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The neuromodulatory effects of repetitive transcranial magnetic stimulation (rTMS) have beenmostly investigated
by peripheral motor-evoked potentials (MEPs). New TMS-compatible EEG systems allow a direct investigation of
the stimulation effects through the analysis of TMS-evoked potentials (TEPs).
We investigated the effects of 1-Hz rTMS over the primary motor cortex (M1) of 15 healthy volunteers on TEP
evoked by single pulse TMS over the same area. A second experiment in which rTMS was delivered over the
primary visual cortex (V1) of 15 healthy volunteers was conducted to examine the spatial specificity of the
effects.
Single-pulse TMS evoked four main components: P30, N45, P60 and N100. M1-rTMS resulted in a significant de-
crease of MEP amplitude and in a significant increase of P60 and N100 amplitude. There was no effect after V1-
rTMS.
1-Hz rTMS appears to increase the amount of inhibition following a TMS pulse, as demonstrated by the higher
N100 and P60, which are thought to originate from GABAb-mediated inhibitory post-synaptic potentials.
Our results confirm the reliability of the TMS-evoked N100 as a marker of cortical inhibition and provide insight
into the neuromodulatory effects of 1-Hz rTMS. The present finding could be of relevance for therapeutic and di-
agnostic purposes.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive technique that can produce after-effects on cortical excitability
lasting 30min ormore (Ridding and Rothwell, 2000). Over the years, its
use for research and therapeutic purposes has increased even though its
mechanism of action is still only partially understood (Pascual-Leone
et al., 1998; Ridding and Rothwell, 2000; Rossi et al., 2009). In the
majority of the TMS/EMG literature, neuromodulatory effects of rTMS
have been investigated by analysing motor-evoked potentials (MEPs).
However, this is a complex measure reflecting excitability of the
whole corticospinal pathway which can be influenced not only by
timulation; MEP, motor-evoked
hreshold.
, Queen Square 33, WC1N 3BG
excitability of cortex, but also of spinal cord (Barker et al., 1985).
Nowadays, with the current development of TMS-compatible electro-
encephalography (EEG) systems it is possible to record the cerebral
activity evoked by TMS from the entire scalp (Ilmoniemi et al., 1997).
These responses, collectively known as TMS-evoked potentials (TEPs),
are unaffected by spinal excitability so theymaybe amore reliablemea-
sure of the response of the brain to TMS and give information about
widespread effects throughout the cortex (Ilmoniemi and Kičić, 2010).
Indeed, studies have shown that TEPs are sensitive to differences in in-
tensity of stimulation and are reproducible from day to day (Casarotto
et al., 2010; Lioumis et al., 2009). Given these advantages, there is a
growing interest in using EEGmeasures during TMS to clarify the effects
of stimulation protocols such as: rTMS (Helfrich et al., 2013; Van Der
Werf and Paus, 2006), paired-pulse TMS (Daskalakis et al., 2008;
Ferreri et al., 2011), transcranial direct current stimulation (Pellicciari
et al., 2013) and paired associative stimulation (Bikmullina et al.,
2009; Veniero et al., 2013).

Many studies have focused on the time-locked EEG response evoked
by stimulation of the primary motor cortex (M1). This consists of a
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sequence of positive and negative components, usually labelled P30,
N45, P60, N100 and P180 (Bender et al., 2005; Bonato et al., 2006;
Ferreri et al., 2011; Komssi et al., 2002; Lioumis et al., 2009; Paus et al.,
2001; Van Der Werf and Paus, 2006). Of these the N100 peak appears
to be the most robust and well characterised with little clear evidence
about the functional origin of the other components (Komssi and
Kähkönen, 2006). Several lines of evidence suggest that the N100 re-
flects inhibitory processes following the TMS pulse (Bender et al.,
2005; Bonnard et al., 2009; Bruckmann et al., 2012; D'Agati et al.,
2013; Nikulin et al., 2003; Rogasch et al., 2013). In a simple reaction
time task, the N100 is reduced in amplitude just prior to movement
onsetwhilst the evokedMEP is increased (Nikulin et al., 2003); a similar
reduction is seen in the late part of the foreperiod in a warned reaction
time task (Bender et al., 2005). In both cases, the reduction was
interpreted as removal of inhibition during excitatory preparation for
a forthcoming movement. Bonnard et al. (2009) found that the N100
was larger during the warning period when participants were
instructed to “resist” a forthcoming perturbation applied to the wrist
compared with trials where the instruction was to “assist” the perturba-
tion. At the same time, the duration of the cortical silent period in ongoing
EMG activity was increased (Chen et al., 1999). Since the latter is thought
to be a measure of cortical inhibition following a TMS pulse it was sug-
gested that the increase in N100 also represented an inhibitory process
primed by the instruction to “resist”. Additional evidence along the
same lines have been provided by some very recent studies on ADHD
children (Bruckmann et al., 2012; D'Agati et al., 2013). In contrast to
this, some studies found an increase in the N100 amplitude evoked by
occipital TMS in conditions that presupposed enhanced arousal (Murd
et al., 2010; Stamm et al., 2011).

In this study we investigated in a group of healthy volunteers the
effect of an rTMS protocol (1 Hz), which usually reduces motor cortical
excitability (e.g. Chen et al., 1997; Maeda et al., 2000), on evoked MEPs
and on the amplitude of TEPs evoked by single pulse TMS over the same
area. In order to examine the spatial specificity of the effectwe also test-
ed whether applying rTMS over V1 would also affect the N100 evoked
by stimulation of M1.

