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Abstract

Alterations of cortical excitability, oscillatory as well as non-oscillatory, are physiological derivates of cognitive processes,
such as perception, working memory, learning, and long-term memory formation. Since noninvasive electrical brain stimula-
tion is capable of inducing alterations in the human brain, these stimulation approaches might be attractive tools to modulate
cognition. Transcranial direct current stimulation (tDCS) alters spontaneous cortical activity, while transcranial alternating
current stimulation (tACS) and transcranial random noise stimulation (tRNS) are presumed to induce or interfere with oscil-
lations of cortical networks. Via these mechanisms, the respective stimulation techniques have indeed been shown to
modulate cognitive processes in a multitude of studies conducted during the last years. In this review, we will gather knowl-
edge about the potential of noninvasive electrical brain stimulation to study and modify cognitive processes in healthy humans

and discuss directions of future research.
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Introduction

Cognitive processes take place by physiological alterations of
cerebral activity and excitability. Functional imaging, as well
as newly developed electroencephalographic (EEG) analysis,
have greatly enhanced our knowledge of specific cerebral
alterations contributing to cognition. They have helped to iden-
tify the areas involved in specific tasks and mechanisms of
communication between these areas. At the regional level,
functional imaging, via magnetic resonance tomography
(fMRI) or positron emission tomography (PET), can help to
identify areas activated during cognitive processing, and net-
work analysis, via imaging or EEG, is suited to identify task-
related interregional communication, that is, functional con-
nectivity. In recent years, noninvasive electrical brain stimula-
tion techniques have been developed that are thought to mimic
these physiological processes, at least to a certain extent. Tran-
scranial direct current stimulation (tDCS) induces stimulation
polarity-dependent cortical activity and excitability enhance-
ments or reductions, which emerge during stimulation, but can
remain for longer than 1 hour after stimulation,'™ and resemble
neuroplastic alterations of cortical function, which are thought
to be the basis of learning and memory formation.” Since the
primary mechanism is thought to be a modulation of resting
membrane potential, tDCS affects spontaneous cortical
activity. In contrast, transcranial alternating current stimulation
(tACS) and transcranial random noise stimulation (tRNS)®” are
presumed to modulate specifically oscillatory cortical activity,
dependent on the frequency of stimulation. Because of the

proposed similarity of the effects of brain stimulation and cog-
nitive processes on cerebral physiology, it makes sense to use
these techniques to alter cognition. Indeed, it has been demon-
strated in numerous studies that all of the above-mentioned
techniques are able to modify diverse cognitive processes.
Brain stimulation techniques have been introduced for 2 main
purposes. They can help to identify areas, and interactions
between them, causally involved in cognitive functions, and the
specific physiological mechanisms involved. They might be
capable of improving cognition under certain preconditions.
In this review, we will gather evidence for the impact of elec-
trical brain stimulation techniques on cognitive processes in
healthy humans and will suggest future research directions.

Effects of tDCS on Cognition

Stimulation with weak direct currents to modulate cortical
activity and excitability was first described in animal models
about 50 years ago, when it was shown that subthreshold stimu-
lation, which does not elicit action potentials, modulates resting
membrane potentials, and via this mechanism alters
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spontaneous cortical activity stimulation polarity depen-
dently.®? Anodal tDCS enhanced cortical activity and excit-
ability, while cathodal stimulation had the opposite effect.
Interestingly, stimulation for some minutes induced after-
effects, which lasted for at least some hours after the
stimulation.® Similar effects can be obtained by noninvasive
stimulation with direct currents in humans.'*'%!" The
after-effects of stimulation share some things in common with
neuroplastic phenomena known from animal experimentation,
such as dependency on the glutamatergic system and calcium
channels.'*'* Since alterations of cortical activity are a com-
mon phenomenon observed in cognitive processes, and neuro-
plastic modifications of neuronal connections are thought to
underlie learning and memory formation,”'” it seems plausible
that performance in cognitive tasks can be modified by tDCS.
Numerous cognitive studies have been performed to probe the
efficacy of tDCS to alter performance, ranging from relatively
elementary perceptual tasks to more complex processes such as
social cognition.

