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Introduction

Transcranial magnetic stimulation (TMS) has been used for more
than 20 years to study connectivity and plasticity in human cortex.
The magnetic pulse induces a time varying electrical current in the
underling cerebral tissue. Suprathreshold pulses elicit action
potentials in the stimulated cells and generate volleys that proceed
along certain stimulated pathways [6]. The stimulation of the
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primary motor cortex (M1) evolves in discharges of the cortico-
spinal motoneurons that can be recorded as muscle evoked
potentials (MEP). These are a reliable marker of cortical excitability
[10,13]. Moreover a single TMS pulse does not only change the
neural activity in the stimulated area but modulates also the
excitability of interconnected distant sites [34]. Furthermore a TMS
pulse can induce a synchronisation of distant cortical areas in this
way modulating the information processing and changing the
functional connectivity patterns in specialised interconnected
cortical modules [19,29]. Combined TMS-EEG approaches have
been introduced to study and quantify cortical connectivity
patterns [40,43]. A recent study demonstrated that TMS can induce
oscillations at different frequencies, depending on the cortical
stimulation site [32]. It has been postulated that these TMS induced
oscillations reflect physiological activity that is transiently
enhanced by the TMS pulse. Thus combined TMS-EEG recordings
are a procedure to study the physiological oscillatory interactions
on an enlarged scale [40]. TMS induced synchronization has been
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observed in both alpha and beta bands [9,29]. After a supra-
threshold TMS pulse over M1 Fuggetta et al. showed that alpha
band oscillations were a dominant rhythm evolving and there was
an increased cortico-cortical coupling in this frequency domain [9].
In line with previous studies the authors postulate a common
thalamic pacemaker that modulates the ongoing oscillatory activity
and links the information flow between different cortical areas
possibly through thalamocortical loops [5,9,37]. Although there is
ample evidence from animal experiments about the structure and
function of these loops, direct evidence about these thalamocortical
pathways in humans is sparse [17,37]. Whether the thalamic
pacemakers, the cortico-cortical projections or the thalamocortical
pathways contribute to the intra- or interhemispherical oscillatory
coupling has never been specifically addressed.

In the present study we deliver single pulse TMS to M1 and
calculated EEGeEEG coherence and power changes in the most
prominent alpha- and beta band. We use this transient state of
enhanced physiological oscillatory activity after TMS pulse and
correlate it with the measurements of white matter structural
integrity as expressed by diffusion tensor imaging. Whereas the
scalp EEG is dominated by superficial cortical signals DTI can add
information on connected deeper brain regions with an excellent
resolution, i.e.microstructural integrity information of thenetworks
involved. Thus this combination of approaches enables us to char-
acterise the influence of deeper structures, e.g. thalamocortical,
pathways on cortical oscillatory coupling.

Material and methods

Subjects

We studied 13 healthy subjects without any history of neuro-
logic or psychiatric disorders (age 26.0 � 2.4 years, 8 females). All
patients underwent a detailed neurological assessment before
recruitment. All subjects gave their written informed consent. The
study was approved by the Ethical Committee of the Medical
Faculty of the University of Kiel.

During the TMS-experiment, participants were seated in
a reclining chair. Participants were asked to relax and close their
eyes. The subjects wore earplugs with a white noise played at 80 dB
to mask the TMS pulses.

