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Abstract Transcranial direct current stimulation (tDCS) is a
non-invasive neuromodulatory technique with increasing
popularity in the fields of basic research and rehabilitation. It
is an affordable and safe procedure that is beginning to be used
in the clinic, and is a tool with potential to contribute to the
understanding of neural mechanisms in the fields of psychol-
ogy, neuroscience, and medical research. This review presents
examples of investigations in the fields of perception, basic
sensory processes, and sensory rehabilitation that employed
tDCS. We highlight some of the most relevant efforts in this
area and discuss possible limitations and gaps in contempo-
rary tDCS research. Topics include the five senses, pain, and
multimodal integration. The present work aims to present the
state of the art of this field of research and to inspire future
investigations of perception using tDCS.

Keywords tDCS . Perception . Rehabilitation . Brain
stimulation

Introduction

In contemporary psychology and neuroscience research, bet-
ter understanding of the brain-behavior relationship is a

central goal. Given that, the field can profit very much from
directly interfering with brain activity and measuring the be-
havioral outcome. In this article we argue that transcranial
direct current stimulation (tDCS) is a valuable tool for this
purpose, and we show a number of examples of possible ap-
plications. Contemporary research mostly focuses on correla-
tional methods (such as imaging and electroencephalography)
and behavioral evaluation. Here we argue and illustrate that
the combination of these methods and direct brain stimulation
can bring important insight for current clinical and basic re-
search. This review is organized into fourmain sections: (1) an
introduction to tDCS mechanisms of action and parameters;
(2) a review of the state of the art in research of different
sensory modalities, pain, and multimodal integration; (3) a
critical account on how our understanding of tDCS may profit
from the use of more sophisticated measures and psychophys-
ical methods; and (4) a summary of the most popular ap-
proaches in tDCS research. We have included tables at the
end of each section of the review summarizing all the tDCS
studies reviewed here. The tables include all the relevant pa-
rameters of tDCS stimulation and the outcome measures used,
so that important information about these studies can be
quickly accessed and compared.

What is transcranial direct current stimulation
(tDCS) and how does it work?

Reports of the non-invasive delivery of electric currents as a
neuromodulatory intervention stemback to classical antiquity
(Priori, 2003). However, only in the 1960s did combined elec-
trophysiologic and behavioral data confirm that electrical
stimulation over the scalp could induce site-specific changes
on brain activity in a polarity-dependent manner (Creutzfeldt
et al. 1962; Landau et al., 1964). Recently, an elegant non-
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invasive brain stimulation procedure using low-intensity cur-
rents was introduced and caused a growth of interest in the
field (Nitsche & Paulus, 2000; Nitsche et al., 2008). Known as
transcranial direct current stimulation (tDCS), this procedure
is helping to elucidate brain-behavior relationships in patients
and healthy humans, and it has been shown to have substantial
neurorehabilitation potential. Here we review the current state
of sensation and perception research using tDCS as a tool.

Contemporary tDCS procedures may vary in specific de-
tails of the technique. Generally, they are based on the appli-
cation of unidirectional constant current over superficial cor-
tical areas via electrodes placed on target areas of the scalp.
Most frequently, these are large electrodes (25–35 cm2) and
the current intensity varies between 1 and 2mA (Nitsche et al.,
2008; Zaghi et al. 2009).

The current flows from the anode to the cathode electrode.
Thus, depending on the electrode positioning, the resting
membrane potential of neurons in an area may be modulated
to be closer or more distant from the firing threshold.
Apparently tDCS does not directly induce action potentials;
instead it modulates the excitability of the cortex within the
physiologic range (Bindman et al., 1964; Nitsche et al., 2008).
Generally the anode electrode will result in facilitation and the
cathode in inhibition of the neural firing (Nitsche & Paulus,
2000), although parameters and other issues may result in the
opposite outcome, as we discuss below.

Besides current direction, the main parameters to define in
tDCS protocols are electrode positioning (generally following
the 10–20 EEG system), current density (electric current per
electrode area), stimulation length, number of sessions, and
whether the stimulation was delivered during a task (online
tDCS) or before the task (offline tDCS). Extensive data sug-
gest that this is a safe procedure that involves mild and tran-
sient adverse effects (Brunoni et al., 2012; Nitsche et al.,
2008). In a systematic review of tDCS experiments in
humans, Brunoni et al. (2012) found that 56 % of the studies
mentioned adverse effects but these were limited to itching or
tingling under the electrodes, headache, and discomfort.
These adverse effects were also present in participants receiv-
ing sham tDCS, thus suggesting that the major cause of side
effects may not be the current itself.

The moderate adverse effects related to tDCS reflect the
safety parameters adopted by researches. In general, current
densities range from 0.028 to 0.06 mA/cm2, which are at least
400 times lower than the current density shown by McCreery
et al. (1990) as being able to induce neural tissue damage. It is
noteworthy that McCreery et al. placed electrodes over the
brain, when in fact tDCS is applied over the scalp, using
saline-soaked non-metallic electrodes. These methods avoid
toxic release caused by brain-electrode contact thus minimiz-
ing brain lesion possibilities (Nitsche et al. 2003a, b) and
reduce chemical reactions with the skin. The total amount of
current delivered during a session should also be considered.

For instance, if we apply 2 mA through 35 cm2 during 30min,
the total current delivered will be 0.103 C/cm2, a value 2100
times below the safety criteria (Yuen et al., 1981).

Recent studies have shown that tDCS does not induce ei-
ther elevations of a neuronal damage marker (neuron-specific
enolase) or edema in humans (Nitsche et al. 2003a, b, Nitsche
et al. 2004a, b, Nitsche et al. 2008). Also, no maladaptive
functional or structural changes were observed in evaluations
using electroencelograms (EEGs) and functional magnetic
resonance imaging (fMRI) (Iyer et al., 2005; Nitsche et al.
2004a, b). It is still not clear if repeated tDCS sessions over
weeks and months can lead to undesirable side effects, and
further research in that area is strongly advised.

Mechanisms of action

Although there is a consensus about the safety of tDCS pro-
cedures when standard parameters are used, the complete
mechanisms of action are yet to be described. Two mecha-
nisms appear to underlie tDCS effects and the main findings
in this field may be summarized as follows: (1) in an initial
stage tDCS effects might be explained by a modulation of the
resting membrane potentials of the stimulated area, and (2)
later its effects might be based on BLTP-like^ and BLTD-like^
plasticity mechanisms while (3) tDCS effects appear to be site
specific but not site limited.

In summary we might say that anodal tDCS causes the
resting membrane potential to become more positive, making
the cell more likely to fire, while cathodal stimulation will do
the opposite most of the time and will lead to hyperpolariza-
tion. This has been observed in many levels, most notably in a
study that has delivered calcium and sodium channel blockers
and observed the inactivation of anodal tDCS effects and no
modulation of cathodal tDCS effects (since cathodal tDCS
would act by hyperpolarizing the cells and the inactivation
of calcium and sodium channels will have this very same
effect; Nitsche et al. 2003a, b). More complex and less clear
processes underlie tDCS effects on synaptic communication.
Many works suggest that anodal tDCS may inhibit gamma-
aminobutyric acid (GABA; e.g., Nitsche et al. 2004a, b) while
cathodal stimulation inhibits glutamate (e.g., Stagg et al.,
2009). Nonetheless, most of the investigations have focused
on motor cortex excitability and these processes might not
translate to sensory functions, for instance. It is also important
to note that many other neurotransmitters (such as dopamine,
serotonin, and acetylcholine) might influence tDCS effects or
be influenced by it. For detailed reviews of tDCS mechanisms
of action see Stagg and Nitsche (2011), Medeiros et al. (2012),
and Filmer, Dux and Mattingley (2014). In each of these re-
views it is clear that although tDCS is a safe procedure and we
have a reasonable picture of its mechanisms of action
(Table 1), many relevant open questions still remain.
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In spite of the many open questions regarding tDCS mech-
anisms of action, we know that most of its effects might be
explained by approaching or distancing cells from its firing
threshold, a phenomenon that is frequently described as a
change in excitability, but could also be interpreted as a tran-
sient change in sensitivity. In fact, there is some psychophys-
ical evidence supporting this interpretation. First, many
studies show changes in thresholds (e.g., Antal et al., 2003a;
Grundmann et al., 2011; Costa et al., 2012, 2015a). Some
studies have also analyzed tDCS outcomes using a signal
detection theory approach. These findings suggest that the
changes in performance induced by tDCS are driven by
changes in sensitivity and not changes in response criteria or
bias. This was shown in the works of Olma et al. (2011) on
contrast discrimination and Falcone et al. (2012) on the per-
formance in a threat detection task.

Focality and current flow

Current flow and focality are crucial issues that must be kept
in mind when discussing how tDCS works. tDCS is known to
have a low spatial focality as it generally uses large electrodes
and the current has to flow through highly conductive media
with different levels of resistance. This might lead to a
scenario where the electric current may spread way beyond
the area below the stimulating electrode. A few groups have
approached this issue with different models and distinct
results. Miranda et al. (2006) used a circular head model and
concluded that the maximum current density is achieved
immediately below the stimulating electrode and gradually
decreases at a distance from it. On the other hand, Bikson
et al. (2012) developed a realistic head model and suggested
that there is a higher current density between the electrodes
than right beneath the electrodes. Later, Wagner et al. (2014)
used a different realistic head model and found that most of
the current density is concentrated below the electrodes, a
finding similar to that of Miranda et al. (2006). Discussing
differences between models is beyond the scope of this re-
view, but there is a point where all agree: the current spreads
away from the stimulating electrodes and might have func-
tional effects in areas that are not being targeted at first. It is
important to note that the distinctions in the works mentioned
above might be accounted for by modeling parameters (see

Wagner et al., 2014 for a discussion) and this is a topic of
current debate.

The role of the reference electrode is crucial with regard to
tDCS focality. tDCS needs two electrodes with different po-
larities to work and both electrodes are functional throughout
the stimulation session. Research results are frequently
interpreted with a focus on the active electrode only and the
role of the reference electrode is often not discussed. Let us
consider an investigation that wants to target the early visual
cortex. Placing the active electrode over Oz (using the 10–20
EEG system) would be the most popular choice, but this cur-
rent has to flow to the reference electrode too. The researchers
could choose different locations to place the reference elec-
trode (Cz, Fz, or even on extracephalic sites, just to name a
few possibilities; see Fig. 1a). The choice of reference
electrode sites will have two consequences: it will affect
the direction of current flow and it will also have a func-
tional effect on the area where it is placed. In the cases
where this functional effect is not desired and might act as
a confounding factor, researchers have chosen reference
electrode sites that are known to not be directly related

Fig. 1 Schematic representations of transcranial direct current stimulation
(tDCS) procedures. As a convention, the current flows from the anode
(presented here in red) to the cathode (blue). A typical montage for
targeting the prefrontal cortex is presented in A and an extracephalic
return electrode montage in B. The pictures are for illustrative
purposes only

Table 1 Main mechanisms of action underlying transcranial direct current stimulation (tDCS) effects (some exceptions may apply)

Anodal tDCS Cathodal tDCS

Increases excitability in the stimulated area Decreases excitability in the stimulated area

Decreases voltage gradient between intracellular and extracellular medium Increases voltage gradient between intracellular and extracellular medium

Inhibits neurotransmission by GABA Inhibits neurotransmission by glutamate

Induces BLTP-like^ plasticity in the neocortex Induces BLTD-like^ plasticity in the neocortex

GABA gamma-aminobutyric acid, LTP long-term potentiation, LTD long-term depression
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to the function that is being modulated. In many cases
they have also used extracephalic electrodes (e.g., Ferrucci
et al. 2008) or larger reference electrodes so that the current
density is lower in this site in order to minimize its functional
effects (e.g., Fregni et al. 2008).

Other alternatives have been suggested to address the limited
focality of the standard tDCS procedure. For instance, some
groups have used smaller electrodes. In one case, researchers
customized electrode sizes and shapes based on individualMRI
data (Tecchio et al., 2014).

