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Static Magnetic Field Stimulation over the Visual Cortex
Increases Alpha Oscillations and Slows Visual Search in

Humans

Javier J. Gonzalez-Rosa,' Vanesa Soto-Leon,? Pablo Real,! Carmen Carrasco-Lopez,> Guglielmo Foffani,*

Bryan A. Strange,'> and Antonio Oliviero?

'Laboratory for Clinical Neuroscience, Centre of Biomedical Technology, Technical University of Madrid, 28223 Madrid, Spain, 2FENNSI Group, and

3Neural Bioengineering Group, Hospital Nacional de Parapléjicos, SESCAM, 45071 Toledo, Spain, “Centro Integral de Neurociencias A.C., HM Puerta del
Sur, Hospitales de Madrid, Méstoles and Medical School, CEU-San Pablo University, 28938 Madrid, Spain, and *Department of Neuroimaging, Reina Sofia

Centre for Alzheimer’s Research, 28031 Madrid, Spain

Transcranial static magnetic field stimulation (tSMS) was recently introduced as a promising tool to modulate human cerebral excitabil-
ity in a noninvasive and portable way. However, a demonstration that static magnetic fields can influence human brain activity and
behavior is currently lacking, despite evidence that static magnetic fields interfere with neuronal function in animals. Here we show that
transcranial application of a static magnetic field (120 -200 mT at 2-3 cm from the magnet surface) over the human occiput produces a
focal increase in the power of alpha oscillations in underlying cortex. Critically, this neurophysiological effect of tSMS is paralleled by
slowed performance in a visual search task, selectively for the most difficult target detection trials. The typical relationship between
prestimulus alpha power over posterior cortical areas and reaction time (RT) to targets during tSMS is altered such that tSMS-dependent
increases in alpha power are associated with longer RTs for difficult, but not easy, target detection trials. Our results directly demonstrate
that a powerful magnet placed on the scalp modulates normal brain activity and induces behavioral changes in humans.
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Introduction

Magnets have been used in attempts to treat disorders of the
nervous system since Aetius of Amida (Hifeli, 2007). However,
modern neuroscience has seen limited exploration of the effects
of static magnetic fields on human brain function (Roberts et al.,
2011), despite evidence that static magnetic fields interfere with
neural function in animals (Rosen and Lubowsky, 1987, 1990;
McLean et al., 2003, 2008; Yang et al., 2011; Wu and Dickman,
2012; Aguila et al., 2014). We recently demonstrated that applying
transcranial static magnetic field stimulation (tSMS) in humans re-
duces the excitability of the motor cortex, as measured by a reduced
amplitude of motor-evoked potentials elicited by transcranial mag-
netic stimulation (TMS; Oliviero et al., 2011)—a result that has
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been subsequently replicated (Silbert et al., 2013). However, di-
rect measurements of the impact of tSMS on human brain activ-
ity and behavior are presently lacking.

Considering that tSMS alters normal functioning of mem-
brane ion channels (Wieraszko, 2000; Rosen, 2003, 2010; Yang et
al., 2011) and that the latter are critical for neuronal oscillations
(Wang, 2010), we hypothesized that tSMS is able to modulate
electroencephalogram (EEG) activity. We were specifically inter-
ested in the EEG oscillations in the alpha frequency range (7-14
Hz), which is usually most pronounced bilaterally in posterior
regions of the head and suppressed by eye opening (Niedermeyer,
1993; Barry et al., 2007). Alpha-band EEG activity has been
shown to represent the state of visual cortex excitability (Pfurt-
scheller, 2001, 2003), as measured by phosphenes induced by
TMS, with stronger alpha power corresponding to reduced cor-
tical excitability (Romei et al., 2008a,b). We thus hypothesized
that a reduction of cortical excitability induced by tSMS of the
visual cortex would be expressed as an increase of alpha power.

We investigated the electrophysiological and behavioral ef-
fects of tSMS over the occipital cortex. We specifically tested
whether a tSMS-dependent decrease in cortical excitability is re-
flected in a modulation of posterior alpha oscillations (Fig. 1A).
Posterior alpha oscillations play an important role in visual per-
ception (VanRullen and Macdonald, 2012) and selective visual
attention (Foxe et al., 1998). In particular, ongoing alpha oscilla-
tions influence successful detection of a predefined target in vi-
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Figure 1.

Experimental protocols. A-C, Time line (left) and experimental setup (right) for Experiments 1-3. A, In Experiment 1, resting EEG alpha activity was measured throughout the

experiment. B, In Experiment 2, only behavioral data were collected during the performance of the conjunction visual search task. C, In Experiment 3, EEG alpha activity was measured during task
performance, in addition to resting EEG measures during baseline and during 2 min “pause” time windows during intervention and postintervention sessions. EC, Eyes closed; EQ, eyes open; TB, task
baseline. Red cylinder shows the scalp position over which the magnetic NdFeB cylinder (real-tSMS) or the nonmagnetic steel cylinder (sham-tSMS) was located over the visual cortex. Blue cylinder
shows the scalp position over which a nonmagnetic steel cylinder was always located over the frontal cortex (around Fpz location) as a counterweight to the occipital cylinder. D, Top left, Example
of arepresentative distractor ratio in stimulus array and all possible conditions for each distractor ratio (set size, and target presence/absence). Top right, Schematic of time course of an example trial
(high set size, 6:42 distractor ratio, and target present). Bottom, Example of target-present trials in the 0:48, 6:42, 48:0, 24:24, and 42:6 distractor ratio conditions. ITl, Intertrial interval; Exp,

experiment.

sual selective attention tasks (Dugué et al., 2011; Foxe and Snyder,
2011), with higher prestimulus alpha power associated with less
likely, or slower, visual target detection (Thut et al., 2006;
Hanslmayr etal., 2007). Thus, we also tested whether tSMS of the
visual cortex modulates visual search performance in a conjunc-
tion search task with a distractor-ratio manipulation (Fig. 1 B, D;
Wolfe et al., 1989; Poisson and Wilkinson, 1992). Finally, we
repeated the visual search task while simultaneously recording
EEG (Fig. 1C) to examine the relationship between tSMS-
dependent behavioral changes and tSMS-dependent increase in
prestimulus alpha power.

