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SUMMARY
Whether prestimulus oscillatory brain activity contributes to the generation of post-stimulus-evoked neural
responses has long been debated, but findings remain inconclusive. We first investigated the hypothesized
relationship via EEG recordings during a perceptual task with this correlational evidence causally probed
subsequently by means of online rhythmic transcranial magnetic stimulation. Both approaches revealed a
close link between prestimulus individual alpha frequency (IAF) and P1 latency, with faster IAF being related
to shorter latencies, best explained via phase-reset mechanisms. Moreover, prestimulus alpha amplitude
predicted P3 size, best explained via additive (correlational and causal evidence) and baseline shift mecha-
nisms (correlational evidence), each with distinct prestimulus alpha contributors. Finally, in terms of perfor-
mance, faster prestimulus IAF and shorter P1 latencieswere both associatedwith higher task accuracy, while
lower prestimulus alpha amplitudes and higher P3 amplitudes were associated with higher confidence rat-
ings. Our results are in favor of the oscillatory model of ERP genesis and modulation, shedding new light
on the mechanistic relationship between prestimulus oscillations and functionally relevant evoked compo-
nents.
INTRODUCTION

Intrinsic ongoing brain oscillations represent more than mere

background noise; a growing number of theoretical and empir-

ical works support the notion that oscillatory activity plays an

active role in cognitive and perceptual performance.1–5 For

instance, the findings that prestimulus oscillations—capturing

ongoing activity before any stimulus is presented—predict

perceptual performance is in support of this view.6–12 By affirm-

ing a functional significance of ongoing (e.g., prestimulus) oscil-

lations that goes beyond ‘‘random noise’’ and thus play a crucial

role in shaping sensory and cognitive processes, it becomes

tempting to infer that these oscillations must also play an essen-

tial role in shaping post-stimulus event-related potentials

(ERPs).13 By extension, this also casts doubts on the ‘‘evoked

model’’ of ERPs that posits a strict distinction between ERPs—

conceived as a stimulus-evoked response of constant latency

and polarity—and ongoing electroencephalographic (EEG) ac-

tivity.14,15 The alternative view, known as the ‘‘oscillatory

model,’’ states that, at least in part, evoked responses are gener-

ated from a reorganization of ongoing brain oscillations, contra-

dicting a complete independence between background EEG

and ERPs.14 In other words, the oscillatory model posits that
1048 Current Biology 34, 1048–1058, March 11, 2024 ª 2024 The Au
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oscillations can influence the generation of the ERP components

in some way (e.g., via phase reorganization, baseline shift, a

change in frequency, or intrinsic brain state), while the evoked

model assumes their complete independence.

What is the proposed mechanism explaining the generation of

ERPs in the oscillatory model? Some studies have suggested

that, with stimulus presentation, oscillations of different frequ-

encies undergo resetting and, as a result, become synchronized

in their absolute phase after stimulus onset, thus producing ERP

components.14,16–21 In line with this view, it was shown that brain

oscillations across different frequency ranges sustain phase

reset to become synchronized within the time window of the

P1-N1 complex.17–19 However, due to methodological diffi-

culties in separating the two proposedmodels, most of the argu-

ments and predictions used to dissociate the evoked and the

oscillatory (phase-resetting) model have proven inconclusive.

As a result, research has failed to agree on the exact origins of

ERPs.13

In the two-decades-long debate on the origin of ERPs through

phase reorganization, there has been an emphasis on a possible

association between ongoing oscillatory activity in the alpha fre-

quency band (8–12 Hz) and visual-evoked components. It has

been suggested that such an association is conceivable, given
thors. Published by Elsevier Inc.
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that perceptually relevant ongoing oscillations in the alpha band

and ERPs share frequency characteristics and amplitude rela-

tionships.13 However, in contradiction with this claim, it has

been demonstrated that the phase of oscillatory alpha activity

is preserved after stimulus onset relative to its prestimulus

phase, thus questioning phase-resetting of alpha activity as a

primary generator of visual ERPs.15 Based on these results,

the authors argue that ERPs and ongoing oscillations could

represent separate neuronal events, leaving, however, the pos-

sibility open that prestimulus alpha oscillations can modulate

the generation of ERPs, in line with findings that they can modu-

late perception.6–12,22–29 To explain these latter findings, influen-

tial theories have proposed an active role of alpha oscillations in

sensory processing, where the neural synchronization in the

alpha range could represent a momentary index of visual cortex

excitability10,11,30,31 and the alpha phase could represent pulsed

inhibition,32,33 parceling incoming information into discrete sam-

ples.34 Moreover, recent evidence from our group shed light on

the perceptual implications of prestimulus alpha frequency as

opposed to alpha amplitude.7 We used EEG to measure presti-

mulus alpha oscillations during a visual detection task, which

were then entrained online using rhythmic transcranial magnetic

stimulation (rhTMS) over the occipital cortex. We found that

controlling alpha frequency by rhTMS modulates perceptual ac-

curacy but not subjective confidence, while enhancing alpha

amplitude reduces confidence but not accuracy.7 These findings

provided causal evidence of a double dissociation between

alpha frequency and alpha amplitude, linking alpha frequency

to the neural pace of information sampling,22,24,35–37 and alpha

amplitude to the level of neural excitability and conscious access

to both signal and noise.6,8,9,12

Here, we build on this recent finding of a dissociable, causal

role of alpha frequency and alpha amplitude in conscious

perception to test the oscillatory model of ERP genesis. If

different aspects of prestimulus brain oscillations causally

modulate different aspects of perceptual performance, such as

accuracy and awareness, and the oscillatory model applies,

then entraining these oscillations should also modulate post-

stimulus ERPs along their functional association with these

perceptual performance measures. Specifically, we hypothe-

sized that if the oscillatory model is correct, then controlling

prestimulus alpha oscillations in their frequency and amplitude

through rhTMS will differently affect early and late post-stimulus

ERP components, such as the C1/P1 vs. the P3. This is because

C1 and P1 are mainly generated in striate and extrastriate visual

areas38 and should hencemore directly reflect the degree of sen-

sory evidence and, by extension, be associated with accuracy.

