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Abstract  

Multisensory integration (MSI), in which information from different sensory modalities is 

processed in an interdependent manner, is often considered to occur automatically and pre-

attentively. The present study aimed to investigate how modality weighting shapes the temporal 

dynamics of audiovisual integration during the pre-attentive stage using EEG. Twenty-two adults 

completed a novel audiovisual oddball task. Naturalistic animal images and sounds were presented 

as a frequent audiovisual standard, with visual, auditory, or audiovisual incongruencies presented 

as deviants. Mean amplitude analyses showed that visual and audiovisual deviants elicited 

significant frontocentral mismatch responses, whereas the auditory deviant did not produce a 

canonical mismatch negativity. A significant main effect of visual input on early ERP amplitude 

indicated that visual deviance exerted a stronger influence on early neural processing than auditory 

deviance. In contrast, auditory deviance was associated with delayed processing, particularly when 

paired with the expected visual stimulus, suggesting a temporal cost for non-dominant auditory 

information. At later stages, N400 responses emerged for auditory and audiovisual deviants but 

not for the visual deviant, suggesting greater downstream processing of non-dominant auditory 

information while visual mismatches may be resolved earlier. Together, these findings indicate 

that visual dominance influences the temporal organization of multisensory processing. Such 

temporal flexibility may be one way to facilitate the efficient interpretation of complex sensory 

input. 

 

Keywords: audiovisual, multisensory integration, semantic congruency, mismatch responses, 

N400 
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1. Introduction 

Multisensory integration (MSI) involves combining inputs from multiple sensory 

modalities—such as vision, hearing, and touch—to form a coherent perceptual experience. Classic 

models of MSI (Meredith 2002; Meredith and Stein 1986) propose that information processing 

unfolds hierarchically. Modality-specific sensory features are first registered and encoded before 

converging (Driver and Noesselt 2008) and being integrated across distributed neural pathways. 

Contemporary approaches reveal that multisensory convergence can occur early in cortical 

processing, including at stages traditionally considered unisensory (Lakatos et al. 2007; Schroeder 

and Foxe 2005). Understanding the neural mechanisms underlying MSI is essential for uncovering 

how perceptual experiences are constructed across the senses. Critically, this integration is not 

necessarily balanced across modalities; rather, modality-specific dominance constrains how 

strongly information from each sense is weighted during perception. 

 

A well-documented example of such dominance is the Colavita visual dominance effect 

(Colavita 1974), which refers to the tendency for visual information to override or suppress 

concurrent auditory processing when both are presented simultaneously. In the original paradigm, 

participants were instructed to respond to either a tone or a light when presented individually, but 

to both when presented simultaneously. Participants were found to respond only to the light in 

most bimodal trials and frequently failed to report the concurrent auditory stimulus (Colavita 

1974). This visual dominance has been replicated across task variations and stimulus types 

(Koppen et al. 2007, 2009; Sinnett et al. 2007), establishing it as a robust feature of audiovisual 

processing. The Colavita effect motivates the present study because it provides a behavioral 

benchmark against which neural indices of modality weighting can be evaluated: specifically, if 

visual input consistently dominates auditory input at the behavioral level, corresponding neural 

signatures of visual priority should be detectable in early electrophysiological responses during 

passive audiovisual processing.  

 

Within multisensory contexts involving meaningful stimuli, semantic associations between 

modalities may also shape processing. Semantic congruency—the degree to which multisensory 

inputs refer to the same object or event—has been associated with facilitation effects, including 
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faster reaction times (RTs) and higher accuracy for congruent cross-modal pairings relative to 

unimodal conditions (Gottfried and Dolan 2003; Heikkilä et al. 2015; Laurienti et al. 2004; 

Molholm et al. 2002, 2004; Sinnett et al. 2008; Wang et al. 2025). Semantically incongruent 

information may still be integrated when presented synchronously (Calvert 2001; Martin 2007), 

yet such integration incurs processing costs: semantically incongruent pairings are processed more 

slowly and less accurately than congruent or unisensory stimuli (Laurienti et al. 2004; Molholm et 

al. 2004). Moreover, sensory modality dominance may persist regardless of semantic congruency 

(Koppen et al. 2008; Spence et al. 2012).  Koppen et al. (2008) found that on correct bimodal trials 

in which participants pressed both auditory and visual response keys, separately recorded RTs 

were faster for semantically incongruent than congruent pairings, suggesting that mismatched 

pairings may have been processed with greater separability and reduced audiovisual integration. 

