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Electromagnetic Fields - Do They Pose a Cardiovascular Risk?

Daniel PARIZEK', Nadezda VISNOVCOVA', Katarina HAMZA SLADICEKOVA', Jakub
MISEK', Jan JAKUS', Janka JAKUSOVA?, Miroslav KOHAN?, Zuzana VISNOVCOVA?,
Nikola FERENCOVA?, Ingrid TONHAJZEROVA?®

1Department of Medical Biophysics, Jessenius Faculty of Medicine, Comenius University, Martin,
Slovak Republic, “Department of Pathological Physiology, Jessenius Faculty of Medicine,
Comenius University, Martin, Slovak Republic, *Department of biomedical engineering and
measurement, Technical University, Kosice, Slovak Republic, *Biomedical Centre Martin,
Jessenius Faculty of Medicine, Comenius University, Martin, Slovak Republic, "Department of
Physiology, Jessenius Faculty of Medicine, Comenius University, Martin, Slovak Republic

Received June 22, 2022
Accepted December 20, 2022

Summary

Mobile wireless communication technologies have now become
an everyday part of our lives, 24 hours a day, 7 days a week.
Monitoring the autonomous system under exposition to
electromagnetic fields may play an important role in broading of
our still limited knowledge on their effect on human body. Thus,
we studied the interaction of the high frequency electromagnetic
field (HF EMF) with living body and its effect on the autonomic
control of heart rate using Heart Rate Variability (HRV) linear and
nonlinear analyses in healthy volunteers. A group of young
healthy probands (n=30, age mean: 24.2 £ 3.5 years) without
any symptoms of disease was exposed to EMF with f=2400 MHz
(Wi-Fi), and f=2600 MHz (4G) for 5 minutes applied on the chest
area. The short-term heart rate variability (HRV) metrics were
used as an indicator of complex cardiac autonomic control. The
evaluated HRV parameters: RR interval (ms), high frequency
spectral power (HF-HRV in [In(ms?)]) as an index of cardiovagal
control, and a symbolic dynamic index of 0V %, indicating
cardiac sympathetic activity. The cardiac-linked parasympathetic
=0.036) and
sympathetically mediated HRV index 0V % was significantly
higher (p=0.002) during EMF exposure at 2400 MHz (Wi-Fi),

compared to simulated 4G frequency 2600 MHz. No significant

index HF-HRV was significantly reduced (p

differences were found in the RR intervals. Our results revealed
a shift in cardiac autonomic regulation towards sympathetic
overactivity and parasympathetic underactivity indexed by HRV
parameters during EMF exposure in young healthy persons. It
seems that HF EMF exposure results in abnormal complex cardiac

autonomic regulatory integrity which may be associated with
higher risk of later cardiovascular complications already in
healthy probands.
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Introduction

Electromagnetic smog is an everyday part of the
environment around us and its effect on the human body
has not yet been sufficiently explained. Since 1990, the
world has seen a rapid increase of wireless
communication technology working on wide range of
different frequency bands (GSM, UMTS, Wi-Fi, etc.).
Current research indicates the possible influence of
HF EMF on human body, in particular in autonomic
system (ANS) as

modulating body functions including cardiovascular

nervous regulatory “orchestra”
system which is extremely sensitive to autonomic inputs.
Generally, mobile phones and all routinely used electrical

wireless devices can represent a potential source of
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electromagnetic interference [1-3]. Long-term studies
referred that the high-frequency interfaces in working or
living environments can cause subjective symptoms of
headaches, lack of concentration, excessive irritability,
forgetfulness, slowing of reflexes, inflammation of the
eyes, tearing, whistling in the ears, etc. [1, 4-5]. These
and other objective health disorders (e.g., syndrom of
electromagnetic hypersensitivity) may result from body
exposure to high- and low-frequency EMFs [1].

