
origin) have been assigned roles in feature binding (Singer and 

Gray, 1995), and posterior alpha-band oscillations (8–14 Hz, of 

thalamo-cortical origin) in input regulation (Lorincz et al., 2009), 

and attentional selection (Worden et al., 2000; Sauseng et al., 2005; 

Kelly et al., 2006; Thut et al., 2006).

System characteristics therefore endow neuronal elements or 

networks to oscillate at specific frequencies, and these oscillations 

may implement specific processes. This raises an interesting set 

of questions. Can we promote oscillations in distinct, neuronal 

elements in vivo by directly stimulating them (e.g., through tran-

scranial stimulation protocols)? If so, to what extent would this 

impact brain function? One prerequisite would be the availability 

of techniques that allow for non-invasive human brain stimulation 

in a sufficiently controlled and focal manner to drive distinct oscil-

lators. But do these techniques exist, and at what spatial scales do 

they operate? We here cover these questions, by reviewing recent 

findings on the interaction of non-invasive human brain stimula-

tion with human brain rhythms.

GENERAL CONCEPTS AND FORMAL MODELS OF 

ENTRAINMENT BY A PERIODIC EXTERNAL DRIVE

One property of oscillating elements commonly found in nature is 

that they are self-sustained and dynamic (e.g., Glass, 2001; Pikovsky 

et al., 2003). Such oscillators can be perturbed by an external force. 

If this force is periodic, the natural oscillation may then become syn-

chronized to the periodic event. Synchronization here means that 

the oscillating element starts to cycle with the same period as the 

external force. Or in other terms, the oscillator becomes entrained 

or locked to the external event. In this context,  synchronization, 

entrainment, and locking are synonymous1 (Pikovsky et al., 2003). 

We will use the term entrainment to denote synchronization to a 

rhythmic stream (or train) of external events.

INTRODUCTION

Physiological rhythms are ubiquitous in living organisms (e.g., 

Glass, 2001). In the brain, oscillations are supported by distinct 

neuronal elements across different spatial scales (e.g., Buzsáki 

and Draguhn, 2004). These elements range from the single neu-

ron (Hutcheon and Yarom, 2000) over neuronal circuits (e.g., 

Whittington et al., 1997) to thalamo-cortical and cortico-cortical 

networks at the macroscopic level (e.g., Lorincz et al., 2009). 

Furthermore, brain oscillations occur in distinct frequency bands 

as a function of micro- and macro-network architecture (Buzsáki 

and Draguhn, 2004). Some aspects of brain activity can therefore 

be described in a simplified model as a system of hierarchically 

stacked neuronal oscillators, that cycle and interact at different 

frequencies (Buzsáki and Draguhn, 2004). But are these brain 

rhythms causally implicated in brain function, or do they merely 

reflect by-products of other, underlying mechanisms?

One of the computational processes that oscillations likely 

enable is the dynamic routing/gating of information through the 

synchronization of neuronal elements (Salinas and Sejnowski, 

2001; Fries, 2005; Jensen and Mazaheri, 2010). From such a net-

work perspective, lower frequency oscillations in the theta- to 

alpha-bands (4–12 Hz) have been related to long-distance, area-

to-area interactions, and higher frequency gamma- oscillations 

(20–100 Hz) to local neuronal communication (von Stein 

et al., 2000), coordinated in a multi-band neuronal workspace 

through cross-frequency interactions (e.g., Palva and Palva, 2007). 

Perception also relies on processes that enable effective selection 

and integration of relevant information from the vast amount 

of sensory inputs that is constantly bombarding our brain. In 

support of the hypothesis that differences in frequencies across 

structures may provide important clues to these functions, 

 posterior  gamma-oscillations (30–100 Hz, of likely intracortical 
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For a better illustration of these concepts, we present one 

possible, simple model of entrainment in Box 1. This simulates 

a population of single, self-sustained oscillating elements (here 

n = 3) that become synchronized to an external, rhythmic pulse 

train (Box 1; Figures 1A,B). A single oscillator in the simula-

tion could correspond to a small oscillating neuronal assem-

bly. Electro- or magnetoencephalography (EEG/MEG) capture 

the sum of many single oscillating assemblies. This sum (see 

Box 1; Figure 1C) illustrates the two characteristics of entrain-

ment at the population level: (i) adjustment of phase of the 

underlying oscillation to the periodic force, and (ii) increase in 

amplitude. In other terms, as more and more single oscillating 

elements (e.g., neurons) start to cycle with the periodic force, 

this translates into phase alignment and amplitude-increase at 

the population level. Entrainment therefore is about driving 

brain oscillations by external forces – rather than disruption 

of oscillations by these forces.

If we could drive oscillations of distinct neuronal elements in a 

controlled manner as modeled above, how could this then impact 

perception and performance? Provided that these oscillations play 

a causal role for a specific cognitive function, it is conceivable that 

their entrainment has a functional impact. Phase-adjustment of 

distinct oscillating neuronal elements, on the one hand, could 

change selective communication within constituents of the 

entrained population, or with distant neuronal elements cycling 

at the same phase, since an oscillatory input has a stronger effect 

on those populations that are tuned to the input frequency (Fries, 

2005; Schnitzler and Gross, 2005). Enhancing amplitude of distinct 

neuronal oscillators, on the other hand, may be used to reproduce 

functionally relevant oscillatory signatures, mimicking task-related 

modulation of oscillations, and thereby benefit functions (e.g., Thut 

and Miniussi, 2009).

Controlled entrainment of brain rhythms may therefore prove 

highly beneficial for the study of human brain oscillation. First, by 

generating oscillatory signatures through entrainment, we would 

be able to study in detail the behavioral consequences of these 

modulations, thereby increasing our understanding of the role of 

oscillations for behavior. Second, EEG-recording during controlled 

1Note on the related term resonance: resonance denotes in physics the response 

of a passive system to external driving, whereas entrainment, synchronization, or 

locking is about driving an endogenous (self-sustained) oscillator.

The inherent anatomical and functional complexity of even small neu-
ronal networks calls for simplified models that preserve important 
aspects of their functional characteristics. Computational neuroscien-
tists in this area have carried out a significant amount of research and 
we refer the interested reader to the specialized literature (Glass, 2001; 
Tass, 2002; Pikovsky et al., 2003; Izhikevich, 2010; Winfree, 2001).