Transcranial magnetic stimulation

TMS targeted the left M1 and the evoked motor response was
recorded with surface EMG from contralateral first dorsal inter-
osseous (FDI) muscle (Fig. 1). TMS was always given over the EEG
cap. Single magnetic pulses were applied through a figure-of-eight
coil (MC-B70) charged by a MagPro stimulator (MagVenture,
Farum, Denmark). The pulses had a monophasic waveform and
elicited a maximum current in the tissue in the posterior-anterior
direction. We determined the site at which TMS evoked
a maximal MEP in the right contralateral FDI muscle with the
handle of the figure-of-eight coil pointing 45� posteriolaterally
relative to the mid-sagittal line, and use this site for neuro-
navigation. The motor threshold of the relaxed right FDI was
determined by assessing the stimulus intensity required to evoke
an MEP of 50 mV in at least five out of ten trials [10,33]. For MEP
measurements, the stimulation intensity was adjusted to evoke
MEPs of approximately 0.75 mV at baseline. This stimulus intensity
(SI 0.75 mV) was used to elicit MEPs throughout the experimental
sessions. The reason for choosingMEPs of 0.75mV instead of higher
amplitudes was motivated by methodological considerations as we
wished to induce focal M1 stimulation. Increasing the stimulation
intensity the pulse might have involvedmore cortical regions orM1
inputs i.e. from pre-motor or associative cortical areas, leading to
a more complex network interaction [11]. Moreover higher stimu-
lation intensities would have increased the TMS artefact in the EEG
recording. The mean stimulation intensity was 70.5 (�8.5 SD) of
maximum stimulator output. The pulses were delivered every 5 s
with a time jitter of 20%. We opted for a jitter in accordance with
similar TMS/EEG studies [9] in order to reduce the influence of the
TMS artefact for the further time and frequency domain analysis.
Furthermore in similar TMS-EEG studies artefact clean data was
analysed to achieve reliable spectral estimates [28,38]. We also
wanted to minimize the influence of subject’s anticipation of the
timing of TMS on the recorded EEG activity. One hundred pulses
were recorded.

Frameless stereotaxy (TMS-Navigator, Localite, Sankt Augustin,
Germany) was used to navigate the TMS coil, to maintain and
retain its exact location and orientation during the experimental
session. Neuronavigation was based on coregistered individual T1-
weighted magnetic resonance images of the whole brain (details
see below).

EEG acquisition

The EEG was continuously recorded during TMS stimulation
(10e20 system). To investigate the changes in the intra- and
interhemispheric connectivity we distinctly selected the central
motor/pre-motor area around the C3 electrode and recorded
channel pairs close to stimulation site C3-F3 and C3-F7 [15]. On the
other hand to investigate the interhemispheric coherence changes
we recorded electrode pairs C3-C4 and CP5-CP6 but also P3-P4 as
a site distal site for excluding possible confounds. EEGwas recorded
against a reference electrode located between Fz and Cz. Moreover
two more electrodes were applied to both mastoids. Sintered Ag/
AgCl ring electrodes with built-in 5 kU resistors were attached as
a part of “EasyCap” (Falk-Minow Services, Herrsching-Breitbrunn,
Germany). An MR-compatible EEG recording system “BrainAmp-
MR” (Brain Products Co., Munich, Germany) was used to reduce the
stimulation artefact. Electrode impedance was kept below 10 kU.
One additional electrode was placed on the infraorbital ridge of the
left eye for recording the vertical EOG and one was placed on the
left perivertebral part of the lower back for acquisition of the
electrocardiogram (ECG) to control for heartbeat artefacts. The data
was transmitted via an optic fibre cable from the high-input
impedance amplifier (250 Hz low-pass filter, 10 s time constant,
16-bit resolution, dynamic range 16.38 mV) to a personal computer.
The TMS pulses were synchronized with the EEG amplifier (5-kHz
sampling rate). Further studies might use higher sampling rates
in order to better characterise the TMS artefact.

EEG data analysis

The EEG response of the single pulse TMS stimulation was
analysed after the off-line visual inspection of the data. Artefact
free segments were used for the analysis. Due to the continuous
EEG acquisition the raw EEG signal included a TMS artefact
induced by the magnetic pulse (about 5-ms duration with
a rebound residual after ca 10e15 ms, Fig. 1). Artifacts were
removed by cutting out 30-ms segments (from 5 ms prior to TMS
onset to 25 ms after TMS pulse) from EEG for all TMS trials and
electrodes. EEG data points before and after each removed segment
were concatenated [9]. We used the non-cephalic reference as the
sum of the signals between both mastoids to estimate large scale
coherencies [4,8]. We applied this reference since it is well suitable
to estimate coherences at intermediate and longer distances that
might reveal additional correspondence with structural connec-
tivity parameters [27]. We refrain from calculating the laplacian



Figure 1. Experimental setup. (A) Schematic position and size of the magnetic coil. The direction of the current in the coil is showed in white lines. The EEG electrodes are presented
as black circles. (B) EEG signal after the TMS pulse, together with the artefact and the analysed epochs are presented. (C) 100 muscle evoked potentials (MEP) were collected from the
right first dorsal interosseus (FDI).