The short-term heart rate variability (HRV), i.e.,
oscillations of heart rate around its mean value, in
humans is predominantly mediated by parasympathetic
regulation. From the time series analysis tools, linear
methods are traditionally used, especially the spectral
power in the high frequency band (HF-HRV) reflecting
the cardiovagal modulation [6-10, 46-48]. In this context,
symbolic dynamics - as nonlinear HRV analysis - is
considered as a promising tool to study cardiac

sympathetic regulation. Visnovcova et al firstly
described that OV % is sufficiently sensitive to detect
cardiac-linked sympathetic excitation in response to
cognitive stressors in healthy subjects concluding that
0V % can be considered as cardiac sympathetic index
[35]. From clinical aspect, this assumption was confirmed
in mental disorders [11,12,13]. Notably, reduced HRV is
associated  with  higher risk of cardiovascular
complications, as it was documented in several studies
[14].

At present, there is a limited number of studies
examining the effect of electromagnetic radiation on heart
rate variability in healthy persons. Misek ef al. [15] found
that short-term intermittent radiofrequency (HF EMF)
radiation targeting the head of healthy volunteers affected
ANS leading to a significant increase in HRV indicators
such as HF band spectral power and rMSSD (root mean
square of successive differences between normal

heartbeats), and a decrease in heart rate. The obtained

Table 1. Basic physiological data of probands (Mean x = SD)

data indicate that exposure of head to HF EMF under

given conditions increases parasympathetic nerve
activity. Other results reported the stimulation of
sympathetic nerve activity [3] or even no effect on ANS
[16]. Thus it seems that findings and conclusions on this
issue are rather contradictory, and need next research.
The discrepancies may result from different measurement
protocols, e.g., head or chest exposure, intensity of
exposure, total exposure time or measurement of intervals
on ECG periods [15,16,17]. Thus, we aimed to study the
interaction of HF EMF with living body under chest
exposure (simulated signal with frequency 2400 MHz for
Wi-Fi and 2600 MHz for 4G) using HRV short-term

linear and nonlinear measures in young persons.
Methods

Subjects

A total of 30 healthy persons (15 women) aged
20-30 years (age mean: 24.2 + 3.5 years, body mass index
(BMI): 23.3+ 3.5 kg/mz) were examined. The inclusion
criteria were following: no respiratory, neurological,
cardiovascular or other diseases potentially influencing
activity of the ANS, for their selection included good
health (no subjective complaints or symptoms of
immune, cardiac or neurological disorders or diseases),
neither drugs nor abuse that would affect HRV.
Volunteers were medical students informed in detail
about the course of the investigation. All of them agreed
with the study and endorsed the informed consent, as well
as the consent to the processing of his/her personal data.
Each subject obtained a personal number due to personal
data protection. The study was performed with the
consent of the Ethics Committee of JFM CU in Martin.
Basic characteristics of the studied group are summarized
in the Table 1.

Parameter
Male (n=15)*

Total number of probands

Female (n=15)*

Age (vears) 23.14+5.76
Weight (kg) 79.28 £ 12.14
Height (cm) 180.84 £ 7.81
BMI (kg/m’) 24.4+3.99
Blood pressure Systolic 121.25+6.45
(mmHg) Diastolic 68.75+10.14

2426+33
61.34+9.53
164.69 +5.48
22.11+£3.02
113.38 £15.02

66.25+11.18

* X £ SD=Mean x £ SD
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Protocol

Each person was tested only once due to the
longer time required for one measurement. Prior to each
examination, the basic physiological parameters as
height, weight, systolic/diastolic blood pressures were
taken with a digital OMRON M300 sphygmomanometer
Japan).  The
characteristics were evaluated by body composition
analyser (InBody 120, Biospace Co., Ltd. South Korea).
The formula BMI is: mass /height’ [kg/m?] [2].

(Omron,  Kyoto, anthropometric

Measurement procedure

The aim of the measurement was to determine
the changes in HRVafter exposure of the selected part of
human body (chest) to EMF with accepted limit value of
E=58V / m and to comment on the activation (inhibition)
of the sympathetic resp. parasympathetic parts of the
ANS after exposure. Also, our interest was to determine
the differences in HRV during EMF exposure at the
frequencies 2400 MHz (frequency of Wi-Fi signal) and
2600 MHz (frequency of 4G network).

