

1.20 ± 0.58

0.40 ± 0.24

1.40 = 0.87

TABLEV DNA Damage in Male B6C3F1/N Mice Exposed to CDMA-Modulated Cell Phone Radiofrequencv Radiation 
(1,900 MHz) for 14 Weeks11

Tail DNA

(150 cells)1'
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% Hedgehogs 

(100 cells)1’

% Tail DNA 

(100 cells)1’

0c

2.5 

5.0

10.0

"■Exposure began al ~5 weeks of age.

hMcan ± SE.

‘Pairwise comparison with the sham control group; exposed group values are significant al P s 0.025 by Williams’ or Dunn's test.

^A comet figure was considered a hedgehog if 590% DNA was in the tail. % Hedgehogs = number of comets with 590%i tail DNA/150.

‘Sham control; no exposure to CDMA-modulated cell phone RFR.

'Dose-relaicd trend derived from one-tailed linear regression or Jonckheere's lest; the trend is significant when P < 0.025.

2.5

5.0

10.0

%■ Hedgehogs
(150 ceil)d

0

2.5

5.48 - 1.30

7.35 ± 2.47

7.87 ± 2.80

5.43 = 2.43 

P = 0.554

0.131

0.018

0.001

0.014

0.001

0.001

0.521

0.606

0.641

1.32 ± 0.2)

4.52 i 0.57 

6.06 ± 0.96

10.04 2.08

P = 0.001

0 ± 0 

OTO

0 ± 0

0.53 = 0.39

1.000

1.000

1.000

statistically significant increases in % tail DNA were 
observed in any of the samples from female mice exposed 
to the GSM modulation (Table VIII).

In general, for those data sets that were scored using 
both methods (100- and 150-cell scoring methods), simi­
lar conclusions were reached when considering positive 
or equivocal results (see Supporting Information 
Fig. SI A-D for examples) except for hippocampus from 
male rats (CDMA) (Table I), blood leukocytes from 
male rats (CDMA and GSM) (Tables I and II). and liver 
from female mice (CDMA) (Table VII). In summary, 
8 of 40 tissue sets exhibited positive or equivocal results 
when assessed using the 100- or 150-cell scoring 
approaches.

In all instances, where both methods were used, the 
150-cell method that included all scorable cells, even those

0.339

0.404

0.431

1.80 ~ 0.80

4.40 i 2.06

4.60 ± 2.34

1.60-0.93

16.30 ± 2.21 

20.27 ± 5.53 

16.15 ± 1.15

16.43 i 0.83 

P = 0.368

1.60 - 0.68

0.63 - 0.08

3.46 ± 0.65

5.88 ± 1.06

8.85 i 1.09 

P = 0.001'

that visually appeared to be hedgehogs before software 
analysis, revealed a much broader spectrum of DNA dam­
age than the 100-cell method that excluded all apparent 
hedgehogs (Supporting Information Figs. S2A-D and 
S3A-D).

We noticed considerable interanimal variability in % 
tail DNA in both sexes of mice and rats. To rule out any 
influence from technical artifacts or protocol features, % 
tail DNA values for all tissues and % hedgehogs for the 
rat tissues were correlated to the position of slides in the 
electrophoresis chambers, the interval from exposure ces­
sation to tissue collection, and the date of slide prepara­
tion. No patterns in the level of observed DNA damage 
emerged for any of these variables. To investigate the 
interanimal variability more closely, we plotted the % tail 
DNA response data for all tissues using the 100-cell data

6.80 - 2.82

21.60 ± 16.88 

11.00 ±3.77

7.20 - 1.11

2.10 ±0.50

1.30 ± 0.28

2.86 ± 0.26

7.69 ± 2.00

9.59 ± 4.33

6.44 ±1.21

6.38 x 0.93 

P = 0.740

0.40 = 0.24

0.60 - 0.40

0.60 ± 0.24

4.40 ± 1.69

1.20 - 0.58

5.40 ±2.11

2.80 x 0.97

4.40 x 2.27
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RFR Exposure
Micronucleus Assay

P valucuDose (W/kg) P value

Frontal cortex

1.32 ± 0.21

GSM 4.25 ± 1.20

Hippocampus

GSM

Cerebellum

GSM

Liver

GSM

Peripheral blood leukocytes

GSM

0

2.5 

5.0

10.0

TABLE VI. DNA Damage in Male B6C3F1/N Mice Exposed to GSM-Modulated Cell Phone Radiofrequency Radiation 
(1,900 MHz) for 14 Weeks11

0.469

0.549

0.213

0.081

0.081

0.00!

