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Introduction
Transcranial current stimulation (tCS) protocols have 

been frequently applied in both basic neuroscience and 

clinical fields as tools to non-invasively modulate brain 

activity. In the last decade, in fact, oscillatory-tDCS 

(osc-tDCS), in which a polarizing current with a sinu-

soidal waveform (0.75 Hz) is applied, has been shown 

to affect EEG activity at the stimulation frequency 
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A B S T R A C T

Oscillating transcranial direct current stimulation (osc-tDCS) modulates the spontaneous brain activity in a frequency-spe-
cific manner. Most studies evaluated cortical effects of osc-tDCS through spectral analysis measures, without differentiating 
components associated with rhythmic and non-rhythmic activity. Since osc-tDCS mainly affects brain oscillatory activity, 
our aim was to investigate on the specific changes of EEG oscillations following a frontal osc-tDCS at 0.8 and at 5 Hz. 
20 healthy subjects (26.8 ± 2.5 years) participated in one of two experiments (Exp.1= 0.8-Hz tDCS, n= 10; Exp.2= 5-Hz 
tDCS, n= 10), consisting of 3 within-subject sessions: two active conditions with different stimulation polarity (anodal osc-
tDCS, cathodal osc-tDCS), and a control condition (sham).
EEG oscillatory components (28 cortical derivations) at the stimulation frequency were measured by the Better OSCillation 
detection method (BOSC). Variations between before and after the osc-tDCS were compared between conditions as a func-
tion of polarity (anodal vs. cathodal vs. sham) and frequency (0.8 vs. 5 Hz) of stimulation. 
The main finding is a significant local increase of 0.81-Hz slow oscillations (F

1,18
=19.97; p=0.0004) and 5.3-Hz theta oscil-

lations (F
1,18

=26.93; p= 0.0001) after 5 Hz compared to 0.8-Hz tDCS. 
Our study shows larger frequency-specific and cross-frequency effects of 5-Hz compared to 0.8-Hz stimulation, not revealed 
by conventional FFT analyses. This finding is consistent with a more effective induction of EEG synchronization during 
wakefulness by means of a stimulation in the theta range, and it suggests to combine measurement of EEG power and EEG 
oscillations in future studies involving transcranial stimulations.
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during NREM and REM sleep (Marshall et al., 2006; 
2011) and during active and resting wakefulness (Kirov 
et al., 2009; Neuling et al., 2012). It has been proposed 
that the application of a transcranial time-varying cur-
rent acts mainly on cortical oscillatory activity inducing 
resonance phenomena between the variations of the 
exogenous electric field and the spontaneous oscillations 
of the stimulated cortical networks (Ozen et al., 2010; 
Fröhlic and McCormick, 2010). In other words, cortical 
networks are driven by the external field to oscillate with 
a greater amplitude at the stimulation frequency. 
According to this mechanism of action, the applica-
tion of an anodal osc-tDCS at 0.75 Hz (slow oscilla-
tion-tDCS: so-tDCS) on frontal areas during NREM 
boosted endogenous slow oscillations and alpha rhythm 
(Marshall et al., 2006), while a stimulation at 5 Hz 
(θ-tDCS), that is within the theta frequency range, 
resulted in the opposite pattern (Marshall et al., 2011). 
Moreover, the same anodal θ-tDCS applied during REM 
sleep appeared to increase gamma activity, suggesting 
the brain state-dependency of tDCS effects on EEG 
rhythms (Marshall et al., 2011). When a so-tDCS was 
applied during wake, it induced a widespread increase 
of theta activity, while a smaller enhancement of slow 
oscillations was limited to the cortical sites underneath 
the electrodes (Kirov et al., 2009). According to the 
brain state-dependency of the stimulation effects, the 
increase of theta activity was more pronounced when 
the stimulation was applied during quiet wakefulness, 
characterized by an EEG background dominated by 
alpha and theta rhythms, than during attentive wake-
fulness, when the EEG background is dominated by 
higher frequencies. The brain state-dependency of 
osc-tDCS could be explained by the presence of net-
work’s resonance frequencies (Gutfreund et al., 1995; 
Hutcheon and Yarom, 2000). In physics, a resonance 
frequency is defined as a frequency at which even a 
small periodic driving force leads the system to oscil-
late with a greater amplitude at the given frequency. 
This notion, when applied to the interaction between 
stimulation and cortical activity, implies that the closer 
the stimulation frequency is to the frequency of sponta-
neous oscillations in the cortical network, the more the 
stimulation is effective in inducing resonance effects in 
the network, even at a low current intensity (Radman et 
al., 2007; Fröhlich and McCormick, 2010; Reato et al., 
2010; Ali et al., 2013). 
Given these assumptions, we could expect that a stim-
ulation in theta frequency range during wakefulness 

