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Abstract
In this review, we describe transcranial electrical stimulation (tES) techniques currently being used in neuroscientific research,
including transcranial direct current (tDCS), alternating current (tACS) and random noise (tRNS) stimulation techniques. We
explain how these techniques are used and summarise the proposed mechanisms of action for each technique. We continue by
describing how eachmethod has been used to alter endogenous neuronal oscillations and connectivity between brain regions, and
we conclude by highlighting the varying effects of stimulation and discussing the future direction of these stimulation techniques
in research.

Introduction

Transcranial electrical stimulation (tES) is a noninvasive
brain stimulation technique that passes an electrical cur-
rent through the cortex of the brain in to alter brain func-
tion. The electrical current is applied to an individual’s
scalp usually via two or more electrodes, and whilst a
large amount of the current is conducted between elec-
trodes through soft tissue and skull (Vöröslakos et al.
2018), a portion of the current penetrates the scalp and
is conducted through the brain, where it can alter neuronal
excitability. By altering the activity of brain regions in-
volved with a behaviour of interest, researchers can ob-
serve the resulting behavioural changes and so establish a
causal link between the two. tES comprises a number of
different techniques, including transcranial direct current
stimulation (tDCS), alternating current stimulation (tACS)
and random noise stimulation (tRNS) (Fig. 1). Whilst
these techniques are similar in that they are applied
through electrodes placed on the scalp, ES patterns, and
therefore behavioural and neuronal outcomes, differ.
Crucially, in contrast to another commonly used brain

stimulation techniques called transcranial magnetic
stimulation (TMS), the current delivered in tES
techniques is not powerful enough to elicit an action
potential and is maintained at subthreshold levels to
effect cortical excitability only (Radman et al. 2009). In
this article, we discuss each technique and demonstrate
how they alter neuronal oscillations and connectivity be-
tween different brain regions.

Applying tES

When employing tES, researchers commonly use two conduc-
tive rubber electrodes placed in saline-soaked sponges and
attach at least one of them to the head with nonconductive
elastic straps. The location of the active electrode (anode)
depends on the cortical area to be modulated, whilst the return
electrode (cathode) is usually placed in an area unrelated to the
brain processes being examined, such as the forehead or ver-
tex, but could also be placed on an extracephalic location.
Although the most common electrode size used is 20–
35 cm2 (Moreno-Duarte et al. 2014), this can also be modified
to suit the needs of the researcher, with a more recent devel-
opment being the high-definition stimulation, which uses ar-
rays of smaller electrodes to give a more focalised stimulation
area (Dmochowski et al. 2011; Edwards et al. 2013) or smaller
electrodes (e.g. Phi electrodes). Precise electrode placement is
normally derived from the International electroencephalogra-
phy (EEG) 10–20 system [see Woods et al. (2016) for a com-
prehensive guide in administering tES].
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Transcranial direct-current stimulation

tDCS uses a direct current delivered at low intensities (e.g.
0.5–2 mA) through one or more active electrodes (anode).
This current then propagates through the head and is returned
via the reference electrode (cathode). This one-way flow of
electricity reliably modulates cortical excitability (Nitsche and
Paulus 2000), with excitability usually increasing at the anod-
al electrode (Boros et al. 2008) and decreasing at the cathodal
electrode (Ardolino et al. 2005). This phenomenon has been
clearly demonstrated using an anodal tDCS over the motor
cortex to increase the amplitude of motor-evoked potentials
(MEPs) and cathodal tDCS to decrease MEP amplitude
(Paulus 2011). Importantly, the low-intensity electrical field
generated by tDCS is subthreshold, meaning that it is capable
of modifying neuronal transmembrane potentials and modu-
lating excitability, thereby bringing the underlying neurons
closer to their firing threshold without eliciting depolarisation
(Bikson et al. 2004). Numerous studies have investigated the
mechanisms of tDCS, Specifically, tDCS has been shown to
act by decreasing γ-aminobutyric acid (GABA) concentra-
tions (Stagg et al. 2011; Bachtiar et al. 2015) and increasing
brain-derived neurotrophic factor (Fritsch et al. 2010) and glu-
tamate and glutamine concentrations (Hunter et al. 2015). N-
methyl-D-aspartate (NMDA) receptors also play a key role,
with both short- and long-term effects of tDCS not being ob-
served after blocking Na+ channels or after administration of

an NMDA receptor antagonist (Liebetanz et al. 2002; Nitsche
et al. 2003).

tDCS: neural oscillations and connectivity

As changes in neural oscillations have been found in all
major neurological diseases (Buzsáki and Watson 2012),
it is of vital importance that researchers and clinicians have
a method of modulating such oscillations to both research
and potentially treat neurological conditions (Zich et al.
2017). Whilst tDCS is unable to target specific frequencies
of oscillations, as previously mentioned, it is able to alter
excitability and therefore neuronal activity in particular
brain regions (Nitsche and Paulus, 2000). Interestingly,
tDCS also decreases GABA in resting-state networks
(Bachtiar et al. 2015), which has in turn been linked to
changes in resting-state connectivity (Bachtiar et al. 2015;
Stagg et al. 2014). Indeed, a number of studies demonstrate
that tDCS is capable of altering connectivity. For example,
Keeser et al. (2011) investigated whether tDCS can alter
resting-state network connectivity by exposing participants
to real or sham stimulation in two different sessions during
which the anode was placed over the left dorsal lateral
prefrontal cortex (DLPFC) and the cathode over the right
supraorbital region. Participants received 20 min of 2 mA
real or sham stimulation, and functional magnetic

