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This study provides valuable insights into how auditory stimuli influence the
temporal dynamics of visual perception by modulating brain rhythms (oscillations) in
the alpha band. The authors present convincing evidence that auditory input
induces a drop in visual alpha frequency, increasing the time window for audio-visual
integration, and subsequently shifting the predictive role from prestimulus alpha
frequency to alpha phase. The conclusions are well-supported by the combination of
psychophysics, electrophysiological recordings (EEG), non-invasive brain stimulation
(tACS), and computational modelling.
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Abstract

In multisensory environments, how inputs from different sensory modalities interact to
shape perception are not fully understood. In this study, we investigated how auditory stimuli
influence the temporal dynamics of visual processing using electroencephalography (EEG).
Participants were presented with two consecutive visual flashes, either accompanied by an
auditory beep or without, and were asked to report their perception of one or two flashes.
Behaviorally, we found that the introduction of auditory input induced a longer temporal
window for integration. Alpha frequency analysis further revealed that the presence of
auditory stimuli led to poststimulus alpha frequency degradation, positively correlating with
the prolonged temporal window, supporting the idea that alpha oscillations represent the
temporal window of visual integration. Further exploration of prestimulus alpha oscillations
revealed that auditory stimuli diminished the predictive role of prestimulus alpha frequency
while enhancing the predictive role of prestimulus alpha phase in shaping perceptual
outcomes. A follow-up transcranial alternating current stimulation (tACS) experiment
confirmed that alpha oscillations have a causal role in modulating visual perception in the
absence of auditory stimuli but not when auditory stimuli were present. To probe the
underlying mechanisms, we developed a computational model based on the phase-resetting
hypothesis and perceptual cycle theory, which successfully replicated the core findings. These
results reveal that auditory input extends the temporal window of visual integration by
resetting alpha oscillations in the visual cortex, leading to alpha frequency reduction and an
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altered perception of visual events. This study advances the understanding of cross-modal
interactions and highlights the dynamic, adaptive processes underlying sensory integration.

Introduction

In our daily lives, we are constantly bombarded with information from various senses. Our brains
face the challenge of organizing and integrating these signals into coherent perceptual
experiences, and this becomes more complex due to the interactions between different sensory
modalities (Cooke et al., 2019 ; Shams et al., 2002 % ; Watkins et al., 2006 2 ). Numerous studies
consistently highlight the noteworthy influence of sound signals on visual perception, particularly
in the temporal domain. For example, the introduction of sound has been observed to influence
the perceived duration of visual stimuli or rate of visual events (Gebhard and Mowbray, 1959%;
Shipley, 1964 ; Walker and Scott, 1981 % ; Welch et al., 1986 %). The temporal relationship
between visual and auditory stimuli plays a crucial role, either enhancing or degrading visual
temporal resolution (Fendrich and Corballis, 2001 2 ; Shimojo et al., 2001 @). These findings
intriguingly suggest that auditory stimuli may exert a profound influence on the temporal
processing of the visual system. However, the neural mechanisms that underlie this cross-modal
influence remain elusive.

Temporal windows, a fundamental attribute of the visual system, refer to time intervals during
which discrete stimuli interact to influence perception (Samaha and Romei, 2023). A simple
example is the fusion of two brief stimuli into a unified percept when they occur within a certain
time range. The rhythmic patterns of alpha oscillations, serve as a potential mechanism for
defining this temporal window (Baumgarten et al., 2015%; Cecere et al., 2015 ; Samaha and
Postle, 2015 (2). This notion gains support from research demonstrating that the phase and
frequency of alpha oscillations shape the temporal integration process. Alpha oscillation phase
influences visual signal detectability at the perceptual threshold (Busch and VanRullen, 2010 ;
Busch et al., 2009% ; Mathewson et al., 2009(%), the perceived timing of stimuli (Chakravarthi and
Vanrullen, 2012 ; Milton and Pleydell-Pearce, 2016 @), and the occurrence of perceptual illusions
(Gulbinaite et al., 2017 @; Rohe et al., 2019 ; Ronconi et al., 2017 @). Moreover, emerging
evidence highlights a correlation between the frequency of alpha oscillations and temporal
integration (Cecere et al., 2015 ; Cooke et al., 2019 ; Han et al., 20232 ; Samaha and Postle,
20153; Shen et al., 2019 @). Notably, this frequency not only correlates with but also causally
influences observers’ tendency to integrate signals within (Han et al., 2023 @ ; Samaha and Postle,
201503; Shen et al., 2019 @) and across different sensory modalities (Cecere et al., 2015 ; Cooke
et al., 2019%; Keil and Senkowski, 2017 ). However, it is important to note that some studies have
failed to find a significant correlation between alpha oscillations and temporal parsing of visual
signals (Buergers and Noppeney, 2022 (%3; Gray and Emmanouil, 2020 (Z; Ruzzoli et al., 20193). A
recent study provide evidence that pre-stimulus alpha frequency does not substantially influence
the temporal segmentation of visual signals in visual or audiovisual perception(Buergers and

Noppeney, 2022 2). This highlights the need for further research to confirm the relationship
between alpha oscillations and the temporal window within and across the senses.

In the context of audiovisual processing, the presentation of two visual flashes with an auditory
stimulus leads to an increased likelihood of perceiving them as a single flash, inducing fusion
illusions (Andersen et al., 2004 ). This observation suggests that cross-modal stimulation has the
potential to impact the temporal window of visual processing. Neural studies have revealed
significant activation changes in the primary visual cortex (V1) when visual stimuli are presented
concurrently with incongruent auditory stimuli, which are closely linked to reports of visual
illusions (Watkins et al., 2006 @). Furthermore, research on animals and humans has
demonstrated that auditory stimuli can modulate early visual cortex processing through phase-
reset mechanisms (Kayser et al., 2008 (3 ; Keil et al., 2014 ; Lakatos et al., 2007 ; Mercier et al.,
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hypothesis is that cross-modal sound stimuli may influence the temporal window of visual
integration by exerting an influence on alpha oscillations.

To test this hypothesis, we conducted an experiment where observers performed a visual flash
discrimination task while their EEG data was recorded. We analyzed the frequency and phase of
alpha oscillations for two experimental conditions: one with only two visual flashes (F2) and the
other with two visual flashes accompanied by an auditory beep (F2B1) (Figures 1A and B(®).
Upon comparing different conditions, our investigation revealed that the introduction of auditory
stimuli effectively prolonged the temporal window of integration by reducing the instantaneous
frequency of alpha oscillations. Notably, in the F2 condition, the instantaneous frequency of alpha
oscillations plays a predictive role in perceptual outcomes, while in the F2B1 condition, this
predictive role is absent. Conversely, the phase of alpha oscillations exhibits a predictive role in
perceptual outcomes in the F2B1 condition, but not in the F2 condition. Further transcranial
alternating current stimulation (tACS) experiment confirmed the casual role of alpha frequency in
modulating perception specifically in F2 condition. To elucidate the underlying mechanisms, we
introduced a sound-induced phase-resetting model. Our simulation results indicate that the
introduction of auditory input resets the phase of alpha oscillations, subsequently extending the
temporal window through a reduction in alpha frequency. This modification significantly
influences the predictive roles of both phase and frequency.

Results

Psychophysical Results

Prior to the main EEG experiment, participants underwent a psychophysical pretest to determine
the fusion threshold for each condition. Psychometric curves were fitted to the proportion of
perceiving two flash percepts at each of the eight ISIs for the F2 and F2B1 conditions, respectively
(Figure 1C@). The fusion threshold, representing the ISI at which equal proportions of 1-flash and
2-flash trials were reported, was derived for each condition and participant (Figure S1). This
threshold provides an estimate of the temporal window for integration within the visual modality
(F2) and across the audiovisual modality (F2B1). A two-tailed paired t-test revealed that the fusion
threshold was significantly shorter (¢ 33y = 5.23, p = 9.00x107%; Figure 1D@) in the F2 (52.68 +
12.25 ms, mean + SD) than in the F2B1 condition (65.18 + 13.17 ms, mean + SD), indicating a
significant shift in the fusion threshold between the two conditions. Further analysis revealed that
the auditory stimulus affected participants’ choices differently across ISIs (F (7 331y = 11.12, p = 4.11
x 10'12; Figure S2), with the strongest effect at intermediate ISIs, where the stimulus was most
ambiguous. This suggests that the auditory input actively shapes perception rather than simply
response bias.

In the main EEG experiment, each condition comprised three types of trials: the explicit 1-flash
trials with a short ISI (30 ms), the explicit 2-flash trials with a long ISI (100 ms), and the bistable
trials with the fusion threshold ISI obtained from the psychophysical procedure. Participants
exhibited high accuracy rates in the explicit trials for both the F2 and F2B1 conditions (F2 with
short ISI: 89.16 + 11.81%; F2 with long ISI: 95.96 + 4.31%; F2B1 with short ISI: 95.48 + 5.86%; F2B1
with long ISI: 89.52 + 14.91%, mean + SD), indicating their ability to accurately discriminate
between the explicit percepts in both conditions. Regarding the bistable trials with the threshold
ISI, the proportions of 1-flash and 2-flash percepts were comparable in both the F2 (t (33)=1.85,p =
0.07, two-tailed) and F2B1 conditions (¢ (33) = 1.92, p = 0.06, two-tailed; Figure 1E 3), suggesting
that participants experienced a similar level of perceptual ambiguity in the two conditions.
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Figure 1.

Paradigm and behavioral results.

(A) Schematic illustration of the F2 and F2B1 conditions. (B) Illustration of one trial sequence. On each trial, the first visual
stimulus presented below the fixation, either accompanied by an auditory beep or without it (the sound icon in the figure is
not part of the actual experiment). After a variable ISI, the second visual stimulus was presented. Participants were required
to report whether they perceived one or two flashes. Participants were more likely to report perceiving one flash with a short
ISI (30 ms) and two flashes with a long ISI (100 ms). Perception became bistable during trials where the ISI matched fusion
threshold, individually determined for each participant, resulting in approximately equal proportions of 1-flash and 2-flash
reports. (C) Psychometric curves represent the best fit of the average probability of perceiving the two flashes plotted as a
function of different ISIs in the F2 and F2B1 conditions. Error bars represent +1 SEM. (D) Fusion threshold ISIs derived from
the psychophysical procedure for each condition. (E) Percentage of 1-flash and 2-flash percepts for the bistable trials in the F2
and F2B1 conditions of the main EEG experiment. ***p < 0.001.
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Auditory input extended the temporal window for visual

integration by decreasing occipital alpha frequency

The EEG data showed a clear peak in the alpha-band power and a posterior scalp distribution of
alpha power during the peri-stimulus period (-600 to 600 ms relative to the first stimulus onset)
for all the participants in both F2 and F2B1 conditions (Figure 2A (©). These results guided further
analysis by confirming the frequency of interest to 8-13 Hz and the region of interest to the
posterior electrodes (0z, 01, 02, POz, PO1, PO2, PO3, PO4, PO5, PO6).

