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Neural entrainment has become a popular technique to non-invasively manipulate brain rhythms via external,
periodic stimulation. However, there is still debate regarding its underlying mechanisms and effects on brain activity.
Here, we used EEG recordings during a visual entrainment paradigm to assess characteristic changes in the spectral
content of EEG signals due to entrainment. Our results demonstrate that entrainment not only increases synchrony
between neural oscillations and the entraining stimulus but also elicits previously unreported spectral tuning effects
and long-lasting after-effects. These findings offer compelling evidence for the presence of dedicated, flexible,

and adaptive mechanisms for neural entrainment, which may have key roles in adjusting the sensitivity and dynamic
range of brain oscillators in response to environmental temporal structures.

Keywords EEG, Neural entrainment, Evoked responses, Alpha oscillations, Long-lasting effects

Introduction

One of the methods that is becoming increasingly popu-
lar in cognitive neuroscience is the use of non-invasive
brain stimulation techniques to induce targeted manip-
ulations of neural rhythms [36, 46, 53, 74, 91, 92]. This
method draws inspiration from phenomena such as the
synchronized flashing of fireflies and the synchronization
of pendulum clocks [13, 86, 97], where two or more oscil-
latory systems align their frequency to reach a state of
unison [28, 68, 72]. It is believed that a very similar pro-
cess occurs in the brain in response to periodic stimuli,
such as rhythmic sounds or flashing lights [47, 58, 76, 91],
with neural oscillators resetting and aligning their phase
to the rhythm of the external stimulus.
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This phenomenon, known as neural entrainment, is
now recognized as a canonical mechanism in neural
processing [35, 37, 44, 49, 51, 81], supporting functions
such as speech processing [27, 48, 62, 82], temporal inte-
gration [6, 14, 77] and event anticipation [87, 99]. With
the increasing popularity of this technique, more stud-
ies have focused on entraining brain activity at the alpha
rhythm (8-13 Hz) to provide direct causal evidence of its
proposed roles in modulating perception and attention
[26, 33, 41, 46, 80], for relationship between alpha activ-
ity, perception and attention, see [15, 56, 57, 66, 67, 69,
71, 79]. The typical approach involves inducing entrain-
ment at the target frequency (e.g., 10 Hz) with relatively
long periodic stimulation before assessing perceptual
performance [19, 29, 32, 42, 54, 83, 84].

Neural entrainment remains, nonetheless, a controver-
sial topic. Recently, there has been debate over whether
the observed synchrony between neural activity and an
entraining stimulus truly reflects a state of entrainment
[19, 22, 38, 60, 84, 99] or is simply a byproduct of evoked
responses and transient resonance effects [12, 24, 25,
31, 34, 43, 61]. Trains of evoked responses to a periodic
stimulus may indeed camouflage as synchrony with an
external stimulus [12, 42, 43]. Resonance effects, akin to
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ripples from a rock thrown into water, can also lead to
phenomena that resemble entrainment [35, 72]. How-
ever, there are aspects that have been traditionally con-
sidered as unique signatures of pure entrainment [50, 91].
These include the alignment of an oscillator’s intrinsic
rhythm to the entraining stimulus by direct interaction,
forward entrainment effects persisting beyond the dura-
tion of the entraining stimulus [63, 64, 78], and the emer-
gence of phenomena—i.e., changes in neural states—that
cannot be reduced to the simple sum of trains of evoked
responses.

We assessed these characteristics in an EEG
experiment in which participants were exposed to
a flickering annulus (Fig. 1). In two conditions, the
luminance of the annulus varied according to either a
10 Hz regular rhythm or randomly, while participants
focused on a secondary task at the annulus center. Both
conditions ended with luminance oscillations at 10 Hz.
We investigated (1) the effects of entrainment on EEG
activity, specifically whether neural oscillators shifted
their spectral properties towards the entraining rhythm,
directly driven by this external stimulation; (2) forward
entrainment effects outlasting the annulus stimulus;
and (3) long-lasting effects, observable on the next
trial, which would be indicative of a mechanism that
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Fig. 1 A Participants were exposed to a flickering annulus

while asked to maintain their focus on the center, in order to perform
a catch task at the end. B The annulus flickered at either 10 Hz

or with noisy fluctuations. During the last 183 ms, the annulus
flickered at 10 Hz in both conditions. Refer to “Methods” for additional
details
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transcends the simple sum of evoked responses within a
single trial.

While we found evidence of both spectral changes and
forward effects consistent with entrainment, confirm-
ing prior studies, our results also revealed novel aspects.
Entrainment not only led to phase alignment and power
modulations at the entrained frequency but also a
marked decrease in power at neighbouring, non-stimu-
lated frequencies. We termed this effect 'tuning; suggest-
ing a mechanism that increases signal-to-noise ratio and
communication at the specific channel of the entrained
rhythm. Additionally, entrainment resulted in clear
‘after-effects, a phenomenon unreported so far, caus-
ing a marked decrease in tuning around the previously
entrained frequency when new stimulation occurred.
Together, these findings are consistent with true entrain-
ment effects that temporarily set the neural oscillators to
flexible and adaptable states of functional synchrony with
an external stimulus.

Results

Tuning of neural rhythms to the entrained frequency
During EEG recordings, participants were exposed to an
annulus stimulus flickering at either 10 Hz (10 Hz condi-
tion) or with random luminance values (noise condition,
see “Methods’, Fig. 1).

We first assessed entrainment effects in the power and
phase of EEG activity at all electrodes, in a post-stimulus
time window (from 300 to 1400 ms after the onset of
the annulus). In the analysis of power, we estimated
a measure of total power spectral density (t-PSD; see
“Methods”), which includes both induced and evoked
components [5, 88] at the entrained frequency (10 Hz).
Cluster-based permutation statistics over the entire
scalp revealed one significant cluster where 10 Hz
activity increased in the 10 Hz condition compared to
the Noise condition (p<0.025, two-tailed, Cohen’s d'
in the range 0.6—0.74 across channels in the significant
cluster). This cluster was localized in a subset of anterior
scalp electrodes (see Fig. 2A, first topography). In the
analysis of phase, we computed the inter-trial phase
coherence (ITPC; see “Methods”), quantifying the degree
of phase alignment across trials, and compared ITPC
values between conditions. Cluster-based permutation
statistics revealed a strong and distributed increase in
ITPC at 10 Hz in the 10 Hz condition at all electrodes
(p<0.025, two-tailed; Cohen’s d' in the range 0.69-1.68
across channels; see Fig. 2A, second topography). The
significant clusters in the two analyses remained highly
similar, regardless of the tested cluster-level a threshold
(0.025 or 0.05; results in Fig. 2A are shown with cluster-
level a=0.025). Thus, both power and ITPC exhibited
evident effects of entrainment, although ITPC effects
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were more pronounced and distributed. To verify that
the changes in power and phase synchronization were
supported and likely due to direct influences from the
external rhythm to EEG signals, we conducted a pairwise
spectral Granger causality analysis [10, 30] between
the visual signals on each trial and the EEG activity
at each electrode, separately for the two stimulation
conditions. After averaging the obtained measure of
relative directional influences across all electrodes (see
“Methods”), the results revealed a significantly greater
contribution of the external stimulus in driving 10 Hz
EEG activity across the scalp during the entrainment
condition, compared to the noise condition (Fig. 2B).

We then examined the temporal dynamics of entrain-
ment effects using a time—frequency decomposition
(Morlet wavelet convolution, 4—-40 Hz, see “Methods”),
focusing on electrodes exhibiting the most significant
power and phase effects (D1 for t-PSD; A8 for ITPC).
Effect sizes (Cohen’s d') of the difference between con-
ditions revealed that power increases due to entrain-
ment, limited mostly to the entrained frequency, were
also accompanied by a marked decrease in power at
neighboring frequencies (e.g., above 12 and below 8 Hz,
Fig. 2C, first time—frequency plot), an effect that we refer
to as ‘tuning’! In a supplementary analysis, we assessed
these tuning effects by normalizing t-PSD at 10 Hz using
neighboring frequencies (5-6 and 14-15 Hz) and by
directly comparing power changes in those neighboring
bands. This analysis revealed additional effects localized
at occipital electrodes (see Supplementary Material, Fig.
S1).

Phase effects, on the other hand, were larger and evi-
dent throughout the entire entrainment period and

(See figure on next page.)
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beyond, with increased ITPC observed at 10 Hz and its
harmonics (Fig. 2C, second time—frequency plot). Thus,
entrainment effects in power and phase were largely
dissociable.

