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Editorial on the Research Topic
Human Exposure to New-Emerging Electric, Magnetic and Electromagnetic Fields

With the advancement of wireless technologies and electronic/electrical devices, humans are
exposed to more complicated electric, magnetic, and electromagnetic fields (EMF), which has raised
public concerns on potential health effects. Researchers have recently conducted a series of studies
on diverse exposure scenarios. In addition, international standard organizations have revised safety
guidelines and standards (1). These recent results and practices can enhance our knowledge in
assessing health risks from the exposure to EMF (2). This Research Topic consists of 14 articles
(one review article, two brief research report articles, and 11 original research articles) published in
the Radiation and Health section of Frontiers in Public Health.

There have been immense concerns over the neurological effect of EMF exposure. Hu et
al. reviewed the effects on metabolism and receptors of neurotransmitters in the brain and
found them to be important, while the mechanisms have not yet been clarified. The authors
advocated the application of novel techniques, such as neuroviral tracers, neuroimaging, and
neuroelectrophysiology. Li et al. investigated the effects of 1,800 MHz EMF exposure for 48 h on
neurite outgrowth in neuronal cells and explored the associated role of the Rap1 signaling pathway,
using primary hippocampal neurons from C57BL/6 mice and Neuro2a cells. They found that the
neurite length, primary and secondary neurite numbers, and branch points of primary mouse
hippocampal neurons were significantly impaired by 48-h RF-EMF exposure. The neurite-bearing
cell percentage and neurite length of Neuro2a cells were inhibited by 48-h RF-EMF exposure. Rap1
activity was inhibited by 48-h RF-EMF with no detectable alteration in either gene or protein
expression of Rapl. The protein expression of RaplGAP increased after 48-h exposure, while
the expression of p-MEK1/2 protein decreased. Concerning human studies, Yang et al. conducted
functional magnetic resonance imaging for 17 adults. No alteration was found before and after
exposure to a 30-min time-division long-term evolution (LTE) signal (2.573 GHz) with an intensity
similar to the maximum emission of a mobile phone. The authors generated intrinsic connectivity
networks and conducted static and dynamic functional network connectivity analysis. There exists
very few human studies using functional magnetic resonance imaging. The results were generally
consistent (3) but the scarce number of the subjects may be a limitation of these articles. These
pilot publications shed light on defining the exposure protocol and selecting the appropriate
neurophysiological/dosimetric metrics for future human studies.

There is a revival in the interest of revisiting the exposure that people experience every day. A
pulsed low-frequency magnetic field is widely generated by household appliances and the potential
biological effect on fetuses has attracted public concerns. Sun et al. investigated the effect of 10 Hz
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pulsed magnetic field exposure on cellular senescence in a 2BS
cell line, isolated from human fetal lung fibroblasts, and found
that 1 day on/1 day off exposure to the magnetic field of 1.0
mT for 2 weeks induced DNA damage, but no other significant
phenotype of cellular senescence in the cells. Xie et al. found
the exposure to low-dose 900 MHz signals increased the level of
reactive oxygen species and activated a mitochondrial unfolded
protein response in mouse bone marrow stromal cells. The
increased HSP10/HSP60/ClpP protein level lasted up to 4 h, while
mitochondrial homeostasis was restored 24h after exposure.
However, the molecular mechanism was unclear.

New exposure scenarios posed challenges to quantify the
EMF distribution which would make the result reproducible.
Wang et al. assessed the dosimetric variability of the free rats in
exposure experiments of 1.8 GHz. Chakarothai et al. proposed a
frequency-dependent finite-difference time-domain method for
human exposure to pulsed EMF at microwave bands. The use of
a four-term Cole-Cole model for complex permittivity functions,
applying the fast inverse Laplace transform and Prony method,
improved the accuracy when calculating the specific energy
absorption for biological tissues. To characterize exposure by
4G signals, Mazloum et al. conducted measurement campaigns
in a multi-floor indoor environment using a drive test solution
to record both downlink (DL) and uplink (UL) connection
parameters for LTE networks. Several typical usage services were
involved and investigated. They proposed an artificial neural
network model to accurately estimate UL TX power with a mean
absolute error of 1.487 dB. Concerning 5G, Xu et al. reported
the computational results of actual maximum EMF exposure
and the corresponding power reduction factors (PRFs) for
millimeter-wave (28 GHz) base station antennas. They clarified
the effectiveness of using this far-field approach, which can also
guarantee the conservativeness of the PRFs for the assessment
of the actual maximum exposure close to the antenna. A 60
GHz frequency point could also be deployed by 5G. Hikage et
al. developed an exposure setup for the experiment of biological
effects of local exposure to millimeter waves on the human body.
The designed system enabled the researchers to achieve high-
intensity 60 GHz irradiation to the target area of the human
body by a spatial synthetic beam-type exposure setup with two
dielectric lens antennas. Interference fringes can be generated
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in the exposed area by applying an orthogonalizing polarized
feeding structure, where the expected local temperature changes
at the target area of the human forearm skin were confirmed. Li
et al. reported a formula-based analysis of cloth effects on human
skin exposure to obliquely incident electromagnetic waves at
60 GHz by the Monte Carlo method. The analyzed absorbed
power density (APD) within the skin surface covered by different
cloth materials increased up to 40% compared with that of bare
skin, but all the results of the APD did not exceed the basic
restriction for local exposure specified in the exposure guidelines
and standards. In particular, occupational exposure in a military
scenario was accessed by Colella et al. The obtained E-field values
radiated in the free space by a HF vehicular antenna may exceed
the safety guideline reference levels. However, SAR and E-field
values induced inside the body remained well below safety limits.

There were also two studies dedicated to exposure of medical
devices. RF-induced heating in implantable devices during
magnetic resonance imaging is a complex function of many
different clinical factors. To reduce implant heating and maintain
good image quality at the same time, Yao et al. developed
an exposure optimization trail that allowed for comprehensive
optimization in an efficient and traceable manner. Major
clinical factors were decoupled from the redundant dataset
using principal component analysis. Exposure optimization for
a 40-cm cardio implant was demonstrated with the proposed
workflow. Lu et al. optimized the position of a transcranial
magnetic stimulation coil to maximize the E-field distribution in
the target brain region and also reduced unnecessary exposure to
the other regions. A genetic algorithm was applied in this practice
relating to stroke.
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Dosimetry of Various Human Bodies
Exposed to Microwave Broadband
Electromagnetic Pulses

Jerdvisanop Chakarothai*, Kanako Wake and Katsumi Fujii

Electromagnetic Compatibility Laboratory, Electromagnetic Standards Research Center, Radio Research Institute, National
Institute of Information and Communications Technology, Koganei, Japan

In this paper, human exposures to ultra-wideband (UWB) electromagnetic (EM) pulses
in the microwave region are assessed using a frequency-dependent FDTD scheme
previously proposed by the authors. Complex permittivity functions of all biological
tissues used in the numerical analyses are accurately expressed by the four-term
Cole—-Cole model. In our method, we apply the fast inverse Laplace transform to
determine the time-domain impulse response, utilize the Prony method to find the
Z-domain representation, and extract residues and poles for use in the FDTD formulation.
Update equations for the electric field are then derived via the Z-transformation. Firstly,
we perform reflection and transmission analyses of a multilayer composed of six different
biological tissues and then confirm the validity of the proposed method by comparison
with analytical results. Finally, numerical dosimetry of various human bodies exposed
to EM pulses from the front in the microwave frequency range is performed, and
the specific energy absorption is evaluated and compared with that prescribed in
international guidelines.

Keywords: electromagnetic pulses, finite-difference time-domain method, fast inverse Laplace transform, Prony
method, exposure assessment

INTRODUCTION

In 2002, the Federal Communications Commission of the United States of America issued a ruling
allowing the use of ultra-wideband (UWB) electromagnetic (EM) pulses in the frequency range
between 3.1 and 10.6 GHz (1). Since then, numerous applications of UWB pulses have emerged as
a result of the regulation, such as vital signal detection and locating moving human bodies, as well
as ground-penetrating radar, remote sensing, non-destructive inspection, and so forth (2). Owing
to many advantages of UWB pulses such as low power consumption and immunity to multipath of
EM propagations and EM interferences, the widespread use of EM pulses is expected to continue.
Some of these applications use UWB pulses in the vicinity of human bodies, such as wireless capsule
endoscopy using broadband EM pulses for on/in-body communications (3, 4). These applications
have led to public concern about the effect on the broadband EM pulses to human body.
Meanwhile, biological effects due to EM pulses have been numerically and experimentally
investigated. The effects include the microwave hearing effect, microwave heating effect, and
electroporation (5-9). Consequently, international organizations have prescribed exposure limits
for the temporal peak of specific energy absorption (SA) in published guidelines to prevent adverse
effects, particularly of microwave hearing, which is considered an acute biological effect (10, 11).
The International Commission on Non-ionizing Radio Protection (ICNIRP) provided an SA limit
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Human Body Exposures by EM Pulses

of 2 mJ/kg in an arbitrary 10 g-averaged tissue for a single
pulse illumination (10), while the SA limit is up to 576]J/kg
for continuous exposure of 6 min in the regulation defined by
the Institute of Electrical and Electronics Engineers (IEEE) (11).
Recently, the ICNIRP has revised the Guidelines based on the
relevant scientific knowledge and published them in 2020. In
the guidelines, it is mentioned that there is no evidence that
microwave hearing in any realistic exposure scenarios causes
adverse health consequence and the microwave hearing effect is
not considered in the guideline but it is still mandate to consider
the heating effect from the pulse exposures (12). Although many
biological effects due to EM pulses have been experimentally
confirmed, there are few studies providing detailed exposure
levels or showing the distribution of SA inside a human body.

To derive SA inside the human body, calculation of
the interactions between EM pulses and biological bodies is
necessary. In the earliest studies, most of the biological targets
were objects having simple shapes such as a multilayer or a
dielectric sphere, inside which SA or the induced electric field
was derived theoretically (13, 14). However, there has been no
detailed dosimetric information of the detailed human body
exposed to EM pulses due to difficulties in the calculation of
SA or the induced electric field inside biological bodies. These
problems are mainly attributed to the frequency dependence of
the dielectric properties of biological tissues, which are expressed
by the four-term Cole-Cole model (15).

To perform numerical dosimetry of EM pulses, we need
to consider the frequency dependence of the permittivity
and conductivity of biological tissues over a broad frequency
range. Many frequency-dependent finite-difference time-domain
[(FD)?>TD] approaches have been proposed, such as recursive
convolution method (16), piecewise linear recursive convolution
method (17), trapezoidal recursive convolution method (18),
auxiliary differential equation method (19-21), and Z-transform
method (22). However, these approaches have only been applied
to materials having complex permittivity expressed by relatively
simple models such as the Debye and Lorentz models. These
approaches are not applicable to the Cole-Cole function, due
to difficulties in finding the exact time-domain solution of
a fractional-order differential equation. Nevertheless, many
attempts have been made to address this problem, including
those using the Riemann-Liouville theory to find the time-
domain solution of the model (23, 24). Recently, our research
group has proposed an FDTD formulation for analyses of
arbitrary frequency-dependent materials via the use of the
fast inverse Laplace transform (FILT) and the Prony method
(25). The proposed method has also been extended to three-
dimensional analyses of UWB antennas in the vicinity of the
human body and the dosimetry of EM pulses incident to a human
head (26, 27).

In this study, we extend our numerical models to whole-
body human models which are exposed to broadband EM pulses.
To the best of our knowledge, this is the first ever numerical
dosimetry of EM pulses, and detailed information of SA inside
the human body is provided for compliance with the SA limit
prescribed in international guidelines. The proposed method
involves two steps; firstly, we apply the FILT to permittivity

functions in the complex frequency domain to transform them
into time-domain impulse responses. Then, the Prony method
is used to extract the model parameters and to determine
expressions for the infinite impulse response (IIR) expressions in
the Z-domain. The update equations of electric field are derived
via the Z-transform.

This paper is outlined as follows. The proposed (FD)?TD
formulation and the calculation of the update coefficients for
the electric field are described in section (FD)?>TD Formulation
Using FILT and Prony Method. The validity of the method in
calculating SA and internal electric field strength (IEFS) inside
a multilayer model of biological tissues is demonstrated via
comparison with the theoretical results in section Transmission
Characteristics of EM Pulses Into Biological Bodies. Numerical
dosimetry of anatomically detailed human body models exposed
to UWB EM pulses is performed and physical quantities such
as SA and IEFS are quantitatively derived and compared with
those prescribed in the guidelines in section Transmission
Characteristics of EM Pulses Into Biological Bodies. Finally,
conclusions are drawn in section Conclusion.

(FD)>TD FORMULATION USING FILT AND
PRONY METHOD

Methodology

In this study, all media used in the numerical analyses are
biological tissues having complex relative permittivity expressed
by the four-term Cole-Cole function as

+ )y —, (1)
=11t (iwfq)l_aq

where, w, £, and o are the angular frequency [rad/s], relative
permittivity and conductivity [S/m] of a biological medium at
infinite frequency, respectively. &g is the free-space permittivity
and Ay, represents the change in relative permittivity in
the gth relaxation term. 7; and «, are the relaxation time
and a parameter determining the broadness of the gth term,
respectively. All parameters in (1) can be found in Gabriel’s
database of dielectric properties for biological tissues (15).
Although Gabriel’s permittivity data are de facto, it is noteworthy
that different Cole-Cole parameters may be derived, depending
on the method used in fitting the measurement data of the
dielectric properties. By limiting the frequency range to between
1 MHz and 20 GHz, the number of Cole-Cole terms may be
reduced from four terms to two terms while providing the best
fit to the measurement data (28). The average deviations from
the measurement results over a frequency range between 1 MHz
and 20 GHz are higher than 20% for both relative permittivity
and loss factor of some biological tissues but they are shown to be
<15% for the two Cole-Cole terms used in Kensuke et al. (28).
Since the (FD)?TD formulation for biological bodies has
been described in the literature (26), we hereby only show the
numerical procedures of the proposed method and the derived
update equation for electric fields. Firstly, we apply the FILT to
electric susceptibility represented by the Cole-Cole model, with
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the relaxation time normalized by the time step interval used in
the FDTD simulations and obtain impulse responses for each
susceptibility term in the time domain. Then, we use the Prony
method to transform the time-domain impulse response into
that in the Z-domain. The permittivity is now expressed in the
Z-domain as

4
1+z oAt
Em(z) =¢ 2
m(@ = oot T T o T ;;1 @

where At and L, are the time step interval and number of poles

for the gth Cole—Cole term, respectively. A ) and p(q) are residues

and poles, respectively. Note that the second term of the right
hand side is obtained by applying the bilinear approximation,
ie,jo ~ s =2 (1 — z’l) / (1 —i—z’l) / (At). Since the nested
summation in the third term of the right-hand side of (2) can be
merged into a single summation, (2) can simply be expressed as

N
+ZIA7 (3)

1’
74
o TPk

1+z loAt
o (&) = oot T 2
where N is the total number of Debye terms, ie, N = L; +
Ly + L3 + L4. Procedures for determining N, Ay, and pj using
the Prony method will be described in subsection Calculation of
Specific Energy Absorption and Internal Electric Field Strength
and can also be found in the literature (25). Substituting (3) into
the discrete constitutional relation of Maxwell’s equations, we
obtain the update equation for the electric field as

oAt

1 8 1 1 1
D n— n— § : n—
. g — EE —1I — kak s (4)
k=1

E'= —

where,

L0=800+7+2Ak (5)

n _ yn—1 oAt n n—1

I"=1"+_— (E"+E"") (6)
2¢&

P} = pePl7! + ALET, )

I" and P} are the auxiliary variables which are initialized by
setting I =0 and P2 = 0, respectively. Equations (4), (6), and
(7) are the update equations for the electric field, the auxiliary
field used for considering the conductivity term, and the auxiliary
field used for considering the Cole-Cole terms, respectively.
The update equations for the electric flux density and magnetic
field can be obtained by applying the central difference to
Maxwell’s equations similarly to those in conventional FDTD
procedures (20).

The main advantages of the proposed method are that
we can avoid the formulation of fractional-order differential
equations by using the FILT and the Prony method and it is
straightforward to implement the proposed method into the
conventional FDTD code.

Calculation of Specific Energy Absorption
and Internal Electric Field Strength

The exposure level inside biological bodies illuminated by
broadband EM pulses can be evaluated using SA, which has been
used as a metric in the guidelines. In the FDTD simulations, SA
can be calculated using the following equation:

A Z (E(t) 3D(t)>

% Z (Em+Em71) . (Dm_Dmfl)’ (8)

SA"3

>

t=(m—%)At

where p is the density of the biological tissue. The electric flux
density in Equation (7) at the nth time step (D") is updated using
the magnetic field at the (n+1/2)™ time step (H"1/2) and E" is
updated using (4).

Since a broadband pulse is utilized in our simulations, we can
also obtain numerical solutions of the electric and magnetic fields
at each frequency component within a single run. The electric
field at a frequency is determined via Fourier transform of the
waveform obtained at an observation location as

T NT
E(w) = / E(t) e_fwtdt=ZE”e_]w"AtAt, )
0

n=0

where N7 is the total number of time steps. After the electric field
at each frequency is obtained, the specific absorption rate (SAR)
is then calculated as follows:

o |E()?

SAR (@) = ——
0

(10)

Calculation of Update Coefficients for
Electric Field

The procedures for determining coefficients Ay and py in the
update equation for the electric field are described as follows.
First, we transform relative permittivity represented in the
frequency domain into that in the complex frequency domain by
replacing jo with the complex frequency s and apply the FILT
to find impulse response of the permittivity in the time domain.
Then, the Prony method is used to extract the residues Ay and
poles pi from the expression for the IIR in the Z-domain.

As an example, we apply the FILT and the Prony method to
the permittivity functions of biological tissues “Fat” and “Gray
Matter.” Each Cole-Cole parameter is taken from the Gabriel’s
database and listed in Table 1. The time step interval At used to
normalize the relaxation time in the Cole-Cole function before
applying the FILT is set to 1.668 ps.

Table 2 shows the update coefficients Ay and py used in the
FDTD calculations for “Fat” and “Gray Matter.” These values
are directly obtained from the Prony method and the number of
coefficients for each Cole-Cole term is truncated when the ratio
of {|Ag|/ max|Ak|} for k = 1, 2, ..., N is less than a tolerance
value of 1073, The update coefficients Ay and pj physically
correspond to the initial amplitude and the decreasing ratio of
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TABLE 1 | Cole-Cole parameters for “Fat” and “Gray Matter” from Gabriel’s database.

Tissue name £oo o (S/m) 1st term 2nd term 3rd term 4th term
Fat 2.5 0.035 Axi =9 Axs =35 Axs = 3.3 x 10 Axa =107
1 = 7.958 ps ™ =15.9156ns 3 = 159.155 ms 74 = 15.915 ms
oy = 0.2 oo = 0.1 o3 = 0.05 oy = 0.01
Gray Matter 4 0.02 Axi =45 Axo =400 Axs =20 x 10° Axg =45 x 107
71 = 7.958 ps » =15.915ns 3 = 106.103 ms 74 = 5.305 ms
o =0.1 o2 =0.15 0(3:0.22 (X4=O
TABLE 2 | Update coefficients for “Fat” and “Gray Matter.” )
Cole-Cole Fat Gray Matter
terms A A 5 Grey Matter ]
k Pk k Pk E» 0.8F -
5)
1st A1 =0.51370 p; =0.82495 Ay =3.94634 py =0.80579 § -
Ar = 044668 pp=0.71195 A, = 2.27434 p, = 0.69670 =
Az =0.38560 p3 =0.54623 Az =1.16025 p3=0.88246 8 N
Ay =0.27620 pgq =0.90559 A;=1.01923 ps=0.51558 (@) ———
As = 018682 ps=0.33125 As =057702 ps = 0.29143 =
As =0.16287 pe =0.96186 As =0.12362 pg = 0.95064 g —
A7 =0.02939 p; =0.11328 A; =0.32517 p7 = 0.09047 8
Ag =0.00263 ps =0.99134 Az =0.00886 ps = 0.98824 = ) T
[5)
2nd Ag = 0.00456 pg =0.99981 Ag =0.05766 pg = 0.99977 o~ 02+ Analytical
A0 =0.00137 p1o =0.99470 Ao =0.02718 p1o = 0.99451 N ical
Ay =0.00090 pij =0.96716 Ay =0.01975 pyj = 0.96773 - umerical -
A1p =0.00067 p1p =0.89813 A =0.01582 pip = 0.90147 . o wwed o
Aqz =0.00054 py3 =0.77398 Az =0.01333 py3 =0.78223 108 109 1010
A4 =0.01158 p14 = 0.60236
Az = 0.00997 pis = 0.36732 Frequency (Hz)
At =0.00762 pyg = 0.12557
3rd Az =0.00080 pis =0.99998 Az = 0.03134 pi7 = 0.99991 FIGURE 1 | Reflection coefficients of “Fat” and “Gray Matter”.
A1g =0.01880 p1g = 0.99735
A1g = 0.01668 p1g = 0.98646
Aoo = 0.01495 pyo = 0.96009
Agy =0.01353 poy =0.91205 As shown in Figure 1, the reflection coefficients of “Fat” and
Azz =0.01238  pz; = 0.83801 “Gray Matter” obtained via numerical simulations are within
Aoz = 0.01125 g = 0.73622 20 of th btained by th Ivtical hod broad
Aoz =0.01025 ppg = 0.60828 o of those obtaine y the analytical method over a. roa
Ass = 0.00926 pos = 0.46002 frequency range between 50 MHz and 10 GHz, demonstrating the
Age = 0.00820 pas = 0.30292 validity of the update coefficients and our numerical approach.
Az =0.00694 pr7 = 015589 pdate coefficients for the other type of biological tissues can also
Aze =000588 pes =0.04588  po calculated straightforwardly using the procedures described
4th As =0.00122  pis = 1.00000 Apg = 0.01415  Ppg = 1.00000

the time-domain impulse response, respectively. From Table 2,
the total numbers of coefficients are 15 and 29 for “Fat” and “Gray
Matter,” respectively.

To demonstrate the validity of the update coefficients, we
calculate the reflection coefficients from each biological medium
by one-dimensional FDTD simulation using the model shown as
Figure 4 in Chakarothai et al. (26) and compare their values with
those obtained from the EM theory. The analysis model is half
filled with biological tissues and truncated with perfectly matched
layers in order to absorb the outgoing wave. Numerical results
using a time step interval of 1.668 ps and a resolution of 0.5 mm
are shown in Figure 1. The reflection coefficients are analytically
calculated using I' = |1 - \/a| / ]1 + ﬁ! , where ¢, is the
complex relative permittivity expressed by Equation (1).

above. Note that when we change the time step interval, we also
need to recalculate the update coefficients.

TRANSMISSION CHARACTERISTICS OF
EM PULSES INTO BIOLOGICAL BODIES

Multilayer Model

Figure 2 shows a multilayer model mimicking a human head,
which comprises six biological tissues, similar to those used
in the literature (29, 30). Table 3 indicates the thicknesses of
biological tissues used in the analysis model and the number
of the update coefficients for each biological tissue. The total
size of the multilayer model is 180 mm. These coeflicients are
obtained by applying the FILT and the Prony method with a
time step interval of At = 1.668 ps. The resolution and the total
number of cells used in our analysis model are 0.5 mm and 5,000,
respectively. CPMLs with eight layers are utilized on both sides
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FIGURE 2 | Multilayer model consisting of six biological tissues.

TABLE 3 | Tissue density and thickness of each tissue layer.

Tissue name Thickness (mm) Number of coefficients

Skin (Wet) dy =1.0 21
Fat dr=1.5 15
Bone dz =4.0 14
Dura ds=1.0 16
CSF ds =3.0 9
Brain (Gray Matter) ds = 159 29

of the analysis domain to absorb the outgoing EM waves. The
total number of time steps is 100,000. The incident electric field
is given by a Gaussian pulse expressed as

0

( (r—T)Z)
E™ () =exp| — u(t),

a0

(11)

where Tg = 0.250 ns, ap = 0.0633 ns, and u(t) is the unit
step function, which is applied from the air region on the
left side as shown in Figure2. The applied Gaussian pulse
contains frequency components from dc to approximately 9.3
GHz, where the power of the pulse decreases 1,000-fold from its
maximum value. Number of sampling points used in fast Fourier
transform to obtain the reflection coefficients and transmission
characteristics is 120,000. Zero padding is used after 100,000
sampling data.

Figure 3 indicates the reflection coefficient and the
transmission of the multilayer model as a percentage obtained by
the FDTD and analytical methods from 50 MHz to 10 GHz. The
transmission, indicating the power transmitting into a biological
tissue layer, is calculated using the following equation:

P'(w) = (1= ITI?) x 100 [%], (12)
where I' is the reflection coefficient. It is shown that the
numerical and analytical results are in good agreement,
demonstrating the validity of our proposed FDTD method again.
Note also that the broadband results are numerically obtained in
the time domain by a single FDTD run and transformed to those
in the frequency domain via the fast Fourier transform. From
the results, it can be seen that the reflection coeflicient decreases

| S — ———rrr 100
= 80
L —_
2 S
G ~
g 60 <
]
‘é 3
b= 40 E
15} w
o g
% =
~ 0.2 Analytical 20
L s Numerical
0 110l f L1l 1 M
10% 10° 101%
Frequency (Hz)
FIGURE 3 | Reflection coefficient and transmission of multilayer mimicking a
human head model.

with increasing frequency and reaches a minimum value of 0.38
at ~2 GHz, while the transmission exhibits peak at 2 GHz. From
Figure 3, more than 80% of the incident power penetrates into
the multilayer model at the maximum transmission frequency of
around 2 GHz. Note that the maximum transmission frequency
depends on the thicknesses of the biological tissues in the model;
thus, using a different model will yield different results from those
shown in this study. Next, the transmission characteristics of
the EM pulse are obtained from the ratio between the receiving
power at an observation point inside a biological tissue layer and
the power penetrating into the model from the leftmost boundary
of the skin layer.

Figure 4 indicates the transmission characteristics at the
center of each layer in the left half of the analysis model as a
percentage. From the figure, we observe a peak of the transmitted
power in the skin at around 2.5 GHz. This peak shifts to a higher
frequency with decreasing maximum value when the power
penetrates into the subsequent layer, which is the “Bone” layer
in this case. It is also shown that when the observation point is
located inside the CSF layer, the transmission characteristics of
this multilayer model are almost flat in the range between 300
and 800 MHz, having a maximum at ~500 MHz. In addition,
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when the frequency is larger than 1 GHz, most of the power is
absorbed at the superficial layers before reaching the CSF layer
and, therefore, the transmitted power monotonically decreases

50 lllll T T lllllll T T LN B N B B
Skin
~ 40 \ -
S . -
t
g 30| - -
‘0
Bone
Z 201 Dura ]
g |
=
10k CSF
-\,.,._.__L/CSF on the right side |
o5 A M | f PR T
10° 10° 10"
Frequency (Hz)
FIGURE 4 | Transmission characteristics at observation points inside
biological tissue layers.

with increasing frequency in this region, except between 5 and 8
GHz, where the transmissions in the “Fat” layer is greater than
that in the “Skin” layer. This may be due to a small loss in
the “Bone,” compared to that of “Skin,” and multiple reflections
occurring between the Skin-Fat and Fat-Bone boundaries that
create a local maximum. Note that only a small proportion of the
power reaches the other side of the analysis region. For example,
as shown in Figure 4, the transmission power that reaches the
CSF layer on the right side of the analysis model is <2% of the
total transmission power and is concentrated at lower frequencies
of below 100 MHz.

Dosimetry of Various Human Bodies
Exposed to EM Pulses

As discussed in the previous subsection, the transmission into the
multilayer mimicking a human head model shows a high value in
the frequency range between 300 and 800 MHz at the deep tissues
such as “Dura” and “CSF” and decreases above a frequency of 1
GHz due to the superficial absorption of EM energy. Therefore,
our target for numerical dosimetry is an EM pulse having broad
frequency components below 1 GHz. As shown in Figure 5,
numerical human models of anatomical adult male (TARO),
adult female (HANAKO), 7-, 5-, and 3-year child models,
which were developed by National Institute of Information
and Communications Technology, Japan, are chosen as our
targets for numerical dosimetry (31, 32). They contain 51

x E—" 5 |
5|1 5
2 |, % |
= =1
— —
: :
an & - VN & -
Free space
TARO HANAKO 7y Child S5y Child 3y Child
Height (m) 1.73 1.6l 1.20 1.05 0.90
Weight (kg) 64 53 23 17 13

FIGURE 5 | Numerical human models used in simulations. Shading color indicates the distance from the front of analysis domain. Darker for smaller distance.
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TABLE 4 | Calculation time and memory usage for each model.

Model Memory usage (GBytes) Size of analysis region (cells) Calculation time (s) Calculation time with constant
permittivity at a frequency (s)

Male (TARO) 88.6 200 x 360 x 906 45,090 (12h 31 min) 14,767 (4h 6min)

Female (HANAKO) 81.7 200 x 360 x 844 34,124 (9h 29 min) 13,547 (3h 46 min)

7-year child 29.2 146 x 225 x 645 11,598 (3h 13 min) 4,677 (1h 18min)

5-year child 20.8 136 x 196 x 560 11,067 (3h 4 min) 2,942 (49 min)

3-year child 16.6 132 x 187 x 481 9,126 (2h 32min) 2,795 (47 min)

different biological tissues and have a spatial resolution of 2 mm.

Figure 5 also shows exposure situations with an ungrounded Pro posed Constant

model (free-space model) and a grounded model standing on
a ground plane made of the perfectly electric conductor (PEC).
The height and weight for each numerical human model are
also indicated in Figure5. In accordance with the Courant
condition, the time step interval is determined as 3.85 ps.
The time step interval used here is different from that used
in subsection Multilayer Model; thus, we need to recalculate
the update coefficients for all biological tissues used in the
numerical simulations.

The update coefficients are derived by applying the FILT
and the Prony method as described above. The time step
interval used to normalize the relaxation time in the Cole-
Cole function is then set to 3.85 ps, the same as that used
in the numerical simulations. After calculating the update
coeflicients, we validate them by performing one-dimensional
simulations and computing the reflection coefficients. We have
found that the reflection coefficients of all biological media
having a permittivity function characterized by the Cole-Cole
model match those obtained from the EM theory with a small
difference of <2% in the frequency range between 10 MHz
and 2 GHz, demonstrating the validity of the determined
update coefficients used in FDTD simulations (33). The required
number of terms of the update coeflicients is different for each
tissue, with the maximum number of N = 50 for “Infiltrated
Cancellous Bone Barrow.” The reflection coefficients show values
ranging from 0.70 to 0.90 at 10 MHz, which decrease to
0.40-0.80 at 2 GHz. The biological tissue with the lowest
and highest reflection coefficients are “Non-infiltrated Bone
Marrow” and “Cerebro-Spinal Fluid (CSF),” respectively. This is
attributed to the fact that CSF has a higher conductivity than
other tissues.

An incident electric field polarized in the z-direction, having
the same Gaussian waveform with Ty = 0.385 ns and ag
0.146 ns impinges on each model from the front. The
power of the incident EM pulse decreases by half at ~1.3
GHz. An EM plane wave has a polarization axis parallel
with the human body axis. The amplitude of the incident
electric field is 1 V/m. The calculation of SA can be carried
out until the pulse strength decreased to almost zero at a
specific time step. The calculation time and memory usage
for each model are tabulated in Table 4. The calculation time
also includes the computation time for an on-the-fly Fourier
transform to obtain the electric field distributions inside the

om—m= 0.16
SAR (mW/kg)

FIGURE 6 | SAR distribution at 500 MHz calculated using the proposed FDTD
method and that using the conventional FDTD method with constant dielectric
properties.

human models for use in deriving the whole-body average SAR
at 24 different frequencies from 10 MHz to 1 GHz within
a single FDTD run. Numerical simulations involving human
models are carried out on a single calculation node (Intel Xeon
E5-2680v4 @ 2.4 GHz, 256 GB memory) of TSUBAME3.0
supercomputer at Tokyo Institute of Technology, Japan, with
28 parallel threads. The total number of time steps is 10,000
steps. For our cases, total electric energy inside the human
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FIGURE 7 | Whole-body average SAR over a frequency range between 10 MHz to 1 GHz, calculated using the proposed FDTD method for the ungrounded and
grounded cases. (A) Ungrounded cases. (B) Grounded cases.

Ene =1V/m

TARO HANAKO (0 B o 4 43x10714
SA (J/kg)

]l

FIGURE 8 | SA distribution for one pulse illumination for various ungrounded human models.
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FIGURE 9 | SA distribution for one pulse illumination for various grounded human models.
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model was <-50 dB after 10,000 step, compared to its maximum
during numerical simulations. The total size of the analysis
region including perfectly matched layers (PMLs) are also
indicated in the table.

Figure 6 shows the SAR distribution inside the TARO model
illuminated by a planewave with a 1 V/m electric field at
200 MHz. The results are obtained by using the proposed
(FD)>TD approach and using constant dielectric properties for
comparison. Both distributions are well-matched, demonstrating
the validity of the (FD)?TD method. Figures7A,B indicate
the whole-body-average specific absorption rate (WBA-SAR)
of various numerical human models for the ungrounded and
grounded conditions, respectively. Note that our numerical
results are obtained by a single run of FDTD computation for
each model. The WBA-SAR at each frequency is calculated using
an on-the-fly Fourier transform during the FDTD run. It is
shown that the results obtained by the proposed method are

in good agreement with those derived in the literature, which
are also shown as a red dashed line in the figure (34), again
demonstrating the validity of our proposed method. Note that
the results in Figure7 are normalized by the limits of the
incident power density prescribed by the ICNIRP guidelines
at each frequency. As indicated in Table4, our proposed
method requires almost three time longer than the conventional
one using constant permittivity at a frequency, however, the
conventional method can only provide WBA-SAR at only
one frequency per FDTD computation and number of time
steps required to obtain the converged solution is different
for each frequency (35). Meanwhile, the proposed method
requires only a single FDTD run to determine the solutions
at 24 analysis frequencies. Although the proposed method
requires more memory usage, in consequence, it is shown to be
very computationally efficient. As number of frequency points
increases, efficiency of the proposed method increases at the
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FIGURE 10 | Maximum SA at each height for various human models for 1 V//m electric field strength.
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expense of using more memory. From Figure 7, the SAR peak
is found at around 70 MHz for the ungrounded TARO model,
which corresponds to the whole-body resonance and the peak
frequency increases for the shorter HANAKO, 7-, 5-, and 3-y-
child models. For grounded conditions, the SAR peaks occur at
40 and 70 MHz for the adult and 3-y-child models, respectively.
These results are in good agreement with those indicated in the
literature (32, 34).

Figures 8, 9 show SA distributions on the human surface
for ungrounded and grounded cases, respectively. For the
ungrounded cases, SA peaks appear at the ankles, wrists (hand),

forearm, and neck; SA increases by 53% (adult male) to 74%
(3-y-child) at the ankle, whereas SA at the other parts remain
almost the same in the ungrounded cases. Figure 10 shows the
layer maximum SA at each height of various human bodies when
exposed to an EM pulse of 1 V/m, polarized in the z-direction.
The peak SA and the SA at the ankle for various human models,
which are normalized to the ICNIRP-prescribed power density
limit of 2 W/m?, are summarized in Table 5 (10). Note that the
power density limit is constant for 10-400 MHz and increases
with respect to the frequency over 400 MHz. Therefore, there is
no prescribed limit value of the power density for a wideband
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TABLE 5 | Maximum specific energy absorption normalized by an
ICNIRP-prescribed power density limit of 2 W/m? for general exposures to various
human model.

TABLE 6 | Peak 1 g-averaged and 10 g-averaged SA normalized by an
ICNIRP-prescribed power density limit of 2 W/m? for general exposures to various
human model.

Model Ungrounded case Grounded case Model Ungrounded case Grounded case
Maximum SA SA at the Maximum  SA at the ankle 1 10 1 10
(nJ/kg) ankle (nd/kg) SA (nJ/kg) (nJ/kg) g-averaged g-averaged g-averaged g-averaged
SA (pJ/kg) SA (pJ/kg) SA (pJ/kg) SA (pJ/kg)

Male 0.401 (hand) 0.119 0.401 (hand) 0.182

(TARO) Male (TARO) 0.0846 0.0536 0.1019 0.0616

Female 0.127 (neck) 0.117 0.199 (ankle) 0.199 Female 0.0737 0.0433 0.1234 0.0632

(HANAKO) (HANAKO)

7-year child  0.437 (hand) 0.139 0.436 (hand) 0.223 7-year child 0.0821 0.0457 0.1310 0.0710

5-year child  0.173 (hand) 0.138 0.237 (ankle) 0.237 5-year child 0.0947 0.0507 0.1543 0.0839

3-year child  0.243 (hand) 0.154 0.267 (ankle) 0.267 3-year child 0.1013 0.0512 0.1691 0.0900

pulse such as one used in our study. However, we hereby use ~ CONCLUSION

2 W/m? for the normalization of SA in Table5 as it should
provide conservative evaluations. The maximum SA appears at
the hands for the adult male, 7-, 5-, and 3-y-child models for the
ungrounded case, while it appears at the neck for the adult female
model. This may be attributed to the proportion of biological
tissues in the male and female human models is different since
the female model contains more fat in each body part. Note that
7-, 5-, and 3-y-child models are proportionally morphed using a
morphing algorithm (32). The maximum SA among five human
models is 0.437 pJ/kg. Note that this SA value also depends on the
waveform (which is the Gaussian pulse in our study). To reach
a dose of 2 mJ/kg, as prescribed in the ICNIRP guidelines, we
need to increase the field strength from 1 V/m to more than 83
kV/m or 9.14 MW/m?, which does not seem realistic in real life.
Note that SA is obtained from the value at a voxel and it should
be smaller for an average over 10 g tissues. Hence, the SA values
shown in Table 5 assume a worst-case scenario. For compliance
with the IEEE standards, the repetition rate of an incident pulse
having a field strength of 87 kV/m must be <800 Hz or 800 pulses
per second in order not to exceed the SA limit. In the grounded
case, the maximum SA occurs at the ankle for the adult female, 5-
, and 3-y-child while they are found at the same location (hands)
in the ungrounded case for the adult male and 7-y-child. It is
found that energy absorption at the ankle increases when the
human body is grounded, while that at the other parts remains
almost unchanged for all the models used in this study. Table 6
shows the peak 1 g-averaged and 10 g-averaged SAs normalized
by a power density limit of 2 W/m?. It is shown that the peak
1 g-averaged and 10 g-averaged SAs are higher in the grounded
cases than those in the ungrounded cases for all models. The
increases in the SAs are significant in a smaller model, e.g., for
the grounded 3-y-child model, the peak 1 g-averaged and 10 g-
averaged SAs are ~1.67 and 1.76 than those of the ungrounded
cases. These results provide the first ever demonstration that the
SA distribution due to broadband EM pulse illumination can
be quantitatively evaluated in detail and compared with the SA
limit prescribed in international guidelines or standards. Further
detailed exposure levels for different incident angles, different
pulse shapes, and postures will be investigated in the future.

We have performed numerical dosimetry on human bodies
illuminated by an EM pulse from the front by using the (FD)2TD
method, previously proposed by the authors. The method fully
considers broadband characteristics of the complex relative
permittivity of the biological media used in the analysis model
via the application of the FILT and the Prony method. Firstly,
we demonstrated the validity of the update coeflicients, i.e., the
residues and poles of the expression for the IIR in the z-domain,
by comparing the numerical reflection coefficients with those
derived from the EM theory. It was clarified that the numerical
results within 2% of those obtained theoretically over a broad
frequency range from 50 MHz to 10 GHz, demonstrating the
validity of the proposed approach. It was also found that the
transmission characteristics of the EM pulse into the CSF layer
of a multilayer mimicking a human head are almost flat over
a frequency range between 300 and 800 MHz and that the
transmission decreases with increasing EM traveling distance
from the skin boundary due to higher energy absorption at
superficial biological tissues such as “Skin” and “Fat” when the
frequency is higher than 1 GHz. Therefore, most of the pulse
energy that penetrates into the biological body has a frequency
below 1 GHz. Then, numerical dosimetry of various human
models exposed to an EM pulse having a frequency component
of up to ~1.3 GHz was performed. The whole-body average SAR
at 24 frequencies was determined by a single run of broadband
FDTD simulations. The results matched those published in
the literature, demonstrating the validity and availability of the
proposed FDTD method. Then the SA distribution of each
numerical model was determined, and it was found that the
maximum SA occurs at the hands and neck for the ungrounded
model, while they appear at the hands and ankle when the model
is grounded. The maximum SA value was 0.290 pJ/kg for an
incident electric field strength of 1 V/m or 0.437 nJ/kg for an
incident power density of 2 W/m?. It has been shown for the
first time that, by using our proposed FDTD approach with
the FILT and the Prony method, we can obtain quantitatively
detailed information on SA that can be compared with the limits
prescribed in international guidelines or standards.
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With the rapid development of electronic information in the past 30 years, technical
achievements based on electromagnetism have been widely used in various fields
pertaining to human production and life. Consequently, electromagnetic radiation (EMR)
has become a substantial new pollution source in modern civilization. The biological
effects of EMR have attracted considerable attention worldwide. The possible interaction
of EMR with human organs, especially the brain, is currently where the most attention
is focused. Many studies have shown that the nervous system is an important target
organ system sensitive to EMR. In recent years, an increasing number of studies have
focused on the neurobiological effects of EMR, including the metabolism and transport
of neurotransmitters. As messengers of synaptic transmission, neurotransmitters play
critical roles in cognitive and emotional behavior. Here, the effects of EMR on the
metabolism and receptors of neurotransmitters in the brain are summarized.

Keywords: EMR, brain, neurotransmitter, metabolism, transmission, receptor

BACKGROUND

Electromagnetic radiation (EMR) is closely related to human life and originates from various
electrical systems, such as mobile phones, microwave ovens, communication base stations,
high-voltage lines, electronic instruments and other electromagnetic equipment. EMR produces
various electromagnetic waves of different frequencies, resulting in the increasing EMR intensity
in human living spaces. The high-frequency waves such as cosmic, gamma and X-rays, have
enough energy to cause ionization. Non-ionizing electromagnetic waves, including ultraviolet,
visible region, infrared, microwave, and radio waves are frequently used in daily life, especially
radiofrequency electromagnetic fields (RF-EMFs, 30 kHz-300 GHz) for communications, and
extremely low-frequency EMFs (ELF-EMFs, 3 Hz-3kHz) generated by electricity. RF is also
commonly referred to as microwave (MW) radiation. The impact of EMR on human health has also
gradually attracted attention, and the modulation of brain functional connectivity was observed
in human body (1-3). This review summarizes the effects of RF-EMF on neurotransmitters in
the brain.

The effects of EMR on body systems might depend on the frequency, intensity and
power of radiation, so the parameters of EMR provide a challenge for a literature
review. Specific absorption rate (SAR) measures the rate of energy absorbed by the
human body when exposed to electromagnetic fields between 100kHz and 10 GHz.
With the unit of watt per kilogram (W/kg), SAR reflects the power absorbed per mass
of tissue. The SAR value depends on the frequency, incident direction, E-polarization
direction, and the structure of different tissues.So far, the SAR values range from
107* to 35 W/kg in those reported studies on the bioeffects of microwave radiation.
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Numerous studies have shown that the nervous system is an
important target organ system sensitive to EMR. Exposure
to electromagnetic fields can cause structural and functional
changes in the nervous system (4-7). Neurotransmitters are
specific chemicals that act as messengers during synaptic
transmission within the nervous system. Many studies have
shown that EMR affects the metabolism and transport of
neurotransmitters (8). It is well understood that neural circuit
is the structural basis of brain function, and the brain
works by the interplay of various brain regions and many
neurotransmitters. Consequently, the modulatory effect of EMR
on neurotransmitter levels in various brain regions may play a
critical role in the brain functioning. According to many studies,
RF-EMR exposure can induce the imbalance of amino acid
neurotransmitters in various parts of the brain (9, 10).

Neurotransmitters are synthesized by nerve cells and
transported into the synaptic vesicles of presynaptic cells.
Through action potentials, transmitter release at synaptic endings
is mediated by calcium ion channels; transmitters are then
diffused through the synaptic cleft and act on specific receptors
on postsynaptic neurons or effector cells, thus transferring
information from presynapses to postsynapses (11). The action
of neurotransmitters can be discontinued by recycling; that is,
excess neurotransmitters in the synaptic cleft are recycled to
presynaptic neurons by the action of presynaptic vectors and
are stored in vesicles. Neurotransmitter activity can also be
aborted by enzymatic hydrolysis; for instance, dopamine (DA),
is metabolically inactivated by the actions of monoamine oxidase
located in mitochondria and catechol-O-methyltransferase
(COMT) located in the cytoplasm (12). Neurotransmitters are
involved in the processes of brain development, including
neurotransmission, differentiation, and the formation of neural
circuitry. They enable neurons to communicate with each other,
and alterations in the levels of specific neurotransmitters are
related to various neurological disorders, such as depression,
schizophrenia, Alzheimer disease, and Parkinson disease (13).
Neurotransmitters in the central nervous system are usually
divided into four categories based on their chemical constitution.
Biogenic amines include DA, norepinephrine (NE), epinephrine
(E), 5-hydroxytryptamine (5-HT), etc. Amino acids include
y-aminobutyric acid (GABA), glycine, glutamate, acetylcholine
(Ach), etc. Peptide neurotransmitters include endogenous opioid
peptides and other varieties. The remaining category of
transmitters includes other types, such as nitric oxide (NO) and
substance P. Pertinently, the current review discusses the pivotal
studies that shed light on the neurotransmitters in the brain in the
above mentioned four categories when they encountered EMR
exposure, thus providing an overview of the metabolism and
receptor changes of these neurotransmitters.

For the literature retrieval, we searched all the articles
in the NCBI PubMed database, with the keywords of

discussed in the text and summarized in Table 1, and 19 articles
related to neurotransmitters with long-term EMR exposure were
discussed in the text and summarized in Table 2.

EFFECTS OF EMR ON BIOLOGICAL AMINE
NEUROTRANSMITTERS

Effects of EMR on Dopamine (DA)

As a precursor of norepinephrine, DA is a key neurotransmitter
in the hypothalamus and pituitary gland. It is mainly responsible
for activity in the brain associated with reward, learning,
emotion, motor control, and executive functions. DA also
correlates to psychiatric and neurological disorders, including
Parkinson disease, multiple sclerosis, and Huntington disease
(13). Tt has been suggested that DA inhibits the secretion
of gonadotropin-releasing hormone, and there is an axonal
connection and interaction between gonadotropin-releasing
hormone and DA in nerve endings (49). Deficiency of DA in the
basal ganglia is seen in patients with Parkinsonism (50). DA also
has some role in Schizophrenia—striatal DA is increased, and
cortical DA transmission is altered (51, 52).

Several studies reported the effects of EMR on DA. For
example, adult rats undergoing daily EMR exposure for 1 h, with
an EMR frequency of 1,800 MHz, a specific absorption rate (SAR)
value of 0.843 W/kg, power density of 0.02 mW/cm?, induced a
significant decrease in DA in the hippocampus after 2 months
of exposure and 1 month after cessation of exposure. This study
indicated that EMR exposure may reduce DA production in
the hippocampus, affect rat arousal, and contribute to decreased
learning and memory ability after exposure to EMR (14).
Maaroufi et al. exposed rats to 900 MHz EME, 1 h/day during
21 consecutive days, with the minimum SAR 0.05 W/kg and the
maximum SAR 0.18 W/kg, depending on the position of the rat
in the field. A decrease in DA was observed in the hippocampus
of the EMR exposed group. Moreover, there is a significant
difference of DA and dihydroxyphenyl acetic acid (DOPAC)
between hippocampus and striatum in the EMR exposed group
(34). Furthermore, exposure to a RF-EMR of 835 MHz, SAR value
of 4.0 W/kg, for 5 h/day for 12 weeks, led to a reduction in DA
concentration in the striatum of C57BL/6 mice (33). The above
studies suggest that a certain intensity of microwave radiation can
lead to abnormal metabolism of monoamine neurotransmitters
in the hippocampus and striatum.