Building upon our behavioral observations, we noted a significant extension in the temporal
window for visual integration when auditory input was introduced. If we assume that alpha
frequency serves as an indicator of the temporal window within the visual cortex, it is plausible to
hypothesize that alpha frequency in the F2B1 condition might decrease compared to the F2
condition. To test this hypothesis, we performed a direct comparison of poststimulus
instantaneous alpha frequency (IAF) between the F2 and F2B1 conditions by collapsing trials
across 1-flash and 2-flash precepts while ensuring an equal number of trials in each condition (See
Materials and Methods). The instantaneous frequency was calculated as the temporal derivative of
the instantaneous phase, which extracted the alpha-band phase angle time series over the
occipital electrodes via the Hilbert transform. Consistent with our hypothesis, in the bistable trials,
we found that the frequency of F2B1 was significantly lower than that of F2 after the presentation
of auditory stimulus (0-280 ms relative to the first stimulus onset, p = 1.00><10"3, cluster-based
correction, two-tailed; Figure 2B (®).

Subsequently, we conducted a between-subject correlation analysis between the poststimulus IAF
differences in the F2B1 and F2 conditions and the fusion threshold ISI differences between these
conditions, as measured through psychophysics. Interestingly, we observed a significant
correlation between the decrease in alpha frequency and the increase in fusion threshold in the
F2B1 condition relative to the F2 condition (Pearson correlation: r = 0.45, p = 7.55 x 1073).
Specifically, the greater the reduction in alpha frequency induced by the auditory stimulus, the
longer the fusion threshold in the F2B1 condition compared to the F2 condition (Figure 2C(%). To
ensure the robustness of this correlation, we performed a permutation analysis by randomly
shuffling the pairing of post-stimulus IAF differences and fusion threshold ISI differences across
participants. This procedure, repeated 1,000 times, generated a null distribution of correlation
coefficients expected by chance. The observed correlation coefficient remained significant (Figure
$3; p = 2.00 x 1073), further validating the association. These findings suggest that the concurrent
presentation of auditory input may lead to a decrease in alpha frequency, thereby extending the
temporal window of visual integration.

Given the difference in fusion thresholds between the F2 and F2B1 conditions, which could
potentially contribute to the observed poststimulus differences between the two conditions, we
conducted an additional analysis to address this concern. Specifically, we examined the IAF
difference between the two conditions in trials with explicit short ISI and long ISI, respectively. In
the explicit trials, ISIs were consistent across participants and conditions, with the only
distinguishing factor between F2B1 and F2 being the presence of auditory input in F2B1. Notably,
our results revealed that the alpha frequency was consistently lower in F2B1 compared to F2 for
both explicit conditions (explicit short ISI: 0-180 ms relative to the first stimulus onset, p = 0.02,
cluster-based correction; explicit long ISI: 0-370 ms relative to the first stimulus onset, p =
1.00x1073, cluster-based correction; Figures 2D @ and E®). This control analysis robustly
confirmed that the decrease in alpha frequency is indeed attributable to the auditory input,
regardless of the variations in stimulus ISI.
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Figure 2.

The relationship between decreased post-stimulus IAFs and perceptual precision.

(A) Upper panel: the power spectrum obtained from all bistable trials (from -600 to 600 ms relative to the onset of the first
flash) in F2 and F2B1 conditions, collapsed across all electrodes in all participants, clearly revealed a distinct peak in the alpha
band. The gray shading represents +1 within-subjects SEM. The light gray rectangle represents the chosen alpha frequency
band (8-13Hz). Lower panel: Topography of absolute alpha-band power (8-13Hz) recorded from 64-channel EEG, averaged
over F2 and F2B1 conditions, showed a clear occipital scalp distribution. Black dots indicated the chosen posterior channels.
(B) IAFs for F2 and F2B1 bistable trials averaged over the occipital channels. The within-subject findings of the IAFs revealed
that the post-stimulus alpha frequency of F2B1 decreased more than that of F2. (C) The between-subject correlation was
conducted to examine the relationship between the post-stimulus IAFs difference of F2B1 and F2 in the main EEG experiment
and the threshold ISIs difference of F2B1 and F2 in the psychophysical pretest. 95% confidence intervals around the linear fit
line are shown by the dashed line. (D) The result is identical to (B), but for explicit short ISI trials. (E) The result is identical to
(B), but for explicit long ISI trials.

Mengting Xu et al., 2025 eLife. https://doi.org/10.7554/eLife.105531.1 6 of 38


https://doi.org/10.7554/eLife.105531.1
https://doi.org/10.7554/eLife.105531.1

7 eLife

Auditory input disrupted the predictive

role of prestimulus alpha frequency

Extensive research has demonstrated the significant impact of prestimulus alpha frequency on the
outcomes of visual integration. In our study, we sought to investigate whether prestimulus alpha
frequency exerted a similar influence on the perceptual outcomes in both the F2 and F2B1
conditions. First, we conducted a within-subject comparison of the instantaneous alpha frequency
(IAF) variations between different perceptual outcomes of bistable trials in the F2 and F2B1
conditions, respectively. Our results demonstrated that in the F2 condition, the IAF was
significantly higher in the 2-flash trials compared to 1-flash trials (Figure 3A), both in the pre-
stimulus period (from -330 to -30 ms relative to the first stimulus onset, p = 0.02, cluster-based
correction, two-tailed) and post-stimulus period (from 130 to 540 ms, p = 4.00><10'3, cluster-based
correction, two-tailed). These findings are in line with previous research, indicating that slower
alpha frequencies are associated with a wider temporal window, thereby increasing the likelihood
that two visual stimuli fall within the same window and are integrated as one percept (Samaha
and Postle, 2015 (). However, in the F2B1 condition, no significant difference in IAF between
different perceptual outcomes was observed (Figure 3B(®).

To further compare the different patterns in perception between the two conditions, we averaged
the IAF over the posterior electrodes and the entire time of interest (-600 to 600 ms). These mean
IAFs were then subjected to a 2 (percepts: 1-flash vs. 2-flash) x 2 (conditions: F2 vs. F2B1) repeated-
measures ANOVA. The results revealed a significant main effect of percepts, F (1 33y = 4.29, p =
0.046, indicating that the IAF was significantly higher in the 2-flash percepts compared to the 1-
flash percepts. Additionally, there was a marginally significant main effect of conditions, F (4 33) =
3.40, p = 0.07, suggesting a trend towards different IAFs between the F2 and F2B1 conditions. More
importantly, the interaction effect was significant, F (1 33 =9.86, p = 3.55x1073, Specifically, in the F2
condition, the frequency of 2-flash percepts was significantly higher than 1-flash percepts (¢t (33) =
5.23, p = 3.87x10-3), while in the F2B1 condition, no significant difference between the two
percepts was observed (t (33) = -0.49, p = 0.63; Figure 3C(2). These results indicate statistically that
the influence of IAF on perceptual outcomes differs between the two conditions.

Moreover, to address any potential bias in the calculation of instantaneous alpha frequency (IAF)
resulting from the 1/f slope effect, we applied a demodulation process with attenuated 1/f
characteristics on the time-domain signal (Samaha and Cohen, 2022 %) and repeated the IAF
analysis. The observed pattern of results remained consistent (Figure S4). In addition, to rule out
the possibility that the instantaneous alpha frequency modulation is attributed to the oscillatory
power, we performed a statistical test on the instantaneous alpha power within the time and
channels of interest between the two percepts for F2 and F2B1 conditions, respectively. No
significant differences between the two perceptual outcomes were found in either the F2 or F2B1
conditions (Figure S5).

Auditory input enhanced the predictive

role of prestimulus alpha phase

The spontaneous alpha-band phase has previously been shown to mirror the cyclic alterations in
cortical excitability, thereby supporting the concept of perceptual cycles. In light of this, we
extended our investigation to explore the influence of prestimulus alpha phase on perceptual
outcomes by computing the phase opposition sum (POS), a measure that quantifies the difference
in phase distributions between two sets of trials (VanRullen, 2016a ). If the phase of spontaneous
alpha oscillations prior to the first flash is predictive of the subsequent perceptual outcome, we
should observe a strong phase clustering around a certain phase angle for 1-flash trials and
distinct phase clustering around another phase angle for 2-flash trials, resulting in a significant
value of POS.
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Relationship between the instantaneous alpha frequency (IAF) and perception.

(A) IAFs over time were averaged over posterior channels (shown in Fig 2a ) for different perceptual outcomes in the F2
condition. Shaded areas show 1 within-subjects SEM. Significant time epochs are indicated with black lines (p < 0.05;
permutation test; cluster corrected). (B) Similar to a, but for F2B1 condition. (C) IAFs during the time of interest (-600 to 600

ms) were averaged separately for F2 and F2B1 conditions with different perceptual outcomes. The error bars represent +1
SEM. x%p < 0.01. *k**p < 0.001.
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In the F2B1 condition, we indeed observed a significant phase opposition between 1-flash and 2-
flash trials, spanning from -460 to 0 ms relative to the first flash onset, within the frequency range
of 8 to 13 Hz (p = 3.03x1073, cluster-based correction; Figure 4A%, upper panel). However, no
significant phase effect manifested in the F2 condition (Figure 4A 2, lower panel). For
demonstration purpose, to further visualize the mean phase angle differences across participants,
phases at the time-frequency point with maximal POS effect (at 10.28 Hz; -300 ms) at electrode Oz
were pooled into 16 bins. In line with the POS analysis, the directions of the preferred phase for 1-
flash and 2-flash percepts exhibited significant differences across participants in the F2B1
condition (F (1 g6y = 15.31, p = 2.18x107%, Figure 4B, upper panel). Conversely, no significant
phase difference between the two percepts was detected in the F2 condition (F (1 g5y = 3.30, p =
0.07, Figure 4B (3, lower panel).

Furthermore, we evaluated whether the observed difference in prestimulus POS patterns between
F2B1 and F2 was statistically significant using a permutation procedure. Specifically, we computed
the mean POS difference between F2B1 and F2 in the frequency range of 8 to 13 Hz and time range
from -600 to 0 ms relative to the first flash onset. Subsequently, we compared this mean POS
difference value against a distribution of POS difference values expected by chance (see Materials
and Methods; Figure 4C2). This analysis confirmed a statistically significant distinction in POS
patterns between F2B1 and F2 conditions, p = 4.60x1073, indicating a prevailing phase modulation
effect on perceptual outcomes in the F2B1 condition.

The relationship between the perceptual performance and prestimulus phase was further
assessed by categorizing single trials according to the phase at the optimal time-frequency point
(-300 ms, 10.28 Hz, Oz) and calculating the proportion of 2-flash percepts in each of 9 phase bins
(Figure 4D @). For each participant, the phase angles were shifted so that the phase corresponding
to the highest proportion of 2-flash percepts was aligned to a phase angle of zero. Consequently,
due to this artificial alignment, the 2-flash proportion is necessarily maximal at a phase angle of
zero; therefore, the zero-phase bin was discarded from further analyses. Most importantly, if the
prestimulus phase indeed modulated the perceptual outcomes, we expected that the proportions
of 2-flash percepts would peak at the optimal phase angle, gradually decreasing as the phases
deviate from this optimal angle. Therefore, we tested for the quadratic main effect for phase bins
(8 levels) and their interaction with different conditions (F2B1 vs. F2). There was no significant
quadratic effect of phase bins (F (1 33) = 2.47, p = 0.13). Consistent with the observation that phases
exerted a more pronounced influence on behavior when auditory input was introduced, a
significant quadratic interaction emerged between conditions and phase bins (F (1 33) = 6.45, p =
0.02). Post hoc tests further revealed a significant phase modulation effect only for F2B1 (F (4 33) =
7.02, p = 0.01), but not for F2 condition (F < 1).

tACS-modulated alpha frequency causally influences the

temporal integration window specifically in the F2 condition

To address the limitations of EEG in providing only correlational evidence, we conducted a follow-
up experiment with a new group of participants using transcranial alternating current stimulation
(tACS). This approach allowed us to actively modulate the alpha frequency and investigate its
causal role in perceptual processes.