These studies have yielded promising results but a new
technique might be an alternative for these approaches in the
future of tDCS. High-definition tDCS (HD-tDCS) has been
developed with two goals: delivering a more focal stimulation
and decreasing the functional relevance of the reference elec-
trodes (Datta et al., 2009; Villamar et al., 2013). HD tDCS
uses circular electrodes with approximately 1 cm diameter in a
4 × 1 montage, i.e. four reference electrodes placed equidis-
tantly from an active electrode in the center (Fig. 2). Recent
research has suggested that no significant effects are observed
under the reference electrodes while an effect that is more
focal but comparable in magnitude to the classic 5 × 7 cm
electrodes is induced under the active electrode (Edwards
et al., 2013). Unfortunately very few studies have used HD-
TDCS so far and there is more limited information on param-
eters and expected results for thistechnique than for the classic
tDCS montage used in numerous investigations. Nonetheless,
HD-tDCS is a promising tool that will likely see an increase in
popularity during the next few years.

Possible advantages over other neuromodulation
techniques

As the mechanisms of action of tDCS are not yet fully eluci-
dated and it may not be considered one of the most focal non-
invasive brain stimulation techniques available, why not use
other more traditional and focal brain stimulation techniques?
tDCS has a number of advantages when compared to other
neuromodulatory techniques such as epidural direct current
stimulation (EDCS), deep brain stimulation (DBS), and trans-
cranial magnetic stimulation (TMS). tDCS is non-invasive
and portable, allowing for a safe and convenient application
outside the hospital environment. tDCS is inexpensive and
induces rare and mild side effects. Furthermore, it allows an
easy and effective sham control for clinical trials since tDCS
does not produce acoustic noise or muscle twitching, and the
skin sensation associated with the passage of the current can
be induced by short stimulation (30 s, a dosage believed to be
innocuous; Gandiga et al., 2006), while the experimental stim-
ulation extends for minutes. Furthermore, topical pretreatment
with ketoprofen can reduce any possible tDCS-induced er-
ythema (skin redness), decreasing this adverse effect and
improving blinding (Guarienti et al., 2014). Also, a high
stimulation frequency has to be used to induce excitatory
outcomes with repetitive TMS (rTMS), and, therefore, the
stimulation might induce seizures, and field standards sug-
gest it should be delivered in hospital environments (e.g.,
Rossi et al., 2009). Excitatory tDCS is substantially safer
and more straightforward.

It is important to note that single-pulse TMS will lead to
action potentials in the stimulated area and therefore will in-
duce a suprathreshold response. Excitatory or inhibitory repet-
itive TMS will lead to some interruption of the function me-
diated by the targeted area during the stimulation (Pascual-
Leone, Walsh & Rothwell, 2000). TDCS will not Binterrupt^
the normal brain function and can be safely and smoothly
delivered during task performance. This could be considered
an advantage in some cases.

The issues mentioned above support that clinical tDCS
interventions outside hospital environments are feasible. In
fact, there are even guidelines for this practice and commer-
cially available devices (Charvet et al. 2015). The populariza-
tion of remotely supervised tDCS treatments might allow for a
safe and effective clinical use that might be an advantage of
tDCS over other neuromodulatory interventions too.

Lastly, the low focality of the standard tDCS proce-
dure might also be considered an advantage in some
cases. If for some reason a specific investigation aims
at stimulating relatively large portions of the brain,
tDCS (with its large electrodes) is a particularly promis-
ing technique. This might be useful in investigations of
some cognitive processes that are not highly localized,
for instance.

Fig. 2 Schematic representation of high-definition transcranial direct
current stimulation (HD-tDCS) electrode placement. As a convention,
the current flows from the anodal electrodes (presented here in red) to
the cathodal electrode (blue). This picture is for illustrative purposes only
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tDCS and sensory-perceptual processes

The amount of sensory processing and rehabilitation research
using tDCS today can be considered moderate when com-
pared with the volume of research on motor system and neu-
ropsychiatric disorders that employed this technique. The in-
ceptive nature of this line of research is noteworthy but the
successful investigations done in recent years suggest that this
is a promising field and future research must be encouraged.
This can be confirmed in the more specific reviews of Antal
and Paulus (2008), 2011a), Zaghi et al. (2009), and Plow et al.
(2012a) and in the following sections. Here we aim to present
the state of the art of tDCS investigations on sensory and
perceptual processing and possibilities for its use in sensory
rehabilitation. Thus, as a secondary goal, we expect to inspire
future research in this field. The following sections present
basic research findings, followed by examples of clinical
applications.

Visual

After the introduction of the contemporary tDCS procedure
(Nitsche & Paulus, 2000) one of the first sensory functions
tested was visual contrast sensitivity. The tDCS montage used
most frequently in this field places the active electrode over
Oz (targeting the primary visual cortex) and the reference over
Cz (targeting a non-visual area). Initial research in this field
found grating contrast sensitivity impairments induced by
cathodal tDCS (Antal et al., 2001), while anodal stimulation
had no effect. Later, anodal tDCS was shown to lower phos-
phene thresholds while cathodal tDCS increased it (Antal
et al., 2003a, b). Anodal tDCS also increased the amplitude
of visual evoked potentials in response to oscillating gratings
while cathodal stimulation had the opposite effect (Antal et al.,
2004a). Using a motion after-effect psychophysical test, Antal
et al. (2004b) showed that motion adaptation could be affected
by tDCS of MT+/V5 area.

These early studies have shown that tDCS can affect visual
processing with some specificity, but how specific these ef-
fects could be was not evaluated until recently. Costa et al.
(2012) explored this issue by applying tDCS during a color
discrimination task known to measure thresholds indicative of
the parvocellular and koniocellular pathways functions
(known to mediate the red-green and blue-yellow discrimina-
tions, respectively). For anodal tDCS the authors found a
highly significant improvement of thresholds in the blue-
yellow range and no effect in the red-green range. Cathodal
tDCS impaired the inferred parvocellular-driven discrimina-
tion but increased koniocellular-driven discrimination. These
findings suggest that tDCS can have a relevant pathway-
specific effect over the visual cortex but whether this phenom-
enon was specific for color discrimination or reflected a more
general trend towards differential effects of tDCS on different

cell groups in the stimulated area was unclear until recently.
Costa et al. (2015a) have investigated if different spatial fre-
quency channels could be differentially affected by tDCS of
the occipital pole. The authors have used psychophysical and
electrophysiologic methods and observed a differential effect
of tDCS on the responses to different spatial frequencies (i.e.,
0.5, 4.0, and 16 cpd) that are known to be processed by dif-
ferent cell groups in the visual cortex. In agreement with these
observations, this same group found differential effects of
tDCS on central versus peripheral visual field thresholds
(Costa et al., 2015b). These specific tDCS effects on different
cell groups within the stimulated area highlight the fact that
although tDCS does have a low focality in the spatial domain,
its effects might be highly focal in the functional domain.

The abovementioned studies focused on hierarchically low
visual functions and helped us to understand that tDCS can
affect visual processing and that its effects might be surpris-
ingly focal in the functional domain. Nonetheless, the full
potential of tDCS as a tool for the study of visual processing
is far from completely explored. TDCS has also shown its
effects on complex perceptual tasks such as face recognition
and visual search, for example.

Facial gender adaptation (when the presentation of a face
will bias the gender judgment of subsequently presented
faces), a complex visual illusion involving strong top-down
influences, was suppressed by cathodal stimulation of the
right temporo-parietal area (Varga et al., 2007). Since facial
gender adaptation is known to be affected by size and retinal
position of the stimulus, Varga et al. (2007) were interested in
investigating if early visual retinopic areas such as V1 could
be involved in this phenomenon. The stimulation of V1 did
not affect the gender adaptation, reinforcing the fact that this
illusion is determined at the level of higher order visual areas.
This is an example of how tDCS can help elucidate the top-
down and bottom-up mechanisms involved in visual percep-
tion. Unfortunately, this is one of the few cases of a tDCS
investigation of visual illusions or face perception.

More interesting research on face perception inhibited V1
with cathodal tDCS during a task where healthy participants
had to identify happy or fearful faces (backwardly masked by
faces with congruent and incongruent emotions). A facilitato-
ry effect on congruently masked stimuli was observed during
sham and control conditions (Cecere et al., 2013).When tDCS
inhibited V1, this effect disappeared and there was only facil-
itation when happy targets were masked by fearful ones.
These results suggest that congruency-dependent facilitation
of emotional face stimuli rely on specific activity of V1 and
not only on the subcortical path (Cecere et al., 2013). It is well
known that there is a specialized implicit visual processing of
emotional face stimuli (as seen with blindsight in hemianopic
patients or in healhy subjects for masked stimuli).
Nevertheless, the extent of the involvement of cortical and
sub-cortical pathways in this phenomenon is a matter of

Atten Percept Psychophys (2015) 77:1813–1840 1817



current debate. Coupling Cecere et al. (2013) with studies
on hemianopic patients suggests that in the presence of
inhibition or damage to the visual cortex, fearful faces
and not happy faces are capable of eliciting a facilitation
response (mostly relying on the sub-cortical pathway).
Here, tDCS effects helped to shed new light on the implicit
processing of emotional faces in the healthy brain and in
stroke patients.

Experiments on visual search showed that tDCSmay affect
perceptual learning. McKinley et al. (2013) applied anodal
tDCS to the F10 area (International 10–20 system) aiming at
improving spatial discrimination in a simulated radar task
used to train airforce officials. Subjects receiving tDCS and
training achieved an improvement of visual search accuracy of
approximately 25 % when compared with subjects receiving
training alone. This suggests that tDCS may aid perceptual
learning when applied to frontal areas, an effect that is
most likely explained by attention and associative learning
mechanisms.

In another instance, however, anodal tDCS has been shown
to interfere with perceptual learning consolidation. Peters et al.
(2013) applied a visual sensitivity task in which the perfor-
mance of the sham and cathodal tDCS group improved from
one day to the next while the group receiving anodal tDCS did
not present such improvements. The authors have delivered
tDCS with the standard Oz-Cz montage in an attempt to target
V1 and interpret these results as a possible effect of anodal
tDCS on overnight visual learning consolidation (as there
were no significant effects observed during the task in the first
testing day). These are remarkable effects that still stand alone
in the tDCS literature, as most investigations of tDCS effects
on perception do not test patients on consecutive days (as
there might be carryon effects between testing sessions).
Nonetheless there are some studies that show that tDCSmight
suppress some performance increases seen when repeating a
task after sham stimulation within the same session day (for
examples in the visual domain see Costa et al., 2015a, for
Vernier processing). This supports the notion that tDCS could
suppress a normal performance improvement seen in some
tasks. As the case of the Vernier processing mentioned here
cannot be explained through disruption of overnight visual
learning consolidation, we suggest that a cautious interpreta-
tion of the effects reported by Peters et al. (2013) and more
investigations of this possible perceptual learning blocking
phenomenon are advised. Nonetheless, the results mentioned
in the last few paragraphs suggest that tDCS may be used in
perceptual learning research.

tDCS can also be used to study hemispherical asymmetries
in visual perception. Bardi et al. (2013) investigated if the
lateralization of the processing of local versus global features
in the posterior parietal cortex (PPC) could be explained by
the relative salience of the stimuli instead of the classical local/
global dichotomy. For that purpose the authors applied anodal

and cathodal tDCS to each hemisphere during a task that
involved global and local selection in a context of high or
low stimulus salience. Their results corroborated previous
reports of right PPC attending to high salience stimuli
while the left PPC is more critically involved in attending
to low salience stimuli. These results also suggest that
tDCS might be used as a rehabilitative tool in conditions
where there is a maladaptive bias towards local or global
selection in perception.

Another recent study has investigated the role of the PPC in
a visual identification task with varying attentional demands
and has reported interesting results. Weiss and Lavidor (2012)
investigated if the decrease in excitability induced by cathodal
tDCS could reduce the competition between target and back-
ground noise stimuli and lead to performance improvements
in this visual identification task. The authors found significant
performance improvements, a result that suggests cathodal
tDCS might function as a Bnoise filter^ in circumstances
where a target has to compete for attentional resources with
other elements and might end up improving performance
instead of decreasing it. This hypothesis was first suggested
by Antal et al. (2004b) and Antal and Paulus (2008) after
observing the same cathodal tDCS effect in a random noise
motion detection task. The authors suggest that as the cells
processing the noise will most likely act in a more random
fashion when compared with the ones processing the signal,
the inhibitory effects of cathodal tDCSwould be more marked
over the noise and increase the signal-to-noise ratio. But re-
gardless of the possible mechanisms behind this cathodal
tDCS-driven performance boost, these results have to be kept
in mind when interpreting cathodal tDCS effects on tasks
where substantial noise is present. It also illustrates how
tDCS outcomes might not always be straightforward.