Inaba et al. exposed adult rats to microwave radiation for
1 h, with the frequency of 2,450 MHz, and at power densities
of 5 and 10 mW/cm? respectively. The DOPAC content in
the pons and medulla oblongata, the DA turnover rates and
the DOPAC:DA ratio increased significantly in the striatum
and cerebral cortex only at a power density of 10 mW/cm?,
but no significance was observed in the DA content of any

each “neurotransmitter” and “electromagnetic field” or  region of the brain at a power density of 5 mW/cm? (15).
“radiofrequency electromagnetic field and selected the In addition, 32 pregnant Wistar rats were divided into control
published articles written in English and referring to  group, low-dose group (receiving mobile phone radiation for
neurotransmitter measurement in the brain encounter  10-min periods), middle-dose group (receiving mobile phone
with RF-EMF exposure. Overall, 21 articles related to radiation for 30-min periods), and high-dose group (receiving
neurotransmitters with short-term EMR exposure were  mobile phone radiation for 60-min periods). Rats underwent
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TABLE 1 | The influence of short-term EMR exposure on neurotransmitters in the brain.

Neurotransmitter Reference Sample/Model Exposure condition Results
DA Aboul Ezz et al. Adult rats 1800 MHz, 0.843 W/kg, 0.02 DA decrease in the hippocampus
(14) mW/cm?2, 1h
Inaba et al. (15) Rats 2450 MHz, 5 and 10 mW/cm?, 1h DOPAC increase in the pons and medulla
oblongata at 10 mW/cm?
5-HT Inaba et al. (15) Rats 2450 MHz, 5 and 10 mW/cm?, 1h 5-HIAA increase in the cerebral cortex at 5 and

Ishikawa et al. (16)

Glutamate
& aspartic
acid

Karri et al. (17)

Wei et al. (1)

Mausset-
Bonnefont et al.
(18)

Zhang et al. (19)

Wang et al. (20)

Xiong et al. (21)

GABA Qiao et al. (22)
Wang et al. (23)
Noor et al. (9)

Wang et al. (24)

ACh Fujiwara et al. (25)
Lai et al. (26)

Krylova et al. (27)

Testylier et al. (28)
Lai et al. (29)

Peptides Lai et al. (30)

Lai et al. (31)

NO Burlaka et al. (32)

Male Wistar rats

Wistar rats

Male Wistar rats

Rats

Rats

Rats

Male Wistar rats

Wistar rats
Wistar rats
Male albino rats

Rats

Mice

Rats

Rats

Rats
Rats

Rats

Rats

Wistar rats

2450 MHz, 5 kW; 0.5 0or 1.5s

30 mW/ecm?, 10 min

5,10,30, and 100 mW/cm?; 5min

900 MHz, 6 W/kg, 15min

12.0 W/kg, 65 mW/cm?, 20 min

65 m\W/cm?, 12.0 W/kg, 20 min

2.856 GHz, 30 mW/cm?, for 10min
every other day three times

30 mW/cm?, 5min
2.856 GHz, 50 mW/cm?, 6 min

900 MHz, 1.165 W/kg, 0.02
mW/cm?, 1 h/day

900 MHz, 2.23 W/kg, 6 mW/cm?

2.45 GHz
2.45 GHz, 0.6 W/kg, 20min

2.35 GHz, 1 mW/cm?

2.45 GHz, 4 mW/cm?, 1h
Pulsed (2 ps, 500 pps) or continuous
wave 2450 MHz microwaves, 45 min

2450 MHz, 0.6 W/kg, 1 mW/cm?,
45min

2450 MHz, 0.6 W/kg, 1 mW/cm?,
45 min

0.465 GHz, 1.0-6.0 mW/cm? pulse
duration 2ms, 17.5min

10 mW/cm?. 5-HIAA:5-HT ratio increase in the
cerebral cortex at 5 mW/cm?. 5-HT turnover
rate increase in the pons and medulla
oblongata

5-HIAA decrease at 0.5 s; 5-HIAA increase at
156s

Glutamate and aspartic acid decrease 1 day
after radiation

Glutamate and aspartic acid decrease in the
hippocampus within 7 days after radiation,
especially in the 10 mW/cm? group

NR1 decrease in the cortex; NR2A decrease in
the cortex and hippocampus; NR2B decrease
in the striatum

NR1 decrease at 3h, 24 h, and 3 days; NR2A
decrease at Oh, 3h, and 12 h; NR2C decrease
at Oh and 24 h; NR2D increase at Oh, 12h,

24 h, and 3 days in the hippocampus after
radiation

NR1, NR2A, NR2C decrease; NR2D increased
in the hippocampus

NR2A increase at 7 days; NR2B increase at 1
day in the hippocampus

GABA decrease in the hippocampus
GABA decrease at 6 months
Glycine increase in the midbrain after 1 month

GABA receptor upregulation in cultured
neurons

Transient elevated ACh content in the brain
Choline uptake activity increase in the frontal
cortex, hippocampus, and hypothalamus
Decreased mAChR activity; increased number
of mMAChR receptors in the cerebral cortex
ACh decrease in the hippocampal CA1 area
Choline uptake decreased in the frontal cortex

Three subtypes of opioid receptor blocked
cholinergic activity decrease in the
hippocampus induced by microwave radiation

Pretreatment with opioid antagonists
naltrexone or cholinergic agonists inhibited
microwave-induced radial arm maze learning
disorders

NO synthesis increase in mitochondria of
neural cells, NO synthase increase in the brain

periods of radiation three times daily from the day of pregnancy
continuously for 20 days. Then, the effects of mobile phone
radiation on monoamine neurotransmitters in the brain tissue

of fetal mice were studied, with a center frequency of 900
MHz, and a SAR value of 0.9 W/kg. The results showed that
the DA content in the brain tissue of fetal mice increased
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TABLE 2 | The influence of long-term EMR exposure on neurotransmitters in the brain.

Neurotransmitter Reference Sample/Model Exposure condition Results
DA Kim et al. (33) C57BL/6 mice 835 MHz, 4.0 W/kg, 5 h/day for 12 DA decrease in the striatum
weeks
Maaroufi et al. (34) Rats 900 MHz, 1 h/day for 21 days, 0.05 DA decrease in in the hippocampus
W/kg< SAR< 0.18 W/kg
Jietal. (35) Pregnant Wistar 900 MHz, 3 times daily for 20 days; DA increases in brain tissue of both pregnant and fetal
rats 10, 30, or 60 min each time mice in the 10 min group; DA decrease in the 60 min
group
NE and E Megha et al. (36) Male Fischer 344 1800 MHz, 1 mW/cm?, 2 h/day, 5 NE and E decrease in the hippocampus
rats days/week for 30 days
Cao et al. (37) Male LACA mice 900 MHz, 0, 1, 2 and 5 mW/cm?; 0, NE increase at 1 mW/cm?
0.22, 0.44 or 1.1 W/kg; 1 h/day for
35 days
Jietal. (35) Pregnant rats 900 MHz,0.9W/kg, m 3 times daily for NE increase in the 10 min group; NE decrease in the
20 days; 10, 30, or 60 min each time 60 min group
5-HT Li et al. (38) Wistar rats 2.856 GHz, 5, 10, 20, 30 mW/cm?; 3 5-HT increase in the hippocampus from 28 days to 2
times per week for up to 6 weeks months at 30 mW/cm?
Aboul Ezz et al. Adult rats 1800 MHz, 1 h/day for 1, 2 and 4 5-HT increase in the hippocampus, hypothalamus and
(14) months, 0.843 W/kg,0.02 mW/cm? midbrain
Maaroufi et al. (34) rats 900 MHz, 1 h/day for 21 days, 0.05 5-HIAA decrease, the 5-HIAA/5-HT ratio decrease in the
W/kg< SAR< 0.18 W/kg cerebellum
Glutamate & Ahmed et al. (39) Rats 1800 MHz, 0.843 W/kg, 0.02 Glutamate and glutamine decrease in the hippocampus
aspartic acid mW/cm?; 1 h/day for 1, 2, or 4 after 1 month
months
Wang et al. (20) Wistar rats 30 mW/cm? for 5 min/day, 5 Glutamate increase and NR2B decrease in the
days/week, 2 months hippocampus and cerebrospinal fluid
Zhao et al. (40) Male Wistar rats 2.5, 5 and 10 mW/cm?, 6 min/day, 1 Glutamate and aspartic acid, increase in the 2.5 and 5
months mW/cm? groups and decrease in the 10 mW/cm? group
in the hippocampus
Wang et al. (41) Male Wistar rats 2.856 GHz; 0, 2.5, 5 and 10 mW/cm? NR2B and p-NR2B decrease in the 10 mW/cm? group;
for 5 min/day, 5 days/week and up to NR2A decrease in the 10 mW/cm? group at 1 day and 6
6 weeks months
Huang et al. (42) Female Wistar rats 1800 MHz, 0.5 mW/cm? and 1.0 For the 0.5 mW/cm? group, NR2A decrease in the CA3
mW/cm?, 12 h/day for 21 days region, NR2B decrease in the CA1 and CAS regions. For
the 1.0 mW/cm? group, NR2A decrease in the CA1 and
CAB regions and an NR2B decrease in the CA1 region,
CA3 region, and DG
GABA Zhang et al. (43) Male mice 1.8 GHz, 4 weeks GABA and aspartic acid decrease in the cortex and
hippocampus
ACh Kumar et al. (44) Mice 2.45 GHz, 2 h/day, 1 months M1 AChRs upregulated; AChE activity increased in the
hippocampus
Gokgek-Sarag Wistar rats 2.1 GHz, 45 V/m and 65 V/m, 1 week AChE, ChAT, and VAChT decrease in rat hippocampus
et al. (45) after exposure to 65 V/m
Gupta et al. (46) Rats 2.45 GHz, 1 h/day for 28 consecutive ACh decrease, AChE activity increased
days in the hippocampus
Kunjilwar and Rats 147 MHz, subharmonics of 73.5 MHz AChE decrease in the brain
Behari (47) and amplitude of 36.75 MHz
modulated at 16 Hz and 76 Hz, 3
h/day, for 30-35 consecutive days
NO Qin et al. (48) Mice 0.9 V/m, 6 h/day, 12 h/day, and 18 NO increase in the brain

h/day, 30 days

in the low-dose group but decreased in the high-dose group,
and no significant changes were observed in the middle-
dose group, which suggested that long-term mobile phone
radiation could cause abnormal DA content in the central
nervous system in fetal mice and might affect the brain

development of mice (35). In summary, these studies indicate
that EMR can lead to metabolic disorders of monoamine
neurotransmitters in the brain, depending on the intensity of
radiation exposure, and might in theory result in abnormal
emotional behavior.
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Effects of EMR on Norepinephrine and
Epinephrine

As a neurotransmitter, norepinephrine is mainly synthesized and
secreted by sympathetic postganglionic neurons and adrenergic
nerve endings in the brain. A small number of norepinephrine
is produced in adrenal medulla as a hormone (53). It can bind
to two types of adrenergic receptors, o and S, but it mainly
binds to « receptors (including o1 and «2). Norepinephrine can
be converted to epinephrine through N-methylation (54). The
release of norepinephrine in the brain plays a role in various
processes, such as stress, attention, sleep, inflammation, and
the responses of the autonomic nervous system (13). Megha
et al. found that after 30 days (2 h/day, 5 days/week) of
continuous 1,800 MHz, 1 mW/cm? microwave radiation, the
levels of norepinephrine and epinephrine in rat hippocampal
tissue were significantly decreased, indicating that certain
conditions of microwave radiation could lead to a decrease
in norepinephrine and epinephrine contents in the brain (36).
Cao et al. applied 900 MHz microwave radiation to male
LACA mice. The radiation intensity used was 0, 1, 2, and 5
mW/cm?; the SAR values were 0, 0.22, 0.44, and 1.1 W/kg,
respectively; mice were exposed for 1 h/day for 35 consecutive
days. The results showed that the brain norepinephrine content
increased significantly when EMR intensity was 1 mW/cm?, but
no obvious changes in norepinephrine content were observed
when exposure intensity was 2 or 5 mW/cm? (37). This
further suggests that low-intensity EMR exposure can cause an
increase in norepinephrine content in the brain, which might in
theory affect epinephrine content, leading to neurotransmitter
production disorders.

Moreover, Ji et al. performed experiments on pregnant rats by
exposing them to microwave radiation from 900 MHz cellular
phones with the SAR value of 0.9W/kg. The control, low, middle
and high dose group received 0, 10, 30, and 60 min radiation
each time respectively. The radiation was applied three times a
day from the first day of pregnancy for 20 consecutive days. The
results showed that the norepinephrine content in the fetal rats
of the low dose group increased, and the norepinephrine content
in the fetal rats of the high dose group decreased significantly,
compared with that in the control group (35). Together, these
results suggest that long-term exposure to EMR may lead to
abnormal norepinephrine and epinephrine contents in the brain,
depending on the dose of radiation.

Effects of EMR on 5-Hydroxytryptamine

“Serotonin”

5-hydroxytryptamine (5-HT) is massively synthesized in the
gastrointestinal tract (mainly in enterochromafin cells), whereas
only a small percentage is produced within the nervous system.
In the brain, 5-HT cell bodies, mainly localized in the raphe
nuclei, and send axons to almost every brain region (55). As
an inhibitory neurotransmitter, 5-HT is mainly distributed in
the pineal gland and hypothalamus, especially in the cerebral
cortex and neural synapses. 5-HT contributes to the regulation
of physiological functions such as mood, feeding, cognition,
memory, pain, sleep, and body temperature maintenance

(56), and these physiological functions have been reported as
indicators of brain injury induced by electromagnetic radiation
(57). Consequently, 5-HT might play an important role in the
neurobiological effects of EMR. Few studies have reported the
effect of microwave radiation on 5-HT. It was reported that rats
were exposed to microwave radiation for 1h, with a frequency
of 2,450 MHz, at power densities of 5 and 10 mW/cm?. The
5-hydroxyindoleacetic acid (5-HIAA) content in the cerebral
cortex was significantly increased after microwave exposure at
power densities of 5 and 10 mW/cm?. The 5-HT turnover rates
and the 5-HIAA:5-HT ratio in the cerebral cortex increased
significantly at a power density of 5 mW/cm?. However, there
were no obvious changes in 5-HT content in the brain of
microwave-exposed rats. Consistently, the 5-HT turnover rate
was significantly increased in the pons, medulla oblongata and
hypothalamus at a power density of 10 mW/cm? (15).

Li et al. exposed Wistar rats to 2.856 GHz microwave
radiation, with mean power densities of 5, 10, 20, and 30
mW/cm?, separately, three times per week for up to 6
weeks. Spatial learning and memory function, the hippocampal
morphological structure, electroencephalogram (EEG) data and
neurotransmitter content of rats were tested after the last
exposure. The results showed that the content of 5-HT in
the hippocampus and cerebrospinal fluid of rats in each
radiation group increased significantly from 28 days to 2
months after exposure, and these changes were related to
the decrease in learning and memory ability, abnormal
hippocampal morphology and abnormal EEG results induced
by microwave radiation (38). Maaroufi et al. reported the
5-HT increase, the 5-HIAA decrease and the 5-HIAA/5-HT
ratio decrease in the cerebellum of rats, exposed to 900 MHz
EME 1 h/day for 21 consecutive days, with the minimum
SAR 0.05 W/kg and the maximum SAR 0.18 W/kg (34).
Moreover, the 5-HT increase was found in the hippocampus,
hypothalamus and midbrain of adult rats, after 1,800 MHz,
1 h/day for 1, 2, and 4 months EMR exposure respectively,
with SAR value of 0.843 W/kg, and power density of 0.02
mW/cm? (14). These studies suggest that long-term exposure
to microwave radiation can lead to an increase in 5-HT
in the brain, indicating a disorder in the metabolism of
the neurotransmitter.

Additionally, the effect of microwave radiation on monoamine
metabolism was investigated in the cortex, striatum and
hippocampus of the rat brain, with the maximum power
level of 5 kW at 2,450 MHz, and the radiation durations
of 0.5 and 1.5s. High-performance liquid chromatography
(HPLC) with electrochemical detection was used to determine
the concentrations of intracerebral monoamines and their
metabolites. The concentrations of norepinephrine, DA and 5-
HIAA were reduced by 0.5 s radiation. While the levels of these
monoamines were increased by 1.5s radiation (16). Whereas,
another study on pregnant rats exposing to 900 MHz cellular
phones, showed no significant difference in the content of 5-HT
of fetal rats, in different intensities of microwave radiation groups
(35). Altogether, further studies are necessary to illuminate the
role of 5-HT in EMR-induced learning and memory dysfunction
and morphological changes in the brain.
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EFFECTS OF EMR ON AMINO ACID
NEUROTRANSMITTERS

Effects of EMR on Excitatory Amino Acid

Neurotransmitters

Glutamate is the major excitatory neurotransmitter in the
nervous system. Glutamate receptors distribute in neurons and
glia of the brain and spinal cord. The C-terminus and carbon
backbone of glutamate derive from glucose. After crossing
the blood-brain barrier through astrocytic end feet, glucose
is broken down to pyruvic acid via glycolysis in the cytosol.
Then pyruvic acid enters the tricarboxylic acid (TCA) cycle, and
a-ketoglutarate is generated. Pyruvic acid is finally transmitted to
receive an amino group donated by leucine, isoleucine and valine,
aspartate, y-aminobutyric acid (GABA) and alanine etc. (58). In
addition, glutamate also acts as a metabolic precursor to GABA
and a component of various amino acid-based derivatives, such
as the antioxidant glutathione. Metabolic studies have shown that
all of the glucose is eventually converted to glutamate in the CNS,
which indicating the key role of glutamate in multiple aspects of
brain physiology (59, 60).

In addition to glutamate, aspartate is another excitatory
neurotransmitter with high concentrations in the CNS. The
synthetic and metabolic enzymes for both glutamate and
aspartate are localized to neurons and glial cells, especially in
the mitochondria of neurons involved in the TCA cycle of
glucose metabolism. Using oxaloacetic acid as raw materials,
catalyzed by aminotransferase, aspartate is synthesized and
stored in axon terminals. When nerve impulses are transmitted
to axonal terminals, glutamate and aspartate are released
by the presynaptic membrane and rapidly diffuse into the
postsynaptic membrane; here, they bind to their corresponding
receptors and prompt the opening of sodium and potassium
channel gates to produce excitatory effects. The presynaptic
membrane and glial cells reuptake a small amount of glutamate
and aspartate.

Wistar rats were exposed to 30 mW/cm? for 10min of
microwave radiation, and HPLC was used to detect changes in the
levels of neurotransmitters, such as aspartate and glutamate, in
the hippocampus 1, 7, 14, and 28 days after radiation. The results
showed that the contents of aspartate and glutamate decreased
1 day after radiation, suggesting that acute EMR exposure could
reduce the amount of excitatory amino acids in the hippocampus
(17). Consistently, Ahmed et al. investigated the effect of
EMR on the concentrations of amino acid neurotransmitters
in the hippocampus, striatum, and hypothalamus of juvenile
and young adult rats. The animals were divided into the
control group and the exposure group, and the exposure group
was subjected to 1,800MHz EMR, with SAR value of 0.843
W/kg, power density of 0.02 mW/cm?, 1h daily for 1, 2,
and 4 months. The results showed EMR induced significant
decreases in glutamate and glutamine levels in hippocampal
after 1 month (39). These data suggest that EMR can lead
to a decrease in excitatory amino acid neurotransmitters in
the hippocampus, which may affect the excitatory-inhibitory
balance of neurons, thus causing a decline in learning and
memory ability.

On the other hand, some studies have reported an increase
in glutamate in the brain after radiation. Wang et al. exposed
160 Wistar rats to microwave radiation at 30 mW/cm? for 5
min/day, 5 days/week, over a period of 2 months. The learning
and memory ability, amino acid contents in the hippocampus
and cerebrospinal fluid, and N-methyl D-aspartate receptor
(NMDAR) subtype 2B (NR2B) expression were then investigated.
Following microwave exposure, rats exhibited a significant
decrease in learning and memory ability at 7 days and the
glutamate contents in their hippocampus and cerebrospinal fluid
increased, whereas the expression of NR2B protein decreased
(20). Zhao et al. performed microwave exposure on 184 male
Wistar rats for 6 min/day, over one month, at average power
densities of 2.5, 5, and 10 mW/cm?. Morris water maze was
applied to examine the learning and memory abilities. The
concentrations of neurotransmitter in the hippocampus was
detected by HPLC. The learning and memory ability of rats
showed a significant decrease at 7, 14, and 1 month, following
all three long-term microwave exposures. The concentrations of
glutamate, aspartic acid, glycine, and GABA in the hippocampus
were all increased for both 2.5 and 5 mW/cm? groups, but these
four amino acids were decreased in the 10 mW/cm? group (40).
These data further suggest the neurotransmitter disruption in the
hippocampus might result in impairment of cognitive function
caused by long-term microwave exposure.

Glutamate receptors are mainly constitutive of two types.
The first type comprises ionic receptors, including NMDAR,
kainate receptors (KARs) and «-amino-3-hydroxy-5-methyl-4-
isoxazole receptors (AMPARs), which are conjugated with ion
channels to form receptor channel complexes and mediate fast
signal transmission. The second type encompasses metabolic
receptors (mGluRs), which are conjugated to G proteins in the
membrane. After being activated, these receptors act through
a signal transduction system composed of a G-protein effector
enzyme and a second messenger in the brain and produce a
slow physiological response. Each NMDAR contains two binding
recognition sites for glutamate and glycine, both of which are
specific activators of the receptor (61). NMDARs are most often
composed of two NR1 subunits and two NR2 subunits, and are
highly permeable to Ca?*. NR1 is the basic subunit of NMDAR.
For NR2 subunit, there are four subtypes including NR2A, NR2B,
NR2C and NR2D. Glutamate binds to the NR2 subunits, while
glycine binds to the NR1 subunit. The function of NMDARs is
mainly dependent on the N-terminal domain of NR2 subunits
(61, 62). Some studies have investigated the influence of EMRs
on NMDAR expression in the brain.

Wang et al. exposed 220 male Wistar rats to microwave
radiation, with frequency of 2.856 GHz, for 5 min/day, 5
days/week, over 6 weeks, at average power densities of 0, 2.5, 5,
and 10 mW/cm? respectively. For the 10 mW/cm? group, the
escape latency of rats significantly prolonged in the navigation
tests of the Morris water maze, at 7 days, 1, 3, and 9 months
after radiation. At 3 days after radiation, a significant impairment
of rats in the probe trials was found in the 10 mW/cm? group.
Additionally, the protein levels of NR2A, NR2B and p-NR2B
significantly decreased, and no significant change was observed
for NR1 expression in the 10 mW/cm? group from 1 day to 12
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months after radiation. This suggests that decreases in NR2A,
2B and p-NR2B might contribute to the impairment of cognitive
functions induced by microwave radiation (41).

Mausset et al. using a head-only exposure device in rats, found
that a 15 min exposure to 900 MHz pulsed microwaves at a SAR
value of 6 W/kg induced a strong glial reaction in the brain, a
significant reduction in NR1 subunits in the cortex, a reduction
in NR2A in the cortex and hippocampus, and a reduction in
NR2B in the striatum. This suggests that exposure to high-power
900 MHz pulsed microwave radiation promotes specific NMDAR
degradation processes (18). Moreover, Huang et al. exposed
four-week-old female Wistar rats to 1800 MHz microwaves, at
power densities of 0.5 mW/cm? or 1.0 mW/cm?, for 21 days
and 12h each day. The expression of NR2A and NR2B in the
hippocampal CA1, CA3 and dentate gyrus (DG) was determined
by immunohistochemistry. For NR2A, the expression in the
0.5 mW/cm? group was significantly lower than that in the 0
mW/cm? group in CA3, but no significant changes were noted
in CA1 and the DG. The expression in the 1.0 mW/cm? group
was significantly lower in CAl and CA3, but no significant
changes were found in the DG. For NR2B, the expression in
the 0.5 mW/cm? group was significantly lower than that in the
0 mW/cm? group in CAl and CA3. The expression in the 1.0
mW/cm? group was significantly lower in CA1, CA3 and the DG
(42). This further suggests that the decrease of NR2A and NR2B
induced by microwave exposure depends on the dose of radiation
and the district of hippocampus.

In addition, after microwave radiation exposure of 65
mW/cm? for 20min (SAR value 12.0 W/kg), the mRNA
expression of the NR1 subunit in the hippocampus decreased
at 3, 24 h, and 3 days, and the expression of the NR2A subunit
decreased at 0h, 3h, and 12h after microwave exposure. The
mRNA expression of the NR2C subunit decreased at 0 and
24h, but the expression of the NR2D subunit increased at 0,
12, 24h, and 3 days after radiation. No significant changes in
NR2B mRNA expression were observed (19). However, Xiong
et al. exposed 48 male Wistar rats to 2.856 GHz, 30 mW/cm?
microwave radiation, for 10 min every other day three times. The
mRNA expression of the NR2A subunit notably increased at 7
days, and the mRNA expression of the NR2B subunit in the rat
hippocampus increased at 1 day after microwave exposure (21).
Together, these results indicate that the composition of subunits
comprising NMDARSs can be altered and that the autoregulation
of NMDARs can be destroyed in the rat hippocampus after
exposure to microwave radiation. Furthermore, microwave
radiation may affect the expression of excitatory amino acids.

Effects of EMR on Inhibitory Amino Acid

Neurotransmitters

GABA and glycine are the main inhibitory neurotransmitters
in the brain, and GABA is an important neurotransmitter for
approximately 50% of the synaptic sites in the central nervous
system. GABA plays a critical role in the cerebral cortex,
hippocampus, thalamus, basal ganglia and cerebellum, and has
a regulatory role in various functions of the body, such as
the regulation of emotion, memory and sleep, antihypertension,

antifatigue, analgesia, etc. (63). GABA is produced in nerve
endings catalyzed by glutamate decarboxylase. After release
from the presynaptic membrane, most GABA diffuses to the
postsynaptic membrane, causing an inhibitory effect in the
postsynaptic membrane. The presynaptic membrane and glial
cells reuptake a few GABA molecules, which are converted into
succinic semi formaldehyde in mitochondria and then converted
into succinic acid, which participates in the tricarboxylic acid
cycle and provides a small part of the energy for glial cells
and neural terminals (64, 65). Qiao et al. exposed Wistar rats
to microwave radiation, with an average power density of
30 mW/cm? for 5min; then, HPLC was used to determine
the GABA content released by hippocampal synaptosomes 6 h
after exposure. The results showed that the amount of GABA
released by hippocampal synaptosomes significantly decreased
after radiation exposure (22). Zhang et al. investigated the
effects of EMR exposure on the emotional behavior and
spatial memory of adolescent male mice, with frequency
of 1.8 GHz, and time duration of 4 weeks. The authors
found that the levels of GABA and aspartic acid in the
cortex and hippocampus significantly decreased after EMR
exposure (66). These results suggest that EMR can reduce
GABA neurotransmission.

Wang et al. exposed 80 Wistar rats to a 2.856 GHz pulsed
microwave radiation, at a power density of 50 mW/cm? for
6min. The contents of amino acid neurotransmitters in the
hippocampus were detected at 1, 3, 6, 9, 12, and 18 months after
microwave exposure. The results showed that the glutamate to
GABA ratio significantly decreased at 6 months after exposure
(23). Noor et al. investigated the effect of 1h of daily exposure
to EMR, with a frequency of 900 Mz, SAR value 1.165 W/kg,
power density 0.02 mW/cm?, on the levels of amino acid
neurotransmitters in the midbrain, cerebellum, and medulla of
adult male albino rats. The assessment of amino acid levels was
applied after 1h, 1, 2, and 4 months of radiation exposure.
A significant glycine increase in the midbrain was observed
after 1 month, followed by a significant increase in GABA after
4 months (9). These results further suggest that microwave
radiation may affect the neuroregulatory function of GABA,
resulting in an imbalance in excitation and inhibition in the
central nervous system.

In the central nervous system, GABA acts as an inhibitory
transmitter. GABA receptors include ligand-gated GABA (A)
channels and G-protein-coupled GABA (B) receptors, which
mediate inhibitory postsynaptic transmission throughout the
nervous system (67). In one study, primary cultured rat cortical
neurons were exposed to 900 MHz microwave radiation, with
an average power density of 6 mW/cm? and SAR value of
2.23 W/kg. As a result, the expression of neuronal GABA
receptor proteins was significantly upregulated (24). Few studies
have reported the effects of EMR on GABA receptors. Further
investigation to clarify the role of GABA and its receptors during
EMR exposure is necessary in the future. Overall, the above
studies suggest that EMR can cause metabolic disorders of the
inhibitory neurotransmitters GABA and glycine, which may lead
to neuronal dysfunction by affecting the neuronal excitation-
inhibition balance.
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Effects of EMR on Acetylcholine (Ach)

Cholinergic fiber projection from the basal forebrain to the
cortex and hippocampus is the most important cholinergic
system in the brain, and the cholinergic system plays a
critical role in behavioral cognition. Ach is released from
cholinergic nerve endings, and it was the first neurotransmitter
to be measured in the brain. Changes in Ach in the
extracellular fluid of the brain are closely related to functional
changes in the central nervous system. Ach is synthesized
by choline and acetyl-CoA under the catalysis of choline
acetyltransferase (ChAT) and then taken up and stored by
vesicles. When the neuronal presynaptic membrane is excited,
Ach in synaptic vesicles is released into the synaptic cleft and
acts on G-protein-coupled muscarinic acetylcholine receptors
(mAChRs) or ligand-gated nicotinic acetylcholine receptors
(nAChRs). Synaptic transmission efficacy can be changed by
receptor-mediated membrane depolarization and downstream
signal transduction, thus affecting learning and memory. Post-
acting Ach is hydrolyzed to choline and acetic acid by
acetylcholine esterase (AChE) and inactivated (68). The mode of
action of Ach in learning and memory depends on the type of
receptor it activates (69).

Few studies have been reported on the metabolism of Ach
in brains exposed to EMR. Fujiwara et al. found that 2.45 GHz
high-power microwave radiation caused transiently elevated
Ach content in the mouse brain (25). Lai et al. found that
acute exposure to 2.45 GHz, 0.6 W/kg microwave radiation for
20 min caused increased choline uptake activity in the frontal
cortex, hippocampus, and hypothalamus of rats (26). Meanwhile,
2.45 GHz, 0.6 W/kg microwave radiation for 20 min/day for
10 consecutive days resulted in a decrease in the mAChR
concentration in the rat frontal cortex and hippocampus, whereas
radiation exposure of 45 min/day for 10 consecutive days
resulted in an increase in the mAChR concentration in the
rat hippocampus, both coinciding with a decrease in learning
and memory ability. In addition, Krylova et al. found that
2.35 GHz, 1 mW/cm? microwave radiation could induce a
decrease in the functional activity of mAChRs in the rat cerebral
cortex, though the number of mAChR receptors increase (27).
We found an increase in Ach, ChAT and AChE in the rat
hippocampus at 6 h and 3 days after microwave radiation, with
a frequency of 2.856 GHz, and an average power density of
30 mW/cm? for 15min but no significant effect on the activity
of ChAT and AChE. Moreover, we found that the expression
of M1-, M3- and B2-type AChR mRNA was downregulated,
whereas the expression of w4- and a7-type AChR mRNA was
upregulated after radiation exposure. This indicates that the
increased synthesis and metabolism of Ach and the disordered
expression of Ach receptors may result in cholinergic system
dysfunction and a decrease in cognitive function in the early
period of acute microwave radiation exposure.

Furthermore, Testylier et al. found that the Ach released in
the hippocampal CA1l area decreased after 1h of microwave
radiation exposure with 2.45 GHz and 4 mW/cm?, and the
extracellular Ach concentration reached the lowest level of
approximately 60% pre-exposure at 6 h after radiation (28). Other
studies have shown that the M1 type of AChR is upregulated,

the activity of AChE is increased, and the intracellular calcium
concentration is increased in the hippocampus after long-term
and low-dose microwave radiation at 2.45 GHz (44, 70). Derin
et al. arranged Wistar rats into a sham-exposed group and 45
and 65 V/m exposed groups; the exposure group experienced 1
week of exposure at a frequency of 2.1 GHz. The protein and
mRNA expression levels of AChE, ChAT, and VAChT in the
hippocampus were examined using western blot and real-time
PCR. The levels of AChE, ChAT, and VAChT were significantly
lower in the rat hippocampus exposed to 65 V/m than in
other regions (45). Additionally, sodium-dependent high-affinity
choline uptake was measured in the striatum, frontal cortex,
hippocampus, and hypothalamus of rats, after 45 min of short-
term exposure to pulsed (2 ws, 500 pulses per second) or
continuous 2,450 MHz microwaves in cylindrical waveguides.
The average whole-body SAR value was 0.6 W/kg in all exposure
conditions. The choline uptake was decreased in the frontal
cortex after microwave exposure in all the radiation conditions
(29). Gupta et al. reported a decrease in Ach content and an
increase in AChE activity in the rat hippocampus caused by
microwave radiation with 2.45 GHz, 1 h/day, for 28 consecutive
days (46). Kunjilwar and Behari examined the effect of long-term
exposure to RF-EMF on cholinergic systems in the developing
rat brain, with a frequency of 147 MHz, subharmonics of 73.5
MHz and an amplitude of 36.75 MHz modulated at 16 and 76 Hz,
3 h/day, for 30-35 consecutive days. A significant decrease in
AChE activity was found in exposed rats compared to control
rats (71). These studies further suggested that disorders of Ach
synthesis and metabolism are an important part of the cognitive
dysfunction caused by EMR.

EFFECTS OF EMR ON PEPTIDES AND
OTHER NEUROTRANSMITTERS

Opioid peptides include pB-endorphins, enkephalins and
dynorphins, which are peptides with morphine-like activity
in the brain. The Opioid receptors are G-protein-coupled
receptors. Endogenous opioid receptors are able to inhibit
adenosine cyclase, reduce voltage-dependent calcium channel
currents or activate potassium channels, resulting in a decrease in
membrane excitability and transmitter release, thus participating
in the regulation of learning and memory processes (72). Lai et al.
investigated subtypes of opioid receptors in the brain exposed
to a 45 min of short-term exposure to pulsed microwaves (2,450
MHz, 1 mW/cm?, SAR value 0.6 W/kg) on cholinergic activity
in the rat brain. The results showed that 3 opioid receptor
subtypes blocked the decrease in cholinergic activity in the
hippocampus induced by microwave radiation, suggesting
that the opioid system is involved in microwave-induced
hippocampal cholinergic activity decrease (30). There are few
reports on the effect of EMR on peptide neurotransmitters.
Lai et al. reported that after 45min of exposure to pulsed
2,450 MHz microwaves (1 mW/cm?, SAR value 0.6 W/kg), rats
showed learning impairment while performing in the radial
arm maze to obtain food rewards. This indicated a deficit in
spatial working memory function after EMR exposure. The
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microwave-induced learning deficit in the radial arm maze was
blocked by pretreatment with the opiate antagonist naltrexone or
a cholinergic agonist. This further suggests that both endogenous
opioid neurotransmitter and cholinergic systems in the brain are
involved in microwave-induced spatial memory deficits (31).
Nitric Oxide (NO) acts as a retrograde messenger in synaptic
plasticity changes and long-term potentiation effects (48). Mice
were exposed to computer electromagnetic radiation (30 x 10%4-
715 x 10'* Hz) with an intensity of 0.9 V/m (power density 0.22
ww/cm?) for either 6, 12, and 18 h/day for 30 continuous days.
The results showed that the level of NO in the mouse brain
gradually increased with prolonged radiation time (73). NO can
pass through cell membranes by lipophilicity but is not released
in the form of exocytosis; it acts through chemical reactions
before becoming inactivated. In addition, NO can react with
other free radicals and d-orbitals of transition metals. The most
common for the latter is the interaction of NO with iron, because
iron acts as a key component of abundant proteins, especially
hemeproteins, involved in numerous physiological processes.
Burlaka et al. exposed animals to ultrahigh frequency EMR of
the non-thermal spectrum using the generator “Volna” (Ukraine)
with impulse modulation and the following parameters: pulse
duration 2ms, pulse separation 10 ms, carrier frequency 0.465
GHz, and exposure duration 17.5min. The energy flux density
in the exposure area was 1.0-6.0 mW/cm?. Ultrahigh frequency
EMR resulted in a significant increase in the level of NO synthesis
in the mitochondria of neural cells in animal brain tissue and a
significant increase in the activity of mitochondrial NO synthase
(32). Considering the toxic effect of high NO concentrations on
cells, the increase in NO may cause neuronal damage, which in
turn leads to a decrease in learning and memory ability in mice.

POSSIBLE MECHANISMS UNDERLYING
NEUROTRANSMITTER CHANGES
CAUSED BY EMR

Electrophysiological Changes

Neurophysiological mechanisms especially electrophysiological
changes would lead to better understanding the neurotransmitter
changes associated with EMR exposure. Several neuroimaging
methods are used to illuminate the interference between brain
electrical activity and EMR. For example, the changes of
extracellular electrical potential in the cortex can be measured by
EEG techniques, the regional changes of blood oxygen utilization
can be detected with functional magnetic resonance imaging
(fMRI) method during neuropsychological performance, and
positron emission tomography (PET) reflects the cerebral
metabolism (43, 74-76). Brain electrical activity originates from
the fluctuation of membrane potential in the neuron. The
transduction of a nerve impulse results in the postsynaptic
potential and the following synaptic transmission, which could
reflect the modulation of neurotransmission.

Many studies indicate an increase of cortical excitability
and/or efficiency during EMR exposure, and this electrical
activity changes may persist for several minutes post-exposure.
In addition, an increase of cerebral metabolism (PET), a decrease

of alpha activity, an increase of high beta and gamma frequency
activity, increased reaction time, and disrupted sleep EEG were
also induced by EMR exposure (77-82). Based on several
methodologies, such as fMRI, PET, EMF-elicited event-related
potentials (ERPs) (83, 84), and event-related desynchronization
(ERD), and interhemispheric synchronization, frontal and
temporal regions appear to be more susceptible (76, 81, 82,
85-87). In terms of the EMF-induced effects on cortical
excitability and efficiency, several factors have been proposed,
including alteration of dependent Na-K trans-membrane ionic
channels, changes of cellular calcium homeostasis, increased
cellular excitability, and modulation of cellular response to
stress (86, 87). However, several inconsistent findings exist,
and the heterogeneity of results may be due to methodological
differences, statistical power, and interpretation criteria (88).
Altogether, the abnormal brain electrical activity may reflect the
modulation of neurotransmission induced by EMR, and result in
the changes of neurotransmitters.

Cell Membrane Damage

It is known that membrane is the first and an important
target of EMF in cells. Cell membrane damage might result in
neurotransmitter changes in the brain. Understanding the effects
of EMR on neurotransmitters is critical for further determining
the targets of EMR in cells. EMR can alter cell membrane
permeability such as changes in calcium, ionic distribution
and ion permeability (89). Calcium is one of the important
signaling substances, and an imbalance of calcium homeostasis
can alter many functions of the cell. Previous studies have
showed that EMR exposure can alter the calcium channels and
receptors on the cell membrane, and influence transport of
calcium ions over the cell membrane, which play an important
role in cell signaling pathways, and in turn may affect the
response of neurotransmitters (90, 91). It was reported that the
number of opened calcium channel increased with the presence
of EMFs, which might resulting in the increased intracellular
calcium concentration under EMR exposure (92). In addition,
the changes of intracellular calcium levels can trigger unusual
synaptic action or cause neuronal apoptosis. This in turn can
exert an influence on the neurotransmission of learning and
memory process (93).

Additionally, the enhanced activity of voltage-gated calcium
channels (VGCCs) have been delineated, after exposure to EMR
in many cell types (94-96). Previous studies used the activity of
VGCCs as an indicator of microwave radiation induced changes
in ion channels (96, 97). The level of neurotransmitters can
indicate the membrane properties, such as the expression level of
synaptic vesicular-associated proteins, can indicate the function
of the synaptic vesicular membrane (22, 98). It was reported that,
EMR activation of VGCCs causes a rapid increase in intracellular
calcium, nitric oxide, and peroxynitrite (99). However, a recent
study on the effects of 2.856 GHz pulsed microwave radiation in
the primary hippocampal neurons, reported that the total cellular
calcium, the levels of calcium in endoplasmic reticulum and
mitochondria all decreased after microwave exposure, suggesting
calcium efflux during microwave radiation (100). Although many
animal studies have suggested about the effects of EMR on

Frontiers in Public Health | www.frontiersin.org

28

August 2021 | Volume 9 | Article 691880


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Hu et al.

Effects of Electromagnetic Radiation on Neurotransmitters

the calcium efflux and influx in the neurons (101-103), the
results regarding the effects of EMR on the membrane integrity
and permeability are still unclear. The changes of membrane
permeability may result in the damage of membrane integrity,
and lead to the changes in brain neurotransmitter imbalance. In
this regard, further studies by various duration and dose of EMR
are needed to investigate the effects of EMR on the relationship
of neurotransmitters and cell membrane permeability.

Abnormal Signal Transduction

It is known that neurotransmitter and its receptors are
involved in various signaling related to cell proliferation,
apoptosis, differentiation and inflammation. The crosstalk
between neurotransmission and cell signaling may in turn
affect the metabolism and transport of neurotransmitters. EMR
exposures produce the main pathophysiological effects via
excessive calcium signaling and the peroxynitrite pathway, and
the diverse non-thermal effects of EMR are produced via
VGCC activation (104). As the energy source of the cell, the
mitochondrial calcium reaction was influenced by the alterations
in calcium signaling pathways in response to the effects of EMR
exposure (90). In addition to calcium signaling changes, EMR can
cause activation of free radical processes and overproduction of
reactive oxygen species (ROS) in neurons (53, 104-108). Due to
the dependent on oxidative phosphorylation for energy, neurons
are vulnerable for oxidative stress compared to other cells.
During EMR exposure, the occurrence of oxidant-antioxidant
imbalance in the brain leads to oxidative stress (109). Both NO
and superoxide (O ) are elevated by increased calcium, resulting
in the increase of peroxynitrite (ONOO™) levels. The various
oxidants act to produce greatly elevated NF-kappa B (NF-«kB)
activity, leading to inflammation (110). In addition, NF-kB
signaling is reported to be involved in neural immune response,
synaptic plasticity, learning and memory, neuroprotection and
neurodegeneration (111, 112). It has been shown that EMR
exposure leads to up-regulated elements belonging to apoptotic
pathways, which results in neuronal apoptosis (113, 114). The
probable mechanisms are mainly attributed to increased ROS
generation following EMR exposure.

The energy of non-ionizing radiation is not enough to
directly break chemical bonds, and therefore the occurrence of
DNA damage with non-ionizing EMR exposures is primarily
a consequence of generation of ROS, followed by oxidative
stress. Numerous animal experiments have clearly demonstrated
that non-thermal EMR can cause oxidative stress (115,
116), particularly in the brain (3, 117-119). It has been
documented that non-thermal EMR exposure of 900 MHz
or 2.45 GHz in rats, either short-term or long-term, can
trigger neuronal dysfunction and apoptosis of hippocampal
pyramidal cells (117, 120) and cerebellum Purkinje cells (121)
through induction of oxidative stress. In addition, the mitogen-
activated phosphokinase (MAPK) pathway plays a key role
in cell proliferation and metabolism. The phosphorylation of
transcription factors in the downstream occurs after activation
of the MAPK cascades pathway (89, 122). The proliferation
and survival of different cell types can be stimulated by low
concentrations of free radicals. The effects of ROS on cell

proliferation, is an important secondary messenger in the
physiological process, and ROS plays a key role in the regulation
of cytosolic calcium homeostasis. The protein phosphorylation
and activation of the AP-1 family factors and nuclear factor
kappa B (NF-kB) is regulated by the level of cytosolic
calcium (123). Activation of the protein kinases pathways
regulates the physiological response to EMR exposure including
neurotransmitter imbalance, but the detailed mechanisms are
still unclear.

DISCUSSION

According to the time duration of EMR exposure, we divided all
the references including neurotransmitter measurement in the
brain into two groups: short-term (within one week) exposure
and long-term (more than one week) exposure groups. It is
apparent from the listed reference in Tables 1, 2 that, no obvious
difference was observed for neurotransmitter changes between
the short-term (Table 1) and long-term (Table 2) EMR exposure.
It is known that the response to non-thermal EMR depends on
both power density and duration of exposure. Some studies show
no effect under fixed short-term EMR exposures, but this does
not imply no effects under longer-term exposures (5, 124). In
a recent review, Leach et al. analyzed 2,653 papers captured in
the database examine the bioeffect outcomes in the 300 MHz—3
GHz range. The results showed three times more biological
“Effect” than “No Effect” papers (125). Although some studies
report no effect on the tested indicators, there are studies find
the significant effect in many cases. This inconsistency might
due to the lack of replication between studies. It is challenging
for undertaking a literature review or comparing findings
between relevant scientific papers, due to the subject, various
experimental methodology and changing exposure parameters in
the available studies. Notwithstanding animal models can only
provide a strong indication of risks to humans, and the exchange
formula or conversion rules between animal studies and human
biological effects are far from clarified. The development of
reliable safety standards has analyzed such parameters as power
density, dose, and duration of exposure, and this would protect
against the detrimental health effects of EMR exposure at non-
thermal intensities.

Many evidences indicate that EMR alter several aspects of
calcium function in cells. In spite of numerous studies reporting
altered calcium metabolism upon exposure to radiofrequency
electromagnetic fields, the underlying mechanisms of these
effects are still not clear. However, some studies have suggested
that the calcium activation could be the initial event leading
to alteration in protein configuration, followed by generation
of ROS and ultimately activation of the molecular apoptosis
pathways (101). Lushchak et al. reported that EMR exposure
may firstly produce the free radicals in the brain and later
they are converted to ROS (126). The elevation of ROS level
can attack various biomolecules in the cell. The raised ROS
can also in turn trigger calcium release, and then activate the
genetic factors leading to DNA damage (110). Any alteration
in gene and enzyme levels, may result in the activation of
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FIGURE 1 | The effects of RF-EMR exposure on neurotransmitters in the brain and the possible underlying mechanisms.

downstream signaling (114), particularly the mitochondria-
dependent caspase-3 pathway can cause the apoptosis of neurons
(113, 127), which would lead to altered behavioral manifestations
and pathophysiological changes in the brain. In a word, EMR
exposure does increases the intracellular calcium and the
formation of ROS, which would alter the cellular function
eventually and lead to numerous biological effects including
neurotransmitter imbalance. We summarized the effects of EMR
on neurotransmitters in the brain and the possible underlying
mechanisms in Figure 1.

Though we narrow down to biochemical imbalance to
simplify explanation for changes of each neurotransmitter, the
combined effects of neurotransmitters still deserves attention.
It is also possible that the various neurotransmission effects
following EMR exposure in animals might be due to combined
effects in various brain regions, such as neurophysiological
changes, increase of calcium and ROS, and thereby cell
membrane damage and the downstream signaling changes. An
imbalance in the excitation-inhibition imbalance of neurons
resulting from neurotransmitter changes, would alter behavior,
and it might do so without evident structural changes. Currently,
the neurochemical mechanisms of EMR exposure are still

unclear. Further study in this regard is needed and will reveal
much clearer picture of brain mechanisms caused by EMR.

