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Neurophysiological studies in humans employing magneto- (MEG) and electro- (EEG)

encephalography increasingly suggest that oscillatory rhythmic activity of the brain

may be a core mechanism for binding sensory information across space, time, and

object features to generate a unified perceptual representation. To distinguish whether

oscillatory activity is causally related to binding processes or whether, on the contrary, it is

a mere epiphenomenon, one possibility is to employ neuromodulatory techniques such

as transcranial alternating current stimulation (tACS). tACS has seen a rising interest

due to its ability to modulate brain oscillations in a frequency-dependent manner. In

the present review, we critically summarize current tACS evidence for a causal role

of oscillatory activity in spatial, temporal, and feature binding in the context of visual

perception. For temporal binding, the emerging picture supports a causal link with the

power and the frequency of occipital alpha rhythms (8–12Hz); however, there is no

consistent evidence on the causal role of the phase of occipital tACS. For feature binding,

the only study available showed a modulation by occipital alpha tACS. The majority of

studies that successfully modulated oscillatory activity and behavioral performance in

spatial binding targeted parietal areas, with the main rhythms causally linked being the

theta (∼7Hz) and beta (∼18Hz) frequency bands. On the other hand, spatio-temporal

binding has been directly modulated by parieto-occipital gamma (∼40–60Hz) and alpha

(10Hz) tACS, suggesting a potential role of cross-frequency coupling when binding

across space and time. Nonetheless, negative or partial results have also been observed,

suggesting methodological limitations that should be addressed in future research.

Overall, the emerging picture seems to support a causal role of brain oscillations in

binding processes and, consequently, a certain degree of plasticity for shaping binding

mechanisms in visual perception, which, if proved to have long lasting effects, can find

applications in different clinical populations.
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INTRODUCTION

To build a representation of the incoming sensory flow, our brain
needs to bind sensory information in a meaningful way, giving
rise to a clear and smooth perception of the world. To do so,
our visual system must integrate information across space and
time and group together elements belonging to the same object.
Magnetoencephalography (MEG) and electroencephalography
(EEG) are high-temporal resolution techniques used to map
brain dynamics, such as rhythmic patterns of neural activity that
oscillates at a given frequency, known as brain oscillations. Brain
oscillations have been linked to several cognitive and perceptual
processes (Başar et al., 2001) and their synchronization has been
suggested to modulate communication across long-range cortical
regions (Fries, 2005, 2015; Bonnefond et al., 2017). Whether
binding occurs in space (i.e., spatial binding) or time (i.e.,
temporal binding), M/EEG studies demonstrated a relationship
between the power, phase, and synchronization of particular
brain oscillations and binding processes (e.g., Varela et al., 1981;
Rose and Büchel, 2005; Busch and VanRullen, 2010; Jensen
et al., 2012; Hanslmayr et al., 2013; McLelland et al., 2016; Wutz
et al., 2016; for reviews see VanRullen, 2016; Costa et al., 2017;
Ronconi et al., 2017; White, 2018; Wutz et al., 2018). These
electrophysiological studies provided us with valuable insights
into the role of oscillatory activity in binding together efficiently
sensory information to reach a meaningful representation.
Indeed, integrating sensory information in space and time, like
any other neurocomputational loop that implements effective
communication between different cortical areas (e.g., top-down
feedback from higher-order areas to lower-order sensory areas)
would lead to the emergence of significant variations in the
rhythmic oscillatory activity (Donner and Siegel, 2011; Siegel
et al., 2012; Bastos et al., 2015; Jensen et al., 2015).

However, electrophysiological research is correlational in
nature, meaning that it cannot demonstrate a causal role of the
oscillatory activity in shaping our perception. To do so, we should
directly manipulate brain oscillations and observe the effect on a
behavioral level (for reviews see Herrmann et al., 2016; Bergmann
and Hartwigsen, 2020).

A recent neuromodulation technique, transcranial alternating
current stimulation (tACS), has been proven to be particularly
suited for this goal (for reviews see Herrmann et al., 2013, 2016;
Cabral-Calderin and Wilke, 2020; Kasten and Herrmann, 2020).
Generally, tACS consists in the application of a weak sinusoidal
electrical current on the scalp, through two rubber electrodes
or through multi-channel devices (Dmochowski et al., 2011;
Kuo et al., 2013). Several tACS parameters may be potentially
manipulated: stimulation frequency, stimulation amplitude (that
may range between 0.5 and 2mA or adjusted according to
participants thresholds) and finally, stimulation phase (Helfrich
et al., 2014a,b; Strüber et al., 2014). There is increasing evidence
that tACS is able to drive the endogenous rhythmic brain
activity toward the chosen frequency of stimulation, transiently
modulating brain oscillations in a frequency-dependent manner,
a mechanism known as entrainment (Fröhlich and McCormick,
2010; Ozen et al., 2010; Herrmann et al., 2013; Reato et al.,
2013). This mechanism has initially been supported by animal

studies showing that the application of a sinusoidal current in
vitro evoked spiking activity that synchronized with different
external driving frequencies (Fröhlich and McCormick, 2010).
Additionally, Ozen et al. found similar results by applying an
extracranial sinusoidal current (Ozen et al., 2010). In humans,
several studies supported entrainment by showing tACS effects
on the EEG power spectrum during stimulation (Helfrich et al.,
2014a,b) or after stimulation (Neuling et al., 2012; Battaglini
et al., 2020a). However, other potential mechanisms of action
have also been proposed. For example, Vossen et al. argued that
tACS effects might be related to the modulation of spike timing-
dependent plasticity, which would explain the offline effects
of tACS (Vossen et al., 2015). Recent research also highlights
the potential role of peripheral nerve or retinal stimulation in
explaining tACS effects (Liu et al., 2018; Asamoah et al., 2019).

Liu et al. (2018) postulated five potential mechanisms of action
to explain the immediate effects of stimulation on neural activity
according to the applied electrical field intensity (i.e., the vector
indicating the local change of the voltage as measured in Volts
per meter; V/m). At the lowest electrical field intensities (i.e.,
<1 V/m) two mechanisms have been proposed: (1) stochastic
mechanism and (2) rhythmic mechanism. In the first one a
small proportion of the applied field would bias spike timing
or probability of neurons that are near the threshold of spike
generation thanks to the coincidence of intrinsic and extrinsic
polarization. The second would take place when an endogenous
rhythm is targeted with an alternating current of the same
frequency, affecting the native oscillation at a similar phase
during each cycle. At higher electrical field intensities, other
mechanisms have been proposed, namely (3) temporal bias
of spikes; (4) entrainment and (5) imposed pattern. The third
mechanism is related to stochastic resonance (see point 1 above),
but when the electrical field intensity is stronger neurons would
be expected to be more reliably activated from trial to trial.
Finally, when the difference between the external frequency and
the endogenous rhythmic activity increases, a competition would
arise and a higher electrical field would be needed in order to
entrain less regular network patterns (entrainment) or to impose
an arbitrary frequency on a neural network (imposed pattern)
(Liu et al., 2018).

Another aspect worth mentioning is that brain stimulation
effects may vary in a state-dependent manner (for reviews see
Silvanto et al., 2008; Guerra et al., 2020). For example, it has
been shown that alpha tACS can entrain brain oscillations when
applied over the visual cortex, but only when the eyes were
open (Ruhnau et al., 2016). Also, Feurra et al. showed that
M1 excitability was differently affected by tACS stimulation
according to participants’ engagement in a motor task (i.e.,
resting condition vs. active observation condition) (Feurra
et al., 2013). Intrinsic oscillatory dynamics is also important to
consider, as tACS effectiveness likely depends on the proximity
between the external stimulation frequency and the intrinsic
rhythmic activity. For instance, alpha frequency strongly varies
across subjects and the individual peak may be computed
and used to properly set tACS stimulation frequency. Even if
current findings support the idea that tACS can modulate brain
oscillatory dynamics, future research should further investigate
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its precise physiological mechanisms to clarify the current debate
over its underlying mechanism.

Even though its specific mechanism of action is still unclear,
there is mounting evidence that tACS is able to modulate
perceptually relevant brain oscillations. Additionally, brain
oscillatory activity has been linked with temporal and spatial
binding. Therefore, it is not surprising to observe a growing
number of studies exploring the potential causal involvement
of several brain rhythms in temporal and spatial binding. The
evidence of a relationship between particular brain oscillations
and perception, more generally, has been recently reviewed by
Cabral-Calderin and Wilke (2020). Here, we constrained the
scope of the review to focus specifically on different types of
visual binding processes and their potential causal relationship
with oscillatory activity.

The present review is structured into three main sections
that focus on tACS studies exploring temporal, spatial, or
spatio-temporal binding. After briefly introducing correlational
evidence that motivates the tACS research, we describe each
study and highlight its relevance in the understanding of the
role of rhythmic activity in binding processes. Importantly, we
highlight negative findings as well as methodological pitfalls
and challenges that, if addressed, will improve reproducibility
of neurostimulation research. We conclude by briefly discussing
how tACS modulation of binding processes may be relevant
for potential clinical interventions in clinical populations where
these processes (and its oscillatory correlates) are disrupted.

TEMPORAL BINDING

Alpha Rhythm and Temporal Binding
It has been suggested that in order to integrate information
over time, our brain may adopt a sampling mechanism that
discretizes the sensory flow through discrete processing windows
(Stroud, 1967). Several studies have suggested that this sampling
mechanism is related to the endogenous alpha (8–12Hz)
activity (for reviews see VanRullen, 2016; White, 2018). This
rhythm was shown to be linked to the temporal resolution of
perception, both in the unimodal (Varela et al., 1981; Samaha
and Postle, 2015; Milton and Pleydell-Pearce, 2016; Ronconi
and Melcher, 2017; Ronconi et al., 2017, 2018; Wutz et al.,
2018) and crossmodal domain (Grabot et al., 2017; Keil and
Senkowski, 2017, 2018; Cooke et al., 2019; Bastiaansen et al.,
2020; Migliorati et al., 2020), possibly by creating transient
temporal windows of excitation and inhibition along its cycle
that alternatively promote or reduce stimulus processing and
effective communication between different cortical areas (Pöppel,
2009; Wutz and Melcher, 2014; VanRullen, 2016). Therefore, two
stimuli will be integrated or segregated over time, depending on
whether they fall within the same cycle or, in different oscillatory
cycles. In other words, this intrinsic rhythmic process may be
the means by which our brain could reach a balance between
temporal integration and segregation of the sensory flow.
Through temporal integration, sensory information is combined
to reach an accurate representation of objects that remain stable
over time. On the other hand, temporal segregation is needed
when rapid changes must be detected, allowing for higher

temporal resolution (i.e., higher sampling rate). However, most of
these studies have established correlational evidence for the role
of alpha activity, raising the question of whether this reflects a
causal (sampling) mechanism or is merely an epiphenomenon.

Several studies have employed tACS to explore the potential
causal involvement of alpha activity in the temporal resolution
of perception. Battaglini et al. administered multi-channel (mc)
tACS at 10 or 18Hz and sham (i.e., placebo stimulation)
over right V5/MT (electrode position PO8) (Figure 1A) to
test selective effects of alpha tACS on two-flash fusion
task performance.

Indeed, recent studies showed that (quasi) discrete temporal
windows of integration, as measured by a two-flash fusion
task, depend on the frequency (speed) (Samaha and Postle,
2015) and phase (Ronconi et al., 2017) of parieto-occipital EEG
alpha activity.

In their task, participants were shown two sequential flashes,
with an increase in the time interval between the flashes generally
leading to a switch in perception from one to two unique stimulus
events (Figure 1B).

Battaglini et al. (2020b) showed that participants tended to
integrate two subsequent flashes more often (i.e., they tended to
report just one flash) when 10Hz tACS (i.e., alpha tACS) was
applied, while 18Hz tACS (i.e., beta tACS) and sham had no
significant effect on the reported number of flashes. Also, the
effect of right 10Hz tACS was specifically found for stimuli in
the contralateral visual hemifield (i.e., left) (Figure 1C). This is
an important internal control as it excludes potential side effects
of tACS like subthreshold retinal stimulation or skin sensations
that would have been expected in both hemifields.

This study provided preliminary evidence of a causal role of
alpha activity in the temporal resolution of perception. However,
when comparing EEG recorded pre- and post-stimulation,
the authors did not find any alpha power difference. This
could indicate a lack of tACS effect or simply that the effect
was short-lived. Moreover, the reported effects were found
only when considering individual alpha frequency (IAF) as
a covariate in their analysis. One important limitation is the
application of a fixed stimulation frequency (i.e., 10Hz) for
all participants. Indeed, it has been shown that IAF (i.e., the
frequency corresponding to the maximum power value in the
EEG spectrum within the alpha band: Klimesch, 1999) may vary
considerably across participants (Haegens et al., 2014). Therefore,
a more sensitive approach would be to use each individual’s
alpha frequency (IAF) to select the tACS frequency (Zaehle et al.,
2010). This approach should not only increase the effectiveness
of stimulation (the entrainment is more likely to occur when the
exogenous and endogenous frequencies are similar, Thut et al.,
2011; Ali et al., 2013), but it would also provide new insights into
the relationship between the IAF and the temporal resolution
of perception, previously found to be associated (Samaha and
Postle, 2015; Ronconi et al., 2018).

A temporal binding study that took into account the IAF was
performed by Minami and Amano (2017). The authors used a
motion-induced spatial conflict task, where an illusory jitter is
perceived when placing moving borders defined by color contrast
near moving borders defined by luminance contrast (Arnold
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FIGURE 1 | Illustrative representation of the study and results by Battaglini et al. (2020b). (A) mc-tACS montage: the stimulation electrode (red) was placed on PO8,

the return electrodes (blue) were placed on Oz, P4, PO10, and TP8. (B) Schematic representation of one trial in the two-flash fusion task: two flashes were shown

either on the left [as depicted in (B)] or right hemifield with a variable inter-stimulus interval ranging from 20 to 80ms in steps of 10ms. Participants were asked to

report the number of perceived flashes. (C) Illustrative representation of the main results: the two-flash rate is shown as a function of the inter-stimulus interval

between the two flashes for the three stimulation conditions, separately for the left hemifield (upper panel) and right hemifield (lower panel): 10Hz tACS modulated the

number of reported flashes, but only in the contralateral hemifield to stimulation (i.e., left hemifield).

and Johnston, 2003). Participants were asked to judge whether
a physical jitter on the lower visual field (whose frequency
was randomly chosen among seven frequencies) was faster
compared to an illusory jitter presented on the upper visual
field (Figure 2B). First, they showed a correlation between the
perceived illusory jitter frequency and the inter- and intra-
participants variations of the individual peak alpha frequency
(IAF), but no significant correlations were found with alpha
power, beta frequency, or power, suggesting a specific role of
alpha frequency in perceiving the illusory jitter. Crucially, in the
same study, the authors showed that amplitude-modulated (AM)
tACS (Witkowski et al., 2016) applied over parieto-occipital
regions (electrode positions Pz and Oz) (Figure 2A) at IAF +

1Hz not only enhanced IAF but also the perceived frequency
of the illusory jitter. An opposite result was shown with tACS
at IAF – 1Hz (Figures 2C,D). It is noteworthy, however, that
tACS IAF manipulation as revealed by MEG co-registration was
effective only in 6 out of 12 participants. This finding suggests a
high variability of tACS effectiveness across participants, likely
due to impedance of the electrodes and/or skull thickness
(Minami and Amano, 2017), highlighting the importance of
inter-individual variations in assessing tACS efficacy. Still, the
significant correlation between tACS-induced IAF changes and
perceived jitter frequency strongly supports a causal role of alpha

activity in modulating the temporal aspects of visual perception.
In general, this study provided additional support for tACS as
a tool to manipulate alpha oscillations at individually tailored
frequencies, driving the endogenous oscillatory activity toward
the external stimulation frequency.