During the experiment, continuous tACS was applied to the posterior brain region (Figure S6)
while participants performed the same task as in the psychophysical pretest, which required
reporting their perception of two flashes across eight ISIs under the F2 and F2B1 conditions. Each
participant completed three tACS sessions in a randomized order: low-alpha (8 Hz), high-alpha (13
Hz), and a sham condition with no active stimulation. Psychometric curves were fitted for each
tACS session using the proportion of two-flash perceptions across eight ISIs, separately for F2 and
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Prestimulus alpha phase difference between 1-flash and 2-flash trials.

(A) Time-frequency representation of p values (for occipital regions), computed as a proportion of surrogate phase
opposition values (distribution of phase opposition values expected under null hypothesis) that exceeded empirically
observed phase opposition values for the F2B1 (upper panel) and F2 conditions (lower panel), respectively. The outlined area
indicates significant effects corrected for multiple comparisons using cluster-based correction. The white square indicates the
time-frequency point with strongest POS effect in the F2B1 condition. (B) The circular histograms of mean phase angles (at
10.28 Hz; -300 ms) at the occipital channel Oz during 1-flash and 2-flash trials across participants for the F2B1 (upper panel)
and F2 conditions (lower panel), respectively. The horizontal black line indicates the number of participants with the mean
phase angle in each bin. The direction of the arrows corresponds to the mean phase angle across participants, and the length
of the arrows indicates the extent of phases clustering around the mean. (C) Statistical analysis of the differential phase
effects between F2B1 and F2 condition within the entire prestimulus period (-600~0ms) and alpha-band range (8~13 Hz).
The red line indicates the observed mean POS difference between F2B1 and F2 within this cluster. The gray bars represent
the surrogate distribution of mean POS difference expected by chance for this cluster, estimated from shuffled data. Dashed
black line indicates the 95t percentile value of the surrogate distribution. (D) The relationship between the proportion of
two-flash percepts and pre-stimulus phase (at 10.28 Hz; -300 ms) at the occipital channel Oz. Single trials were categorized
into 9 phase bins, centered on the preferred phase bin with the highest proportion of 2-flash percepts for each participant
(the central bin is removed due to artificial shifting). The error bars represent +1 SEM.
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F2B1 conditions. From these fitted curves, we calculated the fusion threshold ISI—the ISI at which
participants perceived two flashes in 50% of trials—as an estimate of the temporal integration
window (Figure 5A® and B®).

A 3 (tACS sessions: 8 Hz vs. sham vs. 13 Hz) x 2 (stimuli conditions: F2 vs. F2B1) repeated-measures
ANOVA on fusion thresholds revealed a significant main effect of conditions, F (1 29y = 39.58, p =
7.19x1077, consistent with the psychophysical pretest, showing that auditory input prolonged the
temporal window for visual integration. No significant main effect of tACS sessions was observed,
F (1,29) = 1.25, p = 0.27. Crucially, a significant interaction between tACS session and stimulus
condition was observed, F (1 59y = 5.41, p = 0.03. Specifically, in the F2 condition, the fusion
threshold at 13 Hz was significantly lower than at 8 Hz (¢ (5qy = 2.09, p = 0.045), indicating that
higher alpha frequencies shortened the temporal window for perceptual integration. In contrast,
no significant differences were observed between different tACS conditions in the F2B1 condition
(F <1) (Figure 5C (). These findings suggest that alpha oscillations causally modulate the temporal
window for visual perception in the F2 condition but not in the F2B1 condition.

Auditory input-induced phase resetting model
explains the decrease in alpha frequency and the

altered predictive roles of alpha frequency and phase

What could be underlying cause of the decrease in poststimulus alpha frequency observed in F2B1
condition? Could this cause explain the divergent effects of the altered predictive roles of alpha
frequency and phase? Previous research has shown that transient auditory stimuli can reset the
phase of ongoing oscillations in the visual cortex (Lakatos et al., 2009(%2, 2007 @). This, in turn, has
a notable impact on multisensory integration processes(Mercier et al., 2015%, 2013 @).
Importantly, this phase resetting has the potential to disrupt the timing and synchronization of
periodic oscillations, which could subsequently lead to a shift in oscillation speed.

To test this hypothesis, we introduced a phase-resetting model for examining perceptual
processing (Figure 6(2). Developed based on perceptual cycles theoretical framework (VanRullen,

perceptual cycle theory, both frequency and phase play fundamental roles in shaping perceptual
outcomes. Frequency governs the temporal resolution of the visual system—higher frequencies
favor the perception of two distinct flashes, while lower frequencies tend to amalgamate them into
a single event. The oscillatory phase represents brain states fluctuating between high and low
cortical excitability (Engel et al., 2001 (Z; Lakatos et al., 2007 @), thereby influencing perceptual
processing intensity. Our model differentiates percepts by assessing whether two flash stimuli fall
within a single cycle. Good phases near the peak enhance processing efficiency, resulting in
clearer perceptions of 1-flash and 2-flash percepts. Conversely, bad phases near the trough lead to
less efficient processing and increased perceptual ambiguity. Figure 6 (2 visually illustrates our
model. When the second flash aligns with a good phase, efficient processing occurs, leading to a
clear perception of 1-flash or 2-flash based on whether they fall within the same or different
cycles. In contrast, when the second flash aligns with a bad phase, less efficient processing
increases perceptual ambiguity, making both interpretations plausible. For the F2B1 condition, the
introduction of auditory input, known to induce delayed responses in the visual cortex relative to
visual stimuli (Land et al., 2012 ; Oeur et al., 2023(%), induces phase resetting of the ongoing
oscillations. The specific parameters governing phase resetting are derived from the model
proposed by Canavier in 2013(Canavier et al., 2013 @), as detailed in the Methods section.

Building upon the established model, we simulated 1000 trials under two conditions (F2 vs. F2B1).
Initial analysis of the model-generated behavioral data yielded results consistent with real
participants, notably indicating a prolonged integration window under the F2B1 condition
compared to F2 (Figure 7A 2). Subsequent analysis of alpha oscillations in the simulated data,
using the same methodology as for real data, consistently unveiled a lower alpha frequency under
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Figure 5.

Results of tACS experiment.

(A) Psychometric curves show the average probability of perceiving two flashes as a function of different ISIs, under three
tACS conditions: 13 Hz, sham, and 8 Hz, in the F2 condition. (B) Similar to (A), but for the F2B1 condition. (C) Fusion threshold
ISIs from the three tACS sessions in both F2 and F2B1 conditions. Error bars represent +1 SEM. *p < 0.05.
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Hypothesized phase-resetting model of perceptual processing.

(A) The perceptual outcomes depend on the temporal alignment of two stimuli and the phase at which the second flash
occurs. When the second flash coincides with good phases, around the peak of the oscillation, effective processing occurs,
and the perceptual outcomes are determined based on whether they fall within the same temporal window defined by the
alpha cycle. In cases where the two visual stimuli fall in different temporal windows, the 2-flash percept is reported. The
introduction of auditory stimuli concurrently with visual stimuli induces phase resetting, elongating the temporal window.
Consequently, the second flash, originally falling in different temporal windows, aligns with the first flash, resulting in a 1-
flash percept. Conversely, when the second flash aligns with bad phases, around the trough of the oscillation, effective
processing is hindered, leading to ambiguity in 1-flash and 2-flash percepts, irrespective of their temporal alignment. (B)
Upper panel: The frequency of the alpha rhythm is anticipated to modulate perceptual outcomes, with higher alpha
frequencies correlating with an increased proportion of 2-flash percepts. Lower panel: The phase of the alpha rhythm is
expected to dictate perceptual clarity. In instances where the second flash falls in bad phases (e.g., [-T, -1/21] and [1/2m, TT]),
perceptual clarity is low, making it challenging to distinguish between 1-flash and 2-flash percepts. Conversely, when the
second flash aligns with good phases (e.g., [-1/2m, 1/2m]), perceptual clarity is high, and the perception of 1-flash or 2-flash

depends on whether the two stimuli fall within the same alpha cycle or not.
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F2B1 compared to F2 (Figure 7B(®). For the alpha frequency effects in perceptual outcomes,
mirroring our real data, in our simulations, we averaged the IAF over the entire time of interest
(artificially defined from -600 to 600 ms). The simulation results highlighted a more pronounced
modulation of alpha frequency in perceptual outcomes in the F2 compared to the F2B1 condition
(Figure 7€ @).

Furthermore, in line with phase results in our real data, simulated data demonstrated more
pronounced phase effects in the F2B1 condition compared to the F2 condition at the onset of flash
1 (Figure 7D @). Since the phase at which the second flash occurs determines perceptual clarity
between the two percepts in our model, we further presented the phase distribution of the second
flash for the F2 and F2B1 conditions, respectively (Figure 7E ). Notably, auditory input-induced
phase resetting made the second flash more likely to fall into the range of a favorable phase
(Figure 7E @), leading to higher subjective sensitivity (Figure 7F (©), compared to the F2 condition.

Our own findings lend credence to this hypothesis. We observed a higher alpha inter-trial
coherence (ITC) in the F2B1 condition compared to the F2 condition (Figures S7A and B). Because
an increase in ITC following a stimulus may reflect a stimulus-evoked response, we also computed
changes in alpha power after stimulus onset. A stimulus-evoked response, characterized by an
additional signal superimposed on ongoing oscillations, would manifest as both an increase in ITC
and power following the stimulus, whereas a pure phase-resetting of ongoing oscillations will
manifest as an increase in ITC with no accompanying power change or a power decrease (Makeig
et al., 2004 (Z; Shah et al., 2004(%). Our findings showed no significant difference in alpha power
between the two conditions (Figure S7C). Furthermore, we observed no substantial correlation
between the magnitude of alpha power and alpha ITC increase after stimulus onset (Figure S7D).
Therefore, although we cannot rule out a stimulus-evoked explanation for alpha ITC, we believe
the increase in alpha ITC at least partially reflects phase-resetting of spontaneous oscillations in
occipital regions.

Discussion

In this study, we explored how auditory stimuli influence visual processing, specifically focusing
on the temporal window of integration. Behaviorally, we uncovered a prolonged fusion threshold
in the presence of auditory stimuli, indicative of an extended temporal window for visual
perception induced by cross-modal interactions (Figures 1CZ and D(®). The analysis of alpha
oscillations provided valuable insights, demonstrating that the introduction of auditory stimuli
resulted in poststimulus alpha frequency degradation, which correlated with the extended
window, affirming the role of alpha oscillations in shaping the temporal dynamics of visual
processing (Figure 2C ). Notably, our findings revealed distinct contributions from prestimulus
alpha frequency and phase in predicting perceptual outcomes in unimodal and cross-modal
conditions (Figures 3% and 4 @). To elucidate the underlying mechanisms, we employed a
computational model based on the phase resetting hypothesis and perceptual cycle theory,
successfully replicating key behavioral and neural findings (Figure 7(%). The convergence of
behavioral, neurophysiological, and computational evidence underscores the interplay between
auditory and visual modalities in shaping the temporal dynamics of perception.

