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Transcranial Alternating Current Stimulation (tACS) and Its Role in
Schizophrenia: A Scoping Review
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Transcranial alternating current stimulation (tACS) may modulate neuronal oscillations by applying sinusoidal alternating
current, thereby alleviating associated symptoms in schizophrenia. Considering its possible utility in schizophrenia, we
reviewed the literature for tACS protocols administered in schizophrenia and their findings. A scoping review was con-
ducted following the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guideline in data-
bases and clinical trial registers. The search resulted in 59 publications. After excluding review articles unrelated to
tACS, trials without published results or not involving patients with schizophrenia, 14 studies were included. Among
the included studies/case reports only 5 were randomized controlled therapeutic trials. The studies investigated the
utility of tACS for clinical and neurobiological outcomes. All studies reported good tolerability with only transient mild
side effects. It was administered mostly during the working memory task (such as computerized n-back task, dual back
task, and computerized digit symbol substitution task) for schizophrenia patients with cognitive deficits and during rest-
ing state while targeting positive symptoms. A possible reduction in hallucinations and delusions using alpha tACS,
and improvement in negative and cognitive deficits with theta and gamma tACS were reported. Nevertheless, one of
the randomized controlled trials targeting hallucinations was negative and rigorous large-sample studies are lacking
for other domains. The current evidence for tACS in schizophrenia is preliminary though promising. In future, more
sham controlled randomized trials assessing the effect of tACS on various domains are needed to substantiate these
early findings.

KEY WORDS: Electric stimulation therapy; Psychiatric somatic therapy; Neural oscillation; Hallucination; Delusion;
Cognitive impairments.

INTRODUCTION

Schizophrenia is a severe mental disorder character-
ised by delusions, hallucinations, disorganisation, neg-
ative symptoms, cognitive symptoms, and significant im-
pairment in multiple domains of one’s life. Schizophrenia
affects around one in every hundred in the general pop-
ulation [1] and ranks among the leading causes of dis-
ability between the age group of 25—49 years [2]. Since
the fortuitous discovery of chlorpromazine, antipsychotic
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medications continue to remain the primary treatment
modality for schizophrenia. The current guidelines rec-
ommend the long-term use of antipsychotic medications
in treating schizophrenia in conjugation with psychoso-
cial interventions [3]. However, the current antipsychotic
medications possess significant limitations. Firstly, despite
treatment, around 10—30% of the patients show no re-
sponse, and another 30% show residual positive symp-
toms [4,5]. Secondly, antipsychotic medications do not
optimally ameliorate the negative and cognitive symp-
toms; the persistence of these symptoms leads to sig-
nificant dysfunction and poor quality of life [6,7]. Thirdly,
antipsychotic medications are associated with the risk of
various adverse effects such as extrapyramidal side ef-
fects, hyperprolactinemia, weight gain, and metabolic ab-
normalities [8,9].

The limitations of antipsychotic medications kindled
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investigation into other treatment modalities for treating
patients with schizophrenia. Neuromodulation is one of
them. Among the various methods of neuromodulation,
transcranial alternating current stimulation (tACS) has
been recently explored in the treatment of psychiatric dis-
orders, especially in the treatment of schizophrenia.

tACS is a non-invasive brain stimulation technique in-
volving the application of alternating electric currents, si-
nusoidal in nature, through the scalp using electrodes to
the specific brain regions to modulate their activity. The
current amplitude, frequency, phase difference and dura-
tion of stimulation, along with the site of stimulation, are
the major parameters involved in the application of tACS
[10,11]. The intensity of the alternating current is gen-
erally administered within the range of 0.5 —2 mA using
metal or rubber electrodes with a skin-electrolyte contact
area of 25 —35 cm”. Unlike transcranial direct current sti-
mulation (tDCS), the amplitude here is measured from
peak-to-peak of the positive and negative phases of the
cycle. The alternating current mimics the rhythmic elec-
trophysiological brain activity and helps to modulate the
brain functions associated with them [12]. Hence, the
stimulation involves sinusoidal waves of a frequency that
matches the frequency of the intrinsic neural oscillations,
ranging from 0.5 —80 Hz. The electric current has to have
one or more entry points as well as one or more exit points
on the scalp through electrodes. Conventional montage
involves 2-electrode, and the fluctuations in the polarity
of the current maintain the electrodes in fluctuating states
of anode/cathode. Adding a DC offset can keep these fluc-
tuations within a single polarity. The offsets are generally
kept zero in tACS. But when non-zero offsets with/without
overlapping to other polarity are used, the stimulation will
be termed “oscillatory transcranial direct current stim-
ulation” (otDCS) [10].