All measurements were performed in uniform
mode according to the particular procedures valid for
exposures with =2400 MHz and f=2600 MHz, given to
chest of the probands. During the measurement, we tried
to eliminate an optic perception of persons, because it can
significantly affect HRV. For this reason, we used a mask
to cover the eyes. The temperature in the laboratory was
kept at 20 £ 1 °C and the relative humidity within the
range of 50-60 %. The study took place in a normal
(stable temperature and humidity, minimization of
disturbing sound, visual and smell stimuli) biophysical
laboratory room that is not electromagnetically shielded
in any way. The trials were carried out in the morning in
total time range from 8.00 a.m. to 03.00 p.m.

Prior to each examination, the Dbasic
physiological parameters height, weight, blood pressure
OMRON  M300

sphygmomanometer. The Body Mass Index (BMI Tab.1)

were taken with a digital
of probands was also measured with the IN BODY device
(InBody J10, Biospace, Korea) in the physiological
laboratory of JLF UK in Martin.

During the HRV measurement, the examined
person sat on a chair with a backrest. The stool was
always adjusted so that the lower limb in the examiner's
knee joint was at a 90 ° angle to the stool, feet rested on
the floor. The back of the subject was leaning against the
back of the chair and the back of the proband was
stretched out. The examiner's hands were placed loosely

on his thighs. The proband was exposed to half a band

during the measurement. Initially, a no-exposure control

measurement was performed for 5  minutes.
Subsequently, the irradiation dipole antenna of
f=2400 MHz with simulated Wi-Fi signal, was placed at
the required distance (1 cm) near the left pectoral muscle
(2 cm cranially from the left nipple). The exposure time
was 5 min. Exposure was followed by control
measurement No.2. The control was followed by
exposure with a dipole antenna with =2600 MHz which
simulated 4G (LTE) network. The
procedure remained the same as the exposure with the
simulated Wi-Fi signal. It should be noted that, only the

fundamental frequency bands where transmissions occur

measurement

are harmonic and unmodulated. Fig.1 shows atime
related procedures for EMF exposure of the chest, as well

as the individual controls during exposure with
2600 MHz and 2400 MHz.
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Fig. 1. Schema of chest exposure trial

Exposure system

The exposure system consisted of a frequency
generator (Agilent N9310A, China) with a frequency
range of 9 kHz - 3GHz, also RF signal amplifier
(Amplifier Research 5S1G4, United Kingdom) with
a frequency range of 800 MHz - 4.2 GHz with a power of
5 W, and directional dipole antennas with frequencies of
2600 MHz and 2400 MHz (Fig. 2).
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Fig. 2. Scheme of exposure system and affected body region

The frequency generator was set to =2400 MHz
with an amplitude of -1.4 dBm. From the output of the
frequency generator, the signal was fed by the amplifier,
where an intensity was set up to limit value of 58 V/m.
The control level of EMF intensity was ensured by
NARDA NBM-550 broadband sensor (Narda Safety Test
Solutions, Germany) with an antenna with a frequency
range of 100 kHz - 3 GHz. Subsequently, the signal from
the output of the amplifier reached a directional dipole
antenna. The directional dipole antenna was designed for
EMF exposure of {=2400 MHz.

When designing the exposure antennas, we
based on the technical parameters of the antennas, as well
as the minimal requirements to achieve the suitable
characteristics. Since we wanted to achieve a Wi-Fi
simulated 4G (LTE) of
electromagnetic data transmission devices we had to

signal, and current
established mainly carrier frequencies for these signals.
It is well known that the wavelength of the EMF
decreases with increasing frequency. That's why we
designed two antennas. One antenna was constructed for
the carrier frequency of 2400 MHz and the other one for
2600 MHz. The antennas were made from a cylindrical
aluminium tube to which an N-connector was mounted.
Inside tube the advanced part was placed and through its
EMF was transmitted. The wavelength of the EMF was
calculated as follows:

where, v = speed of light in vacuum [m/s] and
f= frequency [Hz] [21].