Together, these behavioral findings point to robust modality dominance—particularly visual 

dominance (Hirst et al. 2018)—across a range of multisensory contexts, while suggesting 

comparatively limited and conditional effects of semantic congruency. 

 

These behavioral findings, however, do not specify the underlying neural dynamics or their 

temporal sequence. The gap between behavioral evidence of visual dominance and a mechanistic 

account of how that dominance constrains the neural encoding of incongruent meanings remains 

largely unaddressed. Prior work using behavioral measures cannot resolve this because reaction 

times collapse across all processing stages; a neural measure with millisecond-level resolution is 

necessary to trace the temporal unfolding of modality dominance and its downstream 

consequences for later analysis.  

 

To address this gap, we examined the mismatch negativity (MMN; Näätänen and Alho 

1997; Näätänen and Michie 1979), an early event-related potential (ERP), as an index of how 

changes in one or both modalities were detected within audiovisual pairings. The MMN is well 

established as a neural index of sensitivity to changes in sensory regularities, and differences in 

the timing and amplitude of multisensory MMNs may provide evidence for modality weighting in 

MSI. In a standard oddball paradigm (Kujala et al. 2007; Näätänen et al. 2007), a deviant stimulus 

is interspersed with a frequent standard. When measured with EEG, the difference wave between 

standard and deviant responses in the 100–250 ms window is referred to as the MMN. Historically, 
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the MMN has been studied as an auditory index of pre-attentive deviance detection. However, a 

growing body of research has established a visual analog—the visual MMN (vMMN)—which is 

elicited when a visual stimulus deviates from an established regularity (Czigler 2014; Kimura et 

al. 2011). Unlike the auditory MMN, which shows a frontocentral negativity, the classical vMMN 

responses typically show a parieto-occipital distribution with an occipital negativity around 150–

300 ms after stimulus onset (Czigler 2014; Male 2025). To note, the present study designed a 

multisensory oddball paradigm using naturalistic animal sound–image pairings and uses the term 

'MMN' in a modality-general sense to refer to the deviant-minus-standard difference wave in both 

auditory and visual channels, consistent with its use in recent audio-somatosensory mismatch 

paradigms (Butler et al. 2012). 

 

The MMN—whether auditory or visual in origin—is a pre-attentive response that does not 

require participants to explicitly attend to or evaluate the deviant stimuli (Näätänen et al. 2007; 

Schröger 1997). This makes it particularly well-suited for isolating automatic deviance detection 

processes from voluntary, top-down attentional influences. By presenting multiple deviant types 

(visual, auditory, and audiovisual) within a single experimental block and examining the early 

ERP window (100–250 ms), this paradigm enables systematic investigation of how modality-

specific deviance drives MSI in semantically incongruent context. Although effects of semantic 

congruency are inherent in modality-mismatched conditions and cannot be fully disentangled from 

them (Stekelenburg et al. 2004), mismatch responses observed within this early time window were 

interpreted primarily as reflecting the detection of audiovisual deviance rather than exclusively 

semantic incongruency. In addition, the term modality weighting is used throughout this paper to 

refer to the differential contribution of individual sensory channels to a neural mismatch response, 

operationalized as mean MMN amplitude and 50% fractional area latency as a function of deviant 

type (Butler et al. 2012). A modality is considered more heavily weighted to the extent that its 

deviance drives a larger and/or earlier mismatch response.  

2. Current Study 

In the present study, the audiovisual oddball paradigm includes images of a cat and a frog 

paired with either matching or mismatching animal sounds. This design yielded four audiovisual 

conditions: two semantically congruent combinations (cat–meow; frog–ribbit) and two 

semantically incongruent combinations (frog–meow; cat–ribbit). These stimuli were chosen from 
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familiar animal categories to minimize variability related to novelty or attentional capture. 

Previous work has shown that naturalistic sounds and images facilitate rapid access to associated 

semantic representations relative to lexical stimuli (Chen and Spence, 2010, 2013), making them 

well suited for probing multisensory processing. Within this paradigm, one bimodal stimulus (cat–

meow) served as the standard, while three bimodal deviants were defined based on the sensory 

modality in which deviance occurred: a visual deviant (frog–meow), an auditory deviant (cat–

ribbit), and an audiovisual deviant (frog–ribbit) differing from the standard in both modalities. 