The difference in the phase of the oscillating current is
usually kept similar when the current is told to be “in-
phase”. Whereas the electrodes can be kept “out-of-
phase” where the phase difference will be at 180°. The
studies may use the whole range of phase differences be-
tween 0—360°; the physiological/clinical implications of
these are yet to be ascertained. Novel high-definition
tACS applications with single-entry and multiple-exit or
vice-versa are also being utilised in clinical studies [13]
aiming to achieve focused stimulation.

The exact mechanism of action of tACS is an area of im-

mense research interest. The current evidence points to-
ward the possible effect of tACS on neural oscillations.
The neural oscillations are synchronized rhythmic pat-
terns of electrophysiological activity produced by neu-
rons in the brain. These neural oscillations are associated
with multiple perceptual, behavioural and cognitive func-
tions as well as different brain states [14]. Also, the con-
nectivity between various cortical brain regions is medi-
ated by synchronizing brain oscillations across these re-
gions [15]. Various psychiatric disorders, such as schizo-
phrenia, have been implicated to have abnormalities in
these neural oscillations [16].

tACS is thought to have online effects, i.e., effects no-
ticed during the stimulation period, as well as after-effects
that outlast the stimulation period [17,18]. The online ef-
fects and after-effects are attributed to entrainment and
neuroplasticity, respectively [18,19]. Entrainment is a
phenomenon wherein the rhythmicity of 2 systems syn-
chronizes with each other [19,20]. In tACS, it is hypoth-
esised that an externally applied sinusoidal current of a
specific frequency can modulate the endogenous neural
oscillations in the brain either by synchronizing or de-
synchronising the oscillatory activities in the specific re-
gion of the brain leading to ameliorating the abnormalities
in neural oscillations, which translates into an improve-
ment in clinical symptoms [18,19,21]. For entrainment to
be possible, an endogenous oscillation should be present
in the range of the frequency of the applied alternating
current [18,19,21]. This entrainment can also happen at
harmonic frequencies, which are integral multiple of the
stimulating frequency (resonant frequency), such as twice
or half of the stimulation frequency [19,21,22]. There will
be an enhancement of the power of these frequency-specific
oscillations contributing to the psychophysiological effects.
Entrainment also depends on the amplitude of the stim-
ulation, as described by the Arnold’s Tongue [18,19]. This
property of tACS describes the ability of higher amplitude
current to entrain wider frequencies of endogenous oscil-
lations with peak entrainment at the stimulation frequency.
In contrast, lower amplitude stimulation will be able to
entrain among the narrower frequency range [19]. Also, it
is known that during cognitive processes, it is not the os-
cillation of a single frequency (frequency range) that is in-
volved, but the waves of different frequency ranges inter-
act with each other, i.e., cross-frequency coupling [22,23].
The coupling could be at the inter-frequency domains, in-
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ter amplitudes or, more commonly, amplitude-frequency
coupling [24]. Hence, the application of tACS at one spe-
cific frequency may also affect the properties of other en-
dogenous frequencies leading to improvement in symp-
toms [18,19]. The effects of entrainment last for the stim-
ulation period. However, tACS may have a long-lasting
effect due to neuroplastic changes. The synapses are
strengthened or weakened based on the timing of input
and output activity, a mechanism referred to as spike-tim-
ing-dependent plasticity (STDP) [21,22]. Thus, synapses
with a resonance frequency similar to repetitive input are
strengthened, leading to long-lasting effects [25].

In patients with schizophrenia, specific abnormalities
in brain oscillations have been noted. These abnormal-
ities are frequency, brain region and state specific. A con-
sistent finding in patients with schizophrenia is a decrease
in alpha rhythm in the prefrontal and parietal regions of
the brain [26-30]. The alpha is an inhibitory waveform,
and its deficits suggest dysregulation in top-down proc-
essing [28,31]. Alpha tACS has been used in studies tar-
geting positive symptoms (hallucinations and delusions)
of schizophrenia. The idea behind this is to regulate top-
down processing by inhibiting the activity of targeted
areas. Aberrant activity in the temporoparietal junction
(TP)) (the site of auditory processing) and medial prefrontal
cortex (the site of self-referential processing) [28] were tar-
geted to be regulated using alpha tACS.