                                               
coherence since a big disadvantage of this method is that artefacts
or noise within the recorded signal from other electrodes (for
example at TMS stimulation site) significantly affect the calculated
signal at multiple neighbouring sites [26]. Given the experimental
setting of cortical coherence measurements with an expected
physiological activity change by the TMS pulse we are aware that
the traditional recordings might be erroneous rendered due to the
lack of a quiet reference but the statistical basis of coherence data
should be equivalent [12].

Coherence and power were estimated for epochs of 50 ms
from�55 to �5 ms, 25 to 75 ms, 75 to 125 ms, and 125 to 175 ms to
TMS pulse. Changes of coherence and power were then calculated
as a quotient to baseline (�55 ms to �5 ms prior to TMS pulse,
further as baseline) and epochs after TMS pulse. In order to examine
whether the changes last longer the same statistical analysis was
applied for epochs of 500 ms from�505 ms to�5 ms (as baseline2)
prior to TMS pulse and 25 ms to 525 ms after it.

Time frequency analysis

In this study the spectrum is estimated by multiplying the data
with K different windows (i.e. tapers). The method uses a sliding
time window for calculating the power spectrum by discrete
Fourier transformation. If xðtÞ is the signal, then the spectral power
is calculated as follows [22,23]:

SMTðf Þ ¼ 1
K

XK

k¼1

���~Xkðf Þ
���
2

(1)

~Xkðf Þ is the Fourier transform of the windowed signal xðtÞ which
can is calculated as

~Xkðf Þ ¼
XN

t¼1

wkðtÞxðtÞexpð�2piftÞ; (2)

and the terms wkðtÞðK ¼ 1;2.;KÞ are the K orthogonal tapers. In
this study, K ¼ 7 tapers were used. As orthogonal tapers with good
leakage and spectral properties, the discrete prolate spheroidal
sequences (DPSS) are applied [35]. The full description of the DPSS
is given elsewhere [24].

After calculating the power spectra, the coherence between the
two signals from the subjects, in our case between two cortical EEG
signals xðtÞ and yðtÞ, is estimated as follows [16]:

Ĉðf Þ ¼
��Ŝxyðf Þ

��2

Ŝxxðf ÞŜyyðf Þ
(3)

Here Sxyðf Þ is the cross spectrum of both the individual power
spectra Sxxðf Þ; Syyðf Þ estimated as given in the above Equations (1)
and (2), the overcap indicating the estimation [14].

The coherence is a linear measure between 0 and 1. When the
estimated value for the coherence at a frequency is 0, this indicates
the lack of correlation between the two signals at this frequency.
The value 1 indicates complete correlation between the two signals
at this frequency (Fig. 2). In this study, we usedwindows of 1000ms
length and the time step was 50 ms with the overlapping windows.
So, each 50 ms overlapping window take into account the past
950 ms, totalling a window size of 1000 ms. Following the
frequency resolution was 1 Hz (Fig. 2).

Statistical analyses
To test for TMS induced changes in cortico-cortical coherence

we performed for the alpha (8e12 Hz) and beta range (13e30 Hz)
coherence data one way ANOVA analyses with the within-subject
factor EEG channels (C3-F3, C3-F7, C3-C4, CP5-CP6 P3-P4). If the
ANOVA revealed a significant main effect the nature of these effect
were explored with Fisher’s LSD post-hoc pair-wise comparisons
(P < 0.05; two-tailed). If the ANOVA was significant for the main
effect we calculated a temporal sequence analyses for these
channel pairs. To test for the duration of the studied effects we
performed separate one way ANOVA analyses with the within-
subject factor time epochs (4 levels, 25e75; 75e125; 125e175;
175e225 ms). The same statistical procedure was applied to EEG
power data.



