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A B S T R A C T

In competing environments, both selective attention and audiovisual interaction can facilitate visual processing, 
yet whether their influences operate independently or interactively remains debated. Using electroencephalog
raphy (EEG), we addressed this issue by instructing participants to selectively attend to one of two lateralized 
flickering discs, which also changed their shapes either temporally congruent or incongruent with a pitch- 
changing sound. We found that reaction times for detecting deviants embedded in the attended visual stream 
were reduced when a temporally congruent sound was concurrently played. Compared to a temporally incon
gruent auditory stream, a congruent one selectively enhanced steady-state visual evoked potentials (SSVEPs) in 
response to flickering of the unattended stream. In contrast, the SSVEP and inter-trial phase coherence in 
response to the shape-modulation for both attended and unattended streams were enhanced at the harmonic 
frequencies by the temporally congruent sound. The results indicate that the auditory influence on visual pro
cessing orthogonal to audiovisual temporal congruency (flicker) interacts with attention, whereas the auditory 
influence on visual processing relevant to audiovisual temporal congruency (shape-modulation) is largely in
dependent of attention. However, these congruency effects were observed only under rhythmic audiovisual 
streams: When audiovisual pitch-shape modulation followed unrhythmic temporal structures, these congruency 
effects totally disappeared. Together, these findings demonstrate that temporally congruent auditory streams can 
modulate visual processing both independently of and interactively with selective attention, highlighting a 
flexible and complex interplay between selective attention and audiovisual interaction.

1. Introduction

At a noisy cocktail party, individuals prioritize relevant conversa
tions while filtering out distracting ones by selectively attending to a 
partner’s voice and ignoring other speakers or background noise. 
Comprehension of the attended speech can be further facilitated by 
simultaneously viewing the speaker’s face, especially lip movements, 
through enhanced cortical tracking of the speech envelope in the audi
tory cortex (Ahmed et al., 2023; Haider et al., 2024; Park et al., 2016; 
Reisinger et al., 2025; Zion Golumbic et al., 2013). Not only speeches, 
auditory tracking of selectively attended but meaningless sound streams 
can also be enhanced by temporally congruent visual streams (Atilgan 
et al., 2018; Maddox et al., 2015; Peng et al., 2023), and further 

improved by training of audiovisual temporal precision. Conversely, 
temporally and semantically congruent auditory stimuli are able to 
enhance the salience of target among distractors in the visual domain, 
thereby attracting bottom-up attention and improving visual search 
(Iordanescu et al., 2008; Kvasova et al., 2019; Shen et al., 2023a; Van der 
Burg et al., 2008, 2011).

However, in competitive visual environments analogous to the 
“cocktail party,” it remains unclear whether a temporally congruent 
auditory stream modulates visual processing independently of top-down 
selective attention, or whether such cross-modal influences interact with 
selective attention in a manner that differentially impacts attended and 
unattended visual streams. Existing literature diverges on this issue. One 
line of studies suggests that the influence of temporally congruent 
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auditory stream on visual processing is largely independent of selective 
attention. For example, a sound whose pitch continuously co-varies with 
the spatial frequency of the visual stimuli in competitive visual scenes, 
can equally enhance the steady-state evoked visual responses (SSVEPs) 
at the harmonic frequencies of the pitch-spatial-frequency co-variation, 
irrespective of whether the visual stimuli are attended or ignored (Covic 
et al., 2017; Keitel and Mueller, 2015). Consistently, the independence 
between audiovisual interaction and selective attention has also been 
demonstrated in cross-modal illusions, such as the ventriloquism 
(Bertelson et al., 2000).

In contrast, another line of studies reports that the modulation of 
visual processing by temporally congruent auditory streams depends on 
selective attention. An early neuroimaging study showed increased 
activation in both multisensory integration regions (e.g., superior tem
poral sulcus and superior colliculus) and visual sensory areas when 
participants listened to speech congruent with the lip movements they 
attended, compared to unattended lip movements (Fairhall and Mac
aluso, 2009). Electroencephalography (EEG) studies also revealed 
enhanced early auditory-specific high gamma responses (Senkowski 
et al., 2005) or amplified the audiovisual interaction for attended rather 
than unattended stimulus sequences (Talsma and Woldorff, 2005). The 
same conclusion is reached across stimuli and paradigm (Alsius et al., 
2014, 2005; Seijdel et al., 2024). On the contrary, others found a greater 
improvement of visual target detection on the unattended side than the 
attended side (Zou et al., 2012), see also Van der Stoep et al. (2015) for a 
similar finding. It has also been demonstrated that the SSVEPs to ignored 
speakers in multiple speaker scenarios were enhanced by congruent 
speech sounds, resulting in stronger interference to speech recognition 
of the attended speakers (Krause et al., 2012; Senkowski et al., 2008). 
However, the authors did not explicitly compare the SSVEPs between 
attended and unattended speakers; it is therefore inconclusive which 
speaker was enhanced to a greater extent.

Taken together, these divergent findings suggest a flexible and 
complex relationship between audiovisual interaction and selective 
attention, influenced by various factors such as stimulus complexity 
(speech or nonspeech), task demands, and competition between sensory 
streams (Talsma et al., 2010). However, one critical but often over
looked factor in resolving these discrepancies is the relevance of specific 
stimulus features to audiovisual temporal congruency (Bizley et al., 
2016). For continuous audiovisual streams, temporal congruency be
tween the dynamic changes of auditory and visual features (e.g., 
size-pitch covariation) is a widely recognized prerequisite for audiovi
sual interaction (Atilgan and Bizley, 2021; Crosse et al., 2015; Maddox 
et al., 2015; Parise et al., 2013; Shen et al., 2023a; Yuan et al., 2020). 
However, there are other features orthogonal to audiovisual temporal 
congruency in defining a unified audiovisual object, such as luminance 
or timbre (Bizley et al., 2016). In the cocktail party scenario, Peng et al. 
(2023) has discovered that EEG tracking of an amplitude-modulated 
sound stream was enhanced by a temporally congruent size-modulated 
visual streams, independently of attention; while the event-related 
neural responses to timber deviants, which are irrelevant to temporal 
congruency, were influenced only in the unattended sound stream. 
Thus, the first objective of the current study was to explore whether the 
modulation of temporally congruent auditory streams on visual pro
cessing is unaffected, amplified, or attenuated by selective attention 
depending on specific visual features being processed.

Furthermore, literature that investigated how audiovisual temporal 
congruency and selective attention collectively influence visual pro
cessing mainly used speech or simple rhythmic sequences (Covic et al., 
2017; Fairhall and Macaluso, 2009; Keitel and Mueller, 2015; Krause 
et al., 2012; Seijdel et al., 2024). Speech shares commonality with 
rhythmic sequences in their intrinsic temporal regularity (Giraud and 
Poeppel, 2012; Park et al., 2016), which allows content and timing in the 
future being predicted by the past. These characteristics of rhythmic and 
quasi-rhythmic stimuli including speech dramatically differ from irreg
ular, unrhythmic stimuli. It has been demonstrated that rhythmic 

audiovisual stimulation elicits enhanced integration compared to un
rhythmic stimulation (Heins et al., 2021; Marchant et al., 2012; ten 
Oever et al., 2014). For example, auditory detection threshold was lower 
in rhythmic sequences than in random sequences when slightly pre
ceded by a series of visual cues (ten Oever et al., 2014). Synchronous, 
rhythmic audiovisual sequences elicited stronger activation in the right 
inferior parietal lobule than synchronous but unrhythmic audiovisual 
sequences (Marchant et al., 2012). Accordingly, the second objective of 
the current study was to explore whether the interplay between audio
visual temporal congruency and selective attention on visual processing 
is influenced by the temporal structure of the audiovisual streams.

