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Abstract: We investigated the effect of repeated delivery of anodal transcranial direct current stimula-
tion (tDCS) on somatosensory performance and long-term learning. Over the course of five days, tDCS
was applied to the primary somatosensory cortex (S1) by means of neuronavigation employing mag-
netencephalography (MEG). Compared to its sham application, tDCS promoted tactile learning by
reducing the two-point discrimination threshold assessed by the grating orientation task (GOT) primar-
ily by affecting intersessional changes in performance. These results were accompanied by alterations
in the neurofunctional organization of the brain, as revealed by functional magnetic resonance imaging
conducted prior to the study, at the fifth day of tDCS delivery and four weeks after the last application
of tDCS. A decrease in activation at the primary site of anodal tDCS delivery in the left S1 along reten-
tion of superior tactile acuity was observed at follow-up four weeks after the application of tDCS.
Thus, we demonstrate long-term effects that repeated tDCS imposes on somatosensory functioning.
This is the first study to provide insight into the mode of operation of tDCS on the brain’s response to
long-term perceptual learning, adding an important piece of evidence from the domain of non-
invasive brain stimulation to show that functional changes detectable by fMRI in primary sensory cor-
tices participate in perceptual learning. Hum Brain Mapp 37:1277–1295, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Though everyday life requires use of perceptual skills,
their eminent importance to daily functioning goes almost
without notice. Yet perceptual learning takes time and
requires extensive practice [Korman et al., 2003; Seitz and
Dinse, 2007]. Likewise, regaining a lost skill is a laborious
process [Conforto et al., 2010; Moseley and Wiech, 2009].
Thus, the idea of shortening the period of skill acquisition
or refinement by auxiliary means is appealing, particularly
in the domain of rehabilitation [Bolognini et al., 2009; Con-
forto et al., 2002, 2007]. One method that offers potential
for promoting skill learning is transcranial direct stimula-
tion (tDCS).tDCS is the non-invasive application of a weak
current (up to 2mA) through saline-soaked sponges
attached to the skull. It is thought to exert both small-scale
effects, for example on membrane potential [Bindman
et al., 1965; Pupura and McMurtry, 1965] and on neuro-
transmitter release, especially gamma-aminobutyric acid
(GABA) [Clark et al., 2011; Stagg et al., 2009a], as well as
large-scale effects on task-related brain metabolism [Antal
et al., 2011; Jang et al., 2009; Kwon et al., 2008] and on
resting-state connectivity [Polania et al., 2011a,b, 2012].

Skill learning can be categorised into online learning (i.e.,
learning within a session) and offline learning (i.e., learning
between sessions) [Robertson et al., 2004; Karni and Sagi
1993]. A more recent distinction between performance, sub-
suming online and offline learning, and learning, referring
to long-term changes in performance, partially overlaps
with but also complements the former conceptualization of
skill learning [S€oderstr€om and Bj€ork, 2015]. Importantly,
tDCS affects both performance and learning.tDCS has
become a popular tool for promoting short-term perform-
ance, for example in the visual domain. tDCS is capable of
influencing visual acuity [Kraft et al., 2010] and visual
memory [Chi et al., 2010], as well as motion perception
and visuo-motor coordination [for a short review see Antal
and Paulus, 2008]. Ragert et al. [2008] were the first to pro-
vide evidence of a short-term effect of anodal tDCS on tac-

tile acuity. The delivery of 20 minutes of anodal tDCS to
the primary somatosensory cortex, with concomitant tactile
testing during stimulation, was sufficient to cause a tran-
sient but profound improvement in two-point discrimina-
tion performance—30% within 10 minutes of its onset. For
the motor domain, it could be shown that the strength of
effects that tDCS imposes on changes in motor perform-
ance are dependent on the relative timing of the onset of
tDCS and the onset of the motor task [Stagg and Nitsche,
2011]. According to the Hebbian concept of synaptic plas-
ticity, the largest effect was seen when the onset of tDCS
and of the motor task were coupled and coincided. How-
ever, when anodal tDCS delivery was performed either
before motor training [Amadi et al., 2015; Stagg and Nit-
sche, 2011] or after motor training [Reis et al., 2015], tDCS
did not yield effects on short- or long-term measures of
motor learning. Unfortunately, no such study investigating
the effect of tDCS-dependent timing has been performed
with regard to somatosensory functioning. All studies
investigating and proving a beneficial effect of anodal
tDCS on tactile acuity performed somatosensory testing
during stimulation and therefore provided co-stimulation
[Fujimoto et al., 2014; Mori et al., 2013; Ragert et al., 2008].
However, co-stimulation as implemented in these studies,
was initiated with an offset of several minutes after the
initiation of tDCS delivery. Thus, the studies provide evi-
dence of an effect of tDCS from a hybrid model of timing.

Moreover, tDCS has been also been employed longitudi-
nally to investigate and promote learning [Clark et al.,
2009; Kadosh et al., 2010; Lindenberg et al., 2010; Reis
et al., 2009], most recently with regard to somatosensory
functioning. Mori et al. [2013] employed the repeated
delivery of anodal tDCS to investigate tactile learning in
patients suffering from multiple sclerosis, and observed a
persistent increase in tactile acuity up to two weeks after
the application of tDCS. However, Mori et al. [2013] did
not investigate somatosensory learning with regard to the
different stages of skill learning and thus did not investi-
gate changes in performance. Yet their findings indicate that
offline learning is the primary driver of tactile refinement.
This parallels findings from the motor domain where lon-
gitudinal effects of tDCS delivery seem to be mediated by
the enhancement of offline learning [Reis et al., 2009].

Despite growing evidence of an effect of anodal tDCS
on skill learning [Clark et al., 2011; Kadosh et al., 2010;
Lindenberg et al., 2010; Reis et al., 2009], the underlying
functional and anatomical neural mechanisms of long-
term effects have rarely been investigated, and those few
studies have produced inconsistent findings. Lindenberg
et al. [2010] investigated the effects of longitudinally
applied anodal tDCS on motor task-related fMRI acitva-
tion in stroke patients. They found increased activation in
M1, the primary site of application. However, Lefebvre
et al. [2014], who investigated the effects of repeated dual-
tDCS on stroke patients, reported a more effective recruit-
ment of the motor network by more focalized activation
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after one week of intervention. As well, Kim et al. [2012]
probed the effects of repeatedly applied anodal tDCS over
M1 on motor function-related fMRI activation in healthy
subjects, observing a decrease in M1 ipsilateral to the side
of stimulation. However, because Kim et al. [2012] did not
provide a behavioural correlate of these neural changes
and did not carry out an fMRI follow-up session to evalu-
ate its long-term effects on neural functioning, the effects
on learning are undetermined.

The aim of the present study, therefore, was to investi-
gate the effects of repeatedly applied anodal tDCS on tac-
tile skill learning in relation to online and offline learning
(performance) and to skill retention (learning) as well as to
identify their underlying neural correlate. Based on the
available literature we hypothesise that (1) online learning
will occur in response to anodal tDCS with the repeated
assessment of GOT performance co-occurring during stim-
ulation. Repeated GOT-testing, on its own, does not pro-
vide a stimulus strong enough to induce changes in
performance or learning [Bleyenheuft and Thonnard 2007;
Fujimoto et al., 2014; Mori et al., 2013; van Boven and
Johnson, 1994]. Therefore, we do not expect learning in the
sham condition where the delivery of tDCS is only simu-
lated (2). Likewise online learning, we expect significant
offline learning in the tDCSanodal condition, but no offline
learning in the tDCSsham condition (3). We hypothesise a
significant gain in tactile acuity in the tDCSanodal group
after five days of repeated tDCS delivery with no change
in tactile acuity in the tDCSsham group (4) resulting in
superior GOT performance in the tDCSanodal group (5). At
follow-up, four weeks after the tDCS application, we
expect that the tDCSanodal group will (continue to) exhibit
superior performance in comparison to the tDCSsham

group (6). Concerning brain activation, refined skill per-
formance, also regarding the somatosensory domain [for a
short review see Tommerdahl et al., 2010], is reflected by a
set of neurons that is well-defined and that, over time, is
even more selective [Karni and Sagi 1993; Reed et al.,
2011; Xu et al., 2009; Yang et al., 2009; Yotsumoto et al.,
2009]. Based on the observations made by Kim et al. [2012]
and Lefebvre et al. [2014], we propose that (7) longitudinal
anodal tDCS will result in a more profound decrease in
activation at its site of application (the primary somatosen-
sory cortex) than in the sham condition.

