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Abstract: Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique
that alters cortical excitability and activity in a polarity-dependent way. Stimulation for few minutes
has been shown to induce plastic alterations of cortical excitability and to improve cognitive perform-
ance. These effects might be caused by stimulation-induced alterations of functional cortical network
connectivity. We aimed to investigate the impact of tDCS on cortical network function through func-
tional connectivity and graph theoretical analysis. Single recordings in healthy volunteers with 62 elec-
troencephalography channels were acquired before and after 10 min of facilitatory anodal tDCS over
the primary motor cortex (M1), combined with inhibitory cathodal tDCS of the contralateral frontopo-
lar cortex, in resting state and during voluntary hand movements. Correlation matrices containing all
62 pairwise electrode combinations were calculated with the synchronization likelihood (SL) method
and thresholded to construct undirected graphs for the 0, o, B, low-y and high-y frequency bands. SL
matrices and undirected graphs were compared before and after tDCS. Functional connectivity pat-
terns significantly increased within premotor, motor, and sensorimotor areas of the stimulated hemi-
sphere during motor activity in the 60-90 Hz frequency range. Additionally, tDCS-induced significant
intrahemispheric and interhemispheric connectivity changes in all the studied frequency bands. In
summary, we show for the first time evidence for tDCS-induced changes in brain synchronization and
topological functional organization. Hum Brain Mapp 32:1236-1249, 2011.  © 2010 Wiley-Liss, Inc.
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Transcranial direct current stimulation (tDCS) is a non-
invasive brain stimulation tool that alters cortical excitabil-
ity and activity via application of weak direct currents.
The respective excitability alterations—enhancement by
anodal and reduction by cathodal tDCS—can last for over
an hour after the end of stimulation [Nitsche and Paulus,
2001; Nitsche et al., 2003b]. The after-effects of tDCS are
NMDA receptor—dependent [Nitsche et al., 2003a, 2004],
and thus share some similarities with long-term potentia-
tion and depression, which are thought to be the neuro-
physiological derivates of learning and memory formation.
Consequently, anodal tDCS of the primary motor cortex
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has been shown to improve motor learning [Nitsche et al.,
2003c], visual-motor coordination [Antal et al.,, 2004],
motor training effects, and nondominant hand function in
healthy humans [Boggio et al., 2006]. One important aspect
of the beneficial effect of tDCS on these parameters might
be a strengthening of learning-related synaptic connec-
tions. Hereby tDCS might improve the functional connec-
tivity between segregated cortical areas involved in the
task under study. However, the effect of tDCS on func-
tional connectivity itself has so far not been explored.

The human cerebral cortex exhibits specific functional
interconnection patterns linking the whole brain regions
(between cell populations and individual cortical neurons)
[Salin and Bullier, 1995]. Further analysis has demon-
strated that such patterns are neither completely regular
nor completely random, i.e., the human brain integrates
both localized and segregated information processing
[Sporns et al., 2004]. Functional connectivity of the human
brain is defined as the temporal dependence of neuronal
activity across different brain regions. Coherence has been
widely used in electroencephalography (EEG) analysis to
investigate functional connectivity, and it has been demon-
strated that oscillatory activity is correlated between corti-
cal regions that participate in the same functional network,
e.g., for visual and motor networks [Cordes et al., 2000;
Fox and Raichle, 2007]. However, this approach is not sen-
sitive to nonlinear dynamic interdependencies [Breakspear
et al., 2003] and recent studies have reported significant
nonlinear interdependencies of the EEG signals [Stam,
2005; Stam and Reijneveld, 2007]. Hence, in the present
study, we use a recently introduced method called syn-
chronization likelihood (SL) that measures both linear and
nonlinear interdependencies between dynamical systems
[Stam and Dijk, 2002].

Characterization of complex human brain networks has
been of increasing interest in the recent years using graph
theory as a mathematical approach [Micheloyannis et al.,
2006; Sporns and Zwi, 2004; Stam et al.,, 2007, 2009]. A
graph is defined as a mathematical representation of a net-
work consisting of a set of elements (nodes) and a set of
connections (edges) that interconnect the nodes of the
graph. In our study, each node is represented by an EEG
electrode and the edges represent functionally connected
brain regions that are calculated with SL. This approach
allows to examine the functional connectivity architecture
of the brain, which might provide information regarding
its organization linked to the capability of integration and
transference of information within and between different
regions. Consequently, the results of recent studies suggest
that cognitive dysfunction in Alzheimer’s disease (AD)
could be at least partly explained by a functional discon-
nection between distant brain areas. Here a disruption of
functional connectivity when compared with healthy sub-
jects was reported when building functional networks
from EEG data [Stam et al.,, 2007]. Interestingly, anodal
tDCS enhances the performance of memory tasks in AD
[Boggio et al., 2009]. Therefore, it might be speculated that

tDCS affects functional cortical connectivity. Hence, tDCS
and graph theoretical analysis may be combined to
achieve a better insight on the impact of tDCS on cortical
functions.

