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Abstract

Human exposure to the electromagnetic field emitted by wireless communication systems has raised public concerns. There were
claims of the potential association of some neurophysiological disorders with the exposure, but the mechanism is yet to be
established. The wireless networks, recently, experience a transition from the 4th generation (4G) to 5th generation (5G), while
4G long-term evolution (LTE) is still the frequently used signal in wireless communication. In the study, exposure experiments
were conducted using the LTE signal. The subjects were divided into sham and real exposure groups. Before and after the
exposure experiments, they underwent functional magnetic resonance imaging. Within-session and between-session compari-
sons have been executed for functional connectivity and network properties. Individual specific absorption rate (SAR) was also
calculated. The results indicated that acute LTE exposure beneath the safety limits modulated both the functional connection and
graph-based properties. To characterize the effect of functional activity, SAR averaged over a certain tissue mass was not an
appropriate metric. The potential neurophysiological effect of 5G exposure has also been discussed in the study.

Keyword Long-term evolution - Functional connectivity - Brain network - Specific absorption rate (SAR) - Electromagnetic
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Introduction

With the rapid advancement of wireless communication tech-
nology, radiofrequency (RF) electromagnetic field (EMF) expo-
sure to potential health risks raised public concerns. To limit the
RF-EMF exposure based on thermal effect, the safety guidelines
(ICNIRP 2020; IEEE 2019) have been revised by the
International Commission on Non-ionizing Radiation
Protection (ICNIRP) and Institute of Electrical and Electronics
Engineers (IEEE). These guidelines adopted the specific absorp-
tion rate (SAR) over a certain tissue mass as the metric for the
frequencies below 6 GHz, the popular spectrum for current
wireless communication technologies. Several behavioral and
neurological effects claimed to be associated with EMF
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exposure, has been reported beneath the safety limits
(Repacholi 1999). Moreover, some studies substantiated evi-
dence for electromagnetic hypersensitivity (EHS), which in-
cludes visual (McCarty et al. 2011) and working memory dis-
turbances (Zubko et al. 2017). Subsequently, the researchers
have extensively explored the neurological effects from a variety
of neurophysiological endpoints, e.g., cortical electrical activity
(Hamblin et al. 2006; Croft et al. 2010; Lustenberger et al. 2013;
Roggeveen et al. 2015a; Roggeveen et al. 2015b), cortical ex-
citability (Tombini et al. 2013), cerebral blood flow (Aalto et al.
2006), brain glucose metabolism (Volkow et al. 2011), and
hemodynamic responses (Volkow et al. 2011; Curcio et al.
2012). However, the outcomes were inconsistent, and the resul-
tant effects were believed to be dependent on frequencies and
modulations (Zhang et al. 2017).

In recent times, the wireless networks experience a transi-
tion from the 4th generation (4G) to Sth generation (5G). 4G
long-term evolution (LTE) is still the widely used signal in
wireless communication. The resting-state (RS) functional
magnetic resonance imaging (fMRI) was applied to analyze
the amplitude of spontaneous low-frequency function
(ALFFs) and fractional ALFF (fALFF) (Lv et al. 2014) on
regional segregation and data-driven functional connectivity
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(FC) (Wei etal. 2019). These results consistently validated the
simultaneous modulation of different brain units owing to the
LTE-EMF exposure. By LTE exposure, the decreased EEG
alpha and beta band power (Yang et al. 2016) and the altered
interhemispheric synchronization pattern of EEG activation
(Lv et al. 2014a, b) have also been reported. Furthermore,
the lack of effect on awake EEG has also been published
(Nakatani-Enomoto et al. 2020).

As known, the human brain functions as an interconnected
network that responds to external stimuli. The whole-brain func-
tional and network analysis was expected to reveal comprehen-
sive knowledge on the effect across different brain regions.
Moreover, numerous studies suggested that the organization of
the brain networks could be characterized by the graph theory-
based approaches (Rubinov and Sporns 2010). In such a case,
the network study would provide deeper insight into the acute
effect of LTE-EMF exposure. The study also elucidated the
applicability of the current dosimetric metrics for quantifying
the neurophysiological effect. The possible reasons for the in-
consistency were investigated. Extrapolation of the results to the
EMF exposure of next-generation signals was discussed.