For the purpose of this review, we present a very simple simula-
tion of entrainment. To this end, we use a simple phase oscillator 
model (Winfree, 2001; Tass, 2002). The dynamics of this model can 
be described conveniently as a vector rotating counter-clockwise along 
the unit circle in the complex plane (Figure 1A, left panel). In the 
absence of stimulation, the vector cycles with a constant rate around 
the circle depending on the frequency of the oscillation. The sinusoid 
(Figure 1A, right panel) describes the position of the oscillation with 
respect to the 360° rotation of one full cycle, i.e., with respect to the 
phase (=ϕ, 0°–360°) over time.

Rhythmic stimulation of the oscillating neural population can be 
modeled as a periodic force acting in a certain direction on the phase 
vector (Pikovsky et al., 2003). The effect of such rhythmic stimula-
tion on the ongoing oscillation depends on several parameters: the 
amplitude of the stimulation (relative to the amplitude of the ongoing 
oscillation), the phase of the stimulation (relative to the phase of the 
ongoing oscillation), the duration of stimulation (or number of pulses 
in the case of pulsed rhythmic stimulation), and the frequency of the 
stimulation (relative to the frequency of the ongoing neural oscilla-
tion). The number of relevant parameters already suggests that a 
number of possible scenarios have to be considered as outcomes 
of rhythmic stimulation. In our simulation, we focus on the special 
case where the stimulation frequency is identical to the frequency of 
the neural oscillation, i.e., where the rhythmic stimulus is frequency-
tuned to the to-be-entrained oscillation. This is the most relevant 
scenario for controlled interaction with the underlying oscillator, as 
representing ideal condition for entrainment (for the outcome of more 
complex scenarios, see, e.g., Glass, 2001; Pikovsky et al., 2003).

Figure 1B illustrates the case of a periodic stimulation with a 
directional external force (blue vector) when this is repeated (here 

11 times). The effects of the force are examined for three oscillators 
(oscillator 1–3) forming a neuronal population. All considered oscil-
lators cycle at the same frequency (giving rise to the fundamental 
frequency of the population) but not necessarily at the same phase. 
Accordingly, the effects of the force differ for each oscillator, depend-
ing on the phase at which the force catches the ongoing oscillation. 
Consider the black oscillator (oscillator 2), the periodic force and 
the neural oscillation are already in phase. The force (pulling to the 
right side) catches the oscillation when its phase is already pointing 
to the right, and therefore, the phase vector at time of the force 
is unaffected (see left unit circle) and the sinusoid is unperturbed. 
Consequently, there is no effect (i.e., change in phase) on the neural 
oscillation. A different scenario characterizes the response of the red 
oscillator (oscillator 1). Initially, the ongoing oscillation is not phase-
aligned with the periodic force. The phase-vector representation 
shows that each periodic force causally advances the phase vector 
slightly, until (here, after the sixth stimulation) the neural oscilla-
tion phase-aligns with the periodic stimulation. Similarly, the green 
oscillator (oscillator 3) moves back in phase with each successive 
stimulation until both are aligned.

On the level of the population of oscillators, as recordable with 
EEG/MEG (Figure 1C, Population mean, number of modeled oscil-
lators >>3), this would translate not only in phase-adjustment but 
also in amplitude-increase. Prior to stimulation with the periodic 
force, a certain number of oscillators of this population are likely 
to show random phase relations, which tends to nullify the popu-
lation sum. After the starting point of periodic stimulation and 
as more and more underlying oscillators become synchronized, 
progressive amplitude-enhancement through phase alignment is 
observed (entrainment).

Note that we present here one possible model of entrainment 
mostly for illustrative purposes. There are other scenarios, such as 
the external forces directly triggering an oscillation, i.e., enhancing the 
amplitude per se. This would lead to the same outcome, namely phase-
aligned and amplitude-increased oscillations, in case the periodic force 
is frequency-locked to the to-be-induced oscillation. (Continued)

BOX 1 | Entrainment in a population model of self-sustained neuronal oscillators.
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BOX 1 | Continued

FIGURE 1 | (A) Neural oscillation in a simple phase oscillator model. (B) Entrainment of neuronal oscillators by a periodic external force. (C) Entrainment at the 

population level.

experimental induction of oscillations would enable the detailed 

study of the system’s behavior under various scenarios. Third, fur-

ther research in this area may well lead to applications in rehabilita-

tion or treatment of disease.

We here review emerging evidence for entrainment of human brain 

oscillations in a controlled and functionally meaningful way. We also 

highlight challenges in the quest for entrainment. In light of these 

challenges, we argue that providing converging evidence for entrain-

ment on both the level of EEG-signals and behavioral measures will 

likely prove essential to disambiguate entrainment from other forms of 

interactions between rhythmic brain stimulation and brain rhythms.

ENTRAINMENT OF HUMAN BRAIN OSCILLATIONS: MAIN 

CONFOUND

The models of entrainment by external driving introduced above 

translate into a set of requirements for entrainment.

(1) Entrainment requires the involvement of a neural oscillator (i.e., 

a neural population that exhibits oscillations at the entrainment 

frequency or is capable of doing so under natural conditions).

(2) Entrainment requires periodicity in the input stream of 

external events.

(3) Entrainment requires synchronization (phase alignment) 

between the input stream and the neural oscillator.

(4) Crucially, the models also assume that the external force 

influences the oscillating elements by direct interaction (see 

Box 1; Figure 1B).

The ideal scenario to achieve this form of entrainment is to 

tune the frequency of the periodic force to the natural frequency 

of the to-be-entrained neuronal elements (which is the scenario 

illustrated in Box 1). This is equivalent to a 1:1 frequency locking 

between the natural oscillation and the periodic event. Under these 

Thut et al. Entraining oscillatory brain activity
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Several methods are available for non-invasive brain stimulation 

in rhythmic patterns. We here classify these methods along two 

dimensions. Rhythmic stimulation can come in (a) pulsed forms 

which repeat short, transient stimulus events at regular intervals, 

or (b) continuous forms which generate oscillating (e.g., sinusoi-

dal) stimulus patterns. In addition, rhythmic stimulation can be 

applied through (c) sensory input pathways, e.g., via presentation of 

visual stimuli, or (d) using transcranial stimulation techniques that 

stimulate the brain directly bypassing sensory input. Pulsed and 

continuous forms are available for both sensory and transcranial 

stimulation techniques, detailed below.

