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Abstract

treatment of epilepsy is also reviewed.

magnetic stimulation

Epilepsy is a common disease with frequent occurrences. Many precipitating factors contribute to epileptic seizures, such as
hyperventilation and alcohol consumption. An increasing number of studies have also found that electromagnetic activity in
the environment can also affect epileptic seizures. However, many neuromodulatory devices that produce electromagnetic
fields have been applied in the diagnosis and treatment of epilepsy. In this paper, we performed literature search in the
PubMed, Medline and EMBASE databases and reviewed retrospective, prospective, or cross-sectional studies and case reports
on the effects of electromagnetic activity on epilepsy. The application of electromagnetic activity in the diagnosis and
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Introduction

Epilepsy is a common neurological disease characterized
by recurrent, transient, rigid, and usually self-limiting sei-
zures, with a global prevalence of 7%o according to the
epidemic surveying data, representing approximately 50
million epilepsy patients worldwide [1, 2]. Epilepsy can
affect people of all ages, and nearly 50% of patients with
newly-diagnosed epilepsy do not become seizure-free after
antiepileptic drug (AED) treatment [3]. In addition, vari-
ous factors may trigger seizures in patients with epilepsy,
such as alcohol consumption and hyperventilation [4, 5].
Numerous studies have revealed that electromagnetic ac-
tivity in the environment can also trigger seizures in epi-
leptic patients [6, 7]. However, many neuronal modulatory
devices that produce electromagnetic fields have been in-
troduced to diagnose and treat epilepsy [8—10]. In this
paper, we summarize the effects of electromagnetic activ-
ity on epilepsy and the applications of electromagnetic
activity in the diagnosis and treatment of epilepsy by sys-
tematically reviewing literature searched in the PubMed,
Medline and EMBASE databases.
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Sources of electromagnetic waves and fields

The living environment of mankind itself is a large mag-
netic field; the thermal radiation from the earth’s surface
and lightening are both able to produce electromagnetic
waves, and the sun and other stars continuously transmit
electromagnetic radiation to the earth from outer space;
these help to form the earth’s natural electromagnetic
fields. With the progress of science and technology, the
application of electromagnetic technology has contrib-
uted enormously to the progress of human society and
civilization, while at the same time producing large
amounts of electromagnetic radiation waves in our daily
life. The electromagnetic waves, which are created as a
result of vibrations between an electric field and a mag-
netic field, has since the 1970s been considered as the
fourth largest source of pollution by the World Health
Organization, only next to the air pollution, water pollu-
tion and noise pollution [11, 12].

Epileptogenic effect of electromagnetic activities
Electromagnetic waves aggravate epileptic seizures
Electromagnetic activity has been demonstrated to in-
crease the susceptibility to epilepsy in animal studies.
Michon et al. [13] exposed chronic epileptic rats to arti-
ficial magnetic fields that simulated the magnitude and
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morphology of enhanced geomagnetic activity for 5 min
once per hour from midnight to 8:00 a.m. in next morn-
ing with changing intensities (from 0 nT to 70 nT in in-
crements of 15 or 20 nT for 30s) and revealed that the
exposed rats had increased occurrence of seizures the
next day. Exposure to increased magnitudes of daily nat-
ural geomagnetic activity (regional range approximately
10-70 nT) or nocturnal exposure to experimental mag-
netic fields that simulated geomagnetic activity with in-
cremental changes in intensity over time significantly
elevated the incidence of seizures in epileptic rats during
the observational period [14, 15]. In rats with lithium
and pilocarpine injections, Bureau et al. [16] found that
when the intensity of artificial, enhanced geomagnetic
activity exceeded 20-25 nT, the seizures occurred more
quickly than that under average daily geomagnetic activ-
ity. However, whether the effects of electromagnetic
activity occur in epileptic patients remain unknown.

Electromagnetic waves evoke seizure activity

Repetitive transcranial magnetic stimulation (rTMS) is a
noninvasive neuro-electrophysiological technique devel-
oped to treat depression, schizophrenia, Parkinson’s dis-
ease, epilepsy and other psychiatric and neurological
diseases [17]. However, a number of studies have re-
ported that rTMS can induce episodic epileptic seizures
in healthy individuals, nonepileptic patients, or patients
with epilepsy [18, 19]. Three of 9 healthy participants
who received rapid-rate transcranial magnetic stimula-
tion (TMS), suffered from secondary generalized seizures
when stimulated at the highest intensity despite the lack
of definite risk factors [20]; and two case reports each
reported the development of seizure during a rTMS ses-
sion in a patient with depression [19, 21]. Gémez et al.
[22] reported that a 58-year-old stroke patient who
attempted to use rTMS to rehabilitate left hemiparesis,
developed a convulsive seizure during his first session of
subthreshold. Dhuna et al. [23] found that one of 8 epi-
lepsy patients receiving TMS developed a focal epileptic
seizure induced by TMS.