Recent studies have demonstrated that movement-
related processing results in the modulation of neural syn-
chronization over o (8-12 Hz) and B (13-30 Hz) bands.
Neural synchronization at these frequency bands has been
suggested to be of importance for cortico-cortical and cor-
tico-subcortical motor processing [Klostermann et al.,
2007]. Further studies have shown intrinsic ~10 Hz rhyth-
mic oscillations in motor cortex slices [Castro-Alamancos
and Rigas, 2002] and in vivo [Castro-Alamancos et al.,
2007]. Regarding high-frequency oscillations, increased y
activity during maintained isometric contraction was local-
ized in the hand motor cortex using a MEG source model-
ing approach [Tecchio et al., 2008], and Waldert et al.
[2008] reported an increased power in the 60-85 Hz fre-
quency band in MEG recordings over the contralateral
sensorimotor cortex. Cheyne et al. [2008] identified 65-80
Hz oscillations in the primary motor cortex that originated
from self-paced hand movements, which were found to be
effector-specific, possibly reflecting the activation of cor-
tico-subcortical networks involved in feedback control of
simple movements. Given that previous tDCS studies have
demonstrated that cortical stimulation facilitates motor
functions in humans, it is of great interest to investigate
how excitatory anodal tDCS over the motor cortex might
affect the synchronization of such brain oscillations
belonging to cortical networks involved in the perform-
ance of motor tasks.

In the present study, we aim to investigate whether
tDCS-generated excitability changes induce modifications
of functional cortical architecture in humans. To achieve
this, we used a graph theoretical analysis based on 62-
channel EEG recordings in healthy volunteers before and
after bipolar tDCS—anode over M1 and cathode over con-
tralateral orbit—during resting state and the performance
of a simple motor task. Offline, EEGs were filtered to the
0, o, B, low-y (30-60 Hz), and high-y (60-90 Hz) frequency
bands. Correlation matrices were based on the calculation
of the SL between all pairwise combinations of the 62 EEG
channels and subsequently undirected graphs were built
for each frequency band. SL matrices and undirected
graphs were compared before and after tDCS.

MATERIALS AND METHODS
Subjects

The study involved 10 healthy volunteers (six women
and four men; mean age, 26 + 4 years; age range 21-32
years). Subjects were informed about all aspects of the
experiments and all gave informed consent. None of them
suffered from any neurological or psychiatric disorder,
had metallic implants/implanted electric devices, or took
any medication regularly, and none of them took any
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medication in the 2 weeks before their participation in any
of the experiments. All subjects were right handed, accord-
ing to the Edinburgh handedness inventory [Oldfield,
1971]. The experiments conform to the Declaration of Hel-
sinki and were approved by the Ethics Committee of the
University of Gottingen.

Transcranial Direct Current Stimulation

Bipolar stimulation was delivered by a battery-driven elec-
trical stimulator (NeuroConn GmbH, Ilmenau, Germany)
through a pair of square rubber electrodes (4 x 4 cm?), plac-
ing the anode over the left M1 and the cathode over the con-
tralateral orbit. The rationale for stimulating the dominant
hemisphere is that externally induced excitability alterations
by tDCS have been predominantly evaluated by neurophys-
iological techniques at the left motor cortex in right-hand-
ers—using it as a model [Nitsche and Paulus, 2000, 2001],
therefore, it would be appropriate to keep it as a reference.
Moreover, functional connectivity of the dominant hemi-
sphere—in terms of greater synchronization—might be
expected to be larger than that of nondominant one [Amunts
et al., 2000]. To properly position the electrode over the
left M1, the representational field of the right hand was
determined using single pulse transcranial magnetic stimu-
lation (TMS). The electrodes were fixed under the EEG cap—
only during stimulation—using elastic bands. tDCS was
applied for 10 min with a current strength of 1 mA. Subjects
sat awake in a comfortable reclined chair during the stimula-
tion. For the sham stimulation sessions, the current was
applied for 30 s at the beginning of the stimulation and then
turned down. Stimulation electrodes were removed during
EEG recordings. Subjects were blinded for stimulation
conditions.