To address the two issues, we conducted an EEG study employing the 
frequency-tagging technique (Covic et al., 2017; Keitel and Mueller, 
2015; Nozaradan et al., 2012; Sciortino and Kayser, 2023) to simulta
neously capture the steady-state responses to visual features relevant 
and orthogonal to audiovisual temporal congruency. It should be 
emphasized that some studies failed to track an auditory influence on 
SSVEPs tagging to visual features (a flicker) orthogonal to audiovisual 
temporal congruency (Covic et al., 2017; Giani et al., 2012; Keitel and 
Mueller, 2015), while others succeeded (Drijvers et al., 2020; Nozaradan 
et al., 2012; Sciortino and Kayser, 2023). Having reviewed these studies, 
we realized that the crucial factor determining whether auditory in
fluences on visual processing orthogonal to audiovisual temporal con
gruency could be successively tracked by SSVEPs, might be the 
association between audiovisual stimuli. Among those tested, audiovi
sual association between shape/motion and pitch/beat changes rather 
than pitch-hue and pitch-saturation is more likely to evoke robust in
fluences on flicker-induced SSVEPs (Nozaradan et al., 2012; Sciortino 
and Kayser, 2023).

Thus, the present study employed a pitch-shape co-variation to 
define audiovisual temporal congruency. Specifically, participants were 
cued to selectively attend a lateral disc whose shape continuously 
changed while ignoring another shape-modulated disc located at the 
opposite side. A tone, whose pitch change was congruent with either the 
shape change of the attended disc or the unattended disc, was displayed. 
In the rhythmic context, the pitch-shape modulation was a regular one 
while in the unrhythmic context it was an irregular one. In addition, the 
luminance of the two discs changed at a relatively faster but fixed speed. 
In this design, the steady-state visual responses evoked by shape- 
modulation and flicker reflect the visual processing relevant or orthog
onal to the audiovisual temporal congruency, respectively. We hypoth
esized that for features relevant to temporal congruency (the shape- 
modulation), selective attention and temporal congruency would 
enhance steady-state responses independently, consistent with Covic 
et al. (2017), Keitel and Mueller (2015). Whereas for orthogonal features 
(the flicker), we hypothesized an interaction between them as Peng et al. 
(2023) reported, such that audiovisual temporal congruency would 
exert a differential influence on attended and unattended visual streams. 
Finally, we hypothesized that the congruency effect would primarily 
emerge in the rhythmic context, attenuate or even disappear under 
unrhythmic stimulation, according to Heins et al. (2021), Marchant 
et al. (2012), ten Oever et al. (2014).

2. Materials and methods

2.1. Participants

A total of 50 participants took part in the study, with 25 in the 
rhythmic context (12 males, mean age ± SD = 23.0 ± 2.3 years) and the 
other 25 in the unrhythmic context (12 males, mean age ± SD = 23.3 ±
2.2 years). All had normal or corrected-to-normal vision and normal 
hearing. The study was approved by the institutional review board of the 
Institute of Psychology, Chinese Academy of Sciences, and adhered to 
the tenets of the Declaration of Helsinki. Two participants in the 
rhythmic context were excluded from the behavioral analysis due to low 
behavioral accuracy (<50%), and two participants in the unrhythmic 
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context were excluded from the EEG analysis due to few valid EEG trials 
left after preprocessing.

2.2. Apparatus and stimuli

The experiment was conducted in a dim, sound-attenuated and 
electric-shielded room. Participants sat comfortably at a viewing dis
tance of about 65 cm from a CRT monitor. The monitor had a refresh rate 
of 60 Hz, and a resolution of 1280 × 1024 (37.5 cm × 30 cm). Visual 
stimulation consisted of two gray circular discs (49.2 cd/m2) with a 
diameter of ~4.1◦ of visual angle, one serving as the target and the other 
as the distractor, positioned in either the left or right visual field. Stimuli 
were presented against a black background (2.36 cd/m2, Fig. 1A). A gray 
arrow (0.26◦ × 0.52◦, 49.2 cd/m2) in the center of the display served as 
both the fixation and attentional cue. The visual stimulations underwent 
two independent changes in a trial: (1) One disc followed a cycle of 2 on- 
frames and 3 off-frames (2/3 on/off-ratio), resulting in a 12 Hz flicker 
(off-frame luminance = 9.7 cd/m2). The other disc flickered at a rate of 
15 Hz produced by a cycle of 2 on-frames and 2 off-frames (2/2 on/off- 
ratio). (2) The two discs also changed their shapes from discs to ellipses 
and then back to discs several times in the sequences. In the rhythmic 
context, their shapes were modulated at a fixed frequency of 2.61 or 
2.07 Hz, respectively. In the unrhythmic context, their shapes are 
controlled by a modulation function that pseudo-randomly changed its 
frequency every 0.5 s within a range of 2.31 ± 1 Hz (Fig. 1B). Two sets of 
unrhythmic sequences were generated in advance and were counter
balanced between participants. The selection of both flicker and mod
ulation frequencies was guided by previous audiovisual frequency- 
tagging studies (e.g., Keitel and Müller, 2015; Covic et al., 2017; 
Nozaradan et al., 2012; Sciortino and Kayser, 2023).

The auditory stimulation consisted of tones with a sample rate of 
44.1 kHz presented via in-ear headphones. The tones, with a central 
carrier frequency of 1000 Hz and a deviation of 200 Hz, were frequency 

modulated by the same sequence as the discs. That is, in the rhythmic 
context, the tone's pitch was modulated at either 2.07 or 2.61 Hz; in the 
unrhythmic context, the tone's pitch was pseudo-randomly modulated 
every 0.5 s ranging within 2.31 ± 1 Hz (Fig. 1B). The tone was presented 
at a sound intensity of ~39.4 dB(A), while the background noise at 30.9 
dB(A). An additional 0.5 s cosine ramp-on was applied to both the visual 
and auditory streams to prevent cross-modal synchronization based on 
abrupt onset. All stimuli were generated by MATLAB (The MathWorks, 
Natick, MA) and presented using Psychtoolbox (Brainard, 1997; Pelli, 
1997). To further minimize hardware-related audiovisual latency delay, 
we employed the ASIO4ALL low-latency audio driver to deliver auditory 
stimuli.

2.3. Experimental design and procedure

At the beginning of each trial, participants were cued to attend 
exclusively to the left or the right visual stream by the central arrow. 
After an interval of 0.5–1 s, the two flickering discs, one on the left side 
of the arrow, the other on the right, continuously changed their shapes 
for 9 s. Participants also heard a tone during presentation period of the 
visual streams and were asked to pay attention to it as well. The tone's 
pitch was modulated either congruently with the shape modulation of 
the attended disc or of the unattended disc. At the end of each trial, the 
screen turned blank and remained for an extra 1 s allowing participants 
to relax and blink before the next trial started (Fig. 1A). To make sure 
that participants followed the instruction and selectively attended to the 
visual target, occasional deviant events were embedded in the discs and 
tones in 27.3% of trials. In each of these trials, there were 2–3 deviant 
events with a minimum interval of 1 s between them. These events 
would not occur in the beginning 1 s of the trial. There were three types 
of deviant events. The attended disc suddenly decreased its brightness, 
the unattended disc suddenly decreased its brightness, or another 400- 
Hz tone suddenly appeared. Each event lasted 0.2 s. Participants were 

Fig. 1. Experimental procedure and stimulus design. (A) Visual stimulation consisted of two discs continuously flickering and changing their shapes. A central arrow 
cue instructed participants which disc to attend. Simultaneously, a tone with continuously changing pitch was presented, either temporally congruent or incongruent 
with the shape modulation of the attended disc. In the example trial shown, the attended disc’s luminance suddenly decreased, serving as the visual target. Par
ticipants were required to press a button as quickly as possible upon detecting this deviant change. (B) An example sequence of the shape-modulation and flickering 
functions for the attended and unattended disc, as well as the pitch-modulation function of the tone. In the rhythmic context, both sequences were modulated at 
frequencies of 2.07 or 2.61 Hz. In the unrhythmic context, the frequency of both sequences varied around 2.31 Hz; In the example shown in (B), the pitch modulation 
of the tone is temporally congruent with the shape modulation of the attended disc. The shape-modulation represents the feature relevant to audiovisual temporal 
congruency. In addition, the discs flickered at 12 or 15 Hz, which served as the feature orthogonal to audiovisual temporal congruency.
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also instructed to respond as quickly as possible to the deviant events 
occurring on the attended disc (visual target) and the tone (auditory 
target) while ignoring them on the unattended disc (visual distractor). 
Demos of audiovisual stimulation in an example trial from the rhythmic 
and unrhythmic contexts can be found in the supplementary material.