Despite these interesting results, there are few clinical in-
vestigations of tDCS as a visual rehabilitative tool so far.
Recently, tDCS was shown to be effective in improving con-
trast sensitivity of amblyopic patients (at least transiently).
Spiegel et al. (2013) showed that eight out of 13 adult ambly-
opic patients had significant improvements in contrast sensi-
tivity of the amblyopic eye after anodal tDCS (Oz-Czmontage
for 15 min). Also, fMRI recordings showed that the cortical
activation bias towards the non-amblyopic eye was dimin-
ished after anodal stimulation. This study illustrates that
this tool may help to reverse the hemispheric unbalancing
of cortical activity induced by some clinical conditions.
Future research could use the rationale frequently employed
in motor rehabilitation research (i.e., Lindenberg et al.,
2013), and take advantage of the fact that tDCS has two
electrodes with different functional outcomes that may be
used simultaneously to reverse this imbalance (cathode on
the hyperactive and anode on the hypoactive site). Sunwoo
et al. (2013) compared this approach with unilateral stimu-
lation in ten stroke patients with unilateral visuospatial
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neglect and found the bilateral approach to be significantly
more effective.

A series of studies have also shown that tDCS may be
effective in treating post-stroke visual losses. In order to un-
derstand its potential to improve the visual field loss in stroke
patients, a study with healthy volunteers showed that anodal
tDCS over V1 could have a retinotopically-specific effect,
increasing contrast sensitivity in the central visual field
(Kraft et al., 2010). Later, a case study of a hemianopic patient
showed that combined Visual Restoration Therapy (VRT) and
anodal tDCS of V1 over 3 months led to visual field improve-
ments equivalent to the ones expected for a 6-month treatment
with VRT alone (Halko et al. 2011). The authors also showed
that the changes in fMRI signal found during the treatment
were significantly correlated with the modeled electric field
induced by tDCS, supporting the role of tDCS as a visual
rehabilitation booster.

A subsequent small sample sham-controlled study by the
same group reinforced the adequacy of combining tDCS and
VRT for visual field rehabilitation (Plow et al., 2011). Later,
Plow et al. (2012a) investigated the effects of 3 months of
combined VRT and tDCS (three times a week) in a group of
eight hemianopic patients, half of whom received anodal and
the other half of whom received sham tDCS. The anodal tDCS
group had a significantly larger increase in visual field sensi-
tivity and showed significant improvements in daily living
vision-related activities. The improvements in daily living
vision-related activities were stable after a 6-month follow-
up. Further analyses showed that significant differences be-
tween tDCS and sham groups could already be observed after
the first month of treatment, but significant shifts in visual
field border could only be observed after the 3-month treat-
ment (Plow et al. 2012b).

tDCS was also shown to improve the motion perception in a
group of 12 patients with occipital ischemic lesions. Olma et al.
(2013) applied anodal tDCS over the calcarine sulcus (ipsilat-
eral to the lesion, aided by MRI-guided neuronavigation) for
five consecutive days. This led to a significant improvement in
motion perception that remained for at least 28 days. This sug-
gests that tDCS effects on visual perception of stroke patients
may not be limited to improvements in contrast sensitivity and
visual field border.

In fact, there is new evidence suggesting that tDCS may be
used for rehabilitation of other aspects of visual perception
beyond contrast sensitivity and discrimination at different
points in the visual field. Heth and Lavidor (2015) have found
that anodal stimulation over the posterior parietal cortex im-
proved reading fluency and speed in a group of adults diag-
nosed with developmental dyslexia. From a clinical point of
view, these results are very relevant since there are limited
treatment options for dyslexic adults. From a basic research
point of view these results help to support the role of the dorsal
stream in processing the orthographic input during reading

and lexical processing. Nonetheless, a possible limitation has
to be discussed. As the reference electrode was placed over the
orbito-frontal cortex (an area that is known to be involved in
many higher order cognitive processes and decision making),
it is reasonable to wonder if this performance improvement
might not have been influenced by the modulation of this
frontal area too. Therefore, an interpretation of these effects
in terms of the activity of the dorsal pathway alone might not
be complete. This can be considered one case where the ref-
erence electrode placement might generate some controversy
in the interpretation of results.

In summary, there are many investigations in basic and
clinical research that employ tDCS to modulate visual percep-
tion and these range from very basic (e.g., contrast sensitivity)
to more sophisticated functions (e.g., face perception, reading).
As the neural correlates of many visual functions are better
known than the ones underlying higher order cognitive func-
tions or the ones underlying most (or all) other senses, visual
perception research has also helped us to understand how spe-
cific tDCS effects are. This can be seen in the early investiga-
tions by Antal et al. (2001, 2003b, 2004a) and in the more
recent works showing a high functional specificity of tDCS
(Costa et al., 2012, 2015a, b). In what concerns clinical re-
search, works like Plow et al. (2011, 2012a, b) and Sunwoo
et al. (2013), have shown that tDCS can be effectively used in
post-stroke rehabilitation of a sensory function (as until recent-
ly we only knew cases of tDCS use in post-stroke rehabilitation
of motor functions). Taken together, the studies mentioned in
this section are a robust example that tDCS is an adequate
technique for basic visual research and a promising tool for
visual rehabilitation. The stimulation parameters and outcome
measures for each of the cited works are summarized in
Table 2.

Auditory

In the basic research field, there are interesting examples of
tDCS-induced changes of auditory processing. Zaehle et al.
(2011) found that tDCS can differentially affect distinct
components of the auditory-evoked potential depending
on the tDCS site. Anodal stimulation over the temporal
cortex increased P50 amplitudes, while cathodal stimula-
tion of temporo-parietal areas increased N1. This result
reinforces the hypothesis that different auditory areas will
generate different components of the auditory evoked po-
tential. Other authors have shown that tDCS can affect
pitch detection and temporal discrimination in the
auditory domain. Loui et al. (2012) showed that cathodal
tDCS over the inferior frontal and superior temporal areas
significantly impaired performance in a pitch-matching
task, making a case for the involvement of these areas
in pitch processing. Ladeira et al. (2011) applied bilateral
cathodal or anodal tDCS over the temporal cortex. tDCS
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Table 2 Summary of parameters and details for each experiment study discussed in the section BVisual processing^

Reference Location of
target electrode
(international
10–20 system)*

Location
of return
electrode

Stimulation
parameters

Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

Antal et al.
2001

Oz, 35 cm cm2 Cz, 35 cm cm2 1.0 mA for
7 min

Anodal,
cathodal,
sham

Online and
offline

15, within
participants

Spatial and temporal
achromatic contrast
sensitivity

Antal et al.
2003a

Oz, 35 cm cm2 Cz, 35 cm2 1.0 mA for
10 min

Anodal,
cathodal

Offline 16, within
participants

Phosphene thresholds.
Phosphenes induced
by TMS of Oz

Antal et al.
2003b

Oz, 35 cm2 Cz, 35 cm2 1.0 mA for
10 min

Anodal,
cathodal

Offline Nine, within
participants

Moving phosphene
thresholds. Moving
phosphenes induced
by TMS of V5

Antal et al.
2004a

Oz, O1 35 cm2 Cz, O2, 35 cm2 1.0 mA for 5
or 15 min

Anodal,
cathodal

Offline 10, within
participants

Amplitudes and latencies
or visual evoked
potential for achromatic
sine-wave gratings

Antal et al.
2004b

*Oz, V5, 35 cm2 Cz, 35 cm2 1.0 mA for
15 min

Anodal,
Cathodal,
sham

Offline 12, within
participants

Motion adaptation induced
by coherently moving
dots

Bardi et al.
2013

Bilateral PPC
(P3, P4)
9 cm2

No 1.5 mA for
20 min

Anodal,
cathodal,
sham

Online Nin9, within
participants

Navon letters global-local
task with low and high
salience stimuli

Cecere et al.
2013

O1, 35 cm2 Cz, 35 cm2 2.0 mA for
15 min

Cathodal,
sham

Offline 26, between
participants

Happy or fearful faces
(backwardly masked by
faces with congruent
and incongruent facial
emotions)

Costa et al.
2012

Oz, 25 cm2 Cz, 25 cm2 1.5 mA for
20 min

Anodal,
cathodal,
sham

Online 15, within
participants

Color discri mination
thresholds in protan,
deutan, and tritan
confusion axes. Red-
green grating threshold

Costa et al.
2015a

Oz, 25 cm2 Cz, 25 cm2 1.5 mA for
~30 min

Anodal,
cathodal,
sham

Online and
offline

17, within
participants

Psychophysical and VEP
for achromatic contrast
sensitivity (sine wave
gratings) ON and OFF
lu minance thresholds
Vernier Acuity

Costa et al.
2015b

Oz, 25 cm2 Cz, 25 cm2 1.5 mA for
20 min

Anodal,
cathodal,
sham

Offline 15, within
participants

Central (10-2) and
peripheral (60-4)
automated threshold
perimetry

Costa et al.
2015c

Oz, 25 cm2 Cz, 25 cm2 1.5 mA for
~20 min

Anodal,
cathodal,
sham

Online 14, within
participants

Size and distance scaling
task

Halko et al.
2011

Oz, 35 cm2 Cz, 35 cm2 2.0 mA for
30 min

Anodal Online Case study Hemianopic patient
underwent 36 sessions
(over 3months) of tDCS
coupled with visual
rehabilitation training.
Outcomes evaluated
with behavioral results
and fMRI

Heth & Lavidor
2015

*Left V5,
25 cm2

Right orbitofrontal,
35 cm2

1.5 mA for
20 min (five
sessions)

Anodal, sham Offline 19, clinical,
between
participants

Adult dyslexia tested in
number of reading and
naming tasks

Kraft et al.
2010

O1 or O2,
25 cm2

Cz, 70 cm2 1.0 mA for
15 min

Anodal,
cathodal,
sham

Offline 12, within
participants

Central (10-2) automated
threshold perimetry

Mckinley et al.
2013

F10, 5x 1.6 cm Extracephalic,
5x 1.6 cm

2.0 mA for
30 min

Anodal, sham Online 27, between
participants

Visual search task used in
air force education
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Table 2 (continued)

Reference Location of
target electrode
(international
10–20 system)*

Location
of return
electrode

Stimulation
parameters

Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

Olma et al.
2013

*MRI-derived
V1, 25 cm2

Cz, 35 cm2 1.5 mA for
20 min (5
consecutive
days)

Anodal, sham Offline 12, clinical,
within
participants

Stroke patients with
occipital lesions tested
with a campimetric
motion detection task

Peters et al.
2013

Oz, 35 cm2 Cz, 35 cm2 1.0 mA for
20 min

Anodal,
cathodal,
sham

Online 24, between
participants

An achromatic contrast
discrimination task that
presents a learning
effect after consecutive
stimulation days

Plow et al.
2011

Oz, 35 cm2 Cz, 35 cm2 2.0 mA for
30 min

Anodal, sham Online Two, clinical,
between
participants

Hemianopic patients
underwent 4 sessions a
week (over 3 months)
of tDCS coupled with a
visual rehabilitation
training. Outcomes
evaluated with
behavioral results and
fMRI

Plow et al.
2012a

Oz, 35 cm2 Cz, 35 cm2 2.0 mA for
30 min
(twice a day)

Anodal, sham Online Eight, clinical,
between
participants

Hemianopic patients
underwent 3 sessions a
week (over 3 months)
of tDCS coupled with a
visual rehabilitation
training. Outcomes
evaluated with
behavioral results
(Visual field increase)

Plow et al.
2012b

Oz, 35 cm2 Cz, 35 cm2 2.0 mA for
30 min
(twice a day)

Anodal, sham Online 12, clinical,
between
participants

Hemianopic patients
underwent 3 sessions a
week (over 3 months)
of tDCS coupled with a
visual rehabilitation
training. Outcomes
evaluated with high
resolution perimetry

Spiegel et al.
2013

Oz, 43 cm2 Cz, 109 cm2 2.0 mA for
15 min

Anodal,
cathodal,
sham

Online and
offline

13, within
participants

Amblyopic patients tested
for contrast sensitivity
with achromatic Gabors
(psychophysics) and
achromatic gratings
(fMRI)

Sunwoo et al.
2013

Bilateral PPC
(P3-P4) or
P4, 25 cm2

Contralateral
supraorbital,
25 cm2

1.0 mA for
20 min

Anodal,
cathodal,
sham

Offline 10, clinical,
within
participants

Stroke patients with
unilateral spatial
neglect tested with a
line bisection task
and star cancelation
task

Varga et al.
2007

Oz, P6-P8
35 cm2

Cz, 35 cm2 1.0 mA for
10 min

Anodal,
cathodal,
sham

Online 17, between
participants

Facial gender adaptation
task

Weiss and
Lavidor
2012

P4, 16 cm2 Contralateral
supraorbital,
35 cm2

1.5 mA for
15 min

Anodal,
cathodal,
sham

Online 50, between
participants

An attentional load
paradigm where
participants have to
find a target letter alone
or in the middle of few
confounders

Studies in alphabetical order

*Asterisks mark the studies that do not employ the International 10–20 electrode placement system.Whenever an electrode was placed between two 10–20
coordinates, these coordinates are connected by a B-B (e.g., F3-FP1)
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was more effective over high frequencies (specifically
4KHz), with a polarity specific effect in a temporal reso-
lution task. An average 22.5 % improvement in perfor-
mance by anodal and 54.5 % decrease in performance
by cathodal tDCS were found. Frequencies from 500 to
2000 Hz were not affected by tDCS, showing a frequency-
dependent effect of tDCS.

