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a b s t r a c t
Prefrontal transcranial direct current stimulation (tDCS) with the anode placed on the left dorsolateral prefrontal
cortex (DLPFC) has been reported to enhance working memory in healthy subjects and to improve mood in major
depression. However, its putative antidepressant, cognitive and behavior action is not well understood. Here, we
evaluated the distribution of neuronal electrical activity changes after anodal tDCS of the left DLPFC and cathodal
tDCS of the right supraorbital region using spectral power analysis and standardized low resolution tomography
(sLORETA). Ten healthy subjects underwent real and sham tDCS on separate days in a double-blind,
placebo-controlled cross-over trial. Anodal tDCS was applied for 20 min at 2 mA intensity over the left DLPFC,
while the cathode was positioned over the contralateral supraorbital region. After tDCS, EEG was recorded during
an eyes-closed resting state followed by a working memory (n-back) task. Statistical non-parametric mapping
showed reduced left frontal delta activity in the real tDCS condition. Speciﬁcally, a signiﬁcant reduction of mean
current densities (sLORETA) for the delta band was detected in the left subgenual PFC, the anterior cingulate and in
the left medial frontal gyrus. Moreover, the effect was strongest for the ﬁrst 5 min (p b 0.01). The following n-back
task revealed a positive impact of prefrontal tDCS on error rate, accuracy and reaction time. This was accompanied
by increased P2- and P3- event-related potentials (ERP) component-amplitudes for the 2-back condition at the
electrode Fz. A source localization using sLORETA for the time window 250–450 ms showed enhanced activity in
the left parahippocampal gyrus for the 2-back condition. These results suggest that anodal tDCS of the left DLPFC
and/or cathodal tDCS of the contralateral supraorbital region may modulate regional electrical activity in the
prefrontal and anterior cingulate cortex in addition to improving working memory performance.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Transcranial direct current stimulation (tDCS) is a non-invasive
brain stimulation method that shifts neuronal resting membrane
potentials towards depolarization or hyperpolarization, depending on
whether anodal or cathodal stimulation is applied, leading to changes
of cortical excitability and other functional parameters (Nitsche et al.,
2008, 2003a,b). More recently, Nitsche and Paulus (2000, 2001)
revisited this approach in humans and demonstrated that anodal tDCS
increases and cathodal tDCS decreases motor cortex excitability
(Nitsche and Paulus, 2000, 2001). When applied for 9–13 min, tDCS
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produces post-stimulation effects in the human motor cortex that are
stable for up to 1 h and longer (Nitsche et al., 2003c; Nitsche and
Paulus, 2001). As demonstrated in animal experiments, the primary
mechanism of tDCS appears to be a subthreshold modulation of
neuronal resting membrane potential (Purpura and McMurtry, 1965).
Accordingly, pharmacologically blocking voltage-dependent ion
channels in humans abolishes any effect of depolarizing anodal tDCS
on cortical excitability, but does not inﬂuence the impact of
hyperpolarizing cathodal tDCS (Nitsche et al., 2003a). Pharmacological studies have proven that tDCS related effects depend on changes
of NMDA receptor-efﬁcacy (Liebetanz et al., 2002). Recently, Stagg
et al. (2009) demonstrated changes in GABA levels after anodal tDCS
using magnetic resonance spectroscopy (MRS), suggesting that
anodal excitatory effects do affect GABAergic inhibition in addition
to NMDA-receptor dependency (Stagg et al., 2009). Based on initial
studies, combining tDCS and EEG, a direct impact of tDCS on
oscillatory activity was observed (Ardolino et al., 2005; Marshall
et al., 2004). During slow-wave sleep (SWS) bilateral frontal
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sinusoidal anodal tDCS reduced the average power in the theta and
alpha-1-bands in frontal, central and parietal electrode locations
(Marshall et al., 2004). Compared to placebo stimulation, frontal
anodal tDCS during SWS-rich sleep distinctly increased the retention
of word pairs (Marshall et al., 2004). Ardolino et al. (2005) also found
a widespread impact of tDCS on the EEG (Ardolino et al., 2005).
Increasing amounts of delta and theta activity were found after
cathodal DC stimulation (15 min, 1.5 mA) to the right motor cortex,
extending beyond the primary stimulation site (Ardolino et al., 2005).
These EEG pilot studies are indicative of possible large-scale network
changes following tDCS. Using positron emission tomography, Lang et
al. (2005) showed that anodal tDCS increased the rCBF in widespread
cortical and subcortical areas in comparison to cathodal tDCS, while
cathodal stimulation entailed an excitability decrease of the metabolic
activity in the corresponding areas (Lang et al., 2005).
One mode of tDCS application, namely anodal tDCS of the left
dorsolateral prefrontal cortex (DLPFC) and cathodal stimulation of the
right supraorbital region, has been associated with working memory
enhancement and improvement in other cognitive domains (Boggio
et al., 2006; Dockery et al., 2009; Elmer et al., 2009; Ferrucci et al.,
2008; Fertonani et al., 2010; Fiori et al., 2010; Fregni et al., 2005;
Kincses et al., 2004; Marshall et al., 2004; Ohn et al., 2008).
Memory processes of healthy subjects were enhanced after left
anodal DLPFC tDCS with the cathode placed on the right frontocortical
regions (Fregni et al., 2005; Kincses et al., 2004; Marshall et al., 2004,
2005; Ohn et al., 2008). Moreover, prefrontal tDCS is supposed to
modulate pain perception (Boggio et al., 2009, 2008b), seems to
inﬂuence social behavior (Knoch et al., 2008) and shows an impact on
risk taking behavior (Beeli et al., 2008a,b; Fecteau et al., 2007a,b).
Prefrontal tDCS may even inﬂuence the desire for speciﬁc foods
(Fregni et al., 2008) and the reaction time to lies (Priori et al., 2008).
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In depressed subjects promising pilot data of prefrontal tDCS were
reported, suggesting a therapeutic action of real tDCS compared to sham
tDCS (Boggio et al., 2007, 2008a; Ferrucci et al., 2009; Fregni et al., 2006;
Rigonatti et al., 2008), whereas the effect of one single tDCS-session on
healthy subjects had no mood-altering effects (Koenigs et al., 2009).
The mechanism of action of prefrontal tDCS is not completely
understood and to date there has been no study about the effects of
prefrontal tDCS on resting EEG. Moreover, as prefrontal tDCS seems to
inﬂuence a wide range of disorders and behaviors, resting state EEG and
source analysis techniques may help to better understand prefrontal
tDCS induced post-stimulation effects. Furthermore, TMS, MRS and
imaging studies are only an indirect proof of the neuronal activity and
were predominantly applied to the motor cortex in the past to test the
effects of tDCS on brain physiology. We therefore investigated the
effects of anodal tDCS of the left DLPFC and cathodal tDCS of the
supraorbital region in a placebo-controlled cross-over study in healthy
subjects, applying resting state EEG with spectral power analysis and
standardized low resolution tomography (sLORETA). Following restingstate EEG all healthy subjects underwent a working memory task (nback) with event-related potential (ERP) recording. As prefrontal tDCS
has been found to inﬂuence working memory performance, we
intended to replicate this behavioral ﬁnding and hypothesized that
neurophysiological correlates should be detectable in ERPs related to
cognitive processes.
Methods and materials
Subjects
Ten healthy subjects (ﬁve women, ﬁve men, mean age=28.89 years,
SD=2.67) participated in this study. All subjects underwent a semi-