By contrast, the P3 is of a centro-parietal origin and has been

related to sensory readout for decision-making39 and subjective

awareness/consciousness of a stimulus40,41 rather than the level

of sensory evidence42 and hence should be associated more

with a subjective appraisal of perception. Hence, we expected

that by controlling prestimulus alpha frequency through rhTMS,

we would modulate the efficiency of sensory processing, both

neurally and in terms of performance (e.g., observe earlier C1/

P1 latencies and/or higher C1/P1 amplitudes with faster presti-

mulus alpha frequency, alongside enhanced accuracy). On the

other hand, we expected that controlling prestimulus alpha

amplitude through rhTMS would influence the later P3
component (latency or amplitude) as part of a mechanism that

shapes subjective stimulus evaluation.

Here, we first tested the existence of a correlative relationship

between prestimulus alpha frequency, the C1/P1 components,

and perceptual accuracy on the one hand, and prestimulus alpha

amplitude, P3 component and perceptual confidence, on the

other hand by means of EEG recording during a perceptual

task (experiment 1). Second, non-invasive brain stimulation

was used to causally test the two models of ERP genesis by

directly probing for a causal dissociation of different parameters

of alpha activity in the genesis of distinct ERP components

(experiment 2).

RESULTS

Dissociating oscillatory underpinnings and behavioral
correlates of the P1- and P3-evoked response
The first goal of the present studywas to investigate and possibly

dissociate the oscillatory underpinnings and behavioral corre-

lates of early (C1/P1) and later (P3) visual-evoked responses.

To this end, we measured in the first experiment prestimulus

alpha oscillatory activity (Figure 1A) and ERPs (Figure 1B) during

a visuospatial perception task in which participants were re-

quested to provide accurate responses and confidence ratings

(for details, see STAR Methods).

The first important finding is that prestimulus individual alpha

frequency (IAF) negatively correlated with the latency of the

P1-evoked response to the visual stimulus (r = �0.697, CI =

[�0.799–0.573]). No relationship was found with P1 amplitude

(r = �.213, CI = [�0.521, 0.103]). In other words, the faster the

prestimulus IAF, the earlier the P1 (Figure 2A). Crucially, both

prestimulus alpha frequency and latency of the P1 component

seem to be closely related to task outcome. Specifically, faster

alpha frequency and earlier P1 latencies were both associated

with higher task accuracy, as measured via d-prime score (alpha

frequency: r = 0.408, CI = [0.135, 0.633]; P1 latency: r = �0.309,

CI = [�0.561, �0.024], Figures 2B and 2C). No relationship was

found between task accuracy and P1 amplitude (r =�0.092, CI =

[�0.413, 0.202). In addition, control analyses confirmed the

specificity of these relations, as the IAF was neither associated

with latency nor amplitude of the P3 component (P3 latency:

r = 0.104, CI = [�0.251, 0.505]; P3 amplitude: r = 0.220, CI =

[�0.140, 0.535]), nor was there an association of P3 with task ac-

curacy (P3 latency: r = 0.056, CI = [�0.231, 0.334]; P3 amplitude:

r = 0.107, CI = [�0.219, 0.437]).

By contrast, prestimulus alpha amplitude was closely related

to the size of the subsequent P3-evoked response. Specifically,

lower alpha amplitude prior to the stimulus was associated with

higher P3 amplitude (r = �0.341, CI = [�0.575, �0.068], Fig-

ure 2A), but did not significantly correlate with the P3 latency

(r = 0.021, CI = [�0.273, 0.295]). Furthermore, this lower alpha

amplitude and the higher P3 component both predicted percep-

tual confidence levels (alpha amplitude: r =�0.412, CI = [�0.643,

�0.155]; p3 amplitude: r = 0.467, CI = [0.175, 0.698], Figures 2B

and 2C), with lower alpha/higher P3 amplitude being associated

with higher confidence ratings. No relationship was observed

between confidence ratings and P3 latency (r = 0.215, CI =

[�0.056, 0.497]). Moreover, prestimulus alpha amplitude was

not related to the P1-evoked response (P1 latency: r = 0.151,
Current Biology 34, 1048–1058, March 11, 2024 1049



Figure 1. Prestimulus alpha activity and vi-

sual-evoked potentials

(A) Prestimulus Alpha activity: the left plot represents

averaged alpha frequency as the mean power

spectral density (PSD) (10 3 log10 [mv2/Hz]) in the

prestimulus time period for electrodes of the pos-

terior cluster (Po8, Po4, and O2) contralateral to

stimulus presentation. The topography represents

the distribution of the individual alpha-frequency

peaks. The right plot illustrates prestimulus alpha

amplitude as time-frequency plots in the contralat-

eral posterior cluster. Black boxes denote regions of

statistical analyses. Topography represents the

distribution of alpha amplitude (electrodes are flip-

ped to have contralateral activity on the right-hand

side and ipsilateral activity on the left-hand side).

(B) Visual-evoked potentials: grand average stim-

ulus-locked ERP waveforms at the posterior cluster

(on the left column) and at electrode Cz (on the right

column). Shaded gray bars denote regions of sta-

tistical analyses (between 70 and 130 ms for the P1

and between 100 and 500 ms for the P3). Topog-

raphies represent the amplitudes of positive peaks

in the P1 and P3 time windows (electrodes are flip-

ped to have contralateral activity on the right-hand

side and ipsilateral activity on the left-hand side).

See also Figures S1–S3. mv,microvolt; Hz, hertz; ms,

milliseconds.
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CI = [�0.091, 0.381]; P1 amplitude: r = 0.155, CI = [�0.015,

0.489]) and there was no relationship between P1-evoked re-

sponses and confidence ratings (P1 latency: r = �0.026, CI =

[�0.430, 0.334]; P1 amplitude: r = �0.253, CI = [�0.473,

0.139]), thus demonstrating the specificity of the association of

alpha amplitude with P3 magnitude.

Finally, analyses of C1 latencies and amplitudes were incon-

clusive (as the component was undetectable in some partici-

pants), although our design using checkerboard stimuli should

have allowed testing C1 responses. The difficulty in detecting

C1 could have arisen from us employing only stimuli appearing

in the left and right lower visual field (lVF). With these types of

stimuli, we can expect a positive C1 component in a somewhat

earlier, but overlapping, window relative to P1. Moreover,

although more central than P1, C1 components to lVF stimuli

have a posterior distribution. This makes it difficult to distinguish

between the C1- and P1-evoked response when using lVF stim-

uli only. However, a careful inspection of our data suggests that

the positive peak that we detect over posterior electrodes is

more likely to represent P1 and that C1 might not be visible in

our data. Specifically, the positive peak that is detectable is

more lateralized, stronger in the hemisphere contralateral to

the stimulus location, and appearing around 90-ms after stim-

ulus onset, which is somewhat later than when the C1 would

be expected (see Figures S1 and S2).

