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ABSTRACT

Despite transcranial direct current stimulation (tDCS) is increasingly used in experi-
mental and clinical settings, its precise mechanisms of action remain largely unknown.
At a neuronal level, tDCS modulates the resting membrane potential in a polarity-
dependent fashion: anodal stimulation increases cortical excitability in the stimulated
region, while cathodal decreases it. So far, the neurophysiological underpinnings of the
immediate and delayed effects of tDCS, and to what extent the stimulation of a given
cerebral region may affect the activity of anatomically connected regions, remain unclear.
In the present study, we used a combination of Transcranial Magnetic Stimulation (TMS)
and Electroencephalography (EEG) in order to explore local and global cortical excitability
modulation during and after active and sham tDCS. Single pulse TMS was delivered over
the left posterior parietal cortex (PPC), before, during, and after 15 min of tDCS over the
right PPC, while EEG was recorded from 60 channels.

For each session, indexes of global and local cerebral excitability were obtained,
computed as global and local mean field power (Global Mean Field Power, GMFP and
Local Mean Field Power, LMFP) on mean TMS-evoked potentials (TEPs) for three
temporal windows: 0—50, 50—100, and 100—150 msec. The global index was computed
on all 60 channels. The local indexes were computed in six clusters of electrodes: left
and right in frontal, parietal and temporal regions.

GMFP increased, compared to baseline, both during and after active tDCS in the 0
—100 msec temporal window. LMFP increased after the end of stimulation in parietal
and frontal clusters bilaterally, while no difference was found in the temporal clus-
ters. In sum, a diffuse rise of cortical excitability occurred, both during and after
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active tDCS. This evidence highlights the spreading of the effects of anodal tDCS over
remote cortical regions of stimulated and contralateral hemispheres.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Transcranial direct current stimulation (tDCS) is offering
new perspectives in cognitive neuroscience and neuropsy-
chology in both research and therapeutic settings. Several
studies have successfully employed tDCS to modulate
cortical excitability, in turn affecting a wide range of senso-
rimotor and cognitive functions in healthy and pathological
human brains (see Antal, Paulus, & Nitsche, 2011; Jacobson,
Koslowsky, & Lavidor, 2012; Nitsche & Paulus, 2011; Utz,
Dimova, Oppenlander, & Kerkhoff, 2010; Vallar & Bolognini,
2011 for reviews). This evidence has fostered the applica-
tion of this technique in rehabilitation settings (e.g., Brunoni
et al., 2011), based on results showing that tDCS may induce
not only on-line effects on spontaneous neuronal activity,
but also long-lasting after-effects likely mediated by mech-
anisms of synaptic long-term potentiation and depression
(i.e., LTP and Long-term Depression, LTD, respectively),
which affect neuroplasticity (Liebetanz, Nitsche, Tergau, &
Paulus, 2002; Nitsche, Fricke et al., 2003, 2008; Stagg et al.,
2009).

tDCS is effective in the rehabilitation of patients with
neuropsychiatric and neurological disorders such as epilepsy
(Fregni, Thome-Souza et al., 2006; Nitsche & Paulus, 2009),
Parkinson's (Fregni et al.,, 2006) and Alzheimer's disease
(Ferrucci et al., 2008), chronic pain (O'Connell et al., 2011;
Bolognini, Olgiati, Maravita, Ferraro, & Fregni, 2013),
migraine (Antal et al, 2008; Dasilva et al., 2012), major
depression (Boggio et al., 2008; Ferrucci et al., 2009; Brunoni
et al.,, 2011; Nitsche, Boggio, Fregni, & Pascual-Leone, 2009),
as well as cognitive and motor disorders of patients with ce-
rebrovascular diseases (Bolognini, Pascual-Leone, & Fregni,
2009; Gomez et al., 2013; Kandel, Beis, Le Chapelain, Guesdon,
& Paysant, 2012; Monti et al., 2012; Mylius et al., 2012).

tDCS offers several advantages that render this tool so
attractive for neuro-rehabilitation, as compared with other
brain stimulation techniques: it is safer than invasive brain
stimulation, which is usually associated to higher surgical
risks and costs; in comparison to Transcranial Magnetic
Stimulation (i.e., TMS), it is less uncomfortable, easier to
handle and less expensive.

Despite being increasingly used, the precise neurophysio-
logic mechanisms underlying tDCS effects remain to be fully
elucidated. At a neuronal level, tDCS modulates cortical
excitability by shifting the resting membrane potential in a
polarity-dependent way: anodal stimulation increases the
spontaneous firing rate, by slightly depolarizing the mem-
branes, whereas cathodal stimulation decreases cortical
excitability by hyperpolarizing neurons' membranes. This
mechanism of action was first illustrated by pioneering in vivo
animal studies (Bindman, Lippold, & Redfearn, 1962;

Creutzfeldt, Fromm, & Kapp, 1962; Purpura & McMurtry,
1965), showing that cortical excitability shifts depend on
current polarity, stimulation intensity, as well as on the type
and spatial orientation of the targeted neurons.

Long-lasting and polarity-dependent effects of tDCS were
first explored in humans by stimulating the motor cortex and
measuring the level of cortical excitability by means of motor
evoked potentials (MEPs) by TMS (Nitsche & Paulus, 2001;
Nitsche et al.,, 2005; Priori, Berardelli, Rona, Accornero, &
Manfredi, 1998). The coupling of anodal-excitatory and
cathodal-inhibitory effects are well established in the sensory
and motor domains, both at physiological and behavioral
levels, while evidence is more controversial for higher-level
mental activity (Jacobson et al, 2012). Indeed, studies
involving cognitive tasks show that while the anodal stimu-
lation typically facilitates behavioral performance, the inhib-
itory effects of the cathodal stimulation are less consistent
(Jacobson et al., 2012; Vallar & Bolognini, 2011).