Perception and Attention

Studies exploring the impact of tDCS on perception were
performed for visual, somatosensory, auditory and multisen-
sory perception. A study explored the impact of relatively
short-lasting (7 min, 1 mA, electrode size 35 cm?) tDCS of
the primary visual cortex on perception of static and dynamic
contrasts. Excitability-diminishing cathodal tDCS reduced
contrast perception, while anodal tDCS was without effect.'®
In another study, somewhat stronger and longer stimulation
(15 minutes, 1 mA, electrode size 35 cm?) of the same area
showed enhanced contrast sensitivity of central visual regions
via anodal tDCS.!” Different results between the studies might
be caused by the variations in the stimulation protocols as well
as by the more detailed analysis of contrast perception in the
second study.

Stimulation of the motion-sensitive area V5 had discernable
effects on motion perception, depending on the task. In a mov-
ing dot paradigm without distractors, anodal stimulation
improved performance, while cathodal stimulation impaired
it. With distractors, however, the effects of tDCS were
reversed.'” These effects were explained by a noise-reducing
effect of excitability-diminishing cathodal stimulation in the
condition with distractors, whereas excitability-enhancing ano-
dal stimulation was presumed to enhance performance via the
increased activation of task-relevant neurons in the condition
without distractors. Stimulation of the same area in a motion
after-effect task resulted in a reduction of after-effects under
both, anodal and cathodal stimulations,'® which was speculated
to be caused by a reduction in activation of movement-
representing neurons via cathodal stimulation and increased
activation of interfering visual stimuli-representing neurons
after the end of presentation of the moving stimuli via anodal
tDCS. Transcranial DCS has also been shown to modify per-
ception of more complex visual stimuli. Varga and col-
leagues'® describe a reduced effect of figural after-effects

induced by prolonged presentation of a face via cathodal tDCS
of right lateral parietotemporal areas known to be involved in
face perception.

For somatosensory perception, Rogalewski and colleagues'”
explored the effect of tDCS applied to C4, thus covering sen-
sorimotor areas of the human cortex, on the ability of healthy
humans to discriminate between vibratory stimuli of different
frequencies applied to the left ring finger. They describe
reduced performance during and after cathodal tDCS, while
anodal tDCS had no effect. However, anodal tDCS applied to
S1 resulted in improved spatial acuity of the contralateral index
finger in another study.”® For perception of painful stimuli,
Antal and colleagues describe a diminishing effect of cathodal
tDCS over the somatosensory cortex.”! This result was not
replicated in another study, where different pain induction pro-
cedures were used.”” In this study, however, temperature
thresholds were increased by cathodal stimulation. Interest-
ingly, in a companion study, which used the same somatosen-
sory testing procedures, cathodal stimulation of the primary
motor cortex increased cold and mechanical detection thresh-
olds as well as mechanical pain thresholds.?®> Taken together,
the studies conducted in the field of somatosensory perception
show a somewhat heterogeneous outcome, and the effects of
tDCS might critically depend on the kind of task under
investigation.

With regard to the effects of tDCS on auditory perception,
only 2 studies have been conducted. Loui and coworkers
describe reduced auditory pitch matching ability, when catho-
dal tDCS was applied over areas involved in this perceptual
task, namely inferior frontal and superior temporal areas.**
In a subsequent study, anodal tDCS over the auditory cortex
improved temporal processing in the auditory domain of
healthy humans, while cathodal stimulation resulted in
reversed effects.”

Finally, tDCS of occipital and temporal areas altered multi-
sensory perception in a “sound-induced flash illusion task.”
The perceptual “fission” of a single flash due to multiple beeps
was enhanced by anodal tDCS of the temporal cortex and
reduced by anodal tDCS of the occipital cortex. Cathodal tDCS
of the same areas resulted in reversed effects.*

For modulation of attention, Bolognini and coworkers
explored the effects of anodal tDCS applied to the posterior
parietal cortex on multisensory field exploration.?” Stimula-
tion of the right parietal cortex improved visual exploration
and orienting, as compared to sham stimulation, underscor-
ing the causal involvement of this area in visual attentional
processes.