CONCLUSION

In summary, research on the synthesis, metabolism and transport
of neurotransmitters in the brain by EMR is increasing gradually,
but due to the different parameters of EMR, experimental
objects and conditions, the experimental results are not very
consistent and comparative. Therefore, the effects of EMR on
the metabolism and transport of neurotransmitters have not
been clarified. Moreover, the role of neurotransmitters and
their mechanism in the neurobehavioral dysfunction induced
by EMR have not been revealed. Further detailed studies
are needed. On the other hand, because of the complex
diversity of neurotransmitters in the brain, the interaction,
cotransmission and coregulation of neurotransmitters make it
difficult to distinguish the primary and secondary changes of
each neurotransmitter. Furthermore, the interaction of different
neural nuclei in the brain constitutes sophisticated neural
circuits, which is the fundamental basis of how the brain
performs functions. Consequently, the regulation of neural
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circuits may be involved in the neurotransmitter disorder of the
brain induced by EMR.

FUTURE PERSPECTIVES

Recently, novel techniques in brain science, such as neuroviral
tracers, neuroimaging and neuroelectrophysiology, have been
rapidly developed. These techniques were devised especially for
the development and wide application of brain intervention
techniques, including optogenetics and chemical genetics.
Moreover, these advances have provided new methods to
study the neurobiological effects of EMR at the neural circuit
level. Notably, the G-protein-coupled receptor activation-based
(GRAB) sensor can directly measure neurotransmitter release
and monitor the activity of neurotransmission in vivo (128).
Combined with fiber photometry recording, the GRAB sensor
enables sensitive detection of single-trial neurotransmitter
dynamics in multiple brain regions in mice performing a variety
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Objective: To examine whether exposure of mouse bone marrow stromal cells (BMSC)
to 900 MHz radiofrequency fields used in mobile communication devices can induce
mitochondrial unfolded protein response (UPR™).

Methods: BMSCs were exposed to continuous wave 900 MHz radiofrequency fields
(RF) at 120 wW/cm? power intensity for 4 h/d for 5 consecutive days. Cells in sham group
(SH) were cultured in RF exposure system, but without RF radiation. The positive control
cells were irradiated with 6 Gy X-ray at a dose rate of 1.103 Gy/min (XR). To inhibit the
upstream molecular JNK2 of UPR™, cells in siRNA + RF, and siRNA + XR group were
also pretreated with 100 nM siRNA-JNK2 for 48 h before RF/XR exposure. Thirty minutes,
4 h, and 24 h post-RF/XR exposure, cells were collected, the level of ROS was measured
with flow cytometry, the expression levels of UPR™-related proteins were detected using
western blot analysis.

Results: Compared with Sham group, the level of ROS in RF and XR group was
significantly increased 30 min and 4 h post-RF/XR exposure (P < 0.05), however, the
RF/XR-induced increase of ROS level reversed 24 h post-RF/XR exposure. Compared
with Sham group, the expression levels of HSP10/HSP60/ClpP proteins in cells of RF
and XR group increased significantly 30 min and 4 h post-RF/XR exposure (P < 0.05),
however, the RF/XR-induced increase of HSP10/HSP60/ClpP protein levels reversed
24 h post-RF exposure. After interfering with siRNA-JNK2, the RF/XR exposures could
not induce the increase of HSP10/HSP60/CIpP protein levels any more.

Conclusions: The exposure of 900 MHz RF at 120 wW/cm? power flux density
could increase ROS level and activate a transient UPR™ in BMSC cells. Mitochondrial
homeostasis in term of protein folding ability is restored 24 h post-RF exposure. Exposure
to RF in our experimental condition did not cause permanent and severe mitochondrial
dysfunctions. However, the detailed underlying molecular mechanism of RF-induced
UPR™ remains to be further studied.

Keywords: mitochondria, radiofrequency fields, unfolded protein response, reactive oxygen species, microwave,
heat shock protein
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RF Induces Mitochondrial UPR

INTRODUCTION

Non-ionizing radiofrequency fields (RF) are ubiquitous in the
environment. They are used in military, radio, and television
broadcasting, wireless communications systems, industry, and
medicine. The number of people exposed to RF increased
exponentially with the introduction of wireless communication
devices which transmit voice, data and images. The scientific
information on the biological and health effects of exposure to
RF is more extensive now than ever before (1). Nonetheless,
the unfolded protein response (UPR) in mitochondria in
cells exposed to RF received little attention of researchers.
Mitochondria is the organelle with the closed bilayer membranes
structure, which play a key role in cellular biosynthetic,
intracellular oxidative phosphorylation and the regulation of
calcium levels. Mitochondria contain specific heat shock proteins
(HSP) and protease, which help to fold, unfold, or degrade
other proteins for the protein equilibrium inside. When a large
number of unfolded or misfolded proteins are accumulated in
cells due to external stimulus, the reverse signaling pathway
from mitochondria to nucleus will be activated to increase the
expression of nuclear genes encoding mitochondrial proteins
(2). The newly-synthesized mitochondrial proteins include
chaperones HSP10 and HSP60 which facilitate the import and
correct folding of unfolded proteins, and proteases ClpP and
ClpX which help to degrade the unfolded and misfolded proteins.
This process is called mitochondrial unfolded protein response
(UPR™) (3-7).

Mitochondria are the main source and one of the targets of
RF-induced reactive oxygen species (ROS) (8). Electromagnetic
field (EMF) directly targets the electron transport chain, which
leads to mitochondrial dysfunction and overproduction of ROS.
EMF can cause a disturbance of mitochondrial proton motive
force, which then disrupts the balance between ROS production
and ROS clearance. The severe and long-lasting oxidative stress
may play a key role in mitochondrial damage that leads to some
human health problems (9). However, mild ROS increase could
lead to cellular defense mechanisms, including unfolded protein
response (10). Studies showed that during mild mitochondrial
dysfunction, UPR™® activation promotes development and
prolonging longevity, suggesting that UPR™" activation may
be a useful therapeutic approach for some mitochondria-
related diseases. However, prolonged or dysregulation of UPR™"
activation can exacerbate mitochondrial dysfunction caused by
external stimuli (11-13).

Currently, there are few reports on the effect of RF-induced
ROS on UPR™. In view of the paucity of RF investigations
on UPR in mitochondria, we have conducted the present
study to investigate whether 900 MHz RF can induce UPR™
in BMSCs. Mouse bone marrow stem cells (BMSCs) were
exposed to 900 MHz RF for 4 h/d for 5 d to examine if
RF exposure can induce UPR in mitochondria. Sham-exposed
(SH) control cells as well as those exposed to an acute dose
of ionizing/X-rays radiation (XR) as positive control cells
were included in the experiment. The expression levels of
HSP10/HSP60/ClpP proteins involved in UPR™ were examined.
To verify the induction of UPR in BMSCs, siRNA-JNK2 was

used to inhibit the known signal molecular JNK2 of UPR™ in
the study.

MATERIALS AND METHODS

Bone Marrow Stromal Cells

The collection and culture of BMSCs were described in detail in
our earlier paper (14). Single cell suspensions were prepared in
complete IMDM medium (Iscove’s modified Dulbecco’s medium,
Hyclone, Suzhou, China) containing 10% fetal bovine serum
(FBS, Gibco, Shanghai, China), 100 units/ml penicillin and
100 pug/ml streptomycin (Bio Basic, Hangzhou, China). From
each mouse, aliquots of 4 x 10° cells in 10 ml medium were
placed in 100 mm petri dishes cultured in an incubator (Heal
Force Bio-Meditech, Hong Kong, China) maintaining 37 + 0.5°C
with humidified atmosphere of 95% air and 5% carbon dioxide
(COy). Cells in 3-6 passages from a single mouse were used for
different exposures described below.

Radiofrequency Fields/Sham Exposed
Exposure

The exposure system was built in-house and consists of a signal
generator (SN2130J6030, PMM, Cisano sul Neva, Italy), a power
amplifier (SN1020, HD Communication, Ronkonkoma, NY),
and a Gigahertz Transverse Electro-Magnetic (GTEM) chamber.
The RF signal was generated, amplified and fed through an
antenna (Southeast University, Nanjing, Jiangsu, China) and
detected by a field strength meter (PMM, Cisano sul Neva, Italy).
The specific operation principle and exposure protocols has been
discussed in detail by the previous studies of our lab (14-16). The
same GTEM without RF transmission, was used for SH-exposure
of cells. During the RF/SH exposure, the culture medium was
changed once and the external environment was maintained 37
=+ 0.5°C with 87% relative humidity (without CO;). The peak
and average SARs could be computed by either frequency or time
domain method (17), and the estimated values were extremely
low: they were 4.1 x 10~% and 2.5 x 10~* W/kg, respectively.

X-Ray Radiation

Irradiations were performed with an X-ray apparatus (Rad
Source Technologies Inc., USA) operating at a dose rate of
1.103 Gy/min.

Group Design

Several 100 mm petri dishes, each containing ~4 x 10° cells/ml
(total 10ml medium), were used for the following exposure
conditions: (a) kept in GTEM without RF (Sham, SH); (b) 900
MHz RE, 120 pW/cm? power intensity for 4 h/d for 5 d (RF);
(c) acute 6 Gy X-ray radiation (XR); (d) kept in GTEM without
RF for 4 h/d for 5 d after siRNA transfection (si + SH); (e) 900
MHz RF for 4 h/d for 5 d after siRNA transfection (si + RF); (f)
acute 6 Gy X-ray radiation after siRNA transfection (si + XR).
Cells in each group were collected at 30 min, 4h, and 24 h post
treatment for subsequent experiments. The entire investigation
was repeated 3 times.
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Measurement of Reactive Oxygen Species
ROS level was measured with reactive oxygen detection kit
(Beyotime, Shanghai, China). After different treatments, the
cells were gently washed twice with neutral phosphate buffer
after digestion and centrifugation. Serum-free IMDM medium
(Hyclone, USA) was used to prepare DCFH-DA solution with
a final concentration of 10 wM. One mL of DCFH-DA solution
was added into the centrifuge tubes of each group and thoroughly
mixed. Centrifuge tube was incubated at 37°C for 20 min, mixed
upside down every 3 min to promote maximum contact between
the cells and the probe. At the end of incubation, supernatant
was discarded, and the cells were washed with serum-free IMDM
medium for 3 times. Then, the intracellular fluorescence intensity
was measured at excitation wavelength of 488nm and the
emission wavelength of 525 nm.

siRNA Transfection

Transfection with siRNA was used to inhibit JNK2 expression,
in a separate series of experiments, prior to sham, RF and
X-rays exposure, cells grown to 60-70% confluence were
transfected with 100 nM siRNA (ribo FECT™ CP, Guangzhou,
China) for 48h, the target sequence used for JNK siRNA
were GGCATCAAGCATCTGCATT. Subsequently, siRNA was
washed out three times followed by the different exposure
conditions. Transfection was performed for 48 h, and then the
cells were collected. Quantitative real-time PCR was used to
verify the transfection efficiency.

Western-Blot Analysis

In this study, HSP60/HSP10/ClpP protein, known UPR™
markers, were chosen as the indicators to verify whether
UPR™® occurred (18-20). The expression levels of the heat
shock protein HSP60/HSP10 and mitochondrial protease ClpP
were detected with Western-Blot Analysis. Protein extracts
were prepared by lysing the cells in lysis buffer containing
50mM Tris (pH 7.4), 150 mM sodium chloride, 1%Triton X-
100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
and 1 mM phenyl-methyl-sulfonyl fluoride (all obtained from
Beyotime, Shanghai, China). The cell lysates were centrifuged
at 14,000 x g for 5min at 4°C and the supernatant containing
solubilized proteins was collected. The protein concentration
in all samples was determined using the BCA protein assay
kit (Beyotime, Shanghai, China). From each sample, equal
amount of protein (40 pg per lane) was loaded, separated
by 10% sodium dodecyl sulfate polyacrylamide gel (SDS-
PAGE) and then transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore Corporation, Billerica, MA,
USA). The membranes were blocked for 2h in 5% fat-free
dry milk (Yili Industrial, Inner Mongolia, China) containing
Tris Buffered Saline with Tween (TBST). The membranes were
then incubated with primary antibodies (rabbit monoclonal
anti-HSP10 antibody, rabbit monoclonal anti-HSP60 antibody,
rabbit monoclonal anti-ClpP antibody, and rabbit monoclonal
anti-GADPH, Abcam, Cambridge, USA) overnight at 4°C.
They were washed three times in TBST and incubated further
with horseradish peroxidase-conjugated antibodies (Beyotime,
Shanghai, China) for 1.5h at room temperature. This was

followed by washing the membranes three times with TBST. The
immunoreactive proteins on the membranes were detected using
enhanced chemiluminescence reagents (Millipore Corporation)
and G-BOX Chemi XRQ (Syngene, UK). The blots were
quantified and normalized with the level of GADPH to
correct the differences in loading of the proteins in different
treatment cells.

Statistical Analyses

The results from three independent experiments were pooled
and analyzed using GraphPad Prism 8.0 (GraphPad Software,
San Diego, CA, USA). The results were subjected to One-
way analysis of variance (ANOVA) to test differences between
groups. A P < 0.05 was considered as significance difference
between groups.

RESULTS

Reactive Oxygen Species

The expression levels of ROS in different groups were shown
in Figure 1. The level of ROS in the RF group and XR group
was significantly increased at 30 min and 4 h post-exposure (P <
0.05). The ROS level decreased to nearly those in SH cells 24h
post-RF and XR exposure. Compared with the cells exposed to
RE those exposed to XR showed significant increase in ROS at
30 min, 4h (P < 0.05). These results indicated that both RF and
X-ray could induce the production of ROS in BMSC:s for a certain
period of time. The increase of ROS induced by X-ray was much
higher than that induced by RF.

siRNA Transfection Efficiency

After siRNA transfection for 48h, the expression level of
JNK2 mRNA was shown in Figure 2. The expression level of
JNK2 mRNA decreased significantly compared to sham group
(P < 0.05). The knockdown efficiency of siRNA transfection
is 50%.

HSP10, HSP60, and ClpP Proteins (Western

Blot Analysis)

The expression levels of HSP10, HSP60, ClpP proteins in
different groups at 30min, 4h, and 24h were shown in
Figure 3. Compared to the cells in SH group, the expression
levels of HSP10, HSP60, ClpP proteins in the RF group
increased significantly at 30min and 4h (P < 0.05), then
decreased gradually and returned to nearly those in SH cells
at 24h. These results indicate that low-dose Radio-frequency
could induce UPR™ in BMSCs. After the interference of the
upstream molecular JNK2 of UPR™® with siRNA, the expression
levels of HSP10, HSP60, ClpP proteins in si + RF group
were significantly decreased compared to the RF group (P <
0.05), indicated that RF activates UPR™" through the JNK2
signaling pathway.

DISCUSSION

Mitochondria are organelles that play important functions in
cells and participate in a variety of physiological functions and
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FIGURE 1 | ROS levels in BMSCs at 30 min, 4 h, and 24 h post exposure. SH, Sham

XR

; RF, RF-exposed; XR, X-rays irradiated. RF and XR vs. SH: *P < 0.05; XR vs. RF:

biochemical reactions, including ATP production, iron-sulfur
cluster biosynthesis, nucleotide and amino acid metabolism,
and cell apoptosis (21-24). In order to maintain normal
cellular physiological activities and functions, mitochondria
have a complete set of molecular chaperone systems and
quality control proteases, which promote the correct folding of
proteins and degradation of misfolded/unfolded proteins (25,
26). Upon environmental stress, the accumulation of unfolded
protein in the mitochondria could reach a certain threshold or
severely damaged mitochondria appear in the cell, hence UPR™"
can enhance the overall function of cellular mitochondria by
upregulating protective molecular chaperones and proteases that
promote protein folding or clearance of defective proteins within
stressed mitochondria, restore and maintain mitochondria steady
state, and ultimately prevent and/or reduce the damage of
environmental factors to the cells.

Non-ionizing radiofrequency fields (RF, 300 MHz to 300 GHz)
are ubiquitous in environment (27). 900 MHz RF is one of the
frequencies commonly used in mobile communication. High
doses or long duration of radiofrequency radiation will exert
harmful health effects on living organisms. The power density
of 120 wW/cm? used in this study is below the exposure limit
stipulated by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP), which is generally considered as
low dose radiation. The biological effects and health impacts of
long-term exposure to low-dose RF are a matter of widespread
concern, and also a scientific issue that needs to be studied (28).
In this study, we found that exposure to RF in our experimental
condition did not cause permanent and severe mitochondrial
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FIGURE 2 | The expression level of JNK2 mRNA after siRNA transfection for
48h. siRNA vs. Sham: “P < 0.05.

dysfunctions. Our findings may shed light on dark areas of health
effects of human exposure to radiofrequency radiation.

To the best of our knowledge, there have been very
few peer-reviewed scientific publications in which ROS and
mitochondrial UPR were examined in cells exposed to RF.
Studies have shown that RF radiation can induce oxidative
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damage of mtDNA in cerebral cortical neurons of SD rats (29).
It is reported that mitochondrial UPR could inhibit oxidative
phosphorylation and ROS production (30). Increased protein
level of chaperones HSP10, HSP60, and protease ClpP are

considered to be the hallmark of UPR™! activation (2, 3). As
a mitochondrial chaperone protein encoded by the nuclear
genome, HSP60 mainly promotes the folding of relatively small
soluble monomeric proteins (31, 32), and plays an important role
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in protein transport and folding in the mitochondria. HSP10 is
widely present in a variety of mammalian tissues and can bind
to unfolded proteins, effectively reducing energy barriers that
occur during protein folding (33, 34). Mitochondrial ClpP is a
serine protease located in the mitochondrial matrix. ClpP forms
a proteolytic complex with AAA+ partner ClpX called ATP-
dependent unfolding enzyme (ClpXP), which degrades misfolded
or denatured proteins to participate in the quality control of
mitochondrial proteins and maintain normal metabolic function
(35). In this study, the expression levels of HSP10, HSP60, and
ClpP in BMSCs were all upregulated within a certain period of
time upon radio-frequency and X-rays exposure, indicating that
both RF and X-rays could induce UPR™" in BMSCs, however, the
level of unfolded protein response induced by ionizing X-rays
radiation was much greater than non-ionizing radio frequency.
This phenomenon possibly be explained by the more severe
mitochondria damage and more misfolded protein aggregation
caused by X-rays radiation.

Many literatures have reported that ionizing radiation and
non-ionizing radiation could activate the JNK signaling pathway
(36-39). The activation of JNK2 is closely related to the induction
of UPR. Activation of JNK2 could trigger c-Jun binding to AP-1
elements to up-regulate CHOP and C/EBP transcription. Dimer
of CHOP and C/EBPf transcription factors binds to specific
UPR™® promoter element and activates the target genes (40, 41).
In this study, after interfering with siRNA-JNK2, the RF/XR
exposures could not induce the increase of HSP10/HSP60/ClpP
protein level, suggesting that JNK2 is involved in 900 MHz RF-
induced UPR™!, Our results are in agreement with reported
investigations (36-41).

To further investigate an association between RF exposure
and activation of UPR™, the level of ROS after RF and X-
rays exposure were measured. The rationale for the study is
that RF-induced ROS possibly causes mitochondrial damage,
and hence the accumulation of misfolded/unfolded proteins
which in turn activate UPR™! in BMSCs (2). One of the main
sources of cellular ROS is the mitochondrial respiratory chain,
when affected by external stimuli, ETC produces excessive ROS,
disturbing the mitochondrial environment homeostasis (42, 43).
When moderate ROS exists, it will play a beneficial physiological
role, but when excessive ROS content increases, it will cause
severe cell stress damage and even lead to cell death (44). For
decades, people have been focused on the RF effect on the health
of human body, many studies have tried to assess whether or not
the RF can affect the production of ROS in cells. However, due to
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Normally, the impact of electromagnetic exposure on human health is evaluated by animal
study. The biological effect caused by electromagnetic exposure on such experimental
animals as rats has been proven to be dose-dependent. However, though the dose of
radio frequency (RF) electromagnetic exposure described by the specific absorbing rate
(SAR) on fixed rats has been relatively well-studied utilizing the numerical simulations,
the dosimetry study of exposure on free rat is insufficient, especially in the cases of two
or more free rats. Therefore, the present work focuses on the variation of SAR caused
by the existence of neighboring free rat in the same cage. Here, infrared thermography
was used to record the activity of the two free rats who lived in the same cage that
mounted at the far-field region in the microwave darkroom for a duration of 48 h. Then,
using image processing techniques, the relative positions and orientations of the two rats
are identified, which are defined by three parameters, such as the relative distance (d),
relative direction angle (&), and relative orientation angle (8). Using the simulation software
XFdtd 7.3, the influence of d, @, and 8 on the whole-body average SAR (WB-avgSAR) of
the rats exposed to 1.8 GHz electromagnetic wave was calculated and analyzed. Then,
the average variation of WB-avgSAR of the two rats compared with that of a single rat
within 48 h was calculated. The numerical simulation results showed that the relative
posture position described by (d, «, and B) of the two rats affects their WB-avgSAR and
leads to fluctuations at different positions. However, the variation rate of the 48-h-average
WB-avgSAR was only 10.3%, which implied that the over-time average SAR of two or
more rats can be roughly described by the WB-avgSAR of a single free rat, except when
a real-time precise control of exposure dose is necessary.

Keywords: electromagnetics, exposure dose, free rats, relative posture position, numerical simulation

INTRODUCTION

Public concerns about the potential effects on human health of non-ionizing electromagnetic
radiation in the environment require studies on the bioeffect caused by electromagnetic exposure.
Normally, experimental animals, such as mice or rats are used to perform biological studies
instead of humans. It has been proven that the bioeffect caused by electromagnetic exposure is
dose-dependent (1-4), which implies that monitoring the exposure dose in both experimental
animals and humans is important. According to IEEE Std C95.1™-2019, the specific energy
absorption rate (SAR) is a controlling criterion in the frequency range from 10kHz to 6 GHz
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(5). International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guidelines for limiting exposure to
electromagnetic fields (EMFs) (100 kHz—300 GHz) also
indicated that from a health risk perspective, how much EMF
power absorbed by the biological tissues was generally interested.
Below about 6 GHz, where EMFs penetrate deep into the tissue,
SAR, which is the power absorbed per unit mass (W/kg), is useful
to describe the dosimetric quantity (6). Since the frequencies of
electromagnetic radiation from our daily-used wireless devices,
such as mobile phones, radar, and WIFI signals all lie in this
range, the bioeffects caused by 10kHz ~ 6 GHz microwave
attract interest. Thus, the studies on exposure dose characterized
by SAR under different exposure conditions were carried out
through numerical simulation. Besides humans, the exposure
doses of various experimental animals, such as mice, rats, rabbits,
and monkeys have been studied. In this study, we take rats
into account.

The present dosimetry studies indicated that the SAR value
of one rat is influenced by both the irradiation manners (e.g.,
the frequency and the polarization direction of the wave) and
the situation of the rat (e.g., the weight, the posture, and the
size of the rat). For example, Mason reported that when the
RF microwave incident from the back to the abdomen, and
the electric component of the microwave polarized along the
long axis of the rat, the whole-body average SAR first increased
and then decreased with increasing wave frequency within
300-2,060 MHz, and the resonance absorption appeared at a

frequency of 600 MHz (7). This implies that the frequency of
the electromagnetic wave is a key factor for SAR value. Chen
calculated the SAR value under 12 different kinds of irradiation
manners of a 220 g rat, whose body size was 244.8 mm in length
and 46.8 mm in width. Their results demonstrated that both the
incident direction of the wave and the polarization direction of
its electric component affect the SAR value of the rat (8). The
permittivity of tissues is another major determinant of the SAR
value. According to the measurement data from Gabriel, the
permittivity values of different organs are different, which also
varies with the weight, age, and size of the rat (9-12). Therefore,
the weight, age, and size of the rat are also regarded as the
influence factors of the SAR value (13).

Meanwhile, it is worth noting that most of the previous
studies on electromagnetic exposure dose are based on fixed rats.
However, in most real-life events, rats are in a free state rather
than in a fixed state, and different postures, such as straight,
curling, sleeping, or drinking should affect the SAR value because
the polarization direction of the incident microwave changes with
rats postures. Therefore, further research on the exposure dose
of free rats is necessary to assess accurate exposure dose. One
preliminary research work has been carried out concerning a
single free rat, and a rough estimation of SAR value was obtained
according to the statistical results of rat postures (14). Yet, rats
prefer a social living, and the presence of neighboring rats might
also inevitably cause variation of the SAR value (15). Thus,
it would be meaningful to further study the exposure dose of

FIGURE 1 | Image processing procedure of identifying images of the two rats. (A) A raw thermography. (B) The binarized image of (A). (C) A segmented image of the
two rats with pixels belonging to the different rats shown in different grayscale. (D) Representing the positions and orientations of the two rats using two ellipses. The
coordinate system and definitions of the relative distances, directions, and orientations are superimposed.
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FIGURE 2 | lllustration of the variation manner of d, «, and B used for numerical simulation. (A) The variation manner of d; (B) The variation manner of «; (C) The

multiple free rats within a group. To investigate the influence
of multiple rats on their whole-body average SAR (WB-avgSAR),
Shi et al. separately calculated the average SAR of one, two, and
four rats located at a fixed position in a reverberation room.
The result showed that the number of rats has no significant
influence on the WB-avgSAR of rats, which was 0.0510, 0.0507,
and 0.0506 mW/kg, respectively, with 1 V/m spatial electric field
intensity and 6 GHz microwave (16). To investigate the whole-
body SAR (WBSAR) of newborn and young rats at 2.45 GHz, Wu
and coworkers have taken the habit and behavior of the newborn
and young rats into consideration. The calculation results showed
that the three typical configurations (rats close to the mother,
group without mother, and single mother rat) affect the WBSAR
of the young rats, with a maximum reduction of 30.0% (17).

To assess the electromagnetic exposure dose closer to the real
situation, more and more interest focused on multiple free rats.
Though a lot of works have been reported on either single or
multiple rats with fixed posture positions, the work on free rat
or rats is still insufficient. The present work aimed to study the
exposure dose of two free rats. A real-time tracking technique was
developed to record the behavior of the two rats and recognize
their relative position. The influence of the relative position of
the two rats on their WB-avgSAR and the average SAR variation
within 48 h was calculated and discussed.

METHODS

Identification of the Relative Gesture

Position of the Two Free Rats

The two rats were feed in a cage (0.46 m x 0.30 m x 0.18 m) with
a food and water supply system. The cage was mounted on the
sample stage in a microwave darkroom, and the distance between
the sample stage and the antenna was 1m, where the power
density was 1.0 £ 0.2 W/m?. The microwave was turned on
and off every 12 h. An infrared thermography camera (804RC2,
Manfrotto Company, Italy) was placed at 1.5m above the cage
to automatically record the behavior of the two rats without
disturbing them. Before the 48-h video recording, the rats had
adapted to the environment for 3 days. Using an in-house image

processing algorithm (18), we distinguished the rough positions
and directions of the two rats. The image processing steps were
introduced as followed. First, the thermography (Figure 1A) was
converted into a gray-scale image by calculating the difference of
pixel values of the red channel and the blue channel to obtain
a high-contrast image. This gray scale image was then binarized
with a properly chosen grayscale threshold (Figure 1B). Next, a
watershed method (19, 20) was used to segment and label the
images of the two rats, even when they were slightly connected
(Figure 1C). Finally, by calculating the secondary moment of
the positions of the pixels belonging to each rat, their postures,
centroids, and directions can be roughly represented by two
ellipses (Figure 1D).

By comparing the results of a series of frames in a row
when one of the rats is at rest, we estimate that the uncertainty
caused by the above image processing alone is about 3 mm
for centroid position and 1.5° for rat direction, respectively.
In addition, through visual inspection, we estimate the error
caused by different postures of the rats on centroid positions and
directions to be <10% of rat length and 10°.

Characterization of the Relative Gesture

Position of the Two Free Rats

The cage was put in the far-field region of the EMF. Therefore,
the electric field in the cage area was considered uniform so that
the coordinate position of the rat has little influence on its SAR
value. Thus, we used three parameters to characterize the relative
gesture position of the two free rats. That is, the relative distance
d, the relative direction angle o, and the relative orientation
angle .

Through image processing, the two rats were substituted by
the two ellipsoid models. Here, we defined the red ellipsoid as
rat 1, and the blue one as rat 2. Thus, the two dash lines in
Figure 1D show the respective long axes of the two rats. The
angle between the two long axes was defined as the relative
orientation angle 8. Taken the midpoint of the right contour of
rat 1 as the coordinate origin O, a plane rectangular coordinates
system OXY was established, with its Y-axis parallels to the long
axis of rat 1. In such a coordinate, the relative distance between
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TABLE 1 | Case ID corresponding to the 125 relative posture positions of the two rats.

Case ID Value of d, « and 8 Case ID Value of d, « and B Case ID Value of d, « and B
1 d=0,a=0,8=0 43 d=05na =675 8=45° 85 d=15Na=225° 8=90°
2 d=0,a=0,8=225° 44 d=05na=675° =675 86 d=15\Na=45°=0°
3 d=0,a=0°8=45° 45 d=0.5na =675 g =90° 87 d=15Na=45° B =225°
4 d=0,a=0° =675 46 d=05ra=90° =0 88 d =15\ a=45° B =45°
5 d=0,a=0°8=90" 47 d=0.5\a =90° B =225° 89 d=1.5\a=45° B =67.5°
6 d=0,a=2258=0° 48 d =05 a=90° B =45° 90 d =15\ a=45° B =90°
7 d=0,a=225 =225 49 d=05na=90° B =675 91 d=15Na=67.5° =0°
8 d=0,a=225° B =45° 50 d =05 a=90° B =90° 92 d=15Na=67.5° =225
9 d=0,a=2258=675" 51 d=Kra=0°8=0° 93 d=15Na=67.5° B =45°
10 d=0,a=225°8=90° 52 d=xa=0°8=225° 94 d=15\a=67.5° =675
11 d=0,a=45°,B=0° 53 d=xa=0°8=45° 95 d=15Na =675 8=90°
12 d=0,a=45°, =225 54 d=xa=0° =675 96 d=15na=90°=0°
13 d=0,a=145° g =45° 55 d=xa=0°8=90° 97 d=15xa=90°, g =225°
14 d=0,a=45°, B =675° 56 d=ha=225° =0 98 d =15\ a=90° g =45°
15 d=0,a =45 8=90° 57 d=%Na=225°8=225° 99 d=1.5Na=90° B8 =675
16 d=0,a=0675°8=0° 58 d=xa=225° B =45° 100 d=15Na=90° 8 =90°
17 d=0,a=0675 =225 59 d=xa=225° B =675 101 d=2ra=0°8=0°
18 d=0,a=0675°B=45° 60 d=xa=225° B =90° 102 d=2ra=0°8=225°
19 d=0,a=06758=675" 61 d=xa=45°8=0° 103 d=2ra=0°8=45°
20 d=0,a=0675° =90 62 d=na=45° B =225° 104 d=2ra=0°B=675°
21 d=0,a=90°,8=0 63 d=na=45 8=45° 105 d=2ra=0°8=90"
22 d=0,a=90°, =225 64 d=na=45° B =67.5° 106 d=2ra=225 =0
23 d=0,a=90° g =45° 65 d="na=458=90° 107 d=2na =225 B8=225°
24 d=0,a=90°, =675 66 d=%a=675° =0 108 d=2\a=225° B =45°
25 d=0,a=90°8=90° 67 d=%Na=675"8=225° 109 d=2na =225 =675
26 d=05na=0°p=0° 68 d=\a=675° B =45° 110 d =2\ a=225°B=90°
27 d=05na=0°,p8=225° 69 d=xa=675°B=675° 111 d=2xra=458=0°
28 d=0.5na=0°=45° 70 d=xa=675°8=90° 112 d=2ra=45=225°
29 d=05na=0°8=675° 71 d=xa=90°8=0° 113 d=2%\a =45 B =45°
30 d=0.5na=0°8=90° 72 d=xa=90° 8 =225° 114 d=2ra=45, =675
31 d=05na=225 =0 73 d=na=90°8=45° 115 d=2%a=45° B =90°
32 d =05\ a=225° 8=225° 74 d=xa=90° =675 116 d=2ra=675 =0
33 d =05\ a=225° B =45° 75 d="%a=90°8=90° 117 d=2\a=0675 =225
34 d=0.5Na=225° 8 =067.5° 76 d=15Na=0°8=0° 118 d=2\a =675 B =45°
35 d=0.5na =225 8=90° 77 d=15Na=0° 8=225° 119 d=2\a =675 B=675°
36 d=05na=45°B=0° 78 d=15Na=0° B =45° 120 d =2\ a=67.5°8=90°
37 d=05na=45° B =225° 79 d=15Na=0° =675 121 d=2xra=90°8=0°
38 d=0.5n a=45° B =45° 80 d=15Na=0° 8=90° 122 d=2xra=90°8=225°
39 d =05\ a=45° B =67.5° 81 d=15Na=225°8=0° 123 d=2%\a=090° 8=45°
40 d =05\ a=45° B =90° 82 d=15na=225° B =225° 124 d=2ra=90°8=675°
4 d=05na=675 =0 83 d=15Na=225° B=45° 125 d=2%a=090° 8=90°
42 d =05\ a=675° 8=225° 84 d=15\a=225° B =675 - -

the two rats was determined by the length of the connection line
between the two midpoints of the two rats, which was marked
as d. The angle between this connection line and the X-axis was
defined as the relative direction angle «. With (d, @), the relative
position of the two rats is determined. By fixing the position of
rat 1 at the origin of the OXY coordinate, the posture position of

rat 2 relative to rat 1 can be expressed by (d, o, ).

Statistic Analysis of the Relative Gesture

Position of the Two Free Rats

Taking rat 1 as the reference, the variation of the relative position
caused by the motion of rat 2 was statistically analyzed. Because of
the symmetry between the two rats, only the first quadrant of the
coordinate system is necessary to represent the relative position

of rat 2 referring to rat 1. The quadrant region is partitioned into
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16 small regions, with a span of Ad = 0.5\ (A is the wavelength
of the incident microwave, which is 166.7 mm for 1.8 GHz) and
Aa = 22.5°. Here, we use d = 0 to represent the statistic distance
interval of de(0, 0.51), and o = 0 to represent the statistic angle
interval of ae(0, 22.5°). Accordingly, the values of d are chosen
to be 0, 0.5, 1, 1.5, and 2, respectively, and o were valued as 0,
22.5, 45, 67.5, and 90. Similarly, the relative orientation angle 8
is categorized into five different numerical ranges marked as j
= 0, 22.5, 45, 66.7, and 90° considering the symmetry between
rat head and tail which cannot be strictly identified in this work.
Therefore, there are 125 combinations of d, «, and 8 in total, and
the frequency of each case was calculated based on the 48-h video.

Numerical Simulation

The rat anatomical model (220 g weight, 244.8 mm long) used
here is the same as our previous work (8). XFDTD 7.3 (Remcom,
PA, USA) was used to calculate the WB-avgSAR of the rat. The
incident power density of the 1.8 GHz microwave was 1 W/m?.
The boundary condition was set as the perfectly matched layer
with a seven-layered absorbance boundary. The grid size was set
to 0.4mm x 0.4mm X 0.4mm to guarantee convergent results
and accurate SAR values in specific tissues.

To investigate the effect of the relative distance on the WB-
avgSAR of the two rats, « and B was set as 0° (in this case, the
two long axes are parallel), and the variation span of d was set as
Ad = 0.5\. To investigate the effect of relative position on the
WB-avgSAR, d was set as the half-length of the rat body (i.e., d =
122.4 mm in this work) and 8 = 0°, and « varied from 0 to 360°
with a span of Ao = 45°. To investigate the effect of the relative
orientation on the WB-avgSAR, the d was set as 122.4 mm (to
avoid the overlapping of two rats) and @ = 0°. Rat 1 located at the
coordinate origin and rat 2 laid flatly and spun clockwise with a
span of AB = 22.5°. The illustration is shown in Figure 2.

Based on the 48-h video, there are 125 combinations of d, «,
and B in total. Different values of d, «, and 8 were corresponded
to the Case ID, as shown in Table 1.

In the 25 cases of d = 0 (@ and B varied from 0 to 90°),
the two rats tightly closed to each other or even overlapped. In
such cases, it is difficult to separate the gesture of the two rats
in XFDTD software. Therefore, we took the 25 cases into 1 case
consideration that valued as d = 0, « = 0, and 8 = 0 in the
numerically simulated. The WB-avgSAR of rat 1 in each case
was recorded as Sy;, where i varied from 1 to 125. Then, n; was
calculated with Equation (1)

:Sli -8

1

x 100%

ni (1)

where S is the WB-avgSAR of rat 1 fixed on the coordinate origin
with the irradiation manner of EHK, which takes the value of
0.043 W/kg here. n; reflects the influence of the relative gesture
position of rat 2 on the WB-avgSAR of rat 1.

Two irradiation methods, EHK (the microwave incident from
the back to the abdomen of the rat, and its electric field
polarization direction was along the long axis of rat 1) and HEK

(the microwave incident from the same direction, but its electric
field polarization direction was along the short axis of rat 1), were
considered in this study.

The average variation of the WB-avgSAR (14,¢) of rat 1 within
48h was subsequently calculated by Equation (2) to see the
overall impact of the existence of rat 2:

Navg = Z Wi X i (2)

1

where, W; is the statistical probability of each relative posture
position obtained from the 48-h-video.

RESULTS

The Effect of the Relative Position on the
WB-AvgSAR of the Two Rats

The influence of the relative distance between the two rats on the
WB-avgSAR is shown in Figure 3. The dashed line indicates the
WB-avgSAR of a single rat, which has been calculated as 0.043
W/kg for EHK and 0.0245 W/kg for HEK. The WB-avgSAR of
both rats is the same because they two are plane symmetry. The
distance between the two paralleled rats does influence their WB-
avgSAR in a form of fluctuation. In both irradiation manners
EHK and HEK, the maximum values appeared at d = @k,
while the minimum values appeared at d = k\. The amplitude
of the fluctuation decreased with the relative distance increasing.
This might result from the disturbance of the spatial distribution
of the microwave due to the existence of the neighboring rat.
Compared with HEK, the results of the EHK method showed a
higher WB-avgSAR and a larger fluctuation amplitude, this might
be since EHK contributes to a long-axis polarization direction of
its electric field.

The influence of relative direction angle o on the WB-avgSAR
is shown in Figure 4. Similar to the effect of d, the WB-avgSAR of
EHK irradiation was higher than that of HEK due to electric field
polarization direction. The effect of o exhibited an orientation
symmetry pattern in the case of EHK, and the maximum value
appeared at the two rats in alignment that correspond to o = 90°
and 270°.

The influence of relative orientation angle 8 on the WB-
avgSAR was shown in Figure5. Since rat 1 was in a fixed
position, the relative orientation of rat 2 leads to the asymmetric
fluctuation of the WB-avgSAR on rat 1. The WB-avgSAR of
rat 2 varied with the orientation angle 8 because its long-axis
changed with . When its long-axis was aligned with the electric
field polarization direction under the 8 = 90° and 270°, the
WB-avgSAR value of rat 2 is maximized.

The Statistical Result on the Relative
Gesture Position of the Two Rats Within
48 h

The statistical result on the relative gesture position of the two
rats within 48 h was shown in Figure 6. It gives the value of W; in
Equation (2).

For most of the time, the two rats laid closely, and the total
probability of d = 0 (corresponded to case 1 to case 25) is about
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FIGURE 3 | The whole-body average SAR (WB-avgSAR) of two rats in different horizontal distance d. (A) The simulation results under EHK; (B) The simulation results
under HEK.
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FIGURE 4 | The WB-avgSAR of two rats in different relative direction angles « (A) The simulation results under EHK; (B) The simulation results under HEK.
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FIGURE 5 | The WB-avgSAR of two rats in different relative orientation angles B. (A) the simulation results of rat 1 laid flatly and in EHK radiation mode; (B) The
simulation results of rat 1 laid flatly and in HEK radiation mode.
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FIGURE 6 | Time probability distribution of two free rats in 125 relative posture
positions (total time duration was 48h).

57.74%. For the rest of the time, the two rats moved freely in the
cage, and the distance between them mostly ranged from 0.5\ to
1.5\. The probability of each relative gesture position fluctuated
between 0 and 1.63%.

The Effect of the Existence of Rat 2 on the
WB-AvgSAR of Rat 1

The variation rate of the WB-avgSAR of rat 1 under each relative
gesture position case that was calculated from Equation (1)
is shown in Figure7. The existence of rat 2 affects the WB-
avgSAR of rat 1 to a certain degree, and the effect would be
either positive or negative. In most cases, the variation rate is

lower than 10%. The average variation rate of the WB-avgSAR
of rat 1 given by Equation (2) is about —10.3% within 48h.
When there are two free rats in the cage, the WB-avgSAR of
each rat reduced about 10.3% when compared with the case of
only one rat in the cage. However, it is worth noting that the
calculation error caused by theoretical simulation is normally
larger than 10%. So that, the variation of the WB-avgSAR of
the rat that caused by the existence of another rat is too small
to be considered unless the real-time SAR is required to be
precisely controlled.

DISCUSSION

Wu et al. reported that the exposure of multiple rats led
to significantly different dosimetric results at the microwave
frequency (17), and they further indicated that the variation
of the WB-avgSAR of the rat due to the existence of the
adjacent rats differed from their intervals (21). Our study
on the effect of the relative positive of the two rats showed
similar results.

At a certain moment, the relative gesture position of
two free rats is definable and can be treated as the two
fixed rats. Thus, in the case of two free rats, the real-
time dosimetric variation depends on their relative gesture
position at that moment. Since the real-time dosimetric
variation could be both positive and negative, the time-
weighted average dosimetric variation within 48h was
only 10.3%.

Most of the time, the two rats stayed closely or even
overlap. In such cases, the two rats might absorb the irradiation
power together with a minimum reflection area, which led
to a negative effect on the WB-avgSAR. Therefore, though in
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FIGURE 7 | The variation rate of the WB-avgSAR of rat 1 under each relative gesture position.
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some cases, the positive effect could exceed 40%, the overall
effect of the existence of rat 2 is to reduce the WB-avgSAR of
rat 1.

In the present study, we only considered the average
dosimetric variation on the WB-avgSAR of the rat. The
dosimetric variation within the different organs might be
further studied.

SUMMARY

Infrared thermography was used to record the activity of the
two free rats who lived in the same cage that mounted at
the far-field region in the microwave darkroom. Using an in-
house image processing algorithm, we distinguish the rough
positions and directions of the two rats. Three parameters
as the relative distance (d), relative direction angle (&), and
relative orientation angle (8) were defined to describe the
relative posture position of the two rats. The existence of
rat 2 leads to a fluctuation on the WB-avgSAR accompany
by the change of d, o, and B. However, the variation rate
of the 48-h-average WB-avgSAR is only around 10%, which
implies that the over-time average WB-avgSAR of two free
rats can be roughly described by the SAR of one free
rat unless the real-time precisely control of exposure dose
is required.
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INTRODUCTION

Nowadays, modern electromagnetic technology is developing rapidly, and humans are constantly
exposed to various types of electromagnetic fields (EMFs) or magnetic fields (MFs) originating
from different man-made sources. The possible adverse effects of EMFs on human health have
attracted significant public attention (1, 2). Although non-ionizing EMFs do not have enough
energy to directly ionize bio-macromolecules, many institutions, such as, the WHO, have issued
warnings regarding their potential biological effects (3, 4). The International Agency for Research
on Cancer (IARC) has categorized both radiofrequency and extremely low-frequency EMFs as
possible carcinogens to humans and has warned the public about the potential risks (5, 6).

As the largest risk factor for a multitude of age-related diseases, aging is becoming one of the
most serious public health problems in the case of the rapid aging of the population (7). The
aging process can be affected by many external factors, such as exercise and nutrition (8). The
effect of EMF exposure on the aging process is also a concern. In 2013, Makarov and Khmelinskii
(9) reported that three-dimensional oscillating low-frequency electric EMFs have an effect on
the control of the Drosophila melanogaster life span, indicating that EMFs might affect the aging
process; however, the mechanism is unknown.
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Cellular senescence is the origin of aging, which promotes
organismal aging and dysfunction (10, 11), and senescence-
associated secretory phenotype (SASP) secreted by senescent cells
can cause inflammation and change the microenvironment to
promote senescence (10). Cellular senescence can be triggered
by various stresses, such as activated oncogenes, oxidative
stress, shortening of telomeres, DNA damage, and insufficient
supplementation (12-14). EMFs have also been reported to
induce oxidative stress, DNA damage, and other biological
effects, although the results are not definitive (15, 16). Thus, it is
necessary to consider the effects of EMFs on cellular senescence.

The effect of EMFs on cellular senescence has been
investigated in several studies, but the results have been
inconsistent. First, several studies have reported that EMFs can
induce cellular senescence. Kim et al. reported that 1.76 GHz
radiofrequency EMFs induced cellular senescence in HaCaT
human keratinocytes (17). Choi et al. (18) reported that 1.7 GHz
radiofrequency EMFs induced senescence in human adipose
tissue-derived stem cells (ASCs) and Huh7 liver cancer stem
cells. Fathi et al. (19) reported that exposure to 50 Hz MFs
induces senescence in rat adipose-derived mesenchymal stem
cells. Second, several other studies did not find a significant
effect of EMFs on cellular senescence. Alessio et al. (20)
reported that 169 MHz radiofrequency EMF exposure had
no effect on cellular senescence in human adipose-derived
mesenchymal stem cells. Hong et al. (21) reported that exposure
to 60 Hz MFs had no effect on cellular senescence in human
breast epithelial cells (MCF10A). Finally, some studies have
reported that EMFs might be effective in delaying cellular
senescence. Perez et al. (22) reported that engineered repeated
EMFs therapy upregulates the HSR/HSF1 pathway and delays
cellular senescence in young cells. Xu et al. (23) reported that
4Hz rotating MFs delayed human umbilical vein endothelial
cell (HUVEC) senescence. Maredziak et al. (24) reported
that static MFs delayed human adipose-derived mesenchymal
stem cell senescence. The types of EMFs, cellular models,
and endpoints were different in these studies, which might
have contributed to the inconsistent results. Although the
results were inconsistent, and it was difficult to draw a clear
conclusion about the impact of EMFs on cellular senescence,
the current available studies provide information that EMFs
might have an effect on cellular senescence under specific
conditions. However, the specific conditions are unknown, and
more information about the effect of EMFs on cell senescence
is needed.

In recent vyears, low-frequency-pulsed (<100Hz) MF
exposure is increasing, that has been frequently applied as a non-
invasive, easy, cheap, and reliable alternative method for clinical
treatment, such as pain management (25, 26), brain stimulation
(27), and bone fracture repair (28). In this study, we investigated
the effect of 10 Hz pulsed MF exposure on cellular senescence
in 2BS cell line isolated from human fetal lung fibroblasts, a
cellular senescence model, and detected cellular senescence-
related phenotypes, that is, DNA damage, senescence-associated
B-galactosidase (SA-B-gal) activity, SASP, and mitochondrial
function. The results showed that intermittent (1 d on/1 d off)
exposure to 1.0 mT 10 Hz pulsed MFs for 2 weeks induced DNA

damage, but no other significant cellular senescence phenotype
in 2BS cells.

MATERIALS AND METHODS
Cell Culture

Human fetal lung fibroblasts (2BS cell line) were obtained from
the National Institute of Biological Products (Beijing, China)
and have been well-characterized as a cellular senescence model
(29-31). Cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Grand Island, NY, USA) with
10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin,
and 100 mg/ml streptomycin at 37°C with 5% CO, in an
incubator (Thermo Scientific, Shanghai, China). The cells were
sub-cultured in a 1:2 or 1:4 ratio when the culture confluence was
almost 85%. The formula log, (D/D0) was used for the calculation
of cell cumulative population doubling (CPD), where D and DO
are the densities of cells at the time of harvesting and seeding,
respectively. Cells were considered young at <30 population
doubling (PD) and replicative senescent around 55 PD or later.