Methods

Participants and procedure

Fifteen right-handed healthy volunteers (seven females, mean age
25 ± 5 years) were enrolled for this experiment (experiment 1) after
giving written informed consent. All participants were tested for TMS
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pre-rTMS 

50 single-pulses
Intensity: 120% RMT 

ISI: 2-6 sec 

1200
Intensity

ISI

V1 
(EXP 2)

2nd

1-H

M1 
(EXP 1 & 2)

M1 
(EXP 1)

Fig. 1. Schematic representation of the experimental procedure. Each participant underwent thr
over the left M1. In the second block (rTMS), 20min of rTMS at 1 Hz of frequency were delivere
fifteen participants of experiment 2). In the third block (post-rTMS), 50 TMS single pulses were
magnetic stimulation; RMT, resting motor threshold; ISI, interstimulus interval.
exclusion criteria (Rossi et al., 2009) and had normal or corrected-to-
normal vision. The experimental procedure was approved by the Insti-
tutional Review Board of the University of Padua, andwas in accordance
with the Declaration of Helsinki. Each participant underwent an exper-
imental session consisting of three blocks of TMS during multichannel
EEG and EMG recordings. The first and the third blocks of stimulation
(“pre-rTMS” and “post-rTMS” respectively) consisted of 50 single-
pulses delivered before and immediately after a 1-Hz rTMS block
(Fig. 1). During the entire session participantswere seated on a comfort-
able armchair in front of a monitor at 80 cm distance. They were asked
to fixate on a white cross (6 × 6 cm) in the middle of a black screen and
to keep their right arm in a relaxed position. During TMS participants
wore in-ear plugs which continuously played a white noise that
reproduced the specific time-varying frequencies of the TMS click, in
order to mask the click and avoid possible auditory ERP responses
(Massimini et al., 2005). The intensity of the white noise was adjusted
for each subject by increasing the volume (always below 90 dB) until
the participant was sure that s/he could no longer hear the click (Paus
et al., 2001). To reduce the bone-conducted sound we used an EEG cap
with a 4mmplastic sheet that reduced the transmission ofmechanical vi-
bration produced by the coil (Esser et al., 2006; Nikouline et al., 1999).
Transcranial magnetic stimulation (TMS)

TMS was carried out using a Magstim R2 stimulator with a 70 mm
figure-of-eight coil (Magstim Company Limited, Whitland, UK), which
produced a biphasic waveform with a pulse width of ∼0.1 ms. The posi-
tion of the coil on the scalp was functionally defined as the M1 site in
which TMS evoked the largest MEPs in the relaxed first dorsal
interosseous (FDI) muscle of the right hand. The coil was placed tangen-
tially to the scalp at about 45° angle away from the midline, so that the
direction of current flow in the most effective (second) phase was
posterolateral–anteromedial. To ensure the same stimulation conditions
during the entire experiment, coil positioning and orientation on the op-
timal hotspot were constantly monitored by means of the Brainsight
neuronavigation system (using the ICBM152 template), coupled with a
Polaris Vicra infrared camera (NDI,Waterloo, Canada). Stimulation inten-
sity varied across the blocks of stimulation (see below) and was deter-
mined relative to the resting motor threshold (RMT), defined as the
lowest TMS intensity which evoked at least five out of ten MEPs with
an amplitude N50 μV peak-to-peak in the contralateral FDI at rest
(Rossini et al., 1994). Single-pulses were delivered with an inter-
stimulus interval (ISI) of 4–6 s, intensity was set at 120% RMT to obtain
 pulses 
: 90% RMT 
: 1 sec 
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d over the left M1 (for the fifteen participants of experiment 1) or over the left V1 (for the
delivered over the leftM1, immediately after the rTMS block. rTMS, repetitive transcranial
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reliable MEPs. The rTMS block consisted of 1200 pulses delivered at 1 Hz
using an intensity of 90% RMT.

Electromyographic recordings (EMG)

Surface EMG was recorded from the right FDI muscle via Ag/AgCl
electrodes in a belly-tendon montage (Myohandy Matrix Line —

Micromed Srl, Mogliano Veneto, Italy); raw signals were sampled at
2.5 kHz and band-pass filtered at 50–1000 Hz. EMG signal was on-line
monitored and off-line analysed by software Brain-Quick System Plus
using epochs of 50 ms. MEP amplitudes were measured peak-to-peak.

Electroencephalographic recordings (EEG)

EEG was recorded using a TMS-compatible AC amplifier (Micromed
SDMRI, Micromed Srl., Mogliano Veneto, Italy) designed to work in the
presence of high external magnetic fields as used in TMS or MRI
(Morbidi et al., 2007). The amplifier was optically connected to a PC
with software Brain-Quick System Plus through which EEG was on-line
monitored, and to a 64-channels customised EEG cap (EasyCap Inc.,
Herrsching, Germany). EEG was continuously recorded from 31 TMS-
compatible Ag/AgCl pellet electrodes mounted on the cap according to
the 10–20 international system including: Fp1, Fpz, Fp2, F7, F3, Fz, F4,
F8, FC5, FC1, FC2, FC6, T3, C3, Cz, C4, T4, CP5, CP1, CP2, CP6, T5, P3, Pz,
P4, T6, PO3, PO4, O1, Oz, O2. Skin impedance was kept below 5 kΩ.
Recordings were referenced to AFz electrode; the ground electrode was
placed on POz. EEG signal was bandpass filtered at 0.1–500 Hz and the
sampling frequency was 2048 Hz. Off-line analysis was performed with
EEGLAB 10.2.2.4b (Delorme andMakeig, 2004), running in aMATLAB en-
vironment (Version 7.9.0, MathWorks Inc., Natick, USA). The continuous
EEG signal was segmented into epochs starting 50 ms before the TMS
pulse and ending 250 ms after it. After this, data from 5 ms before the
TMS pulse to 22 ms after were removed from each trial to exclude the
TMS artefact through the cubic interpolation function of MATLAB (Thut
et al., 2011). The identification of artefacts unrelated to TMS (e.g. eye
blinks, muscle activity, electric current, alpha activity) was made using
the independent component analysis (ICA) function on EEGLAB. Identi-
fied components were then visually inspected in terms of scalp distribu-
tion, frequency, timing and amplitude and removed with ICA (Johnson
et al., 2010; Mattavelli et al., 2013; Veniero et al., 2013). Afterwards, all
the epochs were visually inspected and those with excessively noisy
EEG were excluded from the analysis (resulting in less than 5% for each
participant). A baseline correction, taken as the interval starting 500 ms
before the TMS pulse, was applied on all the epochs. For the TEP analysis,
all the epochs of each participant were averaged separately for the
pre-rTMS and the post-rTMS conditions. Based on the recent literature
(for a review, Ilmoniemi and Kičić, 2010), we chose five time windows
to determine the TEPs amplitudes and latencies, computed as the
highest peaks in the following intervals: 23–45 ms (positive peak);
30–60 ms (negative peak); 45–70 ms (positive peak); 70–130 ms
(negative peak); 130–230 ms (positive peak). To assess the total brain
activation induced by TMS over M1, we performed a local mean field
power analysis (LMFP), computed as the square root of the signal across
the electrodes surrounding the two motor cortices (Lehmann and
Skrandies, 1980; Pellicciari et al., 2013).