Taken together, tDCS has been demonstrated to alter
perceptual performance bidirectionally in diverse sensory
domains. Hereby, the effects are determined by stimulation
polarity, area of stimulation, and most probably type of task.
However, the number of currently available studies is limited,
and efforts should be made to enhance our understanding of the
reasons for the occasionally heterogeneous effects. The explo-
ration of attentional processes via tDCS is currently at its very
beginning.
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Working Memory

The effect of tDCS on working memory performance has been
probed in numerous studies. Since the prefrontal cortex, and spe-
cifically its dorsolateral area, is one of the most well-known
areas involved in working memory, most of the available studies
conducted prefrontal stimulation to modulate performance.

Fregni and colleagues explored the effects of anodal, sham,
or cathodal stimulation of the left dorsolateral prefrontal cortex
on performance in a 3-back letter task.”® They describe
increased accuracy in task performance selectively under ano-
dal tDCS. In a related working memory task, it was shown that
the beneficial effects of anodal tDCS on performance accuracy
developed during performance were stable for up to 30 minutes
after the end of stimulation.?’ Zaehle and coworkers describe
similar positive effects of anodal tDCS on response accuracy
in a 2-back working memory task, while cathodal tDCS dis-
turbed the performance.’ Interestingly, anodal tDCS enhanced
alpha and theta activity, while cathodal tDCS had reversed
effects, thus offering a plausible physiological substrate for the
effects of tDCS on performance.

In contrast, 20-minute anodal tDCS of the same area, when
working memory (3-back letter and Sternberg task) was
explored after the end of 20-minute tDCS, did not improve
accuracy, but reduced the reaction times in the 3-back letter
task in a complex time-dependent manner.>! In a related
study, again the speed of performance was the only para-
meter that improved for a 2-back but not for a 1-back letter
task, when anodal tDCS was conducted before perfor-
mance.>® The reasons for these heterogeneous results are
unclear. Possible explanations might be ceiling effects in the
latter studies, since accuracy of performance was higher than
90% at baseline in the last one, stimulation protocol differ-
ences (tDCS started 10 minutes before performance or was
stopped before performance in the latter studies), or other
factors.

With regard to other cortical areas, Berryhill and colleagues
explored the effects of tDCS over right inferior parietal regions
on an object recognition and recall working memory task.>
Anodal, cathodal, or sham tDCS were performed before task
performance. Cathodal tDCS impaired task performance, in
accordance with a role of the right parietal cortex in visual
working memory. Ferrucci and coworkers probed the involve-
ment of the cerebellum on performance of the Sternberg task
and described disturbed performance induced by both, anodal
and cathodal tDCS.**

Taken together, tDCS seems to be an efficient tool to alter
working memory performance in healthy humans. The effects
have been most extensively tested for prefrontal cortex stimu-
lation. However, results are not completely consistent, and stud-
ies systematically probing stimulation parameters might be
needed to explore the reasons for these inconsistencies.

Learning and Long-Term Memory

Neuroplastic alterations of cerebral connectivity are the
major physiological basis of learning and memory

formation.>'> Therefore, modulation of plasticity via brain
stimulation is a potentially attractive way to alter learning
and memory formation. Indeed, numerous studies have
demonstrated the effects of tDCS on these cognitive
processes.