Causal confirmation of the double-dissociated,
oscillatory underpinnings of the P1- and P3-evoked
response
In experiment 1, we were able to reveal a double dissociation of

oscillatory parameters of prestimulus alpha oscillations (fre-

quency and amplitude, respectively) in respect to their electro-

physiological correlates in post-stimulus-evoked responses
1050 Current Biology 34, 1048–1058, March 11, 2024
(namely P1 and P3 components, respectively). In experiment 2,

we directly manipulated these prestimulus alpha parameters to

test whether they may causally underlie these subsequent

evoked response component effects (namely modulations in

P1 latency and P3 amplitude, respectively). To this end, we

applied a 5-pulse rhTMS train of fixed intensity (60% of the

maximum stimulator output) to the right occipital cortex (coil

placement over O2) prior to stimulus presentation in three

distinct groups of participants (IAF + 1 Hz group, IAF – 1 Hz

group, IAF group) to entrain their prestimulus alpha oscillations

toward a faster/slower pace, respectively (IAF ± 1 Hz groups),

or to enhance alpha amplitude via entrainment (IAF group).43

Along with active stimulation, sham stimulation at the matching

frequencywas also implemented for every participant to account

for any non-specific effect of rhTMS. We previously reported the

electrophysiological results from concurrent EEG recordings

confirming the expected rhTMS outcome during the stimulation

itself: rhTMS successfully slowed down/speeded up IAF online

to rhTMS (prestimulus) in the IAF�1/IAF+1 group, while there

was no modulation of alpha frequency in the IAF group. The

broadband alpha amplitude, on the other hand, was enhanced

across all of the active entrainment protocols, with the maximum

entrainment effect for rhTMS at the exact stimulation frequency

(IAF group).7,44 Likewise, we previously reported behavioral out-

comes of these entrainment protocols linking the changes in IAF

and alpha amplitude to perceptual accuracy and confidence,7

which were again confirmed here in experiment 1 and extended

to a wider group of participants. Therefore, we here focus on the

effects of the rhTMS protocols on subsequent ERPs.

Our results showed that the latency of the P1-evoked com-

ponent in the two hemispheres depended on TMS relative to

SHAM stimulation and the experimental group of participants

(STIMULATIONxGROUP interaction, F(2,48) = 6.18; p =.004;



Figure 2. Results of experiment 1: dissociating oscillatory underpin-

nings and behavioral correlates of the P1- and P3-evoked response

(A) Correlation plots between prestimulus alpha activity (IAF, upper plot, and

alpha amplitude, lower plot) and ERPs (P1 latency, upper plot, and P3

amplitude, lower plot). See also Figure S4.

(B) Correlation plots between prestimulus alpha activity (IAF, upper plot, and

alpha amplitude, lower plot) and behavioral outcomes (accuracy, upper plot,

and confidence, lower plot).

(C) Correlation plots between ERPs (P1 latency, upper plot, and P3 amplitude,

lower plot) and behavioral outcomes (accuracy, upper plot, and confidence,

lower plot). All correlations presented in the figure were significant, as esti-

mated via robust Pearson skipped correlations. Gray shades around the

regression line present a 95% confidence interval estimated via linear model.

ms, milliseconds; Hz, hertz; mv, microvolt; dB, decibel; d0, d-prime.res.
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hp2 =.205) (Figure 3A). Further exploration of the data confirmed

that speeding up the right hemisphere alpha frequency led to

shorter P1 latencies during active (vs. sham) stimulation in the

same (right) hemisphere (Mtms = 77.67; Msham = 84.18; t(16) =

2.62, p =.019; d = 0.63) (Figure 3B). In contrast, slowing-down

prestimulus alpha frequency by rhTMS led to later P1 latencies

during active compared with sham stimulation in the stimulated

(right) hemisphere (Mtms = 90.23; Msham = 84.63; t(16) = 2.46,

p =.026; d = 0.60). Furthermore, inducing higher alpha amplitude

in the right hemisphere did not yield any differences in the P1
latency (Mtms = 87.27; Msham = 87.23; t(16) = 0.15, p =.988; d =

0.04) (Figure 3C).

Although the above confirmed that prestimulus alpha fre-

quency, but not alpha amplitude, has a causative role in the

genesisof theP1component,wealsoaimed todeterminewhether

modulationsofprestimulusalphaamplitude,whichwasenhanced

in all groups by rhTMS (see above), in turn causally shape the

amplitude of the P3 response. Indeed,we found that the P3 ampli-

tude was modulated by rhTMS relative to sham across all three

groups of participants (main effect of STIMULATION, F(2,48) =

10.22; p =.002; hp2 =.176) (Figure 4A). The higher prestimulus

alpha amplitude induced in all the groups led to lower P3 ampli-

tude during active (vs. sham) stimulation in the stimulated hemi-

sphere (Figure 4B). Further analyses demonstrated that the differ-

ence is only significant for the IAF group (Mtms = 1.945; Msham =

2.595; t(16) = 2.37, p =.031; d = 0.57), while differences in the

IAF�1 and IAF+1 groups, although going in the same direction,

did not reach significance (t(16) < 1.74, p >.100; d < 0.42) (Fig-

ure 4C), in accordance with the entrainment effects on alpha

amplitude, which were shown to be strongest in this group.7

Taken together, the present results point to a distinct role for

alpha frequency and alpha amplitude in shaping evoked re-

sponses: while alpha frequency seems to directly determine

the exact timing of the early P1 component, alpha amplitude

selectively shapes the later P3-evoked response.

DISCUSSION

The present findings provide novel support for the oscillatory

model of ERP generation, showing that, at least in part, evoked

responses are causally shaped by the ongoing oscillatory activ-

ity. Although there is increasing evidence that background EEG

is, in fact, task-relevant, and various studies have repeatedly

questioned the validity of the evoked model of ERP generation,

arguing that ERPs originate from a reset of ongoing oscilla-

tions,14,16–21 an actual case for phase reorganization has been

proven difficult to build due to variousmethodological reasons.20

By manipulating oscillatory activity via non-invasive neurostimu-

lation protocols through online, rhythmic TMS, and examining

the consequences on evoked responses, the main aim of the

present study was to contribute to closing this gap between

studies of brain oscillations and evoked responses. Our data

causally link prestimulus brain oscillations to post-stimulus-

evoked responses, and by linking specific features of ongoing

alpha oscillations (namely frequency and amplitude) to specific

features of early- and late-evoked responses (namely latency

and magnitude) and perception, shed new light on oscillatory

mechanisms of ERP genesis and their functional relevance.