5.0

10.0

0.063

0.063

0.006

0.514

0.598

0.633

% Tail DNA

(100 cells)11

1.60 ± 0.68 

! .85 ± 0.96 

1.75 ± 0.37

1.85 ± 0.24 

P = 0.408

The power levels for RFR exposure were adjusted based 
on the average weight of all animals in a chamber. Due to 
normal variations in animal weights, the actual SAR in 
individual animals differed slightly among animals in the

oc

2.5 

5.0 

10.0

3.69 ± 0.53

5.60 ± 1.28 

P= 0.004

% Hedgehogs
{100 cells)h

The MN assay data are reported in Supporting Infor­
mation Tables SI and S2. For male mice exposed to 

CDMA, although a signilicant trend was observed for

MN-RET (P = 0.013). the absolute increase was quite 
small (the mean MN-RET for sham exposure was 2.55 
vs. 2.93 for the 10 W/kg exposure) and within the 
laboratory’s historical control range (1.66-3.06), and no 
corresponding increase was observed in the mature eryth­
rocyte population that should be in steady-state equilib­
rium after continuous subchronic exposure. Thus, the 
overall MN assay result for male mice exposed to CDMA 
was considered to be negative. No other significant 
effects were seen in rats or mice exposed to either modu­
lation of RFR.

'7c Hedgehogs

(150 cell)11

set. The median % tail DNA was included in each plot as 
a measure of central tendency in the distribution (see 
Supporting Information Fig. S4A-D). We found that % 
tail DNA values were relatively small (<5%) in blood leu­
kocytes in both sexes and species, while the other four tis­
sues exhibited a much greater interanimal variability in 
response with % tail DNA values that exceeded 30% in 
some cases. Female mice generally displayed less variabil­
ity in response than male mice in the hippocampus, cere­
bellum. and liver. Female rats exposed to RFR also 
seemed to show less variability in response than male rats 
exposed to RFR in the cerebellum.

7.69 ± 2.00

8.74 ± 1.93

7.17 ± 1.08

6.90 ±1.19 

P = 0.720

0

2.5 

5.0

10.0

0

2.5

5.48 ± 1.30

3.66 ± 0.30

3.90 ± 0.59

3.85 ± 1.08 

P = 0.838

0.416

0.491

0.494

0.40 i 0.24

1.80 = 0.97

1.60 ± 0.81

1.00 = 0.45

0.40 = 0.24

1.20 = 1.20

1.00 = 0.55

0.80 = 0.58

0.831

0.896

0.919

6.80 ± 2.82

8.20 = 3.84

6.60 ± 1.96 

12.80 = 4.40

0 ± 0 

0.13 = 0.13 

0 ± 0

0.13 = 0.13

% Tail DNA 

(150 cells )b

0
2.5 

5.0

10.0

16.30 = 2.21 

17.66 = 1.89 

15.40 ± 1.20

18.94 ± 2.00 

P = 0.198

1.20 = 0.58

5.40 = 2.11

2.20 = 0.97

5.40 = 2.54

1.80 = 0.80

3.00 ± 1.38

1.80 = 0.92

3.40 = 1.50

0.63 ± 0.08

1.71 ± 0.46

1.39 ±0.15

3.73 ± 0.65 
P = 0.0011'

“Exposure began at -5 weeks of age.

bMean = SE.

cPairwise comparison with the sham control group; exposed group values are significant at P s 0.025 by Williams' or Dunn's test.

dA comet figure was considered a hedgehog if 290% DNA was in the tail. % Hedgehogs = number of comets with >90% tail DNA/150.

‘Sham control; no exposure to GSM-modulated cell phone RFR.

“Dose-related trend derived from one-tailed linear regression or Jonckhcere's test; the trend is significant when P S 0.025.
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DISCUSSION

P valuec P valueDose (W/kg)

Frontal cortex

CDMA

Hippocampus

CDMA

Cerebellum

CDMA

Liver

CDMA

Peripheral blood leukocytes

CDMA

0

2.5 

5.0 

10.0

TABLE VII. DNA Damage in Female B6C3F1/N Mice Exposed to CDMA-Modulated Cell Phone Radiofrequency Radiation 
(1,900 MHz) for 14 Weeks11

0

2.5 

5.0

10.0

0.020

0.024

0.018

0.839

0.903

0.925

0.050

0.009

0.009

0 ± 0 

0 ± 0 

0 ± 0 

0 ± 0

% Tail DNA 

(100 cel!s)h

% Tail DNA
(150 cells)1'

% Hedgehogs 

(100 cells)11

0

2.5 

5.0

10.0

same exposure chamber (Wyde el al. 2018). These minor 
deviations were considered io have negligible effect, as no 
correlations between actual individual animal SAR and 
comet assay outcomes were seen in any of several tissues, 
including brain, that were examined to evaluate possible 
associations (data not shown).