The EMF Exposure System

The system was designed and manufactured by CH_HAIL
Electronic Devices Inc. (Beijing, China). A pair of Helmholtz
coils (CHY15-20], CH_HAIL), 30 cm in diameter and 9 cm apart,
combined with a signal generator (DG1022U, RIGOL, Beijing,
China), a power amplifier (CH-EA-500G, CH_HAIL), and a
gauss meter (CH-1600, CH_HAIL; Supplementary Figure 1).
The system could generate 0-1kHz, 0-2.0 mT MFs. Helmholtz
coils were placed in an incubator (Thermo Scientific) in a
humidified atmosphere of 5% CO, at 37°C. Culture flasks
and plates were placed between the coils on a transparent
polymethylmethacrylate holder, 1cm below the center of the
coils. The coils were oriented on the left and right sides of the
flasks and plates. In this configuration, the MFs were parallel
to the bottom of the flasks and plates. The temperature of the
medium was determined using a medical thermometer, and no
significant increase was found compared to the control group
during exposure. Total 1.0 mT 10 Hz pulsed MFs (duty ratio =
0.50) were used in the present study. The strengths of the MFs
were monitored using a gauss meter at the center of the two coils,
and the MF was homogeneous from the coil center to the origin,
in the 10cm of the spherical region, the uniform index < 4%
(Supplementary Figure 3).

The background static MFs density was 4.32 £ 1.75
WT (Supplementary Figure 2A and Supplementary Data).
The root mean square (RMS) value of 10Hz pulsed MFs
density was 1.0 mT (Supplementary Figures 2B,C and
Supplementary Data). The pulse period was 100ms, the
pulse width was 50 ms, the rise and fall time was about 20 ns,
respectively (Supplementary Figure 2D).

Exposure Protocol

Cells in the exposure group were exposed to 1.0 mT 10 Hz pulsed
MFs (1 d on/1 d off) for 2 weeks. At the same time, cells in
the control group were cultured in another incubator (Thermo
Scientific) under the same conditions without MF exposure.
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Cell subcultures progressed during the exposure interval. After
exposure, the cells were harvested for further analyses.

Alkaline Comet Assay

After exposure, the cells were digested, resuspended in a culture
medium, and then placed on ice. The sandwich agarose gels
were made up of 0.65% normal-melting agarose that had been
pre-coated on a slice and 0.65% low-melting agarose mixed
with cells on normal-melting agarose. The cells were lysed in
lysis buffer containing 1% Triton X-100 at 4°C for 1h and
then enzymatically hydrolyzed in lysis buffer containing 0.5
mg/ml DNase-free proteinase K (Beyotime, Shanghai, China) at
37°C for 2h. Before electrophoresis, DNA in cells was unwind
in ice-cold alkaline electrophoresis solution for 20min and
then electrophoresis at 20V for 20 min. After electrophoresis,
cells were neutralized in Tris buffer (0.4 M, pH 7.5) for 2 x
5min. DNA “comets” were stained by Gel-red (Beyotime) and
photographed by a fluorescence microscope (Zeiss, Oberkochen,
German). Approximately 30 comets for each sample were
calculated using the CASP 1.2.2 software (Krzysztof Konca,
Wroclaw, Poland). Additional details can be found in a
previously described protocol (32).

Western Blotting

After exposure, cells were washed with ice-cold PBS and then
lysed with radioimmunoprecipitation assay (RIPA) lysis buffer
(P0013B, Beyotime) with 1 x protease inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN, USA) on ice. Cell lysates were
separated by electrophoresis on 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gels, transferred to polyvinylidene fluoride
(PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, USA),
blocked with 5% skimmed milk PBS with 0.05% Tween 20, and
blotted with the primary antibody for 2h at room temperature.
This was followed by incubation with horseradish peroxidase
(HPR)-conjugated goat anti-mouse or goat anti-rabbit IgG
at room temperature for 1h. Immunoreactive bands were
detected using the enhanced chemiluminescence (ECL) method.
The primary rabbit anti-yH2AX antibody was purchased from
Beyotime Technology and anti-p21W!, p16™NK4 and GAPDH
antibodies were from Cell Signaling Technology (Danvers,
MA, USA), and the anti-p53 antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

SA-$-Gal Staining

Senescence-associated B-galactosidase staining was performed
using a commercial kit (C0602, Beyotime). In brief, after
exposure, the cells were fixed for 15min and then incubated
with staining solution at 37°C without a CO, supply overnight.
The cells were visualized using a microscope (Zeiss), and the
percentage of positively stained cells was calculated. A total of 200
cells per sample were analyzed.

Quantitative Real-Time PCR

Total RNA was extracted from the cells using a total RNA
extraction reagent (TRIzol, Thermo Scientific) and transcribed
to cDNA using a reverse transcription kit (BL699A, Biosharp,
Hefei, China) with a PCR system (Bio-Rad). RNA expression

was quantified using an SYBR Green qPCR Mix kit (BL698A,
Biosharp) using a qPCR system (Roche, Basel, Switzerland). The
expression of miRNA was defined from the threshold cycle,
and relative expression levels were calculated using the 2722t
method after normalization with reference to the expression of
18S mRNA. Primer sequences were obtained from a published
article (33) and were synthesized by Tsingke Biotechnology Co.,
Ltd. (Hangzhou, China).

Cell Cycle Analysis

The cells were harvested, resuspended in pre-cooled PBS with
70% ethanol, and stored at —20°C overnight. Cells were then
stained with 50 pg/ml propidium iodide (Beyotime) diluted in
PBS containing 50 mg/ml RNase A (Thermo Scientific) at room
temperature (25°C) for 30 min. The cell cycle distribution was
analyzed by flow cytometry (Cytoflex, Beckman Coulter, CA,
USA), in which 1 x 10* events per sample were acquired, and
the proportions of cells in the GO/GI1, S, and G2/M phases
were determined.

Cell Viability Analysis

After exposure, the cells were detached using 200 ul of
0.25% trypsin-EDTA (Gibco) and resuspended in 500 pL
of culture medium. Then, 3,000 cells per well were seeded
into a 96-well-plate (Corning, NY, USA). Cell viability was
determined using Cell Counting Kit-8 (CCK-8, Dojindo
Molecular Technologies, Kumamoto, Japan) at 24 and 48 h after
seeding. The values were detected using a microplate reader
(Tecan, Hombrechtikon, Switzerland).

Cell Proliferation Assay

Cell proliferation was determined using a 5-ethyny-2'-
deoxyuridine (EdU) cell proliferation kit (C0071S, Beyotime).
In brief, cells were incubated with EdU for 1h and then
harvested. Cells were fixed in 70% ethanol at —20°C overnight.
EdU signal per cell was detected by flow cytometry (Cytoflex,
Beckman Coulter). More details can be found in the instructions
of manufacturer.

Intracellular Reactive Oxygen Species

Measurement

Intracellular ROS were detected using 2,7-
dichlorodihydrofluorescein diacetate (H;DCFDA) (Beyotime).
After exposure, cells were washed twice with an FBS-free culture
medium and then incubated with 10 wM H,DCFDA diluted in
an FBS-free culture medium at 37°C for 20 min. The cells were
then harvested and washed with PBS. H,DCFDA signaling was
determined using flow cytometry (Cytoflex, Beckman Coulter).

Mitochondrial Membrane Potential

Determination

Mitochondrial membrane potential in cells was determined using
an MMP assay kit with JC-1 (Beyotime). Briefly, cells were
detached and resuspended in a 0.5 ml culture medium. The cells
were then incubated with JC-1 at 37°C for 20 min, and then the
intensities of JC-1 (red and green fluorescence) were determined
by flow cytometry (Cytoflex, Beckman Coulter).
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FIGURE 1 | The effect of 10 Hz pulsed MFs exposure on DNA damage and p16, p21, and p53 expressions in 2BS cells. (A) The statistical values of DNA
fragmentation (Olive tail moment) in 2BS cells of control and 10 Hz pulsed MFs exposure group and representative images of alkaline comet assay; (B) the statistical
graphic of protein expression (relative to GAPDH) and blot images of yH2AX, p16, p21, and p53 in 2BS cells. All data were presented as mean + SD. *P < 0.05.

Adenosine 5’ -Triphosphate (ATP) Detection
Adenosine 5'-triphosphate levels were determined using an ATP
Assay Kit (Beyotime). Briefly, after exposure, the cells were lysed
at 4°C. After centrifugation, ATP and protein concentrations in
the supernatant were determined. The concentration of ATP per
unit protein in each sample was then calculated. A microplate
reader (Tecan) was used to read the data.

Enzyme-Linked Immunosorbent Assay

The levels of interleukin (IL)-6, CXC chemokine ligand 8
(IL-8), and growth-regulated oncogene alfa (GRO-a) in the
culture medium were determined using commercial ELISA kits
(SolelyBio, Shanghai, China). Briefly, after exposure, the cell
culture medium was collected and added to the test plate. After
reaction at 37°C for 30 min, the culture medium was removed,
and an enzyme labeling reagent was added to the plate. After
reaction at 37°C for 30 min, the enzyme labeling reagent was
removed, and a chromogenic solution was added to the plate.
After reaction at 37°C for 10 min, the reaction stop solution
was added to stop the reaction, and the values were immediately
detected using a microplate reader (Tecan). More details can be
found in the manufacturer’s instructions.

Statistical Analysis
All experiments were performed in triplicate at least. Students ¢-
test was applied for comparisons between two groups in which

the data followed a normal distribution, and Wilcoxon rank-sum
test was applied when the data were not a normal distribution,
all the data were analyzed in R software (Version 3.6.1), and the
differences were considered statistically significant at P < 0.05.

RESULTS

Effect of 10 Hz Pulsed MFs on DNA
Damage in 2BS Cells

DNA damage accumulation is not only a phenotype but also a
cause of cellular senescence (11, 34). In our results, the alkaline
comet assay showed that exposure to 1.0 mT 10 Hz pulsed MFs
for 2 weeks increased DNA fragmentation, but the difference was
not statistically significant (Figure 1A). To further confirm this,
we detected YH2AX, a sensitive marker of DNA damage (35),
and found that 10 Hz pulsed MFs exposure significantly increased
YH2AX in 2BS cells compared to the control group (Figure 1B),
indicating that 10 Hz pulsed MFs exposure has an effect on DNA
damage in 2BS cells.

Effect of 10 Hz Pulsed MFs on p16, p21,
and p53 Expression in 2BS Cells

Cellular senescence is characterized as a stable and terminal state
of growth arrest in which cells are unable to proliferate (36).
Accumulated DNA damage activated DNA damage response
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FIGURE 2 | The effect of 10Hz pulsed MFs exposure on SA-B-gal staining in
2BS cells. Representative images show the SA-g-gal staining in 2BS cells of
control and 10 Hz pulsed MFs exposure group, bar = 10 um, and the graphic
shows the statistical values of SA-g-gal staining (Percentage of positive
staining cells), data were presented as mean + SD. SA-8-gal,
senescence-associated B-galactosidase.

(DDR), a factor that activates cell cycle arrest. At the bottom
of the DDR cascade, the tumor suppressor p53, the cyclin-
dependent kinase inhibitor p21, and CDK4 and CDKG6 inhibitor
pl6 all play critical roles in senescence entry and the maintenance
of the senescence phenotype (36). We determined the expressions
of pl6, p21, and p53 via western blot assay, and the results
showed that 10Hz pulsed MF exposure did not significantly
increase p16, p21, or p53 expression levels in 2BS cells compared
to the control group (Figure 1B).

Effect of 10 Hz Pulsed MFs on SA-g-gal
Staining in 2BS Cells

Senescence-associated [-galactosidase is a lysosomal enzyme
whose accumulation is the most widely used biomarker for
detecting cellular senescence (37). The results of the SA-B-gal
staining assay showed that 10 Hz pulsed MF exposure did not
significantly increase the percentage of positively stained cells in
2BS cells compared to the control group (Figure 2).

Effect of 10 Hz Pulsed MFs on SASP in 2BS
Cell

Senescence-associated secretory phenotype is a typical phenotype
of senescent cells, such as pro-inflammatory cytokines,
chemokines, growth factors, and proteases (37). SASP is

also a potential mechanism through which senescent cells
exert their pleiotropic biological functions (37). The levels of
proinflammatory IL-6, CXC chemokine ligand 8 (IL-8), and
growth-regulated oncogene (GRO-a) in the culture medium
of 2BS cells were determined by ELISA. The results showed
that 10 Hz pulsed MF exposure did not increase IL-6 secretion
compared to the control group, and IL-8 and GRO-«a levels were
below the detection limit (Figure 3A). The mRNA expression
of several SASP factors was determined by qPCR. The results
showed that ANKRD1, CDKNI1A, CDKN2A, CSF2, CXCLI,
CXCL2, EDNI, IL-6, IL-7, and IL-8 were not significantly
affected by 10 Hz pulsed MF exposure compared to that in the
control group (Figure 3B).

Effect of 10 Hz Pulsed MFs on Cell
Proliferation and Cell Cycle Progression in
2BS Cells

Cellular senescence is defined as the irreversible arrest of cell
proliferation in response to exogenous or endogenous stimuli
(38). Thus, we determined cell proliferation and cell cycle
progression. The results showed that neither cell proliferation nor
cell cycle progression was significantly affected in 10 Hz pulsed
MFs exposed 2BS cells compared to that in the control group
(Figure 4).

Effect of 10 Hz Pulsed MFs on ROS
Generation, MMP, and ATP Levels in 2BS
Cells

Mitochondria are important organelles that provide energy for
cell metabolism. Mitochondrial dysfunction is a hallmark of
cellular senescence (11), which leads to insufficient energy supply
and excessive ROS generation, such as cell damage and aging
(38, 39). Thus, we determined the cellular ROS, MMP, and ATP
levels. The results showed that neither ROS levels, MMP, nor
ATPs were significantly changed in 2BS cells that were exposed
to 10Hz pulsed MFs compared to that in the control group
(Figure 5).

DISCUSSION

As the largest risk factor for a multitude of age-related diseases,
rapid population aging has led to a global burden of late-life
disease (7, 40). Aging-related senescence leads to progressive
deterioration of bodily functions, which is associated with a
loss of complexity in a wide range of physiological processes
and anatomic structures (40). The aging process is not only the
result of genotype but also closely related to external factors. For
decades, the rapid increase in the use of EMFs has raised public
concerns about the potential biological effects of EMFs, and the
effect of EMFs on aging has also attracted attention. Cellular
senescence is the basis of aging, which results in tissue and organ
senescence and leads to body dysfunction (10, 11). Thus, it is
important to understand the effects of EMF exposure on cellular
senescence. Although there have been several investigations, the
results were inconsistent and the effects of EMFs on cellular
senescence are not completely understood, therefore, more
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studies are required. In this study, we investigated the effect of
10Hz pulsed MFs on cellular senescence in human fetal lung
fibroblasts (2BS) by detecting several hallmarks of senescent cells,
such as DNA damage, p53, p21, and p16 expression levels, SA-
B-gal activity, SASP, and mitochondria function (33) and found
that 10 Hz pulsed MFs only increased DNA damage but no other
senescent phenotypes in 2BS cells.

Impaired DNA damage is not only a hallmark of aging but
also a causal factor of the aging process, which will constantly
activate DDR to arrest the cell cycle and growth (11, 34). In
this study, the results of the alkaline comet assay and yH2AX
expression levels showed that 10 Hz pulsed MF exposure induced
DNA damage in 2BS cells (Figure 1), but no other significant
senescence phenotypes were observed compared to the control,
such as p53, p21, and pl6 (Figure 1), which are important
factors in DNA damage-induced cellular senescence (34, 36),
and cell cycle progression and proliferation (Figure4) were
also not significantly changed. These results suggest that the
DNA damage induced by 10 Hz pulsed MFs is repairable or too
small to induce significant senescence in 2BS cells after 2 weeks
of exposure.

To further investigate the effect of 10Hz pulsed MFs on
cellular senescence, SA-B-gal activation, and SASP factors, two
typical characteristics of senescent cells were determined in this
study. SA-fB-gal staining is a common and widely used marker
for detecting cell senescence (41). SASP is comprised of a packet
of pro-inflammatory cytokines, chemokines, growth factors,
and proteases that are important for senescent cells to exert
their pleiotropic biological functions, such as self-reinforcing
senescence or affecting the microenvironment (36). In this study,
no significant changes in SA-B-gal activation (Figure2) and
several SASP levels (Figure 3) were detected in the 10 Hz pulsed
MF exposure group compared to that in the control group. These
results suggested that 10 Hz pulsed MFs do not induce significant
cell senescence in 2BS cells.

Senescent cells are also characterized by mitochondrial
dysfunction, which plays an important role in the establishment
of senescence, such as increased oxidative stress (36). In this
study, to determine the function of mitochondria, we detected
MMP, ROS, and ATP generation, and no significant effect was
observed (Figure 5), indicating that mitochondrial function was
not affected by 10 Hz pulsed MF exposure in 2BS cells.
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The 2BS cells used in this study were isolated from human fetal
lung fibroblasts by the National Institute of Biological Products
(Beijing, China) and have been well-characterized and widely
used as a cellular senescence model (29-31). Cells are defined as
young at a number lower than 30 PD and replicative senescent
around 55 PD or later (39). In this study, exposure to MFs was

started at 30 PD and ended at 40-42 PD of the 2BS cells that the
cells were in the process of aging but not completely senescent.
Thus, this study only investigated the effect of 10 Hz pulsed MFs
on the aging process of 2BS cells, whether 10Hz pulsed MF
exposure has an effect on young or senescent 2BS cells requires
further study.
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In conclusion, under current conditions, intermittent (1
d on/l d off) exposure to 10Hz pulsed MFs at 1.0 mT
for 2 weeks did not induce significant cellular senescence in
2BS cells.
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1,800 MHz Radiofrequency
Electromagnetic Irradiation Impairs
Neurite Outgrowth With a Decrease
in Rap1-GTP in Primary Mouse
Hippocampal Neurons and Neuro2a
Cells

Yanqi Li, Ping Deng, Chunhai Chen, Qinlong Ma, Huifeng Pi, Mindi He, Yonghui Lu,
Peng Gao, Chao Zhou, Zhixin He, Yanwen Zhang, Zhengping Yu and Lei Zhang*

Key Laboratory of Medical Protection for Electromagnetic Radiation, Department of Occupational Health, Ministry of
Education, Third Military Medical University, Chongging, China

Background: With the global popularity of communication devices such as mobile
phones, there are increasing concerns regarding the effect of radiofrequency
electromagnetic radiation (RF-EMR) on the brain, one of the most important organs
sensitive to RF-EMR exposure at 1,800 MHz. However, the effects of RF-EMR exposure
on neuronal cells are unclear. Neurite outgrowth plays a critical role in brain development,
therefore, determining the effects of 1,800 MHz RF-EMR exposure on neurite outgrowth
is important for exploring its effects on brain development.

Objectives: We aimed to investigate the effects of 1,800 MHz RF-EMR exposure for
48 h on neurite outgrowth in neuronal cells and to explore the associated role of the Rap1
signaling pathway.

Material and Methods: Primary hippocampal neurons from C57BL/6 mice and
Neuro2a cells were exposed to 1,800 MHz RF-EMR at a specific absorption rate
(SAR) value of 4 W/kg for 48h. CCK-8 assays were used to determine the cell
viability after 24, 48, and 72 h of irradiation. Neurite outgrowth of primary hippocampal
neurons (DIV 2) and Neuro2a cells was observed with a 20x optical microscope and
recognized by ImagedJ software. Rapla and Rap1b gene expressions were detected
by real-time quantitative PCR. Rap1, Rap1a, Rap1b, Rap1GAP, and p-MEK1/2 protein
expressions were detected by western blot. Rap1-GTP expression was detected by
immunoprecipitation. The role of Rap1-GTP was assessed by transfecting a constitutively
active mutant plasmid (Rap1-Gly_Val-GFP) into Neuro2a cells.

Results: Exposure to 1,800 MHz RF-EMR for 24, 48, and 72h at 4 W/kg
did not influence cell viability. The neurite length, primary and secondary
neurite numbers, and branch points of primary mouse hippocampal neurons
were significantly impaired by 48-h RF-EMR exposure. The neurite-bearing cell
percentage and neurite length of Neuro2a cells were also inhibited by 48-h
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RF-EMR exposure. Rap1 activity was inhibited by 48-h RF-EMR with no detectable
alteration in either gene or protein expression of Rap1. The protein expression of
Rap1GAP increased after 48-h RF-EMR exposure, while the expression of p-MEK1/2
protein decreased. Overexpression of constitutively active Rap1 reversed the decrease
in Rap1-GTP and the neurite outgrowth impairment in Neuro2a cells induced by 1,800

MHz RF-EMR exposure for 48 h.

Conclusion: Rap1 activity and related signaling pathways are involved in the
disturbance of neurite outgrowth induced by 48-h 1,800 MHz RF-EMR exposure. The
effects of RF-EMR exposure on neuronal development in infants and children deserve

greater focus.

Keywords: radiofrequency electromagnetic radiation, neurite outgrowth, Rap1, Rap1-GTP, Neuro2a cell, primary

mouse hippocampal neurons

INTRODUCTION

The increasing demand for communication technology in
modern society has led to an increased use of radiofrequency
electromagnetic radiation (RF-EMR) (1). The popularity of
mobile phone communication is expanding rapidly. The
proportion of 13-year-old teenagers using mobile phones has
reached 90% in Korea (2-4). With the use of radio equipment for
monitoring and receiving information in neonatal intensive care
units, infants are also becoming increasingly exposed to RF-EMR.
Thus, the impact of radio frequency devices on infants, children,
and adolescents has attracted global attention.

The brain is known to be one of the most sensitive organs
to RF-EMR exposure. Neuronal and cognitive functions are
found to be influenced by RF-EMR exposure. Studies have
indicated that teenagers using mobile phones and thus receiving
RF-EMR exposure may experience memory and attention loss,
learning and cognitive impairment, increased irritability, sleep
problems, increased sensitivity to stress, and increased risk of
seizures (5). The use of mobile phones by teenagers has been
shown to be related to emotional and behavioral disorders, while
reducing mobile phone use can improve children’s cognitive
ability (6). Our previous epidemiological studies also showed that
inattention and fatigue were associated with mobile phone use
in children and adolescents (7, 8), Hippocampal tissues relates
to learning and memory, is one of the sensitive targets of RF-
EMR. Primary hippocampal neurons are classical model cells to
evaluate neurite outgrowth. The assessments of average neurite
length, number of primary and secondary branches of primary
hippocampal neurons were applied in many other studies (9, 10).

As an important functional executor in brain, neuronal
cells have attracted the greatest attention in the study of the
effects and mechanism of RF-EMR exposure. Delivery of RF-
EMR exposure for 24h can cause marked cell death in rat
cortical neurons (11). There is also evidence that the electrical
activity of cultured cortical neurons decreases during RF-EMR
exposure (12). Furthermore, RF-EMR exposure inhibits the
length and number of axon branches of cortical neurons (13). The
activity and density of mature spines in primary hippocampal

neurons decrease significantly when exposed to 2.4 W/kg RF-
EMR, and the average length of dendrites per neuron is also
reduced (14). We also showed that RF-EMR exposure impairs
neurite outgrowth in neural stem cell-derived neurons (15, 16).
However, a study using a pulsed radiofrequency electromagnetic
field reported that it can potentiate neurite outgrowth in
the dopaminergic MN9D cell line (17). The influence of RF-
EMR exposure on neuronal cells remains controversial, but
it is generally agreed that neuronal cells, specifically neurite
outgrowth, are sensitive to RF-EMR exposure (18, 19). Therefore,
it is important to elucidate the effect of RF-EMR exposure on
neurite outgrowth.

Rapl protein, a member of the RAS family, interacts
with cAMP, calcium and other second messengers, turning
extracellular stimulation into intracellular signals (20). The Rap1
protein acts as a molecular switch by cycling between two states
(an inactive GDP-binding form and active GTP-binding form).
These modifications are strictly controlled by guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs)
(21). Recent research further confirmed that Rapl can affect
the rearrangement of the cytoskeleton and promote neurite
outgrowth and dendritic spine formation in the brain (22).
Genetic interaction analysis showed that the repulsive guidance
function mediated by the Sema-la/PlexA signaling pathway,
which contributes to axon growth and guidance, was regulated by
Rapl1 (23). In newborn neurons, Rapl is a critical regulator in the
formation of axons, leading and maintaining the radial migration
of neuronal processes (24). Rap1-GTP, the active form of Rapl, is
considered to affect the growth and differentiation of neuronal
cells (25, 26). Rap1GAP, hydrolyzing the active form of Rapl, is
degraded by the ubiquitin proteasome system (27). In the process
of angiotensin II-stimulated neurite outgrowth in NG108-15
cells, the Rap1/B-Raf signal cascade activates Mitogen-Activated
Protein Kinase Kinase (MEK) and induces sustained activation of
p42/p44 Mitogen-Activated Protein Kinase (MAPK) and finally
neurite outgrowth (28, 29). Although the role of Rapl in neurite
outgrowth has been widely studied, whether Rapl is involved in
neurite outgrowth regulation when neuronal cells are exposed to
RF-EMR remains unclear.
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FIGURE 1 | Effects of RF-EMR exposure on neuronal cell viability. Cell viability was determined using a CCK-8 assay in primary mouse hippocampal neurons from
C57BL/6 mice (A-C) and Neuro2a cells (D-F) irradiated by 24-, 48-, and 72-h 1,800 MHz RF-EMR at 4 W/kg. Data are represented as fold changes relative to sham
from three independent experiments. The values are presented as the means + SEM. Student’s t-test was performed to compare groups.

The purpose of this study was to investigate the effect of 1,800
MHz RF-EMR exposure on neurite outgrowth in primary mouse
hippocampal neurons and Neuro2a cells and to further explore
the role of Rap1 in this process.

RESULTS

48-H 1,800 MHz RF-EMR Exposure Impairs

Neurite Outgrowth in Neuronal Cells

Cell viability was unaffected by 24- to 72-h exposure to 1,800
MHz RE-EMR at 4 W/kg in either primary cultured hippocampal
neurons or Neuro2a cells (Figure 1). In primary hippocampal
neurons, the total neurite length per cell and the number
of primary and secondary branches decreased after 48h of
1,800 MHz RF-EMR exposure. The average number of branch
points of each primary hippocampal neuron decreased after
irradiation. The number of neurons with an average total neurite
length between 0 and 100 pm increased, while the number of
neurons with an average total neurite length between 100 and
200 pm and >200 pm decreased (Figures 2A-F). Similarly, the

average total neurite length and neurite-bearing cell percentage
of Neuro2a cells stimulated by retinoic acid (RA) decreased
after 48 h of 1,800 MHz RF-EMR exposure at 4 W/kg. However,
there was no significant difference in the average number
of neurites among neurite-bearing Neuro2a cells between the
sham and RF-EMR exposure groups (Figures 2G-]J). In primary
hippocampal neurons, BDNF treatment (positive control) can
increase the average neurites length of each neuron by 50%
compared with the sham group, and can increase the primary
neurites number per neurons. However, PD98059 treatment
(negative control) can inhibit the total neurites length of
each cell by about 60%, and can decrease the number of
primary, secondary neurites and branch points per neuron
(Supplementary Figures 1B-F).

Rap1 Activity Is Decreased After 48-H
1,800 MHz RF-EMR Exposure Without

Expression Alteration
The gene expression of Rapla and Raplb and the protein
expression of Rapl, Rapla, and Raplb were not significantly
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FIGURE 2 | Effects of RF-EMR exposure on neurite outgrowth in neuronal cells. Primary hippocampal neurons (A-F) and Neuro2a cells (G-J) were exposed to 1,800
MHz RF-EMR at 4 W/kg for 48 h. Morphological parameters were identified according to the description in the methods. Representative images of primary
hippocampal neurons (A) and Neuro2a cells (G) were taken under a (20x) Leica microscope, and pictures were analyzed with ImageJ software. (B) shows the total
neurite length per primary hippocampal neuron, (C) shows the number of cells in the groups with a total neurite length per primary hippocampal neuron larger than
100 wm, (D,E) shows the primary and secondary neurite numbers per primary hippocampal neuron, (F) shows the branch point number per primary hippocampal
neuron, (H) shows the neurite-bearing cell percentage in Neuro2a cells, (I) shows the total neurite length per Neuro2a cell, and (J) shows neurite number of
neurite-bearing Neuro2a cells after RF-EMR exposure. *P < 0.05, “*P < 0.01, Student’s t-test. Scale bar: 50 pm.

altered after 48h of 1,800 MHz RF-EMR exposure at 4  Rapl-GTP. Rapl-GTP decreased after RF-EMR exposure in
W/kg in neuronal cells (Figures 3, 4). Immunoprecipitation  both primary cultured hippocampal neurons and Neuro2a cells
was used to detect the expression of the active Rapl form,  (Figure5).
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FIGURE 3 | Effects of RF-EMR exposure on the gene expression of Rapia
and Rap1b in neuronal cells. Neuronal cells were exposed to 1,800 MHz
RF-EMR for 48 h at 4 W/kg. Gene expression was analyzed using real-time
quantitative PCR. The Rap1 gene expression in primary hippocampal neurons
(A,B) and Neuro2a cells (C,D) after RF-EMR exposure.

48-H 1,800 MHz RF-EMR Exposure
Enhances the Protein Expression of
Rap1GAP and Decreases the Protein

Expression of p-MEK1/2 in Neuronal Cells
Rapl-GTP is a molecular switch that can be activated by GEFs
and inactivated by GTPase activating proteins (RaplGAPs).
RaplGAPs are representative molecules inactivating Rapl-
GTPase (30). MEK1/2, a downstream molecule of Rapl,
is a key molecule in the cascade reaction of the MAPK
signaling pathway. When phosphorylated, MEK1/2 can activate
downstream MAPK. Rapl-MEK-MAPK signaling can impact
neuronal development, plasticity, and survival, especially by
regulating neurite outgrowth (31). We found that the protein
expression of RaplGAP was enhanced while that of p-MEK1/2
decreased after 48h of RF-EMR exposure in neuronal cells
(Figure 6).

Overexpression of Constitutively Active
Rap1 Reverses the Neurite Outgrowth
Impairment Induced by 48-H RF-EMR

Exposure in Neuro2a Cells
To further verify the role of Rapl-GTP in the impairment
of neurite outgrowth induced by RF-EMR exposure, we
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FIGURE 4 | Effects of RF-EMR exposure on the protein expression of RapT,
Rap1a, and Rap1b in neuronal cells. Neuronal cells were exposed to 4 W/kg
RF-EMR for 48 h. Protein expression was analyzed using western blot
analysis. The protein expression levels of Rap1, Rap1a, and Rap1b in primary
hippocampal neurons (A-F) and Neuro2a cells (G-L) after RF-EMR exposure.

overexpressed Rapl-GTP by transfecting a constitutively active
mutant Rapl plasmid (Rapl-Gly_Val-GFP) into Neuro2a cells.
Changing the 12th amino acid of the mutant plasmid
from glycine to valine constitutively activates Rapl (32, 33).
After transfection of the constitutively active Rapl, its gene
and protein expression levels increased in Neuro2a cells
(Supplementary Figure 2). After transfection of the mutant
plasmid, the expression of Rapl-GTP increased after 48h of
irradiation (Figure 7). Overexpression of Rap1-GTP reversed the
disturbance of neurite outgrowth induced by 48h of RF-EMR
exposure (Figure 8).
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FIGURE 5 | Effects of RF-EMR exposure on Rap1-GTP protein expression in neuronal cells. Neuronal cells were exposed to 4 W/kg RF-EMR for 48 h. The protein
expression of Rap1-GTP protein in primary hippocampal neurons (A-C) and Neuro2a cells (D-F) is shown. Protein expression was analyzed by immunoprecipitation
and western blot analysis. *P < 0.05, **P < 0.01, Student’s t-test.

DISCUSSION

Neurite outgrowth is an important process of morphological
change in neuronal differentiation and development, which
is tightly controlled and regulated by several interior and
exterior signals. Disturbance of neurite outgrowth will
cause defective neural development and neuronal diseases.
In our study, we found that 48-h 1,800 MHz RF-EMR
exposure interrupted neurite outgrowth in primary cultured
hippocampal neurons and Neuro2a cells. Rapl, which plays
a critical role in controlling neurite outgrowth and dendrite
spine morphology, was inactivated by RF-EMR exposure,
while overexpression of constitutively active Rapl-GTP
reversed the impairment of neurite outgrowth induced by
RF-EMR exposure.

The brain is one of the most sensitive organs to the
biological effects of RE-EMR. The results from epidemiological
investigations showed that the use of mobile phones can lead
to the perceived health impairment in adolescents (34). Another
study indicated that mobile phone usage induces anxiety,
depression, and stress (35). Animal experiments also showed that
RF-EMR exposure causes abnormal neural behavior and impacts
dendritic arborization patterns (36). As the brains and skulls of
infants and young children are still in developing state, the same
electromagnetic background may cause their brains to absorb

more electromagnetic energy than adult individuals. The specific
absorption by brain tissue in children is 60-125% higher than that
in adults (37).

Neurite outgrowth plays a key role in the formation of neural
networks during neural development and nerve regeneration
after trauma or disease. Neurite outgrowth is regulated by
precise signal networks that control processes from sprouting
and extending to the formation of axons and dendrites (38,
39). Abnormal neurite outgrowth may cause aberrant polarity,
abnormal synaptic plasticity of neuronal cells, and damage to
axons and dendrites. Unusual neurodevelopment can induce
autism, hyperactivity disorder, dyslexia and so on (40). Deformed
neuronal cell morphology may also cause neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease.

In this study, we found that 48-h 1,800 MHz RF-EMR
exposure could interfere with neurite outgrowth in hippocampal
neurons, including decreasing neurite length and the number of
neurite branches. Additionally, neuronal differentiation induced
by RA was inhibited by RF-EMR exposure in Neuro2a cells.
Kim et al. reported that the total number of dendritic spines
was significantly decreased in hippocampal neurons after RF-
EMR exposure at 4 W/kg for 4 weeks (9). Our previous
studies also showed that 72h of 1,800 MHz RF-EMR exposure
significantly inhibited neurite outgrowth in embryonic neural
stem cells (eNSCs) at 4 W/kg, in which the BHLH gene and
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FIGURE 6 | Effects of RF-EMR exposure on the protein expression of Rap1GAP and p-MEK1/2 in neuronal cells. Neuronal cells were exposed to 4 W/kg RF-EMR for
48h. The protein expression of Rap1GAP in primary hippocampal neurons (A-E) and Neuro2a cells (F-J) were detected by western blot. (A,B) shows protein
expression of Rap1GAP in primary hippocampal neurons, and (F,G) in Neuro2a cells. The expression levels of MEK1/2 and p-MEK1/2 after RF-EMR exposure for 48 h
were detected by western blot analysis in primary hippocampal neurons (C-E) and Neuro2a cells (H-J). *P < 0.05, Student’s t-test.

the EPHAS5 signaling pathway were involved (15, 16). The  RF-EMR exposure affects neurite outgrowth, neurite length, and
mechanisms underlying the effects of RF-EMR exposure on  the number of branch points in each cell, which is consistent with
neurite outgrowth or synaptic plasticity are thought to include  previous studies.

changes in calcium ion channels, the myelin sheath, oxidative The International =~ Commission on  Non-Ionizing
stress and the glutamate receptor signaling pathway (36, 41, 42).  Radiation Protection (ICNIRP) sets the limit of local
However, additional evidence and further study are required to  head exposure in the general population at 2 and 10
confirm these hypotheses. This study confirmed that 1,800 MHz =~ W/kg for the occupational population (43). The SAR
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FIGURE 7 | The transfection of constitutively active Rap1 can reverse the decrease in Rap1-GTP induced by 1,800 MHz RF-EMR exposure in Neuro2a cells. Neuro2a
cells were transfected by Rap1 constitutively active mutant plasmid (Rap1-Gly_Val-GFP) for 24 h. Transfected Neuro2a cells were exposed to RF-EMR for 48 h at 4
W/kg. The expression of Rap1-GTP was detected by immunoprecipitation. (A) is the representative bands of Rap1-GTP, Rap1, and B-actin in each group in Neuro2a
cells, (B) is the statistical graph made from the data identified according to the gray value and area from the bands. (C) is the ratio of protein expression of Rap1 to
B-actin in Neuro2a cells. *P < 0.05, **P < 0.01, one-way ANOVA followed by Bonferroni post hoc test.
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FIGURE 8 | Effects of 1,800 MHz RF-EMR exposure on neurite outgrowth after constitutively active Rap1 transfection in Neuro2a cells. Neuro2a cells were
transfected by Rap1 constitutively active mutant plasmid (Rap1-Gly_Val-GFP) for 24 h. The neurite outgrowth of transfected Neuro2a cells induced by RF-EMR
exposure for 48 h was assessed by Imaged software as mentioned before. (A) shows representative pictures of transfected Neuro2a cells with or without irradiation.
(B) shows Neurite-bearing cell ratio, (C) shows neurite length per cell, and (D) shows neurite number of neurite-bearing cells. *P < 0.05, **P < 0.01, one-way ANOVA
followed by Bonferroni post hoc test.

dose of 4 W/kg was usually used to explore the possible  value of 4 W/kg, showing the confirmed effect of RF-
biological effects of RF-EMR. Several previous studies have =~ EMR exposure on dendritic development, cell cycle, etc.
observed the effects of RF-EMR on neuronal cells at SAR (9, 44-46).
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Rapl, a member in a small family of monomer GTP-
binding proteins, plays a key role in cell proliferation,
differentiation, survival, adhesion, and migration (28). Rapl
signaling mediates the role of Semas-Plexins in neuropolarity
generation, neurogenesis, axonal growth cone formation, and
guidance (47). Rapl-GTP can affect morphological changes in
neuronal cells without changing the gene and protein expression
of Rapl (26). In this study, the active form of Rapl, but
not its gene and protein expression levels, was decreased
after RF-EMR exposure. Altered Rap1-GTP levels were found
in the prefrontal cortex of depressed individuals who had
committed suicide and in the frontal cortex of patients with
schizophrenia and severe depressive disorders (48). Transfection
of a constitutively active Rapl (F64A) plasmid reversed the
inhibitory effect of Myelin-associated glycoprotein (MAG) on the
neurite growth of dorsal root ganglion (DRG) neurons, possibly
by decreasing the expression of Rapl-GTP, limiting neurite
outgrowth (25). Rapl activity is impaired by SynGAP-B, which
leads to affected synaptic plasticity and dendrite development
in the hippocampus (49). To further verify the role of Rapl-
GTP in RF-EMR exposure, we transfected Rapl mutant plasmid
(Rapl-Gly_Val-GFP) to reverse the damage to neurite growth.
Compared with indirect Rapl agonist or inhibitor Rapl, the
mutant active Rapl plasmid can better verify the effect of Rapl
activity. By comparing neurite outgrowth after transfection of
the negative control plasmid and constitutively active Rapl
plasmids, we showed that transfection of the constitutively active
Rapl plasmid effectively promoted neurite outgrowth without
considering RF-EMR exposure, and transfection of the mutant
plasmid also reversed the neurite outgrowth restriction caused
by irradiation. Although the neuronal cells transfected with
mutant plasmid were irradiated, the neurites still grew well and
grew better than the negative control plasmid group without
irradiation. The increase in Rapl-GTP could promote neurite
outgrowth. This is consistent with the result that transfection of
a constitutively active Rapl plasmid can contribute to neurite
complexity (50).

Rap1 links extracellular signals to intracellular signals through
second messengers. Rapl may affect the growth of neurites
through a variety of mechanisms. When Rapl is activated by
Ca** and diacylglycerol-activated guanine nucleotide exchange
factors (CalDAG-GEFs), it becomes a downstream molecule of
Ca?" signaling pathway. When activated by cAMP-dependent
GEE, Rapl can regulate the concentration of cytoplasmic Ca?"
and become its upstream molecule (51). The calcium signaling
pathway promotes the growth of neurites, possibly by increasing
the activity of calcium binding protein, which reduces the
concentration of calcium (52). The interaction between Rapl
and Ca?" also provides a theoretical basis for the regulation of
neurite outgrowth of neuronal cells by Rapl. RA-RhoGAP is a
direct downstream target of Rap1 in the neurite growth process
that possesses a lipid-bound (PH) domain. Inactivity of Rap1 can
weaken the GAP activity of Rho, and finally affect nerve axon
extension (53). RF-EMR exposure may also reduce the binding
of phosphatidylic acid to this PH domain by reducing the activity
of Rapl. Rapl-GTP activates PSD-95/discs large/ZO-1 (PDZ)-
GEF1 through a positive feedback mechanism (54). So the effect

of irradiation on the interaction between Rapl and PDZ-GEF1
may exist.

Although the above mechanisms regulating Rapl cannot
be ruled out, in this experiment, the expression of Rapl1GAP
increased after irradiation. Therefore, we consider that the active
form of Rapl may be weakened by RaplGAP. The active
form of Rapl hydrolyzed by RapIGAP in non-electromagnetic
environment has been reported. Higher level of active Rapl-
GTP was found in the brain of Go2 o defective mutant mice,
indicating that Go2 o may increase Rapl1GAP activity and affect
Rapl activation/inactivation cycle. Go2 o deficient mutant mice
developed more branches than those of wild-type mice (27).
In striatum medium polyspinous neurons, following activation
of the D1 dopamine receptor, Ser441 and Ser499 of Rap1GAP
can be phosphorylated by PKA. This inhibits GAP activity
and increases Rapl activity, resulting in better dendritic spine
growth (55).

In this study, the expression of phosphorylated form of
MEK1/2 decreased after irradiation. We consider that RF-EMR
exposure may damage the neurite outgrowth through MEK,
the downstream of Rapl active form. It has been reported
that the Rapl-MEK-MAPK signaling pathway promotes the
growth of neurites in NG108-15 cells (56). Previous studies
have shown that an increase in endogenous p-amyloid peptide
leads to an increase in the expression of cAMP response
element-related genes and finally promotes synaptic plasticity
through the Rapl-MEK signaling pathway in PC12 cells (57).
Nerve growth factor also continuously activates ERK through
the Rapl-MEK pathway (58). Therefore, RF-EMR exposure
may reduce the activity of Rapl through RaplGAP and
then cause a decrease in p-MEKI1/2, resulting in impaired
neurite outgrowth.

Despite our findings from this study, more researches need
to be done regarding the irradiation-induced decrease in Rapl
activity and how this leads to impaired neurite outgrowth.
According to the previous reports, the effect of the transfection
of wild-type Rap1 on neurite outgrowth is very limited, so in this
study we applied a constitutively active Rap1 plasmid to verify the
role of Rap1-GTP in neurite outgrowth impairment induced by
RF-EMR exposure (59).

Rapl is activated by a specific GEF, the role of which
in RF-EMR exposure-impaired neurite outgrowth needs to
be investigated by further researches, as does the specific
regulation of RaplGAP after irradiation. As Rapl activity is
influenced by RE-EMR exposure and the constitutively active
Rapl can rescue neurite outgrowth impairment induced
by RF-EMR, Rapl may be a potential new candidate
for interfering the disruption of developing brain by
RF-EMR exposure.

CONCLUSION

We found that Rapl is involved in the disturbance of neurite
outgrowth induced by 1,800 MHz RF-EMR exposure in neuronal
cells. Due to the developmental sensitivity of infants and
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adolescents, the neuronal impairment induced by 1,800 MHz RF-
EMR exposure can interrupt programmatic neural development
and cause abnormal neuronal behavior and diseases. Rapl
activity and related signaling pathways may be critical targets
in the neuronal effects induced by RF-EMR exposure. The
influence of RF-EMR exposure on the developing brain requires
greater attention.

MATERIALS AND METHODS
Cell Culture

A mouse neuroblastoma cell line (Neuro2a) (Chunmai, China)
was maintained at 37.0 £ 0.2°C and 5% CO,. Neuro2a cells were
cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Sigma, USA) with 10% fetal bovine serum (FBS;
Biological Industries, ISR) and 50 mg/ml penicillin-streptomycin
(Sigma, USA). Cells were subcultured every 2 days. Neuro2a
cells were seeded in 35mm plastic dishes (Thermo Scientific,
USA) for 12h before exposure to RF-EMR exposure. Neuro2a
cells induced by retinoic acid were used. This model has been
proved to be efficient in several studies (22, 60). The culture
medium was changed to differentiation medium immediately
before irradiation. The differentiation medium was composed of
99% DMEM, 1% FBS, and 10 wM retinoic acid (Sigma, USA).
FBS and retinoic acid concentration were slightly regulated to
obtain optimized differentiation effects according to different cell
density. The seeding densities of Neuro2a cells were 3 x 10*
cells/35mm dish for cell viability assay, 2 x 10° cells/35 mm
dish for neurite outgrowth analysis, 5 x 10° cells/35 mm dish for
RNA, protein extraction and transfection.

Primary hippocampal neurons were prepared from newborn
C57/BL mice within 1-3 days of birth. Dissociated neurons were
plated in 35-mm dishes with the seeding medium containing
79% DMEM/F12 (Sigma, USA), 20% fetal bovine serum (FBS;
Biological Industries, ISR), and 1% penicillin-streptomycin (50
mg/ml) (Sigma, USA). After 12 h of seeding, the culture medium
was changed to the maintenance medium consisted of 95%
Neurobasal-A Medium (Gibco, USA), 2% B-27 plus supplement
(Gibco, USA), 1% culture one supplement (Gibco, USA), 1%
Glutamax (Gibco, USA), and 1% penicillin-streptomycin (Gibco,
USA). The seeding densities of primary hippocampal neurons
were 2 x 10° cells/35 mm dish for neurite outgrowth analysis, 10°
cells/35 mm dish for cell viability, RNA and protein extraction.

The animal study was reviewed and approved by Laboratory
Animal Welfare and Ethics Committee of Third Military Medical
University (AMUWEC20210443).

Radiofrequency Electromagnetic
Irradiation (RF-EMR) at 1,800 MHz

Primary mouse hippocampal neurons and Neuro2a cells were
irradiated in an sXc-1800 exposure system (IT°IS Foundation,
Zurich, Switzerland) using the irradiation method introduced
in previous studies (15, 16). RF-EMR exposure system is
mainly composed of the following four parts: narrowband
amplifier, arbitrary function generator, RF generator, and two
waveguide. Each chamber is equipped with a plastic holder
hosting 6 dishes arranged in two stacks. A total of 6 dishes

were exposed, 6 dishes in the other chamber served as the
sham group. The metal housing of the two chambers ensures
that radiation exists only indoors and does not interfere with
the outdoors. The operation of fans in chambers can avoid
the thermal effect caused by irradiation (61). The sensors and
fans in the exposure system were connected to a computer
that monitored the SAR value during exposure and maintained
a constant temperature and environment for the waveguides
(37°C, 5% CO3, 95% atmospheric air). 35mm dishes were
placed in the H-field maxima and exposed to a polarized
E-field (an electric field perpendicular to the H-field). To
perform double-blind experiments, the computer randomly
determines which of the two waveguides was exposed in
each trial. Experiments were also conducted in blind modality
where the researchers who performed biological assays did
not know which of the two chambers was active, and which
acted as sham. RF-EMR exposure was delivered using the
GSM talk signal mode at an exposure interval of 5min
irradiation field on and 10 min irradiation field off and an SAR
value of 4 W/kg.

Cell Viability Assay

Cell viability was evaluated by a CCK-8 (Dojindo, Japan)
assay following the manufacturer’s instructions. Briefly,
after 24-, 48-, and 72- h irradiation, 10% CCK-8 solution
was added to the medium and incubated at 37°C for
3h. The absorbance at 450nm was read by a microplate
reader (Tecan, Austria).