The role of the frontal cortex in auditory perception and
attention is a fertile research field. A recent study used tDCS
and auditory mismatch negativity (MMN, an electrophysio-
logic signature of change detection) to discuss this issue. Chen
et al. (2014a) recorded MMN to both duration and frequency
(pitch) of auditory stimuli after tDCS of the right inferior
frontal cortex. Anodal tDCS was found to significantly de-
crease MMN for frequency while tDCS had no effect on
MMN for duration of stimuli. These results helped clarifying
the differential role of the right inferior frontal cortex on the
perception of frequency and duration changes on auditory
stimuli. Also, it supports the idea that different networks un-
derlie the perception of frequency and duration changes (Chen
et al., 2014a). A compatible result was found by Impey and
Knott (2015), who observed MMN increases after anodal
stimulation of the left auditory cortex. Impey and Knott have
also observed another relevant result. The MMN modulation
was more intense in participants who had lower baseline
MMN amplitudes, a fact that highlights the relevance of un-
derstanding individual baselines as a variable that might influ-
ence tDCS outcomes.

As we have mentioned before, tDCS has a significant po-
tential as a tool in the study of hemispheric asymmetries and
cortical organization, and the work of Heimrath et al. (2014) is
a compelling example of that. There are numerous reports
suggesting the left auditory cortex is specialized for speech
processing while the right auditory cortex specializes in the
prosodic and emotional content of speech (reviewed in Scott
& McGettigan, 2013). Recently, some authors discuss if this
specialization can be accounted for by lower level processing,
i.e., a left specialization for temporal resolution and a right
specialization for spectral resolution (e.g., Heimrath et al.,
2014; Zatorre & Belin, 2001). Nonetheless, the complexity
of this issue and the presence of contrasting results (like
the ones showing reversed hemispheric specialization of
auditory processing) in the literature leaves this hypothesis
unresolved (Scott & McGettigan, 2013). It is important to
emphasize that most research on this issue rely on models
or correlational methods and does not involve direct brain
stimulation techniques.

In order to address this controversy, Heimrath et al. (2014)
used a gap detection task (a standard task to measure auditory
temporal resolution) and tDCS to discuss the cortical
asymmetries in sampling time and temporal resolution. The
authors found that stimulation over the left but not the right
auditory cortex significantly decreased accuracy in a temporal

resolution task. These results help strengthen the left auditory
cortex specialization for temporal stimuli. Nonetheless, the
anodal effect observed here is an inhibitory one. The authors
suggest that since they used a healthy young sample, the au-
ditory cortex function was at a resource ceiling and the spec-
ified function had a fine-tuning that was mainly distressed by
this artificial modulation (as seen for Vernier processing in
Costa et al., 2015a, for instance).

In the field of clinical tDCS research on the auditory sys-
tem, most studies investigate tinnitus, a condition associated
with synchronized hyperactivity in the auditory cortex
(Langguth et al. 2008). In order to modulate this activity,
Fregni et al. (2006a) delivered 1 mA tDCS or 5 Hz repetitive
transcranial magnetic stimulation (rTMS) to the left
temporoparietal area (LTA) of seven chronic tinnitus patients.
Anodal tDCS leads to a significant suppression of tinnitus
similar to that induced by rTMS (Fregni et al. 2006a).
Although the tDCS-induced tinnitus suppression was short
lasting, these results encouraged further explorations of those
effects and so far this is the most common application of tDCS
on clinical research of auditory functions.

Accordingly, some authors have explored how different
tDCS parameters and other factors can lead to stronger and
longer lasting tinnitus suppression. Garin et al. (2011) repli-
cated the research of Fregni et al. (2006a) on a bigger sample
(N=20). Anodal tDCS had a significant effect in tinnitus sup-
pression and interestingly, half the patients declared longer
lasting effects, some lasting more than 2 weeks after the
tDCS session. These aftereffects varied and some participants
even reported pitch changes in tinnitus (Garin et al. 2011).
Shekhawat et al. (2013) explored the effect of different
tDCS intensities (1– 2 mA) and durations (10–20 min) in
tinnitus suppression. Anodal LTA stimulation with 2 mA for
20 min was shown to be the more effective parameter, leading
to transient tinnitus suppression in 56 % of participants and
long-lasting (overnight) relief in the rest of the sample.

Surprisingly, although combining tDCS and behavioral
training seems to be a promising rehabilitation approach
(as shown in previous sections), no significant effects
were found by Teismann et al. (2014) in tinnitus patients.
The authors combined tailor-made notched music training
(a treatment that consists of listening to music tracks with
the dominant tinnitus frequency filtered out) and tDCS of
the left auditory cortex for ten consecutive days in a group
of tinnitus patients. Although the treatment was shown to
be effective (also in a 30-day follow up), no differences
were found between anodal, cathodal, and sham tDCS.
Possibly different electrode montages might help to elucidate
these effects. More specifically, tDCS of the DLPFC could be
an effective alternative. Accordingly, Faber et al. (2012) showed
that bilateral tDCS of the DLPFC induced a decrease in the
annoyance of tinnitus. Later, Vanneste et al. (2013) showed that
bilateral DLPFC stimulation significantly modulated both the
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annoyance and the loudness of the tinnitus. These are examples
of how tDCS of non-sensory areas might have a useful outcome
to sensory rehabilitation.

It is important to note that tDCS has been shown to induce
alleviation of auditory hallucinations in schizophrenic pa-
tients. Brunelin et al. (2012) applied sham or 2 mA cathodal
tDCS over the left temporo-parietal cortex with simultaneous
anodal stimulation over the left DLPFC twice a day for five
consecutive days in a sample of 30 schizophrenic patients with
medication-refractory auditory hallucinations. A significant re-
duction of auditory hallucinations (average reduction of 31 %)
was found and lasted for up to 3 months. Negative symptom
amelioration was also observed. A case study by Andrade
(2013) corroborated these findings. A patient with severe
medical-refractory continuous auditory hallucinations received
1–3 mA tDCS with the same montage as Brunelin et al. (2012)
for 3 years. Improvements were observed after 1 week and a 90
% self-reported decrease in frequency of auditory hallucina-
tions was achieved after the second treatment month. The pa-
tient improved from a psychosocial vegetative state to near-
normal functioning, but the benefits attenuated whenever ses-
sion frequency decreased. This is why tDCS sessions were
maintained for 3 years (Andrade, 2013). A more recent case
study by Nawani et al. (2014) replicated these findings and
supports the use of tDCS in the treatment of auditory halluci-
nations. Another case study, with a pregnant patient (a case
where tDCS might be particularly appropriate as many anti-
psychotic medications are considered teratogenic while there
are no significant contraindications for tDCS), has observed a
significant decrease in auditory hallucinations after 5 days of
auditory cortex tDCS (Shenoy et al., 2015).

In spite of the positive results in these four studies,
Fitzgerald et al. (2014) have found that uni- or bilateral
tDCS over the same sites targeted in Brunelin et al. (2012)
had no effects over auditory hallucinations or negative symp-
toms in a sample of schizophrenia patients. Parametric issues
might explain the different results between Brunelin et al. and
Fitzgerald et al.: tDCS was applied twice a day in the Brunelin
et al. study and only once a day by the Fitzgerald group. These
different outcomes highlight how dosage is a critical issue in
tDCS research and howmore parametric studies are needed to
better understand the optimal stimulation parameters for both
clinical populations and basic research.

As is the case of visual processing research, auditory per-
ception research using tDCS is still in its infancy. In the field
of basic research, many relevant results have been found so far
and the tool has been shown to be useful in broadening our
understanding of the cortical organization of auditory func-
tions (e.g., Heimrath et al., 2014) and the generators of audi-
tory evoked potential (Zaehle et al., 2011). Research in this
field has also helped us to understand that participants with
different baseline performances might be affected differently
by tDCS (Impey & Knott 2015). In the field of clinical

research, tDCS was mostly used to treat tinnitus and auditory
hallucinations with promising results. In sum, the results pre-
sented in this section support that tDCS is a relevant new
technique in auditory perception research. The stimulation
parameters and outcome measures for each of the cited works
are summarized in Table 3.

Somatosensory

Somatosensory perception is one of the sensory systems most
frequently studied using tDCS and research in this field con-
tinues to grow. Within this topic we discuss tDCS effects on
somatosensory functions excluding pain research (which is
discussed in the next section). The electrode montage that
seems to be the most popular here places the active electrode
over primary somatosensory cortex (S1) and the reference
electrode at the contralateral supraorbital area. One of the first
studies adopting this configuration showed that tactile dis-
crimination of vibratory stimuli was disrupted during and after
1 mA cathodal tDCS over S1 while no anodal effects were
observed (Rogalewski et al., 2004). These findings were cor-
roborated by electrophysiologic evidence that showed signif-
icantly reduced somatosensory evoked potentials (SEP) when
cathodal tDCS was applied over S1 (Dieckhöfer et al., 2006).

Modulation of somatosensory processing was also possible
through stimulation of the motor cortex. Matsunaga et al.
(2004) showed that 1 mA anodal tDCS over the left M1 area
increased the amplitude of somatosensory-evoked potentials
for up to 60 min after the end of stimulation (no cathodal
effects reported). Later, Ragert et al. (2008) showed that an-
odal tDCS of S1 significantly improved tactile discrimination
in a grating orientation task for up to 40 min after the end of
stimulation. The differences in anodal effects between
Rogalewski et al. (2004) and Ragert et al. (2008) might be
explained by the different tDCS parameters used. The pres-
ence of an anodal effect was obtained by a higher current
density applied for a longer duration: while the earlier study
used 0.028 mA/cm2 over 7 min, the later work used 0.04 mA/
cm2 over 20 min of stimulation. These results reinforce the
need for parametric studies in the future.