On-line effects brought about by tDCS may be traced back
to cellular mechanisms including membrane polarization.
Conversely, longer-term after-effects may depend on LTP and
LTD mechanisms, likely mediated by N-methyl-p-aspartate
(NMDA) receptors and altering GABAergic activity and intra-
cellular CA%" concentration (Liebetanz et al., 2002; Nitsche,
Fricke et al., 2003; Stagg et al., 2009). Indeed, the anodal
after-effects are prolonged by the NMDA agonist p-Cyclo-
serine (Nitsche, Jaussi et al., 2004), reduced by NMDA antag-
onist such as beta-adrenergic protanol (Nitsche et al., 2004),
and abolished, irrespective of polarity, by NMDA-receptor-
antagonist dextromethorphane. In addition to NMDA mech-
anisms, in a slice preparation of mouse motor cortex, anodal
stimulation induced synaptic potentiation, depending on both
brain-derived neurotrophic factor (BDNF) secretion, and
tropomyosin-related kinase B (TrkB) activation (Fritsch et al.,
2010). The long-term effects of tDCS also involve non-
synaptic mechanisms arising from changes in pH and trans-
membrane proteins, which may alter neurons' membrane
function (Ardolino, Bossi, Barbieri, & Priori, 2005).

Beyond shifting cortical excitability of the target area
under the electrodes, tDCS may also affect cortical connec-
tivity by modulating activity of distant brain regions, func-
tionally or structurally connected to the stimulated area. For
instance, Kirimoto et al., (2011) explored whether tDCS over
the supplementary motor cortex modifies the excitability of
ipsilateral primary motor (M1) and somatosensory (S1)
cortices via neuronal connectivity, by measuring somato-
sensory evoked potentials (SEPs) and MEPs. Results showed
that anodal tDCS decreased MEPs and increased SEPs
amplitude, while cathodal stimulation yielded opposite
effects.

Several studies recorded resting state electroencephalo-
graphic (EEG) and functional magnetic resonance imaging
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(fMRI) activity in neurologically unimpaired participants,
during or immediately after tDCS, in order to gather evidence
concerning tDCS-induced regional cerebral activations or de-
activations. For instance, a modulation of Visual Evoked Po-
tentials (VEPs) amplitude was found both during and after
tDCS, with effects dependent on the stimulation polarity and
duration (Accornero, Voti, La Riccia, & Gregori, 2007; Antal,
Kincses, Nitsche, Bartfai, & Paulus, 2004). In the language
domain, Wirth and coauthors (2011) traced the neurophysio-
logical underpinnings of the behavioral effects induced by
anodal tDCS over left prefrontal cortex during a overt picture
naming. Both behavioral and neurophysiological variables
were tested during and after the end of the stimulation. An on-
line enhancement of a language ERP component and an offline
reduction of delta activity were reported, indicating that
anodal tDCS induced an excitatory effect on frontally medi-
ated neural processes and related language functions.

Lang et al., (2005) by means of PET, assessed the magni-
tude, duration and regional distribution of changes in regional
Cerebral Blood Flow (rCBF), after tDCS stimulation over M1.
When compared to sham tDCS, anodal and cathodal tDCS
induced respectively widespread increases and decreases of
rCBF in cortical and subcortical areas. Accordingly anodal
tDCS over M1 increased rCBF, not only under the electrode,
but also in a more widespread network, involving contralat-
eral motor-related cortical areas (Zheng, Alsop, & Schlaug,
2011, using the arterial spin labeling technique).

Widespread activations induced by tDCS are in line with
the observations made by computational models of current
flow indicating that strong electric fields occur not only un-
derneath and near the stimulating electrodes but also in the
regions between them (Miranda, Mekonnen, Salvador, &
Ruffini, 2013).

So far, our understanding of the precise electrophysiolog-
ical effects of tDCS and how they spread across cortical net-
works is still far from being exhaustive (Brunoni et al., 2011).
The combined use of neuroimaging techniques and tDCS can
be crucial to improve our knowledge. In this perspective, we
used an integrated TMS—Electroencephalography (TMS-EEG)
system to explore the effects of anodal tDCS of the posterior
parietal cortex (PPC). Global and local cortical excitability was
assessed both on-line (i.e., during tDCS), and off-line (i.e., after
15 min from the end of the stimulation). The main advantage
of this approach is to provide real-time and direct information
on cortical reactivity, through TMS-evoked potentials (TEPs)
recording and analysis. The PPC was chosen as TMS hotspot
for two main reasons. First, we wanted to take advantage of
the TMS-EEG technique, which allows exploring cortical
reactivity of areas, such as the PPC, otherwise not functionally
measurable, since they cannot produce a direct TMS output
such as MEPs for M1 and phosphenes for the primary visual
cortex (V1). Second, from a theoretical perspective, the PPC
plays a key role in different sensorimotor and cognitive
functions (Andersen & Cui, 2009; Critchley, 1953; Fogassi &
Luppino, 2005; Ikkai & Curtis, 2011; Shomstein et al., 2012)
and tDCS has been successfully applied to this area for
modulating sensory (e.g., Bolognini, Fregni, Casati, Olgiati, &
Vallar, 2010; Bolognini, Olgiati, Rossetti, & Maravita, 2010;
Bolognini, Olgiati, Maravita, Ferraro, & Fregni, 2013;
Convento, Vallar, Galantini, & Bolognini, 2013; Mancini,

Bolognini, Haggard, & Vallar, 2012) and cognitive (Berryhill,
Wencil, Branch Coslett, & Olson, 2010; Sparing et al., 2009;
Stone & Tesche, 2009) processing in healthy participants.