METHODS

Participants

Altogether, thirty subjects were recruited to participate
in the study [18 females; range 18–33 years, 24.1 6 2.9
years (M 6 SEM)] with no history of neurological or psy-
chiatric disorders, trauma, or brain abnormalities. All sub-
jects were right-handed, as assessed by the high-validity
subset of the Edinburgh handedness inventory [Raczkow-
ski et al., 1974]. All subjects gave informed written consent

after explanation of the experimental procedure. The local
ethics committee approved the study.

During the course of examinations we excluded five
subjects from the analysis of behavioural and fMRI data
due to brain abnormalities, intake of psychotropic drugs,
technical problems at more than one testing session and
GOT performance beyond measurability. Moreover, data
from one subject was exclusively discarded from fMRI
analysis as a result of excessive motion during scanning at
two sessions. The final participant group, then, was 25
healthy subjects (16 females; range 18–33 years, 24.3 6 2.9
years (M 6 SEM)) with 12 subjects assigned to the tDCSano-

dal condition [eight females, 24.6 6 3.7 years (M 6 SEM)]
and 13 subjects assigned to the tDCSsham condition [eight
females, 24.0 6 2.2 years (M 6 SEM)].

Study Design

A pseudo-randomized, double-blind and sham-controlled
study design was employed to investigate the effects of
repeatedly applied tDCS over the primary somatosensory
cortex (S1). While subjects of one group received anodal
tDCS, subjects of the other group were exposed to sham
stimulation where tDCS delivery was only simulated.

The paradigm is demonstrated in Figure 1. tDCS was
applied on five consecutive days. Behavioural effects
induced by tDCS were quantified by the grating orienta-
tion task (GOT) described below. The daily testing proce-
dure began with baseline assessment of the right index
finger (IF) by three GOT measurements. Each GOT mea-
surement lasted nine to ten minutes, which is comparable
to the duration of GOT testing reported previously [Fuji-
moto et al., 2014]. After baseline assessment, a question-
naire was administered to capture level of attention,
perception of fatigue, and amount of discomfort (range 1–
10; 15no attention/fatigue/discomfort, 105maximum
attention/fatigue/discomfort; Ragert et al., 2008). There-
after, tDCSanodal/sham was applied for 20 minutes. To
assess effects of stimulation on tactile performance, the
GOT was conducted 10, 30, 60 and 90 minutes after the
onset of the tDCSanodal/sham stimulation. Therefore, the
first GOT measurement and the delivery of anodal tDCS
overlapped for nine to ten minutes, resulting in a co-
stimulation protocol as was implemented in previous stud-
ies [Fujimoto et al., 2014; Ragert et al., 2008]. After the final
GOT measurement, participants again rated their levels of
attention, fatigue, and discomfort, as well as their sensa-
tions associated with the application of tDCS (range 1–10;
15no sensation, 105burning pain) and the duration of its
application (range 1–5; 15only initially, 105throughout;
Gandiga et al., 2004; Ragert et al., 2011; Reis et al., 2009).
Moreover, when the experimental design was disclosed on
the last day of testing, subjects of the tDCSsham condition
were asked whether they had suspected feigned tDCS
delivery. On each day testing was conducted in the
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forenoon between 8:00 and 13:00; the overall experimental
procedure lasted three hours on average.

The effect of repeatedly applied tDCS on S1 was
assessed, as well, by means of longitudinal fMRI. A first
fMRI session was conducted about 7–21 days (mean: 8.3
days) prior to the first tDCS application. A second fMRI
measurement was scheduled on the last day of tDCS
application, with an offset of 4–6 hours after the final
application of tDCSanodal/sham. A third fMRI session was
conducted 24–28 days (mean: 25.3 days) after the second
fMRI session. Three subjects missed a follow-up measure-
ment on one occasion.

GOT

The GOT [Van Boven and Johnson, 1994] was used to
determine tactile acuity (Fig. 1). Subjects were asked to
verbally report the orientation of a haptic pattern consist-
ing of ridges and grooves that were either lengthwise or
crosswise with regard to the long-axis of the IF. Haptic
patterns were applied to the tip of the IF by pens, each
pen with a surface of different ridge and groove width
(0.25, 0.5, 0.7, 1.0, 1.2 1.5, 2.0, 3.0 mm). A custom-made
device was used for reliable assessment of GOT thresh-
olds. Pens were applied to the tip of the IF by manually

Figure 1.

Schematic representation of the experimental design. tDCS was

applied on five consecutive days, using a GOT to quantify behav-

ioural effects. Each testing session began with baseline assess-

ment of the right index finger (IF). Thereafter, tDCSanodal/sham

was applied for 20 minutes. To measure effects on tactile per-

formance, the GOT was conducted at intervals 10, 30, 60, and

90 minutes after the onset of the tDCSanodal/sham delivery.

fMRI sessions were conducted one week prior to the first tDCS

application, on the last day of tDCS application and about four

weeks after the second fMRI session. On the first day of testing,

MEG and a neuronavigational system were used for tDCS elec-

trode placement. A front view of the device used for GOT test-

ing is depicted in small image in Figure 1. GOT-pens were

presented by releasing a lever on side of the device (1) and

were changed by another control shifter on its front (2, traced

by white lines).
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releasing a lever on the side of the device. Pens were
always applied with the same force (about 0.75 Newton).
The IF was immobilized by hook-and-loop tape to render
the task free of confounds introduced by movement. More-
over, pens were always applied at the same location on
the finger tip by fixating the finger. A red circle was
drawn on the tip of the right index finger to ensure a con-
stant position of the examined part of the IF between test-
ing sessions and days.

Testing was conducted in a stepwise block procedure.
Each pen was presented 20 times; thereby, each orientation
(lengthwise, crosswise) was presented 10 times in a
pseudo-randomized sequence. Six different sequences for
each pen were chosen pseudo-randomly to prevent
implicit learning. Testing was conducted with the next
lower grating until tactile acuity dropped below the 75%
threshold [Ragert et al., 2008; Sathian and Zangaladze,
1997; van Boven and Johnson, 1994; Sens et al., 2012; Weiss
et al., 2011]. Thus, a single measurement lasted nine to ten
minutes. The tactile threshold was quantified by the fol-
lowing formula that allows interpolation of tactile acuity
as assessed by the GOT:

Threshold G755
Gbelow1ð0:752PbelowÞ

ðPabove2PbelowÞ x ðGabove2GbelowÞ
:

Threshold G75 5 the estimated threshold for the grating
spacing on which the subject scored 25% correct responses;
G 5 the grating spacing; P 5 trials correct/number of trials;
below 5 the grating spacing or probability of correct
response on the highest grating spacing to which the sub-
ject responded correctly less than 75% of the time; above-
5 grating spacing or the probability of a correct response
on the lowest grating spacing to which the subject
responded correctly more than 75% of the time [Ragert
et al., 2008].