Materials and Methods

A total of 76 right-handed subjects (39 women) with normal or
corrected-to-normal visual acuity, no history of neurological or psychi-
atric disorders, and without any exclusion criteria for tSMS and TMS
participated in our study. In Experiment 1, participants completed a
single-blind, crossover, placebo-controlled tSMS-EEG study. In Experi-
ment 2, participants were randomized to two equal-sized groups (real
and sham, single-blind placebo-controlled tSMS study). In Experiment
3, a new group of participants completed a double-blind placebo-
controlled tSMS-EEG study. In Experiment 2 and Experiment 3, a
between-subjects design was used to avoid potential learning effects
across repeated sessions. There are no differences across groups regard-
ing sex, age, or educational level. Participants were recruited by adver-

tisement and gave written informed consent to participate in the study,
which was approved by the local ethics committee of the “Hospital Na-
cional de Parapléjicos” of Toledo (Spain).

Transcranial static magnetic stimulation

The magnet used for tSMS in all experiments was a cylindrical nickel-
plated (Ni-Cu-Ni) NdFeB magnet of 60 mm diameter, 30 mm thickness,
and a weight of 670 g (model Mag60r; custom-made by Supermagnete
for Neurek SL). The nominal strength of this magnet is 120 kg, with an
intensity of the magnetic field at the surface of the magnet, on the cylin-
der axis, of 0.45 T (Rivadulla et al., 2014). At 2-3 cm from the magnet
surface (i.e., the approximate depth of the visual cortex from the scalp)
the magnetic field strength of this magnet on the cylinder axis is 120—-200
mT (Rivadulla et al., 2014). Because our previous work (Oliviero et al.,
2011) showed that tSMS-dependent reduction of cortical excitability did
not depend on polarity, the magnetic field polarity was set randomly
north or south unless otherwise specified. A nonmagnetic metal cylinder,
of the same size, weight, and appearance as the real magnet (Mag60s,
Neurek SL), was used for sham stimulation. An additional nonmagnetic
metal cylinder was always placed on the frontal cortex as a counterweight.
We recently showed that tSMS is a safe procedure in humans (Oliviero et
al., 2014).

Experiment 1
Subjects and procedure. The experimental procedure is depicted in Figure
1A (Experiment 1). Sixteen participants (6 women; age range, 24—45
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years; mean age, 32.9 years; SD = 6.3) completed a single-blind, cross-
over, placebo-controlled tSMS-EEG study. Each subject underwent both
sham and real stimulation on separate days (order counterbalanced
across subjects), but at least 1 week apart, at the same hour of the day.
Participants were seated comfortably in a dimly lit, sound-attenuated,
and electrically shielded room. A video camera was used to record the
experiment and monitor the eye movements of the participants, who
were asked to relax quietly while the spontaneous EEG activity at rest was
recorded for the different experimental conditions: (1) during 4 min
baseline (2 min eyes closed and 2 min eyes open; “baseline”); (2) during
a tSMS (real or sham) session for 10 min (“intervention”); and (3) for 10
additional minutes after removing the magnet (“postintervention”). A
nonmagnetic metal cylinder was placed over the visual cortex at the
beginning of the baseline and was replaced by the real magnet or the
sham magnet (i.e., another nonmagnetic metal cylinder) for the inter-
vention, and the original nonmagnetic metal cylinder was placed again at
the end of the intervention. The EEG session lasted 24 min in total.

Data acquisition. Simultaneous EEG activity was recorded using a 21-
channel EEG cap with built-in Ag/AgCl electrodes (Electro-Cap Interna-
tional, Inc.). Electrode positions were located according to the 10/20 EEG
International System (Fpl, Fpz, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4,
T4, T5, P3, Pz, T4, T6, POz, Ol, and O,), plus two electrocardiogram
(ECG) electrodes (one ECG electrode was placed on the sternum and the
other over the precordium). Impedance was kept below 8 k(). EEG sig-
nals were recorded using a montage with earlobe electrodes serving as
references, and by digital EEG equipment (SAM 32, MicroMed; band-
pass filter, 0.1-128 Hz; sampling frequency, 256 Hz).

Data analysis. Data analysis was performed using MATLAB (Math-
Works) and EEGLAB (http://sccn.ucsd.edu/eeglab). EEG signals were
visually inspected for artifacts, and epochs containing large artifacts such
as large blinks or gross motor movements were discarded from further
analysis. To remove smaller eye-blink artifacts, an independent compo-
nent analysis procedure was used (Makeig et al., 1996). Power spectral
density was estimated using Welch’s averaged modified periodogram
method (linear detrending, no overlapping, Hamming windowing, 0.5
Hz frequency resolution). For each condition, single-segment power
spectra were computed via FFT and then averaged to yield the mean
power spectrum. Individual alpha frequency (IAF) was estimated from
the mean spectrum over posterior scalp sites by means of peak detection
between 7 and 14 Hz. The mean spectral amplitude within the frequency
range of the JTAF =2 Hz (Klimesch, 1999) was calculated and log trans-
formed. Spectral estimates of relative alpha power during intervention
and postintervention at an electrode i were then obtained for each subject
by subtracting the log-transformed alpha power during open-eyes base-
line (POW; pascline) from the log-transformed alpha power during inter-
vention (POW, ;,ervention)s O postintervention, according to the
following formula:

Relative Alpha Power(i) = Log(Pow; intervention) — LOZ(POW; pascline)-

Therefore, increases in power from baseline during and after the inter-
vention are expressed as positive values. The resulting relative alpha
power was collapsed across successive 150 s time bins for analysis pur-
poses [yielding four arbitrary time bins during intervention (T1, T2, T3,
T4) and postintervention (T5, T6, T7, T8)].

Experimental debrief revealed that participants were not able to
recognize whether the metallic cylinder used during intervention was
the real magnet or sham (46.9% of correct guesses; Pearson x? test,
p=0.71).

Experiment 2

Subjects and procedure. Thirty participants (17 women; age range, 23—42
years; mean age, 29.3 years; SD, 4.7) were randomized to two equal-sized
groups (real and sham single-blind, placebo-controlled tSMS study; Fig.
1B). Each subject, therefore, underwent either sham (# = 15) or real (n =
15) stimulation. One participant was excluded from the analyses due to
technical problems during the data acquisition. To keep the distance
from magnet to scalp equivalent to that in Experiment 1, participants in
Experiment 2 wore the same EEG electrode cap during behavioral testing
(without any EEG recordings) as in Experiment 1.
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Conjunction visual search task. Three different stimuli were used to
create the visual search displays: a light blue square, an orange triangle,
and an orange square (Fig. 1D). Stimuli of different colors were matched
in luminance and presented on a white background. The target was al-
ways an orange square (i.e., a specific combination of color and shape).
Therefore, the orange triangle served as a same-color distractor while the
light blue square served as a same-shape distractor. At a viewing distance
of 60 cm, each individual stimulus subtended a visual angle 0f 0.57° (20 X
13 pixels) horizontally and vertically. All stimuli were presented in a
17.52° X 12.36° field (621 X 271 pixels), and the minimum distance
between the centers of neighboring items was 2.86° horizontally and 2°
vertically.

