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Abstract
Neural entrainment, or the synchronization of endogenous oscillations to exog-
enous rhythmic events, has been postulated as a powerful mechanism underly-
ing stimulus prediction. Nevertheless, studies that have explored the benefits of 
neural entrainment on attention, perception, and other cognitive functions have 
received criticism, which could compromise their theoretical and clinical value. 
Therefore, the aim of the present study was [1] to confirm the presence of en-
trainment using a set of pre-established criteria and [2] to establish whether the 
reported behavioral benefits of entrainment remain when temporal predictability 
related to target appearance is reduced. To address these points, we adapted a 
previous neural entrainment paradigm to include: a variable entrainer length and 
increased target-absent trials, and instructing participants to respond only if they 
had detected a target, to avoid guessing. Thirty-six right-handed women took part 
in this study. Our results indicated a significant alignment of neural activity to 
the external periodicity as well as a persistence of phase alignment beyond the 
offset of the driving signal. This would appear to indicate that neural entrainment 
triggers preexisting endogenous oscillations, which cannot simply be explained 
as a succession of event-related potentials associated with the stimuli, expecta-
tion and/or motor response. However, we found no behavioral benefit for targets 
in-phase with entrainers, which would suggest that the effect of neural entrain-
ment on overt behavior may be more limited than expected. These results help 
to clarify the mechanistic processes underlying neural entrainment and provide 
new insights on its applications.
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1   |   INTRODUCTION

The synchronization of internal oscillations to rhythmic 
external events, known as neural entrainment, is thought 
to help organisms anticipate the environment's temporal 
structure (Obleser & Kayser, 2019; Thut et al., 2011; Zoefel 
et al., 2018). In particular, the alignment of the high excit-
ability phase of the neural oscillation with the onset of the 
periodic, sensory input, may explain this predictive bene-
fit by amplifying the relevant information for preferential 
processing and suppressing the random, less meaningful 
inputs (Large & Jones, 1999; Schroeder & Lakatos, 2009; 
Haegens & Zion Golumbic,  2018; Zoefel et al.,  2018; 
Lakatos et al., 2019, for review). Recently, neural entrain-
ment has been postulated as a useful tool for diagnostic 
and therapeutic procedures (Guo et al.,  2020; Lakatos 
et al., 2013, 2019; Thaut et al., 2015).

Notwithstanding, some criticisms to the proposal that 
neural entrainment constitutes an anticipatory mecha-
nism could compromise its theoretical importance and 
clinical value. One criticism is that many experiments 
have not managed to successfully provide evidence that 
entrainment is produced by the synchronization of al-
ready existing endogenous oscillations to rhythmic exter-
nal stimuli, rather than being the result of a succession 
of event-related potentials (ERPs) (Capilla et al.,  2011; 
Keitel et al.,  2014; for review Zoefel et al.,  2018). A sec-
ond, important criticism is that, in past experiments, the 
temporal structure of the entrainer events as well as the 
underlying structure of the task did not change across 
trials, and therefore target onsets were highly predictable 
not only based on the entrainer periodicity, but also due 
to the time of target appearance. Under these conditions, 
behavioral benefits would most likely be a consequence 
of expectative mechanisms or high-level attention orient-
ing strategies, rather than neural entrainment (for review 
see Helfrich et al.,  2019; Obleser & Kayser,  2019; Zoefel 
et al.,  2018). Finally, it is crucial to note the proper use 
of terminology. Recently, several authors have stressed 
the importance of using the term neural entrainment only 
when certain predetermined criteria are met (Haegens 
& Zion Golumbic, 2018; Helfrich et al., 2019; Obleser & 
Kayser, 2019), and using a different term such as “entrain-
ment in the broad sense”, “neural tracking”, or “rhythmic 
tracking” otherwise. This subtle but important distinc-
tion allows one to differentiate synchronization of an 
independent internal and external rhythm, from a more 
general rhythmic response that could be explained by a 
different mechanistic process, such as resonance (Helfrich 
et al.,  2019). To counteract the criticisms and character-
ize the observed phenomena, the following requirements 
have been proposed to delineate neural entrainment in 
the narrow sense: [1] The endogenous neural oscillations, 

also known as eigenfrequencies, should occur sponta-
neously, without a driving, exogenous rhythm and syn-
chronize to the external rhythm when the entrainer is 
present (Obleser & Kayser,  2019; Thut et al.,  2011). [2] 
The neural oscillator should be resilient to perturbation, 
adapting its frequency within certain bounds (Obleser & 
Kayser,  2019). [3] Neural oscillators should not recover 
their eigenfrequency right away, rather they should re-
main at the entrained rhythm for a number of cycles, post-
entrainer offset (Obleser & Kayser, 2019; Thut et al., 2011).

Recent studies investigating neural entrainment-
related behavioral benefits have yet to resolve the crit-
icisms highlighted above (Kösem et al.,  2018; ten Oever 
et al., 2014; Wiesman & Wilson, 2019). A study by Kizuk 
and Mathewson (2017) explored the impact of neural en-
trainment on visual attention while addressing the first 
criticism. In their EEG study, participants discriminated 
the location of lateralized targets following a spatially 
informative cue and a stream of rhythmic, bilateral en-
trainers. Kizuk and Mathewson (2017) found the expected 
spatial attention advantage, and a rhythmicity effect so 
that targets presented in-phase (in-time) in contrast to 
the ones presented anti-phase (out-of-time), with the en-
trainers were better detected, especially at unattended 
locations. Importantly, they observed that neural entrain-
ment persisted for two cycles post-entrainer offset even on 
target-absent trials. These findings support the presence 
of neural entrainment. However, activity during target-
absent trials could still be contaminated, for instance by 
motor responses, given that participants were instructed 
to always guess a response. Furthermore, potential antici-
patory confounds could be more exacerbated because the 
fixed length of the entrainer stream made target appear-
ance highly predictable. Thus, despite using in-phase and 
anti-phase, the task did not completely address the sec-
ond criticism about the potentially confounding effect of 
anticipation.

The aim of the present study was to examine whether 
endogenous oscillations synchronize to an external 
rhythm and meet the necessary requirements for neural 
entrainment, and whether the characteristic effects of this 
endogenous alignment continue to be observed when tem-
poral predictability is strongly reduced. We reproduced 
the conditions in Kizuk and Mathewson (2017), but with 
a variable number of entrainers, increased target-absent 
trials, and instructions for participants to avoid guessing 
and respond only if they detected a target. These changes 
increase temporal unpredictability, avoiding the contam-
ination of target-absent trials from motor response. The 
primary hypotheses of the present study were that, if the 
conditions for neural entrainment are met, then entrained, 
endogenous oscillations should persist and their effects 
on behavior, despite reducing temporal predictability. To 
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test this, three hypothesis-driven predictions were evalu-
ated: (i) significant cross-coherence between the external 
rhythm and the neural oscillatory activity, (ii) persistence 
of phase alignment after entrainer offset for at least two 
cycles, and (iii) behavioral benefits of entrainment as 
seen by higher hit rates and faster reaction-times to tar-
gets in-phase with the previous entrainers, as compared 
to anti-phase.

2   |   METHOD

2.1  |  Participants

Thirty-six right-handed women (21.69 ± 2.06 years, range: 
18–28 years) with normal or corrected-to-normal vision 
and hearing, and no previously diagnosed physical, neuro-
logical, or mental health conditions were initially selected 
to take part in this research study. The use of pharmaceu-
tical or non-pharmaceutical drugs was also considered as 
a criterion for exclusion. The present data were collected 
from the control group of a prospective, case–control study 
on migraine (manuscript in preparation). For this reason, 
after providing their informed consent and before the 
EEG recording, participants filled out the Adult ADHD 
Self-Report Scale (ASRS) (Kessler et al.,  2005) and the 
Beck Depression Inventory-II (BDI-II) (Beck et al., 1996). 
The entire session lasted approximately 3 h. At the end 
of the session, participants provided their payment details 
and were debriefed.

Six participants were discarded for the following rea-
sons: mean false alarm rate > chance level 30% (N  =  1), 
mean hit rate >90% on invalidly cued trials (N  =  2; see 
Individual Detection Threshold section), technical prob-
lems (N = 2), and less than 50 trials per condition (see EEG 
analysis section) post-EEG artifact rejection (N = 1). The 
final sample consisted of 30 individuals (21.70 ± 2.18 years, 
range: 18–28 years). Scores on the psychological measures 
related to attention deficit disorder (ASRS 1.73 ± 1.62) and 
depression (BDI-II 4.83 ± 4.57) remained within the nor-
mal range. All participants gave their informed consent 
prior to participation and were compensated with 25€. 
This research was approved by the research Ethics Board 
at the Vall d'Hebron Hospital (PR [AG] 376/2017).