would entrain cortical oscillations more easily than 
the so-tDCS applied by Kirov et al. (2009). In fact, 
the resting state with eyes-closed is characterized by 
cortical rhythms mainly in alpha and theta frequency 
band, while slow oscillations (i.e. <1 Hz activity) are 
instead spontaneously prevalent during NREM sleep. 
In other words, the 5-Hz stimulation frequency being 
likely closer to the intrinsic oscillations frequency of 
the target cortical area than the 0.8 Hz, it should result 
in a more effective action on cortical activity.
According to this hypothesis, the current study inves-
tigates for the first time on the effects of a frontal 
osc-tDCS at 5 Hz (θ-tDCS) and at 0.8 Hz (so-tDCS) 
during wakefulness with eyes-closed focusing the 
analysis on cortical oscillations. It should, be con-
sidered that conventional spectral-power measures, 
based on Fast Fourier Transform (FFT) routines, do 
not clearly differentiate the power associated with 
rhythmic versus non-rhythmic activity (Caplan et al., 
2015). Since oscillating current stimulations increase 
the synchronization of firing times across neurons 
(Radman et al., 2007) resulting in more regular 
oscillations of the stimulated cortical network (Ali 
et al., 2013),we focused our analysis on changes in 
“genuine” oscillatory EEG activity as measured by 
Better OSCillation (BOSC) detection method (Caplan 
et al., 2001). The Better OSCillation (BOSC) is a 
method to identifying rhythmic activity at specific 
frequencies within the background of non-rhythmic 
EEG components (Caplan et al., 2001; Whitten et 
al., 2011). The same method has been applied to the 
EEG recorded in different brain states, disclosing 
the presence of EEG oscillations even when they 
are rare or sporadic without a discernible peak in the 
EEG power spectra (Caplan et al., 2001; Caplan and 
Glaholt, 2007; Hughes et al., 2012; Marzano et al., 
2011, 2013; Moroni et al., 2012; Whitten et al., 2011). 
In the present study, this analysis allowed to highlight 
even small and transient changes in oscillatory activ-
ity induced by the stimulations.

Methods 

Participants
Twenty healthy female subjects (18 to 30 years) 
have been divided in two experimental groups: ten 
subjects (mean age: 26.2 ± 2.5 years) participated 
in Exp. 1, and ten subjects (mean age: 27.4 ± 2.4 
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years) participated in Exp. 2. Exp. 1 and 2 evaluated 
the after-effects on the resting EEG of an oscillatory 
tDCS at 0.8 and at 5 Hz, respectively.
All participants gave informed written consent and met 
the following inclusion criteria: no presence or history 
of epilepsy, no neurological or psychiatric disorder 
and intracranial metal implants, no daytime nap habits 
or excessive daytime sleepiness or other sleep distur-
bances as assessed by a clinical interview. During the 
week before the experimental sessions, participants 
were asked to fill out a daily sleep log in order to 
control their keeping constant the wake-sleep cycle. 
During the morning of experimental sessions they 
were not allowed to consume coffee, tea, chocolate, or 
any kind of drugs. All subjects were tested in the luteal 
phase of the menstrual cycle in order to avoid possible 
confounding effect of the cyclical ovarian hormones.
The study was approved by the Institutional Ethics 
Committee of the Department of Psychology of 
University of Rome Sapienza, and was conducted in 
accordance with the Declaration of Helsinki.

