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A B S T R A C T

The McGurk illusion is experienced to various degrees among the general population. Previous studies have
implicated the left superior temporal sulcus (STS) and auditory cortex (AC) as regions associated with this
interindividual variability. We sought to further investigate the neurophysiology underlying this variability
using a variant of the McGurk illusion design. Electroencephalography (EEG) was recorded while human subjects
were presented with videos of a speaker uttering the consonant-vowels (CVs) /ba/ and /fa/, which were mixed
and matched with audio of /ba/ and /fa/ to produce congruent and incongruent conditions. Subjects were also
presented with unimodal stimuli of silent videos and audios of the CVs. They responded to whether they heard
(or saw in the silent condition) /ba/ or /fa/. An illusion during the incongruent conditions was deemed suc-
cessful when individuals heard the syllable conveyed by mouth movements. We hypothesized that individuals
who experience the illusion more strongly should exhibit more robust desynchronization of alpha (7–12 Hz) at
fronto-central and temporal sites, emphasizing more engagement of neural generators at the AC and STS. We
found, however, that compared to weaker illusion perceivers, stronger illusion perceivers exhibited greater alpha
synchronization at fronto-central and posterior temporal sites, which is consistent with inhibition of auditory
representations. These findings suggest that stronger McGurk illusion perceivers possess more robust cross-
modal sensory gating mechanisms whereby phonetic representations not conveyed by the visual system are
inhibited, and in turn reinforcing perception of the visually targeted phonemes.

1. Introduction

The purpose of this study was to determine the neurophysiological
factors that underlie interindividual variability of the McGurk illusion
[1]. Several studies have examined the basis of this variability [2–6]. In
a large sample study, Basu Mallick et al. [3] found that the robustness of
the McGurk illusion not only varied across subjects but also across re-
cordings (talkers) and tasks. They concluded that the McGurk illusion
cannot be explained by a normal distribution, and as a result, assessing
AV integration among populations using the McGurk illusion design
with small samples can be misleading [7,8].

The neurophysiological underpinning of interindividual variability
of the McGurk illusion has been addressed by Nath and Beauchamp [2].
They found that individuals who experienced the illusion more robustly
exhibited greater fMRI activation in the left superior temporal sulcus
(STS) for the illusory percepts than the weaker illusion perceivers. Their
finding is not surprising given that the left STS is a multisensory in-
tegration site [9–11]. A recent EEG study [12] implicated the auditory
cortex (AC) as a site indexing interindividual variability. Shahin et al.

[12] employed a variant of the classic McGurk illusion design, whereby
the visually conveyed syllable is heard as opposed to a fused percept. In
Shahin et al. individuals watched and listened to videos and audios of
the consonant vowel (CV) syllables /ba/ and /fa/, which were mixed
and matched to produce congruent and incongruent AV stimulus-pairs.
An illusion was deemed successful when individuals heard the syllable
conveyed by mouth movements. They found that stronger illusion
perceivers exhibited distinct N1 auditory evoked potential (AEP) am-
plitudes for illusory ‘ba’ and ‘fa’. The weaker illusion perceivers ex-
hibited similar N1 amplitudes evoked by each of these two percepts.
Together, Nath and Beauchamp [2] and Shahin et al. [12] suggest that
distinct neurophysiological attributes at the AC and STS contribute to
individual differences in the McGurk illusion.

In this study, we further examined the neurophysiology underlying
interindividual variability by probing the dynamics of alpha band ac-
tivity (7–12 Hz). Alpha is a well-established neurophysiological marker
of sensory gating. Alpha enhancement (synchronization) marks disen-
gagement (inhibition) of task-specific neural processes, while alpha
suppression (desynchronization) indicates engagement (excitation) of
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task-specific neural processes [13–15]. Mazaheri et al. [13] utilized AV
tasks and showed that when the task was visual-related, suppression of
alpha was observed over occipital sites, while enhancement of alpha
was observed over temporal sites, indicating engagement of the visual
cortex and disengagement of the auditory cortex, respectively. The re-
verse was observed with an auditory-related task. Mazaheri et al. pos-
ited that the observed alpha dynamics heighten sensory efficiency of
one modality in part by inhibiting activity in the irrelevant modality.

