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Abstract

Abstract: Direct current stimulation is a neuromodulatory noninvasive brain stimulation tool, which was first
introduced in animal and human experiments in the 1950s, and added to the standard arsenal of methods
to alter brain physiology as well as psychological, motor, and behavioral processes and clinical symptoms
in neurological and psychiatric diseases about 20 years ago. In contrast to other noninvasive brain
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stimulation tools, such as transcranial magnetic stimulation, it does not directly induce cerebral activity, but
rather alters spontaneous brain activity and excitability by subthreshold modulation of neuronal
membranes. Beyond acute effects on brain functions, specific protocols are suited to induce long-lasting
alterations of cortical excitability and activity, which share features with long-term potentiation and
depression. These neuroplastic processes are important foundations for various cognitive functions such as
learning and memory formation and are pathologically altered in numerous neurological and psychiatric
diseases. This explains the increasing interest to investigate transcranial direct current stimulation (tDCS) as
a therapeutic tool. However, for tDCS to be used effectively, it is crucial to be informed about physiological
mechanisms of action. These have been increasingly elucidated during the last years. This review gives an
overview of the current knowledge available regarding physiological mechanisms of tDCS, spanning from
acute regional effects, over neuroplastic effects to its impact on cerebral networks. Although knowledge
about the physiological effects of tDCS is still not complete, this might help to guide applications on a
scientifically sound foundation.

Electrical stimulation of the brain to induce and modulate cerebral excitability and activity has a long-lasting
history dating back for about few hundreds of years.1,2 Initial approaches aimed to induce suprathreshold
neuronal stimulation to generate neuronal activity and thus respective physiological, motor, or psychological
effects. The breakthrough for noninvasive electrical brain stimulation in humans was in 1980, when it was
shown that short-lasting, strong electrical impulses applied over the motor cortex can induce muscle
twitches.3

Transcranial direct current stimulation (tDCS), as discussed here, qualitatively differs from those initial
suprathreshold approaches. Transcranial direct current stimulation involves the subthreshold modulation of
neuronal membrane potentials, stimulation that is too weak to induce neuronal activity independent from
afferent input from other sources, but sufficient to alter both the excitability and spontaneous activity of
neurons. Direct current (DC) stimulation in this sense was first described in the 1950s and explored in the
subsequent years in animal models, but also in humans as noninvasive brain stimulation approach.4 Probably
mainly due to a paucity of tools for exploring the mechanisms of the effects of DC stimulation in humans at this
time, DC stimulation in humans was nearly forgotten until the turn of the century. Awareness of DC stimulation
was reawakened about 20 years ago by the publication of a handful of studies demonstrating physiological
effects emerging both during stimulation and, perhaps most importantly, after stimulation, aftereffects that were
shown to last for several minutes after the cessation of the intervention.5–8 The relatively long-lasting and
profound excitability aftereffects of tDCS increased the interest not only of basic neurophysiologists, but also of
cognitive and behavioral neuroscientists and clinicians. As a result, over recent years, there have been
numerous studies probing cognitive, behavioral, and clinical effects of tDCS.

In order to properly design studies, solid knowledge about the physiological foundation of the mechanisms of
tDCS is essential. Recent studies in humans, animal, and cellular models, and also using computational
modeling, have considerably increased our knowledge of the physiological underpinnings of tDCS. The aim of
this review was therefore to give an overview of the main physiological mechanisms of tDCS, including effects
at the microscopic, mesoscopic, and macroscopic scale, that is, cellular, regional, and whole-brain effects, to
fully inform future studies of tDCS.

PHYSIOLOGICAL MECHANISMS OF tDCS: CELLULAR AND REGIONAL
MECHANISMS
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Acute Effects
Neurons are electrically excitable cells, and their function depends critically on the generation of action
potentials. Action potentials are elicited when depolarization of the resting membrane reaches a certain
potential threshold. The potential of the neuronal membrane is determined by afferent activity via electrical and
chemical synapses and also by extrasynaptic substances, which activate specific ion channels and receptors.
Direct current stimulation aims to directly modulate neuronal resting potentials and thus to alter the state of
excitability, that is, the probability that afferent activity of a specific amplitude results in generation of an action
potential. If a neuronal membrane is depolarized by a DC current, this means that less afferent activity is
required to induce an action potential, and if it is hyperpolarized, neuronal excitability, and therefore
spontaneous activity, is reduced. It is important to note that this mechanism of action is categorically different
from suprathreshold stimulation, which elicits an action potential at an affected neuronal membrane, as it is the
case for transcranial magnetic stimulation (TMS) or transcranial electric stimulation.3

Converging evidence exists at the whole-brain level that tDCS induces changes in cortical excitability and
activity. For example, using the primary motor cortex (M1) as a model region, when the anode is placed over
M1, tDCS enhances spontaneous activity and excitability. Conversely, when the cathode is placed over M1,
spontaneous activity and excitability are reduced.5,9 In the human model, these effects emerge within the first
4 seconds of stimulation, which induces no aftereffects.