Theta waves and the amplitude-modulated gamma
within the phase of theta waves are found to be crucial in
the flow of information packages across short- and long-
range brain networks, respectively. Deficit theta oscil-
lations in the frontal lobe are associated with working
memory impairment in patients with schizophrenia [32,
33]. Aberrant gamma oscillations have been linked to an
imbalance between excitatory and inhibitory networks
due to impaired GABAergic inter-neuronal activity [34].
In patients with schizophrenia, there is a reduction of
task-related gamma oscillation and associated synchroni-
zation [33-38] that correlated with deficit symptoms, in-
cluding negative symptoms [39]. tACS attempting to en-
hance the theta and gamma oscillations in the frontopar-
ietal network is thus shown to improve the cognitive and
negative symptoms of schizophrenia. A novel tACS ap-
proach by combining these 2 frequencies termed the-
ta-gamma tACS is attempted in healthy controls showing
its superiority over theta tACS [40]. It would be interesting

to see its translational application in schizophrenia pa-
tients.

Given the advancing conceptualization of schizophrenia
as a disorder of abnormal oscillatory activity, the applica-
tion of tACS exploring its utility and safety in this pop-
ulation is imperative. This article provides an up-to-date
review of the clinical utility, including the clinical effect
and safety, as well as any research application of tACS in
schizophrenia.

METHODS

This is a scoping review of the literature on the utility of
tACS in Schizophrenia. A systematic literature search on
the MEDLINE and Scopus databases as well as in the
WHO International Clinical Trials Registry Platform (ICTRP)
was conducted based on combination of keywords: (tACS
[Title/Abstract]) OR (transcranial alternating current stim-
ulation [Title/Abstract])) AND (schizophrenia [Title/Ab-
stract]). The search process was last performed on 15th
October 2022. All the original studies investigating the ef-
fect of the administration of tACS in patients with schizo-
phrenia with published results in the English language till
date were included.

The search resulted in 59 publications after the removal
of duplicates. Screening of the study was done by 2 au-
thors (HP and VSS), and a final consensus was taken for the
inclusion/exclusion of a study. Overall, 45 studies were
excluded as they were review articles/they did not involve
studying patients with schizophrenia/they were unrelated
to tACS/trials in the registries without published results.
The remaining studies were reviewed in full text to assess
for eligibility and were included. One trial result was found
unpublished in a peer-reviewed journal and has been in-
cluded in the review. The studies included 2 conference
abstract papers investigating the effect of tACS in schizo-
phrenia, one of them being an unpublished Master’s the-
sis work where we could find the full thesis [41]. We re-
viewed the protocols used in these studies, their clinical/
neurobiological outcomes and their safety profile. See
Figure 1.

RESULTS

In total, 14 articles studied the role of tACS in patients
with schizophrenia [41-54]. Out of 14 publications, 8 ar-
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ticles were clinical trials, including 4 double-blind, ran-
domized controlled trials (RCT). Four case reports and 2
case series were also reported. The 2 RCTs [45,46] among
these were of the same set of subjects evaluating the clin-
ical and biological outcomes in separate articles. The find-
ings are summarized in Table 1.

Sample profile: The number and the clinical profile of
participants differed across the studies based on the de-
sign and objectives of the studies. The number of partic-
ipants in the studies ranged from 1 [44,47,52] to 36 [53].
The participants included were diagnosed with schizo-
phrenia. However, 4 studies also included participants di-
agnosed with schizoaffective disorder [43,45,46,53,54].
Most studies included a specific subgroup of schizo-
phrenia targeting specific symptom domains, such as those
having treatment-resistant negative symptoms [42,50], treat-
ment-resistant delusions [48], treatment-resistant auditory
hallucinations [45,46,52,54], or those with cognitive def-
icits [41,44,47]. But few studies seemed to have heteroge-
neous samples without specific symptom profiles.