Focusing on the effects on power, we investigated
whether the tuning of EEG power observed around the
entrained frequency was consistent with a shift in the
dominant alpha peak of each individual (individual alpha
peak frequency, IAPF; [45]). This being the case, the esti-
mated IAPF during entrainment should differ from that
found in pre-stimulus intervals and shifted towards the
10 Hz rhythm of the annulus. This was confirmed by a
one-way repeated measures ANOVA (three levels: pre-
stimulus IAPF, post-stimulus IAPF in the 10 Hz or Noise
conditions), which revealed a significant main effect of
condition (F(2, 12)=8.96, p=0.001; Fig. 2D), with a sig-
nificant difference between the 10 Hz entrainment and
both the pre-stimulus interval (W =90, p <0.001, Cohen’s
d'=0.8, Wilcoxon signed-rank test) and the Noise con-
dition (W =76, p=0.03, Cohen’s d'=0.4). IAPF values
in the 10 Hz condition clustered around the entrained
frequency, with no significant difference from 10 Hz
(W =58, p=0.41, Cohen’s d'=0.09; Fig. 2D).

Forward entrainment effects

To investigate whether entrainment effects outlasted
the duration of the annulus, we extracted time—
frequency power and ITPC values at the entrained
frequency. Power and ITPC were compared between
the 10 Hz and noise conditions within a 500 ms time
window starting 1450 ms after the onset of the annulus.
This window covered the final presentation of the
annulus along with the display of the central stimuli

Fig. 2 Testing key characteristics of neural entrainment. A Scalp analysis of entrainment effects in total PSD (t-PSD) and inter-trial phase coherence
(ITPC). Electrodes showing significant post-stimulus differences between the 10 Hz entrainment and noise conditions are highlighted in black

(cluster-based permutation test, p < 0.025, two-tailed). B Relative directional influence, which quantifies the directed influences from the stimulus
luminance sequence to EEG activity in the 4-40 Hz range, was derived using spectral Granger causality (see “Methods" for details). Horizontal red
and blue lines at the bottom of the plot indicate frequencies where the relative directional influence is higher for the 10 Hz and noise conditions,
respectively. C Temporal dynamics of entrainment effects in power and ITPC, computed from the two electrodes showing the largest t-PSD

and ITPC effects (respectively D1 and A8, surrounded in yellow in A). Effect sizes of the differences between the 10 Hz and noise conditions are
shown for each frequency and time point. Histograms on the side of each plot represent the average effect size over the entire post-stimulus
window (from 300 to 1400 ms). The dotted line marks the onset of the flickering annulus, while the gray rectangle indicates the time

window containing the 10 Hz oscillating annulus in both conditions and the catch task. D. Individual alpha peak frequency (IAPF) estimated

in the pre-stimulus (— 1000 to 0 ms, gray boxplot and dots) and post-stimulus window (300-1400 ms). Significant differences between 10 Hz
(red boxplot and dots) and noise conditions (blue boxplot and dots) are highlighted with asteriks (*p < 0.05, ***p <0.001). E Forward entrainment
effects in power and ITPC. Power and ITPC values are z-scored within participants and across conditions. Significant differences between 10 Hz
and noise conditions (respectively in red and blue, 95% Cl) are indicated by the black line (i.e., only found in ITPC, p < 0.05, FDR corrected, Cohen’s
d'=2.7). The gray rectangle indicates the time window containing the 10 Hz oscillating annulus and the catch task in both conditions. F Scalp
analysis of entrainment after-effects in t-PSD, normalized by neighboring frequencies (e.g., power tuning, see “Results”and “Methods"), and ITPC.
Topographies represent the difference in power tuning and ITCP as a function of the condition on the preceding trial (10 Hz vs. noise), estimated
separately for the current pre-stimulus or post-stimulus interval. Significant electrodes are highlighted in black (cluster-based permutation test,
p<0.025, two-tailed)
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Fig. 2 (Seelegend on previous page.)

used in the catch task (lasting either 133 or 183 ms
depending on the stimulation duration, i.e., 1400 or
1450 ms), and a subsequent blank interval. Note that,
during the final presentation of the annulus, both
conditions featured luminance oscillations at 10 Hz
(Fig. 1B). Therefore, any forward entrainment effect
persisting beyond the annulus presentation could not

2 -2
1450 1650 1850 1450 1650 1850

be due simply to evoked responses or resonance activity
triggered by the final cycles of the annulus.

In the power analysis, no significant differences were
observed between conditions at any of the time points
considered (p>0.05, paired t-test, after FDR correction;
Fig. 2E, first plot). In contrast, ITPC exhibited a sustained
increase in the 10 Hz condition that extended well
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beyond the end of the stimulation period (from 1450
to 1832 ms, encompassing 200 ms after the end of the
central stimulus; p<0.05, paired t-test, FDR correction,
average Cohen’s d'=2.7; Fig. 2E, second plot).

Long-lasting after-effects of entrainment

In this final analysis, we investigated whether the effects
of entrainment persisted over subsequent trials, a result
that would be indicative of a mechanism with long-last-
ing neural dynamics that extend well beyond the stimula-
tion itself [16, 59, 90, 98]. We focused on the two primary
effects found in the analyses above, the tuning of power
spectrum and the modulation of ITPC.

We quantified tuning by normalizing t-PSD at 10 Hz by
neighboring frequencies (see “Methods”) and compared
the tuning observed in the current trial as a function of
the stimulation condition (10 Hz entrainment or Noise)
on the preceding trial. This analysis was conducted sepa-
rately for the pre-stimulus interval (— 1000 to 0 ms) and
the post-stimulus interval during the current trial (300—
1400 ms) to disentangle effects manifesting on ongo-
ing activity or during responses to new stimulation. No
changes in tuning due to the preceding trial condition
were observed in the power tuning when considering the
pre-stimulus interval (p>0.025; cluster-based permuta-
tion statistics, Fig. 2F, pre-stimulus topographies). How-
ever, in the post-stimulus window, a significant cluster of
fronto-central electrodes showed decreased tuning after
entrainment compared to the Noise condition (p <0.025,
Cohen’s d' in the range 0.61-0.73 across channels in the
significant cluster, cluster-based permutation statistics;
Fig. 2F, post-stimulus topography). This cluster appeared
relatively localized, as it was significant only at the clus-
ter-level a threshold of 0.025 and not at 0.05. In addition,
no after-effects were found when considering the raw
t-PSD at 10 Hz or differences at neighboring frequencies
(5-6 Hz or 14-15 Hz, all p>0.025; cluster-based per-
mutation statistics). Similarly, for ITPC at 10 Hz, no sig-
nificant after-effects were observed in either the pre- or
post-stimulus intervals (p>0.025; cluster-based permu-
tation statistics). These results suggest subtle yet robust
after-effects that are evident exclusively when contrasting
power at the frequency entrained on the previous trial
with its neighboring frequency bands.

Discussion

We assessed key characteristics of neural entrainment in
an EEG experiment involving periodic visual stimulation
at the alpha rhythm (10 Hz). We compared a condition
with 10 Hz entrainment with a condition involving a non-
periodic stimulation. Our findings extend beyond the
typical effects of increased power and synchronization
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at the entrained frequency, revealing several key
observations:

1. Frequency shift and tuning: we observed a shift
in the dominant alpha frequency, characterized
by increased power at the entrained rhythm and
decreased power in neighboring frequencies. This
tuning was accompanied by widespread phase syn-
chronization with the entraining rhythm and directed
spectral influences at the entrained frequency from
the periodic stimulus to brain activity.

2. Forward entrainment: we showed a persistence of
synchronization effects (but not power effects) after
the removal of the entraining rhythm.

3. Long-lasting after-effects: we identified long-lasting
after-effects of tuning, similar to neural adaptation,
which were observable in trials following the 10 Hz
entrainment.

Previous studies have questioned whether entrainment
effects could be explained by simpler mechanisms, such
as the superimposition of neural responses to periodic
stimuli or resonance phenomena [72]. Superimposition
leads to trains of evoked responses that add a periodic
component to the EEG spectrum [12, 42, 43]. Resonance
results in reverberating periodic responses that also add
to the ongoing EEG spectrum [35]. Both assume effects
that are specific to the frequency of the entraining stimu-
lus (and its harmonics).

While these mechanisms can, in principle, explain
synchronization [12], and even forward entrainment by
assuming that neural activity continues to reverberate
for several cycles after stimulus removal [35, 43], they
fail to provide a straightforward explanation for the tun-
ing and long-lasting after-effects observed in our study.
Neither of them can indeed explain the drastic reduction
in power at frequencies outside the entrained one. Even
more, neither of these alternative mechanisms can, in no
way, explain after-effects. Hence, while we do not exclude
that both superimposition and resonance can be at play,
during periodic stimulation, the effects of entrainment
characterized here appear strongly suggestive of dedi-
cated mechanisms, whose behavior is more than the sum
of evoked and resonating responses.