Some visual illusions induced by cross-modal interactions
can be used as a probe to investigate the temporal sampling
mechanisms of perception (Meredith et al., 1987; Slutsky and
Recanzone, 2001; Cecere et al., 2015). For example, Cecere et al.
(2015) explored a potential tACS modulation of the sound-
induced double-flash illusion. In this illusion, when two beeps
are shown together with one flash within 100ms, a second
illusory flash is usually perceived (Shams et al., 2000, 2002;
Hirst et al., 2020) (Figure 3B). The authors found a correlation
between the size of the temporal window of illusion and IAF,
a result that suggests that alpha frequency may play a role in
determining the temporal unit of integration. To directly test
this hypothesis, in a second experiment the authors tried to
modulate the size of the temporal window of illusion in opposite
directions by applying tACS at IAF + 2Hz and IAF – 2Hz
over the occipital cortex (electrode position Oz) (Figure 3A).
As expected, when compared to IAF tACS, the two frequencies
narrowed or broadened this window, respectively (Figure 3C).
This finding was proposed to reflect a direct IAF modulation
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FIGURE 2 | Illustrative representation of the study and results by Minami and Amano (2017). (A) tACS montage: the stimulation electrode (red) was placed on Oz, the

return electrode (blue) was placed on Pz. (B) Schematic representation of the motion-induced spatial conflict task: participants reported whether the illusory jitter

(upper visual field) was faster as compared to a physical jitter that could have 7 possible jitter frequencies (lower visual field). (C) Illustrative representation of the main

results: MEG power spectrum of one participant is shown in the three stimulation conditions: IAF in the no stimulation condition was modulated in opposite directions

according to tACS frequency (i.e., IAF −1Hz or IAF + 1Hz). (D) Psychometric function for the same participant in (C). Perceived illusory jitter frequency changed

depending on tACS stimulation frequency, congruently with IAF modulation.

toward the stimulation frequency. However, this conclusion
remains speculative, as no M/EEG signal was recorded during or
after tACS application.

These studies provide evidence that tACS modulates temporal
binding processes in the visual domain in a frequency-
dependent manner. They also suggest that tACS effectiveness
can be increased by custom tailoring the stimulation frequency
individually for each participant. However, other studies did
not show such modulation. Ronconi et al. (2020a) employed
mc-tACS over the right parietal cortex (electrode position
P4) (Figure 4A) at individually tailored alpha frequencies
(IAF± 2Hz) to test visual temporal segregation and integration.
Indeed, as previously reported, a better segregation performance
is expected with higher alpha frequencies (e.g., IAF + 2Hz),
while an improved integration should be associated with lower
alpha frequencies (e.g., IAF – 2Hz) (Ronconi and Melcher,
2017; Ronconi et al., 2018). They used an alternative version
of the missing-dot task (Eriksen and Collins, 1967), the SegInt
task, which measures temporal segregation and integration
performance (Wutz et al., 2016, 2018; Ronconi et al., 2018; Sharp
et al., 2019). In this task, two displays are shown in sequence,
separated by a blank interval. Both displays present seven black
annuli, one “odd element” composed by a half annulus, and
an empty location (Figure 4B). Participants were alternatively
asked to indicate the position of either the odd element or the

empty location, allowing to measure integration and segregation
performance with the same stimuli, but different instructions,
in separate blocks. Indeed, segregation of the two displays is
needed to perceive the odd element, while their integration is
required to perceive a unique empty location. Previous work
had employed sensory entrainment to modulate performance
in the SegInt task (Ronconi et al., 2018). In contrast, they
reported no modulation of alpha frequency by mc-tACS, as
measured with EEG immediately after parietal mc-tACS, nor
a variation of segregation and integration performance during
the stimulation (Figure 4C). Even if other studies succeeded
in showing modulation of temporal aspects of perception
with alpha tACS (Cecere et al., 2015; Minami and Amano,
2017; Battaglini et al., 2020b), the study by Ronconi et al.
highlights important limitations of tACS research that should
be addressed in future studies, namely, electrode montage and
electric current orientation, the selection of the stimulation
frequency and the differential effects of stimulation at the anodes
and cathodes. The consideration of all these aspects would
ideally involve computational models, electric field modeling,
and individualized dose-controlling in order to increase the
reproducibility of neurostimulation research (Wagner et al.,
2014; Bikson et al., 2018; Evans et al., 2020). This study
also attempted to investigate a possible phase-dependent alpha
tACS modulation of integration/segregation accuracy. Their
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FIGURE 3 | Illustrative representation of the study and results by Cecere et al. (2015). (A) tACS montage: the stimulation electrode (red) was placed on Oz, the return

electrode (blue) was placed on Cz. (B) Schematic representation of the flash-beep task: a flash was shown together with a first beep, followed by a second beep after

a variable time interval between 36 and 204ms (12ms steps). Participants were asked to report the number of perceived flashes. (C) Illustrative representation of the

main results: the average perceived illusion is shown as a function of inter-beep delay for the three stimulation conditions: the size of the temporal window of illusion

was modulated in opposite directions by higher (IAF + 2Hz; blue) or lower (IAF – 2Hz; yellow) tACS frequencies.

hypotheses were driven by evidence that, in addition to
frequency, the phase of endogenous oscillations has been shown
to play a modulatory role in perception (Busch et al., 2009;
Mathewson et al., 2009; Busch and VanRullen, 2010; Neuling
et al., 2012). Therefore, within a temporal binding task, two
subsequent stimuli are temporally bound together depending
on whether they are presented within preferential phase points
along the oscillatory cycle. If tACS is effectively able to induce
entrainment, then we would expect the endogenous activity
to be in-phase with the external current after entrainment
has occurred. This means that if the behavioral performance
oscillates periodically according to the phase of the ongoing cycle,
tACS stimulation should lead to a sinusoidal modulation of any
measure of task performance. Support for this view comes from
studies that showed a phase-dependent modulation of occipital
alpha tACS in target detection accuracy (Helfrich et al., 2014b)
and reaction times in three visual tasks (de Graaf et al., 2020). To
explore a possible phase-dependent tACS modulation, Ronconi
et al. (2020a) computed the exact phase point at the onset of
each trial and divided the tACS alpha cycle into eight bins. By
comparing performance across these phase bins, they were able
to explore whether a phase-specific modulation of performance
emerged from their data. Even if they found preliminary evidence
of a relation between integration accuracy and tACS phase, a
more stringent permutation test did not confirm the strength
of the effect (Figure 4D) (Ronconi et al., 2020a). In sum, even
if tACS was previously shown to shape detection accuracy in a
sinusoidal fashion (Helfrich et al., 2014b; de Graaf et al., 2020),

this study provides only partial evidence on whether tACS is able
to effectively modulate segregation/integration performance in a
phase-dependent manner.

Other Rhythms Involved in Temporal
Binding
So far, we mainly focused on studies that investigated the role of
alpha activity in shaping the temporal resolution of perception,
as this is one of the main rhythms that was first suggested by
electrophysiological studies (Busch and VanRullen, 2010; Milton
and Pleydell-Pearce, 2016; VanRullen, 2016; Ronconi et al., 2018).
However, it should be noted that other rhythms were found to
be associated with transient temporal windows of processing,
like the theta rhythm (Busch et al., 2009; Ronconi et al., 2017).
For example, Ronconi and Melcher found a phase-dependent
modulation of segregation/integration performance after sensory
entrainment in the alpha and theta frequency, suggesting a
role of both frequencies in segregating/integrating stimuli across
the temporal domain (Ronconi and Melcher, 2017). Given this
evidence, one may expect to find tACS studies that aimed to
modulate theta activity to investigate its potential causal role in
temporal binding. In principle, the same logic applied to alpha
frequency in previous studies may be applied to theta frequency
as well. However, even if several studies investigated the role
of theta activity in other cognitive domains with tACS (Polanía
et al., 2012; Pahor and Jaušovec, 2014; Vosskuhl et al., 2015;

Frontiers in Psychology | www.frontiersin.org 6 March 2021 | Volume 12 | Article 643677

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Ghiani et al. tACS and Perceptual Binding Mechanisms

FIGURE 4 | Illustrative representation of the study and results by Ronconi et al. (2020a). (A) mc-tACS montage: the stimulation electrode (red) was placed on P4, the

return electrodes (blue) were placed on C4, Pz, O2, and P8. (B) Schematic representation of the SegInt task: two displays were successively shown, separated by a

blank interval. Both displays presented seven full black annuli, an “odd element” (blue circle), with just half annulus in each display and an empty location (yellow circle)

in both displays. Participants were asked to indicate either the position of the odd element (segregation) or the empty location (integration). (C) The proportion of

correct responses in integration and segregation trials was not significantly different between IAF – 2Hz tACS and IAF + 2Hz tACS. (D) Temporal integration and

segregation accuracy as a function of tACS phase bin. The best fitting sinusoidal function was not significant, suggesting that in this study, tACS was not able to

reliably modulate segregation and integration processes in a sinusoidal fashion.

Chander et al., 2016; Wischnewski et al., 2016), to the best of
our knowledge, there are currently no tACS studies focusing
on the causal relationship between theta activity and temporal
binding windows.

Temporal integration/segregation processes have also been
related to the attentional blink (Shapiro et al., 1997; Giesbrecht
et al., 2004; Kim and Blake, 2005). The attentional blink (AB)
occurs when a second target (T2) embedded in a rapid serial
visual presentation is missed when following a first target (T1)
within a time interval between 200 and 500ms (Raymond et al.,
1992). Interestingly, T2 detection performance is often spared
when it appears at the so-called Lag 1 position (i.e., right after
T1). Several theories tried to explain the phenomenon of Lag1
sparing. The theory proposed by Akyürek and Hommel (2005)
claims that performance at Lag 1 during an AB task may be
accounted for by temporal integration of T1 and T2 into a single
percept, meaning that performance at Lag1 may be considered
as a measure of temporal integration. Additionally, EEG studies
showed that correct T2 detection was associated with an increase
in beta-band coherence and decrease in alpha-band coherence
between frontal and parietal regions (Kranczioch et al., 2007;
Janson and Kranczioch, 2011) or with variations in pre-stimulus
alpha power (MacLean and Arnell, 2011; Ronconi et al., 2016a),

meaning that within an AB task, the conscious perception of
subsequent rapid stimuli likely depends on alpha and beta
oscillations (Shapiro et al., 2017). A potential tACS modulation
of T2 detection performance at Lag 1 would add support to a
causal role of fronto-parietal beta and alpha synchronization in
resolving correct segregation of T1 and T2 in an AB task. To
this aim, Yaple and Vakhrushev (2018) employed a standardized
AB paradigm (Shapiro et al., 1994) and applied 10Hz (i.e., alpha)
or 20Hz (i.e., beta) tACS targeting both right parietal (electrode
position P4) and left frontal (electrode position F3) cortices
either with an in-phase or out-of-phase stimulation. Given
the oscillatory correlates related to a successful T2 detection
(Kranczioch et al., 2007), they expected to observe an increase
in T2 detection accuracy during an in-phase beta stimulation
and out-of-phase alpha stimulation. As expected, they found an
increased performance at Lag 1. Surprisingly, they also found an
improved T2 detection after out-of-phase 20Hz tACS and no
effect after alpha stimulation. Critically, however, they reported
a non-significant interaction between stimulation condition and
Lag, meaning that different tACS stimulations do not differently
affect task performance according to the Lag levels (e.g., Lag 1),
as we would have expected considering performance at Lag 1 as
an index of temporal integration.
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Temporal Binding: Summary
To summarize, in this section we described studies investigating
the relationship between temporal binding processes and
oscillatory activity with tACS (see Table 1 for a summary of
these studies). Overall, the findings summarized above support
a causal role of brain oscillations in shaping the temporal
resolution of perception. There is mounting evidence that tACS
is able to selectively modulate EEG alpha activity, a rhythm
previously shown to correlate with temporal binding processes.
In particular, there is increasing evidence in favor of a selective
tACS modulation of alpha frequency when applied to occipital
areas at faster or slower frequencies compared to the individual
alpha frequency (Cecere et al., 2015; Minami and Amano,
2017). This is in line with previous electrophysiological research
showing a link between temporal binding and IAF (Samaha
and Postle, 2015; Ronconi et al., 2018). However, a recent study
which applied alpha tACS at a fixed stimulation frequency (i.e.,
10Hz) still found an effect on participants’ temporal binding
performance (Battaglini et al., 2020b). This may be due to the
proximity between the target tACS frequency (10Hz) and the
average endogenous alpha frequency. In fact, as reported in this
study, the average IAF was very close to 10Hz and the majority
of the computed IAFs fell within 10Hz ± 1. Moreover, the
stimulation effect was significant only when considering IAF as
a covariate, meaning that tACS effect depended on IAF values, as
shown by previous studies.

In line with the electrophysiological literature (for reviews
see VanRullen, 2016; White, 2018), some studies also showed
a phase-dependent modulation of accuracy and reaction times
induced by occipital tACS in detection tasks (Helfrich et al.,
2014b; de Graaf et al., 2020). Nonetheless, it should be noted
that other studies using parietal tACS did not convincingly
find consistent evidence in a task that directly measured
both integration and segregation performance (Ronconi et al.,
2020a). This study addressed possible issues concerning tACS
effectiveness such as the choice of the stimulation montage
and current distribution modeling that should be investigated
more deeply in future studies to increase tACS efficacy in the
exploration of visual temporal binding. Finally, another aspect
that is worth mentioning is that no tACS studies to date
explored the role of theta activity in temporal binding processes.
Considering the increasing number of M/EEG studies showing
a role of this rhythm in the temporal dimension of perception
(Busch et al., 2009; Wutz et al., 2016; Ronconi et al., 2017)
and the fact that theta tACS was successfully applied in the
investigation of other cognitive domains (Polanía et al., 2012;
Pahor and Jaušovec, 2014; Vosskuhl et al., 2015; Chander et al.,
2016; Wischnewski et al., 2016), future research should be guided
by such correlational evidence and begin to explore the role
of multiple oscillatory rhythms in shaping perception in the
temporal domain.

SPATIAL BINDING

Extensive literature shows that, as for temporal binding, brain
oscillations are related to binding processes within the spatial

domain as well (Hanslmayr et al., 2013; Costa et al., 2017).
In order to solve the “binding problem” (e.g., which features
belong to which object) our visual system must dictate a
meaningful structure that emerges from grouping together
elements belonging to the same object or spatial location
(Treisman, 1998). Even within a sensory modality (e.g., vision),
there are specialized areas for the processing of particular features
(e.g., color, shape, size, motion: Livingstone and Hubel, 1988).
This poses the problem of how object features are integrated
together and segregated from features belonging to other objects
(Varela et al., 2001; Robertson, 2003). One potential mechanism
is the temporal binding hypothesis (Singer and Gray, 1995),
according to which features that are integrated together are
encoded by synchronous neural activity. Several findings support
this view by showing synchronous neural activity among distant
neural networks during bindings within the visual system (Rose
and Büchel, 2005; Hipp et al., 2011). However, other studies
did not find any relationship between synchrony and perceptual
grouping (Thiele and Stoner, 2003; Palanca and DeAngelis,
2005). Later, Roelfsema proposed another possible account,
the incremental grouping theory, where neurons encoding the
features of one object increase their firing rate compared to
neurons encoding the features of another object (Roelfsema et al.,
2004; Roelfsema, 2006). Irrespective of the framework, there are
computational and theoretical reasons to suggest that spatial
grouping is likely achieved by an interplay between feedforward
and feedback activity within the visual system (Roelfsema, 2006;
Jehee et al., 2007). While the feedforward connections would
promote the representation of visual features within a spatial map
(Tootell et al., 1998), feedback activity from higher-level regions
would promote the selection of targets according to their spatial
location (Foxe and Snyder, 2011).