Electroencephalography

EEGs were recorded against an average reference elec-
trode (EEG-ANT system) at the following 62 positions of
the international 10-20 system: Fp1, Fpz, Fp2, F7, F3, Fz,
F4, F8, FC5, FC1, FC2, FCe, T7, C3, Cz, C4, T8, CP5, CP1,
CP2, CP6, P7, P3, Pz, P4, P8, Poz, O1, Oz, O2, AF7, AF3,
AF4, AFS8, F5, F1, F2, F6, FC3, Fcz, FC4, C5, C1, C2, C6,
CP3, Cpz, CP4, P5, P1, P2, P6, PO5, PO3, PO4, PO6, F17,
FT8, TP7, TP8, PO7, and POS. Electrode impedance was
monitored throughout the experiment to be less than 5 kQ
during both before and after the end of the tDCS. Sample
frequency was 1,024 Hz at an analogue-digital precision of
24 bits. EEGs were recorded in a sound-attenuated room
where subjects sat in a comfortable reclined chair. The
EEG cap setup took between 20 and 30 min for all ses-
sions—during this time subjects were sitting in the
reclined chair. Subjects participated in two sessions, tDCS
and sham stimulation, respectively, separated by at least 8
days. Twenty-second EEG epochs were acquired immedi-
ately before and after 10 min of tDCS for resting state

(open eyes, free of eye blinking) and motor task perform-
ance, respectively. For the motor task, during the 20 s
epoch subjects were asked to move the index finger to the
thumb of the right hand during the whole 20 s at subject’s
maximum own speed. The order of real and sham tDCS
sessions was randomized between subjects. Rest and
motor task conditions were not randomized. The reason
behind this was to avoid an influence of task performance
on functional connectivity in the subsequent rest condition.
Therefore, the rest condition was always performed before
the motor task. The epochs were down-sampled to 540
Hz, resulting in time series of 10,800 samples. This result-
ing number of samples is large enough to calculate the SL
between two times series. The exact procedure will be
described in the following subsection.

Synchronization Likelihood

Correlations between all pairwise combinations of the 62
EEG channels were computed with the SL, which has
been used in several previous studies [Micheloyannis
et al., 2006; Stam et al., 2007, 2009]. Here we give a brief
description of the calculation. The SL is a measure of the
generalized synchronization of two dynamical systems X
and Y that is sensitive to linear and nonlinear interdepen-
dencies. The first step is to convert the time series:
X1Xp,...XN; into a set of m-dimensional vectors whose
components are the time-delayed values of the variables:

Xi = (X1, Xi4T, Xig2xT, Xi43xTs - - -, Xig(m—1)xT), Xi € R"
where T is the time lag. Thus, the information in the one-
dimensional data has been converted to a set of m-dimen-
sional patterns, where N=N- (m x T) vectors (patterns)
can be reconstructed. The correlation integral C(r, N) is the
likelihood that two randomly chosen vectors will be closer
than a cut-off distance r,:

) 2 N N-w
Cr7N == H(ry — |X; — Xj|),
() =y 23 2 Hire = =X

where H(x) is the Heaviside step function and w is the
Theiler correction for autocorrelation [Theiler, 1986]. The
vertical bars represent the Euclidean distance between the
vectors. Before defining the SL, we find 7, and r, by set-
ting a correlation reference P, = C(N,r,) = C(N,r,). Now
the SL between X and Y is defined as:

> N N-w
SLm =
! N(N — w)Pref = j;w

x H(ry — |X; = X;[)H(ry, — |Yi = Yj|),

which is the conditional likelihood that the distance
between Y; and Y; will be smaller than a cut-off distance r,,

¢ 1238 o



¢ Mapping tDCS-induced connectivity patterns ¢

Experiment

Off-line data processing

20 seconds
Resting state EEG |

A 4

and-pasg Calculate
filtering

20 seconds
Motor task EEG

Band-pass_’,
filtering

\J

Calculate

SL

10 minutes tDCY
20 seconds

Resting state EEG |

v

Fand-pass Calculate gl
filtering ‘

20 seconds »[pand-pasg Calculate
Motor task EEG filtering SL
Figure I.

Experimental and data processing flow. The left column shows
the experimental steps performed on each subject. First, 20-s
epochs were recorded during rest and the performance of the
motor task. Afterwards, the stimulation electrodes were placed
over the scalp—under the EEG cap—and tDCS was applied for
10 min. Immediately after the stimulation, the electrodes were
removed and again 20-s epochs were recorded during rest and

given that the distance between X; and X; is smaller than a
cut-off distance r, . Notice that in case of complete synchro-
nization SL,, = 1 and in case of complete independence
SLy, = Prer. A recent study has developed a framework to
optimize the parameters T and m, by using prior knowl-
edge of the frequency bands of interest [Montez et al.,
2006]. Therefore, in the present study, the following param-
eters T and m were used for each frequency band: 6: T =
2, m=7,0:T=15, m=6,T=6,m=9;lowy:T=3,
m = 7; high y: T =2, m = 6. Finally for the calculation of
the SL, P,.s was set to 0.02 for all frequency bands.