2.2  |  Procedure

The experimental sessions were performed in a cham-
ber with acoustic and electromagnetic attenuation. The 
lights were dimmed, and participants sat at a distance of 
approximately 0.75 m from the screen throughout the en-
tire procedure. A cued, visual detection paradigm, with 

bilateral entrainment (see Figure  1a), based on Kizuk 
and Mathewson  (2017), was used to assess attention on 
target-present and target-absent trials. Stimuli were pro-
grammed and presented, using custom-made scripts, with 
MATLAB R2015a and Psychophysics Toolbox Version 
3.0.13 (Brainard,  1997; Kleiner et al.,  2007), running 
on Windows XP. All stimuli were presented on a Sony 
Multiscan G520 Trinitron Color Monitor (CRT screen, 
resolution: 1024 × 768, 120 Hz refresh rate, background 
luminance: 21 cd/m2).

A black, fixation cross (height, width: 0.5°) was pres-
ent throughout the entire duration of the experiment. 
Participants were asked to fixate on the cross throughout 
the entire duration of the trial, hence orienting their atten-
tion covertly. Each trial started with a black, directional 
arrow cue (isosceles triangle, height: 1°, width: 0.5°), 
which appeared 5.26° above the fixation cross for a du-
ration of 200 ms, followed by a fixation period of 675 ms. 
After the fixation period, a stream of entrainers, of vari-
able length (8–12; balanced across conditions, equiproba-
ble within each block) was presented bilaterally at a rate 
of 12 Hz. The entrainers consisted of annuli (luminance: 
7.3  cd/m2, 30.47% gray, external annulus diameter of 
2.25°, internal annulus diameter of 1.25°, presented 1.13° 
above, and 4.1° to the left or right of the fixation cross), 
which were flashed on the screen for 8.33 ms and inter-
leaved by blank intervals of 75 ms (hence, 83.33 periods 
for a 12 Hz rhythm). Entrainers were synchronous and of 
equal duration on both sides of the display. We varied the 
number of entrainers in each stream between 8 and 12, on 
a trial-by-trial basis, to reduce inherent task predictability.

After the last entrainer, a target was presented on 70% 
of trials, which consisted of two bilateral annuli (equal to 
the entrainers), but with a Gabor patch (spatial frequency: 
1.68 cycles/pixel, orientation 90°; sigma 2.98 pixels; phase 
0 cycles) on one side (for each block: 28 per cued side and 
14 per SOA), whose contrast was set individually accord-
ing to a detection threshold (see below). On the remaining 
30% of trials, the target was absent and neither the annuli 
nor the resulting Gabor patch were presented (for each 
block: 12 per cued side and 6 per SOA). Participants were 
asked to respond to the target location on target-present 
trials (left/right side, pressing the z and m keys with their 
left and right index finger, respectively), and withhold 
their response if they did not see a target (such as would 
be the case on target-absent trials). Participants had a re-
sponse deadline of 800 ms and were told to be conserva-
tive (refrain from guessing) if unsure, to prevent a high 
false alarm rate. The inter-trial interval (ITI) was chosen 
randomly between 500 ms and 700 ms.

On target-present trials, the target could appear at the lo-
cation indicated by the spatial cue (valid trials, ~71%) or at 
the opposite location (invalid trials, ~29%). In addition, the 



4 of 21  |      Vilà-Balló et al.

F I G U R E  1   (a) Schematic illustration of a single trial of the cued, visual detection paradigm with bilateral entrainment. Participants 
were instructed to fixate on a central cross at all times. Each trial began with the appearance of a directional cue arrow pointing either to 
the right or to the left. After a fixed delay, a flashing sequence of synchronous bilateral annuli (entrainers) of variable length (8 to 12), with 
fixed inter-stimulus intervals, was presented around the target location. The inter-stimulus interval between the last entrainer and the target 
consisted of one of four possible options, with two target onsets occurring in-phase and two anti-phase with the rhythmic entrainers. On 
70% of trials, otherwise referred to as target-present trials, a target could be presented at the spatially valid location (gray) or the spatially 
invalid one (black) and consisted of the same bilateral annuli but with one of the annuli containing a Gabor patch. Gabor patch contrast 
was set to a 60% detection threshold using a single-interval adjustment matrix prior to beginning the detection task. On the remaining 30% 
of trials, referred to as absent-target trials, the target was absent, and no annuli or Gabor patch were presented. Finally, participants were 
asked to indicate using the appropriate response keys the side on which the target had appeared, or to withhold their response if they did not 
see a target. The next trial began after a variable inter-trial interval. (b) Schematic illustration of the time windows used for each one of the 
analyses. For illustration purposes, entrainer stream length was fixed at 12 entrainers and target-locked analyses were fixed to the first anti-
phase target onset. The first set of analyses were carried out using cue-locked data and were comprised of the following and their respective 
time windows. [1] ERP/SSVEP analyses, time window: 200 ms to 1542 ms (baseline: −200 ms to 0 ms). [2] ITC analysis, same analysis as 
[1] but without a baseline. The time window of interest to assess that data were significantly concentrated throughout the entire entrainer 
stream was from 875 ms to 1458 ms (from the 1st to the 8th entrainer). [3] Power analyses to explore IAF and lateralized alpha activity, time 
window: 0 ms to 1542 ms, once again no baseline was employed. The spectral power for the IAF and time-frequency for the lateralization 
index analysis were obtained from 375 ms to 875 ms. Additionally, [4] for the spectral cross coherence analysis, we selected from the onset 
of the first entrainer to the offset of the last entrainer plus one half-cycle (+42 ms), which corresponds to the first anti-phase target onset. 
The time window varied depending on the last entrainer (from 8 to 12). The next analysis was carried out using entrainer-locked data and 
is presented with its respective time window. Please note, that due to the variable length of the entrainer stream, the last entrainer could 
correspond to either one of the ordinal values between 8 and 12. [5] ITC analysis, time window: −600 ms to 600 ms, no baseline. The final set 
of analyses were carried out on target-locked (target-present/target-absent) data, along with their respective time windows. [6] ERP analyses, 
as a function of relative phase (anti-phase/in-phase) on target-present and target-absent trials, time window: −200 ms to 250 ms (baseline: 
−200 ms to 90 ms). [7] 12 Hz phase at target onset analysis. Here data were separately time-locked to target onset times (target-present trials) 
or to the moments in-time where targets were expected to occur (target-absent trials) and divided as a function of relative phase (anti-phase/
in-phase). Finally, [8] to examine whether the phase continued aligned after the disappearance of the external rhythm, we restricted the 
analysis to target-absent correct trials. The time window was selected to contain 3 cycles of possible target onset times, where 1 cycle was 
equivalent to one anti-phase and consecutive in-phase presentation. The specific time window was 41.5 ms to 250 ms with respect to the 
last entrainer. (c) Schematic illustration of the time windows used for the control analyses which were performed using STFT instead of 
complex Morlet wavelets. For illustrative purposes, entrainer stream length was fixed at 12 entrainers and only one of the multiple contrasts 
was shown for each analysis. Please, note than the time-window and conditions employed for entrained-locked ITC [1] and for the [2] 
phase analyses at target-present/target-absent trials were the same as described above. [3] Circular correlations between the phase obtained 
at the offset of the last entrainer (10 ms post-onset) and the four target onsets (anti-phase 1, in-phase 1, anti-phase 2, and in-phase 2), on 
target-absent trials. [4] Circular correlation between the 12 Hz phase 166 ms pre-target onset and the reaction-times for target-present trials, 
separated as a function of the four possible target onset times (anti-phase 1, in-phase 1, anti-phase 2, and in-phase 2). [5] Phase (166 ms pre-
target) opposition analysis between correct and incorrect trials. The four possible target onset times were collapsed into two groups (anti-
phase and in-phase) to ensure we had a sufficient number of trials
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rhythmic alignment of the targets was manipulated. The 
target could appear at four possible SOAs, two in anti-phase 
with the rhythmic entrainers (41.66 ms and 125.00 ms) and 
two in phase with the entrainers (83.33 ms and 166.66 ms). 
This resulted in four main conditions: spatially valid anti-
phase, spatially valid in-phase, spatially invalid anti-phase, 
and spatially invalid in-phase. At the beginning of the ex-
periment, participants received extensive instructions to 
respond as quickly as possible while maintaining accuracy.

The experimental session consisted of nine blocks of 80 
trials and lasted approximately 40 minutes. Prior to the en-
trainment task, participants practiced using a training task 
with easily detectable targets, comprising 12 trials with the 
same trial structure as the main task (three trials of each main 
condition, random order). During training their performance 
was monitored and feedback provided. The individual detec-
tion threshold was calculated upon successful completion.

