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Given the large number of mobile phone users and the increasing exposure to radiofrequency electromagnetic
field (RF-EMF) worldwide, we aimed to study the effect of RF-EMF related to mobile phones on heart rate
variability (HRV). Twenty-six healthy young adults participated in two experimental sessions with a double-
blind, randomized and counter-balanced crossover design. During each session, participants were exposed for
26 min to a sham or real 900 MHz RF-EMF, generated by a commercial dual-band Global System for Mobile
technology (GSM) mobile phone. We recorded an electrocardiogram at rest during the exposure. We evaluated
HRV by time- and frequency-domain analysis. Evaluation of time-domain HRV parameters revealed a statistically
significant increase of the standard deviation of interbeat intervals (SDNN) during the real exposure. Other time-
domain parameters were not affected. Analysis in the frequency-domain demonstrated that total spectral power
and low-frequency band (LF) absolute power were significantly increased during exposure (p = .046 and p =
.043, respectively). However, other parameters were not affected. In conclusion, it seems that most HRV pa-
rameters were not affected by GSM signal exposure in our study. The weak effect observed on HRV frequency-
domain is likely to represent a random occurrence rather than a real effect.

1. Introduction systems is controlled by a number of structures localized in the central

nervous system (Janig, 2008). Indeed, some of the most important

Mobile phones are a widespread technology, with estimated global
active subscriptions close to 7 billion according to the International
Telecommunication Union (International Telecommunication Union,
2019). Given this large number of mobile phone users throughout the
world, a question that has been raised is whether low-level exposure to
radiofrequency electromagnetic field (RF-EMF) from mobile phones
affects human health. In this framework, there is still limited knowledge
on the effects of RF-EMF related to mobile phones on the autonomic
nervous system (ANS), which significantly contributes to the mainte-
nance of the body homeostasis. The regulatory action of the ANS on
respiratory, cardiovascular, digestive, endocrine and many other

integrative centres for ANS functioning are located in the brainstem and
central autonomic network, in cerebral and cerebellar regions. Given
that they represent a potential source of RF-EMF interference (Fritze
et al., 1997; Braune et al., 2002; Huber et al., 2002; Ghosn et al., 2015),
RF-EMF emitted by cellular phones may have a potential influence on
the ANS.

An example of the close connection between central and autonomic
nervous structures is represented by the vagally-mediated control of
cardiovascular system and other physiological, affective and cognitive
processes (Ramirez et al., 2015; Luque-Casado et al., 2016a, 2016b;
Griffiths et al., 2017; Nakano and Kuriyama, 2017; Baik et al., 2019). In

Abbreviations: ANS, autonomic nervous system; ECG, electrocardiogram; FFT, fast Fourier Transformation; GMS, global system for mobile communication; HF,
high frequency band; HR, heart rate; HRV, heart rate variability; LF, low frequency band; NN, normal-to-normal RR intervals; pNN50, percentage of successive RR
intervals that differ by more than 50 ms; RR, intervals between successive R peaks; RF-EMF, radiofrequency electromagnetic field; RMSSD, root mean square of
successive RR interval differences; SAR, specific absorption rate; SDNN, standard deviation of NN.
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particular, cardiac vagal control represents the parasympathetic influ-
ence on heart physiology and contributes to heart rate variability (HRV).

Since HRYV is controlled by the continuous interplay of both sympa-
thetic and parasympathetic nervous functions (Guidlines, 1996; Bernt-
son et al., 1997; Friedman and Thayer, 1998; Malliani et al., 1998), it is
considered to be an index of the ANS modulation. It allows one to assess
the interactions between the ANS and the cardiovascular system with
non-invasive measurements based on the study of oscillations of the
interval between heartbeats.