Undirected Graphs

The SL is calculated for all possible pairwise combina-
tions, resulting in a N x N (N = 62 EEG channels) matrix,
where each entry Nj; contains SL;;. Then, for each individ-
ual data set, a connectivity graph G was formed consisting
of N nodes (EEG channels) and a set of undirected edges
E (functional connectivity) by applying a correlation
threshold T to the SL matrix:

8,']':{

Hence, if the SL value between a pair of brain regions i
and j is greater than the given value T, an edge is said to

1 if Ni]‘ >T
0 otherwise

the performance of the same motor task (strictly in the same
order for all the subjects either for the real and sham tDCS ses-
sions). The recorded epochs were processed offline. First, the
epochs were band pass filtered, then the SL was calculated and
subsequently a SL matrix was built. Finally, the SL matrices were
thresholded and then undirected graphs were built.

exist. When setting a threshold T, the number of edges—
functional connections—can be quantified per node and
afterward averaged, resulting in a graph parameter called
the mean connectivity degree K. Figure 1 shows the exper-
imental flow diagram performed on each subject during
the EEG-tDCS sessions and the posterior off-line data
preprocessing.

Data Processing and Statistical Analysis

EEGs were band-pass filtered at the 6, o, B, low-y (30—
60), and high-y (60-90) frequency bands. SL matrices were
built from the filtered EEG epochs before and after tDCS.
Then we compared the functional connectivity patterns
obtained in the SL matrices before and after stimulation.
Functional synchronization between two EEG electrodes
was defined to be significantly different if the following
criteria were met: (1) using a paired two-tailed f-test, for
each SL; between the two groups (i.e., before and after
stimulation) at the threshold of p < 0.01 uncorrected and
(2) SL values of those connectivities were significantly dif-
ferent from zero at p < 0.01 using a one-sample two-tailed
t-test in at least one group. Hence, the functional connec-
tions that met the previous conditions were quantified
and mapped—i.e., EEG channels that became significantly
synchronized (or desynchronized) after tDCS. The follow-
ing “contrasts” were analyzed: (1) Task before
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Figure 2.

Mean SL matrices for all subjects in the 60-90 Hz vy band during
the performance of the motor task before (left) and after (right)
tDCS. The scale on the right side of the figures shows the SL
value in logarithmic scale. The order of the electrodes from |
to 62 is: Fpl, Fpz, Fp2, F7, F3, Fz, F4, F8, FCS5, FCI, FC2, FCé,

stimulation—rest before stimulation; (2) task after stimula-
tion—rest before stimulation; (3) rest after stimulation—
rest before stimulation, and (4) task after stimulation—task
before stimulation.

All computations performed in this study were done
off-line by in-house software written by one of the authors
(RP) fully developed under both R [Team, 2009] and C++
compiled using gcc version 4.3.2 under Linux i386.

RESULTS
SL Matrices

The first step after band-pass filtering is the calculation
of the SL matrices. Figure 2 shows an example of the
obtained SL matrices (N x N,N = 62) for the high-fre-
quency y band (6090 Hz) during performance of the
motor task before and after anodal tDCS, because this is
the frequency band and condition at which the most
prominent results were obtained after the complete analy-
sis. Light-blue to red regions indicate high levels of syn-
chronization among the 62 electrodes. Figure S1 (see
Supporting Information) shows the respective SL matrices
for the 0 to low-y frequency bands.

The functional connections that became significantly
(de)synchronized after tDCS were identified by the direct
comparisons of all possible pairwise combinations as
described in the methods section (data processing and
statistical analysis subsection). Figure 3 shows exactly

T7, C3, Cz, C4, T8, CP5, CPI, CP2, CP6, P7, P3, Pz, P4, P8,
Poz, OI, Oz, O2, AF7, AF3, AF4, AF8, F5, FI, F2, F6, FC3, Fcz,
FC4, C5, CI, C2, C6, CP3, Cpz, CP4, P5, PI, P2, P6, POS, PO3,
PO4, PO, FT7, FT8, TP7, TP8, PO7, and POS8.