2.3  |  Individual detection threshold

Stimulus contrast was adjusted to 60% of each participant's 
detection threshold using a single-interval adjustment ma-
trix (SIAM) (Kaernbach, 1990). To calculate this threshold, 
a modified version of the entrainment task was used where 
the number of entrainers was fixed to 10 and only spatially 
valid, in-phase targets were presented. Participants were 
asked to indicate the side of target appearance as detailed 
above or withhold response in the perceived absence of a 
target. If the participant responded correctly (hit) the con-
trast was reduced according to the step size on the next 
trial. If they responded incorrectly (miss or false alarm) the 
contrast was increased by the step size on the next trial. 
An adjustment matrix was used to determine the step size 
of the resulting increment/decrement as a function of the 
number of reversals. Step size was set at 0.01 and was mul-
tiplied by four for the first and second reversal (step size: 
0.04), by two for the third (step size: 0.02), and then main-
tained at 0.01 until all the reversals were complete. Once a 
total of 12 reversals were reached, the threshold procedure 
ended. The contrast values obtained during the last four 
reversals were averaged to calculate the final mean thresh-
old. A separate threshold was obtained for both left and 
right sides. Participants with a mean hit rate higher than 
90% were not considered for the study to guarantee that 
the spatial validity effect would be detectable and to avoid 
ceiling effects (Kizuk & Mathewson, 2017).

2.4  |  EEG recording

Continuous EEGs (digitized, 500 Hz sampling rate, no 
online filters) were acquired using a BrainAmp Standard 

(001 10/2008) amplifier, connected to an actiCHamp 
Control Box (Brain Products). Data were recorded using 
64 active electrodes (10–10 system). An online refer-
ence electrode was placed on the tip of the nose whereas 
a ground electrode was positioned at AFz in the cap. 
External electrodes included: left and right mastoids and 
vertical and horizontal electrooculograms. Impedances 
were kept below 10 kΩ.

2.5  |  Analyses

This study followed a within-subjects design comprised of 
one session per participant and was not preregistered.

2.5.1  |  Hazard rate

In order to obtain an objective index of task predict-
ability and compare this index with that of Kizuk and 
Mathewson  (2017), we decided to calculate the Hazard 
Rate (HR) for each target time of both tasks. We used the 
formula employed by Pasquereau and Turner  (2015) to 
calculate the HR, which consisted of the probability that a 
target will occur at time t divided by the probability that it 
has not yet occurred:

where ƒ(t) referred to the probability distribution of target 
times and F(t) is the cumulative distribution of probabilities. 
It is important to take into account, that our task was com-
prised of entrainer streams of varying lengths (five different 
time windows in total) and four different target appearance 
times post-last entrainer. Therefore, our design consisted of 
12 temporal moments, from 625 ms to 1083 ms, between off-
set of the first entrainer and the appearance of a target.

2.5.2  |  Behavioral analyses

We calculated hit rates, and RTs between spatially valid 
and invalid trials at each of the four SOAs (see Figure 2a–
d). Trials with RTs < 100  ms or three standard devia-
tions above the participant's mean RT on the condition 
(valid/invalid SOA pairings) were removed from further 
analyses (1.17 ± 1.00% of total trials on average, range: 
0–3.04). The resulting data were analyzed to examine 
the effects of spatial validity and relative phase. The four 
SOAs were collapsed into in-phase and anti-phase con-
ditions for the analysis. For hit rates and RTs, we ran 
two (spatial validity: valid/invalid) × 2 (relative phase: 
anti-phase/in-phase) repeated measures analyses of 

h(t) = f (t)∕[1 − F(t)]
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variance (rmANOVAs) where both factors were within-
subjects. Post hoc t tests were carried out as needed. To 
correct potential violations of sphericity and estimate 
epsilon accordingly (Jennings & Wood, 1976), we used 
the Greenhouse–Geisser epsilon correction and the re-
sulting, adjusted p values were reported. Cohen's d and 
f statistics were also calculated as measures of effect size 
for t tests and rmANOVAs, respectively (Cohen, 1992). 
We reported Bayes factors (BF10) for the rmANOVAs, 
which indicate whether the data provide evidence for 
the alternative model (H1) as compared to the null 
model (H0) (i.e., probability of the data given H1 relative 
to H0). This analysis was performed with JASP software, 
using the null model (Morey et al., 2017; Wagenmakers, 
Love, et al., 2018; Wagenmakers, Marsman, et al., 2018). 
For the model, we included spatial validity and relative 
phase as factors as well as their interaction.

We also added a metric to assess whether or not the 
participants in our study held a response bias, in either 
direction (more to less conservative). This measure is the 
response criterion, sometimes termed decision criterion, 
which is the mean of the z score of the hit rate and the z 
score of the false alarm rate (Azzopardi & Cowey, 1998).

2.5.3  |  EEG preprocessing

EEG data analyses were performed using EEGLAB 
13.5.4b (Delorme & Makeig,  2004), ERPLAB 7.0.0 
(Lopez-Calderon & Luck,  2014), and FieldTrip ver-
sion 20,161,103 (Oostenveld et al.,  2011) toolboxes as 
well as MATLAB R2015a custom-made scripts. EEG 
activity was re-referenced offline to the mean activ-
ity of both mastoids. An offline 50 Hz notch filter (type 

F I G U R E  2   (a) Line graph of the mean hit rates and standard errors of the mean, as a function of relative phase (x axis) and spatial 
validity (separate lines). (b) Violin plots of the hit rates, separated as a function of spatial validity, while collapsing the four possible target 
onset times into two relative phases (anti-phase and in-phase). Dots represent individual data, the central squares the median, and vertical 
lines the interquartile range. (c) Line graph of the mean reaction-times and standard errors of the mean, as a function of relative phase (x 
axis) and spatial validity (separate lines). (d) Violin plots of the reaction-times, separated as a function of spatial validity, while collapsing 
the four possible target onset times into two relative phases (anti-phase and in-phase). Dots represent individual data, the central squares 
the median, and vertical lines the interquartile range. Line and bar colors indicate spatial validity (valid: dark gray, invalid: light gray). (e) 
Hazard Rate (HR) at each of the 12 times of our task and for the four times of Kizuk and Mathewson's (2017) task. (f) Violin plot of the IAF 
obtained between 5 and 15 Hz at the selected ROI. An alpha peak was detected in all participants with one exception
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Parks-McClellan: padding factor: 2, smoothing factor: 50, 
sliding window length: 4, sliding window step: 1, order: 
180) was applied to each recording. Phase analyses were 
performed without further preprocessing. For ERP anal-
yses only, an offline Hamming windowed sinc finite im-
pulse response (FIR) band-pass filter (zero-phase), from 
0.1 to 40 Hz, was applied (high-pass: Frequency 0.1 Hz, 
order 16501, cutoff −6  dB; low-pass: frequency 40 Hz, 
order 167, cutoff −6 dB). It is important to note that no 
filters were used for inter-trial coherence (ITC), phase, 
and power analyses.

2.5.4  |  EEG analyses

Please see Figure 1b for a detailed pipeline of EEG analy-
ses and specific time windows. EEG activity was analyzed 
using five different time windows centered on different 
trial events. (1) Cue-locked analyses (from −200 ms to 
1542 ms, with respect to the cue) included ERPs, power 
spectrum for the individual alpha frequency (IAF), time-
resolved ITC, and power. (2) Cross-coherence analysis, 
from the onset of the first entrainer to the offset of the 
last entrainer plus one half-cycle (+42 ms). (3) Entrainer-
locked analyses (from −600 ms to 600 ms, with respect 
to the last entrainer), which focused on ITC alone. (4) 
Target-locked analyses (−200 ms to 250 ms, with respect 
to the target onset), included ERPs and phase alignment at 
the entrainer frequency (12 Hz) at target onset times (for 
target-present) and times where targets should occur (for 
target-absent trials). (5) Phase alignment in the absence 
of external signal, which included three cycles of possible 
target onset times (a time window of interest from 41.5 ms 
to 250 ms, with respect to the last entrainer). These spe-
cific analyses are detailed below. In order to ensure that 
endogenous activity corresponded to trials where partici-
pants were attending to the task, only correct trials (i.e., 
hits and correct rejections) were included in the analyses. 
A minimum of 50 artifact-free trials for each condition was 
required, in order to have a non-biased estimation of the 
ITC (Aydore et al., 2013). For the ITC, phase alignment, 
and power analyses, data were reepoched with 2000 ms 
at both ends of the time window (or point) to avoid edge 
artifacts. Ocular (horizontal eye movements and blinks at 
points of interest) and muscular artifacts were removed 
through a process of visual inspection, using concatenated 
windows, which included cue-locked, entrainer-locked, 
and target-locked data. Once the artifact rejection was 
complete, all of the electrophysiological analyses, with the 
exception of the lateralized alpha activity analysis, were 
first carried out on the Pz electrode, to replicate (Kizuk 
& Mathewson, 2017). Results for the Oz electrode, where 
maximum ITC was observed, are also provided.