Control experiment

A control experiment (experiment 2)was conducted to examine the
spatial specificity of the effects observed in experiment 1. Fifteen right-
handed healthy volunteers (different from those who participated in
experiment 1) were enrolled and underwent the same experimental
procedure as experiment 1, except that the rTMS stimulationwas deliv-
ered over V1 (3 cm anterior and 1 cm lateral from the inion (Silvanto
et al., 2007). The coil was held with the handle pointing towards the
left side, so that the current flow direction of the second, most effective,
phase wave was latero-medial.

Statistical analyses

All data were analysed using SPSS version 19 (SPSS Inc., Chicago,
USA). Prior to undergoing ANOVA procedures, normal distribution of
EEG and EMG data was assessed by means of Shapiro–Wilks' test.
Level of significancewas set atα= .05. Extreme outliers (i.e. 3 standard
deviations ormore)within individual trialswere identified and excluded
from the analysis (resulting in less than 4% for each participant). MEP
amplitudes were first log-transformed to limit the effect of outliers
and then analysed with a 2 (group: experiment 1, experiment 2) × 2
(rTMS: pre-rTMS, post-rTMS) mixed ANOVA. TEP analysis was per-
formed considering ten electrodes: FC1, C3, T3, CP1 and CP5 for the
left stimulated side; FC2, C4, T5, CP2 and CP6 for the right one. TEP
amplitudes and latencies were analysed with a 2 (group: experiment
1, experiment 2) × 2 (rTMS: pre-rTMS, post-rTMS) × 2 (laterality: left,
right) × 5 (electrode: FC1/FC2, C3/C4, T3/T4, CP1/CP2, CP5/CP6) × 5
(peak: P30, N45, P60, N100, P180) mixed ANOVA. The same electrodes
were considered for the LMFP analysis that was performed comparing
the LMFP differences of the two conditions (post-pre) between the
two groups with paired t-tests, separately for each hemisphere. The
sphericity of the data was tested with Mauchly's test; when sphericity
was violated (i.e. Mauchly's test b 0.05) the Greenhouse–Geisser correc-
tion was used. Pairwise comparisons were corrected by the Bonferroni
method.

Results

Motor-evoked potentials (MEPs)

Therewas no difference in the baselineMEP amplitudes (i.e. pre-rTMS
blocks) in the two groups of experiments 1 and 2 (p = 0.38). However,
there was a significant group × rTMS interaction [F(1,28) = 4.247;
p= 0.049] that post-hoc analysis revealedwas caused by a significant re-
duction in the post-rTMSMEP amplitude in experiment 1 (1.37±0.14 vs.
1.66 ± 0.09 mV; p = 0.001) but not in experiment 2 (1.67 ± 0.06 vs.
1.72 ± 0.03; p = 0.47; Fig. 2A).

TMS-evoked potentials (TEPs)

Single-pulse TMS over M1 evoked a sequence of positive and nega-
tive deflections lasting up to 180–200ms. The grand-averagewaveform
clearly shows four main peaks at approximately 30 ms (P30), 45 ms
(N45), 60 ms (P60),100 ms (N100) after the TMS pulse (Fig. 3).

The mixed ANOVA including all factors revealed that there
was a significant group × rTMS × peak interaction [F(4,112) = 6.891;
p= 0.001] as well as a significant group × rTMS × electrode × peak in-
teraction [F(16,448) = 1.738; p = 0.037].