The initial psychophysical demonstration that tDCS had an
effect on tactile discrimination was followed by further studies
that explored tDCS effects on thermal and pressure percep-
tion. Cold detection and mechanical detection thresholds were
increased by cathodal tDCS ofM1, while anodal tDCS had no
effect (Bachmann et al., 2010). Also, effects of the stimulation
of the left S1 on thermal perception were found, with
cathodal tDCS increasing cold detection thresholds in both
hands and warm detection thresholds in the contralateral
hand only (Grundmann et al., 2011).

tDCS was also used to investigate the role of the cerebel-
lum in somatosensory perception, a critical issue in current
research of somatosensory processing. Chen et al. (2014b)
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Table 3 Summary of parameters for the experimental studies discussed in the section BAuditory processing^

Reference Location of target
electrode
(international
10–20 system)

Location of return
electrode

Stimulation
parameters

Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

Andrade 2013 T3-P3, 25 cm2 F3, 25 cm2 From 1.0 to
3.0 mA for
20–30 min

Active Offline Case study Severity of auditory
hallucinations in
schizophrenia after
once or twice daily
tDCS sessions for 3
years

Brunelin et al.
2012

F3-FP1, 35 cm2 T3-P3, 35 cm2 2.0 mA for
20 min

Active and
Sham

Offline 50 (24 for tDCS),
Clinical trial

Severity of auditory
hallucinations in
schizophrenia after
two tDCS sessions a
day for 5 consecutive
days

Chen et al.
2014a

F4, 35 cm2 Contralateral
supraorbital,
35 cm2

2.0 mA for
20 min

Anodal,
cathodal,
sham

Offline 10, within
participants

Auditory mismatch
negativity event
related potential

Faber et al.
2012

T4, 35 cm2 T3, 35 cm2 1.5 mA for
20 min

Active and
sham

Offline 15, clinical,
within
participants

Tinnitus patients.
Intensity of change in
Tinnitus symptoms
evaluated after 6 days
of tDCS

Fitzgerald et al.
2014

F3 or F4, 35 cm2 TP3 or TP4,
35 cm2

2.0 mA for
20 min

Active, sham Offline 24, clinical,
between
participants

Severity of auditory
hallucinations in
schizophrenia after
tDCS once a day for
5 days

Fregni et al.
2006a

C3, 35 cm2 Contralateral
supraorbital,
35 cm2

1.0 mA, Two
subsequent
3 min sessions

Anodal,
cathodal,
sham

Offline Seven, clinical,
within
participants

Tinnitus patients.
Intensity of Tinnitus
symptoms evaluated
before and after
tDCS

Garin et al.
2011

C3-T5, 35 cm2 T4-F8, 50 cm2 1.0 mA for
20 min

Anodal,
cathodal,
sham

Offline 20, clinical,
within
participants

Tinnitus patients.
Intensity of change in
Tinnitus symptoms
evaluated after tDCS
and a 2-week follow up

Heimrath et al.
2014

T7, T8, 25 cm2 C4-C3, 50 cm2 1.25 mA,
unspecified
duration

Anodal, sham Online 15, within
participants

Auditory gap detection
task

Impey and
Knott, 2015

C5-T7, unspecified
size

Contralateral
supraorbital,
unspecified size

2.0 mA for
20 min

Anodal, sham Offline 12, within
participants

Auditory mismatch
negativity event
related potential

Ladeira et al.
2011

Simultaneous T3
and T4, 35 cm2

Contralateral
deltoid,
35 cm2

2.0 mA for
10 min

Anodal,
cathodal,
sham

Online 11, within
participants

Auditory random gap
detection task. This
experiment used
bi-hemispheric tDCS
with the same electrode
polarity in each
hemisphere

Loui et al.
2012

TP7-C5, TP8-C6,
F7-C5, F8-C6,
16 cm2

Contralateral
supraorbital,
16 cm2

2.0 mA for
20 min

Cathodal,
sham

Offline Nine, within
participants

Pitch matching task

Nawani et al.
2014

T3-P3, 35 cm2 F3-FP1, 35 cm2 2.0 mA for
20 min

Active Offline Case study Auditory evoked potential
(Speech stimuli) in
schizophrenia after two
tDCS sessions a day for
5 days
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measured the vibratory somatosensory mismatch negativity
(MMN, an electrophysiologic measure of change detection)
before and after tDCS of the right cerebellar hemisphere. The
authors found that while somatosensory MMN was affected
by both anodal and cathodal tDCS, the auditory MMN was
not affected by tDCS. This shows a relevant link between
cerebellar activity and somatosensory MMN (complementing
previous research with pharmacologic interventions) and is a
compelling example of tDCS potential in aiding investigations
of cerebellar function (Chen et al., 2014b).

A recent finding of somatosensory perception research
deserves to be highlighted here. It is well known that the
visual cortex may be recruited by tactile stimulation in
blind and sensory-deprived subjects. It is also known that
in certain circumstances tactile information may entrain
visual and auditory areas in healthy subjects, leading to
the hypothesis that this crossmodal process could be a typical
characteristic of sensory processing and not a consequence of
deprivation (see Ghazanfar & Schroeder, 2006). Yau et al.
(2014) investigated this hypothesis by applying tDCS to the
auditory or visual cortices during tactile discrimination tasks
of spatial orientation and temporal frequency. The authors

observed a significant improvement in tactile spatial orienta-
tion perception during tDCS of the visual but not auditory
cortex. Also, tDCS of the auditory but not visual cortex im-
proved tactile temporal frequency perception. These results
shed light over the role of different pathways for spatial and
temporal information within the somatosensory system. This
also helps reinforce the idea that in some cases, sensory corti-
cal areas process sensory information from different input
modalities and that thinking of cortical function in terms of
supramodal domains (like spatial information or temporal in-
formation) may be appropriate. This is a clear example of how
tDCS may be a useful tool to study multimodal integration.
More on this topic will be presented in the last section.

Although still not commonly applied, the use of dual-
hemisphere tDCS (with anodal and cathodal tDCS simulta-
neously placed in homologous areas at the two hemispheres)
is also showing promising results in the research of somato-
sensory processes. Fujimoto et al. (2013) compared dual and
uni-hemisphere tDCS on the right index finger performance in
a tactile spatial discrimination task. In the dual- hemisphere
condition, anodal tDCS over the left and cathodal tDCS over
the right S1 area were simultaneously applied. The uni-

Table 3 (continued)

Reference Location of target
electrode
(international
10–20 system)

Location of return
electrode

Stimulation
parameters

Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

Shekhawat et al.
2013

C3-T5, 35 cm2 T4-F8, 50 cm2 1.0 or 2.0 mA
for 10 or
20 min

Anodal Offline 25, clinical,
within
participants

Tinnitus patients.
Intensity of change in
Tinnitus symptoms
evaluated after tDCS

Shenoy et al.
2015

T3-P3, 35 cm2 F3-FP1, 35 cm2 2.0 mA for
20 min

Active Offline Case study Severity of auditory
hallucinations in a
pregnant schizophrenia
patient after twice
daily tDCS sessions
for 5 days

Teismann et al.
2014

C3-T3, 35 cm2 Contralateral
supraorbital,
100 cm2

2.0 mA for
30 min

Anodal,
cathodal,
sham

Offline 32, clinical,
between
participants

Tinnitus patients.
Intensity of change
in Tinnitus symptoms
evaluated after 5 days
of tDCS coupled with a
music-training task

Vanneste et al.
2013

F3, 35 cm2 F4, 35 cm2 2.0 mA for
20 min

Active and
Sham

Offline 50, clinical,
between
participants

Tinnitus patients. Intensity
of change in Tinnitus
symptoms evaluated
tDCS.Results compared
with tACS

Zaehle et al.
2011

T7 or CP5,
35 cm2

Contralateral
supraorbital,
35 cm2

1.25 mA for
11 min

Anodal,
cathodal,
sham

Offline 14, within
participants

Auditory Evoked
Potentials

Studies in alphabetical order

*Asterisks mark the studies that do not employ the International 10–20 electrode placement system.Whenever an electrode was placed between two 10–
20 coordinates, these coordinates are connected by a B-B (e.g., F3-FP1)
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hemisphere condition applied anodal tDCS to the left S1 and
cathodal to the contralateral supraorbital area. The authors
found a significantly higher percentage of correct responses
for the dual-hemisphere condition when compared to the uni-
hemisphere one. Taken together with the abovementioned
studies, this finding supports the potential clinical application
of tDCS in somatosensory rehabilitation.

The improvement of somatosensory perception is clinically
relevant for a number of reasons: different clinical conditions
might impair somatosensory perception affecting quality of
life, reductions of somatosensory input impair motor control
(Monzée et al. 2003), and increases in somatosensory input
improve motor function (Kaelin-Lang et al. 2002). However,
research with clinical populations is still lacking, and most of
the investigations focus on pain alleviation (as presented in the
next section). The study by Mori et al. (2013) with multiple
sclerosis showed promising results. Twenty multiple sclerosis
patients were divided into in two groups and received 20 min
tDCS of S1 over five consecutive days. Half the participants
received anodal tDCS and the other half received sham stimu-
lation. tDCS significantly improved grating orientation thresh-
olds and visual analogue sensation scores for up to 2 weeks
after the end of stimulation but did not affect quality-of-life
measures. A more recent study has focused on the fatigue
symptoms experienced by multiple sclerosis patients. Tecchio
et al. (2014) delivered bilateral S1 anodal tDCS through indi-
vidualized electrodes designed to fit the primary somatosensory
cortical strip. The study found significant reduction of fatigue
symptoms in all patients tested. These results highlights that
tDCS is a promising tool for treatment of very specific symp-
toms in multiple sclerosis and that individualized electrodes
might be a tool to achieve more substantial outcomes.

In summary, this section has showed a number of studies
where tDCS helped to improve our understanding of somato-
sensory perception. The stimulation parameters and outcome
measures for each of the cited works are summarized in
Table 4. It is important to note that this is one very promising
technique to discuss the role of the cerebellum in somatosenso-
ry perception, as discussed by Chen et al. (2014b). The fact that
some sensory areas might process information regardless of the
input modality (i.e., in supramodal domains like temporal
information for instance) was observed by Yau et al.
(2014) by applying tDCS over the somatosensory cortex
of healthy adults. These results helped us to understand
that the entrainment of the somatosensory cortex by visual
or auditory information is not a peculiarity of the blind or
sensory-deprived and are helping to unveil possible super-
model processing mechanisms in human cognition. In the
clinical research field, few investigations used tDCS to
treat for tactile or thermal somatosensory processing.
Nonetheless, many investigations have found promising
results in treating acute or chronic pain, as we review
below.

Pain

Among the body of research on tDCS effects over sensory/
perceptual functions, the field of pain research seems to be the
one where this technique is more broadly and frequently
employed. A Pubmed search for the keywords BtDCS^ and
BPain^ retrieved 182 results at the time of preparing this re-
view. So far, tDCS induced significant alleviation of pain
symptoms in a number of clinical conditions such as neuro-
pathic pain (Kim et al 2013; Zaghi et al., 2009), Fibromyalgia
(Fregni et al., 2006b; Valle et al., 2009), postsurgical pain
(Borckardt et al., 2013), multiple sclerosis (Mori et al.,
2010), and migraine (Antal et al., 2011b). tDCS was also
shown to modulate experimentally-induced pain sensation
both in healthy volunteers and in patients (reviewed by
Mylius et al., 2012).

In a systematic review, Zaghi et al. (2009) concluded that
when compared to other neuromodulatory techniques (such as
repetitive TMS or EDCS), tDCS is the most cost-effective
treatment for central pain (considering treatments shorter than
5 years). Also, 5 days of tDCS tend to induce a greater relief of
pain symptoms than 5 days of repetitive TMS (Plow et al.
2012c). Nonetheless, it is important to note that a recent
Cochrane Database Systematic Review has found that there
is still insufficient evidence for the use of non-pharmacologic
interventions (i.e., tDCS, TMS, exercise programs, acupunc-
ture, and others) in the treatment of neuropathic chronic pain,
at least in spinal cord-injured patients (Boldt et al. 2011). It is
also important to note that the conclusion in Boldt et al. (2011)
is not that these interventions are ineffectual, but that more
research with randomized control protocols, adequate sample
sizes, and sensitive methods to evaluate outcomes are needed.
We fully agree with these conclusions and would like to sug-
gest the same for each of the specific research fields reviewed
here. In fact, a more detailed discussion of this issue will be
presented in the next section (BHow can our understanding of
tDCS profit from more perception and psychophysics
research?^) and in the concluding remarks.

In what concerns electrode placements in pain tDCS and
TMS research, the primary motor cortex is the most frequently
targeted area (Mylius et al., 2012). There are numerous
examples were anodal tDCS over M1 induced decreases
in pain perception. Fregni et al. (2006c) reported signifi-
cant pain relief improvements after the delivery of 20 min
of anodal tDCS over M1 for five consecutive days in a
sample of patients with spinal cord injury. Fregni et al.
(2006c) also found that this tDCS protocol induced pain
relief in a sample of fibromyalgia patients for up to 3
weeks after the end of the stimulation.

Among the studies delivering tDCS over M1 to modulate
pain sensation is one of the few examples of high-definition
tDCS (HD-tDCS) use on a sensory/perceptual function so far.
Borckardt et al. (2012) delivered 2 mA anodal HD-tDCS over

1826 Atten Percept Psychophys (2015) 77:1813–1840



the motor cortex of healthy volunteers. This induced an anal-
gesic effect on thermal wind-up pain and cold pain thresholds.
These results suggest that HD-tDCS is an effective technique

for modulation of sensory/perceptual functions and future in-
vestigations in the field should take advantage of this higher
stimulation focality.