2.5.5  |  IAF estimation

To estimate the IAF during the task, we selected the cue-
locked epochs described above. Next, we calculated the 
power spectrum using a Short Time Fourier Transform 
(STFT, Hanning window, 4–30 Hz in 0.1 Hz steps, zero-
padded to 10 s, time window: 375–875 ms post-cue). This 
time window was determined to avoid including ERP ac-
tivity related to the cue and to ensure that we had enough 
cycles to estimate the frequencies of interest. The power 
spectrum was averaged across the electrodes of interest 
(PO3, POz, PO4, PO7, PO8, O1, Oz, and O2), and back-
ground noise was estimated by fitting a 1/fa curve to the 
power spectrum (Haegens et al.,  2014; Torralba Cuello 
et al., 2022). A window between 5- and 15 Hz was used to 
calculate the individual alpha frequency peak.

2.5.6  |  Event-related potentials

We extracted ERPs and Steady-State Visual Evoked 
Potentials (SSVEPs), for cue-locked analyses, from 
−200 ms to 1542 ms (baseline −200 ms to 0 ms), collaps-
ing across target-present/target-absent trials given that 
this time window did not extend into the target period. 
For target-locked analyses, we calculated ERPs as a func-
tion of relative phase (anti-phase/in-phase) on target-
present and target-absent trials from −200 ms to 250 ms 
(baseline −200 ms to 0 ms).

2.5.7  |  Inter-trial coherence

We examined whether the effect of entrainment began 
with the first entrainers, continued throughout the en-
trainer period, and extended beyond the entrainers into 
the target-present/target-absent time windows. We ob-
tained activity, locked to the onset of the cue (cue-locked) 
and to the onset of the last entrainer (entrainer-locked), 
respectively. Single-trial EEG epochs were convoluted via 
frequency-domain multiplication, in which the Fourier-
derived spectrum was multiplied by the spectrum of a 
complex Morlet wavelet (variable number of cycles, 4–10 
in logarithmic steps, wavelet time −2 to +2  s), and the 
inverse Fourier transform was taken. A separate time se-
ries of complex wavelet coefficients was obtained for each 
frequency, with a linear increase from 1 to 40 Hz, in 1 Hz 
steps. These complex coefficients, containing both real 
and imaginary components, were used to derive the ITC 
(Cohen, 2015), for each trial, time point, frequency, and 
participant. ITC is an index that measures phase consist-
ency across trials, it can take values ranging from 0 (ran-
domly distributed phases) to 1 (perfectly aligned phases). 
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For cue-locked epochs (from −2200 ms to 3542 ms, win-
dow of interest −200 ms to 1542 ms), ITC was calculated 
mixing epochs from both target-present and target-
absent correct trials. For entrainer-locked epochs (from 
−2600 ms to 2600 ms, window of interest from −600 ms 
to 600 ms), ITC was separately obtained for target-present 
and target-absent correct trials, collapsing anti-phase and 
in-phase trials. No baseline was used.

To statistically assess that data were significantly con-
centrated throughout the entire entrainer stream, we used 
a Montecarlo permutation test (Maris & Oostenveld, 2007) 
on cue-locked data (from the 1st to the 8th entrainer, or 
a time window of interest from 875 ms to 1458 ms). Null 
ITC distributions were calculated for each participant and 
electrode of interest separately. Furthermore, for each 
trial, a phase from a random time inside the window of 
interest was selected. A surrogate ITC was calculated 
for the randomly selected phases (thus maintaining the 
number of trials). This procedure was repeated 10,000 
times for each subject to obtain a distribution of surrogate 
ITCs. The surrogate ITC distributions were then averaged 
across subjects, and a p value (unbiased; Ernst, 2004) was 
obtained by computing the proportion of group-averaged 
surrogate ITCs that exceeded the measured ITC. Lastly, 
we ran a false discovery rate-based multiple comparison 
procedure (FDR) on the time series of p values to correct 
for multiple comparisons (Benjamini et al., 2001). Finally, 
corrected p values were inspected using an alpha of 0.05 as 
the cutoff for significance.

2.5.8  |  Spectral cross-coherence

To provide additional evidence for entrainment, we per-
formed a cross-coherence spectral analysis between the 
EEG activity and the entrainers (Keitel et al., 2017). Given 
that cross-coherence is a measure of the alignment be-
tween two signals (EEG activity and entrainers in our 
case), we expected a peak in the cross-coherence at 12 Hz. 
Epochs were classified based on the number of entrainers 
on each trial (8 to 12). For each type, we selected from the 
onset of the first entrainer to the offset of the last entrainer 
plus one half-cycle (+42 ms). Only correct trials were ana-
lyzed. Then, the next steps were separately performed for 
each epoch length: (i) For the purpose of this analysis, an 
artificial 12 Hz spiking signal was created. (ii) The entire 
spectrum was obtained using a STFT (2.048 s padding, 
Hanning window, frequency range 1 Hz to 40 Hz), for the 
empirical and the artificial signals, separately. (iii) Finally, 
the spectral cross-coherence value between the empirical 
and the artificial signal was obtained for each channel, fre-
quency, and participant using the ft_connectivityanalysis 
function in the FieldTrip toolbox for EEG-MEG analysis.

Next, we calculated the weighted arithmetic mean 
of the cross-coherences across the five entrainer lengths 
(weighted by the number of trials per length), which re-
sulted in a cross-coherence value for each frequency and 
participant. To assess the statistical significance of the 
peak at the entraining frequency (12 Hz), we used the pro-
cedure described by Biltoft and Pardyjak (2009). For the 
FFT estimation we employed 1024 samples, and we ob-
tained an average number of trials of 351 ± 83 with a mean 
length of 418 points (335 for eight entrainers to 502 for 
12 entrainers). At 500 Hz sampling rate, this results in de-
grees of freedom equal to 143. The cutoff for significance 
was established as a p value of <0.05, which implied a 
peak height of 0.0416 at 12 Hz.

2.5.9  |  12 Hz phase at target onset on target-
present and target-absent trials

To assess phase opposition during the target period, EEG 
data from correct trials were time-locked to target onset 
or where target onset should occur, for target-present 
and target-absent trials respectively, as a function of in-
phase and anti-phase temporal moments. The selection 
of target-absent trials was crucial to examine the effect 
of prior entrainment on the resulting phase without the 
contamination of ERP resulting from the presence of tar-
gets. For this analysis, epochs were selected from −2000 to 
2000 ms, centered at the target onset (target-present trials) 
or where target onset should occur (target-absent trials). 
A minimum of 50 artifact-free trials per condition was re-
quired for each participant. Separately for each condition 
and participant, single-trial phases were obtained at 12 Hz. 
Next, a circular V-test (Durand & Greenwood, 1958), with 
phases pooled over all trials and participants, was per-
formed to test whether there was a 180° separation be-
tween anti-phase and in-phase trials. In a complementary 
analysis used only for descriptive purposes, the mean an-
gular difference between anti-phase versus in-phase trials 
was calculated for each participant, on target-present and 
target-absent trials. Circular statistics performed through-
out the manuscript were obtained using the Circular 
Statistics Toolbox 1.21 (Berens, 2009).

2.5.10  |  Phase alignment in the absence of 
external signal

To provide additional evidence for entrainment, we ex-
amined whether the phase alignment of the internal os-
cillators with the external signal was maintained even 
after the disappearance of the external rhythm. To evalu-
ate this, we used a similar procedure to the one used for 
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cue-locked ITC data (see above). Here, we restricted the 
analysis to target-absent, correct trials. The time-window 
of interest was 41.5 ms to 250 ms after the last entrainer, 
which corresponds to three cycles of possible target onset 
times, where one cycle was equivalent to one anti-phase 
and consecutive in-phase presentation. Statistical signifi-
cance was assessed using a Montecarlo procedure equiva-
lent to the one described in the section titled Inter-Trial 
Coherence (ITC).

2.5.11  |  Control analyses

To avoid temporal smearing of evoked activity and to 
improve temporal resolution, we performed five control 
analyses, in which we estimated ITC and time-resolved 
phase at 12 Hz with a STFT of 166 ms length (two cycles 
of the frequency of interest), using a Hanning window to 
minimize spectral leakage (see Figure  1 for more detail 
about these analyses). Please, note that phases were free of 
contamination, apart from those at anti-phase 1.

For the first analysis, (i) we obtained ITC locked at the 
last entrainer during target-present and target-absent tri-
als, using the same windows as the ones used with com-
plex Morlet wavelets, which consisted of −2600 ms prior 
and 2600 ms after the first entrainer. We repeated the same 
phase concentration analysis as previously described for 
the complex Morlet wavelets.