Fig. 1. a) experimental design (prior to the experiments the healthy subjects were introduced and trained to the n-back-task). b) n-back working memory paradigm.
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structured interview (including the M-CIDI-S interview and a
semantic word ﬂuency task (Wittchen and Müller, 1998) showing
that they were without history of neurological and/or psychiatric
diseases and free of medication affecting the central nervous system.
All subjects were right-handed (Edinburgh handedness test (Oldﬁeld,
1971)) and homogenous with regard to education (university masters
degree or medical students). This study was approved by the local
ethics committee of the Faculty of Medicine, Ludwig-Maximilian
University Munich, Germany. Written informed consent was obtained
from each subject and they were paid for their participation. All
subjects underwent single sessions of active anodal tDCS and sham
tDCS on separate days in randomized order with both conditions
counterbalanced across subjects and with an intersession interval of
at least 1 week (see Fig. 1a). In addition, mood changes were assessed
using the Positive and Negative Affect Schedule (PANAS) (Watson et
al., 1988) before and after tDCS and after the end of EEG recording.
tDCS
An Eldith DC stimulator approved for use in humans was used for
active stimulation (Neuroconn, Ilmenau, Germany). For sham tDCS, a
custom-built placebo stimulator (Neuroconn, Ilmenau, Germany) was
used, which was indistinguishable from the active tDCS device to both
the operator who administered tDCS and the subjects participating in
the trial. Two water-soaked sponge electrodes were used for
stimulation (7 × 5 cm, 35 cm2). The anode was placed above the left
DLPFC with the center above F3 (10–20 system) and the cathode
above the right supraorbital region, as previously reported (Fregni
et al., 2006). Each tDCS condition was applied for 20 min (15 s ramp in
and 15 s ramp out) at 2 mA stimulation intensity. The impedance was
controlled by the device, normally ranging below 10 kΩ, limited by
the voltage at less than 26 V.
EEG recording
Acute effects of tDCS on the EEG were assessed using a Neuroscan
Synamps apparatus together with an electrode cap with 32 electrodes.
The recordings took place approximately 5–10 min after each tDCS
treatment session with 25 electrodes (all referred to channel Cz).
Electrode skin impedance was always less than 5 kΩ. The electrodes
were placed according to the International 10/20 system (Jaspers,
1958) with the additional electrodes FC1, FC2, FC5, FC6, CP5 and CP6.
The electrooculogram was measured below the left eye and Fpz
served as ground electrode. The subjects were instructed to remain in
an alert state with their eyes closed in a sound-attenuated room. The
EEG was recorded for 10 min with a sampling rate of 1000 Hz and an
analogous bandpass ﬁlter (0.16–200 Hz). Ofﬂine, we changed the
sampling rate to 250 Hz and used a 70 Hz low-pass ﬁlter. Before
analysis, artifact detection was performed automatically (threshold
70 microvolt (μV)) and visually involving all EEG channels and EOG
with the exclusion of all EEG segments that contained obvious eye or
muscle artifacts or a decrease in alertness. Additionally, the EEG was
analyzed four times independently by two experienced neurophysiologists blinded to the stimulation condition. After relation to the
average reference, spectral analysis was performed for 25 electrodes
(due to electrode and/or muscle artifacts in some subjects, it was
necessary to exclude the electrodes T1, T2, P09 and P10 in the whole
sample). The EEG was Fourier-transformed for at least 2-second
epochs using the Brain Vision Analyzer software Version 1.05. Epochs
were reduced to an average of 160 artifact-free epochs (2 min and
40 s) for the entire sample. The EEG epochs were acquired choosing
the best quality, excluding blinking, muscle and electrode artifacts. At
least 100 artifact-free segments were required from each subject for
fast Fourier transformation and power spectral analysis (PSD) of the
Delta (1–4 Hz), Theta (4–8 Hz), Alpha (8–12 Hz), Beta (12–25 Hz)
and Gamma (30–40 Hz) frequency bands. Repeated-measure analy-

ses of variance (ANOVAs) were used to test for differences between
the conditions (anodal vs. sham) in EEG absolute power (μV2).
Multivariate normal distribution was checked with the Mauchly test
of sphericity, and the Greenhouse-Geisser correction was applied,
when necessary. A p value b 0.05 was considered signiﬁcant. Student's
t-tests were used for post hoc analysis (single electrode comparisons).
Statistics were performed using the SPSS 13.0 software (Statistical
Package for Social Sciences, SPSS Inc, Chicago).
sLORETA
We performed a current density analysis in 3-D Tailarach/MNI
space of the scalp-recorded electrical activity using the sLORETA/
eLORETA software package (Pascual-Marqui, 2002). LORETA images
represent the electrical activity of each voxel in the neuroanatomic
Talairach/MNI space as amplitude of the computed current source
density (μA/mm2). LORETA estimates the distribution of electrical
neural activity in the 3-D space, based on the measurements of a
dense grid of electrodes, which are placed on the entire scalp surface
covering the brain. The ﬁrst version of LORETA (Pascual-Marqui et al.,
1994) has been validated extensively in the past using PET (Pae et al.,
2003; Pizzagalli et al., 2004; Zumsteg et al., 2005b), functional
magnetic resonance imaging fMRI (Mulert et al., 2004; Vitacco et al.,
2002) and intra-cerebral recordings (Zumsteg et al., 2005a, 2006).
Moreover, even deep structures with mesial hippocampal and
subcallosal cingulate foci could be correctly classiﬁed with LORETA
in the past (Pizzagalli et al., 2004; Zumsteg et al., 2005b). Pizzagalli et
al. (2004) demonstrated a highly correlated correspondence between
LORETA measures of activation in subgenual cingulate and PET
measures of glucose metabolism (Pizzagalli et al., 2004). These results
can also be applied on sLORETA (Pascual-Marqui, 2002), which is an
advanced version of the previous LORETA method.
The version of LORETA used in the present study, sLORETA
(Pascual-Marqui, 2002), estimates the current source density distribution for epochs of brain electrical activity on a dense grid of 6239
voxels at 5 mm spatial resolution. The effects of tDCS on sLORETA
were obtained for both experimental conditions (real and sham tDCS)
and compared between groups with t-statistical non-parametric
mapping, using the implemented statistical nonparametric mapping
(SnPM) tool. The signiﬁcance level applied to the data was set at
p b 0.05 (signiﬁcant effect) and p b 0.10 (statistical trend).
n-back task
Prior to tDCS experiments (study design, see Fig. 1a) a baseline
n-back task was conducted on a separate day. Following EEG
recordings after real or sham tDCS, all subjects underwent the same
working memory n-back task (see Figs. 1a,b). In the n-back paradigm
ﬁgures of cardinal numbers 1–4 were presented in pseudorandomized order on the screen with an interval of 1800 ms between
stimuli. Each number was presented for 400 ms. The easiest task
consisted of simply pressing the key that appeared immediately on
the screen (0-back). For 1-back the number which was presented a
passageway before had to be pressed. 2-back required to press the

Table 1
PANAS mean ratings and standard deviations before and after real or sham stimulation.