The effect of RF-EMF related to mobile phones on the ANS has been
assessed by measuring HRV. However, the reported findings on the ef-
fects of radiofrequency exposure related to mobile phones on heart rate
(HR) are contradictory. Some studies on healthy volunteers have re-
ported no effect on the HRV measured during cognitive tests (Wilén
et al., 2006) or at rest (Atlasz et al., 2006; Barker et al., 2007; Lindholm
etal., 2011; Parazzini et al., 2013; Choi et al., 2014), while others found
an effect (Parazzini et al., 2007; Andrzejak et al., 2008; Yilmaz and
Yildiz, 2010). Other researchers have investigated the effect of RF-EMF
on HRV during sleep of healthy volunteers, showing the absence of
statistically significant effects (Mann et al., 1998, 2005) or a modifica-
tion of HRV parameters due to RF-EMF exposure (Huber et al., 2003).
Furthermore, exposure to RF-EMF does not seem to mediate any effect
on HRV of subjects who report hypersensitivity to electromagnetic fields
(Nam et al., 2009; Kwon et al., 2012; Andrianome et al., 2017).

In general, all these discrepancies in results may be explained by the
use of different designs and protocols, exposure intensities, total expo-
sition time or electrocardiogram (ECG) measurement periods. More-
over, it has been suggested that dissimilar results could be related to the
subjects’ position (i.e. lying or standing) (Parazzini et al., 2007; Misek
et al.,, 2018) or the inspiration/expiration ratio (Béres et al., 2018).
Hence, additional studies are needed to provide more information to fill
certain gaps in our current knowledge of the effects of the RF-EMF
exposure on the ANS.

The aim of the present study was to analyze, in healthy subjects at
rest in a relaxed position, the influence of short-term exposure to a
global system for mobile communication (GSM) 900 MHz mobile phone
during actual use conditions on HRV parameters, evaluated in the time-
domain and frequency-domain. First, in order to study the link between
HRV and HR, we measured the mean of intervals between successive R
peaks (mean RR), which represents the measurement of RR interval
lengths in milliseconds. This parameter is directly linked to the HR,
where higher values correspond to lower values of HR. We measured the
standard deviation of the differences between consecutive normal-to-
normal RR intervals (NN intervals) (SDNN), which reflects all the cy-
clic components responsible for variability, in order to describe the total
variability. We assessed the square root of the mean of the squared
differences between adjacent NN intervals (RMSSD) to describe the high
variability in HR and to estimate the parasympathetic vagal activity on
HR. We measured the percentage of adjacent NN intervals that differ
from each other by more than 50 ms (pNN50) in order to reflect para-
sympathetic activity. Moreover, we assessed HRV in frequency-domain,
considering the total spectral power, the absolute and relative power in
normalized units (nu) of low frequency band (LF), which may be pro-
duced by both sympathetic and parasympathetic activity, and blood
pressure regulation via baroreceptors primarily mediated by vagal ac-
tivity, and high frequency band (HF) power, which reflects para-
sympathetic activity. In order to measure the sympathovagal balance
during the RF-EMF exposure, we analyzed the LF/HF ratio.

2. Participants and methods
2.1. Participants
Twenty-six healthy volunteers participated in the experiment (13

females and 13 males, mean age = 23.5 + 3.1 years). All participants
provided informed written consent and were compensated for their
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participation. All procedures were approved by the local ethics com-
mittee (ID N° = RCB: 2011, A01455-36). We selected the volunteers
following a routine clinical examination. The mean body mass index of
the subjects was 22.3 + 1.8 (mean + standard deviation [SD]). Systolic
and diastolic blood pressures were 113.3 + 9.2 and 74 + 7.7 mmHg
(mean + SD), respectively. Inclusion criteria included regular sleep
habits, no medication, no chronic disease or disability, no recent acute
illness, no smoking and no neurological or psychiatric illness. We also
excluded participants with a history of cardiovascular or neurological
diseases. No subject was receiving any medication during the study. All
participants were right-handed and had normal or corrected-to-normal
vision. Those selected were instructed to abstain from consuming
alcohol and coffee or any exciting substances for 24 h before and during
each experimental session.