2. Material and Methods
2.1. Participants

Fourteen healthy, right-handed volunteers (four males, mean
age 27 years, SD 5.9, range 22—38) participated in the study.
Participants did not have any contraindication to noninvasive
brain stimulation (Poreisz, Boros, Antal, & Paulus, 2007; Rossi,
Hallett, Rossini, Pascual-Leone, & The Safety of TMS
Consensus Group, 2009), namely no history of medical disor-
ders, no substance abuse or dependence, no use of central
nervous system-effective medication, and, particularly, no
psychiatric and neurological disorders, including brain sur-
gery, tumor, or intracranial metal implantation. All partici-
pants gave written informed consent prior to their
participation in the study, which took place in the TMS-EEG
laboratory of the University of Milano-Bicocca and was
approved by the local Ethic Committee.

2.2. Procedure

For each participant, the experimental session consisted in
three blocks of TMS-EEG recordings performed before (pre-
tDCS), during (during-tDCS) and 15 min after anodal tDCS
(post-tDCS) over the right PPC. Each recording lasted about
7 min during which each participant rested, fixating a white
cross in black screen (17”) in front of him or her. TEPs were
recorded starting from 2 msec after TMS pulse. Six partici-
pants underwent an additional session in which sham tDCS
was delivered. The order of the two sessions (anodal and
sham tDCS) was counterbalanced across subjects.

2.3. TMS stimulation

TMS was delivered with an Eximia™ TMS stimulator (Nexstim™,
Helsinki, Finland) using a focal bi-pulse, figure of eight 70-mm
coil. The site of stimulation was on the left PPC between P1 and
CP1 electrodes. High-resolution (1 x 1 x 1 mm) structural mag-
netic resonance images (MRI) were acquired for each participant
using a 3 T Intera Philips body scanner (Philips Medical Systems,
Best, NL). TMS target was identified on individual MRI using a
Navigated Brain Stimulation (NBS) system (Nexstim™, Helsinki,
Finland), which employs infrared-based frameless stereotaxy, in
order to map the position of the coil, and of the participant's head,
within the reference space of the individual's MRI space. Mean
MNI coordinates for the target site were X=—31(SD=5.2) Y=-70
(SD = 6.6) Z = 54 (SD = 3.7). The NBS system allowed to monitor
continuously the position and orientation of the coil, thus as-
suring precision and reproducibility of the stimulation across
sessions. Moreover, the NBS system estimated on-line the dis-
tribution and intensity (V/m) of the intracranial electric field
induced by TMS, using a locally best-fitting spherical model, ac-
counting for the head and brain shape of each participant, and
taking into consideration the distance from scalp, coil position
and orientation. Mean stimulation intensity, expressed as a
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percentage of the maximal output of the stimulator, was 65%,
(range = 60—78%), and corresponding to an an electric field of
106 + 9 V/m. The coil was placed tangentially to the scalp, and
adjusted for each participant in order to direct the electric field
perpendicularly to the shape of the cortical gyrus/i, following the
same procedure of previous studies (Casarotto et al., 2010;
Mattavelli, Rosanova, Casali, Papagno, & Romero Lauro, 2013).
Since TMS over parietal sites can activate temporal and frontal
muscles, eliciting artifacts in the EEG recordings, the site of the
stimulation was individually adjusted, in order to avoid or reduce
as much as possible muscle twitches. TMS pulses were delivered
atan inter-stimulus interval randomly jittered between 2000 and
2300 (.4—.5 Hz). Around 180 TMS pulses were delivered for each
session.

2.4. tDCS

tDCS was delivered by a battery driven constant current
stimulator (Eldith™,Neuroconn, Ilmenau, Germany) using a

Pre tDCS

tDCS

(cathode)

EEG

™S

tDCS

(anode)

During tDCS

pair of rubber electrodes, covered with conductive paste
(Ten20 conductive EEG paste, Kappamedical™, USA). An intra-
cephalic montage was used. The anode (size = 9 cm?; current
density = .08 mA/cm?) was placed over the right PPC under-
neath the EEG cap, through an eyelet in a site corresponding to
P2 electrode, which was then removed (Fig. 1, panel A). The
cathode (size = 25 cm?, current density = .03 mA/cm?) was
positioned over the left supraorbital area. A constant current
of .75 mA was applied for 15 min, with 8 s of fade-in/fade out
period. Different sized electrodes were used to increase
stimulation focality (Nitsche et al., 2008). For sham tDCS, the
same electrode arrangement and parameters of stimulation
were employed, but the stimulator was turned off after 30 s
(Gandiga, Hummel, & Cohen, 2006).

The feasibility of concomitant EEG recording and tDCS
application has been recently probed (Faria, Fregni, Sebastiao,
Dias, & Leal, 2012; Schestatsky, et al. 2013; Wirth, et al. 2011).
In order to avoid tDCS induced artifacts in the EEG trace, the
tDCS electrodes and the conductive gel were never in contact

NBS

Post tDCS (15 min)

1
-50 (msec) 300

Fig. 1 — Panel A left represents a photo of the experimental setting adopted to deliver tDCS and TMS concurrently while
recording EEG (during-tDCS condition). In the right bound a 3D reconstruction on the individual MRI is depicted showing the
electrical field induced by TMS of the left parietal cortex, a blue rectangle representing the anode patch position over the
right parietal cortex and 60 points corresponding to the EEG cap electrodes. Panel B reports the data from a representative
subject and illustrates the procedure followed to compute the GMFP. In the upper bound the butterfly plot of the 60 channels'
TEPs (upper bound) and the GMFP (red line in the lower bound) for the three conditions (pre-tDCS, during-tDCS, post-tDCS)
are depicted. The TEP of the channel under the TMS is highlighted in red. The area beneath the curve of the GMFP was
divided in three time windows: 0—50 msec (light gray), 50—100 msec (gray), 100—150 msec (dark gray).
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with the surrounding EEG recording leads and faraway from
both ground and refrence electrodes (placed on the forehead,
see Fig. 1, panel A). Tansient EEG artifacts were observed only
during the fade-in and fade-out phases of tDCS stimulation.
TMS-EEG trials affected by those transient artifacts were
rejected and, hence, did not contribute to the average TEPs.