The post-hoc analysis of the first interaction did not reveal any
differences between the pre-rTMS blocks of any of the peaks of the
two experiments (all ps N 0.15). On the other hand, significant differ-
ences between post- and pre-rTMS blocks were detected for the N100
(2.99 ± 0.67 μV; p b 0.001) and for the P60 (1.47 ± 0.59 μV; p = 0.02)
of experiment 1, which appeared to be larger in the post-rTMS condition.
No differences were detected in experiment 2 (all ps N 0.25). The post-
hoc analysis of the second interaction showed that the N100 was larger
in the post-rTMS block compared to the pre-rTMS one at the following
sites: C3/C4 (3.27 ± 0.86 μV; p = 0.001), FC1/FC2 (1.88 ± 0.66 μV;
p = 0.009), CP1/CP2 (2.95 ± 0.60 μV; p b 0.001), CP5/CP6 (3.52 ±
0.83 μV; p b 0.001) and T3/T4 (3.35 ± 1.02 μV; p = 0.003). The P60
was larger in the post-rTMS block compared to the pre-rTMS at the fol-
lowing sites: C3/C4 (1.56 ± 0.69 μV; p = 0.033), CP1/CP2 (1.80 ±
0.63 μV; p = 0.008), CP5/CP6 (3.52 ± 0.83 μV; p = 0.005) and T3/T4
(3.35 ± 1.02 μV; p = 0.047). The P60 and N100 amplitudes are
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Fig. 2. (A)MEPs amplitudes before and after rTMS in experiment 1 (pre-rTMS: light blue; post-rTMS: darkblue) and inexperiment 2 (pre-rTMS: light red; post-rTMS: dark red). A decrease
ofMEP amplitudewas observed in the post-rTMS block of the experiment, compared to the other conditions. (B, C) P60 andN100 amplitude before and after rTMS for experiment 1 (pre-rTMS:
light blue; post-rTMS: dark blue) and for experiment 2 (pre-rTMS: light red; post-rTMS: dark red). The rTMSoverM1 (experiment 1, darkblue line) produced an increase in the amplitude of the
P60 and of the N100 compared to the other conditions. Error bars indicate standard error. Asterisks indicate p b 0.05. (C, D) Local mean field power in the left and in the right
hemisphere of the difference post-rTMS − pre-rTMS in the two experiments (experiment 1: blue; experiment 2: red). In experiment 1, rTMS caused an increase of the late LMFP in the
left hemisphere (96–231 ms after the TMS pulse) and in the right hemisphere (86–90, 132–146 and 196–216 ms after the TMS pulse); compared to experiment 2. Black line at the bottom
indicateswhen the difference between the two experimentswas significant.MEPs,motor-evokedpotentials; rTMS, repetitive transcranialmagnetic stimulation; LMFP, localmean field power.

228 E.P. Casula et al. / NeuroImage 98 (2014) 225–232
reported in Figs. 2B and c. Finally, there were no significant differences
in the P30, N45 and P180 amplitudes for experiment 1 (all ps N 0.15),
and no effects on any component for experiment 2 (all ps N 0.07).

The analysis of TEP latencies failed to reveal any significant effects
(all ps N 0.05). Following these results, we tested for possible correla-
tion between the rTMS-induced modulations in MEP and in N100/P60
amplitudes using the Pearson correlation coefficient. No significant
correlations were revealed (all ps N 0.05).

Local mean field power (LMFP)

No differences were detected in the LMFP of the two groups from
50ms before the TMS pulse to 72ms after (all ps N 0.05). Paired sample
t-tests revealed a significantly higher LMFP for experiment 1, compared
to experiment 2, in the following temporal windows: 96–231ms in the
left hemisphere (Fig. 2D); 86–90 ms, 132–146 ms and 196–216 ms in
the right hemisphere (Fig. 2E).

Scalp distribution maps

Fig. 4 shows the scalp distribution maps of the difference before and
after rTMS in the two experiments. In experiment 1, starting from 50ms
after the TMS pulse, a positivity, representing higher post-rTMS P60, was
visible over the site of stimulation which tended to return to baseline
levels at 75–80 ms. From 85–90 ms, the higher post-rTMS N100 was
evident over the site of stimulation. From105–110ms, the negativity am-
plitude was prominent and tended to gradually spread over the adjacent
regions and, interestingly, to the opposite hemisphere at 115–130ms be-
fore returning to baseline levels at 145–150 ms. Starting from 160 ms, a
sustainedpositivity is evident over the site of stimulation before returning
to baseline levels at 240–250 ms. No differences were appreciable in
experiment 2.
Discussion

The present results show that 1-Hz rTMS overM1, but not V1, (a) re-
duces the amplitude of MEPs, (b) increases the amplitude of the N100
and P60 TEPs evoked by single pulse TMS over M1 and (c) induces a
sustained increase in the late LMFP, especially in the stimulated hemi-
sphere. The effect on MEP has been reported in a number of previous
studies (e.g. Chen et al., 1997; Maeda et al., 2000; Siebner et al., 1999),
whereas the effect on TEP has not been described previously in healthy
volunteers. Interestingly, the largest changes were seen on the side of
stimulation (left scalp), as clearly visible in the LMFP, indicating that
theirmodulationwas strictly related to TMS and not to other confound-
ing factors. On the other hand, our TEP analysis failed to reveal a signif-
icant effect of laterality. This might be due to the interhemispheric
spread of the N100 component from the left hemisphere (85–90 ms)
to the right hemisphere (115–120 ms).
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It has been suggested that early TEPs, such as P30 and N45, originate
or aremodulated from fast GABAA (gamma-aminobutyric acid)-mediated
inhibitory post synaptic potentials (IPSPs), whereas later TEPs, such as
P60 and N100, are produced or modulated by slow GABAB-mediated
IPSPs (Ferreri et al., 2011; McDonnell et al., 2006; Rogasch et al., 2013;
Tamás et al., 2003). This latter hypothesis is supported by the fact that
the N100 increases after consumption of alcohol, which is known to
increase GABAergic transmission (Kähkönen and Wilenius, 2007).
Moreover, the latencies of the P60 and N100 peaks coincide with the
start of the inhibition (around 50–55 ms) and peak of inhibition
(around 100–150 ms) produced by activation of GABAB receptors
in both human and animal studies (Davies et al., 1990; Deisz,
1999). Finally, some recent works using paired-pulse TMS found a
significant correlation between EMG measures of the depth of
long-interval cortical inhibition (LICI), a GABAb-ergic effect whose
timing coincides with the P60/N100 peaks, and the total amount of
EEG activity evoked by the TMS pulses (Daskalakis et al., 2008;
Farzan et al., 2010; Fitzgerald et al., 2008). This is in line with what
we observed in the LMFP, which became significantly higher after
the administration of 1-Hz rTMS from about 75 ms to 230 ms after
the TMS single pulse. On the other hand, our TEPs analysis did not re-
veal any significant change on the P180 component, and this might
be explained by the absence of a real peak of activity in that temporal
window. Given this reasoning, the increase in P60 and N100 may indi-
cate that 1-Hz rTMS increases the amount of GABAb-ergic inhibition
evoked by a TMS test pulse. The fact that P30 and N45 are unaffected
would be compatible with a smaller or absent effect on GABAa-ergic
activity.
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Fig. 4. Scalp distributionmapsof the difference (post-rTMS− pre-rTMS) in the activity changes induced by rTMS in experiment 1 (left) and in experiment 2 (right). In experiment 1 (left),
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This conclusionwould be compatiblewith the effect of 1-Hz rTMSon
two EMGmeasures of GABAergic excitability in M1. These are (1) short
interval intracortical inhibition (SICI) between a pair of TMS pulses, and
(2) the cortical silent period (CSP) which describes the reduction in on-
going EMG activity that follows theMEP. The former depends on GABAa
activity whereas the latter depends on GABAb. Previous work has
shown that when 1-Hz rTMS suppresses MEPs, it is usually accompa-
nied by no change in the GABAa-ergic SICI (e.g. Daskalakis et al., 2006)
whereas there may be an increase in duration of the GABAb-ergic CSP
(Daskalakis et al., 2006; Lang et al., 2006). Thus the tentative conclusion
would be that 1-Hz rTMS over M1 increases the depth and/or duration
of the GABAb-ergic IPSP that follows a single pulse of TMS.