Method and Material
Subjects and the experimental procedures

The present study involved 34 right-handed subjects (19 males
and 15 females, age between 19 and 36 years with the mean +
stdv as 23.6 + 4.8 years old). The researchers selected the can-
didates with the history of neurological or psychiatric disorders
by questionnaire. The participants were instructed to limit their
phone usage for less than 10 min during the day prior to the
experiments, and they reported using mobile phones against the
ear for less than 1 h per day in the past 30 days.

In the double-blind experiment, the participants were
equally divided into two groups for real and sham exposure,
each comprising of 17 subjects (Table 1). During the experi-
ment, the subject received one structural and one functional
MRI before the exposure (real or sham blind to the subjects)
and one fMRI after exposure. The duration of the exposure
was 30 min for each session. During the exposure, participants
were instructed to select a comfortable posture on the chair

Table 1 Demographic data for the subjects and the division of the
experimental group

Real exposure Sham exposure

Male Female Male Female
9 8 10 7

Total 17 17
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and to maintain the posture. Located in the MRI control room,
the exposure room was shielded to prevent environmental
EMF and noise. The subjects were asked to move slowly
between the MRI bench and the exposure chair. The time
interval between the exposure and the fMRI scan was 1 min.
They were asked to report whether they fell asleep during the
scan, and no monitoring system was applied in the experi-
ment. The experimental scenario is illustrated in Fig. 1. The
study was approved by the ethics committee of the People’s
Liberation Army General Hospital (Beijing, China). The par-
ticipants signed consent after being explained the experimen-
tal procedure in detail.

Exposure system

The time-division LTE signal with a carrier frequency of
2.573 GHz was generated by a signal generator (CMW 500,
R&S, Munich, Germany) and amplified by an RF power am-
plifier (AR40S1G4, AR, Bothell, WA), which were further
delivered to a standard dipole (D2600V2, SPEAG, Zurich,
Switzerland). The applied radio frame (total length: 10 ms)
consisted of 2 half-frames of equal length. Each half-frame
had 5 subframes, each 1 ms in length. In the exposure exper-
iment, the maximal emission configuration was opted (6 up-
link 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.
Two power meters (E4416A, Keysight, Santa Clara, CA)
were incorporated in the power input chain to achieve the
constant output to the dipole regardless of the individual di-
electric variation (Wu et al. 2012). The power was adjusted to
24 dBm (mean value). It is the theoretical maximal emission
by an LTE terminal.

MRI Scan

A 3.0 T scanner (SIGNA EXCITE, GE Healthcare, Chicago,
IL) with a conventional eight-channel phased array coil at
PLA General Hospital (Beijing, China) was adopted in the
study. The magnetic gradient field was 40 mT/m and the slew
rate was 150 mT/m/s. The structural MRI scan was acquired
with a three-dimensional fast spoiled gradient echo (3D
FSPGR) sequence with the following parameters: repetition
time (TR) = 6.8 ms, echo time (TE) = 2.9 ms, slice thickness =
1 mm, slice gap = 0 mm, field of view (FOV) = 22 cm x 22
cm, flip angle (FA) = 15°, matrix size = 256 X 256, in-plane
resolution = 1.0 % 1.0 mm, number of excitations (NEX) = 1,
and number of sagittal slices = 188. The functional images
were obtained by an echo-planar imaging (EPI) sequence with
the following parameters: TR = 2 s, TE = 30 ms, slice thick-
ness = 3 mm, slice gap = 0.8 mm, FOV =22 x 22 cm, FA =
90°, matrix size = 64 x 64, in-plane resolution = 3.4 x 3.4 mm,
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NEX = 1, and 32 transverse slices. The RS-fMRI scan ac-
quired 180 image volumes and lasted for 6 min.

Data preprocessing

Firstly, the raw data (DICOM format) from the MRI scanner
was transformed to NIfTI format. The first 10 volumes of the
images were discarded for magnetization equilibrium.
Consequently, slice timing correction and head motion cor-
rection were conducted for the remaining 170 volumes. No
dataset was excluded from the analysis due to the excessive
head movement (the threshold was defined as translation >
2 mm or rotation > 2°). The individual T1-weighted images
were co-registered to the mean functional image after motion
correction, thereafter classified into gray matter (GM), white
matter (WM), and cerebrospinal fluid (CSF). The resulting
GM and WM images were nonlinearly registered into MNI
space, and the transferring parameters were estimated. All the
functional images were then normalized into this space with