However, this finding results either from recordings of multiple cells 9 or from TMS studies using motor-evoked
potentials as an index of cortical excitability. This is therefore a net effect over many thousands of neurons;
single neurons oriented differently in relation to the electrical field might respond in a different, even opposing,
way.10

At the single neuron level, it is critical to be aware that an electrical current must always flow both into and out
of a neuron, meaning that any given neuron is simultaneously depolarized and hyperpolarized.11 This has
important consequences for the effects of DC stimulation: the efficacy and directionality of the effects critically
depend on the orientation of the neuron relative to the electrical field. When electrical current flow is
perpendicular to neuronal orientation, the physiological effects of stimulation will be negligible, because
antagonistic effects will take place in small neighbored membrane compartments, whereas if a current meets
the long axis of a neuron, the efficacy of stimulation should be larger, because larger and more distant
membrane compartments are homogeneously polarized.12 Given that the neuronal soma and axon hillock are
more sensitive than other regions of a neuron to elicit action potentials, it was suggested that the direction of
polarization of these structures critically determines the directionality of DC stimulation effects,9,13 although a
contribution of apical dendrites and other structures is probable.14 These directional effects also mean that
neurons oriented at 180° to a given electrical field will be affected antagonistically by polarization. This has
indeed been demonstrated.15 It also explains why acute effects of tDCS on the motor cortex depend on the
placement of the stimulation electrodes and are thus determined by the directionality of electrical current flow,
with only specific electrode positions suited to induce cortical excitability alterations.5,16

Moreover, it was recently shown that the effects of tDCS critically depend on the orientation of the TMS coil
used to elicit motor-evoked potentials,16 suggesting that the effects of tDCS might be pathway-specific, a
specificity observed in animal slice preparations.15



12/9/18, 10)28 PMOvid: Physiology of Transcranial Direct Current Stimulation.

Page 4 of 22http://ovidsp.tx.ovid.com.ezproxy.med.cornell.edu/sp-3.32.0a/ovidweb.cgi

It is important to note that the change in resting membrane potentials due to tDCS at conventional intensity (1–
2 mA) is relatively low; tDCS is proposed to alter neuronal membrane potential by approximately 0.2 to 0.5
mV.17,18 Given that the resting membrane potential is approximately -70 mV, and the threshold for action
potential initiation approximately -50 mV, this might at first glance seem like an insignificant change. It has
been hypothesized, however, that the tDCS is effective, even given small effects on membrane potential at the
single neuron level due to either amplification, caused by respective alterations of action potential generation in
larger neuronal networks or modulation of action potential timing or both. Both of these mechanisms have
been shown to take place in neuronal network stimulation with similar voltage changes.19,20 It is perhaps not
surprising then that most successful DC stimulation studies have been conducted in whole-brain or slice
models, and respective spontaneous activity alterations have been described directly in animal models 9 and
indirectly in humans via functional imaging approaches.21–23 Studies investigating the effects of tDCS on
single-neuron preparations have been much more sparse.

Converging evidence from experiments in humans suggests that the acute effects of DC stimulation are indeed
driven by membrane potential alterations and not by changes of synaptic efficacy. Blocking voltage-gated ion
channels, which are involved in neuronal membrane depolarization, prevents any impact of anodal tDCS on
motor cortex excitability, whereas the blockade of glutamate receptors and the enhancement of [gamma]-
aminobutyric acid (GABA) receptor activity had no effect on acute effects.24 In line with these findings from
pharmacological studies, TMS stimulation protocols designed to quantify changes in synaptic strength (eg, the
paired pulse TMS protocol of short-interval intracortical inhibition) showed no evidence for synaptic changes
during short-lasting tDCS, where no aftereffects are induced.25