We manipulated selective attention and audiovisual temporal con
gruency in both the rhythmic and unrhythmic contexts. Note that the 
tone was always temporally congruent with one of the two discs; for 
example, when it was congruent with the attended disc in the trial, it 
was incongruent with the unattended disc. Likewise, when one disc on 
one side was attended, the other disc on the other side was unattended. 
In total, there are 110 trials divided into 5 blocks. In each block, there 
were 16 trials without and 6 trials with deviants (a total of 15 deviants, 5 
in each type). The combination of attended disc, attended side, and 
congruent disc resulted in 8 treatments in each block, each repeated 
twice. In the deviant trials, the three variables cannot be fully counter
balanced but randomized. Trials in each block were presented in a 
randomized order to minimize any potential order effects and systematic 
biases. Before formal EEG recording, participants were pretested using a 
3-down-1-up staircase to individually determine their detection 
thresholds for the visual and auditory targets (by changing the visual 
brightness and auditory intensity stepwise). The threshold test and the 
EEG experiment lasted approximately 45 min.

2.4. Behavioral data analysis

Responses were classified as ‘hit’ when participants responded 
within a time window of 0.2–1 s and within three standard deviations of 
the mean after the target onset. Responses were classified as ‘false alarm’ 
if participants responded to distractors within the same time limit. Since 
our participants made rare false alarms (mean ± SD = 1.8 ± 4.1% in the 
rhythmic context and 1.3 ± 1.8% in the unrhythmic context), we did not 
consider ‘false alarm’ in the following analysis.

The response accuracy (ACC) was calculated as the ratio of hits to the 
total number of targets for each condition and participant. The mean 
reaction time (RT) of hits for each participant was also calculated. Af
terwards, the RTs and ACCs were subjected to a two-way mixed-design 
analysis of variance (ANOVA), with rhythmicity (rhythmic and un
rhythmic) as a between-subject factor and audiovisual temporal con
gruency (the tone congruent or incongruent with the attended disc) as a 
within-subject factor. The ANOVAs were conducted for both visual and 
auditory targets. We mainly focused on whether audiovisual temporal 
congruency consistently influenced the processing of selectively atten
ded visual streams in rhythmic and unrhythmic contexts.

2.5. EEG data acquisition

EEG data was acquired using a 64-channel Neuroscan SynAmps RT 
system (Compumedics, USA) while participants performed the behav
ioral task. Continuous EEG signals were digitized at a sample rate of 
1000 Hz, referenced to an electrode between Cz and CPz. The horizontal 
and vertical eye movements were measured using four electrodes placed 
above and below the lower eyelids of the left eye and at the outer 
canthus of both eyes. Impedances were kept below 10 kΩ for all 
electrodes.

2.6. EEG data analysis

2.6.1. Preprocessing
Raw EEG data were analyzed using EEGLAB (Delorme and Makeig, 

2004) and custom scripts running on MATLAB. The offline data were 
downsampled to 250 Hz and band-pass filtered to 0.2 and 60 Hz. Bad 
channels were identified by visual inspection for each participant and 
spherically interpolated for subsequent analyses (EEGLAB function 
eeg_interp). Data were first segmented into long epochs of 13 secs (− 2 to 
11 sec relative to the stimulation onset of each trial) before independent 

component analysis (ICA) to remove noisy signals recorded at rest pe
riods while preserving sufficient data length and stationarity for ICA 
decomposition (Luck, 2022; Ouyang and Li, 2025). The artifacts such as 
eye blinks and movements were then removed based on the components 
extracted by ICA. The segmented data were re-referenced to the average 
mastoid signals, and baseline-corrected using the time window of 
− 500–0 ms. Epochs with amplitude exceeding ±120 μV were auto
matically rejected. Other residual artifacts were manually checked and 
rejected through visual inspection. On average, participants had 8.1% 
trials rejected in the rhythmic context. Two participants were excluded 
in the unrhythmic context because there were only 13 and 7 clean trials 
left after preprocessing. For the remaining participants, an average of 
6.19% trials were rejected in the unrhythmic context.

2.6.2. Event-related potentials
Artifact-free data were baseline-corrected relative to the interval 

from − 200 ms to 0 ms. In both rhythmic and unrhythmic contexts, three 
visual event-related potential (ERP) components at the parieto-occipital 
electrodes were identified: P1 (100–140 ms), N1 (160–200 ms), and P2 
(240–280 ms). We then computed the mean amplitude of the three ERP 
components on electrodes contralateral and ipsilateral to the attended 
side (P7/P8, P5/P6, P3/P4, PO7/PO8, PO3/PO4) for temporally 
congruent and incongruent conditions, respectively. The reported ERP 
components and electrodes of interest were selected based on scalp 
topography, as well as previous literature which consistently showed 
that the three early visual ERP components at the lateral parieto- 
occipital electrodes can capture attentional and multisensory modula
tions (Natale et al., 2006; Slagter et al., 2016; Störmer et al., 2009). 
Two-way repeated-measures ANOVAs were conducted for the amplitude 
of each ERP component in both rhythmic and unrhythmic contexts, with 
factors of attended side (contralateral and ipsilateral) and audiovisual 
temporal congruency (the tone congruent or incongruent with the 
attended disc).

2.6.3. Fast Fourier transform
For each participant, in each trial at each electrode, fast Fourier 

transform (FFT) was applied to the EEG signal from 1 to 9 s, trans
forming the data from the time domain to the frequency domain. The 
first 1 s were discarded to exclude ERPs to stimulus onset from spectral 
analyses. The nominal frequency resolution was increased to 0.1 Hz by 
zero-padding. The power was defined as the squared magnitude of the 
complex signals after FFT and then normalized into decibel scale [10 ×

log10(power)]. To remove the 1/f trend of the power spectrum, the 
power at each frequency was normalized by subtracting out the power at 
its neighboring frequency bins (two bins on each, 0.1 Hz) (Lenc et al., 
2018; Nozaradan et al., 2012; Shen et al., 2023b). The steady-state po
tentials were then calculated by averaging the normalized power across 
trials separately for each electrode, participant, and condition.

2.6.4. Steady-state visual evoked potential
The average SSVEPs at the tagging frequencies and their harmonics 

across the 19 posterior electrodes (Oz, O1, O2, CB1, CB2, POz, PO3, 
PO4, PO7, PO8, Pz, P1, P2, P3, P4, P5, P6, P7, and P8) were depicted in 
Fig. 4A (the rhythmic context) and Fig. 6A (the unrhythmic context). 
Notably, the power spectra display robust harmonic responses at twice 
the modulate frequencies (4.14 and 5.22 Hz). These harmonics were 
included in further analyses as fundamental and harmonic responses 
may reflect different aspects of stimulus processing and modulated by 
audiovisual temporal congruency distinctively (Keitel and Mueller, 
2015; Kim et al., 2011; Porcu et al., 2013)

The grand-average topographical distribution of SSVEPs evoked by 
shape-modulation and flicker, averaged across conditions and partici
pants, reveals prominent peaks at parieto-occipital electrodes in the 
rhythmic and unrhythmic contexts (Fig. 4C and Fig. 6C, respectively). As 
the scalp topography of SSVEPs varied across participants and fre
quencies, among the 19 posterior electrodes we selected electrodes of 
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interest in which the power at the tagging frequencies (modulate/flicker 
frequencies) exceeded the power in their neighboring frequency band, 
considering that a stable SSVEP should be larger than the noisy power 
fluctuation at its neighborhood. Specifically, we selected the top 10 
electrodes on which the SSVEPs had the largest difference from the 
maximum power within the neighboring frequency bands for each 
tagging frequency and participant (±0.3 Hz for modulate 1f, ±0.5 Hz for 
modulate 2f, and ±1.0 Hz for flicker). In cases where fewer than 10 
electrodes met the criteria for a given participant or frequency, all 
qualified electrodes were included. The electrode selection was con
ducted for each participant, modulate/flicker frequencies, and attended 
side, while merging the data across selective attention and audiovisual 
temporal congruency conditions. The number of electrodes chosen at the 
modulate and flicker frequencies in the rhythmic context summed across 
all participants is depicted in Fig. 4D. Similarly, the number of elec
trodes selected at the flicker frequencies in the unrhythmic context for 
all participants is shown in Fig. 6D.