On the first day of testing the pen with the largest gra-
ting was chosen for all subjects. Subsequent testing was
adapted to individual performance. Therefore, testing
started two grating levels above the level at which subjects
failed to meet the above defined criterion of 75% correct
responses.

TDCS Application

Direct current was generated by a battery-driven electric
stimulator (NeuroConn, Ilmenau, Germany) and delivered
via a pair of square electrodes (5 3 5 cm). The stimulation
electrodes were made of conductive rubber and were
enclosed in saline-soaked sponges. Electrodes were fixed
to the head by a custom-made headband.

Anodal tDCS (tDCSanodal) was applied over the left S1
with a total current of 2 mA and a local current density of
0.08 mA/cm2 using a fade in and fade out time of 10 sec-
onds. To apply tDCS above S1, the primary somatosensory
source in BA 3b was located using a whole head MEG-
system (306 channels, Elekta/Neuromag, Finland/USA).

For this purpose, the median nerve was stimulated at the
wrist of the right hand, according to the IFCN recommen-
dations [Cruccu et al., 2008], and cortical responses were
recorded at a sampling rate of 2000 Hz. The recorded
responses were filtered using the signal space separation
method [Taulu and Simola, 2005], averaged (n � 256, trials
containing artifacts were excluded from averaging) and
bandpass filtered 0.3 to 150 Hz. The DANA software
(release 3.3, Elekta Neuromag Oy) was used for source
localization. The spatial alignment to the head-based coor-
dinate system was performed with the help of cardinal
landmarks (preauricular points, nasion) and refined using
a large number of head surface points. The best fitting
dipole (goodness of fit> 85%, confidence volume < 110 mm)
during the N20m response was selected to individually fit
the spherical volume conductor derived from structural
MRI. Prior to the first tDCS examination, the source location
was spherically projected onto the head surface with the
help of a ZEBRIS 3D neuronavigation system (CMS20-USB)
in order to place the stimulation electrode (anode) over the
hand representation of BA 3b. The other electrode (cathode)
was placed on the forehead above the contralateral (right)
orbit [Mori et al., 2013; Ragert et al., 2008]. Both electrode
positions were marked with a water-insoluble red pen, and
were renewed upon fading. Thus the positioning of the elec-
trodes remained the same throughout the study.

In total, tDCS was delivered for 20 minutes in the
tDCSanodal condition. In the sham condition, tDCS was
applied for 30 seconds altogether, which has been shown
to effectively stimulate the application of tDCS [Gandiga
et al., 2006, Mori et al., 2013], while having no effect on
the neural tissue underneath the electrodes [Nitsche et al.,
2008].

MRI Pretesting

Two GOT test sessions were conducted outside the scan-
ner to prepare the subsequent fMRI assessment of tactile
acuity. A modified version of the GOT was employed,
requiring subjects to indicate the orientation of a stimulus
pair. Testing was conducted in a stepwise block procedure,
beginning with the pen having the largest “resolution”
(3 mm). Within each block, 20 pseudo-randomized stimu-
lus pairs (five for each of the four possible combinations
of lengthwise and crosswise presentations) were applied
to the length axis of the right IF while subjects verbally
indicated the orientation of the stimulus pair. Subjects also
rated their level of confidence in the decisions about the
orientation of stimulus pairs, using the descriptors
“guess”, “little certain”, “moderately certain” and
“certain” [Petrusic and Baranski, 2003]. Note that, in con-
trast to the pretesting stage outside the scanner, responses
on the orientation of GOT stimuli as well as confidence
ratings inside the scanner were provided via a keypad
with five buttons.
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For subsequent fMRI testing, we selected two stimuli,
individualised for each subject, one grating for which the
orientation was easily identified [“easy pen”,
P(correct) 5 75–100%], as well as another grating for which
the orientation was more difficult to identify (“difficult
pen”, P(correct) 5 30–60%). Two fMRI practice sessions
inside the scanner were carried out to refine the choice of
pens for the main fMRI experiment and to acquaint sub-
jects with the MRI setting.

For each fMRI session (prior to the delivery of tDCS, at
the fifth day of tDCS delivery, and after another four
weeks; see below), GOT pens were adapted according to
the above-mentioned procedure. Thus, we tried to account
for effects of learning (and forgetting) between testing
sessions.

Figure 2 provides a schematic representation of the
fMRI design. At each practice session, 30 trials of the
modified GOT were presented. A pneumatically driven,
MRI-compatible stimulator was used for stimulus presen-
tation. The sequence and duration of stimulus presentation
were controlled by use of the software “Presentation”
(Neurobehavioral Systems, Albany, CA).

MRI: Main Experiment

The main fMRI experiment consisted of 108 task trials
(Fig. 2). In total, participants were presented with 48 pairs
of “easy” tactile gratings and 60 pairs of “difficult” tactile

gratings. The study design used a larger number of
“difficult” trials in response to the phenomenon of under-
confidence—corresponding to the observation that in
“easy” choice sets people tend to display disproportionate
levels of confidence (Baranski and Petrussic, 1994). In
order to account for motor activation during task trials, a
second trial type required subjects to press only one of
two numbers (“3” or “4”) with either an index or middle
finger, respectively [Zhang et al., 2005]. Overall, subjects
were presented with 22 of these trials. Another 40 null tri-
als, during which a fixation cross was shown for 13 sec-
onds, were intermixed with task trials. These null trials
were intended to prevent the formation of expectance
based on trial length, as each trial’s length had to be
adapted to the number of rotations that were necessary for
the disk to move to the next position for the presentation
of a new stimulus pair (14 seconds at longest). Moreover,
null trials were intended to establish baseline activity
between trials. The overall fMRI paradigm for each subject
took about 55 minutes to run.

MRI Data Acquisition

Images were acquired on a 3.0-T MR whole body scan-
ner (TRIO, Siemens, Erlangen, Germany) using a standard
head coil. Approximately 1300 echo-planar T2*-weighted
images (EPI) were recorded for each subject. Each func-
tional volume consisted of 44 contiguous, ascending

Figure 2.

Schematic representation of the experimental fMRI design. Trials

were announced by three transverse white bars that were pre-

sented for 0.5 seconds. Subsequently, GOT-pens were presented

twice, for 2 seconds, with a pause of 2 seconds between. Sub-

jects rated the orientation (lw 5 lengthwise; cw 5crosswise) of

a stimulus pair, and immediately thereafter were given 4 seconds

to rate their level of confidence associated with the preceding

decision (guess; little5little certain; moderate5moderately cer-

tain; certain) within 4 seconds. A fixation cross was shown

between trials. The long interstimulus intervals were required

for technical reasons. Text and symbols are enlarged here for

illustration clarity. Reprinted from Neuroimage, 99, Hilgenstock

R, Weiss T, Witte OW, you’d better think twice: post-decision

perceptual confidence, 323-331, Copyright 2014, with permis-

sion from Elsevier.
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scanned axial slices of 3 mm thickness (voxel size 3 mm 3

3 mm 3 3 mm). Parallel imaging (iPAT) with an accelera-
tion factor of two was used to record images, with a time
to repeat (TR) of 2.53 seconds, a time to echo (TE) of 30
ms, and a field of view (FOV) of 192 mm.

High-resolution anatomical images were acquired
through use of a three-dimensional MPRAGE consisting of
192 slices with a spatial resolution of 1 mm 3 1 mm 3

1 mm (TR 2300 ms, TE 3.03 ms and FOV 256 mm).

MRI Data Preprocessing

Data quality was checked by using ArtRepair (http://
cibsr.stanford.edu/tools/human-brain-project/artrepair-
software.htmland) and tsdiffana (http://imaging.mrc-cbu.
cam.ac.uk/imaging/DataDiagnostics). Bad slices were
fixed by the ArtRepair implementation of an interpolation-
algorithm that employs an adaptive threshold for each
slice. For a discussion of applied data quality check meth-
ods, please refer to Mazaika et al. [2009].