Experimental design
The experiments consisted of three within-subject 
experimental sessions, two active conditions (anodal 
and cathodal osc-tDCS) and a sham condition, sepa-
rated by an interval of at least 1 week. The sequence 
of sessions was partially balanced across subjects. 
Regardless of the stimulation features in the dif-
ferent experimental conditions, the timeline of the 
experimental sessions was identical in both the 
experiments (Figure 1). 
Subjects arrived at the laboratory at 12:00 h and 
underwent the preparation for EEG recordings and 
stimulation. At the end of the electrodes montage, 
they were asked to sit relaxed on a comfortable chair 
in a soundproof, temperature-controlled, and electri-
cally shielded room. Each session started at 14:00 
h and included: a) a 5-min EEG recording (pre-
stimulation); b) the stimulation protocol (10 min); c) 
a 5-min EEG recording (post-stimulation). EEG was 
recorded in a resting eyes-closed condition. During 
recordings, subjects were asked to imagine fixating 
a point on the wall in front of them.
We assessed the stimulation polarity contribution by 
fixing the stimulation frequency and comparing anodal 
vs. cathodal oscillatory stimulations, while we investi-
gated the frequency-dependent effects comparing 5Hz 
vs. 0.8 Hz osc-tDCS at both the stimulation polarities.

EEG recordings
The EEG signals were recorded from 28 sintered 
Ag-AgCl electrodes mounted in an elastic cap 
(Easycap, Falk Minow, Munich, Germany) at scalp 
locations C3, C4, Cp1, Cp2, Cp5, Cp6, Cz, F3, F4, 
F7, F8, Fc1, Fc2, Fc5, Fc6, Fp1, Fp2, Fz, O1, O2, Oz, 
P3, P4, P7, P8, Pz, T7, T8 (according to the 10-20 
system) with linked mastoid references (A1 and A2). 
Horizontal eye movements were detected by recording 
electro-oculograms (EOGs), and the electromyogram 
(EMG) was recorded by two submental electrodes 
for off-line artefact detection. The ground electrode 
was positioned between Fz and Cz, at Fcz. Electrode 
resistance was kept below 5 kΩ. Signals were recorded 
using the BrainAmp MR plus system (Brain Products 
GmbH, Gilching, Germany) with a sampling rate of 
250 Hz, amplified in the range of ±3.2768 mV at a 
resolution of 0.1 μV, and filtered between 0.16 and 70 
Hz. EEG data were digitally stored on hard disk for 
further offline analyses.

Osc-tDCS
Exp. 1 (so-tDCS) – In three separated sessions, partici-
pants were assigned to one of the following conditions: 
anodal, cathodal, or sham osc-tDCS. In this study, the 
frequency of stimulation was 0.8 Hz. The stimulation 
was applied via two water-soaked sponge circular elec-
trodes (diameter: 1.2 cm) connected to a battery-oper-
ated stimulator system (BrainSTIM, EMS medical).
In the two active conditions (anodal and cathodal), a 
sinusoidal oscillating current with frequency of 0.8 
Hz was applied for 10 min (10 sec ramp in and 10 s 
ramp out). Current intensity ranged from a minimum 
of 0 mA to a maximum of 0.6 mA (maximum cur-
rent density: 0.531 mA/cm2). 
In the anodal condition, the anode was placed over Fz 
while the cathode, the reference electrode, was placed on 
the right deltoid muscle (Cogiamanian et al., 2007). The 
reference electrode arrangement was chosen in order 
to disentangle the single-polarity contribution to the 
cortical effects, and to describe it without confounding 
biases arising from two simultaneous cortical stimula-
tions of opposite polarities involved when the reference 
electrode is placed on the scalp [e.g., on supraorbital 
region (Nasseri et al., 2013)]. In the cathodal condition, 
the polarity of stimulation and reference electrodes were 
reversed. In the sham condition, electrodes placement 
and current features were identical to the active condi-
tions, but the stimulator was turned off after 10 sec.



