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Abstract: Electroencephalography (EEG) can directly monitor the temporal progression of cortical
changes induced by repetitive Transcranial Magnetic Stimulation (rTMS) and facilitate the understand-
ing of cortical and subcortical influences in the genesis of oscillations. In this combined rTMS/EEG
study, we aimed to investigate changes in oscillatory activity after high-frequency (~11 Hz) rTMS rela-
tive to the number of applied pulses. Twenty intermittent trains of 20 or 60 rTMS pulses were deliv-
ered over the human primary motor cortex at rest and tuned to individual mu frequency. The regional
and interregional oscillatory neural activity after stimulation were evaluated using event-related power
(ERPow) and event-related coherence (ERCoh) transformations. The most prominent changes for
ERPow were observed in the theta band (4-7 Hz), as an increase in ERPow up to 20 s following 60
rTMS pulses, whereas ERPow increases were smaller in mu (10-12 Hz) and beta (13-30 Hz). ERCoh
revealed that rTMS 60 modulated the connectivity in the theta band for up to 20 s. The topography of
mu and theta changes were not identical; mu was more focal and theta was more global. Our data
suggested the presence of independent cortical theta and mu generators with different reactivity to
rTMS but could not rule out possible thalamocortical contributions in generating theta and mu over
the motor network. Hum Brain Mapp 33:2224-2237, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Recent findings indicate that network oscillations
through various brain rhythms temporally link neurons
into assemblies and facilitate synaptic plasticity, but the
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exact mechanisms remain uncertain [Buzsaki and Draguhn,
2004; Hutcheon and Yarom, 2000]. Much of what we know
about network oscillations and brain rhythms comes from
animal studies [Buzsaki, 2004; Steriade, 2006]. Understand-
ing the physiology of neuronal oscillations in humans will
provide insight into the role of brain rhythms and may
assist in the diagnosis and treatment of brain disorders
[Miniussi and Thut, 2010; Thut and Pascual-Leone, 2010].
A noninvasive method that can help uncover the mecha-
nisms of human brain oscillations in specific frequency
bands is the combination of repetitive Transcranial Mag-
netic Stimulation (rTMS) and Electroencephalography
(EEG). r'TMS allows transient modulation of cortical excit-
ability with effects lasting beyond its application,
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emulating the patterns of synaptic plasticity in the hippo-
campus [Gilio et al., 2009; Hallett, 2007]. Unlike other neu-
roimaging tools such as functional magnetic resonance
imaging (fMRI) or positron emission tomography (PET)
that rely on hemodynamic responses, EEG records neural
activity directly with excellent temporal resolution in the
range of milliseconds [Sauseng and Klimesch, 2008].
Therefore, rTMS-EEG integration has the potential to pro-
vide real-time information on the dynamics of human
brain oscillations and the role of brain rhythms. It also has
the potential to help us understand the neurophysiological
basis for the effects of rTMS which still baffles neuroscient-
ists [Komssi and Kahkonen, 2006, Thut and Miniussi,
2009].

There are limited human electrophysiological studies
highlighting the relationship between the number of rTMS
pulses applied and the EEG after-effect-size although com-
bination of TMS-EEG can provide more robust and sensi-
tive cortical read-out than behavioural measurements
[Miniussi and Thut, 2010; Thut and Pascual-Leone, 2010].
Recently, Thut and Pascual-Leone [2010] performed a meta-
analysis of many previous TMS-EEG studies. Their results
suggested linear correlations between EEG after-effect-size
and total number of TMS pulses applied in high-frequency
protocols (5-20 Hz rTMS). However, there is no high-fre-
quency rTMS-EEG study so far that examines EEG oscilla-
tory phenomena in the healthy human brain by
manipulating the number of applied magnetic pulses
within a train of stimulation while holding all other TMS
parameters constant. To date, Brignani et al. [2008] has
investigated the cumulative effects of the duration of mag-
netic stimulation on human EEG oscillatory activity by
using a low frequency TMS protocol (1 Hz). Their results
showed that modulation of cortical oscillations increased
linearly with the duration of stimulation, with higher syn-
chronization seen in alpha (8-12 Hz) more than beta (12-30
Hz) brain rhythms [Brignani et al., 2008]. Moreover, studies
involving delivery of high-frequency stimulation manipu-
lating the number of applied magnetic pulses have tended
to focus on indirect measurement of cortical read-out such
as MEP with contradictory results [Fitzgerald et al., 2006].
Several studies have shown an increase in MEP size after
high-frequency magnetic stimulation dependent on the
number of pulses [Maeda et al., 2000; Modugno et al., 2001;
Peinemann et al., 2004], while other studies showed no
effects on MEP size regardless of the total number of pulses
[Daskalakis et al., 2006; Romeo et al., 2000; Quartarone
et al., 2005; Wassermann et al., 1996].

In this article, we first aimed to investigate the EEG os-
cillatory activity in healthy human brains induced by
rTMS trains of different numbers of pulses while holding
all other TMS parameters constant. Thus, we delivered
rTMS at individual p-frequency (~11 Hz) at 100% resting
motor threshold over left human primary motor cortex
(M1) and manipulated rTMS along one dimension: the
number of applied pulses for each train of magnetic stimu-
lation. We used twenty intermittent trains of 20 rTMS

pulses (rTMS 20), and twenty intermittent trains of 60
rTMS pulses (rTMS 60). Our second aim was to look at the
presence of cumulative effects defined as the state at
which later portions of an experimental session may differ
from early portions as a function of the number of applied
TMS pulses [Hamidi et al., 2011] across different rTMS
trains. To address this question, we compared the first ten
intermittent trains of stimulation with the subsequent 10
intermittent trains of stimulation, for both rTMS 20 and
rTMS 60 protocols, respectively. EEG was analyzed in
terms of immediate responses up to 60 s after each mag-
netic train. EEG responses were evaluated using spectral
analysis of event-related power (ERPow) and event-related
coherence (ERCoh) transformations, which reflect the re-
gional neural activity and the interregional functional cou-
pling between cortical areas, respectively.