PANAS
Positive affect
Negative affect

Real tDCS and EEG

Sham tDCS and EEG

Before

After

Before

After

26.80 (5.14)
11.40 (2.55)

27.60 (5.69)
11.50 (2.17)

28.00 (5.14)
11.60 (2.01)

27.10 (3.84)
11.10 (1.91)
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button according to the number presented two trials back. The
different conditions were presented in 6 blocks and every block
consisted of 14 trials. The subjects were informed about all tasks at the
beginning by displaying 0-, 1-, and 2-back on the center of the screen
between blocks and as headline during the whole experiment. Stimulus
presentation was computerized (Presentation, Version 9.13). In order to
ensure that participants can principally perform the task, they could
practice several minutes before the recording started.
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ERP recording
Eye artifact correction
Eye artifact and brain activities were considered as concurrent
overlapping processes and separated using the principle of multiple
source artifact correction in BESA 5.1.4.40 software (MEGIS, Graefelfing, Germany): Therefore ﬁrst a provided surrogate model (BR_Brain
Regions.LR.bsa) consisting of a set of dipole sources was placed

Fig. 2. Effect of real vs. sham tDCS on absolute power (μV2) as a function of single frontal electrode comparisons for the frequency bands Delta (1–4 Hz), Theta (4–8 Hz), Alpha
(8–12 Hz), Beta (12–30 Hz) and Gamma (30–40 Hz). Resting state EEG after real and sham tDCS is given for the frontal electrodes. The green bars show the whole mean EEG record
(10 min), black and white bars represent the ﬁrst 5 min (0′–5′) of EEG recording. The head in the lower corner right indicates the chosen electrodes. Even electrode numbers
represent the right frontal hemisphere, odd numbers the left frontal hemisphere. Note tDCS was applied to the left DLPFC.

648

D. Keeser et al. / NeuroImage 55 (2011) 644–657

Fig. 2 (continued).

Table 2
Statistical non-parametric comparisons between current source density values of real vs.
sham tDCS stimulations using sLORETA. Results for the delta- and beta-1-band activity.
Region
a) 0′–10′
Real vs.
Medial frontal gyrus
sham
Subcallosal gyrus
Anterior cingulate
Medial frontal gyrus
Rectal gyrus
b) 0′–5′
Delta

beta

Anterior cingulate
Anterior cingulate
Anterior cingulate
Anterior cingulate
Subcallosal gyrus
Medial frontal gyrus
Cingulate gyrus

XYZ (MNI)

Brodmann
area

T-value

−5

20

− 20

25

− 4.16⁎

−5
−5
−5
− 10

20
20
− 25
20

− 15
− 10
− 20
− 25

25
32
25
11

− 4.14⁎
− 4.11⁎
− 4.06±
− 4.01±

−5
−5
−5
−5
−5
−6
10

20
25
20
25
25
20
20

−5
−5
− 10
− 10
− 15
− 20
40

25
24
32
32
25
11
32

− 5.45⁎⁎
− 5.43⁎⁎
− 5.32⁎⁎
− 5.30⁎⁎
− 5.22
− 5.13
3.53±

0′–10′ = 10 min of EEG recording after tDCS.
0′–5′ = ﬁrst 5 minutes of EEG recording (Note: for delta-band only t-values of p b 0.01
are shown).
⁎ p-value b 0.05.
±
p-value b 0.10.
⁎⁎ p-value b 0.01.

according to the locations of the EEG generators. Eye artifacts pattern
search was automatically performed. In the next step, the surrogate
dipole model was combined with the source model of the eye artifact.
After that the artifact was subtracted from the data.

ERP averaging
Corrected data were exported into Brain Vision Analyzer 1.05
(Brainproducts, Munich, Germany), re-referenced to common average after channels T01, T02, P09, P10 were excluded from further
analysis. Then data were ﬁltered (low pass ﬁlter 30 Hz, 48 dB/oct;
high pass ﬁlter 0.53 Hz, 48 dB oct) and segmented (100 ms prestimulus baseline to 600 ms post stimulus). We analyzed all
components at all channels and selected the P2- and P3-components
for the electrodes Fz, Cz and Pz for further statistical analysis. This
selection was done to restrict our analysis to a more global view on
ERPs. As midline areas are well-known to show replicable components and activations during working memory tasks, P2- and P3- peak
amplitudes were determined prior to analysis for the experimental
conditions by deﬁning the peak within a classiﬁed time window for P2
(100–250 ms after a stimulus) and P3 (260–400 ms after stimulus).
All sweeps were automatically excluded from averaging if the voltage
exceeded 70 ± μV in any of the 25 channels at any point during the
averaging period.
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Fig. 3. The effect of real tDCS vs. sham tDCS on the mean current source density analyzed by sLORETA. a) for the whole resting-state EEG (10 min): a signiﬁcant (p b 0.042) reduction was
detected for the deltaband (1–6.5 Hz) and localized in the subgenual prefrontal cortex (xyz= −5, 20, −20; BA 25). b) for the time period 0–5 min a signiﬁcant (p = 0.001; two-tailed)
reduction was detected on the mean current source density analyzed by sLORETA. For the deltaband (1–6.5 Hz). The strongest effects were localized in the subgenual prefrontal cortex
(xyz= −6, 20, −20; BA 25). c) for the time period 0–5 min a signiﬁcant trend (p b 0.10) was detected in the gyrus cingulate (xyz = 10,20,40; BA 32) of the beta 1 band (13–18 Hz). Note
there was no signiﬁcant difference in any other frequency band for the time period 5–10 min, indicating that real vs. sham tDCS had only a signiﬁcant effect up to 15 min after stimulation
and 5 min after EEG recording on the resting-state EEG.

sLORETA
To enhance the spatial sensitivity of our ERP procedure, we used
the following time windows on the EEG source analysis: i) − 150–
50 ms ii) 50–250 ms iii) 260–450 ms and iv) 450–650 ms. We used all
scalp electrodes in a source localization analysis using sLORETA. This
was done separately for all 0-, 1- and 2-backs. The signiﬁcance level
was set to p b 0.10 and p b 0.05.