2.2. Experimental design and signal acquisition

Volunteers participated in two ECG recording sessions in a crossover,
randomized, double-blind and counterbalanced experimental design
(this study was a part of an electroencephalogram protocol (Ghosn et al.,
2015)). The two experimental sessions were spaced one week apart and
scheduled for each participant at the same time of the day, due to the
circadian rhythm of HRV (Coumel et al., 1994). Each recording session
comprised three experimental periods: pre-exposure, exposure and
post-exposure. We only considered the exposure period in the present
paper. During the exposure period, subjects were exposed for 26 min and
15 s to our device with sham or real GSM RF-EMF emission. We con-
ducted the experiment in a dimly lit, electrically shielded room. Subjects
were seated in a comfortable chair with a screen placed 1 m in front of
them in order to keep their eyes in a well-defined direction. They were
asked to relax and breathe regularly during recordings (Eckberg, 1983;
Béres et al., 2018).

We recorded HR with a BIOPAC MP150, at a sampling rate of 1000
Hz, by using two electrodes. We placed one electrode at the base of the
neck above the right clavicle and the other on the left forearm. We
performed ECG within six recording blocks of 3 min each with closed or
open eyes to consider possible interaction with cortical activation level
(Ghosn et al., 2015). When eyes were open, we asked the subjects to fix
their gaze on a spot on the screen represented by a white square in the
centre of a black screen.

2.3. Exposure system and dosimetry

Exposure to RF-EMF was performed by a commercial dual-band GSM
mobile phone (Nokia 6650) used in our previous studies (Ghosn et al.,
2012, 2015). The sham or genuine exposure used a ‘load’ or a ‘dummy
load’, respectively. When the telephone was on, the internal circuitry
was regularly active, but no radiofrequency power was delivered in
space by the antenna. We positioned the mobile phone near the left ear
using extendible tubular bandage. Thereby, we could prevent artifacts in
the electrocardiographic signal placing the GSM mobile phone at a
distance longer than 7.5 cm from any of the ECG electrodes, according to
(Buczkowski et al., 2013).

Specific absorption rate (SAR) measurements for the operational
frequency at 900 MHz of the mobile phone were conducted using a head
phantom. The maximum SARs were averaged on 10 g and 1 g tissue, and
the peak value was measured at 0.49 W/kg, 0.70 W/kg and 0.93 W/kg,
respectively. The SAR of the sham phone was below the detection level
of the system (0.001 W/kg) at any position of the phantom, and we did
not detect an electric field on the surface of the sham phone (for more
details see (Ghosn et al., 2012; Ghosn et al., 2015)).

2.4. HRV analysis

We used Kubios HRV software (Niskanen et al., 2004; Tarvainen
et al., 2014) to automatically detect QRS complexes in ECG signals. We
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Table 1
Heart rate variability values assessed in time-domain.
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Sham RF-EMF Exposure

Real RF-EMF Exposure

Exposure effect Eyes condition effect

Open eyes Closed eyes Open eyes Closed eyes
Mean RR (ms) 846 + 129 872 + 143 839 + 122 868 + 138 NS Fq,30 = 19.9; p < .001
SDNN (ms) 53 +18 64 + 25 59 + 25 71 +32 Fi,30 = 5.6; p = .024 Fy1,30 = 23.7; p < .001
RMSSD (ms) 41 +19 48 + 25 45 + 27 53 + 33 NS Fq,30 = 18.3; p < .001
PNN50 (%) 23+17 28 +20 24+ 20 29 + 22 NS F1,30 = 19.1; p < .001