Stimulation parameters: In studies investigating the ef-
fect of tACS on positive symptoms, 4 studies [45,46,52,54]
examined the effect on auditory hallucinations. In these
studies, an alternating current of 2 mA intensity and 10 Hz
frequency (alpha frequency) was applied using electrodes
(5 x 5 cm) at the left dorsolateral prefrontal cortex
(DLPFC) and left TP) with a reference electrode (5 x 7 cm)
at the central region. While another study in patients with
persistent delusions [48] applied electrodes (5 x 7 cm) at
the medial prefrontal cortex and vertex region with alter-
nating currents of similar intensity and frequency. All these

5] | Records identified (n = 78):

§ - R/Iaé%ba?\leEs ((r? - Sg)) 8 Records removed before screening:

% Scopus (n = 40)] - Duplicate records removed (n = 19)

o -ICTRP (n = 12)
o l Reports excluded (n = 45):
— - Not related to tACS (n = 15)

_ - Review (n = 11)

o Records screened (n = 59) - Study without patients with schizophrenia (n = 8)

< - Ongoing trials/result not available (n = 10)

5 - Trial result published in journal (duplicate) (n = 1)

b A 4

n Reports assessed for eligibility Reports excluded (n = 0)
L (n=14) Fig. 1. Preferred Reporting Items

for Systematic reviews and Meta-

5 v Analyses (PRISMA) Flow-chart.

%:) Studies included in review ICTRP, International Clinical Trials
S (n=14) Registry Platform; tACS, transcranial
—J alternating current stimulation.

studies administered alpha tACS for 20 minutes twice dai-
ly sessions for 5 days [45,46,48,52,54]. Few patients in
one study were continued for 10 days [27], and 2 other
studies evaluated the continuation therapy by administer-
ing a 40 minutes weekly session for up to 20 sessions [52,
54].

One RCT [53], 2 case series [42,49] and one case re-
port [50] investigated the tACS effect on negative symp-
toms. All studies applied 2 mA alternating current over bi-
lateral DLPFC except the RCT, wherein the frontoparietal
area was stimulated. However, other parameters varied
among the studies. The electrode size ranged from 25 cm’
[42] to 35 cm” [49,50]. However, for the RCT, 2 sets of 4
electrodes of 1 cm” size in the left frontal and left parietal
regions referenced to the frontoparietal midline electro-
des were used. Theta frequency (4.5 Hz and 6 Hz re-
spectively) alternating current was applied in one case
series and RCT [42,53], while the other 2 studies [49,50]
applied gamma frequency alternating current (40 Hz).
The number and frequency of sessions varied from 10 ses-
sions (once daily for 10 days) to 20 sessions (once daily for
20 days or twice daily for 10 days), with the duration of
sessions ranging between 10—20 minutes.

The studies [41,43,44,47,51] investigating the effect of
tACS on working memory applied the stimulation, using
electrodes of 35 cm”, mainly on the left DLPFC with the
other electrode either on the left posterior parietal region
or right supraorbital region. Theta frequency stimulation
was applied in 2 studies, while gamma frequency stim-
ulation was used in 3 studies [43,44,51]. Three studies pi-
loted with single session tACS administration crossing-
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over from theta-tACS to gamma-tACS, sham-tACS or tDCS
stimulation on different days [43,44,51]. The 2 reports
[41,47] of therapeutic applications involved the admin-
istration of 20 minutes sessions for 5 days (once/twice dai-
ly sessions).

All studies that reported phase differences between the
electrodes had administered tACS in-phase (zero phase
difference). At the same time, most studies had no men-
tion of phase difference [42,43,51,54]. None of the stud-
ies on schizophrenia had used any DC offset (otDCS).

Five of the studies [43,44,47,51,53] involved the appli-
cation of tACS while participants engaged in certain work-
ing memory tasks, including online n-back task, dual back
task, and computerized digit symbol substitution task. These
studies mostly looked at cognitive symptoms or negative
symptoms as the primary outcome measure. In 2 of the
studies [48,52] involving positive symptoms and 1 study
[41] involving cognitive symptoms, participants were in a
resting wakeful state. However, in 2 studies [45,54] with
persistent auditory hallucinations, participants were in a
relaxed state watching “reefscapes” videos.