	 Modulation of spontaneous brain oscillations by tDCS	 127

Exp. 2 (θ-tDCS) – Any aspect of the procedure was 
identical to Exp. 1, with the only difference of the 
frequency of the osc-tDCS, which was set at 5 Hz.

Data analysis 

Detection of oscillatory activity

For each experimental session, after removal of 2 
sec epochs with ocular and/or muscle artefacts by 
offline visual inspection, the BOSC analysis has 
been performed on the EEG signals recorded from 
each scalp location before and after stimulation. For 
a given frequency, f, a portion of signal is defined as 
rhythmic (and so detected) if the wavelet power at f 
exceeds a power threshold, P

T
(ƒ), for a time greater 

than a duration threshold, D
T
 (set to 3 cycles in our 

analysis, D
T
= 3/f). The P

T
(ƒ) is derived from the 

estimated background spectrum that is assumed to 
be colored noise, Power(ƒ)=Aƒ−α, typical of natural 
autocorrelated signals (Schlesinger and West, 1998). 
Given this assumption, the EEG background spec-
trum can be fitted with a linear regression in log-log 
coordinates. The estimated mean at each frequency 
was then calculated from the regression and used 
as mean of the expected power values χ2(2) distri-
bution. P

T
(ƒ) was set to the 95th percentile of this 

theoretical probability distribution. The proportion 
of time in which significant oscillations at the given 
frequency, f, are detected is termed P

episode
(f) (Caplan 

et al., 2001). 
For each EEG recording and scalp electrode, one mean 
P

episode
 value was obtained at each frequency. Mean 

Fig. 1. - Experimental design. Upper part: Timeline of the experimental session [EEG recording montage (grey circles) 
and stimulation electrodes montage (black circles)]; Lower Part: Stimulation conditions within the two experiments.
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P
episode

 values corresponding to the stimulation frequen-
cies [P

episode
(f

Stim
) with f

Exp1 
= 0.81 Hz; f

Exp2
 = 5.3 Hz] 

were considered as dependent variables. Individual 
mean P

episode
(f

Stim
) variations at the stimulation frequen-

cy was defined as the ratio between P
episode

(f
Stim

) after 
and before the stimulation (Post-/Pre-Stimulation). 

Effect of polarity
Mean P

episode
(f

Stim
) variations obtained for each pro-

tocol within the two experiments were submitted 
to one-way repeated measure Analyses of Variance 
(ANOVAs) comparing the three conditions (Anodal, 
Cathodal, Sham), separately for each scalp location. 
To adjust the α value for multiple comparisons, the 
Bonferroni correction was applied considering the 
mean correlation between the dependent variables 
(Perneger, 1998; Sankoh et al., 1997). Given the 
mean correlation between the dependent variables in 
Exp. 1 (r = 0.11) and in Exp. 2 (r=0.11), α level was 
adjusted to 0.003 in both cases. Post-hoc tests have 
been carried out by paired t-tests. In case of signifi-
cant effects at the omnibus ANOVA, significance of 
post-hoc tests was set at p≤0.05.

Effect of frequency 
To assess the effect of frequency, mean P

episode
(f

Stim
) 

variations of the two experiments were expressed as 
ratio between active/sham conditions. Then, these 
ratios were submitted to two-way mixed design 
ANOVAs, Frequency (0.8 Hz vs. 5 Hz) x Polarity 
(Anodal vs. Cathodal), with the second factor as a 
repeated measure. ANOVAs were carried out sepa-
rately for each scalp location and for the bins corre-
sponding to the two stimulation frequencies, i.e. 0.81 
Hz and 5.3 Hz. Considering the mean correlation 
between the dependent variables (r=0.20), α level 
was adjusted to 0.001. Also in this case, post-hoc tests 
have been carried out by paired t-tests (p≤0.05).