Evidence for at least two mechanisms of ERP genesis
through prestimulus alpha oscillations
Our results across the two experiments unequivocally support

the dependence of ERPs on prestimulus alpha activity, whereby

alpha frequency and alpha amplitude shape distinct evoked

components. Specifically, faster or slower prestimulus alpha ac-

tivity led to earlier or later P1 latencies. By contrast, higher or

lower prestimulus alpha amplitude determined lower or higher

P3 amplitude, in line with previous findings45–47 (but see Iemi

et al.48 and Studenova et al.49 for a different account). Given
Current Biology 34, 1048–1058, March 11, 2024 1051



Figure 3. Results of experiment 2: IAF shapes P1 latency

(A) Grand ERP-image plots over the posterior electrode cluster (Po4, Po8, and O2) for SHAM (upper row), rhTMS (middle row), and the difference rhTMS-SHAM

(lower row) conditions in the IAF�1 (first column), IAF (second column), and IAF+1 (third column) groups. In each plot, participants are sorted by the change rate of

the latencies between the rhTMS and SHAM and single-subject P1 peak is marked with a dot. Vertical lines at 0 ms indicate stimulus onset. In the lower part of

each plot, the grand averages ERPs are presented in the P100 time window (70–130 ms).

(B) Bar graphs represent the distribution of the difference in P100 peak latency between rhTMS and SHAM for each subject. Topographies represent the dif-

ference in P100 peak latency between rhTMS and SHAM for each group.

(C) Boxplots illustrate P100 latency calculated on near-stimulation posterior electrode cluster during rhTMS and SHAM for each group. Data are presented as

median (full line) ± 1 quartile (box limits). The upper/lower whiskers extend to the 1.5* IQR (interquartile range). Data beyond the whiskers are plotted individually.

Two-tailed t test statistical significance is reported (*p < 0.05). mv, microvolt; Hz, hertz; ms, milliseconds; amp, amplitude.
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that the influence of prestimulus alpha oscillations on these post-

stimulus responses differs in effect quality (affecting latency vs.

magnitude), we conclude that the mechanisms underlying the

oscillatory effects on earlier vs. later ERPs must be distinct,

thus confirming the assumption that the oscillatory model of

ERP genesis could manifest in more than one mechanism.13,48
1052 Current Biology 34, 1048–1058, March 11, 2024
On the one hand, the influence of IAF on P1 latency is best ex-

plained through a phase reorganization of ongoing alpha oscilla-

tions. According to the phase reset account in which phases of

ongoing oscillations become aligned by the stimulus, averaging

these phase-locked oscillations across trials would not result in

phase cancellation in the post-stimulus window. Instead, phase



Figure 4. Results of experiment 2: Alpha amplitude shapes P3 amplitude

(A) Grand ERP-image plots over the electrode Cz for SHAM (upper row), rhTMS (middle row), and their difference � rhTMS-SHAM (lower row) conditions in the

IAF�1 (first column), IAF (second column), and IAF+1 (third column) groups. In each plot, participants are sorted by the change rate of the amplitude between the

rhTMS and SHAM, and single-subject P3 peak ismarked with a dot. Vertical lines at 0ms indicate stimulus onset. In the lower part of each plot, the grand average

ERPs are presented in the P300 time window (100–500 ms).

(B) Bar graphs represent the distribution of the difference in P300 amplitude between rhTMS and SHAM for each subject. Topographies represents the difference

in P300 amplitude between rhTMS and SHAM conditions for each group.

(C) Boxplots report P300 amplitude calculated on Cz during rhTMS and SHAM for each group. Data are presented asmedian (full line) ± 1 quartile (box limits). The

upper/lower whiskers extend to the 1.5* IQR (interquartile range). Data beyond the whiskers are plotted individually. Two-tailed t test statistical significance is

reported (*p < 0.05). mv, microvolt; Hz, hertz; ms, milliseconds; amp, amplitude.
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realignment would be expected to lead to the generation of a

post-stimulus component that has a similar frequency and

unchanged power characteristics relative to the prestimulus

oscillation.20 The modulation of P1 by the prestimulus alpha

manipulation we observed is in line with these predictions for

several reasons. First, we found this early component to show
the expected peak latency at the delay of one alpha cycle

(�100 ms), in accordance with the phase reorganization of alpha

activity in response to stimulus appearance. Second, P1 charac-

teristics exactly mirrored the rhTMS-induced changes in

prestimulus alpha frequency, with phase-reset of faster alpha

frequencies expected to lead to shorter P1 peak latencies (due
Current Biology 34, 1048–1058, March 11, 2024 1053
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to shorter prestimulus alpha cycles) and phase-reset of slower

alpha frequencies expected to lead to later P1 peak latencies

(due to longer prestimulus alpha cycles), hence further sup-

porting the notion that the P1 responses were shaped by

phase-reorganization of prestimulus oscillations. Third, there

was nomodulation of the P1 amplitude across all rhTMS-entrain-

ment conditions, in accordance with a phase reorganization

model of the P1 genesis.

On the other hand, phase-reset cannot explain the effect of

increased prestimulus alpha amplitude on lower P3 amplitude

components as not respecting pre- relative to post-stimulus po-

wer equivalence. In addition, as the alpha rhythm is much faster

than the frequency content of the slow ERP component, this

latter component cannot reflect the phase reorganization of

prestimulus alpha activity. Instead, the slow P3 component,

which is generated when the stimulus reaches conscious aware-

ness, as demonstrated repeatedly,45,47,50–52 is better explained

by an additive mechanism53–55 modulated by prestimulus alpha

amplitude, presumably through a process of functional inhibi-

tion. Here, the higher prestimulus alpha amplitude would mean

lower excitability of visual areas, resulting in an inhibitory effect

that attenuates the amplitude of the additive post-stimulus

ERP component.

It is worth noting that a recent EEG study obtained seemingly

contradictory results to ours,48 yet on other ERP components.