2.5. EEG Recording during TMS

TEPs were continuously recorded using a TMS compatible 60-
channels amplifier (Nexstim Ltd., Helsinki, Finland), which
gates the TMS artifact and prevents saturation by means of a
proprietary sample-and-hold circuit (Virtanen, Ruohonen,
Naatanen, & Ilmoniemi, 1999). EEG signals were referenced to
two electrodes placed over the forehead and used as ground.
Eye movements were recorded with two additional electrodes
placed near the eyes in order to monitor ocular artifacts. As in
previous studies (Massimini et al., 2005; Casarotto et al., 2010),
in order to prevent auditory potentials due to TMS pulse, a
masking noise, which reproduce the TMS “click” in time-
varying frequency components, was continuously played
into earplugs worn by participants during the experimental
sessions. Electrodes impedance was kept below 5 kQ, and EEG
signals were recorded with a sampling rate of 1450 Hz.

2.6.  EEG data analysis

Data were pre-processed using Matlab R2011b® (Mathworks,
Natick, MA, USA). First, recordings were down-sampled to
725 Hz. Continuous signal was then split in single trials
starting 800 msec before the TMS pulse, and ending 800 msec
after the TMS pulse. Trials with artifacts due to eye blinks/
movements, spontaneous muscle activity or tDCS fade-in and
fade-out phases were removed following a semi-automatic
procedure (Casali, Casarotto, Rosanova, Mariotti, &
Massimini, 2010), and the visual inspection of the signal by
trained experimenters (G.M., S.C.). The average number of
trials considered in the analysis was 155 (SD + 14) for the pre-
tDCS, 153 (SD + 22) and 159 (SD =+ 17) for the during- and post-
tDCS conditions, respectively.

TEPs were computed by averaging selected artifact-free
single trials and by filtering them between 2 and 40 Hz. Bad
or missing channels were interpolated using spherical inter-
polation function of EEGLAB (Delorme & Makeig, 2004). TEPs
were then referenced and baseline corrected between —300
and —50 msec before the TMS pulse.

For each condition, as an index of global excitability, Global
Mean Field Power (GMFP) was computed on averaged TEPs of
60 channels for three temporal windows: 0-50 msec,
50—100 msec, 100—150 msec, with 0 msec corresponding to
TMS pulse onset. The formula used to compute the GMFP was:

GMFP(t) _ J |:E? (Vi(t) - Vmean(t))z

K

where t is time, K the number of channels, V; the voltage in
channels averaged across subjects and Vinean is the mean of
the voltages in all channels (Lehmann & Skrandies, 1980).

To further identify the specific contributions of different
cortical regions to the increased global cortical excitability,

indexes of local excitability (Local Mean Field Power, LMFP)
were measured and compared, following the same procedure
used for GMFP. Six clusters of electrodes, each including 4
electrodes, were selected as follows based on anatomical lo-
cations: left frontal cluster (F1, F5, FC1, and FC3), right frontal
cluster (F2, F6, FC2, and FC6), left parietal cluster, corre-
sponding to TMS hotspot (CP1, CP3, P1, and P3), right parietal
cluster near tDCS anode (CP2, CP4, P2, and P4), left temporal
(FT7 FC5 T3 C5) and right temporal (FC6 FT8 C6 T4) clusters. In
order to obtain a synthetic index of global and local cortical
excitability, GMFP and LMFP values were cumulated within
three time windows (0—50 msec, 50—100 msec, 100—150 msec
after the TMS pulse) and for each experimental condition (pre-
, during- and post-tDCS). Integrated GMFP and LMFP within
the three time-windows after the TMS pulse were then log-
transformed (log-GMFP and log-LFMP) to obtain normally
distributed data (Shapiro—Wilk test p > .05).

Pre-, during- and post-tDCS GMFP values were then
compared in each time window by means of repeated mea-
sures Analysis of Variance (ANOVA), with log-GMFP, as
dependent variable, and Condition (pre-tDCS, during-tDCS,
post-tDCS) as within factor.

Accordingly, log-LMFP for each time window was intro-
duced as dependent variable in separate repeated measures
ANOVAs with Cluster (6 levels: left/right frontal, parietal and
temporal) and Condition (3 levels: pre-tDCS, during-tDCS,
post-tDCS) as within subjects factors. Bonferroni correction
was applied for post-hoc planned comparisons.

To further analyze whether the global effect was driven by
certain locations affecting the average signal across all chan-
nels, GMFP was also computed on averaged TEPs of 60 chan-
nels minus the four clusters (right/left for frontal/parietal) in
which significant changes across conditions were found.
These data were analyzed via a repeated-measures ANOVA in
order to compare pre-, during- and post-tDCS GMFP values in
the three identified time windows. For sake of clarity, the re-
sults of this analysis are listed in the GMFP paragraph (3.1.2).

3. Results

Fig. 1A shows the experimental set-up and the NBS posi-
tioning system, and Fig. 1B the EEG responses, recorded at the
60 electrodes (black traces), when TMS was applied over the
PPC in one representative participant. The TEPs recorded at
the electrode under the stimulator is shown in red trace. As
already found in previous studies (Rosanova et al. 2009,
Ferrarelli et al. 2012), TEPs waveform following PPC stimula-
tion are characterized by two negative components within the
first 100 msec. This pattern is reproducible across participants
and conditions (pre-tDCS, during-tDCS and post-tDCS).