It has been suggested that, in order to solve a contour
integration problem, information is bidirectionally exchanged
between occipital and parietal regions, namely, between left LO1
and right intraparietal sulcus (Hanslmayr et al., 2013).While LO1
would preferentially respond to orientation (Larsson and Heeger,
2006) and collinearity (Altmann et al., 2003; Kourtzi et al., 2003)
of local elements, synchronization of this region with the parietal
cortex would provide a spatial reference by enhancing LO1
neurons firing rates in the relevant locations through incremental
grouping (Roelfsema, 2006), promoting the integration of local
elements across space. Theta prestimulus phase has been shown
to predict this kind of visual perceptual binding, suggesting that
theta rhythm may transiently regulate gating of information
within a contour integration task, likely by opening timewindows
for information exchange between low-level occipital regions
and high-level parietal regions (Hanslmayr et al., 2013). Indeed,
functional connectivity between left occipital and right parietal
regions in Hanslmayr et al. (2013) was modulated according to
the phase of ongoing theta oscillations, such that no significant
connectivity between parietal and lateral occipital areas was
evident at a certain angle of EEG theta phase (i.e., least optimal
phase angle), while strong connectivity was shown at opposite
phases (i.e., optimal phase angle). Starting from this correlational
evidence, Stonkus et al. tested a causal role of these theta
oscillations in a similar contour integration task (Stonkus et al.,
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TABLE 1 | Summary of tACS studies investigating the causal role of brain oscillations in binding mechanisms.

References tACS Electrodes position Stimulation parameters M/EEG

registration

Experimental

Paradigm

Behavioral outcome M/EEG outcome

Temporal

binding

Battaglini et al.

(2020b)

mc-tACS StarStim8,

NIC

No phosphenes

reported

1 × 4 channels: PO8

(anode)-Oz, P4, PO10, TP8

(cathodes) in 10–10 system. For

all electrodes: 2 cm diameter

Target frequency: 10Hz

Active control: 18Hz

Sham: present

Intensity/duration: 1.6mA for

45min

EEG pre- and

post-tACS

Two-flash

fusion task

10Hz tACS reduced the

temporal resolution of perception

10Hz tACS did

not selectively

increase alpha

power after

stimulation

Minami and

Amano (2017)

AM-tACS,

NeuroConn

No phosphenes

reported

Pz-Oz (5 × 7 cm2 ) in 10–20

system

Target frequency: IAF ± 1Hz

Active control: none

Sham: present

Intensity/duration: 2mA for 56 s

per block

MEG pre- and

during tACS

Motion-

induced spatial

conflict

IAF + 1Hz and IAF – 1Hz

modulated the perceived jitter

frequency

AM-tACS

successfully

manipulated PAF

Cecere et al.

(2015)

Standard tACS

Magstim, UK

Intensity decreased

until no phosphenes

were reported

Oz (anode,9 cm2 )-Cz (cathode,

35 cm2 ) in 10–20 system

Target frequency: IAF ± 2Hz

Active control: IAF

Sham: absent

Intensity/duration: 2mA for

10min

EEG pre-tACS Flash-beep

task (sound-

induced

double flash

illusion)

Compared to IAF tACS,

IAF+2Hz tACS (IAF– 2Hz)

narrowed (broadened) the

temporal window of the sound

induced double flash illusion

No M/EEG during

or after stimulation

Ronconi et al.

(2020a)

mc-tACS

StarStim 8, NIC

No phosphenes

reported

1 × 4 channels: P4 (anode)-C4,

Pz, O2, P8 (cathode) in 10–10

system. For all electrodes: 2 cm

diameter

Target frequency: IAF ± 2Hz

Active control: none

Sham: absent

Intensity/duration: 2mA for

40min

EEG pre- and

post-tACS

Segregation/

integration

task

IAF ± 2Hz mc-tACS did not

modulate integration/segregation

performance, as expected

IAF ± 2Hz

mc-tACS did not

modulate

endogenous IAF

Spatial binding Stonkus et al.

(2016)

4 channel DC

Stimulator,

NeuroConn

PO7, CP6 (anodes, diameter

3.7 cm)—POz (cathode,

diameter 3.7 cm) in 10–20

system

Target frequency: 7Hz (in-phase

or out-of-phase)

Active control: none

Sham: present

Intensity/duration: 2mA for

1,000–1,800ms pre-stimulus

EEG

post-tACS

Contour

integration

task

In-phase stimulation improved

contour detection performance.

However, anti-phase stimulation

did not show any effect

Prestimulus tACS

caused

entrainment

echoes

Battaglini et al.

(2020a)

mc-tACS

StarStim8, NIC

No phosphenes

reported

1 × 4 channels: P4 (anode)-C4,

Pz, O2, P8 (cathodes) in 10–10

system. For all electrodes: 2 cm

diameter

Target frequency: 18Hz

Active control: 10Hz

Sham: present

Intensity/duration: 1.6mA for

45min

EEG pre- and

post-tACS

Letter

orientation

discrimination

task

18Hz tACS improved

performance in a crowded

condition No tACS phase

modulation was found

18Hz tACS

selectively

increased beta

power after

stimulation

Feature binding Zhang et al.

(2019)

DC stimulator,

NeuroConn

intensity was

decreased until no

phosphenes were

reported

Main experiment: PO3

(anode)-Cz (cathode) Control:

PO4 (anode) -Cz (cathode) (all

electrodes: 35 cm2 ) in 10–20

system

Target frequency: IAF (exp 1); IAF

± 2Hz (exp 2)

Active control: IAF (exp 2)

Sham: present (exp 1-2)

Intensity/duration: 2mA for

18min

EEG pre-tACS Bistable

color-motion

binding task

IAF tACS reduced the time

proportion of active (illusory)

binding. IAF+2Hz and IAF – 2Hz

tACS selectively enhanced and

reduced perceptual switch rate

No M/EEG during

or after stimulation

Spatio-temporal

Binding

Strüber et al.

(2014)

DC stimulator,

NeuroConn

No phosphenes

reported

Experiment 1–2 (out-of-phase):

P7-PO7 (5 x 7 cm) and P8-PO8

(5 × 7 cm) in 10–10 system

Experiment 3 (in-phase):

dual-channel O1 (anode)-C3

(cathode), O2 (anode)-C4

(cathode)

Target frequency: 40Hz

(in-phase or out-of-phase)

Active control: 6Hz (in-phase or

out-of-phase)

Sham: present

Intensity/duration: individually

adjusted intensity (in mA) for

15min

EEG pre- and

post-tACS

Stroboscopic

alternative

motion

paradigm

Anti-phase 40Hz tACS

decreased the proportion of

perceived horizontal motion

Anti-phase 40Hz

tACS increased

interhemispheric

gamma coherence

(Continued)
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TABLE 1 | Continued

References tACS Electrodes position Stimulation parameters M/EEG

registration

Experimental

Paradigm

Behavioral outcome M/EEG outcome

Helfrich et al.

(2014a)

mc-tACS, DC

stimulator Plus

NeuroConn

No phosphenes

reported

1 × 4 channel tACS on left and

right extra-striate visual cortex

Target frequency: 40Hz

(in-phase or out-of-phase)

Active control: none

Sham: present

Intensity/duration: 1mA for

20min

EEG pre-

during and

post-tACS

Stroboscopic

alternative

motion

paradigm

40Hz in-phase (out-of-phase)

stimulation promoted the

perception of the horizontal

motion (vertical motion)

In-phase and

out-of-phase

40Hz tACS

modulated gamma

interhemispheric

synchrony, but not

gamma power.

40Hz tACS

decreased alpha

power

Kar and

Krekelberg

(2014)

Standard tACS

STG4002

PO7-PO3 (anode)-Cz (cathode)

in 10–20 system. For all

electrodes: 7.60 cm diameter

Target frequency: 10Hz

Active control: none

Sham: absent

Intensity/duration: 1.0mA for

40 s or 4 s

No M/EEG Motion

discrimination

task

10Hz tACS improved motion

discrimination sensitivity likely by

reducing motion adaptation

No M/EEG during

or after stimulation

Cabral-Calderin

et al. (2015)

DC stimulator Plus,

NeuroConn

Oz (anode, 16 cm2)-Cz (cathode,

35 cm2 ) in 10-20 system

Target frequency: 10Hz; 60Hz;

80Hz

Active control: none

Sham: present

Intensity/duration: 1.5mA for

5min

No M/EEG Structure-

from-Motion

stimulus

60Hz tACS, but not 10Hz tACS,

increased the perceptual switch

rate, promoting perceptual

reorganization during ambiguous

stimulation

No M/EEG during

or after stimulation

The reported tACS amplitude in Stimulation parameters is peak-to-peak. AM, amplitude-modulated; mc,multi-channels; tACS, transcranial alternating current stimulation; IAF, individual alpha frequency; mA,milliAmpere;µA,microAmpere;

PAF, peak alpha frequency.
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2016). In order to investigate the causal role of pre-stimulus theta
frequency, tACS was applied only during the pre-stimulus period
(i.e., fixation). Participants asked to indicate whether a contour
formed by aligned oriented Gabor stimuli was shown among
other randomly oriented Gabor patches. Electrodes were placed
to optimally stimulate the left middle occipital cortex (electrode
position PO7) and the right inferior parietal lobule (electrode
position CP6). The two key stimulation conditions were the
in-phase and out-of-phase 7Hz (i.e., theta) tACS delivered to
these two regions. Results showed that participants were more
accurate in integrating and detecting the contour when in-phase
stimulation was delivered. However, out-of-phase stimulation
did not impair performance, as it would have been expected if
the putative oscillatory correlate was causally involved in contour
integration. Critically, they reported a 7Hz tACS phase effect on
performance by showing a sinusoidal modulation in the in-phase
condition.Moreover, to test possible neurophysiological effects of
prestimulus tACS, post-stimulation EEG activity phase-locked to
tACS offset was recorded, showing the presence of entrainment
echoes (i.e., short-lived oscillatory aftereffects phase-locked to
the offset of the rhythmical stimulation). This adds support to
the idea that tACS can entrain neural oscillations in a time-
sensitive manner (Stonkus et al., 2016). Even if the same authors
recommended caution in the interpretation of these results
due to some methodological limitations (e.g., tACS was not
continuous, but applied only for a brief period before stimulus
presentation, fixed stimulation frequency, no effect of out-of-
phase stimulation, massive contamination of the EEG signal),
these findings partially support the causal role of theta activity
in contour integration and importantly, they provide additional
evidence for the use of tACS as a tool to shape brain oscillations
relevant in binding processes even when applied in a brief pre-
stimulus interval.

Another study, Battaglini et al. (2020a), investigated the
relationship between brain oscillations and spatial integration
in conditions of visual crowding, where the detectability of
a target is impaired by the presence of flanking elements.
Previous studies showed a relationship between beta-band
activity and task performance in visual crowding, such that
higher beta amplitude correlates to increased performance within
a crowding regime (Ronconi et al., 2016b; Ronconi and Bellacosa
Marotti, 2017). In order to test the causal role of beta activity
in resolving correct target feature integration in a crowded
condition, Battaglini and colleagues (Battaglini et al., 2020a)
applied sham, 10Hz (i.e., alpha) tACS, and 18Hz (i.e., beta) tACS
over the right parietal cortex (electrode position P4) (Figure 5A).
They used a letter orientation discrimination task varying the
critical space between the target (T letter) and two vertically
positioned flankers (H letters) (Figure 5B). Participants were
instructed to report the T orientation presented in each trial.
Results showed improved performance during beta tACS as
compared to alpha tACS and sham (Figure 5C). This finding
was explained in terms of a selective role of beta oscillations in
facilitating dorsal-to-ventral feedback which has been suggested
to promote a switch from global (crowded) to local (uncrowded)
visual processing by activating appropriate integrative filters for
detail-oriented visual processing (Hochstein and Ahissar, 2002;

Jehee et al., 2007). This study also explored a possible tACS
phase modulation of performance. As described previously, a
sinusoidal modulation of task performance should be expected
if we assume entrainment to be generated by tACS stimulation.
Even if Battaglini et al. (2020a) found a selective enhancement
of EEG beta power after beta tACS (i.e., tACS was effective
in modulating beta power after stimulation), they reported no
sinusoidal modulation of task performance, as it would have
expected by genuine entrainment. Thus, even though alpha
and theta tACS have been shown to modulate performance
depending on the specific stimulation phase (Helfrich et al.,
2014b; Stonkus et al., 2016, de Graaf et al., 2020), there is no
evidence at present that the logic of “duty cycle” applied to lower
oscillatory bands activity (e.g., theta and alpha) could be also valid
for higher oscillations (e.g., beta oscillations) (Samaha et al., 2017;
Battaglini et al., 2020a).

FEATURE BINDING

Oscillatory activity has been also related to feature binding,
and neural oscillations are suggested to promote effective
communication across different brain areas, allowing the
integration of visual features together (Singer and Gray, 1995).
Some studies explored the role of gamma oscillations in feature
binding (Singer and Gray, 1995; Tallon-Baudry and Bertrand,
1999), which are usually thought to represent local neural
processes (Arieli et al., 1995). Zhang et al. (2019) focused
instead on the role of alpha activity, starting from evidence
that some feature binding problems need the recruitment of
several distant brain areas (Koivisto and Silvanto, 2012; Zhang
et al., 2014). They used a bistable feature binding stimulus
designed by Wu et al. (2004), formed by two groups of dots,
onemoving downwards and the other upwards. Differentmoving
directions corresponded to different colors (either green or red).
The stimulus was divided into a central part (i.e., the induction
part) and a right peripheral part (i.e., the effect part) where color
and motion were presented in opposite directions (e.g., green
downwards moving dots in the central part correspond to green
upwards moving dots in the right peripheral part of the stimulus
and vice versa). This ambiguous stimulus created two possible
color-motion binding percepts that could switch between a
“physical” binding—where color and motion of the dots are
bound together according to their physical appearance, as
previously described—or an “active” (illusory) binding—where
color and motion of the dots are erroneously bound together,
such that same-colored dots in the central and peripheral
parts are perceived moving in the same direction (Figure 6B).
Zhang et al. first investigated the relationship between color-
motion binding and EEG alpha activity. They first showed a
negative correlation between individual alpha power (IAP) and
the reported time of active binding perception (Figure 6C, left
panel). Starting from this evidence, the authors applied IAF tACS
to the left posterior area (electrode position PO3) (Figure 6A),
hypothesizing an effect on the active binding time. Indeed,
compared to a sham condition, IAF tACS caused a decreased
time proportion of the active binding, likely by enhancing IAP,
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FIGURE 5 | Illustrative representation of the study and results by Battaglini et al. (2020a). (A) mc-tACS montage: the stimulation electrode (red) was placed on P4, the

return electrodes (blue) were placed on C4, Pz, O2, and P8. (B) Schematic representation of one trial in the letter orientation discrimination task. H letters (i.e.,

flankers) could have 7 possible distances from the T letter (i.e., target), creating different levels of visual crowding. Participants were asked to indicate the T orientation

in each trial. (C) Illustrative representation of the main results: the proportion of correct responses is shown as a function of the target-flankers distance for the three

stimulation conditions, separately for the left hemifield (upper panel) and right hemifield (lower panel): 18Hz tACS (yellow) increased participants performance, but only

in the contralateral hemifield to stimulation (i.e., left hemifield).

in line with previous research (Figure 6C, right panel) (Zaehle
et al., 2010; Helfrich et al., 2014b). Moreover, this effect was
specific to the stimulation site (i.e., PO3), since tACS over the
right parietal area (electrode position PO4) showed no significant
differences compared to sham. Authors also found a positive
correlation between the individual alpha frequency (IAF) and the
perceptual switch rate, meaning that the higher the IAF, the more
frequent was the reported switch rate between the two bistable
percepts (Figure 6D, Left panel). As previous studies showed
(Cecere et al., 2015; Minami and Amano, 2017), tACS may
drive the endogenous oscillatory activity toward lower or higher
frequency values than IAF, consequently modulating perceptual
performance in different directions (e.g., IAF + 2Hz or IAF –
2Hz). Following this logic, in a second experiment, Zhang and
colleagues applied tACS at IAF+ 2Hz and IAF – 2Hz to explore
whether the manipulation of alpha frequency could modulate the
perceptual switch rate of the bistable stimulus (note, however,
that the manipulation of alpha frequency can be only assumed
as no EEG activity was recorded during or after tACS). They
found that a higher stimulation frequency (i.e., IAF + 2Hz) was
related to a greater perceptual switch rate, likely by reducing the
perceptual window of physical and/or active binding (Figure 6D,
right panel). Altogether, these results support a causal role of
alpha oscillations in feature binding that may be accounted for

by their association with interareal interactions and long-range
neural communications that have been shown to be crucial in
some types of feature bindings (like the active binding in the
study by Zhang et al.) (Von Stein and Sarnthein, 2000; van Driel
et al., 2014).