Neurite Outgrowth Analysis

Neurite outgrowth analysis was performed as previously
described (15). Briefly, primary hippocampal neurons and
Neuro2a cells were cultured in 35-mm dishes, exposed to RF-
EMR for 48h. Neurite outgrowth of primary hippocampal
neurons (DIV 2) and Neuro2a cells was observed with a Leica
microscope (20x). Forty nanogram per milliliter BDNF (MCE,
USA) was used as positive control and 50 uM MEK1/2 inhibitor
PD98059 (SIGMA, USA) was used as negative control (62, 63).
BDNF and PD98059 were added into the maintenance medium
and incubated with the neurons for 48h, respectively. Image]
software was used to evaluate neurite outgrowth. Thirty cells per
group were identified among the primary hippocampal neurons,
and 100 cells per group were counted among the Neuro2a
cells. The total length of the neurites in each neuronal cell
was measured from the cell center to the end of the neurite.
The primary neurite was identified as the directly separated
process from the cell body, the secondary neurite was the process
separated from the primary neurite, and the remaining branches
were the branch points. Neuro2a cells with arbitrary neurite
lengths greater than the cell body diameter were recognized as
neurite-bearing cells. Neurites whose length was greater than
the cell body diameter were counted as neurites of neurite-
bearing cells.

Real-Time Quantitative PCR
TRIzol reagent (Takara, JPN) was used to extract total RNA
from neuronal cells after exposure to RF-EMR for 48 h. cDNA
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was obtained by RT-qPCR performed on a CFX96TM real-
time system (Bio-Rad, USA) using TB green (Takara, JPN).
The Rapla and Raplb gene-specific primers used are shown in
Supplementary Table 1. The gene expression fold change was
calculated and normalized to the gene expression of endogenous
pB-actin. Then, the relative gene expression level was calculated
with reference to the sham.

Western Blot Analysis

After RF-EMR exposure for 48 h, protein samples were obtained
using RIPA buffer (Beyotime, China) containing protease and
phosphatase inhibitors (Roche, USA). Twelve percent SDS-
PAGE (Genscript, USA), PVDF membranes (Bio-Rad, USA),
Quick Block Blocking Buffer (Beyotime, China), TBST solution
(Thermo Fisher, USA), and primary and secondary antibodies
(details in Supplementary Table 2) were used for western blot
analysis. The PVDF membrane was scanned on a chemiDoc
XRS+ machine (Bio-Rad, USA) by using ECL luminescent
solution (Thermo Fisher, USA).

Rap1 Activity Assay

The activity of Rapl was measured by immunoprecipitation
after RF-EMR exposure for 48h (64). The irradiated primary
hippocampal neurons and Neuro2a cells were lysed with IP lysate
(Beyotime, China) on ice for 15 min, rotated and then centrifuged
at 15,000 g for 30 min at 4°C to remove the precipitate. The
protein concentration of the supernatant was measured by the
BCA method (Beyotime, China). Three hundred micrograms of
protein supernatant from each group was taken equally. IgG
antibody (Beyotime, China) and 1 pg active Rap1 antibody was
added to the sham group and irradiation group and rotated
overnight. The next day, protein A/G agarose beads (Beyotime,
China) were added to bind the FC segment of active Rapl
antibody to precipitate, and the non-specifically bound antigen
was washed away with PBS (Beyotime, China). After adding
loading buffer (Beyotime, China), IP samples were heated to
denature and subjected to western blot analysis. In the above
steps, the IgG group represents the background gray value, and
the irradiated group and the control group represent the natural
active form of Rap1.

Transfection of Constitutively Active Rap1

Mutant Plasmid

Glycine at the 12th position of the Rapl gene was replaced
with valine, and GFP fluorescence label was added. The steps
for synthesizing the mutant plasmid were introduced in a
previous article (31). The mutant plasmid (GenePharma, China)
was transfected with the pEX-2 vector. Lipofectamine 3000
transfection reagent (Thermo Scientific, USA) and Opti-MEM
medium (Invitrogen, USA) were used to help the mutant
plasmids transfecting into cells and stabilize the expression in
Neuro2a cells. In the sham group, negative control plasmid
carrying the pEX-2 vector was transfected into the cells in the
same way. After seeding for 24 h, the transfection reagent and
mutant plasmid were added and incubated. After transfection for

24 h, retinoic acid was used for differentiation and irradiation for
48 h as depicted before.

Statistical Analysis

Statistical analysis was performed using GRAPH Prism 8.0
software. All data were collected from at least three independent
duplicate experiments and are presented as the mean = standard
error of the mean (SEM). Student’s t-tests, one-way ANOVA
followed by the Brown-Forsythe test and Welch ANOVA
were used to determine significance. P < 0.05 was considered
statistically significant.
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Artificial Neural Network-Based
Uplink Power Prediction From
Multi-Floor Indoor Measurement
Campaigns in 4G Networks

Taghrid Mazloum*, Shanshan Wang*, Maryem Hamdi, Biruk Ashenafi Mulugeta and
Joe Wiart

Chaire C2M, LTCI, Télécom Paris, Institut Polytechnique de Paris, Palaiseau, France

Paving the path toward the fifth generation (5G) of wireless networks with a huge increase
in the number of user equipment has strengthened public concerns on human exposure
to radio-frequency electromagnetic fields (RF EMFs). This requires an assessment and
monitoring of RF EMF exposure, in an almost continuous way. Particular interest goes to
the uplink (UL) exposure, assessed through the transmission power of the mobile phone,
due to its close proximity to the human body. However, the UL transmit (TX) power is not
provided by the off-the-shelf modem and RF devices. In this context, we first conduct
measurement campaigns in a multi-floor indoor environment using a drive test solution to
record both downlink (DL) and UL connection parameters for Long Term Evolution (LTE)
networks. Several usage services (including WhatsApp voice calls, WhatsApp video calls,
and file uploading) are investigated in the measurement campaigns. Then, we propose
an artificial neural network (ANN) model to estimate the UL TX power, by exploiting easily
available parameters such as the DL connection indicators and the information related
to an indoor environment. With those easy-accessed input features, the proposed ANN
model is able to obtain an accurate estimation of UL TX power with a mean absolute
error (MAE) of 1.487 dB.

Keywords: EMF exposure, indoor, uplink, LTE, transmit power, artificial neural networks

1. INTRODUCTION

Human exposure to radiofrequency electromagnetic field (RF-EMF) has been addressed and
monitored over the years, especially with the succession of generations of cellular networks,
the massive deployment of base stations, and the exponential increase in the number of RF
devices (including connected objects of the Internet of Things IoT). Such monitoring aims to
verify RE-EMF compliance with international guidelines such as the ones recommended by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) (1) in order to reply
to public concerns on the health impact of RF-EMF exposure. The characterization of human
exposure to RF-EMF could be performed by carrying out measurement campaigns (2) and
simulations (3). A survey on RF-EMF exposure in indoor environments is provided in (4).
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There are several ways to measure RF-EMF exposure.
Downlink (DL) exposure induced by outdoor base stations
(5) or indoor access points/femtocells (6) could be assessed
by measuring the electric field strength using a spectrum
analyzer. Moreover, uplink (UL) exposure induced by a user
equipment (UE), together with the DL exposure, could be
evaluated by using network-based tools that allow recording a
huge amount of data related to, e.g., number of connected UEs,
UE transmit (TX) power, UE received power, and throughput
(7-11). However, these data are just accessible to the network
operator. Nevertheless, the UL exposure could also be assessed
using mobile-phone based tools, such as a drive test solution
(12, 13), and android-based applications, such as XMobiSense
(14, 15). The former enables recording network information
of air interface and mobile application quality-of-service and
quality-of-experience, such as the Nemo Handy from KeySight
Technologies (16). While drive test solutions are very expensive
and not accessible for the public to perform daily personal
measurements, android-based applications (e.g., XMobiSense)
allow measuring several parameters but not the TX power nor
throughput. Nonetheless, a specific equipment (i.e., OPTis-P8E,
Innowireless Co., Ltd.) with a control software is also used for
the recording of both DL and UL EMF exposure, even in fifth
generation (5G) new radio environment (17, 18).

Recently, machine learning (ML) and artificial neural
networks (ANNs) are intensively applied in the 5G cellular
networks and beyond. The potential of ML and ANN are also
being investigated in the field of RF propagation and human
exposure to RF-EMF. From the DL point of view, the exposure
map of the 14th district of Paris was built using a hybrid
connected ANN, which is trained with both simulated drive
test and sensor network measurements (19). In (20), a simple
feed forward ANN was proposed for multi-source indoor WiFi
scenarios, where three access points and several WiFi clients
were distributed in the floor layout of the building. Both DL
and UL exposure were evaluated by feeding the ANN model
with position and type of WiFi sources, position and material
characteristics of walls. The collection of data about the electric
field strength (i.e., the ground truth) was performed through
simulations according to a deterministic method. In (21), the UL
exposure due to 4G connections is assessed by predicting the UE
TX power using three different ML algorithms and by changing
the set of input parameters. The ground truth was obtained
through conducting measurement campaigns while driving a car
in Germany. Different from an outdoor scenario, the indoor
environment is much more complicated due to the existence of
multi walls, multi floors, furniture and their different penetration
losses. The challenges are how to incorporate the uncertainty
caused by real-life indoor measurements and how to extract
key features that affect UE TX power from measured network
parameters as well as the indoor environments.

In this paper, we propose a feed-forward ANN model that
allows predicting the UE TX power, while training the model
with measurement data in an indoor environment. The Nemo
Handy is used to collect data on each floor of a residential
building, while it is connected to a 4G outdoor base station.
Several usage services were scheduled on the Nemo Handy:

WhatsApp voice calls, WhatsApp video calls, and file uploading
to Dropbox. The possible parameters from the DL connection
indicators and their correlation with TX power are analyzed.
Then, the proposed prediction model is fed with the most
influential and easily available input parameters that are recorded
by the Nemo Handy, but also could be available from android-
based mobile phone applications. Such input parameters reveal
information about DL network connection, in addition to other
parameters related to the environment. The difficulty remains
in using measurement data instead of simulated data since we
are not able to control the measurement results. Indeed, we do
not control and manage the Nemo Handy since we do not know
exactly how the recorded values are computed, as explained in
section 2. Consequently, we tested different averaging duration
of the measurement data to find a balance of removing noise of
measurement and keep enough amount of measurement data.
The performance of ANN models from the averaging duration
of measurement data over 1, 3, and 5 s are compared. The
results show averaging measurement data for 5 s can provide
the best prediction accuracy with a mean absolute error (MAE)
of 1.487 dB.

To the author’s knowledge and according to the literature, very
rare works investigate ML and ANN methods for the prediction
of the LTE UE TX power from real empirical data. Accordingly,
the main contributions of this work are the following:

1. The proposal of drive test measurement protocol
considering various usage services over LTE connections,
including WhatsApp voice calls, WhatsApp video calls,
and file uploading.

2. The proposal and performing of multi-floor indoor
measurement campaigns of both DL and UL LTE connections.

3. The proposal and validation of a simple feed-forward ANN
model with easy-accessed input feature to predict LTE UE TX
power from indoor empirical data.

The paper is organized as follows: section 2 presents the material
used and describes the measurement and the data collection.
Section 3 explains the proposed ANN model that is used to
predict the UE TX power over 4G connections. Section 4 presents
the results of the measurement analysis as well as the TX power
estimation of the ANN model. Section 5 discusses and compares
the results with related works. It also presents some future works.
Section 6 gives the conclusion.

2. MATERIALS AND MEASUREMENT
DESCRIPTION

2.1. UL Power Control Mechanism

The UE TX power Prx (in dBm) is set through a power control
algorithm according to the 3rd Generation Partnership Project
(3GPP) LTE specification 36.213, as follows (22):

Prx = min{Py,ax, Py 4+ 10Log1o(M) 4+ aPL + Apcs + 6}, (1)

where

® Py is the maximum allowed TX power, which is equal to 23
dBm for class 3 UE.
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FIGURE 1 | Measurement environment. From left to right: Front look, Base station, Floor 5, Floor 6.

e Py is a cell specific parameter that represents the requested
signal to interference and noise ratio per physical resource
block for the reception at the base station side.

e M is the number of physical resource blocks allocated to the
UE. It depends on the UE usage service and the cell traffic load.

e « is a cell specific parameter representing the path loss
compensation factor.

e PL is the DL path loss estimated by the UE based on the
reference signal received power (RSRP) or the received signal
strength indicator (RSSI).

e Ajcs is a specific modulation and coding scheme factor.

e §isaclosedloop correction value that aims to compensate the
fast fading variation.

2.2. Measurement Description and
Protocol

We carried out measurement campaigns in a 6-floor residential
building in May and August 2021. At each floor level (from
ground floor to floor 6), one measurement location is considered,
which corresponds to almost the same relative position in
corridor of the stairs. The measurements were repeated 3 times
over the journey: in the morning (10-11 a.m.), at noon (12—
2 p.m.), and in the afternoon (4-5 p.m.), in order to take
into consideration the time-varying traffic of the connected
base station. We note that the measurements at night, which
have the lowest traffic load (23), were not performed due to
the requirement of human intervention. Figurel shows the
measurement environment. The residence from outside and the
closest base station are, respectively, shown in the left two figures.
The location of measurement inside the building on floors 5
and 6 are, respectively, shown in the right two figures. The floor
plans from floor 1 to 5 are identical. It is noteworthy that the
residence is very close to a base station. We aim to conduct the
measurements at different floors to take into account the impact
of the elevation plane and the elevation angle of the base station
antenna. In other words, how does the UL exposure vary with
respect to the floor level?
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FIGURE 2 | Artificial neural network structure.

We focus in this work on predicting the UE UL TX power
while connected to 4G networks. To this end, we need to
gather data about the UE UL power as well as other parameters
influencing it (as explained in section 3.1). The UE UL power
is recorded using dedicated drive test mobile phone solutions.
Accordingly, the Nemo Handy from KeySight Technologies (16)
is used in our measurement campaigns in order to log data about
the UE TX power and other network parameters. The Nemo
Handy is equipped on a Samsung Galaxy S20+ 5G. It supports
frequency bands from 2G to 5G NR networks (up to 40 GHz).

Moreover, Nemo Handy allows scheduling certain usage
services by creating scripts. Indeed, it records network
parameters and saves log files while running these scripts.
This is crucial because the UE UL power depends on the usage
service. In our measurement campaigns, we lock the Nemo
Handy to 4G networks, without locking to a given frequency
band. The Nemo Handy is scheduled to run automatically the
following usage services:
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1. WhatsApp voice call: It is a voice over IP (VoIP) service. It
is performed by emitting a voice using a speaker. The voice
is reading a well-formatted text with almost 50% silence. The
duration of the voice call is 2 min.

2. WhatsApp video call: The same settings are considered for the
WhatsApp voice call.

3. Data upload: A 200-MB file is uploaded to Dropbox. The
duration of uploading such a file depends on the network
quality. In our case, it varies between almost 3 and 12 min.

We note that we mimic a realistic usage scenario during the
measurements. The mobile phone was held by the experimenter
at a height of about 1 m.

After carrying out the measurements, we use the Nemo
outdoor software (installed on a laptop) in order to extract from

TABLE 1 | Input parameters of ANN.

Input parameter Value Influence and
significance

RSRP (dBm) [-140,—44] Signal quality, path loss
distance to base
station

RSSI (dBm) [-113, =51] Signal quality, path

loss, interference
distance to base
station

Usage service

WhatsApp voice call

Amount and rate of

WhatsApp Video call data
Data upload
Floor level 0,1,2,3,4,5,6 Antenna elevation

angle, environment

Time of the day

Morning, noon, and
afternoon

Base station traffic
load, environment

Frequency band (MHz)

1,800, 2,100, 2,600

Environment

Month

May, August

Base station traffic
load, environment

the log files several parameters, mainly the following data: the UE
TX power, the RSRP, and RSSI. All these powers were recorded in
dBm. Moreover, we extract the physical cell identity (PCI) of the
connected base station in order to check if the active base station
remains the same in all the measurements. We are not able to
locate the connected base station since its PCI is not accessible to
public. It is just known by the network operator. Furthermore,
we note that Nemo sampling method of the recorded data is
unknown. The number of samples per second is not constant,
it changes between 0 and 5 samples per second. Indeed, it is not
possible to know how the Nemo computes the recorded values: if
they are instantaneous values, averaged values over how the long
sample period, etc. Therefore, we decided to compute average
values over different time periods (i.e., 1, 3, and 5 s) and compare
the corresponding performance. The processing and analysis of
extracted parameters, as well as building ANN using them, are
provided in section 4.

3. ANN MODEL FOR TX POWER
ESTIMATION

A classic feed-forward neural network is built to predict UL
TX power in this work. The detailed network structure can be
found in Figure 2. The input layer takes six features related to
DL network connections and information from the measurement
environment. Then three fully connected layers with decreasing
number of neurons (10, 5, and 2) are followed after the input
layer. The hyper-parameters of ANN used in the current paper,
including the number of layers and neurons, are determined
according to grid search methods. An exponential learning rate
decay scheduler is adopted to help the optimization. A large
initial learning rate can speed up the training and prevent the
model from being trapped in local minima. However, it may
cause high oscillation in minimizing the loss function. On the
other hand, a small learning rate makes the ANN model converge
slower and may end up with local minima. Therefore, a reducing
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TABLE 2 | Pearson correlation coefficient between inputs and target TX power for
different averaging durations.

Average over 1s Average over 3s Average over 5s

RSRP [dBm] -0.811 —0.865 —0.876
RSSI [dBm] —0.793 —0.854 —0.865
Usage service 0.138 0.209 0.224
Floor level —0.149 —-0.227 —-0.241
Time of the day 0.015 0.012 0.009
Frequency band -0.184 —0.192 —-0.184
Month 0.145 0.202 0.224

learning rate scheduler is applied,
model converge fast and smoothly.

3.1. Inputs of ANN

The inputs of the ANN with their typical values and significance
are shown in Table 1. According to section 2.1, the UE TX power
depends on the DL path loss, which is estimated by the UE
based on RSRP and/or RSSI. Consequently, RSRP and RSSI are
preferred to be used as input for the prediction of the TX power.
While RSRP is a parameter that could be available from off-the-
shelf commercial devices (e.g., android-based applications such
as XMobiSense), RSSI is not always available and it depends
on the version of the android operating system (24). Therefore,
in order to address the impact of the RSSI on the UL TX
power estimation, we decided to build two ANN models with
different combinations of inputs, either RSRP or both RSRP
and RSSI as inputs while keeping all the other parameters
from Table 1 unchanged.

According to Equation (1), the UE TX power also depends
on the number of resource blocks M, which is not accessible via

in order to help the ANN

TABLE 3 | Hyper-parameters of ANN.

Hyper-parameters

Value

learning rate
Optimizer

Activation

Weight initializer
epoch

Batch size

Loss function

Train : Validation : Test

Ir = Iro exp (—kt) ,Iro = 0.03,k = 0.01
Adam

“elu” (hidden layers), “linear” (output layer)
he_uniform

150

48

MSE

0.8:0.2:0.2

TABLE 4 | Performance comparison with different inputs.

RssI RSRP RSSI+RSRP
MAE [dB] 1.663 1.487 1.558
RMSE [dB] 2.501 2.365 2.394
R? 0.902 0.912 0.910

TABLE 5 | Performance comparison between different averaging duration.

Average over 1s Average over 3 s Average over5 s

(8,238) (4,044) (2,510)
MAE [dB] 2.334 1.791 1.487
RMSE [dB] 3.577 2.650 2.365
R2 0.831 0.897 0.912

android-based applications. However, the dependence of M on
the UE usage service implies the selection of the latter parameter
as an alternative input to the ANN. The other parameters from
Table 1 are the features that can represent an unique property
of measurement. The input “floor level” also reflects information
about the path loss and the antenna elevation angle. The string
values are transformed according to their type to numerical
values that can be processed by the ANN. For example, the
input parameter “time of the day” includes morning, noon, and
afternoon that are transformed into 0, 1, and 2, respectively.

3.2. Assessment of Prediction Accuracy

The performance of ANN is evaluated by three metrics, MAE,
root mean squared error (RMSE), and R-Squared (R?). Both
MAE and RMSE are computed in dB. Here, smaller values of
MAE and RMSE indicate more accurate predictions. R?> measures
how close the ground truth and predictions are in terms of
statistical distribution. While the perfect prediction would result
in an R? value of 1, the most poor fitting results in an R? value
approaching 0. R? is defined as follows:

RSS

RR=1-—" 2)

where RSS and TSS represent, respectively, the residual sum of
squares and the total sum of squares.
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4. RESULTS

4.1. Measurement Analysis

Figure 3 shows the cumulative distribution function (CDF) of the
RSRP and TX power variations at each floor, after aggregating
all the usage services data at any time. The highest RSRP values
are shown for floor 5, which means the lowest path loss and
the best propagation condition. This may be due to the fact
that the main gain of the active antenna base station is directed
toward floor 5. The antenna gain will decrease with the antenna
elevation angle and floors 1-5 have almost the same layout.
This is supported by the observations in the Figure 3 that start
from floor 5, except the ground floor (i.e., floor 0), decreasing
or increasing the floor level will obviously yield a decrease in
the RSRP values. The RSRP values on floor 6 are higher than
the others due to a glass window on the roof, which permits to
pass more of electromagnetic waves. Furthermore, the ground
floor provides very high RSRP values, which are very close to
those of floor 5. The difference in the median is less than 4
dB. This is explained by the different layout of the ground
floor, where we have the entrance of the building with two
glass doors. Consistent results are shown with the statistical
distribution of TX powers. We note, after checking with Nemo
Handy, that all the measurements occur with the same connected
base station.

The statistical correlation between the UE TX power
and RSRP for all the measurement data is presented in
Figure 4. Similar behavior is observed for the correlation
between TX power and RSSL Obviously, as RSRP/RSSI
increases, the DL path loss decreases, and consequently TX
power decreases. For each RSRP value, the variation in
the TX power is due to other parameters involved in the
UL power control algorithm (Equation 1), which are not
accessible. However, those parameters are directly or indirectly
influenced by the selected input parameters, whose correlations
with TX power are shown in Table2. We note that the
Pearson correlation reflects the linear relationship between the
parameters and does not reveal deeper correlations. All these
reasons strengthen the requirement of the ANN model for the

prediction of UE TX power, which is crucial for UL RF-EMF
exposure assessment.

4.2. Implementation and Performance of
ANN

As mentioned in section 3, the hyper-parameters of ANN
are determined according to grid search methods. The neural
network is trained with different potential combinations of
hyper-parameters. Indeed, the optimal set of hyper-parameters
with the best three-fold cross validation performance is selected.
Accordingly, the hyper-parameters used in the current work are
given in Table 3. In the pre-processing of measurement data, we
remove the duplicates where we have the same inputs and outputs
data set. Then, “RobustScaler” is used to scale the input features
with outliers since it removes the median and scales the data
according to the quantile range.

After implementing ANN, we first compare the performance
from models trained with different combinations of RSSI and
RSRP. Here, measurement data are averaged over 5 s and split
into training and testing with the ratio of 80 and 20%. Results
in Table4 show that all three models have almost the same
prediction performance, which is consistent with the strong
correlation between RSSI/RSRP and TX power as shown in
Table 2. Moreover, RSSI and RSRP carry redundant information.
Therefore, as explained in section 3.1, only RSRP is kept as an
input feature in the following model due to its easy accessibility
and strong correlation.

Since the measurement data exported from Nemo Handy
gives approximately 0-5 samples per second, we pre-process the
data by computing average values over 1, 3, and 5 s. From Table 2,
the correlation between inputs and target TX power is stronger
with the increase of averaging duration. This implies that the
corresponding prediction results in terms of MAE, RMSE, and R?
reveal the same improvement, as shown in Table 5. Consistently,
the scattering plots in Figure 5 show that a tighter prediction is
obtained with the increase of averaging duration. More clearly,
the problem of vertical lines with dots from the left figure, which
is caused by noise in the input data, is solved. However, we
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only did the averaging up to 5 s due to the limited number
of measurement data (number of datasets after removal of
duplicates are shown in Table 5).

5. DISCUSSION

To the authors’ knowledge, very rare works investigate building
ML or ANN models based on real measurement data for
the estimation of the LTE UE TX power. Similar work is
done in (21) but with drive testing measurement data in
outdoor environments. For the estimation of the UL TX power,
they use and compare three ML methods and test different
input sets. They consider uploading a file of three different
sizes (ie., 1, 3, and 5 MB) to a web server via Hypertext
Transfer Protocol (HTTP), while we consider in our work
more different usage services. We note that the lowest MAE
in (21) is 3.166 dB with a full featured model. It raises to
4.33 dB when limiting the input features to RSRP, upload
size, and velocity.

The main novelty of the current work is the exploitation
of the ANN model for the LTE TX power prediction
from measurement data in multi-floor indoor environments.
Measurement campaigns have been carried out on a single
location at each floor of a 6-floor residential building. While
using several usage services (i.e., WhatsApp voice and video
calls, file uploading via DropBox), data on UE TX power and
input features, such as RSRP, are collected. The results are very
promising with a MAE of 2.334 dB. Indeed, we believe that
the proposed model has high potential in applying to more
general scenarios. As shown in Table 2, UE TX power is closely
dependent on the DL received power, which is RSSI or RSRP
in our study. This strong correlation guarantees an acceptable
prediction. So, the difficulty is to further improve the prediction
performance by taking into account the varying environments.
Even though measurement campaigns are very time-consuming
and complicated to perform in indoor environments, more
measurements are required to cover several location points
on the same floor. More input features related to the floor
layout, such as the number of walls, the number of windows
and their penetration losses, should be considered in future
work. Moreover, data should be collected over several months in
order to account for the seasonality of the traffic. Last and not
least, the model can include more usage services, such as voice
over LTE (VoLTE).
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The global spread of 5th generation (5G) wireless systems causes some concern
about health effects of millimeter waves (MMW). To investigate biological effects of
local exposure to 5G-MMW on human body, a novel 60 GHz band exposure setup
was developed, and its performance was validated. A spatial synthetic beam-type
exposure setup using two dielectric lens antennas was proposed to achieve high
intensity 60 GHz irradiation to the target area of human skin. Variety distributions
and intensities of electromagnetic fields at the exposed area, which is modified by
incident angles of the combined beams, were simulated using finite-difference time-
domain methods. The exposure performance we estimated was verified by temperature
elevations of surface in a physical arm-shaped silicone phantom during the MMW
exposure. The interference fringes generated in the exposed area due to the combined
two-directional beam radiations were observed both in the simulation and in the phantom
experiment but eliminated by applying an orthogonalizing polarized feeding structure.
Under these exposure conditions, the local temperature changes, which could evoke
warmth sensations, were obtained at the target area of the human forearm skin, which
means the achievement of exposure performance we intended.

Keywords: human exposure, millimeter-waves, biological effects, thermal perception, safety guideline

INTRODUCTION

The use of millimeter waves (MMW) such as 5th generation (5G) wireless systems and WiGig (IEEE
802.11ad) is now widely expanding. But this causes some new concerns about possible adverse
health effects on the human body. To provide protection against known adverse health effects, the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) established guidelines
(1), which specify the basic restriction values in terms of specific absorption rates (SAR, W/kg) or
absorbed power density (W/m?) for occupational or general public. For example, the restriction
values in occupational and general public exposures for the local exposure (6-300 GHz) including
the MMW band are 100-20 W/m?, respectively. These restriction values are based on evidence
of microwave-induced thermal effects and dosimetric findings of thermal changes (2-5) and also
include the safety factor considered with the individual differences and age.
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However, novel biological evidence is now required for
the validation or revision of the guidelines. In particular,
it is imperative to accumulate the evidence for 5G-MMW
exposure because of its rapid expansion. In addition, 5G-
MMW is known to be absorbed mainly into the body surface,
but not penetrate into deep tissues (6). Thus, direct effects
of the exposure on skin tissue or indirect effects on other
physiological functions via the skin should be focused on.
Several research groups have been exploring the biological
effects of exposure to 5G-MMW so far. But these are mainly
examined for eyes (7, 8) and cultured cells (9, 10). In contrast,
there is little information about the effects on human body
surface (6) that include the regulations of skin blood flow
or sweating. Moreover, the physiological responses to the
differences in intensity or signal modulation of the exposure are
neither clear. Therefore, these physiological data under the 5G-
MMW exposure could be helpful for the reevaluation of the
safety guidelines.

There have been several technical difficulties to advance
the studies on human exposure to 5G-MMW. For example,
one is about the size of amplifier. A wide range of exposure
intensity including high level is needed to obtain a dose-
dependent response of physiological parameters. But the high-
power amplifier that can generate the modulated MMW is not so
very small that its installation with other experimental equipment
will be trouble for a limited place of general laboratories.
Another difficulty is to provide a sufficient space between
the wave source and the exposure target. Some physiological
parameters such as skin temperature and blood flow are observed
as two-dimensional images using infrared cameras (11). In
this case, a sufficient distance from the exposure systems to
the target is required not to interrupt a field of vision for
the camera. However, this brings a contradictory problem
because the longer distance to the target attenuates of the
exposure intensity.

The aim of this study was to develop exposure systems to
investigate the biological effects of local 5G-MMW exposure
on human skin and to validate its performance. To overcome
the difficulties mentioned above, we devised a novel spatial
synthetic exposure setup for 60 GHz band, which is a candidate
frequency band in the 5G and beyond wireless systems. The
main components of the setup were two dielectric lenses
of antennas, which can irradiate focused beam on required
exposure area, and parallel amplifier circuits. Using a physical
phantom and human volunteers, we experimentally confirmed
whether the setup provided the localized exposure without
interference fringes and sufficient intensity for applying to the
human study.

DEVELOPMENT OF 60 GHz BAND SPATIAL
SYNTHETIC EXPOSURE SETUP

Performance Requirement for the

Exposure Setup
To investigate biological effects of the local MMW exposure on
human body, we have a plan to measure several physiological

parameters simultaneously during the exposure. For example,
skin temperature and warmth sensation are must for the
evaluation to be compared with the previous study (6). Heat
pain, skin blood flow, sweating, and heart rate are also the
possible candidates to find the effects. In particular, the latter
parameters may need higher temperature elevation than the
thermal threshold in human skin (12). Moreover, changes in
skin temperature and skin blood flow are most likely to be
informative if they are observed as two-dimensional images
by cameras.

Then, real-time measurement systems based on our previous
studies (13-15) were designed for human studies under the
exposure to 60 GHz MMW (Figure 1). However, we found that
a suflicient space between the wave source and the exposure
target was needed to take the two-dimensional images. Therefore,
main requirements to develop our MMW exposure setup were
as follows:

1) To realize highly localized MMW exposure spot on the
human skin in a predetermined area with desired power
densities and frequencies

2) To keep enough space between the human body and
the exposure antenna for measuring temperature rise and
biological reactions simultaneously in real time during the
MMW exposure.

Based upon these requirements and our technical experiences, we
redesigned specifications for the exposure setup construction as
summarized in Table 1.

Evaluation of the Exposure Setup Using
FDTD Method

A focused beam exposure system using a dielectric lens has
been investigated (14-18) as MMW exposure equipment. In this
study, a lens antenna with a focal length of 300mm and a 3
dB beamwidth of 20 mm at 60 GHz were developed. We firstly
estimated the maximum output power of MMW amplifier that
was required to detect some biological effects of the exposure.
Although it was observed in the exposure experiment with
28 GHz MMW, the local MMW exposure at 1,800 W/m? of
IPD elevated about 7°C of skin temperature in the human
forearm (14). Therefore, at least this IPD value was likely to be
necessary to evoke changes in several physiological parameters,
because the warm detection temperature was reported to be
32.2-40.7°C in the human skins of several body regions,
which means the temperature rise was 0.2-8.7°C from the
starting temperature of 32°C (12). Based on these findings, the
maximum output power of MMW amplifier was estimated as
4W or more in the case of using the single lens antenna of
60 GHz.

However, it was difficult to obtain a current commercially
available stand-alone amplifier with such a high output
power in the 60 GHz band. Even if a traveling wave tube
amplifier or impact ionization avalanche transit-time diode is
used, the dimensions of the exposure device will be huge.
In addition, these devices are incapable of exposure using
5G/beyond 5G modulated signal and cause loud noise and
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Infrared thermography (IRT)

FIGURE 1 | Overview of experimental design to investigate biological effects of 60 GHz MMW exposure on human body.

Biological data measurement system

Millimeter-wave

Exposure Equipment

TABLE 1 | Specifications for developed exposure setup.

Exposure frequency [GHz] 60 +/-0.5
Focal length [mm] 300
Diameter of focused exposure area (@-3 dB) [mm] 20
Handling averaged power density on the exposure area 0-1940

[W/m?]

low power-handling problems. Consequently, these devices
seemed to be unsuitable for experimental studies in human
volunteers. Therefore, we proposed the application of a
spatial synthesis beam technique that could achieve a total
averaged output power of 5W or more. Figure 2 shows the
designed block diagram of the exposure setup. The 60 GHz
MMW signal from the signal generator was divided into two
waveguides. Each signal was amplified, and the focused beams
were radiated from the antennas with the same amplitude
and phase.

However, interference fringes were generated in the exposure
area when the beam radiations from two directions were
combined on the spot, even if their amplitude and phase of the
antenna input signal are perfectly coincident. To eliminate the
interference fringes, we also proposed to apply to orthogonalize
the polarization of the two antennas, as shown in Figure 3. We
estimated electromagnetic fields on the exposure area irradiated
by focused beams, using commercial finite-difference time-
domain (FDTD) software (Sim4Life V 5.2.2.1924, Schmid &
Partners Engineering AG, Ziirich, Switzerland). Based upon
the simulation results, we designed that the angle between
the two lens antennas for spatial synthesis was set at 36°

in considering the size of the lens antenna element and the
focal length of 300 mm. Resultantly, the incident angle of each
beam radiated from the antenna became not perpendicular
(£18°) to the surface of exposure plane. As well known,
transmission and reflection coefficients are varied depending
upon the incident angle and polarization characteristics (19).
We also estimated the exposure characteristics due to the
polarization angle of diagonal incidence irradiation using the
FDTD simulation. It was confirmed that the effect due to
the different incident angles of £18° relative to normal was
approximately <0.1 dB in absorbed power density (20, 21),
and it was negligible. Estimated electric field distributions on
a numerical flat plate that dielectric parameter was the same
as dry skin exposed to spatial synthetic beams at 60 GHz.
Figures 4A,B show the results for applying the copolarized feed
and the orthogonally polarized feed, respectively. From the
figures, interference fringes in the exposure area were highly
suppressed by applying orthogonalizing polarized feed. The size
of the focused circle on the exposure plane was 20mm in
diameter in half-power width. We confirmed that the reason why
the interference fringes were not completely suppressed was due
to the crosspolarization property of the lens antenna and the
reflection on the phantom surface.

ARM-SHAPED SILICONE PHANTOM FOR
BASIC PERFORMANCE MEASUREMENT

A solid phantom material composed of carbon nanotubes,
silicone rubber, and carbon black (CB) was developed to evaluate
the basic performance of the developed 60 GHz band exposure
setup. By using the novel phantom, it can be safely confirmed
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FIGURE 2 | Designed block diagram of the proposed exposure setup using spatial synthetic technique.
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that the exposure setup meets the required specifications
before human studies. The carbon nanotubes took the form of
cylindrical carbon molecules, with at least one end-capped with a
hemisphere of the structure. The diameter of a carbon nanotube
was the order of a few nanometers, and it was up to several
micrometers in length. Carbon black was a form of amorphous
carbon that had an extremely high surface area to volume ratio.
By using these carbon materials mixed within silicone rubber, an
arm-shaped human skin phantom was suitable for 60 GHz band.
This phantom material’s complex permittivity was controlled
by changing the composition ratio of carbon nanotubes and
carbon black within the silicone base. The penetration depth
of the MMW in biological tissue was minimal, and it became
approximately 0.4 mm at 60 GHz band. Therefore, the target
value of dielectric properties of the phantom was decided as
the averaged value of skin tissues, and those are summarized in
Table 2.

EXPERIMENTAL MEASUREMENTS AND
DISCUSSIONS

Incident Power Density Measured at the
Target Area

To estimate the exposure characteristics when the orthogonal
antennas were used, we measured electric field distribution
on the exposed area using a V-band open-ended waveguide
probe antenna (SAGE Millimeter, Inc SAP-15-R2). Based upon
the conversion formula between the probe antenna receiving
power and electric field intensity, we evaluated the electric field
distribution of each orthogonal polarization component from
each antenna with total input power of 1 W, and the composite

distribution was obtained. When the interference fringes are
generated in the exposure area, the fluctuation of receiving power
along with the measured line should be clearly observed. As
shown in Figure5, it was found that the exposure intensity
distribution of the spatial synthetic beam was almost identical
to that of single-focused beam irradiation. Thus, the suppression
of the interference fringes by applying orthogonalizing polarized
feed was confirmed. In addition, we found that the developed
exposure systems could achieve the free-space power density of
970 W/m? when the total antenna input power was set to be 2 W.

Verification of the Simulated Results Using

the Forearm Phantom

Based upon the designed block diagram and simulation results,
we decided the set position and angle of the lens antennas and
constructed the spatial synthetic exposure setup. Figures 6A,B
show an overview of the developed setup in the anechoic
chamber and an enlargement of the lens antennas and the arm-
shaped phantom, respectively. Most of the MMW components
were connected by rectangular waveguides of WR-15. The two
lens antennas were connected to the lines with low-loss semirigid
coaxial lines to control the feeding polarization and the angle
between the two lens antennas.

Figure 7 shows surface temperature distributions of the arm-
shaped phantom observed by thermal imaging camera (FLIR
T530, FLIR Systems, Inc. USA) during exposure to 60 GHz-
MMW at 2 W of total antenna input power. The characteristics
of temperature distribution after the beginning of the exposure
are shown every 10s until 40s. Interference fringes were clearly
observed on the phantom surface when 60 GHz MMW radiation
from copolarized feeding antennas was combined. In contrast,
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FIGURE 3 | Orthogonal polarized feeding for spatial synthetic beam.
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FIGURE 4 | Electric field distributions on a flat planer skin phantom exposed to spatial synthetic beams at 60 GHz. The values were normalized by the maximum
value. (A) Copolarized feed. (B) Orthogonally polarized feed.

TABLE 2 | Dielectric properties of skin tissues (22). surface was measured when the antenna input power (total
of two antennas) was at 1.0 W, 2.0 W, and 4.5W. Figure 8

Relative permittivity Losstangent  hows a comparison of the characteristics of the temperature
Skin dry 79 14 rise at target surface for each antenna input power. It
Skin wet 102 10 is confirmed that the developed exposure setup provided
Developed material 19 19 the ideal local exposure on the target area. The surface

temperatures elevated time-dependently similar to those we

observed in the previous study using 28 GHz MMW. In

addition, the maximum temperatures depended on the antenna

orthogonalizing the polarization of the two antennas eliminated ~ input power, suggesting the differences in the IPD values, were

these interference fringes. From the figure, it was confirmed  reflected in the temperature elevation. However, the further

that the exposure focused on a circular area of about 20mm in  experiments with several exposure intensities were needed to

diameter was realized. verify the linear relationship between the exposure intensity and
The time- and dose-dependent characteristics of temperature ~ temperature elevation.

rise were also evaluated using the phantom forearm under the . .

measurement conditions shown in Table 3. These conditions Confirmation of the Local MMW Exposure

except the room temperature were set to be similar to those in Human Forearm Skin

in our future studies using human volunteers. Orthogonally It was important to confirm whether the similar characteristics of

polarized feed was adopted. The temperature of the phantom  local MMW exposure observed in the simulation and phantom

Frontiers in Public Health | www.frontiersin.org 88 December 2021 | Volume 9 | Article 777712


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Hikage et al.

60 GHz Spatial Synthetic Exposure Set-Up

IOOO T T T T T T T T T
— O A A
= T e b & | s vl 5 Lo 4 oa by b
S 900p-t-4-4-1-4-Qor =t Sal-bobotodozodoo

deredeo e T ey 1--:-%;4.-.3.-:--1--:--
L ! : ) :, ) : | : | : : | l\:\ | : |
SR 00| S O A S L L e 0
- Lol L & § & § & f 4 A N
© NN T
= AR ERR Lo
I R M e S L B SR O
o INNENERNNEE SN NNy
[ R R R S
g L e e e e S e ko s |
(@] [ T TR B
= P e § 5 ¥ n § & Meas. composite value [E| |~
8 500F-t-+-d-c-2o-L_| ----ideal distribution -

| b | ) | , | .
[ IR R R

700N VERG RS S A S S S A T S

-10-8 -6 -4 -2 0 2 4 6 8 10
Position [mm]
FIGURE 5 | Measured composite electric field distribution of orthogonal polarization lens antennas at 1 W of total antenna input power.

TABLE 3 | Experimental conditions for measuring temperature elevations in
phantom.

Room temperature 20°C
Exposure frequency 60.0 GHz
Duration 0~900 sec.
Total input power for two antennas 1,2,45W

experiment were actually obtained in human skin. Then, we
conducted human volunteer experiments using the developed
exposure setup. Six adult volunteers (five female volunteers
and one male volunteer) were called and explained our studies
in detail to obtain informed consent. The experiment was
performed in a room kept at 26.5 £ 0.5°C of temperature and
45 + 5% of relative humidity. Subjects sat in the chair and their
right forearms were placed on the desk. The dorsal forearm skin
positioned 300 mm in front of the lens antenna was exposed

to 60 GHz MMW at 2W of total antenna input power for
6min. Changes in skin temperature were measured through
the experiments using thermography. This study was approved
by the Ethics Committee of Kurume University (approved
number 17192).

Figure9 shows representative images of thermography
around the target area during the exposure. The temperature
elevation was observed and found it localized at the target
area. In addition, no striped distribution of temperature was
confirmed. Although the thermoregulation or thermal diffusion
in the skin should be taken into consideration for the temperature
distribution, these findings were very similar to those of the
phantom experiment. Furthermore, the average temperature
of the target area exposed at 2W of total antenna input
power increased from 323 £ 0.9°C to 37.7 £ 1.0°C. This
range of temperature change seemed to be enough for warm
detection reported in the skins such as thenar and dorsal hand
(32.3-35.3°C) (12). Therefore, it suggests that the local MMW
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FIGURE 6 | 60 GHz spatial synthetic exposure setup. (A) Overview of the setup. (B) The lens antenna and arm-shaped phantom.
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FIGURE 7 | Temperature distribution on arm-shaped phantom during the exposure to 60 GHz MMW at 2 W of total antenna input power. (A) Orthogonally polarized

feed. (B) Copolarized feed.
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FIGURE 9 | Temperature elevation in the human forearm skin during the exposure to 60 GHz MMW at 2 W of total antenna input power.

40.0°C

32.7

25.0

exposure that we expected for human studies is realized in the
human skin.

CONCLUSION

We developed a novel spatial synthetic exposure setup to
explore the biological effects of local exposure to 60 GHz-
MMW on human body. The setup using double lens antennas
allowed to generate the highly localized exposure area on the
human skin and provided enough space for measurements of
the physiological parameters. In addition, even at 300 mm of
the focal length between the target area and the antenna, the
sufficient IPDs (0 to 1,940 W/m?) to detect thermal threshold
were obtained. This is the first report, to the best of the
authors’ knowledge, about the developments of the MMW spatial
synthetic exposure setup using orthogonally polarized feeding
structure to eliminate interference fringes in the exposure area.
On the other hand, purposely using the interference fringes may
also be capable of achieving more localized exposure with high
intensity, namely multiple exposures using a synthetic electric
field instead of composite power. The developed exposure setup
will be useful for the future human studies. For example, the
effects of 5G-MMW exposure on skin thermoregulation under
various exposure conditions such as different IPDs or signal
modulation will be considered.
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Elongated conductors, such as pacemaker leads, can couple to the MRI radio-frequency
(RF) field during MRI scan and cause dangerous tissue heating. By selecting proper
RF exposure conditions, the RF-induced power deposition can be suppressed. As
the RF-induced power deposition is a complex function of multiple clinical factors,
the problem remains how to perform the exposure selection in a comprehensive and
efficient way. The purpose of this work is to demonstrate an exposure optimization
trail that allows a comprehensive optimization in an efficient and traceable manner. The
proposed workflow is demonstrated with a generic 40 cm long cardio pacemaker, major
components of the clinical factors are decoupled from the redundant data set using
principle component analysis, the optimized exposure condition can not only reduce the
in vivo power deposition but also maintain good image quality.

Keywords: RF, medical implant, exposure optimization, MRI, in silico

INTRODUCTION

Patients with implantable medical devices are usually excluded from the MRI examinations due
to the very complicated electromagnetic (EM) environment patients are exposed to during MRI,
including static, gradient, and radiofrequency (RF) magnetic fields. The RF magnetic field with
frequencies of 64 MHz (1.5 T MRI) and 128 MHz (3.0 T MRI) will induce a strong electric-field
in patients based on Faraday law (1, 2). The conductive implants inside the patients will act like
an antenna, couple with these induced fields, and deposit the power near the implant electrodes,
leading to high local tissue temperature increase (3-5).

Many efforts are done to solve this RF safety problem by modifying the material composition
and EM properties of the implanted devices to render them inherently safe for MRI (6, 7), but in
most cases, this is not enough. Instead of modifying implanted devices for the MR environment,
many explorations are focused on making the MR environment itself safer for existing devices
by manipulating the MR exposure conditions (8, 9). On the other hand, the exposure condition
selected to reduce the RF-induced heating may at the same time decrease the MRI imaging quality
dramatically (10). Therefore, it is important that the exposure condition are optimized so that the
RF-induced heating are reduced and at the same time certain MRI imaging quality is reserved.

The RF-induced heating is directly determined by the induced in vivo
tangential electrical field along with the implant routing (E,), while the MRI
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imaging quality can be indicated by the magnetic field strength

and homogeneity. For patients with medical implants, the
induced in vivo electrical field E;;, amounts to a multitude
of variables specific to the MRI system (11, 12) (e.g., RF-coil
design and manufacturing details), patient anatomy (13, 14), and
imaging positions. Therefore, clinical trials performed with a
limited number of scenarios are likely to be insufficient to ensure
patient safety. It is essential that the exposure optimization be
performed in as many relevant clinical scenarios as possible.

In this work, we established an in silico exposure optimization
trial that comprises a data library with principle component
analysis (PCA) to balance between the efficiency and
completeness during the exposure optimization procedure.
The proposed work-flow is applied to a generic 40-cm long
cardio pacemaker under 1.5T MRI RF exposure. Big data

containing more than 0.3 billion unique clinical scenarios are
selected from the data library. The correlation coefficients
between different clinical scenarios are analyzed based on
PCA to decouple the major components of the clinical
factors which produce significant and unique variation
in the implant power deposition. The decoupled major
clinical scenarios greatly reduce the data redundantly,
therefore, enable a comprehensive and efficient exposure
optimization resulting in both good imaging quality and patient

safety.

MATERIALS AND METHODS

The proposed framework is illustrated in Figure 1, which is
comprised of the following components:

Big-data
RF-exposure Library
r—-— - - - - - - - - - - — — — /1
| I
| I
| | |:>
l I
| I
- PCA : o Ex_po_sur.e | Data analysis
data selection optimization | d
| T T |
| |
| |
| implant-specific |
| - objects |
|
FIGURE 1 | Proposed exposure optimization work-flow.
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TABLE 1 | Physiological parameters of the five selected anatomical models,
obtained from discretized models with a uniform grid size of 0.5 x 0.5 x 0.5mm?.

TABLE 2 | Geometry of the radio frequency (RF) birdcage coil considered in the
study.