Heart rate variability values assessed in time-domain during sham and real radiofrequency electromagnetic field (RF-EMF) exposure with regard to the eyes condition.
The corresponding statistical analysis results are shown with respect to exposure and eyes condition factors (two-way repeated measures analysis of variance
[ANOVAYI). Values are presented as mean + standard deviation (SD). Statistical significance was set for p < .05. RR, intervals between successive R peaks; SDNN,
standard deviation of normal-to-normal RR intervals; RMSSD, root mean square of successive RR interval differences; pNN50, percentage of successive RR intervals

that differ by more than 50 ms; NS, not statistically significant.

analyzed the data using a peak detection algorithm that identified the R
wave of the QRS complexes after removing all motion artifacts. A QRS
detection algorithm allowed us to locate a stable, noise-independent
fiducial point on the R wave. By comparison with the adjacent
morphologic features, the software automatically classified the QRS
complexes (and then visually checked) as normal sinus rhythm, atrial or
ventricular premature beats or noise. We deduced the NN intervals from
adjacent normal sinus beats. We performed standardized time- and
frequency-domain HRV analyses on successive 3-min segments of data
recorded throughout the exposure recording period, considering the
closed eyes and the open eyes recording blocks separately. In this study,
we assessed HRV via Kubios HRV software using both time-domain and
frequency-domain methods, according to the instructions of the Euro-
pean Society of Cardiology (Guidlines, 1996).

2.4.1. Time-domain analysis

HRYV time-domain analysis allows one to quantify the variability in
measurements of the time interval between successive heart beats. We
calculated the following HRV time-domain parameters: mean RR,
SDNN, RMSSD and pNN50.

2.4.2. Frequency-domain analysis

We used a nonparametric fast Fourier transform (FFT) to realize the
power spectral density analysis converting time series into the
frequency-domain. Our frequency-domain analysis of HRV focused on
the low-frequency (LF) band (0.04-0.15 Hz), which reflects sympathetic
and parasympathetic tones, and the high-frequency (HF) band
(0.15-0.4 Hz), which reflects parasympathetic activity. We assessed the
total variability (LF + HF) as the total absolute power in the spectrum for
the analyzed region, measured in ms®. We expressed the LF and HF
powers as absolute values in ms®. We also converted the LF and HF
powers into normalized units (LF,, and HF,, respectively) in order to
assess the relative power of each band, dividing the period’s power by
the total spectral power minus the very low frequency component (i.e.
LF + HF). Finally, we expressed the sympathovagal balance with the LF/
HF ratio.

2.5. Statistical analysis

For each HRV parameter assessed in the time-domain and frequency-
domain, we performed a two-way repeated measures analysis of vari-
ance (ANOVA) to determine the effect of the exposure factor (two levels:
sham RF-EMF exposure and real RF-EMF exposure), the eyes condition
factor (two levels: open eyes and closed eyes) and the interaction be-
tween exposure and eyes condition factors. We established statistical
significance at p < .05. We used StatView software (version 5.0, SAS
Institute Inc., Cary, NC, USA) for all statistical analyses.

3. Results

Our HRV analysis in time-domain and frequency-domain are shown
in Tables 1 and 2, respectively. All parameters are reported for the open
eyes and the closed eyes conditions, during sham and real RF-EMF
recording sessions. All the HRV values reported during both experi-
mental sessions are in the normal range (Coumel et al., 1994; Nunan
et al., 2010).

Statistical analysis results of time-domain parameters are presented
in Table 1. SDNN was significantly higher (+12%) during RF-EMF
exposure relative to the sham exposure, during both open and closed
eyes conditions. RF-EMF exposure did not significantly alter other time-
domain parameters. The eyes condition significantly affected all HRV
parameters assessed in the time-domain. All parameters were signifi-
cantly increased in the closed eyes compared to the open eyes condition.
There was no statistically significant interaction between exposure and
eyes condition factors.