Our findings suggest that periodic stimulation
interacts with endogenous rhythms rather than simply
superimposing or resonating with them. This is supported
by the observed shift in IAPF towards the entrained
10 Hz rhythm (Fig. 2D). In the 10 Hz condition, this shift,
evident when comparing pre- and post-stimulus IAPF,
exceeded the effects seen in the Noise condition. Thus,
it is plausible that the intrinsic alpha rhythm adjusted its
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frequency to align with the external entraining rhythm, a
hallmark feature of neural entrainment [43, 84].

Our results also revealed dissociable effects of entrain-
ment on spectral features. Strong phase effects were
largely specific to the entrained frequency and its har-
monics, consistently found across all electrodes and
persisting beyond the duration of the stimulus. This
widespread phase locking was likely driven by the direct
influence of the 10 Hz entraining stimulus on global EEG
activity, as revealed by spectral GC analysis (Fig. 2B).
This suggests that the external periodic stimulus exerts
a strong drive on neural activity, eventually promoting
phase synchronization across widespread brain areas.

In contrast, power effects were observed only during
stimulation, with an increase at the entrained frequency
and a reduction across neighboring frequencies. Specifi-
cally, when analyzing raw t-PSD, entrainment effects—
namely, increases in power at 10 Hz—were detectable
in a subset of fronto-central electrodes. However, time—
frequency analysis revealed that, as the entraining stim-
ulation progressed, the effects were not only marked
by increased power at 10 Hz but also by significant
decreases at adjacent frequencies (Fig. 2C). Similar pat-
terns have been observed before [84].

To better assess these effects, which we refer to as
spectral tuning, we normalized t-PSD using neighboring
frequencies and, additionally, performed a direct com-
parison of power effects within these neighboring bands
(see Supplementary Material). This approach revealed
effects also at occipital electrodes (Fig. S1). That is, the
normalized t-PSD showed power effects not only in
fronto-central electrodes but also across a distributed set
of occipital electrodes. The comparison of power effects
at nearby frequencies also showed decreases at 5-6 Hz
and 14-15 Hz during 10 Hz entrainment, predominantly
localized to the posterior occipital electrodes. We pro-
pose that evaluating entrainment effects by contrast-
ing neural activity at the entrained frequency with that
at neighboring frequencies provides several advantages:
(1) enhanced sensitivity for precisely identifying how
entrainment shapes the frequency spectrum; (2) reduced
variability at the inter-individual level; and (3) improved
detection of subtle tuning effects that may be overlooked
in raw power analyses.

We speculate that these tuning effects may reflect neu-
ral dynamics that emerge specifically during periodic
stimulation, whose role is to optimize neural sensitivity
and dynamic range in response to periodic input. The
topographies of these effects (Fig. S1) suggest that spec-
tral tuning is mediated by widespread changes, likely
involving both bottom-up and top-down mechanisms.
This could account for the involvement of occipital clus-
ters, as well as the more fronto-central ones.
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After the end of the stimulation, we found forward
entrainment effects that cannot be simply explained
by resonance phenomena. In both the 10 Hz and noise
conditions, the final part of the stimulation sequence
included a 10 Hz periodic luminance modulation (Fig. 1).
This could have produced comparable reverberating
responses in both conditions. However, we found phase
synchronization effects that persisted for several hun-
dred milliseconds only after the 10 Hz entrainment
condition, indicating that these effects were driven by
prolonged entrainment at 10 Hz prior to the final stim-
ulation sequence. Importantly, while forward entrain-
ment effects were evident in phase synchronization, we
did not observe sustained power increases, even though
there was a qualitative trend (Fig. 2E). This contrasts
with previous findings [64, 84]. It is possible that differ-
ences between our paradigm and previous research may
explain the lack of clear forward entrainment effects on
power. For example, the presence of 10 Hz stimulation
in the final part of both conditions, as well as our data-
driven approach to examine power effects in a cluster
of fronto-central electrodes (Fig. 2A), might explain this
discrepancy, given that earlier studies typically reported
forward entrainment effects in power primarily at occipi-
tal electrodes. Further research is needed to clarify these
aspects.

To the best of our knowledge, this study is the
first to report an after-effect in neural entrainment
induced by visual stimulation. Previous studies using
transcranial alternating current stimulation (tACS) have
observed long-lasting effects, where power increases
at the entrained frequency persist for several minutes
following prolonged stimulation (e.g., 20 min; [40, 59,
96]). These sustained effects have been attributed to
spike-timing-dependent plasticity, which selectively
modulates synaptic connections based on the resonance
frequencies of the neural circuits involved [98]. In
contrast, our findings reveal that even short periods
of visual entrainment (lasting only a few seconds) can
induce negative after-effects, wherein the entrainment
effects reverse post-stimulation. Rather than a persistent
increase in power at the entrained frequency, we
observed a reduction in power following trials with
entrainment (Fig. 2F), suggesting a compensatory
rebound mechanism. This phenomenon may reflect a
short-term form of neural adaptation or habituation
processes [16, 17, 75, 90, 93, 94], where the brain
transiently suppresses activity at the previously entrained
frequency to restore baseline oscillatory dynamics.
Within this view, evidence of after-effects appears as the
ultimate proof of a flexible and efficient mechanism for
neural entrainment that adjusts to the prevailing rhythms
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of the environment, increasing sensitivity to different
rhythms after repetitive exposure to the same one.

After-effects associated with power tuning were local-
ized in a restricted set of fronto-central electrodes, sug-
gesting the involvement of higher-order brain areas,
beyond early visual cortex. One possibility is that the
mechanisms engaged by entrainment operate at the level
of frontal circuits involved in encoding temporal struc-
tures for attention [8, 11, 18]. It must be noted, however,
that in our paradigm the entraining stimulus—the annu-
lus—required no attention and was completely task irrel-
evant. Thus, such mechanisms must operate in a rather
automatic and task-independent fashion.

Several key questions remain open for future research.
First, since the behavioral task was only incidental in this
study, we could not directly assess the effects and after-
effects of entrainment on visual processing. Second, we
focused exclusively on the alpha rhythm; future studies
are needed to determine whether similar characteristics
of entrainment apply to periodic stimulation at other fre-
quencies. Third, a further direct test of pure entrainment
could involve adjusting the luminance of the driving
stimulus to evaluate whether stronger stimulation leads
to stronger synchronization. Lastly, while we observed
a global shift in the alpha peak frequency toward the
entrained rhythm, future work should assess the spatial
distribution of these effects, to verify the involvement
of shifts from different endogenous frequencies, such as
theta in frontal regions or alpha in occipital areas.

Although the exact mechanisms and the neural sources
underlying the entrainment effects reported here remain
speculative, we believe that our work paves the way for
future investigations. For instance, future studies may
investigate tuning effects targeting individual alpha peaks
and broader frequency ranges, assessing their canonical
nature and relation to the intrinsic dominant frequency
of an individual brain. Likewise, further research may
explore the interplay between tuning, after-effects, and
performance in perceptual and cognitive tasks using tai-
lored experimental designs, given that the task employed
here primarily served as a means to ensure focus on the
screen.

Conclusions

In sum, our findings reveal important characteristics of
neural entrainment that support the existence of dedi-
cated, flexible and adaptive mechanisms in the brain.
These findings are of key relevance for ongoing debates
surrounding the nature of entrainment and considering
the increasing use of these techniques to investigate the
causal role of brain rhythms in perception and cognition.
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Methods
Participants
Fourteen right-handed healthy adults (age range:

20-27 years old; 6 females) with no psychiatric or neu-
rological history participated in the experiment as vol-
unteers or for monetary reward (30 CHF per hour).
Participants had normal or corrected to normal vision
(Freiburg acuity test, threshold for inclusion:>1; [3])
and received instructions and written informed consent
before the experiment. The experiment was conducted in
accordance with the local ethics committee and complied
with the Declaration of Helsinki.

Apparatus

The study was conducted at the Laboratory of Psycho-
physics (LPSY) at the Ecole Polytechnique Fédérale de
Lausanne (EPFL). Participants were seated in a dimly
lit, electromagnetic shielded room in front of an ASUS
VG248QE LCD monitor (1920x1080 pixels, 24.5”
screen size, 120 Hz refresh rate), sitting at a distance of
100 cm. Stimuli were presented via custom-made scripts
written in MATLAB R2022b (MathWorks) and the Psy-
chophysics Toolbox [9].