The wavelength in this case is given in units of
(m"). By recalculation we got A=11.54 cm for
=2600 MHz and A=12.5 cm for f=2400 MHz. When

designing the antennas, an impact was devoted to inner
surface of the antenna, which had to correspond to
a smooth surface in order to eliminate reflections inside
them. Fig. 3 shows the dimensions of a directional dipole
antenna for its proper function.

The dimensions of the antennas must be strictly
adhered to, as on their inner sides (due to reflections),
so-called standing waves can appear which may change
the signal intensity. The distance between the
transmitting antenna and the irradiated segment was
1 cm. The limit value for intensity E of EMF at

2600 MHz frequency was 58 V / m [21-23].

Lgi4
—

[ ] rora

341

Fig. 3. Scheme of exposure antenna. Lg/4 - distance from the

antenna tip to the rear wall of the antenna, Lo/4 - antenna tip

height, 3/4 Lg - antenna length, D - antenna diameter.

Antenna dimensions:

e for Wi-Fi signal antenna (2400 MHz) - D=85 mm,
Lo=125 mm, Lg=247 mm, Lo/4=31 mm, Lg/4=62 mm

e for LTE (4G) signal antenna (2600 MHz) - D=85 mm,
Lo=115 mm, Lg=191 mm, Lo/4=29 mm, Lg/4=48 mm.

Heart rate variability analysis

We used an automated DiANS PF8 HRYV system
Ltd., Czech Republic) to detect
QRS complex and RR intervals, the same as Misek et al.

(Dimea Group,

used [15]. According to the recommendations for HRV,
the artifact-free, 5 min of RR-intervals were analysed by
software package HRVAS [12, 18]. Continuous recording
of RR intervals for conventional spectral analysis was
performed under sampling frequency of 1 kHz using
awindow length of 256 samples. The HRV linear
analysis allows to evaluate the faster high frequency (HF:
0.15-0.4 Hz) component reflecting respiratory sinus
arrhythmia, i.e., oscillations of the heart rate during
breathing mediated through parasympathetic regulation
[19, 20, 45, 46]. From the non-linear HRV analysis —
symbolic dynamics — OV % index was found to be
sensitive to the changes of the sympathovagal balance
and could be associated with the conditions
characterizing the sympathetic activation. This index may
represent novel approach for non-invasive assessment of
cardiac sympathetic regulation that is independent on the
other effects, such as myocardial preload and afterload

influencing frequently wused beta-adrenergic index
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pre-gjection period [11, 20, 49-51]. Thus, the evaluated
HRV parameters were following RR interval (ms)
high (HF-HRV:
0.15 — 0.4 Hz in [In(ms?®)]) as an index of cardiovagal

spectral power in frequency
control, and a symbolic dynamic index 0V %, indicating

cardiac sympathetic activity [35].

Statistical analysis

The measured values were processed using
Jamovi 1.6 (statistical software, Australia), as well as
Microsoft Office Excel 2016 (Microsoft corp., USA). The
selected statistical comparisons were preceded by
an informative normal distribution test (Shapiro-Wilk).
Student's paired t-test for Gaussian distribution and
Wilcoxon non-parametric test were used to compare

statistical significance. The confidence interval was set

up at 95 % (P <0.05). The probabilities P <0.05 were
considered significant. Data were expressed as mean (X)
+ standard deviation (SD).

Results

Statistical analysis revealed that the cardiac
parasympathetic index LN HF-HRV was significantly
decreased comparing to control only in response of
exposure 2600 MHz (4G) (p=0.036). In contrast,
index 0OV %
significantly increased in response of EMF exposure at
2400 MHz (Wi-Fi) compared to simulated 4G frequency
2600 MHz (p=0.002). No significant differences were
found in the RR intervals. All results are summarized in
the Table 2.

sympathetically mediated HRV was

Table 2. HRV parameters of probands at EMF 2400 MHz (Wi-Fi) and 2600 MHz (4G) chest exposure