Neuroplastic Effects
Whereas the acute effects of DC stimulation, induced by stimulation lasting few seconds, do not outlast the
stimulation, longer-lasting stimulation induces aftereffects in the model of the primary motor cortex (effects on
other cerebral areas will be discussed in later sections). These aftereffects can last from minutes up to more
than 24 hours after the intervention, depending on the specific protocol used.5–7,26–28 In general, the
directionality of the aftereffects of tDCS is identical to that observed during stimulation: in standard protocols
applied to the primary motor cortex, anodal tDCS enhances, whereas cathodal stimulation reduces, cortical
excitability. Within certain limits, stronger and longer stimulation enhances the efficacy of these effects.
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Similar effects to these were described in animal experiments in the 1960s. Here, DC stimulation of the
sensorimotor cortex of the rat resulted in polarity-dependent effects lasting for at least 5 hours after
stimulation.9 Assuming that these aftereffects are at least similar to long-term potentiation (LTP) and
depression in animal models,29 most of these effects are in the range of early-phase plasticity. Early animal
experiments showed that reverberating electrical circuits do not explain these changes in excitability, as these
changes remained even after electrically silencing the brain, but conversely, excitability changes were
prevented by blocking protein synthesis, strongly supporting a role for synaptic changes in these
aftereffects.30,31 Evidence from the primary motor cortex model in humans, as well as animal models, shows
that the glutamatergic synapse seems to be at least one of the drivers of DC stimulation–induced plasticity,
especially regarding N-methyl-D-aspartate (NMDA) receptors. Pharmacological studies show that blockade of
NMDA receptors prevents tDCS-induced excitability alterations, both for anodal and cathodal tDCS, whereas
NMDA receptor agonists enhance anodal tDCS-induced excitability increases.24,32 These results from
pharmacological studies are in accordance with TMS studies showing enhanced intracortical facilitation and
reduced inhibition after anodal tDCS, and the reverse pattern of effects for cathodal tDCS.25 Furthermore,
magnetic resonance spectroscopy (MRS) studies showed reduced glutamate after cathodal and at least trend-
wise enhanced glutamate after anodal tDCS.33,34

Using MRS, reductions in GABA have also been observed after both anodal 34–36 and cathodal 34 stimulation
to M1. This finding is in line with TMS studies probing GABA activity alterations after tDCS.25 Thus, it seems
plausible that GABA reduction gates glutamatergic plasticity regarding the aftereffects of tDCS. In line with this
hypothesis, it would also make sense that a certain degree of neuronal activity is necessary for plasticity
induction via tDCS because this will be required to activate NMDA receptors.37

Activation of NMDA receptors leads to an influx of calcium ions (Ca2+) into the cell. Intracellular [Ca2+] controls
the induction of both LTP and long-term depression (LTD) in animal models; low rates of [Ca2+] influx foster
LTD, and high rates of [Ca2+] influx lead to LTP. Furthermore, [Ca2+] influx as a result of synaptic activity is a
continuous variable. Therefore, between the zones of [Ca2+] influx sufficient to induce either LTP or LTD, a
transition zone exists, in which [Ca2+] influx induces no plasticity.29,38 In humans, blocking calcium channels
prevents plasticity induction by tDCS.24 In first pilot studies, stimulation that is either too long (>=25 minutes)
or too strong (>=2 mA) diminishes or converts the directionality of the commonly observed tDCS
effects.26,28,39 These nonlinearities of tDCS effects are presumably due to changes in [Ca2+] influx into the
postsynaptic cells and can be explained entirely using this model. This model might furthermore explain the
brain state dependency of tDCS at least to a certain degree,40 as the initial rates of activity within a brain
region and hence the initial rate of [Ca2+] influx into the postsynaptic cell will be dependent on the brain state
at that time.

The above gives a summary of the hypothesized major mechanisms by which plasticity is induced by tDCS.
However, a number of other neurotransmitters and neuromodulators, such as dopamine, adenosine, serotonin,
and acetylcholine, might be involved.37,41 For example, it has been shown that blockade of dopamine and
specific adenosine receptors prevents plasticity induction due to tDCS.42,43 Indeed, modulation of activity of
different groups of neuromodulators has a clear but complex impact on tDCS effects.41
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Thus, taken together, as far as is currently known, tDCS induces calcium-dependent plasticity at glutamatergic
synapses, which is probably gated by the reduction of GABA activity (Fig. 1). In accordance with the
neuromodulatory effects of tDCS, the degree and the directionality of induced plasticity are affected in a
nonlinear way not only by stimulation protocol characteristics, but also by differences in individuals and brain
states. Most of this knowledge gained in humans is derived from motor cortex experimentation; however, tDCS
effects have been explored also for other areas, which we will explore here.