Then, we carried out a series of analyses based on 
12 Hz phase. For these analyses, we centered the activity 
at the temporal points mentioned below, and we added 
2000 ms at each side. (ii) Phase opposition analyses be-
tween anti-phase and in-phase trials, at target onset (or 
where target onset should occur), were separately per-
formed on target-present and target-absent conditions. 
Please, note that the statistical analyses were exactly 
the same as the ones performed with complex Morlex 
wavelets.

Next, to give additional support for the presence of 
entrainment, (iii) we carried out circular correlations be-
tween the phase obtained at the offset of the last entrainer 
(10 ms post-onset) and at the four temporal time points 
where targets should occur (anti-phase 1, in-phase 1, anti-
phase 2, and in-phase 2), on target-absent trials. Data were 
calculated for each trial and participant. We combined the 
resulting p values across participants, using the Fisher 
method (Fisher, 1925), which provided us with a vector of 
p values as a function of time.

To explore the effect of 12 Hz phase on performance, 
we carried out two extra control analyses. In both cases, 
EEG data were time-locked to 166 ms pre-target and was 
divided both as a function of possible target onset time 
(anti-phase 1, in-phase 1, anti-phase 2, in-phase 2) and 

response type (correct, incorrect). 12 Hz phase was calcu-
lated for each target onset, response type, trial, and par-
ticipant. Furthermore, RTs for each trial were obtained. 
(iv) First, a circular correlation between 12 Hz phase and 
the RT was obtained for each participant and target onset 
time. p values were combined across participants, using 
the Fisher method (Fisher, 1925), to obtain a single p value 
for each target onset. (v) Finally, we carried out a phase 
opposition analysis between correct and incorrect trials. 
The four possible target onset times were collapsed into 
two groups (anti-phase and in-phase) to ensure we had a 
sufficient number of trials. For each participant, we com-
puted the difference between the mean angle of correct 
and incorrect trials for each target onset and carried out 
a circular V-test (Durand & Greenwood, 1958) to test for 
180° separation.

2.5.12  |  Reality check: Lateralized alpha  
activity

To verify that subjects were indeed orienting attention, 
we analyzed the preparatory lateralization of the oscilla-
tory alpha activity during the cue to target interval. We 
separately obtained epochs for cue-left/cue-right con-
ditions (from −2200  ms to 3542  ms, window of interest 
from 0 ms to 1542 ms post-cue, no baseline was used) for 
valid, correct trials only, to ensure that participants were 
in fact orienting attention. For this analysis, the mean 
spectral power was calculated from the time window 
375 ms to 875 ms after the cue onset, which corresponds 
to the 500 ms before the onset of the first entrainer. A FFT 
(zero padding to 1  s, Hanning window) was used to ex-
tract power in this time window of interest. Power was 
calculated for two ROIs of parieto-occipital electrodes 
(Thut et al.,  2006; Worden et al.,  2000). A left ROI (P3, 
PO3, PO7, P7, P5, P1, PO9, and O1) and a right ROI (P4, 
PO4, PO8, P8, P6, P2, PO10, and O2) were used. The av-
erage alpha power (7–14 Hz) for the electrodes ipsilateral 
and contralateral to the cue on both left and right cue 
(attended-left/attended-right) trials was computed. Next, 
an index of alpha lateralization was obtained by subtract-
ing the previously obtained attended-left average alpha 
power (ipsi left-contra left) to the attended-right aver-
age alpha power (ipsi right-contra right) and dividing by 
the sum of the two (Thut et al., 2006). Finally, we ran a 
one-sided (right), paired t test against zero, to assess the 
statistical significance of the lateralization index. For il-
lustrative purposes, the whole spectral power analysis 
was repeated (−2200 ms to 3542 ms time window) using 
a complex Morlet wavelet as described above for the ITC. 
The index of alpha lateralization was obtained for the en-
tire window. Please notice that Morlet wavelets were not 
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used in the reality check to make sure that the latency of 
interest was not contaminated by post-entrainer activity.

3   |   RESULTS

3.1  |  Hazard rate

We obtained the HR to have an objective metric related to 
task predictability (see Figure 2e). We observed a low inter-
cept and noted that the HR was quite similar between the 
first and last conditions. When this metric was calculated 
for the original paradigm (Kizuk & Mathewson, 2017) a 
higher intercept and higher overall values were recorded. 
Furthermore, there was a large difference between the HR 
of the first and later targets, a common bias in temporal 
attention paradigms. In comparison, our task clearly re-
duced this bias and increased unpredictability across tar-
get presentation times.

3.2  |  Behavioral analyses

In order to explore spatial and temporal effects on per-
formance, accuracy (hit rates) was separately obtained as 
a function of spatial validity (valid vs. invalid) and rela-
tive phase (anti-phase vs. in-phase) (see Figure 2a,b ). An 
rmANOVA was conducted with spatial validity (valid/in-
valid) and relative phase (anti-phase/in-phase) as within-
subject factors. Please note that the two anti-phase and 
in-phase SOAs were collapsed into two-levels: anti-phase 
and in-phase. The rmANOVA returned a significant main 
effect of spatial validity, F(1,29) = 22.166, p = −5.7 × 10−5, 
f = .874, BF10 = 2.1 × 1011, with higher hit rates on valid tri-
als (62.0 ± 19.5%) as compared to invalid ones (40.6 ± 26.6%). 
On the other hand, there was no significant main ef-
fect of relative phase, F(1,29) = 1.448, p =  .239, f =  .225, 
BF10 = .261, indicating that there was no difference in hit 
rates between anti-phase (M = 56.5 ± 17.7%) and in-phase 
(M = 55.3 ± .19.8%) conditions. No significant interaction 
was detected between spatial validity and relative phase, 
F(1,29) = .016, p = .901, f = .032, BF10 = .284. Please note 
that Bayes Factors estimates indicated that there was strong 
evidence in favor of H1 for spatial validity and moderate 
evidence in favor of H0 for temporal validity and for the 
interaction between spatial validity and temporal validity.

The RTs on correct trials were analyzed using the same 
model, which included spatial validity (valid/invalid) and 
relative phase (anti-phase/in-phase) (see Figure 2c,d). Two 
of the participants' data were not accounted for in this 
analysis because they did not have any correct responses 
on invalid conditions, hence no RT average could be calcu-
lated (this was not a criterion for exclusion from remaining 

analyses). The rmANOVA indicated a significant main 
effect of spatial validity, F(1,27)  =  43.432, p =  4.5  × 10−7, 
f = 1.269, BF10 = 1.3 × 109, with faster responses to validly-
cued trials (454.5 ± 14.0  ms) as compared to invalid ones 
(493.1 ± 14.5  ms). Once again, the main effect of relative 
phase remained not significant, F(1,27)  =  .968, p  =  .334, 
f = .190, BF10 = .217, indicating that RTs were not modu-
lated by anticipation based on preceding entrainers given 
that there was no significant difference between anti-phase 
(458.0 ± 14.3 ms) and in-phase (462.7 ± 13.7 ms) trials. The 
interaction between spatial and relative phase was also not 
significant, F(1,27) = .257, p = .616, f = .095, BF10 = 0.287. 
Similarly, to the results obtained for accuracy, for RT data, 
according to the resulting Bayes Factors estimates, there is 
strong evidence in favor of H1 for spatial validity and moder-
ate evidence in favor of H0 for temporal validity and for the 
interaction between spatial validity and temporal validity.

In order to explore whether or not the participants in 
our experiment held a response bias, in either direction, 
the response criterion was calculated. The results indi-
cated a lack of response bias as the response criterion was 
approximately equal to 0 (c = −4.5103 × 10−17).

3.3  |  Individual alpha frequency

Next, we examined the IAF using a violin plot and corrob-
orated that a large proportion of the data, as seen by the 
shaded area representing a kernel density estimation and 
the respective median and IQR values (Mdn: 10.80 Hz, 
IQR: 9.25–12.35 Hz) was concentrated around 11 Hz, very 
close to the entrained 12 Hz frequency (see Figure 2f).

3.4  |  Cue-locked EEG data analyses

Given that it was not possible to depict an entire trial in 
one figure due to the variable number of entrainers and 
the four possible target onset times, we presented our data 
locked at different temporal points, throughout the man-
uscript. Here, to visualize the effects of entrainment on 
ERPs and ITC (see Figure 3), we time-locked EEG epochs 
from −200 ms to 1542 ms (baseline −200 ms to 0 ms), at 
Pz and Oz electrodes, during the presentation of the first 
eight entrainers (common to all trials). Valid and invalid 
target-present and target-absent trials were collapsed for 
this analysis. We observed an alignment of visual ERPs 
to entrainer onset times. Furthermore, and continuing 
with the visual inspection, we noticed an increase in ITC 
at the frequency of interest (12 Hz) and the persistence of 
this activity over the entire duration of the entrainer pres-
entation period provided support for the presence of en-
trainment. Although the effect was visible at Pz electrode, 
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entrainment appeared to be even stronger, in terms of 
heightened ITC and increased alignment of SSVEPs with 
entrainer onset times, at the Oz electrode. See next para-
graph for the statistical analysis on cue-locked data.