8.30 ±0.92

6.14 ± 0.26

P = 0.100

oe

2.5 

5.0

10.0

8.15 ± 1.65

5.76 ± t.00

5.22 ± 1.02

5.34 ± 1.82 

P = 0.892

0

2.5

5.0

10.0

The two main RFR modulations used for cellular tele­
phone communication worldwide, CDMA and GSM, were 
tested by the NTP in the 2-year rodent cancer bioassay. 
The reverberation chambers used to expose the animals for 
the bioassay were designed by physicists and engineers 
from NIST and ITTS in collaboration with the NTP to 
overcome confounding factors that have limited the inter­
pretation of other RFR studies. As a component of the

bioassay, we examined the potential for RFR to induce 
DNA damage as measured by the comet assay and chromo­
somal damage as measured by the peripheral blood erythro­
cyte MN assay. Although results of the MN assays were 
negative, significant increases in the levels of DNA damage 
measured by the comet assay were seen in several tissues 
from rats and mice, indicating that RFR may be capable of 
causing increases in DNA damage.

DNA damage was primarily observed in brain tissue 
from male rats and mice exposed to RFR. Using the 
100-cell scoring approach, the hippocampus of CDMA- 
exposed male rats showed a significant, exposure-related 
increase in % tail DNA. while no tissues in exposed female 
rats were found to have significant increases in % tail DNA 
compared to controls. Male mice exhibited significant 
CDMA exposure-related increases in % tail DNA com­
pared to controls al all exposure levels in the frontal cortex.

3.40 ± 1.47

0.80 = 0.49

1.20 ± 0.49

0.80 ± 0.58

8.11 ~ 2.13

4.88 ± 0.55

4.89 ± 0.57

4.80 ± 0.90 

P = 0.935'

2.15 ± 0.08

3.62 ± 0.66

3.39 ± 0.45

2.45 ± 0.24 

P = 0.173

5.88 ± 0.85

6.78 ± 1.67

8.39 ± 1.13

6.73 = 0.77 

P = 0.298

0.034

0.041

0.030

0.20 ± 0.20

1.75 ± 1.03

0.20 ± 0.20

0.40 ± 0.40

0.296

0.194

0.207

0.911

0.955

0.968

0.0! I

0.015

0.428

2.60 ± 1.69

1.80 = 0.80

1.20 ± 0.58

2.20 ± 0.97

5.48 ± 0.60

7.54 ± 0.90

7.36 ± 0.72

7.63 ± 0.59 

P = 0.050

0 ± 0 

0 ± 0 

0.13 = 0.13 

0 ± 0

4.34 = 0.60

6.20 ± 0.99

% Hedgehogs

(150 cell)d

1.03 = 0.13 

2.52 ± 0.54

1.71 i 0.37

2.20 = 0.19 

P = 0.085

0.20 = 0.20

2.(X) = 1.14 

0 = 0

0.20 = 0.20

0.60 = 0.40

1.00 ± 0.45

4.40 ±2.11

2.00 ± 0.77

‘‘Exposure began a( -5 weeks of age.

hMean = SE.

‘‘Pairwise comparison with the sham control group; exposed group values are significant at P s 0.025 by Williams' or Dunn's test.

‘‘A comet figure was considered a hedgehog if 290% DNA was in the tail. % Hedgehogs = number of comets with ?90% tail DNA/150.

'Sham control; no exposure to CDMA-modulated cell phone RFR.