We hypothesized that trains with a larger number of
applied pulses (rTMS 60) would produce a larger EEG
power modulation compared with trains of fewer pulses
(rTMS 20). In an elegant experiment combining TMS-EEG,
Rosanova et al. [2009] demonstrated that each cortical area
tended to preserve its own natural frequency; TMS consis-
tently evoked dominant alpha oscillations in the occipital
cortex, beta oscillations in the parietal cortex and fast
beta/gamma oscillations in the frontal cortex. Therefore,
we hypothesized that the dominant frequency in our study
would be mu (10-12 Hz) since the stimulation was given
over the M1 at rest and tuned to each participant’s Rolan-
dic mu rhythm, i.e., the natural frequency of the resting
motor cortex. Mu is a distinct alpha frequency rhythm that
is present over central cortical areas during quiet wakeful-
ness. It is generally accepted as the idling rhythm derived
from the synchronized neurons involved in the thalamo-
cortical loop and shown to be blocked by motor move-
ments or somatosensory stimuli [Pfurtscheller et al., 2006;
Pfurtscheller and Lopes da Silva, 1999]. Taken as a whole,
during high-frequency magnetic stimulation, we expected
that trains with a greater number of pulses would be more
effective than trains with fewer pulses in producing pro-
nounced cumulative effects.

METHODS
Subjects and Experimental Design

Twelve healthy volunteers (6 men, 6 women; mean age
22.18 + 1.07 years) with no history of neurological disor-
der or head injury participated in the study. All subjects
were right-handed as assessed by the Edinburgh handed-
ness inventory [Oldfield, 1971]. Written informed consent
was given by all subjects in accordance with the declara-
tion of Helsinki. The study was approved by the Local
Ethics Committee.

Subjects were seated in a comfortable armchair with
elbows flexed at 90°, hands pronated in a relaxed position,
eyes opened, watching a computer screen. At the beginning
of the experimental session, 3 min of EEG recordings were
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Figure 1.

Experimental design: the study design consisted of three experimental conditions of twenty inter-
mittent trains of 20 or 60 high frequency (~I|| Hz) rTMS pulses delivered over the human pri-
mary motor cortex at rest (rTMS 20, rTMS 60, and sham rTMS 20). It comprised epochs of
EEG recorded continuously before, during, and after the trains of stimulation (Baseline Before,
El, E2, E3, E4, E5, E6, and Baseline After, respectively). MEPs were also recorded at the begin-
ning and at the end of each experimental condition.

taken at rest. Fast-Fourier Transform (FFT) was performed
looking at the discrete frequency with the maximum power
within the range of mu rhythm (8-13 Hz) at C3 electrode,
which is covering the activity of the pericentral (Rolandic) os-
cillatory phenomena. High-frequency rTMS was then deliv-
ered at the frequency of individual’s mu rhythm (mean 11.05
Hz + 0.56) over the left M1 at 100% resting motor threshold
(RMT) simultaneously with multichannel EEG recording.
The spectral distribution of the mu rhythm usually has an av-
erage peak of 10-11 Hz in healthy adults which appear maxi-
mally over the central Rolandic or sensorimotor area during
a relaxed state, but the frequency varies among individuals
[Pfurtscheller and Lopes da Silva, 1999]. Therefore, in this
study, we decided to deliver the trains of rTMS at the fre-
quency of individual mu rhythm to make sure that this pa-
rameter of rTMS was constant across all subjects. This takes
into account the individual differences in the natural fre-
quency of the resting motor cortex so that the interpretation
of the findings is related only to the manipulation of the num-
ber of applied rTMS pulses. Each subject underwent three ex-
perimental conditions: 20 intermittent trains of 20 pulses (400
stimuli, rTMS 20), 20 intermittent trains of 60 pulses (1200
stimuli, 'TMS 60) and sham rTMS with 20 trains of 20 pulses
(400 stimuli). Because event-related changes in ongoing EEG
need time to develop and to recover, the inter-train-interval
(ITT) was 68 s for all experimental conditions. The order of
presentation of the three experimental conditions was coun-
terbalanced across participants to avoid order effects. Each
experimental condition was followed by a 20-min rest before
the next administration to avoid carry-over effects from one
experimental condition to the next. Fitzgerald et al. [2007]
demonstrated that multiple short-trains of high-frequency
rTMS did not modify the cortical excitability 15 min poststi-
mulation, supporting the view of an absence of a post-train
effect. However, Thut and Pascual-Leone [2010] in a review
of combined TMS-EEG studies, showed a lasting effect of a
variety of r'TMS protocols on EEG measurement. Therefore,
to rule out possible carry-over effects between the experimen-

tal conditions, we compared the different baseline periods in-
between protocols. Baseline MEPs were also recorded before
and after each experimental condition to assess conditioning
effects of rTMS. Figure 1 shows the experimental paradigm.