Outcome and findings: tACS have shown promising re-
sults in patients with schizophrenia. In studies assessing
effects on auditory hallucinations, a study [23] reported
improvement in auditory hallucinations, which was later
shown to be associated with enhancement of alpha oscil-
lations, connectivity and auditory steady-state response
(ASSR) in another paper [24]. Though this RCT had shown
a good effect size in reducing hallucinations, the differ-
ence between sham stimulation or tDCS group could not
be established, probably due to the small sample size. A
case study [52], reported improvement in the duration
and controllability of auditory hallucinations with weekly
tACS, but this could not be replicated in the original RCT
by the same group [33]. The open-labelled study targeting
the medial prefrontal cortex [48] reported significant im-
provement in the severity of delusions with the persis-
tence of improvement for at least a month following tACS.

With regards to negative symptoms of schizophrenia,
one RCT [53], 2 case series [42,49], and a report [50] not-
ed a reduction in negative symptoms as well as an im-
provement in cognitive symptoms. Though 2 studies [43,
51] reported no change in working memory with tACS,
3 other studies [41,44,47] reported improvement in work-
ing memory along with processing speed.

Adverse effects: Most studies used structured question-

naires to systematically assess the associated adverse ef-
fects [41,42,44,45,47-50,52-54]. Nine of the studies used
standardised questionnaires to evaluate the adverse ef-
fects, and the other 2 used a comfort rating questionnaire
[49,50]. The studies suggested good tolerance of tACS by
schizophrenia patients, with a few reporting of mild and
transient adverse effects like scalp pain, itching and burn-
ing sensations, tingling sensation, phosphenes, and in-
creased depth of sleep. Additionally, diarrhoea and mus-
cular pain were noted in one study in 2 participants [54].
Across all studies, approximately 1,180 sessions of tACS
were administered with no reports of serious side effects
or drop-outs due to intolerability.

DISCUSSION

tACS is a novel non-invasive technique that applies a
low-intensity alternating current stimulation leading to
modulation of the neuronal oscillations, which in turn af-
fects the cortical processes [55]. Though the role of tACS
in modulating cognitive processes has been known for the
past decade, its use in psychiatric disorders, especially
schizophrenia, began in the last 5 years. Here in this re-
view, we have tried to summarize the protocols used and
outcomes of tACS in patients with schizophrenia and it
adds on to the earlier review on tACS [56]. There is a
paucity of rigorous studies assessing the effects of tACS in
patients with schizophrenia, with only 4 sham controlled
trials [21,23,32,33] to date. Most of the published studies
were either case reports, case series or open-labelled
trials. All of these open-label studies showed promising
results. In a case study [52], with weekly alpha tACS over
left DLPFC and left TPJ reported improvement in auditory
hallucinations. An open-labelled study reported signifi-
cant improvement in delusions following alpha tACS tar-
geting the medial prefrontal cortex [48]. A reduction in
negative symptoms along with cognitive symptoms was
noted in 2 case series [42,49], and a case report [50] was
noted using theta tACS [42] and gamma tACS [49,50].
Moreover, 3 studies [41,44,47] reported improvement in
working memory along with processing speed using theta
tACS. For RCTs, except for one RCT, which used HD-
tACS targeting working memory [53], all others could not
demonstrate the superiority of tACS [43,45,54]. The RCT
that targeted hallucinations in schizophrenia had a higher
effect size with true tACS than the sham with respect to
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improvement [45] and showed associated changes in
neural oscillatory markers [46]. However, this clinical ef-
fect could not be replicated in a recent larger study [54].
The current findings do support the notion that abnormal
neural oscillations are associated with symptoms of schiz-
ophrenia (Table 2) [21,26,29,31,32,57-63]. The positive
symptoms are associated with dysfunctional alpha [57-
59], gamma [21,57] and beta oscillations [57], negative
symptoms mainly with gamma oscillations [21,57], and
cognitive symptoms mainly with theta [32] and gamma
oscillations [21,57]. As noted, targeting these abnormal
oscillations may lead to the amelioration of symptoms as-
sociated with schizophrenia, thus suggesting a potential
role of tACS in schizophrenia.