 

 Butler et al. (2012) provided a key framework for using semantically laden bimodal 

mismatch responses to examine modality weighting. In their somatosensory–auditory oddball 

paradigm, MMN amplitudes were similar for auditory-only and auditory–somatosensory deviants, 

and the somatosensory-only mismatch response was attenuated relative to conditions that included 

an auditory mismatch. The present study extends this framework to a semantically meaningful 

audiovisual context. Two primary hypotheses were tested. First, drawing on the Colavita effect 

and prior electrophysiological evidence of visual dominance (Laurienti et al. 2004; Molholm et al. 

2004), we predicted that visual deviance would contribute most strongly to early neural mismatch 

responses. Specifically, the visual MMN amplitude was predicted to be comparable to that of the 

audiovisual MMN, and both were predicted to be larger than any auditory mismatch response—

reflecting neural-level visual dominance consistent with the Colavita effect. Second, we predicted 

differential temporal dynamics as a function of modality: because visual processing dominates the 

audiovisual representation, auditory deviance detection was predicted to incur a temporal cost, 

manifesting as delayed latency relative to visual and audiovisual deviants. Additionally, to 

holistically characterize the temporal progression of audiovisual mismatch processing and capture 

further integration of meaning across modalities, we observed a broader time window from 0-500 

ms and examined the N400—a robust negativity that occurs around 400 ms after a stimulus 

violates its expected context (Kutas and Federmeier 2011; Kutas and Hillyard 1980). The N400 is 

sensitive not only to contextual expectancy but also to the semantic or conceptual meaning of 

incoming information (Kutas and Federmeier 2011). Because the audiovisual deviant (ribbit–frog) 

preserved a semantically congruent relationship between the auditory and visual information, it 

was expected to elicit a smaller N400 response during the later 300–500 ms time window than the 

semantically incongruent deviants (auditory: ribbit–cat; visual: meow–frog). 
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3. Methods 

3.1 Participants 

The study recruited 29 undergraduate students from Syracuse University's psychology 

research pool (SONA). Procedures were approved by the Institutional Review Board (IRB) at 

Syracuse University, and all participants provided informed consent. A priori power analysis was 

conducted using G*Power 3.1.9.7 (Faul et al. 2007) using parameters from comparable audiovisual 

ERP studies (Lauzon et al. 2022; Winkler et al. 2009): effect size = 0.3, power = 0.8, α = 0.05, 

assumed correlation among repeated measures = 0.5, yielding a minimum recommended N of 17. 

All participants reported normal or corrected-to-normal vision and hearing and received course 

credit. 

After EEG preprocessing (see Section 3.3), seven participants were excluded. Two were 

excluded due to an artifact rejection rate exceeding 70%, likely reflecting poor electrode contact 

unresolvable through interpolation that occurred at the time of data collection. Five participants 

were excluded due to the absence of reliable obligatory ERP components (P1 and/or N1) in the 

50–150 ms window—standard indices used to verify that basic sensory processing occurred (Luck 

2014). Specifically, three participants exhibited high-amplitude baseline fluctuations, and two 

showed flat or erratic waveforms lacking discernible peaks throughout the epoch. These exclusion 

criteria were established prior to data analysis. The final sample comprised 22 participants (13 

female; M age = 19.78 years). 

3.2 Stimuli and Task 

Stimuli. 

Sound files were obtained from audiomicro.com (03/14/2023) and processed in Praat 

6.3.09 (Boersma and Weenink 2023). Both animal sounds were normalized to 75 dB SPL; Praat 

estimates of fundamental frequency were 363 Hz (ribbit) and 364 Hz (meow). Each stimulus 

included 25 ms linear onset and offset ramps to reduce transients. Prior psychophysical work 

(Keetels and Vroomen 2012) demonstrates that audiovisual simultaneity perception tolerates 

temporal offsets of approximately 25–50 ms, suggesting that the amplitude ramping is unlikely to 

disrupt multisensory temporal alignment. On each trial, auditory and visual stimuli were presented 

simultaneously for 250 ms. Images (5 cm × 5 cm) were displayed centrally on a gray background. 

Two speakers positioned to the left and right of the monitor (≈15° azimuth) delivered sounds at 60 

dB SPL. 
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EEG Task. 