It is important to remember that MEPs are an indirect measure of
pyramidal tract excitability, since they are affected by a combination
of cortical, subcortical and spinal mechanisms, whereas TEPs are the
direct result of activating excitatory and inhibitory postsynaptic poten-
tials (Ilmoniemi et al., 1997). This could explain the absence of a signifi-
cant correlation between changes in MEP and N100/P60 amplitudes in
our data. Indeed, it has been found that reliable TEP patterns are evoked
even at subthreshold intensities atwhichMEPs are not elicited, indicating
that TEPs andMEPs reflect two separate indices of the neurophysiological
state of a stimulated area (Komssi et al., 2004; Van Der Werf and Paus,
2006).

One possible confound to the present explanation is that since we
used suprathreshold TMS pulses to evoke the TEPs, changes in afferent
input from the induced muscle twitch following rTMS could contribute
to changes in P60/N100 amplitude. However, this seems unlikely, since
MEPs were smaller after rTMS so that the contribution of afferent input
should if anything decrease whereas the P60/N100 increased in size.
Another possible confound is changes in general arousal or to an expec-
tancy effect that can change EEG alpha and/or slower activity, and
secondarily affect TEP amplitudes. As demonstrated by previous studies,
low-frequency rTMS increases ipsilateral cortico-cortical and inter-
hemispheric alpha coherence but not its amplitude (e.g. Strens et al.,
2002). The effect was also spatially specific, and therefore unrelated to
general arousal. Finally, if rTMS were having any general effects on ex-
pectation or arousal we might have expected to observe them equally
well after V1 stimulation, but this was not the case.

Van Der Werf and Paus (2006) found that 0.6-Hz rTMS over M1
reduced the amplitude of the N45 potential without affecting MEPs.
This effect was postulated to be due to activation of inhibitory interneu-
rons that synapse on pyramidal neurons, an interpretation which is in
line with the present study. They did not report any modulation of
N100 although they interpreted it as being an auditory neural response
to the TMS coil click. However, there are several reasons for excluding
this hypothesis: (1) some studies found a TMS-evoked N100 in deaf
participants (Kimiskidis et al., 2008; Ter Braack et al., 2013); (2)
Bonato et al. (2006) did not find an N100 component with a placebo
coil nor with a suboptimal orientation of a normal coil (135°); (3)
several studies found no difference in the amplitude of TEPs with or
without auditorymasking, suggesting that the amplitude of the auditory
response is negligible compared to the N100 TMS-evoked response
(e.g. Nikulin et al., 2003; Komssi et al., 2004); (4) Lioumis et al. (2009)
demonstrated that the amplitude of the N100 evoked over the motor
cortex was five times larger than the potential evoked in the prefrontal
cortex using the same intensity of stimulation (i.e. the same coil click),

image of Fig.�4
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and such difference cannot be explained in terms of auditory potentials;
(5) the distribution of the N100 is not compatible with an auditory po-
tential distribution (Näätänen and Picton, 1987; Ponton et al., 2001). Fi-
nally, a very recent study by Helfrich et al. (2013) reported a decrease in
the TMS-evoked N100 after 15 min of 1-Hz rTMS in a group of ADHD
children. This result was attributed to reduced inhibition following 1-
Hz rTMS. At first glance, this result seems to be in contrast to our find-
ings. However, Moll and colleagues (2000, 2003), testing LICI with
paired-pulse TMS, had demonstrated that ADHD children a) show a sig-
nificant reduction in intracortical inhibition and b) report an opposite
effect of methylphenidate on the balance of intracortical facilitation/in-
hibition compared to healthy controls. It may therefore be that rTMS
has a different effect on cortical inhibition in ADHD than in healthy
adults and this could explain the discrepancy with the present results.

Conclusions

In conclusion, we have shown that application of 1-Hz rTMS in
healthy volunteers reduced MEPs whilst increasing the P60 and N100
components of the TEP. Previous work suggests that these EEG compo-
nents may be caused by or modulated by GABAb-ergic activity evoked
by the TMS pulse.We propose that 1-Hz rTMS overM1 increases the am-
plitude or duration of the GABAb IPSP evoked by single pulse TMS over
the same area. The present findings could be of relevance for diagnostic
and therapeutic purposes, particularly for pathologies characterised by
disorders in cortical excitatory/inhibitory processes.