Fig. 1 Examples of stimulation waveforms for transcranial direct current (tDCS) (anodal and cathodal), transcranial alternating current (tACS) and
transcranial random noise (tRNS) stimulation
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resonance imaging (fMRI) resting-state data were recorded
before and after stimulation. When compared with sham,
real tDCS participants showed significant changes in re-
gional brain connectivity in the default mode network and
frontal–parietal networks. These results clearly demon-
strate the ability of tDCS to modulate resting-state connec-
tivity. Further, Polanía et al. (2012) examined the differen-
tial effects of anodal and cathodal stimulation delivered
over the motor cortex and demonstrated an increase
within corticostriatal and thalamocortical circuits in
response to anodal stimulation and a decrease in
connectivity in response to cathodal stimulation,
confirming the different effects of the two electrodes on
connectivity. In another similar study, Polanía et al.
(2011) demonstrated that tDCS can also modulate connec-
tivity by not only increasing communication between areas
related to the task, but also by reducing communication
between other areas. In addition, they showed that changes
in connectivity were higher during the motor task than at
rest. Task-related connectivity changes have been demon-
strated in a wide variety of other tasks, including risk taking
(Weber et al. 2014), on a sensorimotor rhythm brain com-
puter interface task (Baxter et al. 2017), a smoking cue
reactivity task (Yang et al. 2017) and during speech
(Holland et al. 2016). Examination of glutamatergic neuro-
transmission during anodal tDCS using proton magnetic
resonance spectroscopy (MRS) found that glutamate and
glutamine concentrations (Glx) were increased under the
anodal electrode, and individual differences in Glx predict-
ed network connectivity (Hunter et al. 2015) and remote
effects on brain regions that were not directly beneath the
electrodes (Hone-Blanchet et al. 2016).

Transcranial alternating-current stimulation

tACS uses an electrical current that alternates between elec-
trodes, usually in a sinusoidal wave. Unlike tDCS, tACS does
not alter neuronal excitability but entrains the neuronal firing
from the large number of underlying neurons to the exogenous
frequency (Battleday et al. 2014). Neuronal entrainment is
achieved by the applied current altering the transmembrane
potential of neurons. Polarisation of neurons reflects the cur-
rent applied to it, leading to a sinusoidal fluctuation of the
membrane potential. As this fluctuation is both frequency de-
pendent and linearly proportional to the applied current,
lower-frequency stimulation induces larger polarisation than
does higher frequencies (Reato et al. 2010) [see Tavakoli and
Yun (2017) for a full description of tACS]. The ability to
entrain neurons in a specific brain region to fire at a
predetermined frequency enables researchers to identify the
key frequencies involved in different behaviours and to draw
causal links between them (Fig. 1).

tACS: neural oscillations and connectivity

The ability of tACS to target and entrain specific frequencies
within the brain is an invaluable tool for researchers and cli-
nicians alike. Numerous studies have confirmed the ability of
tACS to selectively entrain neural oscillations (Helfrich et al.
2014; Thut et al. 2011; Zaehle et al. 2010), even with a short
duration of stimulation (Stonkus et al. 2016). Additionally,
entrainment is at its most effective when tACS is applied at
the same frequency as endogenous oscillations (Fröhlich and
McCormick 2010; Reato et al. 2010). This observation sug-
gests that tACS stimulation is brain-state dependent, which is
supported by work by a number of studies (Alagapan et al.
2016; Neuling, Rach, and Herrmann, 2013), including
Violante et al. (2017), who demonstrated this using a working
memory task where they found that tACS modulated activity
when cognitive demands were high. As with tDCS, tACS has
been shown to alter local GABA levels (Nowak et al. 2017),
specifically, GABAA, suggesting it could modulate connectiv-
ity (Stagg et al. 2014); however, few studies have reported a
change in connectivity in response to tACS. Weinrich et al.
(2017) delivered tACS to the primary motor cortex at 20 Hz,
5 Hz, or sham during three fMRI scans and found a significant
change in the connectivity pattern of the primarymotor cortex,
without finding a change in the local activity or network
connectivity. Additionally, in a similar experiment,
Bächinger et al. (2017) stimulated participant’s left and right
sensorimotor cortices at their endogenous alpha rhythm (8-
12Hz). The authors found an increase in connectivity between
areas. and reported that this effect outlasted the stimulation
period and tended to be more effective in individuals who
exhibited a naturally weak interhemispheric coupling.

Transcranial random noise stimulation

tRNS is a relatively recently developed tES method, being
originally used in human participants in 2008 (Terney et al.
2008). tRNS is similar to tACS in that it uses an alternating
current; however, instead of stimulating at a fixed frequency
throughout the stimulation period, tRNS alternates at a ran-
dom frequency and amplitude within a specific range. In a
comparison of tDCS, tACS and tRNS, one study showed that
tRNS is the most effective tES method for increasing cortical
excitability of the motor cortex (Inukai et al. 2016). When
using tRNS, stimulation frequency is normally distributed be-
tween 0.1 and 640 Hz (Terney et al. 2008), although it can be
divided into either low- (0.1–100 Hz) or high- (101-640 Hz)
frequency stimulation (Fertonani et al. 2011). It has clear neu-
ronal and behavioural effects, with 10 min of stimulation in-
creasing motor cortex excitability for ~1 h (Terney et al.
2008), although a study by Campana et al. (2016) suggests
that low- and high-frequency tRNS can have opposing effects
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on cortical excitability. Indeed,Moliadze et al. (2012) reported
findings showing that these excitability changes induced by
tRNS are intensity dependent, with lower intensities (0.4 mA)
eliciting inhibition and higher intensities (1 mA) eliciting ex-
citation. Whilst the authors are uncertain as to the reason for
this reversal in cortical excitability at lower intensities and
indicated this finding needs to be replicated, they suggest that
lower-intensity stimulation was able to either selectively facil-
itate intracortical inhibitory networks or inhibit intracortical
facilitatory networks on corticospinal motor neurons. Shorter
durations of tRNS have been used to alter cortical excitability
(Chaieb et al. 2011); however, different durations of stimula-
tion or combinations with tasks can result in different out-
comes of stimulation (Chaieb et al. 2009), suggesting that
shorter durations may not give as reliable results.