The experiment was run in MATLAB R2022a (The MathWorks, Natick, MA). Standards 

occurred on 70% of trials; each deviant type occurred on 10% of trials (Lauzon et al. 2022). Stimuli 

were presented pseudorandomly with the constraint that no two deviants occurred consecutively. 

The experiment comprised 1,000 trials; each trial consisted of a 250 ms audiovisual stimulus 

followed by a 250 ms blank interval (see Fig.1). 

Fig. 1 

EEG task timeline 

 

Behavioral Task. 

To ensure participants were visually engaged, a black fixation cross appeared above the 

image on approximately 3–5% of trials. Participants were instructed to press the space bar 

whenever the fixation cross was visible. Trials containing fixation crosses and the immediately 

following trial were excluded from ERP analysis to minimize motor contamination. We 

acknowledge that this attention-check procedure directed participants' attention toward visual 

modality, which may have introduced a visual attentional bias (Fitzgerald and Todd 2020; Sinnett 

et al. 2007).  Participants were encouraged to take breaks every 250 trials. Feedback on accuracy 

was provided to maintain engagement.  

3.3 Electroencephalographic Recording (EEG) 

An appropriately sized 128-channel high-density electrode cap (Electrical Geodesics Inc. 

Eugene, OR, USA) was fitted individually based on participants' head circumference. Continuous 

EEG was recorded via EGI NetStation (Electrical Geodesics 2003) at 250 Hz with the Cz electrode 
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as online reference. Impedances were kept below 50 kΩ. The hardware recording bandpass was 

0.1–100 Hz (high-pass hardware filter: 0.1 Hz; low-pass hardware anti-aliasing filter: 100 Hz).  

EEG Processing. 

EEG was preprocessed offline in MATLAB R2022a using EEGLAB (Delorme and Makeig 

2004). Post-recording digital filters were applied with a 2nd-order Butterworth bandpass filter 

(0.1–30 Hz low-cut and high-cut, respectively) and a 60 Hz notch filter to remove line noise. DC 

offsets were removed. Bad electrodes were identified via visual inspection of continuous EEG for 

later interpolation. Data were re-referenced to the average of the two mastoid electrodes (Cary et 

al. 2023; Näätänen et al. 2007). Segments containing large muscle artifacts, extreme voltage 

offsets, or break periods exceeding two seconds were removed (Kappenman et al. 2021). Bipolar 

HEOG and VEOG signals were constructed, and ICA was applied to a 64-channel scalp subset to 

identify and remove ocular artifact components; trained graduate students performed visual 

inspection of ICA components. Epochs from −100 to +500 ms relative to stimulus onset were 

extracted. Moving-window artifact rejection was applied, and epochs exceeding ±100 µV were 

rejected (Brandwein et al. 2010). Channels with more than 30% bad epochs were replaced via 

spherical spline interpolation. 

Event-Related Potentials (ERPs) Analysis. 

ERPs were computed by averaging EEG epochs within each condition. Based on the 

typical scalp distribution of the auditory MMN and visual mismatch responses elicited in 

multisensory contexts (Butler et al. 2012; Näätänen et al. 2007), the primary region of interest 

(ROI) comprised frontocentral electrodes E4, E16, E19, and Fz (Hedge et al. 2015; Sussman et al. 

2003). Supplementary analyses were conducted at occipital electrodes (O1, Oz, O2) to characterize 

the visual response distribution (see Section 4.5). Mismatch difference waves were computed as 

deviant-minus-standard: visual MMN = meowfrog − meowcat; auditory MMN = ribbitcat − 

meowcat; audiovisual MMN = ribbitfrog − meowcat. Mean MMN amplitude was quantified 

within the 100–250 ms window. MMN latency was estimated using 50% fractional area latency 

(FAL), which is less sensitive to noise than peak latency (Luck, 2014). In addition, 50% fractional 

peak latency was computed to characterize onset and offset timing.  