Data analysis was performed using MATLAB (Math-
works, Natick, MA) and SPM8 (Wellcome Department of
Cognitive Neurology, London, UK; http://www.fil.ion.ucl.
ac.uk/spm/). The unwarp function as part of SPM8 was
used to align all subjects’ images from the three (in three
cases, two) scanning sessions to the first volume of the
first scanning session by a fourth degree B-spline interpo-
lation. The high-resolution anatomical image of each sub-
ject was coregistered to its mean (averaged over the
images of all fMRI sessions) realigned EPI-volume by a
fourth degree B-spline interpolation. Acquisition differen-
ces between slices were accounted for by slice time-
correction (with reference to the 22nd slice).

The “new segment” option was used for segmentation
of the structural image from the first MRI measurement.
Deformation fields were derived and subsequently used to
normalise each subject’s data to the Montreal Neurological
Institute (MNI) standard space. The data was smoothed
using an 8 mm, isotropic, three-dimensional full-width-at-
half-maximum Gaussian kernel.

MRI Design Coding

A general linear model approach (GLM) was used to
obtain statistical maps. Ten regressors were specified by
convolving SPM’s canonical hemodynamic response func-
tion (HRF) with either a stick or a boxcar input for each
condition that was modelled. Boxcar inputs were used to
model higher order cognitive functions; stick functions
were used to model all other events.

Four regressors coded the onset of the first stimulus of
each stimulus pair. The first regressor was used to model
the first stimulus onset of a combination of an “easy” trial
that was answered correctly, the second was used to
model an “easy–incorrect” combination, the third was
used to model a “difficult–correct” combination, and a

fourth regressor was used to model the onset of a
“difficult–incorrect” combination regarding each stimulus
pair. The onset of the decision on the stimulus pair’s ori-
entation was aligned with the presentation of the second
stimulus, using a variable epoch approach. These regres-
sors were specified according to the four regressors coding
the first stimulus presentation. Hilgenstock et al. [2014]
provide a more detailed explanation of the underlying rea-
soning for the coding of the second stimulus of the stimu-
lus pair. The decision on the degree of certainty associated
with the decision on the stimulus pair’s orientation was
modelled using a variable epoch approach and was coded
by another regressor. An additional regressor was used to
represent those trials in which subjects made a solely
motor response, with no tactile stimulation. Altogether,
ten regressors were included in the GLM.

MRI Model Estimation

The b-weights for each regressor outlined above were
estimated using a robust weighted least square regression
(rWLS) approach that has been shown to successfully
account for even severe “noise” in fMRI-timeseries, inde-
pendent of its source [Diedrichsen and Shadmehr 2005].
The rWLS employs a restricted maximum likelihood
approach to estimate the variance of noise in each image
of the specified time series. These estimates are then used
to weight each observation by the inverse of its noise.
High-pass filtering, as part of the standard SPM model
specification at 1/128 Hz, was performed to remove
slowly varying trends.

Data Analysis: Questionnaire Data

Questionnaire data (on attention, fatigue and discomfort
prior to and after delivery of tDCS) were collected on each
day of testing, and were subjected to a repeated measure
ANOVA (RMANOVA). Time (five levels, measurements
on each day of testing) was modelled as a within-subjects
factor, and Group (two levels, anodal vs. sham) as a
between-subjects factor. Moreover, assessment of the per-
ceived duration and intensity of tDCS (after the applica-
tion of tDCS) was carried out via RMANOVAs. The
Greenhouse-Geiser correction was applied to non-spherical
data. A P value� 0.05 was considered significant. Signifi-
cant main effects and interactions were tested by post-hoc
contrasts with regard to the first point in time (baseline
GOT performance), Bonferroni-corrected for multiple com-
parisons. This criterion/procedure was applied to all anal-
yses performed by RMANOVAs (please see below).

Data Analysis: Behavioural Data

Baseline performance of the right index finger prior to the
first delivery of tDCSanodal/sham was compared between

r tDCS and Somatosensory Learning r

r 1283 r

http://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.htmland
http://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.htmland
http://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.htmland
http://imaging.mrc-cbu.cam.ac.uk/imaging/DataDiagnostics
http://imaging.mrc-cbu.cam.ac.uk/imaging/DataDiagnostics
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm


groups by a two-sample test. A P value� 0.05 was consid-
ered significant.

Online learning was defined as the difference between
the baseline assessment of tactile performance on each day
of testing and the GOT measurement 30 minutes after ini-
tiation of the tDCSanodal/sham application on the respective
day of testing. The choice of this time schedule for online
learning assessment was based on the observation that
immediate effects of tDCS on the somatosensory system
emerge within 10 minutes and cease within 40 minutes
after the onset of stimulation [Ragert et al., 2008]. How-
ever, we defined three additional variables to test whether
the repeated delivery of tDCS induced a prolonged or
temporally shifted immediate online learning effect. These
variables were computed by taking the difference between
the GOT baseline assessment on each day of testing and
the GOT performance at 10, 60 and 90 minutes (respec-
tively) after the onset of tDCS delivery. Offline learning was
defined as the difference between the GOT baseline mea-
surement prior to the next tDCSanodal/sham application on a
succeeding day of testing and the last recorded GOT per-
formance on the preceding day of testing, in accordance
with Reis et al. [2009]. Total learning was quantified by the
absolute GOT baseline performance on the first day of
testing, on the last day of testing and at follow-up four
weeks after the last application of tDCS. The assessment of
baseline performance, also on day five of testing, was cho-
sen to ensure comparability between measurements by
excluding an immediate effect of tDCS delivery on GOT
performance as well as by ruling out the influence of
potential confounders (e.g., attention) on GOT
performance.

Online learning, offline learning and total learning were
assessed by RMANOVAs with the within-subjects factor
Time (online learning—five levels, learning on each day of
testing; offline learning—four levels, difference variables of
GOT performance on the preceding and succeeding day of
testing; total learning - three levels, performance prior to
the study, on the fifth day and at follow-up) and the
between-subjects factor Group (two levels, anodal vs.
sham). To address specific hypotheses related to online
learning, offline learning and total learning, we performed
(where applicable) RMANOVAs separately for anodal and
sham stimulation with the within-subjects factor Time (for
the number of levels, please see above). Another RMA-
NOVA was employed to test for the temporal evolution of
online learning effects in the tDCSanodal condition with the
within-subjects factors Time (five levels, learning on each
day of testing) and Online Learning Measure (four levels,
online learning 10, 30, 60 and 90 minutes after tDCS deliv-
ery). In relation to online learning and total learning
hypotheses, we performed one-sample t-tests against zero
and a two-sample t-test (with regard to total learning),
Bonferroni-corrected for multiple comparisons.

A RMANOVA was conducted to evaluate the compara-
bility and stability of task difficulty for the fMRI implemen-

tation of the GOT both between and within groups.
Therefore, Time (three levels—at baseline, at the fifth day
of tDCS delivery, and at the four-week follow-up) and Dif-
ficulty (two levels, easy vs. difficult) were considered to be
repeated factors, and Group (two levels, anodal vs. sham)
was considered a between-subjects factor.

Data were analysed with the SPSS software package
(Version 13, SPSS Inc., Chicago) as well as MATLAB (Ver-
sion 2009b, Mathworks, MA). Note that when specific
hypotheses were tested, as in the example of total learning
or fMRI changes [hypothesis (4) or hypothesis (7)], no cor-
rection for multiple comparisons was applied, in accord
with Bortz et al. [2000] and Bortz [2009].