Iemi et al.48 reported prestimulus alpha amplitude to be nega-

tively related to the size of early ERP components, namely of

C1 and N150, and positively related to the size of later compo-

nents (peaking 400–900 ms after stimulus onset). They inter-

preted these relationships to reflect functional inhibition and

baseline shift mechanisms (BSMs), respectively. We cannot

exclude the possibility of functional inhibition through prestimulus

alpha activity on early ERPcomponents other than P1, as our cur-

rent task design did not yield a robust C1 nor N150 component.

On the other hand, the finding of a later component that is linked

to alpha activity through a BSM has been confirmed in a recent

study.49 Specifically, it was demonstrated that the P300 wave-

form closely matches the post-stimulus alpha amplitude de-

creases, along with a direct positive link between the strength

of the pre- vs. post-stimulus alpha modulations and P3 ampli-

tude. This is predicted by the BSM account of P3 generation,

which posits that a state of higher prestimulus alpha amplitude

would amplify the P3 response (instead of reducing it, as found

here) due to stronger prestimulus oscillations leading to a stron-

ger post-stimulus power suppression. This ultimately results in

a greater amplitude of late ERPs after baseline correction, pro-

vided alpha oscillations show a non-zero mean (a prerequisite

of theBSMaccount). Yet, other studies,45,47 including ours, found

an inverse relationship between prestimulus alpha amplitude and

P3 amplitude, which favors an inhibitory account of alpha on late

P3 generation. Therefore, although all of the aforementioned

studies, including ours, converge on a conclusion that alpha is

involved in the generation of the P300 and that the phase-reset

mechanism can be ruled out as a candidate mechanism that

binds them, the observation of opposite directions of alpha-

P300 links across studies cannot be resolvedwithin one account.

Could this point to the presence of two distinct mechanisms that

may be differently expressed depending on the task being

probed and/or analysis approach being employed?
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To identify potential sources of this discrepancy, we reana-

lyzed the data of experiment 1 in several different ways. First,

we explored whether our finding of a negative link still holds if

we probe this link in terms of trial-by-trial co-fluctuations of pres-

timulus alpha- and P300-amplitude (i.e., of within-participant as

opposed to between-participant co-fluctuations). Specifically,

we sorted the trials in three bins (i.e., in high, medium, and low

prestimulus alpha amplitude) and compared the P3 amplitude

between high and low alpha bins by paired t test (focusing on

Cz, as above). Corroborating our between-participant results,

we found a significantly higher P3 amplitude for low as compared

with high alpha-amplitude trials (t(40) = 2.301, p =.0267, d =.364,

Mhigh = 3.538, SE = 0.413; Mlow = 3.934, SE = 0.384, see Fig-

ure S3). This confirms that our results are robust. Second, we re-

analyzed the data from experiment 1 by using the same analysis

approach as Iemi et al.,48 reporting positive alpha-P300 links (i.e.,

using FFT instead of TF analysis and selecting electrode Pz

instead of Cz). Notably, this replicated the results reported by

Iemi et al.48 andStudenova et al.,49 also in our dataset.More spe-

cifically, we found a positive link between prestimulus alpha

amplitude and P3 amplitude (r = 0.181, CI = [0.014, 0.556]), but

this reanalyzed P3 amplitude did not show a correlation to task

outcome in terms of confidence ratings (r = �0.049, CI =

[�0.413, 0.192]). Accordingly, we infer that both BSM and inhib-

itory mechanisms may co-exist and explain alpha-P300 links,

even within the same dataset, with, however, only the inhibitory

link being functionally interpretable in our perceptual task

context. Third, to shed light on a potential physiological explana-

tion of these seemingly contradictory results in the same (our) da-

taset, despite rather minor differences in analyses approaches

(TF vs. FFT) and electrode selection (Cz vs. Pz), we further

explored our data by follow-up topographical correlation ana-

lyses (see Figure S4). One crucial aspect that differs between

the two analysis approaches with opposite outcomes is the use

of an additional single-trial baseline normalization during the TF

analysis. This puts emphasis on the short-term variability of alpha

changes right before the visual stimulus, while reducing long-

term, sustained variability. Please note that it is these short-

term alpha changes right before the stimulus that have previously

been shown to be perceptually relevant6,8,10,12,56 and that we

attempted to emulate here via rh-TMS in experiment 2. Our

follow-up analyses (see Figure S4) confirm that it is the additional

baseline normalization that emphasizes inhibitory (negative)

alpha-P300 links andminimizes the impact of sustained baseline

shifts on P300, such as expected to be expressed through BSM.

Based on these observations, we conclude that there are likely

two alpha contributors to P300 variability: one that is based on

short-term, perceptually relevant alpha changes, and another

that is sustained over many trials (see, e.g., baseline shift), the

contribution of which is minimized by baseline normalization

within trials. Hence, these findings indicate that there are different

roles of sustained vs. transient alpha-amplitude changes in

shaping evoked responses, reconciling both our current and pre-

vious seemingly contradictory findings.

Taken together, we conclude that, although BSM can explain

mechanistic links between some sustained alpha modulations

and the later ERP component, other, task-relevant transient

alpha modulations seem to shape a late potential of the P300

family via a functional inhibition mechanism, at least in our task
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context. Importantly, this interpretation from the correlational re-

sults of experiment 1 is substantiated in experiment 2, demon-

strating in a causal manner that enhancing alpha amplitude via

TMS entrainment directly leads to lower P300 amplitude (not

enhanced P300 amplitude, as would be expected from the base-

line shift model). We hence conclude from these two comple-

mentary approaches that we have both correlative and causal

evidence that functional inhibition is one of the mechanisms

shaping the alpha-P300-perception link. Moreover, our addi-

tional analyses reconcile the apparently contradictory results of

a positive relationship between alpha andP300 amplitude, which

has previously been associated with BSMs, by highlighting

different contributions of a sustained vs. momentary, transient

modulation of prestimulus alpha amplitude.

ERP geneses by alpha oscillations are functionally
relevant
The two features of alpha oscillations investigated (and manipu-

lated) here, along with their ERP dependents, showed distinct

links to perceptual performance, indicating that these neural

events reflect the activities of two independent mechanisms

that serve complementary functions in visual decision making.