Statistics
We used analysis of variance for repeated measures (ANOVA) to
investigate if there was a difference between real and sham tDCS. Data
are reported as means and standard deviations. Mauchly's test was used
to test for sphericity, and the Greenhouse–Geisser correction was
applied if necessary. The Wilcoxon signed rank test (nonparametric
test) was used for the ERP statistics because our sample was reduced to
seven subjects due to artifacts. Given the exploratory character of the
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Table 3
Changes in miss rate, accuracy, error rate and reaction time after real and sham tDCS.
Baseline

Sham

Real

n-back

0-back

1-back

2-back

0-back

1-back

2-back

0-back

1-back

2-back

Miss rate
Accuracy
Error rate
Reaction time (ms)

0.05 ± 0.06
0.95 ± 0.06
0.00 ± 0.00
523.5 ± 46.5

0.09 ± 0.06
0.85 ± 0.09
0.05 ± 0.04
289.2 ± 43.0

0.18 ± 0.12
0.66 ± 0.17
0.15 ± 0.09
568.0 ± 250.4

0.04 ± 0.05
0.95 ± 0.05
0.03 ± 0.005
509.6 ± 57.2

0.12 ± 0.07
0.84 ± 0.10
0.03 ± 0.03
294.2 ± 93.1

0.18 ± 0.11
0.67 ± 0.13
0.14 ± 0.06
438.9 ± 163.7

0.04 ± 0.05
0.96 ± 0.05
0.01 ± 0.004
463.2 ± 27.2 ab

0.13 ± 0.10
0.83 ± 0.14
0.04 ± 0.05
253.4 ± 48.2c

0.20 ± 0.11
0.73 ± 0.13ab
0.08 ± 0.06ab
386.5 ± 150.0c

Values are mean ± standard deviation.
a
p b 0.05 vs. baseline.
b
p b 0.05 vs. placebo.
c
p b 0.10 vs. baseline.

study, statistical signiﬁcance levels were set to p = 0.05 and p b 0.10
(statistical trend) and not corrected for multiple comparisons. Correlations were calculated using Pearson's correlation coefﬁcient with a
signiﬁcance level of p b 0.05 and a statistical trend (p b 0.1). All statistical
analyses were performed using the SPSS 13.0 software (Statistical
Package for Social Sciences, SPSS Inc, Chicago) or the implemented
statistical sLORETA nonparametric mapping (SnPM) tool (PascualMarqui et al., 2002). The SnPM analysis tool includes a correction for
multiple comparisons and does not require any assumption of
Gaussianity (Diener et al., 2010).

frequency (F(3.65, 32.81) = 7.78, p = 0.0008) and condition x frequency
x lead (F(4.39,39.50)= 8.33, p = 0.001). We detected again a condition x
lead interaction for the delta frequency band. Real tDCS decreased
activity at the frontal leads Fp1, Fp2, F3 and F7 (Fp1: t(9) = −8.49,
p = 0.0001; Fp2: t(9) = −5.5, p = 0.0003; F3: t(9) = −3.15, p = 0.01;
F7: t(9) = −5.58, p = 0.0003) and a statistical trend was identiﬁed for
FC5 (FC5: t(9) = −2.05, p = 0.07). Additionally, prefrontal tDCS had an
effect on the beta band where it signiﬁcantly increased activity at
Fz (Fz: t(9) = 2.31, p = 0.046) and F4 (F4: t(9) = 2.15, p = 0.061).
sLORETA results

Results
Distinguishability of DC stimulators
All subjects were asked if they perceived a difference between the
stimulation conditions and if they could speciﬁcally discern real from
placebo tDCS. Nobody was able to distinguish real and sham tDCS, nor
did the reported sensations differ between stimulation conditions.
Mood changes
No side effects of stimulation were reported. There were no
signiﬁcant differences in the PANAS before and after tDCS (see
Table 1). The Positive Affect Scale showed no main effects for time
(F(1,9) = 0.02, p = 0.96, n.s.) and stimulation condition (anodal vs.
sham) (F(1,9) = 0,11, p = 0.75, n.s.) nor for the interaction time x
condition (F(1,9) = 1.99; p = 0.19, n.s.). On the Negative Affect Scale,
there was no main effects for time (F(1,9) = 0.211; p = 0.66, n.s.),
stimulation condition (F(1,9) = 0.01, p = 0.91, n.s.) and the interaction
time x condition (F(1,9) = 0.64; p = 0.44, n.s.).
Single electrode comparisons
We conducted repeated-measures ANOVA for our main region of
interest, i.e. the prefrontal cortex. A three-way repeated-measures
ANOVA with condition (anodal, sham), lead (Fp1, Fp2, F7, F3, F4, F8, FC5,
FC1, FC2, and FC6) and frequency band (delta, theta, alpha, beta,
gamma) as within-subjects factors on the absolute EEG power revealed
signiﬁcant main effects of lead (F(1.55,13.92)= 40.21, p = 0.0004),
condition x lead (F(12.35,3,79) = 7.66, p = 0.019), lead x frequency
(F(3.82,34.34) =16,94, p = 0.0001) and condition x frequency x lead
(F(3.82,34.39) =3.17, p = 0.027). Post-hoc ANOVAs for each frequency
band showed that signiﬁcant condition x lead interactions were found in
the delta frequency band (F(5,45) = 9.84, p = 0.001). The EEG power at
each lead for real and sham tDCS in the delta, theta, alpha, beta and
gamma band are shown in Fig. 2. Prefrontal real tDCS induced a
signiﬁcant decrease in delta power at the Fp1, Fp2 and F7 electrodes
(Fp1: t(9) = −3.32, p = 0.009; Fp2: t(9) = −2.47, p = 0.036; F7: t(9) =
−2.66, p = 0.026). Analysis of the ﬁrst 5 min of EEG recording (0–5 min)
identiﬁed a stronger main effect of lead (F(1.51,13.60) = 47.59,
p = 0.0002), condition x lead (F(4.4,39.55) = 16.59, p = 0.0009), lead x