Overall, the studies summarized above provide suggestive
evidence of the causal role of brain oscillations in spatial and
feature binding (see Table 1 for a summary of these studies).
tACS has been proven effective in manipulating oscillatory
activity which has been correlated to contour integration
(Stonkus et al., 2016), perceptual segregation within crowded
visual scenes (Battaglini et al., 2020a), and feature binding
(Zhang et al., 2019). In particular, Stonkus et al. (2016) provided
preliminary evidence of the causal role of theta oscillations
in contour binding by applying in-phase tACS over occipital
and parietal regions right before stimulus presentation. Beta
activity seems to be causally involved in resolving correct target
segregation in a crowded condition (Battaglini et al., 2020a),
possibly by promoting a switch from global (crowded) to local
(uncrowded) processing. Finally, some forms of feature binding
may be mediated by long-range interareal communication,
likely mediated and causally supported by alpha activity, as
shown by Zhang et al. (2019). Even if these studies highlighted
some potential limitations (e.g., partial results, no tACS phase
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FIGURE 6 | Illustrative representation of the study and results by Zhang et al. (2019). (A) tACS montage: the stimulation electrode (red) was placed on PO3, the return

electrode (blue) was placed on Cz in the main experiment. (B) Illustrative representation of the bistable feature binding stimulus. The visual stimulus was formed by red

or green dots that moved either downwards or upwards (as indicated by the gray dotted arrow). The stimulus was divided into an induction part and an effect part,

where color and motion were presented in opposite directions (left panel). The stimulus could be either perceived as its physical appearance (central panel) or as

active binding, where same-colored dots are perceived moving in the same direction in the induction and effect part (right panel). (C,D) Illustrative representation of the

main results. (C) IAP negatively correlated with the reported active binding time, as shown by EEG results (left panel). IAF tACS significantly reduced the reported

active binding time compared to sham, likely by enhancing the alpha power (right panel). (D) IAF positively correlated with the perceptual switch rate, as shown by

EEG results (right panel). tACS at higher IAF frequencies (e.g., IAF + 2Hz) increased the perceptual switch rate, likely reducing the perceptual window of physical

and/or active binding (right panel). *means that a significant difference was reported.

manipulation, fixed stimulation frequency), it is worth noting
that only recently tACS started to be used as a tool to manipulate
complex aspects of visual and cognitive processes.

SPATIO-TEMPORAL BINDING

So far, we looked at the binding process separately within
the spatial and temporal domain. However, many experimental
paradigms are difficult to classify into one of these two general
categories. The stroboscopic alternative motion (SAM) seems
a particularly good example of such paradigms. The SAM is a
type of bistable perception where two pairs of LEDs moving on
opposite diagonals of a square could be integrated and perceived
differently, giving rise to distinct phenomenological experiences,
namely a horizontal or vertical apparent motion (Glaser and
Chaudhuri, 1991, Strüber et al., 2014) (Figure 7B). Critically,
the switch between the two percepts has been suggested to
depend on the level of interhemispheric gamma-band coherence.
In particular, higher interhemispheric gamma-band coherence
would be required for the stimulus to be integrated into a
horizontal motion as compared to a vertical motion (Rose
and Büchel, 2005). In this case, gamma synchronization would
play a role in the resolution of the binding problem during
ambiguous stimulation (Engel and Singer, 2001; Engel et al.,

2001; Doesburg et al., 2005). Some studies further explored
the potential causal role of this oscillatory correlate. Strüber
et al. used a classic SAM paradigm in order to assess the
role of interhemispheric gamma-band coherence in ambiguous
motion perception (Strüber et al., 2014). They applied 6 or
40Hz tACS over parietal-occipital regions, targeting the human
motion complex (hMT) (electrodes position P7-PO7 and P8-
PO8; experiment 1 and 2), or over occipital regions (electrodes
position: O1 and O2; experiment 3). tACS over one hemisphere
was either out-of-phase (experiment 1 and 2) or in-phase
(experiment 3) compared to tACS over the opposite hemisphere.
Through this montage, they aimed to, respectively, disrupt or
enhance interhemispheric coupling during the task. They found
a specific effect of out-of-phase 40Hz tACS stimulation in biasing
bistable apparent motion causing an increased interhemispheric
gamma coherence between pre- and post-stimulation, coupled
with a decreased proportion of perceived horizontal motion
(i.e., an increased proportion of perceived vertical motion).
Even if the out-of-phase stimulation was expected to cause
a decreased interhemispheric gamma synchronization, this
finding still supports the involvement of interhemispheric
gamma-band coherence in bistable motion perception and
importantly, it shows that tACS modulates interhemispheric
synchronized oscillatory activity in a frequency-specific manner.
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FIGURE 7 | Illustrative representation of the study and results by Helfrich et al. (2014a). (A) mc-tACS montage: in the in-phase condition (left panel) electrodes were

positioned to optimally stimulate right and left occipital-parietal regions. In the out-of-phase condition (right panel) electrodes were positioned according to Strüber

et al. (2014), covering positions P7-PO7 and P8-PO8. (B) Schematic representation of the stroboscopic alternative motion (SAM) task: participants could alternatively

perceive either a horizontal or vertical percept. (C,D) Illustrative representation of the main results. (C) In-phase (out-of-phase) interhemispheric gamma tACS

effectively increased (decreased) interhemispheric gamma-band coherence. (D) The motion ratio (i.e., timehorizonal/timetotal ) is a measure of the mean duration of

horizontal motion perception. During 40Hz tACS, in-phase stimulation significantly increased the perceived motion ratio compared to sham or post-stimulation.

*means that a significant difference was reported.

A subsequent study (Helfrich et al., 2014a) adopted a similar
setup, while using mc-tACS, that allowed for a more focused
stimulation by employing 5 Ag/AgCl electrodes (Dmochowski
et al., 2011; Kuo et al., 2013). In the out-of-phase condition,
electrodes were placed on the same regions of experiment 1
and 2 in the study by Strüber et al. (2014) (i.e., parietal-
occipital regions, optimally targeting hMT), while in the in-
phase stimulation they opted for a more lateral stimulation,
targeting the extrastriate visual cortex (Figure 7A). Through
EEG co-registration, they first confirmed previous findings that
tACS modulates interhemispheric oscillatory coupling within
the gamma band. Importantly, they corroborated the results
by Strüber et al. of an out-of-phase 40Hz tACS effect biasing
the proportion of vertical motion percepts. Moreover, in line
with the literature, they also showed that in-phase stimulation
promoted the perception of horizontal motion, likely by
increasing gamma interhemispheric synchrony (Figures 7C,D).
However, no gamma power changes were reported. Instead,
a prominent alpha power reduction during 40Hz tACS was
observed over lateral parieto-occipital regions. The increased
gamma synchronization coupled with a decreased alpha power
found in this study is in line with the hypothesis of an

antagonistic role of alpha and gamma oscillations in the parieto-
occipital region (Jensen et al., 2012). Further analyses showed
that this result is likely due to a cross-frequency coupling (CFC),
which would be influenced by the external 40Hz stimulation
(Helfrich et al., 2014a).

Both studies (Helfrich et al., 2014a; Strüber et al., 2014)
successfully demonstrated that tACS is effective in shaping
interhemispheric synchrony, as shown by their EEG results.
However, while Strüber et al. did not find any effect during the
in-phase stimulation, Helfrich et al. found a different behavioral
effect on the perceived motion after both out-of-phase and in-
phase tACS, in line with the literature (Rose and Büchel, 2005).
Helfrich et al. (2014a) suggest that the negative finding of Strüber
et al. is likely due to a different current distribution in the in-
phase condition between the two studies. By investigating the
electric field simulation, it is evident that while in both studies the
out-of-phase stimulation targeted extrastriate regions (leading
to the expected behavioral results), the in-phase stimulation
engaged different regions: extrastriate areas in Helfrich et al.
(2014a) and the occipital poles in Strüber et al. (2014). This may
explain the absence of a behavioral effect in the latter study and
highlights the importance of carefully evaluating the electric field
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distribution and electrode positioning in order to increase tACS
effectiveness and reproducibility.

Another study investigated the role of gamma oscillations in
bistable perception, employing a structure-from-motion stimulus
(Cabral-Calderin et al., 2015). This stimulus is formed by
two fields of moving dots that are integrated into a rotating
sphere that could be alternatively perceived moving rightwards
or leftwards, creating an ambiguous stimulation. It has been
suggested that the switch from one percept to the other is
likely dependent on synchronous oscillatory activity between
frontoparietal and extrastriate regions (Sterzer et al., 2002;
Sandberg et al., 2014). In particular, several studies showed
that perceptual switches are linked to decreased alpha activity
(Strüber and Herrmann, 2002; Mathes et al., 2010) and an
increased gamma power and synchrony, such that destabilization
of one percept may be mediated by alpha oscillations, while
gamma activity would resolve the binding of the ambiguous
stimulation into the new percept (Strüber et al., 2000; Doesburg
et al., 2005). Cabral-Calderin et al. (2015) tested a causal role
of these oscillatory correlates in perceptual switches by using
60, 80Hz tACS (i.e., low or high gamma tACS) and 10Hz
tACS (i.e., alpha tACS) over the occipital cortex (electrode
position Oz). They showed that spontaneous perceptual switches
were increased by 60Hz tACS (i.e., low gamma tACS). The
authors speculate that gamma tACS may disturb motion-related
visual regions, disrupting the emergence of a coherent motion
percept that would trigger parietal regions to reinterpret the
stimulus, leading to increased perceptual reversals. However,
as no EEG results were reported, we cannot be sure of an
effective modulation of gamma activity after 60Hz tACS. Finally,
even if correlational studies showed a possible role of alpha
activity in perceptual switch rates (Strüber and Herrmann,
2002; Mathes et al., 2010), this study found a causal link of
low gamma activity only, highlighting the advantage of tACS
in identifying brain oscillations that are causally relevant for
binding processes during ambiguous stimulation. However, it
should be noted that the lack of evidence of a role of alpha
activity may be also due to methodological limitations (e.g., fixed
stimulation frequency) and it does not rule out the possibility of
a causal role of the alpha rhythm in binding mechanisms under
ambiguous stimulation.

Kar and Krekelberg showed that alpha activity may be
causally related to motion perception. In that study, spatio-
temporal binding was measured with a motion discrimination
sensitivity task, in which participants were asked to report
the motion direction of a group of moving dots (random dot
kinematogram; RDK) (Kar and Krekelberg, 2014). The authors
showed that 10Hz tACS applied over hMT (electrode position
covering PO7-PO3) contralateral to the stimulus improved
motion discrimination performance. In a second experiment,
the authors tested the tACS effect on the motion aftereffect
(i.e., the illusion of motion in the opposite direction of a
moving adapter when presenting a stationary or random-
moving stimulus) by applying the stimulation before the test
stimulus, when participants were shown with an adapter (i.e.,
a RDK with dots moving upwards with 100% coherence).
Results showed a reduction of motion aftereffect when 10Hz

tACS was applied contralaterally during adaptation. Together
with additional experiments that found no tACS effects when
stimulation was applied in a prestimulus period or right after
adaptation, this is consistent with the idea that improvement of
motion sensitivity during 10Hz tACS is likely due to its effect on
motion adaptation.

Overall, the studies here described are in line with the idea
of a causal role of gamma activity in integrating ambiguous
visual information in the perceived stimulus and in the switch
from one percept to the other. Notably, they provided evidence
of tACS as a promising technique not only to modulate the
power or frequency of brain oscillations but also to selectively
interfere with interhemispheric synchronization, relevant for
various binding processes, as previously shown (Rose and
Büchel, 2005; Costa et al., 2017). The alpha rhythm may
be also implicated in spatio-temporal binding, as highlighted
by the effect of 10Hz tACS on motion adaptation (Kar and
Krekelberg, 2014). Interestingly, gamma (i.e., 40Hz) tACS during
a spatio-temporal binding task was shown to affect gamma
synchronization as well as alpha power, suggesting a possible
role of alpha-gamma CFC in resolving binding across both
space and time.

CLINICAL IMPLICATIONS OF
tACS-INDUCED CHANGES IN
PERCEPTION

Reproducible and predictable tACS effects on binding processes
in healthy populations may lie the foundation for a possible
application of this technique as a rehabilitation tool with
clinical populations where these processes and their oscillatory
correlates were shown to be altered. Several conditions, like
autism spectrum disorder (ASD), developmental dyslexia, and
schizophrenia have been associated with abnormalities in
perceptual binding (Dakin and Frith, 2005; Silverstein and
Keane, 2011; Gori et al., 2016; Zvyagintsev et al., 2017; Zhou
et al., 2018; Stein, 2019) that have been linked to alterations
in the oscillatory dynamics in ASD (Uhlhaas and Singer, 2012;
Simon and Wallace, 2016; Ronconi et al., 2020b), developmental
dyslexia (Vidyasagar, 2019), and schizophrenia (Moran and
Hong, 2011; Uhlhaas and Singer, 2012; Başar-Eroglu et al., 2016;
Mathes et al., 2016; Rürup et al., 2020). First, it should be
evaluated whether these alterations in the oscillatory dynamics
may play a causal role in perceptual integration abnormalities
in these pathologies. Secondly, future research should attempt to
ameliorate disrupted binding processes by directly manipulating
relevant brain oscillations. Both these goals require a tool that
is able to shape the rhythmic activity of the brain. Throughout
this review, we provided evidence that tACS may be suitable for
this goal.