where such significant strengthened/weakened functional
connections are located for the studied contrasts. When
comparing the effects of tDCS on motor task performance
with the resting state condition (first two columns in Fig.
3), a clear modulation can be observed in the 6 (modula-
tion in the whole brain, but mainly in the left hemi-
sphere), o (modulation on left motor, parietal and
contralateral frontal areas), and high-y bands (modulation
mainly within the whole left hemisphere). The effects of
tDCS on resting state network connectivity are displayed
in the third column of Figure 3. Here, the major impact
occurred at the 0, o, and f bands with a marked increase
in synchronization within frontal areas. Lastly, the effects
of tDCS in the dynamically active brain—during the per-
formance of a motor task—can be observed in the fourth
column of Figure 3. Here, for the 6 and o bands, syn-
chronization significantly increased within parieto-occipial
and frontal regions of the left hemisphere (hemisphere
where anodal stimulation was applied over the motor
cortex). B and low-y bands did not show any significant
change, while the most prominent result was found for
the high-y frequency band. At this frequency, the com-
parison of the SL matrices between before-real-stimula-
tion and after-real-stimulation (Fig. 4a) show similar
patterns as the comparison between after-sham-stimula-
tion and after-real-stimulation (Fig. 4b), with a slight
reduction in the number of significant connections in
Figure 4b with respect to Fig. 4a. A significant increase
of synchronization can be observed within regions over
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Task (before tDCS) | Task (after tDCS) | Rest (after tDCS) | Task (after tDCS)
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Figure 3.

EEG channels which became significantly synchronized (red) and
desynchronized (blue) according to the threshold parameters
described in the methods section (Data processing and statistical
analysis subsection). Columns from left to right show the follow-

the left premotor, motor, and sensorimotor areas. Addi-
tionally, few connections linking ipsi- or contra-lateral
frontal electrodes with motor areas occur. On the other
hand, a significant interhemispheric desynchronization
(blue connections in Fig. 4) appears between left parieto-
occipital and right frontal electrodes in the o, B, and

ing contrasts: (I) Task before stimulation—rest before stimula-
tion; (2) task after stimulation—rest before stimulation; (3) rest
after stimulation—rest before stimulation; and (4) task after
stimulation—task before stimulation.

high-y frequency bands. Before and after sham stimula-
tion, we can see that no significant changes emerged
(Fig. 4c), except for a few number of desynchronized
channels in the left parietal region.

Regarding the effects of tDCS over resting state net-
works, in the third column of Figure 3, a synchronization
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Figure 4.

EEG channels which became significantly synchronized (red) and
desynchronized (blue) according to the threshold parameters
described in the methods section (Data processing and statistical
analysis subsection) during the motor task condition at the high-
v frequency band. The compared experimental conditions are:

increase mainly within frontal electrodes at the relatively
low frequency bands—#, o, and B bands is apparent.

The analysis of the contrasts of connectivity before and
after the sham stimulation did show no relevant changes
of functional connectivity (Fig. S2, Supporting Informa-
tion), thus validating the results on the effects of tDCS.
The results displayed in Figures 3 and 4 show where the
pairs of EEG channels became significantly (de)synchron-
ized; however, it does not deliver information about the

(a) Location of the anodal (red) and cathodal (blue) tDCS elec-
trodes during the 10 min of stimulation. (b) Before-real-stimula-
tion and after-real-stimulation. (c) After-sham-stimulation and
After-real-stimulation. (d) Before-sham-stimulation and After-
sham-stimulation.

effects of tDCS on the functional topological organization
linking the whole brain. To achieve this, SL. matrices were
converted to undirected graphs.

Undirected Graphs

Undirected graphs were built before and after tDCS by
setting a threshold T to the corresponding SL matrices. For
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Figure 5.
SL matrices of Fig. 2 were converted to undirected graphs by setting the mean connectivity
degree threshold to K = 10. (a) Before real tDCS. (b) After real tDCS. After tDCS the func-
tional connections increased in the left hemisphere.

values of T = P, we expect the corresponding graphs to
be fully connected and having a mean connectivity degree
K = 62. Increasing the threshold will eliminate weaker
connections, resulting in graphs with a reduced number of
edges. However, if we compare graphs setting the same
threshold for all the subjects, the mean connectivity degree
K might differ across the respective resulting graphs. To
control for this effect, we built and compared undirected
graphs having the same connectivity degree K, ie., we
assure that the number of connections in all the graphs is
the same. Therefore, all the SL. matrices were thresholded
up starting at T = P, until the mean connectivity degree
K = 10. The reason to choose this value for K was that we
assured the graphs for all subjects to be fully connected,
i.e.,, we assured that none of the graphs were divided into
two or more subgraphs (fragmentation). The mean SL mat-
rices shown in Figure 2 were converted to graphs using K
= 10 (Fig. 5). These undirected graphs represent the func-
tional connections linking the whole brain in the 6090 Hz
v band during the performance of a motor task. By simple
inspection it can be seen that after tDCS, the functional
connections increased in the left hemisphere, thus, match-
ing the change in the connectivity pattern shown in Figure
4 (consider that both Fig. 5a,b have the same number of
edges).

Regarding the resting networks, we built undirected
graphs for the B band before and after tDCS—setting K =
10 as well—which was one of the relatively lower bands
were we observed synchronizations within the frontal
region induced by tDCS. In Figure 6, it can be observed

that after tDCS at frontal electrodes FPz, FP2, AF4, AFS,
and F8 the number of connections increased (once more
consider that both Fig. 6ab have the same number of
edges).