Figure 2. Analyses of cortico-cortical coherence after the TMS pulse. The single pulse coherences are plotted for an example subject for the electrode combination. (Plot A and C): no
evident change in the coherence between ipsilateral electrode C3 and frontal electrode F3 for all the pulses before and after the TMS pulse at “0”ms in time marked with a solid line
and the average of all the pulses are plotted as a dashed line. (Plot B and D): Alpha coherence is increased in the interhemispheric studied EEG electrodes C3-C4 and constant in the
analysed intrahemispheric electrode pairs as shown for C3-F3.

                                               
In order to test if the MEP size predicts coherence changes we
carried out a correlation analysis of this parameter to the coherence
change for the studied electrode pairs.

Since we expected effects at the group level we refrain from
building subgroups in dependence of gender or sex hormone levels
during the menstrual cycle that might play a role for excitability
changes in the intra- or interhemispheric functional connectivity
[45].

Diffusion tensor imaging
We acquired diffusion-weighted (three acquisitions of 32

directions, b value 1000 s/mm, 5 b0 images for each repetition,
2 � 2 � 2 mm3 voxels, 60 slices) and T1-weighted data at a 3 T
Philips Achieva MR scanner. DTI data was acquired using a SENSE-
Head-8 coil at a TE of 59 ms, TR 11,855 ms, matrix size 112 � 112,
field of view 224 � 224 � 120 mm, fat saturation on.

For neuronavigation T1 images were acquired. We used a stan-
dard MPRAGE sequence with an isotropic voxel resolution of 1 mm
and sagittal slice orientation (TR 7.7 ms, TE 3.6 ms, flip angle 8�, 160
slices).

TBSS and DTI data analysis
The data was transformed to nifti format (dcm2nii, http://www.

sph.sc.edu) and introduced into the further analysis using FMRIB
Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl/) and Tract-
Based Spatial Statistics (TBSS). The detailed protocol is explained
elsewhere [36]. In the following we only give a short description of
the aspects relevant for the study. FAvolumes form all subjectswere
nonlinearly aligned into a common space (MNI1521 mm) by the
means of spline-based free-form deformation using the nonlinear
registration tool (implemented in the FSL). A mean FA volume of all
subjects was generated of all tracts common to the participants. The
skeleton was thresholded at FA < 0.2. Using maximum FA values
form the centres of the main tracts minimizes the confounding
effects on the white-grey mark borders and tissue types. The ske-
letonised data was fitted into voxel-wise cross subject statistics.

For statistical analyses the randomize tool from the FSL package
4.1 (v 2.1) was used to carry out the permutation based cluster size
statistics [25]. Clusters were defined by thresholding the raw t-
statistics map of the skeleton at t > 3. The null distribution of the
cluster size statistic was built up over 5000 random permutations of
the effect of interest for the group statistics. The clusters were
thresholded at P < 0.05, family-wise error rate (FWE) corrected for
multiple comparisons. The age of the subjects and the rest motor
threshold as studied by TMSwere used as covariates of no interest to
control for possible confounds, in the permutation based analyses of
the interhemispheric coherence changes at C3-C4 and CP5-CP6 for
the time interval (25e75 vs. baseline). Mean FA was calculated for
the statistically significant cluster and plotted against the change of
the effect of interest (Fig. 6).

Probabilistic diffusion tractography
To allow bias-free definition of seed and target areas unaffected

by subjective judgements about anatomical correspondences, we
used as suggested previously [1,2] all voxels in the significant region
of the TBSS analysis as seeds. Moreover ROIs of left and right M1
areas have been built from the MNI probability atlas by including
the entire area Broadman 4a with an exclusion of the medial
cortical region at x � 20. We applied the probability distribution
function (PDF) on fibre direction at each voxel of the diffusion data
[2]. A multifiber model was fit to the diffusion data at each voxel,
allowing for tracing of fibres through regions of crossing or
complexity [1,2]. Here, we drew 5.000 streamline samples from our
seeded voxels through these PDFs to form an estimate of the
probability distribution of connections from each seeded voxel.
When these streamlines reach a voxel in which more than one
direction is estimated, they follow the direction that is closest and
parallel with the direction at which the streamline arrives. Tracts