C
Fig. 1 Exposure scenarios. a Power chain for exposure. b Instruments used in the experiments. ¢ Subject under exposure

the help of these parameters, and the normalized images were
further smoothed using a [6 mm x 6 mm % 6 mm] full width at
half maximum Gaussian kernel. Detrend was performed to
reduce the linear and non-linear drift in the signal. A band-
pass filter was applied to filter the time series of each voxel
(0.01-0.1 Hz). The nuisance signals (global signal, CSF, and
WM signals) were regressed out from each voxel’s time
course. The processed images could be used for network anal-
ysis. The data preprocessing pipeline was conducted using
SPM8 (Penny et al. 2011) and DPARSF (Yan and Zang
2010).

FC metrics

To define the nodes and edges for network analysis, the
preprocessed data were parceled to certain brain atlas, e.g.,
Anatomical Automatic Labeling (AAL) atlas (Tzourio-
Mazoyera et al. 2002). Consequently, time-course data were
averaged from each parceled brain unit for computing the
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pair-wise correlation coefficients. As a result, an N x N cor-
relation matrix (N is 90, representing the number of parceled
brain regions) was generated. Fisher’s Z transformation was
performed to improve the normality of the correlation. Only
the positive correlations were taken into consideration in this
study because the negative ones were believed to degrade the
reliability of the result (Wang et al. 2011). Connectivity
strength and its diversity were consequently conducted for
the regional properties of the FC matrices.

FC strength

The metric denoted the average value of the correlations be-
tween the ith node and all other nodes of the brain as described

by Eq.(1):

R(i) = %ﬁ”i’ (1)

where r; is the correlation coefficient for nodes i and j.
Diversity of connections

The regional diversity of connections was the variance of the
correlations between the ith node and all other nodes as given
by Eq.(2):

_N\2
Var(R(i Z;‘ (”i.,jiR(i)) 5
ar(R(i)) = =R @)
The global FC values can be obtained by averaging the
nodal connectivity strength and their diversity across all the
nodes.

Brain network metrics

To explore the topological characteristics of the network,
thresholding based on connection sparsity was applied, i.e.,
the ratio of the number of actual edges divided by the maxi-
mum possible number of edges in the network. The threshold
values were set such that all the nodes in the investigated
graphs were connected to at least one other node (the graphs
were not fragmented), and the graph had nonrandom proper-
ties (densely connected graphs presented non-biological fea-
tures according to Kaiser and Hilgetag (2006)). As such, con-
nection sparsity was derived with a range of 35-50%. The
results of the brain network were averaged over this range,
with a 1% increment (Bassett et al. 2008). The following met-
rics were assessed in the study.

Degree k(i) is equal to the number of edges connecting the
ith region to the rest of the network:

k(i) = ;Au (3)
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where A is the binary adjacency matrix obtained by
thresholding the functional connectivity matrix.
Regional efficiency E(i) is computed for each node in a
graph,G, as follows:
1 1

E(i) = —_ljezG oy (4)

where L;; is the minimum path length between regions i and ;.
The global efficiency is the mean value over all the regional
results.

The clustering coefficient C(i) of a node v is the ratio of
connected triangles, d,, to connected triples, 7,. The clustering
coefficient of a graph is as follows:

C(G) = L ) 0 (5)

vev' Ty

where V” is the set of nodes with degree > 2.

Clustering coefficient (C) is a measure of grouping within
the network, indicating how likely the neighbors of a node are
to be connected with one another. Path length, L, can be esti-
mated as the inversed efficiency.

Small-worldness is represented as the normalized cluster-
ing coefficient divided by the normalized path length. The
normalized clustering coefficient and characteristic path
length are the division of clustering coefficient C and charac-
teristic path length L to the clustering and path length of a
comparable random graph (Watts and Strogatz 1998).

Assortativity is a measure of the correlation between the
degree of a node and the mean degree of its nearest neighbors.
A positive value of degree correlation signifies that nodes are
likely to be connected to other nodes with the same degree
and, therefore, that the high degree nodes or hubs of the net-
work are likely to be connected to each other. If the degree
correlation is negative, this implies that the hubs of the net-
work are not connected to each other, which is a characteristic
of a disassortative network.