Our findings reveal that concurrent auditory input significantly extends the temporal window of
visual integration compared to the no-sound condition (Figure 1C2). This is in line with
consistent findings from previous studies demonstrating the impact of sound signals on the
perceived duration or rate of visual stimuli (Gebhard and Mowbray, 1959 ; Shipley, 1964 (%;
Walker and Scott, 1981 (% ; Welch et al., 1986 (3). Intriguingly, this prolonged temporal window is
positively correlated with the decrease in poststimulus alpha frequency induced by auditory
stimuli. These findings contribute to the enduring hypothesis associating the human alpha rhythm
with temporal windows, positing that higher frequencies correspond to shorter windows and
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Figure 7.

Simulation results.

(A) Psychophysical results. Psychometric curves depict the best-fit average probability of perceiving two flashes plotted
against different ISIs in simulated F2 and F2B1 conditions. (B) IAFs for simulated F2 and F2B1 trials. (C) IAFs, averaged during
the time of interest (-600 to 600 ms), separately for simulated F2 and F2B1 trials with different perceptual outcomes. Error
bars represent +1 within-trials SEM. (D) Statistical analysis of the differential phase effects between F2B1 and F2 condition at
stimulus onset (0 ms), prior to the auditory input-induced phase-resetting. The red line indicates the mean POS difference
between simulated F2B1 and F2 trials. Dashed black line indicates the 95th percentile value of the surrogate distribution. (E)
Phase distribution at the onset of flash 2 (ISI = 50 ms; following the phase-resetting effect). (F) Subjective perceptual
sensitivity in distinguishing between 1-flash and 2-flash percepts for simulated F2 and F2B1 trials.
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heightened temporal resolution (Cecere et al., 2015 ; Cooke et al., 2019 ; Keil and Senkowski,
2017 @; Samaha and Postle, 2015). A lengthened integration window, as indicated by a longer
alpha cycle, implies that two successive visual flashes are more prone to falling within a single
cycle. Consequently, the visual system requires an extended duration to effectively differentiate
between the two flashes. This established connection between altered alpha frequency and the
resultant temporal window expansion provides a nuanced understanding of how auditory
stimulation influences the temporal dynamics of visual perception. Essentially, our findings
suggest that auditory stimuli can influence the temporal resolution of visual processing,
potentially providing a longer temporal window for the integration of cross-modal information.

Building upon these findings, a critical inquiry arises: how does auditory stimulation contribute to
a decrease in alpha frequency? Previous fMRI studies on multisensory perception have shown that
auditory stimuli could modulate activity in primary visual cortex(Watkins et al., 2007 3, 2006 (2).
Neurophysiological evidence further emphasizes that transient auditory stimuli can reset the
phase of the ongoing oscillations, particularly in alpha-band, within the visual cortex (Lakatos et
al., 20093 ; Mercier et al., 2013(%; Romei et al., 2012 @). These insights suggest that cross-modal
auditory stimuli might exert influence on alpha oscillations by resetting the phase in the visual
cortex. Our empirical evidence, as indicated by the increased phase coherence in the F2B1
condition according to the ITC analysis, lends support to this hypothesis (Figures S7A and B). To
unravel the underlying mechanisms, we developed a computational model that integrates the
perceptual cycle theory and auditory-induced phase resetting. As expected, the introduction of
auditory-induced phase resetting, causing a delay in the originally achieved phase, led to a
prolonged temporal integration window and a decrease in post-stimulus alpha frequency. This
implies that cross-modal auditory stimuli may disrupt the original trajectory of periodic signals,
impacting the integration of incoming inputs in the visual cortex (Luo et al., 2010 @ ; Romei et al.,
20123; Wutz et al., 2014 ). Together, our combined empirical and computational evidence
provides a comprehensive understanding of how auditory stimuli influence the temporal
dynamics of visual perception by altering alpha frequency and temporal integration windows in
the visual cortex.

Moreover, our findings highlight a clear distinction in the predictive role of prestimulus alpha
frequency between F2 and F2B1 conditions. Consistent with previous studies (Han et al., 2023(%;
Samaha and Postle, 2015 ; Shen et al., 2019 ; Wutz et al., 20182 ), we observed that higher
alpha frequencies in the F2 condition correlate with a shorter integration window and more rapid
sampling, enabling accurate discrimination of temporally close stimuli. In contrast, lower
frequencies correspond to a longer integration window and slower sampling, leading to fusion
illusions (Figure 3A(%). These results align with prior research using similar individual alpha
frequency (IAF) analyses (Cohen, 2014a(%; Samaha and Postle, 20152 ; Shen et al., 2019 % ; Wutz
et al., 2018 (@), which also reported relatively small changes in alpha frequency across conditions
(Figure 3A (). A possible explanation for this small effect lies in the fact that EEG alpha frequency
signals represent an average of all neural populations, including both task-relevant and irrelevant
groups. This averaging process likely attenuates the effect size due to noise introduced by task-
irrelevant neural activity.

In contrast, this frequency-perception link was disrupted in the F2B1 condition (Figure 3B @),
where the auditory stimulus appeared to negate the predictive power of alpha frequency in visual
integration. This observation aligns with recent null effects reported by Buergers and Noppeney
(Buergers and Noppeney, 2022 ). Further supporting this interpretation, the tACS results
demonstrated that alpha frequency modulation influenced perceptual outcomes only in the F2
condition, underscoring the causal role of alpha frequency in visual integration without auditory
interference. Moreover, these findings ruled out the possibility that the auditory beep evoked an
alpha response contaminating occipital alpha recordings and masking the alpha frequency-
perception relationship in the F2B1 condition. Notably, even when alpha frequency was externally
manipulated via tACS, no behavioral differences emerged between high- and low-frequency
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conditions in the F2B1 condition (Figure 5B (). This suggests that the auditory-induced disruption
of the alpha frequency-perception link was not due to neural noise but rather reflected the
fundamental influence of auditory input on alpha oscillatory dynamics. We propose that the
auditory stimulus induces phase resetting, aligning alpha oscillation phases in a consistent
direction and slightly reducing poststimulus alpha frequency (Figure 2B(2). Although subtle, this
reduction is meaningful: it increases the probability that stimuli will fall within a longer temporal
integration window, thereby favoring 1-flash percepts in the F2B1 condition (Figure 3B(%). Thus,
even if a higher prestimulus alpha frequency might typically predict more 2-flash percepts, the
auditory-induced frequency reduction overrides this pattern, diminishing alpha frequency’s
predictive role. These findings suggest that concurrent auditory input extends the temporal
window by modulating the dynamics of alpha oscillations, ultimately changing perceptual
integration in a cross-modal context.

Prior research has shown that phase encodes rapidly changing stimuli effectively (Schyns et al.,

that dominate phase estimates(Harris, 2023 @; VanRullen, 2016a ). As a result, prestimulus phase
has become a valuable proxy for predicting perception, although its effectiveness has been
debated. While some studies consistently support the predictive role of prestimulus phase (Busch
et al., 2009 @; Gruber et al., 2014 (3; Mathewson et al., 2009 (2 ; Milton and Pleydell-Pearce, 2016 2),
others report null effects (Benwell et al., 20222, 2017 (Z; Keitel et al., 2022 2; Ruzzoli et al.,
2019Z; van Diepen et al., 2015). In our study, in the F2B1 condition, the pre-stimulus alpha
rhythm exhibited a significant phase opposition effect, whereas this modulation effect was much
weaker in the unimodal F2 condition. According to our model, both the frequency and phase of
alpha oscillations play distinct roles: frequency determines whether two flashes are perceived as
one or two, while phase alignment influences the clarity of that perception. In the F2 condition,
flashes falling within the same alpha cycle tend to be perceived as a single flash, while flashes
falling in separate cycles favor a 2-flash percept. However, even when both flashes are detected as
separate, perception clarity depends on favorable phase alignment: favorable alignment sharpens
the distinction, whereas less favorable alignment reduces clarity. In the F2B1 condition, the
auditory stimulus induces phase resetting, aligning the second flash within a more favorable
phase window, improving perceptual clarity. This mechanism allows the second flash to reliably
fall within optimal phase windows, making it easier to distinguish between one- and two-flash
outcomes. Therefore, in the cross-modal F2B1 condition, the predictive role of prestimulus phase
is enhanced, as the auditory-driven phase resetting sharpens perceptual distinctions by aligning
the stimulus to optimal phases.

Previous studies on the influence of oscillatory phase on perception primarily analyzed absolute
phase angles within a cycle, categorizing specific phases as favorable or unfavorable for
perception(Busch et al., 2009 (% ; Mathewson et al., 20107 ; Neuling et al., 2012(#; Ng et al.,

2012 ). This framework, however, creates a potential contradiction: one stimulus could be
presented at a favorable phase and another at an unfavorable phase, leading to the erroneous
perception of only one stimulus, irrespective of whether they occur in the same or different cycles.
Such an explanation conflicts with our behavioral data, which suggest a more nuanced interplay
between frequency and phase. Notably, the above-mentioned studies, however, used near-
threshold stimuli, raising concerns about their applicability to suprathreshold stimuli, which are
presumably perceived with less dependence on specific phase variations (Baumgarten et al.,

2015 ). In contrast, our model integrates the roles of both frequency and phase. Frequency
governs the temporal resolution of the visual system, while phase modulates the clarity with
which two perceptual states are distinguished (Ten Oever et al., 2020 2). This expanded role of
phase as a modulator of perceptual clarity helps reconcile discrepancies in the literature. For
example, Buergers and Noppeney (2022) 2 reported null effects of alpha frequency on sensitivity
for discriminating between one-flash and two-flash percepts in both unimodal and cross-modal
contexts (Buergers and Noppeney, 2022 ). Our model suggests that while frequency may not
directly influence sensitivity, alpha phase plays a critical role in modulating perceptual sensitivity.
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By accounting for both frequency and phase, our framework offers a cohesive explanation for
both consistent and null results in prior research, advancing our understanding of oscillatory
dynamics in perception.

Additionally, the observed phase and frequency effects appear to be unrelated to fluctuations in
oscillatory amplitude, as our analyses have revealed. This indicates that, at least in the alpha band,
the phase and frequency of ongoing neural oscillations may exert an influence on stimulus

et al., 2023 2; Milton and Pleydell-Pearce, 2016 ). Moreover, the discernible distinctions in
patterns between the phase and frequency of alpha oscillations in cross-modal integration imply
that they independently contribute, to some degree, to the modulation of temporal integration
processes.