Data Analysis: fMRI—Magnitude of the

BOLD Response

First level analysis was carried out on the regressor
that coded the first stimulus presentation of those stimuli
classified as “easy” and “correct” (the results section
explains choice of analysis) against the regressor that
coded those trials that required only a motor response.
The same first-level analysis was carried out for each of
the three fMRI measurements, and the resulting first-level
contrast was taken to the second level by a one-sample t-
test.

At the second level, a flexible factorial design was speci-
fied with a random subject, a Group factor (two levels,
anodal vs. sham) and a Time factor (three levels, baseline,
the fifth day of tDCS delivery, and follow-up). Within the
factorial design, we tested for differences between both
groups at the three points in time, as well as for longitudi-
nal changes of activational magnitude within groups.

Statistical parametric maps (SPM) were thresholded
using the height as well as the spatial extent of activation.
Thus, the SPM was initially thresholded at P� 0.001 on
the voxel level and subsequently thresholded at P� 0.05
on a topological level, FWE-corrected for multiple compar-
isons [Friston et al., 1994; Poline et al., 1997].

Data Analysis: fMRI—Spatial Extent of the

BOLD Response

An established method to test for effects of tactile train-
ing on neural processing is the analysis of change in acti-
vational extent [Dinse et al., 2003; Pleger et al., 2001, 2003;
Tegenthoff et al., 2005]. This analysis used the same
second-level data as outlined above, and the same thresh-
olding procedure was employed. To assess the size of acti-
vation, we used a region-of-interest (ROI) analysis at all
three points in time, separately for each group. A pool of
potential ROIs was determined from literature that investi-
gated the processing of haptic information by tactile gra-
tings [Van Boven et al., 2005, Zhang et al., 2005]. Those
regions involved in tactile information processing identi-
fied at the first fMRI session were chosen for subsequent
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analyses from the pool of ROIs (Table I). Therefore, we
applied the ROI masks of these regions provided by the
Anatomy toolbox [Eickhoff et al., 2005] to the analyses out-
lined in the preceding methods section (fMRI - magnitude
of the BOLD response), and counted the number of signifi-
cantly activated voxels within each region using the two-
stage thresholding procedure outlined above by custom-
written MATLAB-code. Moreover, we visually verified
activation of the hand area in left S1 as the primary target
of fMRI testing and of anodal tDCS delivery for very sub-
ject as well as at the group level of analysis based on the
morphological criteria of the hand knob as defined by
Yousry et al. [1997].

Longitudinal changes in activational size within the pre-
defined ROIs were investigated by a RMANOVA with the
within-subjects factor Time (three levels, prior to the
study, on its fifth day and at follow-up) and the between-
subjects factor Group (two levels, anodal vs. sham). The
Greenhouse-Geiser correction was applied to non-spherical
data. A P value� .05 was considered significant. Signifi-
cant main effects and interactions where tested by post-
hoc contrasts with regard to the first point in time (base-
line GOT performance), Bonferroni-corrected for multiple
comparisons. RMANOVAs were conducted separately for
each Group (two levels, anodal vs. sham) with the within-
subject factor Time (three level, prior to the study, the fifth
day of the study, follow-up).

To identify brain regions exhibiting changes specifically
attributable to the repeated delivery of tDCS, we defined
four criteria to be fulfilled by a single brain region: (1) a
significant longitudinal change in at least one stimulation
group, (2) a resulting group difference at least at one point
in time, (3) a significant interaction of the extent of fMRI
activation and the stimulation group and (4) a correlation
between the extent of activation and the amount of
improvement in tactile acuity (see below). These criteria
(or subsets of the criteria) have also been used in other
studies investigating the relationship between tDCS deliv-

ery and (changes in) fMRI activation [Antal et al., 2011;
Stagg et al., 2009a,b, 2011].

Data analysis: fMRI—correlation analysis

The size of activation of each ROI at the second fMRI
session (fifth day of the study) and at the third fMRI
session (four weeks after the last delivery of tDCS) was
correlated with the improvement in tactile acuity at the
fifth day of the study (with regard to baseline perform-
ance) (1) and at follow-up (with regard to baseline per-
formance) (2) by computing the Pearson product-
moment correlation coefficient (P� 0.05, uncorrected for
multiple comparisons).

RESULTS

Outliers and Baseline

In the tDCSanodal group, one subject of the experimental
group maxed out the upper measurement range of the
GOT at the baseline assessment on the first day of testing,
and was consequently excluded from subsequent analyses.
Therefore, data from 11 subjects of the tDCSanodal and 13
subjects of the tDCSsham condition were subjected to fur-
ther analyses.

There was no significant difference in GOT baseline per-
formance between the tDCSanodal and tDCSsham right index
finger [tDCSanodal: M 5 1.32, SD 5 0.42; tDCSsham: M 5 1.58,
SD 5 0.40; t(23) 5 1,543, P 5 0.137].

Questionnaire Data

On each day of testing, participants rated their levels of
attention, fatigue and discomfort prior to and after the
delivery of tDCSanodal/sham. RMANOVAs showed no sig-
nificant difference between the tDCSanodal and tDCSsham

condition on any measure [attention: F(1, 23) 5 0.502,
P 5 0.486; fatigue: F(1, 23) 5 0.422, P 5 0.522; discomfort:
F(1, 23) 5 0.563, P 5 0.461]. Moreover, there was no differ-
ence between groups for the indicated duration or inten-
sity of stimulation measured [intensity: F(1, 23) 5 0.137,
P 5 0.715; duration: F(1) 5 2.203, P 5 0.151].

Offline learning: A RMANOVA on online learning
revealed a significant main effect of Time [five levels, each
day of testing; F(2.562, 58.936) 5 3.721, P 5 0.021] but not
Group (two levels, anodal vs. sham; F(1, 23) 5 0.074,
P 5 0.788), and a significant interaction of Time and Group
[F(2.562, 58.936) 5 4.566, P 5 0.009]. Moreover, performing
a RMANOVA separately for the anodal and sham condi-
tions revealed that there was no online learning in the
tDCSsham condition [F(1, 12) 5 2.190, P 5 0.165] but there
was significant online learning in the tDCSanodal condition
[F(1, 11) 5 5.352, P 5 0.041]. Using t-tests against zero to
analyze the time course of online learning in the tDCSanodal

condition in more detail disclosed swiftly saturating online

TABLE I. Anatomical regions of interest (ROI)

Region name Abbreviation Localization

Primary somatosensory
cortex

S1 Inferior parietal

Secondary somatsensory
cortex (5 OP 1/4)

S2 Inferior parietal

BA 4 Operculum
BA 6 SMA Postcentral
BA 39 (IPC (PGa, PGp)) Precentral
BA 40 [IPC (PFt, PF, PFm)] Precentral

According to Caspers et al. [2006], regions of the inferior parietal
cortex (IPC) correspond to Brodmann areas 39 and 40. The sec-
ondary somatosensory cortex is located in subdivisions of the
parietal operculum (OP) [Eickhoff et al., 2006, 2010]. ROIs are
alphabetically ordered by their localization.
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learning, as can been seen from Figure 3. Only on the first
day of testing was there significant online learning
[t(11) 5 3.357, P 5 0.005], even when Bonferroni-corrected
for multiple comparisons. Moreover, only on the first day
of testing was there a significant difference in the amount
of online learning between the tDCSanodal and the tDCSsham

condition [t(23) 5 2.575, P 5 0.017].
We performed additional analyses to determine the tem-

poral evolution of tDCS effects and a potential shift or
extension in the duration of its immediate effects on tactile
acuity. As can been seen from Figure 3, a very similar pat-
tern of online learning effects emerged at 10, 30, 60 and 90
minutes after tDCS delivery. Thus, there was no significant
difference between the four different types of online learn-
ing measures F(3, 132) 5 1.198, P 5 0.326).