For motor learning, it is thought that within the motor-
related cortical networks, which include the primary motor
cortex, premotor, and parietal association areas, the primary
motor cortex is involved in early learning phases.*> It was
shown that for a motor sequence learning task, as well as
for visuomotor coordination, excitability-enhancing anodal
tDCS of the primary motor cortex performed during or
immediately after task performance improved learning and
early consolidation,*™? as well as intrinsic generalization
of joint movements.*’ Interestingly, anodal stimulation of
the premotor cortex, which is involved in late sleep-
dependent consolidation of motor sequence learning,41 was
not effective during task learning, but was during rapid eye
movement sleep-dependent consolidation.** This phase spe-
cificity of effective stimulation of cortical areas seems to
be dependent on task characteristics. In a visuomotor adap-
tion task, in which the primary motor cortex and the cere-
bellum are involved, cerebellar anodal stimulation
improved learning, whereas anodal tDCS of the motor cor-
tex improved consolidation of the learned movements.
Moreover, it seems that stimulation during learning-
related cortical activation is crucial for obtaining the
respective effects, since anodal stimulation before task per-
formance in most studies did not, or only to a minor extent,
alter performance level, and in some studies even worsened
it.** Beyond these basic studies exploring the effects of
tDCS on motor learning, recent studies refined stimulation
protocols. Reis and coworkers showed that repetitive tDCS
over 5 consecutive days combined with a motor learning
protocol resulted in increasing effects on performance, last-
ing for at least 3 months after training.** For right-handed
individuals, anodal stimulation of the left primary motor
cortex seems to be most effective, regardless of the per-
forming hand.*

The effect of tDCS on learning and retention of verbal mate-
rial was explored in a couple of studies. Floel and colleagues
explored the effect of tDCS on associative verbal learning and
showed that selectively anodal tDCS over the left perisylvian
area applied during learning improved performance.* In con-
trast, learning of verbal material was impaired by cathodal
tDCS of the left dorsolateral prefrontal cortex.*’*® Moreover,
cathodal tDCS of the primary motor cortex reduced learning
of action-related words, being in favor of an involvement of
this area in learning this kind of material.** For the effect of
tDCS on grammar learning, de Vries and colleagues applied
anodal tDCS to the Broca area during artificial grammar
learning.”® Anodal stimulation resulted in improved perfor-
mance, as compared to a sham-stimulated group. For conso-
lidation and retrieval of declarative verbal material,
Marshall and colleagues describe a positive effect of pre-
frontal sinusoidal anodal tDCS applied during slow wave
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sleep.’’> For naturally available material, Fiori and
colleagues describe a positive effect of anodal tDCS over
Wernicke’s area on picture naming.>® In principal accor-
dance, anodal tDCS improved proper name retrieval for the
pictures of famous individuals, when the anterior temporal
lobes were stimulated.”*

For visual memory performance, Chi and coworkers
conducted a study which involved bilateral stimulation of
the anterior temporal lobes during encoding and retrieval
of a visual memory task.’> They describe improved visual
memory via right anodal/left cathodal stimulation but not
under reversed stimulation polarities or sham stimulation.
Penolazzi and colleagues explored the impact of bilateral
frontotemporal stimulation on encoding of emotionally
valenced pictures.”® In this study, right anodal/left cathodal
tDCS resulted in improved memory for emotionally pleasant,
while left anodal/right cathodal stimulation increased the recall
of emotionally unpleasant pictures. For the memorization of
the localization of objects in a natural surrounding, Floel and
coworkers showed that anodal tDCS over the right temporo-
parietal cortex, which is involved in this type of task,
improved memory consolidation, when performance was
tested 1 week after learning.”’ Clark and colleagues explored
the impact of tDCS on the identification of concealed objects
via stimulation of the right inferior frontal and right parietal
areas, which were shown to be involved in this type of task.
Anodal tDCS resulted in improved performance.’® Impor-
tantly, this effect was dosage dependent, and its size was
larger for novices as compared to experienced participants,
as shown in a consecutive study of this group.>’

Few studies were performed for other kinds of learning and
memory formation. Numerical learning was enhanced by ano-
dal tDCS of the parietal cortex, and this effect was stable for at
least 6 months after training.®® For probabilistic guessing and
classification, it is known that the left prefrontal cortex is
involved. In accordance, anodal tDCS of this region improved
performance of respective tasks in 2 studies.®'-** With regard to
the impact of false memories on task performance, the left ante-
rior temporal cortex is thought to be involved. In accordance,
anodal tDCS of this area reduced encoding and retrieval of
false memories.®?