The SSVEPs at each condition were averaged across the chosen 
electrodes. In the rhythmic context, SSVEP averages were calculated at 
the modulate 1f (2.07 Hz and 2.61 Hz), modulate 2f (4.14 Hz and 5.22 
Hz), and flicker frequencies (12 Hz and 15 Hz). To enhance statistical 
power, the two modulate or flicker frequencies were collapsed to focus 
on the overall effects. Note that in contrast to the behavioral and ERP 
analysis that can only measure the audiovisual congruency effects on the 
attended side, the neural responses from both attended and unattended 
sides can be measured using frequency-tagging. The SSVEPs at the 
modulate 1f, modulate 2f, and flicker frequency were analyzed using 
three-way repeated-measures ANOVAs with factors of attended side (left 
and right), selective attention (attended and unattended), and audiovi
sual temporal congruency (the tone congruent or incongruent with the 
disc). Since neither the main effect of the attended side nor its in
teractions with other variables were significant, we collapsed the data 
across the two attended sides for subsequent analyses. Consequently, 
two-way repeated-measures ANOVAs were conducted for the SSVEPs at 
the modulate 1f, modulate 2f, and flicker frequency, with selective 
attention and audiovisual temporal congruency as independent vari
ables. In the unrhythmic context, where no fixed modulate frequencies 
were present, the same two-way repeated-measures ANOVA was applied 
only to the SSVEP at the flicker frequency, collapsed across the attended 
side (no significant effects related to the attended side were observed).

2.6.5. Inter-trial phase coherence
The inter-trial phase coherence (ITC) was computed based on the 

Fourier transforms of the artifact-free 8-s trial epochs described in the 
above section. It is calculated as: 

ITC(f) =

⃒
⃒
⃒
⃒
⃒

1
N

∑N

n = 1

cn(f)
|cn(f)|

⃒
⃒
⃒
⃒
⃒

(1) 

where cn(f) is the complex Fourier coefficient of trial n at frequency f 
and |.| indicates the absolute value. ITC, as another metric of steady-state 
responses (SSRs), has also shown sensitivities to audiovisual temporal 
congruency (Covic et al., 2017; Keitel et al., 2019). Resembling the 
SSVEP, the ITC reached maxima at parieto-occipital electrodes, and had 
peaks at the flicker frequencies, the modulate frequencies and its second 
order harmonics in the rhythmic context (Fig. 4B), as well as at the 
flicker frequencies in the unrhythmic context (Fig. 6B).

For each participant and each condition, the ITCs were first averaged 
across the chosen electrodes among the 19 posterior ones (refer to the 
Steady-state visual evoked potential section). Similarly, we also collapsed 
the two specific frequencies at the modulate and flicker frequencies. In 
the rhythmic context, the collapsed ITCs at the modulate 1f, modulate 
2f, and flicker frequency were compared using three-way repeated 
measures ANOVA, incorporating attended side, selective attention, and 
audiovisual temporal congruency as independent variables. We also 
collapsed the ITC across attended sides, since it had no influential effects 

on the other two variables of interest. Subsequently, a two-way repeated 
measures ANOVA were performed, considering selective attention and 
audiovisual temporal congruency.

2.6.6. Correlations between RT and SSR measures
To examine whether the behavioral observed RT facilitation by au

diovisual temporal congruency can be predicted by the SSR measures, 
we calculated their correlations. First, we computed the normalized 
congruency effect for RT (ΔRT), 

ΔRT =
RTasyn − RTsyn

RTasyn + RTsyn
(2) 

which reflects normalized RT differences when auditory stream 
temporally congruent with the attended visual stream compared to 
unattended one. Then, we calculated two SSR congruency effects, one 
for the SSVEP (ΔPower) and the other one for the ITC (ΔITC), which 
reflect the differential impact of temporal congruency on the attended 
and unattended visual streams. The formulas are as follows, 

ΔPower =
(
Powerattend,con − Powerattend,incon

)

−
(
Powerunattend,con − Powerunattend,incon

)
(3) 

ΔITC =
(
ITCattend,con − ITCattend,incon

)
−

(
ITCunattend,con − ITCunattend,incon

)

(4) 

We then correlated ΔPower and ΔITC at the modulate 1f, modulate 
2f, and flicker frequency with ΔRT in the rhythmic context, and ΔPower 
and ΔITC at the flicker frequency with ΔRT in the unrhythmic context. 
We expected a positive correlation between RTs and SSR measures, 
which denotes the larger the SSR congruency effects for the attended 
versus unattended visual streams, the shorter the RTs when the attended 
visual stream is accompanied by a temporally congruent sound.

2.6.7. Statistics
Post-hoc analysis was performed for significant interactions found in 

all the ANOVAs on behavioral, SSVEP or ITC data. In addition, Bayesian 
equivalence tests were conducted to assess statistical evidence using 
Bayes factors (BFs), including BFIncl and BF10. Specifically, BFIncl assesses 
evidence favoring models including relative to excluding specific effects 
in the ANOVAs, while BF10 quantifies evidence in favor of the alternative 
hypothesis (H1) relative to the null hypothesis (H0) in paired-sample 
comparisons and correlational analyses. Following established conven
tions, BFIncl (or BF10) values below 1/10 were taken as strong evidence 
favoring models excluding the effect (or H0), values below 1/3 were 
taken as moderate evidence for exclusion (or H0), values between 1/3 
and 1 as anecdotal evidence for exclusion (or H0), values between 1 and 
3 as anecdotal evidence favoring models including the effect (or H1), 
values between 3 and 10 as moderate evidence for inclusion (or H1), and 
values greater than 10 as strong evidence for inclusion (or H1) (Lee and 
Wagenmakers, 2013; Peter Rosenfeld and Olson, 2021; Quintana and 
Williams, 2018). All the statistical analysis was performed in MATLAB 
and JASP (version 0.18.1.0, https://jasp-stats.org/). In the Results sec
tion, we reported all the BF values, but interpreted and concluded only 
relying on moderate or strong evidence.

3. Results

3.1. A temporally congruent sound modulates the reaction time to 
attended visual targets in rhythmic but not in unrhythmic contexts

Participants selectively attended lateral visual streams while simul
taneously listening to a pitch-modulated sound. They were required to 
respond as quickly as possible to deviants embedded in either the 
attended visual or auditory streams while ignoring deviants in the un
attended visual stream. The descriptive results of their RT and ACC are 
listed in Table 1.
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A two-way mixed-design ANOVA on visual RTs revealed a significant 
interaction between rhythmicity and audiovisual temporal congruency 
(F (1,46) = 6.704, p = 0.013, ηp

2 = 0.127, BFIncl = 3.917), with no 
significant main effects of rhythmicity (F (1,46) = 2.004, p = 0.164, ηp

2 

= 0.042, BFIncl = 0.843) and audiovisual temporal congruency (F (1,46) 
= 2.652, p = 0.110, ηp

2 = 0.055 BFIncl = 0.521), illustrated in Fig. 2. 
Post-hoc analysis showed that visual RTs were significantly shorter 
when auditory stream was congruent with the attended visual stream, 
but only in the rhythmic context (t (22) = − 3.043, p = 0.006, Cohen’s 
d = − 0.634, BF10 = 7.582). In contrast, no significant effect of temporal 
congruency was observed in the unrhythmic context (t (24) = 0.670, p =
0.509, Cohen’s d = 0.134, BF10 = 0.259). These findings indicate that 
audiovisual temporal congruency modulates the tracking of continuous, 
rhythmic rather than unrhythmic visual stream. Additionally, when 
audiovisual streams were temporally congruent, there was no significant 
difference in RTs between rhythmic and unrhythmic conditions (t (46) =
− 0.433, p = 0.667, Cohen’s d = 0.125, BF10 = 0.311). However, when 
they were temporally incongruent, RTs in the rhythmic condition were 
significantly longer than in the unrhythmic condition (t (46) = 2.179, p 
= 0.035, Cohen’s d = 0.629, BF10 = 1.899).