Post visual inspection, a statistical analysis was per-
formed to evaluate the effects of entrainment. For this 
purpose, on cue-locked EEG data, and collapsing for valid 
and invalid, and for target-present and target-absent trials, 
a Montecarlo permutation test was performed to corrobo-
rate that the phase values were concentrated throughout 
the entrainment period (from the 1st to the 8th entrainer, 
or a time window of interest from 875 to 1458 ms). After 
correcting for multiple comparison, p values were statisti-
cally significant, according to the predefined alpha signif-
icance value of p < .05 at all examined time points at both 
Pz and Oz electrodes. The analysis thus provided evidence 
for phase alignment of the internal oscillatory activity 
with the external signal across the entrainment period.

3.5  |  Cross-coherence between 
entrainers and EEG response

Continuing the statistical analysis of entrainment dur-
ing entrainer presentation (see Figure  1), we used cross-
coherence to determine whether the experimental 
paradigm successfully entrained neural oscillations to the 
external frequency. After having extracted the coherence 
for all frequencies and averaging across trials and par-
ticipants, the output was examined for the presence of a 

peak at 12 Hz. This resulted in an average peak height of 
0.24 (Pz) and 0.28 (Oz) at 12 Hz, with a p = 5 × 10−9 and 
p = 10−10, for Pz and Oz electrodes respectively, indicating 
the presence of a peak in coherence between the internal 
and external signal around the expected (12 Hz) frequency.

3.6  |  Entrainer-locked analysis

To visualize whether entrainment continued beyond the 
last entrainer and into the target period, we time-locked 
the activity to the onset of the last entrainer (entrainer-
locked). Then, we estimated the ITC by separating the 
trials as a function of correct target-present/target-absent 
trials, using complex Morlet wavelets (Figure 4). The anal-
ysis of both Pz and Oz electrodes allowed us to confirm 
the effect of the 12 Hz entrainment throughout the en-
tire entrainer period. Furthermore, this activity persisted 
after the entrainers and throughout the potential target 
window, which contained no entrainers, on both target-
present and, critically, on target-absent trials. Therefore, 
even though no target stimulus appeared, neural activity 
continued to oscillate following the entrainment rhythm.

3.7  |  12 Hz phase at target onset on 
target-present and target-absent trials

To statistically corroborate the 12 Hz phase alignment with 
the expected anti-phase and in-phase onsets, we locked 

F I G U R E  3   (a) Cue-locked grand average ERP with its SEM at Pz electrode. (b) Cue-locked grand average ERP with its SEM at Oz 
electrode. (c) Cue-locked ITC at Pz electrode. (d) Cue-locked ITC at Oz electrode. The time window selected for these graphs was −200 ms to 
1542 ms (baseline from −200 ms to 0 ms). The cue, fixation cross, and first eight entrainers are depicted as vertical lines. Only correct trials 
were included, and epochs were collapsed across relative phase and spatial validity, as well as target-present and target-absent trials. An 
increase of ITC around 12 Hz was clearly observed throughout the entrainer period. A topographical map of the ITC at 10–14 Hz during the 
time-period comprising the first to the eighth entrainer is depicted
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the EEG activity to the designated target-present/target-
absent onset time for both Pz and Oz electrodes. As one of 
the primary objectives of this study was to focus on endog-
enous oscillations, above and beyond the target-related 
ERPs (Samaha et al., 2015; van Diepen et al., 2015), the 
mean phases at in- and anti-phase onsets were separately 
estimated for target-present and target-absent, correct 
trials, for all participants. Finally, the single-trial phase 
for each time and condition was separately obtained for 
each participant and the angular difference (anti-phase 
minus in-phase) was calculated. If entrainment had an 
effect that lasted beyond the entrainer presentation, then 
a 180° phase separation at 12 Hz was expected between 
moment's anti-phase and in-phase with the preceding 
entrainers. With this in mind, we performed further sta-
tistical analyses first on target-present trials, and next on 
target-absent trials, which allowed us to avoid the effects 
of target-related ERPs. We examined the phase difference 
between anti-phase and in-phase possible target moments 
on both target-present and target-absent trials (Figure 5), 
with the a-priori hypothesis of 180° separation between 

the two. The results of the circular V-test were statistically 
significant for target-present and target-absent conditions, 
on both Pz (target-present: p = 1.12 × 10−5, target-absent: 
p = 3.58 × 10−4) and Oz (target-present: p = 6.26 × 10−6, 
target-absent: p = 5.22 × 10−5) electrodes. This indicated 
that the angular differences between the phases of the 
12 Hz spontaneous oscillation at anti-phase versus in-
phase moment were not uniformly distributed: what is 
more, the mean angular difference was 180°, as antici-
pated by our hypothesis (see Table 1 for descriptive data).

3.8  |  Phase alignment in the absence of 
external signal

A complementary analysis to corroborate that the experi-
mental paradigm resulted in true neural entrainment, 
was to examine whether the endogenous oscillations 
maintained the entrained rhythm after the external stim-
ulation ended and before relaxing back to their original 
eigenfrequency. In order to evaluate phase concentration 

F I G U R E  4   Entrainer-locked ITC graphs at 12 Hz obtained using complex Morlet wavelets. (a) Represents target-present trials at Pz 
electrode. (b) Represents target-absent trials at Pz electrode. (c) Represents target-present trials at Oz electrode. (d) Represents target-absent 
trials at Oz electrode. The time window for these graphs was −600 ms to 675 ms (no baseline). White, solid, vertical lines denote the last eight 
entrainers. Black, solid, vertical lines depict anti-phase and in-phase times (41.5, 83.3, 125, 166.6 ms after the last entrainer), whereas black, 
discontinuous, vertical lines represent one additional cycle of anti-phase and in-phase times (208.25 ms, 250 ms after the last entrainer) 
considered for the phase alignment analysis. Only correct trials were included and epochs were collapsed across relative phase and spatial 
validity. An increase of ITC around 12 Hz was clearly observed throughout the entrainer period and right through the target period. Separate 
topographical maps for target-present (left) and target-absent (right) trials of the ITC at 10–14 Hz are depicted. The time-period used for 
these maps consists of the time from the onset of the last entrainer to the last possible time point at which the target could appear
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at 12 Hz, we performed a Montecarlo procedure equiva-
lent to the one described in the cue-locked analysis, for the 
time-period comprising 41.5 ms to 250 ms after the last en-
trainer. This time window encompassed three anti-phase 
three in-phase moments (the equivalent of two additional 
cycles beyond the first expected target appearance, or 3 
cycles after the last entrainer). After multiple comparison 
correction (FDR), all p values were statistically signifi-
cant, according to the predefined alpha significance value 
of p < 0.05 for all of the examined time points at both Pz 
and Oz electrodes. This result thus provided evidence for 
phase alignment of the internal oscillators with the exter-
nal signal even 3 cycles after the external signal had been 
removed, a result that is consistent with the ITC and 12 Hz 
phase results above.

3.9  |  Control analyses

Several control analyses were performed using STFTs 
to replicate previous results but without the tempo-
ral smearing of evoked activity. (i) First, the analysis on 
last-entrainer-locked ITC data corroborated a signifi-
cant phase concentration during the last eight entrainers 
(p < 0.05, FDR-corrected) on both Pz and Oz electrodes. 
(ii) Second, the phase opposition results continued to 
indicate that the phase was not uniformly distributed at 
anti-phase versus in-phase moments and that the sepa-
ration between both phases was the anticipated 180° in 
support of our hypothesis, for both target-present (Pz: 
p = 1.15 × 10−3; Oz: p = 2.99 × 10−4) and target-absent tri-
als (Pz: p = 2.60 × 10−4; Oz: p = 3.65 × 10−5) (see Table 2).