Accordingly, we hypothesized that greater alpha desynchronization
induced by the illusory percepts should be exhibited at fronto-central
and temporal sites in stronger versus weaker illusion perceivers em-
phasizing the more robust engagement of the AC and STS in the
stronger illusion perceivers.

2. Materials and methods

The current study used the publicly available data of Shahin et al.
[12]. A detailed account of the methods can be found in Shahin et al.
[12] and is discussed briefly below.

2.1. Subjects

Nineteen subjects participated in this study (mean age of 20.9 years
with 1.8 SD). All subjects reported normal/corrected vision, normal
hearing, and no histories of neurological or language disorders.
Fourteen subjects were native English speakers, and 5 were fluent
English speakers (Native languages, Chinese and Spanish). Fluent
English speakers spoke English for a minimum of 10 years prior to
participation. All subjects signed a written informed consent consistent
with the guidelines of the University of California, Davis Institutional
Review Board. Subjects were monetarily compensated for their parti-
cipation.

2.2. Stimuli

Six acoustic CV syllables (3 /ba/, 3 /fa/) were combined with two
silent videos of a speaker uttering /ba/ and /fa/ in congruent and in-
congruent manners. The experimental design also included unimodal
tokens of the stimuli (auditory-only and visual-only). The /ba/ CVs
were approximately 425ms in duration, and the /fa/ CVs were always
50ms longer due to the initial phone /f/. All acoustic CVs were mat-
ched in root mean square power. To circumvent confounding acoustic
contributions to the EEG results, EEG data were averaged across the
three acoustic tokens of each CV type.

2.3. Procedure

The behavioral responses and EEG data (64-channel BioSemi Active
Two system, 10–20 Ag-AgCl electrode system, with Common Mode
Sense and Driven Right Leg passive electrodes serving as grounds, A/D
rate 1024 Hz) were acquired while participants sat 85 cm in front of a
24-in. Dell monitor. In an event-related mixed design, subjects were
presented with combinations of the audio and videos of the CVs as well
as unimodal auditory-only and visual-only stimuli. Following each trial
presentation, participants made judgments about the syllable they
heard, or in the visual-only case, about what they saw. The experiment
consisted of six ˜10-min blocks, with 204 trials per block. Trials had a
duration of 2700ms plus a variable jitter of up to 500ms. The stimulus
combinations were as follows: In the auditory-only condition, subjects
listened to audios of the CVs while watching a still image of the speaker.
In the visual-only condition, subjects watched a silent video of the
speaker uttering either CV. In the congruent condition, subjects wat-
ched and listened to congruent videos and audios of the speaker ut-
tering /ba/ or /fa/. In the incongruent condition, subjects watched and
listened to incongruent videos and audios of the CVs. Subjects indicated
whether they heard /ba/ or /fa/ (or saw /ba/ or /fa/ in the visual-only

condition) by pressing a keyboard button using their left middle or
index finger, respectively. In the incongruent condition, an illusion was
deemed successful when subjects heard the syllable conveyed by the
speaker’s mouth, not the audio. This led to two possible illusory per-
cepts, illusion-fa (video /fa/, audio /ba/, heard ‘fa’) and illusion-ba
(video /ba/, audio /fa/, heard ‘ba’).

2.4. Data analysis

Preprocessing was similar to the AEP analysis in Shahin et al. [12],
except that the current data was epoched from -1250 to 1250ms
around sound onset (as opposed to -100 to 500ms). Additionally, the
current data were not filtered prior to conducting time-frequency
analysis. Following preprocessing, EEG files were epoched according to
each percept type (auditory-only, visual-only, and congruent ‘ba’ and
‘fa’, and illusion-ba and illusion-fa) and subjected to time-frequency
analysis.