Two-way repeated-measures ANOVAs conducted on the visual ACC, 
auditory ACC and auditory RT, revealed no significant main effects of 
temporal congruency or rhythmicity, and interaction effects (Fs < 2.960, 
ps > 0.092, BFIncl < 0.964; Table 1), suggesting that both visual and 
auditory accuracy, as well as auditory RT, were basically comparable 
across conditions.

3.2. Early visual processing is modulated by selective attention but 
unaffected by audiovisual temporal congruency

Previous studies have demonstrated that directing attention to one 

side induces lateralization of early visual ERPs in the parieto-occipital 
regions, with greater amplitudes in the hemisphere contralateral to 
the attended side (Heinze et al., 1994; Hopfinger and West, 2006; Luck 
et al., 1990; Störmer et al., 2009). To investigate whether temporally 
congruent auditory streams differentially influence the attended and 
unattended visual processing at stimulus onset, we compared the 
contralateral and ipsilateral ERPs at the same region and examined 
whether these differences varied under temporally congruent versus 
incongruent conditions in rhythmic and unrhythmic contexts, 
respectively.

Fig. 3 illustrated the three identified visual ERP components, P1 
(100–140 ms), N1 (160–200 ms), and P2 (240–280 ms), recorded 
contralateral and ipsilateral to the attentional cue in both rhythmic 
(Fig. 3A) and unrhythmic (Fig. 3C) contexts. We averaged the ampli
tudes of these components in contralateral and ipsilateral electrodes for 
temporally congruent and incongruent conditions. Two-way repeated- 
measures ANOVAs revealed a significant main effect of selective atten
tion for P1 and N1 in both rhythmic and unrhythmic contexts (rhythmic 
P1: F (1,24) = 8.121, p = 0.009, ηp

2 = 0.253, BFIncl = 6.517; rhythmic 
N1: F (1,24) = 8.645, p = 0.007, ηp

2 = 0.265, BFIncl = 6.697; unrhythmic 
P1: F (1,22) = 8.084, p = 0.009, ηp

2 = 0.269, BFIncl = 5.660; unrhythmic 
N1: F (1,22) =7.275, p = 0.013, ηp

2 = 0.248, BFIncl = 4.532, Fig. 3B and 
Fig. 3D), indicating the P1 and N1 waveform recorded contralateral to 
the attended side exhibited greater positivity than the ipsilateral 
waveform. However, no significant main effect of audiovisual temporal 
congruency and interaction were observed for the two components in 
either rhythmic or unrhythmic contexts (Fs < 2.412, ps > 0.133, 
BFIncl < 0.916). No significant effect was found for P2 (Fs < 3.844, ps >
0.063, BFIncl < 1.448). These results demonstrate that selective attention 
modulates early neural responses in the visual cortex in both rhythmic 
and unrhythmic contexts. However, the temporally congruent sound 
may not influence the initial stages of visual processing, suggesting that 
more time is required for audiovisual interaction to occur in continuous 
streams.

3.3. Selective attention and audiovisual temporal congruency 
independently and interactively modulate the SSVEPs in the rhythmic 
context

Using frequency-tagging methods, we obtained two SSVEPs in the 
rhythmic context, one at the shape-modulation frequency, the other at 
the flicker frequency. The average SSVEPs at tagging frequencies across 
posterior electrodes are shown in Fig. 4A. In addition to the modulate 1f 
and flicker frequencies, observable SSVEPs were also recorded at the 
harmonics of the modulate frequency (2f). Consistently, grand-average 
topographies illustrate maximal modulate and flicker-driven SSVEP 
amplitudes at parieto-occipital sites (Fig. 4C). The average number of 
electrodes chosen for statistics at the modulate and flicker frequencies in 
the rhythmic context across participants were displayed in Fig. 4D.

Two-way repeated measures ANOVAs (selective attention × audio
visual temporal congruency) were conducted at the flicker, modulate 1f 
and modulate 2f frequencies. First, the results demonstrated that SSVEPs 
at the flicker frequency (Fig. 5A) were significantly higher for attended 
sequences compared to unattended sequences (F (1, 22) = 87.905, p <
0.001, ηp

2 = 0.800, BFIncl = 2.017 × 106), and significantly higher 
when there was a temporally congruent auditory stream relative to an 
incongruent one (F (1, 22) = 5.503, p = 0.028, ηp

2 = 0.200, BFIncl =

0.799). Interestingly, a significant interaction between selective 
attention and audiovisual temporal congruency was observed (F (1, 22) 
= 6.763, p = 0.016, ηp

2 = 0.235, BFIncl = 8.920). The temporally 
congruent auditory stream significantly enhanced the SSVEP at the 
unattended side compared to an incongruent one (t(22) = 3.659, p =
0.001, Cohen’s d = 0.763, BF10 = 26.767), whereas it did not influence 
the SSVEP at the attended side (t(22) = − 0.526, p = 0.604, Cohen’s d =
− 0.110, BF10 = 0.248), as illustrated in Fig. 5A.

Table 1 
Average behavioral performance (M ± SEM).

Rhythm Rhythmic(N = 23) Unrhythmic(N = 25)

Temporal 
congruency

Congruent Incongruent Congruent Incongruent

Visual ACC (%) 82.2 ±
3.1%

77.7 ± 3.4% 81.5 ±
3.4%

85.3 ± 2.9%

Visual RT (ms) 618 ± 15 648 ± 18 610 ± 13 603 ± 11
Auditory ACC (%) 96.4 ±

1.7%
95.9 ± 2.1% 98.4 ±

0.9%
99.1 ± 0.5%

Auditory RT (ms) 559 ± 15 560 ± 13 543 ± 13 537 ± 12

M = mean; SEM = standard error of the mean.

Fig. 2. Behavioral RT results in rhythmic and unrhythmic contexts. Each circle 
represents the RT from one participant. Error bars showed standard errors of 
the mean. ** p< 0.01. n.s., non-significant.
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Second, the results showed no significant SSVEP differences across 
conditions at the modulate 1f frequency (Fs < 1.343, ps > 0.266, BFIncl <

0.691, Fig. 5C). However, at the modulate 2f frequency, SSVEPs were 
significantly enhanced for attended compared to unattended condition 
(F (1, 14) = 52.921, p < 0.001, ηp

2 = 0.791, BFIncl = 395.596, Fig. 5E), 
and were significantly higher for temporally congruent than incon
gruent conditions (F (1, 14) = 4.983, p = 0.042, ηp

2 = 0.263, BFIncl =

1.485). No interaction between selective attention and audiovisual 
temporal congruency was found (F (1, 14) = 0.398, p = 0.538, ηp

2 =

0.028, BFIncl = 0.955). The anecdotal Bayesian evidence for the signif
icant congruency effect (BFIncl < 3) might be due to the relatively small 
sample size after strictly excluding the participants without robust 
SSVEPs at the modulate 2f frequency. However, it was consistent with 
previous reports (Covic et al., 2017; Keitel and Mueller, 2015).

3.4. Selective attention and audiovisual temporal congruency 
independently modulate the ITCs in the rhythmic context

Similar two-way repeated measures ANOVAs (selective attention ×
audiovisual temporal congruency) were conducted at the flicker, 
modulate 1f, and modulate 2f frequencies. At the flicker frequency, the 
ITC was significantly higher for attended sequences compared to unat
tended sequences (F (1, 22) = 136.542, p < 0.001, ηp

2 = 0.861, BFIncl =

1.166 × 108, Fig. 5B). However, neither the main effect of audiovisual 
temporal congruency nor the interaction reached significance (Fs <
0.009, ps > 0.925, BFIncl < 0.291). Similar results were obtained at 
modulate 1f frequency. There was a significant main effect of selective 
attention (F (1, 14) = 13.526, p = 0.002, ηp

2 = 0.491, BFIncl = 18.483, 
Fig. 5D). Neither the main effect of audiovisual temporal congruency 
nor the interaction effect was significant (Fs < 0.443, ps > 0.517, BFIncl 
< 0.364). At the modulate 2f frequency, in addition to the significant 
main effect of selective attention (F (1, 14) = 31.298, p < 0.001, ηp

2 =

0.691, BFIncl = 4177.197), temporally congruent auditory streams eli
cited significantly higher ITC relative to incongruent ones (F (1, 14) =
5.445, p = 0.035, ηp

2 = 0.280, BFIncl = 1.791, Fig. 5F). No significant 
interaction was observed either (F (1, 14) = 2.614, p = 0.128, ηp

2 =

0.157, BFIncl = 0.383). Similar to the SSVEP congruent effect at the 
modulate 2f frequency, the ITC congruency effect was consistent with 
one previous study (Covic et al., 2017), albeit with anecdotal Bayesian 
evidence.