'Dose-related trend derived from one-tailed linear regression or Jonckheere’s test; the trend is significant when P s 0.025.
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P value1' P valueDose (W/kgl

Frontal cortex

8.11 ± 2.13

GSM

Hippocampus

GSM

Cerebellum

GSM

Liver

GSM

Peripheral bkxxi leukocytes

GSM

0
2.5 

5.0 

10.0

TABLE VIII. DNA Damage in Female B6C3F1/N Mice Following Exposure to GSM-Modulated Cell Phone Radiofrequency 
Radiation (1.9(H) MHz) for 14 Weeks"

0

2.5 

5.0 

10.0

0

2.5 

5.0

10.0

0

2.5 

5.0

10.0

0.335

0.400

0.316

0.096

0.117

0.124

0.657

0.744

0.779

0.866

0.923

0.942

0.027

0.032

0.030

0 ± 0 

0±0

0 ± 0 

0 ± 0

0 ± 0 

0 ± 0 

0 ± 0

0±0

% Tail DNA 

(150 cells)”

4.34 = 0.60

7.44 i 0.48

5.45 ± 0.96

6.52 = 0.75 

P = 0.133

set of animals was removed from the 2-year cancer bioas­
say for histopathological evaluation at the same lime as the 
animals used for the genetic toxicity studies. No evidence 
of neoplastic lesions or nonneoplastic lesions, such as 
inflammation or necrosis was observed in lhe brains or 
livers of these animals, which could be attributable to RFR 
exposure (NTP 2018a; 2018b). Furthermore, RFR-induced 
inflammation and necrosis were not observed in the brains 
or livers of rats or mice at the end of lhe 2-year cancer bio­
assay (NTP 2018a; 2018b).

The NTP bioassay was designed to evaluate nonthermal 
effects of cell phone RFR exposure, which meant that body 
temperature could not change more than lcC under our 
exposure conditions. To meet that requirement, pilot stud­
ies conducted to establish acceptable SARs for the bioassay 
indicated that no body temperature increases over F’C 
would be expected in rats (including pregnant rats) or mice 
at exposures up to 6.0 or 10.0 W/kg. respectively (Wyde

and a GSM exposure-related increase in % tail DNA com­
pared to controls at lhe highest exposure level in lhe frontal 
cortex. Female mice showed small, but statistically signifi­
cant. increases in % tail DNA compared to controls al all 
exposure levels in blood. No other potentially exposure- 
related patterns were apparent based on visual inspection of 
the % tail DNA data (see Figs. 1-3). A larger number of 
animals per treatment group may have improved lhe ability 
to detect increases in DNA damage; however, lhe size of 
the reverberation chambers limited lhe number of animals 
that could be used for genetic toxicity testing to 5 per treat­
ment group, which is lhe standard for comet assay studies 
conducted at the NTP and consistent with OECD recom­
mendations (Hartmann et al. 2003; OECD 2016).

A limitation in this study is lhe absence of histopatholog­
ical assessmeni for indications of inflammation and cyto­
toxicity. Although histopathology was not performed on 
lhe animals used for genetic toxicity studies, an additional

% Hedgehogs
(100 ceils)”

0.60 = 0.40

3.40 ±1.17

1.20 ± 0.37

2.60 ~ 1.33

2.60 - 1.69

0.80 = 0.58

1.20 = 0.58

1.60 = 1.36

5.88 = 0.85

6.56 = 1.22

5.26 ± 0.59

6.54 ±1.71

P = 0.606

8.15 ± 1.65

6.23 = 1.00

4.54 = 1.29

5.22 = 1.23 

P = 0.933

‘‘Exposure began al ~5 weeks of age.

”Mcan = SE.

cPairwise comparison with the sham control group; exposed group values are significant at P s 0.025 by Williams' or Dunn's lest.

JA cornel figure was considered a hedgehog if 290% DNA was in the tail. % Hedgehogs = number of comets with >90% tail DNA715O.

cSham control; no exposure to GSM-modulalcd cell phone RFR.

,Dosc-relatcd trend derived from onc-taiied linear regression or Jonckheere's test; the trend is significant w'hen P 2 0.025.

5.48 = 0.60 

7.06 = 0.61

6.36 = 0.25

6.47 = 0.79 

P = 0.249

% Tail DNA 

(100 cells)”

2.15 = 0.08

2.58 ± 0.35

2.23 ± 0.19

2.28 ± 0.51 

P = 0.657

1.000

1.000

1.000

0.20 = 0.20 

(1.20 = 0.20 

0±0

0 = 0

0.504

1.000

l.(X)0

0.20 ± 0.20

1.20 -± 0.73

0.60 = 0.40

1.80 = 0.73

3.40 ± 1.47

1 .(X) = 0.45 

2.1X) ± 0.84 

1 .(X) = 0.32

1.03 ± 0.13 

1.25 = 0.44 

1.17 ± 0.08

1.32 ± 0.34 

P = 0.266

% Hedgehogs

(150 cell)d

7.33 = 0.90

7.69 = 1.98

5.74 = 0.62 

P = 0.861'

0e

2.5 

5.0

10.0
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0 1.5 3.0 6.0 0 1.5 3.0 6.0
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Male Rat Hippocampus. CDMA 
100-cell scoring

Male Rat Frontal Cortex, CDMA 

150-cell scoring

Fig. 2. (A.B) Male rat frontal cortex. CDMA, was judged to be equivocal in the comet assay using the 100-cell scoring 

approach (A); a similar result was obtained using the 150-ccll scoring approach (B). Central horizontal bar indicates mean 

v/< tail DNA; upper and lower error bars indicate SE.