Offline Learning

Results indicated that there was neither a significant

effect of Time [F(2.219, 48.968) 5 0.338, P 5 0.728] nor a sig-
nificant interaction of Time and Group [F(2.219,

48.968) 5 0.115, P 5 0.902]. As seen in Figure 3, there was
constant offline learning in the tDCSanodal group, peaking

between day 2 and day 3, as well as between day 4 and

day 5. In the tDCSsham group there was a persistent loss of
GOT performance between testing days, resulting in a sig-

nificant main effect of Group [F(1, 23) 5 6.190, P 5 0.021].
As well, subjecting offline learning data to a RMANOVA

(separately for both groups) showed that there was signifi-
cant offline learning in the tDCSanodal condition

[F(1, 11) 5 6.376, P 5 0.028] but no offline learning (and

Figure 3.

Online learning, offline learning and the GOT threshold in mm

(M 6 SEM), displayed separately for tDCSanodal (black) and

tDCSsham (light gray) conditions over the course of the study.

Online learning is displayed separately, timed at 10, 30, 60, and

90 minutes after the onset of tDCS, with regard to baseline per-

formance. Negative values with regard to offline learning corre-

spond to an improvement in tactile acuity. D 5 day, Dx-

Dy 5 difference between baseline on day x and final measure-

ment on day y. Follow-up 5 assessment of tactile acuity four

weeks after the last delivery of tDCSanodal/sham.
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also no “warm-up decrement”) in the tDCSsham condition

[F(1, 12) 5 2.683, P 5 0.127].

Total Learning

Using a RMANOVA to compare the absolute GOT
threshold of the right IF between both groups of stimula-
tion at the baseline, at the fifth day of tDCS delivery and
at follow-up resulted in a significant main effect of Time
[F(2, 44) 5 14.301, P 5< 0.001] and Group [F(1, 22) 5 9.607,
P 5 0.005], and a significant interaction of Time and Group
[F(2, 44) 5 4.827, P 5 0.013], picturing the improvement of
GOT performance over the course of the study with a
superior performance of subjects in the tDCSanodal condi-
tion. Post-hoc analyses revealed that in comparison to
baseline performance on day one of testing, there was a
significant difference between the GOT performance in the
tDCSanodal and tDCSsham conditions at day five of testing
[Manodal 5 0.68, SD 5 0.341; Msham 5 1.35, SD 5 0.524; F(1,

22) 5 8.037, P 5 0.010; Fig. 3]. However, at follow-up we
only observed a trend of a significant difference in GOT
thresholds [tDCSanodal: M 5 0.80, SD 5 0.373; tDCSsham:
M 5 1.38, SD 5 0.569; F(1, 22) 5 4.264, P 5 0.051, h2 5 0.162],
but with a large effect size [Cohen, 1988]. Using a two-
sample t-test to compare the absolute GOT threshold of
the tDCSanodal and tDCSsham conditions, we found a signif-
icant and Bonferroni-corrected group difference in two-
point discrimination at follow-up [t(22) 5 2.917, P 5 0.008].
Despite a pooled RMANOVA main effect of Time as
reported above, however, a separate RMANOVA con-
ducted for the tDCSsham condition revealed no significant
change and therefore no learning in tDCSsham condition
over the course of the study [F(2, 22) 5 1.355, P 5 0.279].

fMRI Data: Behavioural fMRI-Data

A RMANOVA proved that difficulty did not change
over time [F(2, 51.66) 5 0.092, P 5 0.912], and did not differ
between groups at any point in time [F(1, 25.14) 5 0.047,
P 5 0.829]. As expected, stimuli classified as “easy” were
significantly different from stimuli categorized as
“difficult” [F(1, 77.24) 5 30.551, P< 0.001]. However, as
Table II shows, stimuli that were supposed to be
“difficult” exceeded the upper category boundary (50 per-

cent correct trials) set for “difficult” stimuli at all three
points in time, as well as in both groups.

fMRI Data: Statistical Parametric Maps

Unfortunately, even though fMRI testing was individu-
ally adpated at each fRMI testing session, only “easy”
stimuli could be held intraindividually constant across all
three fMRI measurements. Only “easy” stimuli complied
with their a priori category definition, while “difficult”
stimuli proved to be too easy (Table II). Therefore, the
analysis of fMRI data was performed only on easy and
correct trials.

With regard to activational magnitude, there was neither
a difference between both groups of stimulation at any
point in time nor a longitudinal change within the tDCSa-

nodal or tDCSsham conditions. However, Figs. 4 and 5 reveal
a significant interaction of Time and Group [F(2,
44) 5 5.540, P 5 0.007] with regard to the task-related acti-
vational extent (number of voxels) of the left primary
somatosensory cortex (S1), resulting in significantly less
activation in the tDCSanodal condition. By the pattern of
change in activational size, especially at follow-up, we
observed neither a main effect of Time [F(2, 44) 5 0.676,
P 5 0.514] nor of Group [F(1, 22) 5 0.0102, P 5 0.920, Fig. 5]
with regard to the activational extent of left S1. Yet post-
hoc tests showed that, in comparison to the activational
extent at baseline, there was significantly less activation
(number of voxels) in the tDCSanodal than in the tDCSsham

condition at follow-up [F(1, 22) 5 11.101, P 5 0.003]. An
additional RMANOVA performed separately for the
tDCSanodal condition revealed a significant longitudinal
decrease in the number of activated voxels in the left S1
[F(2, 20) 5 3.501, P 5 0.048], with no such change in the
tDCSsham condition [F(2, 24) 5 2.649, P 5 0.091]. As can ben
seen from Figure 4B and Table III the decrease in activa-
tion in left S1 in the tDCSanodal condition is primarily
located at the representation of the hand areas in S1 sub-
jected to tactile training and targeted by anodal tDCS.

Finally, two findings from the correlation analysis reveal
(non-causal) support for a relationship between the
repeated delivery of anodal tDCS and changes in brain
activation at the follow-up fMRI sessions. First, there is a
significant negative correlation between the amount of
learning in the tDCSanodal condition at the fifth day of the
study and the extent of brain activation at follow-up
[r(11) 5 20.743, P 5 0.009]. Put differently, the larger the
gain in tactile acuity by the fifth day of the study,
the more localized the activational fMRI extent was at the
follow-up fMRI session (Fig. 6). Second, we observed a sig-
nificant negative correlation between the extent of brain
activation at follow-up and tactile acuity at follow-up,
with regard to baseline GOT performance [r(11) 5 20.689,
P 5 0.019]. Thus, the left S1 satisfies all criteria defined in
the Methods section to identify brain regions exhibiting a
pattern of change attributable to the repeated delivery of

TABLE II. Longitudinal GOT difficulty

T1 T2 T3

Anodal Sham Anodal Sham Anodal Sham

Easy 0.84 0.89 0.82 0.80 0.81 0.82
Difficult 0.70 0.64 0.73 0.71 0.68 0.65

Note: The table provides the percentage of correct trials separately
for each group and stimulus category across the three fMRI
measurements.
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tDCS. Moreover, no brain region other than the left S1 ful-
filled these criteria. Indeed, two of four criteria, at most,
could be fulfilled by any of the other investigated brain
areas (Fig. 5).

Concomitant to a decrease in activation in the left S1,
there was an overall, though not significant, trend towards
a decrease in the activational size in response to tactile
stimulation in both hemispheres in the tDCSanodal condi-
tion. A complementary (and similarly non-significant)
trend of more extensive activation at follow-up was
observed in the tDCSsham condition (Figs. 4 and 5).