Our findings offer a novel perspective on phase resetting, emphasizing its influence on cross-
modal interactions beyond its traditional role in facilitating multisensory integration. For example,
prior research has shown that cross-modal phase resetting, such as visual stimuli modulating

et al.,, 20203; Thorne et al., 2011 ). Similarly, auditory-driven phase resetting in the visual cortex
has been demonstrated to facilitate audiovisual integration (Mercier et al., 2013 ). These studies
underscore the critical role of phase resetting in optimizing sensory processing, proposing that its
underlying mechanism involves the reorganization of neural oscillations through input from
another sensory domain (Senkowski and Engel, 2024 2). Supporting this, a study in non-human
primates by Lakatos et al. (2007) @ found that somatosensory inputs reset oscillatory phases in the
auditory cortex by modulating subthreshold membrane potentials, rather than increasing neural
firing rates, thereby enhancing responsiveness (Lakatos et al., 2007 ). In this study, we reveal a
distinct and underexplored consequence of phase resetting. Specifically, we show that auditory
inputs to the visual cortex extend the temporal window for visual processing. While this might
initially suggest a reduction in the sensory resolution of the visual system, it actually facilitates the
seamless integration of auditory and visual inputs. This broader temporal window reflects an
adaptive trade-off that enhances cross-modal coherence. Thus, phase resetting not only improves
integration efficiency but also dynamically reshapes the temporal properties of sensory modalities
to meet task demands, enabling flexible adaptation to complex environments. This aligns with a
recent study in animals, which showed that responses in a primary sensory area’s preferred
modality (e.g., somatosensory cortex for tactile stimuli) are highly plastic and can adapt to task
demands and environmental changes (Kato and Bruno, 2024 ).

Please note that our model, based on perceptual cycles and phase reset, offers a speculative
hypothesis that necessitates additional empirical evidence for validation. Incorporating studies
with variable perceptual clarity or sensitivity would enhance our understanding of the specific
role played by phase. Moreover, acknowledging the physiological limitations in our EEG study, we
recognize the complexity of phase resetting induced by transient events in the brain. Our model
simplifies this intricacy by focusing on sound-induced phase resetting, but further empirical
evidence is crucial for validation and refinement. Distinguishing evoked phase locking from pure
phase resetting poses challenges, and intracranial recordings with higher resolution could provide
a potential solution(Bauer et al., 2020 ). In our upcoming studies, we plan to utilize intracranial
recordings in future studies to address and overcome this challenge, providing further clarity on
the role of phase in perceptual processing.

In summary, our study unveils the impact of simultaneous auditory input on the temporal
perception of two visual stimuli. The findings indicate that the introduction of auditory stimuli
extends the temporal window of integration, with a notable influence on alpha oscillations. We
propose that this effect is driven by auditory input-induced phase resetting in visual areas, which
extends the duration of the alpha cycle. Consequently, this elongation strengthens the dominant
predictive role of the alpha phase while simultaneously reducing the influence of alpha frequency
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in multisensory processing. In combination with previous studies investigating similar paradigms,
our current findings lend further support to the perceptual cycle theory and offer a novel
interpretation for the divergent outcomes observed in previous research on frequency and phase.

Materials and methods

Participants

Thirty-four healthy right-handed participants (23 females; age 20.8 + 1.9, Mean + SD) participated
in the EEG experiment. Another group of 30 participants participated in the tACS experiment (18
females; age 22.4 + 2.2). The sample size was pre-specified to ensure at least 80% power to detect
experimental effect sizes ranging from moderate to large (Cohen’s d > 0.5). All participants have
normal or corrected-to-normal visual acuity and have no history of neurological or psychiatric
disease.

Stimuli

The visual stimuli consisted of two identical white circles, each with a radius of 2 degrees,
presented against a gray background. These circles were displayed rapidly one after the other,
positioned peripherally below the fixation point at an eccentricity of 5 degrees of visual angle.
Each visual stimulus had a duration of 10 milliseconds. The auditory stimulus was a 10-
millisecond pure tone with a frequency of 3000 Hz and an approximate sound level of 50 decibels.
To provide a spatially congruent experience for the participants, the auditory stimuli were
delivered through a pair of loudspeakers situated on either side of the monitor. This arrangement
created the perception that the auditory cues originated from the center of the screen, closely
aligned with the visual stimuli. Visual stimuli were presented using Presentation software
(Neurobehavioral Systems; http://www.neurobs.com (@) on a 24-inch high-refresh-rate LCD monitor
(resolution: 1920 x 1080, refresh rate: 100 Hz, viewing distance 57 cm) and viewed through a chin-
and-forehead rest. The monitor was carefully calibrated using an oscilloscope before the
experiment. The study consisted of two conditions: the F2 condition, involving the presentation of
two visual stimuli, and the F2B1 condition, where the first visual flash was consistently
accompanied by an auditory beep.

Psychophysical procedures

To determine each subject’s fusion threshold for the bistable condition, each participant completed
a psychophysical pretest before the main experiment. Prior to the psychophysical pretest,
participants completed a practice block consisting solely of explicit short (30 ms) and long trials
(100 ms) until accuracy reached at least 90%. During the formal psychophysical pretest, the first
flash was presented for a duration of 10 ms, after a variable ISI (eight levels: 30, 40, 50, 60, 70, 80,
90, or 100 ms), the second flash was presented for 10 ms as well. Each ISI comprised 35 trials for
both F2 and F2B1 conditions. Participants were then asked to perform a two-alternative forced-
choice task in which they had to choose between perceiving one flash or two flashes. A logistic
function was used to fit the eight data points (one for each ISI) to a psychometric curve. The fusion
threshold IS, that is, the point at which 1-flash and 2-flash were equally likely to be reported, was
calculated by estimating the 50% performance point on the fitted logistic function for each
participant. The individual fusion threshold ISI derived from the psychophysical pretest was then
utilized as ISI in the bistable trials of the subsequent EEG experiment.

EEG experimental procedures

Participants were instructed to fixate at a central fixation throughout the experiment without
moving their eyes. The experimental task was to discriminate one- or two-flash by pressing one of
two prespecified buttons on the keyboard using the index and middle fingers of their right hand.
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The mapping between the two response buttons and the two types of percepts was
counterbalanced between participants. Each participant completed 560 experimental trials,
including 15% explicit short trials (ISI 30 ms), 15% explicit long trials (ISI 100 ms), and 70%
bistable trials (fusion threshold ISI), organized into ten blocks with short breaks in between. Each
trial began with a central fixation lasting 500 to 1500 ms, followed by a 10 ms presentation of the
first visual stimulus, accompanied by an auditory beep or not. After a variable ISI (30 ms, 100 ms,
or the participant’s individual fusion threshold), the second frame was displayed for 10 ms, and
participants were required to respond within 2000 ms.

Recording and preprocessing of EEG data

The electroencephalogram (EEG) was recorded at a sampling rate of 1000 Hz using a Neuroscan
SynAmps2 system equipped with 64-channel Quick-Caps and Ag/AgCl electrodes. To capture
horizontal and vertical electrooculograms, four extra electrodes were placed around the
participants’ eyes. The impedances of all electrodes were diligently maintained below 5 kQ to
ensure high signal quality. The signals were online-referenced to an electrode positioned between
Cz and CPz. Subsequently, the data underwent offline processing and analysis using FieldTrip
(Oostenveld et al. 2011 2) (www.fieldtriptoolbox.org @) and custom MATLAB scripting. Data were

filtered to eliminate interference from 50 Hz power lines, down-sampled to 500 Hz, re-referenced
to the average reference, epoch from -1300 to 1000 ms. To correct for any baseline drifts, the mean
amplitude was subtracted over a time window of -500 to 0 ms relative to the presentation of the
first flash. It should be noted that the subtraction of the mean amplitude has no effect on the pre-
stimulus alpha oscillations, as it mainly affects only the zero frequency component (Cohen,

movements, and other EEG artifacts were detected and removed through independent component
analysis.

tACS experimental procedures

The alternating-current stimulation was administered using a 1 x 1 transcranial electrical
stimulator (Soterix Medical, New York, NY) with rubber electrodes embedded in saline-soaked
sponges. Electrodes were secured to the scalp with elastic bands. The reference electrode and
stimulation electrode were positioned at the vertex (Cz) and posterior occipital area (0z),
respectively, following the international 10-20 EEG system. Each electrode measured 5 x 7 cm2. A
sinusoidal current was used with a DC offset of 0, and impedance was maintained below 5 kQ. The
current intensity was set at 1.5 mA. Participants completed three 16-minute tACS sessions in
randomized order: (1) 8 Hz stimulation (low-alpha), (2) 13 Hz stimulation (high-alpha), and (3)
sham stimulation. Sessions were spaced 30 minutes apart. During sham stimulation, the current
was ramped up over 30 seconds, then ramped down to zero over the subsequent 30 seconds, after
which no further stimulation was applied. The Auto-Sham setting on the tACS controller was used
to deliver sham stimulation. This ramping protocol mimicked the somatosensory sensation
typically experienced during real transcranial electrical stimulation, particularly during current
ramp-up or ramp-down phases. In each session, participants performed the same task as in the
psychophysical pre-test, with 20 trials for each ISI condition.

Alpha oscillation analysis of EEG data

In our EEG data analysis, our primary focus was on the bistable trials within both the F2 and F2B1
conditions, unless stated otherwise. Fast Fourier Transform (FFT) was applied to generate a power
spectrum for all electrodes and participants, ranging from 1 to 30 Hz. In each trial, the power
spectrum was computed over the entire period of interest (-600 to 600 ms, relative to the
presentation of the first flash). Subsequently, the grand-level power spectrum was obtained by
averaging across all trials, electrodes, and participants, thereby identifying the frequency band
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where the peak frequency, characterized by the highest power, was located. The power
topography map was constructed to depict the most prominent frequency band observed in the
power spectrum.

Following established methods (Cohen, 2014a(%), we computed instantaneous alpha frequencies
(IAF) over time. IAF was determined by selecting occipital electrodes (01, 02, Oz, PO7, PO5, PO3,
POz, PO4, PO6, and PO8) exhibiting maximum alpha power in the posterior region of interest for
each participant. Specifically, in the time window of -600 to 600 ms, a plateau-shaped band-pass
filter (8 to 13 Hz) with a 15% transition zone was applied to the data. Phase angle time series were
extracted using the Hilbert transform, and the temporal derivative of the phase angle time series,
indicative of instantaneous frequency (scaled by the sampling rate and 2m), was calculated as the
phase varied over time. Previous studies have suggested that noise in the phase angle time series
may result in sharp, unphysiological responses in the derivative (Coh 2). Therefore, the
following disposition was made on the instantaneous frequencies with a median filter of order 10
and a maximum window size of 400 ms. To be more specific, the data were averaged across trials
after being median filtered ten times using 10-time windows ranging from 10 to 400 ms. This
analysis is theoretically independent of the oscillatory amplitude, except for cases when the
amplitude is zero and the phase is indeterminate, as it only considers changes in instantaneous
phase. To account for the possibility that differences in trial numbers may lead to discrepancies
across conditions, we counterbalanced the number of trials between perceptual outcomes and
different conditions. The average instantaneous alpha frequency (IAF) was then calculated for
bistable 1-flash and 2-flash trials in F2 and F2B1 conditions.

For the control analysis of instantaneous alpha power, we employed the same filtering and Hilbert
transform as utilized in the IAF analysis to extract instantaneous alpha amplitude. The power was
then calculated by squaring the amplitude.