In this study, by applying trains of rTMS at 11 Hz for
5.36 s with 60 pulses, we slightly exceeded the parameters
of stimulation suggested by the safety and ethical guide-
lines for the use of TMS in clinical practice and research
[Rossi et al., 2009; Wassermann, 1998]. In the guidelines,
the maximum duration of a train of rTMS at 10 Hz and
100% MT is fixed at 5 s with 50 pulses. Our choice was
made to triple the length of each train of stimulation (60
vs 20 pulses) and the total number of applied active pulses
(1200 vs. 400 pulses) between the two experimental condi-
tions of rTMS 60 and rTMS 20. The most serious side
effect of using high-frequency rTMS is the potential induc-
tion of a seizure, especially in the case of neurological dis-
orders. All the participants of our study were healthy with
no history of neurological disorders or head injury. In
addition, to be sure that there was no sign of impending
seizure, we were constantly monitoring the participant’s
EEG during the whole experimental session.

TMS Procedure and MEP Data Acquisition

TMS was performed using a high-power Magstim-Rapid
stimulator (Magstim, Whitland, UK). The magnetic stimu-
lus had a biphasic waveform with a pulse width of 300 ps.
TMS was delivered through a figure-of-eight coil (70 mm
standard coil; Magstim), oriented so that the induced elec-
tric current flowed in a posterior-anterior direction over
the underlying motor cortex. The coil was placed tangen-
tially to the scalp with the handle pointing backward and
laterally at a 45° angle away from the midline perpendicu-
lar to the line of the central sulcus to achieve the lowest
motor threshold.
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MEPs were recorded from the right thenar eminence
(TE) muscle using Ag/AgCl surface electrodes in a belly-
tendon montage. The amplified and bandpass-filtered (50
Hz-5 kHz) EMG signal was fed into a Basis Esaote
Machine (Esaote Company, Florence, Italy) at a sampling
rate of 5000 Hz. The optimal position for right TE activa-
tion was determined by moving the coil in 0.5-cm steps
around the motor hand area of the left motor cortex. The
optimal position was defined as the site where stimuli of
slightly suprathreshold intensity consistently produced the
largest MEPs with the steepest negative slope in the target
muscle (referred to as “motor hot spot"). The individual
RMT was determined by reducing the stimulus intensity
in 1% steps. RMT was defined as the lowest stimulus in-
tensity to produce minimum five MEPs of at least 50 pV
in ten successive stimuli [Rossini et al., 1994]. The MEPs
recorded from the right TE were computed as the ampli-
tude between the two largest peaks of opposite polarity af-
ter 20 ms from the TMS pulse. To assess conditioning
effects of r'TMS, in this study, we delivered 10 single-pulse
TMS within 100 s at the beginning and at the end of each
of the three experimental conditions. The intensity of sin-
gle-pulse TMS was set to 120% of individual RMT.

The participants were naive to the differences between
sham and active rTMS before the study. The sham condi-
tion was performed with an intensity of 100% RMT with
the coil tilted at 90° to the skull in order to avoid real stimu-
lation to the motor cortex. Finding a valid sham condition
in r'TMS research is vital to produce valid outcomes [Arana
et al., 2008; Herwig et al., 2010]. Better devices that can pro-
vide sensory artefacts by electrical stimulation and can
mimic the effects of magnetic stimulation are not yet avail-
able [Rossi et al., 2007]. A recent study by Herwig et al.
[2010] highlighted that using a “real” coil with a modified
stimulation condition such as angling and dislocating the
coil and reducing the stimulation intensity can be used for
a reliable sham condition in randomized rTMS trials.

EEG Data Acquisition and Analysis

The EEG data were acquired using a MR compatible
EEG amplifier (SD MRI 32, Micromed, Treviso, Italy) and
a cap providing 30 Ag/AgCl electrodes positioned accord-
ing to a 10/20 system with impedance kept below 10 kQ.
The activities in the right (TE) muscle and in the right eye
vertical electroculogram (VEOG) were bipolarly registered
from two surface electrodes in two EMG channels. The ref-
erence electrode was placed anterior to Fz, and the ground
electrode posterior to Fz as in previous studies using the
same system [Formaggio et al., 2008; Fuggetta et al., 2008].
To ensure subjects’ safety, the wires were carefully
arranged to avoid loops and physical contact with the sub-
ject. To avoid electrical saturation of EEG channels
induced by TMS, the EEG amplifier had a resolution of 22
bits with a range of +£25.6 mV and an antialiasing hard-
ware band-pass filter was applied with a bandwidth

between 0.15 and 269.5 Hz. EEG data were sampled at a
frequency of 1024 Hz using the software package System-
Plus (Micromed, Treviso, Italy).

EEG data were analyzed with commercial software
(Vision Analyzer, BrainVision) to characterize rTMS-
induced effects. The EEG analyses started at 1 s after mag-
netic stimulation to avoid large TMS artefacts contaminat-
ing the EEG signal. Data were segmented into temporal
windows of equal length (1000 ms containing 1024 data
points) for eight time intervals. The intervals were as fol-
lows: Reference or baseline (200 s) before trains of stimula-
tion, first epoch (1-5 s), second epoch (6-10 s), third epoch
(11-15 s), fourth epoch (16-20 s), fifth epoch (36—40 s),
sixth epoch (56-60 s), baseline (200 s) after trains of stimu-
lation. For all experimental conditions (rTMS 20, rTMS 60,
and sham rTMS 20), each epoch consisted of 80 trials. EEG
signals were filtered (1-40 Hz, slope 24 dB/octave) and a
notch filter (50 Hz) applied to all channels. A semi-auto-
matic epoch inspection-rejection procedure was applied to
remove TMS artefacts, muscle or EOG activity. Segments
with values outside the range of +70 pV were rejected for
semiautomatic epoch rejection criterion. A mean of 51.0 £
17.8 of clean data were extracted from each experimental
condition.