The classical, pulsed form of rhythmic stimulation is steady-state 

sensory presentation. In visual flicker, for instance, transient visual 

events are repeated at fixed frequency (pulsed sensory stimulation; 

e.g., Herrmann, 2001). Repetitive (also rhythmic) transcranial mag-

netic stimulation (TMS) – a further pulsed form of stimulation – uses 

the principle of electromagnetic current induction through a coil 

placed over the scalp to stimulate brain areas directly (pulsed tran-

scranial stimulation; Hallett, 2007). With both of these techniques, 

stimuli can be presented in a wide range of repetition frequencies, 

covering the physiological range of brain oscillations from slow-

waves to gamma-frequencies (at around 100 Hz; e.g., Herrmann, 

2001; Thut and Miniussi, 2009). More recently developed transcranial 

stimulation techniques apply weak electrical currents in continuous 

oscillatory patterns through large sponge scalp electrodes (continu-

ous transcranial stimulation). The latter techniques consist of oscilla-

tory transcranial direct current stimulation (o-tDCS; Marshall et al., 

2006) or transcranial alternating current stimulation (tACS; Antal 

et al., 2008). These techniques go beyond the pulsed stimulation 

forms as they allow to stimulate up to the ripple range (>200 Hz; 

Moliadze et al., 2010; Siebner and Ziemann, 2010).

In terms of spatial scale, pulsed sensory stimulation simultane-

ously drives many primary sensory structures and areas of the input 

pathways (sub-cortically and cortically), while transcranial stimulation 

directly drives underlying neuronal elements bypassing sensory input, 

albeit with different spatial resolutions (TMS has better resolution than 

o-tDCS and tACS) and with subsequent propagation to connected 

nodes. All techniques however have in common that they interact with 

the brain on the scale of large neuronal populations, such as those that 

are recordable with EEG and MEG. Note also that in contrast to sensory 

stimulation and TMS, the periodic stimulus is not noticeable during 

tACS and o-tDCS. Indirect (internally controlled) entrainment can 

therefore be ruled out a priori with the latter protocols.

All these methods therefore allow non-invasive, human brain 

stimulation at appropriate frequencies and spatial scales. But can 

they possibly induce entrainment? We will first examine whether 

their mechanisms of interaction with neuronal activity would per-

mit entrainment, before reviewing the evidence for it.

NEUROPHYSIOLOGICAL BASIS OF ENTRAINMENT

Neurophysiological mechanisms of entrainment are likely to dif-

fer between the pulsed and the continuous oscillatory forms of 

rhythmic stimulation. Pulsed forms of stimulation are ubiquitous 

in psychophysics and cognitive neuroscience, and numerous stud-

ies have focused on the neuronal consequences of one pulsed event 

in terms of the generation of evoked EEG activity (e.g., Regan, 

1988; Niedermeyer and Silva, 2004). One influential theory of the 

conditions, entrainment of neuronal oscillations is feasible in vitro 

(Gouwens et al., 2010) and in vivo in rats (Ozen et al., 2010). But 

is it also feasible in the human brain with the currently available 

stimulation techniques, and what are its confounding factors?

In contrast to the study of entrainment in slice preparation of 

neurons (e.g., Gouwens et al., 2010), there is an important confound 

of entrainment to external rhythmic events in humans, even if the 

external force directly interacts with the neuronal elements (as mod-

eled). Unless the external force is imperceptible, the periodicity of 

the external event will likely engage attentional mechanisms, such 

as reflexive orienting or anticipation of the next, predicable event in 

the event sequence (Nobre, 2001). Because these processes are also 

likely to be associated with changes to oscillatory activity, they may 

themselves cause synchronization of brain waves to the input stream, 

as well as changes to perception and performance (for the case of 

EEG-changes in anticipation of upcoming events see, e.g., Worden 

et al., 2000; Sauseng et al., 2005; Thut et al., 2006). In the wider sense, 

this would also reflect entrainment of functionally relevant oscilla-

tions to periodic events, but through indirect (internal) control, and 

not through direct impact of the external force as modeled above. 

We think of this distinction as direct (or purely externally driven) 

entrainment versus indirect (or internally controlled) entrainment 

(the latter being a main confound of external driving).

Importantly, direct entrainment by a periodic external drive 

should demonstrate different temporal constraints than indirect 

(internally controlled) entrainment. The two forms should there-

fore be distinguishable on empirical grounds. Specifically, the fastest 

frequency for direct entrainment should correspond to the upper 

range of observable, biological brain rhythms (which is the rip-

ple range, at 200–600 Hz; see Buzsáki and Draguhn, 2004). Direct 

entrainment should also be confined to a narrow bandwidth, where 

the stimulation frequency matches the targeted brain oscillation, and 

this frequency–specificity should make flanker stimulation frequen-

cies comparatively ineffective. In contrast, the fastest frequency of 

indirect (internally controlled) entrainment should be much slower, 

e.g., limited by the dynamics of the build-up of attentional  processes. 

In regards to anticipatory attention, for instance, this build-up has 

been estimated to 100–300 ms, the time it takes that neuronal excit-

ability measures reach an asymptotic level during attentional ori-

enting (e.g., Müller et al., 1998). Indirect (internally controlled) 

entrainment should therefore be effective over a large range of input 

frequencies, as long as attention engagement is possible, i.e., the 

stimulus periodicity does no reach the upper dynamic limits of the 

attentional process. For anticipatory attention, the upper frequency 

that can be tracked by attention should be in the alpha- to theta-

range (due to the estimated limit of 100–300 ms periodicity).

We here focus on externally driven entrainment. Our review is 

therefore about generating brain oscillations without the need for 

active engagement of the participants in a task. When of concern, 

we weigh apparent evidence for direct entrainment against possible 

indirect (endogenous) confounds.

METHODS FOR NON-INVASIVE ENTRAINMENT OF BRAIN 

RHYTHMS

What are the non-invasive stimulation methods that could in prin-

ciple be used for entrainment of human brain oscillations, and is 

such entrainment physiologically plausible?

Thut et al. Entraining oscillatory brain activity
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ELECTROPHYSIOLOGICAL EVIDENCE FOR ENTRAINMENT 

Such evidence is provided, if the origin of synchronization can 

be allocated to a direct interaction of the stimulus train with the 

ongoing brain oscillation (see Box 1). This should show in 1:1 

phase alignment, and can only be demonstrated unequivocally 

through the study of brain responses during (online to) stimula-

tion, although this may not constitute conclusive evidence (i.e., 

may be insufficient for a proof of entrainment in some instances, 

see controversies below).

Rapid rhythmic sensory stimulation gives rise to SSRs in MEG, 

EEG, or local field potential (LFP) recordings (Picton et al., 2003). 

SSRs show discrete frequency components that remain constant in 

amplitude and phase during (online to) stimulation (Regan, 1988). 