In order to further localize the changes in delta activity, sLORETA
was applied. SnPM showed a reduced left frontal delta (1–6.5 Hz)
activity in the real tDCS condition compared to sham tDCS.
Speciﬁcally, we detected a decrease in current densities (sLORETA)
in real tDCS compared to sham tDCS for the delta band localized in the
left subgenual PFC/medial frontal gyrus, Brodmann area, BA 25
(t = − 4.16, p b 0.05), in the subcallosal gyrus, BA 47(t = − 4.14,
p b 0.05), in the anterior cingulate (ACC), BA 32 (t = −4.11, p b 0.05),
in the medial frontal gyrus, BA 25 (t = − 4.06, p b 0.10) and in the left
rectal gyrus, BA 11 (t = −4.01; p b 0.079) (Table 2a, Fig. 3a). We did
not ﬁnd signiﬁcant results for any other frequency band.
To further elucidate if there where any time effects we looked at the
sLORETA time course. We found a strong statistical effect (p b 0.01) in
the delta band and a statistical trend (p b 0.10) in the beta band when we
analyzed the ﬁrst 5 minutes of EEG recording (see Table 2b, Figs. 3b,c).
There was not any signiﬁcant effect or trend for the later time window
5–10 min. The strongest effect for the source localization was found in
the subgenual PFC (t= −5.13, xyz = −6, 20, −20; BA 25) for the delta
frequency (1–6.5 Hz). A statistical trend of increased activity was found
in the rostral ACC (t= 3.53, xyz = 5, 20, 40; BA 32) for the beta-1-band
(13–18 Hz).
n-back task: behavioral results
We analyzed the different memory load of the n-back tasks (0-, 1-,
2-back) and all n-backs combined using a two-way repeated-measures
ANOVA, with ‘condition’ (baseline, anodal, sham) and behavioral n-back
subcategories for miss rate, accuracy, error rate, reaction time as withinsubjects factor (see summary, Table 3). For the combined n-backs
accuracy condition the analysis revealed that there were signiﬁcant
differences between condition (F(2,18) = 6.53, p = 0.007). Post-hoc
analyses, with a Bonferroni correction for multiple comparisons,
indicated that error rate was signiﬁcantly lower after real tDCS
(M= 0.04± 0.03) compared to sham tDCS (M= 0.06 ± 0.03), with
p = 0.037 and baseline assessment (M= 0.07 ± 0.04), with p = 0.027.
Analyzing results of the single n-back conditions, we found a signiﬁcant
effect between conditions only for 2-back (F(2,18) = 7.43, p = 0.004).
There was a signiﬁcant lower error rate in the 2-back task after real
stimulation (M= 0.08 ± 0.06) in contrast to sham tDCS (M= 0.14 ±
0.06, p = 0.013) and baseline (M= 0.15 ± 0.09, p = 0.018), suggesting
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that real tDCS especially inﬂuences error rate in conditions with higher
memory load.
Additionally, real tDCS signiﬁcantly reduced reaction time
(M= 366.40 ± 57.1) as compared to baseline (M= 460.23 ± 95.3),
(F(2,18) =8.70, p =0.002), but not to sham stimulation (M=414.26±
82.6, p =0.19). Comparison between the single n-backs revealed that
there was a signiﬁcant effect of condition for the 0-back (F(2,18)= 11.17,
p =0.001) and 2-back task (F(2,18) =8.70, p= 0.002). Regarding the
0-back condition, real DC stimulation (M= 463.19± 27.2) reduced the
reaction time signiﬁcantly as compared to sham tDCS (M=509.62±
57.2, p =0.006) or baseline assessment (M= 523.49± 46.5, p =0.002).
For the 1-back condition, real tDCS (M =253.38 ±48.2) reduced reaction
time only trendwise as compared to baseline performance (M=289.2±
43.0;p =0.062) but did not differ from sham tDCS (M= 294.23 ±93.1).
We found a similar result for the 2-back condition where we detected a
signiﬁcant effect for condition (F(2,18) =4.76, p= 0.022), but only a
statistical trend (p= 0.084) after real tDCS (M= 386.51 ±150.0) vs.
baseline (M =567.99 ±250.4) and no difference (p =0.19) compared to
sham tDCS (M=438.94 ±163.7).
Finally, there was a signiﬁcant effect of condition for the 2-back
accuracy (F(2,18) = 4.97, p = 0.019), driven by better accuracy after
real stimulation (M = 0.73 ± 0.13) as post hoc contrasts showed that
accuracy was signiﬁcantly enhanced (p = 0.024) compared to sham
stimulation (M = 0.67 ± 0.13) and non-signiﬁcantly improved as
compared to baseline performance (M = 0.66 ± 0.17, p = 0.13).

n-back task: ERP results
Three subjects were excluded from the analysis because of
artifacts or due to ERP outliers. Table 4 shows ERP amplitudes and
latencies for P2 and P3 amplitudes at midline electrodes (Fz, Cz and
Pz).
Only in the 2-back task P2 potentials were signiﬁcantly increased
at electrode Fz after real DC stimulation (5.55 ± 1.45 μV) compared to
sham (4.02 ± 1.51 μV, p = 0.046, Wilcoxon signed rank test) and
baseline (3.62 ± 1.66 μV, p = 0.018, Wilcoxon signed rank test)
conditions. After real tDCS we found a signiﬁcantly reduced P2
latency (202 ± 32 ms, p = 0.042) at Cz compared to baseline.
(Fig. 4c). All results incl. trends are shown in Table 4.
Only in the 2-back condition the P3 potentials were signiﬁcantly
higher at Fz after prefrontal stimulation (2.10 ± 1.05 μV) compared to
sham stimulation (0.61 ± 0.81 μV, p = 0.047, Wilcoxon signed rank
test). Two trends were found for increased voltage at Pz after real
tDCS (9.58.61 ± 2.78 μV, p = 0.063, Wilcoxon signed rank test) for the
0-back condition if compared to baseline (8.12 ± 1.74 μV) and for the
2-back condition if real tDCS (7.64 ± 2.17 μV) was compared to
baseline (6.63 ± 1.14 μV, p = 0.084 The latency after sham stimulation
(328 ±44 ms) compared to real tDCS (315 ± 23) at Cz showed a
signiﬁcant difference (p = 0.027, Wilcoxon signed rank test). All
results are shown in Table 4.