In terms of alpha frequency, we have previously demonstrated

that the speed of prestimulus alpha oscillations over occipital

areas plays a crucial and selective role in modulating perceptual

sensitivity, with faster vs. slower alpha frequencies leading to

higher vs. lower perceptual accuracy of detecting briefly pre-

sented stimuli.7 These results complement previous literature

on the discrete sampling/perceptual framing potential of the

alpha frequency, where higher frequency would translate into

better temporal sensitivity/resolution, best revealed through tem-

poral tasks. Taken together, these results demonstrate that

higher alpha frequency is not only expected to aid temporal res-

olution by creating more sampling frames per second but, at the

same time, that the higher frequency also means that less time is

employed to create a single sampling frame, leading to higher

processing capacities. In accordance with this framework, here

we observed that inducing faster alpha oscillations was followed

by an earlier P1 peak and higher perceptual accuracy. Con-

versely, inducing a slower alpha rhythm led to the genesis of

comparatively late P1 peaks, in turn associated with lower

accuracy levels. We speculate that the P1 responsemight repre-

sent a critical, stimulus-aligned sweep of visual sampling for effi-

cient stimulus processing in resonance with the prestimulus

alpha cycles. Prestimulus alpha amplitude, on the other hand,

has been proposed to relate to internal decision-making vari-

ables that shape conservative (high-alpha-amplitude values) to

liberal response criteria (low-alpha-amplitude values), rather

thanperceptual accuracyper se.6–8,12Mechanistically, prestimu-

lus alpha-amplitude modulations have been linked to neural

excitability changes that will affect both signal and noise, hence

biasing theperceptual report to amore subjective (thanobjective)

interpretations of signals (or noise).8 It is, therefore, only to be ex-

pected that exactly these modulations of prestimulus alpha

amplitude would directly influence the P3 amplitude that was

selectively related to confidence levels. Being one of the most-

investigated ERP components, there is abundant evidence of

various functional roles of the P3 component, ranging from in-

formation processing, attentional control, and monitoring to
reflecting subjective awareness.40,41,50,57–62 Moreover, there is

an ongoing debate about whether the P3 component can be

modulated by visual awareness (i.e., detection of a peri-threshold

stimulus) and/or subjective report and confidence, fueled by thus

far contrasting results.40,41,63–65Our findings favor the latter view,

as P3 amplitude was positively associated with confidencemea-

sures but not detection rate. Taken together, and in line with

previous findings associating the P3 component with stimulus

relevance,66–68 attention,58,69 and confidence,63 it is reasonable

to conclude that components of the P3 family reflect a mecha-

nism that shapes our subjective interpretation of events. Howev-

er, this mechanism has its origin long before the P3 is generated,

asprestimulus alphaactivity alreadydictates the level of our initial

perceptual bias, shaping both subjective stimulus evaluation and

neural-evoked responses reflected in P3 amplitude.

Other considerations
Although our results indicate that prestimulus alpha activity

directly influences subsequent ERP components, we acknowl-

edge that a one-to-one linear relationship is unlikely and overly

simplified. Oscillations interact constantly among themsel-

ves,70,71 and are themselves influenced by stimulus presentation

and post-stimulus processes: all processes likely to affect ERP

genesis itself. Likewise, considering that not only alpha but

also all EEG oscillations have a common operating principle,

that is, the control of timing of neural activity,72 it is conceivable

that task-relevant oscillations will interact and consequently

shape task-specific evoked components. For instance, in a

memory recognition task, it is reasonable to assume that both

hippocampal theta activity, known to influence memory pro-

cesses and sensory encoding,73 and alpha activity, influencing

processing of sensory-semantic information,74,75 will interact

to give rise to ERPs. Yet, here we provide the first causal demon-

stration of a linear relationship between different parameters of

alpha oscillatory activity and specific evoked components in

response to a visual stimulus presentation.

Conclusions
Ourstudyshedsnew light on the relationshipbetweenprestimulus

oscillations and the genesis of functionally relevant evoked com-

ponents. By establishing a causal dissociation of IAF and alpha

amplitude in shaping P1 and P3 responses, this study provides

fundamental evidence in favor of the oscillatorymodel. In contrast

to previous studies that advocated for theoscillatorymodel based

solely onEEGevidence15,17,47,48 (or e.g., theoreticalmodels13),we

here unravel the inter-dependence of prestimulus oscillations and

post-stimulus ERP responses through causal approaches for

oscillatory entrainment. Our results confirm the notion that there

aredifferentmechanismsunderlying theoscillatorymodel13:while

phase reset of alpha activity can best explain the genesis of the

earlier P1 component, P3 seems to be influenced by functional

inhibitorymechanisms through transientmodulationsof task-rele-

vant alpha oscillations in a perceptual context, alongside BSMs

more related to sustained alpha modulations.
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Brain Vision recorder software Brain Products https://brainvision.com/

Magstim Rapid Transcranial Magnetic Stimulator Magstim Company https://www.magstim.com/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Vincenzo Romei

(vincenzo.romei@unibo.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper have been made publicly available through the Open Science Framework: https://osf.io/4qxb8/. Any

additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiment 1
Participants

Forty-one healthy volunteers with normal or corrected vision participated in Experiment 1 (23 females; mean age ± SE = 23.31 ± 1.66

years). All participants were recruited at the Centre for Studies and Research in Cognitive Neuroscience in Cesena, Italy. The study

was conducted in accordance with the Declaration of Helsinki and approved by the bioethics committee of the University of Bologna.

All participants gave written informed consent to participate in the study.

Experiment 2
Please note that the experimental procedure (participants and experimental task) is the same as in Di Gregorio et al.7 However, here

the focus of analysis is on the post-stimulus ERPs, rather than behavior or prestimulus oscillatory activity, whose results are reported

in Di Gregorio et al.7

Participants

Fifty-one healthy volunteers (25 females, 26 males; mean age ± SE = 23.39 ± 0.37 years) took part in Experiment 2. All of them had a

normal or corrected-to-normal vision andmet TMS safety criteria by self-report. All participants gavewritten informed consent before

taking part in the study, which was conducted in accordance with the Declaration of Helsinki and approved by the local ethics com-

mittee. Here, subjects were randomly assigned to one of three groups with distinct stimulation protocols (see next paragraph for de-

tails): IAF-1Hz (group 1 = mean age 22.64 ± 0.53, nine females), IAF (group 2 = mean age 23.88 ± 0.57, eight females) and IAF+1Hz

(group 3 = mean age 23.88 ± 0.77, eight females), each containing 17 participants.
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METHOD DETAILS

Experiment 1
Stimuli and task procedure

Participants were comfortably seated in front of a CRTmonitor (100 Hz refresh rate) at a viewing distance of 57 cm. E-Prime software