Table 4 Summary of parameters for the experimental studies discussed in the section BSomatosensory perception^

Reference Location of target
electrode
(international
10–20 system)*

Location of
return electrode

Stimulation
parameters

Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

Bachmann
et al. 2010

C3, Unspecified
size

Contralateral
supraorbital,
Unspecified
size

1.0 mA for
15 min

Anodal,
cathodal
sham

Offline Eight, within
participants

Thermal, mechanical
detection and pain
threshold estimation
tasks

Chen et al.
2014b

*Right cerebellum,
25 cm2

Buccanitor muscle,
25 cm2

2.0 mA for
25 min

Anodal,
cathodal,
sham

Offline 10, within
participants

Auditory and
somatosensory
mismatch negativity
event related potential

Dieckhöfer
et al. 2006

*Parietal site,
24 cm2

Contralateral
forehead,
24 cm2

1.0 mA for
9 min

Anodal,
cathodal,
sham

Offline 10, within
participants

Median nerve
somatosensory evoked
potential

Fujimoto
et al. 2013

*Bilateral and
unilateral S1
(MRI derived),
25 cm2

Contralateral
supraorbital,
25 cm2

1.0 mA for
20 min

Anodal,
cathodal,
sham

Online and
offline

Nine, within
participants

Tactile discrimination
task (grating
orientation)

Grundmann
et al. 2011

C3, Unspecified
size

Contralateral
supraorbital,
Unspecified
size

1.0 mA for
15 min

Anodal,
cathodal
sham

Offline 12, within
participants

Thermal, mechanical
detection and pain
threshold estimation
tasks

Matsunaga
et al. 2004

*Right Abductor
Brevis M1 (TMS
confirmed),
35 cm2

Contralateral
supraorbital,
35 cm2

1.0 mA for
10 min

Anodal,
cathodal

Offline Eight, within
participants

Median nerve
somatosensory evoked
potential

Mori et al.
2013

C3, C4, 35 cm2 Contralateral
supraorbital,
35 cm2

2.0 mA for
20 min

Anodal, sham Offline 20, clinical,
within
participants

Multiple sclerosis patients
tested in a tactile
discrimination task
(grating orientation)
and quality of life
measures after 5
consecutive days of
tDCS

Ragert et al.
2008

C3, 25 cm2 Contralateral
supraorbital,
25 cm2

1.0 mA for
20 min

Anodal, sham Online and
offline

10, within
participants

Tactile discrimination
task (grating
orientation)

Rogalewski
et al. 2004

C4, 35 cm2 Contralateral
supraorbital,
35 cm2

1.0 mA for
7 min

Anodal,
cathodal,
sham

Online and
offline

13, within
participants

Tactile frequency
discrimination task

Tecchio et al.
2014

*Personalized
somatosensory
strip shaped
(MRI derived),
25 cm2

Oz, 70 cm2 1.5 mA for
15 min

Anodal, sham Offline 10, clinical,
within
participants

Fatigue scales and
quality-of-life
measures after 5
consecutive days of
tDCS

Yau et al.
2014

Oz, T3, 25 cm2 Buccanitor muscle,
25 cm2

1.0 or 2.0 mA
for 20 min

Anodal, sham Online and
offline

15, within
participants

Tactile spatial acuity
(grating orientation)
and tactile frequency
discrimination task
(vibratory stimuli)

Studies in alphabetical order

*Asterisks mark the studies that do not employ the International 10–20 electrode placement system.Whenever an electrode was placed between two 10–
20 coordinates, these coordinates are connected by a B-B (e.g., F3-FP1)
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tDCS over the DLPFC was also shown to be effective in
pain modulation. In a sample of healthy volunteers, Boggio
et al. (2008) showed that anodal tDCS over DLPFC induced
increases in pain thresholds similar to the increase induced by
stimulation of M1. Valle et al. (2009) found that ten sessions
of 2 mA tDCS overM1 or DLPFC induced a reduction in pain
scores of fibromyalgia patients. On the other hand, only the
group receiving tDCS over M1 still presented pain reduction
after a 30-day follow up. It was also shown that anodal tDCS
over DLPFC significantly decreased the ratings of unpleasant-
ness, discomfort, and pain in response to a set of aversive
images with similar valence (Boggio et al. 2009a). These re-
sults are in accordance with the notion of the DLPFC as a
center for the processing of emotional components of pain,
also suggesting that tDCS over DLPFC might be successfully
employed to modulate the emotional aspect of pain in clinical
cases.

A recent tDCS study has promoted significant advances in
our understanding of pain processing mechanisms and must
be highlighted here. Bocci et al. (2015) have stimulated the
cerebellum in a sample of healthy participants in order to
understand its role in the pain processing matrix. These au-
thors have found that cerebellar tDCS was able to modulate
pain thresholds in a polarity-dependent manner, a result that
has helped to link the cerebellum to pain processing. In addi-
tion to that, both anodal and cathodal stimulation have mod-
ulated different components (N1 and N2/P2) of laser evoked
potentials (an electrophysiologic technique where somatosen-
sory stimulation is performed by transient lasers applied to the
hand, for instance). These effects on both components of the
laser-evoked potentials suggest that not only is the cerebellum
related to pain processing, but it might be involved in a pro-
cessing matrix that involves both the somatosensory and
cingulated cortices (see Bocci et al., 2015 for a discussion).
These results also suggest that pain treatments might profit
from using cerebellar tDCS and not only somatosensory or
motor cortex tDCS.

In the field of pain rehabilitation, the combination of tDCS
with other therapeutic interventions is a promising approach.
Anodal M1 tDCS combined with TENS (transcutaneous elec-
trical nerve stimulation) of the upper limbs resulted in signif-
icantly stronger pain reduction than tDCS or TENS alone in a
sample of eight patients with neurogenic arm pain (Boggio
et al., 2009b). Riberto et al. (2011) tested the effect of com-
bining tDCS (2 mA once a week for 10 weeks) with a multi-
disciplinary rehabilitation program (ergonomic education,
stretching, occupational therapy, group psychotherapy, and
more) in a sample of 23 fibromyalgia patients. Combining
therapy and tDCS led to a significant improvement in
quality-of-life scores and a marginally significant improve-
ment in the Fibromyalgia Impact Questionnaire (p=0.056)
when compared to therapy alone. More recently, Schabrun
et al. (2014) showed that coupling tDCS and peripheral

electrical stimulation to treat chronic low back pain was sig-
nificantly effective in reducing pain, sensitization (as mea-
sured for pressure pain thresholds), and also normalizing mo-
tor cortex organization (i.e., reversing the plastic changes that
are known to take place in the motor cortex as a result of
chronic pain) as measured by TMS-induced motor-evoked
potentials.

An interesting therapeutic effect was also observed by
Bolognini et al. (2013) on amputee patients. In a first experi-
ment, patients received anodal and sham tDCS over M1. In a
second experiment they received anodal, cathodal, and sham
tDCS over the posterior parietal cortex (PPC, 0.057 mA/cm2,
15min). After the tDCS sessions, patients were evaluated with
regard to phantom limb and stump pain, phantom sensation,
and telescoping. They found a decrease in phantom pain im-
mediately after anodal M1 tDCS. Also, phantom sensations
where decreased immediately after cathodal PPC tDCS. tDCS
was once again able to dissociate the functional relation be-
tween different cortical areas and the perceptual processes
involved. Although both M1 and PPC suffer similar plastic
reorganizations following limb amputations, these areas seem
to have different roles on the phantom limb perception.

The combination of tDCS and visual illusion-based inter-
ventions for pain treatment in patients with spinal cord injury
is another promising area of investigation. Soler et al. (2010)
combined anodal tDCS of M1 with a visual illusion described
by Moseley (2007), where the patient is seated in the wheel-
chair facing a video projection that gives the impression of
walking over a treadmill. Thirty-nine patients received ten
sessions over two consecutive weeks. The group receiving
tDCS associated with the illusion had significant pain score
decreases when compared to groups that received sham tDCS
or either tDCS or illusion alone. These comparisons were still
significant at 12 weeks after the end of treatment (Soler et al.,
2010). Later, Kumru et al. (2013) examined the effects of the
interventions proposed by Soler et al. (2010) on psychophys-
ical heat and pain thresholds and contact heat-evoked poten-
tials (CHEP). The authors found a significant reduction in
heat/pain thresholds and CHEP amplitude after combined vi-
sual illusion and tDCS. This intervention led to a normaliza-
tion of heat and pain thresholds in the dermatomes rostral to
the injury level (Kumru et al. 2013).

tDCS-induced analgesia might also be used to diminish the
amount of analgesic delivered after surgery and other medical
procedures. Twenty minutes of anodal tDCS over the left
prefrontal cortex after an endoscopy procedure led to a
significant decrease in pain sensation and pain interference
in sleep (Borckardt et al., 2011). The participants that
received real tDCS required 22 % less analgesic medication
than the sham tDCS group. In a later study, Borckardt et al.
(2013) showed that patients who received 80 min of tDCS
after total knee arthroplasty surgery required approximately
half of the analgesic dosage of the group receiving sham
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tDCS. In an effort to target the knee representation area in the
motor cortex, the anodal electrode was positioned over C1 or
C2 in the 10–20 system and the cathode over the right DLPF
C. The study of Borckardt et al. (2013) shows very promising
results but it is important to keep in mind that since 16
cm2 were used, a large portion of the motor cortex was
stimulated and not only a knee representation area.
Therefore, these results might be interpreted as analgesic
effects induced by widespread modulation of the motor
cortex induced by tDCS.

Lastly, an interesting approach to pain treatment is to mod-
ulate the cognitive aspects of the painful experience. An anal-
gesic effect of anodal tDCS over the left DLPFC on fibromy-
algia patients, attributed to the modulation of the emotional
components of pain, has been reported by Valle et al. (2009).
Anodal tDCS (0.125 mA/cm2) delivered to the left DLPFC of
41 subjects resulted in lower pain unpleasantness ratings,
while cathodal tDCS had the opposite effects (Naylor et al.,
2013). This is in agreement with previous findings (for in-
stance, Boggio et al., 2009a, Valle et al. 2009), but probably
the most exciting finding is that tDCS affected the perception
of control over the pain sensation. In one of the tasks in the
study by Naylor et al. (2013), subjects were led to believe that
their responses in a behavioral task prior to the CHEPS stim-
ulation could lead to a decrease in stimulation intensity. In a
questionnaire presented after the experiments, subjects report-
ed that they had felt more control over the painful stimulation
after anodal tDCS and less control after cathodal tDCS.

Interestingly, in a meta-analysis of the effects of different
tDCS montages on pain of patient groups, the pain relieving
effect of anodal tDCS on DLPFC was bigger than for M1
(Vaseghi et al., 2014). It is important to note that when com-
pared to tDCS of M1, the number of investigations of pain
modulation by DLPFC stimulation is still very limited. It is
also important to note that it is hard to ascertain which are the
factors behind pain alleviation of the perception of increased
control over the painful sensation in works like Naylor et al.
(2013). Maybe there is a modulation of pain perception by
divided attention mechanisms. Or maybe there is a role of
mood changes, as has been shown in many studies to stimu-
late the DLPFC. Nevertheless, this opens an avenue for new
studies of tDCS-induced analgesia targeting higher-order cog-
nitive processes and frontal cortical areas.

In summary, tDCS may affect pain processing in a number
of clinically relevant ways, but its potential as a therapeutic
tool is only starting to be investigated. In the field of basic
research, we have also presented a number of studies that have
employed tDCS to unveil the pain processing networks in the
human brain. We highlight here the ones that are helping us to
understand the role of frontal brain areas (reviewed by
Vaseghi et al., 2014) and the cerebellum (Bocci et al., 2015)
in pain processing. Taken together, the results presented here
support the notion that tDCS is a promising technique for pain

rehabilitation and for the study of pain processing. The stim-
ulation parameters and outcome measures for each of the cited
studies are summarized in Table 5.

Olfactory and gustatory

Although some clinical conditions lead to olfactory and gus-
tatory sensitivity losses that impair quality of life, we are not
aware of any studies that have used tDCS to modulate these
functions. Considering the role of these senses in a well
adapted and fulfilling life, together with the number of open
questions in what concerns olfactory and gustatory process-
ing, employing tDCS in future investigations of these func-
tions is highly advised.

Multimodal integration

When studying perception, each sensory modality is often
seen independently. However, most external events and ob-
jects stimulate different sensory modalities simultaneously,
thus their integration is necessary (Macaluso & Driver,
2005). Consequently, the understanding of how multimodal
stimuli are integrated and even how each specific modality
can affect crossmodal perception is extremely relevant.