Stimuli and procedure
A trial example is depicted in Fig. 1. Participants were
instructed to fixate on the center of a black screen (1 cd/
m?) for the entire trial. Each trial started with the pres-
entation of a flickering annulus around the screen center
(diameter=10°, oval frame thickness in pixels=>50;
Fig. 1A). Two conditions alternated randomly (Fig. 1B).
In the 10 Hz condition, the annulus luminance fluctuated
in the 1-50 cd/m? range with a sinusoidal modulation at
a constant frequency of 10 Hz. The starting phase was
always the same, beginning at maximal luminance. In the
Noise condition, luminance values mirrored those in the
10 Hz condition but were temporally shuffled, producing
no fixed frequency—i.e., resembling white noise. In both
conditions, the annulus was presented for either 1400 or
1450 ms and was always followed by an additional 183 ms
period of rhythmic fluctuations at 10 Hz (Fig. 1B).
During this last 183 ms, participants were also pre-
sented with a visual task, involving a Sequential Metac-
ontrast Paradigm (SQM; [65]), shown at the annulus
center. The first central stimulus consisted of a vernier
offset (length=1600 arcsec, width=70 arcsec, vertical
gap =120 arcsec) followed by a sequence of five pairs of
flanking lines (for further details on the SQM, which is
typically used to investigate long-lasting feature integra-
tion; see [23, 39]). Participants were instructed to attend
to the right stream and report the perceived offset. We
chose the SQM to assess its suitability as a perceptual
task in entrainment protocols for a separate project,
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which also concerned the presentation of one or two
opposite verniers in the stream (i.e., for 6 participants,
the 3rd line in the attended stream was also offset, always
in the opposite direction compared to the central ver-
nier offset) and the choice of different entrainment dura-
tions (i.e., 1400 vs 1450 ms; both aspects not considered
for the purpose of the current study analyses). Thus, the
central task here was considered accessory and served as
a ‘catch’ task to ensure participants’ attention remained
focused on the center, while also confirming the task’s
feasibility. The size of each vernier offset was calibrated
for each participant prior to the main experiment in
order to achieve 75% discrimination accuracy when pre-
sented alone in the stream. Performance in vernier offset
discrimination remained similar across conditions (10 Hz
vs. noise): around 75% of correct responses when only
the central vernier was presented, and around 50% when
two opposite verniers were shown, as they cancel each
other out [23].

Following the participant responses, the next trial was
preceded by a fixed 1-s blank interval, plus an additional
randomized interval ranging from 0.4 to 1.1 s in 0.1-s
increments. This ensured that, in both 10 Hz and noise
conditions, the onset of the annulus remained difficult to
predict accurately.

In total, participants completed 400 trials, organized
into 10 blocks of 40 trials each. The conditions (10 Hz vs.
noise) were randomized within each block. Participants
initiated each block by pressing a button.

Electroencephalography recordings and preprocessing

EEG data acquisition was performed using a 128-channel
ActiveTwo EEG system (Biosemi, Amsterdam, The Neth-
erlands), with a sampling rate of 2048 Hz. The recorded
EEG signals were downsampled to 250 Hz using an anti-
aliasing filter (0.9 Hz cutoff frequency, 0.2 Hz transition
bandwidth) and detrended according to the PREP plugin
detrending procedure [7]. Then, data were low-pass fil-
tered at 40 Hz and epoched from —1 to 2.5 s relative to
the onset of the annulus. Bad epochs and channels were
identified via visual inspection and removed. Addition-
ally, signal components related to eye and muscular arti-
facts were identified after ICA decomposition (Picard
plugin; [1, 2]) with a semi-automatic procedure based
on ICLabel bad components detection [73] and further
visual assessment. Finally, removed channels were inter-
polated using a spherical spline interpolation [70], and
a re-referencing to the common average reference was
applied to the signals [52]. EEG data were preprocessed
with EEGLAB and its plugins (version v2022.1; [20, 21])
in MATLAB (The MathWorks Inc., Natick, USA). In
total, 4.85% of the electrodes were interpolated, while
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6.35% of the epochs and 12.07% of the independent com-
ponents were removed.

EEG analysis of entrainment

Our analyses focused on testing three main effects of
entraining EEG activity, comparing the 10 Hz and the
Noise conditions. The target effects and methods used
are described below.

Entrainment effects on ongoing neural oscillations

We sought to identify changes in the intrinsic proper-
ties of neural oscillations, specifically power, phase, and
frequency content, resulting from entrainment at 10 Hz.
Theses analyses were conducted within a time window
from 300 to 1400 ms after stimulus onset, i.e., excluding
the initial sequence of evoked responses to the stimu-
lus onset, as well as the final sequence involving the
SQM stimuli and the 10 Hz oscillating annulus in both
conditions.

We compared the total power at the entrained fre-
quency (10 Hz) between the 10 Hz and noise conditions.
Total power spectral density (t-PSD) estimates within the
4-40 Hz frequency range were obtained for each channel
and condition using a 1024-point fast Fourier transform
(fft(), MATLAB R2022b). t-PSD considers both evoked
and induced components by averaging single-trial PSD
estimates, unlike other methods that directly apply fre-
quency decompositions on the trial average [5, 88].

In the analysis of phase effects, we compared the phase
alignment across trials with the entrained frequency
between 10 Hz and noise conditions. Phase alignment
was evaluated through inter-trial phase coherence (ITPC;
newtimef() in EEGLAB, with wavelet cycles=7; [89, 95]).

Differences between conditions in t-PSD and ITPC,
were assessed at the scalp level, via non-parametric
cluster-based permutation statistics (paired t-test with
a=0.025, two-tailed, number of permutations=10,000).
In addition, two different cluster a values were tested
(cluster-level a«=0.05 and 0.025), determining the criti-
cal value used for thresholding the sample-specific T-sta-
tistics (i.e., the size of the original clusters entering the
permutation).

To inspect the temporal dynamics of these entrainment
effects, we then applied a time—frequency analysis, esti-
mating power and ITPC after Morlet wavelet convolu-
tion in the 4—40 Hz range (37 linearly spaced frequency,
wavelet cycles=7). These analyses were performed on
the electrodes showing the larges t-PSD (D1) and ITPC
(A8) effects, and were represented as effect sizes (Cohen’s
d' of the difference 10 Hz minus noise condition; Fig. 2C).

We also assessed spectral Granger causality (GC)
between neural oscillatory activity (downsampled at
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the monitor frame rate, 120 Hz) and the external visual
stimulus under the two experimental conditions. GC was
estimated for each participant, focusing on the causal
influence of the external stimulus on neural oscillators
(stimulus to EEG, ’in’) and the reverse direction (EEG
to stimulus, ‘out’). The MVGC toolbox [4] was used for
the analysis, applying the functions tsdata_to_var() to fit
a vector autoregressive model and var_to_autocov() to
compute the spectral GC using autocov_to_spwege(). The
model order was set to 10 lags.

This analysis involved estimating pairwise spectral GC
between the stimulus and activity in each EEG chan-
nel, followed by averaging the results across channels.
To address the potential issue of singular and ill-defined
covariance matrices in GC estimation—caused by the
noiseless 10 Hz stimulus signal leading to rank deficiency
and numerical instability—we randomly perturbed the
periodic luminance signal in entrainment trials with
Gaussian noise, using a standard deviation of 0.75 times
the maximum signal value (different proportions were
tested, yielding consistent results).

For each participant, we calculated a measure of rela-
tive directional influence as (in—out)/out, providing a
normalized metric of asymmetry between the influence
from the stimulus to the EEG activity and the reverse
direction. This measure evaluates the extent to which the
stimulus drives neural oscillators compared to the influ-
ence of EEG activity on the stimulus. Relative directional
influences were assessed across the frequency range
of 4-40 Hz. Differences between the two conditions
(entrainment vs. noise) were tested using paired t-tests,
with p-values corrected for multiple comparisons using
the false discovery rate method (FDR; [85]).

Next, we focused on the frequency content. Specifi-
cally, we aimed to test whether entrainment results in a
shift in the dominant alpha frequency of each individ-
ual brain. To this aim, we first estimated the individual
alpha peak frequency using pre-stimulation EEG activ-
ity (—1000 to 0 ms). This involved calculating t-PSD
within the 1-40 Hz frequency range and fitting a linear
model to the logarithm of the frequency axis versus the
average power. By obtaining the residuals of this linear
fit, we effectively removed the 1/f component from the
PSD and identified the peak within the alpha frequency
range (8—-13 Hz) for each participant [57]. We repeated
this procedure to estimate IAPF in post-stimulus activ-
ity (from 300 to 1400 ms), separately for both conditions
(10 Hz and noise). One participant was excluded from
this analysis as no clear alpha peak was found during
stimulation in both 10 Hz and noise conditions. The esti-
mated IAPF values obtained during the pre-stimulation
period, as well as during the 10 Hz and noise conditions,
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were then subjected to a one-way repeated measures
ANOVA and post-hoc Wilcoxon signed-rank tests.