The SSVEP and ITC results together demonstrated that a temporally 
congruent auditory stream modulates the visual processing orthogonal 
to audiovisual temporal congruency (indicated by the flicker-evoked 
SSVEPs) interactively with selective attention, with larger congruency 
effect for unattended visual processing. Conversely, it modulates the 
visual processing relevant to audiovisual temporal congruency (indi
cated by the shape-modulation-evoked SSVEPs and ITCs) independently 
of selective attention.

3.5. No enhancement of audiovisual temporal congruency on the SSVEPs 
and ITCs in the unrhythmic context

Since the pitch-shape modulation was irregular in the unrhythmic 
context, the frequency tagging analysis could only be performed at the 
flicker frequency. A summary of the SSR results in the unrhythmic 
context was shown in Fig. 6, with the average SSVEPs and ITC at the 
flicker frequencies across posterior electrodes shown in Fig. 6A and 6B, 
the grand-average topographies in Fig. 6C, and the average number of 
electrodes chosen at the flicker frequencies across participants in 
Fig. 6D. As Fig. 6E and 6F illustrated, the main effects of selective 
attention remained significant for the SSVEP (F (1, 21) = 27.726, p <
0.001, ηp

2 = 0.569, BFIncl = 356.509) and ITC (F (1, 21) = 32.271, p <
0.001, ηp

2 = 0.640, BFIncl = 2774.912). However, neither the main ef
fects of audiovisual temporal congruency nor their interactions were 

Fig. 3. The results of lateralized ERPs. Average ERP waveforms across electrodes contralateral and ipsilateral to the attended side were plotted for the rhythmic 
context (A) and unrhythmic context (C). The topography of the P1, N1, and P2 components were drawn alongside the time course. The shaded gray areas mark the 
time windows corresponding to the P1 (100–140 ms), N1 (160–200 ms), and P2 (240–280 ms) components. The electrodes of interest included P7/8, P5/6, P3/4, 
PO7/8, and PO3/4. (B) and (D) The average amplitudes of P1, N1, and P2 across the contralateral and ipsilateral electrodes to the attended side were shown for 
temporally congruent and incongruent conditions in the rhythmic context (B) and unrhythmic context (D), respectively. Error bars showed standard errors of the 
mean. ** p< 0.01. n.s., non-significant. The circles denoted individual data points.
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significant (Fs < 1.995, ps > 0.173, BFIncl < 0.468).

3.6. Rhythmicity modulates the influence of audiovisual temporal 
congruency on visual processing

It appeared that audiovisual temporal congruency selectively 
modulated flicker-evoked SSVEPs interactively with selective attention 
exclusively in rhythmic contexts. To confirm the role of rhythmicity, we 
combined the SSVEP data at the flicker frequency from both rhythmic 
and unrhythmic contexts and carried out a three-way repeated measures 
ANOVA (rhythmicity × selective attention × audiovisual temporal 
congruency). As expected, the results revealed a significant three-way 
interaction (F (1, 43) = 4.087, p = 0.049, ηp

2 = 0.087, BFIncl = 5.726), 
supporting that the temporal structure of audiovisual stream indeed 
affected whether a congruent auditory stream selectively enhances the 
unattended SSVEPs compared to an incongruent one. The results further 
revealed that continuous audiovisual interaction depends not only on 
moment-to-moment alignment, but also on the temporal regularity of 
the stimulus streams.

Other significant and marginal significant effects included the main 
effect of selective attention (F (1, 43) = 101.288, p < 0.001, ηp

2 = 0.702, 
BFIncl = 3.283 × 109), the interaction between rhythmicity and audio
visual temporal congruency (F (1, 43) = 6.640, p = 0.013, ηp

2 = 0.134, 
BFIncl = 2.881), and the interaction between rhythmicity and selective 
attention (F (1, 43) = 3.626, p = 0.064, ηp

2 = 0.078, BFIncl = 2.008). All 
the remaining effects were not significant (Fs < 2.354, ps > 0.132, BFIncl 
< 1.110).

3.7. Behavioral-neural correlations in rhythmic and unrhythmic contexts

We then assessed whether RTs facilitation driven by audiovisual 
temporal congruency was associated with related SSR measures 
(Fig. 7A). Specifically, we normalized the RT reduction for congruent 
versus incongruent conditions (ΔRT), and the SSR congruent effects for 
attended versus unattended streams (ΔPower and ΔITC). Only the cor
relation between ΔRT and ΔITC at the flicker frequency in the rhythmic 
context was significant and with moderate or stronger Bayesian evi
dence (r = 0.53, p = 0.013, BF10 = 4.975). Other significant or 
marginally significant correlations but with anecdotal Bayesian evi
dence included a positive one between ΔRT and ΔITC at modulate 1f 
frequency (r = 0.54, p = 0.039, BF10 = 2.231), a positive one between 
ΔRT and ΔPower at modulate 2f frequency (r = 0.56, p = 0.039, BF10 =

2.295), and a positive one between ΔRT and ΔPower at the flicker fre
quency (r = 0.42, p = 0.055, BF10 = 1.520), all in the rhythmic context. 
These results indicate that, in the rhythmic context, sound-induced 
shortening of reaction time to the attended targets is in proportion to 
the contrast between ITC congruency effects for the attended and the 
unattended streams, especially at the flicker frequency. Such correlation 
disappeared in the unrhythmic context (all ps > 0.537, BF10 < 0.316, 
Fig. 7B), further underscoring the critical role of rhythmicity in facili
tating audiovisual interaction.

4. Discussion

Previous studies have demonstrated that both selective attention and 
audiovisual temporal congruency can enhance visual processing; 

Fig. 4. An illustration of the SSRs in the rhythmic context. Normalized power spectra (A) and ITC spectra (B) averaged across posterior electrodes, conditions and 
participants. Arrows indicate modulate 1f (2.07 Hz and 2.61 Hz), modulate 2f (4.14 Hz and 5.22 Hz) and flicker frequency (12 Hz and 15 Hz), all demonstrating 
obviously higher power and ITC compared to other frequencies. (C) Topographic scalp of the SSVEPs at the tagging frequencies, the modulate 1f, the modulate 2f, 
and the flicker frequencies. (D) The number of electrodes selected for SSVEP and ITC statistical analysis summed across participants, drawn with color gradient.
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however, the relationship between these two processes remains 
controversial (Ahmed et al., 2023; Alsius et al., 2014, 2005; Bertelson 
et al., 2000; Covic et al., 2017; Keitel and Mueller, 2015; Spence and 
Driver, 2000; Talsma et al., 2007, 2010; Vroomen et al., 2001a, 2001b). 
The present findings revealed that selective attention and audiovisual 
temporal congruency simultaneously exert independent and interactive 
influences on visual processing, relying on two critical factors: the 
relevance of visual features to audiovisual temporal congruency and the 
temporal regularity of continuous audiovisual streams. First, selective 
attention and audiovisual temporal congruency independently 
enhanced SSVEPs and ITCs at the 2nd harmonics of the shape modula
tion (features relevant to audiovisual temporal congruency). Second, 
they interactively enhanced SSVEPs at the flicker frequency (features 
orthogonal to audiovisual temporal congruency), with audiovisual 
temporal congruency significantly boosting responses for unattended 
sequences but not for attended sequences. Third, larger flicker-induced 
ITC congruency effects for attended compared to unattended streams 
were associated with shorter RTs to deviants in the attended streams. 

Lastly, all observed crossmodal influences were restricted to rhythmic 
contexts with regularly structured audiovisual streams.