http://www.sph.sc.edu
http://www.sph.sc.edu
http://www.fmrib.ox.ac.uk/fsl/


Figure 3. Coherence change for the analysed EEG electrodes for the first epoch in the
analysed alpha band (quotient ¼ coherence at 25e75 ms/coherence at �55 to �5 ms).
Error bars represent standard deviation (SD). Asterisks (*) indicate significant contrasts.

                                               
generated by PDF are volumes wherein values at each voxel
represent the number of samples (or streamlines) that passed
through that voxel. For the elimination of spurious connections,
tractography in individual subjects was thresholded to include only
voxels through which at least 30 percent samples had passed [3].
These individual tracts were then binarized and summed across
subjects and presented graphically (see Fig. 6). In these maps, each
voxel value represents the number of subjects in whom the
pathway passes through that voxel. To exclude regions with
spurious connectivity, these probability maps were then thresh-
olded to display only those paths that were present in a minimum
of 30- and a maximum of 100 percent of subjects. For statistical
analysis we extracted the FA values of skeleton data from the
probabilistic tractography maps to include them into a single
correlation analysis for the coherence changes in the main analysed
electrode pair (C3-C4) for the first interval (25e75 ms to baseline).
Results

None of the participants reported adverse effects during or after
the TMS session, EEG recordings or MRI scans.
Figure 4. Temporal sequence of the coherence change in the alpha band for the C3-C4
electrode pairs after TMS pulse. Error bars represent standard deviation (SD). Asterisks
(*) indicate significant contrasts.
Alpha coherence

The ANOVA model including the coherence change data for the
first epoch (25e75 ms) was significant for the main effect EEG
channels for the alpha coherence [F(4, 48) ¼ 2.89, P < 0.05]. Post-
hoc comparisons showed a higher coherence change in the
channels C3-C4 in comparison to intrahemispheric C3-F3
(P < 0.05), C3-F7 (P < 0.05) or distal interhemispheric P3-P4
(P < 0.01) and no differences in comparison to the pair CP5-CP6.
And indeed the coherence increased at C3-C4 (from 0.28 � 0.16 to
0.33 � 0.17) and CP5-CP6 (0.25 � 0.16 to 0.28 � 0.17), while in
C3-F3, C3-F7, P3-P4 pairs no changes occurred (0.63 � 0.18 to
0.63 � 0.20, 0.75 � 0.21 to 0.77 � 0.20 and 0.85 � 0.11 to
0.86 � 0.08, Fig. 3). The coherence increase at CP5-CP6 in the first
epochwas as well significant in comparison to P3-P4 (P< 0.05), and
showed statistical trends in comparison to C3-F3 and C3-F7
(P < 0.1). The ANOVA for the second epoch (75e125 ms) was
significant for the main effect EEG channels [F(4, 48) ¼ 3.63,
P < 0.05]. Similarly to the first epoch the post-hoc comparisons
showed higher coherence changes in the channels C3-C4 in
comparison to C3-F3 (P < 0.005), C3-F7 (P < 0.005) or interhemi-
spheric P3-P4 (P < 0.005) and no changes in comparison to CP5-
CP6. The other post-hoc tests were not significant. The ANOVAs
for the third (125e175 ms) epoch showed a trend for the main
effect EEG channels [F(4, 48) ¼ 2.40, P < 0.1] and was not significant
[F(4, 48) ¼ 0.92, P > 0.1] for the fourth epoch (175e225 ms).

The analysis for the long lasting changes of the coherence
(500 ms prior or baseline2 and 500 ms after) was not significant for
the main factor EEG channels [F(4, 48) ¼ 0.73, P > 0.1]. The
descriptive statistics of this interval reveals however relative
coherence changes in the interhemispheric channel pairs (C3-C4
and CP5-CP6, an increase from 0.25 � 0.09 to 0.27 � 0.10 for C3-C4
and from 0.23 � 0.16 to 0.25 � 0.15 for the channel pair CP5-CP6
respectively).