Taken together, an increasing number of studies have been
conducted in which the impact of tDCS on learning and mem-
ory formation was explored. The results of these studies show
that tDCS is a suitable method to evaluate the contribution of
specific areas to task performance, including their time course,
and that tDCS can have a beneficial effect on performance.
Since the effects of stimulation still show some heterogeneity,
it will be important for future studies to explore the determi-
nants of the effects of stimulation to a larger degree.

Other Cognitive Processes

A limited set of studies explored the effects of tDCS on other
cognitive processes, such as problem solving/creative thinking
and social cognition.

Cerruti and Schlaug probed the ability of tDCS to alter com-
plex associative thought.** They report a specific beneficial
effect of anodal tDCS applied to the left dorsolateral prefrontal
cortex on the remote associates test, in which the volunteers
had to identify a word that forms a compound noun with 3
other words presented. Chi and Snyder describe performance
enhancement with regard to solving an insight problem, when
anodal tDCS of the right was combined with cathodal stimula-
tion of the left anterior temporal lobe.®> Dockery and col-
leagues describe a phase-specific effect of tDCS over the left
dorsolateral prefrontal cortex on performance in the Tower of
London task, which involves strategic planning.®® Cathodal
tDCS improved performance during the early acquisition phase
of task performance, probably due to its reducing effect on dis-
tractive cortical noise, whereas anodal stimulation improved
performance in the later stages of task performance, presum-
ably via its activity-enhancing effect on task-related neuronal
activity.

With regard to behavior in risk-taking tasks, it was reported
that anodal tDCS of the right or left dorsolateral prefrontal
cortex, which are involved in risky decision making, resulted
in more cautious behavior, when combined with cathodal sti-
mulation of the contralateral prefrontal cortex, thus altering
hemispheric balance.®” In another study of the same group,
however, only anodal stimulation of the right combined with
cathodal tDCS of the left dorsolateral prefrontal cortex reduced
risky behavior.®®

In a task involving social cognition, Knoch and coworkers
explored the importance of the right prefrontal cortex for
performance in the ultimatum game.®® In this game, a fixed
monetary reward was to be split between 2 participants. One
of the participants offers a specific percentage of the whole
amount to the other, who can accept or reject the offer. If he
accepts, the money is paid to the participants; if not, it is lost.
The conflicting aspects involved in decision making are the per-
ception of unfaimess of a specific offer and economic self-
interest. In line with their hypothesis, cathodal stimulation of the
right prefrontal cortex, which is involved in the generation of
negative emotions, increased the acceptance rate of unfair offers.

Taken together, these studies show that tDCS affected per-
formance in complex cognitive processes, including decision
making and social cognition. However, the number of studies
in these fields is relatively low.

Effects of tACS and tRNS on Cognition

Both tACS and tRNS are newly developed stimulation tech-
niques that modulate cortical excitability and activity noninva-
sively. While tDCS induces neuroplasticity via constant
polarization of neuronal membrane potentials with application
of tonic subthreshold direct currents, tACS and tRNS are thought
to affect neuronal membrane potentials by oscillatory electrical
stimulation with specific or random frequencies. In addition to
the modulation of corticospinal excitability, as demonstrated for
the motor system,*”’° tACS and tRNS are thought to interact
with ongoing rhythmic cortical activities during cognitive
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processes and hence could be useful tools to investigate the
underlying mechanisms of human cognition.