 

FIGURE 1. Presumed mechanism of neuroplastic effects of tDCS. A, It is assumed that tDCS induces plasticity of
glutamatergic synapses and that reduction of GABA activity gates these effects. Neuromodulators such as dopamine
and acetylcholine have a modulatory impact on tDCS effects. For glutamatergic synapses, by its membrane depolarizing
or hyperpolarizing effects, tDCS will enhance or reduce calcium influx via NMDA receptors (NMDAR) and voltage-gated
calcium channels (VGCC). Dependent on the alteration of intraneuronal calcium, enzyme cascades are activated, which
insert glutamatergic AMPA receptors (AMPAR) into or remove them from the subsynaptic membrane, thus strengthening
or weakening synaptic connections. B, The amount of intracellular calcium alteration determines if excitability-enhancing
LTP or excitability-diminishing LTD takes place. Low intracellular calcium concentration, as presumably induced by
cathodal tDCS, will result in LTD, whereas high calcium concentration, as induced by anodal tDCS, will result in LTP.
Between these plasticity zones, and in case of calcium overflow, no man’s lands do exist, where respective calcium
concentrations do not result in clearly directed plasticity. This concept explains why intensified stimulation within certain
limits results in stronger effects of stimulation, but also why specific protocols can result in a conversion of aftereffects
(eg, from LTD- to LTP-like plasticity for intensified cathodal tDCS protocols 39).

REGIONAL EFFECTS OF tDCS ON NONMOTOR AREAS
During the last 2 decades, several studies have explored the impact of tDCS in the visual, somatosensory,
auditory, and multisensory domains, although in our estimation approximately 80% of published tDCS studies
focus on M1. It is vital to note, however, especially for more cognitive applications, that the methodologies and
results from M1 studies are unlikely to be directly translatable to other cortical areas. Therefore, it is relevant to
report the state of research about tDCS physiological effects on nonmotor cortex areas in its own right.
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In general, most of the studies stimulating nonmotor areas targeted (i) the functional specialization of a given
cortical area, for example, to examine the necessity and role of brain areas in perceptual functions in order to
assess the causal link between neuronal functional specialization and perception/behavior; (ii) the flow of
information between anatomically and/or functionally connected areas; or (iii) the region of interest was used as
a model in order to clarify the working mechanisms of tDCS. The number of physiological tDCS studies in
nonmotor areas is relatively limited; thus, the following sections will also include the effects of tDCS on
elementary and complex sensory processes as a proxy (for a detailed review about prefrontal tDCS effects,
refer to Sale et al,44 Wörsching et al,45 and Kuo and Nitsche 46).

Generally, tDCS has been demonstrated to alter visual, somatosensory, and auditory processing in a
directionally specific manner, similar to M1. However, the effects are determined by several factors, including
not only the stimulation parameters, but also the electrode positions and most importantly the type of task and
the physiological state of the neuronal population before and during stimulation, the latter especially in case of
task-related stimulation protocols. Pharmacological studies targeting nonmotor cortical areas during
stimulation are not available; nevertheless, it is likely that the basic neuronal mechanisms of tDCS in these
areas are the same as those in M1, although some area specifics might be relevant, such as the degree of
dopaminergic drive.

Stimulation of the Primary Visual Cortex
It has been known for a long time that cortical areas other than M1 also undergo tDCS-induced neuroplastic
changes, leading to both short- and long-term alterations of synaptic strength.47 Nevertheless, in early animal
experiments, the DC effect applied, for example, over the visual cortex, was less pronounced than on M1,
possibly due to the different cytoarchitecture of the cortices and different spatial orientations of the neurons.48
Human studies almost 40 years later confirmed these results, demonstrating that the tDCS aftereffects are
relatively short-lasting in the visual areas compared with those of M1, using the same stimulation
protocols.49,50

The reason for this difference is not simple to elucidate. Cortical areas vary with regard to factors influencing
excitatory and inhibitory circuitries, and furthermore, differences in neuronal membrane properties, including
receptor expression, between M1 and other cortices may also account for the altered responses to the
application of tDCS. In addition to cell type and morphology, the extent to which neurons are affected by tDCS
also depends on the orientation of the cells relative to the induced electric field, as discussed above.
Furthermore, as well as stimulation parameters, the effects of stimulation are also strongly dependent on the
functional state of the brain before or during the application, that is, whether the stimulation is given during rest
or before/simultaneously with some motor or cognitive task.40