The ANOVA for the duration of the coherence changes with the
within-subject factor epochs was significant for the electrodes C3-
C4 ([F(3, 33) ¼ 5.02, P ¼ 0.006], Fig. 4). The post-hoc tests
revealed that the main effect was caused by significant differences
in the last epoch (175e225 ms) in comparison to first three
(P < 0.05 at 25e75 ms; P < 0.01 at 75e125 ms and P < 0.01 for the
125e175 ms interval, respectively). The ANOVA for the channel pair
CP5-CP6 was not significant for the main effect epochs.

Beta coherence

The ANOVA model for the coherence change in the beta
frequency rangewas not significant for themain effect EEG channels
[F(4, 48) ¼ 1.17, P > 0.1] for the first epoch (25e75 ms). The analysis
for the long lasting changes of the coherence in the beta band
(500 ms prior and 500 ms after the TMS pulses) was not significant
for the main factor EEG channels [F(4, 48) ¼ 0,06, P > 0.1].

Alpha power
The ANOVA calculated for power changes in the first epoch

(25e75 ms) was not significant for the main effect EEG channels
[F(7, 49) ¼ 0.82, P > 0.1]. The analysis for the long lasting changes
(500 ms prior and 500 ms after the TMS pulses) was not significant
for the main effect [F(7, 84) ¼ 1.12, P > 0.1].

Beta power
The ANOVA calculated for power changes in the beta band was

not significant for the main effect EEG channels [F(7, 49) ¼ 1.03,
P > 0.1] for the first epoch (25e75 ms). The analysis for the long
lasting changes of power (500 ms prior and 500 ms after the TMS
pulses, Fig. 5) was significant for the main factor EEG channels:



Figure 5. Power changes in the beta band for the analysed EEG electrodes for 500 ms
epochs (quotient ¼ coherence at 25e525 ms/coherence at �505 to �5 ms). Error bars
represent standard deviation (SD).

                                               
[F(7, 49)¼ 3.24, P< 0.01]. The post-hoc tests revealed that the main
effect was caused by significant differences between beta power
changes at channels F3 (0.86 � 0.1) vs. F7 (1.80 � 0.63, P < 0.001)
and F3 vs. P3 (1.58� 0.44, P< 0.001), but also F7 vs. C3 (1.30� 0.54,
P < 0.05), F7 vs. C4 (1.20 � 0.35, P < 0.01), F7 vs. CP5 (0.95 � 0.29,
P < 0.005), F7 vs. CP6 (1.29 � 0.56, P < 0.05) and F7 vs. P4
(1.27 � 0.52, P < 0.05). Moreover the comparison CP5 vs. P3 was
also significant (P < 0.01).

Correlation MEP and coherence
The correlation analyses of MEP amplitude and coherence

changes in interhemispheric but also in intrahemispheric channel
pairs were not significant nor showed any statistical trends for
alpha and beta band (P > 0.1).
Figure 6. Whole brain analysis for correlation between FA and coherence change for the epo
the electrodes C3-C4. Bottom line. Cluster showing a significant positive correlation for the
against the coherence change.
Imaging data
Conventional MRI T1 images revealed no structural abnormali-

ties and presented no macroscopic differences in the studied
subjects.

To test the relationship between functional connectivity as
indicated by the changes in coherence and structural connectivity
represented by white matter microstructure across subjects, we
used TBSS, permutation analysis and FA estimates. To analyse the
cortical and subcortical correlates of the coherence change our
analysis was not restricted to a region of interest but included the
entire brain. For the main studied effects (coherence change at C3-
C4 at 25e75 in comparison to baseline and coherence change at
CP5-CP6), the TMS induced functional connectivity change posi-
tively correlated with FA in white matter tracts in the proximity of
the contralateral thalamus or the perithalamic white matter (center
of gravity (COG)(x,y,z) at 24,�29, 0; t > 3, P < 0.05 FWE corrected for
multiple comparisons, cluster size: 146 voxels; Fig. 6) and in adja-
cent areas for the channel pair CP5-CP6 (COG(x,y,z) at 20, �23, �3;
t > 3, P < 0.05, FWE cluster corrected for multiple comparisons,
cluster size: 155 voxels; Fig. 6).