The stimulation parameters for tACS in patients with
schizophrenia are still evolving compared to other neuro-
modulation modalities such as tDCS [64]. The studies in
schizophrenia have generally used 2 mA peak-to-peak
(—1 mAto +1 mA) intensity current and were found to be
tolerable without major adverse effects. Tolerability acts
as a decisive factor in determining the current intensity. As
tACS involves the transcutaneous application of alternat-
ing current, it would become intolerable at higher inten-
sities. A burning sensation is common above + 1T mA with
higher reporting of dizziness, phosphenes, and metallic
taste [65]. Thus, balancing effectiveness and safety, a cur-
rent amplitude of 2 mA is used as optimal stimulation in-
tensity in schizophrenia.

Conventional conductible latex-rubber electrodes (25 —
35 cm’) were applied in all except 1 study. These electro-
des lack focality but have high tolerability, and the elec-
tric field distribution over the brain surface is simpler to
predict. To further improve the current density and spatial

Table 2. Neural oscillations and symptoms of schizophrenia

focality of stimulation, a high-definition montage using
multi-electrode configurations was devised for tDCS [66].
Recently high-definition montage has been applied in stud-
ies using tACS [13,67]. The only study that used smaller
electrodes in schizophrenia had 2 sets of 4 ring-electrodes
was designed to provide stimulation in frontoparietal re-
gions with current directed towards each other. This dis-
tribution and direction of current flow in high-definition
tACS [32] was demonstrated using computer simulation
over the modelled brain from neuroimaging data. How-
ever, more studies investigating HD-tACS in schizo-
phrenia would assist in exploring the neurobiological ba-
sis of schizophrenia. Though HD-tACS optimises the fo-
cality of stimulation, it may be less tolerable with a poten-
tial of higher current shunting due to decreased inter-elec-
trode distance [65].

The electrodes, as noted in the studies, were in the
same phase of the cycle of alternating current with zero
phase difference between them leading to synchroniza-
tion of neuronal activity in the targeted brain area in the
studies. However, if electrodes are in the opposite phase,
it can lead to desynchronisation [12,68] and the clinical
/neurobiological effects of this desynchronisation would
be of research interest.

Stimulation in the range of 10—20 minutes duration is
required to produce after-effects following tACS [69].
Multiple sessions are known to enhance the plasticity,
thereby bringing a longer-lasting effect. In studies inves-
tigating the effect of tDCS in schizophrenia, higher fre-
quency (2 sessions per day) and a greater number of ses-
sions (> 10 sessions) were associated with better outcomes
[64]. Although currently, data is lacking, a similar result
may be anticipated with tACS [12]. Thus, most studies

Neural Frequency

S Functions Findings in schizophrenia

oscillations range

Theta 4—7Hz Memory, spatial navigation, modulation of synaptic Reduced theta oscillation in frontal regions is
plasticity, long-range synchronization across brain associated with impairment in the working
regions [57,60,61]. memory [32,57].

Alpha 8—12Hz Inhibitory control, attention, long-range Reduced alpha oscillation associated with
synchronization across brain regions [31,57,58]. positive symptoms [26,57-59].

Beta 13—30Hz Motor control, gating, attention, perception, Beta oscillation dysfunction associated with
somatosensory processing [57,62]. positive [57] and negative symptoms [29].

Gamma 30—200 Hz Attention, cognition, memory, perception, Reduced gamma oscillations are associated with

movement, consciousness, synaptic plasticity,
short-range synchronization across brain regions

[57,63].

negative and cognitive symptoms, whereas
increased oscillations are associated with
positive symptoms [21,57].
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with the therapeutic application of tACS have used twice
daily sessions. But the exact effects of session duration,
number and frequency of sessions of tACS in schizo-
phrenia need systematic evaluation.

Also, the effect of tACS is noted to be state-dependent
[70] with effects known to be enhanced with the targeted
region in an activated state. As noted, in most of the stud-
ies involving cognitive or negative symptoms wherein a
working memory task (online) was performed during stim-
ulation to activate the region of interest. However, in stud-
ies involving positive symptoms, the participants were
mainly in a resting state, as the targeted region was al-
ready in an activated state. Thus, based on the symptom
domain to be targeted, online or offline stimulation can be
planned.