To obtain a picture of where the functional changes
occurred in the brain after stimulation during performance
of the motor task, the number of left and right intrahemi-
spheric, as well as the interhemispheric, connections
were quantified before and after tDCS setting the mean
connectivity degree K = 10. Table I and Figure 7 show
that after stimulation the number of connections within
the left hemisphere significantly increased for the 0, o,
and B bands; the number of interhemispheric connections
decreased significantly in the 6, o, and high-y band, while
the number of right intrahemispheric connections
remained without significant changes for all of the ana-
lyzed frequency bands. The effect of tDCS on this analysis
is further confirmed by the comparison between before-
sham and after-sham, where no significant differences
where found for all of the analyzed frequency bands.

As the threshold T for the construction of the undirected
graphs was variable, Table II shows the mean + SD of T
when setting K = 10 for all the frequency bands, before
and after tDCS for the rest and motor task conditions.

DISCUSSION

In the present study, we used EEG recordings during
the performance of voluntary hand movements to evaluate
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Figure 6.
SL matrices in the resting state condition at the 3 frequency band were converted to undirected
graphs by setting the mean connectivity degree threshold to K = 10. (a) Before real tDCS. (b)
After real tDCS. After tDCS the functional connections increased over right frontal electrodes -
AF4, AF8, FP2, and FPz.

functional cortical network alterations induced by excita- placebo stimulation, therefore, suggesting to be enhanced
tory anodal tDCS over the primary motor cortex. When by tDCS (Fig. S2, Supporting Information). Nevertheless, it
we evaluated the effects of tDCS in the dynamic brain, we should be considered that EEG recordings collected few
found that at relatively lower frequency bands an increase days apart might lead to differences in baseline measure-
of synchronization occurred mainly within frontal and ments, thus, generating some variability in the reproduci-
parieto-occipital electrodes, especially in the 6 and o band bility of the EEG measurements—e.g., notice the slight
(Fig. 3, fourth column). It has been demonstrated that 6 difference between column 1 of Figure 3 and Supporting
and o rhythms originate in calcarine, occipito-parietal, and  Information Figure S2, which show task-rest comparisons
somato-sensory cortices, which are modulated by sensory before any intervention of either real tDCS and sham stim-
input and motor output through complex cortico-cortical —ulation. Although the patterns are similar, a slight increase
and thalamo-cortical interactions [Hari et al., 1997; Man- in the number of connections—in the B and high-y
shanden et al., 2002; Steriade et al.,, 1990]. The increase in bands—in the sham session with respect to the real tDCS
synchronization between these areas does not appear after session can be noticed. This minor difference can however

TABLE |. Paired t-test for the total number of inter- and intrahemispheric connections, setting K = 10 for the
undirected graphs®

After tDCS: before tDCS After tDCS: after sham After sham: before sham

Frequency  Interhemisph  Intraleft  Intraright Interhemisph  Intraleft Intraright Interhemisph  Intraleft Intraright

0 0.1 (1) 0.005 0.71 0.19 (1) 0.015 0.6 0.56 0.45 0.25
o (1) 0.04 1) 0.01 0.2 0.08 (1) 0.03 0.45 0.71 0.57 0.75
B 03 (1) 0.004 0.85 0.25 1) 0.02 0.89 0.22 05 0.89
Low-y 04 033 03 0.35 0.64 0.76 0.39 0.44 0.68
High-y (1) 0.05 (1) 0.04 0.9 0.11 (1) 0.05 08 0.31 0.34 0.92

Paired t-test, n = 10, degrees of freedom = 9.
“Arrows indicate where the number of inter- and intrahemispheric connections significantly (P < 0.05) increased (1) or decreased (|).
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nectivity degree threshold K = 10 in the 6 (a), o (b), B (c), low-
v, (d) and high-y (e) frequency bands (mean + SEM). Black as-
terisk indicates where the difference between the two groups is
significant (paired t-test: (¥) P < 0.05; **P < 0.01).

Number of inter- (intHem) and intra-hemispheric [intra-hemi-
spheric left (intra L) and right (intra R)] connections before
(white) and after (black) real tDCS and sham stimulation during
the performance of the motor task when setting the mean con-