Even if some methodological challenges need to be addressed
by future studies, some research has already shown a successful
tACS effect in the treatment of schizophrenia (Ahn et al., 2019;
Haller et al., 2020; for a review see Elyamany et al., 2020). These
studies showed that tACS is effective in modulating key aspects
of schizophrenia, such as working memory performance (Sreeraj
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et al., 2017), negative symptoms (Kallel et al., 2016; Haller et al.,
2020) and auditory hallucinations (Mellin et al., 2018; Ahn et al.,
2019). Sreeraj et al. (2017) limited their investigation on the
online effects of theta vs. gamma tACS, applied for 20min over
the left dorsolateral prefrontal cortex (DLPFC, electrode position
F3) and left posterior parietal region (electrode position P3).
With a randomized trial, Mellin et al. (2018) applied 20min 10Hz
tACS twice a day for 5 consecutive days over left frontal and
temporo-parietal areas and found no tACS benefits on auditory
hallucinations past one week follow-up. Kallel et al. (2016) and
Haller et al. (2020) applied tACS over the left and right DLPFC
(electrodes position F3-F4) for an extensive period of time (20
sessions of 20min once a day and 20 sessions of 10min twice a
day, respectively) but did not report any follow-up. All in all, the
results from these case studies should be taken with caution due
to a small sample size, the absence of a control group or a sham
condition and the lack of a double-blind procedure. Critically, in
these studies no EEG was recorded during or after stimulation,
thus no conclusion on the physiological effects of tACS can
be drawn.

More convincing evidence of a potential role of tACS as a
rehabilitation tool in schizophrenia was provided by Ahn et al.
(2019). Employing a randomized, double-blind sham-controlled
clinical trial, they found that 10Hz tACS applied over DLPFC
(electrodes position F3-Fp1) and the temporo-parietal junction
(electrodes position T3-P3) not only enhanced alpha oscillations,
but also 40Hz auditory steady-state responses (ASSR), previously
found to be reduced in patients with schizophrenia (Brenner
et al., 2009). More importantly, they also reported that
the enhancement of alpha oscillations and 40 Hz-ASSR was
accompanied by a reduction in auditory hallucinations, with
some participants showing this effect up to 1-months later.
Schizophrenia is also associated with altered neural activity
and impaired spatio-temporal integration as shown by patients’
performance during a stroboscopic alternative motion (SAM)
task (Başar-Eroglu et al., 2016; Mathes et al., 2016; Rürup et al.,
2020). However, no tACS studies to date tried tomodulate spatio-
temporal binding processes in this pathology. Interestingly,
ambiguous perception in a SAM task was successfully modulated
by interhemispheric gamma tACS in a non-clinical sample
(Helfrich et al., 2014a), suggesting a possible application of this
technique in patients with schizophrenia. Altered perceptual
binding and oscillatory dynamics were also found in ASD
(Dakin and Frith, 2005; Uhlhaas and Singer, 2012; Simon
and Wallace, 2016; Zhou et al., 2018; Ronconi et al., 2020b).
Several studies applied transcranial direct current stimulation as
a possible rehabilitation tool for people with ASD (for recent
reviews see Osório and Brunoni, 2019; Khaleghi et al., 2020).
Nonetheless, tACS application in the exploration of ASD and
its oscillatory dynamics is still lacking, and future research is
needed to establish tACS as a possible rehabilitation tool for
ASD. Notably, ASD has been related to altered horizontal binding
when presented with a metastable motion quartet, a stimulus
similar to the one employed in a SAM task. This result may be
linked to decreased cross-hemispheric communication (David
et al., 2010). Interestingly, horizontal motion perception may
be promoted by in-phase 40Hz tACS (Helfrich et al., 2014a),

suggesting a possible future direction of tACS as a rehabilitation
tool for ASD.

CURRENT LIMITATIONS OF tACS STUDIES
EXPLORING PERCEPTUAL BINDING

Some of the studies reviewed above failed in showing a robust
tACS effect in binding processes (Strüber et al., 2014; Stonkus
et al., 2016; Battaglini et al., 2020b; Ronconi et al., 2020a). These
negative or partial findings are likely related to methodological
differences that should prompt future research on how we can
improve tACS efficacy by modeling some parameters, such as
inter-individual variations of electrical field distribution across
the scalp, position and number of electrodes (i.e., two-channel
tACS vs. mc-tACS), and individualized intensity and frequency of
stimulation. Altogether, the modeling of these parameters would
take into account individual differences in skull thickness, skin
impedance, and in the participant’s individual peak frequency
of brain oscillations in order to reduce the variability of effects
shown in neurostimulation studies (Ali et al., 2013; Wagner
et al., 2014; Bikson et al., 2018; Evans et al., 2020). Reliable
and reproducible tACS studies should also consider other
important issues that are worth mentioning. First, most studies
employing non-invasive brain stimulation have been conducted
with relatively low sample sizes (Guerra et al., 2020). Sham
blinding should also be considered when judging the research
quality. Indeed, some studies raised some concerns on the
reliability of currently used blinding procedures (Horvath, 2015;
Fonteneau et al., 2019). Some protocols have been developed
in order to improve sham efficacy. One is to use multi-channel
montages that have the advantage of recreating skin sensations
while keeping the cortical electrical field near zero. Another
proposed solution may be the use of topical pre-treatments
both in the sham and active group in order to reduce tingling
and itching sensations often experienced during stimulation
(Fonteneau et al., 2019). Finally, brain stimulation research
reliability may also benefit from study pre-registration and direct
replications of published results, in line with recent attempts
to improve research quality in several fields of psychology
and neuroscience.

CONCLUSIONS AND FUTURE
DIRECTIONS

The goal of this review was to provide a comprehensive picture
of current evidence regarding the potential causal role of brain
oscillations in binding processes, both in the temporal and
spatial domain, in light of previous neurophysiological research
that linked several binding mechanisms to precise oscillatory
correlates (e.g., Varela et al., 1981; Rose and Büchel, 2005; Busch
and VanRullen, 2010; Jensen et al., 2012; Hanslmayr et al., 2013;
McLelland et al., 2016; Wutz et al., 2016, 2018; for reviews
see VanRullen, 2016; Costa et al., 2017; Ronconi et al., 2017;
White, 2018). However, these studies did not directly manipulate
oscillatory activity, meaning that no causal relationship can be
inferred (Herrmann et al., 2016; Bergmann and Hartwigsen,
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TABLE 2 | Some future research questions that may be addressed by future studies interested both in fundamental and clinical aspects of visual binding processes.

Future research questions

• M/EEG studies showed a correlation between alpha/theta frequency and temporal binding. However, tACS studies mainly focused on alpha activity, leaving the potential

causal role of theta activity largely unexplored. Future research may attempt to investigate whether and in which conditions theta activity causally supports temporal

binding

• The identification of several types of binding processes (e.g., temporal and spatial) may be somehow artificial. Are different types of binding part of a more general binding

mechanism?

• How different brain oscillations and brain regions interact in order to achieve a correct binding? Can cross-frequency coupling and long-range synchronization be potential

neural mechanisms underlying binding?

• In real-life situations, sensory information is much more complex than in the lab. Does our brain solve the binding problem in similar ways, or does it rely on different

processing when dealing with more realistic and dynamic situations?

• Several disorders (e.g., schizophrenia and ASD) showed impaired binding processes and altered oscillatory dynamics. Is tACS a valuable tool for a potential

intervention on these disorders?

2020). tACS has been recently shown to effectively modulate
brain oscillations in a frequency-dependent manner (for reviews
see Herrmann et al., 2016; Cabral-Calderin and Wilke, 2020),
allowing for a direct investigation of their causal involvement in
binding processes.

Overall, the studies reviewed here provided converging
evidence that tACS is effective in modulating brain oscillations,
previously related to temporal and spatial binding processes
(Helfrich et al., 2014a; Strüber et al., 2014; Cecere et al., 2015;
Minami and Amano, 2017; Zhang et al., 2019; Battaglini et al.,
2020a). In general, endogenous rhythmic activity cannot be
merely considered as an epiphenomenon, but as a mechanism
that actively supports binding mechanisms across space and time
(and potentially features), allowing for the integration of different
information into a unified and meaningful percept.

In particular, current evidence suggests a relationship between
temporal binding and occipital alpha activity that seems to
dictate the sampling frequency of sensory information, creating
discrete temporal windows of integration and segregation, as
previously reported by electrophysiological studies (Busch and
VanRullen, 2010; Jensen et al., 2012; McLelland et al., 2016;
Wutz et al., 2016, 2018; Ronconi et al., 2017). Notably, some
studies showed a direct modulation of these discrete temporal
windows by alpha tACS, both at a fixed stimulation frequency
(e.g., 10Hz) (Battaglini et al., 2020b) or at individually tailored
frequencies (Cecere et al., 2015; Minami and Amano, 2017).
Although some studies recently showed that the detection of
near-threshold stimuli was modulated by the phase of tACS
when applied at alpha frequency (Helfrich et al., 2014b; de
Graaf et al., 2020), there is no convincing evidence to date
that tACS phase is able to shape temporal integration processes
(Ronconi et al., 2020a). Nevertheless, it is worth mentioning that
tACS studies thus far mainly focused their investigation on the
role of alpha frequency, especially within the temporal domain,
building a useful, yet incomplete, picture of the causal role of
different rhythms (e.g., theta rhythm) inmodulating the temporal
resolution of perception at different temporal scales (Busch et al.,
2009; Ronconi et al., 2017). Future studies may take advantage
of the current correlational evidence in order to explore how
temporal binding is modulated by multiple brain rhythms (see
Table 2).

When looking at tACS evidence on spatial binding,
the emerging picture is consistent with a role of theta
and beta oscillations in resolving correct perceptual
integration/segregation across space. In particular, theta
phase has been associated with transient windows of information
transfer between low-level and high-level visual regions
(Hanslmayr et al., 2013) that would be required to represent
local visual features and correctly integrate them according to
their spatial location (Roelfsema, 2006). The causal involvement
of this rhythm has been partially supported by Stonkus et al.
(2016) that found a sinusoidal modulation of task performance
when synchronizing occipital and parietal regions when in-phase
theta tACS was applied. Beta activity has been also shown to
be causally involved in correct target feature integration in a
crowding condition, in agreement with previous EEG evidence
(Ronconi et al., 2016b; Ronconi and Bellacosa Marotti, 2017),
likely by promoting a dorsal-to-ventral feedback that would
allow an efficient extraction of information in cluttered visual
scenes (Battaglini et al., 2020a).

It would be interesting in future work to explore how
and whether different types of binding may interact in
order to achieve a unified representation in space and time.
Indeed, we reported some studies investigating perceptual
processes involving spatio-temporal binding of ambiguous
stimulation and their relation with interhemispheric gamma
synchronization (Helfrich et al., 2014a; Strüber et al., 2014).
Moreover, Helfrich et al. (2014a) also reported that an increased
gamma synchronization during 40Hz tACS was coupled with a
decreased alpha power, suggesting a role of CFC in resolving
the binding problem. Interestingly, along with interhemispheric
gamma synchronization, gamma-theta CFC has been previously
suggested as a mechanism involved in horizontal motion
perception in a SAM task (Alipour et al., 2016). In line with
these findings, it has been proposed that while fast oscillations
(i.e., gamma) would synchronize neural activity locally, slow
oscillations (e.g., within the theta-alpha range) may play a
role when long-range network synchronization is required
(e.g., during interhemispheric communication) (Von Stein and
Sarnthein, 2000). It should be noted, however, that current
tACS studies investigating the role of brain oscillations in
binding processes would be not sufficient to draw conclusions
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about a general binding model and its neural mechanism.
Indeed, while the reviewed studies provide initial evidence for a
causal relationship between binding processes and their potential
oscillatory correlates, the modeling of this relationship would
require a more extensive body of evidence coming from both
brain stimulation and electrophysiological research. However, it
is worth specifying that the distinction between different binding
processes in the present review was made to create a clearer,
yet somehow artificial, separation of what we think is a more
complex and comprehensive binding mechanism. In fact, when
looking at real-life situations, we constantly need to bind together
information at different timescales and across different locations
in space.

Most of the studies reviewed above used simple tasks (e.g.,
bind together two flashes in time or spatially integrate a
contour presented in a gray background), so it is not surprising
to find a unique putative oscillatory correlate linked with
a simple perceptual process. We may speculate that when
considering more complex tasks, more than one frequency
may be relevant at the same time. For example, it has been
shown that during perception, events are organized through a
hierarchy of timescales. Indeed, perceptual stimuli are thought
to be integrated along increasingly prolonged timescales, such
that each brain region would segment sensory information at
its favorite timing, starting with short segmentation periods
in low-level sensory cortices (e.g., segmenting two stationary
flashes in early visual cortex) and longer periods in high-level
regions (e.g., integrating complex stimuli moving in space)
(Baldassano et al., 2017). This increase in temporal window
may mirror the increase in spatial receptive field sizes in
higher areas of the visual processing hierarchy. It might be
speculated that different timescales may correspond to different

oscillatory dynamics, with short timescales corresponding to
higher frequencies and longer timescales with lower frequencies.
Support for this view has been provided by Ronconi et al.,
demonstrating that the perceptual sampling of visual events
across different timescales depends on multiple EEG oscillatory
rhythms (Ronconi et al., 2017). In sum, the exploration of
a possible interplay between several binding processes and
their oscillatory correlates would lead to new and fascinating
insights, with potential implications for our basic understanding
of neural dynamics and possible clinical applications to
neurological disorders. Future research may further explore how
different binding processes (e.g., temporal and spatial) interact
in order to achieve a general binding mechanism that our
brain may adopt in more dynamic and complex situations
(see Table 2).
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Başar-Eroglu, C., Mathes, B., Khalaidovski, K., Brand, A., and Schmiedt-
Fehr, C. (2016). Altered alpha brain oscillations during multistable
perception in schizophrenia. Int. J. Psychophysiol. 103, 118–128.
doi: 10.1016/j.ijpsycho.2015.02.002

Bastiaansen, M., Berberyan, H., Stekelenburg, J. J., Schoffelen, J. M., and Vroomen,
J. (2020). Are alpha oscillations instrumental in multisensory synchrony
perception? Brain Res. 1734:146744. doi: 10.1016/j.brainres.2020.146744

Bastos, A. M., Vezoli, J., Bosman, C. A., Schoffelen, J. M., Oostenveld,
R., Dowdall, J. R., et al. (2015). Visual areas exert feedforward and
feedback influences through distinct frequency channels. Neuron 85, 390–401.
doi: 10.1016/j.neuron.2014.12.018

Battaglini, L., Ghiani, A., Casco, C., and Ronconi, L. (2020a). Parietal tACS at
beta frequency improves vision in a crowding regime. Neuroimage 208:116451.
doi: 10.1016/j.neuroimage.2019.116451

Battaglini, L., Mena, F., Ghiani, A., Casco, C., Melcher, D., and Ronconi, L. (2020b).
The effect of alpha tACS on the temporal resolution of visual perception. Front.
Psychol. 11:1765. doi: 10.3389/fpsyg.2020.01765

Frontiers in Psychology | www.frontiersin.org 18 March 2021 | Volume 12 | Article 643677

https://doi.org/10.1016/j.neuroimage.2018.10.056
https://doi.org/10.1016/j.actpsy.2005.02.006
https://doi.org/10.1523/JNEUROSCI.5867-12.2013
https://doi.org/10.1142/S0219635216500291
https://doi.org/10.1016/S0960-9822(03)00052-6
https://doi.org/10.1152/jn.1995.73.5.2072
https://doi.org/10.1038/nature01955
https://doi.org/10.1038/s41467-018-08183-w
https://doi.org/10.1016/j.neuron.2017.06.041
https://doi.org/10.1016/S0167-8760(00)00145-8
https://doi.org/10.1016/j.ijpsycho.2015.02.002
https://doi.org/10.1016/j.brainres.2020.146744
https://doi.org/10.1016/j.neuron.2014.12.018
https://doi.org/10.1016/j.neuroimage.2019.116451
https://doi.org/10.3389/fpsyg.2020.01765
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Ghiani et al. tACS and Perceptual Binding Mechanisms