Forward entrainment

We tested forward entrainment—i.e., the persistence of
entrainment effects after stimulation, by comparing the
power and ITPC at 10 Hz, obtained via time—frequency
decomposition, between the 10 Hz and noise conditions in
a 500 ms time window starting at 1450 ms from the annu-
lus onset (depending on the duration of the annulus pres-
entation, i.e., 1400 or 1450 ms, this window encompassed
either 133 or 183 ms of 10 Hz stimulation and, respectively,
367 or 317 ms of blank screen). Statistical comparison
relied on paired t-test («=0.05), with p-values corrected
for multiple comparisons using FDR.

Entrainment after-effects

We investigated persistent effects of entrainment on sub-
sequent trials (after-effects) by comparing power effects
and ITPC after trials with 10 Hz or noise. In evaluating
after-effects, we also considered pre-stimulus (—1000 to
0 ms before the onset of the annulus in the current trial),
in addition to post-stimulus effects (300 to 1400 ms after
the onset of the annulus). Based on the observed ‘tuning’
effects (see “Tuning of neural rhythms to the entrained fre-
quency”), we here used t-PSD at the entrained frequency
(10 Hz), normalized by neighboring frequencies (5-6 Hz
and 14-15 Hz; [55]). Statistical assessment followed the
same cluster-based approach at the scale level described
above.

Abbreviations

EEG Electroencephalogram

FDR False discovery rate

GC Granger causality

IAPF Individual alpha peak frequency
ITPC Inter-trial phase coherence

SQM Sequential metacontrast paradigm
(t-)PSD  (Total) power spectrum density

tACS Transcranial alternating current stimulation (tACS)
Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512993-024-00259-6.

[ Supplementary material 1. }

Acknowledgements
The authors also wish to acknowledge the great help of Songyun Bai in EEG
data collection.

Author contributions

Maélan Q. Menétrey: Conceptualization, Data collection, Investigation, Writing
- original draft. David Pascucci: Conceptualization, Investigation, Writing —
review & editing, Funding acquisition, Supervision.


https://doi.org/10.1186/s12993-024-00259-6
https://doi.org/10.1186/s12993-024-00259-6

Menétrey and Pascucci Behavioral and Brain Functions (2024) 20:29

Funding

This work was supported by the Swiss National Science Foundation
(Grant number 325130_204898; Grant numbers PZ00P1_179988 and
PZOOP1_179988/2, and TMSGI1_218247).

Availability of data and materials
The datasets generated and/or analysed during the current study are available
in the Open Science Framework repository (osf.io/qz7mx).

Declarations

Ethics approval and consent to participate

The study was approved by the local ethics committee (CER-VD; ID 2021-
02270) following the Declaration of Helsinki. Written informed consent was
obtained from each participant before the experiment.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 26 March 2024 Accepted: 8 November 2024
Published online: 21 November 2024

References

1. Ablin P, Cardoso J-F, Gramfort A. Faster ICA under orthogonal constraint.
In: Proceedings of the IEEE ICASSP. 2018a. https://doi.org/10.1109/ICASSP.
2018.8461662.

2. Ablin P, Cardoso J-F, Gramfort A. Faster independent component analysis
by preconditioning with Hessian approximations. IEEE Transactions on
Signal Processing. 2018b;66(15):4040-9. https://doi.org/10.1109/TSP.2018.
2844203.

3. Bach M.The Freiburg visual acuity test—automatic measurement of
visual acuity. Optom Vis Sci. 1996;73(1):49-53. https://doi.org/10.1097/
00006324-199601000-00008.

4. Barnett L, Seth AK. The MVGC multivariate Granger causality toolbox:

a new approach to Granger-causal inference. J Neurosci Methods.
2014;223:50-68.

5. Basar E, Bullock TH. Induced rhythms in the brain. Boston: Birkhauser;
1992. https://doi.org/10.1007/978-1-4757-1281-0.

6. Bauer A-KR, Debener S, Nobre AC. Synchronisation of neural oscillations
and cross-modal influences. Trends Cogn Sci. 2020;24(6):481-95. https://
doi.org/10.1016/j.tics.2020.03.003.

7. Bigdely-Shamlo N, Mullen T, Kothe C, Su K-M, Robbins KA. The PREP
pipeline: standardized preprocessing for large-scale EEG analysis. Front
Neuroinform. 2015. https://doi.org/10.3389/fninf.2015.00016.

8. Bolger D, Coull JT, Schén D. Metrical rhythm implicitly orients attention
in time as indexed by improved target detection and left inferior parietal
activation. J Cogn Neurosci. 2014;26(3):593-605. https://doi.org/10.1162/
jocn_a_00511.

9. Brainard DH. The psychophysics toolbox. Spat Vis. 1997;10(4):433-6.

10. Bressler SL, Seth AK. Wiener-Granger causality: a well established
methodology. Neuroimage. 2011;58(2):323-9.

11. Calderone DJ, Lakatos P, Butler PD, Castellanos FX. Entrainment of neural
oscillations as a modifiable substrate of attention. Trends Cogn Sci.
2014;18(6):300-9. https://doi.org/10.1016/j.tics.2014.02.005.

12. Capilla A, Pazo-Alvarez P, Darriba A, Campo P, Gross J. Steady-state visual
evoked potentials can be explained by temporal superposition of
transient event-related responses. PLoS ONE. 2011;6(1): 14543, https://
doi.org/10.1371/journal.pone.0014543.

13. Charalambous E, Djebbara Z. On natural attunement: shared rhythms
between the brain and the environment. Neurosci Biobehav Rev.
2023;155:105438. https://doi.org/10.1016/j.neubiorev.2023.105438.

14. Chota S, Marque P, VanRullen R. Occipital alpha-TMS causally modulates
temporal order judgements: evidence for discrete temporal windows in

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 10 of 12

vision. Neuroimage. 2021;237: 118173. https://doi.org/10.1016/j.neuro
image.2021.118173.

Clayton MS, Yeung N, Cohen Kadosh R. The many characters of visual
alpha oscillations. Eur J Neurosci. 2018;48(7):2498-508. https://doi.org/10.
1111/ejn.13747.

Clifford CW, Webster MA, Stanley GB, Stocker AA, Kohn A, Sharpee TO,
Schwartz O. Visual adaptation: neural, psychological and computational
aspects. Vis Res. 2007;47(25):3125.

Clifford CW, Wyatt AM, Arnold DH, Smith ST, Wenderoth P. Orthogonal
adaptation improves orientation discrimination. Vis Res. 2001;41(2):151-9.
Coull JT, Nobre AC. Where and when to pay attention: the neural systems
for directing attention to spatial locations and to time intervals as
revealed by both PET and fMRI. J Neurosci. 1998;18(18):7426-35. https://
doi.org/10.1523/JNEUROSCI.18-18-07426.1998.

de Graaf TA, Gross J, Paterson G, Rusch T, Sack AT, Thut G. Alpha-band
rhythms in visual task performance: phase-locking by rhythmic sensory
stimulation. PLoS ONE. 2013;8(3): e60035. https://doi.org/10.1371/journal.
pone.0060035.

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of
single-trial EEG dynamics including independent component analysis. J
Neurosci Methods. 2004;134(1):9-21. https://doi.org/10.1016/jjneumeth.
2003.10.009.

Delorme A, Mullen T, Kothe C, Akalin Acar Z, Bigdely-Shamlo N, Vankov A,
Makeig S. EEGLAB, SIFT, NFT, BCILAB, and ERICA: new tools for advanced
EEG processing. Comput Intell Neurosci. 2011;2011:1-12. https://doi.org/
10.1155/2011/130714.

Doelling KB, Assaneo MF, Bevilacqua D, Pesaran B, Poeppel D. An oscillator
model better predicts cortical entrainment to music. Proc Natl Acad Sci.
2019;116(20):10113-21. https://doi.org/10.1073/pnas.1816414116.
Drissi-Daoudi L, Doerig A, Herzog MH. Feature integration within discrete
time windows. Nat Commun. 2019;10(1):4901. https://doi.org/10.1038/
s41467-019-12919-7.

Duecker K, Gutteling TP, Herrmann CS, Jensen O. No evidence for
entrainment: endogenous gamma oscillations and rhythmic flicker
responses coexist in visual cortex. J Neurosci. 2021;41(31):6684-98.
https://doi.org/10.1523/JNEUROSCI.3134-20.2021.

Galambos R, Makeig S, Talmachoff PJ. A 40-Hz auditory potential recorded
from the human scalp. Proc Natl Acad Sci. 1981;78(4):2643-7. https://doi.
org/10.1073/pnas.78.4.2643.