To account for the potential effects of the 1/f slope, we reconstructed the time-domain signals that
had been demodulated by implementing 1/f attenuation, following the methods outlined in a
previous study (Samaha and Cohen, 2022 (®). Specifically, we utilized the Fast Fourier Transform
(FFT) to extract the amplitude and phase spectra from each trial of the original signal. Polynomial
fits were then applied to the amplitude spectra to obtain the best-fit values, the inverse of which
was multiplied by the amplitude spectrum point-by-point to generate the demodulated amplitude
spectrum. To reconstruct the demodulated time-domain signal, we employed the Inverse FFT to
combine the phase and amplitude spectra of the original signal into complex values. Next, the
demodulated signal underwent a filter with a fixed frequency limit of 8-13 Hz to perform the
instantaneous frequency analysis.

Our primary goal was to investigate whether single-trial perception is influenced by the phase of
ongoing oscillatory activity. To achieve this, we utilized the phase opposition sum (POS) method
(VanRullen, 2016a ) to evaluate the phase difference between the two distinct perceptual
outcomes in the F2 and F2B1 conditions. Given that the statistical power of POS is influenced by
the absolute trial count within each set of trial, and that reliability of POS can be compromised
when dealing with unequal 1-flash and 2-flash trial counts (an inherent feature of all phase-based
time-frequency analyses methods) (Vinck et al., 2010 &), we balanced the trial counts for both
perceptual outcomes in both F2 and F2B1 conditions.

Time-frequency transformations were first generated over occipital channels using fieldtrip
(Oostenveld et al., 2011 ). Specifically, we used wavelets with logarithmically spaced cycles
(ranging from 2 at the lowest frequency to 7 at the highest frequency) to obtain time-frequency
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representations (complex numbers) at 60 log-spaced frequency points spanning from 2 to 50 Hz.
This yields a complex representation of the amplitude, A, and the phase, ¢, for trial j at time t and
frequency f:

tf; = 4;(t, e Pt €))

The phase of this representation can be extracted by normalizing the complex vector to the unit
length:

tf,t.f)

= |ef;(e P

@

Inter-Trial Phase Coherence (ITC) measures the phase consistency across trials. We calculated the
ITC using the method described previously (Cohen, 2014b@):

N

1
ITCy = ‘N @;(t, f)‘ (©)]

n

Where N is the number of trials in one group of trials. Note that the ITC is a scalar rather than a
vector and it is always non-negative.

Subsequently, to assess whether trials associated with a specific perceptual outcome (i.e., 1-flash or
2-flash) exhibited differences in phase distribution when compared to trials related to the other
perceptual outcome, we computed the POS value using the following formula(VanRullen, 2016a X ):

PUS = ITC; + ITCy; + ITCy; 4)

Where ITC, and ITCy are the ITC calculated separately for the two subgroups to be compared (i.e.,
1flash or 2flash), and ITC,;; is the ITC calculated across all trials regardless of condition.

Notably, when two conditions exhibit phase clustering at specific, distinct phase angles at a given
time and frequency, this signifies that these conditions are phase-clustered with higher ITCs than
the total ITC, leading to a higher POS value. Conversely, the POS value will be lower if the different
conditions do not display stronger phase clustering or if the phases cluster at approximately the
same phase angle.

To rigorously evaluate the significance of phase opposition without assuming any specific
probability distribution of the POS values, a non-parametric permutation test was conducted.
Initially, the POS values were computed for each point in the time-frequency plane from -600 to
200 ms, ranging from 2 to 50 Hz (in logarithmically spaced cycles) for each occipital electrode and
subject, and then averaged over all occipital electrodes and subjects. The surrogate POS values
were obtained by randomly assigning trials to one or the other condition for each subject while
maintaining a constant number of trials in each condition, and then recalculating the grand mean
POS values. The p-value of each time-frequency point was calculated as the proportion of grand
mean surrogate POS values that exceeded the empirically observed grand mean POS. To ensure
statistical rigor, 100,000 surrogates were employed, and a p-value of 1x10™> was assigned to the
points without more extreme POS values in the surrogates.

Statistical analyses

Cluster-based correction was applied when multiple time-frequency points (Figure 4A %) or time
points (Figure 2B 3, 2D-EZ, 3A® and S4A) were tested. For multiple comparison correction of
time-frequency points, elements that passed a threshold corresponding to a p-value of 0.05 were
marked in each surrogate. Neighboring marked elements were identified as clusters. The count of
suprathreshold samples within a cluster was used to define the cluster size, and the largest cluster
size was entered into a distribution of cluster size, which was expected under the null hypothesis
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(Maris and Oostenveld, 2007 (@). The p-value of the cluster was calculated as the proportion of the
largest cluster size that exceeded the empirically observed largest cluster size. Regarding multiple
comparison correction for time points, paired t-statistics were initially computed between
different conditions across participants. Elements that passed a threshold of p < 0.05 (two-tailed)
were marked to identify temporal clusters. The t-values within a connected cluster were summed
up to yield a cluster-level statistic. The p-value of the cluster was determined using a similar
shuffling process within each participant.

Simulations of EEG data

Simulations of EEG data were conducted utilizing MATLAB (MathWorks Inc) (for visualization of
the simulation procedure, please see Figure S8). The fundamental representation of an oscillator
with constant parameters is expressed as:

g(t) = Ycos[2nft + 0] (5)

For each trial, signal (y;) changes over time according to:

Ve =Y +A4g(t—1) + &4 (6)

Where ¢ follows a normal distribution. Aligning with the phase reset hypothesis, which posits that
a salient stimulus shifts the phase of ongoing neural oscillation to its optimal excitability
phase(Lakatos et al., 2005; Lakatos et al., 20077 ; Lakatos et al., 2008; Thorne et al., 2011 %; Harris,
2023 %), we strategically adjust the stimulus occurrence to synchronize with the good phase range

for both experimental conditions. Specifically, we randomly set the initial phase within the good
phase range of [-1/2m, 1/27].

For the F2B1 condition, specifically designed to incorporate sound-induced phase resetting, a
phase delay of 25 ms was introduced to the signal after the presentation of a sound stimulus at 0
ms. This delay was randomly varied within the range of 0 to 50 ms.

To simulate behavioral and EEG results, we generated 1000 trials for F2 and F2B1 conditions,
respectively, and then implemented eight-level ISIs, ranging evenly from 30 ms to 100 ms. The
perceptual outcome depended on the temporal alignment of the two flashes and the phases at
which the second flash occurred. Specifically, subjective perceptual outcome was determined
based on whether the two flashes occurred within the same alpha cycle or different. The phase at
which the second flash occurred played a crucial role in the clarity of differentiating between 1-
flash and 2-flash percepts, thereby directly affecting the reported percepts. We assigned a clarity
value of 1 for favorable phases [-1/2m, 1/21] and a clarity value of 0.5 for unfavorable phases [-m,
-1/2mt] and [1/2m, 1]. Then we calculated the proportion of reported 2-flash percepts for each ISI.
Applying a logistic function, we fitted the proportions of 2-flash percepts to determine the fusion
threshold for each condition. Subsequently, the thresholds were used as ISI in F2 and F2B1
conditions for further frequency and phase analysis, followed the methodology outlined above for
the analysis of real EEG data.

Moreover, we calculated the subjective sensitivity (d’) for the F2 and F2B1 conditions, following
the signal detection theory:

d' = z(HR) — z(FAR) (7)
where the hit rate (HR) represents the proportion of cases where the subjective perceptual

outcome is 2-flash (i.e. the two flashes fall in the different alpha cycles) and the reported outcome
is also 2-flash. The false alarm rate (FAR) is the proportion of cases where the subjective
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perceptual outcome should be 1-flash (i.e., two flashes fall in the same alpha cycle), but the
reported outcome is 2-flash percept.

Data and code availability

The data and code utilized in the study are openly accessible on the website (https://osf.io/2hsqw
/@). They have been made available for reuse or distribution in the public domain, as per the
criteria set forth by the institute and in compliance with the ethical committee’s endorsement.
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Reviewer #1 (Public review):
Summary:

Is peristimulus alpha (8-14 Hz) frequency and/or phase involved in shaping the length of
visual and audiovisual temporal binding windows, as posited by the discrete sampling
hypothesis? If so, to what extent and perceptual scenario are they functionally relevant? The
authors addressed such questions by collecting EEG data during the completion of the widely-
known 2-flash fusion paradigm, administered both in a standard (i.e., visual only, F2) and
audiovisual (i.e., 2 flashes and 1 beep, F2B1) fashion. Instantaneous frequency estimation
performed over parieto-occipital sensors revealed slower alpha rhythms right after stimulus
onset in the F2B1 condition, as compared to the F2, a pattern found to correlate with the
difference between modality-specific ISIs (F2B1-F2). Of note, peristimulus alpha frequency
differed also between 1 vs 2 flashes reports, although in the visual modality only (i.e., faster
alpha oscillations in 2 flash percept vs 1 flash). This pattern of results was reinvigorated in a
causal manner via occipital tACS, which was capable of, respectively, narrowing down vs
enlarging the temporal binding window of individuals undergoing 13 Hz vs 8 Hz stimulation
in the F2 modality alone. To elucidate what the oscillatory signatures of crossmodal
integration might be, the authors further focused on the phase of posterior alpha rhythms.
Accordingly, the Phase Opposition Sum proved to significantly differ between modalities
(F2B1 vs F2) during the prestimulus time window, suggesting that audiovisual signals
undergo finer processing based on the ongoing phase of occipital alpha oscillations, rather
than the speed at which these rhythms cycle. As a last bit of information, a computational
model factoring in the electrophysiological assumptions of both the discrete sampling
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hypothesis and auditory-induced phase-resetting was devised. Analyses run on such synthetic
data were partially able to reproduce the patterns witnessed in the empirical dataset. While
faster frequency rates broadly provide a higher probability to detect 2 flashes instead of 1,
the occurrence of a concurrent auditory signal in cross-modal trials should cause a transient
elongation (i.e. slower frequency rate) of the ongoing alpha cycle due to phase-reset dynamics
(as revealed via inter-trial phase clustering), prompting larger ISIs during F2B1 trials.
Conversely, the model provides that alpha oscillatory phase might predict how well an
observer dissociates sensory information from noise (i.e., perceptual clarity), with the second
flash clearly perceived as such as long as it falls within specific phase windows along the
alpha cycle.

Strengths:

The authors leveraged complementary approaches (EEG, tACS, and computational
modelling), the results thereof not only integrate, but depict an overarching mechanistic
scenario elegantly framing phase-resetting dynamics into the broader theoretical
architecture posited by the discrete sampling hypothesis. Analyses on brain oscillations
(either via frequency sliding and phase opposition sum) mostly appear to be
methodologically sound, and very-well supported by tACS results. Under this perspective, the
modelling approach serves as a convenient tool to reconcile and shed more light on the
pieces of evidence gathered on empirical data, returning an appealing account on how cross-
modal stimuli interplay with ongoing alpha rhythms and differentially affect multisensory
processing in humans.

Weaknesses:

Some information relative to the task and the analyses is missing. For instance, it is not
entirely clear from the text what the number of flashes actually displayed in explicit short
trials is (1 or 2?). We believe it is always two, but it should be explicitly stated.

Moreover, the sample size might be an issue. As highlighted by a recent meta-analysis on the
matter (Samaha & Romei, 2024), an underpowered sample size may very well drive null-
findings relative to tACS data in F2B1 trials, in interplay with broad and un-individualized
frequency targets.