TABLE Il. Mean values and paired t-test of threshold T, when setting K = 10

Resting state Motor task
mean

T £ SD. mean T + SD Paired t-test mean T + S.D. mean T + SD Paired t-test
Frequency before tDCS after tDCS n = 10,df=9 before tDCS after tDCS n=10df =9
0 0.052 + 0.009 0.056 + 0.01 043 0.051 + 0.002 0.068 + 0.008 0.08
0 0.048 £ 0.01 0.049 =+ 0.007 0.79 0.053 + 0.01 0.061 £ 0.01 0.075
B 0.043 + 0.008 0.056 + 0.007 0.17 0.045 + 0.006 0.049 + 0.009 0.15
Low-y 0.035 + 0.005 0.037 + 0.005 0.32 0.034 &+ 0.005 0.04 £ 0.008 0.13
High-y 0.03 4 0.004 0.031 =+ 0.005 0.55 0.031 + 0.006 0.042 + 0.009 0.1
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not explain the major alterations caused by the combina-
tion of tDCS and task performance on functional connec-
tivity. On the other hand, a prominent increase in
synchronization of regions involved in motor task per-
formance was found in the high-y (60-90 Hz) frequency
band (Fig. 3 fourth column and Fig. 4). Here, EEG electro-
des around C3 and C5 turned out to be highly synchron-
ized after tDCS during performance of the motor task,
regions that belong to the cortical regions where excitatory
anodal stimulation was applied (such increase in synchro-
nization is not observed after placebo stimulation). Oscilla-
tions (60-90 Hz) have been demonstrated to accompany
motor and sensorimotor processes in the human brain
[Omlor et al., 2007; Schoffelen et al., 2005]. Moreover,
recent studies have demonstrated that voluntary hand
movements elicit high-frequency vy oscillations (>60 Hz)
over sensorimotor areas. Recordings with intracerebral
depth electrodes and electrocorticogram (ECoG) have con-
firmed movement-related increases of high vy bands in
motor and premotor areas [Brovelli et al., 2005]. Noninva-
sive studies in humans have also demonstrated the pres-
ence of movement-related high vy oscillations. Increased y
activity during maintained isometric contraction was local-
ized in the hand motor cortex using a MEG source model-
ing approach [Tecchio et al., 2008], and Waldert et al.
[2008] report an increased power of the 60-85 Hz fre-
quency band in MEG recordings over the contralateral
sensorimotor cortex. When comparing the SL matrices
before and after stimulation at the high-y frequency band
(60-90 Hz) during the performance of a motor task (Fig.
4), we found that tDCS has an impact on motor task-
related functional network synchronization not only within
the stimulated motor area but also involving synchroniza-
tion within premotor and sensorimotor areas. Thus, the
excitability increase induced by anodal stimulation [Nit-
sche and Paulus, 2000, 2001] might be related to the func-
tional connectivity increase between cortical areas
involved in the performance of a motor task, furthermore,
showing to be frequency and topographic specific. More-
over, task performance alone results in a qualitatively dif-
ferent pattern of synchronization, thus tDCS might not
only enhance synchronization but also can change the pat-
tern of task-related activation, possibly uncovering a
beforehand subliminal activation—notice the difference
between the first and second column of Figure 3 (where
the effects of tDCS where evaluated by comparing task
against rest) and then compare the second column with
the fourth column of the same figure (where the effects of
tDCS where evaluated in task performance only). It might
be that this tDCS-related increase of functional synchroni-
zation is relevant for the beneficial effects of anodal tDCS
on motor learning [Nitsche et al., 2003c], motor training
effects, and nondominant hand function in humans [Bog-
gio et al., 2006]. Even though the motor task performed by
the subjects in the present study was rather simple—sub-
jects were asked to perform finger tapping at maximum
speed—attention and sensory feedback was needed, thus,

requiring the participation of premotor and sensorimotor
regions together with the primary motor cortex—regions
that appeared to be significantly synchronized after tDCS
in the high-y frequency range. Hence, we hypothesize that
an important aspect of the beneficial effect of excitatory
anodal tDCS might be that it enhances strengthening of
dynamical task-related synaptic connections. These
strengthened connections over the anodal-stimulated
hemisphere are moreover specifically related to changes in
the topological functional organization of the whole brain
in the high-frequency y-band (Figs. 5 and 7e). The increase
of connectivity in the stimulated hemisphere is balanced
by a decrease on the interhemispheric connections while
the right hemisphere remained more or less unchanged.
The same tendency was observed in all the other studied
frequency bands (Table I and Fig. 7). Moreover, in Table
II, it is interesting to see that the threshold T—when set-
ting K = 10—was close to significantly increased after
tDCS intervention for all the studied frequency bands dur-
ing the motor task performance. On the other hand, notice
that T remained more or less constant after tDCS for the
resting condition. Thus, it might be speculated that func-
tional connectivity in the whole dynamic brain is shifted
and modulated by the effects of combined motor activity
and excitatory transcranial stimulation.