Acknowledgments

We are very grateful to all the volunteers who took part in the
study. We also thank Dr. Stephan Waldert for useful suggestions on
the methodological aspects of the manuscript. This study was partially
supported by a grant from the Bial Foundation (84/12 to P. S. B.).

Conflict of interest

The authors declare that they have no conflict of interest.

References

Barker, A.T., Jalinous, R., Freeston, I.L., 1985. Non-invasive magnetic stimulation of human
motor cortex. Lancet 1, 1106–1107.

Bender, S., Basseler, K., Sebastian, I., Resch, F., Kammer, T., Oelkers-Ax, R., Weisbrod, M.,
2005. Transcranial magnetic stimulation evokes giant inhibitory potentials in children.
Ann. Neurol. 58, 58–67.

Bikmullina, R., Kičić, D., Carlson, S., Nikulin, V.V., 2009. Electrophysiological correlates of
short-latency afferent inhibition: a combined EEG and TMS study. Exp. Brain Res.
194, 517–526.

Bonato, C., Miniussi, C., Rossini, P.M., 2006. Transcranial magnetic stimulation and cortical
evoked potentials: a TMS/EEG coregistration study. Clin. Neurophysiol. 117, 1699–1707.

Bonnard, M., Spieser, L., Meziane, H.B., De Graaf, J.B., Pailhous, J., 2009. Prior intention can
locally tune inhibitory processes in the primary motor cortex: direct evidence from
combined TMS-EEG. Eur. J. Neurosci. 30, 913–932.

Bruckmann, S., Hauk, D., Roessner, V., Resch, F., Freitag, C.M., Kammer, T., et al., 2012.
Cortical inhibition in attention deficit hyperactivity disorder: new insights from the
electroencephalographic response to transcranial magnetic stimulation. Brain 135,
2215–2230.

Casarotto, S., Romero Lauro, L.J., Bellina, V., Casali, A.G., Rosanova, M., Pigorini, A., Defendi,
S., Mariotti, M., Massimini, M., 2010. EEG responses to TMS are sensitive to changes in
the perturbation parameters and repeatable over time. PLoS ONE 5, e10281.

Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E.M., Hallett, M., Cohen, L.G., 1997.
Depression of motor cortex excitability by low-frequency transcranial magnetic
stimulation. Neurology 48, 1398–1403.

Chen, R., Lozano, A.M., Ashby, P., 1999. Mechanism of the silent period following transcra-
nial magnetic stimulation evidence from epidural recordings. Exp. Brain Res. 128,
539–542.

D'Agati, E., Hoegl, T., Dippel, G., Curatolo, P., Bender, S., Kratz, O., Moll, G.H., Heinrich, H.,
2013. Motor cortical inhibition in ADHD: modulation of transcranial magnetic
stimulation-evoked N100 in a response control task. J. Neural Transm. 1–11.

Daskalakis, Z.J., Möller, B., Christensen, B.K., Fitzgerald, P.B., Gunraj, C., Chen, R., 2006. The
effects of repetitive transcranial magnetic stimulation on cortical inhibition in healthy
human subjects. Exp. Brain Res. 174, 403–412.
Daskalakis, Z.J., Farzan, F., Barr, M.S., Maller, J.J., Chen, R., Fitzgerald, P.B., 2008. Long-
interval cortical inhibition from the dorsolateral prefrontal cortex: a TMS-EEG
study. Neuropsychopharmacology 33, 2860–2869.

Davies, C.H., Davies, S.N., Collingridge, G.L., 1990. Paired-pulse depression of monosynap-
tic GABA-mediated inhibitory postsynaptic responses in rat hippocampus. J. Physiol.
424, 513–531.

Deisz, R.A., 1999. GABA(B) receptor-mediated effects in human and rat neocortical
neurones in vitro. Neuropsychopharmacology 38, 1755–1766.

Delorme, A., Makeig, S., 2004. EEGLAB: an open source toolbox for analysis of single-trial EEG
dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21.

Esser, S.K., Huber, R., Massimini, M., Peterson, M.J., Ferrarelli, F., Tononi, G., 2006. A direct
demonstration of cortical LTP in humans: a combined TMS/EEG study. Brain Res. Bull.
69, 86–94.

Farzan, F., Barr, M.S., Levinson, A.J., Chen, R., Wong, W., Fitzgerald, P.B., Daskalakis, Z.J.,
2010. Reliability of long-interval cortical inhibition in healthy human subjects: a
TMS-EEG study. J. Neurophysiol. 104, 1339–1346.

Ferreri, F., Pasqualetti, P., Määttä, S., Ponzo, D., Ferrarelli, F., Tononi, G., et al., 2011. Human
brain connectivity during single and paired pulse transcranial magnetic stimulation.
NeuroImage 54, 90–102.

Fitzgerald, P.B., Daskalakis, Z.J., Hoy, K., Farzan, F., Upton, D.J., Cooper, N.R., Maller, J.J.,
2008. Cortical inhibition in motor and non-motor regions: a combined TMS-EEG
study. Clin. EEG Neurosci. 39, 112–117.

Helfrich, C., Pierau, S.S., Freitag, C.M., Roeper, J., Ziemann, U., Bender, S., 2013. Monitoring
cortical excitability during repetitive transcranial magnetic stimulation in children
with ADHD: a single-blind, sham-controlled TMS-EEG study. PLoS ONE 7, e50073.

Ilmoniemi, R.J., Kičić, D., 2010. Methodology for combined TMS and EEG. Brain Topogr. 22,
233–248.