As would be expected from entrainment, the SSR-signal shows 1:1 

phase alignment with the rhythmic stimulus, after a short transient 

period at the beginning of stimulation. Studies that tested SSRs for 

the visual cortex across a wide range of frequencies (1–100 Hz) have 

revealed enhanced phase-locked rhythmic activity at the funda-

mental frequency of stimulation up to frequencies of at least 50 Hz 

(Rager and Singer, 1998; Herrmann, 2001). In line with the entrain-

ment of natural ongoing brain oscillations, these SSRs show fur-

ther response–enhancement to stimulation at discrete (preferred) 

frequencies (Rager and Singer, 1998; Herrmann, 2001; Picton et al., 

2003; Zaehle et al., 2010a). For the human visual system, this occurs 

at around 10, 20, and 40 Hz, which seems largely consistent with a 

scenario where rhythmic sensory stimulation entrains natural brain 

oscillations. Because frequency dependence occurs in discrete, nar-

row bandwidths, this is suggestive of direct entrainment by external 

drive. Interestingly, these SSRs do generally not persist after the 

offset of the stimulus train (e.g., Capilla et al., 2011).

Electrophysiological evidence for entrainment from transcranial 

stimulation protocol is still sparse. A recent EEG study has examined 

changes to oscillatory activity in response to tACS in human par-

ticipants (Zaehle et al., 2010b). In comparison to sham stimulation, 

occipital tACS at individual alpha-frequency (alpha-tACS) selectively 

enhanced oscillatory EEG activity in the alpha-band, measured 

offline to stimulation over a 3-min post-tACS period (Zaehle et al., 

2010b). EEG-data online to stimulation was not available as a con-

sequence of tACS-induced artifacts. The offline results are therefore 

suggestive of entrainment that outlasted stimulation offset. But other 

accounts are conceivable, because in the absence of EEG record-

ings during tACS, entrainment cannot be unequivocally established, 

and because the specificity of alpha-enhancement to stimulation 

at alpha-frequency had not been assessed. For instance, long-term 

alpha-enhancement after occipital alpha-tACS could reflect a general 

tendency of the occipital cortex to respond in its preferred frequency 

(the alpha rhythms) to any active stimulation protocol (see Veniero 

et al., 2011, for analogy over motor cortex). Note that the external 

application of a sinusoidally oscillating electric field in animals (akin 

to o-tDCS in humans) entrains neuronal spiking in widespread areas, 

but that this effect does not persist beyond stimulation offset (Ozen 

et al., 2010), suggesting entrainment at a short time-scale.

More recently, we have demonstrated entrainment during rhyth-

mic TMS (Thut et al., 2011) capitalizing on methods that allow for 

online TMS–EEG recordings. Rhythmic TMS over parietal cortex 

tuned to the preferred frequency of the underlying generator (i.e., 

alpha) entrained its oscillatory (alpha) activity (Thut et al., 2011). 

evoked potential generation is also of great interest for the study 

of entrainment. This theory posits that EEG responses to sensory 

stimuli can partially be explained through transient, stimulus-

induced adjustment of the phase of ongoing oscillations (phase-

resetting; Sayers et al., 1974; Makeig et al., 2002; Klimesch et al., 

2007b). An analogous explanation has been put forth to explain 

the EEG responses to a single TMS pulse, involving phase-resetting 

of ongoing rhythms of the stimulated cortex (Paus et al., 2001; 

Fuggetta et al., 2005; Van Der Werf and Paus, 2006; Rosanova 

et al., 2009). This implies that components of the evoked responses 

echo spectral features of ongoing oscillations, and by extension, 

that some of these components reflect ongoing oscillatory brain 

activity that has been reorganized (Sayers et al., 1974; Makeig et al., 

2002; Klimesch et al., 2007b), albeit with a fast desynchronization 

rate since evoked potentials tend to fade rapidly after stimulus 

presentation. Yet, this also implies that entrainment of ongoing 

brain oscillations through the pulsed form of rhythmic stimula-

tion is physiologically plausible, when the initial stimulus (sensory 

event or TMS pulse) is repeated in a way that catches the realigned 

oscillations at the correct phase, leading to further synchronization 

(see also Zaehle et al., 2010a).

Likewise, entrainment through continuous, time-varied (sinu-

soidal) forms of stimulation (o-tDCS or tACS) is plausible, albeit via 

another mechanism than phase-reset. In contrast to sensory stimuli 

or TMS pulses that excite neurons directly, transcranial stimulation 

with an electric current modulates the spontaneous firing rate of 

neurons through a shift of the cell’s resting membrane potential 

(Purpura and McMurtry, 1965; Nitsche et al., 2003). Although such 

changes in membrane potential have so far only been established 

using constant current strength (Purpura and McMurtry, 1965; 

Nitsche et al., 2003), it is conceivable that time-varying current 

strength, such as in tACS or o-tDCS, will also impose an oscillatory 

shift on the membrane potential, thereby affecting endogenous brain 

rhythms (Bergmann et al., 2009; Zaehle et al., 2010b).

Entrainment of human brain oscillations by these methods is 

therefore conceivable on physiological grounds. What is the evi-

dence for such entrainment in the literature?

EMPIRICAL EVIDENCE FOR DIRECT ENTRAINMENT OF 

PERCEPTUALLY RELEVANT HUMAN BRAIN RHYTHMS BY 

EXTERNAL DRIVE

We dissociate between purely electrophysiological evidence, purely 

behavioral evidence, or combined evidence for entrainment of brain 

oscillations. To date, most of the electrophysiological evidence stems 

from rhythmic sensory stimulation protocols (e.g., visual flicker) and 

research on steady-state responses (SSRs) in EEG and MEG, which 

we review first. EEG evidence for entrainment during TMS, tACS, or 

o-tDCS is only starting to emerge (see Electrophysiological evidence 

below). This bias in favor of sensory stimulation is due to the added 

complexity of dealing with electrically or magnetically induced arti-

facts during TMS, tACS, or o-tDCS, which is leading to rhythmic con-

taminations of the neural signals in EEG (e.g., for available TMS–EEG 

methods see Ilmoniemi and Kicić, 2010). Importantly, electrophysi-

ological evidence for entrainment is corroborated by recent reports of 

frequency-specific behavioral consequences of rhythmic stimulation, 

reviewed later (see Behavioral evidence). Finally, reports of combined 

evidence are reviewed in the last section.
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for direct entrainment of brain oscillations through a periodic 

external drive). In addition, if entrainment does not persist after 

train offset, it would be of importance to show that entrain-

ment depends on the ongoing oscillations prior to the train. 