In visual search tasks, an observer searches for a predefined target in an
array containing distractor objects, and the primary dependent variable
is the function relating reaction time (RT) to the number of items in the
display (“set size”; Wolfe et al., 1989) or to the relative frequency of the
two types or subsets of distractors (“distractor ratio effect”; Wolfe et al.,
1989; Treisman and Sato, 1990; Poisson and Wilkinson, 1992; Shen et al.,
2003). Thus, the experiment was a distractor ratio and set size by “target
presence” factorial design. That is, the first factor was the number of
objects (set size) according to the fixed total number of stimuli that were
presented in the display. In all of the conditions, the total number of
stimuli was always fixed at 24 (“low set size”) or 48 (“high set size”). The
second factor was the presence or absence of target according to whether
the target appeared in the display or not. For each trial, the relative
frequency of the two types of distractors (same-shape/same-color) was
manipulated across the following five possible distractor ratios: 0:24,
3:21,12:12,21:3, and 24:0 for trials with low set size, and 0:48, 6:42, 24:24,
42:6, and 48:0 for trials with high set size. For simplicity, in the text we
only use high set size values when we refer to set distractor. The display
was divided into a 7 X 7 imaginary grid box of 49 invisible regions. For
target-present trials, once the display was generated, one of the distrac-
tors was randomly chosen to be replaced by the target stimulus (orange
square). Therefore, in each display the total maximum number of dis-
tractors was 48 (49 for target-absent trials). Low- and high-set size con-
ditions occurred with equal probability (50%), whereas target-present or
target-absent conditions occurred with a 3:1 probability (75% and 25%,
respectively). For target-present trials, the target could appear at any
location amongall possible arrays of items. The specific combination was
assigned at random to each participant, and trial-type order and position
of items within stimulus arrays was pseudorandomized with the con-
straint that all possible combinations of set size, distractor ratio, and
target presence had to occur every 40 trials (~4 min). This means that for
every intervention session we had three consecutive blocks of ~3—4 min
each for a total of ~10 min of recording.

The task began with a ~4 min preintervention session, followed by a
10 min intervention session (tSMS or sham), and then by a 10 min
postintervention session. Each trial started with a black fixation cross
presented centrally for 500 ms, followed by the search display, which
remained on screen until the subject responded or until a maximum of
4 s had elapsed. The maximum duration of each trial was therefore 4.5 s,
and there were a total of 120 trials during each session (intervention and
postintervention). Participants were instructed to maintain central eye
fixation when the fixation cross stayed on the screen, at the beginning of
each new trial. After a response was given, the stimulus display was re-
placed by a blank screen until the next trial. To reduce the possibility of a
speed—accuracy trade-off, participants were asked to locate as quickly as
possible the target stimulus via forced choice (i.e., they pressed one of two
keys to indicate target presence or absence, respectively). Behavioral per-
formance was assessed by reaction time and the number of errors. The
experiment lasted 24 min in total.

A postexperimental debriefing confirmed that participants were not
able to detect whether the metallic cylinder used during the intervention
was the real magnet or the sham (58.6% of correct guesses; Pearson x?
test, p = 0.36).

Experiment 3
Subjects and procedure. Thirty participants (16 women; age range, 1831
years; mean age, 24.1 years; SD, 3.1) completed a double-blind, placebo-
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min pause period was inserted after two-thirds
of the task had been completed (for interven-
tion and postintervention periods). This re-
sulted in participants receiving a tSMS (real or
sham) session for ~12 min. Because tSMS was
shown to reduce motor cortex excitability both
with 10 min durations (Oliviero et al., 2011)
and 15 min durations (Silbert et al., 2013), we
considered the difference between 10 min (Ex-
periments 1 and 2) and 12 min (Experiment 3)
negligible for the final results of the present
study. In addition to recording 4 min baseline
EEG activity (2 min with eyes closed and 2 min
with eyes open) and before tSMS (as done in
Experiment 1), EEG activity was also recorded
during ~4 min of preintervention task perfor-
mance. Thus, Experiment 3 lasted 32 min in
total.

Data analysis. EEG data analysis was per-
formed as in Experiment 1, but for each subject
alpha power was normalized to the preinter-
vention period for task periods and to the eyes-
open baseline for pause periods. Furthermore,
single-trial prestimulus oscillatory activity in
the alpha band was also assessed to investigate
the relationship between tSMS-dependent
changes in alpha activity and tSMS-dependent
changes in behavioral performance. Based on
previous studies (Foxe et al., 1998; Thut et al,,
2006; Hanslmayr et al., 2007), we focused on
the time window of 1000-500 ms before target
onset, during which alpha band power changes
have been shown to predict visual perception per-
formance (Hanslmayr et al., 2007; van Dijk et al.,
2008; Foxe and Snyder, 2011). Consistent with
previous evidence showing strong connections
between ongoing alpha oscillations and the
generation of event-related brain potentials
(Basar, 1980; Klimesch et al., 2007b; Min et al.,
2007), we did not analyze the last interval of
pretarget activity (500 ms before target stim-
ulus onset) to avoid any influence of fixation
cross presentation on alpha activity, which
could add variability to the data. Single-trial
prestimulus alpha power was obtained by
8-14 Hz bandpass filtering. For each subject,

MAGNET

__l1ouw
2ms
MAGNET

MAGNET

1234567289 10112

Figure 2.

were identical during baseline and SMS.

controlled EEG-tSMS study (Fig. 1C). Each subject underwent either
sham (n = 15) or real (n = 15) stimulation. Experiment 3 was designed
to replicate and integrate the results of Experiments 1 and 2 by simulta-
neous recording of brain EEG activity and behavioral performance dur-
ing tSMS stimulation. The behavioral setup of Experiment 2 was thus
replicated by using the same task paradigm, adding simultaneous EEG
recordings.