Power spectra analyses were performed using FFT for
all frequency bins between 1 and 40 Hz (1 Hz of maxi-
mum bin width). Recordings were Hamming-windowed
to control spectral leakage. Broad-band power changes
were obtained by averaging the power values for theta (4-
7 Hz), mu (10-12 Hz) and beta (13-30 Hz) frequency
ranges chosen for analysis. The output data were imported
into Microsoft Excel, to calculate: (i) event-related power
(ERPow) and (ii) event-related coherence (ERCoh). EEG
power changes were quantified using event-related
desynchronization and event-related synchronization
(ERD/ERS) using a standard formula: [(band power after
rTMS) — (band power baseline before)/(band power base-
line before) x 100]. ERCoh was obtained by subtracting
ERCoh baseline before from ERCoh after rTMS [Pfurtschel-
ler and Andrew, 1999; Fuggetta et al., 2008]. The baseline
band power before stimulation was used as a reference.

To provide valuable information on effect duration, and
whether there was a carry-over effect in the experimental
conditions, we compared the different baseline values in-
between protocols. ERPow values were submitted to
repeated measures analysis of variance (ANOVAs) for
theta (47 Hz), mu (10-12 Hz) and beta (13-30 Hz) fre-
quencies, respectively. Two factors were tested within sub-
jects: ‘time’ (baseline before the first rTMS condition,
baseline before the second rTMS condition, and baseline
before the third rTMS condition) and “electrode” (F3, Fz,
F4, C3, Cz, C4, P3, Pz, P4).

Both event-related transformations were submitted to
repeated measures ANOVAs for the three frequency bands
of theta (4-7 Hz), mu (10-12 Hz) and beta (13-30 Hz) to
test the relationship between EEG after-effect-size and the
number of rTMS applied pulses. Four factors were tested
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within subjects. These factors were: “condition” (rTMS 20
pulses, rTMS 60 pulses, sham rTMS 20 pulses); “epoch”
(epoch one to six); “part” (part A, during the first 10 trains
of stimulation; part B, during the subsequent 10 trains of
stimulation) and “electrode” (F3, Fz, F4, C3, Cz, C4, P3,
Pz, P4). Cumulative effects induced by rTMS were exam-
ined by looking at the difference in EEG oscillations
between part A and part B for the rTMS protocols (rTMS
20 part A, 200 stimuli; rTTMS 20 part B, 400 stimuli; rTMS
60 part A, 600 stimuli; rTMS 60 part B, 1200 stimuli). For
each ANOVA, the sphericity assumption was assessed
with Mauchly’s test. Greenhouse-Geisser epsilon adjust-
ments for nonsphericity were applied where appropriate.
Posthoc paired t-tests (adjusted for multiple comparisons
using the Bonferroni method) were used for significant
main effects and interactions of ANOVAs. P < 0.05 was
considered significant for all statistical tests.

MEPs Analysis

The average of the 10 MEP pulses before and after each
of the three experimental conditions was used for statisti-
cal analysis of MEPs to assess conditioning effects of
rTMS. Mean MEP peak-to-peak amplitudes (mV) and
latencies (ms) were normalized with the baseline before
and submitted to repeated measures ANOVAs with the
factor of “condition” (rTMS 20 pulses, rTMS 60 pulses,
sham rTMS 20 pulses).

RESULTS

The initial sample consisted of twelve healthy volunteers
of whom eleven subjects were considered suitable for reli-
able EEG analysis. We removed one subject’s data due to
an excessive number of blinks and muscle activities that
drastically decreased the amount of data needed to obtain
a reliable spectral estimate. None of the participants had
any adverse side effects during the experiment. RMT for
subjects ranged from 65 to 89% of maximum stimulator
output with mean of 77.3% =+ 8.5. The statistical analyses
performed to rule out carry-over effects in-between the
three rTMS protocols, did not show any significant main
effect of “time” or two-way interaction “time X electrode”
for the three frequency bands of theta, mu and beta
respectively. Theta [“time” (F5 = 1.23; P = 0.32, ng
0.1) and “time X electrode” (Fi6,160 = 0.18; P = 1 0, np

0. 02)] [ time” (F]A]é’]]_é = 1. 74 P =0. 22 T]p 0. 15)
and ”time x electrode” (F16160 = 1.67; P = 0.06, np =0.1)];
beta [“time” (Fp59 = 0.36; P = 0.703, ng = 0.04) and “time
x electrode” (Fi6160 = 1.09; P = 0.37, n, = 0.1)].

Event Related Power in the Theta Band

Figure 2 shows the grand average of ERPow for theta
band (4-7 Hz). The ANOVA showed the following statisti-
cally significant interactions: “condition x epoch” (Fy.4 =

10.4; P < 0.001, np = 0.5) and ”Condltlon x epoch x elec-
trode” (Fgo,s00 = 3.16; P < 0.001, np 0.2). Post-hoc compari-
sons for the significant two-way interaction of “condition x
epoch” revealed that rTMS 60 had a significant increase in
power compared to sham until epoch four, up to 20 s after
each train of stimulation (Fig. 2A). Epoch five and six did
not revealed significant results. The highest synchronization
was during epoch one up to 5 s after the train of stimulation
for rTMS 60 versus rTMS 20 and sham (120.0 vs. 76.87,
17.8%). Post-hoc comparisons for “condition x epoch x
electrode” exhibited a greater synchronization for rTMS 60
compared to rTMS 20 and sham across all electrodes until
20 s post stimulation (Fig. 2B1-B4). C3 was the most sensi-
tive electrode in epoch one with higher cortical oscillations
for rTMS 60 versus sham (287.88 vs. 74.64%) and rTMS 20
versus sham (223.19 vs. 74.64%) (Fig. 2B1).