Electromagnetic waves are associated with sudden
unexpected death in epilepsy (SUDEP)

SUDEP is not an unusual phenomenon among patients
with epilepsy. In one study, rats were first exposed to
500, 50, 10—40 nT or sham (less than 10 nT) experimen-
tal magnetic fields for 6 min each hour from midnight to
8:00 am for three successive nights and then injected
with pilocarpine to induce epileptic seizures. The rats
suffered a mortality rate of 60% within 24 h following
the injection of lithium and pilocarpine, in contrast to
the mortality of 10% in the control group [24]. These re-
sults indicate that a variety of geomagnetic activity
markedly elevates the mortality of kindled rats and that
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the electromagnetic stimulation is related to SUDEP in
epilepsy. Previous studies found that most SUDEP oc-
curred in young patients or in bedrooms, so we
hypothesize that an abrupt global geomagnetic field
change at night may be associated with the increased oc-
currence of SUDEP in epilepsy. Another study found
that during a 2-year observational period in chronic epi-
leptic rats, the incidence of SUDEP was significantly
higher in rats exposed to an average daily geomagnetic
activity exceeding 50 nT that suddenly began at night
[25].

Relationships between electromagnetic waves
and electroencephalograms (EEG)

In 1924, German psychiatrist Berger successfully re-
corded human brain waves for the first time, giving rise
to the term “human EEG”. A changing electric field will
produce a magnetic field, and changing magnetic fields
are a major source of electric fields. The changing elec-
tric and magnetic fields form an inseparable unit called
the electromagnetic field. The spread of electromagnetic
fields in space forms electromagnetic waves. Cohen et al.
[26] first detected weak alternating magnetic fields out-
side the human scalp produced by alpha-rhythm cur-
rents, which were magnetic fields produced by changing
neural currents, and thus the human brain waves were
considered as electromagnetic waves.

The human brain is a key and significant source of
electromagnetic signals, supported by biochemical sys-
tems for rapid intelligence and reactions. The rhythm
frequency range of EEG is consistent with the frequency
range of the Schumann resonance signal (0-45 Hz). The
Schumann resonance signal provides a brain frequency
range matching the electromagnetic signal, providing a
persistent synchronization system needed for stabilizing
the brain [27]. During the neonatal or infancy period,
the human brain waves are predominated by slow waves,
and their frequency gradually increases with growth and
developmental processing until adulthood. The main
rhythm frequency of the background brain activity can
reach 8-13 Hz, which coincides with the main electro-
magnetic waves of the external environment (ie., the
Schumann resonance); therefore, the formation of the
background brain activity might have been affected by
the external electromagnetic activity, which is a result of
the adaption of the human brain to the environment in
the course of evolution [27].

Electromagnetic activity can also induce changes in
background EEG activity of the brain. A study in 10
healthy subjects showed that prolonged exposure to
electromagnetic stimulation by a mobile phone signal
(Global System for Mobile Communication, GSM) en-
hanced interhemispheric temporal and frontal coherence
in the alpha 2 (between 8 and 10Hz) and alpha 3
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(between 10 and 12 Hz) bands, which demonstrated that
the bilateral cerebral hemispheres have functional coup-
ling but also that GSM electromagnetic waves from a
mobile phone can influence cortical excitability and the
spread of neural synchronization activity [28]. In
addition, the elderly population is more sensitive to the
GSM electromagnetic waves from a mobile phone than
younger people, with a statistically significant increment
of the interhemispheric coherence of the temporal and
frontal alpha rhythms (between 8 and 12 Hz); this has
significant implications for the elderly, as epidemiologi-
cally they are at a high risk of epilepsy [29].