HRYV parameter f=2400 (MHz) p-value HRYV parameter =2600 (MHz) p-value
RR ms RR ms
955.413

control 167.00 control ~ 965.78 + 163.83

exposure  973.19 £189.00 0.389 exposure 960.93 +171.51 0.763
LN HF In(ms’) LN HF In(ms’)

control 6.37+£0.96 control 6.39+£0.17

exposure 6.20+1.08 0.262 exposure 6.10£0.23 0.036*
oV % oV %

control 25.62 +2.04 control 26.10+11.03

exposure 30.99+2.40 0.002%* exposure 2741+ 11.79 0.488

(Mean + SD, n =30) *Statistical significance at p<0.05

Discussion

In our study, we studied cardiac autonomic
control using HRV parameters during exposure to EMF
applicated on the chest in healthy young people. The
simulated harmonic and unmodulated signal meeting the
minimum requirements represented the frequency band
2400 MHz for Wi-Fi data transmission and 2600 MHz
for 4G (LTE) mobile networks. The intensity E of EMF
reached the value 58V/m, which did not exceed the
standard limiting value of 61 V / m [15,24]. This study
revealed that cardiac sympathovagal balance indexed by
shifted to the
overactivity (higher 0V %) during EMF exposure at
2400 MHz (Wi-Fi), and to cardiovagal underactivity

HRV measures was sympathetic

(lower HF-HRV) in case of exposure 4G. Several
mechanisms are supposed.

Similar to Veternik et al. during monitoring, we
focused on the basic parameters for each frequency in the
time and frequency domain, mainly the average duration
of RR intervals and spectral power [25]. By using the
linear (spectral) analysis of HRV we evaluated the faster
oscillations in the HF band (LN HF-HRV), which is
primarily influenced by vagal activity [18,26,33].

The HRYV short-term spectral analysis represents
a promising tool to evaluate predominantly cardiac vagal
control. More specifically, the HF EMF (0.15-0.40 Hz) is
mainly affected by fluctuations in cardiac vagal activity.
The HF band the
parasympathetic entry than its tone, due to immediate

reflects more modulation of
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changes in  acetylcholine  concentration. = The

HF component is highlighted under physiological

circumstances  during  parasympathetic ~ activation
manoeuvres, together with its connection to the central
Thus, the HF-HRV is
considered as an index of cardiovagal control, especially
[14,46]. Further,

HRYV signal is generally considered as a chaotic non-

autonomous network [19].

in psychophysiological research
harmonic component, so the method of nonlinear analysis
is also used to analyse the complexity of the
cardiovascular system. Symbolic dynamics is a suitable
method for the quantification of cardiac time series
complexity independent of its magnitude [27,28,49].
When the complexity (qualitative indicator) of the heart
rate variability series is reduced, the ability of the
regulatory subsystems to interact is reduced. This in turn
leads to the inability of the physiological system to adapt
[29-30] Notably, several studies have referred those
symbolic dynamics analysis is superior to conventional
spectral indices due to its sensitivity to sympathetically
mediated heart rate fluctuations [31]. More specifically,
the symbolic dynamics index 0V % was assessed due to
the fact that several studies revealed OV % sufficient
sensitivity to detect sympathetically mediated changes
[31,32,35,46,52].

Our study found that the OV % index increased
during Wi-Fi exposure (2400 MHz), without significant
changes in cardiac vagal control indicating impaired
complex sympathetically mediated cardiac control.
Although ANS activity appears to be affected by EMF, it
shows a different pattern of change depending on some
parameters (e.g., signal type, time, modulation, incidence
area, etc). The sympathetic nervous system thus plays
akey role in the stress reaction from the external
environment (EMF exposure) and its increased activity
results in an increase in heart rate and suppression of the
parasympathetic effect [19-20]. Therefore, we assume
that the high-frequency electromagnetic field given to the
chest of volunteers can act as a form of stress for the
human body, affecting the electrical activity of the heart,
resulting in a shift in autonomous dynamic heart rate
regulation towards sympathetic hyperactivity. The same
changes in the results were also observed by Misek et al.
in their study where they declared that changes in HRV
associated with stress are represented by a decrease in
parasympathetic nerve activity, increase in HR, and
a higher level of sympathovagal balance [15]. Moreover,
the same effect on ANS was documented after exposure
of head to HF EMF in rabbits [41]. Then we propose that