Gallina J, Marsicano G, Romei V, Bertini C. Electrophysiological

and behavioral effects of alpha-band sensory entrainment: neural
mechanisms and clinical applications. Biomedicines. 2023;11(5):1399.
https://doi.org/10.3390/biomedicines11051399.

Giraud A-L, Poeppel D. Cortical oscillations and speech processing:
emerging computational principles and operations. Nat Neurosci.
2012;15(4):511-7. https://doi.org/10.1038/nn.3063.

Glass L. Synchronization and rhythmic processes in physiology. Nature.
2001;410(6825):277-84. https://doi.org/10.1038/35065745.

Graaf TA, Duecker F. No effects of rhythmic visual stimulation on target
discrimination: an online alpha entrainment experiment. Eur J Neurosci.
2021. https://doi.org/10.1111/ejn.15483.

Granger CW. Investigating causal relations by econometric models and
cross-spectral methods. Econometrica. 1969;37(3):424-38. https://doi.
0rg/10.2307/1912791.

Gray MJ, Emmanouil TA. Individual alpha frequency increases during a
task but is unchanged by alpha-band flicker. Psychophysiology. 2020.
https://doi.org/10.1111/psyp.13480.

Gulbinaite R, van Viegen T, Wieling M, Cohen MX, VanRullen R. Individual
alpha peak frequency predicts 10 Hz Flicker effects on selective attention.
JNeurosci. 2017;37(42):10173-84. https://doi.org/10.1523/JNEUROSCI.
1163-17.2017.

Haegens S, Zion Golumbic E. Rhythmic facilitation of sensory processing:
a critical review. Neurosci Biobehav Rev. 2018;86:150-65. https://doi.org/
10.1016/j.neubiorev.2017.12.002.

Hari R, Himaldinen M, Joutsiniemi S. Neuromagnetic steady-state
responses to auditory stimuli. J Acoust Soc Am. 1989;86(3):1033-9.
https://doi.org/10.1121/1.398093.

Helfrich RF, Breska A, Knight RT. Neural entrainment and network
resonance in support of top-down guided attention. Curr Opin Psychol.
2019;29:82-9. https://doi.org/10.1016/j.copsyc.2018.12.016.


https://doi.org/10.1109/ICASSP.2018.8461662
https://doi.org/10.1109/ICASSP.2018.8461662
https://doi.org/10.1109/TSP.2018.2844203
https://doi.org/10.1109/TSP.2018.2844203
https://doi.org/10.1097/00006324-199601000-00008
https://doi.org/10.1097/00006324-199601000-00008
https://doi.org/10.1007/978-1-4757-1281-0
https://doi.org/10.1016/j.tics.2020.03.003
https://doi.org/10.1016/j.tics.2020.03.003
https://doi.org/10.3389/fninf.2015.00016
https://doi.org/10.1162/jocn_a_00511
https://doi.org/10.1162/jocn_a_00511
https://doi.org/10.1016/j.tics.2014.02.005
https://doi.org/10.1371/journal.pone.0014543
https://doi.org/10.1371/journal.pone.0014543
https://doi.org/10.1016/j.neubiorev.2023.105438
https://doi.org/10.1016/j.neuroimage.2021.118173
https://doi.org/10.1016/j.neuroimage.2021.118173
https://doi.org/10.1111/ejn.13747
https://doi.org/10.1111/ejn.13747
https://doi.org/10.1523/JNEUROSCI.18-18-07426.1998
https://doi.org/10.1523/JNEUROSCI.18-18-07426.1998
https://doi.org/10.1371/journal.pone.0060035
https://doi.org/10.1371/journal.pone.0060035
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1155/2011/130714
https://doi.org/10.1155/2011/130714
https://doi.org/10.1073/pnas.1816414116
https://doi.org/10.1038/s41467-019-12919-7
https://doi.org/10.1038/s41467-019-12919-7
https://doi.org/10.1523/JNEUROSCI.3134-20.2021
https://doi.org/10.1073/pnas.78.4.2643
https://doi.org/10.1073/pnas.78.4.2643
https://doi.org/10.3390/biomedicines11051399
https://doi.org/10.1038/nn.3063
https://doi.org/10.1038/35065745
https://doi.org/10.1111/ejn.15483
https://doi.org/10.2307/1912791
https://doi.org/10.2307/1912791
https://doi.org/10.1111/psyp.13480
https://doi.org/10.1523/JNEUROSCI.1163-17.2017
https://doi.org/10.1523/JNEUROSCI.1163-17.2017
https://doi.org/10.1016/j.neubiorev.2017.12.002
https://doi.org/10.1016/j.neubiorev.2017.12.002
https://doi.org/10.1121/1.398093
https://doi.org/10.1016/j.copsyc.2018.12.016

Menétrey and Pascucci Behavioral and Brain Functions

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

(2024) 20:29

Helfrich RF, Schneider TR, Rach S, Trautmann-Lengsfeld SA, Engel AK,
Herrmann CS. Entrainment of brain oscillations by transcranial alternating
current stimulation. Curr Biol. 2014;24(3):333-9. https://doi.org/10.1016/].
cub.2013.12.041.

Herrmann CS. Human EEG responses to 1-100 Hz flicker: resonance
phenomena in visual cortex and their potential correlation to cognitive
phenomena. Exp Brain Res. 2001;137(3-4):346-53. https://doi.org/10.
1007/5002210100682.

Herrmann CS, Murray MM, lonta S, Hutt A, Lefebvre J. Shaping

intrinsic neural oscillations with periodic stimulation. J Neurosci.
2016;36(19):5328-37. https://doi.org/10.1523/JNEUROSCL.0236-16.2016.
Herzog MH, Drissi-Daoudi L, Doerig A. All in good time: long-lasting
postdictive effects reveal discrete perception. Trends Cogn Sci.
2020;24(10):826-37. https://doi.org/10.1016/j.tics.2020.07.001.

Kasten FH, Dowsett J, Herrmann CS. Sustained after effect of a-tACS lasts
up to 70 min after stimulation. Front Hum Neurosci. 2016. https://doi.org/
10.3389/fnhum.2016.00245.

Kasten FH, Herrmann CS. Discrete sampling in perception via neuronal
oscillations—evidence from rhythmic, non-invasive brain stimulation. Eur
J Neurosci. 2020. https://doi.org/10.1111/ejn.15006.

Keitel C, Keitel A, Benwell CSY, Daube C, Thut G, Gross J. Stimulus-driven
brain rhythms within the alpha band: the attentional-modulation
conundrum. J Neurosci. 2019;39(16):3119-29. https://doi.org/10.1523/
JNEUROSCI.1633-18.2019.

Keitel C, Quigley C, Ruhnau P. Stimulus-driven brain oscillations in the
alpha range: entrainment of intrinsic rhythms or frequency-following
response? J Neurosci. 2014;34(31):10137-40. https://doi.org/10.1523/
JNEUROSCI.1904-14.2014.

Keitel C, Thut G, Gross J. Visual cortex responses reflect temporal
structure of continuous quasi-rhythmic sensory stimulation. Neuroimage.
2017;146:58-70. https://doi.org/10.1016/j.neuroimage.2016.11.043.
Klimesch W. EEG alpha and theta oscillations reflect cognitive and
memory performance: a review and analysis. Brain Res Rev. 1999,29(2—
3):169-95. https://doi.org/10.1016/50165-0173(98)00056-3.

Klimesch W, Sauseng P, Gerloff C. Enhancing cognitive performance

with repetitive transcranial magnetic stimulation at human individual
alpha frequency: rTMS and individual alpha frequency. Eur J Neurosci.
2003;17(5):1129-33. https://doi.org/10.1046/].1460-9568.2003.02517 x.
Klimesch W, Sauseng P, Hanslmayr S, Gruber W, Freunberger R. Event-
related phase reorganization may explain evoked neural dynamics.
Neurosci Biobehav Rev. 2007,31(7):1003-16. https://doi.org/10.1016/].
neubiorev.2007.03.005.

Kosem A, Bosker HR, Takashima A, Meyer A, Jensen O, Hagoort P. Neural
entrainment determines the words we hear. Curr Biol. 2018;28(18):2867-
2875.e3. https://doi.org/10.1016/j.cub.2018.07.023.

Koster M, Brzozowska A, Banki A, Tiinte M, Ward EK, Hoehl S. Rhythmic
visual stimulation as a window into early brain development: a systematic
review. Dev Cogn Neurosci. 2023;64: 101315. https://doi.org/10.1016/j.
dcn.2023.101315.

Lakatos P, Gross J, Thut G. A new unifying account of the roles of neuronal
entrainment. Curr Biol. 2019;29(18):R890-905. https://doi.org/10.1016/j.
cub.2019.07.075.