Ilmoniemi, R.J., Virtanen, J., Ruohonen, J., Karhu, J., Aronen, H.J., Näätänen, R., Katila, T.,
1997. Neuronal responses to magnetic stimulation reveal cortical reactivity and con-
nectivity. Neuroreport 8, 3537–3540.

Johnson, J.S., Hamidi, M., Postle, B.R., 2010. Using EEG to explore how rTMS produces its
effects on behaviour. Brain Topogr. 22, 281–293.

Kähkönen, S., Wilenius, J., 2007. Effects of alcohol on TMS-evoked N100 responses. J.
Neurosci. Methods 166, 104–108.

Kimiskidis, V.K., Papagiannopoulos, S., Kazis, D.A., Vasiliadis, G., Oikonomidi, A.,
Sotirakoglou, K., Pseftogianni, D., Anogianakis, G., Vlaikidis, N., 2008. Silent period
(SP) to transcranial magnetic stimulation: the EEG substrate. Brain Stimulation 1. Ab-
stracts from 3rd International Conference on Transcranial Magnetic Stimulation and
Direct Current Stimulation, 1–4 October 2008, pp. 315–316.

Komssi, S., Kähkönen, S., 2006. The novelty value of the combined use of electroenceph-
alography and transcranial magnetic stimulation for neuroscience research. Brain
Res. Rev. 52, 183–192.

Komssi, S., Aronen, H.J., Huttunen, J., Kesäniemi, M., Soinne, L., Nikouline, V.V., et al., 2002.
Ipsi- and contralateral EEG reactions to transcranial magnetic stimulation. Clin.
Neurophysiol. 113, 175–184.

Komssi, S., Kähkönen, S., Ilmoniemi, R.J., 2004. The effect of stimulus intensity on brain re-
sponses evoked by transcranial magnetic stimulation. Hum. Brain Mapp. 21,
154–164.

Lang, N., Harms, J., Weyh, T., Lemon, R.N., Paulus, W., Rothwell, J.C., Siebner, H.R., 2006.
Stimulus intensity and coil characteristics influence the efficacy of rTMS to suppress
cortical excitability. Clin. Neurophysiol. 117, 2292–2301.

Lehmann, D., Skrandies, W., 1980. Reference-free identification of components of
checkerboard-evoked multichannel potential fields. Electroencephalogr. Clin.
Neurophysiol. 48, 609–621.

Lioumis, P., Kičić, D., Savolainen, P., Mäkelä, J.P., Kähkönen, S., 2009. Reproducibility of
TMS-evoked EEG responses. Hum. Brain Mapp. 30, 1387–1396.

Maeda, F., Keenan, J.P., Tormos, J.M., Topka, H., Pascual-Leone, A., 2000. Modulation of
corticospinal excitability by repetitive transcranial magnetic stimulation. Clin.
Neurophysiol. 111, 800–805.

Massimini, M., Ferrarelli, F., Huber, R., Esser, S.K., Singh, H., Tononi, G., 2005. Breakdown of
cortical effective connectivity during sleep. Science 309, 2228–2232.

Mattavelli, G., Rosanova, M., Casali, A.G., Papagno, C., Romero, L.J., 2013. Top–down inter-
ference and cortical responsiveness in face processing: a TMS-EEG study. NeuroImage
76, 24–32.

McDonnell, M.N., Orekhov, Y., Ziemann, U., 2006. The role of GABA(B) receptors in
intracortical inhibition in the human motor cortex. Exp. Brain Res. 173, 86–93.

Moll, G.H., Heinrich, H., Rothenberger, A., 2003. Methylphenidate and intracortical excit-
ability: opposite effects in healthy subjects and attention-deficits hyperactivity disor-
der. Acta Psychiatr. Scand. 107, 69–72.

Moll, G.H., Heinrich, H., Trott, G-E., Wirth, S., Rothenberger, A., 2000. Deficient
intracortical inhibition in drug-naive children with attention-deficit hyperactivity
disorder is enhanced by methylphenidate. Neurosci. Lett. 284, 121–125.

Morbidi, F., Garulli, A., Prattichizzo, D., Rizzo, C., Manganotti, P., Rossi, S., 2007. Off-line re-
moval of TMS-induced artifacts on human electroencephalography by Kalman filter.
J. Neurosci. Methods 162, 293–302.

Murd, C., Aru, J., Hiio, M., Luiga, I., Bachmann, T., 2010. Caffeine enhances frontal relative
negativity of slow brain potentials in a task-free experimental setup. Brain Res. Bull.
82, 39–45.

Näätänen, R., Picton, T., 1987. The N1 wave of the human electric and magnetic response
to sound: a review and an analysis of the component structure. Psychophysiology 24,
375–425.

Nikouline, V., Ruohonen, J., Ilmoniemi, R.J., 1999. The role of the coil click in TMS assessed
with simultaneous EEG. Clin. Neurophysiol. 110, 1325–1328.