Bergmann, T. O., and Hartwigsen, G. (2020). Inferring causality from noninvasive
brain stimulation in cognitive neuroscience. J. Cogn. Neurosci. 12, 1–12.
doi: 10.1162/jocn_a_01591

Bikson, M., Brunoni, A. R., Charvet, L. E., Clark, V. P., Cohen, L. G., Deng, Z.,
et al. (2018). Rigor and reproducibility in research with transcranial electrical
stimulation: an NIMH-sponsored workshop. Brain Stimul. 11, 465–480.
doi: 10.1016/j.brs.2017.12.008

Bonnefond, M., Kastner, S., and Jensen, O. (2017). Communication between
brain areas based on nested oscillations. ENeuro 4:ENEURO.0153-16.2017.
doi: 10.1523/ENEURO.0153-16.2017

Brenner, C. A., Krishnan, G. P., Vohs, J. L., Ahn, W. Y., Hetrick, W. P., Morzorati,
S. L., et al. (2009). Steady state responses: Electrophysiological assessment
of sensory function in schizophrenia. Schizophr. Bull. 35, 1065–1077.
doi: 10.1093/schbul/sbp091

Busch, N. A., Dubois, J., and VanRullen, R. (2009). The phase of ongoing
EEG oscillations predicts visual perception. J. Neurosci. 29, 7869–7876.
doi: 10.1523/JNEUROSCI.0113-09.2009

Busch, N. A., and VanRullen, R. (2010). Spontaneous EEG oscillations reveal
periodic sampling of visual attention. Proc. Natl. Acad. Sci. U.S.A. 107,
16048–16053. doi: 10.1073/pnas.1004801107

Cabral-Calderin, Y., Schmidt-Samoa, C., and Wilke, M. (2015). Rhythmic gamma
stimulation affects bistable perception. J. Cogn. Neurosci. 27, 1298–1307.
doi: 10.1162/jocn_a_00781

Cabral-Calderin, Y., and Wilke, M. (2020). Probing the link between perception
and oscillations: lessons from transcranial alternating current stimulation.
Neuroscientist 26, 57–73. doi: 10.1177/1073858419828646

Cecere, R., Rees, G., and Romei, V. (2015). Individual differences in alpha
frequency drive crossmodal illusory perception. Curr. Biol. 25, 231–235.
doi: 10.1016/j.cub.2014.11.034

Chander, B. S., Witkowski, M., Braun, C., Robinson, S. E., Born, J., Cohen, L.
G., et al. (2016). tACS phase locking of frontal midline theta oscillations
disrupts working memory performance. Front. Cell. Neurosci. 10:120.
doi: 10.3389/fncel.2016.00120

Cooke, J., Poch, C., Gillmeister, H., Costantini, M., and Romei, V. (2019).
Oscillatory properties of functional connections between sensory areas
mediate cross-modal illusory perception. J. Neurosc. 39, 5711–5718.
doi: 10.1523/JNEUROSCI.3184-18.2019

Costa, G. N., Duarte, J. V., Martins, R., Wibral, M., and Castelo-Branco,
M. (2017). Interhemispheric binding of ambiguous visual motion is
associated with changes in beta oscillatory activity but not with gamma
range synchrony. J. Cogn. Neurosci. 29, 1829–1844. doi: 10.1162/jocn_a_
01158

Dakin, S., and Frith, U. (2005). Vagaries of visual perception in autism. Neuron 48,
497–507. doi: 10.1016/j.neuron.2005.10.018

David, N., Rose, M., Schneider, T. R., Vogeley, K., and Engel, A. K. (2010). Brief
report: altered horizontal binding of single dots to coherent motion in autism.
J. Autism Dev. Disord. 40, 1549–1551. doi: 10.1007/s10803-010-1008-9

de Graaf, T. A., Thomson, A., Janssens, S. E. W., Bree, S., Oever, S., and
Sack, A. T. (2020). Does alpha phase modulate visual target detection? Three
experiments with tACS-phase-based stimulus presentation. Europ. J. Neurosci.
51, 2299–2313. doi: 10.1111/ejn.14677

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

Doesburg, S. M., Kitajo, K., and Ward, L. M. (2005). Increased gamma-band
synchrony precedes switching of conscious perceptual objects in binocular
rivalry. Neuroreport 16, 1139–1142. doi: 10.1097/00001756-200508010-00001

Donner, T. H., and Siegel, M. (2011). A framework for local cortical oscillation
patterns. Trends Cogn. Sci. 15, 191–199. doi: 10.1016/j.tics.2011.03.007

Elyamany, O., Leicht, G., Herrmann, C. S., and Mulert, C. (2020). Transcranial
alternating current stimulation (tACS): from basic mechanisms towards
first applications in psychiatry. Eur. Arch. Psychiatry Clin. Neurosci. 1:3.
doi: 10.1007/s00406-020-01209-9

Engel, A. K., Fries, P., and Singer, W. (2001). Dynamic predictions: oscillations
and synchrony in top–down processing. Nat. Rev. Neurosci. 2, 704–716.
doi: 10.1038/35094565

Engel, A. K., and Singer, W. (2001). Temporal binding and the
neural correlates of sensory awareness. Trends Cogn. Sci. 5, 16–25.
doi: 10.1016/S1364-6613(00)01568-0

Eriksen, C. W., and Collins, J. F. (1967). Some temporal characteristics of visual
pattern perception. J. Exp. Psychol. 74, 476–484. doi: 10.1037/h0024765

Evans, C., Bachmann, C., Lee, J. S. A., Gregoriou, E., Ward, N., and Bestmann,
S. (2020). Dose-controlled tDCS reduces electric field intensity variability at a
cortical target site. Brain Stimul. 13, 125–136. doi: 10.1016/j.brs.2019.10.004

Feurra, M., Pasqualetti, P., Bianco, G., Santarnecchi, E., Rossi, A., and Rossi,
S. (2013). State-dependent effects of transcranial oscillatory currents on
the motor system: what you think matters. J. Neurosci. 33, 17483–17489.
doi: 10.1523/JNEUROSCI.1414-13.2013

Fonteneau, C., Mondino, M., Arns, M., Baeken, C., Bikson, M., Brunoni,
A. R., et al. (2019). Sham tDCS: a hidden source of variability?
Reflections for further blinded, controlled trials. Brain Stimul. 12, 668–673.
doi: 10.1016/j.brs.2018.12.977

Foxe, J. J., and Snyder, A. C. (2011). The role of alpha-band brain oscillations as
a sensory suppression mechanism during selective attention. Front. Psychol.
2:154. doi: 10.3389/fpsyg.2011.00154

Fries, P. (2005). A mechanism for cognitive dynamics: neuronal
communication through neuronal coherence. Trends Cogn. Sci. 9, 474–480.
doi: 10.1016/j.tics.2005.08.011

Fries, P. (2015). Rhythms for cognition: communication through coherence.
Neuron 88, 220–235. doi: 10.1016/j.neuron.2015.09.034

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

Giesbrecht, B., Bischof, W. F., and Kingstone, A. (2004). Seeing the light: adapting
luminance reveals low-level visual processes in the attentional blink. Brain
Cogn. 55, 307–309. doi: 10.1016/j.bandc.2004.02.027

Glaser, D. A., and Chaudhuri, A. (1991). Metastable motion anisotropy. Vis.
Neurosci. 7, 397–407. doi: 10.1017/S0952523800009706

Gori, S., Seitz, A. R., Ronconi, L., Franceschini, S., and Facoetti, A. (2016). Multiple
causal links between magnocellular-dorsal pathway deficit and developmental
dyslexia. Cerebral Cortex 26, 4356–4369. doi: 10.1093/cercor/bhv206

Grabot, L., Kösem, A., Azizi, L., and Van Wassenhove, V. (2017). Prestimulus
alpha oscillations and the temporal sequencing of audiovisual events. J. Cogn.
Neurosci. 29, 1566–1582. doi: 10.1162/jocn_a_01145

Guerra, A., López-Alonso, V., Cheeran, B., and Suppa, A. (2020). Variability in
non-invasive brain stimulation studies: reasons and results. Neurosci. Lett.
719:133330. doi: 10.1016/j.neulet.2017.12.058

Haegens, S., Cousijn, H., Wallis, G., Harrison, P. J., and Nobre, A. C. (2014). Inter-
and intra-individual variability in alpha peak frequency.Neuroimage 92, 46–55.
doi: 10.1016/j.neuroimage.2014.01.049

Haller, N., Hasan, A., Padberg, F., Brunelin, J., da Costa Lane Valiengo, L.,
and Palm, U. (2020). Gamma transcranial alternating current stimulation in
patients with negative symptoms in schizophrenia: a case series. Neurophysiol.
Clin. 50, 301–304. doi: 10.1016/j.neucli.2020.06.004

Hanslmayr, S., Volberg, G., Wimber, M., Dalal, S. S., and Greenlee, M. W. (2013).
Prestimulus oscillatory phase at 7Hz gates cortical information flow and visual
perception. Curr. Biol. 23, 2273–2278. doi: 10.1016/j.cub.2013.09.020

Helfrich, R. F., Knepper, H., Nolte, G., Strüber, D., Rach, S., Herrmann,
C. S., et al. (2014a). Selective modulation of interhemispheric functional
connectivity by HD-tACS shapes perception. PLoS Biol. 12:e1002031.
doi: 10.1371/journal.pbio.1002031

Helfrich, R. F., Schneider, T. R., Rach, S., Trautmann-Lengsfeld, S. A., Engel,
A. K., and Herrmann, C. S. (2014b). Entrainment of brain oscillations
by transcranial alternating current stimulation. Curr. Biol. 24, 333–339.
doi: 10.1016/j.cub.2013.12.041

Herrmann, C. S., Rach, S., Neuling, T., and Strüber, D. (2013). Transcranial
alternating current stimulation: a review of the underlying mechanisms
and modulation of cognitive processes. Front. Hum. Neurosci. 7:279.
doi: 10.3389/fnhum.2013.00279

Herrmann, C. S., Strüber, D., Helfrich, R. F., and Engel, A. K. (2016). EEG
oscillations: from correlation to causality. Int. J. Psychophysiol. 103, 12–21.
doi: 10.1016/j.ijpsycho.2015.02.003

Frontiers in Psychology | www.frontiersin.org 19 March 2021 | Volume 12 | Article 643677

https://doi.org/10.1162/jocn_a_01591
https://doi.org/10.1016/j.brs.2017.12.008
https://doi.org/10.1523/ENEURO.0153-16.2017
https://doi.org/10.1093/schbul/sbp091
https://doi.org/10.1523/JNEUROSCI.0113-09.2009
https://doi.org/10.1073/pnas.1004801107
https://doi.org/10.1162/jocn_a_00781
https://doi.org/10.1177/1073858419828646
https://doi.org/10.1016/j.cub.2014.11.034
https://doi.org/10.3389/fncel.2016.00120
https://doi.org/10.1523/JNEUROSCI.3184-18.2019
https://doi.org/10.1162/jocn_a_01158
https://doi.org/10.1016/j.neuron.2005.10.018
https://doi.org/10.1007/s10803-010-1008-9
https://doi.org/10.1111/ejn.14677
https://doi.org/10.1088/1741-2560/8/4/046011
https://doi.org/10.1097/00001756-200508010-00001
https://doi.org/10.1016/j.tics.2011.03.007
https://doi.org/10.1007/s00406-020-01209-9
https://doi.org/10.1038/35094565
https://doi.org/10.1016/S1364-6613(00)01568-0
https://doi.org/10.1037/h0024765
https://doi.org/10.1016/j.brs.2019.10.004
https://doi.org/10.1523/JNEUROSCI.1414-13.2013
https://doi.org/10.1016/j.brs.2018.12.977
https://doi.org/10.3389/fpsyg.2011.00154
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.neuron.2015.09.034
https://doi.org/10.1016/j.neuron.2010.06.005
https://doi.org/10.1016/j.bandc.2004.02.027
https://doi.org/10.1017/S0952523800009706
https://doi.org/10.1093/cercor/bhv206
https://doi.org/10.1162/jocn_a_01145
https://doi.org/10.1016/j.neulet.2017.12.058
https://doi.org/10.1016/j.neuroimage.2014.01.049
https://doi.org/10.1016/j.neucli.2020.06.004
https://doi.org/10.1016/j.cub.2013.09.020
https://doi.org/10.1371/journal.pbio.1002031
https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.3389/fnhum.2013.00279
https://doi.org/10.1016/j.ijpsycho.2015.02.003
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Ghiani et al. tACS and Perceptual Binding Mechanisms

Hipp, J. F., Engel, A. K., and Siegel, M. (2011). Oscillatory synchronization
in large-scale cortical networks predicts perception. Neuron 69, 387–396.
doi: 10.1016/j.neuron.2010.12.027

Hirst, R. J., McGovern, D. P., Setti, A., Shams, L., and Newell, F. N.
(2020). What you see is what you hear: twenty years of research using
the Sound-Induced Flash Illusion. Neurosci. Biobehav. Rev. 118, 759–774.
doi: 10.1016/j.neubiorev.2020.09.006

Hochstein, S., and Ahissar, M. (2002). View from the top: Hierarchies
and reverse hierarchies in the visual system. Neuron 36, 791–804.
doi: 10.1016/S0896-6273(02)01091-7

Horvath, J. C. (2015). Are current blinding methods for transcranial direct current
stimulation (tDCS) effective in healthy populations? Clin. Neurophysiol. 126,
2045–2046. doi: 10.1016/j.clinph.2015.04.001

Janson, J., and Kranczioch, C. (2011). Good vibrations, bad vibrations: Oscillatory
brain activity in the attentional blink. Adv. Cogn. Psychol. 7, 92–107.
doi: 10.2478/v10053-008-0089-x

Jehee, J. F. M., Roelfsema, P. R., Deco, G., Murre, J. M. J., and Lamme, V. A.
F. (2007). Interactions between higher and lower visual areas improve shape
selectivity of higher level neurons-Explaining crowding phenomena. Brain Res.
1157, 167–176. doi: 10.1016/j.brainres.2007.03.090

Jensen, O., Bonnefond, M., Marshall, T. R., and Tiesinga, P. (2015). Oscillatory
mechanisms of feedforward and feedback visual processing. Trends Neurosci.
38, 192–194. doi: 10.1016/j.tins.2015.02.006

Jensen, O., Bonnefond, M., and VanRullen, R. (2012). An oscillatory mechanism
for prioritizing salient unattended stimuli. Trends Cogn. Sci. 16, 200–206.
doi: 10.1016/j.tics.2012.03.002

Kallel, L., Mondino, M., and Brunelin, J. (2016). Effects of theta-rhythm
transcranial alternating current stimulation (4.5 Hz-tACS) in patients with
clozapine-resistant negative symptoms of schizophrenia: a case series. J. Neural
Transm. 123, 1213–1217. doi: 10.1007/s00702-016-1574-x

Kar, K., and Krekelberg, B. (2014). Transcranial alternating current
stimulation attenuates visual motion adaptation. J. Neurosci. 34, 7334–7340.
doi: 10.1523/JNEUROSCI.5248-13.2014

Kasten, F. H., and Herrmann, C. S. (2020). Discrete sampling in perception
via neuronal oscillations—evidence from rhythmic, non-invasive brain
stimulation. Europ. J. Neurosci. doi: 10.1111/ejn.15006. [Epub ahead of print].