Correlation of P2 and P3 results with memory performance after tDCS
Analyses of post-tDCS ﬁndings revealed no signiﬁcant correlations
between the P2-amplitude and miss rate, accuracy, error rate or
reaction time.
Interestingly, Pearson linear correlation analysis showed a significant negative correlation between the P3 amplitude at electrode Pz
and error rate for the 2-back condition (r = − 0.78, p = 0.04) at
baseline. In regard to higher memory effort (2-back) higher voltage at
Pz was signiﬁcantly associated with reduced error rate (r = −0.79,
p = 0.04) and reduced reaction time (r = −0.87, p = 0.011) after
prefrontal tDCS. These results are shown in Table S1 (Supporting
Information).
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Memory effect on sLORETA
We looked on the averaged ERPs within the time windows: −150
to 50 ms, 50–250 ms, 250 ms–450 ms and 450–650 ms for all 0-back,
1-back and 2-back separately. We did not ﬁnd any signiﬁcant effects
for the 0-back and 1-back condition. For the 2-back condition there
was a signiﬁcant effect (p b 0.05, two-tailed) in the left parahippocampal gyrus (t = 7.41, xyz = −15, −3, −21; BA 35) for the time
window 250–450 ms compared to sham tDCS (see Fig. 5).
Discussion
EEG study
Our results suggest that anodal tDCS above the left DLPFC with the
cathode placed supraorbitally on the contralateral side may inﬂuence
regional electrical activity in the surface EEG and deeper in the prefrontal
lobe as revealed by sLORETA. However, the underlying mechanisms are
not well understood and several hypotheses might be discussed, e.g.
neuroplastic effects by prolonged weak depolarization/hyperpolarization,
effects on connected networks or even brain conductivity heterogeneities.
As a matter of fact, other brain stimulation studies of the left DLPFC
showed a similar modulation of regional brain activity in the subgenual
PFC. In several studies combining rTMS with functional neuroimaging
and magnetoencephalography (MEG) (Kimbrell et al., 1999; Maihofner
et al., 2005; Speer et al., 2000), particularly slow magnetoencephalographic (MEG) activity (2–6 Hz) in the PFC decreased after rTMS of the
left DLPFC (Maihöfner et al., 2005). Regarding brain stimulation studies
of the primary motor cortex, anodal tDCS increased the rCBF in
widespread cortical and subcortical areas as compared to cathodal
tDCS, while cathodal stimulation entailed an excitability decrease of the
metabolic activity in the corresponding areas (Lang et al., 2005).
However, the strongest effects in that study were not seen in the motor
cortex but in the supplementary motor area, suggesting large-scale
network changes due to DC stimulation (Lang et al., 2005). Applying
BOLD fMRI, Baudewig and colleagues found changes of cortical activity
by not primarily in the areas under the tDCS electrodes (Baudewig et al.,
2001), but rather in closely connected brain regions, suggesting a
complex spatial distribution of the tDCS action. However, previous
neuroimaging studies did not investigate possible tDCS effects on
frontal brain regions. For tDCS-induced EEG alterations, it was shown
that cathodal tDCS of the primary motor cortex increases slow-wave
delta and theta EEG activity, while anodal stimulation reduces it, again
also in regions outside the electrode placements (Ardolino et al., 2005).
Another study has recently shown that anodal prefrontal compared to
sham stimulation with 1 mA has an effect for up to 10 min after the end
of stimulation on functional near-infrared spectroscopy (Merzagora
et al., 2009). This is in line with our result showing that prefrontal
stimulation with 2 mA had an impact on EEG activity for up to 15 min
after the end of DC stimulation. Our results show that tDCS of the
prefrontal cortex inﬂuences cortical dynamics in the frontal network
with a pronounced activation in the medial frontal gyrus, the ACC and
the subgenual cortex. These results are compatible with those of a recent
prefrontal rTMS study that found a signiﬁcant reduction of the PET
binding potential in almost the same regions of the left DLPFC (BA 25, 11
and 32) after 10 Hz repetitive TMS stimulation (Cho and Strafella, 2009).
Amplitude increases in low frequency oscillations are related to a
decreased BOLD signal in fMRI studies — hence an excitatory shift in
neuronal activity from lower to higher frequencies would result in
reduced delta and theta activity and increased beta and gamma
amplitudes. Recently, reduced delta power and increased beta power
were signiﬁcantly (r = −0.73 and r = 0.53) correlated to increased
functional connectivity in a simultaneous EEG-fMRI study (Hlinka
et al., 2010). Here we provide further proof that a more alert state
(may established via excitatory anodal Direct Current brain stimulation) leads to reduced delta power and increased beta power,
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Table 4
Effects of real and sham tDCS on P2- and P3-ERP-components and latencies for the midline electrodes Fz, Cz, and Pz.
Baseline
n-back

0-back

electrode

Fz

P2
P2
P3
P3

Sham
1-back
Cz

Pz

Fz

2-back
Cz

Pz

0-back

Fz

Cz

Pz

— Voltage (μV) 3.51 ± 1.7 3.67 ± 1.7 none
3.73 ± 2.0 4.47 ± 1.5 4.74 ± 0.8 3.62 ± 1.7 none
— latency (ms) 180 ± 11 196 ± 37 none
178 ± 14 197 ± 29 228 ± 25 189 ± 14 none
— Voltage (μV) 1.91 ± 0.6 4.90 ± 1.5 8.12 ± 1.7 0.81 ± 1.0
3.6 ± 1.2
4.0 ± 2.6 0.81 ± 1.0 5.43 ± 1.6
— latency (ms) 385 ± 97 342 ± 25 322 ± 42
384 ± 83 359 ± 61 308 ± 80 359 ± 97 342 ± 27

None = no component was detetected.
Values are mean ± standard deviation.
a Sham
p b 0.05 vs. Baseline.
b
p1-back
b 0.05 vs. Sham.
2-back
c
p b 0.10 vs. Baseline.
d Cz
Pz
Fz
Cz
p b 0.10 vs. Sham.

1-back

Fz

Cz

Pz

Fz

none
3.62 ± 1.9 3.85 ± 1.6 none
3.91 ± 2.7
none
179 ± 6
202 ± 37 none
182 ± 10
6.63 ± 2.9 1.57 ± 1.6 4.79 ± 1.8 9.47 ± 1.4 1.10 ± 1.0
313 ± 35
390 ± 111 350 ± 30 314 ± 12
385 ± 93

Real
0-back
Pz

Fz

1-back
Cz

supporting the results of Hlinka and colleagues (Hlinka et al., 2010) on
another experimental domain (non-invasive brain stimulation).
Our study provides ﬁrst pilot data of tDCS-associated excitability
changes within the DLPFC, extending the previous results of motor
cortex tDCS studies induced (Nitsche et al., 2005).
Additionally, we found activations in a widespread area of the
prefrontal cortex that could play an important role in revealing the
functional anatomy of effects induced by prefrontal tDCS. In summary,
existing neuroimaging, TMS and EEG studies support the hypothesis
that tDCS alters the level of neural excitability (Nitsche et al., 2003a,
2002, 2005; Nitsche and Paulus, 2000).
On a functional level we did not ﬁnd an immediate inﬂuence of
prefrontal tDCS on mood. The results in the PANAS questionnaire did
not differ between real and sham stimulation. These data are
consistent with a previous study of Koenigs et al. 2009 that did not
ﬁnd any signiﬁcant mood effects of bifrontal tDCS in a double-blind
crossover study where participants underwent a single session of
anodal, sham and cathodal tDCS (Koenigs et al., 2009).
The ﬁnding that prefrontal tDCS particularly modulates delta
activity in the medial frontal cortex, the ACC and the subgenual cortex
(SGC) of healthy subjects could form a link to previously reported
effects of prefrontal tDCS on depression, risk taking behavior,
impulsiveness, pain modulation and craving (Beeli et al., 2008a,b;
Boggio et al., 2008b; Fecteau et al., 2007a,b).
The SGC, where we observed the strongest effect of anodal tDCS
(BA 25), plays a central role in the neurobiology of depression and
affective disorders (Hajek et al., 2008). Neuroimaging studies reveal
an interaction between changes of regional brain activity in this area
and the severity of depression (Drevets et al., 2002; Hajek et al., 2008;
Pizzagalli et al., 2004), although the direction of these changes does
vary across methodologies and patient populations (Hajek et al.,
2008; Mayberg et al., 2000, 2005).
Using LORETA, two previous studies demonstrated an increase of
delta activity in the subgenual PFC in patients with major depression
(Pae et al., 2003; Pizzagalli et al., 2001, 2004). Moreover, Pizzagalli
et al. (2004) reported that EEG delta-activity tended to decrease in the
subgenual PFC of melancholic subjects in contrast to non-melancholic
subjects after antidepressant treatment, as demonstrated by LORETA.
Thus, one might speculate that the antidepressant effect of anodal
tDCS above the left DLPFC and right cathodal tDCS supraorbitally
reported elsewhere (Boggio et al., 2008a; Ferrucci et al., 2009; Fregni
et al., 2006; Rigonatti et al., 2008) may be mediated by the tDCS effects
on the SGC observed here. Furthermore, a recent study revealed that
nucleus accumbens (NAcc) responses were inversely associated with
rostral ACC resting delta activity and the authors mentioned that
available animal data suggest that dopamine release in the NAcc is
associated with decreased delta activity (Wacker et al., 2009). Cho and
Straffela also provided ﬁrst evidence of extrastriatal dopamine
modulation in the subgenual and orbitofrontal cortex following