Lakatos P, Karmos G, Mehta AD, Ulbert |, Schroeder CE. Entrainment of
neuronal oscillations as a mechanism of attentional selection. Science.
2008;320(5872):110-3. https://doi.org/10.1126/science.1154735.
Lehmann D, Skrandies W. Reference-free identification of components of
checkerboard-evoked multichannel potential fields. Electroencephalogr
Clin Neurophysiol. 1980;48(6):609-21. https://doi.org/10.1016/0013-
4694(80)90419-8.

Lin Y-J, Shukla L, Dugué L, Valero-Cabré A, Carrasco M. Transcranial
magnetic stimulation entrains alpha oscillatory activity in occipital cortex.
Sci Rep. 2021;11(1):18562. https://doi.org/10.1038/541598-021-96849-9.
Mathewson KE, Prudhomme C, Fabiani M, Beck DM, Lleras A, Gratton G.
Making waves in the stream of consciousness: entraining oscillations

in EEG alpha and fluctuations in visual awareness with rhythmic visual
stimulation. J Cogn Neurosci. 2012;24(12):2321-33. https://doi.org/10.
1162/jocn_a_00288.

Meigen T, Bach M. On the statistical significance of electrophysiological
steady-state responses. Documenta Ophthalmologica Adv Ophthal.
1999;98(3):207-32. https://doi.org/10.1023/a:1002097208337.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Page 11 of 12

Menétrey MQ, Herzog MH, Pascucci D. Pre-stimulus alpha activity
modulates long-lasting unconscious feature integration. Neuroimage.
2023;278:120298. https://doi.org/10.1016/j.neuroimage.2023.120298.
Menétrey MQ, Roinishvili M, Chkonia E, Herzog MH, Pascucci D. Alpha
peak frequency affects visual performance beyond temporal resolution.
Imaging Neurosci. 2024;2:1-12. https://doi.org/10.1162/imag_a_00107.
Moratti S, Clementz BA, Gao Y, Ortiz T, Keil A. Neural mechanisms of
evoked oscillations: stability and interaction with transient events. Hum
Brain Mapp. 2007,28(12):1318-33. https://doi.org/10.1002/hbm.20342.
Neuling T, Rach S, Herrmann CS. Orchestrating neuronal networks:
sustained after-effects of transcranial alternating current stimulation
depend upon brain states. Front Hum Neurosci. 2013. https://doi.org/10.
3389/fnhum.2013.00161.

Notbohm A, Kurths J, Herrmann CS. Modification of brain oscillations via
rhythmic light stimulation provides evidence for entrainment but not
for superposition of event-related responses. Front Hum Neurosci. 2016.
https://doi.org/10.3389/fnhum.2016.00010.

Nuttall R, Jdger C, Zimmermann J, Archila-Melendez ME, Preibisch C,
Taylor P, Sauseng P, Wohlschlager A, Sorg C, Dowsett J. Evoked responses
to rhythmic visual stimulation vary across sources of intrinsic alpha
activity in humans. Sci Rep. 2022;12(1):5986. https://doi.org/10.1038/
$41598-022-09922-2.

Obleser J, Kayser C. Neural entrainment and attentional selection in the
listening brain. Trends Cogn Sci. 2019;23(11):913-26. https://doi.org/10.
1016/j:tics.2019.08.004.

Otero M, Lea-Carnall C, Prado P, Escobar M-J, El-Deredy W. Modelling
neural entrainment and its persistence: influence of frequency of
stimulation and phase at the stimulus offset [Preprint]. Bioengineering.
2021. https://doi.org/10.1101/2021.09.10.459802.

Otero M, Prado-Gutiérrez P, Weinstein A, Escobar M-J, El-Deredy W.
Persistence of EEG alpha entrainment depends on stimulus phase at
offset. Front Hum Neurosci. 2020;14:139. https://doi.org/10.3389/fnhum.
2020.00139.

Otto TU. The flight path of the phoenix—The visible trace of invisible
elements in human vision. J Vis. 2006;6(10):1079-86. https://doi.org/10.
1167/6.10.7.

Pagnotta MF, Pascucci D, Plomp G. Selective attention involves a
feature-specific sequential release from inhibitory gating. Neurolmage.
2022;246:118782. https://doi.org/10.1016/j.neuroimage.2021.118782.
Pagnotta MF, Pascucci D, Plomp G. Nested oscillations and brain
connectivity during sequential stages of feature-based attention.
Neuroimage. 2020;223:117354.

Pantaleone J. Synchronization of metronomes. Am J Phys.
2002;70(10):992-1000. https://doi.org/10.1119/1.1501118.

Pascucci D, Hervais-Adelman A, Plomp G. Gating by induced A-T
asynchrony in selective attention. Hum Brain Mapp. 2018. https://doi.org/
10.1002/hbm.24216.

Perrin F, Pernier J, Bertrand O, Echallier JF. Spherical splines for scalp
potential and current density mapping. Electroencephalogr Clin
Neurophysiol. 1989;72(2):184-7. https://doi.org/10.1016/0013-4694(89)
90180-6.

Peylo C, HillaY, Sauseng P. Cause or consequence? Alpha oscillations in
visuospatial attention. Trends Neurosci. 2021;44(9):705-13. https://doi.
0rg/10.1016/j.tins.2021.05.004.

Pikovsky A, Rosenblum M, Kurths J. Synchronization: a universal concept
in nonlinear sciences. 1a ed. Cambridge: Cambridge University Press;
2001. https://doi.org/10.1017/CBO9780511755743.

Pion-Tonachini L, Kreutz-Delgado K, Makeig S. The ICLabel dataset of
electroencephalographic (EEG) independent component (IC) features.
Data Brief. 2019;25: 104101. https://doi.org/10.1016/}.dib.2019.104101.
Rahnev D. Entrainment of neural activity using transcranial magnetic
stimulation. J Neurosci. 2013;33(28):11325-6. https://doi.org/10.1523/
JNEUROSCI2012-13.2013.

Ramaswami M. Network plasticity in adaptive filtering and behavioral
habituation. Neuron. 2014;82(6):1216-29.

Regan D. Some characteristics of average steady-state and transient
responses evoked by modulated light. Electroencephalogr Clin
Neurophysiol. 1966;20(3):238-48. https://doi.org/10.1016/0013-4694(66)
90088-5.


https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.1007/s002210100682
https://doi.org/10.1007/s002210100682
https://doi.org/10.1523/JNEUROSCI.0236-16.2016
https://doi.org/10.1016/j.tics.2020.07.001
https://doi.org/10.3389/fnhum.2016.00245
https://doi.org/10.3389/fnhum.2016.00245
https://doi.org/10.1111/ejn.15006
https://doi.org/10.1523/JNEUROSCI.1633-18.2019
https://doi.org/10.1523/JNEUROSCI.1633-18.2019
https://doi.org/10.1523/JNEUROSCI.1904-14.2014
https://doi.org/10.1523/JNEUROSCI.1904-14.2014
https://doi.org/10.1016/j.neuroimage.2016.11.043
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.1046/j.1460-9568.2003.02517.x
https://doi.org/10.1016/j.neubiorev.2007.03.005
https://doi.org/10.1016/j.neubiorev.2007.03.005
https://doi.org/10.1016/j.cub.2018.07.023
https://doi.org/10.1016/j.dcn.2023.101315
https://doi.org/10.1016/j.dcn.2023.101315
https://doi.org/10.1016/j.cub.2019.07.075
https://doi.org/10.1016/j.cub.2019.07.075
https://doi.org/10.1126/science.1154735
https://doi.org/10.1016/0013-4694(80)90419-8
https://doi.org/10.1016/0013-4694(80)90419-8
https://doi.org/10.1038/s41598-021-96849-9
https://doi.org/10.1162/jocn_a_00288
https://doi.org/10.1162/jocn_a_00288
https://doi.org/10.1023/a:1002097208337
https://doi.org/10.1016/j.neuroimage.2023.120298
https://doi.org/10.1162/imag_a_00107
https://doi.org/10.1002/hbm.20342
https://doi.org/10.3389/fnhum.2013.00161
https://doi.org/10.3389/fnhum.2013.00161
https://doi.org/10.3389/fnhum.2016.00010
https://doi.org/10.1038/s41598-022-09922-2
https://doi.org/10.1038/s41598-022-09922-2
https://doi.org/10.1016/j.tics.2019.08.004
https://doi.org/10.1016/j.tics.2019.08.004
https://doi.org/10.1101/2021.09.10.459802
https://doi.org/10.3389/fnhum.2020.00139
https://doi.org/10.3389/fnhum.2020.00139
https://doi.org/10.1167/6.10.7
https://doi.org/10.1167/6.10.7
https://doi.org/10.1016/j.neuroimage.2021.118782
https://doi.org/10.1119/1.1501118
https://doi.org/10.1002/hbm.24216
https://doi.org/10.1002/hbm.24216
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/j.tins.2021.05.004
https://doi.org/10.1016/j.tins.2021.05.004
https://doi.org/10.1017/CBO9780511755743
https://doi.org/10.1016/j.dib.2019.104101
https://doi.org/10.1523/JNEUROSCI.2012-13.2013
https://doi.org/10.1523/JNEUROSCI.2012-13.2013
https://doi.org/10.1016/0013-4694(66)90088-5
https://doi.org/10.1016/0013-4694(66)90088-5

Menétrey and Pascucci Behavioral and Brain Functions (2024) 20:29

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

93.