Keil, J., and Senkowski, D. (2017). Individual alpha frequency relates
to the sound-induced flash illusion. Multisens. Res. 30, 565–578.
doi: 10.1163/22134808-00002572

Keil, J., and Senkowski, D. (2018). Neural oscillations orchestrate multisensory
processing. Neuroscientist 24, 609–626. doi: 10.1177/1073858418755352

Khaleghi, A., Zarafshan, H., Vand, S. R., and Mohammadi, M. R. (2020).
Effects of non-invasive neurostimulation on autism spectrum disorder:
a systematic review. Clin. Psychopharmacol. Neurosci. 18, 527–552.
doi: 10.9758/cpn.2020.18.4.527

Kim, C. Y., and Blake, R. (2005). Psychophysical magic: rendering the
visible “invisible.” Trends Cogn. Sci. 9, 381–388. doi: 10.1016/j.tics.2005.
06.012

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and
memory performance: a review and analysis. Brain Res. Rev. 29, 169–195.
doi: 10.1016/S0165-0173(98)00056-3

Koivisto, M., and Silvanto, J. (2012). Visual feature binding: the critical
time windows of V1/V2 and parietal activity. Neuroimage 59, 1608–1614.
doi: 10.1016/j.neuroimage.2011.08.089

Kourtzi, Z., Tolias, A. S., Altmann, C. F., Augath, M., and Logothetis, N. K. (2003).
Integration of local features into global shapes: monkey and human fMRI
studies. Neuron 37, 333–346. doi: 10.1016/S0896-6273(02)01174-1

Kranczioch, C., Debener, S., Maye, A., and Engel, A. K. (2007). Temporal dynamics
of access to consciousness in the attentional blink. Neuroimage 37, 947–955.
doi: 10.1016/j.neuroimage.2007.05.044

Kuo, H. I., Bikson, M., Datta, A., Minhas, P., Paulus, W., Kuo, M. F., et al. (2013).
Comparing cortical plasticity induced by conventional and high-definition
4 × 1 ring tDCS: a neurophysiological study. Brain Stimul. 6, 644–648.
doi: 10.1016/j.brs.2012.09.010

Larsson, J., and Heeger, D. J. (2006). Two retinotopic visual areas
in human lateral occipital cortex. J. Neurosci. 26, 13128–13142.
doi: 10.1523/JNEUROSCI.1657-06.2006

Liu, A., Vöröslakos, M., Kronberg, G., Henin, S., Krause, M. R., Huang, Y.,
et al. (2018). Immediate neurophysiological effects of transcranial electrical
stimulation. Nat. Commun. 9:5092. doi: 10.1038/s41467-018-07233-7

Livingstone, M., and Hubel, D. (1988). Segregation of form, color, movement,
and depth: anatomy, physiology, and perception. Science 240, 740–749.
doi: 10.1126/science.3283936

MacLean, M. H., and Arnell, K. M. (2011). Greater attentional blink magnitude
is associated with higher levels of anticipatory attention as measured by
alpha event-related desynchronization (ERD). Brain Res. 1387, 99–107.
doi: 10.1016/j.brainres.2011.02.069

Mathes, B., Pomper, U., Walla, P., and Basar-Eroglu, C. (2010). Dissociation
of reversal- and motor-related delta- and alpha-band responses
during visual multistable perception. Neurosci. Lett. 478, 14–18.
doi: 10.1016/j.neulet.2010.04.057

Mathes, B., Schmiedt-Fehr, C., Kedilaya, S., Strüber, D., Brand, A., and Basar-
Eroglu, C. (2016). Theta response in schizophrenia is indifferent to perceptual
illusion. Clin. Neurophysiol. 127, 419–430. doi: 10.1016/j.clinph.2015.02.061

Mathewson, K. E., Gratton, G., Fabiani, M., Beck, D. M., and Ro, T. (2009). To
see or not to see: prestimulus α phase predicts visual awareness. J. Neurosci. 29,
2725–2732. doi: 10.1523/JNEUROSCI.3963-08.2009

McLelland, D., Lavergne, L., and VanRullen, R. (2016). The phase of ongoing EEG
oscillations predicts the amplitude of peri-saccadic mislocalization. Sci. Rep. 6,
1–8. doi: 10.1038/srep29335

Mellin, J. M., Alagapan, S., Lustenberger, C., Lugo, C. E., Alexander, M. L.,
Gilmore, J. H., et al. (2018). Randomized trial of transcranial alternating current
stimulation for treatment of auditory hallucinations in schizophrenia. Europ.
Psychiatry 51, 25–33. doi: 10.1016/j.eurpsy.2018.01.004

Meredith, M. A., Nemitz, J. W., and Stein, B. E. (1987). Determinants of
multisensory integration in superior colliculus neurons. I. Temporal factors.
J. Neurosci. 7, 3215–3322 doi: 10.1523/JNEUROSCI.07-10-03215.1987

Migliorati, D., Zappasodi, F., Perrucci, M. G., Donno, B., Northoff, G., Romei,
V., et al. (2020). Individual alpha frequency predicts perceived visuotactile
simultaneity. J. Cogn. Neurosci. 32, 1–11. doi: 10.1162/jocn_a_01464

Milton, A., and Pleydell-Pearce, C. W. (2016). The phase of pre-stimulus alpha
oscillations influences the visual perception of stimulus timing. Neuroimage

133, 53–61. doi: 10.1016/j.neuroimage.2016.02.065
Minami, S., and Amano, K. (2017). Illusory jitter perceived at the frequency of

alpha oscillations. Curr. Biol. 27, 2344–2351.e4. doi: 10.1016/j.cub.2017.06.033
Moran, L. V., and Hong, L. E. (2011). High vs low frequency neural oscillations in

schizophrenia. Schizophr. Bull. 37, 659–663. doi: 10.1093/schbul/sbr056
Neuling, T., Rach, S., Wagner, S., Wolters, C. H., and Herrmann, C. S. (2012).

Good vibrations: oscillatory phase shapes perception. Neuroimage 63, 771–778.
doi: 10.1016/j.neuroimage.2012.07.024

Osório, A. A. C., and Brunoni, A. R. (2019). Transcranial direct current stimulation
in children with autism spectrum disorder: a systematic scoping review. Dev.
Med. Child Neurol. 61, 298–304. doi: 10.1111/dmcn.14104

Ozen, S., Sirota, A., Belluscio, M. A., Anastassiou, C. A., Stark, E., Koch, C., et al.
(2010). Transcranial electric stimulation entrains cortical neuronal populations
in rats. J. Neurosci. 30, 11476–11485. doi: 10.1523/JNEUROSCI.5252-
09.2010

Pahor, A., and Jaušovec, N. (2014). The effects of theta transcranial alternating
current stimulation (tACS) on fluid intelligence. Int. J. Psychophysiol. 93,
322–331. doi: 10.1016/j.ijpsycho.2014.06.015

Palanca, B. J. A., and DeAngelis, G. C. (2005). Does neuronal
synchrony underlie visual feature grouping? Neuron 46, 333–346.
doi: 10.1016/j.neuron.2005.03.002

Polanía, R., Nitsche, M. A., Korman, C., Batsikadze, G., and Paulus, W. (2012).
The importance of timing in segregated theta phase-coupling for cognitive
performance. Curr. Biol. 22, 1314–1318. doi: 10.1016/j.cub.2012.05.021

Pöppel, E. (2009). Pre-semantically defined temporal windows for cognitive
processing. Philos. Trans. R Soc. Lond. B Biol. Sci. 364, 1887–1896.
doi: 10.1098/rstb.2009.0015

Raymond, J. E., Shapiro, K. L., and Arnell, K. M. (1992). Temporary suppression
of visual processing in an RSVP task: An attentional blink? J. Exp. Psychol. 18,
849–860. doi: 10.1037/0096-1523.18.3.849

Reato, D., Rahman, A., Bikson, M., and Parra, L. C. (2013). Effects of weak
transcranial alternating current stimulation on brain activity—a review of

Frontiers in Psychology | www.frontiersin.org 20 March 2021 | Volume 12 | Article 643677

https://doi.org/10.1016/j.neuron.2010.12.027
https://doi.org/10.1016/j.neubiorev.2020.09.006
https://doi.org/10.1016/S0896-6273(02)01091-7
https://doi.org/10.1016/j.clinph.2015.04.001
https://doi.org/10.2478/v10053-008-0089-x
https://doi.org/10.1016/j.brainres.2007.03.090
https://doi.org/10.1016/j.tins.2015.02.006
https://doi.org/10.1016/j.tics.2012.03.002
https://doi.org/10.1007/s00702-016-1574-x
https://doi.org/10.1523/JNEUROSCI.5248-13.2014
https://doi.org/10.1111/ejn.15006
https://doi.org/10.1163/22134808-00002572
https://doi.org/10.1177/1073858418755352
https://doi.org/10.9758/cpn.2020.18.4.527
https://doi.org/10.1016/j.tics.2005.06.012
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.1016/j.neuroimage.2011.08.089
https://doi.org/10.1016/S0896-6273(02)01174-1
https://doi.org/10.1016/j.neuroimage.2007.05.044
https://doi.org/10.1016/j.brs.2012.09.010
https://doi.org/10.1523/JNEUROSCI.1657-06.2006
https://doi.org/10.1038/s41467-018-07233-7
https://doi.org/10.1126/science.3283936
https://doi.org/10.1016/j.brainres.2011.02.069
https://doi.org/10.1016/j.neulet.2010.04.057
https://doi.org/10.1016/j.clinph.2015.02.061
https://doi.org/10.1523/JNEUROSCI.3963-08.2009
https://doi.org/10.1038/srep29335
https://doi.org/10.1016/j.eurpsy.2018.01.004
https://doi.org/10.1523/JNEUROSCI.07-10-03215.1987
https://doi.org/10.1162/jocn_a_01464
https://doi.org/10.1016/j.neuroimage.2016.02.065
https://doi.org/10.1016/j.cub.2017.06.033
https://doi.org/10.1093/schbul/sbr056
https://doi.org/10.1016/j.neuroimage.2012.07.024
https://doi.org/10.1111/dmcn.14104
https://doi.org/10.1523/JNEUROSCI.5252-09.2010
https://doi.org/10.1016/j.ijpsycho.2014.06.015
https://doi.org/10.1016/j.neuron.2005.03.002
https://doi.org/10.1016/j.cub.2012.05.021
https://doi.org/10.1098/rstb.2009.0015
https://doi.org/10.1037/0096-1523.18.3.849
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Ghiani et al. tACS and Perceptual Binding Mechanisms

known mechanisms from animal studies. Front. Hum. Neurosci. 7:687.
doi: 10.3389/fnhum.2013.00687

Robertson, L. C. (2003). Binding, spatial attention and perceptual awareness. Nat.
Rev. Neurosci. 4, 93–102. doi: 10.1038/nrn1030

Roelfsema, P. R. (2006). Cortical algorithms for perceptual grouping. Annu. Rev.
Neurosci. 29, 203–227. doi: 10.1146/annurev.neuro.29.051605.112939

Roelfsema, P. R., Lamme, V. A. F., and Spekreijse, H. (2004). Synchrony and
covariation of firing rates in the primary visual cortex during contour grouping.
Nat. Neurosci. 7, 982–991. doi: 10.1038/nn1304

Ronconi, L., and Bellacosa Marotti, R. (2017). Awareness in the crowd: beta power
and alpha phase of prestimulus oscillations predict object discrimination in
visual crowding. Conscious. Cogn. 54, 36–46. doi: 10.1016/j.concog.2017.04.020

Ronconi, L., Bertoni, S., and Bellacosa Marotti, R. (2016b). The neural origins
of visual crowding as revealed by event-related potentials and oscillatory
dynamics. Cortex 79, 87–98. doi: 10.1016/j.cortex.2016.03.005

Ronconi, L., Busch, N. A., and Melcher, D. (2018). Alpha-band sensory
entrainment alters the duration of temporal windows in visual perception. Sci.
Rep. 8, 1–10. doi: 10.1038/s41598-018-29671-5

Ronconi, L., and Melcher, D. (2017). The role of oscillatory phase in determining
the temporal organization of perception: evidence from sensory entrainment. J.
Neurosci. 37, 10636–10644. doi: 10.1523/JNEUROSCI.1704-17.2017

Ronconi, L., Melcher, D., Junghöfer, M., Wolters, C. H., and Busch, N. A. (2020a).
Testing the effect of tACS over parietal cortex in modulating endogenous
alpha rhythm and temporal integration windows in visual perception. Europ.
J. Neurosci. doi: 10.1111/ejn.15017. [Epub ahead of print].

Ronconi, L., Oosterhof, N. N., Bonmassar, C., Melcher, D., and Heeger,
D. J. (2017). Multiple oscillatory rhythms determine the temporal
organization of perception. Proc. Natl. Acad. Sci. U.S.A. 114, 13435–13440.
doi: 10.1073/pnas.1714522114

Ronconi, L., Pincham, H. L., Cristoforetti, G., Facoetti, A., and Szucs, D. (2016a).
Shaping prestimulus neural activity with auditory rhythmic stimulation
improves the temporal allocation of attention. Neuroreport 27, 487–494.
doi: 10.1097/WNR.0000000000000565

Ronconi, L., Vitale, A., Federici, A., Pini, E., Molteni, M., and Casartelli,
L. (2020b). Altered neural oscillations and connectivity in the beta band
underlie detail-oriented visual processing in autism. NeuroImage 28:102484.
doi: 10.1016/j.nicl.2020.102484

Rose, M., and Büchel, C. (2005). Neural coupling binds visual tokens to
moving stimuli. J. Neurosci. 25, 10101–10104. doi: 10.1523/JNEUROSCI.2998-
05.2005

Ruhnau, P., Neuling, T., Fuscá, M., Herrmann, C. S., Demarchi, G., and
Weisz, N. (2016). Eyes wide shut: Transcranial alternating current stimulation
drives alpha rhythm in a state dependent manner. Sci. Rep, 6, 1–6.
doi: 10.1038/srep27138

Rürup, L., Mathes, B., Schmiedt-Fehr, C., Wienke, A. S., Özerdem, A.,
Brand, A., et al. (2020). Altered gamma and theta oscillations during
multistable perception in schizophrenia. Int. J. Psychophysiol. 155, 127–139.
doi: 10.1016/j.ijpsycho.2020.06.002

Samaha, J., Gosseries, O., and Postle, B. R. (2017). Distinct oscillatory frequencies
underlie excitability of human occipital and parietal cortex. J. Neurosci. 37,
2824–2833. doi: 10.1523/JNEUROSCI.3413-16.2017

Samaha, J., and Postle, B. R. (2015). The speed of alpha-band oscillations
predicts the temporal resolution of visual perception. Curr. Biol. 25, 2985–2990.
doi: 10.1016/j.cub.2015.10.007

Sandberg, K., Barnes, G. R., Bahrami, B., Kanai, R., Overgaard, M., and Rees,
G. (2014). Distinct MEG correlates of conscious experience, perceptual
reversals and stabilization during binocular rivalry. NeuroImage 100, 161–175.
doi: 10.1016/j.neuroimage.2014.06.023

Shams, L., Kamitani, Y., and Shimojo, S. (2000). What you see is what you hear.
Nature 408:788. doi: 10.1038/35048669

Shams, L., Kamitani, Y., and Shimojo, S. (2002). Visual illusion induced by sound.
Cogn. Brain Res. 14, 147–152. doi: 10.1016/S0926-6410(02)00069-1

Shapiro, K. L., Arnell, K. M., and Raymond, J. E. (1997). The attentional blink.
Trends Cogn. Sci. 1, 291–296. doi: 10.1016/S1364-6613(97)01094-2

Shapiro, K. L., Hanslmayr, S., Enns, J. T., and Lleras, A. (2017). Alpha, beta:
the rhythm of the attentional blink. Psychon. Bull. Rev. 24, 1862–1869.
doi: 10.3758/s13423-017-1257-0