Whilst the mechanisms behind tRNS are not clearly under-
stood in humans, in the rat, periods of repetitive high-frequency
stimulation cause inward sodium currents within the neuron and
weak depolarisation (Schoen and Fromherz 2008). Building on
this work, Chaieb et al. (2015) showed that in humans, the ex-
citability enhancing effects of tRNS are significantly decreased
by blocking voltage-gated sodium channels. Using a combina-
tion of central nervous system (CNS) active drugs and single-
pules TMS, the effects of tRNS are likely to be independent of
NMDA receptors (Chaieb et al. 2015), indicating a different
mechanism of action from tDCS (Liebetanz et al. 2002;
Nitsche et al. 2003). Based on results from physiological and
pharmacological studies, several theories explaining the mecha-
nisms behind tRNS have been suggested. One proposed theory is
stochastic resonance, whereby tRNS induces random activity
within the target neurons (noise), which boosts sensitivity of
the neurons to further external inputs (Miniussi et al. 2013; van
der Groen and Wenderoth 2016). Alternatively, Fertonani et al.
(2011) suggest that the mechanism of action of tRNS is based on
repeated subthreshold stimulations, which may prevent homeo-
stasis of the system and potentiate task-related neural activity.

tRNS: neural oscillations and connectivity

To date, comparatively few studies have been published ex-
amining the effects of tRNS. The technique’s effects on corti-
cal excitability, especially in the motor cortex, have been ex-
amined, although one study used near-infrared spectroscopy
to document change in cortical excitability in the prefrontal
cortex during arithmetic training (Snowball et al. 2013).
However, only two papers have been published investigating
changes in EEG measures. Van Doren et al. (2014) investigat-
ed tRNS-induced changes in resting-state activity and found a
trending increase in theta power in frontal and parietal regions
in response to 20 min of 2 mA offline stimulation delivered
over the auditory cortex. In another similar study investigating
tRNS of the auditory cortex, Rufener et al. (2017) found a

limited effect on auditory event-related potentials. At the time
of writing, no papers had been published investigating con-
nectivity changes associated with tRNS.

Variation in stimulation

Whilst the potential to modulate cognitive processes such as
connectivity using tES techniques is clearly a reality, attention
must be paid to factors affecting the results of stimulation.
Specifically, when it comes to brain stimulation, variation be-
tween individuals is key, as not only can the optimal balance
between cortical excitation and inhibition vary between indi-
viduals (Krause et al. 2013), but a large proportion of individ-
uals fail to respond to stimulation altogether (López-alonso
et al. 2014). Age (Leach et al. 2018), gender (Russell et al.
2017), tissue composition under the stimulating electrodes
(Russell et al. 2013), and other factors (Krause and Cohen
Kadosh 2014) have been suggested to alter the current density
of stimulation or the elicited behavioural effects. In addition,
stimulation results can be significantly altered by a large num-
ber of methodological decisions, including electrode place-
ment (Moliadze et al. 2010), current intensity (Bastani and
Jaberzadeh 2013) and, in the case of tACS and tRNS, current
phase and frequency (Nakazono et al. 2016).

Safety and tolerability of tES

A review of the adverse effects associated with tDCS in over
33,200 sessions and 1000 individuals reported that no serious
adverse effects (severe or medically significant events) have
been recorded whilst using tDCS (Bikson et al. 2016).
Moderate adverse effects, such as skin burning due to poor
electrode–skin contact, have been rarely reported, and mild
adverse effects, such as skin irritation, headaches and fatigue,
are frequently reported but seen in both active and sham stim-
ulation (Bikson et al. 2016). Additionally, tACS and tRNS in-
duce less sensation than tDCS (Fertonani et al. 2015). When
using tES in a research or clinical setting, precautions are usu-
ally taken to prevent serious or moderate adverse effects from
occurring; the duration (<60 min) and intensity (<4 mA) of
stimulation as well as electrode size and placement is carefully
selected to avoid increasing the temperature under the elec-
trodes to prevent skin burns and limit any irritation (Antal
et al. 2017). The skin is also prepared by cleaning with alcohol
or a mildly abrasive scrub to remove any dirt or oils that may
reduce conductivity and increase sensation. A comprehensive
guide to the safety considerations surrounding tES use has been
published by Antal et al. (2017) as the result of a 2-day confer-
ence on the safety of tES methods. The conference involved
leading researchers, clinicians and manufacturers of stimulating
devises, and the interested reader is referred to this publication.
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Ethical considerations

Whilst there is considerable evidence for the benefits of tES,
particularly when combined with behavioural training para-
digms (Krause and Cohen Kadosh 2013; Santarnecchi et al.
2015), there are still a number of ethical considerations that
must be taken into account. A key area for scrutiny is the
potential for unknown long-term changes in cortical function
and behaviour. As the long-term effects of tES cannot always
be guaranteed, the potential for inducing undesirable long-
term effects in participants with or without fully informed
consent is a real possibility. With the relatively minimal costs
involved in acquiring a stimulating device (as little and £500),
as well as the ease at which a device can be made using off-
the-shelf components (Fitz and Reiner, 2014), tES can in-
creasingly be applied by novice users or do-it-yourself
(DIY) brain-stimulation enthusiasts. This raises the concern
that it may be tried on vulnerable patient groups as a potential
Bimprove-all^ technique for cognitive enhancement without
user knowledge of the ideal stimulation protocols or possible
adverse side effects (Cohen Kadosh et al. 2012; Maslen et al.
2014). Additionally, stimulation parameters may not be kept
within the safety guidelines, and stimulation sites may be
misidentified, causing stimulation to affect different cognitive
processes than those intended, leading to a decline in already
worsened cognitive abilities (for a full reviews of DIY-tES,
see Fitz and Reiner 2014; Hamilton et al. 2011).

Future directions of tES in research

Whilst the area of tES research has advanced a great deal
within the past decade, further advancements must be made
if the techniques are to be used to their full potential. As
discussed previously, the mechanisms underlying stimulation
are not fully understood despite multiple studies attempting to
characterise it. As this paper highlights, very little is known
about tRNS in particular, with several mechanistic theories
proposed, and very few studies have investigated the cortical
responses to tRNS. Further work to characterise the effects of
all stimulation types at the behavioural and neuronal levels are
needed to fully elucidate their mechanisms of action.

Also discussed in this article is the issue of individual var-
iability in response to stimulation, an important subject in any
methodological technique but one shown to be crucial in brain
stimulation. Several research groups are undertaking work
targeting this very issue, with two main approaches being
taken: either by selecting an individual basis for stimulation
type (tDCS/tACS/tRNS) that shows the most potential for
behavioural improvements or neuromodulation, or by identi-
fying the optimal stimulation parameters, such as electrode
location or current for a specific type of stimulation, that are
most likely to have the desired effect in each individual. In

addition, recent studies (Alagapan et al. 2016) have tried to
reduce intra-individual variability by accounting for the brain
state of the individual, which is a clear factor in outcomes
from stimulation (Neuling et al. 2013). Such work would al-
low not only better mechanistic understanding but also pro-
gression towards the design of closed-loop systems to stimu-
late individuals at specific brain states without input from the
experimenter, as has been done using invasive stimulation
techniques (Ezzyat et al. 2018).