The correlation analysis of FA values extracted from the tract
between bilateral M1 areas and coherence change in the first
interval (25e75 ms to baseline) at the electrodes C3-C4 was
significant (r ¼ 0.56; P < 0.05, Fig. 6). The correlation analysis of FA
from the tract between the contralateral thalamus and M1 and
coherence change (C3-C4, 25e75 ms to baseline) showed a positive
statistical trend (r ¼ 0.48; P < 0.1, Fig. 7).

Discussion

In this study we demonstrate that suprathreshold TMS of the
primary motor cortex induces changes in the coupled cortical
oscillatory activity. TMS pulses generate an increase in the inter-
hemispheric coherence in the alpha band in the stimulated central
regions and did not affect intra- and interhemispheric oscillatory
coupling at distant sites studied. The induced changes did not last
longer than 200 ms after the TMS pulse. There was no significant
modulation of the beta band coherence. The power changes
ch 25e75 ms to baseline. Top line. Cluster showing a significant positive correlation for
electrodes CP5-CP6. Right panel: mean FA values from the significant cluster plotted



Figure 7. Probabilistic tractography results. Maps, showing voxel values represented by the number of subjects in whom the pathways passes through that voxel. Voxels with higher
connectivity values are brighter. Top line in blue. Pathways between bothM1 areas. Bottom line in red-yellow. Pathways between significant contralateral perithalamic cluster andM1
structures. Right panel: mean FA values extracted from the significant clusters and plotted against coherence change in the epoch 25e75 ms to baseline for the electrode pair C3-C4.

                                               
analysis revealed an unspecific increase in beta band over wide
spread cortical areas as previously reported [29]. By the aid of DTI
we could describe the microstructural correlate for the observed
changes in coherence. Using regional FA as microstructure integrity
marker, we found that the white matter in the vicinity of the
contralateral thalamus as well as in transcallosal fibre tracts
showed a linear relationship with the strength of TMS induced
modulation of interhemispheric oscillatory alpha coupling.

The present study confirms that single pulse TMS modulates the
physiological oscillatory activity not only at the stimulation site but
also in interconnected cortical areas [34]. As the experiments were
conducted at rest it is plausible that the alpha rhythm as the
prominent idling rhythm of the human brain prevailing in the
primary motor cortex was mainly modified. This is in keeping with
previous studies which found that alpha rhythm was significantly
affected by single pulse TMS of M1 in a similar setting [9]. Moreover
these results support the hypothesis that single pulse TMS does not
produce new artificial oscillatory activity but rather entrains and
enhances the physiological oscillations [32,41].

To investigate the involved interconnected cortical areas
reflecting the network effects of the TMS we analysed cortico-
cortical coherence. In the alpha band we observed only a slight,
non significant increase of the coherence between left-hemispheric
pre-motor and frontal electrode pairs (C3-F3, C3-F7), while the
main modulation occurred in interhemispheric electrodes under-
lying the homologous stimulated area. There was a significant
increase of alpha band coherence in both central EEG channel pairs
C3-C4 and CP5-CP6. The evoked changes were topographically
specific since no coherence change was detected in the distant
interhemispheric electrode pairs P3-P4. This effect on interhemi-
spheric coupling confirms previous TMS-EEG studies and is likely
related to the modulation of the interconnected contralateral cor-
responding areas by motor cortex TMS [9,31]. Transcallosal path-
ways linking homologous cortical areas in both hemispheres are
likely to play a role in this [7,39,43]. This is supported in our study
by the positive linear relationship between regional FA values in the
relevant part of the corpus callosum and the TMS induced change in
interhemispheric alpha-coherence. This is in line with a recent
study that applied probabilistic tractography and simultaneous
TMS-EEG recordings and revealed a significant relationship
between microstructural integrity of callosal motor fibres and TMS
induced interhemispheric signal propagation from left to right
motor cortex [43]. A recent study showed a correlation of the
interhemispheric inhibition as studied by paired pulse TMS and
fractional anisotropy from DTI [44].