The tACS is well tolerated, with adverse effects being
transient. The adverse effects could be linearly related to
intensity and stimulus frequency [71]. However, no seri-
ous adverse effects have been reported in any single/
multi-session tACS study in either healthy volunteers or
patients. The common side effects in schizophrenia pa-
tients have been phosphene perception, dizziness, skin
sensation, pressure perception and increased depth of
sleep similar to that of healthy volunteers based studies
[71,72]. The phosphene perception is commonly re-
ported with anterior montages and at a higher frequency,
while dizziness is associated with posterior montages.
Higher frequency and intensity of stimulation may lead to
skin sensations (burning and tingling). Phosphene experi-
ence can be minimised by watching videos on a tele-
vision screen during stimulation [45], but it may affect the
tACS effect, which may be brain state-dependent. None of
the patients discontinued tACS secondary to the adverse
side effects. Thus, in patients with schizophrenia, the ap-
plication of tACS appears to be safe in the short-term,
even with multiple sessions, though long-term safety needs
further evaluation. The adverse effects were well-docu-
mented in the studies using structured adverse effect
questionnaires. Given that tACS research is in its early
phase, it is advisable to use structured questionnaires to
assess the adverse side effects [72].

In summary, we can note that very few studies have as-
sessed the effect of tACS in patients with schizophrenia.
Most of the studies had sub-optimal evidence and smaller
sample sizes. The studies were heterogeneous, using var-
ied protocols and targeting different symptom domains of

schizophrenia. As a result, no robust inference can be
drawn regarding the clinical, biological or therapeutic ef-
fects of tACS in patients with schizophrenia. Further, it is
unclear whether tACS can be used as a stand-alone ther-
apeutic modality or as an add-on option to target residual
symptoms. Also, most studies examined only the short-
term tolerability of tACS in patients with schizophrenia.

Further research is needed with well-structured dou-
ble-blind RCTs with a larger sample size to replicate the
findings. Drug-naive/drug-free patients could be recruited
to rule out the effects of pharmacological treatment in in-
vestigative applications of tACS. Inter-individual varia-
bility in response to tACS may happen secondary to differ-
ences in neuroanatomy and resultant difference in the
electric field inside the brain. Individualisation of stim-
ulation protocol based on dysfunctional neuronal oscil-
lation and neuroimaging-based computational modelling
would be advisable. Also, to optimise the effect of tACS
various methods have been investigated such as HD-tACS
wherein by using smaller electrodes, more focal effects
can be provided. Multi-site stimulation brings in com-
plexity but also much scope to understand the neuro-
biology. Recent studies in healthy individuals using trav-
elling wave tACS have immense potential for investiga-
tional and translational applications in schizophrenia
[73].

Temporal interferential stimulation is a modification of
tACS where high frequency-low amplitude waves are fo-
cused onto the deeper brain regions to provide stim-
ulation with frequencies in the range of endogenous
oscillations. Early experiments on safety and applicability
in human subjects have been promising [74]. This would
overcome the major drawback of the transcranial elec-
trical stimulation related to the depth of penetration. We
will be able to target the deep-seated brain regions en-
hancing the applicability of tACS in schizophrenia. Special
waveforms of tACS such as amplitude-modulated tACS as
described earlier could replicate the intrinsic interactions
among different frequencies of neural oscillations and may
provide evidence of neuropathology by direct manipu-
lations. Intersectional short pulse stimulations are being
attempted to enhance the tolerance to higher intensity of
current targeting deeper brain regions. Here multi-elec-
trode montage will be used but targeting a common spe-
cific brain region through short pulses of alternating cur-
rents administered from different electrodes sets placed at
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multiple scalp locations shifting from one set to the other.
Additionally, methods like transcranial electrical theta burst
stimulation (te-TBS) is another promising development in
this field and awaits application in neuropsychiatric con-
ditions [75]. These advancements in the methods need to
be investigated further to improve the effect of tACS.
Additionally, clinical studies should target long-duration
follow-ups to assess the long-term effects and safety of
multi-session tACS.

CONCLUSION

tACS, a novel neuromodulation technique, modulates
neuronal oscillations as well as causes long-term neuro-
plastic changes. It is a safe technique with minimal side
effects. The initial studies have shown improvement in
aberrant brain oscillations associated with schizophrenia
with associated improvement in clinical symptoms. Though
the current findings are promising, further studies are re-
quired to confirm these findings.
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