Studying the electrophysiological evidence for the efficacy of tDCS to alter excitability of the human primary
visual cortex (V1), significant stimulation aftereffects were observed only on the visual-evoked potential (VEP)
amplitudes evoked in response to low-contrast stimuli; when high-contrast stimuli were presented, tDCS did
not modify VEP amplitudes.51 The excitability-diminishing effect of cathodal tDCS was significant immediately
after and 10 minutes after the end of stimulation if the stimulation duration was sufficiently long (ie, 10–15
minutes). An increase of the N70 amplitude by anodal stimulation was significant only 10 minutes after the end
of the 15-minute tDCS.51
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Another study using a different visual stimulation and tDCS protocol (reference electrode over the anterior or
posterior lower neck vs Cz in the previous study) reported that anodal tDCS reduced the P100 amplitude,
whereas cathodal stimulation significantly increased it.52 Yet, from both studies, it is clear that the effect of
tDCS depends on the contrast level of the visual stimuli; tDCS seems to have a greater effect on VEP
amplitudes elicited by low-contrast stimuli than on high-contrast stimuli. Low-contrast visual stimuli recruit
cortical neurons submaximally, thus allowing a more pronounced decrease or increase in neuronal recruitment
by locally induced electrical stimulation. Furthermore, as it was mentioned previously, the position of the
reference electrode might also play a role, resulting in antagonistic effects in both cases because of reversed
electrical field orientation.

In accordance with the VEP study of Antal et al,51 tDCS elicited polarity-dependent effects on phosphene
thresholds (PTs); later studies have reported that cathodal stimulation over V1 significantly increased PTs,
probably due to diminished cortical excitability, whereas anodal stimulation resulted in the opposite
effect,53,54 although a recent study found no effect of tDCS on PTs.55

The effectiveness of tDCS over visual areas has also been demonstrated by changes in contrast perception.49
Excitability-diminishing cathodal tDCS reduced contrast perception, whereas excitability-increasing anodal
tDCS did not have any effect. In a later study, a longer stimulation duration (15 minutes) showed enhanced
contrast sensitivity of central vision via anodal tDCS.50 Using a contrast discrimination task, anodal stimulation
enhanced performance,56 whereas cathodal stimulation had no effect. Significant long-term effects were also
observed in the central 2° to 4° of the visual field 4 weeks after 5 consecutive anodal tDCS sessions.54

Stimulation of the Primary Somatosensory and Auditory Cortex
There is also increasing evidence that tDCS modifies sensory processes other than vision, reflected by
electrophysiological (somatosensory-evoked potentials [SEPs] and auditory-evoked potentials) and perceptual
changes during and after stimulation. Generally, the studies conducted in the field of somatosensory or
auditory processing show heterogeneous results, and for cognitive processes, the effects of stimulation
depend on the kind of task under investigation.

Anodal tDCS of the primary somatosensory cortex resulted in a significant increase of the amplitudes of
parietal (P25/N33, N33/P40) and frontal (P22/N30) components of SEPs following right median nerve
stimulation, for up to 60 minutes after the end of stimulation. Other components (P14/N20, N20/P25, N18/P22)
were unaffected by anodal tDCS, and cathodal tDCS had no effect on SEPs.57 Another study found a
significant reduction of the N20 source amplitude after cathodal tDCS, whereas there was no effect after
anodal stimulation.58 For the N30 component and high-frequency oscillations, no change in source activity
was observed. These seemingly contradictory results can be at least partly explained by the different
stimulation and experimental protocols used, such as different electrode sizes and stimulation durations.

Studies on somatosensory perception report results compatible with the observed physiological effects.
Rogalewski and colleagues 59 explored the effect of tDCS applied to C4 electroencephalogram (EEG) position,
on the ability of healthy humans to discriminate between vibratory stimuli of different frequencies applied to the
left ring finger. They reported reduced performance during and after cathodal tDCS, whereas anodal tDCS had
no effect. In another study, anodal tDCS applied to the S1 resulted in improved spatial acuity of the
contralateral index finger.60
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Anodal and cathodal tDCS can furthermore modify auditory cortex reactivity. In this modality, the number of
studies is more limited; however, the bidirectional polarity-dependent effects of tDCS are more consistent.
Auditory-evoked potentials are differentially modulated as a function of site of stimulation.61 Whereas anodal
tDCS over the temporal cortex increased auditory P50 amplitudes, cathodal tDCS over the temporoparietal
cortex induced larger N1 amplitudes. In a pilot study, auditory sensory processing as indexed by the mismatch
negativity (MMN) in event-related potentials was recorded before and after tDCS. Twenty-minute anodal tDCS
using 2 mA over the temporal lobe increased MMN.62 In a follow-up study performed by the same group, the
interacting effects of both anodal and cathodal tDCS on MMN-indexed auditory pitch discrimination were
studied. In a randomized, double-blind design, MMN was assessed before and after tDCS (2 mA, 20 minutes)
in 2 separate sessions, one involving sham stimulation followed by anodal stimulation and one involving
cathodal stimulation followed by anodal stimulation.63 Results demonstrated that anodal tDCS over the
temporal cortex increased MMN-indexed auditory detection of pitch deviance. Cathodal tDCS decreased
auditory discrimination as it was expected; however, the subsequent anodal tDCS did not significantly alter
MMN amplitudes.