3.4 Data Analysis 



 

 10 

Pairwise one-sample t tests were conducted on mean amplitudes in the 100–250 ms 

window to determine whether each deviant elicited a significant mismatch response relative to the 

standard. To test the primary hypotheses regarding modality weighting (Hypothesis 1: visual 

dominance in amplitude) and temporal dynamics (Hypothesis 2: delayed auditory latency), a 2 

(Auditory input: meow vs. ribbit) × 2 (Visual input: cat vs. frog) repeated-measures ANOVA 

(rmANOVA) was conducted on mean ERP amplitude and 50% fractional area latency in the 100–

250 ms window. The 2×2 factorial structure allows direct evaluation of main effects and 

interactions attributable to auditory and visual deviance independently and in combination, without 

requiring a canonical MMN for each condition. Significant main effects and interactions were 

followed up with pairwise t-tests with appropriate interpretation. False discovery rate (FDR) 

correction (Benjamini and Yekutieli 2001) was applied to time-resolved analyses to control for 

Type I error across time points. To examine later semantic processing, one-sample t-tests were 

conducted on mean difference-wave amplitudes in the 300–500 ms (N400) window for each 

deviant type. The N400 prediction that incongruent stimuli would elicit larger amplitudes than 

congruent stimuli presupposed a comparison between conditions that differed in semantic 

congruency. Because all deviants were also defined by sensory modality, the N400 results should 

be interpreted in the context of both sensory and semantic differences.  

4. Results 

Behavioral accuracy at detecting the fixation cross was high (M = 0.98, SD = 0.05), 

indicating good task engagement. The average artifact rejection rate after preprocessing was 

13.3%, with the minimum number of accepted trials across participants being 680—sufficient to 

generate reliable ERP averages (Luck et al. 2021). Average accepted trials per condition were 

high: visual deviant M = 88.18 (SD = 9.18); auditory deviant M = 88.50 (SD = 8.93); audiovisual 

deviant M = 88.14 (SD = 9.94); standard M = 611.14 (SD = 62.27). Descriptive statistics for each 

stimulus are shown in Table 1. An overview of the data quality for ERPs is provided in Table 2 

using the Root mean square of the standardized measurement error values (RMS(SMÊ)). The 

standardized measurement error (SMÊ) for an ERP amplitude or latency is calculated using the 

average ERP waveform of a single participant and the root mean square (RMS) describes a set of 

SMÊ values in a group. SDs are approximately twice the RMS(SMÊ) values, consistent with 

recommended ratios (Luck et al. 2021), indicating that individual differences rather than 

measurement error drive the observed variance. 



 

 11 

Table 1 

Means (Standard Errors) of audiovisual pairs in 100–250 ms (N = 22) 

 Standard 

Meow+Cat 
Visual Dev. 

Meow+Frog 
Audio Dev. 

Ribbit+Cat 
AV Dev. 

Ribbit+Frog 

Mean Amplitude (µV) −0.73 (0.41) −2.17 (0.54) −0.52 (0.53) −1.90 (0.60) 

50% FAL (ms) 168.91 (5.78) 170.73 (3.96) 187.82 (4.88) 172.00 (4.02) 

 

Table 2 

RMS(SMÊ) by condition for mean ERP amplitude (µV) 

 Standard Visual Dev. Audio Dev. AV Dev. 

RMS(SMÊ) 0.38 / 0.45 1.01 / 1.14 1.01 / 1.17 0.94 / 1.10 

SD 1.94 2.45 2.23 2.63 

Note: Two RMS(SMÊ) values per cell correspond to 100–200 ms and 200–300 ms windows.  

 

Grand-average ERPs for each condition across the frontocentral cluster are shown in Fig. 

2. P1 morphology was comparable across conditions (peak ≈85 ms), indicating equivalent early 

sensory registration. Visual and audiovisual deviants showed greater negativity than the standard 

in the 100–250ms window. The auditory deviant showed a positive deflection during this interval 

followed by an anterior negativity in the 200–300 ms range. After 300 ms, the standard and visual 

deviant shifted positively, whereas auditory and audiovisual deviants remained negative-going. 

Fig. 2 

Grand-mean ERPs for all four conditions at the frontocentral cluster 

 

Note. Standard (black), visual deviant (yellow), auditory deviant (green), audiovisual deviant (magenta). 
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4.1 Mismatch Difference Waves 

Pairwise t-tests in the 100–250 ms window confirmed a robust visual MMN (t = −4.61, p 

< .001, d = −0.97, 95% CI [−1.46, −0.46]) and audiovisual MMN (t = −2.46, p = .023, d = −0.51, 

95% CI [−0.95, −0.07]) at frontocentral electrodes (see Fig. 3, left panel). No significant standard–

deviant contrast was found for the auditory deviant (p > .05). These tests confirmed the presence 

of frontocentral mismatch responses for visual and audiovisual deviants, motivating subsequent 

analyses. FDR-corrected time-resolved analyses (Benjamini and Yekutieli, 2001) converged with 

these results (see Fig. 3, right panel). The visual MMN showed a sustained negative profile peaking 

at 168 ms. The audiovisual MMN peaked earlier, at 148 ms, with a narrower temporal profile. 