Hierarchy () of the networks is a parameter of the power-
law relationship between clustering C and degree k of the
nodes in the network: C~k . 3 can be calculated by fitting a
linear regression line to the plot of log(C) versus log(k) for the
network. A large positive value of (3 signifies the hubs of the
network have a high degree (total connectivity) but low clus-
tering (local connectivity), indicating that they are connected
predominantly to nodes not otherwise connected to each
other.

Synchronization measures the propensity that all nodes
fluctuate in the same wave pattern. The detailed formula could
be referred to in the literature (Rubinov and Sporns 2010).

The abovementioned functional and network parameters
were computed using MATLAB based toolkit Gretna
(Wang et al. 2015).
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Network comparison

The statistical comparison was computed for the functional
and network metrics. The paired t-test was conducted for the
within-session comparison, and the independent sample t-test
was applied for the between-session comparison. For both
cases, the false discovery rate (FDR) was used for multiple
corrections. A value of p < 0.05 was considered as the thresh-
old for statistical significance. The data analysts were blind to
the source of the data.

Individual SAR calculation

The anatomical head model was automatically recon-
structed from the preprocessed individual structural im-
ages following the procedures by Li et al. (2015) using
an in-house segmentation tool (Wu et al. 2013; Li and
Wu 2015) and iSeg (Zurich Med Tech AG). The gener-
ated head models contained 10 tissues at the resolution
of 1 mm®. Consequently, Finite-Difference Time-Domain
(FDTD) simulation was performed to ascertain the power
absorption in the experiment per subject. Peak SAR av-
eraged over 10 g tissue (pSAR10g) and over 1 g tissue
(pSAR1g) was presented for each subject.

Correlation between variables

We explored associations between the functional parameters,
graph-based metrics, and the individual peak SAR values
using Pearson’s correlation. The individual network differ-
ence (post-exposure value minus pre-exposure value) from
the within-session real-exposure experiments and individual
peak SAR were used for the study. The correlation coeffi-
cients elucidated the association between each pair of vari-
ables over all subjects in the study.

Results
Functional connection

FC maps averaged across all participants in the two groups are
presented in Fig. 2. The global measures of FC strength and
diversity of FC strength averaged over the two groups are
detailed in Table 2.

Between-session comparison

Concerning the between-session results from the subjects after
exposure, an insignificant difference in the between-session
outcome in terms of global measures was detected for the
subjects following exposure (p > 0.1). The nodal connectivity
strength and diversity of connectivity strength are illustrated in

Fig. 3. These two figures compared the difference in the post-
exposure results. A prominent increase in FC strength was
witnessed at contralateral middle frontal gyrus (MFG L) and
insula (INS_L), bilateral triangular part of inferior frontal gy-
rus (IFGtriang_L and IFGtriang R) and Heschl gyrus
(HES_L and HES R), and contralateral lenticular nucleus pu-
tamen (PUT_R). On the contrary, a significant reduction of
diversity of FC strength was evident at contralateral
parahippocampal gyrus (PHG_R) and ipsilateral posterior cin-
gulate gyrus (PCG_L).

No between-session difference was detected from the sub-
jects prior to exposure.

Within-session results

The nodal within-session difference was identified in the
real-exposure session. The changed regions were the same
as those found in the between-session comparison and,
therefore, the results were not repeated. The within-session
results from the sham exposure group revealed a decrease at
PUT L, PUT R, and increase at left and right posterior
cingulate gyrus (PCG L, PCG R), PUT R and INS R,
INS L in terms of FC strength (p < 0.01). The diversity of
FC strength diminished at PUT L and PUT R, whereas
enhanced at INS R and PCG R (p < 0.015). The results
are described in Fig. 4.

Brain network results

Global metrics: efficiency, assortativity, hierarchy, small-
worldness, and synchronization.

Between-session comparison The global metrics were com-
pared and are depicted in Table 3. Figure 5 highlights the
mean results of the global metrics over the subjects from the
two groups. Briefly, no significant between-group difference
was observed in terms of Efficiency, Assortativity, and
Hierarchy. However, synchronization of the network was re-
duced by the real exposure group (p =0.018, t =—2.495). The
small-worldness was significantly raised by EMF exposure
(p = 0.004, t = 3.071), which could be attributed to the in-
creased normalized clustering coefficient (p = 0.033, t =
2.227).

There was no difference between the before-exposure
results.