As is clear, future work must be aimed at understanding the
mechanisms of stimulation and improving stimulation out-
comes. Currently, tES experiments examine its future use in
different neurological conditions, including stroke (O’Shea
et al. 2014), Alzheimer’s disease (Boggio et al. 2011) and
Parkinson’s disease (Rektorová and Anderková 2017). With
greater understanding of the underlying mechanisms, applica-
tion of tES to disease is likely to become ever more prominent
in the future and could unlock key therapies for individuals
suffering from neurological conditions.

Details of funding Funding was supplied by the Medical Research
Council (MRC) and the European Research Council (Learning &
Achievement 338,065).

Compliance with ethical standards

Ethical approval Ethical approval was not required for this review
article.

Conflict of interests T. Reed declares that he has no conflict of interest.
R. Cohen Kadosh serves on the scientific advisory boards for
Neuroelectrics and Innosphere.

Informed consent Informed consent was not required for this review
article.

Animal rights Animal rights were not needed for this review article.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Alagapan S, Schmidt SL, Lefebvre J, Hadar E, Shin HW, Frӧhlich F
(2016) Modulation of cortical oscillations by low-frequency direct
cortical stimulation is state-dependent. PLoS Biol 14(3):e1002424.
https://doi.org/10.1371/journal.pbio.1002424

Antal A, Alekseichuk I, Bikson M, Brockmöller J, Brunoni A, Chen R,
… Paulus W (2017) Low intensity transcranial electric stimulation:
safety, ethical, legal regulatory and application guidelines. https://
doi.org/10.1016/j.clinph.2017.06.001

Ardolino G, Bossi B, Barbieri S, Priori A (2005) Non-synaptic
mechanisms under l ie the af te r-e ffec t s of ca thodal

J Inherit Metab Dis (2018) 41:1123–1130 1127

https://doi.org/10.1371/journal.pbio.1002424
https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.1016/j.clinph.2017.06.001


transcutaneous direct current stimulation of the human brain.
J Physiol 568(Pt 2):653–663. https://doi.org/10.1113/jphysiol.
2005.088310

Bächinger M, Zerbi V, MoisaM, Polania R, Liu Q,Mantini D et al (2017)
Concurrent tACS-fMRI reveals causal influence of power synchro-
nized neural activity on resting state fMRI connectivity. J Neurosci:
Off J Soc Neurosci 37(18):4766–4777. https://doi.org/10.1523/
JNEUROSCI.1756-16.2017

Bachtiar V, Near J, Johansen-Berg H, Stagg CJ (2015) Modulation of
GABA and resting state functional connectivity by transcranial di-
rect current stimulation. eLife 4:e08789. https://doi.org/10.7554/
eLife.08789

Bastani A, Jaberzadeh S (2013) Differential modulation of corticospinal
excitability by different current densities of anodal transcranial di-
rect current stimulation. PLoS One 8(8):1–8. https://doi.org/10.
1371/journal.pone.0072254

Battleday RM, Muller T, Clayton MS, Cohen Kadosh R (2014) Mapping
the mechanisms of transcranial alternating current stimulation: a
pathway from network effects to cognition. Front Psychiat 5:162.
https://doi.org/10.3389/fpsyt.2014.00162

Baxter BS, Edelman BJ, Sohrabpour A, He B (2017) Anodal transcranial
direct current stimulation increases bilateral directed brain connec-
tivity during motor-imagery based brain-computer Interface control.
Front Neurosci 11:691. https://doi.org/10.3389/fnins.2017.00691

Bikson M, Grossman P, Thomas C, Zannou AL, Jiang J, Adnan T et al
(2016) Safety of transcranial direct current stimulation: evidence
based update 2016. Brain Stimulation 9(5):641–661. https://doi.
org/10.1016/j.brs.2016.06.004

Bikson M, Inoue M, Akiyama H, Deans JK, Fox JE, Miyakawa H,
Jefferys JGR (2004) Effects of uniform extracellular DC electric
fields on excitability in rat hippocampal slices in vitro. J Physiol
557(Pt 1):175–190. https://doi.org/10.1113/jphysiol.2003.055772

Boggio PS, Valasek CA, Campanhã C, Giglio ACA, Baptista NI, Lapenta
OM, Fregni F (2011) Non-invasive brain stimulation to assess and
modulate neuroplasticity in Alzheimer’s disease. Neuropsychol
Rehab 21(5):703–716. https://doi.org/10.1080/09602011.2011.
617943

Boros K, Poreisz C,Münchau A, PaulusW, NitscheMA (2008) Premotor
transcranial direct current stimulation (tDCS) affects primary motor
excitability in humans. Eur J Neurosci 27(5):1292–1300. https://doi.
org/10.1111/j.1460-9568.2008.06090.x

Buzsáki, G., & Watson, B. O. (2012). Brain rhythms and neural syntax:
implications for efficient coding of cognitive content and neuropsy-
chiatric disease. Dialogues in Clinical Neuroscience, 14(4), 345–
367. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/
23393413

Campana G, Camilleri R, Moret B, Ghin F, Pavan A (2016) Opposite
effects of high- and low-frequency transcranial random noise stim-
ulation probed with visual motion adaptation. Sci Rep 6:38919.
https://doi.org/10.1038/srep38919

Chaieb L, Antal A, Paulus W (2015) Transcranial random noise
stimulation-induced plasticity is NMDA-receptor independent but
sodium-channel blocker and benzodiazepines sensitive. Front
Neurosci 9:125. https://doi.org/10.3389/fnins.2015.00125

Chaieb L, Kovacs G, Cziraki C, Greenlee M, Paulus W, Antal A (2009)
Short-duration transcranial random noise stimulation induces blood
oxygenation level dependent response attenuation in the humanmo-
tor cortex. Exp Brain Res 198(4):439–444. https://doi.org/10.1007/
s00221-009-1938-7