(Psychology Software Tools, Inc., USA) was used to run the task and register responses. During the main experimental procedure,

each trial consisted of a primary visual detection task, where participants had to respond to a peri-threshold target stimulus, and a

secondary confidence task, in which participants rated the level of confidence in their perception on a scale 1 to 4, (ranging from 1 =

no confidence at all to 4 = high confidence). Every trial started with a central fixation cross (visual angle = 0.8�). After 2000 ms, a pre-

paratory cue (X) would replace the fixation cross, created by rotating the fixation cross by 45 degrees, lasting between 2000ms and

3000ms. After the cue, the primary task stimulus would appear at 4.1�/3.7� eccentricity (horizontal/vertical) with equal probability on

the lower part of the right or left visual field (RVF or LVF) for 60ms. The primary task stimulus could be a catch or target stimulus. Catch

stimuli consisted of 8x8 black and white checkerboards (height = 4 cm; width= 4 cm. visual angle = 15.9�). Target stimuli consisted of

the same checkerboard containing iso-luminant grey circles, which contrasted the black and white parts of the checkerboard. Par-

ticipants were instructed to press the button (spacebar on the keyboard) whenever they would detect the peri-threshold circles

embedded in the checkerboard. Response time limit was 2000ms. After the primary response, confidence ratings were collected.

The Italian version of the question: ‘‘How confident are you about your percept?’’ was presented until participants rated their con-

fidence, reflecting a participant’s level of subjective certainty in having correctly perceived the stimulus.76 After the confidence rating,

a new trial would start. Themain task consisted of five blockswith 60 trials per block (total trial number = 300) and lasted an average of

90 min. Data are part of a larger dataset where also informative cue trials were collected (not reported here).

Titration session

A titration session was run before themain experimental session to set stimuli contrast ratios corresponding to each individual’s 50%

perceptual threshold.7,44 Briefly, iso-luminant circles of 8 different contrast ratios (RGB contrasts on black/white background: 28/

227, 32/223, 36/219, 40/215, 44/211, 48/207 and 100/155) were presented along with catch trials (checkerboards without iso-lumi-

nant circles). Additionally, we accounted for the possible individual bias in response to catch trials by also considering the false alarm

rate, alongwith target stimuli of different contrast for the calculation of the sigmoid function. For each iso-luminant contrast, individual

performance was then entered for the calculation of the sigmoid function, in order to return the threshold value, which was subse-

quently used for stimuli presentation during the main task:

y =
100

1+e� x�c
d

Where x is the contrast value, c is the inflection point of the curve, and d is the slope of the sigmoid.

Experiment 2
Stimuli and task procedure

Stimuli and tasks in Experiment 2 were the same as those described for Experiment 1, with the main difference being the active

manipulation of alpha activity via an entrainment protocol.

Entrainment of the intrinsic oscillatory alpha activity was achieved using Rhythmic Transcranial Magnetic Stimulation (rhTMS). Spe-

cifically, prestimulus alpha activity was fine-tuned relative to individual alpha frequency using five-pulse rhTMS bursts in which the

time lag between pulses was manipulated depending on the group.7,44 Therefore, by adjusting the timing between pulses based

on individual natural rhythms, we selectively manipulate the amplitude or the speed of brain rhythms. More specifically, to induce

changes in the oscillatory-frequency cycle length, we applied rhTMS at a 1 Hz slower or faster pace relative to a participant’s indi-

vidual oscillatory frequency (IAF-1 Hz group and IAF+1 Hz group). To selectively modulate oscillatory-amplitude, the frequency of

the rhTMSpulse trainswas exactly matched to the intrinsic individual oscillatory-frequency of the participant, thus enhancing the syn-

chronization of neural firing and phase alignment without influencing the speed of oscillatory activity (IAF group). The rhTMS design

was in line with current safety guidelines.77,78 For the EEG analysis of the entrainment effects, please consult our previous article, and

Figure S4.

Stimulation was applied using a Magstim Rapid Transcranial Magnetic Stimulator via a 70 mm figure-of-eight coil (Magstim Com-

pany, UK), onto the right occipital site (in correspondence with O2 electrode), with the coil surface oriented tangentially to the scalp.

Moreover, pulse intensity was kept fixed at 60% of the maximum stimulator output (MSO),79,80 roughly corresponding to previously

reported phosphene thresholds.81–85 Non-specific rhTMS effects were accounted for via a within-subject sham control stimulation,

obtained by amodified coil providing enough distance from the scalp (by adding a styrofoam cube to the coil itself) that would ensure

the absence of an actual stimulation while maintaining coil position and tactile and acoustic sensations. Each participant underwent

three consecutive rhTMS and sham blocks (a total of 900 active rhTMS pulses in a randomized order. Taken together, the experi-

mental session included six blocks with 60 trials per block (N trials = 360). Short breaks were made between each block, making

the overall task duration �50 minutes.

Titration session

Titration was run as for Experiment 1, and as reported in our previous work.7,29,44 Additionally, in Experiment 2, during the titration

session, individual alpha peak frequency (defined as themaximum local power in the alpha frequency range) was determined in order
e2 Current Biology 34, 1048–1058.e1–e4, March 11, 2024
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to calibrate rhTMS frequency. To this aim, a three-minute eyes-closed and eyes-opened resting-state EEG was recorded from 8 Ag/

AgCl parieto-occipital electrodes (O1, P3, PO3, PO7; O2, P4, PO4, PO8). Individual alpha frequency peak was calculated from the

power spectra of the eyes open condition, applying a fast Fourier transformation. In line with Experiment 1 (showing a local alpha

power maxima over O2) and previous studies, alpha-frequency was calculated from the O2 electrode,35,83 over which rhTMS was

subsequently applied.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiment 1
Psychophysiological recording – paradigm and acquisition

EEG data were collected during the task from 64 Ag/AgCl electrodes (Fp1, Fp2, AF3, AF4, AF7, AF8, F1, F2, F3, F4, F7, F8, FC1, FC2,

FC3, FC4, FC5, FC6, FT7, FT8, C1, C2, C3, C4, C5, C6, T7, T8, CP1, CP2, CP3, CP4, CP5, CP6, TP7, TP8, P1, P2, P3, P4, P5, P6, P7,