Entrainment of self-sustained, natural oscillations should depend 

on the phase at which the stimulus train catches the ongoing 

oscillation, leading to a very specific (sinusoidal) relationship of 

entrainment strength with pre-stimulus phase. Accordingly, such 

a phase-dependence would provide strong support for entrain-

ment of natural oscillations.

BEHAVIORAL EVIDENCE FOR ENTRAINMENT

Such evidence can add important information, given the challenges 

in interpreting electrophysiological evidence (see above).

Frequency-dependent behavioral effects of rhythmic stimula-

tion would support entrainment, particularly when the effective 

stimulation frequency matches a background or task-related EEG/

MEG-frequency of the stimulated area (1:1 frequency locking). 

Consider a frequency F(x) of known origin which has been related 

to a particular function X, via EEG- or MEG-experimentation. If 

stimulation of the appropriate brain areas at frequency F(x) – but 

not at a control frequency F(y) – were to promote function X, as 

assessed via behavioral measures, this would strongly indicate that 

entrainment of underlying brain oscillations cycling at F(x) may 

have caused the functional change (and by extension that there is 

a causal link between this rhythm and a distinct function). For a 

prominent recent example see Marshall et al. (2006) who showed 

that o-tDCS during sleep, when tuned to slow-wave EEG oscilla-

tions (<4 Hz) that correlate with overnight memory consolidation, 

promotes memory in a frequency-specific fashion. This evidence is 

of the order of a single dissociation (in neuropsychological terms; 

e.g., Shallice, 1988). If stimulation at the (control) frequency F(y) 

[but not at F(x)] promoted another function Y, then this would 

constitute a double dissociation2.

The example above is on memory and sleep-related EEG-

frequencies. Recent behavioral evidence also points toward entrain-

ment of rhythms of visual brain areas. Frequency-tuned stimulation 

of occipito-parietal areas alters specific aspects of perception both 

under rhythmic TMS (Klimesch et al., 2003; Sauseng et al., 2009; 

Romei et al., 2010, 2011) and tACS (Kanai et al., 2008; Feurra et al., 

2011).

Rhythmic TMS at parietal brain rhythms changed performance 

in parietal lobe tasks, namely parietal stimulation at alpha-frequency 

altered location-based attention and working memory (Sauseng 

et al., 2009; Romei et al., 2010). These TMS-studies were based on 

a priori EEG-information that parietal alpha-oscillations (8–14 Hz) 

may play a regulatory role in visual attention/perception (Worden 

et al., 2000; Kelly et al., 2006; Thut et al., 2006; Mathewson et al., 

2009; Gould et al., 2011) and visual spatial working memory (e.g., 

Freunberger et al., 2011) through inhibitory gating (Klimesch et al., 

2007a; Jensen and Mazaheri, 2010; Foxe and Snyder, 2011). In line 

with this EEG evidence, tuning parietal TMS to alpha-frequency 

Entrainment could be inferred because alpha-enhancement was 

specific to rhythmic alpha-TMS, i.e., (1) was not observed in an 

arrhythmic TMS control in which the same number of pulses was 

randomly jittered over the same time interval (ruling out a general 

tendency of the parietal cortex to respond at its preferred frequency 

to any active protocol), and (2) was not observed with sham (inac-

tive) TMS emulating the rhythmic auditory clicks of TMS (ruling 

out indirect confounds). In further accord with entrainment, the 

local alpha-response during alpha-TMS was explained by phase-

locking of ongoing alpha activity to the TMS train. Hence, it was 

concluded that rhythmic TMS entrained a natural oscillation as 

opposed to the imposition of an artificial rhythm. Note that entrain-

ment was of brief duration, i.e., vanished shortly after the end of 

TMS administration, at least with the used protocol (5-pulse TMS 

bursts; Thut et al., 2011).

Controversies

The view that SSRs reflect entrainment of brain oscillations has 

been challenged for several reasons. First, although spectral analysis 

of brain responses demonstrates dominant activity at stimulation 

frequency across a wide frequency range (at least 1–50 Hz), there is 

no evidence of (ongoing) oscillations at most of these frequencies. 

This questions whether the spectral peak at the fundamental fre-

quency (stimulation frequency) is indeed caused by an underlying 

entrained oscillation. Second and alternatively, the spectral peak 

at fundamental frequency may rather be caused by the periodicity 

of stimulation (and subsequently evoked components). In keeping 

with this notion, SSRs can be explained by linear superposition 

of adequately constructed transient responses (Bohorquez and 

Ozdamar, 2008; Capilla et al., 2011). Specifically, transient responses 

derived from jittered stimulus trains (with a mean stimulation fre-

quency corresponding to the steady-state frequency) allow pre-

cise reconstruction of SSRs. Third, entrainment (in the sense of 

phase alignment of self-sustained oscillations) is expected to last 

beyond the end of the stimulation train. This is because once the 

self- sustained oscillator has been phase-aligned, it is not expected 

to revert to its initial phase, since phase is a free parameter of self-

sustained systems (e.g., Pikovsky et al., 2003). However, SSR studies 

generally fail to observe components at the end of the stimulation 

train beyond what can be explained by a transient, evoked compo-

nent (Capilla et al., 2011, but see Ross et al., 2005).

However, these controversial results can be reconciled by a model 

in which transient EEG/MEG-responses to external stimuli and 

self-sustained (ongoing) EEG/MEG oscillations are tightly linked 

(Basar, 1980; David et al., 2006; Zaehle et al., 2010a). According 

to this view, the neural elements under study have specific oscil-

latory properties which determine both the (early parts of the) 

EEG/MEG-response to, e.g., a single pulse stimulus (e.g., Van Der 

Werf and Paus, 2006; Rosanova et al., 2009), and the frequencies of 

oscillations that can be entrained per area (e.g., Herrmann, 2001). 

Short, transiently induced oscillations may then speak for entrain-

ment in a dampened system. In this view, the finding that linear 

superposition of short, transient responses can explain SSRs would 

neither prove nor disprove entrainment.

In the light of these controversies, we argue that complemen-

tary probes into entrainment, e.g., via behavioral measures, can 

provide important information (see below and Box 2: criteria 

2Note that a frequency (e.g., 4 Hz) may play multiple roles depending on the net-

work of brain areas under investigation, and context. Hence, the terms single or 

double dissociation might only make sense if these variables (engaged network and 

context) are also considered.
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not shown) event in the rhythmic event sequence (Mathewson 

et al., 2010). This is evidence for entrainment of neuronal pro-

cesses to the rhythmic stream of events. However, the design of 

this study did not allow to resolve to what extent expectations 

and internal control drove these effects, or alternatively whether 

direct sensory entrainment of visual brain rhythms may have 

played a pivotal role.