Pairwise t-tests on 50% fractional peak latencies revealed no significant onset difference between 

visual (132 ms) and audiovisual (118 ms) MMNs (p > .05). However, the audiovisual MMN offset 

(160 ms) was significantly earlier than the visual MMN offset (201 ms; t = 3.40, p = .003, d = 

0.71, 95% CI [0.24, 1.17]). 

For the auditory deviant, no canonical negative-going MMN was observed (See Fig. 3). 

Instead, the difference wave showed a positive deflection peaking around 200 ms, followed by an 

anterior negativity in the 200–300 ms range consistent with an N2 component. Both P2 and N2 

components are associated with novelty detection and sensitivity to infrequent events (Folstein 

and Van Petten, 2008; Luck, 2014). The absence of a canonical auditory MMN is consistent with 

the hypothesis that visual continuity suppressed early auditory deviance detection—a pattern 

predicted by Colavita-like visual dominance and aligned with findings showing attenuated 

auditory sensitivity under concurrent visual processing (Laurienti et al. 2004; Molholm et al. 

2004). This polarity reversal reduced the net mean amplitude in the 100–250 ms window, 

contributing to the absence of a significant standard–auditory deviant contrast.  

Fig. 3 

Difference waves and FDR-corrected time-resolved t-values   
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Note. In the left panel, difference waves are shown in red. In the right panel, significant t-values (p < .05) are 

highlighted, and the color bar indicates the magnitude and direction of the t-values. 

4.2 Examination of Colavita Effects 

Because the auditory deviant did not elicit a canonical MMN, direct MMN-amplitude 

comparisons across conditions were not appropriate. Instead, a 2 (Auditory: meow vs. ribbit) × 2 

(Visual: cat vs. frog) rmANOVA was conducted on mean frontocentral ERP amplitude in the 100–

250 ms window, treating all four stimulus conditions as a fully crossed factorial design. This 

approach tests modality contributions directly and does not presuppose canonical MMN 

morphology in any condition.  
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A significant main effect of visual input was observed, F(1, 21) = 19.33, p < .001, η² = .48, 

indicating that conditions containing the deviant image (frog) elicited significantly more negative 

responses than conditions with the standard image (cat), regardless of auditory input. This 

constitutes neural-level evidence of visual dominance consistent with the Colavita effect: visual 

deviance exerted a greater influence on early neural processing than auditory deviance. Neither 

the main effect of auditory input nor the Auditory × Visual interaction reached significance for 

mean amplitude (ps > .05). 

4.3 Temporal Dynamics of MSI 

The same 2×2 rmANOVA was conducted on 50% fractional area latency. A significant 

main effect of auditory input emerged, F(1, 21) = 8.03, p = .010, η² = .28, indicating that conditions 

containing the deviant sound (ribbit) showed delayed neural processing relative to conditions with 

the standard sound (meow). A significant Auditory × Visual interaction was also found, F(1, 21) 

= 5.67, p = .027, η² = .21. Post hoc comparisons revealed that auditory processing latencies did 

not differ as a function of sound when the visual stimulus was the deviant (frog). However, when 

the expected visual stimulus (cat) was paired with the auditory deviant (ribbit), processing was 

significantly slower than when cat was paired with the standard sound (meow). This suggests that 

delayed auditory deviance detection occurred specifically in the context of an expected visual 

stimulus—that is, visual context actively modulated auditory processing timing. 

4.4 Investigation of Later Semantic Processing 

To examine later semantic binding, difference waves were computed for each deviant type 

relative to the standard over the 0–500 ms epoch (see Fig. 4). One-sample t-tests on mean 

amplitude in the 300–500 ms window revealed significant N400 effects for the auditory deviant (t 

= −4.91, p < .001, d = −1.01, 95% CI [−1.56, −0.52]) and the audiovisual deviant (t = −3.13, p = 

.005, d = −0.67, 95% CI [−1.12, −0.20]). The visual deviant did not produce a significant N400 (p 

> .05). 