P8, PO3, PO4, PO7, PO8, O1, O2, Fpz, AFz, Fz, FCz, Cz, CPz, Pz, POz, Oz) and from the right mastoid with Brain Vision recorder

software (Brain Products, Munich, Germany). Ground electrode was placed on the right cheek, while the left mastoid served as online

reference. The electrooculogram (EOG) was recorded from above and below the left eye and from the outer canthi of both eyes. Dur-

ing the recording, a band-pass filter of 0.01–100 Hzwas used, along with a sampling rate of 1000 Hz. The impedance of all electrodes

was kept below ten kU. EEG data were pre-processed using custommade routines in MatLab R2013b (The Mathworks, Natick, MA,

USA). EEG data were re-referenced offline to the average of all electrodes and filtered with a 0.5–30 Hz pass-band. After applying a

filter, stimulus-locked epochs were extracted (from -1500 ms to 2500 ms after stimulus presentation). Artifact-contaminated trials

were excluded via pop_autorej function in EEGLAB v13.0.1,86 which excludes high-voltage (fluctuations larger than 1000 mV) and

trials identified as outliers (trials with data values outside 5 SD). Subsequently, artifacts related to eye movement were corrected

via a procedure based on a linear regression method (lms_regression function in MatLab R2013b).87 Because perceptually relevant,

prestimulus alpha activity shows hemispheric lateralization relative to upcoming stimulus location, we thus recoded electrode posi-

tions as contralateral versus ipsilateral to the hemifield of stimulus presentation (resulting in all contralateral activity being on one side,

which was conventionally defined to be the right), i.e., for RVF-stimulus epochs, data from the contralateral (left) electrodes were

copied and flipped to right-sided electrodes.

Psychophysiological recording – EEG analyses

Alpha oscillations (frequency and amplitude) were analyzed in a prestimulus time window between -400 ms and stimulus presenta-

tion in a cluster of contralateral and ipsilateral parieto-occipital electrodes (O1, O2, Po3, Po4, Po7, Po8).

In order to identify the alpha-frequencypeaksduring the task, a fast Fourier transformation (MatLab function spectopo, frequency res-

olution: 0.166Hz) was applied. Power was calculated separately for each subject and condition and was normalized by z-score decibel

(dB= 10*log10[-power/baseline]) transformation at each frequency. Individual alpha-frequencywasdefinedwithin the contralateral clus-

ter as the local maximum power in the electrode with the largest power within the frequency range 7–13Hz (i.e., alpha peak).7,44

Theamplitudeof alphaoscillationswascalculatedby time-frequencyanalysesof dataepoched from2000msbefore to2000msafter

the stimulus onset. Long epochs prevent edge artifacts from contaminating time-frequency power in the time windows of interest.

Spectral EEGactivitywasassessedby time-frequencydecomposition usinga complex sinusoidalwavelet convolution procedure (be-

tween 2 and 25 cycles per wavelet, linearly increasing across 50 linear-spaced frequencies from 2.0Hz to 50.0Hz) with the newtimef

function from EEGLAB v13.0.186 and custom routines in MatLab. The resulting power was normalized by decibel (dB = 10*log10[-po-

wer/baseline]) transformation at each frequency, using a single trial baseline between -1000 and -500 preceding stimulus onset. This

long baseline window was used to increase the signal-to-noise ratio during the baseline period and is frequently applied in time fre-

quency analyses.44,88Moreover, this additional baseline normalization puts emphasis on a short-termvariability of alpha changes right

before the visual stimulus, previously shown to be perceptually relevant.6,8,10,12,56 This procedure was applied separately for each

participant. Mean alpha (7-13Hz) amplitude was computed in the cue-stimulus interval (-400 ms to stimulus presentation). The elec-

trode within the contralateral parieto-occipital cluster with the most negative power was selected for alpha-amplitude analyses.

ERP data were analysed using custom routines in MatLab (Mathworks, Natic, MA) and EEGLAB. In line with previous studies, the

P1 amplitude and latency were calculated at themost positive peak in a time window between 70ms and 130ms relative to the stim-

ulus onset,14 and at the same electrode as for the prestimulus alpha. The P300 was quantified as the mean amplitude between

100 ms and 500 ms relative to the stimulus onset at a centroparietal electrode (i.e., Cz).89,90

Statistical Analyses

In order to investigate the possible relationships between inter-subject differences in alpha oscillatory activity (prestimulus IAF and

alpha amplitude), ERPs (latency/amplitude of P1 and latency/amplitude of P3), and behavior (task accuracy and confidence), non-

parametric robust correlation estimates were used (skipped Pearson correlation). The advantage of this correlation coefficient is that

it takes into account the presence of bivariate outliers (by excluding them) and thus is not sensitive to the presence of extreme values

in the overall structure of the data.91

Experiment 2
EEG recordings –acquisition and processing

EEG data were collected for Experiment 2 as for Experiment 1, with the only difference in higher sampling rate applied here (5000Hz

instead of the 1000 Hz used in Experiment 1), as a higher sampling rate in online TMS-EEG protocols is strongly advised.92
Current Biology 34, 1048–1058.e1–e4, March 11, 2024 e3
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Additional processing steps included cutting and interpolating (cubic interpolation) time points around the TMS pulses, as well as

performing Indipendent Component Analysis (ICA) to deal with potential artifacts. Specifically, a fastICA algorithm is used (pop_te-

sa_fastica function) to identify individual components representing artifacts, along with automatic component classification (pop_

tesa_compselect function),93 where each component should be subsequently manually checked and reclassified when necessary

(for more details, see 44).

For the subsequent analysis of the ERPs, only correct trials with stimuli contralateral to the stimulation site (stimuli in LVF) were

considered. The EEG data were then averaged across trials. Time windows for detecting peak amplitudes and their latencies

were the same as per Experiment 1 (70–130 ms for the P1 and 100–500 ms for the P3). Likewise, the electrodes considered for

P1 (O2, PO8, and PO4) and P3 (Cz) components were also kept constant across participants and the two experiments.

Statistical Analyses

Differences in ERPs (P1 latency and P3 amplitude) were explored across three experimental GROUPS (IAF-1Hz, IAF and IAF+1Hz

group) and the twoSTIMULATIONprotocols (TMS and SHAM stimulation) in a 23 3 repeatedmeasuresmixed-model ANOVAs. Sub-

sequently, specific differences between conditions were tested via two-tailed t-tests (planned comparisons).
e4 Current Biology 34, 1048–1058.e1–e4, March 11, 2024
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