3.1 Global excitability shifts by anodal tDCS

3.1.1. 60 channels

In the early 0—50 msec time window, the main effect of Con-
dition was significant [F(2,26) = 12.28, p = .000, pn* = .49] with
an increase during-tDCS (p = .015) and post-tDCS (p = .001), as
compared to pre-tDCS.
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In the 50—100 msec time window, the main effect of Condi-
tion was significant [F(2,26) = 6.39, p = .005, pn? = .33]. Post-hoc
comparison showed significantly higher values during-tDCS
(p = .002) and post-tDCS (p = .041), as compared to pre-tDCS.

In the late 100—150 msec time window, instead, the main
effect of Condition was not significant [F(2,26) = .42, p = .66,
pn? = .03] (Fig. 2).

3.1.2. 60 Channels minus parietal/frontal right/left clusters
This analysis confirmed the results found in 60 channels. The
main effect of condition was significant in both the 0—50 msec
[F(2,26) = 866, p = .001, py?> = .40] and 50-100 msec
[F(2,26) = 6.75, p = .003, pn? = .34] time windows.

Post-hoc comparisons showed a significant increase of the
global cortical excitability index in the two time windows be-
tween 0 and 100 msec, both during-tDCS and post-tDCS condi-
tion as compared to pre-tDCS. No significant change across
conditions was found in the late temporal window 100—150 msec
(see Table A.1in appendix for a detailed list of p values found).

3.2. Local excitability shifts by anodal tDCS

3.2.1. Time window 0—50 msec

The ANOVA run on log-LMFP in the first time window
(0—50 msec) showed a significant main effect of Cluster [F(5,
65) = 14.78, p = .000, pn? = .53], with greater values for the left
parietal and left frontal clusters, significantly higher than the
right parietal cluster. The increased LMFP in these clusters is
likely due to the TMS hotspot location.

The main effect of Condition was significant [F(2,
26) = 12.36, p = .000, pn? = .48], with post-tDCS values signif-
icantly greater than the pre-tDCS ones (p = .000). The inter-
action Cluster X condition was not significant [F(10, 130) = .46,
p = .91, pn? = .03] suggesting that the same trend across con-
ditions was present in each cluster. However, since our aim
was to examine the pattern of tDCS effects across different

GMFP Pre tDCS
T™S T™MS
Y Y

100 msec

GMFP During tDCS

locations, we also compared the three conditions for each
cluster, by means of post-hoc planned comparisons (Fig. 3).
Post-tDCS values significantly increased, as compared to pre-
TDCS, in the bilateral frontal (p = .01) and parietal clusters
(left: p = .002; right: p = .02), but not in the temporal ones (see
Table A.2 in appendix for a list of all p values found).

3.2.2. Time window 50—100 msec
The main effect of Cluster was not significant [F(5, 65) = 1.51,
p = .19, py? = .10]. The main effect of Condition was significant
[F(2, 26) = 7.34, p = .003, pn? = .36] with during-tDCS (p = .002)
and post-tDCS (p = .009) conditions showing greater values
than pre-tDCS recordings. The interaction between Cluster
and Condition was not significant [F(10, 130) = .78, p = .64].
As for 0—50 msec time window, planned post-hoc com-
parisons among conditions were run for each cluster. Signif-
icant changes were found only in the right temporal cluster,
where the during-tDCS condition was greater than the pre-
tDCS (p = .015).

3.2.3. Time window 100—150 msec
The main effect of Cluster was significant [F(5, 65) = 6.24,
p = .000, pn? = .32], with significantly higher LMFP for the right
temporal cluster than the right parietal (p = .012) and left
temporal (p = .005) clusters. Neither the Condition
[F(2,26) = .83, p = .44, pn® = .00], nor the interaction Cluster X
condition were significant [F(2, 26) = 1.11, p = .36, pn* = .08].
Planned post-hoc comparisons among the three conditions
within each cluster did not show any significant change be-
tween conditions (see Table A.2 for p values).

3.3. Sham TDCS

3.3.1. Global excitability
Regarding GMFP, the main effect of Condition was not sig-
nificant in any temporal window: 0—50 msec: F(2,10) = .16,

GMFP Post tDCS (15 min)
T™MS
Y

Fig. 2 — Panel A (upper row) shows the Grand Average of GMFP computed by averaging the GMFPs calculated for each subject
in the three experimental conditions (pre tDCS = blue trace + SE; during tDCS = red trace + SE; post tDCS = green trace + SE).
The lower row of Panel A represents the mean topographies computed in correspondence of the local maxima for each of
the three time windows (0—50 msec = light gray, 50—100 msec = gray, 100—150 msec = dark gray) across the 14 study
participants (see also Fig. 1). Panel B shows bar histograms representing the mean values + SE of the integrated GMFP in the
three time windows of interest (0—50 msec = light gray, 50—100 msec = ash, 100—150 msec = graphite) for each

experimental condition.
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Fig. 3 — Mean log-LMFP for the six clusters of interest are shown. Colored squares on the head model represent the clusters
of electrodes analyzed in the parietal, frontal and temporal regions. The red dot in the left parietal cluster represents TMS
target location while the blue square in the right parietal region represents tDCS anode location. For each colored square the
bar graphs represent mean log-LMFP in the baseline, during and post tDCS conditions for the three temporal windows
identified: 0—50 msec (light gray), 50—100 msec (gray) and 100—150 msec (dark gray). Error bars represent the standard error.
* and ** represent significant differences between condition at p < .05 and p < .02 respectively.

p = .85, py? = .03; 50—100 msec: F(2,10) = .22, p = .81, pn* = .04;
100—150 msec: F(2,10) = .37, p = .96, p5? = .00].