F I G U R E  5   Schematic illustrations of the difference in activity on target-locked trials. Analyses were performed separately, using correct 
trials only, for target-present and target-absent data. Phases were obtained using complex Morlet wavelets. (a) Represents target-present 
trials at Pz electrode. (b) Represents target-absent trials at Pz electrode. (c) Represents target-present trials at Oz electrode. (d) Represents 
target-absent trials at Oz electrode. In each representation, four graphs are depicted. On the top right, the graphs represent the broadband 
ERPs with its SEMs, time-locked to target appearance (target-present trials) or expected target appearance (target-absent trials) (−200 ms 
to 250 ms, baseline: −200 ms to 0 ms). On the left, the circular graphs represent, for each participant (dots), the mean angular difference of 
the phase between in-phase and anti-phase trials. The length of the arrow is representative of the grand average of the mean differences. A 
clear 180° phase difference at 12 Hz between the phase of in-phase (red) and anti-phase (black) trials, with respect to the entrainers can be 
observed. Finally, the bottom rows show circular histograms where the bars represent the proportion of trials (pooled across all participants 
with no phase re-alignment for the 20 possible phase bins) for anti-phase (left) and in-phase (right). Upon closer examination, an opposite 
phase preference for in-phase and anti-phase can be observed on both target-present and target-absent trials
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Besides the phase alignment analyses, (iii) we car-
ried out correlations, on target-absent trials, between the 
12 Hz phase just after the offset of the last entrainer (10 ms 
post-onset) and the 12 Hz phase at the four temporal time 
points where targets should occur (anti-phase 1, in-phase 
1, anti-phase 2, in-phase 2). A significant correlation at all 
time points (see Table  3), at both Pz and Oz electrodes, 
was found which, provided additional evidence for the 
presence of entrainment.

To assess the influence of 12 Hz phase on performance, 
(iv) we performed a circular correlation between the re-
sulting phases (166 ms pre-target onset, to avoid contami-
nation from the target presentation) and RTs (for all four 
possible target onset times: anti-phase 1, in-phase 1, anti-
phase 2, and in-phase 2), and a (v) phase opposition anal-
ysis as a function of response type (correct, incorrect) and 
type of target onset time (grouping the four onset times 
into two: anti-phase, in-phase). Interestingly, a significant 
correlation between 12 Hz phase and RTs was observed at 

in-phase 1, at both Pz and Oz electrodes, but not at the 
other target onsets (see Table 4). Phase opposition anal-
yses, however, were not significant between correct and 
incorrect trials (see Table 5).

3.10  |  EEG alpha power lateralization

To ensure that the presence of the cue resulted in the 
expected inter-hemispheric imbalance of alpha power 
typical of spatial attention orienting, we examined the 
lateralization of alpha oscillatory activity on correct tri-
als (7–14 Hz) following the cue. For this analysis, power 
was obtained from cue-locked data (0 ms to 1542 ms). The 
index of alpha power lateralization was assessed using the 
previously established time window (375 ms to 875 ms) 
and left ROI (P3, PO3, PO7, P7, P5, P1, PO9, and O1). A 
statistical analysis was performed comparing the inter-
subject average lateralization index (ipsi–contra), using 

Electrode Condition
Circular 
degrees (°)

Separation (in-phase 
– anti-phase)

Pz Target-present anti-phase 4.69°
158.41°

Target-present in-phase 163.1°

Target-absent anti-phase 26.5°
147.8°

Target-absent in-phase 174.3°

Oz Target-present anti-phase 18.52°
151.28°

Target-present in-phase 169.80°

Target-absent anti-phase 17.27°
162.13°

Target-absent in-phase 179.40°

T A B L E  1   Analysis of the circular 
separation (in-phase – anti-phase) for 
target-present and target-absent trials 
extracted with complex Morlet wavelets

Electrode Condition
Circular 
degrees (°)

Separation (in-phase 
– anti-phase)

Pz Target-present anti-phase 18.34°
171.60°

Target-present in-phase 160.00°

Target-absent anti-phase 21.91°
163.93°

Target-absent in-phase 177.22°

Oz Target-present anti-phase 37.42°
165.52°

Target-present in-phase 153.75°

Target-absent anti-phase 6.57°
168.16°

Target-absent in-phase 169.02°

T A B L E  2   Analysis of the circular 
separation (in-phase – anti-phase) for 
target-present and target-absent trials 
extracted with short time Fourier 
transforms

Last vs. Anti-
phase 1

Last vs. In-
phase 1

Last vs. Anti-
phase 2

Last vs. In-
phase 2

Pz p < 1.000 × 10−100 p = 7.545 × 10−73 p = 4.481 × 10−26 p = 6.470 × 10−10

Oz p < 1.000 × 10−100 p = 6.727 × 10−61 p = 6.989 × 10−14 p = 2.816 × 10−08

Note: p values for both Pz and Oz electrodes are reported.

T A B L E  3   Circular correlations 
between the 12 Hz phase just after (10 ms) 
the offset of the last entrainer and on the 
temporal moment where targets should 
occur on target-absent trials, separated as 
a function of the four possible times



      |  15 of 21Vilà-Balló et al.

a right-tailed paired t test (see violin plot in Figure 6 for 
individual distribution). As expected, a significant alpha 
lateralization index was obtained, t(29) = 1.882, p = .035, 
d = .344, suggesting that participants were, in fact, effec-
tively orienting spatial attention as a function of cue direc-
tion throughout the task (see Figure 6).

4   |   DISCUSSION

The present study addressed neural entrainment using 
a set of predetermined requisites to establish its pres-
ence and tested whether it could occur under condi-
tions of temporal task unpredictability. The answer to 
these issues could help to interpret previous entrainment 
results, understand the processes underlying entrain-
ment, and provide insights on application in clinical 
contexts and other fields. Previous results, by Kizuk and 
Mathewson  (2017) among others (Spaak et al.,  2014; 
Wiesman & Wilson, 2019), provided evidence against the 
interpretation of entrainment as the mere succession of 
ERPs. However, additional proof is required to discard 
the alternative explanation that entrainment and its ensu-
ing behavioral benefits are a side-effect of ERPs related to 
expectancy and due to the inherent stimulus predictabil-
ity built into the protocol (Breska & Deouell, 2016, 2017). 
Here, we introduced some modifications to the entrain-
ment paradigm (Kizuk & Mathewson, 2017): [1] a stream 
of entrainers of variable, unpredictable length; [2] a de-
tection task with bilateral targets; [3] an increased pro-
portion of target-absent trials, to which participants were 
instructed not to respond. These modifications reduced 
the predictability inherent to most entrainment para-
digms and ensured a larger number of target-absent trials 

to estimate interference-free, post-entrainer EEG activity. 
The main findings of this research study provide support 
for an adaptive mechanism based on endogenous oscilla-
tions capable of anticipating the temporal structure of ex-
ternal stimuli (Obleser & Kayser, 2019; Zoefel et al., 2018). 
More specifically, we found: [1] alignment of ongoing 
neural activity to the external rhythm and [2] persistence 
of phase alignment beyond the offset of the driving signal. 
However, [3] we found no behavioral benefits for targets 
aligned (in-phase) with the entrainer rhythm. We discuss 
the implications of these findings, below.

T A B L E  4   Circular correlation between the 12 Hz phase, at 
166 ms pre-target onset and the reaction-times for target-present 
trials, separated as a function of the four possible target onset times

Anti-
phase 1 In-phase 1

Anti-
phase 2

In-phase 
2

Pz p = .595 p = .049 p = .656 p = .608

Oz p = .948 p = .008 p = .855 p = .699

Note: p values for both Pz and Oz electrodes are reported.

T A B L E  5   Phase (166 ms pre-target) opposition between 
correct and incorrect trials, post-last entrainer offset, collapsed as a 
function of type of target onset time

Anti-phase In-phase

Pz p = .979 p = .976

Oz p = .955 p = .999

Note: p values for both Pz and Oz electrodes are reported.

F I G U R E  6   (a) Representation of alpha (7–14 Hz) power 
lateralization from 0 ms to 1542 ms post-cue (no baseline was 
used). Only correct trials were included in this analysis. The 
lateralization index was obtained by subtracting the previously 
obtained attended-left average alpha power (ipsi left-contra left) 
from the attended-right average alpha power (ipsi right-contra 
right) and dividing by the sum of the two. For the topographic 
plots, the average alpha power (7–14 Hz) for each electrode 
ipsilateral and contralateral to the cue on both left and right cue 
(attended-left/attended-right) trials was computed, at the time 
window 375 ms to 875 ms relative to cue onset (500 ms before the 
onset of the first entrainer). Please, note that we used the real 
activity for the left electrodes and the simulated activity for the 
right electrodes. Similarly, for the left cue, we used the real activity 
for the right electrodes, and the simulated for the left electrodes. (b) 
The bar graph represents the average power at 7–14 Hz, at the time 
window 375 ms to 875 ms relative to cue onset, for the electrodes 
contralateral (red) and ipsilateral (blue) to the cue on both left 
and right cue sides (attended-left/attended-right). (c) Finally, the 
lateralization index (explained above) for each participant was 
represented using a violin plot



16 of 21  |      Vilà-Balló et al.