DISCUSSION

The present study was intended to investigate effects of
repeatedly applied anodal tDCS on tactile learning of the
right index finger (IF), as well as to investigate concomi-
tant change in brain activity that result from the applica-
tion of anodal tDCS. We found that, in comparison to the
sham application, anodal tDCS enhanced tactile learning
primarily by effects on intersessional changes in perform-
ance within five days and at follow-up four weeks after
the last delivery of anodal tDCS. Alterations in the neuro-
functional organization of the brain accompanied these

behavioural changes. At follow-up we observed a longitu-
dinal decrease in the activational extent in the tDCSanodal

condition, related to the change in tactile acuity and with
significantly less activation in the tDCSsham group at the
primary site of anodal tDCS delivery.

Online Learning

Importantly, all subsequently presented findings are not
related to confounders such as differences in attention,
fatigue, discomfort or the intensity or duration of stimula-
tion, as there was no difference on any measure between
groups. Moreover, no subject in the tDCSsham condition
indicated suspicion of feigned tDCS delivery.

As hypothesised, we observed significant online learn-
ing the tDCSanodal group but not in the tDCSsham group
(Fig. 3). We observed no shift in the onset of online learn-
ing effects, nor did we see any extension of the duration
of online learning effects. Interestingly, and as previously
reported in the Reis et al. [2009] study on the effects of
repeated delivery of anodal tDCS on longitudinal motor
skill learning, online learning was saturated early in the
tDCSanodal group. This finding may be related to the obser-
vation of increased expression of the protein kinase C g

Figure 4.

(A) Changes in activational size. Random effect group analysis of

activations over the course of the study evoked by passive tac-

tile stimulation of the right index finger in contrast to a button

press. The upper row of brains corresponds to the baseline

fMRI session, the middle row to the fMRI session after five days

of anodal or sham tDCS delivery, and the lower row to the

follow-up fMRI session. (B) Change in the activational size of

the hand area, selectively for the left S1 in the tDCSanodal con-

dition, over the course of the study. An S1 mask was generated

by the Anatomy toolbox. From left to right: baseline fMRI ses-

sion, fMRI session after five days of anodal delivery, follow-up

fMRI session. Maps in (A) and (B) are thresholded at P�.001.

Data is projected on the single subject rendering template pro-

vided by SPM 8.
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(PKC g) in the cerebral cortex induced by tDCS [Islam
et al., 1994]. The PKC g is engaged in the phosphorylation
of AMPA receptors [McDonald et al., 2001; Nanou and El-
Manira, 2010; Yan et al., 2011] that are related to the early
stages of long-term potentiation (LTP)—that is online
learning [Derkach et al., 2007; Santos et al., 2007]. Thus,
tDCS could induce larger gains in performance from a sin-
gle session of application [Liebetanz et al., 2002; Nitsche
et al., 2003, 2004; Ragert et al., 2008] by exerting a more
profound effect on the phosphorylation of AMPA recep-
tors. Moreover, changes in AMPA receptors may persist
even for days [Clem and Huganir 2010] which may relate
to the observation of faster saturation of online learning in
the tDCSanodal condition.

Offline learning

Based on findings by Mori et al. [2013] with regard to
the somatosensory system and by Reis et al. [2009] with
regard to the motor system, we expected offline gains in
tactile acuity in response to anodal tDCS, but not for its
sham application. According to our hypotheses, we
observed offline learning in the tDCSanodal group that was
significantly greater than in the tDCSsham condition where
no offline learning occurred (Fig. 3). Thus, we conclude
that tDCS exerts the enhancement of skilled performance
by affecting intersessional performance.

These effects of anodal tDCS on offline learning are
likely mediated by local changes in GABA concentration,

Figure 5.

Bar charts represent the number of activated voxels (M 6 SEM)

within the investigated ROIs of the left and right hemisphere

separately for the anodal and sham condition over the course of

the study [dark gray—before tDCS (T1); mid-gray—fifth day of

tDCS (T2); light gray—follow-up (T3)]. Triangles indicate a

group difference at T3 with regard to activation at T2 (P 5 0.05,

uncorrected for multiple comparisons); dots indicate an interac-

tion between both groups of stimulation over the course of the

study (P 5 0.05, uncorrected for multiple comparisons); stars

indicate a longitudinal change (within one group of stimulation;

P 5 0.05, uncorrected for multiple comparisons). BA 5 Brod-

mann Area; S1 5 primary somatosensory cortex; S2 5 secondary

somatosensory cortex. Images were resliced to 1.5 3 1.5 3

1.5 mm.
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driving plasticity as shown for the motor cortex [Amadi
et al., 2015; Kim et al., 2014; Stagg and Nitsche, 2011].
GABAergic interneurons may be related to rapid remap-
ping of cortical representations [Amadi et al., 2015] by
affecting the receptive field of neurons. Moreover, they are
intrinsically related to LTP [Amadi et al., 2015; Bachtiar
and Stagg 2014; Stagg and Nitsche, 2011], driving lasting
changes in synaptical architecture and neurotransmitter
release [Pastalkova et al., 2006; Whitlock et al., 2006]. For
example, applying anodal tDCS to the primary motor cor-
tex (M1) reduces the local GABA concentration with a pos-
itive correlation between tDCS-induced decreases in local
GABA concentration and in the amount of motor learning
[Stagg et al., 2009a,b, 2011]. Unfortunately, no study has
investigated the relationship between anodal tDCS deliv-
ery, (changes in) local GABA concentration and (changes
in) somatosensory performance. Yet the motor and soma-
tosensory systems share, in principle, the same mechanism
of plasticity [Abraham, 2003]. We therefore assume a cen-
tral role for GABA in mediating superior offline learning
in response to repeated anodal tDCS delivery.

As well, sleep may contribute to offline learning effects
evoked by anodal tDCS. A recent study by Fritsch et al.
[2010] revealed that the delivery of tDCS is related to
brain-derived neutrotrophic factor (BDNF) secretion. The
later stage of LTP—that is offline learning - is at least par-
tially mediated by BDNF [Lu et al., 2008; Pang et al.,
2004]. BDNF also appears to influence EEG power spectra
in neonatal rats [Hairston et al., 2004], and its microinjec-

tion in awake adult rats has been shown to cause a focal
increase in slow-wave sleep [Faraguna et al., 2008]. Impor-
tantly, local changes in sleep have been related to learning
and are dependent on prior novel experiences [Huber
et al., 2004, 2007]. Thus, due to its effects on BDNF secre-
tion, tDCS may promote learning by increasing local sleep,
and consequently may promote greater offline learning
gains. A more recent study by Reis et al. [2015], however,
provides evidence that offline gains in motor skills occur
in a time-dependent but not a sleep-dependent fashion.

Total Learning

On the fifth day of tDCS delivery, the GOT threshold
(with regard to baseline performance at the first day of
testing) in the tDCSanodal condition was significantly lower
than in the tDCSsham condition (Fig. 3). Surprisingly, at
follow-up there was only the trend of a significant differ-
ence in two-point discrimination with regard to baseline
performance (P 5 0.051). However, this finding came along
with a large effect size [h25 0.162; Cohen, 1988]. In addi-
tion, comparing the absolute GOT thresholds between
groups at follow-up, we observed a significant difference in
tactile acuity between the tDCSanodal and tDCSsham condi-
tions with superior performance in the tDCSanodal condi-
tion. As well, in the tDCSsham condition, no evidence of
long-term learning with regard to baseline performance
was seen.

These results provide evidence of long-term learning in
the somatosensory domain in response to the repeated
application of anodal tDCS. This finding, moreover, is in
line with results from the somatosensory domain reported
by Mori et al. [2013], but is also consistent with findings
from the motor domain [Reis et al., 2009]. Therefore, we
are led to conclude that improvement in perceptual per-
formance induced by anodal tDCS does not seem to suffer
from an accelerated decay. Rather, in contrast to its sham
application, the repeated delivery of anodal tDCS seems to
enhance tactile skills for at least a month.

Figure 6.