94.

95.

96.

97.

98.

99.

Ronconi L, Busch NA, Melcher D. Alpha-band sensory entrainment

alters the duration of temporal windows in visual perception. Sci Rep.
2018;8(1):11810. https://doi.org/10.1038/541598-018-29671-5.

Saberi K, Hickok G. Forward entrainment: psychophysics, neural
correlates, and function. Psychon Bull Rev. 2023;30(3):803-21. https://doi.
0rg/10.3758/513423-022-02220-y.

Sadaghiani S, Kleinschmidt A. Brain networks and a-oscillations: structural
and functional foundations of cognitive control. Trends Cogn Sci.
2016;20(11):805-17. https://doi.org/10.1016/j.tics.2016.09.004.
Sameiro-Barbosa CM, Geiser E. Sensory entrainment mechanisms in
auditory perception: neural synchronization cortico-striatal activation.
Front Neurosci. 2016. https://doi.org/10.3389/fnins.2016.00361.
Schroeder CE, Lakatos P. Low-frequency neuronal oscillations as
instruments of sensory selection. Trends Neurosci. 2009;32(1):9-18.
https://doi.org/10.1016/j.tins.2008.09.012.

Schroeder CE, Lakatos P, Kajikawa Y, Partan S, Puce A. Neuronal oscillations
and visual amplification of speech. Trends Cogn Sci. 2008;12(3):106-13.
https://doi.org/10.1016/j.tics.2008.01.002.

Shevelev IA, Kamenkovich VM, Bark ED, Verkhlutov VM, Sharaev GA,
Mikhailova ES. Visual illusions and travelling alpha waves produced by
flicker at alpha frequency. Int J Psychophysiol. 2000;39(1):9-20. https://
doi.org/10.1016/50167-8760(00)00105-7.

Spaak E, de Lange FP, Jensen O. Local entrainment of alpha oscillations
by visual stimuli causes cyclic modulation of perception. J Neurosci.
2014;34(10):3536-44. https://doi.org/10.1523/JNEUROSC|4385-13.2014.
Storey JD. A direct approach to false discovery rates. J Roy Stat Soc Ser B
(Stat Methodol). 2002;64(3):479-98. https://doi.org/10.1111/1467-9868.
00346.

Strogatz SH. Sync: The Emerging Science of Spontaneous Order. New
York, NY, USA: Hyperion; 2003.

Tal |, Large EW, Rabinovitch E, Wei Y, Schroeder CE, Poeppel D, Zion
Golumbic E. Neural entrainment to the beat: the "Missing-Pulse”
phenomenon. J Neurosci. 2017;37(26):6331-41. https://doi.org/10.1523/
JNEUROSCI.2500-16.2017.

Tallon-Baudry C. Oscillatory gamma activity in humans and its role in
object representation. Trends Cogn Sci. 1999;3(4):151-62. https://doi.org/
10.1016/51364-6613(99)01299-1.

Tallon-Baudry C, Bertrand O, Delpuech C, Pernier J. Stimulus specificity of
phase-locked and non-phase-locked 40 Hz visual responses in human. J
Neurosci. 1996;16(13):4240-9. https://doi.org/10.1523/JNEUROSCI.16-13-
04240.1996.

Thompson RF. Habituation: a history. Neurobiol Learn Mem.
2009,92(2):127-34. https://doi.org/10.1016/j.nIm.2008.07.011.

Thut G, Schyns PG, Gross J. Entrainment of perceptually relevant brain
oscillations by non-invasive rhythmic stimulation of the human brain.
Front Psychol. 2011. https://doi.org/10.3389/fpsyg.2011.00170.

Thut G, Veniero D, Romei V, Miniussi C, Schyns P, Gross J. Rhythmic TMS
causes local entrainment of natural oscillatory signatures. Curr Biol.
2011:21(14):1176-85. https://doi.org/10.1016/j.cub.2011.05.049.

Turatto M, Bonetti F, Pascucci D. Filtering visual onsets via habituation: a
context-specific long-term memory of irrelevant stimuli. Psychonomic
Bull Rev. 2017;25:1028-103. https://doi.org/10.3758/513423-017-1320-x.
Turatto M, Pascucci D. Short-term and long-term plasticity in the visual-
attention system: evidence from habituation of attentional capture.
Neurobiol Learn Mem. 2016;130:159-69.

van Diepen RM, Mazaheri A. The Caveats of observing inter-trial phase-
coherence in cognitive neuroscience. Sci Rep. 2018;8(1):2990. https://doi.
0rg/10.1038/s41598-018-20423-z.

Vossen A, Gross J, Thut G. Alpha power increase after transcranial
alternating current stimulation at alpha frequency (a-tACS) reflects
plastic changes rather than entrainment. Brain Stimul. 2015;8(3):499-508.
https://doi.org/10.1016/j.brs.2014.12.004.

Wilson M, Cook PF. Rhythmic entrainment: why humans want to, fireflies
can't help it, pet birds try, and sea lions have to be bribed. Psychon Bull
Rev. 2016;23(6):1647-59. https://doi.org/10.3758/513423-016-1013-x.
ZaehleT, Rach S, Herrmann CS. Transcranial alternating current
stimulation enhances individual alpha activity in human EEG. PLoS ONE.
2010;5(11): e13766. https://doi.org/10.1371/journal.pone.0013766.
Zoefel B, Ten Oever S, Sack AT. The involvement of endogenous neural
oscillations in the processing of rhythmic input: more than a regular

Page 12 of 12

repetition of evoked neural responses. Front Neurosci. 2018;12:95. https://
doi.org/10.3389/fnins.2018.00095.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1038/s41598-018-29671-5
https://doi.org/10.3758/s13423-022-02220-y
https://doi.org/10.3758/s13423-022-02220-y
https://doi.org/10.1016/j.tics.2016.09.004
https://doi.org/10.3389/fnins.2016.00361
https://doi.org/10.1016/j.tins.2008.09.012
https://doi.org/10.1016/j.tics.2008.01.002
https://doi.org/10.1016/S0167-8760(00)00105-7
https://doi.org/10.1016/S0167-8760(00)00105-7
https://doi.org/10.1523/JNEUROSCI.4385-13.2014
https://doi.org/10.1111/1467-9868.00346
https://doi.org/10.1111/1467-9868.00346
https://doi.org/10.1523/JNEUROSCI.2500-16.2017
https://doi.org/10.1523/JNEUROSCI.2500-16.2017
https://doi.org/10.1016/S1364-6613(99)01299-1
https://doi.org/10.1016/S1364-6613(99)01299-1
https://doi.org/10.1523/JNEUROSCI.16-13-04240.1996
https://doi.org/10.1523/JNEUROSCI.16-13-04240.1996
https://doi.org/10.1016/j.nlm.2008.07.011
https://doi.org/10.3389/fpsyg.2011.00170
https://doi.org/10.1016/j.cub.2011.05.049
https://doi.org/10.3758/s13423-017-1320-x
https://doi.org/10.1038/s41598-018-20423-z
https://doi.org/10.1038/s41598-018-20423-z
https://doi.org/10.1016/j.brs.2014.12.004
https://doi.org/10.3758/s13423-016-1013-x
https://doi.org/10.1371/journal.pone.0013766
https://doi.org/10.3389/fnins.2018.00095
https://doi.org/10.3389/fnins.2018.00095

	Spectral tuning and after-effects in neural entrainment
	Abstract 
	Introduction
	Results
	Tuning of neural rhythms to the entrained frequency
	Forward entrainment effects
	Long-lasting after-effects of entrainment

	Discussion
	Conclusions
	Methods
	Participants
	Apparatus
	Stimuli and procedure
	Electroencephalography recordings and preprocessing
	EEG analysis of entrainment
	Entrainment effects on ongoing neural oscillations
	Forward entrainment
	Entrainment after-effects


	Acknowledgements
	References