Some criticality arises regarding the actual "bistability" of bistable trials, as the statistics
relative to the main task (i.e., the actual means and SEMs are missing) broadly point toward a
higher proclivity to report 2 instead of 1 flash in both F2B1 and F2 trials. This makes sense to
some extent, given that 2 flashes have always been displayed (at least in bistable trials), yet
tells about something botched during the pretest titration procedure.

Coming to the analyses on brain waves, one main concern relates to the phase-reset-induced
slow-down of posterior alpha rhythms being of true oscillatory nature, rather than a mere
evoked response (i.e., not sustained over time). Another question calling for some further
scrutiny regards the overlooked pattern linking the temporal extent of the IAF differences
between F2 and F2B1 trials with the ISIs across experimental conditions (explicit short,
bistable, and explicit long). That is, the wider the ISI, the longer the temporal extent of the IAF
difference between sensory modalities. Although neglected by the authors, such a trend
speaks in favour of a rather nuanced scenario stemming from not only auditory-induced
phase-reset alpha cycle elongation, but also some non-linear and perhaps super-additive
contribution of flash-induced phase-resetting. This consideration introduces some of the
issues about the computational simulation, which was modelled around the assumption of
phase-resetting being triggered by acoustic stimuli alone. Given how appealing the model
already is, I wonder whether the authors might refine the model accordingly and integrate
the phase-resetting impact of visual stimuli upon synthetic alpha rhythms. Relatedly, I would
also suggest the authors to throw in a few more simulations to explore the parameter space
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and assay, to which quantitative extent the model still holds (e.g. allowing alpha frequency to
randomly change within a range between 8 and 13 Hz, or pivoting the phase delay around 10
or 50 ms). As a last remark, I would avoid, or at least tone down, concluding that the results
hereby presented might reconcile and/or explain the null effects in Buergers & Noppeney,
2022; as the relationship between IAFs and audiovisual abilities still holds when examining
other cross-modal paradigms such as the Sound-Induced Flash-Illusion (Noguchi, 2022), and
the aforementioned patterns might be due to other factors, such as a too small sample size
(Samaha & Romei, 2024).

https://doi.org/10.7554/eLife.105531.1.sa3

Reviewer #2 (Public review):
Summary:

The authors used a visual flash discrimination task in which two flashes are presented one
after another with different inter-stimulus intervals. Participants either perceive one flash or
two flashes. The authors show that the simultaneous presence of an auditory input extends
the temporal window of integration, meaning that two flashes presented shortly after one
another are more likely to be perceived as a single flash. Auditory inputs are accompanied by
a reduction in alpha frequency over visual areas. Prestimulus alpha frequency predicts
perceptual outcomes in the absence of auditory stimuli, whereas prestimulus alpha phase
becomes the dominant predictor when auditory input is present. A computational model
based on phase-resetting theory supports these findings. Additionally, a transcranial
stimulation experiment confirms the causal role of alpha frequency in unimodal visual
perception but not in cross-modal contexts.

Strengths:

The authors elegantly combined several approaches-from behavior to computational
modeling and EEG-to provide a comprehensive overview of the mechanisms involved in
visual integration in the presence or absence of auditory input. The methods used are state-
of-the-art, and the authors attempted to address possible pitfalls.

Weaknesses:

The use of Bayesian statistics could further strengthen the paper, especially given that a few
p-values are close to the significance threshold (lines 162 & 258), but they are interpreted
differently in different cases (absence of effect vs. trend).

Overall, these results provide new insights into the role of alpha oscillations in visual
processing and offer an interesting perspective on the current debate regarding the roles of
alpha phase and frequency in visual perception. More generally, they contribute to our
understanding of the neural dynamics of multisensory integration.

https://doi.org/10.7554/eLife.105531.1.sa2

Reviewer #3 (Public review):
Summary:

The authors investigated the impact of an auditory stimulus on visual integration at the

behavioral, electrophysiological, and mechanistic levels. Although the role of alpha brain
oscillations on visual perception has been widely studied, how the brain dynamics in the
visual cortices are influenced by a cross-modal stimulus remains ill-defined. The authors
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demonstrated that auditory stimulation systematically induced a drop in visual alpha
frequency, increasing the time window for audio-visual integration, while in the unimodal
condition, visual integration was modulated by small variations within the alpha frequency
range. In addition, they only found a role of the phase of alpha brain oscillations on visual
perception in the cross-modal condition. Based on the perceptual cycles' theory framework,
the authors developed a model allowing them to describe their results according to a phase
resetting induced by the auditory stimulation. These results showed that the influence of
well-known brain dynamics on one modality can be disrupted by another modality. They
provided insights into the importance of investigating cross-modal brain dynamics, and an
interesting model that extends the perceptual cycle framework.

Strengths:

The results are supported by a combination of various, established experimental and analysis
approaches (e.g., two-flash fusion task, psychometric curves, phase opposition), ensuring
strong methodological bases and allowing direct comparisons with related findings in the
literature.

The model the authors proposed is an extension and an improvement of the perceptual
cycle's framework. Interestingly, this model could then be tested in other experimental
approaches.

Weaknesses:

There is an increasing number of studies in cognitive neuroscience showing the importance
of considering inter-individual variability. The individual alpha frequency (IAF) varied from
8 to 13 Hz with a huge variability across participants, and studies have shown that the IAF
influenced visual perception. Investigating inter-individual variations of the IAF in the
reported results would be of great interest, especially for the model.

Although the use of non-invasive brain stimulation to infer causality is a method of great
interest, the use of tACS in the presented work is not optimal. Instead of inducing alpha brain
oscillations in visual cortices, the use of tACS to activate the auditory cortex instead of the
actual auditory stimulation would have presented more interest.

https://doi.org/10.7554/eLife.105531.1.sa1

Author response:

Public Reviews:
Reviewer #1 (Public review):
Summary:

Is peristimulus alpha (8-14 Hz) frequency and/or phase involved in shaping the length of
visual and audiovisual temporal binding windows, as posited by the discrete sampling
hypothesis? If so, to what extent and perceptual scenario are they functionally relevant?
The authors addressed such questions by collecting EEG data during the completion of
the widely-known 2-flash fusion paradigm, administered both in a standard (i.e., visual
only, F2) and audiovisual (i.e., 2 flashes and 1 beep, F2B1) fashion. Instantaneous
frequency estimation performed over parieto-occipital sensors revealed slower alpha
rhythms right after stimulus onset in the F2B1 condition, as compared to the F2, a
pattern found to correlate with the difference between modality-specific ISIs (F2B1-F2). Of
note, peristimulus alpha frequency differed also between 1 vs 2 flashes reports, although
in the visual modality only (i.e., faster alpha oscillations in 2 flash percept vs 1 flash). This
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pattern of results was reinvigorated in a causal manner via occipital tACS, which was
capable of, respectively, narrowing down vs enlarging the temporal binding window of
individuals undergoing 13 Hz vs 8 Hz stimulation in the F2 modality alone. To elucidate
what the oscillatory signatures of crossmodal integration might be, the authors further
focused on the phase of posterior alpha rhythms. Accordingly, the Phase Opposition Sum
proved to significantly differ between modalities (F2B1 vs F2) during the prestimulus time
window, suggesting that audiovisual signals undergo finer processing based on the
ongoing phase of occipital alpha oscillations, rather than the speed at which these
rhythms cycle. As a last bit of information, a computational model factoring in the
electrophysiological assumptions of both the discrete sampling hypothesis and auditory-
induced phase-resetting was devised. Analyses run on such synthetic data were partially
able to reproduce the patterns witnessed in the empirical dataset. While faster frequency
rates broadly provide a higher probability to detect 2 flashes instead of 1, the occurrence
of a concurrent auditory signal in cross-modal trials should cause a transient elongation
(i.e. slower frequency rate) of the ongoing alpha cycle due to phase-reset dynamics (as
revealed via inter-trial phase clustering), prompting larger ISIs during F2B1 trials.
Conversely, the model provides that alpha oscillatory phase might predict how well an
observer dissociates sensory information from noise (i.e., perceptual clarity), with the
second flash clearly perceived as such as long as it falls within specific phase windows
along the alpha cycle.

Strengths:

The authors leveraged complementary approaches (EEG, tACS, and computational
modelling), the results thereof not only integrate, but depict an overarching mechanistic
scenario elegantly framing phase-resetting dynamics into the broader theoretical
architecture posited by the discrete sampling hypothesis. Analyses on brain oscillations
(either via frequency sliding and phase opposition sum) mostly appear to be
methodologically sound, and very-well supported by tACS results. Under this perspective,
the modelling approach serves as a convenient tool to reconcile and shed more light on
the pieces of evidence gathered on empirical data, returning an appealing account on
how cross-modal stimuli interplay with ongoing alpha rhythms and differentially affect
multisensory processing in humans.

Weaknesses:

Some information relative to the task and the analyses is missing. For instance, it is not
entirely clear from the text what the number of flashes actually displayed in explicit short
trials is (1 or 2?). We believe it is always two, but it should be explicitly stated.

We thank the reviewer for highlighting this important point. In our study, all explicit trials
consistently presented two flashes. We will clearly state this detail in the Methods section to
avoid any further confusion.

Moreover, the sample size might be an issue. As highlighted by a recent meta-analysis on
the matter (Samaha & Romei, 2024), an underpowered sample size may very well drive
null-findings relative to tACS data in F2B1 trials, in interplay with broad and un-
individualized frequency targets.

We thank the reviewer for raising this point. First, we would like to clarify that our results do
not suggest that the frequency effect is absent in the F2B1 condition; rather, it is relatively
attenuated compared to the F2 condition. If the sample size were the primary issue, we would
expect to observe a null effect in both conditions. Instead, the stronger frequency modulation
in F2 confirms that the sound-induced modulation is present, albeit reduced in the
audiovisual context. In our revised manuscript, we will explicitly note that our claim is not
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that there is no frequency effect in F2B1 but that the effect is weaker relative to F2, and we
will also acknowledge the potential limitations associated with sample size and the lack of
individualized frequency targeting.

Some criticality arises regarding the actual "bistability" of bistable trials, as the statistics
relative to the main task (i.e., the actual means and SEMs are missing) broadly point
toward a higher proclivity to report 2 instead of 1 flash in both F2B1 and F2 trials. This
makes sense to some extent, given that 2 flashes have always been displayed (at least in
bistable trials), yet tells about something botched during the pretest titration procedure.

We thank the reviewer for pointing out the potential bias toward reporting “two flashes” in
the bistable trials. Because our experimental design involves presenting two flashes in both
explicit and bistable trials, a slight tendency to report two flashes may naturally arise,
especially at threshold levels determined during pretesting. We believe, however, that this
bias does not undermine our primary findings. Our psychophysical procedure is designed to
align the inter-stimulus interval with each participant’s fusion threshold, aiming for a near
50/50 split between “one-flash” and “two-flash” reports. However, given that two flashes are
always presented, participants may be predisposed to report two flashes when uncertain.
This reflects a plausible perceptual bias inherent in the bistable design, rather than a
systematic flaw. Importantly, this tendency appears at comparable levels in both the F2 and
F2B1 conditions, indicating that it does not selectively affect any particular condition. In the
revised manuscript, we will include additional descriptive statistics, such as means and
standard deviations, to demonstrate that the observed bias remains within an acceptable
range and does not compromise our core conclusions regarding the modulatory effect of
auditory input on visual integration.