Correlation between the activational extent at follow-up (FUP)

four weeks after the last delivery of tDCS in voxels (voxel size

1.5 3 1.5 3 1.5 mm), and the GOT performance at the fifth

day of study and at follow-up, in relation to baseline GOT per-

formance in mm in the tDCSanodal condition. Negative values

with regard to GOT performance correspond to a reduction in

GOT threshold, and thus to an improvement in tactile acuity.

TABLE III. Maximum of activation of left S1 in

MNI space

Timepoint

Peak voxel MNI
coordinates

Peak
T-statistic P-valuex y z

T1 254 221 51 12.13 <0.001
T2 256 221 51 14.33 <0.001
T3 257 219 46 7.83 <0.001

First maximum of activation in left S1 separately for the tDCSano-

dal condition at baseline prior to the study (T1), at the fifth day of
anodal tDCS delivery (T2) and at follow-up four weeks after the
last delivery of tDCS (T3) in the MNI space.
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fMRI Data

We found a longitudinal decrease in the task-dependent
activational extent of the hand area in left S1 in the tDCSa-

nodal condition at follow-up, causing significantly less acti-
vation at the primary site of repeated tDCS application (in
contrast to the tDCSsham). Moreover, an overall trend
towards a decrease of the activational size was observed
in the tDCSanodal condition, primarily in the left hemi-
spheres, while over the course of the study there was a
complementary trend of more extensive activation in the
tDCSsham condition. Only the left S1 satifies all conditions
we predefined to identify brain regions exhibiting changes
specifically attributable to the repeated delivery of tDCS.
These are (1) a significant longitudinal change in at least
one stimulation group, (2) a resulting group difference at
(at least) one point in time, (3) a significant interaction of
changes in the activational extent over the course of the
study and the stimulation group and (4) a correlation
between the extent of activation and the amount of
improvement in tactile acuity. Indeed, we observed that
the larger the gain in tactile acuity by the fifth day of the
study and the larger the gain at follow-up, the more focal-
ized the activational fMRI extent in the left S1 at the
follow-up fMRI session would be. The analysis of the mag-
nitude of activation did not result in a significant finding
(Figs. 4 and 5).

Reports of short-term effects of tDCS on the BOLD-
response in the motor domain are ambiguous. However,
while there are also reports of a task-related decrease in
activation [Antal et al., 2011; Baudewig et al., 2001], the
number of studies that report an increase in the BOLD-
response in motor-related brain regions after the applica-
tion of anodal tDCS seems to outweigh the reports show-
ing decreases in activation [Jang et al., 2009; Kwon et al.,
2008; Lang et al., 2005; Stagg et al., 2009b]. As with the
short-term findings, results regrading long-term effects of
tDCS are ambiguous. Lindenberg et al. [2010] investigated
the effects of longitudinally applied tDCS and behavioural
training on the brain’s response to motor task-related brain
activation in stroke patients, and reported a longitudinal
increase of the activational magnitude in M1, ipsilateral to
the site of stimulation. Lefebvre et al. [2014], who
employed a similar paradigm, observed more effective
recruitment of the motor network by more focalized acti-
vation in motor areas in the damaged hemisphere. Kim
et al. [2012] applied a similar paradigm but investigated
effects of anodal tDCS in healthy subjects, observing a
decrease in M1 as well as in a more widespread network
of areas. Therefore, effects of the repeated application of
anodal tDCS in healthy subjects as well as in stroke
patients may be mediated primarily by a decrease in func-
tional activation.

In addition, previous observations [Kim et al., 2012;
Lefebvre et al., 2014] and the present finding of a decrease
in the size of task-dependent activation in S1 with regard
to somatosensory processing are rather plausible against

the background of the physiology of somatosensory infor-
mation processing. Tactile information processing not only
requires high resolution at the periphery, but also in the
central nervous system [for a review see Tommerdahl
et al., 2010]. Thus, extensive and widespread activation at
a later stage of skilled performance is likely disadvanta-
geous to performance. While the early stage of skill learn-
ing is characterized by recruitment of more extensive
neural machinery to perform a task through selection of
the most effective set of modules, skilled performance
seems to be reflected by a smaller set of neurons and their
connections [Hlustik et al., 2004; Lefebvre et al., 2014;
Karni and Sagi 1993; Reed et al., 2011; Xu et al., 2009;
Yang et al., 2009; Yotsumoto et al., 2009]. Along this line
of reasoning and according to the present fMRI findings,
anodal tDCS may promote tactile learning by boosting the
transition from large-scale recruitment to refined informa-
tion processing.

Interestingly, and in contrast to the motor domain [Kim
et al., 2012], we found no significant difference in the acti-
vational extent between the tDCSanodal and tDCSsham con-
ditions at the fifth day of the study, while there was a
significant difference in performance. Yet we observed a
significant relationship between the gain in tactile acuity
by the fifth day of the study and a reduction of the activa-
tional extent at the follow-up fMRI session four weeks
later. Thus, there could be a “silent” or “transitional”
period in which neural changes detectable by fMRI are not
yet present, but mature over a prolonged period in
dependence of the (amount of) initial training and initially
triggered changes. As no such “transitional” period has
been observed with regard to the motor system, we specu-
late that differences in the cortical architecture of S1 and
M1 may be related to the present finding. In comparison
to the agranular motor cortex, there is a smaller number of
stabile spines in S1, also in response to LTP [Castro-Ala-
mancos et al., 1995, 1996]. These spines, however, mediate
local effects of neurotransmitter release and constitute an
important neuroarchitectural feature of LTP [Pastalkova
et al., 2006; Whitlock et al., 2006] on which long-term
effects of tDCS are dependent [Stagg and Nitsche, 2011].
Therefore, a longer period of time may have to pass, in
comparison to the motor cortex, for the establishment of
stable changes in the neurofunctional architecture of S1.

The fact that neurofunctional changes in response to the
repeated delivery of tDCS are located at the primary side
of its application provides an unprecedented piece of evi-
dence with regard to the question of the neural level at
which perceptual long-term learning takes place. In con-
trast to the concept of top-down perceptual learning [Ahis-
sar et al., 2009]—that is, learning at higher levels of
stimulus processing—broad and recent evidence [Bao
et al., 2010; Hua et al., 2010] has argued that perceptual
learning occurs at the level of primary sensory cortices
[Adini et al., 2002, 2004; Sasaki et al., 2010]. The present
study is the first to provide long-term brain imaging
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evidence from the domain of non-invasive brain stimula-
tion to show that perceptual learning also targets the early
level of stimulus processing in the somatomatosensory
domain.

However, methodological issues related to the present
fRMI design exist (not all trials could be evaluated as
planned; a repetition suppression study may have been
more sensitive) and data evaluation (a multivoxel pattern
analysis (MVPA) could have detected more subtle
changes) that primarily restrict the sensitivity of the pres-
ent study to detect changes in activation at sites other than
S1. Therefore, we conclude that the repeated delivery of
anodal tDCS also affects the early level of somatosensory
stimulus processing, but we do not exclude changes in dis-
tinct parts of the somatosensory network or changes at a
network level in response to tDCS, as is suggested by the
most recent studies investigating the effect of tDCS on, for
example, resting state connectivity [Keeser et al., 2012;
Polonia 2011a,b, 2012; Park et al., 2013].

CONCLUSION

Tactile learning, as investigated in the present study, is
substantially modulated by the repeated application of
anodal tDCS. Behaviourally, the repeated delivery of ano-
dal tDCS boosts offline learning. Neuronally, anodal tDCS
causes a long-term decrease in the size of activation in
response to passive tactile stimulation in the left S1,
which is highly plausible based on the neuroanatomy of
somatosensory information processing. Thus, the present
study provides valuable insight into the mode of opera-
tion for anodal tDCS on the brain response to perceptual
learning.
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