Within-session comparison The results from the sham-
exposure session failed to portray any significant difference.
In contrast, we perceived significant differences from the real-
exposure session. Small-worldness enhanced owing to EMF
exposure (p = 0.019, t = 2.475). The synchronization was
marginally decreased by real exposure (p = 0.042,

= — 2.115). There was increase in the normalized clustering
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coefficient (p = 0.020, t = 2.456). These changes were in
accordance with those of the between-session comparison
for the post-exposure results.

Nodal metrics: efficiency, degree centrality, and between-
ness centrality.

The significant nodal changes by EMF exposure were sum-
marized in Table 4.

Table 2  Global measures of FC metrics

Real exposure

Pre-exposure (mean + stdv) Post-exposure (mean + stdv)

FC strength  0.334 + 0.056
FC diversity 0.048 +0.007
Sham exposure

0.291 £ 0.050
0.052 +0.009

Pre-exposure (mean + stdv) Post-exposure (mean + stdv)
FC strength  0.32 +0.051 0.304 £ 0.053
FC diversity 0.01 £ 0.008 0.049 £ 0.008

stdv: standard deviation

@ Springer

Post-exposure

Between-session comparison The clustering coefficient was
significantly increased at the bilateral frontal cortex (left sup-
plementary motor area: SMA L, left median cingulate and
paracingulate gyri: DCG_L, IFGtriang R, and DCG_R).
The shortest path length was significantly enhanced at both
sides of Calcarine fissure and the surrounding cortex (CAL L
and CAL_R). Accordingly, the nodal efficiency was signifi-
cantly reduced at bilateral CAL. Figure 6 a illuminates the
affected sites.

Within-session results The within-session results from the
real-exposure session were comparable to those obtained from
the between-session results. Briefly, EMF exposure signifi-
cantly raised the clustering coefficient at left superior frontal
gyrus, medial (SFGmed L, close to SMA L), DCG L,
DCG R, and right inferior frontal gyrus, opercular part
(IFGoper_R, adjacent to IFGtriang). A significant increase
was also evident in the shortest path length at CAL L and
CAL R, whereas the decrease was pronounced at HES R.
Consequently, the nodal efficiency was significantly en-
hanced at HES R. Figure 6 b shows the affected sites.
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Fig.3 Between-session post-exposure results of FC strength and diversity of FC strength. Sham-Post: post-exposure results from the sham session; Real-
Post: post-exposure results from the real exposure session
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Fig.4 Within-session results from the sham exposure group of FC strength and diversity of FC strength. Sham-Pre: pre-exposure results from the sham

session; Sham-Post: post-exposure results from the sham session

The sham-exposure session introduced a significant
reduction of the clustering coefficient for HES at double
sides and enhancement of the hippocampus at the right
side (HIP_R).
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Power distribution in the head

The calculated peak SARs averaged over 10 g and 1 g tissues
were obtained for each subject. The pSAR10g was 0.61 +0.14
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Table 3  Network metrics averaged over subjects

Real exposure session Sham exposure session Statistical comparison

Pre-exposure Post-exposure Pre-exposure Post- tl 2 t3 t4

(mean = stdv) (mean =+ stdv) (mean + stdv)  exposure

(mean = stdv)

Assortativity 0.163 +0.081 0.159 +0.063 0.16 +£0.07 0.162+£0.076 0903 0911 0943 0.872
Hierarchy 0.057 £0.101 0.082 + 0.099 0.074 +£0.095 0.064 +0.106 0.619 0.602 0.763 0473
Network efficiency-global 0.699 £0.013 0.705 + 0.006 0.702+0.014  0.703 £0.006  0.261  0.613  0.904 0.157
Synchronization 0.109 +0.054 0.067 + 0.062 0.114 £ 0.06 0.120+£0.063  0.018 0.710 0364 0.042
Small world-normalized clustering 1.208 + 0.060 01.270 £0.085  1.196 £0.066  1.203 £0.092  0.033  0.569  0.805 0.02
Small world-normalized path length ~ 1.016 £ 0.0017  1.010 + 0.007 1.013+£0.017 1.013+0.008 0.669 0352 0.214  0.889
Small worldness 1.19+0.071 1.257 £ 0.088 1.17 £0.076 1.160 £0.096  0.004 0439 0.744 0.019

t1: post-exposure results from the real session vs. post-exposure result from the sham session; t2: pre-exposure results from the real session vs. pre-
exposure results from the sham session; t3: post-exposure results from the sham session vs. pre-exposure results from the sham session; t4: post-exposure

results from the real session vs. pre-exposure results from the real session

W/kg, with a maximal value of 1.02 W/kg, while pSAR1g
was 2.47 + 0.65 W/kg, with a maximal value of 4.08 W/kg.
The spatial SAR distribution is demonstrated in Fig. 7 for each
subject.