Interestingly, it was the microstructure in the proximity of the
contralateral to the stimulation site thalamus that presented the
main significant correlation with the alpha band coherence change
between the two hemispheres. The thalamus plays an important
role for cortical oscillatory activity [37]. The intrinsic micro-
architecture might enable thalamus to act as pacemaker of oscil-
lations at different frequencies including alpha oscillations [37]. A
pathological alpha rhythmwas found over the affected hemisphere
in patients with unilateral subcortical ischaemia [30]. Moreover
Parkinson’s disease patients after thalamotomy express abnormally
less beta oscillations after the TMS pulse, possibly due to the
involvement of cortico-thalamic feedback loops [42]. These
connections maintain and enhance such oscillations. However, in
contrast to ipsilateral thalamocortical projections, there are only
weak thalamic projections to the contralateral hemisphere, thus
the thalami alone are unlikely to be responsible for the trans-
hemispheric linkage observed in the present study. Rather the
transcallosal pathway described on the basis of probabilistic trac-
tography might represent the primary anatomical basis for the
coupling between the areas, whereas the contralateral thalamus
and thalamocortical pathway might modulate or maintain the
oscillatory nature of the observed changes in coupling between the
pericentral regions in response to TMS.

Given all the evidence from TMS-EEG studies we can assume
that the oscillatory activity is enhanced in themodules to which the
TMS pulse is applied but a complementary synchronisation of the
contralateral hemisphere might evolve [32]. It has been previously
shown that excitatory stimuli, e.g. the TMS pulse to the ipsilateral
motor cortex, can enhance cortical oscillations without an ‘active’
change in thalamic excitability but the constant ‘tonic’ drive
through the thalamocortical loops seems to be crucial to modulate



                                               
this rhythmic cortical activity [5]. Equally, under inhibitory influ-
ences to the cortex the thalamocortical drive has to be increased to
maintain oscillatory cortical activity [5]. Single pulse TMS to M1
have mainly an inhibitory influence on the contralateral M1 and
this might be related to the described changes of alpha activity [20].
Thus it is plausible that the coupled oscillatory alpha activity in the
contralateral cortex is more dependent on a strong thalamocortical
projection than in the ipsilateral hemisphere, where the TMS pulse
induces a motor cortical excitation and synchronisation. Since the
coherence data is calculated as a quotient to the prestimulus
activity we show that coupled alpha oscillations present a state
dependency that is presumably modified by the cortico-thalamic
network. Whether a change of the ground frequency to alpha
band from other frequencies occurred after TMS pulses and which
is the importance of the subcortical structures for the ground
rhythm modulation might be interesting questions for further
studies using a similar approach.

The power changes presented in our study confirm previous
work [9,29]. Changes in beta band were noted in different episodes
of preparation and execution of a motor program [18,21]. The
distinct long lasting beta power changes in the electrodes close to
the stimulation site F3 and F7 could deflect an “activation” (EEG
power decrease) of these areas by the TMS pulse. We refrained to
use power changes as marker of functional connectivity because of
the lack of topographic and event specificity.

In conclusion we confirm that single pulse TMS transiently
enhances cortical alpha oscillations and interhemispheric oscilla-
tory coupling, while beta band remained unchanged under the
studied conditions. Using TMS-EEG and DTI-imaging we can show
that not only the transcallosal pathway but also the thalamocort-
ical fibres especially in the contralateral hemisphere modulate the
coupled oscillations. This is in keeping with previous hypotheses
on transcallosal effects of single pulse TMS and the role of
thalamocortical loops in oscillatory cortical activity. The combi-
nation of EEG and advanced MRI-imaging techniques is a power-
ful approach to examine physiological brain networks after
TMS-enhancement.
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