Event Related Power in the mu Band

Figure 3 shows the grand average of ERPow for mu band
(10-12 Hz). The ANOVA showed the following statistically
significant interactions “condition x epoch” (Fig 100 = 7.06;
P < 0.001, np = 04), condltlon x epoch X electrode”
(Fso,800 = 1.77; P < 0.001, np =0.2), and “condition x epoch
x part” (Fi6160 = 3.16; P < 0.001, np = 0.2). Post-hoc com-
parisons for “condition x epoch” showed that rTMS 20
induced a higher EEG oscillation compared to rTMS 60 at
epoch one (Fig. 3A). Post-hoc comparisons for “condition x
epoch x electrode” demonstrated a higher synchronization
in electrode C3 at epoch one for rTMS 20 versus sham (80.15
vs. 21.5%) and rTMS 60 versus sham (64.0 vs. 21.5%) (Fig.
3B1). At epoch two, rTMS 60 had a significant higher EEG
oscillation versus sham rTMS for F3, Fz and P3 (Fig. 3B2).
Post-hoc comparisons for “condition x epoch x part” indi-
cated that for rTMS 20, there was a significant increase in
synchronization from part A to B at epoch one (25.28 vs.
40.23%) and two (3.63 vs. 9.64%)(Fig. 3C1). rTMS 60 had a
significant increase in synchronization from part A to B at
epoch two (4.67 vs. 16.53%) (Fig. 3C2).

Event Related Power in the Beta Band

Figure 4 shows the grand average of ERPow for mu band
(10-12 Hz). The ANOVA showed the following statistically
significant jnteractions: “condition x epoch” (F10100 = 4.23; P
< 0.001, rlp = 0.3) and “condition x epoch x electrode”
(Fso0,800 = 2.14; P < 0.001, np = 0.2). Post-hoc comparisons of

“condition x epoch” revealed higher cortical oscillations for
rTMS 20 compared to rTMS 60 and sham at epoch one (15.14
vs. 3.65, 2.31%) (Fig. 4A). Post-hoc analyses of “condition x
epoch x electrode” revealed a higher oscillation mainly in
epoch one for rTMS 20 compared to sham for C3, Cz, P3 and
Pz and rTMS 20 versus rTMS 60 for F4, Cz, C4, Pz, P4 (Fig.
4B1). C3 was the most sensitive electrode at epoch one with
higher oscillations for rTMS 20 compared to sham (40.27 vs.
10.0%). Event-related power modulation of beta was seen up
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Event-related power for theta (4-7 Hz)
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Figure 2.

Grand average of event-related power (ERPow) transformation
(n = 1) for theta (4—7 Hz) analyzed as a function of the experi-
mental conditions (rTMS 20, rTMS 60, and sham rTMS 20), elec-
trodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) and epoch of time
[first epoch (I-5 s), second epoch (6—10 s), third epoch (I1-15
s), fourth epoch (16-20 s), fifth epoch (36—40 s), sixth epoch

(5660 s)] after each train of magnetic stimulation. ‘Condition x
Epoch’ showed higher power modulation for rTMS 60 compared
to rTMS 20 and sham. ‘Condition x Epoch x Electrode’ demon-
strated that rTMS 60 pulses induced higher cortical oscillations
of theta (47 Hz) for 20 s across all electrodes after high fre-
quency stimulation (~11 Hz) at rest.
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Event-related power for mu (10-12 Hz)
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Figure 3.

Grand average of event-related power (ERPow) transformation
(n = 11) for mu (10-12 Hz) analyzed as a function of the exper-
imental conditions (rTMS 20, rTMS 60, and sham rTMS 20),
electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) and epoch of
time [first epoch (1-5 s), second epoch (6—10 s), third epoch
(I'1-15 s), fourth epoch (16-20 s), fifth epoch (3640 s), sixth
epoch (56—60 s)] after each train of magnetic stimulation. rTMS
20 pulses induced higher cortical oscillations of mu (10-12 Hz)

for 5 s with focal distribution of electrodes after high frequency
stimulation (~11 Hz) at rest. A cumulative effect was seen in
mu (10-12 Hz) band where rTMS 20 part B (400 stimuli)
induced a higher EEG oscillation compared with rTMS 20 part A
(200 stimuli) mainly in epoch one. Shorter trains of rTMS 20
part B (400 pulses) were more efficient at inducing a higher syn-
chronization compared to longer trains of rTMS 60 part B
(1200 pulses).
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Event-related power for beta (13-30 Hz)
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Figure 4.
Grand average of event-related power (ERPow) transformation epoch (56-60 s)] after each train of magnetic stimulation.
(n = 11) for beta (13-30 Hz) analyzed as a function of the ex- rTMS 20 pulses induced higher cortical oscillations of beta

perimental conditions (rTMS 20, rTMS 60, and sham rTMS 20), (13-30 Hz) than sham rTMS for 5 s with widespread
electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) and epoch of distribution across electrodes after high frequency stimulation
time [first epoch (1-5 s), second epoch (6—10 s), third epoch  (~11| Hz) at rest.

(I'1-15 s), fourth epoch (16-20 s), fifth epoch (3640 s), sixth
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Event-related coherence for theta (4-7 Hz)
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Figure 5.