4.1. The impact of audiovisual temporal congruency on the visual 
deviants detection

Extensive research has demonstrated that temporally congruent vi
sual or auditory inputs can enhance sensory processing in another mo
dality (Ahmed et al., 2023; Atilgan et al., 2018; Haider et al., 2024; 
Iordanescu et al., 2008; Kvasova et al., 2019; Maddox et al., 2015; Park 
et al., 2016; Peng et al., 2023; Reisinger et al., 2025; Shen et al., 2023a; 
Van der Burg et al., 2008, 2011). Consistently, in our study the reaction 
times shortened for detection of deviants in the attended stream when a 
temporally congruent tone was played compared to an incongruent one. 
Notably, the finding appears in stark contrast with previous studies 
employing the same paradigm (Covic et al., 2017; Keitel and Mueller, 
2015) which showed that when a tone’s pitch changed congruently with 
the spatial-frequency change of an attended Gabor, deviant detection 

Fig. 5. The SSVEP and ITC results in rhythmic context. The power spectra and the SSVEP at the flicker frequency (A), at the modulate 1f frequency (C), and at the 
modulate 2f frequency (E) under different conditions. The ITC spectra and the ITC at the flicker frequency (B), at the modulate 1f frequency (D), and at the modulate 
2f frequency (F) under different conditions. The attended and congruent sequences in the power and ITC spectra panels were labeled following the rule that indicates 
which sequence is attended and congruent with. For instance, AttenSeq1ConSeq1 indicates that sequence 1 was attended and temporally congruent with. Audiovisual 
temporal congruency was defined as temporal alignment between the tone and the disc at the tagged frequency. Error bars showed standard errors of the mean. *** 
p< 0.001. ** p< 0.01. * p< 0.05. n.s., non-significant. The circles indicate individual data points.
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RTs increased relative to temporally incongruent tones.
Several key differences between their studies and ours may account 

for these divergent findings. First, they used pitch-spatial-frequency 
audiovisual streams, whereas we used pitch-shape ones. As stated in 
the introduction, this coupling may be more ideal for an underlying 
neural enhancement to occur (also see Section 4.2 in Discussion). Sec
ond, the tagging frequencies differed. Covic et al. (2017), Keitel and 
Mueller (2015) used flicker frequencies of ~14/17 Hz and modulate 
frequencies at 3.14/3.62 Hz, whereas our study employed lower flicker 
(12/15 Hz) and modulate (2.07/2.61 Hz) frequencies. Both modulate 
frequencies fall below the ~4 Hz limit for crossmodal temporal con
gruency discrimination (Fujisaki and Nishida, 2005, 2010). However, 
the lower frequencies used in our study may facilitate easier discrimi
nation, and improved temporal congruency discrimination has been 
shown to be requisite for audiovisual interaction with dynamic stimuli 
in competitive settings (Atilgan and Bizley, 2021). Third, the task design 
differed. We asked participants to concurrently attend to the auditory 
stream and perform a deviant detection task within it, whereas they 

assigned no task to the auditory modality. Consequently, their partici
pants may have devoted less attention to the task-irrelevant modality. 
Prior studies have shown that attention to a task-irrelevant modality can 
boost audiovisual interactions (Talsma et al., 2007; van Ee et al., 2009), 
and some studies revealing crossmodal facilitation have employed this 
approach (Atilgan and Bizley, 2021; Kim et al., 2012; Maddox et al., 
2015).

It is worth noting that the RT reduction here may reflect either 
facilitation of visual processing at the attended side, distraction at the 
unattended side, or both, as the tone temporally congruent with the 
attended stream was necessarily incongruent with the unattended 
stream (and vice versa) in our study. Currently, we cannot determine 
which effect provides the dominant explanation for the observed RT 
reduction without a baseline, such as a neutral tone temporally incon
gruent with both the attended and unattended visual streams or a vision- 
only condition. However, two observations suggest that the shortened 
detection RT is not merely due to the congruency effect at the attended 
side. First, the deviants were defined by sudden luminance changes of 

Fig. 6. The SSVEP and ITC results in unrhythmic context. (A)(B) depict the normalized power spectra and ITC spectra averaged across posterior electrodes, con
ditions and participants respectively, in which the arrows point at the flicker frequencies. (C) Topographic scalp of SSVEPs at the flicker frequency. (D) The number of 
electrodes selected for the SSVEP and ITC statistical analysis summed across participants. (E) The power spectra and the SSVEP at the flicker frequency under 
different conditions. (F) The ITC spectra and the ITC at the flicker frequency under different conditions. Error bars showed standard errors of the mean. *** p< 0.001. 
The circles indicate individual data points.
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visual features orthogonal to audiovisual temporal congruency. The 
flicker-induced SSVEPs, which served as the neural index of orthogonal 
visual processing, were selectively enhanced by temporally congruent 
sound at the unattended side rather than at the attended side. Second, 
the RT reduction correlated with the ITC congruency effects between the 
attended versus the unattended side, indicating that neuro-behavioral 
prediction requires a combination of neural indices for both sides.

4.2. The impact of selective attention and audiovisual temporal 
congruency on visual processing: features relevant or orthogonal to 
audiovisual temporal congruency matter

In rhythmic contexts, temporally congruent sound significantly 
enhanced the SSVEP and ITC in response to visual features relevant to 
audiovisual temporal congruency (shape modulation) independent of 
selective attention. Although the significant effects were supported by 
anecdotal Bayesian evidence (see Results), they were highly consistent 
with findings by Covic et al. (2017) and Keitel and Mueller (2015), who 
also showed that enhanced SSVEPs and ITCs by auditory temporal 
congruency at the 2nd harmonic of spatial-frequency modulation inde
pendently at both the attended and unattended side. On the other hand, 
audiovisual temporal congruency enhanced the SSVEP tagging to un
attended rather than attended visual features of the same object while 
orthogonal to temporal congruency (flicker), demonstrating an inter
active impact of audiovisual temporal congruency and selective atten
tion on visual processing. The results align with the crossmodal binding 
framework proposed by Bizley et al. (2016), demonstrating that tem
poral coherence between co-varying auditory and visual features facil
itates their binding into a crossmodal object, which further enhances 
representations of the orthogonal features belonging to the objecthood 
(Atilgan et al., 2018; Maddox et al., 2015). Moreover, the results reveal 
that the relationship between audiovisual temporal congruency and 
selective attention is not simply dichotomous as either independent or 
interactive; rather, both of them can coexist within a single experiment, 
depending on whether the stimulus feature is relevant to audiovisual 
temporal congruency or not; see Peng et al. (2023) for a similar finding 
on speech.

Evidence regarding whether SSVEPs can index audiovisual interac
tion for features orthogonal to temporal congruency has been mixed 
(Covic et al., 2017; Giani et al., 2012; Keitel and Mueller, 2015; 
Nozaradan et al., 2012; Sciortino and Kayser, 2023). Recently, a study 
replicated and demonstrated that enhancement of flicker-induced 
SSVEPs by sound may rely on the tightness of audiovisual 

correspondence: pitch-size rather than pitch-hue and pitch-saturation 
correspondences enables robust SSVEP enhancement (Sciortino and 
Kayser, 2023). Although the study used static rather than dynamic au
diovisual stimuli, it inspired us to fine-tune the experimental paradigm 
by adopting a pitch-shape instead of a pitch-spatial-frequency co-vari
ation to establish temporal congruency. As expected, our results suc
cessfully demonstrated auditory modulation of flicker-induced SSVEPs 
in rhythmic contexts. The power spectra around the tagging frequencies 
were also much narrower in Nozaradan et al. (2012) (their Fig. 2) and 
ours (Figs. 4A and 6A) than in those studies that failed to find such ef
fects (Covic et al., 2017; Keitel and Mueller, 2015). This finding extends 
Nozaradan et al. (2012)’s work by showing that crossmodal facilitation 
can spread from relevant to orthogonal visual features in a competitive 
context. Furthermore, it offered another choice of dynamic audiovisual 
streams that could successfully evoke SSVEP enhancement, supple
menting the auditory loudness-visual position coupling they used. We 
posit that dynamic changes in shape, or position, when paired with 
auditory pitch or loudness, may create periodic audiovisual “beats” that 
strengthen crossmodal binding, thereby facilitating the spread of mod
ulation to orthogonal visual features. Additionally, it is necessary to 
reiterate that the aforementioned three paradigm differences between 
(Covic et al., 2017; Keitel and Mueller, 2015) and ours (Section 4.1) may 
also contribute to the distinction in flicker-induced SSVEPs. Together, 
these results highlight the importance of feature selection in revealing 
crossmodal interactions using SSVEPs.