the place of exposure to EMF (chest or head) can be of
importance for particular type of response of ANS.
Increasing evidence suggests that EMF such as
Wi-Fi, 4G have many bioeffects that could affect
cardiovascular system and induce oxidative stress
[34,36,37] In general, an EMF field source located near
the chest can easily interact with biological tissues. The
higher the frequency of the signal, the shorter EM waves
penetrate the body. EM waves can thus interfere and
modulate the cardiac pacemaker — sinoatrial node causing
the beat-to-beat short-term dysregulation of the cardiac
chronotropic control. Moreover, we can suggest discrete
involved in central

abnormalities of brain areas

autonomic network (i.e., insular cortex, amygdala,
hypothalamus, periaqueductal gray matter, parabrachial
of the

ventrolateral medulla)

complex, nucleus tractus  solitarius, and
that may subsequently alter
cardiovascular control towards sympathetic overactivity
[39,42]. Otherwise, reduced prefrontal activity may lead
to compensatory increased activity of subcortical areas
resulting in persistent sympathetic area activation. The
faultless functioning of inhibitory-excitatory regulatory
mechanisms is crucial for the physiological adaptability
and flexibility of the organism. Disruption of the proper
functioning of regulatory influences prefrontal-
with

psychopathology with manifestations internalized and

subcortical ~areas may be  associated
externalized mental disorders [40,43]. We therefore
assume a disruption of the neurocardiac integrity towards
sympathicotonia during close chest
2400 MHz simulated Wi-Fi signal.

Paradoxically, 4G signal caused us a shift in the

exposure at

cardiac parasympathetic component - a decrease in
cardiovagal regulation indexed by LN HF-HRV. It
suggests that cardiac vagal regulation is more sensitive to
4G compared to Wi-Fi We consider that
a directional dipole antenna placed at a very close

signal.

distance from the chest represents a type of stressor
affecting neurocardiac integrity resulting in altered
parasympathetic control. The short-term action of the
HF EMF at 2600 MHz causes changes in the cells of the
neurocardiac transmission system. Thus, cardiovagal
dysregulation can be caused directly by the influence of
regulatory medullary centers (nc. ambiguous) leading to
altered sinoatrial node activity. Moreover, several
psychophysiological theories, such as polyvagal theory
[44] or neurovisceral integration model [38] suggest that
vagus nerve is associated with emotional, social and
Thus, in addition to

cognitive abilities. impaired
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prefrontal-subcortical inhibitory functioning, we can also
effect
associated with 4G exposure such as anticipatory anxiety

suggest potential of psychological features
on cardiovagal regulation. More specifically, neural

networks implicated in autonomic, emotional, and
cognitive self-regulation are also involved in the control
of cardiac autonomic activity. Behavioural and
neuroimaging studies have identified several pathways by
which cardiac vagal tone is linked to neural networks
implicated in emotional and cognitive self-regulation.
According to this neurovisceral integration model, the
reduced cardiovagal modulation can lead to decreased
ability of the organism to track the rapid changes in
environmental demands and to organize appropriate
response [38]. Thus, we can assume impact of both —
neurobiological and psychological processes leading to
impaired complex cardiac autonomic control evoked by
EMF at young healthy probands. The question is also
time - will sympathetic/parasympathetic regulation
change over longer time?

Taken together, this study for the first time
revealed a distinct shift in heart rate autonomic regulation
towards complex sympathetic overactivity (Wi-Fi) and
cardiovagal underactivity (4G) in young healthy subjects
after exposure to EMF on the chest of persons. It seems
that EMF exposure results in abnormal complex cardiac
autonomic regulatory integrity which may be associated
with higher risk of later cardiovascular complications

already in healthy probands.
Study Limitations

The limitation of the study is relatively small
population sample of healthy volunteers (n=30). We
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Conclusions

Our study revealed discrete abnormalities of
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of cardiovascular complications already in healthy youth.
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