3.3.2.  Local excitability

For all the considered time windows, the main effect of
Cluster was significant: 0—-50 msec, F(5,25) = 4.92, p = .003,
pn® = .49; 50—100 msec, F(5,25) = 2.98, p, = .03, pn® = .37,
100—150 msec, F(5,25) = 7.91, p = .000, pn? = .61]. Post-hoc
showed a non-significant trend toward higher LMFP in the left
parietal cluster in the 0—100 msec interval (all ps > .12), and in
the right temporal cluster in the later window (all ps > .09). The
main effect of Condition, and the Cluster x Condition inter-
action, were not significant in any temporal window (all
ps > .57).

4, Discussion

To the best of our knowledge, this is the first study in
which TMS and compatible continuous EEG recording is
used to investigate on-line and after-effects of tDCS on a
region outside the motor system. Our results show that, at
a global level (i.e., GMFP), anodal tDCS of the right PPC in-
creases cortical excitability in a temporal window of
0—100 msec both during and 15 min after the end of the
stimulation. At the local level, anodal tDCS of the right PPC
induces off-line widespread enhancements of neural excit-
ability in the earlier components of TEPs (0—50 msec) in the

targeted right PPC, as well as in the contralateral homolog
area and bilaterally in the frontal regions; instead, no
modulatory effects were found in right and temporal areas.
Later components (100—150 msec) are increased on-line in
the right temporal area.

In particular, the first remarkable finding is probing the
feasibility of using TMS-EEG to track changes in cortical
excitability and connectivity induced by tDCS, both during
and after the end of the stimulation. The combination of
tDCS and TMS-EEG as a “multimodal imaging approach”
appears indeed promising (Miniussi, Brignani, & Pellicciari,
2012). TMS allows exploring how the reactivity of a target
area is modulated by tDCS. Combining TMS end EEG per-
mits to trace these changes in any cortical area, by means
of TEPs, which are considered as reliable measures of
brain activation state (Miniussi & Thut, 2010). Moreover
the high-definition of EEG recording permits to prove the
state of broader cortical networks, unveiling how activa-
tion spreads to interconnected areas. As long as the same
parameters across sessions are maintained, the reliability
of the technique has been probed (Casarotto et al., 2010),
allowing to link any observed changes in TEPs to the tDCS
effects, rather than to any other confounding factor.
Moreover, in this study the lack of changes when sham
tDCS, instead of real tDCS, is delivered, allows to exclude
the intervention of unspecific effects, such as boredom or
fatigue, further confirming the reliability of the TMS-EEG
approach.
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The GMFP increment from pre-tDCS within the
0—100 msec interval during-tDCS and after-tDCS survives to
the removing from the analysis of the four clusters, namely
the right and left parietal and frontal clusters, where the
main significant local effects took place. Therefore, the
increment of GMFP cannot merely be the result of local
signal changes.

Here, both global and local excitability analyses show
that anodal tDCS significantly modulates the earlier stages
of GMFP/LMFP, in the 0—50 msec time window. TEPs com-
ponents that are evoked within the first 50 msec after the
TMS pulse directly reflect the excitability of the stimulated
cortical area and of those areas monosynaptically con-
nected to the target area ([lmoniemi et al., 1997). Notably,
the amplitude of these early components of TEPs signifi-
cantly increases after the application of the rTMS at 5 Hz
(Esser et al, 2006), after electroconvulsive therapy
(Casarotto et al., 2013), and they are modulated by wake-
fulness—sleep cycle (Huber et al., 2013). Previous studies
found that anodal tDCS of the motor cortex elicits a sus-
tained increase of cortical excitability, as measured by TMS-
induced MEPs (Nitsche & Paulus, 2000, 2001; Nitsche,
Liebetanz et al., 2003). Similarly, tDCS is effective in
modulating early components of evoked cortical activity.
For instance, Antal et al. (2004), evaluated the polarity-
specific effects of tDCS of V1, by measuring VEPs before
and after (i.e., 10, 20, 30 min) tDCS, assessing the influence
of different parameters, such as current polarity, duration
of stimulation, electrode montage. Anodal tDCS increased
early occipital responses (i.e.,, N70), while cathodal tDCS
decreased it. As in the present study, the effects of the
anodal stimulation emerges only 10 min after the end of a
stimulation, and lasts for 15 min. Similarly, anodal tDCS on
the somatosensory and temporo-parietal cortices elicits a
prolonged increment of parietal and frontal SEPs, and in-
creases temporal auditory evoked potentials within the first
50 msec (Kirimoto et al., 2011; Matsunaga, Nitsche, Tsuji, &
Rothwell, 2004; Zaehle, Beretta, Jancke, Herrmann, &
Sandmann, 2011).

Here, both global and local indexes of cortical excit-
ability indicate that the effects of tDCS are diffuse, rather
than being restricted to the area underneath the active
electrode. These findings are in line with previous studies
measuring the effect of anodal tDCS over the motor cortex,
as assessed by means of EEG recording (Kirimoto et al,
2010), and fMRI/PET during task performance (Lang et al,
2005; Stagg et al., 2009; Polania, Nitsche, & Paulus, 2011)
or during a resting state (Lang et al., 2005; Polania, Paulus,
Antal, & Nitsche, 2011; Zheng et al., 2011). Therefore, tDCS
can modulate cortical activity both within the region
directly under the stimulating electrode, as well as in re-
gions anatomically connected, but spatially distant. Simi-
larly, tDCS delivered over the dorsolateral prefrontal cortex
(DLPFC) induces widespread changes involving distinct
network beyond the stimulation site (Keeser et al., 2011,
Keeser, Padberg et al., 2011; Pena-Gomez et al, 2012).
Stagg et al. (2013), for instance, investigated brain perfusion
changes during tDCS applied to the left DLPFC in healthy
humans, using whole-brain arterial spin labeling. An
increased perfusion in regions anatomically connected to