Shapiro, K. L., Raymond, J. E., and Arnell, K. M. (1994). Attention to visual pattern
information produces the attentional blink in rapid serial visual presentation. J.
Exp. Psychol. 20, 357–371. doi: 10.1037/0096-1523.20.2.357

Sharp, P., Melcher, D., and Hickey, C. (2019). Different effects of spatial and
temporal attention on the integration and segregation of stimuli in time.Attent.
Percept. Psychophys. 81, 433–441. doi: 10.3758/s13414-018-1623-7

Siegel, M., Donner, T. H., and Engel, A. K. (2012). Spectral fingerprints
of large-scale neuronal interactions. Nat. Rev. Neurosci. 13, 121–134.
doi: 10.1038/nrn3137

Silvanto, J., Muggleton, N., and Walsh, V. (2008). State-dependency in brain
stimulation studies of perception and cognition. Trends Cogn. Sci. 12, 447–454.
doi: 10.1016/j.tics.2008.09.004

Silverstein, S. M., and Keane, B. P. (2011). Perceptual organization impairment in
schizophrenia and associated brain mechanisms: review of research from 2005
to 2010. Schizophr. Bull. 37, 690–699. doi: 10.1093/schbul/sbr052

Simon, D. M., and Wallace, M. T. (2016). Dysfunction of sensory oscillations
in Autism Spectrum disorder. Neurosci. Biobehav. Rev. 68, 848–861.
doi: 10.1016/j.neubiorev.2016.07.016

Singer, W., and Gray, C. M. (1995). Visual feature integration and the
temporal correlation hypothesis. Annu. Rev. Neurosci. 18, 555–586.
doi: 10.1146/annurev.ne.18.030195.003011

Slutsky, D. A., and Recanzone, G. H. (2001). Temporal and spatial
dependency of the ventriloquism effect. Neuroreport 12, 7–10.
doi: 10.1097/00001756-200101220-00009

Sreeraj, V. S., Shanbhag, V., Nawani, H., Shivakumar, V., Damodharan, D., Bose,
A., et al. (2017). Feasibility of online neuromodulation using transcranial
alternating current stimulation in schizophrenia. Indian J. Psychol. Med. 39,
92–95. doi: 10.4103/0253-7176.198937

Stein, J. (2019). The current status of the magnocellular theory
of developmental dyslexia. Neuropsychologia 130, 66–77.
doi: 10.1016/j.neuropsychologia.2018.03.022

Sterzer, P., Russ, M. O., Preibisch, C., and Kleinschmidt, A. (2002). Neural
correlates of spontaneous direction reversals in ambiguous apparent visual
motion. Neuroimage 15, 908–916. doi: 10.1006/nimg.2001.1030

Stonkus, R., Braun, V., Kerlin, J. R., Volberg, G., and Hanslmayr, S. (2016).
Probing the causal role of prestimulus interregional synchrony for perceptual
integration via tACS. Sci. Rep. 6, 1–13. doi: 10.1038/srep32065

Stroud, J. M. (1967). The fine structure of of psychological time. Ann. N. Y. Acad.
Sci. 138, 623–631. doi: 10.1111/j.1749-6632.1967.tb55012.x

Strüber, D., Basar-Eroglu, C., Hoff, E., and Stadler, M. (2000). Reversal-
rate dependent differences in the EEG gamma-band during
multistable visual perception. Int. J. Psychophysiol. 38, 243–252.
doi: 10.1016/S0167-8760(00)00168-9

Strüber, D., and Herrmann, C. S. (2002). MEG alpha activity decrease reflects
destabilization of multistable percepts. Cognitive Brain Res. 14, 370–382.
doi: 10.1016/S0926-6410(02)00139-8

Strüber, D., Rach, S., Trautmann-Lengsfeld, S. A., Engel, A. K., andHerrmann, C. S.
(2014). Antiphasic 40Hz oscillatory current stimulation affects bistable motion
perception. Brain Topogr. 27, 158–171. doi: 10.1007/s10548-013-0294-x

Tallon-Baudry, C., and Bertrand, O. (1999). Oscillatory gamma activity in
humans and its role in object representation. Trends Cogn. Sci. 3, 151–162.
doi: 10.1016/S1364-6613(99)01299-1

Thiele, A., and Stoner, G. (2003). Neuronal synchrony does not correlate
with motion coherence in cortical area MT. Nature 421, 366–370.
doi: 10.1038/nature01285

Thut, G., Schyns, P. G., and Gross, J. (2011). Entrainment of perceptually relevant
brain oscillations by non-invasive rhythmic stimulation of the human brain.
Front. Psychol. 2:170. doi: 10.3389/fpsyg.2011.00170

Tootell, R. B. H., Hadjikhani, N., Hall, E. K., Marrett, S., Vanduffel, W., Vaughan,
J. T., et al. (1998). The retinotopy of visual spatial attention. Neuron 21,
1409–1422. doi: 10.1016/S0896-6273(00)80659-5

Treisman, A. (1998). Feature binding, attention and object perception.
Philosophical Philos. Trans. R Soc. Lond. B Biol. Sci. 353, 1295–1306.
doi: 10.1098/rstb.1998.0284

Uhlhaas, P. J., and Singer, W. (2012). Neuronal dynamics and neuropsychiatric
disorders: toward a translational paradigm for dysfunctional large-scale
networks. Neuron 75, 963–980. doi: 10.1016/j.neuron.2012.09.004

Frontiers in Psychology | www.frontiersin.org 21 March 2021 | Volume 12 | Article 643677

https://doi.org/10.3389/fnhum.2013.00687
https://doi.org/10.1038/nrn1030
https://doi.org/10.1146/annurev.neuro.29.051605.112939
https://doi.org/10.1038/nn1304
https://doi.org/10.1016/j.concog.2017.04.020
https://doi.org/10.1016/j.cortex.2016.03.005
https://doi.org/10.1038/s41598-018-29671-5
https://doi.org/10.1523/JNEUROSCI.1704-17.2017
https://doi.org/10.1111/ejn.15017
https://doi.org/10.1073/pnas.1714522114
https://doi.org/10.1097/WNR.0000000000000565
https://doi.org/10.1016/j.nicl.2020.102484
https://doi.org/10.1523/JNEUROSCI.2998-05.2005
https://doi.org/10.1038/srep27138
https://doi.org/10.1016/j.ijpsycho.2020.06.002
https://doi.org/10.1523/JNEUROSCI.3413-16.2017
https://doi.org/10.1016/j.cub.2015.10.007
https://doi.org/10.1016/j.neuroimage.2014.06.023
https://doi.org/10.1038/35048669
https://doi.org/10.1016/S0926-6410(02)00069-1
https://doi.org/10.1016/S1364-6613(97)01094-2
https://doi.org/10.3758/s13423-017-1257-0
https://doi.org/10.1037/0096-1523.20.2.357
https://doi.org/10.3758/s13414-018-1623-7
https://doi.org/10.1038/nrn3137
https://doi.org/10.1016/j.tics.2008.09.004
https://doi.org/10.1093/schbul/sbr052
https://doi.org/10.1016/j.neubiorev.2016.07.016
https://doi.org/10.1146/annurev.ne.18.030195.003011
https://doi.org/10.1097/00001756-200101220-00009
https://doi.org/10.4103/0253-7176.198937
https://doi.org/10.1016/j.neuropsychologia.2018.03.022
https://doi.org/10.1006/nimg.2001.1030
https://doi.org/10.1038/srep32065
https://doi.org/10.1111/j.1749-6632.1967.tb55012.x
https://doi.org/10.1016/S0167-8760(00)00168-9
https://doi.org/10.1016/S0926-6410(02)00139-8
https://doi.org/10.1007/s10548-013-0294-x
https://doi.org/10.1016/S1364-6613(99)01299-1
https://doi.org/10.1038/nature01285
https://doi.org/10.3389/fpsyg.2011.00170
https://doi.org/10.1016/S0896-6273(00)80659-5
https://doi.org/10.1098/rstb.1998.0284
https://doi.org/10.1016/j.neuron.2012.09.004
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Ghiani et al. tACS and Perceptual Binding Mechanisms

van Driel, J., Knapen, T., van Es, D. M., and Cohen, M. X. (2014). Interregional
alpha-band synchrony supports temporal cross-modal integration.Neuroimage

101, 404–415. doi: 10.1016/j.neuroimage.2014.07.022
VanRullen, R. (2016). Perceptual cycles. Trends Cogn. Sci. 20, 723–735.

doi: 10.1016/j.tics.2016.07.006
Varela, F., Lachaux, J. P., Rodriguez, E., and Martinerie, J. (2001). The brainweb:

phase synchronization and large-scale integration. Nat. Rev. Neurosci. 2,
229–239. doi: 10.1038/35067550

Varela, F. J., Toro, A., Roy John, E., and Schwartz, E. L. (1981). Perceptual
framing and cortical alpha rhythm. Neuropsychologia 19, 675–686.
doi: 10.1016/0028-3932(81)90005-1

Vidyasagar, T. R. (2019). Visual attention and neural oscillations in reading
and dyslexia: are they possible targets for remediation? Neuropsychologia 130,
59–65. doi: 10.1016/j.neuropsychologia.2019.02.009

Von Stein, A., and Sarnthein, J. (2000). Different frequencies for
different scales of cortical integration: from local gamma to long
range alpha/theta synchronization. Int. J. Psychophysiol. 38, 301–313.
doi: 10.1016/S0167-8760(00)00172-0

Vossen, A., Gross, J., and Thut, G. (2015). Alpha power increase after
transcranial alternating current stimulation at alpha frequency (a-tACS)
reflects plastic changes rather than entrainment. Brain Stimul. 8, 499–508.
doi: 10.1016/j.brs.2014.12.004

Vosskuhl, J., Huster, R. J., and Herrmann, C. S. (2015). Increase in short-term
memory capacity induced by down-regulating individual theta frequency via
transcranial alternating current stimulation. Front. Hum. Neurosci. 9:257.
doi: 10.3389/fnhum.2015.00257

Wagner, S., Rampersad, S. M., Aydin, Ü., Vorwerk, J., Oostendorp, T.
F., Neuling, T., et al. (2014). Investigation of tDCS volume conduction
effects in a highly realistic head model. J. Neural. Eng. 11:016002.
doi: 10.1088/1741-2560/11/1/016002

White, P. A. (2018). Is conscious perception a series of discrete temporal frames?
Conscious. Cogn. 60, 98–126. doi: 10.1016/j.concog.2018.02.012

Wischnewski, M., Zerr, P., and Schutter, D. J. L. G. (2016). Effects of theta
transcranial alternating current stimulation over the frontal cortex on reversal
learning. Brain Stimul. 9, 705–711. doi: 10.1016/j.brs.2016.04.011

Witkowski, M., Garcia-Cossio, E., Chander, B. S., Braun, C., Birbaumer, N.,
Robinson, S. E., et al. (2016). Mapping entrained brain oscillations during
transcranial alternating current stimulation (tACS). Neuroimage 140, 89–98.
doi: 10.1016/j.neuroimage.2015.10.024

Wu, D. A., Kanai, R., and Shimojo, S. (2004). Steady-state misbinding of colour
and motion. Nature 429:262. doi: 10.1038/429262a

Wutz, A., and Melcher, D. (2014). The temporal window of individuation limits
visual capacity. Front. Psychol. 5:952. doi: 10.3389/fpsyg.2014.00952

Wutz, A., Melcher, D., and Samaha, J. (2018). Frequency modulation of neural
oscillations according to visual task demands. Proc. Natl. Acad. Sci. U.S.A. 115,
1346–1351. doi: 10.1073/pnas.1713318115

Wutz, A., Muschter, E., van Koningsbruggen, M. G., Weisz, N., and
Melcher, D. (2016). Temporal integration windows in neural processing and
perception aligned to saccadic eye movements. Curr. Biol. 26, 1659–1668.
doi: 10.1016/j.cub.2016.04.070

Yaple, Z., and Vakhrushev, R. (2018). Modulation of the frontal-parietal network
by low intensity anti-phase 20Hz transcranial electrical stimulation boosts
performance in the attentional blink task. Int. J. Psychophysiol. 127, 11–16.
doi: 10.1016/j.ijpsycho.2018.02.014

Zaehle, T., Rach, S., and Herrmann, C. S. (2010). Transcranial alternating current
stimulation enhances individual alpha activity in human EEG. PLoS ONE

5:e13766. doi: 10.1371/journal.pone.0013766
Zhang, X., Qiu, J., Zhang, Y., Han, S., and Fang, F. (2014). Misbinding

of color and motion in human visual cortex. Curr. Biol. 24, 1354–1360.
doi: 10.1016/j.cub.2014.04.045

Zhang, Y., Zhang, Y., Cai, P., Luo, H., and Fang, F. (2019). The causal role of α-
oscillations in feature binding. Proc. Natl. Acad. Sci. U.S.A. 116, 17023–17028.
doi: 10.1073/pnas.1904160116

Zhou, H., yu, Cai, X., lu, Weigl, M., Bang, P., Cheung, E. F. C., and Chan, R. C. K.
(2018). Multisensory temporal binding window in autism spectrum disorders
and schizophrenia spectrum disorders: A systematic review and meta-analysis.
Neurosci. Biobehav. Rev. 86, 66–76. doi: 10.1016/j.neubiorev.2017.12.013

Zvyagintsev, M., Parisi, C., and Mathiak, K. (2017). Temporal processing
deficit leads to impaired multisensory binding in schizophrenia. Cogn.

Neuropsychiatry 22, 361–372. doi: 10.1080/13546805.2017.1331160

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ghiani, Maniglia, Battaglini, Melcher and Ronconi. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Psychology | www.frontiersin.org 22 March 2021 | Volume 12 | Article 643677

https://doi.org/10.1016/j.neuroimage.2014.07.022
https://doi.org/10.1016/j.tics.2016.07.006
https://doi.org/10.1038/35067550
https://doi.org/10.1016/0028-3932(81)90005-1
https://doi.org/10.1016/j.neuropsychologia.2019.02.009
https://doi.org/10.1016/S0167-8760(00)00172-0
https://doi.org/10.1016/j.brs.2014.12.004
https://doi.org/10.3389/fnhum.2015.00257
https://doi.org/10.1088/1741-2560/11/1/016002
https://doi.org/10.1016/j.concog.2018.02.012
https://doi.org/10.1016/j.brs.2016.04.011
https://doi.org/10.1016/j.neuroimage.2015.10.024
https://doi.org/10.1038/429262a
https://doi.org/10.3389/fpsyg.2014.00952
https://doi.org/10.1073/pnas.1713318115
https://doi.org/10.1016/j.cub.2016.04.070
https://doi.org/10.1016/j.ijpsycho.2018.02.014
https://doi.org/10.1371/journal.pone.0013766
https://doi.org/10.1016/j.cub.2014.04.045
https://doi.org/10.1073/pnas.1904160116
https://doi.org/10.1016/j.neubiorev.2017.12.013
https://doi.org/10.1080/13546805.2017.1331160
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

	Binding Mechanisms in Visual Perception and Their Link With Neural Oscillations: A Review of Evidence From tACS
	Introduction
	Temporal Binding
	Alpha Rhythm and Temporal Binding
	Other Rhythms Involved in Temporal Binding
	Temporal Binding: Summary

	Spatial Binding
	Feature Binding
	Spatio-Temporal Binding
	Clinical Implications of tACS-Induced Changes in Perception
	Current Limitations of tACS Studies Exploring Perceptual Binding
	Conclusions and Future Directions
	Author Contributions
	Funding
	References