Correlation of the network properties and the
dosimetric results

The correlation matrix is shown in Fig. 8. A significant corre-
lation was revealed in various functional and network metrics.
It was justified because the network parameters were derived
from the functional connections by thresholding. In contrast,
none of these metrics correlated with pSAR1g nor with
pSAR10g.

Discussion
Dose-effect relation

Figure 8 substantiated the positive or negative correlation be-
tween the functional and network properties, which was vin-
dicated owing to the fact that the network properties were
derived from the functional connections by thresholding.
The analysis indicated that the individual SAR averaged over
different tissue mass did not correlate with the functional con-
nectivity strength, nor with the network properties. The results
established that pSAR10g and pSAR1g were inappropriate to
determine the neurological changes by EMF exposure. This
could be explained by the fact that SAR limits were based on
the power absorption in 10 g and 1 g tissue, thereby increasing
the local temperature by an order of 0.1 "C (considering the
safety factor). In contrast, the firing of a neuron could ensue by
the temperature change of even less magnitude (Burek et al.

2019). The firing of one neuron may initiate the cascades or
“avalanches” in the neuronal system, whereby activity propa-
gates as individual neurons trigger action potential firing in
subsequent neural networks (Beggs and Plenz 2003). The
metrics based on macroscopic temperature rise over a certain
tissue mass (comparable to the weight of millions of neurons)
were incongruous to quantify the functional/network change
triggered by a certain neuron. This could justify the inconsis-
tency reported by the available literature.

Experiments with exposure at different levels are essential
to validate this hypothesis. However, the ethics committee did
not authorize the experimental protocol because it involved
repetitive exposures for the subjects. Furthermore, exposure
at different durations may also provide more insight into the
results. Unfortunately, the same reason prohibited us from
doing that.

Modulation of functional and network properties by
LTE EMF exposure

Another novelty of the study was contributed by the whole-
brain modulation in terms of functional connectivity and net-
work topological properties by LTE exposure.

By exposure, functional connection strength was dimin-
ished, whereas its diversity enhanced slightly for most of the
90 regions (Fig. 3). However, an insignificant difference was
established for these two global metrics (Table 2). From
Table 3, it was evident that exposure increased the normalized
clustering coefficient, while normalized characteristic path
length remained unchanged. These two changes contributed
to the significant increase in small worldness. The small-world
architecture confirms the coexistence of segregation and inte-
gration of the brain network, which was believed to allow high
rates of information processing and learning (Simard et al.
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Table 4 Significantly changed
nodal metrics

Clustering coefficient

Shortest path length

Nodal efficiency

tl

t3

t4

IFGtriang_R: p = 0.007, t =2.905
SMA _L:p=0.042,t=2.123
DCG_R: p=0.016, t=2.550

DCG L:p=0010, t=2.736
/

HES R:p=0.042, t=—2.120
HES L:p=0.035,t=—2212

HIP_R: p=0.032, t = 2.243
SFGmed L: p = 0.036, t = 2.184

DCG_L: p =0.047,t=2.058
DCG _R:p=10.024,t=2.264
[FGoperc_R: p =0.006, t =2.969

CAL L:p=0.016,t=2.566
CAL R:p=0.015,t=2581
/

/

CAL L:p=0.032,t=2232
CAL R:p=0.021,t=2423
HES R:p=0023,t=—2.392

CAL L:p=0.019, t=—2470
CAL R:p=0017,t=—2523
/

/

CAL L:p=0.042,t=—2.122
CAL R:p=0022,t=—2413
HES R:p=0.022, t=2.401

t1: post-exposure results from the real session vs. post-exposure result from the sham session; t2: pre-exposure
results from the real session vs. pre-exposure results from the sham session; t3: post-exposure results from the
sham session vs. pre-exposure results from the sham session; t4: post-exposure results from the real session vs.
pre-exposure results from the real session