Grand average of event-related coherence (ERCoh) transforma-
tion (n = I1) for theta (4-7 Hz) frequency band of nine electro-
des analyzed (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) referenced to C3
electrode, as a function of the experimental conditions (rTMS 20,
rTMS 60, and sham rTMS 20) and epoch of time [first epoch (1-5
s), second epoch (610 s), third epoch (11-15 s), fourth epoch
(16-20 s), fifth epoch (36—40 s), sixth epoch (56—60 s)] after each
train of magnetic stimulation. A decrease of coherence in rTMS

to 20 s post magnetic stimulation but this was less than event-
related power modulation of theta and mu (Fig. 4B1-B4).

Event Related Coherence in the Theta Band

Figure 5 shows the grand average of ERCoh for theta
band (4-7 Hz). The ANOVA showed the following statis-

60 for theta band was seen mainly in the frontal region ipsilateral
to the stimulation site (coupling between C3 and F3) during the
first epoch, 5 s post magnetic stimulation. However, this decrease
in functional coupling was followed subsequently by an increase in
coherence modulation from epoch two to four, up to 20 s post
stimulation in frontal (Fz, F4) and central electrodes (Cz, C4).
These results suggest a rebound phenomenon for rTMS 60 during
high-frequency magnetic stimulation.

tically significant interactions: “condition x epoch X elec-
trode” (Fgog00 = 1.55; P < 0.01, ny = 0.1). Post-hoc
comparisons of “condition x epoch X electrode” initially
showed a decrease in functional coupling for rTMS 60
compared with rTMS 20 and sham during epoch one
[F3], but subsequently a higher coherence for rTMS 60

* 2232 ¢



¢ Cortical Theta Reactivity to rTMS ¢

versus r'TMS 20 during epoch two [Fz], epoch three [Fz,
F4] and epoch four [Cz, C4] (Fig. 5A1-4).

Event Related Coherence in the
mu and Beta Bands

The ANOVA for mu (10-12 Hz) and beta (13-30 Hz)
did not show significant results.

Motor Evoked Potentials (MEPs)

The ANOVA for MEPs with normalized amplitude
showed no significant main effect of “condition” (F,30 =
29; P = 0.07, nlza = 0.16). The MEPs with normalized la-
tency also did not show significant difference for the main
effect of “condition” (F,30 = 0.03; P = 0.97, nf, = 0.002).

DISCUSSION

The main finding of this study was the higher EEG
power modulation of theta (4-7 Hz) compared to mu (10-
12 Hz) and beta (13-30 Hz) during trains of rTMS 60
pulses for 20 s after high frequency stimulation (~11 Hz)
at human primary motor cortex which to our knowledge
has not been reported previously. We also found that the
topography of mu and theta changes was not identical
(mu became more focal and theta became more global)
with focal mu enhancement dominating early after the
train of stimulation (5 s) versus global theta enhancement
which lasted longer (20 s). The negative result was the
lack of cumulative lasting after-effects (more than one mi-
nute) on the modulation of cortical oscillations after inter-
mittent trains of high frequency rTMS.

We found that trains of rTMS with 60 pulses produced
greater ERPow modulation than shorter trains of 20
pulses, supporting our main hypothesis. However, the
dominant frequency was theta (47 Hz) instead of mu (10-
12 Hz). Previous studies of combined TMS and EEG
mostly showed higher EEG after-effect sizes on the alpha
band [Brignani et al., 2008; Jing and Takigawa, 2000; Oli-
viero et al., 2003; Romei et al., 2008; Sauseng et al., 2009;
Zarkowski et al., 2006], or triggered transient cortical mod-
ulations in the alpha and/or beta bands [Chen et al., 2003;
Fuggetta et al., 2005, 2008; Paus et al., 2001a; Van Der
Werf et al., 2006; Van Der Werf and Paus, 2006]. The fre-
quency bands of alpha and beta oscillations were affected
more often after sensory or motor cortex stimulation than
after dorsolateral prefrontal cortex (DLPFC) stimulation.
After-effects in other frequency bands (theta, delta) were
associated more often with DLPFC than sensory or motor
cortex stimulation [Thut and Miniussi, 2009]. Schutter
et al. [2001] performed a study combining rTMS and EEG
and found an increase in EEG theta activity. The authors
performed low frequency rTMS (1 Hz) at suprathreshold
intensities to the right DLPFC for 20 min to look at the
subsequent effects on mood. EEG spectral analysis

revealed left hemisphere increase in EEG theta activity at
25-35 and 55-65 min after stimulation with a significant
reduction in anxiety. They concluded that an increase in
contralateral theta activity was associated with reduced
anxiety but they did not explore the neurophysiologic ba-
sis of rTMS-induced oscillations.

We propose that the increase in theta power modulation
seen in our study might be due to the presence of independ-
ent theta generators near the brain surface. Animal studies
have demonstrated that theta oscillations in the rat were not
confined to the hippocampus but could also be recorded in
many sensory regions of the rat cortex [Leung and Borst,
1987; Silva et al., 1991]. External or internal stimuli are able
to produce theta oscillations in various part of the brain due
to the selectively distributed parallel processing theta sys-
tem throughout the entire brain [Basar et al., 2001]. Multie-
lectrode intracranial EEG (iEEG) recordings have provided
evidence that theta oscillations also occur in the human cor-
tex [Caplan et al., 2001; Kahana et al., 2001; Raghavachari
et al., 2006; Rizzuto et al., 2006]. A study by Cantero et al.
[2003] using depth recordings from epileptic patients
showed an absence of coupling between hippocampus and
any neocortical region during the emergence of theta oscilla-
tions in quiet wakefulness. This observation strongly sup-
ports the hypotheses that the synchronous neuronal firing
associated with neocortical theta waves in humans is corti-
cally specific and independent from theta waves generated
within the hippocampus. It also suggests that human theta
does not appear to be restricted to hippocampal sites but
appears over widespread regions of neocortex and reflects
generators near the surface of the brain [Kahana et al., 2001;
Mitchell et al., 2008; Raghavachari et al., 2006]. These corti-
cal theta oscillations, when synchronized over large regions,
may account for the changes in oscillatory power that can
be observed using noninvasive scalp EEG techniques.