Results

Polarity of stimulation (anodal vs. cathodal 
vs. sham)
Experiment 1: so-tDCS
Figure 2 shows the topography of mean P

episode
(f

Exp1 
= 

0.81 Hz) variations in the three experimental condi-
tions (anodal, cathodal and sham) during which so-

tDCS has been applied. The greater changes induced 
by the anodal stimulation involve decreases in oscil-
latory activity (4.8-6.9%) across all the frontal sites. 
No variations are apparent after cathodal stimulation 
but an increase in slow oscillations at T8 (6.1%). 
However, statistical comparisons do not show any 
significant difference at any cortical site after the 
Bonferroni’s correction for multiple comparisons 
(Figure 3).

Experiment 2: θ-tDCS
The topographic distribution of mean P

episode
(f

Exp2
= 

5.3 Hz) variations corresponding to the three stimu-
lation conditions (anodal, cathodal and sham) of 
experiment 2 (θ-tDCS) and corresponding statistical 
comparisons are shown in Figures 4 and 5, respec-
tively. Also in this case, no effect of polarity of 5 Hz 
stimulation was found on the oscillatory activity at 
the corresponding frequency.

Frequency of stimulation (5 Hz vs. 0.8 Hz)
According to the results of the two experiments, no 
significant main effect of the polarity of stimulation, 
while significant main effects for the frequency of 
stimulation have been found (Figure 6). In detail, 
we find a significant increase of slow oscillations 
(0.81 Hz) after 5 Hz compared to 0.8 Hz stimulation 
over Cp2 (F

1,18
= 19.97, p= 0.0004) and an increase 

of theta oscillations after 5 Hz compared to 0.8 Hz 
stimulation over Fc1 (F

1,18
= 26.93, p= 0.0001). 

Although no Frequency x Polarity interaction was 
significant after the Bonferroni correction, a close 
to significance effect was detected for the slow 
oscillations at the Fz stimulation site (F

2,18
= 11.02, 

p=0.004), explained by greater slow oscillations 
after the 5 Hz than 0.8 Hz anodal stimulation (t

18
= 

2.74, p= 0.01).

Discussion
The current study assessed the effects on rhythmic 
cortical activity of oscillatory tDCS during wake-
fulness at rest comparing different stimulation fre-
quencies (0.8 Hz and 5 Hz) and polarities (anodal 
and cathodal). Assuming that osc-tDCS acts on 
cortical activity by inducing resonance effects in 
the stimulated network (Ozen et al., 2010; Fröhlic 
and McCormick, 2010) and that its effectiveness 
is affected by the consistence between stimulation 
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frequency and brain-state, we evaluated the fre-
quency-specific effect of θ-tDCS and so-tDCS on 
“genuine” oscillatory activity at the stimulation 
frequency. Considering EEG oscillations as the 
dependent variable, we found a significant local 
frequency-dependent increase of theta rhythmic 
activity (5.3 Hz) after θ-tDCS compared to so-tDCS. 
Moreover, θ-tDCS more than so-tDCS was able to 
induce increases of oscillatory activity not only at 
the stimulation frequency but also in the slow oscil-
lations’ range (0.81 Hz), suggesting a more general 
synchronizing effect on cortical activity.