Conducting time-frequency analysis on stronger versus weaker il-
lusion perceivers for the illusory percepts was not feasible since
stronger illusion perceivers had more illusory trials than weaker illusion
perceivers (Fig. 1). To circumvent this issue, time-frequency analysis
was conducted on the incongruent trials of ‘ba’ and ‘fa’ collapsing across
the illusion trials and trials when the illusion failed (illusion-failure).
Subsequently, the two groups had similar overall number of trials per
incongruent condition, with the exception that stronger illusion per-
ceivers had more illusion trials than illusion-failure trials within the

Fig. 1. Individual percentages of illusory perception for A) illusion-ba (video
/ba/, audio /fa/, heard ‘ba’) and B) illusion-fa (video /fa/, audio /ba/, heard
‘fa’).
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condition. Thus, probing the illusory effect remained intact while
maintaining similar EEG signal-to-noise ratios.

Time-frequency analysis was conducted by generating event-related
spectral perturbation (ERSP) spectrograms for each channel, individual
and percept type using the timef.m function of the EEGLAB toolbox.
The analysis was based on a sinusoidal wavelet-based discrete Fourier
transform (DFT) of the time-domain signal (500-ms Hanning window,
10ms and 1 Hz steps) by employing two cycles at the lowest frequency
and increasing number of cycles linearly with frequency. The baseline
for adjusting ERSP activity was the pre-acoustic activity from −1250 to
−500ms.

2.5. Statistical analysis

Differences between groups were assessed using nonparametric
permutation tests to compare spectral power differences at each time
and frequency bin of the channel spectrograms for each percept type.
All channels were included in the resampling to account for multiple
comparisons (see Chau et al. [16] for more details of this method).
Significance was determined based on null distributions derived from
all samples of a 500-ms pre-acoustic stimulus period (−1000 to
−400ms, 60 samples per channel, 3840 samples across all channels) of
the maximum values obtained in repeated resampling of the data (2000
permutations, p= 0.01). Post hoc analysis were conducted using Ana-
lysis of Variance (ANOVA) and Tukey’s Honest Significant Difference
Test.

3. Results

3.1. Behavior

Accuracy for the auditory-only, visual-only and congruent percept
types were at ceiling. However, perception of either illusion was highly
variable. Fig. 1 demonstrates the percentage of illusion-ba and illusion-fa
trials that were experienced across individuals. First, note the large
interindividual variability, especially for illusion-ba. Second, illusion-fa
was much more potent (median ˜ 88%) compared to illusion-ba (median
˜ 28%). This variability is also seen in the classical McGurk design (e.g.,
video /ga/, audio /ba/, heard as ‘da’) [3]. One critical observation is
that within the same population (19 subjects), not all subjects who
experienced one illusion also experienced the other illusion with the
same potency. Five subjects who were included in the stronger illusion-
ba group were also included in the stronger illusion-fa group. While the
data show a strong overlap among individuals for the two illusion types,
they also suggest that individual variability for visually mediated illu-
sions, such as the McGurk illusion, is stimulus specific.

To further confirm stimulus specificity of the McGurk illusion,
Spearman rank correlation was conducted on individual illusion per-
centages across the two illusion (stimulus) types. The correlation
yielded a Spearman's rank correlation coefficient of 0.34 at p= 0.14 (2-
tailed). This non-significant result supports the conclusion that the
strength of the McGurk illusion is not preserved across different stimuli
within individuals.

3.2. EEG

Subjects were divided into top and bottom 9 illusion perceivers for
each illusory type (illusion-ba, illusion-fa see Introduction). The median
subject was not included in either group.

Fig. 2AB presents the spectrotemporal activity distinguishing
stronger versus weaker illusion-ba perceivers when they perceived illu-
sion-ba and illusion-fa (undifferenced spectrograms are shown in Sup-
plementary Fig. 1A). The two types of spectrograms at channel Fz re-
present the raw group difference as well as the permuted group
difference (p=0.01). In the permuted spectrograms, only activity that
reached significance is displayed, while all other activity is zeroed

(masked by green color). The Figures also show the topographies of the
group difference significant activity for alpha (7–12 Hz). The differ-
ences reached significance at other channels as well, but for simplicity
only activity at Fz is shown. Note from the Fz spectrograms that larger
and significant early (< 500ms) alpha activity distinguished stronger
versus weaker illusion-ba perceivers, and this activity was stronger for
illusion-ba than illusion-fa. This result suggests that stronger illusion-ba
perceivers exhibited specificity to the visually conveyed CV /ba/.