Besides the influence of independent cortical theta gen-
erators, we could not rule out by scalp EEG that the
increase in theta oscillations seen in our study might also
involve the thalamus through large recursive loops of exci-
tation and inhibition between the cortex and the thalamus
[Hughes et al., 2004]. The precise cellular thalamic mecha-
nisms of theta and alpha rhythm in animal studies were
investigated through rhythmic-burst firing termed high-
threshold (HT) bursting in thalamocortical (TC) neurons;
cellular thalamic mechanisms for alpha synchronization
that occurs in the range of 2 to 13 Hz. In a study by
Hughes et al. [2004], it was discovered that both alpha and
theta waves are underpinned by the same intrinsic neuro-
nal behaviour at the thalamic level as observed in an in
vitro slice preparation of the cat lateral geniculate nucleus
(LGN). It has been found that strong activation of metabo-
tropic glutamate receptor (mGluR), mGluRla, that is
located postsynaptically to corticothalamic fibres, leads to
alpha frequency rhythm through increase TC depolariza-
tion. A reduction in activation intensity is found when the
TC neurons are less depolarized bringing about theta
waves [Hughes and Crunelli, 2005; Hughes et al., 2004].
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Patterns of power modulation for mu (10-12 Hz)
revealed larger amplitude over the stimulated hemisphere
compared to the beta (13-30 Hz) frequency band. This
result was in line with an rTMS/EEG study by Fuggetta
et al. [2008] who applied 20 intermittent rTMS trains of 20
pulses at 5 Hz over the primary motor cortex. They
observed a higher synchronization in alpha (10-12 Hz)
compared to beta (18-22 Hz). This TMS-related a-synchro-
nization seen at rest is thought to be due to the resetting
of the stimulated neurons to oscillate at the frequencies of
the motor cortex [Fuggetta et al. 2005; Paus et al., 2001a].
A key hypothesis supporting these phenomena is that
TMS might induce a synchronous activation of neurons
via the modulation of the cortex-thalamus-cortex path-
ways, through which cortical oscillations are generated
[Fuggetta et al., 2008; Llinas and Steriade, 2006; Steriade
and Timofeev, 2003]. Although TMS activates superficial
regions, such as the cerebral cortex, cerebellum, and spinal
cord directly, the effects may indirectly reach deeper struc-
tures [Allen et al., 2007; Bestmann et al., 2008]. Thalamic
involvement in generation of alpha rhythms are suggested
by several human studies using PET and fMRI which
show a correlation between EEG alpha band power and
thalamic metabolic activity [Goldman et al., 2002; Danos
et al., 2001]. In a study by Van Der Werf et al. [2006] on
patients with Parkinson’s disease who underwent unilat-
eral ventrolateral nucleus thalamotomy, they found that
beta band (15-30Hz) oscillations after M1 TMS are of
higher amplitude in the unoperated hemisphere. This
illustrates the importance of thalamus in facilitating corti-
cally generated oscillations.

Our study also demonstrated a different topography of
mu and theta rhythms. Mu was focally distributed and
dominated early (5 s) after the magnetic stimulation,
whereas high-amplitude theta oscillations showed wide-
spread distribution across EEG electrodes, which lasted
longer (20 s). These different dynamics of mu and theta
enhancement of oscillations indeed suggest the presence of
independent mu and theta generators with different reac-
tivity to rTMS. Because theta and alpha rhythms have fun-
damentally different functional roles [Bagar et al., 2001;
Sauseng and Klimesch, 2008], the different topography
and dynamics of mu and theta oscillations seen in our
study, suggest that their generations might result from dif-
ferent origins. A study by Sarnthein and Jeanmonod,
[2007] of thalamic local field potentials and scalp EEG in
patients with Parkinson’s disease showed thalamocortical
theta coherence concentrated mainly in the frontal electro-
des. Studies using human intracranial EEG recordings
have found theta scattered across multiple locations in the
brain of the same subject with the absence of coupling
between hippocampus and neocortical theta [Caplan et al.,
2001; Cantero et al., 2003; Kahana et al., 2001]. Therefore,
based on the different topography of theta and mu seen in
our investigation, we propose that the cortical theta gener-
ators may account for the global changes in high-ampli-
tude theta oscillatory power observed using noninvasive

scalp EEG [Kahana et al., 2001], whereas the focal mu
enhancement seen could be generated by thalamocortical
networks [Nunez et al., 2001]. Nevertheless, EEG can only
allow inferences about the synchronicity of a large popula-
tion of neurons in the cortex near the electrodes and using
this technique, it is not possible to investigate network
properties on a microlevel. Therefore, we are unable to
know for certain whether the interactions of rTMS with
cortical theta generators are in parallel with thalamocorti-
cal loops generating theta and mu over M1.