Coming to the analyses on brain waves, one main concern relates to the phase-reset-
induced slow-down of posterior alpha rhythms being of true oscillatory nature, rather
than a mere evoked response (i.e., not sustained over time).

We appreciate the reviewer’s concern regarding this issue. First, the sustained decrease in
posterior alpha frequency observed in our study—persisting for approximately 280 ms—
substantially exceeds the typical duration of an auditory evoked potential (generally 50-200
ms) (Ndatdnen and Picton, 1987). This extended period of modulation suggests that it is not
merely a transient evoked response.

Second, our analysis of alpha power further supports this interpretation. A purely evoked
response is usually accompanied by a corresponding increase in signal power; however, our
results show no such power increase when comparing the F2B1 condition with the F2
condition.

Moreover, the observed increase in alpha phase resetting—as measured by inter-trial phase
coherence (ITC)—does not significantly correlate with changes in alpha power. This
dissociation further indicates that the auditory-induced effects are unlikely to be driven
solely by evoked potentials, but are more consistent with a reorganization of the intrinsic
neural oscillatory activity.

Together, these lines of evidence strongly support the view that the auditory-induced
decrease in alpha frequency reflects true changes in ongoing oscillatory dynamics, rather
than being merely a transient evoked response.

Another question calling for some further scrutiny regards the overlooked pattern linking
the temporal extent of the IAF differences between F2 and F2B1 trials with the ISIs across
experimental conditions (explicit short, bistable, and explicit long). That is, the wider the
ISI, the longer the temporal extent of the IAF difference between sensory modalities.
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Although neglected by the authors, such a trend speaks in favour of a rather nuanced
scenario stemming from not only auditory-induced phase-reset alpha cycle elongation,
but also some non-linear and perhaps super-additive contribution of flash-induced
phase-resetting. This consideration introduces some of the issues about the
computational simulation, which was modelled around the assumption of phase-
resetting being triggered by acoustic stimuli alone. Given how appealing the model
already is, I wonder whether the authors might refine the model accordingly and
integrate the phase-resetting impact of visual stimuli upon synthetic alpha rhythms.

We appreciate the reviewer’s insightful comment regarding the potential influence of flash-
induced phase resetting on the temporal extent of the IAF differences. We acknowledge that
the observation—that wider ISIs are associated with a longer period of IAF differences—hints
at a non-linear or even super-additive interaction between auditory- and flash-induced phase
resetting mechanismes.

However, the primary focus of our current study is on how auditory stimuli affect alpha
oscillatory dynamics. Our experimental design and computational model were specifically
optimized to capture auditory-induced phase resetting. Incorporating the additional
influence of flash-induced effects would require a significantly more refined experimental
framework and a more complex modeling approach. This added complexity could obscure
the interpretation of our main findings, which are centered on auditory influences.

In the revised manuscript, we will address this intriguing possibility in the Discussion section.
We will acknowledge that while the data hint at a potential visual contribution, our present
model deliberately isolates auditory-induced phase resetting to maintain clarity. We also
propose that future research, with more precise experimental designs and enhanced
modeling techniques, is necessary to fully disentangle and capture the interplay between
auditory and flash-induced phase resetting mechanismes.

Relatedly, I would also suggest the authors to throw in a few more simulations to explore
the parameter space and assay, to which quantitative extent the model still holds (e.g.
allowing alpha frequency to randomly change within a range between 8 and 13 Hz, or
pivoting the phase delay around 10 or 50 ms).

We appreciate the reviewer’s suggestion to further explore our model’s parameter space. In
response, we will conduct additional simulations that incorporate variability in alpha
frequency—sampling randomly between 8 and 13 Hz—and examine alternative phase delays
(e.g., around 10 and 50 ms). By systematically adjusting these parameters, we can more
thoroughly evaluate the model’s robustness and delineate its boundaries under a broader
range of neurophysiological conditions. We will present these results in the revised
manuscript and discuss how they inform our understanding of alpha-driven visual
integration in cross-modal contexts.

As a last remark, I would avoid, or at least tone down, concluding that the results hereby
presented might reconcile and/or explain the null effects in Buergers & Noppeney, 2022;
as the relationship between IAFs and audiovisual abilities still holds when examining
other cross-modal paradigms such as the Sound-Induced Flash-Illusion (Noguchi, 2022),
and the aforementioned patterns might be due to other factors, such as a too small
sample size (Samaha & Romei, 2024).

We appreciate the reviewer’s suggestion and will revise our claims accordingly. In the revised
manuscript, we will clarify that while our study demonstrates a mechanism by which alpha
oscillations influence audiovisual integration in certain paradigms, this does not mean that
our findings fully reconcile all conflicting results in the literature. We will emphasize that our
mechanism may help explain why alpha frequency plays a critical role in some experimental
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settings, but that factors such as sample size, task parameters, and experimental design
differences likely contribute to the divergent results observed across studies. Accordingly, we
acknowledge that further research with larger samples and more refined methodologies is
necessary to fully reconcile these discrepancies. This more cautious interpretation will be
clearly discussed in the revised manuscript.

Reviewer #2 (Public review):
Summary:

The authors used a visual flash discrimination task in which two flashes are presented
one after another with different inter-stimulus intervals. Participants either perceive one
flash or two flashes. The authors show that the simultaneous presence of an auditory
input extends the temporal window of integration, meaning that two flashes presented
shortly after one another are more likely to be perceived as a single flash. Auditory inputs
are accompanied by a reduction in alpha frequency over visual areas. Prestimulus alpha
frequency predicts perceptual outcomes in the absence of auditory stimuli, whereas
prestimulus alpha phase becomes the dominant predictor when auditory input is
present. A computational model based on phase-resetting theory supports these
findings. Additionally, a transcranial stimulation experiment confirms the causal role of
alpha frequency in unimodal visual perception but not in cross-modal contexts.

Strengths:

The authors elegantly combined several approaches-from behavior to computational
modeling and EEG-to provide a comprehensive overview of the mechanisms involved in
visual integration in the presence or absence of auditory input. The methods used are
state-of-the-art, and the authors attempted to address possible pitfalls.

Weaknesses:

The use of Bayesian statistics could further strengthen the paper, especially given that a
few p-values are close to the significance threshold (lines 162 & 258), but they are
interpreted differently in different cases (absence of effect vs. trend).

We appreciate the reviewer’s suggestion regarding the use of Bayesian statistics. We agree
that a Bayesian framework can offer valuable complementary insights to our analysis by
helping to distinguish whether a marginal p-value represents a trend or truly indicates the
absence of an effect. To enhance the robustness of our conclusions, we will incorporate
supplemental Bayesian analyses in the revised manuscript.

Overall, these results provide new insights into the role of alpha oscillations in visual
processing and offer an interesting perspective on the current debate regarding the roles
of alpha phase and frequency in visual perception. More generally, they contribute to our
understanding of the neural dynamics of multisensory integration.

Reviewer #3 (Public review):
Summary:

The authors investigated the impact of an auditory stimulus on visual integration at the
behavioral, electrophysiological, and mechanistic levels. Although the role of alpha brain
oscillations on visual perception has been widely studied, how the brain dynamics in the
visual cortices are influenced by a cross-modal stimulus remains ill-defined. The authors
demonstrated that auditory stimulation systematically induced a drop in visual alpha
frequency, increasing the time window for audio-visual integration, while in the
unimodal condition, visual integration was modulated by small variations within the
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alpha frequency range. In addition, they only found a role of the phase of alpha brain
oscillations on visual perception in the cross-modal condition. Based on the perceptual
cycles' theory framework, the authors developed a model allowing them to describe their
results according to a phase resetting induced by the auditory stimulation. These results
showed that the influence of well-known brain dynamics on one modality can be
disrupted by another modality. They provided insights into the importance of
investigating cross-modal brain dynamics, and an interesting model that extends the
perceptual cycle framework.

Strengths:

The results are supported by a combination of various, established experimental and
analysis approaches (e.g., two-flash fusion task, psychometric curves, phase opposition),
ensuring strong methodological bases and allowing direct comparisons with related
findings in the literature.

The model the authors proposed is an extension and an improvement of the perceptual
cycle's framework. Interestingly, this model could then be tested in other experimental
approaches.

Weaknesses:

There is an increasing number of studies in cognitive neuroscience showing the
importance of considering inter-individual variability. The individual alpha frequency
(IAF) varied from 8 to 13 Hz with a huge variability across participants, and studies have
shown that the IAF influenced visual perception. Investigating inter-individual variations
of the IAF in the reported results would be of great interest, especially for the model.

We appreciate the reviewer’s valuable feedback regarding the importance of inter-individual
variability in alpha frequency. In our current study, we have already addressed participant-
level variability in our neural data by performing inter-subject correlation analyses,
investigating whether individual reductions in alpha frequency correlate with broader
temporal integration windows at the behavioral level.

Moreover, our computational model incorporates physiologically realistic distributions for
key parameters, including frequency and amplitude, which captures some degree of
individual variability. Nevertheless, we acknowledge that a more targeted examination of
how different IAF values specifically affect the model’s predictions would be highly valuable.
In response, we will expand our simulations to systematically explore a range of IAF values
and assess their impact on temporal integration windows and related measures of
audiovisual processing. These additional analyses will help clarify the role of inter-individual
variability in alpha frequency and further strengthen the mechanistic account offered by our
model. We will detail these enhancements and discuss their implications in the revised
manuscript.

Although the use of non-invasive brain stimulation to infer causality is a method of great
interest, the use of tACS in the presented work is not optimal. Instead of inducing alpha
brain oscillations in visual cortices, the use of tACS to activate the auditory cortex instead
of the actual auditory stimulation would have presented more interest.

We appreciate the reviewer’s suggestion and acknowledge that non-invasive brain
stimulation offers promising avenues for inferring causality. In our study, our primary
hypothesis focused on the role of occipital alpha oscillations in defining the temporal window
for visual integration, and accordingly we targeted visual cortex in our tACS protocol.
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We recognize that stimulating the auditory cortex could provide additional insights into
auditory contributions to phase resetting. However, accurately targeting the auditory cortex
with tACS presents technical challenges. The auditory cortex is located deeper within the
temporal lobe, and factors such as variable skull thickness and complex current spread make
it difficult to reliably modulate its neural activity compared to the more superficial visual
areas. Indeed, recent studies have demonstrated that tACS-induced electric fields in the
temporal regions tend to be weaker and less focal—for example, Huang et al. (2017) and Opitz
et al. (2016) highlight the limitations in achieving robust stimulation of deeper or
anatomically complex brain regions using conventional tACS approaches.

Given these considerations, while we agree that future investigations could benefit from
exploring auditory cortex stimulation—either as an alternative or as a complementary
approach—the present study remains focused on visual alpha modulation, where our
protocol is well validated and yields reliable results. In the revised manuscript, we will
clearly discuss these issues and acknowledge the potential, yet technically challenging,
possibility of stimulating the auditory cortex in future work to further disentangle the
contributions of auditory and visual inputs to cross-modal integration.

https://doi.org/10.7554/eLife.105531.1.sa0
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