Male Rat Frontal Cortex, CDMA 

100-cell scoring

Fig. 1. (A.B) Male rat hippocampus. CDMA, was the only rat tissue judged to be positive in the comet assay when using 

the 100-cell scoring approach (A). Central horizontal bar indicates mean % tail DNA; upper and lower error bars 

indicate SE.

emitted by cell phones is not sufficiently energetic, by 
several orders of magnitude, to directly damage macro­
molecules (IARC Working Group on the Evaluation of 
Carcinogenic Risks to Humans 2013). Calculations by 
physicists and engineers suggest that RFR would not have 
an appreciable effect on biological systems al nonthermal 
levels of exposure, primarily due lo the damping effects 
of water molecules (Adair 2002; 2003; Sheppard et al. 
2008; IARC Working Group on the Evaluation of Carci­
nogenic Risks to Humans 2013). However, our results and 
the results of other experiments suggest that nonthermal 
exposure of cells or whole organisms to RFR may result 
in measurable genotoxic effects, despite varied and weak 
responses across studies overall (Brusick el al. 1998; 
Ruediger 2009; Verschaeve el al. 2010). Induction of

Male Rat Hippocampus, CDMA 
150-cell scoring

el al. 2018). Therefore, we consider it unlikely that thermal 
effects were a confounding factor for our genetic toxicity 
tests, although more work in general is needed to clarify 
the thermal effects of RFR on different tissues, and the 
degree to which increases in body or tissue temperature 
affect genomic integrity. Few studies have closely exam­
ined the relationship between increased bixiy temperature 
and induction of DNA damage in mice, and there is almost 
no information on this relationship in rats. In one study in 
which the body temperatures of mice were closely moni­
tored, an increase of ~2'C was required before increases in 
micronuclei were detected (Asanami and Shimono 1997).

Little is known about the mechanism by which RFR 
could induce DNA damage in the absence of heating. 
Unlike ionizing radiation or ultraviolet light, the radiation

< 
Z 
a 
= 40 
CQ 
I-

S 20 
■ 
2

J?

20 
■ 
5

60-I 

< 
z 
o 
= 40 
CQ

Environmental and Molecular Mutagenesis. DOI 10.1002/em

12 Smilh-Roe et ol.

1.5 3.0

CDMA (W/kg)

1.5 3.0

CDMA (W/kg)

< 
q 30

? 20 

S io

< 
q 30

? 20 

S io



A B

20i
Trend P < 0.001 P < 0.001Trend P < 0.001
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P< 0.006

P < 0.001
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P< 0.011

P < 0.020 P < 0.024 P< 0.018
P< 0.015

0J 00 10.0 0 10.0
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Fig. 3. (A-F) Mouse tissues judged to be positive in the comet assay using the 100-cell scoring approach. Central 

horizontal bar indicates mean % tail DNA; upper and lower error bars indicate SE.
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incidences of malignant schwannomas of the heart in male 
rats. Malignant gliomas in the brain were also observed in 
male rais exposed to cell phone RFR and were considered 
to be related to exposure. Female rats exhibited malignant 
schwannomas of the heart and malignant gliomas, but 
incidences of these tumors were considered equivocal. 
The observation that cell phone RFR affects heart and 
brain tissue in Sprague Dawley rats after long-term expo­
sure was replicated in a similar study (that used only the 
GSM modulation) by the Ramazzini Institute (Falcioni
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oxygen radicals or interference with DNA repair processes 
has been proposed as possible mechanisms by which RFR 
could cause DNA damage (Ruediger 2009; Yakymenko 
et al. 2015).

NTP Technical Reports on the results of the 2-year can­
cer bioassay for exposure to RFR for rats (TR 595) and 
mice (TR 596) were finalized, peer reviewed, and made 
publicly available in 2018. The NTP concluded that 
results demonstrated clear evidence of carcinogenic activ­
ity of cell phone RFR (both modulations) based on 
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