To look at the cumulative effect between the 20 intermit-
tent trains of rTMS 20 and rTMS 60 pulses, we analyzed
the difference in EEG modulation between the first 10
trains (part A) and the subsequent 10 trains of stimulations
(part B). Initially, we hypothesized that a stronger cumula-
tive effect would be observed during the “longer” train of
rTMS 60. Instead, we saw a higher cumulative effect in the
relatively “shorter” train of rTMS 20 in mu rhythm mainly
around 5 s post magnetic stimulation. Our results extend
the finding of Aydin-Abidin et al. [2006] on visual cortex
excitability in anaesthetized and paralysed cats who dem-
onstrated that short high-frequency rTMS trains (10 Hz,
600 pulses) were more effective than longer rTMS trains
(10 Hz, 1200 pulses). Our results suggest that synchroniza-
tion was reached faster with relatively fewer numbers of
pulses during high-frequency rTMS. A TMS/PET study by
Paus et al. [2001b] looking at corticocortical connectivity of
the middorsolateral prefrontal cortex (MDL-FC) after brief
periods of rTMS, showed that a mere 30 trains (300 pulses)
of 10 Hz rTMS can induce changes in cortical excitability
and connectivity of the stimulated region. The relatively
higher number of pulses in rTMS 60 did not result in
more pronounced cumulative effects compared to fewer
stimuli in rTMS 20. This result could be due to the brain’s
compensatory regulatory mechanisms. rTMS like any other
artificial stimulation will be subjected to homeostatic
mechanisms invoked in underlying regions to maintain
normal brain functions [Thickbroom, 2007; Turrigiano and
Nelson, 2004; Turrigiano, 2007]. Besides homeostatic mech-
anisms, the local inhibitory interneuronal network involv-
ing the complex interplay of ionotropic GABA, receptors
and the metabotropic GABAg receptors might also play a
role to limit the after-effects of high-frequency magnetic
stimulation [McDonnell et al., 2007; Chen, 2004].

The physiological changes of the neuronal networks and
interhemispheric connections caused by rTMS can be
determined through EEG coherence analysis that measure
the information transmitted between two sites in the cor-
tex [Leocani, 1997]. It allows the detection of small oscilla-
tory effects in shared variance of signals in the frequency
domains and reveals the spatio-temporal correlation
between a pair of signals [Jing and Takigawa, 2000]. In
this study, we observed a decrease of coherence in rTMS
60 for theta band mainly in the frontal region ipsilateral to
the stimulation site (coupling between C3 and F3) during
the first epoch, 5 s post magnetic stimulation. However,
this decrease in functional coupling was followed
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subsequently by an increase in coherence modulation from
epoch two to four, up to 20 s post stimulation in frontal
and central electrodes. These results suggest a rebound
phenomenon for rTMS 60 during high-frequency magnetic
stimulation. Previous studies mainly found coherence
modulation in the alpha or beta frequency bands [Chen
et al., 2003; Fuggetta et al., 2008; Jing and Takigawa, 2000;
Oliviero et al., 2003; Strens et al., 2002]. The differences in
results suggested that different frequency bands could
have different sources and functions in response to rTMS
and different sensitivities of the frequency ranges
analyzed.

We demonstrated from our combined rTMS/EEG study
that both short and long trains of high frequency rTMS
stimulations modulated the regional activity and interre-
gional functional connectivity of oscillatory neural phe-
nomenon despite absence of MEP changes. Maeda et al.
[2000] reported that 10 Hz rTMS had no lasting effect on
MEP size after administration of 240 pulses but found an
increase in MEP amplitude with 1600 pulses. Several stud-
ies of MEPs have not found any changes in MEP ampli-
tude despite high frequency magnetic stimulations
[Daskalakis et al., 2006; Romeo et al., 2000; Wassermann
et al., 1996]. This illustrates that high density EEG is a
more sensitive and robust method of measuring cortical
activity than MEP measurement [Thut and Pascual-Leone,
2010]. A recent combined TMS/EEG study by Maiki and
Ilmoniemi, [2010] has found that MEP and EEG oscillation
amplitudes were overall not strongly correlated. The
authors argued that the cortical excitability component of
MEP amplitude fluctuations was specific to the neurons
controlling the target muscle, whereas the EEG signal
reflects the sum of activity from a large neuronal popula-
tion of cortical areas including those that control different
muscles. Furthermore, MEP which is commonly used in
TMS experiments as an indicator of cortical excitability—is
a polysynaptic measurement, separated by at least three
synapses from the TMS source (synapses onto corticospi-
nal neurons; synapses onto motor neurons of the spinal
cord; and the neuromuscular synapses) [Huerta and
Volpe, 2009; Siebner and Rothwell, 2003]. On the other
hand, the EEG signal is driven by the brain’s own electri-
cal activity through the synchronous excitatory and inhibi-
tory input of pyramidal dendrites, making it a more
powerful tool than MEPs in providing a more accurate
interpretation of cortical output [Huerta and Volpe, 2009;
Sauseng and Klimesch, 2008; Thut and Miniussi, 2009;
Taylor et al., 2008].

Overall, our study has provided a new insight into the
presence of independent human cortical theta generators
during high-frequency rTMS via noninvasive electrophysi-
ological measurement. The study provides an important
bridge between animal theta studies and direct evidence
for cortical oscillatory generators using invasive human in-
tracranial recordings. More research using combined
rTMS/EEG methods is needed to investigate the role of
rTMS-induced human cortical theta and other brain

rhythms in reflecting the basic modes of dynamic brain or-
ganization. It will prove useful not only for the under-
standing of the neurophysiology underlying various brain
rhythms but also for therapeutic manipulations of brain
plasticity.
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