It should be noted that the predicted N400 pattern assumed that semantically incongruent 

pairings (auditory deviant: ribbit–cat; visual deviant: meow–frog) would show larger N400s than 

the semantically congruent audiovisual deviant (ribbit–frog). The observed pattern—with N400s 

for both the auditory and audiovisual deviants but not the visual deviant—is more complex than a 

simple congruency contrast. Conditions differ in both sensory modality and semantic congruency, 
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and these factors cannot be fully dissociated in the present design. The N400 results should 

therefore be interpreted as reflecting the interaction of sensory modality weighting and semantic 

mismatch, rather than as a pure index of semantic congruency.  

Fig. 4  

Grand-mean difference waves across 0–500 ms 

 

 

 

 

 

 

 

 

Note. Auditory deviant (ribbit−cat minus meow−cat; green solid), visual deviant (meow−frog minus meow−cat; 

yellow solid), audiovisual deviant (ribbit−frog minus meow−cat; magenta solid). 

4.5 Supplementary Analysis 

We conducted additional time-resolved analyses over occipital electrodes (O1, Oz, O2) to 

determine whether visual and audiovisual deviants elicited classic posterior visual mismatch 

response in addition to the frontocentral effects. These results are presented as exploratory given 

that the occipital ROI was not part of the pre-specified analysis plan. Periods were considered 

significant when a series of t tests at locations of apparent differences identified at least five 

consecutive significant 4-ms epochs. We did not find any significance in occipital electrodes. The 

absence of a classical occipital vMMN suggests that the frontocentral negativity elicited by the 

visual deviant may not represent a purely visual mismatch response. Rather, this response may 

reflect visual modulation of auditory processing in an audiovisual context. 

5. Discussion 
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This study used a modified audiovisual oddball paradigm to examine how modality 

weighting shapes early deviance detection during multisensory integration. ERP analyses in the 

100–250 ms window characterized modality-dependent timing of mismatch processing, and N400 

analyses (300–500 ms) assessed later semantic processing to relate early sensory weighting to 

subsequent semantic evaluation. Frontocentral mismatch responses were observed for visual and 

audiovisual deviants but not for the auditory deviant. Condition-level analyses revealed a dominant 

effect of visual deviance on early neural amplitude. Temporal analyses showed delayed processing 

for auditory deviants specifically when paired with the expected visual stimulus. At later stages, 

N400 effects were present for auditory and audiovisual deviants but absent for the visual deviant. 

The pattern of early mismatch responses is consistent with neural-level visual dominance 

analogous to the Colavita effect (Colavita, 1974; Koppen et al. 2008). Visual deviants elicited 

frontocentral negativity of comparable amplitude to audiovisual deviants, whereas auditory 

deviants did not elicit a canonical negative-going MMN. Rather than indicating that auditory 

deviance went undetected, the auditory deviant condition produced a P2 followed by an anterior 

N2—components associated with novelty detection and the evaluation of infrequent stimuli 

(Folstein and Van Petten 2008; Luck 2014). These findings suggest that auditory deviance was 

detected, but at a later processing stage than visual or audiovisual mismatch, incurring a temporal 

cost consistent with the predicted delay. 

We note that the frontocentral negativity observed for the visual deviant has a scalp 

distribution more consistent with auditory MMN or cross-modal modulation effects (Besle et al. 

2005) than with the classical vMMN, which typically exhibits occipital polarity (Csikós et al. 

2025; Czigler 2014). The frontocentral negativity may reflect cross-modal suppression—

specifically, the fact that an unexpected visual stimulus disrupted the established audiovisual 

prediction (meow+cat), triggering a frontal mismatch signal regardless of modality (Stekelenburg 

et al. 2004). The supplementary occipital analysis provides additional evidence bearing on this 

question. Future studies using a controlled design with unimodal oddball blocks will be necessary 

to definitively assign the observed negativity to one of these mechanisms.  

A clear dissociation emerged between early mismatch detection and later semantic 

processing. Whereas early responses (100–250 ms) were dominated by the visual modality, N400 
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effects (300–500 ms) were observed for auditory and audiovisual deviants but not for the visual 

deviant. The absence of an N400 for the visual deviant suggests that early visual dominance 

effectively resolved the sensory discrepancy within the early processing window, reducing the 

demand for further semantic evaluation. In contrast, the auditory deviant—whose change was 

suppressed at early stages—required extended semantic analysis, as evidenced by the robust N400. 