Epileptic patients, after exposure to the GSM electro-
magnetic fields of mobile phones, show a significantly
higher interhemispheric coherence of frontal and tem-
poral alpha rhythms (including alpha 2 and alpha 3)
compared with the age-matched healthy control volun-
teers, which indicated that individuals with epilepsy are
even more sensitive to mobile phone GSM electromag-
netic waves and tend to be more likely to experience
highly-synchronous activity in their neurons. Therefore,
in the diseased state, the electromagnetic signaling sys-
tem of the brain becomes unstable and more easily dis-
rupted by epileptogenic factors, eventually leading to
epilepsy [30]. High-frequency oscillations or high-rate
fast ripples can be detected intermittently in the epi-
leptogenic focus or seizure-onset zone (SOZ) by EEG in
epilepsy patients, and more complete resection of this
focus or the SOZ may achieve a better seizure prognosis
than resection of only the SOZ, suggesting that higher-
frequency brain waves have a close association with epi-
lepsy [31, 32]. Electromagnetic waves might evoke highly
synchronous and abnormal discharges among neurons,
and low-frequency (<1Hz) electromagnetic activity is
able to induce oscillations in neocortical neurons, elicit-
ing slow sleep oscillations through the diffuse hyperpo-
larization of cortical and thalamic neurons, which
gradually gives rise to spike-wave seizures [33—36].

Application of electromagnetic fields in the
diagnosis and treatment of epilepsy
Magnetoencephalography (MEG)

MEG is a noninvasive neuroimaging technique that is
widely used in the whole-head detection of magnetic
fields generated by neuronal activity within the brain. In
1972, Cohen et al. detected for the first time a magnetic
field and an EEG activity simultaneously in epilepsy
patients and demonstrated that MEG might reveal new
information in addition to regular EEG recording [37,
38]. Due to its prominent temporal and spatial reso-
lution, MEG has been widely used for clinical diagnosis
of epilepsy and pre-surgical localization of epileptogenic
zones [39]. In 1990, Stefan et al. [40] performed simul-
taneous magnetoencephalographic and
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electroencephalographic recordings from 8 epilepsy pa-
tients, and their results showed that MEG can provide
more detailed localization information before surgery.
Wheless et al. [41] conducted a prospective study to
determine and compare the efficacy and relative con-
tributions of EEG (scalp and intracranial), magnetic
resonance imaging and MEG in identifying epilepto-
genic zones for resection in 58 patients with drug-
resistant focal epilepsy, and the results showed that
MEG was comparable with intracranial EEG in pre-
dicting epileptogenic foci in temporal lobe epilepsy
(57% vs 62%). After that, an increasing number of
studies have focused on the role of MEG in predict-
ing the epileptogenic zone and have concluded that
MEG is an excellent modality in the presurgical
evaluation of patients with refractory focal epilepsy
[42-45].

rTMS

In 1990s, Anninos et al. [46] reported that the external
artificial magnetic field of low intensity effectively atten-
uated seizure frequency during an observation period of
10 to 14 months, which may be mediated by modula-
tions of the activity of pineal gland, a magnetosensitive
organ responsible for secretion of melatonin. These find-
ings suggest that the artificial magnetic fields can be
used as an adjunctive treatment for some drug-resistant
epilepsy. Now the rTMS technique has become a poten-
tial neuromodulatory treatment for seizure control. An
increasing number of studies has demonstrated that the
application of rTMS treatment can reduce the frequency
of seizures and/or epileptic discharge in drug-resistant
epilepsy (Table 1), while the standard protocol remains
elusive. Menkes et al. [56] reported that a patient with
drug-refractory epilepsy experiences an over 2/3 reduc-
tion in the frequency of seizures and interictal spikes (70
and 77%, respectively) after low-frequency rTMS for
four consecutive weeks. Shon et al. [47] also conducted
a prospective study in four patients with drug-resistant
epilepsy and concluded that rTMS can be used as a
novel adjunctive therapy for medically-intractable epi-
lepsy. In another study, Kinoshita et al. [54] evaluated
the therapeutic effects of rTMS in adult patients with re-
fractory extratemporal lobe epilepsy, and found that
both complex partial seizures and partial seizures were
significantly decreased (by 35.9 and 7.4%, respectively)
following 1 week of low-frequency rTMS treatment. In a
randomized controlled, double-blind study employing
patients with malformations of cortical development and
refractory epilepsy, low-frequency rTMS significantly re-
duced the number of clinical epileptic seizures compared
to the sham rTMS, and decreased epileptiform dis-
charges immediately after and at week 4 session of
rTMS [53]. Regarding the intensity of stimulation, in
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Table 1 Therapeutic effects of rTMS on drug-resistant epilepsy
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References Sample Study design Diagnosis Therapy Seizure control
size
Shon etal. 4 Prospective Multidrug-resistant Ten-day stimulation at a daily ~ Seizure reduction was observed in 3 patients
[47] open-label trial  focal epilepsy dose of 900 pulses of 0.5 Hz
Gersner 1 Case report Drug-resistant Three courses of stimulation  Seizure frequency decreased by 50 - 70%
et al.[48] temporal lobe epilepsy  with daily dose of 1800 pulses
of 1Hz
Sunetal. 60 Randomized, Refractory focal Two weeks of high-intensity ~ Seizures frequency and interictal
[49] single-blind, epilepsy (90% RMT) rTMS treatment dischargedecreased significantly compared with
controlled study baseline
Sunetal. 17 Open-label trial ~ Not obtaining seizure-  Two weeks of treatment ata  Seizure frequency decreased by 50%