A group in Italy pioneered the multisensory integration
research testing tDCS effects over the posterior parietal cortex
(Bolognini et al., 2010a, b). There was a general increase of
spatial orientation in healthy subjects tested before and after
tDCS over the right posterior parietal cortex (PPC) in a redun-
dant signal effect task, using audio, video, and audiovisual
stimuli. Specifically, anodal tDCS was able to enhance orien-
tation to contralateral stimuli, modulating the processing of
both modality-specific and multimodal stimuli (Bolognini
et al., 2010a). Also concerning spatial attention, Bolognini
et al. (2010b) explored the effect of anodal PPC tDCS on a
visual field exploration training aided by auditory cues.
Stimulation of the right PPC (but not the left) induced signif-
icant improvement in visual exploration. The results from this
line of research suggest that tDCS may be a promising tool to
improve performance in tasks that require multisensory visuo-
spatial and visuomotor integration.

It is noteworthy that tDCS findings demonstrated the PPC
involvement in those specific tasks and, although considered
an associative area, it seems not to be crucial in other tasks
integrating audiovisual information. Specifically, tDCS of the
PPC showed no significant effects over the sound-induced
flash illusion; where simultaneous presentation of one visual
flash and two auditory beeps results in a fission-illusion, i.e.,
perception of two flashes. The fusion-illusion, i.e., perception
of one flash, is produced by the simultaneous presentation of
two visual flashes and one audio beep (Shams et al., 2000).
Since both auditory and visual stimuli are presented together,
the brain appears to interpret it as arising from the same
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Table 5 Summary of parameters and results for the studies discussed in the section BPain^

Reference Location of
target electrode
(international
10–20 system)*

Location of
return electrode

Stimulation parameters Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

Antal et al.
2011b

Oz, 35 cm2 Cz, 35 cm2 1.0 mA for 15 min
(3 session a week,
3 months)

Cathodal,
sham

Offline 26, clinical,
between
participants

Migraine patients tested
for frequency, intensity
and duration of
migraine attacks

Bocci et al.
2015

*Cerebellum,
Unspecified
size

Unspecified size
and site

2.0 mA for 20 min Anodal,
cathodal,
sham

Offline 12, within
participants

Healthy participants
tested with laser
evoked potentials
(right hand stimulation)

Boggio et al
2008

C3, F3, V1,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 5 min Anodal, sham Online 20, within
participants

Healthy participants
tested for pain
thresholds (peripheral
electrical stimulation)

Boggio et al
2009a

C3, F3, V1,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 5 min Anodal, sham Online 23, within
participants

Healthy participants rated
images of painful
situations with respect
the affective valence
and emotional
discomfort it elicited

Boggio et al.
2009b

C3, C4,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 30 min Anodal, sham Offline Eight, clinical,
within
participants

Chronic pain patients
tested for subjective
pain rating, cognitive
measures (Stroop test,
etc.), after tDCS alone or
tDCS + transcutaneous
electric nerve
stimulation (TENS)

Bolognini
et al. 2013

C3 or C4,
P3 or P4,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 20 min
(single or three
times/day session)

Anodal,
cathodal,
sham

Offline Eight, clinical,
within
participants

Phantom limb pain patients
tested for subjective pain
ratings

Borckardt
et al. 2011

T4-C4, 35 cm2 F3, 35 cm2 2.0 mA for 20 min
(daily sessions for
10 days)

Anodal, sham Offline 21, clinical,
between
participants

Endoscopy patients
evaluated for the
amount of analgesics
taken after the
procedure and
subjective pain ratings

Borckardt
et al. 2012

*Abductor
brevis
M1 (TMS
confirmed),
HD-tDCS.

HD-tDCS 2.0 mA for 30 min
(4 sessions in
2 days)

Anodal, sham Offline 24, between
participants

Healthy volunteers tested
for heat, cold and
mechanical pain
thresholds

Borckardt
et al. 2013

C1, C2,
16 cm2

F3, 16 cm2 2.0 mA for 20 min
(4 sessions in
2 days)

Anodal, sham Offline 40, clinical,
between
participants

Knee arthroplasty patients
evaluated for amount
of analgesics
consumed post-surgery

Fregni et al.
2006b

C3, F3,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 20 min
(daily sessions,
5 days)

Anodal, sham Offline 32, clinical,
between
participants

Fibromyalgia patients
tested for number of
tender points, subjective
pain scores and other
questionnaires

Fregni et al.
2006c

C3, C4,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 20 min
(daily sessions,
5 days)

Anodal, sham Offline 17, clinical,
between
participants

Spinal chord injured
patients tested for
subjective pain rating,
cognitive measures
(Stroop test, etc.),
anxiety, depression and
other questionnaires

Kim et al.
2013

C3, F3,
25 cm2

Contralateral
supraorbital,
25 cm2

2.0 mA for 20 min
(daily sessions,
5 days)

Anodal, sham Offline 60, clinical,
between
participants

Patients with painful
diabetic polyneuropathy
tested for pressure pain
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Table 5 (continued)

Reference Location of
target electrode
(international
10–20 system)*

Location of
return electrode

Stimulation parameters Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

thresholds, subjective
pain, quality of life and
other questionnaires

Kumru et al.
2013

C3 or C4,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 20 min
(daily sessions
for 10 days)

Anodal, sham Offline 52, clinical,
between
participants

Spinal cord injured
patients tested for
subjective pain ratings
and thermal sensitivity
after a treatment with
tDCS alone or coupled
with a visual illusion
based therapy

Mori et al.
2010

C3, C4,
35 cm2

Contralateral
supraorbital ,
35 cm2

2.0 mA for 20 min
(daily sessions,
5 days)

Anodal, sham Offline 19, clinical,
between
participants

Multiple sclerosis patients
tested for subjective
pain ratings, quality of
life and other
questionnaires

Naylor et al.
2013

F3, 16 cm2 Left upper arm,
16 cm2

2.0 mA for 20 min Anodal,
cathodal,
sham

Online 41, between
participants

Healthy volunteers tested
in a perceived pain
control task and
subjective pain ratings

Plow et al.
2012c

Oz, 35 cm2 Cz, 35 cm2 1.0 mA for 15 min
(3 session a week,
3 months)

Cathodal,
sham

Offline 26, clinical,
between
participants

Chronic neuropathic pain
patients

Riberto et al.
2011

C3, 35 cm2 Contralateral
supraorbital,
35 cm2

2.0 mA for 20 min
(weekly sessions
for 10 weeks)

Anodal, sham Offline 23, clinical,
between
participants

Fibromyalgia patients
tested for number
subjective pain scores,
quality of life and other
questionnaires after a
treatment coupling
tDCS and
multidisciplinary
rehabilitation program

Schabrun
et al. 2014

*1 cm anterior
and 4 cm
lateral to
the vertex,
35 cm2

Contralateral
supraorbital,
35 cm2

1.0 mA for 30 min
(weekly sessions
for 10 weeks)

Anodal, sham Offline 16, clinical,
between
participants

Chronic low back pain
patients pressure pain
threshold, thresholds
for two point
discrimination,
subjective pain ratings
and electromyography
after tDCS and
peripheral electric
stimulation

Soler et al.
2010

C3 or C4,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 20 min
(daily sessions for
10 days)

Anodal, sham Offline 40, clinical,
between
participants

Spinal cord injured
patients tested for
subjective pain ratings
after a treatment with
tDCS alone or coupled
with a visual illusion
based therapy

Valle et al.
2009

C3, F3,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for 20 min
(daily sessions,
10 days)

Anodal, sham Offline 41, clinical,
between
participants

Fibromyalgia patients
tested for number of
tender points, subjective
pain scores and other
questionnaires

Studies in alphabetical order

*Asterisks mark the studies that do not employ the International 10–20 electrode placement system.Whenever an electrode was placed between two 10–20
coordinates, these coordinates are connected by a B-B (e.g., F3-FP1)
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source. In order to investigate the brain areas involved in the
production of these illusions, Bolognini et al. (2011) tested
occipital, temporal, and posterior parietal cortices tDCS ef-
fects over a sound-induced flash illusion task. Temporal and
occipital anodal tDCS increased and decreased fission-type
responses, respectively. Also, cathodal tDCS over the same
areas resulted in the exact opposite effect. Meanwhile the
PPC was not detectably involved. Thus, results elucidate the
causal association between neural activity in the occipital and
temporal areas indicating that an increase or decrease of one
modality input affects the integration between two sensory
inputs.

A different pattern of results was found in a recent investi-
gation into the role of the PPC and superior temporal sulcus
(STS) in the McGurk illusion (Marques et al., 2014). The
McGurk illusion consists of the fusion or combination of
two competing stimuli: a visual stimulus of a face saying
one syllable and the auditory presentation of a different sylla-
ble (e.g., MacDonald &McGurk, 1978). In an investigation of
multisensory integration of speech signals, Marques et al.
(2014) have modulated the STS and PPC using tDCS. The
authors have found the STS cathodal tDCS led to a decrease in
illusion response and cathodal PPC led to an increase illusion
responses. This study has helped to link both PPC and STS in
multisensory speech integration and suggests differential roles
for these areas in this process. It is also important to note how
the role of the PPC is distinct from what was found for a non-
speech audiovisual illusion in the work of Bolognini et al.
(2011) cited above. Taken together, Bolognini et al. (2011)
and Marques et al. (2014) illustrate how tDCS can be used
to investigate how a multisensory integration area might be
differentially engaged in different tasks (even when the same
modalities are involved).

However, neuromodulatory effects had also shed light in
other associative areas playing a role in visuomotor tasks.
Anodal stimulation of both V5 (middle temporal visual area)
and M1 induced a significant increase in correct hand move-
ments during the learning phase of a visually guided tracking
task (Antal et al., 2004c). Furthermore, temporal tDCS has
been demonstrated to be effective in modulating visuomotor
speech perception. Using a go–no-go paradigm of congruency
judgment between shapes and non-words (elaborated accord-
ing to the motor-theory of speech perception), Lapenta et al.
(2012) found gender- and polarity-specific effects.
Specifically, cathodal tDCS decreased the male rate of correct
responses during congruent no-go trials while female perfor-
mance was unaffected. These results suggest a differential
cortical organization according to gender during the process-
ing of this type of multimodal integration (Lapenta et al.,
2012). Thus, it is tempting to claim that in the multisensory
integration field, tDCS is useful to underscore the causal role
of brain regions in different sensory integration processes and,
further, that it consists of a novel interesting approach to

investigate possible gender differences in associative net-
works. Finally, physiological measures demonstrated that
tDCS can modulate the fronto-parietal network involved in
movement perception and learning through imitation, a pro-
cess that integrates visuomotor aspects, as indexed by modu-
lation of the EEG Mu rhythm (Lapenta et al., 2013).

With regard to visuo- and audio-tactile integration, few
studies were performed, however, presenting interesting re-
sults of effective modulation on different tasks. Avenanti
et al. (2012) combined cathodal tDCS over premotor cortex
(PMC) or PPC with TMS motor-evoked potentials during
presentation of task-irrelevant sounds near and far from the
tactile hand stimuli. Usually sensory events occurring near the
body prime motor reactions, so that when the peripersonal
space network is intact, visual or auditory stimuli near the
hand will reduce the corticospinal excitability, while distant
stimuli will not. This study revealed that cathodal PMC
abolished motor-evoked potential differences between sounds
near and far from the hand while PPC stimulation had no
effect. These results highlight the critical role of PMC in the
motor coding of the peripersonal space.

In addition, when combining visual and tactile
experiments, Convento et al. (2013) showed that simultaneous
auditory and tactile stimuli can increase phosphene percep-
tion. They applied anodal tDCS over occipital, temporal,
and parietal cortices while the subject had phosphene induc-
tion via single-pulse TMS alone or combined to either tactile
or auditory stimuli. When TMS was applied without com-
bined sensory inputs, occipital anodal tDCS increased phos-
phene perception. Notwithstanding, when combined to sound
stimuli, temporal anodal tDCS increased phosphene percep-
tion. Also, when combined with tactile stimuli presentation,
parietal anodal tDCS increased phosphene detection. These
results further demonstrate that combined crossmodal sensory
inputs may increase visual cortex excitability (and therefore
increase phosphene perception).

The study of multisensory interactions combined with
tDCS was also shown to be applicable to clinical purposes.
A recent paper based on the knowledge that multisensory
interactions can produce analgesic effects (e.g., viewing one’s
own body reduces pain levels) tested if tDCS would be able to
maximize these effects. Anodal, cathodal, and sham stimula-
tion was delivered over left occipital and centro-parietal areas
while subjects rated painful intensity sensations elicited by
electrical shocks in two visual contexts: while viewing their
hand or with an object occluding the vision of their hands.
Anodal tDCS over both occipital and centro-parietal areas
resulted in decreased pain ratings. While occipital stimulation
affected specifically the condition in which participants could
see their hands, centro-parietal stimulation decreased pain rat-
ings independently of the visual condition. The authors sug-
gest that visual areas specific for representing the body are
likely to mediate the occipital effects, while centro-parietal
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stimulation might influence activity in relevant pain matrix
areas (Mancini et al. 2012).