In terms of perception, Loui et al 64 found cathodal tDCS reduced auditory pitch matching ability when
stimulation was applied over the inferior frontal and superior temporal areas. In another study, anodal tDCS
over the auditory cortex improved temporal processing, whereas cathodal stimulation resulted in reversed
effects.65 Interestingly, multisensory perception can also be altered by tDCS of occipital and temporal areas
using a sound-induced flash illusion task.66 The perceptual fission of a single flash due to multiple beeps was
enhanced by anodal tDCS of the temporal and reduced by anodal tDCS of the occipital cortex. Cathodal tDCS
of the same areas resulted in opposite effects.

Stimulation of Higher-Order Sensory and Multimodal Association Cortices
Several studies reported effects of tDCS when nonmotor and nonprimary visual areas were stimulated;
however, again, the magnitude of these effects critically depends on the task characteristics, the state of the
cortex before and during stimulation, and related physiological mechanisms. The combination of TMS and EEG
was very useful to explore local and global cortical excitability modulation during and after active and sham
tDCS. Using this method, a diffuse rise of cortical excitability occurred, both during and after anodal tDCS over
the right PPC; an increased local mean field power in parietal and frontal clusters was observed bilaterally,
whereas no difference was found in the temporal clusters.67

A number of studies have demonstrated the ability of tDCS to alter oscillatory cortical activity. Zaehle et al 68
showed that both anodal tDCS and cathodal tDCS administered over the left DLPFC were able to induce
changes in working memory performance and that these changes corresponded to alterations in oscillatory
theta and alpha power recorded simultaneously by EEG. Hoy et al 69 report increased performance of a 2-back
working memory task following anodal tDCS over the left DLPFC in a group of schizophrenia patients, which
was associated with enhanced gamma event-related synchronization in this area.
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With regard to the type of the task, it is suggested that excitability-diminishing cathodal tDCS might have a
“noise-reducing” effect in conditions in which distractors are introduced, whereas anodal stimulation is implied
to enhance performance by increased neuronal activation in conditions without distractors. In accordance,
stimulation of the motion-sensitive area V5 had distinct effects on motion perception, dependent on the
specific kind of task; using a moving dot paradigm without distractors, anodal stimulation improved
performance, whereas cathodal stimulation impaired it.70 In the otherwise identical task, however, with visual
distractors, the effects of tDCS were reversed.

Transcranial direct current stimulation has also been shown to modify perception of more complex stimuli;
Varga and colleagues 71 described a reduced face aftereffect induced by cathodal tDCS of right lateral
parietotemporal areas, known to be involved in face perception. Furthermore, tDCS seems to be an efficient
tool to alter visual working memory performance in healthy humans. The effects have been most extensively
tested for frontal, parietal, and temporal cortex stimulation, with the aim to improve visual/sensory
formation/performance. The results of these studies show that tDCS can be used in the evaluation of the
contribution of specific areas to task performance and that stimulation can have a positive effect on
performance. However, the effects of stimulation show strong heterogeneity, and it will be important for future
studies to reproduce previous results and to explore the factors influencing the beneficial effects of stimulation
to a larger degree. Anodal stimulation might have a general beneficial effect, at least in most of the studies. For
example, Flöel et al 72 demonstrated that anodal tDCS over the right temporoparietal cortex improved memory
consolidation in a task involving memorizing an object's location in a natural surrounding. Bolognini et al 73
explored the effects of anodal tDCS applied to the posterior parietal cortex on multisensory field exploration.
Clark et al 74 explored the impact of tDCS on identification of concealed objects stimulating the right inferior
frontal and right parietal areas. Anodal stimulation resulted in improved performance in a dosage-dependent
manner, and performance increase was larger for naive as compared with experienced volunteers.74,75 In
these studies, stimulation of the right parietal cortex improved visual exploration and orienting, when compared
with sham stimulation, supporting the causal involvement of this area in visual attentional processes. The
stimulation might be hemisphere dependent; Chi et al 76 applied bilateral stimulation of the anterior temporal
lobes during encoding and retrieval of a visual memory task. They found an improvement in visual memory
using right anodal–left cathodal stimulation, but not under reversed polarity or sham stimulation conditions.