Limitations

In the absence of EEG recordings, it is unclear whether oscilla-

tions have been induced by rhythmic interventions, in parallel to 

the behavioral effects. However, entrainment is a likely scenario, 

given that the most effective frequencies match with oscillations 

that have been linked to perception by EEG. Together with the 

above electrophysiological evidence, the behavioral findings 

therefore provide strong support for entrainment. Overall, the 

finding of a frequency-specific impact on perception and per-

formance by rhythmic interventions suggests that these brain 

rhythms play a causal role in driving perception.

COMBINED ELECTROPHYSIOLOGICAL AND BEHAVIORAL  

EVIDENCE FOR ENTRAINMENT 

Such evidence would firmly establish a case for entrainment, 

and for the relevance of oscillatory activity for behavior. Indeed, 

recent intracranial recordings in monkeys suggest that successful 

 entrainment of neural oscillations leads to shorter reaction times 

(Lakatos et al., 2008). In this study a rhythmic stream of alternat-

ing visual and auditory stimuli was presented at a mean frequency 

of 1.5 Hz with the monkey attending to either visual or auditory 

stimuli in different experimental runs. Interestingly, LFP recordings 

in monkey V1 revealed stronger phase alignment of delta activity 

(1.5 Hz) to attended visual and auditory stimuli compared to unat-

tended stimuli. Stimuli presented at the preferred phase of delta 

oscillations lead to shorter reaction times. These results can be 

interpreted as a top-down initiated alignment of V1 oscillations to 

the rhythmic structure of the sensory input, which is facilitated by 

the low presentation frequency. This phase alignment ensures that 

expected stimuli arrive at the preferred phase corresponding to a 

high excitability state of the neural population (Lakatos et al., 2009). 

Such control of oscillatory phase can implement attentional selec-

tion and gating of selected stimuli (Mazzoni et al., 2010; Panzeri 

et al., 2010). It should be noted that the entrainment effect dis-

cussed here would correspond to internally controlled, indirect 

entrainment. To the best of our knowledge, there is no combined 

evidence yet that unequivocally shows direct entrainment of brain 

activity by an external periodic drive, and simultaneously links this 

with behavior.

LACK OF EVIDENCE FOR ENTRAINMENT

While there is emerging evidence for entrainment in the human 

brain, there are also unsuccessful attempts to entrain.

  Negative reports as to synchronization of oscillatory activ-

ity during o-tDCS and rhythmic TMS suggest that entrainment 

by direct interaction with oscillations is not straightforward 

(Bergmann et al., 2009; Johnson et al., 2010). In Bergmann et al. 

(2009), o-tDCS was applied at slow-wave frequencies over the 

motor cortex of awake participants and phase-aligned cycling of 

suppressed processing of information in the visual field contralat-

eral to TMS both in working memory (Sauseng et al., 2009), and 

detection tasks (Romei et al., 2010).

Frequency-specific effects of rhythmic TMS were also obtained 

for another parietal lobe function and other oscillations, namely 

feature-based attention and the theta- and beta-rhythms (Romei 

et al., 2011). Building on a priori EEG evidence for a role of pari-

etal theta-(5 Hz) and beta-(20 Hz) oscillations in the processing 

of global versus local features of a reversible visual scene (Smith 

et al., 2005, 2007), Romei et al. (2011) recently studied whether 

parietal TMS at theta or beta frequency can causally benefit visual 

processing at global or local levels, respectively. In contrast to the 

studies on parietal alpha (which are showing a single dissocia-

tion), these findings on parietal theta and beta revealed a double 

dissociation. Stimulation at theta frequency improved perception 

of global features whereas stimulation at beta frequency improved 

perception of local features.

Notably, all these findings show that the behavioral effects are 

confined to frequencies that had been identified as perceptually 

relevant in earlier EEG research (Worden et al., 2000; Sauseng et al., 

2005; Smith et al., 2005, 2007; Kelly et al., 2006; Thut et al., 2006). 

Because the same protocols were ineffective at flanker frequencies 

(Sauseng et al., 2009; Romei et al., 2010) or showed a double dis-

sociation (Romei et al., 2011), this behavioral evidence best accords 

with entrainment of natural oscillations of the stimulated occipital 

or parietal areas through the periodic electromagnetic force gen-

erated by TMS. Note that where tested, the timing of behavioral 

effects to rhythmic TMS was short-term, vanishing shortly after 

train offset (Romei et al., 2010), in line with the majority of elec-

trophysiological evidence.

Similarly, tACS-research has revealed frequency-depended per-

ceptual consequences at specific bandwidths of stimulation (Kanai 

et al., 2008; Feurra et al., 2011). Stimulation of primary sensory 

cortices evoked strongest illusory percepts when tACS was tuned to 

the preferred frequencies of these areas – i.e., the alpha-band. This 

was true for both visual sensations (phosphenes) evoked during 

occipital tACS (eyes closed condition, Kanai et al., 2008; but see 

Schwiedrzik, 2009) and tactile sensations evoked during tACS over 

somatosensory areas (Feurra et al., 2011). In addition to showing 

frequency–specificity, the most effective frequency also depended 

on the current state of the cortex (specificity shifted from alpha 

with eyes closed to beta with eyes open; Kanai et al., 2008), a further 

argument that there is interaction with ongoing cortical rhythms 

(but see Schwiedrzik, 2009). It is of interest to note that in these 

tACS-examples, it is alpha-tACS that led to an enhancement not 

to reduction of tACS-induced sensations, which is in apparent 

contradiction with the inhibition theory of the alpha oscillation 

(e.g., Klimesch et al., 2007a). Yet, this can be explained by entrain-

ment and a variant of the inhibition model (“pulsed inhibition 

model”; Mathewson et al., 2009), if tACS-effectivity and sensory 

cortex receptivity co-cycle in the appropriate phase. Overall, these 

behavioral results suggest that it may also be possible through tACS 

to directly interact with natural brain oscillations in a frequency-

specific fashion.

Finally, pulsed sensory stimulation at alpha-frequency prior to 

a presentation of a target leads to enhanced target detection, but 

only when the target coincides in time with the next expected (but 
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(internally controlled) entrainment. To further complicate mat-

ters, both types of entrainment may co-exists, and even interact, 

as used for instance in research on attentional modulation of 

steady-state visual responses (Morgan et al., 1996; Müller et al., 

1998; Ding et al., 2006; Kim et al., 2007; Parkkonen et al., 2008). 