The interaction between selective attention and audiovisual tempo
ral congruency observed in flicker-induced SSVEPs contrasts with pre
vious reports that attention typically boosts audiovisual interaction 
(Alsius et al., 2005; Fairhall and Macaluso, 2009; Seijdel et al., 2024; 
Senkowski et al., 2005; Talsma and Woldorff, 2005). However, our 
findings are consistent with prior findings that concurrent sounds more 
strongly modulate the processing of unattended visual stimuli (Van der 
Stoep et al., 2015; Zou et al., 2012), and enhance the SSVEP induced by 
ignored visual speech (Krause et al., 2012; Senkowski et al., 2008). In 
the framework proposed by Talsma et al. (2010), sparse auditory stimuli 
in the task-irrelevant modality are inherently more salient and can 
facilitate processing of temporally congruent visual stimuli in cluttered 
settings, thereby enhancing its ability to attract bottom-up attention 
(Talsma et al., 2010). To fully account for our results, however, two 
extensions to Talsma’s framework are needed. First, it should be inte
grated with Bizley’s crossmodal binding framework to explain the 
spread of crossmodal influences from features relevant to audiovisual 
temporal congruency to orthogonal features (Bizley et al., 2016). 

Fig. 7. Behavioral-neural correlations. (A) and (B) represent the correlations between ΔRT and ΔPower, ΔITC in the rhythmic and unrhythmic contexts, respectively. 
The shaded region reflects the 95% confidence interval. The circles denoted individual data points.
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Second, it should be combined with the well-known principle of inverse 
effectiveness in multisensory integration to explain why flicker-induced 
SSVEP enhancement occurred only at the unattended side. According to 
this principle, weaker unimodal stimuli are more susceptible to cross
modal influence (Noesselt et al., 2010; Senkowski et al., 2011; Stein 
et al., 2020). Since unattended stimuli—which are selectively sup
pressed from further processing—evoke weaker neural responses 
compared to attended stimuli (Covic et al., 2017; Heinze et al., 1994; 
Hopfinger and West, 2006; Keitel and Mueller, 2015; Luck et al., 1990), 
the unattended stream gains more from audiovisual interaction. Overall, 
for dynamic stimuli, the interplay between selective attention and 
multisensory interaction depends on whether features are orthogonal to 
those that establish audiovisual temporal congruency, and is governed 
by the principle of inverse effectiveness. Noteworthy, we cannot 
completely rule out an alternative possibility: attentional modulation 
may have been sufficiently strong to produce a ceiling effect, thereby 
limiting any additional gain from audiovisual interaction.

4.3. The critical role of rhythmicity in modulating the impact of 
audiovisual temporal congruency on visual processing

In line with previous findings (Heins et al., 2021; Marchant et al., 
2012; ten Oever et al., 2014), our results underscore the importance of 
rhythmicity for crossmodal interactions between continuous stimuli, 
and further suggest that physical temporal congruency alone is insuffi
cient for effective crossmodal interaction. A rhythmic (regular) temporal 
structure is also necessary. Rhythm enables synchronization of neural 
oscillations in the brain—particularly in low-frequency bands—to the 
external continuous stimulus stream (Bauer et al., 2020; Shen et al., 
2025). Presenting task-irrelevant rhythmic sound modulates neural 
synchronization in visual cortices, thereby modulating the visual re
sponses (Bauer et al., 2021; Yuan et al., 2021). Our findings are 
consistent with this phase alignment explanation. For example, only 
rhythmic auditory streams presented temporally congruent with the 
visual streams yielded higher ITC in parieto-occipital visual areas at the 
second harmonics of modulate frequency. Moreover, the differential ITC 
congruency effects at the attended and unattended flicker predicted the 
RT reduction. In contrast, the lack of regularity in unrhythmic audio
visual streams may prevent phase alignment of neural oscillations in the 
visual cortex to the external stimulus stream, thereby hindering cross
modal interaction.

Some quasi-rhythmic stimuli, especially speeches, the acoustic 
spectra of whose acoustic envelopes mainly cover a low frequency band 
of <15 Hz, are sensitive to influence from visual inputs (Giraud and 
Poeppel, 2012; Klatt et al., 2023; Zion Golumbic et al., 2013). But unlike 
speech which maintains temporal predictability between successive 
syllables, the unrhythmic stimulation in the current study dynamically 
changed its oscillatory frequency, creating a stream with low temporal 
predictability. Reduced temporal predictability may increase the 
perceptual difficulty of temporal congruency across continuous streams, 
thereby nullifying the audiovisual temporal congruency effect. As evi
dence, previous studies revealed that unrhythmic visual inputs can 
enhance the processing of attended auditory stimuli after training to 
improve the sensitivity to audiovisual temporal congruency (Atilgan and 
Bizley, 2021). Though we did not find significant auditory influence on 
visual processing in unrhythmic contexts, it remains unclear whether 
training the sensitivity of audiovisual temporal congruency would 
restore its effect. In summary, audiovisual streams with regular struc
tures are indispensable for their interactions. As the majority of prior 
literature employed rhythmic or quasi-rhythmic stimuli (Ahmed et al., 
2023; Covic et al., 2017; Haider et al., 2024; Keitel and Mueller, 2015; 
Nozaradan et al., 2012; Park et al., 2016; Reisinger et al., 2025; Zion 
Golumbic et al., 2013), few directly compared the audiovisual interac
tion in rhythmic versus unrhythmic streams (Heins et al., 2021; 
Marchant et al., 2012; ten Oever et al., 2014). The finding that rhyth
micity plays a role in audiovisual interaction imposes an additional 

constraint, even when attention is fully engaged.

4.4. Limitations

Despite these findings, two limitations should be acknowledged. 
First, following previous studies (Covic et al., 2017; Keitel and Mueller, 
2015; Nozaradan et al., 2012), we maximized the congruency effect by 
comparing congruent with incongruent audiovisual conditions. How
ever, this design entails a limitation: it cannot determine whether ben
efits in congruent conditions reflect enhanced processing of the attended 
stream, reduced distraction from the unattended stream, or both, as 
discussed earlier. Empirical evidence for the direction and nature of the 
congruency effect calls for a unimodal condition (visual-only) or a 
neutral auditory baseline (an auditory stream incongruent with both 
visual streams). Future studies should incorporate such control condi
tions to clarify this distinction when adopting similar paradigms. Sec
ond, although significant and aligned with prior literature (Covic et al., 
2017; Keitel and Mueller, 2015), the Bayesian evidence for some 
observed effects (e.g., SSVEP/ITC enhancements at modulate 2f) was not 
robust enough. As discussed, this may stem from the strict screening 
criteria that ensured included participants indeed had robust neural 
indices. Nevertheless, replication with larger sample sizes is warranted 
to confirm the reliability of the current findings.

5. Conclusion

The present study revealed both independent and interactive effects 
of selective attention and audiovisual interaction on visual processing, 
contingent upon the relevance of visual features to audiovisual temporal 
congruency, and the temporal regularity of the audiovisual streams. The 
findings provide supportive evidence for the crossmodal binding 
framework (Bizley et al., 2016) from the visual domain, showing that 
temporal congruency can enhance task-irrelevant features while further 
highlighting that attention modulates this spread in a feature-specific 
manner. By taking into consideration the temporal structure of contin
uous stimulus streams, this work explains why some continuous au
diovisual streams fail to show interaction effects and advances our 
understanding of the complex interplay between selective attention and 
audiovisual interaction in shaping visual experience. Future studies 
exploring crossmodal interaction in continuous stimulus streams may 
benefit from the current findings regarding stimulus selection to maxi
mize observable effects. These implications may also extend to techno
logical domains, particularly in optimizing multisensory integration for 
virtual reality systems and other human-computer interfaces.
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