Anatomical model Gender Age Height Weight BMI Coil no. Diameter Length Number of rungs Shield diameter Frequency
(Year) (m) (kg) (Kg/m?) (cm)  (cm) (cm) (MHz)

Fats Male 37 1.82 119 36 1 65 50 16 70 64
Duke Male 34 1.77 70.2 22.4 2 65 60 16 70 64
Ella Female 26 1.68 57.3 21.6 3 65 70 16 70 64
Billie Female I 1.49 34 15.3 4 75 40 16 70 64
Thelonious Male 6 1.16 18.6 13.8 5 75 50 16 70 64
6 75 60 16 70 64
7 75 70 16 70 64
8 80 50 16 70 64
o RF-exposure big-data library: This component provides pre- 80 60 16 70 64
computed RF-induced field distributions inside a variety g 80 70 16 70 64

of patients during MRI exposure under different clinical
scenarios.

e Implant-specific objects: This component includes the digital
representations of clinical routings of the implant under test
(IUT) and the RF model of the IUT.

e PCA guided data selection: This component uses PCA to get
the decoupled clinical factors for an efficient data selection
from the data library.

e Exposure Optimization: This component implements
exposure optimization to achieve both good imaging quality
and patient safety.

RF-Exposure Big-Data Library

Five high-resolution anatomical models from Virtual Population
(ViP) (15) representing a large population range are selected and
listed in Table 1. 10 RF coils with different coil diameter, and
lengths covering the envelope of commercial MRI system are
used as the incident RF field source. The geometry of the 10
selected RF coils is listed in Table 2. Each two-channel coil was
tuned to resonate at 64 MHz, with selected polarization sweeps
included:e € [—45%,45°] with a step of 5% v € [0° 180°]
with a step of 10°, covering a wide range of shimming used in
MRI systems. T and € are two parameters defined to characterize
the ellipticity and tilt angle of the field polarization (1). Each
anatomical model was placed in the RF coils with imaging
positions from head-to-foot with a step size of 10 cm along
the longitudinal axis (as FATS is too big for coil No. 1-3, only
coil from No. 4-10 are used for FATS). Figure 2 summarized
the anatomical marks corresponding to each imaging position
(ZPOS) for the five anatomical models.

Computational EM (CEM) simulations were conducted by
means of the finite different time domain (FDTD) simulation
platform, Sim4Life V6.0 (ZMT Zurich MedTech, Zurich,
Switzerland). It was ensured that a steady-state was attained
before the simulations were determined. The anatomical models
were discretized with a maximum grid size of 2.0 x 2.0 x 2.0 mm?,
and dielectric tissue properties at 64 MHz (16) were assigned to
the tissues.

Implant-Specific Objects
Three clinical routing groups of the IUT were defined: (i) left
and right deep brain stimulator (DBS) routing groups (DBSy and

Algorithm 1 An algorithm with caption.

Require: M*M is the dimension of the pre-defined power
deposition matrix C;
i<1
j<1
while i < M do
whilej < M do
if C;j > 0.95 then
compress elements i and j in the same compressed
group G
else
assign element j to a new compressed group G+1
end if
j<j+1
end while
i<—i+1
end while

DBSp: the routings run underneath the skin from the proximal
ends of the left and right pectoral muscles, along the side of
the neck behind the left and right ears, up to the crown of the
head, and through the skull, terminating in the distal end of
the thalamus); (ii) left and right pacemaker (PM) routing groups
(PMy, and PMp): the routings run underneath the skin from the
proximal end of the left and right pectoral and along the veins,
terminating in the distal end of the right heart ventricle; and (iii)
left and right spinal cord stimulator (SCS) routing groups (SCSg.
and SCSg: the routings run underneath the skin from left and
right buttocks below the waistline, along with the epidural space
from the T10 vertebra, and terminating at the C1 vertebra.

The RF-model of the IUT defined by the transfer function of
the implant can be derived from the technique proposed (17)
where the transfer function, henceforth referred to as h(l), is
defined as the locally induced electric field around an electrode
with excitation along length [ of the implant. Figure 3 depicts a
schematic of the method, where the generic 40 cm long implant
is embedded in a homogeneous tissue simulating medium (TSM)
with dielectric properties of 0 = 0.47 S/m and € = 78. The
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18 FEMORAL_HEAD FEMORAL_HEAD FEMUR_BODY_HI TIBIA_BODY_HI  FEMUR_BODY_MID
19 FEMUR_BODY_HI FEMUR_BODY_HI FEMUR_BODY_MID TIBIA_BODY_MID FEMUR_BODY_LO
20 FEMUR_BODY_HI FEMUR_BODY_HI FEMUR_BODY_MID TIBIA_BODY_MID FEMUR_BODY_LO
21 FEMUR_BODY_MID FEMUR_BODY_MID FEMUR_BODY_LO CALCANEUS_HEEL TIBIA_KNEE

22 FEMUR_BODY_MID FEMUR_BODY_MID FEMUR_BODY_LO CALCANEUS_HEEL TIBIA_KNEE

23 FEMUR_BODY_LO FEMUR_BODY_LO TIBIA_KNEE TIBIA_BODY_HI
24 FEMUR_BODY_LO FEMUR_BODY_LO TIBIA_KNEE . TIBIA_BODY_HI
25 FEMUR_KNEE FEMUR_KNEE TIBIA_BODY_HI TIBIA_BODY_LO
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FIGURE 2 | lllustration of the corresponding anatomical marks in each anatomical model for each imaging position (ZPOS), different color represents different imaging
range.

Homogeneous TSM

lxgl
o]
~>
tgl.’
g
=

E_(r)

FIGURE 3 | Schematic of the transfer function derived method. / is the unit tangential vector along the implant at length /.

tangential component of the local incident electric field, Ey, is PCA Guided Data Selection

coupled with the implant at length / and the induced electric field ~ To provide guidance for an efficient RF field data selection, PCA
around the implanted electrode at r, Ej;,;(r), is evaluated as the ~ (18) is applied to an implant routing groups, RF coils, and image
transfer function h([). positions, respectively, to decouple the critical clinical factors
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5 (human) x 6 (routing group) x 100 (routing) x 10 (RF coil) x 32 (imaging position) x 360 (polarization) = 3.456x10°8

FATS

DUKE

BILLIE THELONIOUS

5 (human) x 10 (RF coil) x 32 (imaging position) x 360 (polarization) = 5.76x105
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. g 8 1
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Z 7 6 1
S g :
1
4 2 !
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¢ PCA
5 (human) x 1 (RF coil) x 32 (imaging position) x 360 (polarization) = 5.76x10*
FATS DUKE ELLA
BILLIE
(2]
o
o
N
(11
510 15 20 25 30 510 15 20 25 30 510 15 20 25 30 510 15 20 25 510 15 20
ZPOS ZPOS ZPOS ZPOS ZPOS
{PCA
5 (human) x 1 (RF coil) x 14 (imaging position) x 360 (polarization) = 2.52x1 04
mmm  Cij<0.95

1 Cij>0.95

¥

To Be Selected

D compressed group

FIGURE 4 | lllustration of the principle component analysis (PCA) guided data compression procedure: covariance matrix C of implant routing (Top Row), RF coil
(Middle Row), and imaging position (Botoom Row) are shown following the data compression order.

¥

Exposure Optimization

from the redundant data. The PCA algorithm performed in this
work is defined as follows:

For clinical factors that has M variables (e.g., there
are 6 implant routing groups, M = 6), let A; € RN

and A; € R'™N be the observed power deposition
(Pgep) data set for variable i and j, respectively, the
covariance matrix C € RM*M can be obtained through

Equation 1:
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1 Ai—hul
Cij= (— :

Aj—h
(
N-1

ul
) HGje LMD (1)

[oF] Uj

where uiT and o; are the mean and SD of data set A; € RPN,

ul and oj are the mean and SD of data set A; € RN h is unity

célumn vector. H donate the Hermitian transpose of matrix. Each
element on the principal diagonal of the matrix is the correlation
of a random variable with itself, which always equals 1.

The RF-induced power deposition Py, of the implant under

each clinical scenario can be estimated from:

NL NL
Piep = (Y h)Ean@B)A)Q - h(hEan()A)* (2)

j=1 j=1

where h; is the transfer function of the implant, and E,, (/) is
the in vivo tangential electrical field along the implant trajectory
under the selected clinical scenario.

Exposure Optimization

The RF coil exposure condition can be characterized with
poincare shpere parameters ¢ and 7 (1). Therefore, different
exposure conditions have different € and t values. When the
RF coil is operating under N different exposure conditions,
these exposure conditions can be represented by poincare sphere

parameter vector (€,7) = (€D, 1), (@, 72), ..., (W), Y],
where (¢, () (n € [1,N])) is the poincare sphere parameter
of the n”* exposure condition.

For a RF birdcage coil or transmit coil with 2 channels,
the total BY’ field at each region of interest (ROI) iso-plane
can be expressed as the weighted superposition of the B field
generated by each channel in the RF coil. Let 2 x 1 vector,
b= [bgl) (r), b(lz) (r)]7 be the complex Bi" field vector, where b(ll) (r)
and bgz) (r) are the complex B field generated by the 1st and 2nd
channel of the RF coil at location r. Let 2 x 1 vector Vil 7wy =
v, v T be the complex excitation vector under exposure
condition n, where v() and v() are the corresponding complex
amplitude of the 1st and 2nd channels. The total B} field for each
specific exposure condition n can then be expressed as follows:

+ T
”Bl,(e(”),r(”))(r)” = b, V(g(n))r(n))”

3)

The coefficient of variation of ||Bf' I, defined as the SD over the
mean value, is a commonly accepted figure of merit as a measure
of the homogeneity of IIBIr I, can be obtained through Equation 4:

Original Data Set
Compressed Data Set
Billie
DUke 77-—?-‘..'.- W
Bl __oam
| | | ] | ] | J
-30 -20 -10 0 10 20 30 40 50

Power Deposition Py, (dB)

FIGURE 5 | Power deposition (Pggp) distribution of the original data set from the data library (up) and compressed data set by PCA (down).
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A B Circular Polarized Exposure

(Z} 1B,"|, (€,7) = (-45,0) 10/100

Duke in Coil 6
@thorax imaging position

5 8/80

<|B,|> = 4.8 (12.2%)

-300 -200 -100 O 100 200 300
mm

ROIl-optimized Exposure
6 /60

+

s |Bi'|, (€ 1) =(-20,10)

4/40

<|B,"|> = 5.3 (7.4%)
-300 -200 -100 O 100 200 300

2/20

<|Bi"|>=5.1(5.7%)
-300 -200 -100 0 100 200 300
mm

0/0

FIGURE 6 | (A) lllustration of the selected clinical scenario: Duke in RF coil 6 at thorax imaging position. (B) Spatial distribution of B; magnitude at an iso-center slice
of Duke under circular polarized By field. (C) Spatial distribution of BT magnitude at the iso-center slice of Duke under optimized exposure condition resulting in

maximum B} magpnitude. (D) Spatial distribution of B} magnitude over iso-center slice of Duke under optimized exposure condition resulting in minimum By .

where etan=[em")1,emn)2]T is the tangential electric field

" o generated by the two RF coil channels. Therefore, the local power
B Lcov,(eM zm)y = SN (4) deposition at the electrode-tissue interface under this exposure
I L(e(,z(m) I condition can be concisely expressed as follows:
where o is the standard deviation of IIBY(N) r(n))ll over
the ROI iso-plane. Similar to the B; field, tangential electrical Pdep,(e(n),f(n)) = WO”hTEtan,(e(n),r(n))(l)” (6)
field under the ny, exposure condition E,, (™ r(n))(l) can be
expressed as the weighted superposition as follows: In this work, we selected one specific clinical scenario
(anatomical model Duke inside RF coil 6 at the thorax
imaging position) to perform the exposure optimization, the
Emn)(e(n)),(n))(l) = emnv(Te(W)’r(m) (5) following Magnitude Least Squares (MLS) optimization strategy
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FIGURE 7 | (A) Distribution of BT magnitude averaged over the iso-center slice of Duke as a function of By polarization (e, 7). (B) Distribution of BT coefficient of
variation B{COV over the iso-center slice of Duke as a function of By polarization (e, 7). (C) Distribution of in vivo power deposition (Pgep) of the implant under test (IUT)
implanted inside Duke as a function of By polarization (e, 7). (D) Optimized exposure condition using the exposure optimization procedure performed on Duke under
selected clinical scenario is shown as white.

is performed to determine the optimized excitation parameter
(E (’)’ -L—(]))

min |[Paep,e;r) + B (opiery — 1B (e II° 7)
(e0),z0)
RESULTS

Figure 4 demonstrates the PCA-guided clinical factor decoupling
procedure. More than 0.3 billion clinical scenarios are contained
in the data library, including 5 human models x 6 routing groups
x 100 routings for each group x 10 RF coils x 32 imaging
positions x 360 exposure polarization. First, to decouple the
target implant routing (left-side cardio pacemaker, namely PMy))
from other routings, PCA procedure is performed on the six
routing groups. The covariance matrix for the six routing groups
(DBSL, DBSR, PMy, PMg, SCSy, and SCSg) are shown on the
top row of Figure 4. We define two variables as correlated when
Cij > 0.95 and shown as white, otherwise, it is considered to be
uncorrelated and shown as black. The results show that, for the
five anatomical models, all implant routings are independent to
each other except for the SCSy, and SCSg, this is due to the fact

that the IUT is too short (40 cm) to see the separation between
left side and right side. Same PCA procedure is performed on the
100 routings in each group. The resulting covariance matrix has
all the elements C;; bigger than 0.95, therefore, for each routing
group, only 1 routing needs to be selected.

In the next setp, the covariance matrix of the RF coils are
calculated as shown in the middle row of Figure 4, following the
same PCA procedure, the RF coil is compressed to only one, here,
we choose RF coil 6. After the selection of the RF coil, the imaging
positions are decoupled using the same PCA procedure, as shown
in the bottom row of Figure 4. From the covariance matirx we
can see that the imaging positions can be compressed to at most
14 groups (e.g., for anatomical model ELLA, imaging positions
0-10 (head to thorax imaging positions) can be compressed as
group 1, imaging position 15-20 (pelvis imaging position) may be
compressed as group 6, and position 25-30 (extremeties imaging
positions) can be compressed as group 9). After the PCA guided
data compression procedure, only 0.25 million clinical scenarios
are selected from the original more than 0.3 billion data set.
Among these selected data sets, the exposure optimization only
need to be done among the 70 specific clinical scenarios (5 human
x 1 RF coil x 14 imaging positions), as the exposure dimension
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(360 exposure polarizations) will be compressed by the exposure
optimization procedure, where the optimized exposure condition
will be selected to maintain patient safety and imaging quality.

The in vivo RF-induced heating of the generic 40 cm implant
was estimated with both original clinical scenarios and the
selected ones based on PCA guidance. As shown in Figure 5, the
power deposition dynamic range of the selected clinical scenarios
are the same as those with original clinical scenarios.

Figure 6 shows the slice view of the ||BT|| at an iso-center
slice of an example clinical scenario: anatomical model Duke
inside RF coil 6 at thorax imaging position (demonstrated in
Figure 6A). Compared to the default circular polarized exposure
(€,7)=(45°0) as shown in Figure 6B, the exposure allows
maximum averaged B field magnitude, shown in Figure 6C,
improved averaged Bfr field magnitude < ||B;r,(”)|| >
from 4.8 to 5.3 uT, while the exposure allows minimum
B (€, T), as shown in Figure 6D, decreased B{ (¢, ) from
12.2 t0 5.7%.

Figure 7 shows the distribution of power deposition of the
IUT as a function of the By polarization (P (€, 7)) evaluated at
the normal operating mode. The optimized exposure conditions
that satisfy not only the image quality requirement (high <
||BT | > and small B _ ) but also RF-induced heating limitation

1,cov
(low Pyep) are shown as white in the bottom-right of Figure 7.

CONCLUSION

In this work, we established an in silico exposure optimization
trial that comprises a data library with a large permutation
of different clinical scenarios to increase the evaluation
completeness. To balance between the efficiency and
completeness during the exposure optimization procedure,
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International radio frequency (RF) electromagnetic field (EMF) exposure assessment
standards and regulatory bodies have developed methods and specified requirements
to assess the actual maximum RF EMF exposure from radio base stations enabling
massive multiple-input multiple-output (MIMO) and beamforming. Such techniques are
based on the applications of power reduction factors (PRFs), which lead to more realistic,
albeit conservative, exposure assessments. In this study, the actual maximum EMF
exposure and the corresponding PRFs are computed for a millimeter-wave radio base
station array antenna. The computed incident power densities based on near-field and
far-field approaches are derived using a Monte Carlo analysis. The results show that the
actual maximum exposure is well below the theoretical maximum, and the PRFs similar
to those applicable for massive MIMO radio base stations operating below 6 GHz are
also applicable for millimeter-wave frequencies. Despite the very low power levels that
currently characterize millimeter-wave radio base stations, using the far-field approach
can also guarantee the conservativeness of the PRFs used to assess the actual maximum
exposure close to the antenna.

Keywords: 5G, base station antenna, beamforming, EMF exposure, incident power density, millimeter wave

INTRODUCTION

To meet the increasing demands on mobile traffic data, the fifth-generation cellular communication
technology (5G) exploits the frequency spectrum above 24 GHz, which provides much wider
and contiguous bands compared with the crowded and fragmented spectrum below 6 GHz. This
frequency spectrum is also called millimeter-waves (mmW) or the frequency range 2 (FR2) in 5G
(1). Before radio base stations (RBSs) are placed on the market, manufacturers normally need to
conduct electromagnetic field (EMF) exposure assessments to determine the so-called compliance
boundaries or exclusion zones. Outside the compliance boundary, the EMF exposure from an
RBS is below the relevant EMF exposure limits, for example, those provided in the international
EMF exposure guidelines. The most widely adopted EMF exposure guidelines are provided by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) (2, 3). As the previous
generations of mobile communication technologies, 5G equipment, including mmW RBSs, must
comply with the same EMF exposure guidelines.
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EMF exposure assessments for RBSs are normally carried
out using the far-field antenna radiation patterns (4). This
approach, referred to as the far-field approach in the rest of
the article, is accurate when the resulting compliance boundary
is located sufficiently far from the RBS antenna. When the
transmitted power of an RBS is very low, the EMF exposure
levels might be greatly overestimated by the far-field approach
(5). In such scenarios, estimation formulas based on cylindrical
models (6), full-wave simulation methods, and field strength
measurements (7) are usually used (4) to get more accurate
compliance boundaries.

For RBSs enabling multi-input multi-output (MIMO),
massive MIMO, and beamforming, the antenna radiation
pattern changes dynamically according to the real-time channel
conditions. When determining the compliance boundary
using maximum configured power and the envelope of all
possible radiation patterns, the results are very conservative.
This is because such an approach assumes that all the
power is constantly transmitted in all directions without
considering the effects of time-averaging. The EMF exposure
determined based on these unrealistic assumptions is referred
to as the theoretical maximum exposure. Therefore, the
International Electrotechnical Commission (IEC) (4) has
developed methodologies that allow for more accurate exposure
assessments based on the actual maximum exposure. This
approach is described in an IEC technical report (8), and it
will be part of the new edition of the international standard
IEC 62232 (9), which is currently under revision. The actual
maximum exposure considers the effects of dynamical radiation
pattern changes on the time-averaged EMF levels and can be
determined by applying a power reduction factor (PRF) to the
theoretical maximum transmitted power. In literature, the PRF
is normally determined by statistically conservative models, for
instance, based on the 95th percentile time-averaged exposure
derived from the cumulative distribution function (CDF) (10-
14). Results from recent measurement campaigns (15-17) also
show that the EMF exposure from real massive MIMO RBS sites
is well below the actual maximum exposure derived from the
statistical models.

Unlike massive MIMO RBSs operating below 6 GHz, which
are characterized by high-peak equivalent isotropically radiated
power (EIRP) and support wide coverage in ranges of a few
kilometers, mmW RBSs usually aim at providing smaller cell
coverage in a radius of a few hundred meters but with higher
capacity. Therefore, the peak EIRP levels of mmW RBSs are
usually lower, resulting in a smaller compliance boundary with
a typical front compliance distance of a few meters or less. When
applied very close to the antenna, the estimation of exposure
levels using the far-field approach may be very conservative.
In addition, it is not clear whether the PRFs derived from
the far-field radiation patterns obtained in some other studies
(10-14) are still applicable when compliance boundaries are
in the radiating near-field region. Several works, for example,
Refs (18-31), addressing the EMF compliance and assessments
for lower-power mmW devices can be found in literature, but
only a few (32) address the actual maximum exposure from
mmW RBSs.

This article presents a case study of the actual maximum
exposure for a typical mmW RBS antenna configuration. The
Monte Carlo method is applied to the time-averaged exposure
using a predefined user equipment (UE) distribution and a
beamforming codebook. The actual maximum exposure and the
PRF in the radiating near-field region are derived through full-
wave simulations. The results are also compared with the actual
maximum exposure computed using the far-field approach.

METHODS

Array Antenna Model and Beam Patterns

In this study, an 8 x 24 patch array is considered as the mmW
RBS antenna using the model built in Ref (33), as shown in
Figure 1. The array antenna operates at 28 GHz. A predefined
codebook based on progressive phase shift is created to enable
the spatial coverage of 30 degrees in elevation and 120 degrees
in azimuth. As the UE distribution considered below is set at
0 = 93° and spread over the azimuthal plane [see Equation
(5)], only the beams pointing at the plane of 6 = 93° contribute
to the Monte Carlo analysis. The used beam patterns, in EIRP,
are shown in Figure 2. As an example, the azimuthal cut of the
far-field pattern for the beam closest to the broadside direction
is shown in Figure 2A, and the far-field patterns for the beams
pointing at the cut of &6 = 93° are shown in Figure 2B. For
simplicity, only one polarization is used, and the fields generated
by the orthogonal polarization is conservatively summed up by
adding 3 dB to the peak EIRP. The combined peak EIRP level
is 58.4 dBm. A time division duplex (TDD) downlink duty cycle
of 75% is used. The peak total EIRP is thus (58.4 + 10log;¢0.75)
dBm. The field strength distributions on different planes and the
radiation pattern for each beam are computed using the full-wave
simulation software Altair Feko with the multilevel fast multipole
method (MLFMM) solver. The electric field and magnetic field

z

: ‘\ Field sampling plane

FIGURE 1 | Feko model of the 8 x 24 patch antenna array. The red markers
indicate the convention of the used spherical coordinate system.
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FIGURE 2 | (A) The azimuthal cut of the radiation pattern for the beam pointing at o = 93° and ¢ = —1°, which is the closest beam to the broadside direction in the
used codebook. (B) The azimuthal cut of simulated beam patterns at 6§, = 93°, which are those used in the Monte Carlo analysis. The beam patterns with different
colors from the left to the right correspond to beam indices / denoted from 1 to 34.

are sampled with a 5mm interval on a 2m x 2m area in the yz-
planes at different distances. The far-field radiation pattern for
each beam is sampled with 0.5 degrees over the sphere.

EMF Exposure Metrics

The EMF exposure metric used in this study is incident power
density. For short, it is referred to as power density in the
following. The power density limits are intended as spatial
average and time average values according to the ICNIRP
1998 guidelines (2) and the ICNIRP 2020 guidelines (3). The
implications on EMF assessments of RBSs between the ICNIRP
1998 and ICNIRP 2020 guidelines are addressed in a separate
article (34). Hereafter, only the differences relevant to the
investigated mmW RBS are presented.

For the ICNIRP 1998 guidelines, the power density is averaged
over any 20 cm? of exposed area and over 68f 1% min where f
is the frequency in GHz (about 2 min and 3 s at 28 GHz.), while
for the ICNIRP 2020 guidelines, the power density at 28 GHz is
averaged over a 4 cm? square and over 6 min. For the ICNIRP
1998 limits, the power density is averaged over square-shaped
areas in this article. The applicable general public limit values are
10 W/m? and 55f_0'177 W/m? (about 30.5 W/m? at 28 GHz) for
the ICNIRP 1998 and ICNIRP 2020 guidelines, respectively.

When assessing compliance with the ICNIRP 2020 guidelines
and for the power levels used in this article (lower than 1 W), the
local exposure is the limiting factor determining the compliance
boundary. Compliance with the whole-body exposure limits is
implicitly met using the whole-body exclusion criteria!. The

'For RBSs with transmitted power less than 1W, the whole-body-specific
absorption rate (SAR) is below the whole-body SAR limit for general public (0.08
W/kg) by conservatively assuming that all power is absorbed by the body with a
mass of 12.5 kg for a 4-year-old child, as described in Ref (4).

mentioned power density limits and requirements on spatial
averaging and time averaging are summarized in Table 1.
The spatially averaged power density is expressed as

S:l/Re[ExH*]-ﬁdA, (1)
A Ja

where A is the averaging area in m?; E and H are the root-
mean-square (rms) electric and magnetic fields in V/m and A/m,
respectively; * denotes the conjugate; and #1 is the unit vector
normal to A. This expression is in line with the definition in
Refs (35, 36). In this article, the spatially averaged power density
is computed in planes parallel to the antenna surface and for
different distance d (see Figure 1). This is referred to as the
near-field approach in the following.

When applying this expression on devices operating close to
the human body, such as 5G mobile phones using mmW bands,
the assessment plane and the average areas parallel to the outer
surface of the device are mostly relevant. For distances up to a few
meters of interest in this study, the orientation of the averaging
area may be arbitrary considering the real usage scenarios. Thus,
for mmW RBSs, the magnitude of the Poynting vector may also
be a reasonable quantity for EMF assessments

= %/A|Re[ExH*]| dA. )

The results using Equation (1) are presented in the main
body of the article, whereas the comparison between Equations
(1) and (2) for actual maximum power density is given
in the Supplementary Material. The differences in actual
maximum power density are found to be small (<5%, see
Supplementary Figure 1).

In the far-field region, the power density is well characterized
by the spherical model (also called the far-field formula) (4).
In a spherical coordinate system, the power density can be
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TABLE 1 | Incident power density limits for the general public at 28 GHz and assumed number of active UEs during the averaging time.

Incident power density Averaging Averaging Assumed number of active UEs during EMF
limits for local exposure area time averaging time for Monte Carlo analysis
ICNIRP 1998 10 W/m? 20 cm? 2minand 3s N =33, 66, 100
ICNIRP 2020 30.5 W/m? 4 cm? 6min N =100, 200, 300
005 T T T 1 T T L 3 T E & 1 T T T 1T 1 T T T 1 T T T T 1T T T
0.04 =
20031 .
g
S
& 0.021- T
0011 &
NSRS 0N B ORDO VDDA LD DAY AAD 4D AN AP D AD AN AV D
Beam Index
FIGURE 3 | Service probabilities of the selected beams.

expressed as

PG (0,¢)  EIRP(0,¢)

Sh6d) =

3)

472

where P is the transmitted power in watts, G is the radiation
gain in linear scale, r is the radius in meters, 0 is the polar
angle in degrees, and ¢ is the azimuthal angle in degrees. In the
far-field region, the fields are uniform over the averaging area,
and Equation (3) can also be considered to provide the spatially
averaged results.

In the ICNIRP 2020 guidelines, in addition to the time-
averaged power density, the so-called brief exposure limits are
defined for local exposure and apply to any pulse, group of pulses,
or subgroup of pulses in a train, as well as from the summation of
exposures (including non-pulsed EMFs), occur within 6 min. The
brief exposure limits corresponding to incident power density
limits are given in terms of incident energy density. Between >6
and 300 GHz, the incident energy density limits in kJ/m? for the
general public are expressed as

U(t) = 5577 x 0.36[0.05 + 0.95 (t/360)*] (4)

where f is the frequency in GHz and ¢ is time in seconds. U is to be
averaged over 4 cm? square at 28 GHz as for power density. When
t = 360 s, Equation (4) gives the same value as if integrating the
power density limits (see Table 1 for the ICNIRP 2020 guidelines)
over 6 min.

In this study, the actual maximum exposure levels and
PRFs are derived using Equations (1) and (3) with the
following conditions.

Service Probability

For a statistical approach, the service probability of each beam
depends on the distribution of active UE in space. In this study,
the spatial UE distribution defined in Refs (10) and (14) is reused,
which is a cosine-shaped function:

38(0 —f)cos 3,  —60° < ¢ < 60°
0, otherwise

w(0,¢) = { ©)
where 6y = 93° for the used beams. Such a distribution can be
found in Figure 3 of (10) and Figure 4 of (14). It implies that more
UE:s are located close to the boresight direction ( f g w(0,0°)do =
%) and fewer UEs are located close to the angular edge of the cell
( f o W (0,£60°)d0 = 0). This distribution conservatively assumes
that the UEs are only distributed in the azimuthal direction, and
no beam scanning in elevation is therefore applied during the
Monte Carlo analysis. Consequently, the derived PRFs and actual
maximum exposure are more conservative than those derived
with beam-steering in elevation, as pointed in Ref (10).

Similar to those in Refs (10) and (14), the angular service
establishment range for each beam is defined as

(é,,é,) = {(6,0)|EIRP (0, 6,1) > EIRP (0, ¢, m) | # m},
Lm=12,---,c (6)

where [ and m are the beam indices, and the total number of
beams is denoted by c.

The service probability of the I/th beam is thus defined as
(10, 14).

p(l)z/:/:w(0,¢)sin9 dode. (7)
0 J ¢
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FIGURE 4 | Workflow of antenna simulation and Monte Carlo analysis.

Using the far-field beam patterns shown in Figure 2B and the
UE distribution [Equation (5)], the service probabilities for the
selected beams are shown in Figure 3. In Figure 3, the beam
index from 1 to 34 corresponds to the beam pointing from
—60 degrees to + 60 degrees. Note that the p (I) values for
the beam indices 17 and 18 closest to the broadside direction
(see Figure 3) are slightly lower than the adjacent beams. This
is because the beams are denser in the broadside direction for
the used codebook (see Figure 2) and the beams closest to the
broadside direction usually have narrower beamwidth.

Monte Carlo Analysis
The time-averaged EIRP and power density can be computed
through the Monte Carlo method using Equation (7). Assuming
that N active UEs are scheduled during the EMF averaging time,
the number of UEs served by the Ith beam, N}, during the EMF
averaging time is determined by the multinomial distribution,

Pr {Nj|N} ~Multinom (N, {p(D)}) , I=

1,2,...,c (8)

where N = Y |, N;. This is aligned with what is used in

Ref (14). The energy transmitted to each UE is assumed equal,
and the traffic load is assumed to be 100% (full buffer). It is
well understood that a smaller N will result in larger PRF and
actual maximum exposure. In this study, N = 33, 66, 100 and
N = 100, 200, 300 are assumed for the ICNIRP 1998 (averaged
over 2min and 3s) and ICNIRP 2020 (averaged over 6 min)
limits, respectively. According to the network counter data from
real operating networks (15-17), these chosen N values are very
conservative. See Table 1 for the summary of used limits and
assumptions. The detailed description of Monte Carla analysis
to address the implications of the incident energy density limits
can be found in the Supplementary Material. For each sample
used for the Monte Carlo analysis, the time-averaged EIRP can
be written as

EIRPy (6,9) = ) %EIRPI ©, ), ©)

I=1

where EIRP; (0, ¢) is the EIRP of the /th beam in direction (0, ¢).
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FIGURE 5 | CDFs of peak time-averaged EIRP normalized to the maximum EIRP using different N samples. (A) CDF considered for ICNIRP 1998 limits. (B) CDF
considered for ICNIRP 2020 limits. The dashed lines indicate the corresponding 95th percentile.
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For each sample, the peak time-averaged, spatially averaged
power density in different planes x = d can be written as

c
N
Sav (d) = n}gxlgl: N (d.y,2), (10)

where §; (d, y,z) is the spatially averaged power density on the
plane of x = d for the Ith beam.

For a given N, the Monte Carlo analysis is carried out using
EIRP,, (0, ¢) and S,y (d) from 1000 samples. Different samples
are generated with different combinations of {Nl‘l =12,..., c}.
For a given N, The CDF of EIRP,, is calculated using the results
of Equation (9) for all samples. The CDFs for the near-field
approach are computed for different d and N with Equation
(10). The workflow of the Monte Carlo analysis can be found in
Figure 4. The PRF for the far-field approach is calculated using
the 95th percentile of the CDF of EIRP,,

EIRPavo.95 (0, 9)

PRFgr (0, ¢) = EIRPey, (0, ¢)

(11)

where EIRP,y 095 (6,¢) is the 95th percentile in the CDF
of EIRP, (0,¢) in each direction and EIRPey, (0, ¢)
maxj— . EIRP; (0, $) is the envelope of traffic beam patterns in
terms of EIRP. In the following, the PRF for the far-field approach
is referred to as the maximum PRFgg (0, ¢) value over the scan
range, PRFpp,, which is chosen to determine the compliance
distance in the following.

In the near-field approach, the PRF at each distance d is
calculated using the 95th percentile of the CDF of S,y (d )

Sav,0.95 (d)

max S; (d, y,z)
Ly,z

PRExr(d) = (12)

where Sy,0.95 (d) is the 95th percentile in the CDF of S, (d ).

Calculation of Compliance Distance in
Front of RBS Antenna

For communication purposes, simplified compliance boundaries,
for example, the box-shaped compliance boundary (4), are
usually used instead of iso-surface compliance boundaries. In this
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study, the compliance distance in front of the RBS is of interest.
For the near-field approach, the compliance distance CDNg, for
the actual maximum exposure in front of RBS antenna can be
calculated by

CDxpx = mind, for Say0.05 (d) < Siim (13)

where Sy, is the power density limit.

In general, the spherical model (or the far-field formula)
determining the compliance boundary for actual maximum
exposure can be written as

14
4 Slim ( )

EIRP, 0,¢) x PRF
r0,¢) = \/ evlp( ®) FF,m.
The front distance of the box-shaped compliance boundary can
be expressed as

CIJFF,x = na}%)x Tx (9; ¢)> (15)

where r, (6, @) is r (0, ) projected to the x-axis.

RESULTS

The CDFs of EIRP,, [Equation (9)] in the maximum
EIRP direction and an example of CDFs for peak time-
averaged incident power density [Equation (10)] with
different N are shown in Figures5, 6, respectively. In
Figure 5, the peak time-averaged EIRP is normalized to
the maximum peak EIRP value of all used beams. It is
clear that a smaller N results in larger 95th percentile
of time-averaged EIRP and incident power density. This
is well aligned with the findings of other works. As a
conservative approach, N = 33 and N = 100 are selected
in the following for ICNIRP 1998 and ICNIRP 2020
guidelines, respectively.

Figure 7 shows the PRFs for 4 cm? averaged and 20 c¢m?
averaged power density obtained from the near-field approach.
As can be seen from the figure, the PRF values decrease with d.
Good converges to the PRF obtained from the far-field approach
can be observed above 0.5m, and above 1m, the difference in
PRFs obtained from the near-field and the far-field approaches
is negligible.

In Figure8, the power density levels in front of the
array obtained using different approaches are compared at
distances below 1.5m. The power density levels computed
using the far-field formula [Equation (3)] are determined
for different PRF values, including PRF = 1, that is, the
theoretical maximum exposure condition, PRF = 0.32, that
is, the PRF value recommended in Ref (10) for sub-6 GHz
massive MIMO RBSs, and PRF = 0.15 (for ICNIRP 1998
limits) or PRF = 0.12 (for ICNIRP 2020 limits), that is, the
PRF values obtained from the far-field approach shown in
Figure 5. The actual maximum power densities averaged over
4 and 20 cm?, that is, Say,095 (d), obtained from the near-field
approach are also shown in Figure 8. The actual maximum

1 T T
—A— 20 sz, N =33
08t —6—4cm? N =100 |
By 0.6 1
X
04r 1
02r 7
00660606 3
O 1 1
0 500 1000 1500
d (mm)
FIGURE 7 | PRFs vs. distance obtained from the near-field approach.

power densities computed using the near-field approach are
always smaller than or equal to those computed using the far-
field approach.

In the upper part of Figure9, the ratios of theoretical
maximum power density obtained using the far-field and the
near-field approaches are shown. The lower part shows the
ratios between PRFs obtained using the near-field and far-field
approaches. On one hand, the PRFs at closer distances are higher
than those derived from the far-field approach, in line with
Figure 7. On the other hand, the power density levels computed
using the far-field formula [Equation (3)] are significantly higher
than the true power density levels computed using the near-field
approach [Equation (1)]. Therefore, the far-field approach still
provides a conservative estimate of the actual maximum exposure
levels. Table 2 compares the general public front compliance
distance by using the results shown in Figure 8. The compliance
distance results are rounded up to the nearest decimeter.

Figure 10 presents the Monte Carlo analysis results
concerning the incident energy density limits. The blue
curve is the incident energy density limits at 28 GHz. The
position giving the actual maximum power density at x = 0.4 m
is chosen to illustrate the incident energy density computed
through the Monte Carlo analysis. The assumptions at the basis
of such analysis are provided in the Supplementary Material.
To illustrate the potential implications of the brief exposure
limits on actual maximum exposure, the incident energy density
results from the Monte Carlo analysis are also normalized in the
figure, such that the 95th percentile of incident energy density at
t = 360 s is equal to the limit value at t = 360 s (the red curve).
The red curve is below the respective limit for intervals shorter
than 360s. This indicates that, according to the implemented
model, the derived PRF based on the time-averaged power
density ensures compliance also with the incident energy density
limits on brief exposure. In addition, an example of Monte Carlo
samples for normalized incident energy density is shown (the
green curve). Similar figures can be drawn for other positions
in space.
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FIGURE 8 | The blue curves indicate the power density levels obtained for the theoretical maximum exposure, i.e., PRF = 1, using the far-field approach. The orange
curves indicate the power density levels by applying PRF = 0.32 using the far-field approach. In (A), the pink curve indicates the power density levels by applying PRF
= 0.15 derived from the far-field approach considered for the ICNIRP 1998 limits; the black solid line with the triangular markers is the actual maximum exposure
obtained from the near-field approach averaged over 20 cm?; the black dashed line indicates the ICNIRP 1998 general public power density limit. PRF = 0.15 derived
from the far-field approach and the actual maximum exposure derived from the near-field approach are based on N = 33 in the Monte Carlo analysis. In (B), the pink
curve indicates the power density levels by applying PRF = 0.12 derived from the far-field approach considered for the ICNIRP 2020 local exposure limits; the black
solid line with the circular markers is the actual maximum exposure obtained from the near-field approach averaged over 4 cm?; the black dashed line indicates the

near-field approach are based on N = 100 in the Monte Carlo analysis.

ICNIRP 2020 local power density limit for the general public. PRF = 0.12 derived from the far-field approach and the actual maximum exposure derived from the

DISCUSSION

The PRF values are derived for the specific array antenna
configuration used in this study. Usually, the PRF is reversely
proportional to the number of antenna elements because
antenna arrays with more elements have narrower beamwidth
and a greater number of available beams in a codebook.
This implies that, if larger antenna arrays are used in a
mmW RBS, the PRFs derived from the array antenna used
in this study may be applied to larger arrays with extra
margin in actual maximum exposure. For RBSs enabling
massive MIMO with 64 elements and operating below 6 GHz,
a PRF of 0.32 is commonly used to determine the actual
maximum exposure (8, 10). As indicated by Figure 8, applying

a PRF of 0.32 for mmW RBSs will still lead to conservative
results for the compliance boundary calculated from far-field
antenna patterns.

The results in Figure 8 and Table 2 are obtained assuming
N = 30 and N = 100 under the full-buffer condition. It should
be emphasized again that these are very conservative assumptions
when compared to real operating network measurements
(15-17).

The EMF exposure limits for occupational exposure are
five times higher than those for general public, resulting in
smaller compliance boundaries. As indicated in Figure 8, at
closer distances, the actual maximum exposure computed
using the far-field approach is still larger than that computed
using the near-field approach, suggesting that the mentioned

Frontiers in Public Health | www.frontiersin.org

January 2022 | Volume 9 | Article 777759


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Xu et al. Millimeter-Wave RBS Actual Maximum Exposure
20 T T T T T T T T T T 15 .
I Power Density (FF approach vs NF approach) &0 Incident enel.'gy denSlty limits
[ PRF (NF approach vs FF approach) i 95th percentile of all samples
15 1 3 An example of samples
210} ]
10 1 =
=
(3}
2 i
= >
2 s . &
=
s 5T 1
1 +
=]
(3}
<
. | 2
f—{
0 . L L L L
10 L L . . L L . . L . 0 60 120 180 240 300 360
100 200 300 400 500 600 700 800 900 1000 t (S)
d (mm)
) ) ) ) FIGURE 10 | The blue curve is the incident energy density limits at 28 GHz.
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caloulated from Equation (11)]. 95th percentile of incident energy density at 360 s is equal to the limit value at
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TABLE 2 | Front compliance distances obtained using different approaches and
for general public exposure limits (results are rounded up to the nearest
decimeter).

ICNIRP 1998 ICNIRP 2020
Far-field approach (PRF = 1) 2.0m 11m
Far-field approach (PRF = 0.32) 1.1m 0.6m
Far-field approach (PRF = 0.15 or 0.12) 0.8m 0.4m
Near-field approach, actual maximum exposure 0.8m 0.4m

far-field approach can also be applied to occupational
exposure assessments.

The PRF derived in this study based on the near-field
approach are applicable to mmW RBS transmitting at power
levels <1 W, for which the whole-body exclusion criteria apply.
As Figure 8 shows that the far-field approach is sufficiently
accurate for distances larger than 0.5m, for mmW RBSs
operating above 1 W, the PRF that was derived based on the
far-field approach may still be applicable.

Although the TDD downlink duty cycle was considered in the
peak total EIRP calculation in this study, the derived PRF values
do not include the effects of the TDD downlink duty cycle. If
EIRP or power density values are provided for the maximum
configured power level, the TDD downlink duty cycle should be
considered in the calculation.

In this work, the actual maximum exposure is assessed using
the ICNIRP incident power density limits. In the ICNIRP 2020
guidelines, a new exposure metric, absorbed power density, is
introduced for local exposure above 6 GHz. The absorbed power
density is directly related to the incident power density by the
reflection coefficient of the exposed object. Therefore, the same
PRFs as derived in this study are deemed to be applicable.

Below 6 GHz, measurement campaigns have confirmed
that the actual maximum approach established using statistical
models is conservative. Experimental studies conducted within
5G mmW live networks are also needed to validate the PRF levels
derived in this study.

CONCLUSIONS

In this article, a case study has been presented assessing
the actual maximum exposure and PRFs for a mmW RBS
characterized by lower EIRP levels compared to massive MIMO
RBSs operating below 6 GHz. The results suggest that applying
the PRF derived from a far-field approach to the far-field
formula provides conservative power density levels even when
the evaluation distance is close to the RBS antenna. The used
workflow can be applied to other mmW RBSs and for other
antenna configurations.
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Neurophysiological effect of human exposure to radiofrequency signals has attracted
considerable attention, which was claimed to have an association with a series of
clinical symptoms. A few investigations have been conducted on alteration of brain
functions, yet no known research focused on intrinsic connectivity networks, an
attribute that may relate to some behavioral functions. To investigate the exposure
effect on functional connectivity between intrinsic connectivity networks, we conducted
experiments with seventeen participants experiencing localized head exposure to real
and sham time-division long-term evolution signal for 30 min. The resting-state functional
magnetic resonance imaging data were collected before and after exposure, respectively.
Group-level independent component analysis was used to decompose networks of
interest. Three states were clustered, which can reflect different cognitive conditions.
Dynamic connectivity as well as conventional connectivity between networks per
state were computed and followed by paired sample t-tests. Results showed that
there was no statistical difference in static or dynamic functional network connectivity
in both real and sham exposure conditions, and pointed out that the impact of
short-term electromagnetic exposure was undetected at the ICNs level. The specific
brain parcellations and metrics used in the study may lead to different results on
brain modulation.

Keywords: radiofrequency exposure, long-term evolution, resting-state fMRI, intrinsic connectivity network,
dynamic connectivity

INTRODUCTION

Wireless communication technology has evolved drastically in the past 20 years. The emergence
of the fourth generation (4G) wireless communication technology promoted the widespread
applications of mobile network, and vice versa, and 4G rapidly became the popularly used wireless
network. The unprecedentedly increasing exposure to radiofrequency (RF) field provoked public
anxieties, especially over the effect on neurophysiological function (1). By the end of the third
quarter of 2020, although 5G network had already been commercially deployed in many countries
for 1 year, there were still 5.82 billion 4G subscriptions (accounting for 62.1% of global subscription)
(2). Therefore, it is necessary to investigate the exposure effect of 4G wireless signal.
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Subjects who attribute health complaints to everyday levels of
electromagnetic fields are suspected of having electromagnetic
hypersensitivity, and their symptoms include impaired sense of
smell, feeling of pressure in ear, dizziness, and difficulties in
concentration (3). However, many studies ascribed the symptoms
to psychological suggestion due to the lack of proof of causality
(4, 5). The analysis using neuroimaging techniques may help
elucidate the concern whether RF radiation exposure would
disturb behavioral cognitive function.

The human brain possesses intrinsic connectivity networks
(ICNs) relating to underlying neural activity (6). They maintain
structural stability at resting state and could be decomposed as
spatial-distributed components (independent components, IC)
with highly temporal-correlated fluctuations using independent
component analysis (ICA) (7) or seed-based analysis (8).
Functional network connectivity (FNC), defined by pairwise
correlation between ICNs over a certain time course, can measure
the averaged connectivity among these ICNs during the scan
duration (9). It was conventionally assumed that correlation
values stabilized within 4-5min of data length (7). However,
the average over the entire scanning time course may conceal
the instantaneous change. Recent research demonstrated that
the spontaneous blood oxygen level dependent (BOLD) signals
measured during resting state exhibited intrinsic spatiotemporal
dynamic organization (10). The dynamic FNC calculated
by short time windows was able to track this oscillation
over time. Furthermore, the results can be clustered into
several connectivity patterns, which may associate with diverse
perspectives from unconscious states relevant to anatomical
structures to more complex information exchange states (11).
By aids of the technique, new breakthroughs have been made
in identifying brain dysfunction and cognitive behavior (12,
13). In contrast, relatively few non-ionizing exposure effects
have been evaluated in terms of ICNs, and even less on
dynamic FNC.

In this work, seventeen healthy participants were recruited
and they experienced 30-min exposure. Group-level ICA
was performed to decompose ICs across participants
from their resting-state fMRI data. We identified 51
ICs in 14 ICNs of interest. Both static FNC over the
entire scanning time course and the dynamic FNC using
short-time windows were computed. Consequently, these
dynamic FNCs were clustered in three states using k-
means (14). Statistical analysis was preformed to assess the
exposure effect. The study provided a novel approach of
understanding the modulation of brain functional connectivity
by RF radiation.

Abbreviations: RE radiofrequency; ICA, independent component analysis;
ICN, intrinsic connectivity network; FNC, functional network connectivity;
ASN, Anterior salience network; AUN, Auditory network; BGN, Basal ganglia
network; HVN, Higher visual network; VSN, Visuospatial network; LGN,
Language network; LECN, Left executive control network; DDMN, Dorsal default
mode network; PSN, Posterior salience network; PCN, Precuneus network;
PVN, Primary visual network; VDMN, Ventral default mode network; RECN,
Right executive control network; SMN, Sensorimotor network. AAL, anatomic
automatic labeling; ALFE, Amplitude of Low Frequency Fluctuations.

METHODS AND MATERIALS

Participants and Experiment Settings
Seventeen healthy right-handed participants including 9 men
and 8 women aged 26.1 £+ 4.2 (mean =+ standard deviation,
from 18 to 38) were recruited for this study. They were asked
to complete a Medical History Questionnaire before being
admitted to the study and none of them had a history of
mental illness or disorders related to cognitive dysfunction.
They were asked to keep away from caffeine, alcohol, and
electronic products the day before experiments. All of them
were informed fully of the details and signed a written informed
consent. This study conformed to the principles outlined in
the Declaration of Helsinki and was approved by the local
ethics committee.