the DLPFC, in conjunction with a decreased functional
coupling between the left DLPFC and the thalami bilater-
ally, was found. Interestingly, the effects during and after
tDCS were markedly different: a widespread decrease in
cortical perfusion was found after both anodal and cath-
odal tDCS, as compared to during tDCS (Stagg et al., 2013).
Notably, caution is warranted in interpreting results from
neuroimaging studies tracking the neurophysiological ef-
fects of tDCS, since there is a potential confounding arti-
fact by the magnetic field deriving from tDCS current flow,
as revealed by a study of tDCS effects in post-mortem
brain, using a conventional echo-planar imaging sequence
(Antal et al., 2012). Since in dead subjects hemodynamic
changes in brain activity are obviously absent, any detec-
ted signal resulted from the applied currents. In this
perspective, the present results provide instead a stronger
evidence of the modulatory tDCS effects on cortical excit-
ability, through a direct measure of it by means of TMS-
EEG.

The widespread effect of tDCS are in line with a
computational model of the electrical field for the montage
used in the present study (see Fig. A.1 in the appendix). It
is indeed known that the electrodes montage critically af-
fects the distribution of the electrical current in the brain
(Miranda et al., 2006; Faria, Leal, & Miranda, 2009). In line
with GMFP/LMFP results, the MRI-based modeling of
transcranial current flow indicates a widespread distribu-
tion of the electric field, in which the maximal stimulation
in the brain volume does not occur only under the
stimulation sites, but also between the two cephalic
electrodes.

In the present study, local excitability analysis showed
that the after-effects of anodal tDCS resulted in a shift of
cortical excitability within ipsilateral and bilateral fronto-
parietal networks. Since participants were at rest during
the TMS-EEG recording, the diffusion of tDCS after-effects
are likely to reflect structural, rather than functional
task-dependent, connections among parietal and frontal
areas. The effect on the contralateral homolog parietal
cortex (i.e., left parietal cluster) likely depends on callosal
connections, which provide the majority of axonal trans-
missions between the two hemispheres (Doron &
Gazzaniga, 2008). A recent study (Pellicciari, Brignani, &
Miniussi, 2013) investigated cortical excitability immedi-
ately and 30 min after anodal and cathodal tDCS over left
M1. Both TEPs and MEPs were measured. Results showed
that tDCS modulated in a polarity-dependent fashion both
cortical and corticospinal excitability, with changes in
cortical reactivity emerging immediately after the end
stimulation and after 30 min, although reduced. Moreover,
anodal tDCS (as well as cathodal) increased cortical
excitability also in the contralateral hemisphere. Our
findings further support the view that unilateral anodal
tDCS can affect inter-hemispheric interactions, hence
suggesting that the behavioral benefits of this stimulation,
in both healthy and brain-damaged individuals, are likely
supported not only by a local modulation of the activity in
the targeted area, but also by distant effects in homologs
areas of the contralateral hemisphere, through a trans-
callosal physiological modulation.
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The off-line tDCS increment of excitability in ipsilateral
and contralateral frontal cortices, without corresponding
changes in temporal regions, suggests that although wide-
spread, the tDCS after-effects are mainly restring to a fronto-
parietal network, likely corresponding to a default mode brain
network known to be a dynamic baseline (not stimulus-
related or task-related) of intrinsic brain activity during
resting wakefulness (Chen, Feng, Zhao, Yin, & Wang, 2008;
Gusnard & Raichle, 2001).

Notably, the on-line GMFP (i.e., during tDCS) increment in
the 0—100 msec interval is not found in the LMFP analysis,
with the exception of the right temporal cluster showing
significantly greater LMFP (50—100 msec interval) during tDCS,
as compared to baseline. We hypothesize that on-line tDCS
effect might be more diffuse and feeble to be detected at a
cluster level, thus only including a small number of elec-
trodes. The broader diffusion of the effects during stimulation
might be due to the current passage, which induced, as shown
by our model, a widespread electrical field. Off-line effects
might instead be preferentially directed along a fronto-
parietal network, thus becoming significant in our LMFP
analysis.

The neurophysiological evidence of a widespread effect
may seem in contrast with a growing body of evidence
showing the selectivity of tDCS effects on behavior. How-
ever, such behavioral specificity of tDCS (Vallar & Bolognini,
2011; Nitsche & Paulus, 2011) may depend on the baseline
(active us non-active) state of the stimulated cortical area. In
a recent study (Polania et al., 2011), functional connectivity
and graph theoretical analysis in EEG recordings were used
to track changes in the motor cortical network induced by
anodal tDCS of the motor cortex, comparing changes in a
resting state versus task-related (i.e., finger tapping task)
changes. Although anodal tDCS altered both
hemispheric and inter-hemispheric connectivity within a
large sensori-motor network in multiple frequency bands, a
specific increase of functional connectivity at the high-
gamma frequency band (60—90 Hz) was found after tDCS
only during the execution of the motor task, but not in the
resting state. Therefore, the suggestion has been made that
the strengthening of synaptic connections, i.e., functional
connectivity, requires the interaction between the tDCS ef-
fects and the task-dependent effects. In line with this sug-
gestion, anodal tDCS applied to M1 does not improve motor
skill learning in the absence of training, indicating that
ongoing synaptic activity induced by practice is a prerequi-
site for the emergence of tDCS-induced behavioral benefits
(Fritsch et al., 2010). Overall, the effects of tDCS may differ
depending on their association with the on-going behavioral
activity (e.g., sensory, motor, or higher-order behavioral
task). This is an issue that warrants further instigation in
order to maximize the behavioral improvement induced by
tDCS (e.g., Bolognini et al., 2009).