In summary, the number of available studies assessing the effects of stimulation in nonmotor areas is still
significantly fewer compared with the number of studies stimulating the motor cortex, and the results are more
heterogeneous. The reasons for the relatively high variability in the nonmotor domain compared with the motor
domain are far from being completely understood.77–81 In the future, more efforts should be made to enhance
our understanding of the reasons behind the reported heterogeneous effects. Further studies systematically
probing stimulation parameters might be needed to explore the reasons for the inconsistencies among studies.
Beyond basic neuroscience research, these efforts will be relevant for the application of these stimulation
techniques to neurological diseases accompanied by visual and sensory disturbances.

NETWORK-LEVEL EFFECTS
As discussed previously, the effects of tDCS applied to a single brain region on cortical excitability and
neurophysiological changes within that brain region have been relatively well studied, particularly for the motor
system. However, it is now increasingly well understood that brain regions do not act in isolation, and rather,
many functions of the brain are underpinned by functional networks, which include multiple anatomically
distant but functionally interconnected regions.
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Here, we will concentrate largely on the motor network, as the majority of tDCS studies performed have used
M1 as a target, but will include evidence from other regions as appropriate.

The Task-Activated Motor Network
The motor network consists of a number of anatomical regions, including the primary motor cortices bilaterally,
premotor cortices, supplementary motor area, and some more frontal and parietal cortical areas. In many
imaging studies, only the cortical areas are routinely considered; it is, however, important to highlight that the
motor network will also include subcortical regions including the thalamus and basal ganglia, as well as the
cerebellum.

The motor network can be investigated by using functional magnetic resonance imaging (fMRI) to investigate
brain regions that are active during performance of a motor task. Direct comparisons between studies of
functional changes during task performance are difficult because of the variety in tasks performed, stimulation
parameters, and analysis methods.

However, some overall conclusions can be drawn. The aftereffects of tDCS on brain activity in response to a
task are not limited to the stimulated region; rather, they may be seen across the whole motor network.
Whereas some studies have seen only marginal effects 82,83 of tDCS, a number of studies have demonstrated
a significant increase in activity within closely functionally connected regions within the stimulated hemisphere
in response to anodal tDCS.84–88 Cathodal tDCS, conversely, has been relatively less studied but has been
demonstrated to increase activity within the contralateral M1.88,89 This consistent finding has been suggested
to reflect a reduction in the interhemispheric inhibition exerted on the contralateral M1 by the reduction in
excitability in the M1 ipsilateral to stimulation.

Transcranial direct current stimulation has also consistently been shown to modulate functional connectivity
between regions within the motor network active during the motor task. One early study demonstrated no
change in functional connectivity with anodal tDCS but a significant increase in task-related functional
connectivity with cathodal tDCS during a serial reaction time task within the motor network.88

It is possible to perform network connectivity analyses using techniques other than fMRI. An EEG study using a
graph theory approach showed a significant increase in functional connectivity between M1 and the premotor
and sensorimotor of the stimulated hemisphere during activity in the gamma (60–90 Hz) band after anodal
tDCS.90

The Resting-State Motor Network
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Using a task in fMRI raises inherent problems, not least that the fMRI signal is directly related to behavior, and
therefore the changes in fMRI activity directly caused by an intervention such as tDCS, which changes
response times or learning rates, cannot be easily disentangled from fMRI activity changes resulting from a
change in behavior. One way to remove the effects of behavioral difference is to study functional connectivity in
the resting state. Here, subjects are placed at rest in the MRI scanner, and fMRI data are acquired in the
absence of a task. When analyzed, a number of so-called “Resting State Networks” are visible across the
brain, the majority of which are highly anatomically similar to the task-related functional networks described
above. Of particular interest, perhaps, is the default mode network (DMN) which is consistently observed in
resting fMRI studies and is comprised of a network of brain regions that show task-negative rather than task-
positive activity in response to a range of tasks. Although questions remain as to the physiological basis of
these networks, the use of resting state fMRI has increased exponentially over the last decade as the benefits
of ease of acquisition and sensitivity of the measures have become evident.

As with task-related analysis above, a plethora of analysis approaches have been used to analyze the effects of
tDCS on resting connectivity making comparison between studies difficult. However, tDCS has been shown to
have significant effects on resting functional connectivity. Resting state network analysis approaches have
shown a significant increase in network strength after anodal tDCS 36,91 and an increase in functional
connectivity both between key motor network nodes and in default mode network strength after cathodal
tDCS.92

Other studies have used other analysis approaches. Using a graph theory approach, local and distant M1
connectivity was explored in a series of studies. Anodal tDCS enhanced long-distance functional connectivity
of M1.93 Further work suggested an increase in connectivity between M1 and closely functionally connected
regions such as the premotor cortex,94 and further that anodal tDCS increased coupling between the left
(stimulated) M1 and the ipsilateral thalamus.95 Eigenvector centrality analysis also showed a pattern of
increased connectivity after M1 anodal tDCS in parietal and frontal regions known to be functionally connected
to M1,96 although a subsequent study using a seed-based analysis showed only marginal changes,97 and a
study using a correlational approach showed a decrease in functional connectivity after anodal tDCS.82