As the paradigm in Figure 1l shows, the experiment was
divided into two sessions with an interval of 1 week. Each
session consisted of three stages: fMRI, experiment conditions
for 30-min real or sham exposure, and immediate fMRI again.
Structural MRI was conducted for participants before the two
sessions. The experiment was designed double blind. The real
and sham exposure conditions were allocated randomly and
counterbalanced across participants. Participants were asked to
stay as still as possible. They started scanning immediately after
the exposure so that the fMRI data collection could be initiated
within 5min. All participants reported that they kept conscious
during the experiments.

The exposure was carried out in an anechoic chamber to
avoid interference from the environment. A signal generator
(CMW 500, Rohde and Schwarz, Munich, Germany) was used
to generate QPSK modulated time-division LTE signals at 2.573
GHz. The radio frame (total length: 10 ms) consisted of 10
subframes, each 1ms in length. In the exposure experiment,
the maximal emission configuration was opted (simulating 6
uplink subframes in the radio frame). The radiation duration
(including the uplink subframes and uplink pilot time slot
subframes) accounted for 63.3% of the total frame length, which
mimicked the maximum number of the uplink subframes, as
prescribed by 3GPP (15). The time domain character is shown
in Figure 2.

Signals were then amplified by an RF power amplifier
(AR40S1G4, AR, WA, US). A standard dipole antenna
(D2600V2, SPEAG, Zurich, Switzerland) exposed the subjects.
Using dipole antenna could avoid the brain activation from
temperature rise and sound due to the operation of the mobile
phones. The distance between the antenna and the right ear of
each participant was stuck to 1 cm. The reflected power due to
the existence of the head was monitored and compensated so that
the net power output to the dipole antenna was constant (23.0
0.5 dBm). The power distribution in the head was calculated by
finite-difference time-domain simulations. The results indicated
that the peak SAR averaged over a 10-g mass (pSAR10g) was
below 2.00 W/kg for all subjects during real exposure (Figure 3),
with a mean =+ standard deviation as 1.22 &= 0.24 W/kg. To note,
individual head modeling was developed by a semiautomatic
segmentation method (16), using in-house tool (17) and iSEG
(ZMT, Zurich, Switzerland).
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post-exposure fMRI

post-exposure fMRI

FIGURE 1 | Experimental procedure for each participant. Neither participants nor operators know the exposure sequence.

End

Data Acquisition and Preprocessing

All the MR data were generated from a 3.0 T system (SIGNA
EXCITE, GE Healthcare) with a conventional eight-channel
phased array surface coil. The T1-weighted images were acquired
at the beginning with repetition time (TR) = 6.8 ms, echo time

(TE) = 2.9 ms, field of view = 22 cm, matrix size = 256 x 256.
T2-weighted functional images of the whole brain were collected
using an echo-planar imaging sequence with TR = 2, TE =
30 ms, slice thickness = 3 mm, matrix size = 64 x 64, flip angle =
90°, gap = 0.8 mm. The pre- and post-exposure sessions shared
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®

FIGURE 2 | Time-domain signal generated by CMW 500 and visualized by Rohde and Schwarz FSU26 Spectrum Analyzers.

the same parameters, and each lasted for 6 min to collect 180
image volumes. Thirty-two transversal slices were acquired in
ascending order for each volume.

Preprocessing was conducted using an automatic pipeline
based on SPM 12 (https://www.filion.ucl.ac.uk/spm/software/
spm12/). The first ten presteady-state volumes of the EPI time
series were firstly removed. Realignment was implemented firstly
considering the sequential acquisition. Images were registered to
the first image in the series. Then slice timing was performed with
the middle one as reference. A single T1-weighted image was co-
registered with the corrected average functional image. Then all
the functional images were spatially normalized using parameters
estimated by nonlinearly registering gray matter and white

matter images into MNI space. Their resampled voxel was 3 mm
x 3mm x 3 mm. Finally, the volumes were spatially smoothed
with a Gaussian kernel of 6 mm full width at half maximum.

Group-level ICA to Derive ICNs
Independent component analysis (18), as a data-driven method,
is a suitable tool to investigate ICNs at resting state. However,
ICA is typically performed separately on each subject, leading
to incompatible decompositions across subjects. Consequently,
several group-level ICA methods for multisubject analysis have
emerged (19).

By the method, the individual voxelwise time-course data
were z-scored to reduce the variability, followed by a principal
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FIGURE 3 | SAR distribution on the transverse slice at the peak value level, for each of the 17 subjects. Square shape delineates the region of pSAR10g on the slice.
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component analysis (PCA) to reduce the complexity of
the individual data from 170 to 150 volumes using a
standard economy-size decomposition. Next, individual data
were temporally concatenated as (1):

y=m"..., vu"l (1)
where, Y; is T1-by-V matrix containing the data of subject i;
Y € RUIMXV. T is the PCA-reduced time course; V is the total
number of the voxels for each image; M is the number of the
dataset to be evaluated.
Consequently, PCA was conducted on the group level to
reduce time-course dimension and yielded (2)

X = AS )

where, X is T,-by-V concatenated imaging dataset reduced
by group-level PCA; A is T,-by-T, mixing matrix; and S is
T»-by-V aggregated spatial map. T, was predefined as 100 to
achieve a sufficient “functional parcellation” of refined cortical
and subcortical components corresponding to the well-known
anatomical and functional segmentations (20). The selected
number corresponded to the previous studies (21).

The Infomax ICA algorithm (22) was repeated 10 times in
ICASSO (23) to derive A and S.

Consequently, back reconstruction can be conducted to derive
subject-specific spatial maps and time-course signals by (3) and
(4) using least square:

Si= ATGyY; 3)

R = GiA (4)

where, GT is the T,-by-T; x M reducing matrix.

The abovementioned temporal concatenation (24)
implemented in the GIFT toolbox (http://mialab.mrn.org/
software/gift/) was used in this work for processing functional
data from both real and sham exposure conditions. The
procedures are described in Figure 4.

The aggregated images of all subject were rewritten in Nifti
format so as to enable the labeling for ICs (obtained from
spatial maps) according to the RSN templates from the GIFT
toolbox (icatb/icatb_templates/RSN.zip).

The generated ICs may contain artifacts and should be
removed from analysis according to two criteria. Firstly, the cross
correlation between the generated ICs and the RSN templates
was calculated, and the ICs with correlation value below 0.2 were
considered as artifacts (25). Secondly, the spatial distribution of
the IC and its temporal/spectral characteristics were assessed to
further screen out the artifacts, and signal ICs should have a high
spatial overlap with gray matter and a low overlap with other
tissues (26).

Static and Dynamic FNC
We calculated static FNC over the entire time courses between
ICNs. Preprocessing included detrending and low-pass filtering
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FIGURE 4 | Procedures to detecting the ICs. Group-level ICA decomposes resting-state data from the subjects into ICs (number = 100). Then back reconstruction

by a fifth-order Butterworth filter with a cut-off frequency of
0.1 Hz (27). Fisher’s z transformation was then performed.

Consequently, dynamic FNC was computed with the relevant
parameters as specified:

e TR=2s

e window size: 22 TRs

e step: 1 TR

e number of states: 3 (by k means).

To note, TR was set by the imaging protocol. Selection of the
window size and step was in accordance to the recommendation
by Damaraju et al. (12). Trials have been conducted from 2 to
9 to determine the appropriate number of states. The optimized
number was 3 because it ensured that each state contained at least
one dataset from qualified subject. The procedure is visualized in
Figure 5.

Statistical Analysis

Paired sample t-test was conducted for static FNC within
conditions, corrected using FDR with a p-value < 0.05. For
dynamic analysis, subjects with no less than 10 windows for each
state were qualified for statistical comparison.

To investigate if the effects of electromagnetic exposure were
driven by certain dynamic FNC states, the median value of all
windows for each subject in each state was used for paired sample
t-test (12). The calculated p-value underwent FDR correction
with p < 0.05.

RESULTS

Group-level ICA derived 100 spatial ICs was performed to
define brain networks, and 100 spatial ICs were generated. By
screening out the noise, they were classified into 51 signals
whose correlation value was from 0.2058 to 0.5664. Detailed
information for ICs are presented in Figure 6: ICs 26, 64, 66,
and 91 are anterior salience network (ASN); 25, 44, and 86 are
auditory network (AUN); 7, 23, and 29 are basal ganglia network
(BGN); 40 and 60 are higher visual network (HVN); 5, 33, 49,
and 70 are visuospatial network (VSN); 21, 34, 35, 46, and 57 are
language network (LGN), 59, 79, and 87 are left executive control
network (LECN); 20, 22, 31, 42, 72, 73, 80, and 100 are dorsal
default mode network (DDMN); 68 is posterior salience network
(PSN); 43 and 82 are precuneus network (PCN); 78 is primary
visual network (PVN); 17, 53, 58, 65, 71, and 76 are ventral default
mode network (VDMN); 30, 32, 37, 67, and 88 are right executive
control network (RECN); 12, 14, 50, and 51 are sensorimotor
network (SMN).

No statistically significant difference was found in static FNC
in both real and sham exposure conditions.

The group-specific medians for each state are shown in
Figure 7. State 1 accounted for 27% in terms of the occurrence of
states across subjects, 66% for State 2, while 7% for State 3. State 1
was similar to State 2, which showed a weak connectivity within
each ICN and demonstrated no strong connectivity between
ICNs. On the contrary, State 3 showed strong connectivity of
ICs within ICN (in particular, with in ASN, AUN, LGN, LECN,
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FIGURE 6 | Identified ICs. Within each ICN, the color of the component corresponds to No. of ICs. X, Y, Z corresponds to the MNI coordinates.

VDMN and RECN), enhanced connectivity between VDMN and
LECN, PVN, SMN, PCN, PSN, also strong pairwise connectivity
among ASN, BGN, AUN, and LGN.

For the dynamic analysis, paired sample t-test was performed
on the subjects who got at least 10 windows for each state. In pre-
exposure of real exposure condition, there were 8 subjects in State
1, 13 subjects in State 2, 3 subjects in State 3. In post-exposure of
the same condition, there were 5 subjects in State 1, 12 subjects in
State 2, 4 subjects in State 3. In contrast, in pre-exposure of sham

exposure condition, there were 6 subjects in State 1, 13 subjects in
State 2, and 3 subjects in State 3. The post-exposure in the sham
exposure condition revealed 7 subjects in State 1, 12 subjects in
State 2, and 4 subjects in State 3. No statistically within-condition
significant difference has been detected in terms of real and sham
exposure conditions. Figure 8 shows the mean correlation (cross
subjects) in all states within real and sham exposure conditions.

The raw data for Figures7, 8 are provided in
Supplementary Tables 1, 2.
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DISCUSSION

In this study, we used a data-driven method (group-level ICA)
to identify 51 ICs, which belonged to 14 ICNs, covering the
functional areas of vision, hearing, and cognitive control etc.
The identified components correlated well with the template and
provided a reliable basis for subsequent analysis of static and
dynamics FNC during resting state for exposure effects.

Accumulating evidence suggested that static FNC resembled
the architecture of brain networks elicited by task-based
paradigms (29) and reflected anatomical structure (7). However,
the human brain activities were dynamic in nature, and thus,
dynamic connectivity analysis was an insight tool to investigate
the instantaneous change (30). The enriched information
convoyed by the analysis might better reflect the temporally
fluctuating brain states compared with static connectivity
analysis, as shown in previous studies (31).

K-means clustering was used to identify these reoccurring
short-term connectivity patterns, being described as FNC states.
FNC state represented the large-scale models of neuronal
connectivity that considered the repertoire of functional motifs
generated by a given structural architecture (32). Three FC
states were confirmed in this study. As shown in Figure7,
8 and as described in Result, State 1 and State 2 generally
showed a weak connectivity, and State 3 showed relatively
stronger connectivity. The physiological meaning of the three
states could be interpreted. During unconstrained resting-state
MRI scan, it was possible for subjects to fall in deliberation or
even mind wandering. Therefore, the FNC state representing
specific cognitive states unlikely followed similar temporal
characters across subjects, expect for the increased likelihood
of drowsiness or sleep (32). In this study, State 1 was marked
by the disconnection within BGN (thalamocortical neural loop)
and the weakening connectivity within DDMN and VDMN.
The characteristics were consistent with the features of falling
to sleep, such as the reduced thalamocortical connectivity and
a breakdown of default-mode connectivity (33, 34). State 3
had a stronger connectivity within DDMN, VDMN, and BGN,
respectively. It indicated that this state was close to the awake
state. State 2 had connectivity pattern in the BGN similar to State

1 but had a fairly strong connectivity in DDMN and VDMN,
which could be regarded as a transitional state from drowsiness to
waking state. Moreover, dwelling time in State 1 and 2 accounted
for 93% of the total occurrence of all states across subjects. It
was also consistent with our analysis on various conscious states
during MRI. It revealed that the dynamic estimation/clustering
approach had an advantage since it was sensitive to spontaneous
state-transition during imaging and supported accessibility of the
refined dynamic features of the dataset (12).

No statistically significant difference was found in static or
dynamic functional connectivity of ICNs in both real and sham
exposure conditions. The finding was seemingly inconsistent
to the previous relevant literature on static state analysis. We
attributed the difference to the distinctive brain parcellation
or the metrics using in these studies. For example, Lv et
al. (35) demonstrated that short-term LTE EMF exposure
would modulate the interhemispheric homotopic functional
connectivity, specifically decreasing amplitude of low frequency
fluctuations (ALFF) in resting state around the medial frontal
gyrus and the paracentral lobule during the real exposure
(36). The study was based on brain anatomy of larger scale
(hemisphere). Signals averaged over several ICs were computed
for connectivity and may conceal the change in terms of
individual IC. Wei et al. (37) detected that acute LTE-EMF
exposures modulated both localized intraregional connectivity
and interregional connectivity with the other voxels were
computed. It evaluated the brain modulation on the level
of voxels and without the conception of network structure.
Yang et al. (38) indicated that acute LTE exposure modulated
both the nodal functional connection and graph-based network
properties. Those nodes were defined by AAL-90 template and
the connectivity was evaluated for the rest of the nodes (39),
which was a parcellation for the entire brain (some changes
have been reported at the nodes close to Basal Ganglia). In
contrast, our analysis was based on the functional parcellation,
aiming to delineate more homogeneous and functionally
coherent regions (40). The two parcellations were not completely
overlapped. Moreover, the graph-based analysis considered the
whole brain as a network to study the ensemble changes of
its information transmission efficiency, function integration,
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network collectivization, and other attributes without paying
attention to the special ICN architecture. In fact, ICNs, comprised
of various physiological regions (ICs), was coordinated to provide
integrative services on behalf of the central nervous system and
have emerged as fundamental and organizational elements of
human brain architecture. The finding may also indicate that the
localized near-field exposure with the power emitted by a mobile
phone may impact the regional or interregional BOLD dynamics,
but would not affect the specific ICN relating to functional
or behavior change. The study, as well as the abovementioned
publications, provided useful information to comprehensively
understand the change of brain function by EMF exposure.

There were several limitations. Firstly, only 17 subjects were
exposed in the experiments. For example, in State 3, only 3-4
subjects were eligible for statistical comparison. In fact, many
acute exposure studies on neurophysiological effects have the
same problem. For example, Danker-Hopfe et al. (41) conducted
a literature review and concluded that 14 out 22 papers on RF
exposure and EEG included subjects <20. In such a case, the
statistical power may only detect the large effects. However, the
present study, although with limited number of subjects, has
its merit as enriching the knowledge of EMF safety. Based on
the work, researchers can continue to optimize the experimental
design and to accumulate dataset. Secondly, there were no
positive controls in the study. In such a case, it would be
difficult to interpret the positive findings if any of them were
found (although we did not detect them). Actually, we have
considered to include positive control, but it was not allowed by
the ethical committee since it may involve high risk, especially
when the potential health implication of EMF exposure has
not been elucidated. Thirdly, during 3 T MRI scan, the subjects
were exposed to the static magnetic field, gradient magnetic
field, and the RF fields (128 MHz). The effect may confound
the results. Previous reports proposed activation of the sites
at the anterior cingulate, the insula, hippocampus, and some
parts of nasal gandlia (caudate) following exposure to MRI (42).
It was consistent with our research on functional connectivity
strength (38). In this work, no statistically significant difference
has been reported in the real exposure group. This may be
due to the clustering of the network which would smooth
the particular activation at the locations. Low-frequency pulsed
signals may influence sleep EEG (43, 44). Although the subjects
were requested to stay awake during the experiments, completely
ruling out the possibility that subjects fell asleep or experienced
sleepiness during the MRI scan was difficult. In such a case,
the impact should be taken into consideration. Moreover, each
subject was only scanned for approximately 6 min (in order
to minimize the effect of RF exposure during MRI). Longer
scanning times (ideally tens of minutes) will improve the
robustness for FC variability estimation.

CONCLUSION

We evaluated functional connectivity within and between ICNs
identified by group-level ICA. Our results showed that there
was no statistically significant different in terms of static and
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dynamic FNC in both real and sham exposure conditions
by exposure to LTE signals. Although previous results show
that short-term electromagnetic exposure had an impact on
the brain in terms of voxel-wise functional connectivity and
graph-theory analysis of functional networks, the results of this
work point out that the impact of short-term electromagnetic
exposure was insufficient to be detected at the ICNs level.
Appropriate metrics for evaluating the brain functional change
should be discussed. Further work is needed in the perspective of
behavioral change.
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Daniele Ferrante®, Alessandro De Gaetano?, Marco Capuano?®, Giovanni Pellegrino?,
Emanuele Martini®, Marta Cavagnaro’, Francesca Apollonio’ and Micaela Liberti ™

" Department of Information Engineering, Electronics and Telecommunications, Sapienza University of Rome, Rome, ltaly,
2 Larimart S.p.A., Rome, Italy, ° Centro Polifunzionale di Sperimentazione (CEPOLISPE), Rome, Italy

Background: The use of electromagnetic (EM) technologies for military applications
is gaining increasing interest to satisfy different operational needs, such as improving
battlefield communications or jamming counterpart’s signals. This is achieved by the use
of high-power EM waves in several frequency bands (e.g., HF, VHF, and UHF). When
considering military vehicles, several antennas are present in close proximity to the crew
personnel, which are thus potentially exposed to high EM fields.

Methods: A typical exposure scenario was reproduced numerically to evaluate the
EM exposure of the human body in the presence of an HF vehicular antenna (2-30
MHz). The antenna was modeled as a monopole connected to a 3D polygonal structure
representing the vehicle. Both the EM field levels in the absence and in the presence
of the human body and also the specific absorption rate (SAR) values were calculated.
The presence of the operator, partially standing outside the vehicle, was simulated with
the virtual human body model Duke (Virtual Population, V.3). Several exposure scenarios
were considered. The presence of a protective helmet was modeled as well.

Results: In the area usually occupied by the personnel, E-field intensity radiated by
the antenna can reach values above the limits settled by international safety guidelines.
Nevertheless, local SAR values induced inside the human body reached a maximum
value of 14 mW/kg, leading to whole-body averaged and 10-g averaged SAR values
well below the corresponding limits.

Conclusion: A complex and realistic near-field exposure scenario of the crew of a
military vehicle was simulated. The obtained E-field values radiated in the free space
by a HF vehicular antenna may reach values above the safety guidelines reference levels.
Such values are not necessarily meaningful for the exposed subject. Indeed, SAR and
E-field values induced inside the body remain well below safety limits.

Keywords: computational dosimetry, vehicular antenna, human body model, RF exposure, safety
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INTRODUCTION

Electromagnetic (EM) technologies for military applications are
extensively used to satisfy a variety of operational requirements.
Particularly, military vehicles are equipped with several antennas
that work in a wide frequency range (e.g., high frequency-HF—3
to 30 MHz, very high frequency-VHF—30 to 300 MHz, and
ultra-high frequency-UHF—300 to 3,000 MHz) and transmit
high-power values for communications and jamming (1, 2).
Due to their position in proximity to the manholes, vehicular
antennas potentially expose the crew personnel to high-intensity
EM fields (EMF) (3-5). International regulatory bodies, such
as the International Commission on Nonionizing Radiation
Protection (ICNIRP, mainly considered in Europe) or the IEEE
Technical Committee 95 (IEEE-TC95, mainly considered in
North America), aim to prevent health risks caused by EMF
on both the general population and the workers, by setting
limits in the exposure levels. For the workers, the limits are
less conservative, since this category is considered to be exposed
under controlled conditions (6). In this context, only IEEE-TC95
proposes a standard to specifically protect the personnel in a
military workplace (7), whereas the ICNIRP does not distinguish
for this category among the occupationally exposed individuals.
Both IEEE and ICNIRP guidelines recommend two kinds of
exposure limits. The first ones are based on dosimetric thresholds
for established adverse health effects and are defined as dosimetric
reference limits (DRLs) by the IEEE-TC95 (7) or basic restrictions
(BRs) by the ICNIRP (6). Both limits can be expressed in terms
of internal electric (E-)field strength and/or specific absorption
rate, SAR (i.e., the power absorbed per unit mass), depending on
the operating frequency (6, 7). In the frequency range between
1 and 30 MHz, IEEE DRLs are expressed in terms of SAR and
impose a threshold value equal to 0.4 W/kg as averaged over the
whole body (SARy,), and 10 W/kg peak averaged over any 10 g
of tissue (SAR10avg), with the exception of extremities and pinnae
where the limit is set at 20 W/kg (7). In the same frequency
range, ICNIRP BRs are very close to those settled by IEEE, for
exposure durations greater than 6 min. The second settled limits
are the IEEE exposure reference levels (ERLs) and the ICNIRP
reference levels (RLs), which represent a more practical method
to determine compliance with the guidelines (6, 7). The IEEE
ERLs are derived from the DRLs and are given as RMS quantities
spatially averaged over an area equivalent to the vertical cross-
section of the human body (projected area). In the frequency
range between 1 MHz and 30 MHz, the limit is calculated as
1842/t (V/m), where fy is the frequency in MHz (7). Such
ERL level is valid in the so-called Zone 1, where only informed
and instructed personnel is allowed (7). The ICNIRP guidelines
do not include such differentiation in the exposure location
(6), but they introduce differences in the settled limits related
to the duration of the exposure. ICNIRP RLs represent the
unperturbed electric field or power density values, calculated in
the area in which the human body can be located but in its
absence. They are derived from the BRs (6). In the 2020 ICNIRP
guidelines, RLs for exposures longer than 30 min are given
as equal to 660/f)7 (RMS, whole-body averaged unperturbed
values), whereas shorter exposures allow more relaxed values. In
the frame of the European legislation, the Directive 2013/35/UE

referred to the previous ICNIRP 2010 guidelines (8), to derive
the so-called exposure level values and the action levels, that
establish the minimum health and safety requirements regarding
the exposure of workers to the risks arising from EMF exposure
(9, 10). In particular, the exposure level values are derived
from ICNIRP 2010 BRs, whereas action values are derived
from the RLs, with the important modification that action
levels are considered as the maximum field value in the area
occupied by the human body, rather than whole-body volume
averaged values. Finally, in the context of personnel protection
from EME each European Member State can adopt the EU
directive or implement equivalent or more specific protection
systems, such as the North Atlantic Treaty Organization (NATO)
international standard agreement (STANAG 2345 (11)) that
specifically protects armed forces. The rationale proposed by
both IEEE and ICNIRP and adopted by the European directive,
of providing two exposure limits, allows for a first and rapid
verification of compliance with the guidelines by a direct measure
of external quantities, such as power density or field strength.
In the case of exceeding the RLs, further investigation must be
carried out to verify that the BRs are respected (12). Within this
framework, computational dosimetry becomes a fundamental
tool as it gives the possibility to realistically reproduce an
exposure scenario and study the EM quantities induced inside the
human body. Different numerical studies have been conducted to
evaluate exposure levels around and inside standard (3, 13, 14),
or military (1, 2, 15) vehicles equipped with radiofrequency
(RF) antennas. Nevertheless, they either account for the presence
of the human body with homogeneous virtual phantoms (13,
14) or do not account for it at all (1, 2, 15). More recently,
a study took into account heterogeneous body models (3).
Particularly, the aim of the study conducted by Guellab and Wu
(3) was to develop a four-pole Debye model of the dielectric
properties of each tissue, to take into account the frequency
dependence. To validate such model, they simulated the exposure
of the crew placed inside a military vehicle equipped with a
UHF (100 MHz—1 GHz) high-power antenna. Nevertheless, as
pointed out by Sobiech and colleagues (4), inside the vehicle, the
EM hazard is reduced because of the extended distance between
the antennas and personnel, and thanks to the shielding effect
of the vehicle metallic structure. Conversely, in the area outside
the vehicle and near the EMF source, the maximum intensity
can exceed the guideline limits. To this regard, current literature
does not provide a deep analysis of the personnel exposure in the
proximity of a high-power radiating antenna, as would happen
in correspondence of the turret manhole. Furthermore, there
is a lack of information about the effect of wearing personal
protective equipment (i.e., a helmet) or cabled instrumentation
for communication. Thus, the aim of this study was to investigate
realistic scenarios of an operator standing partially outside the
vehicle, close to a vehicular antenna working in the HF frequency
range (2-30 MHz), to deepen knowledge in terms of both
induced electric field and SAR inside the body. Furthermore,
conditions such as the use of a helmet equipped with a headset
were investigated to verify whether it exposes the head of the
operator to potentially high intensities. To the best of the authors’
knowledge, this is the first time that a dosimetric analysis is
performed in such a realistic scenario with safety purposes.
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FIGURE 1 | Numerical model of the antenna. In the reference model, the monopole (4.25 m high, diameter, 2a, of 4 cm and feeding gap, b, of 5cm) is placed over an
ideal infinite electric ground. In the realistic model, the monopole is mounted over a simplified 3D model of the vehicle, reproducing typical dimensions. A 60cm gap is
considered between the bottom of the vehicle and the soil to simulate the presence of the tires.

Realistic model
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w ety
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FIGURE 2 | Military personnel exposure scenario: (A) Unequipped operator standing partially outside the manhole, inset: detail of manhole position and dimensions.
(B) Equipped operator wearing the protective helmet, inset: detail of the helmet composition. (C) Equipped operator wearing the protective helmet and the cabled
headset, connected to the vehicle through a 10 F capacitor, inset: detail of the connecting cable.
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MATERIALS AND METHODS

Modeling the Vehicular Antenna

HF vehicular antennas operate in the frequency range between
2 and 30 MHz. Usually, they are monopoles with the vehicle
metal sheet that makes the monopole ground. In this study, the

antenna was made by a conductor 4.25 m long. The radius a and
the feeding gap b (Figure 1) were dimensioned based on antenna
theory (16), resulting in 2 and 5 cm, respectively. Further details
on the model can be found in the Supplementary Material. The
study was performed at the HF central frequency of 16 MHz
with 25W of input power. Ideally, a monopole should be
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TABLE 1 | Dielectric properties of the materials considered to model the helmet
and the cable.

Material Conductivity Relative permittivity
Polyamide 6.6 times 10~ S/m 3.5

Nylon 0.0057 S/m 2.84

Teflon 4.62 times 10~% S/m 1

connected to an infinite (>> \) ground plane, as shown in
Figure 1. Nevertheless, in such applications, the antenna is placed
on the roof of the vehicle, which is characterized by finite
dimensions. Therefore, to respect a typical military exposure
scenario, the infinite electric ground was replaced with a 3D
simplified reproduction of a military vehicle, respecting the
dimensions of all the critical sections, as shown in Figure 1.
In the vehicle model, the base has a size of 835 x 300cm,
and the middle part (630 x 280 cm) is tapered and connects
the base to the turret (370 x 220cm). The manhole on the
turret and its door were considered as well. The manhole has
a diameter of 70cm and is placed at about 50 cm from the
antenna (Figure 2, manhole inset). The vehicle, the monopole,
and the manhole door were assigned to a perfectly conductive
(PEC) material. To investigate a possible coupling between
the monopole and the metallic door, the latter was simulated
open. The soil was simulated as a plane of PEC, and a
60cm gap was considered to mimic the tires, as shown in
Figure 1.

Modeling the Exposure Scenario

To take into account the presence of the operator, the whole-
body model Duke (standard adult men, aged 34 years, 1.77 cm
tall and 70kg) weight of the Virtual Population (ViP v.3) was
used (17). The Duke model was located in correspondence
of the manhole, with 70cm of the body (i.e., the trunk)
standing outside the vehicle, as shown in Figure2A. The
level of detail used in modeling the exposure scenario was
progressively increased by adding a protective helmet and
a cabled headset. The helmet is made of a ballistic shell,
a liner containing a foam padding, and the headset case
(Figure 2B, helmet inset). The model of the intercom cable
passes through the headset case and around the nape to
fall along the operator’s body in a helix of a length of
120cm (Figure 2C). The cable is made of a Teflon jacket
of 4mm diameter and a copper wire of 2mm diameter
(Figure 2C, cable inset), and it is connected to the external
surface of the vehicle (functioning as the ground), by a 10 nF
capacitor. As a whole, four exposure scenarios were simulated:

e Exposure scenario a: vehicle with open manhole,

e Exposure scenario b: vehicle with the operator partially outside
the manhole,

e Exposure scenario c: vehicle with the operator partially outside
the manhole, wearing the protective helmet,

e Exposure scenario d: vehicle with the operator partially
outside the manhole, wearing the protective helmet, and the
cabled headset.

Additionally, exposure scenario d was further investigated in

the absence of the human body, to understand the effect of
the cabled headset on the E-field intensity radiated in air. In
Scenarios ¢ and d, polyamide was assigned to the shell and
the foam padding of the helmet, nylon to the headset case.
The copper wire of the cable was modeled as PEC, and the
cable’s insulating jacket was modeled as Teflon. The dielectric
properties assigned to each material at 16 MHz can be found
in Table 1. The physical properties (i.e., electrical conductivity,
electrical permittivity, and mass density) of each of the 305
anatomical elements of the Duke model were assigned from
the IT’IS data base (18) at the working frequency. In all the
scenarios, the reference system was chosen as oriented with the
Z-axis along the length of the antenna, and the XY plane parallel
to the surface of the vehicle, with the length of the vehicle
along the X-axis and the width along the Y-axis, as shown in
Figure 2.

Electromagnetic Simulations

The exposure scenarios were modeled and simulated within the
simulation software Sim4Life (v.5, Zurich MedTech, Zurich).
The EM problem was solved using the finite difference time
domain (FDTD) method (19), considering a 16 MHz sinusoidal
source feeding the monopole. To ensure free propagation of
the E-field outside the simulation domain, absorbing boundary
conditions with perfectly matched layer (PML) were assigned
to the lateral and superior walls, whereas a PEC condition
was assigned to the inferior wall to simulate the presence of
the reflecting soil. A non-uniform grid was applied to each
scenario. The vehicle was discretized with a 5-cm isotropic
grid, whereas an anisotropic grid (2mm x 2mm x 3 cm) was
considered for the monopole antenna. Additionally, Duke’s head,
the helmet, and the cable were discretized with an isotropic 2-
mm resolution, whereas 2.5 mm was used on Duke’s trunk. The
overall number of cells in the simulation space was 13 MCells
for scenario a, 66 MCells for scenario b, 68 MCells for scenario
¢, and 98 MCells for scenario d. The results of the simulations
were analyzed focusing on the induced E-field, and also on
the whole-body averaged SAR (SARyy), for global exposure,
and on the peak of the SAR averaged over 10g of tissue in
the head (SARjgavg), for local exposure. Following the safety
guidelines rationale, that is, to always look for the worst-case
exposure, the calculated field values are analyzed with respect to
the lowest limit among those settled in the different guidelines.
Accordingly, 86.3 V/m is taken in the following as the threshold
for RLs, derived from the 61 V/m (RMS), considered as the E-
field maximum value in the area where the body can be located
(8, 9). As described in the Introduction section, in the cases
in which the unperturbed field values are above the thresholds,
SAR values should be considered. In this latter case, all reported
guidelines set the same limits, that is, 0.4 W/kg averaged over
the whole body, or 10 W/kg peak SAR averaged over 10g of
tissue (6, 7, 9).
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[E] (V/m)

FIGURE 3 | Top view of the vehicle and distribution map of the E-field radiated by the antenna model fed with 25 W at 16 MHz. (A) Distribution at 15 cm above the
manhole, circular inset: detail of the manhole area. (B) Distribution at 70 cm above the manhole, circular inset: detail of the manhole area. The vehicle and manhole
boundaries are shown by the light black lines.

[E| (V/m) [E| (V/m)
3 3

1.5

FIGURE 4 | Distribution of the E-field induced inside the virtual body model Duke. (A) Coronal or frontal plane-YZ, (B) sagittal or lateral plane-XZ.
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FIGURE 5 | Local distribution of the induced SAR inside the virtual body model Duke. (A) Coronal or frontal plane-YZ, (B) sagittal or lateral plane-XZ.
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RESULTS

Exposure Scenario a: Vehicle With Open

Manhole

The E-field generated by the monopole placed over the simplified
model of the vehicle was analyzed in the absence of the human
body, with particular attention to the values estimated in the
proximity of the manhole. Assuming that the space above
the manhole would be usually occupied by the trunk of an
average size man, it was of interest to evaluate the E-field
distribution in areas located at different heights from the surface
of the manhole, that is, h; = 15cm and hy, = 70 cm, which
approximately correspond to the location of the waist and of the
head, respectively. The E-field distributions at the two heights
h; and h; are reported in Figure 3. In both planes, a coupling
between the monopole and the metallic manhole door and the
influence of the open manhole are visible. At h; = 15cm, a
decrease in the E-field intensity is caused by the presence of the
open manhole. In particular, within a 10 cm radius around the
antenna, levels above 100 V/m were estimated, that decrease to
values between 35 and 11 V/m over the manhole (Figure 3A).
A hotspot of 40 V/m was found at the farther extremity of
the manhole door, and, as expected, an increase in the field
intensity occurred in correspondence of the sharp corner of
the turret of the vehicle, as well. Higher intensity values were
found at 70 cm (Figure 3B), where the presence of the metallic
door deforms the E-field distribution causing peaks above 100

V/m close to the door area. Inside the area directly above
the manhole, the non-uniform distribution of the E-field was
characterized by an intensity that ranged from 127 to 20 V/m,
with an average value of 37.45 V/m. To conclude, in the exposure
scenario herein depicted, local E-field intensity values may be
above the considered RL (9), particularly at 70 cm. Therefore,
further dosimetric analysis is required to ensure compliance
with the SAR BRs.

Exposure Scenario b: Vehicle With Open

Manhole in the Presence of the Operator

Figure 4 shows the E-field distribution that was induced inside
the Duke model over two planes, YZ (Figure4A) e XZ
(Figure 4B), at the center of the body. The right side of the
body is majorly interested by the exposure, as it is located in the
proximity of the monopole. A hotspot of 12.3 V/m is induced
in the valley between neck and shoulders (Figure 4A) and in
the cervical area (Figure 4B), whereas values below 3 V/m are
induced in the rest of the body. To evaluate the impact of such
values, the corresponding induced SAR values were evaluated as
well. The local SAR distributions over the same two planes are
reported in Figure 5. Location of the hotspot is maintained with a
peak SAR value of 14.7 mW/kg. Given the previously shown high
E-field intensity values radiated in free space at 70 cm from the
manhole, the values that were induced inside the Duke model at
the same location, which corresponded to the center of the head,
were evaluated (Figure 6A). Results showed that values below 2.8
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from the manhole.

FIGURE 6 | Comparison on the axial plane, XY, between unequipped and equipped military operator, (XY plane): (A,B) Distribution of the E-field induced inside the
head of the virtual body model Duke at 70 cm from the manhole. (C,D) Distribution of the local SAR induced inside the head of the virtual body model Duke at 70 cm

|E] (V/m)
2

V/m were induced inside the cerebral tissues and lead to a local
SAR below 0.6 mW/kg (Figure 6C). To ensure compliance with
the guidelines, the whole-body averaged SAR (SARyy,) and the
peak SAR averaged over 10 g of tissue (SAR0avg) in the head were
computed and resulted to be 0.2 and 3.2 mW/kg, respectively.

These values were well below the limits reported in the guidelines,
as shown in Table 2. A different version of scenario b, with the
operator’s body placed towards the edge of the manhole and the
arm bent over the turret (i.e., scenario bl), was investigated as
well, and results can be found in the Supplementary Material.
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TABLE 2 | Comparison between the estimated SAR values in the three exposure scenarios that include the operator model and guidelines limits.

Estimated value

Guidelines limit

(6,7,9)
Scenario b: vehicle with Scenario c: vehicle with Scenario d: vehicle with
operator operator and helmet operator, helmet and cabled
headset
SARwb 0.20 x 1073 W/kg 0.21 x 1073 W/kg 0.21 x 107% W/kg 0.4 W/kg
SAR10avg 3.2 x 1078 W/kg 3.7 x 1078 W/kg 13.97 x 1073 W/kg 10 W/kg

|E| (V/m)
10

wearing the sole helmet (A) and the helmet with the cabled headset (B).

FIGURE 7 | Distribution of the E-field induced inside the head of the virtual body model: comparison on the frontal plane, YZ, between equipped military operator

|E| (V/m)
10

Exposure Scenario c: Operator Equipped

With the Protective Helmet

The presence of the protective helmet slightly influences the
E-field that was induced inside the body of the Duke model.
Particularly, changes would be mainly expected at the level
of the head, where the helmet is located. Figures 6A,B show
a comparison of the E-field distribution over the axial (XY)
plane at the forehead (70 cm above the manhole) in the case of
Duke without and with the protective helmet, respectively. The
helmet causes a 10% increment in the induced E-field levels.
Nevertheless, values were kept below 3.1 V/m in the cutaneous
tissues and below 1.9 V/m in the cerebral tissues, such as the gray
and the white matter. As for exposure scenario b, the induced
SAR levels were investigated. Local SAR on the forehead plane
is shown in Figures 6C,D. When the helmet is introduced, an

increment of the SAR levels with respect to the levels obtained
in the absence of the helmet is visible. The maximum local
SAR, estimated as the 99.9th percentile of the SAR distribution
inside the head (20), increases from 2.9 mW/kg (in Figure 6C)
to 4.5 mW/kg (in Figure 6D). To evaluate compliance with the
guidelines, the computed peak SAR averaged on 10g of head
tissues is 3.7 mW/kg, that is, 15% higher than the value that would
be induced without the helmet but still well below the 10 W/kg
limit. Conversely, the SAR,;, remains unchanged (Table 2).

Exposure Scenario d: Operator Equipped
With the Protective Helmet and Cabled

Headset
Figure 7 shows the induced E-field inside the whole-body Duke
model in the two cases of the operator wearing the sole protective
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SAR (dB:0.05W/kg)
0 ‘ 0

FIGURE 8 | Comparison on the axial plane, XY, between equipped military operator wearing the sole helmet and the helmet with the cabled headset. Distribution of
the E-field induced inside the head of the virtual body model Duke at 65 cm from the manhole (A,B). Distribution of the local SAR induced inside the head of the virtual
body model Duke at 65 cm from the manhole (C,D). Color bar for SAR is reported in logarithmic scale, considering 0.05 W/kg as the reference value (i.e., 0 dB = 0.05
W/Kg).

helmet (Figure 7A) and the protective helmet with the cabled  behind the neck, the effect of the connected headset can be
headset (Figure 7B). When in the presence of the cable, the seen at the level of the nape as well (i.e., 65cm above the
induced E-field is below 3 V/m everywhere except for the  manhole), as shown comparing Figure 8A with Figure 8B, where
areas of the ears where the presence of the cable causes a  the peak intensity, again estimated as the 99.9th percentile,
peak of 49.8 V/m. Since the cable runs from left to right increases from 12.9 to 15.1 V/m. Nevertheless, despite the
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FIGURE 9 | Comparison on the axial plane, XY, between (A) the E-field radiated in the space surrounded by the helmet in absence of human head and (B) the E-field
induced inside the head with the operator wearing the helmet at 65 cm from the manhole.
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cable is close to the area of the chest and abdomen, the E-
field induced in those areas is not influenced by its presence.
In Figures 8C,D, the local induced SAR is shown for the
two cases. The main difference is again on the ears, where
the local SAR increases from 1.5 mW/kg (Figure 8C) to 40
mW/kg (Figure 8D), whereas the SARyy, remains unchanged
(Table 2). To investigate whether the hotspot on the ears
would cause a non-compliance with the BRs, the peak head
SARjavg Was computed and resulted equal to 13.97 mW/kg,
well below the recommended 10 W/kg (Table 2). To correlate
these results with the corresponding RLs that could be found
in air, exposure scenario d was investigated in the absence of
the Duke model. Results were compared with those obtained
in the presence of the head inside the the helmet and were
analyzed over the plane at 65cm from the manhole (Figure 9).
When considering the connected cable without the presence
of the head, the mean value inside the helmet space is 46.7
V/m, whereas the peak value reaches 132 V/m. Higher intensity
values are focused in correspondence of the right and left headset
(Figure 9A), which means that the cable acts as a receiving
antenna, which concentrates the E-field lines along its length.
When in the presence of the head tissues (Figure9B), the
induced E-field was up to 49.8 V/m, with a mean value of 2
V/m.

DISCUSSION AND CONCLUSIONS

In this study, a realistic military scenario was simulated
considering a highly detailed virtual human body model standing
partially outside a vehicle. The vehicle was modeled as a low
complexity replica of a real one. The RF antenna was modeled

as a monopole placed on the roof of the vehicle. Numerical
simulations were performed at 16 MHz, which is the central
frequency of the working range 2-30 MHz, and considering an
input power of 25 W. Four different conditions were investigated.
The E-field levels in the free space without the human body were
evaluated first (scenario a). Following, the exposure scenario in
the presence of the operator was simulated (scenario b), and
the level of detail in the exposure scenario was progressively
increased by adding the protective helmet (scenario ¢) and a pair
of cabled headsets (scenario d). In scenario a, it was estimated
that areas above the manhole were mostly compliant with the
limits at 16 MHz (i.e., 61 V/m rms or 86.3 V/m magnitude)
(9), except for a small area where the local E-field intensity
reached 127 V/m. To assess whether such intensity values would
induce SAR and E-field values inside the body that exceed the
BRs, the presence of the military operator, partially standing
outside the vehicle, through a manhole, in close proximity to
the radiating monopole, was considered. As a first step, the
unequipped operator was modeled (scenario b) similarly to what
was done in other dosimetric studies (3, 21). The induced E-
field inside the body was estimated to be up to 12 V/m, leading
to SARyyp, and a peak SARjgavg in the order of 1073 mW/kg,
well below the limits of 0.4 and 10 W/kg, respectively (6, 7, 9),
thus finding that noncompliant E-field induced compliant SARp
and peak SARjgavg, as also found by Alcaras and colleagues in
2017, under similar exposure condition (21). To take into account
a more realistic scenario, the equipment usually worn by the
personnel was modeled. Specifically, a protective helmet with a
cabled headset was added to the FDTD simulations, to investigate
whether these elements could be detrimental due to a possible
direct coupling with the antenna. Such modeling details were
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progressively added, by running two sets of simulations, one
with the sole helmet and one with the helmet plus the cabled
headset. To the best of our knowledge, this aspect has never been
considered in the previous dosimetric studies.

When the man is modeled with the protective helmet alone
(scenario c), the induced E-field inside the head is 10% higher
than the one obtained in case b (i.e., man without helmet)
but always below 3.1 V/m and inducing a peak head SARjpavg
of 3.7 mW/kg. When the cabled headset is included in the
simulation (scenario d), alocal increase of the E-field and induced
SAR at the level of ears is observed, although with values still
well below the guideline’s limits. The presence of the helmet
and the cabled headset was investigated in the absence of the
operator model, as well, for a better understanding of the hotspot
occurring at the level of the ears. The local increase of the E-field
was found in the area surrounding the right and left elements of
the headset. This allowed to conclude that such local increase of
the E-field is caused by the induction of currents inside the cable,
which, in turns, act focusing the EM field, rather than being an
effect of the ears’ shape and dielectric properties. Nevertheless,
SAR and E-field values that were induced inside the body in such
condition remained well below the BR’s limits, with a peak head
SARjoavg of 14 mW/kg. With these findings, giving the linear
regime of the problem studied, even when considering the worst-
case exposure scenario (scenario d), the respect of the BRs is still
guaranteed even if the antenna is fed in more extreme conditions,
such as 125W (2). For instance, under these circumstances, the
peak SAR;jpavg Would be 69.85 mW/kg, still below the ICNIRP
limit of 10 W/kg. In conclusion, a computational model that
represents a good compromise between accuracy and efficiency
was herein proposed to perform dosimetric evaluation for safety
assessment of the exposure of military crew in high-power near-
field conditions in the HF range. A realistic exposure scenario
was simulated, in which the radiated electric field reached values
that could be above the guidelines RLs and that coupled with
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This study presents an investigation of clothed human skin exposure to obliquely incident
electromagnetic waves at 60 GHz. We clarified the combined impacts of the cloth
material, incidence angle, and polarization on the assessment of transmittance and
absorbed power density (APD) at the skin surface. A Monte Carlo simulation was
conducted considering the thickness variation of the cloth material and skin tissue. For
the case of transverse magnetic™ wave exposure, the transmittance increases with
increasing incident angle up to the maximum transmittance angle in the range from 60
to 80°, which is known as the Brewster effects, regardless of textile materials and air
gap between cloth and skin. The air gap results in a periodic fluctuation of the APD,
where the variation is almost within 1 dB when the incident power density is constant
and the incident angle is smaller than 40°. Our results also show that as the air gap
increases to 2.5mm, i.e., half-wavelength at 60 GHz in the air, the APD within the skin
surface covered by typical cloth materials increases up to 40% compared with that of
bare skin. Although the use of several cloth materials may increase the transmittance
and APD in oblique incidence scenarios, all the results of the APD do not exceed the
basic restriction for local exposure, demonstrating that the current guidelines for human
exposure to electromagnetic fields are appropriate for preventing the excessive exposure
at 60 GHz considering the impacts of oblique incidence angles and cloth materials.