This dissociation is consistent with the idea that visual dominance modulates not only the 

amplitude and timing of early mismatch responses but also the allocation of later cognitive 

resources to semantic processing. 

An important interpretive constraint is that the N400 pattern cannot be attributed purely to 

semantic congruency. The auditory deviant (ribbit–cat) is semantically incongruent and also lacks 

a canonical early mismatch response; the audiovisual deviant (ribbit–frog) is semantically 

congruent yet also shows an N400. The latter finding was unexpected and may reflect the 

persistence of cross-modal conflict with the standard in the audiovisual condition—even when 

sound and image are semantically congruent, the pairing deviates from the established standard 

(meow+cat) in both modalities, potentially sustaining a semantic discrepancy signal relative to the 

standard. Future designs should include a proper congruent versus incongruent contrast with 

identical sensory change to isolate semantic effects (Kaganovich et al. 2016).  

Taken together, the present findings support competitive models of multisensory 

integration (Biased Competition Hypothesis; Desimone and Duncan 1995; Duncan 1996), in which 

stimuli across modalities compete for neural representation and the visual modality tends to 

dominate under many conditions (Colavita 1974). Our results extend this framework to a 

semantically rich, passive EEG context, suggesting that the brain dynamically reallocates 

processing resources such that early visual weighting shapes both the efficiency and the depth of 

subsequent semantic analysis. 

6. Limitations and Future Directions 

This study has several limitations that should inform its interpretation and motivate future 

work. Most critically, the absence of unimodal (auditory-only and visual-only) control blocks 

means that the design cannot fully dissociate violations of unimodal sensory regularities from 

violations of the learned audiovisual pairing or from semantic congruency effects (Schröger and 

Widmann 1998; Stekelenburg et al. 2004). Future studies should include a blocked design with 
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separate auditory-only and visual-only oddball sequences prior to or alongside the bimodal 

condition, enabling the unique contribution of audiovisual binding to be isolated. This approach 

would also make the present paradigm comparable to established multimodal MMN designs 

(Schröger and Widmann, 1998) and would allow polarity-reversal tests that we were unable to 

conduct here due to the mastoid reference scheme. Future studies should consider a linked-earlobe 

or nose reference to enable this diagnostic check. 

Second, the attention-check task—requiring responses to a fixation cross—may have 

introduced a systematic visual attentional bias (Fitzgerald and Todd 2020; Sinnett et al. 2007). 

Although trials containing the fixation cross were excluded from ERP analysis, the overall task 

structure may have predisposed participants to orient to the visual modality across the session. 

Future work should consider alternative engagement monitoring strategies, such as eye-tracking 

or periodic verbal check-ins, that do not selectively cue visual attention. 

Third, because all deviants carry both sensory and semantic differences relative to the 

standard, semantic congruency and sensory change are confounded. Future studies could 

incorporate semantically neutral audiovisual pairs (e.g., meow + image of a chair) to create an 

explicit congruency contrast independent of sensory novelty (Roberts et al. 2024). 

Finally, the current findings may have implications for clinical populations that exhibit 

atypical multisensory temporal binding windows, including individuals with autism spectrum 

disorder (Foss-Feig et al. 2010; Kwakye et al. 2011; Taylor et al. 2010). Future research should 

explore whether the modality-weighting dynamics observed here generalize to or differ in these 

populations. 

7. Conclusion 

This study demonstrates that multisensory processing is shaped by modality weighting that 

influences both early deviance detection and later semantic processing stages. Visual input 

dominated early neural responses, suppressing canonical auditory mismatch morphology while 

leaving auditory deviance detectable at a later, post-MMN stage. The downstream consequence of 

this early visual dominance was a redistribution of semantic processing resources: auditory and 

audiovisual deviants—whose early processing was either delayed or suppressed—engaged late 

semantic analysis as indexed by the N400, whereas the visually resolved deviant did not. These 

findings underscore the importance of considering both modality-specific contributions and their 

temporal dynamics to understand how the brain constructs coherent meaning from competing 
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multisensory inputs. The design limitations identified—particularly the absence of unimodal 

control blocks—provide a clear roadmap for future work to further isolate the neural mechanisms 

of audiovisual semantic integration. 
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