The most critical modification with regard to Experiments 1 and 2 was,
as stated above, that the protocol was double blind instead of single blind.
Additionally, the magnetic field polarity during tSMS was held constant
(always south pointing toward the visual cortex), and an opaque plastic
film was also interposed between the magnet (real or sham) and the EEG
cap to avoid any contact between the gel and the metal cylinder. To
obtain a measure of resting EEG alpha power during the intervention, a 2

Control experiments. A, Schematic representation of the experimental setup of Experiment 4.1. B, SAP amplitudes,
using standard cup electrodes, were identical during baseline and SMS. C, SAPs from a representative subject. D, Schematic
representation of the experimental setup of Experiment 4.2. E, The stimulation protocol was a train of 40 stimuli at 8 Hz (5 s)
followed by 305 of rest. This protocol was repeated 17 times in each condition (baseline and SMS). F, SAP amplitudes, using EEG cap
electrodes, were identical in baseline and during SMS. G, Power spectra showing the artificially induced 8 Hz SAP oscillations; these

the trials of the visual search task were sorted
according to prestimulus alpha power and
binned into quintiles. Mean prestimulus al-
pha power and mean RT were calculated for
each subject and each quintile, and then were
averaged over subjects.

Again, debriefing after the experiment con-
firmed that participants were not able to detect
whether the metallic cylinder used during in-
tervention was the real magnet or the sham
(43.3% of correct guesses; Pearson X test, p = 0.46).

Statistical analyses

For the three experiments, alpha power or RT values exceeding 2.5 SDs
from the group mean in each condition (baseline, intervention, or
postintervention) were eliminated from further analyses (1.8%, 3.6%,
and 2.4% of the alpha power data, respectively; and 2.3%, 2.9%, and
2.5% of the RT data, respectively). To avoid statistical power problems, a
multiple imputation method was used to treat some missing values
before computing the ANOVA. Data normality was assessed by using
a Shapiro-Wilk test. Due to the low numbers of errors (<3%) ex-
pressed by all subjects in Experiments 2 and 3, errors rate were not
analyzed further.
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In Experiment 1, the log-transformed rela-
tive alpha power—IAF * 2 Hz—was entered
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tion and postintervention, with the between-
subjects factor “group” (real vs sham), and the
within-subjects factors “region” (occipital and
parietal), “electrode” (left, O1 and P3; right, O,
and P4; central, POZ and Pz), and “time of
stimulation” (arbitrary time bins T1, T2, T3,
and T4). Note that the factor group was con-
servatively considered between subjects, de-
spite the crossover design, to maintain the
same statistical power between Experiment 1
and Experiment 3. Only occipital and parietal
sites were included in this primary analysis due
to the occipital localization of the magnet [POz
(occipital cortex close to the parietal cortex)]
and the occipitoparietal origin of alpha oscilla-
tions modulated by visual inputs. Nonetheless,
to test the spatial specificity of tSMS-
dependent effects, the same ANOVAs were re-
peated with region (frontal and central) as a
within-subject factor and with all other factors
being equal. We also confirmed the alpha spec-
ificity of tSMS-dependent effects by perform-
ing the same ANOVA on delta (2-4 Hz), theta
(4—6 Hz), alpha (7-14 Hz), and beta (15-30
Hz) bands. Note that, because of the impossi-
bility of identifying individual peaks for all
bands and all subjects, fixed-frequency bands
were used for this analysis (we also conserva-
tively reanalyzed the alpha band).

In Experiment 2, the median RTs (for cor-
rect trials only) were calculated for each condi-
tion (intervention and postintervention) in
each subject and then entered into a repeated-
measures mixed ANOVA. Group (real vs
sham) was the between-subjects factor; and the
presence of the target (present vs absent), the
number of the stimuli in the display or set size
(low vs high), and the type of distractor ratio
(0:48, 6:42, 24:24, 42:6, and 48:0) were within-
subject factors. Significant interaction effects
involving the group factor were further ana-
lyzed with post hoc t test comparisons with
Bonferroni correction and additional ANO-
VAs as appropriate.

In Experiment 3, alpha power analysis was
conducted in the same way as in Experiment 1,
including an additional analysis for the pause
period. Similarly, behavioral analysis was per-
formed as described for Experiment 2. In all
cases, we used the same number of factors and
levels. Additionally, the relationship between
prestimulus alpha power and behavioral re-
sponses for both groups (real and sham) was
further investigated using the single-trial anal-
ysis described in the data analysis section. All
RT trials were separated into “easy task conditions” and “difficult task
conditions” based on the distractor ratios showing significant differences
between real and sham groups. The prestimulus alpha power and RT for
easy and difficult task conditions were calculated for each subject in each
quintile and then averaged over subjects. RTs were entered into a two-
way mixed ANOVA, separately for easy and difficult task conditions,
with quintile (within subjects) and group (between subjects) as factors.
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Experiment 4 (control experiments and results)
Subjects and procedure. Effects of SMS on median nerve sensory action
potential (SAP) recordings. We performed two separate control experi-
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tSMS over the human visual cortex increases EEG alpha activity (Experiment 1). A, Real tSMS (red) over visual cortex
during the 10 min intervention session induced a relative increase in alpha EEG power compared with sham (blue) stimulation in
wakeful rest. Plotted relative alpha power pertains to the group average of the three occipital electrodes showing statically
significant differences between groups after post hoc analysis and Bonferroni correction. These are highlighted in green on elec-
trode scalp maps (top left) with the positions of the magnet and frontal counterweight also indicated. The p values (*) indicate the
post hoc significance levels for the respective statistical comparisons region XX group (occipital region real vs sham: p << 0.01; see
Table 1). Errorbars here, andin all subsequent figures represent the SEM. EO, Eyes-open condition; BL, baseline. B, Group-averaged
EEG activity estimated from peak IAF. The plot depicts the grand average of the transformed EEG spectral power density values at
occipital sites (01,02, and POz) for 2 min preceding (dotted lines) and during (solid lines) the intervention condition separately for
the real (red) or sham (blue) tSMS groups. Real, but not sham, tSMS increased EEG alpha power (with alpha band defined here as
IAF 2 Hz) in visual areas. Exp, Experiment.