To further confirm this specificity, we conducted a post hoc analysis
on the individual alpha activity. Individual alpha activity was isolated
as follows: 1) For each channel spectrogram pixels that did not survive
the permutation test during the illusion-ba and illusion-fa group con-
trasts (e.g., Fig. 2A and B masked, green color) were summed to create a
mask; 2). The mask was then applied to the data of each individual to
isolate the alpha power at each channel for illusion-ba and illusion-fa
percept types; 3) The isolated alpha activity was averaged across fre-
quency (7–12 Hz), time points and channels to yield one value for each
individual and percept type. AN ANOVA was then conducted using
these values with the independent variable being group (stronger versus
weaker illusion-ba perceivers) and the dependent variable being percept
type (illusion-ba, illusion-fa). The purpose of the ANOVA was to show an
interaction with greater group differences for illusion-ba than illusion-fa
(Fig. 2C), which turned out to be the case (F(1, 16)= 8.6, p= 0.01; ηp2

= 0.35). A follow up Tukey test showed that the interaction was due to
a larger alpha occurring for illusion-ba in the stronger versus weaker
illusion-ba perceivers (p=0.037). The groups did not exhibit differ-
ences for illusion-fa (p= 0.54).

Similarly, we examined the illusion efficacy in stronger versus
weaker illusion-fa perceivers. The subjects were rearranged within
groups to segregate the top and bottom 9 illusion-fa perceivers. Fig. 2DE
presents the spectrotemporal activity distinguishing stronger versus
weaker illusion-fa perceivers when they perceived illusion-ba and illu-
sion-fa (undifferenced spectrograms are shown in Supplementary Fig.
B). Note that from the Fz spectrograms, larger and significant early
(-100 to 500ms) alpha activity distinguished stronger versus weaker
illusion-fa perceivers, and this activity was stronger for illusion-fa than
illusion-ba. Indeed, there were no differences in activity between the
groups for illusion-ba at Fz. Again, this means that for the stronger il-
lusion-fa perceivers, the illusion was CV-specific. Indeed, an ANOVA
(Fig. 2F) showed an interaction between group and illusory type (F(1,
16)= 6.3, p= 0.023; ηp2= 0.28). A follow up Tukey test showed that
the interaction was due to a larger alpha occurring for illusion-fa in the
stronger versus weaker illusion-fa perceivers (p= 0.04). The groups did
not exhibit differences for illusion-ba (p= 0.4).

Qualitatively similar group alpha patterns were found for the visual-
only (silent video) and congruent conditions (not shown). For these
conditions however post hoc Tukey tests did not reach, but approached,
significance (p=0.06 to 0.1). No group alpha differences were found
for the auditory-only condition (not shown). Accordingly, we may
conclude that the group alpha pattern is not specific to the illusion,
albeit it was stronger in the illusory conditions. Furthermore, the ab-
sence of sound in the visual-only condition suggest that interindividual
variability is driven by the specificity to the visually conveyed stimulus.

3.3. Alternative regression analysis

As a supplementary analysis (see Supplementary Fig. 2), regression
analysis was conducted between the individual alpha power (mean
across all channels) and the individual illusory percentages using all 19
subjects. This analysis is not ideal given that in several individuals il-
lusory perception reached ceiling values. Nonetheless, using the entire
mean of the post stimulus alpha power did not yield significant corre-
lation. However, using the group masked values, as in previous section,
produced significant correlation between alpha power and illusory
perception for illusion-ba (R= 0.56, p=0.01) and illusion-fa (R=0.45,
p=0.06).
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Finally, the effect due to inclusion of non-native English speakers
was assessed by removing these subjects and rerunning the analyses.
The results did not qualitatively change. In the original analysis, the 5
non-native subjects were divided across the two groups as follows: 1)
Two were included in the stronger illusion-fa perceiver group and 3 in
the weaker illusion-fa perceiver group; 2) One was included in the
stronger illusion-ba perceiver group and 3 in the weaker illusion-ba
perceiver group. The 5th subject was the median subject.