[50] free after resection of
epileptogenic region

Santiago 12 Open-label trial  Focal neocortical
Rodriguez epilepsy
et al. [51]

Jooetal 35 Not mentioned  Focal seizure

Two weeks of rTMS with a
dose of 900 pulses of 0.5 Hz
(with intensity of 120% RMT)

Five consecutive rTMS with

dose of 500 pulses of 0.5 Hz
and 90% RMT

Seizure frequency and interictal spikes decreased
significantly

Interictal epileptogenic discharges decreased

[52] an intensity of 100% RMT significantly while seizure frequency did not
Fregni 21 Randomized, Drug refractory Five consecutive treatment Seizure frequency and epileptiform discharges
et al. [53] double-blind epilepsy sessions of 1200 pulses of 1 reduced significantly

sham-controlled Hz

trial
Kinoshita 7 Not mentioned  Medically intractable A week of low-frequency The frequency of all seizure types, complex partial
et al. [54] extratemporal lobe rTMS at 0.9 Hz (with intensity  seizures and simple partial seizures decreased

epilepsy of 90% RMT) significantly (19.1, 35.9 and 7.4%, respectively)

Fregni 8 Not mentioned  Refractory epilepsy and One session of low-frequency  Seizure frequency and epileptiform discharges
et al. [55] malformations of rTMS at a daily dose of 600 decreased by 50%

cortical development

pulses of 0.5 Hz

another randomized controlled study recruiting 64 pa-
tients with refractory partial epilepsy, Sun et al. [49]
demonstrated that a 90% resting motor threshold (RMT)
of low-frequency rTMS targeting the epileptogenic zone
produced therapeutic effects, while lower intensity (20%
RMT) of rTMS did not show any therapeutic effect. In
2017, a meta-analysis revealed that the mean event rate
of 50% seizure-reduction under the low-frequency rTMS
treatment was 30%, and sensitivity analysis found that an
age younger than 21 years and the use of a figure-8 coil
were predictors of favorable seizure control in patients
with temporal lobe epilepsy [57]. Taken together, these
results showed that low-frequency rMTS may be an ad-
junctive option for the treatment of refractory epilepsy.
However, a well-designed clinical study is needed to fur-
ther confirm this issue.

As to which one is the most important parameter of
rMTS in treating epilepsy, different hypotheses have
arisen from different studies. The RMT (which is defined
as the lowest stimulus intensity capable of evoking
motor potentials of at least 50 £V in a target muscle) is
key to individualized therapy strategies. The frequency
of stimulation was less than 1 Hz in the majority of stud-
ies, and the period of treatment always lasted for 1-2
weeks. The mechanism of rTMS remains elusive,

however; current studies suggest that rTMS suppresses
epileptic seizures by altering synaptic transmission [58],
neuronal excitability and ion channel function [59], or
interrupting ephaptic interactions which are critical for
neuronal synchronization [60], progenitor cell prolifera-
tion and microglial activation [61].

Summary

Diseases result from disturbances of the harmonious re-
lations between an individual and the environment, and
electromagnetic activity plays a role in epilepsy. Further
studies on the electromagnetic activity will advance our
understanding of the role electric activity plays in epi-
lepsy. The following issues need to be addressed in
future.

First, whether electromagnetic activity can change epi-
lepsy or seizure threshold should be clarified. To date,
only a small number of case reports and animal studies
have reported findings on this topic; more well-designed
animal studies and large-sample clinical epidemiological
studies are needed. Second, although the beneficial ef-
fects of low-frequency rTMS in reducing epileptiform
discharges and seizure frequency have demonstrated po-
tentials of this tool to be used for epilepsy treatment,
due to the variability in rTMS stimulation protocols, still
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more well-designed randomized controlled trials (with a
standard protocol, adequate sample size and duration)
are needed to validate the long-term efficiency and safety
of this therapeutic approach. Third, to better understand
and employ electromagnetic activity, further basic re-
search should focus on the neuronal network, as well as
cellular and molecular mechanisms underlying the ef-
fects of electromagnetic fields, which will provide in-
sights into new treatments for epileptic seizures.
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