Therefore, these forms of entrainment have to be disambiguated, 

e.g., through experimental designs that test for the bandwidth of 

the frequency response function. To inform further research, we 

conclude with a list of criteria for direct entrainment of natural 

rhythms through an external, periodic drive. We classify each 

criterion as providing weak, moderate, or strong support for 

entrainment (see Box 2).

CONCLUSION

The converging evidence for entrainment from several protocols 

(sensory stimulation, TMS, tACS, and o-tDCS) and measures 

(behavioral to electrophysiological) speaks in favor of controlled 

entrainment of human brain oscillations by an external peri-

odic drive. The reviewed studies collectively suggest that such 

rhythmic stimulation may change attention and perception by 

modifying communication in oscillatory networks through 

their entrainment. How stimulation parameters and ongoing 

oscillations interact to give rise to entrainment will need to be 

studied in detail in future research. In addition, the duration 

of entrainment effects after stimulation will determine future 

uses beyond basic research on brain oscillations. By entraining 

biological brain oscillations in a controlled manner, and reveal-

ing the behavioral consequences on perception or cognition, we 

would come much closer to understand how brain oscillations 

map onto functions, and ultimately what is driving perception 

and cognition.
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cortical excitability was probed through measuring TMS-evoked 

muscle twitches online to this rhythmic stimulation. No cycling 

pattern was found, suggesting that brain rhythms may not be 

entrained if applied at an inappropriate frequency; that is at a 

slow sleep-like oscillation when participants are awake (Bergmann 

et al., 2009). Similarly, in Johnson et al. (2010), rhythmic parietal 

alpha-TMS did not lead to entrainment, as shown by a lack of 

alpha-power increases over the target area during stimulation. 

This may suggest that fine tuning of stimulation parameters (e.g., 

site and frequency) is important to achieve entrainment. In addi-

tion, entrainment effects are expected to depend on the phase of 

the oscillation at the start of stimulation. Simple averaging across 

all trials (with different pre-stimulation phase) might obliterate 

existing entrainment effects.

  Finally, negative reports of sustained entrainment after the end 

of the stimulus train seem to indicate that entrainment is short-term. 

In a meta analysis of TMS–EEG studies exploring long-term changes 

in oscillatory activity (EEG-after effects > 10 min) following rhyth-

mic (repetitive) TMS, we could not find any evidence for a consistent 

match between affected EEG- and applied TMS-frequency, i.e., for 

frequency-locking between TMS-input and long-term EEG-

outcome (Thut and Miniussi, 2009; Thut and Pascual-Leone, 2010).

CRITERIA FOR DIRECT ENTRAINMENT THROUGH A PERIODIC 

EXTERNAL DRIVE

Many findings reviewed here constitute emerging, supportive evi-

dence that rhythmic stimulation protocols can directly entrain 

human brain oscillations, with potential consequences for ongo-

ing and upcoming perception and performance. This evidence is 

however not always conclusive. In some instances, there is only 

indirect evidence, for example when frequency-dependent effects 

on behavior are reported that match with prior EEG research. In 

other instances, entrainment seems likely, but alternative explana-

tions may apply. There are also difficulties inherent to rhythmic 

stimuli, as these stimuli may entrain brain waves directly, but also 

engage attention of the participants and thereby provoke indirect 

EEG/MEG-evidence
 (1) Synchronization of brain oscillations to the rhythmic stream of 

external events, as measured with EEG/MEG.
 (2) Frequency–specificity of entrainment effects in EEG/MEG-

signals, meaning that stimulation is maximally effective when cor-
responding to the natural frequency of the stimulated generator.

 (3) Spatial specificity of entrainment effects in EEG/MEG-signals, 
meaning that a oscillatory signature with distinct topography 
involving the target area is emerging from entrainment.

 (4) The targeted area can also cycle at the entrainment frequency 
in the absence of rhythmic stimulation (natural oscillator).
This natural oscillator can be:

 (4.1)  A self-sustained oscillator observable with EEG/MEG at 
baseline, in which case entrainment should show a relation 
with the ongoing oscillation (phase-dependence). We would 
grade this as strong evidence for entrainment.

 (4.2)  An oscillator that is activated by a task (task-related oscil-
latory EEG/MEG activity), in which case a relationship with 

ongoing  oscillations might be absent. We grade this as mod-
erate evidence for entrainment.

 (4.3)  No evidence for the targeted area to cycle at the most 
effective stimulation frequency (during baseline or a task) 
does not automatically disqualify as entrainment of natural 
oscillations, but would constitute only weak evidence.

Converging behavioral evidence
 (5) Frequency-specific behavioral consequences during rhyth-

mic stimulation (under the provision that there is a causal link 
between the power of the induced oscillations and behavior; for 
a review of correlational evidence see, e.g., Foxe and Snyder, 
2011). Here, we would consider a double dissociation as the 
strongest evidence, followed by single dissociations.

 (6) A cycling pattern of behavior during rhythmic stimulation (under 
the provision that phase of the induced oscillation causally 
relates to behavior; for a review of correlational evidence see, 
e.g., VanRullen et al., 2011; Mathewson et al., 2011).

BOX 2 | Criteria for direct entrainment of brain oscillations through a periodic external drive.

Thut et al. Entraining oscillatory brain activity

Frontiers in Psychology | Perception Science  July 2011 | Volume 2 | Article 170 | 8

http://www.frontiersin.org/perception_science/
http://www.frontiersin.org/perception_science/archive


transcranial high frequency stimula-

tion in the ripple range. J. Physiol. 588, 

4891–4904.

Morgan, S. T., Hansen, J. C., and Hillyard, 

S. A. (1996). Selective attention to 

stimulus location modulates the 

steady-state visual evoked poten-

tial. Proc. Natl. Acad. Sci. U.S.A. 93, 

4770–4774.

Müller, M. M., Teder-Sälejärvi, W., and 

Hillyard, S. A. (1998). The time 

course of cortical facilitation during 

cued shifts of spatial attention. Nat. 

Neurosci. 1, 631–634.

Niedermeyer, E., and Silva, F. D. (2004). 

Electroencephalography: Basic 

Principles, Clinical Applications and 

Related Fields, 5th Edn. Philadelphia, 

PA: Lippincott Williams and Wilkins.

Nitsche, M. A., Fricke, K., Henschke, U., 

Schlitterlau, A., Liebetanz, D., Lang, N., 

Henning, S., Tergau, F., and Paulus, W. 