In addition, in the high-frequency band, tDCS induced
some significant desynchronizations between left parieto-
occipital regions and contralateral frontal electrodes. When
comparing the SL matrices before and after sham stimula-
tion such changes are not present, suggesting that these
desynchronizations are tDCS-related (Figs. 4 and S2). This
result can be explained by the fact that subjects were
asked to perform the finger tapping task at their own max-
imum speed, therefore, requiring concentration and visual
attention to perform a motor-coordinated task. Recent
studies have demonstrated that noninvasive cortical stimu-
lation enhances performance of visuo-motor and motor
coordination processing in healthy humans [Antal et al.,
2004]. Indeed, in Figure 4a,b, it can be noticed that some
parieto-occipital and contralateral frontal regions signifi-
cantly increased the functional coupling with motor
related areas. Therefore, the excitatory changes induced by
tDCS over M1 might strengthen functional connections
linking motor related areas with motor-coordination areas,
thus, diminishing occipital frontal coupling and increasing
motor-related synchrony. In accordance, Cheyne et al,
[2008] identified high-frequency y oscillations in motor
areas that originated from self-paced hand movements,
which were found to be effector specific, possibly reflect-
ing the activation of cortico-subcortical networks involved
in feedback control of simple movements. Moreover, pre-
vious studies support the idea that tDCS affects not only
the underlying cortico-spinal excitability but also distant
neural networks, producing widespread changes in other
regions of the brain [Boros et al., 2008; Lang et al., 2005;
Vines et al., 2008]. EEG studies show that stimulation over
a specific area induces changes to oscillatory activity that
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are synchronous throughout the brain, hence, giving evi-
dence that effects of tDCS are site specific but not site lim-
ited [Marshall et al., 2004, 2006]. When we evaluated task
against rest conditions, a modulation in synchronization
can be appreciated for the 6 and o and an even more re-
markable change in the high-y band over the whole brain
(notice the change between the first and second columns
in Fig. 3). Thus, the observed modulation in synchroniza-
tion between different brain regions induced by tDCS pre-
sented here might be the evidence for tDCS-induced
alterations of cortico-cortical and cortico-subcortical net-
work functions mediating the interactions of distant brain
regions. Future studies might be of interest to combine
transcranial stimulation methods with graph based analy-
sis in visuo-motor and motor coordination focused proto-
cols to achieve a better understanding of the effects of
noninvasive cortical stimulation in visuo-motor and
motor-coordination networks.

Regarding the effects of tDCS over resting networks
(Fig. 3, third column), the stimulation induced a significant
synchronization increase within frontal electrodes in the 0,
o, and B bands. Moreover, Figure 6 reveals a similar func-
tional topological organization before and after tDCS inter-
vention, with a marked synchronization increase between
the frontal electrodes. It is believed that tDCS produces its
effects by polarizing brain tissue, where the direction of
the polarization depends on the orientation of axons and
dendrites in the induced electrical field [Radman et al.,
2009; Siebner et al., 2004]. Considering that the frontopo-
lar-placed stimulating electrode was the cathode, it can be
speculated whether the negative electric field constantly
induced during the 10 min of stimulation might provoke
an hyperpolarization of the neurons, therefore, reducing
noise within these neural networks and consequently
increasing the synchronization of the spontaneous activity
over the cathodal stimulated region.

In clinical studies, Stam et al. [2007] describe an EEG
functional connectivity loss in patients with AD using
graph theory as evaluation approach. On the other hand,
application of anodal tDCS enhanced the performance on
memory tasks in AD [Boggio et al., 2009]. Furthermore,
anodal tDCS over the primary motor cortex contributed to
recovery of motor function in stroke patients [Hummel
and Cohen, 2005; Hummel et al., 2005]. These results are
further supported by reports of improvements in motor
function in brain-lesioned rodents and primates [Frost
et al., 2003; Plautz et al., 2003; Teskey et al., 2003]. It
should be explored in future studies whether tDCS would
enhance connectivity and induce synchronization changes
in diseases that have been demonstrated to have disrupted
networks relative to healthy subjects—such as AD, stroke,
and multiple sclerosis [Kotini et al., 2007]—using graph-
based analysis as a noninvasive interesting tool to track
functional connectivity recovery and to connect these
changes with functional improvements.

In conclusion, here we show for the first time that with
the application of tDCS, alterations of the cerebral cortex

functions can be triggered in terms of changes in brain
synchronization and topological functional organization,
making it a useful tool to understand brain rhythms, their
generation and their topographic specificity. Hence, we
propose the use of graph theoretical analysis as a useful
tool to noninvasively evaluate not only the functional
changes induced by tDCS but also to track the effects of
other noninvasive stimulation methods that have also been
reported to produce neuroplastic alterations in the human
brain (e.g., transcranial random noise stimulation [Terney
et al., 2008], transcranial alternating current stimulation
[Kanai et al., 2008], and rTMS [Plewnia et al., 2008; Thut
and Miniussi, 2009; Thut and Pascual-Leone, 2009, 2010]).
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