tACS and Cognitive Processes

For visual perception, tACS of the primary visual cortex affects
phosphene perception in a frequency-dependent manner, which
is influenced by the brightness of the surrounding, and the
predominant frequency range of spontaneous EEG oscillations.
Phosphene perception was more effective when tACS was
applied in the beta frequency range in an illuminated condition,
whereas tACS at alpha frequencies improved phosphene
perception in a dark surrounding.”' Since beta frequencies are
predominant in illuminated surroundings, whereas alpha
frequencies dominate under light deprivation, this study sug-
gests that tACS can modulate visual perception via its impact
on naturally occurring cortical oscillations. In a later study,
tACS in the high gamma frequency range (60 Hz) applied over
the primary visual cortex (V1) enhanced contrast perception,
whereas no influence on spatial attention was observed,’
underscoring a specific effect of the stimulation on functions
in which the stimulated area is involved. For the somatosensory
modality, tactile sensations could be induced when S1 was sti-
mulated by tACS, most effectively by stimulation within the
alpha range frequency, followed by high gamma and beta sti-
mulation.”® The results of this study suggest that tACS might
be suited not only to modulate but also to induce perceptions.
Apart from the effects of tACS on perception, this stimula-
tion protocol has a stimulation-frequency-dependent effect on
motor learning. tACS over M1 facilitated motor sequence
learning only when applied at alpha frequency, while high rip-
ple frequency (140 Hz) stimulation had no effect on the same
learning protocol.>”* Alpha oscillations are associated with the
inhibition of irrelevant stimuli during cognitive tasks,”> and this
may explain the facilitatory effect of alpha modulation on motor
learning, while the relevance of fast ripple oscillations, better
studied in the hippocampal region, remains unclear especially
for the cognitive function of motor cortex. These results reveal
that tACS could indeed influence cognitive functions, particu-
larly when applied within certain task-related frequency ranges,
possibly via interference or entrainment of cognition-related
oscillations. This might make tACS an interesting tool not only
for altering cognitive functions but also for exploring the causal
relevance of cortical oscillations for cognitive processes.

Transcranial RNS and Cognitive Processes

Unlike the fixed frequency used in tACS protocols, tRNS is
applied within a broad frequency spectrum (0.1-640 Hz) with
random noise distribution.” The frequency range covers
specific physiological human brain oscillations, by which
tRNS possibly induces LTP-like cortical plasticity via aug-
menting the activity of neuronal sodium channels.

For the effect of tRNS on working memory performance,
only 1 study is available, which showed a null effect of stimu-
lation of the dorsolateral prefronatal cortex on performance.
However, tRNS of the primary motor cortex improved motor

sequence learning’. Fertonani and colleagues also report a
facilitation of perceptual learning with tRNS applied over the
primary visual cortex. In the latter study, the accuracy of an
orientation discrimination task was significantly increased by
tRNS in the high-frequency range (100-640 Hz).”® In contrast,
application of tRNS on right dorsal lateral prefrontal cortex
impaired categorical learning in a prototype distortion task.”’
The reasons for these heterogeneous effects are unclear at pres-
ent, task specifics might contribute.

Due to the small number of both physiological and cognitive
experiments conducted so far, the underlying mechanisms of
tACS and tRNS are yet not sufficiently clear. Future studies
should provide more information to improve our understanding
of the neurophysiological basis of these stimulation tools and
their application to investigate and modify human cognition.

General Remarks

This review has shown prominent effects of electrical brain sti-
mulation on cognitive processes, both elementary and com-
plex. Transcranial DCS has been used most frequently to
study the neurophysiological basis of cognition and resulted
in clear and specific effects in most studies. Newly emerged
techniques, tACS and tRNS, might gain attractiveness in the
future. In contrast to tDCS, they might be able to specifically
alter task-related oscillatory activity, and thus tackle—beyond
cortical activity alterations—another important physiological
determinant of cognitive processes.

Beyond the principle ability of these stimulation techniques
to modify cognitive performance, some studies have shown
that the efficacy and direction of the effects depend on the tim-
ing of stimulation, electrode arrangement, and task characteris-
tics, among others. Clearly, more studies are needed not only to
learn more about the physiological basis of cognition, but also
to optimize the efficacy of stimulation. Beyond basic cognitive
neuroscience, these efforts will be relevant for the application
of the techniques to neuropsychiatric diseases accompanied
by cognitive disturbances. Here pilot studies, beyond the scope
of the present review, have been shown to result in potentially
meaningful effects.
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