In conclusion, our study support the view that on-line
neurophysiological tDCS effects are relatively diffuse,
whereas off-line tDCS effects preferentially affect networks,
defined by ipsilateral and contralateral structural or
functional connections, according to the resting versus active
state of the subject during the stimulation. Notably, the TMS-
EEG provides a direct measure of cortical excitability,

intra-

however, caution is warranted in interpreting the results of
local signal effects, due to the poor spatial resolution of the
EEG. Source modeling analysis (Casarotto et al., 2010) can ac-
count for this limitation, thus a future direction for this study
would be to further explore the precise spatial localization of
the local tDCS effects.
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Appendix

TDCS computational model

A realistic MR derived finite element model as described in
Opitz, Windhoff, Heidemann, Turner, and Thielscher (2011)
was used to simulate the electric field distribution using
SimNibs (Windhoff, Opitz, & Thielscher, 2013). Five different
tissue types including WM, GM, CSF, skull and skin were
distinguished. Isotropic conductivities were used as follows:
Oskin = .25 S/m, 0gxun = .008 S/m, ocsp = 1.79 S/m, ogm = .276 S/
m and owy = .126 S/m. The electrode montage was modeled
such as applied during the experiment (see Fig. A.1, Panel A).
The electric field distribution in the brain is shown in Fig. A.1,
Panel B. While the strongest electric field strengths occur
around the area underneath the electrodes, enhanced electric
fields also occur in a large cortical area between the
electrodes.

A

Fig. A.1 — Computational model of the electric field
during tDCS: A) Modeled montage including the anode
(red) over the right PPC and the anode (blue) over the
contralateral sopraorbital area. B) Simulated absolute
electric field in the brain. The strongest electric field
occurs around the cortical area underneath the anode.
Large electric field strengths take place also at the site of
the cathode and between the electrodes.
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Fig. A.2 — Bar histograms representing the mean values + SE of the integrated GMFP plotted as percentage of the pre-TDCS
condition in the three time windows of interest (0—50 msec = light grey, 50—100 msec = ash, 100—150 msec = graphite) after
sham and anodal TDCS stimulation. Whereas after anodal TDCS in the 0—100 ms interval the during — and post-TDCS
conditions significantly increased in comparison to pre-TDCS, no difference was found among the conditions in any
temporal interval when SHAM tDCS was delivered. * and ** indicate significant differences between conditions at p < .05
and p < .02 respectively.

Table A.1 — A list of p values is reported resulting from the post-hoc comparisons (Bonferroni corrected) between during-
tDCS versus pre-tDCS (Dur vs pre) and post-tDCS versus pre-tDCS (Post us pre) in several analyses (in the head of the
columns, from left to right): GMFP after anodal tDCS computed on 60 channels; GMFP after sham stimulation, computed on
60 channels; GMFP after anodal tDCS computed on 60 channels minus 4 clusters, namely left/right (L/R) parietal/frontal;
GMFP after anodal tDCS computed on 60 channels minus the left frontal cluster; minus the right frontal cluster; minus the
left parietal cluster (TMS site); minus the right parietal cluster (tDCS anode site). The analyses were run separately for the
three time windows: 0—50 msec, 50—100 msec and 100—150 msec.

GMFP 60 channels Sham: Without Without L ~ WithoutR  WithoutL  WithoutR
60 channels 4 clusters frontal frontal pariet. pariet.
cluster cluster Cluster Cluster
0-50 Dur versus pre p =.015 p = 1.00 p=.03 p = .008 p =.015 p=.014 p=.01
Post versus pre p = .000 p =1.00 p =.003 p =.002 p = .002 p =.008 p =.002
50—100 Dur versus pre p = .002 p =1.00 p =.001 p = .001 p = .000 p =.001 p = .002
Post versus pre p =.041 p =1.00 p=.03 p =.093 p=.10 p=.09 p=.09
100—-150 Dur versus pre p = 1.00 p =1.00 p=.93 p=.79 p=.88 p=.77 p=.85

Post versus pre p = 1.00 p =1.00 p =1.00 p=1.00 p = 1.00 p =1.00 p = 1.00



http://dx.doi.org/10.1016/j.cortex.2014.05.003
http://dx.doi.org/10.1016/j.cortex.2014.05.003

CORTEX 58 (2014) 99—1I11

109

Table A.2 — A list of p values is reported resulting from the post-hoc planned comparisons (Bonferroni corrected) between
during-tDCS versus pre-tDCS (Dur vs Pre) and post-tDCS versus pre-tDCS (Post us Pre) performed for each time window

separately within each cluster of interest (in the head of the columns, from left to right): Left frontal cluster (F1, F5, FC1 and
FG3); right frontal cluster (F2, F6, FC2, and FC6); left parietal cluster (TMS site; CP1, CP3, P1, and P3); right parietal cluster (tDCS

anode; CP2, CP4, P2, and P4); left temporal (FT7 FC5 T3 C5); right temporal (FC6 FT8 C6 T4).

LMFP Left frontal  Right frontal  Left parietal = Right parietal Left temporal Right temporal
0-50 Dur versus pre p=.32 p =47 p=.14 p=.59 p =1.00 p = 1.00
Post versus pre p=.014 p =.015 p =.002 p =.022 p=.59 p=.10
50—-100 Dur versus pre p =.095 p=.56 p =1.00 p=.15 p=1.00 p =-015
Post versus pre p=.34 p=.40 p=.99 p=.23 p=.87 p=.18
100—-150 Dur versus pre p = 1.00 p = 1.00 p = 1.00 p—"14 p=1.00 p=.21
Post versus pre p = 1.00 p = 1.00 p =1.00 p=.57 p=1.00 p = 1.00
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