Considering the statistical results of frequency-domain analysis
presented in Table 2, the total spectral power and LF absolute spectral
power were significantly higher (+30% and +49%, respectively) during
the real exposure to RF-EMF relative to sham with both eyes conditions.
The other parameters, HF, LF,,,, HF,, and LF/HF ratio, were not affected
by the exposure factor. The eyes conditions significantly altered all
values of HRV parameters in frequency-domain measurements, except
for the absolute LF power. The parameters expressed in absolute value
were significantly increased in the closed eyes compared to open eyes
condition, while relative LF,, power was decreased with closed eyes.
The findings showed that the LF/HF ratio was significantly decreased in
closed eyes compared to open eyes condition. There was no statistically
significant interaction between exposure and eyes condition factors.

4. Discussion

We performed the present study to determine whether exposure to
RF-EMF related to mobile phones (GSM 900 MHz signal) for 26 min
could affect the HRV in young healthy adults at rest. We hypothesized
that microwave radiations at a frequency of 900 MHz can interact with
biological tissue and electrophysiological systems. When a mobile phone
is applied next to the ear, we hypothesized that RF-EMF exposure in
close proximity to brain structures can alter autonomic nervous centre
functioning. Thus, the objective of this study was to analyze whether
HRV parameters, which represent a valuable non-invasive approach for
assessment of ANS characteristics, are altered during normal mobile
phone use. For this purpose, we recorded ECGs in 26 volunteers during
the RF-EMF exposure period (real or sham) in a double-blind, random-
ized and counter-balanced crossover protocol. We analyzed ECGs to
assess HRV in both time-domain (mean RR, SDNN, RMSSD and pNN50)
and frequency-domain (total power, absolute and relative powers of LF
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Table 2
Heart rate variability values assessed in frequency-domain.
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Sham RF-EMF Exposure

Real RF-EMF Exposure

Exposure effect Eyes condition effect

Open eyes Closed eyes Open eyes Closed eyes
Total power (ms?) 2887 + 2214 3948 + 3189 3762 + 4333 5126 + 5015 Fi30 = 4.3; p=.046 Fi30=7.4;p <.011
LF (ms?) 1264 + 1213 1561 + 1589 1689 + 2562 2526 + 3425 F1,30 = 4.5; p=.043 NS
HF (ms?) 706 + 631 1089 + 1007 841 + 933 1244 + 1466 NS F1,30 = 14.8; p < .001
LF (nu) 64 +19 59 +£19 64 + 20 63 + 20 NS F130=7.1;p=.013
HF (nu) 36 + 19 40 +19 35+ 20 37 +20 NS F1,30 =6.9;p =.013
LF/HF 3.0+27 2.4 +24 3.2+28 29+26 NS Fi,30 = 6.8; p =.014

Heart rate variability values assessed in frequency-domain during sham and real radiofrequency electromagnetic field (RF-EMF) exposure with regard to eyes con-
dition. The corresponding statistical analysis results are shown with respect to exposure and eyes condition factors (two-way repeated measures analysis of variance
[ANOVAY]). Values are presented as mean =+ standard deviation (SD). Statistical significance was set for p < .05. LF (msz), absolute power of the low frequency band; HF
(ms?), absolute power of the high frequency band; LF (nu), relative power of the low frequency band; HF (nu), relative power of the high frequency band; LF/HF, ratio

of LF-to-HF power; NS, not statistically significant.

and HF bands and LF/HF ratio) from successive 3-min segments of data
recorded with closed or open eyes. All these investigated parameters are
correctly evaluated through short-term (i.e. approximately 5 min) and
ultra-short-term (i.e. less than 5 min) ECG recordings (Shaffer and
Ginsberg, 2017).