First, we confirmed our initial prediction: an in-
crease in the ITC at the entrained frequency was ob-
served during the presentation of the external rhythm, 
together with a significant cross-coherence between the 
neural activity and the entrainer. Specifically, after the 
phase reset produced by the first entrainer, the oscilla-
tory activity remained aligned to the entrained frequency 
(12 Hz) throughout the entrainer stream. This is compat-
ible with the hypothesis that the brain has a tendency to 
synchronize its endogenous oscillations to an external 
rhythm, in line with a number of other studies (Busch 
et al.,  2009; Jones et al.,  2002; Mathewson et al.,  2010, 
2012; Schroeder & Lakatos,  2009). Nevertheless, signif-
icant cross-coherence is necessary but not sufficient to 
conclude that the alignment between the internal and 
external signals is a result of neural entrainment. To ad-
dress this, we examined whether phase alignment per-
sisted for a minimum of 2 cycles, post-entrainer stream 
offset, which was our second prediction. We found that 
the alignment persisted for at least 3 cycles post-entrainer 
and observed a clear-cut 180° phase separation between 
out- and in-phase moments, even for uncontaminated 
target-absent trials. These results match those obtained by 
Kizuk and Mathewson (2017) and others, indicating the 
presence of oscillatory reverberation post-entrainer offset 
(Helfrich et al., 2017, 2019). However, our study adds to 
these past findings by showing that this neural reverber-
ation occurs despite the temporally unpredictable nature 
of the target appearance and the variable entrainer length. 
Again, this was witnessed on all trials, included the subset 
of trials uncontaminated by stimulus or response-related 
activity within the post-entrainer period. Furthermore, 
target-absent trials as well as increased temporal unpre-
dictability due to a variable number of entrainers and four 
different SOAs, allow us to remove the contamination 
of motor response-related ERPs while also reducing the 
likelihood of the appearance of ERPs associated with ex-
pectation, which strengthens our support for the presence 
of neural entrainment (Breska & Deouell,  2016, 2017; 
Capilla et al., 2011; Herrmann & Johnsrude, 2018; Keitel 
et al., 2014; Zoefel et al., 2018).

These findings support the hypothesis that neu-
ral entrainment constitutes an anticipatory adaptive 
mechanism that may help sensory parsing via predic-
tive processes (Helfrich et al.,  2019; Henry et al.,  2014). 
Furthermore, validating the requirements for neural en-
trainment has a relevant impact because of its potential 
for clinical use (Lakatos et al.,  2019; Thaut et al.,  2015). 
Neural entrainment may be used as a diagnostic tool, 
for example in psychiatric (e.g., schizophrenia; Lakatos 
et al., 2013) or pain disorders (Guo et al., 2020). It may also 
be useful as a therapeutic procedure, to improve coordina-
tion and oral-motor synchronization in autism spectrum 

disorder (Bharathi et al.,  2019) or stroke rehabilitation 
(Thaut & McIntosh,  2014). Further still, neural entrain-
ment has been proposed to attenuate cognitive decline in 
Alzheimer's disease (Adaikkan & Tsai,  2020; Ferreira & 
Castellano, 2019; Iaccarino et al., 2016).

However, the results of this study failed to confirm 
our third prediction. We expected to obtain behav-
ioral benefits for targets in-phase with the driving fre-
quency, based on results from the EEG and previous 
studies, such as Mathewson et al. (2012) and Kizuk and 
Mathewson (2017). To explain this null finding, we can 
start by focusing beyond the specific concept of entrain-
ment on the literature related to alpha phase concen-
tration. Despite some studies indicating a benefit of 
this phase concentration on detection or discrimination 
tasks (Busch et al.,  2009; de Graaf et al.,  2013; Kizuk 
& Mathewson,  2017; Lakatos et al.,  2019; Mathewson 
et al.,  2009), other studies did not confirm this ben-
efit (Benwell et al.,  2017; Bompas et al.,  2015; Busch 
& VanRullen,  2010; Ruzzoli et al.,  2019; Vigué-Guix 
et al., 2020). Indeed, the accumulation of evidence seems 
to indicate that such phasic effects tend to be weak and 
highly dependent on experimental features, which re-
main to be clearly determined (e.g., Ruzzoli et al., 2019). 
With regard to neural entrainment of alpha phase, most 
studies showed benefits when targets were presented 
in-phase compared to anti-phase with the rhythmic en-
trainers and when phase was concentrated (de Graaf 
et al.,  2013; Kizuk & Mathewson,  2017; Mathewson 
et al., 2012). On the other hand, in another neural en-
trainment study, despite observing an effect of alpha 
phase, the authors found an unexpected opposite effect 
on performance, with improved accuracy in anti-phase 
(Spaak et al., 2014) as compared to in-phase targets.

Furthermore, our study was methodologically quite 
similar to the Kizuk and Mathewson (2017) study, with the 
most notable difference being that our protocol reduced 
temporal predictability innate to previous entrainment 
paradigms by using a variable length of entrainers (8–12 
entrainers). We do not believe that our results are in direct 
contradiction with previous studies, but we suggest that 
the net effect of rhythmic entrainment on behavior, par-
ticularly when other sources of anticipation are removed, 
may be weaker than previously thought. Therefore, the 
most plausible explanation so far is that, performance 
benefits observed in past studies may be a combination 
of neural entrainment, as demonstrated here, and other 
processes triggered by task predictability such as expecta-
tion (Helfrich et al., 2017) or memory-based mechanisms 
(Breska & Deouell, 2017).

Future studies should extend the present results be-
yond the parameters used in both our study and the one 
by Kizuk and Mathewson (2017). Since the task focuses 
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solely on one frequency and one cognitive function (vi-
sual attention), generalization to other stimulation fre-
quencies, modalities, and cognitive processes should 
be investigated. But, other studies showing behavioral 
effects of entrainment at different oscillatory frequen-
cies or cognitive processes such as visual discrimination 
(de Graaf et al.,  2013), target detection (Mathewson 
et al.,  2012), crossmodal illusory perception (Cecere 
et al.,  2015), speech perception (Kösem et al.,  2018), 
and source memory performance (Roberts et al., 2018), 
did not control for inherent task predictability. In our 
study, at the very least, we can claim that the putative 
effect of entrainment on performance, if any, must have 
been much smaller than the significant spatial atten-
tion effect, replicating the results of a myriad of past 
studies on discrimination accuracy (Carrasco,  2011; 
Carrasco et al., 2009; van Ede et al., 2012) and stimulus 
detection (Bergen & Julesz, 1983; Posner, 1980; Posner 
et al., 1980). Please note that this spatial attention effect 
was observed jointly with lateralization of alpha activ-
ity at posterior sites (Thut et al., 2006), supporting the 
hypothesis that alpha downregulates irrelevant infor-
mation, in this case based on spatial location (Corbetta 
& Shulman,  2002; Hopfinger et al.,  2000; Kastner 
et al.,  1999; Kastner & Ungerleider,  2000). Finally, an-
other aspect to take into account, is that we addressed 
the possible confound related to absolute expectation 
(one fixed timepoint) but did not modify the confound-
ing factors related to “relative” expectation (a varying 
possible timepoint, with fixed spacing). We recommend 
that future studies examine the possible influence of rel-
ative expectation on entrainment, by adding jitter to the 
temporal timepoints at which targets can appear, as was 
done in Spaak et al. (2014).

Additionally, our analyses were initially focused on 
Pz electrode, similarly to past literature (e.g., Kizuk 
& Mathewson,  2017; Mathewson et al.,  2009, 2012). 
However, after observing higher signal at the Oz electrode 
compared to Pz, we decided to run a series of exploratory 
analyses. We observed the same pattern of results in both 
electrodes, but with a greater effect in Oz. This result is in 
line with previous studies on visual stimulation and alpha 
oscillatory activity, which observed the peak of power ac-
tivity (Alamia & VanRullen, 2019; Otero et al., 2020) and 
its highest signal to noise ratio at occipital sites (Ding 
et al., 2006; Srinivasan et al., 2006).

In conclusion, the results from the present study pro-
vide evidence for the neural entrainment hypothesis. 
Endogenous oscillations synchronize to external rhythms, 
and persist beyond these driving signals, forming a mech-
anistic basis for anticipatory parsing of the environment. 
Our study supported the hypothesis that neural entrain-
ment most likely cannot be explained as a succession of 

ERPs. In addition, we have suggested that the net effect 
of this neural entrainment on overt behavior may be more 
limited than previously thought. It therefore remains to be 
tested whether and how this predictive mechanism mod-
ulates visual perception through the internal representa-
tion of the temporal properties of stimuli in a behaviorally 
relevant fashion. These results are important because they 
could clarify the processes underlying neural entrain-
ment, which help interpret previous results, and provide 
insights on the application of these processes in clinical 
contexts and other fields.
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