Chaieb, L., Paulus, W., & Antal, A. (2011). Evaluating aftereffects of
short-duration transcranial random noise stimulation on cortical ex-
citability. Neural Plasticity, 2011, 105927. https://doi.org/10.1155/
2011/105927

Cohen Kadosh R, Levy N, O’Shea J, Shea N, Savulescu J (2012) The
neuroethics of non-invasive brain stimulation. Curr Biol : CB 22(4):
R108–R111. https://doi.org/10.1016/j.cub.2012.01.013

Dmochowski JP, Datta A, Bikson M, Su Y, Parra LC (2011) Optimized
multi-electrode stimulation increases focality and intensity at target.
J Neural Eng 8(4):46011. https://doi.org/10.1088/1741-2560/8/4/
046011

Edwards D, Cortes M, Datta A, Minhas P, Wassermann EM, Bikson M
(2013) Physiological and modeling evidence for focal transcranial
electrical brain stimulation in humans: a basis for high-definition
tDCS. NeuroImage 74:266–275. https://doi.org/10.1016/j.
neuroimage.2013.01.042

Ezzyat Y, Wanda PA, Levy DF, Kadel A, Aka A, Pedisich I et al (2018)
Closed-loop stimulation of temporal cortex rescues functional net-
works and improves memory. Nat Commun. https://doi.org/10.
1038/s41467-017-02753-0

Fertonani A, Ferrari C, Miniussi C (2015) What do you feel if I apply
transcranial electric stimulation? Safety, sensations and secondary
induced effects. Clin Neurophys : Off J Int Fed Clin Neurophys
126(11):2181–2188. https://doi.org/10.1016/j.clinph.2015.03.015

Fertonani A, Pirulli C, Miniussi C (2011) Random noise stimulation
improves neuroplasticity in perceptual learning. J Neurosci 31(43):
15416–15423. https://doi.org/10.1523/JNEUROSCI.2002-11.2011

Fitz NS, Reiner PB (2014). The perils of using electrical stimulation to
change human brains. In The Stimulated Brain: Cognitive
Enhancement Using Non-Invasive Brain Stimulation (pp. 61–83).
https://doi.org/10.1016/B978-0-12-404704-4.00003-X

Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, Lu B
(2010) Direct current stimulation promotes BDNF-dependent syn-
aptic plasticity: potential implications for motor learning. Neuron
66(2):198–204. https://doi.org/10.1016/j.neuron.2010.03.035v

Fröhlich F, McCormick DA (2010) Endogenous electric fields may guide
neocortical network activity. Neuron 67(1):129–143. https://doi.org/
10.1016/j.neuron.2010.06.005

Hamilton R,Messing S, Chatterjee A (2011) Rethinking the thinking cap:
ethics of neural enhancement using noninvasive brain stimulation.
Neurology 76(2):187–193. https://doi.org/10.1212/WNL.
0b013e318205d50d

Helfrich RF, Knepper H, Nolte G, Strüber D, Rach S, Herrmann CS et al
(2014) Selective modulation of interhemispheric functional connec-
tivity by HD-tACS shapes perception. PLoS Biol 12(12):e1002031.
https://doi.org/10.1371/journal.pbio.1002031

Holland R, Leff AP, Penny WD, Rothwell JC, Crinion J (2016)
Modulation of frontal effective connectivity during speech.
NeuroImage 140:126–133. https://doi.org/10.1016/j.neuroimage.
2016.01.037

Hone-Blanchet A, Edden RA, Fecteau S (2016) Online effects of trans-
cranial direct current stimulation in real time on human prefrontal
and striatal metabolites. Biol Psychiatry 80(6):432–438. https://doi.
org/10.1016/j.biopsych.2015.11.008

Hunter MA, Coffman BA, Gasparovic C, Calhoun VD, Trumbo MC,
Clark VP (2015) Baseline effects of transcranial direct current stim-
ulation on glutamatergic neurotransmission and large-scale network
connectivity. Brain Res 1594:92–107. https://doi.org/10.1016/j.
brainres.2014.09.066

Inukai Y, Saito K, Sasaki R, Tsuiki S, Miyaguchi S (2016) Comparison of
three non-invasive transcranial electrical stimulation methods for
increasing cort ical exci tabi l i ty. Front Hum Neurosci
10(December):1–7. https://doi.org/10.3389/fnhum.2016.00668

Keeser D, Meindl T, Bor J, Palm U, Pogarell O, Mulert C et al (2011)
Prefrontal transcranial direct current stimulation changes connectiv-
ity of resting-state networks during fMRI. J Neurosci 31(43):15284–
15293. https://doi.org/10.1523/JNEUROSCI.0542-11.2011

Krause B, Cohen Kadosh R (2013) Can transcranial electrical stimulation
improve learning difficulties in atypical brain development? A fu-
ture possibility for cognitive training. Dev Cognit Neurosci 6(100):
176–194. https://doi.org/10.1016/j.dcn.2013.04.001

Krause B, Cohen Kadosh R (2014) Not all brains are created equal: the
relevance of individual differences in responsiveness to transcranial