There have been fewer studies examining the resting effects of cathodal tDCS to M1. Cathodal tDCS boosted
local M1 connectedness,93 and a further study showed decreases between the M1 and contralateral putamen
after cathodal tDCS.95 Outside the motor network, blood flow changes resultant from tDCS to the left DLPFC
have been studied using arterial spin labeling. This study showed complex widespread perfusion changes,
both during and after both anodal and cathodal tDCS.22

Physiological Mechanisms Underpinning Network-Level Changes
As described in the preceding section, while there is evidence that tDCS has significant effects not only on the
directly stimulated brain region but also on functionally connected regions, it is difficult to form a coherent from
the patterns described above. At least in part this is due to the different analysis approaches used to study
resting connectivity. However, by understanding the physiological mechanisms that underpin network-level
functional connectivity, it may be that we can at least present a coherent hypothesis to be tested in further
studies.
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Both animal models and computational approaches have suggested that changes in the low-frequency long-
range network connectivity patterns observed as resting state networks are reflected in modulation of local,
higher-frequency activity, particularly in the gamma frequency band.98 Gamma frequency activity is driven, at
least in part, by local inhibitory activity,99,100 suggesting an overarching hypothesis. Local M1 GABA
concentration as assessed by MRS has been shown to predict functional network strength,36,91 and
decreasing local GABA via tDCS leads to an increase in network strength.36 It may be, therefore, that gamma
oscillatory activity is the physiological mechanism to explain these findings; tDCS decreases local GABA,
which in turn increases local firing rates, leading to an increase in local synaptic plasticity. This decrease in
GABA and increase in firing rates lead to an increase in local gamma-band oscillatory activity, which will then
lead to an increase in functional connectivity in highly connected regions. Although speculative, this hypothesis
is supported by the finding that anodal tDCS specifically leads to an increase in functional coupling with closely
connected regions in the gamma band 90 and that tDCS leads to an increase in gamma activity, as assessed
by magnetoencephalography (MEG).101

CONCLUSIONS
Transcranial direct current stimulation is showing increasing promise as a tool for neuroscientific research and
as a potential adjunct therapy for a range of neurological and psychiatric conditions. However, until its
underlying physiological mechanisms are understood, it is likely that its potential will be inherently limited.
Here, we have reviewed the current understanding of the cellular, synaptic, and network-level effects of tDCS,
concentrating primarily on the motor network, but including nonmotor regions as well.

It is evident that, whereas the basic physiological effects of tDCS to M1 are well understood and well
replicated, the task of translating these to other cortical regions and inferring complex cognitive effects from
the known basic physiological changes still largely remains incomplete. There may be many reasons for this,
but not least the near-infinite parameter space within which brain stimulation operates. Electrode position and
size, current intensity and duration, target site, and neural state during stimulation will all likely have a
significant influence on the cortical effects induced by tDCS.

Moreover, tDCS effects have been shown to be interindividually, as well as intraindividually, variable,45,102,103
although the amount of variability differs between studies 26 and is a shared feature of noninvasive brain
stimulation tools in general.104 This variability is also a probable reason for heterogeneous replication rates
between studies. Different sources of variability, which include intrinsic features of neuromodulatory
interventions, such as state dependency, and also dependency of intervention effects from neurotransmitter
and receptor distribution and cortical architecture, including brain folding,105 contribute to a greater or lesser
extent. Methodological aspects, such as sample size, applied methods, and methodological rigor, may also
play a role. These and other factors should be taken into account for planning and conduction of experiments
in the field of neuromodulation. Multimodal approaches might be relevant to enhance our understanding about
the mechanisms and effects of respective interventions to a larger degree.106
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The question then might be: How can we progress with our exploration of tDCS as a putative therapeutic
intervention? Modeling approaches may present a useful method by which to narrow the likely options to be
explored, although these may have their own limitations. Further study of the mechanisms underpinning
commonly used tDCS montages, both within and outside the motor system, will help to narrow our field of
exploration, and it is vital that the physiological effects of a given set of parameters are not simply assumed but
rather tested directly. By summarizing our current understanding of the field, we hope that this chapter will
provide readers with a framework in which to directly test the physiological changes induced by their proposed
stimulation approach, as a first step to assessing its potential clinical utility. In this way, the significant potential
of tDCS may be realized in both neuroscientific and clinical applications.
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