Nikulin, V.V., Kičić, D., Kähkönen, S., Ilmoniemi, R.J., 2003. Modulation of electroencepha-
lographic responses to transcranial magnetic stimulation: evidence for changes in
cortical excitability related to movement. Eur. J. Neurosci. 18, 1206–1212.

http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0005
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0005
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0010
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0010
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0015
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0015
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0015
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0020
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0020
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0025
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0025
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0025
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0030
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0030
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0030
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0035
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0035
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0040
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0040
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0045
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0045
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0045
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0050
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0050
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0055
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0055
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0055
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0060
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0060
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0060
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9000
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9000
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9000
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9900
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9900
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0065
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0065
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0070
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0070
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0070
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0080
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0080
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0075
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0075
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0075
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0085
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0085
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0095
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0095
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0095
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0285
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0285
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0100
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0100
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0110
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0110
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0115
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0115
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0290
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0290
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0290
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0290
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0135
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0135
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0135
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0125
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0125
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0130
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0130
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0130
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0140
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0140
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0145
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0145
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0145
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0150
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0150
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0155
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0155
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0155
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0160
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0160
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0165
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0165
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0165
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0170
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0170
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9990
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9990
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9990
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9999
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9999
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf9999
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0180
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0180
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0180
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0185
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0185
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0185
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0190
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0190
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0195
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0195
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0195


232 E.P. Casula et al. / NeuroImage 98 (2014) 225–232
Pascual-Leone, A., Tormos, J.M., Keenan, J., Tarazona, F., Cañete, C., Català, M.D., 1998.
Study andmodulation of human cortical excitability with transcranial magnetic stim-
ulation. J. Clin. Neurophysiol. 15, 333–343.

Paus, T., Castro-Alamancos, M.A., Petrides, M., 2001. Cortico-cortical connectivity of the
human mid-dorsolateral frontal cortex and its modulation by repetitive transcranial
magnetic stimulation. Eur. J. Neurosci. 14, 1405–1411.

Pellicciari, M.C., Brignani, D., Miniussi, C., 2013. Excitability modulation of the motor sys-
tem induced by transcranial direct current stimulation: a multimodal approach.
NeuroImage 8, 569–580.

Ponton, C.W., Vasama, J.P., Tremblay, K., Khosla, D., Kwong, B., Don,M., 2001. Plasticity in the
adult human central auditory system: evidence from late-onset profound unilateral
deafness. Hear. Res. 154, 32–44.

Ridding, M.C., Rothwell, J.C., 2000. Is there a future for therapeutic use of transcranial
magnetic stimulation? Nat. Rev. Neurosci. 8, 559–567.

Rogasch, N.C., Daskalakis, Z.J., Fitzgerald, P.B., 2013. Mechanisms underlying long-interval
cortical inhibition in the human motor cortex: a TMS-EEG study. J. Neurophysiol. 109,
89–98.

Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., The Safety of TMS Consensus Group,
2009. Safety, ethical considerations, and application guidelines for the use of trans-
cranial magnetic stimulation in clinical practice and research. Clin. Neurophysiol.
120, 2008–2039.

Rossini, P.M., Barker, A.T., Berardelli, A., Caramia, M.D., Caruso, G., Cracco, R.Q., et al., 1994.
Non-invasive electrical and magnetic stimulation of the brain, spinal cord and roots:
basic principles and procedures for routine clinical application. Electroencephalogr.
Clin. Neurophysiol. 91, 79–92.
Siebner, H.R., Tormos, J.M., Ceballos-Baumann, A.O., Auer, C., Catala, M.D., Conrad, B., et al.,
1999. Low-frequency repetitive transcranial magnetic stimulation of the motor
cortex in writer's cramp. Neurology 52, 529–537.

Silvanto, J., Muggleton, N.G., Cowey, A., Walsh, V., 2007. Neural activation state deter-
mines behavioral susceptibility to modified theta burst transcranial magnetic stimu-
lation. Eur. J. Neurosci. 26, 523–528.

Stamm, M., Aru, J., Bachmann, T., 2011. Right-frontal slow negative potentials evoked by
occipital TMS are reduced in NREM sleep. Neurosci. Lett. 493, 116–121.

Strens, L.H.A., Oliviero, A., Bloem, B.R., Gerschlager, W., Rothwell, J.C., Brown, P., 2002. The
effects of subthreshold 1 Hz repetitive TMS on cortico-cortical and interhemispheric
coherence. Clin. Neurophysiol. 113, 1279–1285.

Tamás, G., L rincz, A., Simon, A., Szabadics, J., 2003. Identified sources and targets of slow
inhibition in the neocortex. Science 299, 1902–1905.

Ter Braack, E.M., De Vos, C.C., Van Putten, M.J., 2013. Masking the auditory evoked potential
in TMS-EEG: a comparison of various methods. Brain Topogr. 1–9.

Thut, G., Veniero, D., Romei, V., Miniussi, C., Schyns, P., Gross, J., 2011. Rhythmic
TMS causes local entrainment of natural oscillatory signatures. Curr. Biol. 21,
1176–1185.

Van Der Werf, Y.D., Paus, T., 2006. The neural response to transcranial magnetic stimula-
tion of the human motor cortex. I. Intracortical and cortico-cortical contributions.
Exp. Brain Res. 175, 231–245.

Veniero, D., Ponzo, P., Koch, G., 2013. Paired associative stimulation enforces the commu-
nication between interconnected areas. J. Neurosci. 33, 13773–13783.

http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0200
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0200
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0210
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0210
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0210
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0215
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0215
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0215
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0220
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0220
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0225
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0225
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0225
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0295
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0295
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0295
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0235
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0235
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0235
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0240
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0240
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0245
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0245
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0245
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0250
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0250
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0255
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0255
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0255
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0260
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0260
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0265
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0265
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0270
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0270
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0270
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0275
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0275
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0275
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0280
http://refhub.elsevier.com/S1053-8119(14)00345-0/rf0280

	Low-�frequency rTMS inhibitory effects in the primary motor cortex: Insights from TMS-�evoked potentials
	Introduction
	Methods
	Participants and procedure
	Transcranial magnetic stimulation (TMS)
	Electromyographic recordings (EMG)
	Electroencephalographic recordings (EEG)
	Control experiment
	Statistical analyses

	Results
	Motor-evoked potentials (MEPs)
	TMS-evoked potentials (TEPs)
	Local mean field power (LMFP)
	Scalp distribution maps

	Discussion
	Conclusions
	Acknowledgments
	References