Highlighting the frequency-specific effect 
of osc-tDCS on cortical oscillations
The effects of oscillatory tDCS involve both fre-
quency-specific and cross-frequency modulation of 
brain activity (Marshall et al., 2006; 2011; Kirov et 
al., 2009; Nueling et al., 2012; Pahor and Jaušovec, 
2014). Frequency-specific increases in slow oscilla-
tions (0.5-1 Hz) have been reported after osc-tDCS 
at 0.75 Hz applied on frontal areas during NREM 
sleep, together with cross-frequency increases in 
alpha rhythm (8-12 Hz) (Marshall et al., 2006). The 
same stimulation during wakefulness confirmed 
the presence of frequency-specific effects, but also 
induced a cross-frequency enhancement in theta 
band (4-8 Hz) (Kirov et al., 2009). Similarly, a 
stimulation at 10 Hz on temporal areas resulted in 
increases in alpha activity, with a maximum at the 
stimulation frequency, associated with increases in 
delta band (1-4 Hz) (Neuling et al., 2012). 
Here, we show a frequency-specific effect of the 
5-Hz stimulation compared to the 0.8 Hz by mea-
suring the “genuine” EEG oscillatory activity. In 
particular, the effect was localized perifocal to the 
stimulation site; therefore, it could be reasonably 
interpreted as an after-effect of resonance phenom-
ena induced by the stimulation on the target area. 
Conventional FFT analysis of the same EEG record-
ings (these data will be published elsewhere) failed 
to reveal this frequency-specific effect of θ-tDCS, 
confirming the informative contribution that can 
arise from a specific investigation on cortical oscil-
lations. 
It is worth nothing, anyway, that the extent of the 
induced changes of spontaneous oscillatory activity 
are actually small, probably because of the scarcity 
of oscillatory activity in theta range during wakeful-

ness, when cortical oscillations are mostly expressed 
within the alpha frequency band. 
We also found a cross-frequency effect of 5-Hz 
stimulation on slow oscillations (0.81 Hz). Although 
this result may not be explained by resonance 
effects, it nevertheless indicates that 5-Hz compared 
to 0.8-Hz stimulation specifically enhances EEG 
synchronization. 

The effect of polarity
It has been shown that tDCS polarity, i.e. the direc-
tion of the applied electric field, determines the 
direction of changes induced on membrane potential 
at neuronal level (Bindman et al.,1964; Purpura 
and Mcmurtry, 1965; Bikson et al., 2004; Fröhlic 
and McCormick, 2010). In particular, the stimula-
tion induces somatic polarization in neural popula-
tions underlying the electrode with anodal polarity, 
resulting in increases of firing rates, while opposite 
effects are induced under the electrode with cath-
odal polarity. According to this view, oscillatory 
tDCS should result in a periodic shift of neuronal 
membrane potentials (Bergmann et al., 2009) driv-
ing neurons to oscillate at the stimulation frequency 
whether the stimulation polarity is anodic or cathod-
ic. Nevertheless, the possible finding of different 
effects depending on the stimulation polarity would 
indicate that the resonance effects associated with 
the oscillating component of the stimulation and 
the changes in cortical excitability associated with 
the direct component of the stimulation interact in 
determining the overall stimulation effect.
In the present study, the extra-cephalic placement 
of the reference electrode allows to disentangle 
the single polarity contribution to cortical effects 
of the stimulation overpassing the confounding 
biases arising from two simultaneous stimulations 
of opposite polarity associated with the cephalic 
reference commonly adopted in most of the previ-
ous studies (Marshall et al., 2006; 2011; Kirov et 
al., 2009; Neuling et al., 2012). Specifically, the de-/
hyper-polarization of areas close to the reference 
electrode, in a totally cephalic stimulation montage, 
likely affects the outcomes of the main stimulation 
preventing from the possibility to evaluate the actual 
role of the polarity in shaping the cortical effects. 
However, the current study failed to show any 
clear polarity-dependency of the effects. This lack 
of polarity effects resembles the results of a recent 
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Fig. 2. - Topographic distribution of mean relative chang-
es in oscillatory activity after anodal, cathodal and 
sham so-tDCS, expressed as ratio between post- and 
pre-stimulation Pepisode(fStim), i.e. proportion of time in which 
significant oscillations at the stimulation frequency are 
detected (fStim = 0.81 Hz). Average values are color coded 
and plotted at the corresponding position on the planar 
projection of the scalp surface and are interpolated 
(biharmonic spline) between electrodes. Values > 1 rep-
resent increase in oscillatory activity after stimulation rela-
tive to before stimulation and vice versa for values < 1. The 
maps are based on the 28 unipolar EEG derivations of the 
international 10-20 system with linked mastoid reference. 