Pz

Fz

2-back
Cz

Pz

Fz

Cz

Pz

acute rTMS of the left DLPFC (Cho and Strafella, 2009). McCormick
and colleagues found that a normalization of subgenual theta activity
after electroconvulsive therapy was associated with decreased
psychotic symptoms in patients with depression and psychotic
disorders (McCormick et al., 2009).
Our sLORETA results could also be interpreted in a way that the
pain system is modulated by prefrontal tDCS, as pilot data indicate a
signiﬁcant increase of pain thresholds after prefrontal tDCS, and the
ventral and rostral area of the ACC has a predominant role in
endogenous pain control (Boggio et al., 2008b).
Several methodological considerations are necessary. Firstly, we
found a signiﬁcant effect in the delta spectral power and a statistical
trend in the beta-1-band in the source analysis of areas in the
prefrontal cortex. Whereas the values in the delta band are clearly
signiﬁcant we found only a statistical trend in the beta band. However,
we measured the EEG approximately 10 min after tDCS stimulation
and this time lag may have contributed to the lesser effect on the EEG.
This assumption is further conﬁrmed by the fact that the EEG analysis
of the whole time window (10 min) showed weaker statistical results
than the ﬁrst 5 min.
Secondly, our sample size was relatively small. Acknowledging the
limited spatial resolution and precision of sLORETA, it must be pointed
out that our ﬁndings are preliminary and functional imaging
techniques with more precise localization (e.g. fMRI or PET) are
needed in order to conﬁrm our present results.
n-back behavioral results
In addition to EEG, we introduced a working memory (n-back)
paradigm in this experiment to obtain behavioral data as positive
control for our EEG ﬁndings. Indeed, prefrontal tDCS enhanced
performance in the n-back-task. It is important to emphasize that
the task was carried out not immediately, but 20–40 min after tDCS.
Our ﬁndings are in line with a prior study looking on a verbal memory
n-back task after prefrontal tDCS revealing a signiﬁcant change in
accuracy 30 min after completing tDCS (Ohn et al., 2008). Different to
this previous study (Ohn et al., 2008) we used a non-verbal n-back
task and stimulated with 2 mA for 20 min whereas Ohn et al.
stimulated with 1 mA for 30 min. In contrast to previous studies
(Fregni et al., 2005; Ohn et al., 2008) we found signiﬁcant effects on
the reaction time after prefrontal stimulation. This is in accordance
with early work on frontal DC stimulation that found enhanced
response speed in a simple reaction paradigm after anodal stimulation
of the vertex, a region more posterior compared to our stimulation
site but still within the frontal brain (Elbert et al., 1981). Nitsche and
colleagues found that anodal stimulation of the primary motor cortex
of healthy subjects resulted in reduced RTs in implicit motor learning
(Nitsche et al., 2003d). In contrast, other studies could not detect any
effect on reaction time (Fregni et al., 2005) or even found a worsening
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Table 4 (continued)
Sham

Real

1-back
Cz

2-back
Pz

Fz

4.5 ± 1.0 5.45 ± 1.5 4.02 ± 1.5
204 ± 29
228 ± 31 187 ± 13
4.44±2.5
4.31±2.8 0.61±0.8
373 ± 101 310 ± 47 360 ± 120

0-back
Fz

1-back

Cz

Pz

none
none
5.54±1.9
340 ± 23

none
↑4.11 ± 2.1c 3.70 ± 1.4
none
181 ± 9
200 ± 37
7.14±2.2
2.0±0.9
5.46±1.4
328 ± 4
390 ± 91
333 ± 26

Cz

(Marshall et al., 2005). As Elbert and colleagues detected an RTinteraction only in the second half of their experiment we speculate
about the possibility that the effects of prolonged weak tDCS might
had a delayed effect on the domain of behavioral reaction time. This
view might be supported by reports that found higher task accuracy

Pz

Fz

2-back
Cz

Pz

Fz

none
3.85 ± 1.8 5.11 ± 2.1 5.25 ± 1.2 ↑5.55 ± 1.5a,b
none
178 ± 6
↓202 ± 32a 221 ± 31
190 ± 22
4.1±2.2 4.62±2.6
↑2.1±1.1b,c
↑9.58±2.8c 1.28±1.0
313 ± 29
382 ± 92
366 ± 90
304 ± 42
361 ± 97

Cz

Pz

none
none
5.88±1.6
340 ±23

none
none
↑7.64±2.2 c
↓315 ± 4d

and faster reaction times in later repeated sessions (Dockery et al.,
2009) suggesting a possible strengthening of connections in time
course. In addition, prefrontal tDCS was associated with improved
reaction time in naming processing (Fertonani et al., 2010; Fiori et al.,
2010) and in probalistic learning (Hecht et al., 2010).

Fig. 4. ERP group averages for the n-back tasks. Here shown for the conditions baseline, real and sham for the midline electrodes Fz, Cz, Pz, time-window: 100 ms pre-stimulus
baseline to 600 ms post stimulus. a) 0-back. b) 1-back. c) 2-back.
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Fig. 5. sLORETA source localisation of 2-back memory retrieval as compared by real vs. sham tDCS. All electrodes were used for the source localisation in the time window
250–450 ms post-stimulus, see picture above for the baseline activations. Statistical comparison shows that the maximal activation stimulus appears in the left parahippocampal
gyrus (xyz = − 15, − 3, − 21; BA 35) on a signiﬁcant level of p b 0.05.