1128 J Inherit Metab Dis (2018) 41:1123–1130

https://doi.org/10.1113/jphysiol.2005.088310
https://doi.org/10.1113/jphysiol.2005.088310
https://doi.org/10.1523/JNEUROSCI.1756-16.2017
https://doi.org/10.1523/JNEUROSCI.1756-16.2017
https://doi.org/10.7554/eLife.08789
https://doi.org/10.7554/eLife.08789
https://doi.org/10.1371/journal.pone.0072254
https://doi.org/10.1371/journal.pone.0072254
https://doi.org/10.3389/fpsyt.2014.00162
https://doi.org/10.3389/fnins.2017.00691
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.1113/jphysiol.2003.055772
https://doi.org/10.1080/09602011.2011.617943
https://doi.org/10.1080/09602011.2011.617943
https://doi.org/10.1111/j.1460-9568.2008.06090.x
https://doi.org/10.1111/j.1460-9568.2008.06090.x
http://www.ncbi.nlm.nih.gov/pubmed/23393413
http://www.ncbi.nlm.nih.gov/pubmed/23393413
https://doi.org/10.1038/srep38919
https://doi.org/10.3389/fnins.2015.00125
https://doi.org/10.1007/s00221-009-1938-7
https://doi.org/10.1007/s00221-009-1938-7
https://doi.org/10.1155/2011/10
https://doi.org/10.1155/2011/10
https://doi.org/10.1016/j.cub.2012.01.013
https://doi.org/10.1088/1741-2560/8/4/046011
https://doi.org/10.1088/1741-2560/8/4/046011
https://doi.org/10.1016/j.neuroimage.2013.01.042
https://doi.org/10.1016/j.neuroimage.2013.01.042
https://doi.org/10.1038/s41467-017-02753-0
https://doi.org/10.1038/s41467-017-02753-0
https://doi.org/10.1016/j.clinph.2015.03.015
https://doi.org/10.1523/JNEUROSCI.2002-11.2011
https://doi.org/10.1016/B978-0-12-404704-4.00003-X
https://doi.org/10.1016/j.neuron.2010.03.035v
https://doi.org/10.1016/j.neuron.2010.06.005
https://doi.org/10.1016/j.neuron.2010.06.005
https://doi.org/10.1212/WNL.0b013e318205d50d
https://doi.org/10.1212/WNL.0b013e318205d50d
https://doi.org/10.1371/journal.pbio.1002031
https://doi.org/10.1016/j.neuroimage.2016.01.037
https://doi.org/10.1016/j.neuroimage.2016.01.037
https://doi.org/10.1016/j.biopsych.2015.11.008
https://doi.org/10.1016/j.biopsych.2015.11.008
https://doi.org/10.1016/j.brainres.2014.09.066
https://doi.org/10.1016/j.brainres.2014.09.066
https://doi.org/10.3389/fnhum.2016.00668
https://doi.org/10.1523/JNEUROSCI.0542-11.2011
https://doi.org/10.1016/j.dcn.2013.04.001


electrical stimulation. Front Syst Neurosci 8(February):25. https://
doi.org/10.3389/fnsys.2014.00025

Krause B, Márquez-Ruiz J, Cohen Kadosh R (2013) The effect of trans-
cranial direct current stimulation: a role for cortical excitation/
inhibition balance? Front Hum Neurosci 7:602. https://doi.org/10.
3389/fnhum.2013.00602

Leach RC, McCurdy MP, Trumbo MC, Matzen LE, Leshikar ED (2018)
Differential age effects of transcranial direct current stimulation on
associative memory. J Gerontol: Ser B. https://doi.org/10.1093/
geronb/gby003

Liebetanz, D., Nitsche, M. A., Tergau, F., & Paulus, W. (2002).
Pharmacological approach to the mechanisms of transcranial DC-
stimulation-induced after-effects of humanmotor cortex excitability.
Brain : A Journal of Neurology, 125(Pt 10), 2238–2247. Retrieved
from http://www.ncbi.nlm.nih.gov/pubmed/12244081

López-alonso, V., Cheeran, B., Río-rodríguez, D., & Fernández-del-olmo,
M. (2014). Brain stimulation inter-individual variability in response
to non-invasive brain stimulation paradigms. Brain Stimulation, 1–
9. https://doi.org/10.1016/j.brs.2014.02.004

Maslen H, Douglas T, Cohen Kadosh R, Levy N, Savulescu J (2014) The
regulation of cognitive enhancement devices: extending the medical
model. J Law Biosci 1(1):68–93. https://doi.org/10.1093/jlb/lst003

Miniussi C, Harris JA, Ruzzoli M (2013) Modelling non-invasive brain
stimulation in cognitive neuroscience. Neurosci Biobehav Rev
37(8):1702–1712. https://doi.org/10.1016/j.neubiorev.2013.06.014

Moliadze V, Antal A, Paulus W (2010) Electrode-distance dependent
after-effects of transcranial direct and random noise stimulation with
extracephalic reference electrodes. Clin Neurophysiol 121(12):
2165–2171. https://doi.org/10.1016/j.clinph.2010.04.033

Moliadze V, Atalay D, Antal A, Paulus W (2012) Close to threshold
transcranial electrical stimulation preferentially activates inhibitory
networks before switching to excitation with higher intensities.
Brain Stimulation 5(4):505–511. https://doi.org/10.1016/j.brs.2011.
11.004

Moreno-Duarte I, Gebodh N, Schestatsky P, Guleyupoglu B, Reato D,
Bikson M, Fregni F (2014) Transcranial electrical stimulation. In
The Stimulated Brain (pp. 35–59). Elsevier. https://doi.org/10.
1016/B978-0-12-404704-4.00002-8

Nakazono H, Ogata K, Kuroda T, Tobimatsu S (2016) Phase and
frequency-dependent effects of transcranial alternating current stim-
ulation on motor cortical excitability. PLoS One 11(9):e0162521.
https://doi.org/10.1371/journal.pone.0162521

Neuling T, Rach S, Herrmann CS (2013) Orchestrating neuronal net-
works: sustained after-effects of transcranial alternating current stim-
ulation depend upon brain states. Front HumNeurosci 7:161. https://
doi.org/10.3389/fnhum.2013.00161

Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang N
et al (2003) Pharmacological modulation of cortical excitability
shifts induced by transcranial direct current stimulation in humans.
J Physiol 553(Pt 1):293–301. https://doi.org/10.1113/jphysiol.2003.
049916

NitscheMA, PaulusW (2000) Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. J
Physiol 527 Pt 3(Pt 3):633–639. https://doi.org/10.1111/J.1469-
7793.2000.T01-1-00633.X

Nowak M, Hinson E, van Ede F, Pogosyan A, Guerra A, Quinn A et al
(2017) Driving human motor cortical oscillations leads to behavior-
ally relevant changes in local GABAA inhibition: a tACS-TMS
study. J Neurosci : Off J Soc Neurosci 37(17):4481–4492. https://
doi.org/10.1523/JNEUROSCI.0098-17.2017

O’Shea J, Boudrias MH, Stagg CJ, Bachtiar V, Kischka U, Blicher JU,
Johansen-Berg H (2014) Predicting behavioural response to TDCS
in chronic motor stroke. NeuroImage 85:924–933. https://doi.org/
10.1016/j.neuroimage.2013.05.096