Fig. 3. - Statistical maps of comparisons between 
anodal, cathodal and sham so-tDCS. Values are color 
coded and plotted at the corresponding position on 
the planar projection of the scalp surface and are 
interpolated (biharmonic spline) between electrodes. 
Upper part: Results of one-way omnibus ANOVAs com-
paring the three conditions.
Lower part: Results of post-hoc comparisons (paired 
t-tests). Positive coefficients indicate a greater increase 
of oscillatory activity in the anodal compared to cath-
odal, in the anodal compared to sham, and in the 
cathodal compared to sham stimulation, respectively.
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Fig. 4. - Topographic distribution of mean relative changes 
in oscillatory activity after anodal, cathodal and sham 
θ-tDCS, expressed as ratio between post- and pre-stimula-
tion Pepisode(fStim), i.e. proportion of time in which significant 
oscillations at the stimulation frequency are detected (fStim 
= 5.3 Hz). Average values are color coded and plotted at 
the corresponding position on the planar projection of the 
scalp surface and are interpolated (biharmonic spline) 
between electrodes. Values > 1 represent increase in oscil-
latory activity after stimulation relative to before stimulation 
and vice versa for values < 1. The maps are based on the 
28 unipolar EEG derivations of the international 10-20 sys-
tem with linked mastoid reference. 

Fig. 5. - Statistical maps of comparisons between 
anodal, cathodal and sham stimulation (θ-tDCS) con-
ditions. Values are color coded and plotted at the 
corresponding position on the planar projection of 
the scalp surface and are interpolated (biharmonic 
spline) between electrodes. 
Upper part: Results of one-way omnibus ANOVAs com-
paring the three conditions.
Lower part: Results of post-hoc comparisons (paired 
t-tests). Positive coefficients indicate a greater increase 
of oscillatory activity in the anodal compared to cath-
odal, in the anodal compared to sham, and in the 
cathodal compared to sham stimulation, respectively.
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Fig. 6. - Statistical maps of the comparisons between 0.8 vs. 5 Hz osc-tDCS conditions. Planned comparisons have 
been carried our separately for anodal and cathodal stimulations. Values are color coded and plotted at the 
corresponding position on the planar projection of the scalp surface and are interpolated (biharmonic spline) 
between electrodes. Maps are plotted for the following frequency bin correspondent to the two stimulation fre-
quencies (0.81 Hz, 5.3 Hz).
Upper part: Results of two-way mixed design ANOVAs, Frequency (0.8 Hz vs. 5 Hz) x Polarity (Anodal vs. Cathodal), 
with the second factor as a repeated measure. The main effects are reported in the first two rows, and the interac-
tions are depicted in the third row.
Lower part: Results of the planned comparisons (paired t-tests) between 0.8 vs. 5 Hz frequency of osc-tDCS for 
anodal and cathodal conditions, respectively. Positive coefficients indicate a greater increase of oscillatory activity 
after a 5-Hz compared to 0.8 Hz stimulation.
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study using large-scale simulations of cortical net-
works, which reported that both polarizing-only and 
hyperpolarizing-only oscillating stimulations might 
modulate network oscillations by means of slightly 
different mechanisms (Ali et al., 2013). They also 
found that a stimulation with alternating current 
could be even more effective in entraining network 
oscillations (Ali et al., 2013), suggesting that tran-
scranial alternating current stimulation (tACS) pro-
tocols could result in greater outcomes, at least when 
the aim of the study is the enhancement of cortical 
activity at a given frequency. 

Conclusions

In conclusion, we find larger frequency-specific and 
cross-frequency effects of 5-Hz compared to 0.8-Hz 
stimulation, consistent with a more effective induc-
tion of EEG synchronization during wakefulness by 
means of a stimulation in theta range. 
Although characterized by a relatively small magni-
tude, our finding remarks the importance of detect-
ing also “genuine” oscillatory activity, since the 
BOSC method highlighted some effects not shown 
by conventional FFT analyses. For this reason, we 
suggest in future studies involving oscillating stimu-
lations to combine measurement of EEG power and 
EEG oscillations.
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