2005). A higher level of small worldness, on the one hand,
may facilitate information processing, but it could also indi-
cate hyper-connectivity, unnecessarily beneficial to normal
information processing. For example, elevated small-
worldness has been documented for veterans with traumatic
brain injury (TBI) and posttraumatic stress disorder (PTSD) in
comparison to the veterans with TBI but without PTSD
(Rowland et al. 2018). In particular, PTSD had syndromes
as avoidance, arousal, perturbed moods, analogous to those
claimed with EHS. Both between-session and within-session
results revealed the reduction of network synchronization by
EMF exposure. The metric explained the susceptibility of the
network to the external stimulation (Hovel et al. 2018). It may
indicate the disruption of the normal synchronization ability
by LTE EMF exposure. A similar effect has also been reported
by our EEG studies (Lv et al. 2014a, b) but not in a recent
study (Nakatani-Enomoto et al. 2020).

A marked increase in the clustering coefficient was ob-
served at the contralateral medial frontal lobe (SMA L and
MCG_L) and ipsilateral inferior and medial frontal lobe
(IFGtriang_ R, MCG_R). These regions are the locations in-
volved in reward-based decision making, motor control, lan-
guage processing, and speech production. (Price 2012).
Enhanced efficiency following LTE EMF exposure was also
witnessed for HES on both sides. Heschl gyrus is the location
of the human primary auditory cortex, and its structural asym-
metry may affect the way people process and perceive sensory
information (Catherine et al. 2009). Calcarine fissure and sur-
rounding cortex (CAL_L and CAL R), considered to be the
primary visual cortex (Engel et al. 1997), exhibited signifi-
cantly reduced efficiency. The nodal clustering coefficient
and nodal efficiency (shortest path length) quantified the ca-
pability for information transfer. With higher nodal efficiency,

the information transfer consumed less energy. The results
highlighted the suppression of the information exchange abil-
ity at the primary visual cortex but increased or unaffected
ability at the other hubs in the dorsal visual pathway, possibly
implying a perturbed visual information processing stream.
The bilateral fronto-temporal cortical activation (MFG L,
IFGtriang_L, IFGtriang R, HES L, and HES R) in terms of
FC strength was prominent and in agreement with a large
portion of the available human exposure studies (Zhang
et al. 2017). The effect might indicate the enhanced cortical
neural efficiency and simple cognitive-motor processes
resulting from exposure to time-division signals (Vecchio
et al. 2012). A significant reduction was also noted at PCG
and INS. The insular cortex (insula and insular lobe) is in-
volved in consciousness and plays a role in regulating emotion
and the body’s homeostasis (Menon and Uddin 2010).
Situated in the cortical region in the medial temporal lobe that
surrounds the hippocampus, the parahippocampal gyrus
(PHG) is engaged in both spatial memory (Squire and Zola-
Morgan 1991) and navigation (Aguirre et al. 1996; Maguire
etal. 1996). Most of the sites are believed to play an important
role in sensory, degenerative neurological disorders, and psy-
chopathology. Alterations in these sites may have a potential
association with a series of self-claimed symptoms (redness,
tingling, and burning sensations) as well as neurasthenic and
vegetative symptoms (fatigue, tiredness, concentration diffi-
culties, dizziness, nausea, heart palpitation, and digestive dis-
turbances), predicted to be due to EMF exposure. In our pre-
vious human studies, the brain changes in terms of fALFF and
ReHo were explored. ALFF estimates the strength of regional
neural activity (Zang et al. 2007), while the intraregional neu-
ral synchrony is characterized by ReHo (Zang et al. 2004).
The functional and network metrics in the present study
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IFGtriang_R SFGmed_L R IFGoperc_R
p=0.007 p=0.036 |, ﬂ p=0.006
=2.905 t=2.184 *s. t=2.969

clustering
D R
: pfﬁ,—m DCG_L || DCG_R
coefficient g p=0.047 =0.024
' t=2.058 t=2.264
shortest path
CAL R
length p=0.015
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HES_R
p=0.022
nodal t=2.401
CAL_R CAL_R
efficiency = | p=0.017 p=0.022
t=-2.523 t=-2.413

Fig. 6 Nodal changes. Significant changed sites by between-session comparison of the post-exposure results (a), and significant changed sites by with-

session comparison from the sham-exposure group (b)

elucidate the intrinsic brain organization topology. With var-
ied neurophysiological interpretations, these metrics should
be integrated to provide a comprehensive view of the modu-
lation of the brain by LTE exposure. In general, the modulated
sites were consistent with these studies.