ments to exclude the possibility that SMS could interfere with the EEG
recording system. Our first experiment (Experiment 4.1) was designed to
investigate the possible effects of SMS on the SAP amplitude (we used a
standard methodology to obtain median nerve SAP). A second experi-
ment (Experiment 4.2) was designed to assess possible effects of SMS on
artificially induced 8 Hz oscillations of the SAPs (we used a modified
methodology to obtain median nerve SAPs at a frequency of 8 Hz). For
both experiments (Experiments 4.1 and 4.2), the median nerve stimula-
tion was performed using ring electrodes with conductive gel. The cath-
ode was positioned proximally on the distal region of the middle phalanx
of the third finger, and the anode on the distal phalanx of the same finger
~2 cm from the negative electrode. The stimulus consisted of 0.2 ms
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Alpha power density and alpha peak frequencies. A, , Scalp topography of average EEG alpha power in sham and real groups during the tSMS intervention session in Experiment 1 (10

min eyes-open resting EEG) and Experiment 3 (performing the 10 min visual search task). Real relative to sham tSMS delivery over the visual cortex produced a focal, significant increase in scalp EEG
alpha power at occipital sites in Experiment 1 (4), whereas alpha power was significantly higher over parietal-occipital sites in Experiment 3 (C). Because of the difference in the average amplitude
of alpha power density during Experiment 1 (eyes-open resting EEG) and Experiment 3 (attentional task performance), and to maximize the visualization of the effects between real and sham
conditions, the topographies of these two experiments were plotted on different scales. B, Peak frequency of the alpha rhythm in Experiment 1 was shifted from 8.2 Hz during eyes-open baseline
t09.1Hz during real tSMS, which approaches the alpha peak of the eyes-closed baseline value (10.2 Hz). D, The same effect was observed in Experiment 3 comparing preintervention (task baseline)
and intervention (tSMS) periods during the performance of the visual search task, although this did not reach significance. Exp, Experiment; PSD, power spectrum density. *p = 0.03; tstatistical

trend.

rectangular pulses. The intensity was chosen to obtain slightly submaxi-
mal SAP amplitude (to optimize the possibility to see amplitude
changes). Recordings were obtained from 10 median nerves of five nor-
mal volunteers (four women; mean * SD age, 36.4 = 7.4 years; age range,
29—-44 years) for Experiment 4.1, and from 8 median nerves obtained
from five normal volunteers (five women; mean age, 35.6 = 6.2 years; age
range, 29—44 years) for Experiment 4.2.

Experiment 4.1. A schematic of the experimental setup is shown in
Figure 2A. SAP recordings were made using silver chloride cup electrodes
located over the median nerve at the wrist. The stimulation frequency
was 0.4 Hz, and stimuli were delivered for 300 s at baseline followed by
two periods of 300 s during SMS. A total of 120 SAPs were obtained and
averaged for baseline (5 min), and two blocks of 120 SAPs were obtained
during the SMS (10 min). During the baseline period, the sham metallic
cylinder was placed over the recording electrodes using a customized
cardboard box. During SMS, the sham metallic cylinder was substituted
with the rMag60. SAP amplitudes were virtually identical at baseline and
during SMS (means are reported in Fig. 2B, and a representative subject
is displayed in Fig. 2C).

Experiment 4.2. A schematic of the experimental setup is shown in
Figure 2D. SAP recordings were made using two of the same EEG cap
electrodes used for the EEG experiments. The two electrodes were lo-
cated over the median nerve at the wrist. The stimulation protocol was a
train of 40 stimuli at 8 Hz (5 s) followed by 30 s of rest (Fig. 2E). This
protocol was repeated 17 times for baseline (10 min) and 17 times during
the SMS (10 min). A total of 680 SAPs were obtained and averaged for
baseline (10 min), and 680 SAPs were obtained during the SMS (10 min).
During baseline, the sham metallic cylinder was placed over the record-
ing electrodes as in Experiment 4.1. During the SMS, the sham metallic
cylinder was substituted with the Mag60r. Again, SAP amplitudes evoked
during baseline and during SMS were identical (Fig. 2F ). Moreover, after
stimulus artifact removal, we obtained a power spectrum from the 17
stimulation periods both at baseline and during SMS. Power spectra
showed the artificially induced 8 Hz oscillations, and they were iden-
tical at baseline and during SMS (Fig. 2G). With these control exper-
iments, we exclude the possibility that tSMS had any effects on the
recording systems.

Table 1. EEG results
Intervention Postintervention
Experiment 1
Group Faag =22,p=014 Fa28 = 26,p =0.11

Region X group

Electrode X group

Time X group

Region X electrode X group

Region X time X group

Electrode X time X group

Region X electrode X time
X group

Experiment 3

Group

Region X group

Electrode X group

Time X group

Region X electrode X group

Region X time X group

Electrode X time X group

Region X electrode X time
X group

Fozs = 67,p = 0.01*
Fase = 0.1,p = 082
Fogy =15p =025
Fase = 0.8,p = 045
Fos = 0.2,p = 090
Forae = 08,p = 0.54
For0g = 12,0 = 030

Fozm =07,p =042
Foz =13,p =027
Fosy = 47,p = 0.01*
Fog = 36,p = 0.02*
Fase = 0.7,p = 048
Fro = 04, p = 0.69
Foren = 19,0 = 0.13
Forey = 05,p = 0.68

Fozg = 10,p =032
Fase = 0.7,p = 061
Figy = 02,p =085
Fase = 0.6,p = 0.69
Fogy = 0.2,p = 085
Foren = 13,p =032
Fe 108 = 07,0 = 0.60

Fozm =01,p =09
Fozn = 02,p =067
Fosy =21,p =014
Fign = 05,p = 068
Fasy=19,p =017
Fio 69 = 24, p = 0.06
Foan = 34,p = 0.04
Forey = 15,p = 022

ANOVA effects involving group factor in Experiments 1 and 3 during intervention and postintervention periods
within the frequency range of the IAF and from occipitoparietal regions. Bold numbers indicate significant ANOVA
effects. p values are shown after Greenhouse—Geisser correction.

*Highest-order interaction effect for significance that was used to explain our results after post hoc analysis.
1A statistical trend.

Results

Experiment 1—modulation of EEG alpha power by tSMS
applied to the visual cortex

In Experiment 1, participants underwent either tSMS or sham
tSMS on separate days in a within-subjects design (Fig. 1A). We
recorded EEG activity in a 4 min baseline (2 min eyes closed and
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tSMS over the human visual cortex slows conjunctive visual search performance (Experiment 2). The median RT for correct hits for real and sham tSMS groups during the intervention

session is plotted as a function of same-shape/same-color distractor (distractor ratio effect) and the number of stimuli in the display (set size) both for the target-absent (top panels) and
target-present (bottom panels) conditions. Distractor ratios were ordered as a function of mean search times (i.e., RTs) of all participants. The p values indicate the post hoc significance levels for the
respective statistical comparisons relative to the significant ANOVA interaction presence X setsize X distractor X group (see Table 2). *p << 0.05, **p << 0.01. tSMS delivered over the visual cortex
induced a slowing of RTs compared with sham tSMS when task conditions were more difficult, suggesting that real tSMS can modulate some aspects of conjunctive visual search governed by

attentional top-down factors. Exp, Experiment.