Furthermore, we observed an effect of prefrontal tDCS especially
on the 2-back task. Correspondingly, several studies in the past found
stronger activations of functional brain processes on higher working
memory load (Braver et al., 1997; Callicott et al., 1999). Real tDCS of
the prefrontal cortex seems to inﬂuence the accuracy and error rate
for higher memory load (2-back), whereas it reduces the reaction
time especially in the lower memory load (0-back) condition. We
suggest that Direct Current (DC) stimulation prior to task condition
contributed to increased efﬁcient network dynamics more capable of
higher task demands, whereas it seems to increase RTs on lower
memory — load tasks that are more automatically processed.
n-back ERP study results
As expected, we found an inﬂuence of tDCS on ERPs during the
n-back task.
P2: We found an increase of P2 amplitudes at Fz after real tDCS
compared to sham and baseline conditions for the 2-back task.
Increased P2 amplitudes have previously been associated with
demanding memory load (Klaver et al., 1999).
P3: The amplitudes of P3 showed a signiﬁcant increase at Fz after real
tDCS compared to sham tDCS and baseline during the 2-back condition.
This suggests that prefrontal real tDCS contributed to the P3-amplitude
increase as it is known that structures such as the DLPFC and the anterior
cingulate cortex, among other regions, are involved in the generation of
the P3-component (Benar et al., 2007; Halgren et al., 1998; Menon et al.,
1997; Mulert et al., 2004). As we found modiﬁed activity in parts of these

structures after prefrontal tDCS or during the n-back task as shown by
sLORETA, it is possible that prefrontal tDCS is directly related to this
increase of the P3 amplitude. While the P3 component is produced by a
distributed network of brain processes associated with attention and
memory operations, it is observed in any task that requires stimulus
discrimination. It has been suggested recently that the P3 component
could occur from the initial need to enhance focal attention during
stimulus detection relative to the contents of working memory (Polich,
2007).
In our examination of memory recall in the 2-back condition by
sLORETA we detected signiﬁcant higher activation of the left parahippocampal gyrus after real tDCS. This effect was found between 250
and 450 ms post stimulus, whereas there was no signiﬁcant difference
in other latency periods. These results could be interpreted to mean
that prefrontal tDCS inﬂuences the frontal cortex via frontohippocampal and fronto-parietal connections, as we see increased
frontal and parietal activations after prefrontal tDCS. Past studies have
found direct neuronal activity between the medial prefrontal cortex
and the hippocampus in rodents during spatial working memory tasks
(Jones and Wilson, 2005; Siapas et al., 2005) and there is evidence for
a fronto-parietal network (Laufs, 2008; van den Heuvel et al., 2009).
One major effect of the parahippocampal activation might be the
updating of the working memory processes, as this region is wellknown for its role in episodic memory (Johnson et al., 2008; Kumari
et al., 2003; Ramsoy et al., 2009). Reciprocal connections between the
dorsolateral prefrontal cortex (including the ACC) and the parahippocampal region are known (Goldman-Rakic et al., 1984). Assuming a
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higher order network that mediates memory processes, tDCS might
inﬂuence the whole network during the resting state period, making it
easier to get the network activated during consecutive task performance. The role of the parahippocampal gyrus could be the
representation activation of the cardinal numbers during memory
delays (2-back). Hence, the stronger activity in the parahippocampal
gyrus would explain the signiﬁcant better accuracy and miss rate after
real compared to sham stimulation.
An interesting ﬁnding of this study is the delayed impact of DC
stimulation on the EEG. It seems that prefrontal tDCS directly
inﬂuenced neuronal activity in the resting state for a certain time
period, and might have kept the network more activated explaining
the subsequent better performance and increased cognitive ERP
amplitudes during the higher memory requirement of the 2-back task.
There was consistency between improved behavioral performance
and increased ERP amplitudes for the 2-back condition. Moreover
shorter latencies may indicate reduced reaction time in the n-back
task. Since tDCS stimulation affected the Fz- and Pz-electrode a
strengthening of the frontal to parietal connectivity by real tDCS is
possible. During rest we found increased high-frequency EEG activity
in the gyrus cingulate. It is plausible that prefrontal tDCS induces
activity changes in a broader network via top-down modulation
starting at frontal cortical structures.
Thus, our results are in line with previous studies showing an
effect of prefrontal tDCS on n-back tasks in healthy subjects (Fregni
et al., 2005; Ohn et al., 2008) and in neurological/psychiatric patients
(Boggio et al., 2006; Jo et al., 2009; Kang et al., 2009).
Previous studies did not differentiate between single n-backs and
might have missed the effect of prefrontal tDCS on memory load.
Other authors have reported effects on additional memory categories
(Elmer et al., 2009; Kincses et al., 2004; Marshall et al., 2004), as well
as on other cognitive domains (Cerruti and Schlaug, 2009; Dockery
et al., 2009; Elmer et al., 2009; Fecteau et al., 2007a; Fertonani et al.,
2010; Fiori et al., 2010; Iyer et al., 2005; Marshall et al., 2006; Palm
et al., 2009; Priori et al., 2008; Sparing et al., 2007; Wassermann and
Grafman, 2005). In summary our ﬁndings suggest that prefrontal
tDCS inﬂuences and accelerates cortical EEG activity and may thus
help explain the recently reported broad range of behavioral tDCS
effects.

Limitations
One limiting aspect of our study is the small sample size and
time-delay for the cognitive task. Due to these facts and the
exploratory nature of our n-back study, we did not correct for
multiple comparisons and might hereby have increased the
possibility of type II errors. At the same time the risk of type I
error was decreased, taking the preliminary character of our n-back
study into account. Upcoming studies must corroborate our results.
We also like to mention that we did not control for the hormonal
status of our female subjects. Despite the pseudorandomized order
and the cross-over design it might be criticized that we only
performed baseline n-back on a separate day once and not before
each experimental condition.
Another limitation is the lack of varying and controlling active
electrode positions. The bipolar electrode positions may have resulted
in effective stimulation of two brain regions. In addition to anodal
tDCS of the left DLPFC, the right frontopolar cortex was stimulated
with cathodal tDCS. In our study we used the electrode size of
7 × 5 cm2 as most behavioral and clinical prefrontal tDCS studies up to
date have used these electrode sizes. A neurobiological interpretation
is complicated by two possible stimulation sources (anode/cathode).
Future studies may encounter this important topic by increasing
electrode size to reduce the effects of anode/cathode electrode or to
use an extracephalic region (Vandermeeren et al., 2010).
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Safety aspects
Finally, tDCS was well tolerated and the only side effect reported
was an initial itching sensation. Previously reported skin lesions
occurring after a longer clinical trial (5 days later) were not observed
(Palm et al., 2008). This is in line with other previously conducted
safety studies (Iyer et al., 2005; Poreisz et al., 2007; Tadini et al., 2010)
and there have not been any reports of skin lesions for single 2 mA
sessions.
Conclusion
In conclusion, we have shown that anodal/cathodal tDCS of the left
DLPFC/right frontopolar region increases neuronal activation, corroborated by EEG results showing decreased localized delta-theta and
enhanced beta activity both associated with a more alert state (Barry
et al., 2009; Kilner et al., 2005) and increased functional connectivity
(Hlinka et al., 2010).We further speculate that the increased activation
in the prefrontal region and parahippocampal area led to the
improvement in the n-back task. Combining tDCS and EEG should
further contribute to our understanding of the neurophysiological
mechanisms underlying the action of tDCS on behavioral measures.
Given the likely effects on various cognitive and affective domains,
prefrontal tDCS might have an impact in many clinical ﬁelds.
Supplementary materials related to this article can be found online
at doi:10.1016/j.neuroimage.2010.12.004.
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