Some studies of other imaging modalities have also illumi-
nated similar brain modulation. A PET study (Aalto et al.
2006) revealed that a mobile phone in operation triggered a
local decrease in the regional cerebral blood flow beneath the
antenna in the inferior temporal cortex and an increase in the
prefrontal cortex. Volkow et al. (2011) used PET to evaluate
brain glucose metabolism in humans for over 50 min during
CDMA exposure. Increased metabolism was detected in the
ipsilateral orbitofrontal cortex and temporal pole (side close to
the antenna) during acute EMF exposure. Impact on
frontotemporal regions was also evident from some ERD

@ Springer

and ERP experiments (Vecchio et al. 2012; Vecchio et al.
2012; Vecchio et al. 2007).

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 and
should be clarified. 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 (Robertson et al. 2009). Our study uncovered the
alterations in insula, parahippocampal gyrus, hippocampus,
and putamen, and they could be attributed to the effect of
MRI exposure. To eliminate activation by the battery noise,
the standard dipole was employed for exposure sources
(Haarala et al. 2003). However, there was a loud sound during
the scan. Although subjects were recommended to wear plas-
tic earplugs, the exposure to sonic stimuli may, at least
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#17

0.46

Fig. 7 (continued)

partially, contribute to the activation of auditory regions. The
impact of these stimuli needs to be elucidated in future studies.

Since 2019, the fifth-generation (5G) wireless network has
been implemented. Two different frequency ranges available
for 5G wireless technology include- frequency range 1 (FR1)
and frequency range 2 (FR2). At present, the popular com-
mercial frequency at FR1 was around 2.4 and 3.5 GHz, close
to the current 3G and 4G frequencies. The emission power of
5G mobile phones is comparable to that of 3G and 4G termi-
nals. Most of the existed literature, as well as our studies,
narrated similar activated sites (frontal and temporal lobules)
for different frequencies/modulations. It is, therefore, reason-
able to expect that the exposure to new generation wireless
signals would result in a similar effect.

The present work also has several limitations. Firstly, our
study involved only 34 participants, with 17 under real LTE-
EMF exposure. We did not utilize a cross-over experimental
design, i.e., the subjects alternatively exposed to real and sham
exposure because it may require a washout period. At present,

Small World-normalized clustering
Small World-normalized path length
Small worldness
Network-Efficiency-global
Assortativity

Synchronization

Hierarcy

FC Strength

FC Diversity

pSAR10g

pSARIg

PSAR 10g

PSAR 1g

1.73

the lasting effect of EMF exposure has been determined. To
avoid the ambiguity of this issue, we have decided to use the
present experimental design. Secondly, although none of the
subjects reported falling asleep, completely ruling out the pos-
sibility that subjects fell asleep or experienced sleepiness dur-
ing the MRI scan was difficult. To eliminate the possibility of
falling asleep, we will employ MRI-compatible physiological
monitors in future studies. Thirdly, an in-depth understanding
of the exposure effect can be achieved by varying the expo-
sure time durations. We did not conduct experiments with
various durations, and we have planned to continue the study
upon the permission of the ethics committee.

Conclusion
Human brain modulation following LTE exposure was firstly
evaluated by functional and network metrics. The topological

changes have been reported, and their consistency with the

The FC Strength difference of real-post and real-pre

-0.3 0.1 0.2 0.3
The FC Strength difference of real-post and real-pre

4.5
4.0

3.5

3.0

2.5

2.0

L5

-0.4 -0.3 0.1 0.3

Fig. 8 Correlation matrix of the dosimetric values and the functional and topological metrics
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previous analysis was highlighted. Integrating the results from
the regional BOLD variation, intraregional similarity, and
hypothesis-driven FC analysis, a comprehensive view for
the brain activity by the exposure of LTE signal and the signal
of next-generation can be obtained. Another novelty was that
no correlation was found between the peak SAR values and
the altered topological parameters. It demonstrated peak SAR
averaged over a certain mass, which was used for assessing
the thermal effect of human exposure, was incongruous to
quantify the neurophysiological effect of EMF exposure. It
may clarify the inconsistency in current human exposure
studies.
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