When comparing the real and sham RF-EMF exposure, our statistical
analysis of the data revealed that most HRV parameters were not
different between the conditions. In particular, only SDNN, total spectral
power and LF absolute spectral power were significantly higher during
the real RF-EMF exposure compared to sham. SDNN represents a
connection element between sympathetic and the parasympathetic
modulation of HR. However, during short-term resting recordings, the
primary source of the SDNN variation is mediated by parasympathetic
activity, especially with slow and paced breathing protocols (Shaffer
et al.,, 2014). Previous studies have reported that time-domain HRV
parameters, such as SDNN and the standard deviation of the averaged
NN intervals (SDANN), are significantly increased during exposure to a
mobile phone (Andrzejak et al., 2008). Furthermore, elevated SDNN
occurs after RF-EMF exposure with a protocol characterized by sym-
metrical paced breathing (Béres et al., 2018). The increased SDNN
values we noted after RF-EMF exposure might suggest higher para-
sympathetic activity on HR. However, we did not find other statistically
significant modification of time-domain parameters, such as RMSSD and
PNN50—both of which are more closely correlated to the vagal action
on HR—after exposure.

Likewise, considering the HRV results analyzed in the frequency-
domain, we also found that the total power and absolute LF power
were significantly increased during the exposure compared to the non-
exposure period. There is a weak interaction between LF and RF-EMF
exposure with increased values, which is considered to be a conse-
quence of sympathetic response to stand (Parazzini et al., 2007). The
total power represents the sum of the energy in all frequency bands,
corresponding to the total variability in HRV, while the LF bands reflects
sympathetic and parasympathetic tones (Akselrod et al., 1981; Appel
et al., 1989). Indeed, during periods with slow respiration rates, vagal
modulation can generate cardiac oscillations in HR that cross over into
the LF band (Lehrer et al., 2003).

Taken together, this result of SDNN in time-domain, and total and LF
absolute powers in frequency-domain, might suggest changes in the
autonomic balance, with an increase in vagal activity during the expo-
sure to RF-EMF related to mobile phones. On the other hand, given that
HRYV is a moderately reliable measurement under controlled and resting
conditions from stable ECG (Sandercock et al., 2005), the slight change
we observed in our study on the LF or total power, although significant,
might not have been caused specifically by EMF exposure. Hence, we
considered these results as a chance occurrence rather than a real effect
on the ANS. Therefore, our results do not suggest a beneficial effect on
ANS mediated by RF-EMF and increased parasympathetic activity.
Indeed, despite consensus about the benefits of increased vagal tone, the
physiological mechanisms that regulate cardiac autonomic activity are

complex and multifactorial, and the level required to provide adequate
protection has not yet been determined (Guidlines, 1996).

Nevertheless, our results showed strong evidence that suggests an
impact for the eyes condition on HRV parameters. Except for the LF
absolute power, all HRV parameters showed a statistically significant
difference between the eyes condition (open or closed) during both real
and sham RF-EMF recording sessions. We assume that this difference is
related to a different state of relaxation between recordings with the two
eyes conditions. Indeed, all HRV parameters in time-domain, total
spectral power, LF and HF absolute powers and HF relative power were
increased during recordings with closed eyes compared to recordings
with open eyes. These data suggest a higher vagal tone associated with
vegetative functions. Notably, a drowsiness state is characterized by
higher parasympathetic rather than sympathetic activity (Vicente et al.,
2016). Moreover, lower HRV values with open eyes might be related to a
higher impact of sympathetic component on HR, due to the stress aimed
to keep the gaze at the fixation point and eventually overcome the
drowsiness. Indeed, the LF relative power and LF/HF ratio were higher
during the open eyes recordings, compared to the closed eyes ones.

A potential limitation of this study is that we evaluated the effect of
GSM mobile phone exposure on HRV in a very specific population of
healthy young adults. HRV studies in subjects of different ages or pa-
tients with cardiovascular, respiratory or neurological pathologies
might present different HRV modulation under mobile phone emission,
and thus our results would not be directly generalizable to other
populations.

In conclusion, the present study aimed to provide additional infor-
mation to fill the gap in our current knowledge of the effects of GSM RF-
EMF exposure on this topic. Most HRV parameters were not affected by
GSM signal in our study. The weak effect observed on frequency-domain
HRV LF absolute power or total power likely represented a chance
occurrence rather than a real effect.
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