2 min eyes open), followed by a 10 min intervention (real or
sham) and by a 10 min postintervention period. Analyses were
restricted to parietal and occipital electrodes, focusing on alpha-
band activity (IAF, *2 Hz, log-transformed and normalized to
eyes-open baseline values).

Strikingly, tSMS increased alpha EEG activity relative to sham
tSMS during the intervention (Fig. 3A, B). This effect was spa-
tially selective (interaction region X group: F(, ,5) = 6.7, p =
0.01), being observed under tSMS over occipital (p < 0.01) but
not parietal (p = 0.73) electrodes (Fig. 4A, Table 1). Alpha en-
hancement was evident in all four arbitrarily defined 2.5 min time
windows (T1-T4) during the intervention session (Fig. 3A4). Note
that the tSMS-induced alpha power increase is a fraction of the
massive alpha increase induced by eye closing (Niedermeyer,
1993; Wang, 2010; see Fig. 4B). Postintervention, alpha power
immediately returned to values close to eyes-open baseline values
(Fig. 3A). In addition, we observed that tSMS significantly in-
creased not only the alpha power, but also the peak frequency of

the alpha rhythm, which shifted from (mean = SD) 8.2 = 1.6 Hz
during the eyes-open baseline period to 9.1 * 1.6 Hz during the
tSMS (paired ¢ test, p = 0.03; Fig. 4B). The increase in alpha peak
frequency is unlikely to be due to artifactual interference between
tSMS and the EEG recording system. Any possible artifactual
origin of the observed increase in alpha power was previously
excluded in a separate control study (see Experiment 4 in Mate-
rials and Methods; Fig. 2). To further test the spatial specificity of
the increase in EEG alpha power during tSMS, we repeated the
same analysis on central and frontal electrodes, obtaining no sig-
nificant differences between real and sham groups (group: F; ,¢) =
0.11; p = 0.74; region X group: F(, 5, = 0.27; p = 0.61). We also
confirmed the frequency specificity of the tSMS-dependent
power increase by repeating the same analysis for delta (2—4 Hz),
theta (4—6 Hz), alpha (7-14 Hz), and beta (15-30 Hz) bands
(fixed-frequency bands). tSMS had no significant effect on delta
(group: F(; 55y = 0.8; p = 0.36), theta (group: F(; 55y = 1.1;p =
0.30), or beta (group: F(, ,5, = 0.1; p = 0.85) oscillations. How-
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ever, in this analysis using fixed-frequency bands, we confirmed
the tSMS-dependent power increase of alpha oscillations (group:
F(128) = 5.4; p = 0.02). We therefore show that the focal appli-
cation of a static magnetic field over the visual cortex produces a
spatially specific and frequency-specific increase in alpha power.

Experiment 2—modulation of behavioral performance by
tSMS applied to the visual cortex during visual search

We next sought to characterize a functional correlate of the ob-
served tSMS-dependent modulation of posterior alpha power.
Participants were randomized to two groups (real and sham),
adopting a between-subjects design (Fig. 1B and Materials and
Methods). Participants completed a conjunction visual search
task with a distractor—ratio manipulation (Wolfe et al., 1989;
Poisson and Wilkinson, 1992), a perceptual task engaging visual
selective attention (Bacon and Egeth, 1997; Miiller and Krum-
menacher, 2006) in which participants were required to identify a
target (an orange square) among two classes of distractors (or-
ange triangles and/or blue squares). That is, the target was de-
fined by a particular combination of two highly discriminable
features (color and form), and shared one of these features with
each of the distractors. To vary the degree of cognitive load, the
following three parameters were randomly manipulated across
trials (Fig. 1D): (1) the presence or absence of target (target pres-
ence); (2) the fixed total number of stimuli that were presented in
the display (set size); and (3) the relative frequency of the two
types of distractors (distractor ratio). Participants were required
to locate the target stimulus as quickly as possible and to indicate
target presence or absence via a two-alternative button press. The
task was performed preintervention, during the intervention
(real or sham), and postintervention. We measured both accu-
racy and RTs.

Across both groups (real or sham), we observed highly accu-
rate target detection over all trial types (99.1 * 1.0% correct
responses). As predicted, both groups were slower (longer RTs)
for target-absent relative to present trials, and for more attention-
demanding trials (high set size and more difficult distractor ra-
tios; Fig. 5). Preintervention, RTs did not differ between the real
and sham groups. However, during the intervention, real tSMS
induced a significant slowing of RTs compared with sham tSMS
(Table 2), specifically for the most difficult task conditions (Fig.
5), as follows: trials with target present, high set size, and 42:6
distractor ratio (p < 0.01), as well as trials with target absent, high
set size, and 48:0 (p = 0.02), 24:24 (p < 0.01), and 42:6 (p <
0.01) distractor ratios. Aftereffects of tSMS in behavior were pres-
ent despite no change in alpha power postintervention, but these
were weak, as suggested by RTs remaining generally slower for
trials with high set size in the real group compared with sham
(p = 0.03; Table 2, Fig. 6A). Thus, a focal static magnetic field
over the visual cortex significantly slowed RTs in a visual con-
junction search task only for the most attention-demanding
trials.

Experiment 3— combined modulation of alpha power and
behavioral performance by tSMS

Our motivation for testing tSMS effects on visual target detection
followed our observation that this intervention increases occipi-
tal alpha power (Experiment 1) and previous observations (Er-
genoglu et al., 2004; Hanslmayr et al., 2007) that prestimulus
alpha power correlates inversely with subsequent target detec-
tion. Thus, having confirmed the behavioral effect of occipital
tSMS on target detection (Experiment 2), we next examined the
relationship between the tSMS-dependent increase in RT and the

Table 2. Behavioral results
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Intervention

Postintervention

Experiment 2
Group
Presence X group
Set size X group
Distractor X group
Presence X set size X group
Presence X distractor X group
Set size X distractor X group
Presence X set size X distractor

X group

Experiment 3
Group
Presence X group
Set size X group
Distractor X group
Presence X set size X group
Presence X distractor X group
Set size X distractor X group

Foom = 48,p = 0.04
Foam =53,p = 0.03
Fon = 256, < 0.01

Furog = 44,p = 0.03
Foom = 102,p = 0.03

Furog = 34,p = 0.01

Furog = 27,p = 0.05

Furog = 27,p = 0.03*

Fozg = 68,p = 0.01
Foag = 58,0 = 0.02
Fosg = 65,p = 0.02

Funy = 67,p = 0.02
Fozg = 34,p = 0.071

Funy = 33,p = 0.01

Funy = 54,p < 0.01

Foom = 39,p = 0061
Foom =27,p =011
Fon = 68,p = 0.01
Furg = 21,p =012
Foom=10,p=033
Furog = 23,p = 0.09
Fiurog = 05,p = 0.58
Furog = 0.6,p = 0.53

Foom = 05,p =047
Foan = 06,p =042
Foom = 39,p = 0061

Furog = 10,p =038
Foom = 67,p =002

Furog = 14,p =025

Furog = 1.1,p =035

Presence X setsize X distractor Fiy 15 = 2.8, p = 0.03*
X group

Fanon = 23,p = 0081

ANOVA effects involving group factor in Experiments 2 and 3 during intervention and postintervention periods. Bold
numbers indicate significant ANOVA effects. p values are shown after Greenhouse—Geisser correction.