(2003). Pharmacological modulation 

of cortical excitability shifts induced by 

transcranial direct current stimulation 

in humans. J. Physiol. 553, 293–301.

Nobre, A. C. (2001). Orienting attention 

to instants in time. Neuropsychologia 

39, 1317–1328.

Ozen, S., Sirota, A., Belluscio, M. A., 

Anastassiou, C. A., Stark, E., Koch, C., 

and Buzsaki, G. (2010). Transcranial 

electric stimulation entrains corti-

cal neuronal populations in rats. J. 

Neurosci. 30, 11476–11485.

Palva, S., and Palva, J. M. (2007). New 

vistas for alpha-frequency band 

oscillations. Trends Neurosci. 30, 

150–158.

Panzeri, S., Brunel, N., Logothetis, N. K., 

and Kayser, C. (2010). Sensory neural 

codes using multiplexed temporal 

scales. Trends Neurosci. 33, 111–120.

Parkkonen, L., Andersson, J., Hämäläinen, 

M., and Hari, R. (2008). Early visual 

brain areas reflect the percept of an 

ambiguous scene. Proc. Natl. Acad. Sci. 

U.S.A. 105, 20500–20504.

Paus, T., Sipila, P. K., and Strafella, A. P. 

(2001). Synchronization of neuronal 

activity in the human primary motor 

cortex by transcranial magnetic stimu-

lation: an EEG study. J. Neurophysiol. 

86, 1983–1990.

Picton, T. W., John, M. S., Dimitrijevic, 

A., and Purcell, D. (2003). Human 

auditory steady-state responses. Int. 

J. Audiol. 42, 177–219.

Pikovsky, A., Rosenblum, M., and Kurths, 

J. (2003). Synchronization: A Universal 

Concept in Nonlinear Sciences, 1st Edn. 

New York, NY: Cambridge University 

Press.

Purpura, D. P., and McMurtry, J. G. (1965). 

Intracellular activities and evoked 

potential changes during polariza-

tion of motor cortex. J. Neurophysiol. 

28, 166–185.

formance with repetitive transcra-

nial magnetic stimulation at human 

individual alpha frequency. Eur. J. 

Neurosci. 17, 1129–1133.

Klimesch, W., Sauseng, P., and Hanslmayr, 

S. (2007a). EEG alpha oscillations: the 

inhibition-timing hypothesis. Brain 

Res. Rev. 53, 63–88.

Klimesch, W., Sauseng, P., Hanslmayr, 

S., Gruber, W., and Freunberger, R. 

(2007b). Event-related phase reor-

ganization may explain evoked neural 

dynamics. Neurosci. Biobehav. Rev. 31, 

1003–1016.

Lakatos, P., Karmos, G., Mehta, A. D., 

Ulbert, I., and Schroeder, C. E. (2008). 

Entrainment of neuronal oscillations 

as a mechanism of attentional selec-

tion. Science 320, 110–113.

Lakatos, P., O’Connell, M. N., Barczak, A., 

Mills, A., Javitt, D. C., and Schroeder, 

C. E. (2009). The leading sense: 

supramodal control of neurophysi-

ological context by attention. Neuron 

64, 419–430.

Lorincz, M. L., Kékesi, K. A., Juhász, G., 

Crunelli, V., and Hughes, S. W. (2009). 

Temporal framing of thalamic relay-

mode firing by phasic inhibition 

during the alpha rhythm. Neuron 63, 

683–696.

Makeig, S., Westerfield, M., Jung, 

T. P., Enghoff, S., Townsend, J., 

Courchesne, E., and Sejnowski, T. 

J. (2002). Dynamic brain sources of 

visual evoked responses. Science 295, 

690–694.

Marshall, L., Helgadottir, H., Molle, M., 

and Born, J. (2006). Boosting slow 

oscillations during sleep potentiates 

memory. Nature 444, 610–613.

Mathewson, K. E., Fabiani, M., Gratton, 

G., Beck, D. M., and Lleras, A. (2010). 

Rescuing stimuli from invisibil-

ity: inducing a momentary release 

from visual masking with pre-target 

entrainment. Cognition 115, 186–191.

Mathewson, K. E., Gratton, G., Fabiani, 

M., Beck, D. M., and Ro, T. (2009). To 

see or not to see: prestimulus alpha 

phase predicts visual awareness. J. 

Neurosci. 29, 2725–2732.

Mathewson, K. E., Lleras, A., Beck, D. M., 

Fabiani, M., Ro, T., and Gratton, G. 

(2011). Pulsed out of awareness: EEG 

alpha oscillations represent a pulsed 

inhibition of ongoing cortical process-

ing. Front. Psychol. 2:99. doi: 10.3389/

fpsyg.2011.00099

Mazzoni, A., Whittingstall, K., Brunel, 

N., Logothetis, N. K., and Panzeri, S. 

(2010). Understanding the relation-

ships between spike rate and delta/

gamma frequency bands of LFPs and 

EEGs using a local cortical network 

model. Neuroimage 52, 956–972.

Moliadze, V., Antal, A., and Paulus, W. 

(2010). Boosting brain excitability by 

primary motor area: a combined 

EEG and TMS study. Neuroimage 27, 

896–908.

Glass, L. (2001). Synchronization and 

rhythmic processes in physiology. 

Nature 410, 277–284.

Gould, I. C., Rushworth, M. F., and Nobre, 

A. C. (2011). Indexing the graded 

allocation of visuospatial attention 

using anticipatory alpha oscillations. 

J. Neurophysiol. 105, 1318–1326.

Gouwens, N. W., Zeberg, H., Tsumoto, K., 

Tateno, T., Aihara, K., and Robinson, 

H. P. (2010). Synchronization of firing 

in cortical fast-spiking interneurons 

at gamma frequencies: a phase-reset-

ting analysis. PLoS Comput. Biol. 6, 

e1000951. doi: 10.1371/journal.pcbi. 

1000951

Hallett, M. (2007). Transcranial mag-

netic stimulation: a primer. Neuron 

55, 187–199.

Herrmann, C. S. (2001). Human EEG 

responses to 1-100 Hz flicker: reso-

nance phenomena in visual cortex 

and their potential correlation to 

cognitive phenomena. Exp. Brain Res. 

137, 346–353.

Hutcheon, B., and Yarom, Y. (2000). 

Resonance, oscillation and the intrin-

sic frequency preferences of neurons. 

Trends Neurosci. 23, 216–222.

Ilmoniemi, R. J., and Kicić, D. (2010). 
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