Paulus W (2011) Transcranial electrical stimulation (tES – tDCS; tRNS,
tACS) methods. Neuropsychol Rehab 21(5):602–617. https://doi.
org/10.1080/09602011.2011.557292

Polanía R, Nitsche MA, Paulus W (2011) Modulating functional connec-
tivity patterns and topological functional organization of the human
brain with transcranial direct current stimulation. Hum Brain Mapp
32(8):1236–1249. https://doi.org/10.1002/hbm.21104

Polanía R, Paulus W, Nitsche MA (2012) Modulating cortico-striatal and
thalamo-cortical functional connectivity with transcranial direct cur-
rent stimulation. Hum Brain Mapp 33(10):2499–2508. https://doi.
org/10.1002/hbm.21380

Radman T, Ramos RL, Brumberg JC, Bikson M (2009) Role of cortical
cell type and morphology in subthreshold and suprathreshold uni-
form electric field stimulation in vitro. Brain Stimulation 2(4):215–
228, 228–3. https://doi.org/10.1016/j.brs.2009.03.007

Reato D, Rahman A, BiksonM, Parra LC (2010) Low-intensity electrical
stimulation affects network dynamics bymodulating population rate
and spike timing. J Neurosci 30(45):15067–15079. https://doi.org/
10.1523/JNEUROSCI.2059-10.2010

Rektorová I, Anderková Ľ (2017) Noninvasive brain stimulation and
implications for nonmotor symptoms in Parkinson’s disease. Int
Rev Neurobiol 134:1091–1110. https://doi.org/10.1016/bs.irn.
2017.05.009

Rufener KS, Ruhnau P, Heinze H-J, Zaehle T (2017) Transcranial random
noise stimulation (tRNS) shapes the processing of rapidly changing
auditory information. Front Cell Neurosci 11:162. https://doi.org/10.
3389/fncel.2017.00162

Russell MJ, Goodman TA, Visse JM, Beckett L, Russell MJ (2017) Sex
and Electrode Configuration in Transcranial Electrical Stimulation,
8(August), 1–9. https://doi.org/10.3389/fpsyt.2017.00147

Russell MJ, Goodman T, Pierson R, Shepherd S, Wang Q, Groshong B,
Wiley DF (2013) Individual differences in transcranial electrical
stimulation current density. J Biomed Res 27(6):495–508. https://
doi.org/10.7555/JBR.27.20130074

Santarnecchi E, Brem A-K, Levenbaum E, Thompson T, Cohen Kadosh
R, Pascual-Leone A (2015) Enhancing cognition using transcranial
electrical stimulation. Curr Opin Behav Sci 4:171–178. https://doi.
org/10.1016/J.COBEHA.2015.06.003

Schoen I, Fromherz P (2008) Extracellular stimulation of mammalian
neurons through repetitive activation of Na + channels by weak
capacitive currents on a silicon Chip. J Neurophysiol 100(1):346–
357. https://doi.org/10.1152/jn.90287.2008

Snowball A, Tachtsidis I, Popescu T, Thompson J, Delazer M, Zamarian
L et al (2013) Long-term enhancement of brain function and cogni-
tion using cognitive training and brain stimulation. Curr Biol : CB
23(11):987–992. https://doi.org/10.1016/j.cub.2013.04.045

Stagg CJ, Bachtiar V, Amadi U, Gudberg CA, Ilie AS, Sampaio-Baptista
C et al (2014) Local GABA concentration is related to network-level
resting functional connectivity. eLife 3:e01465. https://doi.org/10.
7554/eLife.01465

Stagg CJ, Bachtiar V, Johansen-Berg H (2011) The role of GABA in
human motor learning. Curr Biol : CB 21(6):480–484. https://doi.
org/10.1016/j.cub.2011.01.069

Stonkus R, Braun V, Kerlin JR, Volberg G, Hanslmayr S (2016) Probing
the causal role of prestimulus interregional synchrony for perceptual
integration via tACS. Sci Rep 6:32065. https://doi.org/10.1038/
srep32065

Tavakoli AV, Yun K (2017) Transcranial Alternating Current Stimulation
( tACS ). Mech Protoc 11(September):1–10. https://doi.org/10.
3389/fncel.2017.00214

Terney D, Chaieb L, Moliadze V, Antal A, Paulus W (2008) Increasing
human brain excitability by transcranial high-frequency random
noise stimulation. J Neurosci 28(52):14147–14155. https://doi.org/
10.1523/JNEUROSCI.4248-08.2008

Thut G, Schyns PG, Gross J (2011) Entrainment of perceptually relevant
brain oscillations by non-invasive rhythmic stimulation of the

J Inherit Metab Dis (2018) 41:1123–1130 1129

https://doi.org/10.3389/fnsys.2014.00025
https://doi.org/10.3389/fnsys.2014.00025
https://doi.org/10.3389/fnhum.2013.00602
https://doi.org/10.3389/fnhum.2013.00602
https://doi.org/10.1093/geronb/gby003
https://doi.org/10.1093/geronb/gby003
https://doi.org/10.1016/j.brs.2014.02.004
https://doi.org/10.1093/jlb/lst003
https://doi.org/10.1016/j.neubiorev.2013.06.014
https://doi.org/10.1016/j.clinph.2010.04.033
https://doi.org/10.1016/j.brs.2011.11.004
https://doi.org/10.1016/j.brs.2011.11.004
https://doi.org/10.1016/B978-0-12-404704-4.00002-8
https://doi.org/10.1016/B978-0-12-404704-4.00002-8
https://doi.org/10.1371/journal.pone.0162521
https://doi.org/10.3389/fnhum.2013.00161
https://doi.org/10.3389/fnhum.2013.00161
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1111/J.1469-7793.2000.T01-1-00633.X
https://doi.org/10.1111/J.1469-7793.2000.T01-1-00633.X
https://doi.org/10.1523/JNEUROSCI.0098-17.2017
https://doi.org/10.1523/JNEUROSCI.0098-17.2017
https://doi.org/10.1016/j.neuroimage.2013.05.096
https://doi.org/10.1016/j.neuroimage.2013.05.096
https://doi.org/10.1080/09602011.2011.557292
https://doi.org/10.1080/09602011.2011.557292
https://doi.org/10.1002/hbm.21104
https://doi.org/10.1002/hbm.21380
https://doi.org/10.1002/hbm.21380
https://doi.org/10.1016/j.brs.2009.03.007
https://doi.org/10.1523/JNEUROSCI.2059-10.2010
https://doi.org/10.1523/JNEUROSCI.2059-10.2010
https://doi.org/10.1016/bs.irn.2017.05.009
https://doi.org/10.1016/bs.irn.2017.05.009
https://doi.org/10.3389/fncel.2017.00162
https://doi.org/10.3389/fncel.2017.00162
https://doi.org/10.3389/fpsyt.2017.00147
https://doi.org/10.7555/JBR.27.20130074
https://doi.org/10.7555/JBR.27.20130074
https://doi.org/10.1016/J.COBEHA.2015.06.003
https://doi.org/10.1016/J.COBEHA.2015.06.003
https://doi.org/10.1152/jn.90287.2008
https://doi.org/10.1016/j.cub.2013.04.045
https://doi.org/10.7554/eLife.01465
https://doi.org/10.7554/eLife.01465
https://doi.org/10.1016/j.cub.2011.01.069
https://doi.org/10.1016/j.cub.2011.01.069
https://doi.org/10.1038/srep32065
https://doi.org/10.1038/srep32065
https://doi.org/10.3389/fncel.2017.00214
https://doi.org/10.3389/fncel.2017.00214
https://doi.org/10.1523/JNEUROSCI.4248-08.2008
https://doi.org/10.1523/JNEUROSCI.4248-08.2008