*Highest-order significant effect that was used to guide post hoc analyses.
tA statistical trend.

tSMS-dependent increase in prestimulus alpha power, on a
single-trial basis. Therefore, in Experiment 3 we repeated the
visual search task while simultaneously recording EEG (Fig. 1C).
The experimental paradigm was virtually identical to the combi-
nation of Experiments 1 and 2, except that the design was double
blind (both subjects and experimenter were blind to the interven-
tion) instead of single blind (only subjects were blind to the in-
tervention), as in Experiments 1 and 2. Two brief pauses were also
introduced during task performance, during which eyes-open
resting EEG activity was recorded (Fig. 1C), leading to a longer
intervention (12 min).

The results of Experiment 3 replicate and extend the main
results obtained separately in Experiments 1 and 2. First, the
main electrophysiological effect of tSMS delivered over the visual
cortex was replicated, confirming the increase in alpha activity
compared with sham tSMS during the intervention (Fig. 7 A, B),
with slightly later onset and a more right-lateralized effect
compared with Experiment 1 (Fig. 4C, Table 1). These latter differ-
ences between experiments likely reflect the different experimental
condition (task vs rest). Note that the differences between real and
sham tSMS during the 2 min rest pauses between tasks did not reach
statistical significance (Fig. 7A), likely reflecting a different resting
condition compared with Experiment 1. The spatial specificity of the
increase in EEG alpha power during tSMS was confirmed by the
absence of significant differences between real and sham groups at
central and frontal electrodes (group: F(, ,,, = 0.3; p = 0.61), p =
0.31; region X group: F, ,,, = 0.2; p = 0.66). The frequency speci-
ficity was also confirmed by the absence of tSMS-dependent differ-
ences for delta and beta oscillations, respectively (group: F, ,,, =
1.6; p = 0.22; and group: F(, ,,, = 0.2; p = 0.67). A trend for in-
creased theta oscillations was observed during real tSMS compared
with sham tSMS (electrode X group: F, ,,, = 3.7; p = 0.07), likely
due to the left tail of alpha-band activity, which again showed a
tSMS-dependent power increase (region X electrode X group:
Fiosgy = 545 p > 0.01).

Second, the behavioral effect of tSMS was also replicated, with
slower RTs compared with sham tSMS specifically for the most
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RTs during the postintervention. 4, B, The median hit RT for real and sham tSMS groups during the postintervention period for Experiment 2 (4) and Experiment 3 (B). RTs are displayed

as a function of same-shape/same-color distractor (distractor ratio effect), and the number of stimuli in the display (set size) both for the target-absent (top panels) and target-present (bottom
panels) conditions. During the performance of the visual search task after the intervention period, most of the statistical differences between real and sham groups were no longer present, or only
reached a statistical trend. In this respect, in Experiment 2, the ANOVA revealed a significant set size X group interaction (F; ,;y = 6.8;p = 0.01), with thereal tSMS group taking longer to respond
than the sham tSMS group for high set size trials (p = 0.03), but not for low set size trials (p = 0.12; significant interaction is not indicated). In Experiment 3, during the postintervention, there was
a statistically significant presence X set size X group interaction (F; ,; = 6.7, p = 0.02), but no post hoc test reached significance. Exp, Experiment.

difficult task conditions (Fig. 7C, Table 2): target-present, high
set size, and 42: 6 distractor ratio (p < 0.01); and target absent,
high set size, and 0: 48 (p = 0.03), 24:24 (p = 0.03), and 42:6
distractor ratios (p < 0.01; Fig. 7C). No EEG and minimal be-
havioral effects were observed during the postintervention ses-
sion (Fig. 6B, Table 2).

To investigate the relationship between tSMS-dependent
modulation of alpha activity and behavioral performance, we
next conducted a joint single-trial analysis of prestimulus alpha
power and RT during the intervention session. In both groups,
we confirmed the relationship between prestimulus posterior
alpha-band power and RT described previously (Klimesch et al.,
2007a; Snyder and Foxe, 2010; i.e., greater alpha power associated
with slower response), particularly for more attention-demanding trials
(difficult task conditions: quintile: F, ;oq) = 54.8: p < 0.01; Fig.
7D). During tSMS, this relationship was shifted toward higher
values of prestimulus alpha power, consequently leading to lon-
ger reaction times compared with sham tSMS in difficult task
conditions (group: F(, ,,, = 5.1; p < 0.01), but not in easy task
conditions (group: F, ,,, = 0.3: p = 0.64; Fig. 7D). Even though
additional mechanisms cannot be excluded, these data establish a
correlative link between increased alpha power and decreased
behavioral performance during tSMS.

Discussion

Overall, our data show that tSMS applied to the visual cortex
increases alpha oscillations (Experiment 1) and induces behav-
ioral effects in humans (Experiment 2). Importantly, we experi-
mentally discarded the possibility that the increased alpha
oscillations could be due to artifactual interference between
tSMS and the EEG recording system (control experiments).
The electrophysiological and behavioral effects of tSMS were
replicated by simultaneous recording of visual search perfor-
mance and EEG activity with a double-blind design (Experi-
ment 3), demonstrating the robustness of our findings. These

data suggest that the tSMS-dependent slowing of performance in
a highly attention-demanding visual search is related to an in-
crease of alpha oscillations.