Keywords: electromagnetic fields, millimeter wave, human skin, cloth effect, absorbed power density, exposure
guideline

INTRODUCTION

In the upcoming beyond 5G/6G wireless communication system, millimeter-wave (MMW)
devices have received considerable attention owing to the potentially high data rate transmission
and a large amount of available bandwidth (1, 2). The increasing demand for MMW
radio frequency (RF) transmitters operated in the human vicinity, such as mobile phones,
tablet terminals, and Wi-Fi systems, has raised public concerns about human exposure to
electromagnetic fields (EMFs) (3-7). The International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guideline (8) and the Institute of Electrical and Electronics Engineers
(IEEE) International Commission on Electromagnetic Safety (ICES) (IEEE Standard C95.1)
(9) have recommended the absorbed power density (APD) or epithelial power density,
respectively, as a new metric for the basic restriction (BR) or dosimetric reference limit
(DRL) to protect against the adverse health effects associated with superficial heating for local
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exposures at frequencies from 6 to 300 GHz. The absorbed
or epithelial power densities crossing a unit area in the
direction normal to the body interface represents the total
power deposited in the biological tissues, which was derived
from an operational health effect threshold in terms of the
temperature rise divided with the reduction factors employed
in the RF exposure guidelines and standards (8, 9). According
to the BR/DRL, exposure limits of incident power density
(IPD) used as reference level (RL) (8) or exposure reference
levels (ERLs) (9) were derived. For local exposures at a
frequency from 6 to 300 GHz, the IPD should not exceed
275fG_0'177 and SSfG_0'177 (W/m?) (fg: frequency in GHz)
for occupational exposure/restricted environments and general
public exposure/unrestricted environments, respectively (8, 9).
Recent dosimetric studies to electromagnetic field exposure
at MMW bands mainly aim to clarify the relationship between
different definitions of power densities and temperature rise at
skin surface including both plane wave incidence and practical
RF sources (10-27). The first concern in investigating these
subjects is the consideration of oblique radio wave incidence
in general human exposure scenarios, especially referred to as
beam steering technology, employed in 5G wireless systems.
The incident angle dependence of transmittance, APD, and
skin temperature elevation has been studied for plane-wave
exposures (12-14) where the difference for transverse electric
(TE) and transverse magnetic (TM) plane waves injection such
as Brewster’ angle effect was clarified. He et al. (24) and Nakae
et al. (25) reported the research results of exposures to oblique
incidence electromagnetic fields from phased array antennas at
28 GHz, i.e., the FR2 (MMW) frequency band assigned in Japan
and some other countries. Considering the extension to other
MMW bands, a new working group 5 under Subcommittee 6
of IEEE ICES TC95 was established to clarify these aspects,
where the effect of the incidence angle on the spatial-average
power densities and resultant temperature elevation using both
computational and thermographic measurement approaches
were reported (26, 27). It was found that the normal incidence
scenario is generally the worst-case for surface temperature rise
when bare skin is directly illuminated by an electromagnetic field.
Another important topic is the consideration of cloth effects
for more realistic human exposure conditions. During the
use of MMW wireless device approaching a human body
wearing clothes made of different textile materials, the difference
compared with bare skin should be clarified for accurate
dosimetry. Several studies have investigated the cloth impacts
on the variation of electromagnetic power deposition at MMW
(3, 28-32). Through the analysis of the power penetration, it
is well-known that the cloth material acts as an impedance
transformer and may increase the power absorption in the
clothed skin. In addition, the impact of a textile layer in
the contact or proximity of skin on the power transmission
coeflicient, APD and temperature rise at 26 and 60 GHz has been
reported in the literature (31). The literature (31) firstly gives a
detailed evaluation of power absorption and thermal dosimetry
under plane wave normal incidence conditions considering the
influence of the textile material and air gap spacing. They
clarified that the presence of an air gap between the cloth and

the skin modifies the electromagnetic power deposition, which
may result in a temperature rise variation from —11.1 to 20.9%
compared to the bare skin at 60 GHz. However, the evaluation of
power deposition at oblique incidence has not been investigated
sufficiently. Considering a general exposure environment, it is
essential to assess the clothed skin dosimetry for cases of not only
normal incidence but also oblique incidence. The transmittance
and APD may be significantly different from those of bare
skin, which will be determined as the combined outcome of
cloth materials, incident angles, polarization components, and air
gap spacing.

In this study, we aim to analyze the electromagnetic field
exposure of a clothed human skin tissue with an obliquely
incident plane wave at 60 GHz. Following previous work,
dosimetric studies were conducted by a theoretical analysis using
the biological-tissue parameters employed by (15, 33). Variations
of the transmittance and the APD were evaluated considering
the dispersion of cloth and skin tissue thickness by Monte Carlo
simulation. The effects of the air gap between the cloth and
the skin were examined considering various textile materials,
incidence angles, and polarization.

METHOD AND MODEL

Figure1 illustrates a two-dimensional analytical model
composed of cloth material, air gap space, and a conventional
multi-layer human skin tissue. The skin model consists of
the epidermis, dermis, subcutaneous fat, and muscle used
to represent the skin tissue in the abdomen (15). Six textile
materials used for typical cloth manufacturing were employed,
which are cotton (M1), wool (M2), linen (M3), leatherette (M4),
polyester fiber (M5), and latex mattress (M6), respectively. An
oblique incident plane wave injected from the air to the surface
of the cloth material layer with an angle of 0 is assumed. Two
polarization components of the incident waves are considered
individually, defined as TE and TM waves, whose electric-field
vectors are perpendicular and parallel to the incident plane
(yz-plane), respectively. The incident power density of 26.6
W/m?, i.e., the reference level for local exposure of the general
public at 60 GHz, as indicated in ICNIRP 2020 (8) and IEEE
C95.1 2019 (9). The incident power density is defined at the
plane whose normal is parallel to the wave-number vector. The
APD crossing a unit area at z = z3 in the air gap to skin boundary
in the direction normal to the interface (14, 17, 18), is given by,

APD = %R{(E (2) xH* (z)) on} | (1)

z=2z3

where E and H* denote the electric field phasor and the complex
conjugate of the magnetic field phasor, respectively. Table 1
listed the parameters of cloth materials and skin tissues in
the Monte Carlo simulation. For consistency with the results
obtained by (14), the dielectric properties of multi-layer skin
tissue reported by (15, 33) were used. The mean values and
standard deviations of various tissue thicknesses of the abdomen
[see Table 2 in (15)] were used, which was measured by (34, 35)
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FIGURE 1 | Two-dimensional clothed skin model composed of various cloth material ( = 1), air gap layer (i = 2), epidermis ( = 3), dermis (i = 4), fat ( = 5), and
muscle (/ = 6) exposed to an obliquely incident plane wave.

TABLE 1 | Dielectric constants and thickness of cloth materials and skin tissues by cloth materials. Figure 2A shows the results for TE waves,
(mean =+ standard deviation) used in Monte Carlo simulation. whereas Figure 2B shows those for the TM waves. The mean
Model Layer Thickness (mm) Relative complex value of transmittance at the skin surface is defined as,
permittivity
(mean = std) (er=tr —jer )
2
T=1-y2(62)| (2)
Cloth Cotton (M1) 0.2 +0.02 2.0 —j0.04
Wool (M2) 20£002 1.22 - j0.036 where y, denotes the reflection coefficient from the skin surface
Linen (M3) 0.98 £ 0.1 1.25 —j0.102 to the air gap. 6, indicates the incident wave angle from the air
Leatherette (M4) 0.91 +0.007 216 —-j0.021 gap layer to the skin surface, which equals 6 in the air on the
Polyester Fiber (M5) 0.79 + 0.194 1.22 —j0.003 basis of Snell’s law.
Latex Mattress (M6) 11.34 £ 0.241 1.11 —0.009 In Figure 2A, the transmittance of the TE waves in each
Skin  Epidermis 0.0794 £ 0.0339 8.5-/9.9 cloth material decrease with increasing incident wave angle.
Dermis 1.25+£0.26 104 —j11.9 For the incident angle 6y smaller than 40°, most of the mean
Fat 143+75 5.7 —ja7 transmittance are shown below 0.5. When the cloth material of
Muscle 144 +35 10.7 —j13.9 M4 is used, a relatively obvious fluctuation with the variation

of air gap spacing is observed in this range of incident angles.
Moreover, when the air gap is larger than 2.5mm and the
incident angle 6 is higher than 70°, a significant increase of
transmittance over 0.9 is observed. This is different from the
general characteristics of the TE waves incidence on bare skin.
The reason may be attributed to the function of the impedance
o ) . . . transformer of the cloth material (M4) affected by its dielectric
statistical dz?ta on cloth material and skin tissue thickness using property and thickness, which may result in a complicated phase
normally distributed randorn. nur?bers generated liy Matlab oversal phenomenon with the increase in the air gap spacing.

R2921a .(14.). The number of‘ iterations was set to 10* for each On the other hand, the TM waves show increased
oblique incidence angle and air gap spacing. transmittance with increasing 69 up to the maximum

transmittance angle, which is known as the Brewster effect. In

using a sufficient number of samples considering the individual
differences in gender and age. In addition, we employed the
relative complex permittivities and thicknesses of six different
types of cloth materials based on the published data in (31,
36). The Monte Carlo simulation was conducted based on the

RESULTS Figure 2B, for each cloth material, the maximum transmittance

. angle for the TM waves varies from about 60 to 80° regardless
Transmittance and Absorbed Power of the variation of air gap spacing. This fact corresponds well
Density at Skin Surface with that of bare skin at 60 GHz (14), indicating that the cloth

Figures 2A,B show the transmittance as functions of incident  material and air gap do not significantly affect the transmittance
wave angle (0¢) and air gap spacing (z,ir) when the skinis covered ~ at the skin surface when the clothed skin is exposed to TM
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FIGURE 2 | Mean values of transmittance and absorbed power density at skin surface as functions of oblique incidence angles 6o and air gap spacing zar when the
skin model is covered by various types of cloth materials at 60 GHz, (A) Transmittance (TE wave), (B) Transmittance (TM wave), (C) APD (TE wave), and (D) APD (TM
wave).

waves injection. In addition, similar to the behavior of TE  show the difference from the maximum mean value of the APD
waves, the dynamic variation using the cloth material of M4 at  at the skin surface. Figure 2C shows the results for TE waves,
small incidence angles is relatively larger compared with other =~ whereas Figure 2D shows those for TM waves. The mean value
textile materials. of APD within the skin surface is obtained by Equation 1.
Figures 2C,D indicate the APD normalized to the maximum In Figure 2C, the APD of the TE waves in each cloth material
value as functions of incident wave angle (6¢) and air gap spacing  decrease with increasing incident wave angle. For the incident
(Zair) considering the cloth effects. The contour lines in the figures  angle 6 smaller than 40°, an oscillatory behavior as the increase
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of air gap spacing is observed. Especially when the cloth material
of M4 is used, a significant fluctuation with a reduced period
is shown compared with other cloth materials. This indicates
that the variation of an air gap between the cloth and skin can
decrease or increase the electromagnetic field power deposition
in the skin tissues, as reported in (31). However, the variation
normalized to the maximum mean value of APD is within —1
dB when 6 < 40°. With increasing the incident wave angle, the
dynamic range from a peak to the valley is reduced, where the
degradation of APD is almost below —5 and —10 dB, respectively,
when 6 is <60 and 80°. Among all the textile materials, the
relative standard deviation of the APD is within 6.9, 9.7, and
26.5% when the oblique incidence angle is smaller than 40, 60,
and 80°, respectively.

For the TM waves, as shown in Figure 2D, the APD for all the
cases of cloth materials also decreases with increasing incident
wave angle, indicating that the normal incidence is also the worst-
case exposure condition even for a clothed skin when an air
gap spacing is determined. For the incident angle 6y < 40°, an
oscillatory behavior as the increase of air gap can be observed
only in the cloth materials of M1, M3, and M4. For those using
M2, M5, and M6, the dynamic behavior is relatively small. Similar
to the TE waves, a severe fluctuation with a reduced period is
shown when the cloth material of M4 is used compared with
other cloth materials. The variation normalized to the maximum
mean value of APD is also within —1 dB when 0y < 40°. With
the increase of 6, both the entire level and the fluctuation of
the APD obviously reduce. Particularly, for TM wave incidence
at 6y > 60°, the APD within the skin surface shows an almost flat
profile with the increase of air gap, indicating that the increase of
oblique incidence angle will reduce the variation of the APD due
to the air gap effects. Moreover, the relative standard deviation of
the APD is within 5.9, 5.1, and 7.6% when the incidence angle is
smaller than 40, 60, and 80°, respectively. Thus, it was found that
the contribution of the variation in cloth and skin thickness to
the APD is not significant.

Comparison of Transmittance and
Absorbed Power Density With Bare Skin

Figure 3 shows the comparison results of transmittance and APD
for the cases between the clothed and bare skin. Figures 3A,B
indicate the ratio of mean transmittance with cloth (Ty;th cloth)
to that of bare skin without cloth (Tpyre skin) When the air gap
spacing (z,ir) is set to 0.5 and 2.5 mm, respectively. Figures 3C,D
indicate the ratio of mean APD with cloth (APD;, doth) to that
of bare skin (APDp,re skin) When the z,;; is set to 0.5 and 2.5 mm,
respectively. The error bars denote the standard deviations of
the APD by the Monte Carlo simulation, which also implies the
variation of APD due to the change of the thickness of cloth and
skin tissue.

In Figure 3A, when z,;; = 0.5 mm, which equals 0.11 at 60
GHz (A: free space wavelength), the results of Ty clotn and
Thare skin are almost comparable with each other. The maximum
ratio of Tyith cloth tO Tpare skin Of 1.3 occurs when the clothed
skin with textile material of M6 is exposed by a TE wave with
an incidence angle of 60°. For cases of other materials, the

corresponding ratio, i.e., TE wave injection at 6y = 60°, reduces
to <1.0. When z,j; increases to 2.5 mm, which equals 0.5A at 60
GHz, all the results do not exceed 1.0 obviously except for the
cases of TE wave injection at 8¢9 = 60°, as shown in Figure 3B.
In that case, the maximum ratio of Tyt cloth 1O Thare skin €Xceeds
2.3 when the cloth material of M4 is used. In addition, the relative
standard deviations for cases of cloth materials are below 28.2 and
14.7%, respectively, when z,j, is 0.1 and 0.5 mm.

In Figure 3C, when z,; = 0.5mm, most of the results of
the APDy doth show equivalent levels or below those of the
APDygre skin- Different from the relationship of transmittance
shown in Figure 3A, the maximum ratio of APDyw cloth to
APDypare skin Of 1.3 occurs when the clothed skin with textile
materials of M1 and M5 is exposed by TE waves when 6y =
60°. In contrast, when z,j, increases to 2.5 mm, all the ratios of
APDyith dloth t0 APDpyye skin Significantly degrades to <0.8 when
TE waves incident at ¢ = 60°. Instead of this, the maximum
ratio of 1.4 occurs at normal incidence when M4 material is
used. In addition to the above, other results show that there is
no significant difference of the APD between the clothed and
bare skin when exposed to oblique incidence plane waves at 60
GHz. Moreover, the relative standard deviations for all the cases
of cloth materials are within 9.5 and 10.9%, respectively, when
Zair 18 0.1 and 0.5 at 60 GHz, indicating that the effects caused by
the variation of cloth thickness to the APD is marginal.

DISCUSSION AND CONCLUSION

This study briefly investigated the EMF exposures of a clothed
skin model with an obliquely incident plane wave at 60 GHz.
As an extension work of the previous study (14), this work
mainly aimed to clarify the combined impacts of the cloth
material, incidence angle, and polarization on the assessment
transmittance as well as APD specified as the BR in ICNIRP
guideline for human exposure to EMF. Our results show that
for most cloth materials, the variations of oblique incident angle
and air gap between cloth and skin may result in a significant
fluctuation but a relatively small level of transmittance of the
TE wave except for using the cloth material of leatherette (M4).
For TM wave incidence, the maximum transmittance increases
with increasing incident angle up to 0.9 in the range from
60 to 80°, which is known as the Brewster effect. Although
periodic changes are observed at lower incident angles, it
can be considered that the transmittance of the TM wave
will not be obviously affected by the cloth material and the
air gap.

On the other hand, with the increase of air gap spacing
between cloth and skin surface, an oscillatory behavior with a
peak to valley variation of the APD for both the TE and TM
waves were observed. This indicates that the existence of an air
gap between the cloth and skin can increase or decrease the
APD at the skin surface (31), where the dielectric properties and
thickness of cloth materials under various incident angles and
polarizations will affect the role of the impedance transformer.
However, the variation normalized to the maximum mean value
of APD is only within —1 dB when 6y < 40°. On the basis of the
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FIGURE 3 | Ratios of transmittance and absorbed power density at skin surface with various cloth materials to those of bare skin at different air gap spacing, (A)
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reduction factor of 2 (about 3 dB) used for deriving the BR from
the operational health effect threshold in local exposure above 6
GHz in the ICNIRP guidelines (8), an absolute difference <1 dB
is sufficiently small considering the uncertainty of the evaluation.
With increasing the incident angle of 6, the entire level and the
fluctuation of the APD degrade obviously for both the TE and
TM waves. The fact indicates that the normal incidence is the
worst-case exposure condition for a clothed skin once the air
gap between the cloth and skin is determined. In comparison to
the bare skin, the use of various cloth materials under various
oblique incidence exposure conditions generally increases the
APD at the skin surface up to about 40%. In addition, the
relative combined standard deviations for all the cases of cloth
materials are within 9.5 and 10.9%, respectively, when z,j, is
0.1 and 0.54 at 60 GHz, indicating that the contribution to the
APD caused by the cloth thickness variation is not significant.
Furthermore, all the results of the APD do not exceed the BR
for local exposure of 20 W/m? when the IPD is set to 26.6
W/m?, i.e., the reference level for local exposure of the general
public at 60 GHz, demonstrating that under the considered
conditions, the current guidelines are appropriate for preventing
the excessive exposure at millimeter-wave bands including the
combined effects of cloth materials, air gap, oblique incidence

angle, and polarization. The findings of this study are useful
for understanding the appropriate use of BR in practical MMW
exposure scenarios.
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Transcranial magnetic stimulation (TMS), a non-invasive technique to stimulate human
brain, has been widely used in stroke treatment for its capability of regulating synaptic
plasticity and promoting cortical functional reconstruction. As shown in previous studies,
the high electric field (E-field) intensity around the lesion helps in the recovery of brain
function, thus the spatial location and angle of coil truly matter for the significant
correlation with therapeutic effect of TMS. But, the error caused by coil placement in
current clinical setting is still non-negligible and a more precise coil positioning method
needs to be proposed. In this study, two kinds of real brain stroke models of ischemic
stroke and hemorrhagic stroke were established by inserting relative lesions into three
human head models. A coil position optimization algorithm, based on the genetic
algorithm (GA), was developed to search the spatial location and rotation angle of the
caoil in four 4 x 4cm search domains around the lesion. It maximized the average
intensity of the E-field in the voxel of interest (VOI). In this way, maximum 17.48% higher
E-field intensity than that of clinical TMS stimulation was obtained. Besides, our method
also shows the potential to avoid unnecessary exposure to the non-target regions. The
proposed algorithm was verified to provide an optimal position after nine iterations and
displayed good robustness for coil location optimization between different stroke models.
To conclude, the optimized spatial location and rotation angle of the coil for TMS stroke
treatment could be obtained through our algorithm, reducing the intensity and duration
of human electromagnetic exposure and presenting a significant therapeutic potential of
TMS for stroke.

Keywords: TMS, stroke, voxel of interest, genetic algorithm, coil position optimization

INTRODUCTION

Stroke is a prevalent disease worldwide and has caused a heavy burden on the healthcare system
(1-3). As a serious life-threatening disease, which is common in middle-aged and elderly people,
stroke can cause sequelae such as hemiplegia and aphasia (4, 5). Strokes, which cutoff the blood
supply to parts of the brain, are categorized as ischemic stroke and hemorrhagic stroke. Ischemic
stroke is caused by a sudden reduction in blood perfusion or complete interruption of blood flow
to the local brain tissue. Hemorrhagic stroke is caused by cerebral hemorrhage or subarachnoid
hemorrhage (6). The cortical branches of the middle cerebral artery (MCA) extend to the functional
areas of the cerebral cortex and provide 80% of the blood supply to the brain (7). Stroke in the main
branches of the MCA can cause severe physical injury to the body.
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Transcranial magnetic stimulation (TMS) is an effective and
non-invasive neuromodulation and therapy technique, which
gained popularity in scientific research and clinical applications
(8). Transcranial magnetic stimulation device generates an
electric current in coil by the discharge of capacitor, which
will activate pulsed magnetic field in space. This magnetic
field passes through the skin and other tissues to generate an
eddy current electric field (E-field) in the intracranial tissue,
consequently stimulating the targeted brain area and affecting
neural activity (9, 10). TMS can accelerate the cortical blood
supply to the targeted brain areas, effectively enhance synaptic
plasticity and regulate excitability of nerve cells as well as
release of neurotransmitters in short and long terms, thus
enhance the stimulated network interaction (11-16). These above
characteristics are of great significance for stroke rehabilitation.

During stroke rehabilitation, the existence of viable neurons
at stimulation area of TMS highly contributes to the therapeutic
effect. For small stroke lesions, functional recovery depends on
the recruitment of peripheral or residual neurons (17). Murata
et al. reported that the plasticity of neural activity, functional
connectivity in the premotor cortex, and the remaining tissue
near the lesion contribute to the functional recovery of induced
motor defects following damage to the primary motor cortex.
Therefore, direct promotion of affected brain area excitability
could be more beneficial to poststroke recovery than inhibition
of unaffected brain area excitability (18, 19) and the higher E-
field intensity is, the more efficient therapy is. According to the
International Federation of Clinical Neurophysiology, the scalp
spot where the targeted muscle reaches the peak motor evoked
potential is defined as a “hot spot,” which is widely used in clinical
practice for TMS stimulation (13, 20, 21). However, the “hot spot”
definition is only a rough trade-off under the existing conditions
without considering the angle of coil. In addition, since every
individual has different cortex structures and the cortex folds
of different brain areas of specific person are not the same,
there is a high chance that the potential optimal stimulus “hot
spot” remains undetected. Therefore, the targeted region may not
acquire significant activation under specific TMS frequency and
intensity, whereas the cortical and subcortical distant brain areas
are activated from time to time (22, 23).

The therapeutic effect of TMS depends on the coil position,
stimulation frequency, current intensity, etc. A set of accurate
coil location and rotation angle can provide the most potent
stimulation to the targeted brain area, while minimizing the
impact on unrelated brain areas, which is crucial to an enhanced
therapeutic effect (24, 25). However, coil placement by TMS
operators is often accompanied by a deviation of 2 cm (26), which
may affect the treatment efficiency through the change of the
E-field distribution in target region. Therefore, it is necessary
to study a more accurate clinical quantitative treatment scheme
and a stimulus dose plan for the safe and precise TMS treatment
(27). From what has been discussed above, the primary aim is
to stimulate a more precise “hot spot” to acquire the E-field as
high as possible for a stronger stimulation effect, which is truly
helpful for activating neurons around the lesion. Some studies
established comprehensive brain atlas of stimulation sites for
quick operations to improve TMS stimulation accuracy (28, 29),

whereas others used several heuristic algorithms, such as the fast
computational auxiliary dipole method (ADM) (30) and particle
swarm optimization (PSO) (31, 32), to regulate the position
or current configuration of the coil to improve the overall E-
field in the voxel of interest (VOI); thus, achieving optimal
neural regulation. However, both these coil location optimization
algorithms are based on a healthy brain. It is unknown if the
algorithms are robust in the brain area with local conductivity
changes, which mean that the coil position optimization of TMS
stimulation near the lesion needs further study.

In this study, a method for TMS coil positioning is suggested,
which will help clinician to find the optimal stimulus spot and
get the E-field intensity near the lesion as high as possible
for a better therapeutic effect. The optimization algorithm is
based on the precision digital human head model with a stroke
module inserted to simulate the two most common clinical MCA
strokes (ischemic stroke and hemorrhagic stroke). Compared
with other TMS coil position optimization algorithms for healthy
human head models, the advantages of our method are a broader
search domain, more coil positioning patterns, and a higher
calculation efficiency. Further, the E-field intensity of the VOI
is kept high and in the meantime, the intensity of the non-
target region is under control to void any unnecessary exposure
due to the constant emission energy. This method will have a
great significance in clinical stroke rehabilitation during TMS
treatment. The introduction of the optimization algorithm into
TMS can effectively improve the stimulation efficiency of the
treatment, reduce human electromagnetic exposure, and alleviate
the concern of the public about electromagnetic exposure.

MATERIALS AND METHODS

Numerical Models

This study was based on three digital human head models
(Figure 1) obtained from the Chinese Visible Human (CVH)
project and the Virtual Family Project (33, 34). The two Chinese
human head models included those of a 35-year-old male (CVH
male) and a 22-year-old female (CVH female). The male and
female models had resolutions of 1.0 x 1.0 x 1.0 and 0.5 x 0.5
x 0.5 mm, respectively. The third head model was that of a 34-
year-old male Duke, with a resolution of 0.5 x 0.5 x 0.5mm.
The models contained more than 40 tissues, such as skin, skull,
and fat, covering 20 to 35-year-old males and females belonging
to the yellow and white races.

The MCA disease is an important cause of stroke in humans
(35). The central artery is the significant one of the MCA
cortical branches (36). If this vessel suddenly ruptures or
embolizes, some brain areas would suffer from pathological
changes due to the lack of nutrients, resulting in temporary or
permanent loss of brain function. To simulate the intracranial
physiological state caused by stroke, a part of the central artery,
thrombus, and the lesion (2 x 2cm) with the four VOIs
(3 x 3cm) nearby were added to the cortex (Figure2). The
average diameters of the blood vessel and thrombus were both
1.9mm (37, 38). The ischemic stroke and hemorrhagic stroke
models were established by adjusting the tissue electromagnetic
parameters of the lesion. When an ischemic stroke occurred
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FIGURE 1 | Numerical head model.

o
i -
The CVH male The CVH female Duke

Central sulcus

FIGURE 2 | Stroke model (a part of vessels with stroke only).

Stroke

Vessel

due to blocking the cerebrovascular, the affected gray matter
(GM) conductivity decreased by 10-14% (39). In addition, the
complex dielectric constant value decreased by 10% (40). When
a hemorrhagic stroke occurred, blood infiltrated the cortical
tissue and completely replaced brain tissue, such that the GM
conductivity of the lesions was the same as that of blood (41).
Table 1 shows the tissues and all the electromagnetic parameters
of models.

There exist numerous gyrus structures and specific cortical
curvatures; thus, the lesions and the VOIs in different models
have different thicknesses. The average thickness of lesions in the
models ranged from 0.48 to 1.22 mm and that of the VOIs ranged
from 1.74 to 4.67 mm (Table 2).

Numerical Simulation for the Induced
E-Field

Transcranial magnetic stimulation was used to stimulate the area
near the lesion to facilitate the function of residual neurons. A
higher average value of the E-field intensity in the VOI resulted

in a better stimulus effect. In TMS treatment of stroke, an eight-
figure coil is often placed in a tangent position to the scalp and the
handle of the coil is tilted to the rear of the midline at an angle of
45° (21, 42). At this time, the handle of the coil is perpendicular
to the central sulcus and the induced current is perpendicular to
the central sulcus, such that the induced E-field is significantly
enhanced (43).

In the simulation, every model was divided into 1.0 x 1.0 x
1.0mm voxels. Single-turn eight-figure coil with two wings of
70 mm diameter with currents in the opposite direction and no
thickness was used as an excitation source (44). The frequency
and intensity of the abstract harmonic current were 2.24 kHz and
1,000 A, respectively.

The magnetic vector A was introduced into the process of
solving electromagnetic fields to calculate the induced magnetic
field of the line current in the space using the Biot-Savart law.

Ao [TV
4 v r

(1)
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TABLE 1 | Electromagnetic parameters of tissues (f = 2,240 Hz).

Tissue Conductivity (S/m) Relative permittivity
Skin 2.00E-04 1.14E+403
Cortical bone 2.03E-02 1.66E+03
Cancellous bone 8.19E-02 6.19E+03
Cerebrospinal fluid 2.00E+00 1.09E+02
Gray matter 1.04E-01 8.56E+04
White matter 6.42E-02 3.71E+04
Cerebellum 1.24E-01 8.59E+04
Hypophysis 5.26E-01 3.07E+04
Hypothalamus 1.04E-01 8.56E+04
Hippocampus 1.04E-01 8.56E+04
Fat 4.23E-02 7.47E+03
Pineal gland 5.26E-01 3.07E+04
Intervertebral discs 8.30E-01 6.07E+01
Spinal cord 3.02E-02 6.12E+04
Dura 5.01E-01 3.00E+03
Red bone marrow 1.02E-01 2.73E+03
Muscle 3.31E-01 1.44E+05
Cornea 4.25E-01 9.04E+04
Lens cortex 3.31E-01 4.71E+04
Nucleus 2.00E-01 9.91E+02
Iris 3.31E-01 1.44E+405
Sclera 5.07E-01 3.16E+04
Vitreous body 1.50E4-00 9.90E+01
Retina 1.04E-01 8.56E+04
Aqueous humor 2.00E+00 1.09E4-02
Lacrimal apparatus 2.00E+00 1.09E4-02
Salivary gland 6.70E-01 9.16E+4-01
Respiratory tract 0.00E+00 1.00E+00
Tongue 2.76E-01 3.22E4+04
Teeth 2.03E-02 1.56E+03
Nerve 3.02E-02 6.12E+04
Cartilage 1.75E-01 1.27E404
Lymph node 5.90E-01 9.48E+01
Blood and stroke 7.00E-01 5.26E+03
Ischemic lesion 9.11E-02 7.71E+04
Hemorrhagic lesion 5.00E-01 5.26E+03

TABLE 2 | Average thickness of the voxel of interests (VOIs) and lesions in stroke

model (mm).

Model VoI 1 VoI 2 VoI 3 Vol 4 Lesion
The CVH female 1.74 1.85 2.16 1.75 0.48
The CVH male 411 4.59 3.23 2.63 1.22
Duke 4.67 3.62 3.10 4.56 1.21

The average thickness is determined by the ratio of volume (V) to projected area (S)
(thickness = V//S).

Where, = o is the magnetic permeability, r is the distance
between the source element x’ and the model element x, and the
source current is J(x').

Combining Maxwell’s equations, the current continuity
equation derived from linear media gives:

1
V x —V x A = @*8A — jwEVe + J (2)
w

Where, £ is the complex permittivity, e is the angular frequency,
Jo is the source current, and the scalar potential is ¢.

Thereby, the E-field intensity can be obtained in each voxel:
WEA+Jo =V x 1V x A

jwé

E=—jwA — V¢ = —jwA — 3)

Genetic Algorithm

In the genetic algorithm (GA), a group of solutions (individuals)
is obtained through several generations of evolution. In every
generation, each individual codes in a specific way and the
fitness function is used to evaluate its adaptability. Based on
the principle of “survival of the fittest,” individuals with poor
performance are eliminated and those individuals with excellent
performance are selected to enter the next generation. The
individuals are recombined under the influence of gene crossover
and gene mutation to form a new genotype (45). Both the theory
and experiment verify the robustness of the GA in a complex
search space (46).

In order to identify the best position of the coil, the population
of each generation consisted of 10 individuals and the genotype
of an individual was determined by six bits of binary coding of
their position P; (xi, i, zi, and ¢;). The steps of x; and y; were both
1 mm and then z; could be calculated according to the placement
of the coil relative to the scalp. The step of the rotation angle
@; was 2.8125°. It should be also mentioned that the x;, y;, zi,
and ¢; were all in float format as a result of data code and
decode process and were simplified to two decimal places further.
The 24 bits of binary code could cover all the genotypes of
individuals in the search domain. Each genotype corresponded
to one phenotype (spatial location and rotation angle of the
coil). The search domain covered x € [—20 + xp, xo +20],y €
[—20 + 0, Yo + 20], where xp and yy are the central coordinates
of the VOLI. In each generation, individuals were involved in 0-1
mutation and randomized crossovers. The fitness value of each
coil position was evaluated by the fitness function (the average
E-field intensity in the VOI) (47). A higher average value of the
E-field intensity in the VOI resulted in a better fitness value.
Finally, natural selection was performed according to the fitness
values; individuals with the worst fitness values were eliminated
and those individuals with excellent fitness values were copied as
offspring according to the probability. The number of iterations
was set to 9. The algorithm idea was as follows:

Begin:

T < 0; //T: Number of iterations

Initialize Pop(T); //Initial population

Fitness E(x, y, z, ¢); //Survival of the fittest
While (not terminating number of iterations) do:

Crossover operation to Pop(T);
Mutation operation to Pop(T);
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T<—T+1;

End

Output: Optimal fitness E(x, y, z, ¢) and corresponding
parameters (x, ¥, z, ¢)

End

Following the idea of the GA, we wrote an algorithm
to search the coil location and angle in the VOIs. The
optimization algorithm controlled Sim4Life version 6.0 (ZMT
Zurich MedTech AG, Ziirich, Switzerland, UK) for the E-field
distribution, solving the stimulation at random spots in the
coil search domain. The optimal position of the coil with the
peak VOI average E-field intensity was obtained to improve the
effectiveness of magnetic stimulation during the treatment of
stroke. The 2.5 GHz Intel 17-11700F 16-core processor was used
for the calculation and the time of each simulation iteration was
set to 2-3 min. The resolution was 1.0 x 1.0 x 1.0 mm and the
convergence tolerance difference was 1.00E-08.

Quantitative Evaluation Parameters of the
E-Field

In this study, we selected the Py (Xref Vref> Zref, aNd @ref)
pointing out 1cm from the lateral normal of the scalp above
the center of the VOI as the clinical reference stimulation spot
(Figure 3).

For comparing the E-field of the VOI with stimulation
spot located in Py and Py, the percentage improvement
in the E-field intensity in the VOI (Eiuproved) spatial
distance optimization (dchunged) , and rotation angle
optimization (¢ angeq) Of coil was used as quantitative indexes
to evaluate the optimization degree of the coil. A larger value of
the index resulted in a greater optimization effect.

(Eopti - Eref)
Eref

x 100% (4)

Eimproved =

FIGURE 3 | The eight-figure coil position.
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FIGURE 4 | Coil positions in the voxel of interest (VOI) 1 to the VOI 4.
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Eimproved reflects the relative improvement as a percentage of the
E-field intensity during the coil positioning in comparison with
the simulation at a reference spot. The larger the value, the higher
the efficiency of the algorithm.

dchanged = \/(xopti - xref)2 + (yupti - yref)2 + (Zopti - Zref)2
(5)

dchanged means Euclidean space distance between the optimal spot
and the reference spot and the @cangeq is the difference between
the angle of coil at the optimal spot and the reference spot. A large
value of both means a different position.

For slight injury stroke lesions (<10 cm’) (48), a
specific frequency stimulation is often operated on the
affected hemispheres to maximize the activation of the
undamaged brain functional connections and enhance the
plasticity of the affected cortex; thus, accelerating functional

Pchanged = |§00pti - (/)ref|

recovery (49, 50).

TABLE 3 | Optimization results of the electric fields (E-fields).

Model

Prer

P, opti

Ischemic stroke
The CVH female

VOI 1

(15.00, 40.00, 92.00, 45.00)

(19.00, 42.00, 90.00, 120.00)

VOI 2 (-37.00, 70.00, 77.00, 45.00) (-41.00, 74.00, 70.00, 67.10)
VOI 3 (=22.00, 43.00, 97.00, 45.00) (=20.00, 26.00, 105.0, 41.40)
VOI 4 (4.00, 77.00, 62.00, 45.00) (12.00, 71.00, 67.00, 41.40)

Mean / /

The CVH male

VOI 1 (-36.50, 17.50, 60.50, 45.00) (-46.50, 22.50, 55.50, 0.00)

VOI 2 (-70.50, =16.50, 47.50, 45.00) (-73.50, -18.50, 46.50, 71.40)
VOI 3 (-37.50, -18.50, 65.50, 45.00) (-34.50, -11.50, 66.50, 34.00)
VOI 4 (-81.50, 15.50, 27.50, 45.00) (-77.50, 17.50, 30.50, 34.30)
Mean / /

Duke

VOI 1 (67.87, -32.95, 31.43, 45.00) (66.88, -41.93, 26.44, 54.30)
VOI 2 (76.86, 16.97, 35.42, 45.00) (78.85, 20.96, 33.42, 125.70)
VOI 3 (53.90, -5.99, 58.37, 45.00) (67.87, -6.99, 43.40, 157.10)
VOI 4 (82.85, -12.98, 11.47, 45.00) (81.85, -15.97, 12.47, 5.70)

Mean / /

Hemorrhagic stroke
The CVH female

VOI 1 (15.00, 40.00, 92.00, 45.00) (21.00, 40.00, 91.00, 172.90)
VOI 2 (-37.00, 70.00, 77.00, 45.00) (-25.00, 58.00, 87.00, 137.10)
VOI 3 (-22.00, 43.00, 97.00, 45.00) (-19.00, 27.00, 105.00, 47.10)
VOI 4 (4.00, 77.00, 62.00, 45.00) (10.00, 69.00, 69.00, 47.10)

Mean / /

The CVH male

VOI 1 (-36.50, 17.50, 60.50, 45.00) (-41.50, 26.50, 55.50, 174.30)
VOI 2 (-70.50, =16.50, 47.50, 45.00) (-74.50, =11.50, 45.50, 65.71)
VOI 3 (-37.50, =18.50, 65.50, 45.00) (-44.50, =22.50, 62.50, 11.43)
VOI 4 (-81.50, 15.50, 27.50, 45.00) (=77.50, 17.50, 30.50, 17.14)
Mean / /

Duke

VOI 1 (67.87, -32.95, 31.43, 45.00) (54.90, =44.93, 44.40, 20.00)
VOI 2 (76.86, 16.97, 35.42, 45.00) (70.87, 22.96, 44.40, 120.00)
VOI 3 (563.90, =5.99, 58.37, 45.00) (44.92, -6.99, 64.35, 177.10)
VOI 4 (82.85, -12.98, 11.47, 45.00) (85.85, -12.98, -6.49, 11.43)
Mean / /
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Erer Eopti Eimproved dchanged Qchanged
(V/m) (V/m) (%) (mm) ©)
1.75 1.92 9.59 4.90 75.00
1.60 1.55 3.34 9.00 22.10
1.67 1.81 156.32 18.00 3.60
1.78 1.85 3.82 11.18 3.60
1.656 £0.12 1.78 £0.14 8.02 + 4.88 10.77 £ 4.74 26.08 £+ 29.24
1.89 2.57 16.99 12.20 45.00
2.50 2.67 6.82 3.70 26.40
2.20 2.36 7.19 7.70 11.00
2.50 2.77 10.89 33.38 10.70
2.27 £0.25 259 +0.15 10.47 + 4.09 14.24 + 11.45 23.28 + 14.06
2.05 2.22 8.13 10.30 9.30
2.71 2.80 3.60 4.90 80.70
2.08 2.19 5.21 20.50 67.90
2.32 2.39 3.10 3.30 39.30
229+ 0.26 240+ 0.24 5.01 +£1.96 9.75+6.73 49.30 £+ 27.53
1.78 1.89 6.01 6.08 52.10
1.51 1.55 2.93 19.70 87.90
1.56 1.63 5.02 18.14 214
1.78 1.84 3.46 12.21 214
1.66 £ 0.12 1.73+0.14 4.36 £ 1.23 14.083 +£ 5.37 36.07 £+ 36.21
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domain, where the VOI average E-field reached the peak and trough; Pr: clinical coil reference stimulation spot).

In this study, the lesion area (2 x 2cm) was surrounded
by four 3 x 3cm stimulation VOIs (Figure2). Each VOI
corresponded to a search domain (4 x 4 cm) for optimizing the
coil position (31). The center of the search domain overlapped
with the center of the corresponding VOI. The search domain
covered all the VOIs and a part of the lesion and each VOI
intersected with adjacent edges of the lesion and the other VOIs.

The position of the coil was determined by the spatial location
(x, y, and z) of the coil center and its rotation angle ¢ around the
z-axis (Figure 3). The coil plane was always kept parallel to the
scalp. The position can be described as P (x, y, z, and ¢) and the
optimal coil position Popri (Xoptis Yoptis Zopti> 1A @opri) contributed
to the maximum average E-field intensity in VOL. Figure 4 shows
the coil positions in the VOI 1 to VOI 4.

RESULTS

Optimization Results of the E-Field

The E-fields in the VOIs of the ischemic stroke and hemorrhagic
stroke models were optimized. Compared with the reference
spot, the E-field optimization results are shown in Table 3.

As can be seen from Table 3 and Figure 5, compared with
Pyef, the overall induced E-field in the VOI with the coil at
Popii significantly improved. The E-field improvement was lower
in the Duke stroke model. The average E-field improvements
in the VOIs ranged from 5.01 to 10.47% for ischemic stroke
models and from 4.36 to 9.54% for hemorrhagic stroke models.
There were about 66.7% of the VOIs that showed significant
improvement in the E-field intensity (Ejpproved OVer 5%).
During coil position optimization, the maximum spatial location
change was 39.84 mm and the maximum rotation angle change
was 87.9°.

To visually present the E-field enhancement in the VOIs, the
distribution of the E-field in GM at two different stimulating
positions (Pypsi and Pref) in two stroke models was studied.

Figure 6 shows that all the focus centers of the eight-figure coil
were in the VOIs and the average E-field intensity and the whole
uniformity of the VOI were greatly improved after optimization
of the coil position. The distribution of the E-field in the VOIs
of the ischemic stroke model was consistent with that of the
hemorrhagic stroke model. Furthermore, the improvement of
the E-field intensity in the VOIs of the ischemic stroke model
was higher.

The optimization iteration process showed that the E-field
values were no longer updated after the seventh generation
(Figure 7), implying that the algorithm converged effectively
at the ninth generation. Therefore, an iteration number of 9
was selected to ensure the optimal position parameters in the
coil search domain and each optimization of the model took
4.5-5.71 h.

Validation of the Algorithm

To analyze the robustness of the algorithm, the CVH female
(ischemic)-VOI 1 was selected to repeat the optimization process
five times. The AE;prove below 1% was regarded as the no E-field
improvement. The results are shown in Table 4.

The distribution of Eyy; obtained using five repeated
experiments was concentrated with a small fluctuation (SD =
0.01 V/m), indicating that our optimization algorithm could find
the optimal position of the coil after nine iterations and exerted a
stable improvement effect on the E-field of the VOIL.

To verify the effectiveness of the algorithm in searching the
optimal coil position in the search domain, a 6 x 6 mm ergodic
search domain covering both the Pres and Popsi was set. In the
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9.41

search domain, the distance steps in the x-, y-, and z-directions
were set as 1 mm and each space point was set with 11 rotation
angles (the rotation angle step was 11.25° and could cover 45°).
The average E-field intensities in the VOIs under all the coil
positions were calculated and compared with Pypy;.

There are many coil positions that contribute to the higher
average E-field intensity than the reference position (1.50 V/m)
in the whole search domain for the same VOI (Figure 8). It can
be concluded that the reference position is not very likely to be the
optimal one due to the diversified structure of local cortical folds.
The average E-field intensity in the VOI can reach the maximum
value (1.92 V/m) when the coil stimulates at the optimal position
given by the algorithm and this also confirms the accuracy of
our algorithm.

DISCUSSION

Several differences exist in the structure of the local gyri among
models and locations and, thus, the intensity and distribution of
the induced E-field of the coil position in the different VOIs vary.
For a better therapeutic effect, the E-field intensity in the VOI
needs to be improved maximally. It is necessary to optimize the
spatial location and angle of the coil for specific stimulation areas
because there is no fixed paradigm for it.

The average E-field intensity in the VOIs of the CVH female
was lower than that of others (Table 3), which was attributed to
the specificity of the gyrus structure. The deeper and wider sulcus
of the CVH female leads to greater filling of the cerebrospinal
fluid (CSF) near the GM. As a result, the electromagnetic field
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TABLE 4 | Algorithm repeatability verification.

Test Eref (V/ M) Eopti (V/ M) Eimprove (%)
1 1.75 1.92 9.59
2 1.75 1.92 9.30
3 1.75 1.93 9.93
4 1.75 1.93 10.27
5 1.75 1.91 8.96
Mean + SD 1.75 £ 0.00 1.92 £ 0.01 9.61 £0.46

travels a longer distance through the CSEF resulting in more
energy attenuation. Therefore, the induced E-field intensity in
the VOIs of female was lower than other models. The lesion in
the CVH female was thinner than in others, i.e., more residual
GM voxels were classified as the VOIs below the thin lesion
(four edges of the lesion had about 2 mm intersection with each
VOI). The presence of these GM voxels closer to the stimulation
coil below the lesion resulted in an enhanced E-field. Therefore,
the stimulation intensity can be appropriately reduced in the
treatment of lesions with a light injury.

Figure 6 shows that when the coil was at Py, the E-field
distribution gradient in the VOI was significantly different due
to the coil position and gyrus structure difference. The VOI E-
field average of ischemic and hemorrhagic stroke models can be
maximally improved by 16.99 and 17.48%, respectively, due to
the optimization of the coil position (Figure 5). Although in a few
models, the peak E-field of the VOI was higher when the coil was
at Py,r. A greater effect on the average value of the induced E-field
and the field uniformity of the VOI was observed when the coil
was at Popri, which could maximally activate the residual nerve
around the lesion and improve the efficiency of stroke treatment.
In addition, because the cerebral cortex has numerous folds, the
optimal coil stimulation position, where the maximum overall E-
field intensity in the VOIs could be acquired, tended to deviate
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FIGURE 8 | The average E-field intensity of the VOlIs in different stimulus spots.

directly over the VOI center (Table 3; Figure 6). When the scalp
edge curve was steep, the distance optimization value increased
significantly such as dgpgngeq in the CVH female-VOI 3, the CVH
male-VOI 1, and the Duke-VOI 1. The distance change fell within
20-30 mm, which was equivalent to the lesion size.

Previous study showed that induced currents pass
perpendicularly through the local gyri to cause at least a
51% increase in the E-field (51), which means the coil at P
with 45° can cause the induced current to pass vertically into the
central sulcus. Therefore, P is generally considered as a good
stimulus spot in the search domain (Table 3; Figure 5). However,
gyri in the VOISs such as the VOI 1 and the VOI 2, which had a
little distance from the central sulcus, were mostly not parallel
with the central sulcus. Therefore, the eight-figure coil with a
45° angle could not let the currents be vertical to the CSF-GM
boundary and resulted in the poor E-field improvement under
stimulation of the coil at P,¢s. In addition, the optimization effect
of the algorithm was obvious. Even for the VOI 3 and the VOI
4, which were closer to the central sulcus, the optimal stimulus
angle was not 45° such as P,s. On average, the angle optimization
was 35.55° and the coil angle optimization was up to 87.90° in
the CVH female (hemorrhagic)-VOI 2. In conclusion, for the
specificity of gyri, the clinical stimulation mode is insufficient
to ensure that the overall intracranial microcurrent is vertically
passed through the local gyri. To obtain safer and more effective
treatment conditions, it is necessary to regulate the location and
angle of the coil according to various cortical gyrus structures for
different patients and different targeted areas in the clinics.

The coil position under the guidance of the optimization
algorithm proposed in this study was optimal after nine iterations
and exhibited excellent performance in five repeated experiments
(Table 4). In addition, after position optimization, the average
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E-field and the distribution uniformity in the VOIs greatly
improved. The optimization algorithm improved the E-field
by 7.83 and 6.98% on average in the VOIs of the ischemic
and hemorrhagic stroke models, respectively. The optimization
algorithm improved the E-field up to 16.99% maximally for
the ischemic stroke models and 17.48% maximally for the
hemorrhagic stroke models. Furthermore, the enumeration
method proved that the algorithm provided a global optimal coil
position in the search domain (Figure 8).

This study result shows a significant improvement of the
average E-field in the VOIs by the quantified coil positioning
method, which reduces the positioning error caused by manual
operation. By adopting GA, the electromagnetic response
induced by pulse stimulus is maximized, the efliciency of
magnetic stimulation can be improved, and the unexpected
induced E-field in non-targeted brain area would also be
reduced. As a result, this optimization process reduces the
electromagnetic exposure time of patients and shortens the
period of treatment to reduce the probability of the occurrence
of complications. In addition, the efficacy of TMS is related to
the gyrus structure of different brain regions between different
patients. Yet, the proposed algorithm can be used to solve
this problem by designing the clinical TMS stroke therapeutic
schedule individually. The variable of the two stroke models
can be abstracted as the electrical conductivity of the lesion.
Therefore, our coil position optimization algorithm is robust in
different diseases, with electrical conductivity changes in the local
brain tissue, such as brain tumor treatment.

CONCLUSION

Although the death rate of stroke is decreasing, its incidence
has been continuously increasing worldwide and is higher in
the younger population than in the elderly (1). To improve the
efficiency of stroke rehabilitation treatment and provide patients
with a more accurate and safe magnetic stimulation treatment in
clinics, the ischemic stroke models and the hemorrhagic stroke
models of the CVH female, the CVH male, and Duke were
established. GA was applied to regulate the optimal coil location
and rotation angle in a 4 x 4 cm search domain around the lesion,
in which the rotation angle can be involved by the automatic
search of coil spatial location within millimeter accuracy. Finally,
the coil position is given in every VOL
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