human brain. Front Psychol 2:170. https://doi.org/10.3389/fpsyg.
2011.00170

van der Groen O, Wenderoth N (2016) Transcranial random noise stim-
ulation of visual cortex: stochastic resonance enhances central
mechanisms of perception. J Neurosci 36(19):5289–5298. https://
doi.org/10.1523/JNEUROSCI.4519-15.2016

Va n Do r e n J , L a n g g u t h B , S c h e c k lm a n n M ( 2 0 1 4 )
Electroencephalographic effects of transcranial random noise stim-
ulation in the auditory cortex. Brain Stimulation 7(6):807–812.
https://doi.org/10.1016/j.brs.2014.08.007

Violante IR, Li LM, Carmichael DW, Lorenz R, Leech R, Hampshire A
et al (2017) Externally induced frontoparietal synchronization mod-
ulates network dynamics and enhances working memory perfor-
mance. eLife 6:1–22. https://doi.org/10.7554/eLife.22001

Vöröslakos M, Takeuchi Y, Brinyiczki K, Zombori T, Oliva A,
Fernández-Ruiz A et al (2018) Direct effects of transcranial electric
stimulation on brain circuits in rats and humans. Nat Commun 9(1):
483. https://doi.org/10.1038/s41467-018-02928-3

Weber MJ, Messing SB, Rao H, Detre JA, Thompson-Schill SL (2014)
Prefrontal transcranial direct current stimulation alters activation and
connectivity in cortical and subcortical reward systems: a tDCS-
fMRI study. Hum Brain Mapp 35(8):3673–3686. https://doi.org/
10.1002/hbm.22429

Weinrich CA, Brittain J-S, Nowak M, Salimi-Khorshidi R, Brown P,
Stagg CJ (2017) Modulation of long-range connectivity patterns
via frequency-specific stimulation of human cortex. Curr Biol :
CB 27(19):3061–3068.e3. https://doi.org/10.1016/j.cub.2017.08.
075

Woods A, Antal A, BiksonM, Boggio P, Brunoni A, Celnik P et al (2016)
A technical guide to tDCS, and related non-invasive brain stimula-
tion tools. Clin Neurophysiol 127(2):1031–1048. https://doi.org/10.
1016/J.CLINPH.2015.11.012

Yang L-Z, Shi B, Li H, Zhang W, Liu Y, Wang H et al (2017) Electrical
stimulation reduces smokers’ craving by modulating the coupling
between dorsal lateral prefrontal cortex and parahippocampal gyrus.
Soc Cogn Affect Neurosci 12(8):1296–1302. https://doi.org/10.
1093/scan/nsx055

Zaehle T, Rach S, Herrmann CS (2010) Transcranial alternating current
stimulation enhances individual alpha activity in human EEG. PLoS
One 5(11):e13766. https://doi.org/10.1371/journal.pone.0013766

Zich C, Harty S, Kranczioch C,Mansfield KL, Sella F, Debener S, Cohen
Kadosh R (2017) Modulating hemispheric lateralization by brain
stimulation yields gain in mental and physical activity. Sci Rep
7(1):13430. https://doi.org/10.1038/s41598-017-13795-1

1130 J Inherit Metab Dis (2018) 41:1123–1130

https://doi.org/10.3389/fpsyg.2011.00170
https://doi.org/10.3389/fpsyg.2011.00170
https://doi.org/10.1523/JNEUROSCI.4519-15.2016
https://doi.org/10.1523/JNEUROSCI.4519-15.2016
https://doi.org/10.1016/j.brs.2014.08.007
https://doi.org/10.7554/eLife.22001
https://doi.org/10.1038/s41467-018-02928-3
https://doi.org/10.1002/hbm.22429
https://doi.org/10.1002/hbm.22429
https://doi.org/10.1016/j.cub.2017.08.075
https://doi.org/10.1016/j.cub.2017.08.075
https://doi.org/10.1016/J.CLINPH.2015.11.012
https://doi.org/10.1016/J.CLINPH.2015.11.012
https://doi.org/10.1093/scan/nsx055
https://doi.org/10.1093/scan/nsx055
https://doi.org/10.1371/journal.pone.0013766
https://doi.org/10.1038/s41598-017-13795-1

	Transcranial electrical stimulation (tES) mechanisms and its effects on cortical excitability and connectivity
	Abstract
	Introduction
	Applying tES
	Transcranial direct-current stimulation
	tDCS: neural oscillations and connectivity
	Transcranial alternating-current stimulation
	tACS: neural oscillations and connectivity
	Transcranial random noise stimulation
	tRNS: neural oscillations and connectivity
	Variation in stimulation
	Safety and tolerability of tES
	Ethical considerations
	Future directions of tES in research
	References