Our first experiment demonstrated that tSMS interacts with
the normal alpha oscillatory EEG activity of the occipital cortex
during eyes-open rest. This interaction was fast (within minutes),
lasted for the stimulation period, and disappeared postinterven-
tion, suggesting that tSMS can alter the relationship between a
state of resting wakefulness and the presence of a dominant alpha
rhythm in the EEG. Importantly, the effect was both spatially
localized and frequency specific (i.e., we did not observe any
tSMS-dependent power increases at delta, theta, or beta frequen-
cies). Because increased occipital alpha activity reflects a state of
reduced cortical excitability (Romei et al., 2008a,b), our results
are in agreement with previous human studies demonstrating
tSMS-induced reduction of motor cortex excitability (Oliviero et
al., 2011; Silbert et al., 2013). During tSMS, alpha oscillations not
only increased in amplitude, suggesting an increased number of
neurons participating in the oscillations (Hindriks and van Put-
ten, 2013), but also were right shifted in frequency, which could
reflect a reduced temporal spacing of spikes underlying the oscil-
lations (Hindriks and van Putten, 2013). At the cellular level,
animal experiments have previously shown that static magnetic
fields directly interfere with the functioning of membrane ion
channels and consequently with the generation of action poten-
tials (Rosen and Lubowsky, 1987; Coots et al., 2004; Yang et al.,
2011). Therefore, tSMS could affect the delicate equilibrium be-
tween synchronous excitatory and inhibitory inputs at cortical
pyramidal dendrites, thereby altering the large-scale spontaneous
fluctuations of ongoing cortical (alpha) activity.

Our second experiment demonstrated that tSMS during a
visual search task affects behavioral performance, specifically
slowing the detection of a target stimulus among distractors.
Critically, the slower performance (compared with sham) only
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Figure 7.  Prestimulus alpha oscillations predict conjunctive visual search performance (Experiment 3). 4, Real-tSMS (red) over visual cortex during the 12 min intervention session induced a
relative increase in alpha EEG power compared with sham tSMS (blue) during visual search. Plot illustrates the enhancement in the relative alpha power for electrodes (highlighted in green on
electrode scalp maps, as well as their position relative to the magnet) showing statically significant differences between groups after post hoc Bonferroni adjustment (electrode X group; right
electrodes real vs sham: *p = 0.01; see Table 1). B, Group-averaged EEG activity estimated from individual peak alpha frequency. Real, but not sham, tSMS increased EEG alpha power (IAF =2 Hz)
in visual areas. Plots depict the grand average of the transformed EEG spectral power density values at occipital sites (02 and POz) for 2 min preceding (dotted lines) and during (solid lines) the
intervention condition separately for the real (red) or sham (blue) tSMS groups. €, Effects of tSMS on visual search performance were replicated in Experiment 3: tSMS-induced slowing of visual search
(mean RT for corrects hits) is observed when there are a higher number of same-shape and same-color distractors. Asterisks (*) represent significant post hoc comparisons for the interaction
presence X set size X distractor X group (see Table 2). D, Pooled single-trial data demonstrating a monotonic relationship between prestimulus alpha power and RT. For each subject, all correct
hit trials during the intervention session were separately sorted according to prestimulus alpha power and were binned into quintiles. For each quintile, mean alpha power (collapsed over occipital
electrodes) and mean RT were calculated. Conditions showing significant behavioral effects (difficult distractor ratios vs easy distractor ratios) between groups were collapsed, and separately
calculated and plotted. Alpha power of the quintile scores are displayed in log scale. The typical relationship between alpha power and performance, observed during the difficult task conditions, was
shifted toward higher values of prestimulus alpha power during tSMS, at least partly explaining the tSMS-induced increase in RTs. In all plots, p values indicate the post hoc significance levels for the

respective statistical comparisons. *p << 0.05, **p << 0.01, ttrend). EO, Eyes-open condition; Exp, experiment; a.u., arbitrary units.

emerged on trials with the most difficult task conditions. Previ-
ous visual search studies have suggested that the detection of
relatively easy targets relies upon bottom-up mechanisms,
whereas the detection of more difficult targets requires top-down
control (Nakayama and Silverman, 1986; Treisman and Sato,
1990; Shen et al., 2007) over the visual cortex from higher-order
attention areas (Donner et al., 2002; Kalla et al., 2009; Wei et al.,
2011). Our findings are compatible with a view that the decrease
of cortical excitability induced by tSMS of the visual cortex does
not affect the basic bottom-up processing of visual inputs, but it
does interfere with the more sophisticated ability of higher-order
attention areas to control the visual cortex.

In our third experiment, we directly linked the tSMS-induced
EEG and behavioral changes by replicating the visual search task
while simultaneously recording the EEG. A separate line of evi-
dence suggests that top-down attentional processing during vi-
sual search and tasks requiring visuospatial attention involves the
suppression of alpha activity in visual cortex (Thut et al., 20065

Min and Herrmann, 2007; Capotosto et al., 2009; Roberts et al.,
2014). Joint single-trial analysis confirmed the known relation-
ship between alpha power and reaction time (i.e., the more the
alpha power, the slower the response). Importantly, in easy task
conditions the RTs were only slightly slower with higher alpha
power, whereas in difficult task conditions the RTs were consid-
erably slower with higher alpha power, likely due to the contri-
bution of top-down processing (Min and Herrmann, 2007;
Roberts et al., 2014). This explains why, even though tSMS in-
creased the alpha power for all task conditions, it produced a
significant slowing of reaction times only for the most difficult
task conditions. Therefore, the selective tSMS effect on diffi-
cult—but not easy—target detection is consistent with the visual
cortex becoming less sensitive to top-down control from higher-
order attentional areas, at least partly due to the tSMS-induced
increase of posterior alpha activity.

Based on these findings, we speculate that the most likely
mechanism through which tSMS evokes the observed behavioral



9192 - J. Neurosci., June 17, 2015 - 35(24):9182-9193

effects is a transient synchronization of corticosubcortical neural
generators of alpha activity. Additional mechanisms can obvi-
ously not be excluded. In this sense, it is worth noting that the
tSMS-induced effects on EEG alpha activity disappeared in the
postintervention period, whereas the effects of tSMS on behavior
lasted longer, in agreement with previous findings of tSMS on the
excitability of the human sensorimotor cortex (Oliviero et al.,
2011; Silbert et al., 2013; Kirimoto et al., 2014). Even though the
full mechanisms of these alterations remain to be fully estab-
lished, the present data show that tSMS affects both alpha EEG
activity and human behavioral performance. In comparison with
other noninvasive neuromodulation techniques, such as trans-
cranial direct current stimulation or repetitive TMS (Paulus et al.,
2013), tSMS induces these electrophysiological and behavioral
effects without using any electrical current or time-varying mag-
netic pulses.

We conclude that focal static magnetic fields can interfere
with normal brain function even at an intensity of 120-200 mT
(at 2-3 cm from the magnet surface), offering a novel safe tech-
nique, which is both portable and inexpensive, to influence hu-
man brain activity and behavior.
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