In sum, tDCS has been shown to be an effective tool to
investigate several levels of multisensory integration (See
Table 6). It is a valuable tool for determining influences of
one sensory modality in another as well as for defining the
role of several associative areas in multimodal perception.
Furthermore, it can bring forth possible gender differences in
associative networks. Finally, considering the fact that no sin-
gle primary nociceptive- or pain-specific cortex has been
found so far, it might consist of a valid approach to explore
possible areas involved in pain coding.

How can our understanding of tDCS profit
from more perception and psychophysics research?

So far this review has focused on how research into perception
may profit from using tDCS. In this brief section we highlight
how our understanding of tDCS effects may also profit from
research into perception. As mentioned before, there are still
some open questions on tDCS specificity and mechanisms of
action. It is also possible to argue that there may be a trend in
contemporary research when evaluating tDCS outcomes.
Since this is a new technique, in many cases the most standard
methods and analyses are used to measure its outcomes.
Although this might be safe when dealing with a new tech-
nique (from the point of view of validating its effects with very
well known phenomena and paradigms), it might lead to sig-
nificant limitations, as we show below.

As can be seen in most studiesreviewed here, most of the
current literature uses measures of reaction time, simple accu-
racy, or thresholds to assess tDCS effects. Although these are
certainly valuable and well established, by simply measuring
thresholds it is not possible to clearly understand if changes at
suprathreshold levels have occurred. As some might argue
(e.g., Teghtsoonian & Teghtsoonian, 1997), understanding
the dynamic range of response of one sensory system is of
utmost importance in perceptual science. We are not aware of
studies that have investigated tDCS effects in terms of changes
in the dynamic range of responses, only in terms of changes in
accuracy, reaction time, and thresholds. This is relevant infor-
mation that could help us to better understand and plan tDCS
application both in the clinic and in basic research. Also, only
very few works have used Signal Detection Theory ap-
proaches so far.

A recent study has approached the issue of tDCS effects in
threshold and suprathreshold responses with interesting
outcomes. Costa et al. (2015a) have evaluated if the threshold
and suprathreshold responses to sinusoidal gratings defined
by luminance oscillations were similarly affected by tDCS.
The authors used visual evoked potentials for this purpose
and found a significant tDCS effect only at suprathreshold

levels. This supports the notion that in many cases, measuring
only threshold level responses might hide many tDCS
outcomes.

Another interesting topic is the functional focality of tDCS.
It is possible to argue that contemporary neuroscience has a
larger amount of information regarding the structure and func-
tion of the neurophysiologic substrate of sensory systems than
of higher order cognitive functions. We are well aware of the
structure and function of different spatial frequency channels
and retinotopy in the visual system, different temporal fre-
quency channels in the auditory system, somatosensory ho-
munculus ,and so on. In this context, it is possible to measure
the effects of tDCS in a group of well defined and functionally
different cells within the stimulated area. This can reveal valu-
able information on tDCS functional focality and mechanisms
of action in the living adult brain and only very few studies
have used this approach so far.

In fact, a few recent publications support the notion that
although tDCS might have a low spatial focality, it might
affect different cell groups in the stimulated area in different
ways. There is some evidence that the function of different cell
groups within the early visual cortex (e.g., different spatial
frequency channels, different visual field eccentricities) were
distinctively affected by the same tDCS stimulation polarity
on a number of occasions (Costa et al., 2012, 2015a, b, c).
There is also evidence for some selectivity in the auditory
cortex, as supported by specific tDCS effects on one temporal
frequency band (Ladeira et al., 2011).

Although the possible differential effects of tDCS on dif-
ferent cell groups within the stimulated area still needs to be
further investigated (and to be directly demonstrated with di-
rect electrophysiologic recordings), researchers are advised to
be aware of the fact that different cell groups in one area might
not be affected in the same way by tDCS. This could happen
for a number of reasons, such as effects of cell orientation
(where cells in different orientations might be affected in dif-
ferent ways by the same current), changes in resource con-
sumption (where the performance boost in one group of cells
might lead to an increase in resource consumption for that cell
group only), and differential effects on different neurotrans-
mitter systems (see Costa et al., 2015a for a discussion). More
psychophysical research evaluating how tDCS might differ-
entially affect functions that are known to be processed by
different cell groups within one specific brain area might help
us to understand the extent of these effects and the mecha-
nisms behind it.

We believe that the hypothesis presented here makes a case
for how tDCS research may profit from investigations carried
out with more sophisticated psychophysical methods and
from investigations that employ state of the art knowledge of
sensory/perceptual function and linking hypotheses. We have
presented a couple of examples on how contemporary re-
search still does not achieve that, but there are certainly many
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Table 6 Summary of parameters and details for each experimental study discussed in the section BMultisensory integration^

Reference Location of
target electrode
(international
10–20 system)*

Location of
return electrode

Stimulation
parameters

Stimulation
types

tDCS
protocol

Sample size and
design

Outcome measures and
comments

Antal et al.
2004c

*V5 (located with
TMS and MRI
model), M1 hand
area (TMS), Oz,
35 cm2

Cz, Contralateral
orbit, 35 cm2

1.0 mA for
10 min

Anodal, sham Online and
offline

12, within
participants

tDCS during learning
phase of a visual-motor
integration task

Avenanti et al.
2012

*Neuronavigated V1,
PPC and PMC,
35 cm2

Supraorbital,
35 cm2

1.0 mA for
15 min

Cathodal,
sham

Offline 44, within
participants

Motor potentials evoked
by TMS pulses while a
sound was presented
near or distant from the
participant

Bolognini et al.
2010a

P4, O2, 35 cm2 Contralateral
deltoid,
35 cm2

2.0 mA for
15 min

Anodal, sham Offline 46, between
participants

Subjects tested in a visual
auditory integration
task

Bolognini et al.
2010b

P3, P4, 35 cm2 Contralateral
deltoid,
35 cm2

2.0 mA for
30 min

Anodal, sham Online and
offline

30, between
participants

Visual scanning and
visuo-spatial orientation
performance before and
after an audiovisual
spatial exploration
training

Bolognini et al.
2011

P4, T4, O2,
35 cm2

Contralateral
supraorbital,
35 cm2

2.0 mA for
8 min

Anodal, sham Online and
offline

12, within
participants

Fission and fusion sound-
induced flash illusion

Convento et al.
2013

T4, P4, O2,
25 cm2

Contralateral
Supraorbital,
Cz, 25 cm2

2.0 mA for
10 min

Anodal, sham Offline 40, within and
between
participants

Phosphene thresholds
measured by TMS after
stimulationwith auditory
and tactile stimuli

Lapenta et al.
2012

Simultaneous T3
and T4, 35 cm2

Right deltoid,
35 cm2

1.0 mA for
14 min

Anodal,
cathodal,
sham

Online 28, between
participants

Subject performed a
go-no-go visual/verbal
integration task. This
experiment used
bi-hemispheric tDCS
with the same electrode
polarity in each
hemisphere

Lapenta et al.
2013

C3, 35 cm2 Supraorbital,
35 cm2

2.0 mA for
20 min

Anodal,
cathodal,
sham

Offline 21, within
participants

Electroencephalographic
responses of observation
and imagery of
biological and non-
biological motion

Mancini et al.
2012

CP4-C4, O2,
35 cm2

FP3, 35 cm2 2.0 mA for
10 min

Anodal,
cathodal,
sham

Offline 24, within and
between
participants

Subjective pain ratings
after electric painful
stimuli delivered two the
hand in two conditions:
viewing and not
viewing the hand

Marques et al.
2014

Simultaneous T3
and T4 or P3
and P4, 35 cm2

Right deltoid,
35 cm2

2.0 mA for
20 min

Anodal,
cathodal,
sham

Online 24, within
participants

Number of McGurk
illusion-type and eye
tracking. This
experiment used
bi-hemispheric tDCS
with the same electrode
polarity in each
hemisphere

Studies in alphabetical order

*Asterisks mark the studies that do not employ the International 10–20 electrode placement system.Whenever an electrode was placed between two 10–
20 coordinates, these coordinates are connected by a B-B (e.g., F3-FP1)
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other relevant questions that will be addressed as this tech-
nique becomes more popular.

Summary of some popular approaches in tDCS
research

Here we present some of the general and most popular uses of
tDCS in contemporary research. This section shows each of
these possible strategies in a general and straightforward style.

(1) Establish causality in brain-behavior relationships:
using tDCS to disrupt or boost the activity of one area while
measuring how it affects behavior may help to establish stron-
ger causal links between one specific brain area and the task
performed. Earlier sections in this review show examples of
this approach.

(2) Rehabilitation research: this is one of the most frequent
uses of tDCS (in depression or stroke rehabilitation, for in-
stance) and many successful examples of this approach can be
found in the second half of each of the sections in this revuew.
Twomain approaches are used here: stimulating an area where
an increase in activity is needed or inhibiting an area that
exerts an inhibitory influence over the area for which perfor-
mance needs to be boosted. Both strategies can also be used
simultaneously.

(3) Investigate hemispherical differences : the function of
one hemisphere can be boosted while the homologous area of
the other hemisphere is inhibited. The outcome of this inter-
hemispheric unbalancing can then be measured. Alternatively,
each hemisphere could be stimulated one at a time in a
repeated-measures design. One possible example is the study
of Bardi et al. (2013) investigating the hemispherical asym-
metry for the processing of high- versus low-salience stimuli
in the posterior parietal cortex.

(4) Investigate if the same area mediates two processes or
functions: to stimulate one area, measuring two or more func-
tions to see if these are affected in the same way can bring
valuable insight about cortical organization (e.g., Iuculano &
Kadosh, 2013). Costa et al. (2012) investigated how different
color processing pathways are integrated in the early visual
cortex. tDCS was shown to affect the function of different
pathways in different ways, suggesting some level of func-
tional or structural segregation of these pathways in the stim-
ulated area.

Conclusions

This review shows that tDCS is able to induce perceptual
changes in several sensory modalities, even affecting multi-
modal integration. It is clear that the potential of technique to
help elucidate brain behavior relationships in perception re-
search is far from completely explored. Furthermore, tDCS

was shown to be effective in the rehabilitation of a number
of clinical conditions. However, before tDCS can be broadly
applied in sensory rehabilitation outside the research labora-
tory, extensive research is still needed. One of the most urgent
points is to increase the understanding of tDCS mechanisms
of action. For that purpose, more research using invasive
methods must be carried out and for that, the development
of non-anesthetized animal models is critical. Currently, one
group has been collaborating in the development of such a
model for visual system investigations (Costa et al., 2013).

Human research using larger samples and investigating
combined tDCS/pharmacologic interventions are advised.
Also, since different parameters may lead to different effects,
more parametric studies are necessary to optimize tDCS de-
livery. tDCS effects on different pathways or cell groups with-
in the stimulated area need to be further investigated and the
tests employed to evaluate tDCS outcomes must be sensitive
enough to detect pathway-specific effects. Also, recently in-
troduced HD-tDCS devices might be useful in this line of
research since they deliver a more focal stimulation.

Although it is suggested that tDCSmay have a low focality
on the spatial domain, its effects can be very focal in the
functional domain, differentially affecting different cell
groups within the stimulated area (i.e., Borckardt et al. 2013;
Costa et al., 2012; Costa et al., 2015a; Ladeira et al., 2011).
Since there is some evidence that tDCS might be effective in
unveiling gender differences in cortical organization (Lapenta
et al., 2012), we must reinforce the need for more research in
order for us to better understand the potential of tDCS as a tool
to study these gender differences. Nonetheless, its potential to
test unresolved controversies in theories and models in per-
ception research (by offering stronger causal evidence on the
role of different brain areas) must be highlighted. Compelling
illustrations of this were presented in the studies by Cecere
et al. (2013), Yau et al. (2014), Heimrath et al. (2014), Costa
et al. (2015c), and others.

Altogether, the studies presented here represent a robust
illustration of how tDCS may be used for basic research and
clinical purposes in perception rehabilitation. In conclusion,
tDCS has proven to be a valuable tool in contemporary
neuroscience research. Although its use in research on per-
ceptual processes is still less encompassing than in other
areas, the studies presented here confirm the applicability
of tDCS and its potential to modulate sensory and percep-
tual phenomena.
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