4. Discussion

This study provides evidence that interindividual variability ob-
served with the McGurk illusion is reflected by stimulus-specific alpha
activity. In contrast to our hypothesis, the results emphasize an in-
hibitory mechanism (greater alpha) as an attribute distinguishing
stronger versus weaker illusion perceivers. Furthermore, the results
showing that interindividual variability varies with stimulus type cau-
tions against drawing conclusions about the efficacy of AV integration
using one type of incongruent syllable-pairs.

It is not possible to assess the neural origins of the alpha activity
distinguishing the two groups with certainty. The fronto-central and
temporo-parietal topography distinguishing the two groups is con-
sistent with auditory generators, because the poles of generators in the
primary AC point in those directions [17]. A caveat of this deduction is
that the posterior topography for auditory sources is usually more

widespread, as is the case in Fig. 2A topography, and more inferior (i.e.,
not reflected by a strong temporo-parietal focus in the P5/P7 channels).
Topographies observed in Fig. 2BDE may be attributed to sources that
are more closely beneath channels P5/P7 than what we expect from a
source in the primary AC. This supports a case for sources in the pos-
terior STS, where the sources have a similar orientation as the sources
in the primary AC but are more posteriorly superficial (closer to the
scalp). Alternatively, although less likely, the alpha topography may
reflect visual sources. Typically, visual topography is represented by
bifocal activity at the parieto-occipital channels (e.g., PO3/PO4) and
frontal channels [18]. However, there are instances in which visual
activity exhibits a similar topography to the current alpha topography.
For example, evoked potentials of conscious minus unconscious face
processing yield an N170 topography (if we disregard polarity) similar
to the current one.

If indeed the current alpha pattern reflects auditory activity, we
may posit that enhanced alpha synchronization in stronger illusion
perceivers reflects cross-modal inhibition of irrelevant auditory re-
presentations. This sensory-gating process is consistent with the role of
visual networks in constraining auditory processing [19,20]. The in-
fluence of vision on auditory neurophysiology has been consistently
shown to be suppressive [21–23]. The consensus is that visual context
renders some auditory information redundant, and therefore the audi-
tory response (e.g., auditory evoked potentials or AEPs) is reduced.
Some of these redundant auditory cues include sound onsets [23]. That

Fig. 2. Time-frequency spectrograms at channel Fz revealing oscillatory activity group differences (stronger vs. weaker illusion-ba perceivers) for illusion-ba (A) and
illusion-fa (B). The top spectrograms represent the group raw differences. The bottom spectrograms represent the permuted differences (nonsignificant activity is
masked by green color). The figures also show the topographies at latencies in which the groups exhibited maximum differences. C) Boxplots of data points that
survived the permutation test for illusion-ba and illusion-fa of the stronger and weaker illusion-ba perceivers. D–F same as A–C, except the contrast is between stronger
vs. weaker illusion-fa perceivers.
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is, as the phonetic identity is identified by the visual percepts, acoustic
cues like onsets become irrelevant and their representations are sup-
pressed. The redundant cues may also include phonetic and lexical re-
presentations that are not conveyed by visual speech [19]. This de-
duction also follows from studies on memory retention, which show
that as individuals retain more items in short-term memory, they ex-
hibit greater alpha [14,24]. This alpha behavior is thought to reflect the
inhibition of redundant sensory information that may impede the re-
tention of additional items in memory. Alternatively, if the observed
alpha in stronger illusion perceivers reflects visual sources (face pro-
cessing), then the alpha enhancement may index inhibition of facial
cues that are not relevant to the task (i.e., facial features other than the
mouth).

Previous accounts suggest that a basis for interindividual variability
of the McGurk illusion is the perceptual instability of the McGurk
percept. For example, external factors, such as differences in tasks and
recordings, can alter the robustness of the McGurk illusion [3]. This is
noteworthy because visual influence on speech comprehension is
mainly manifested in adverse listening situations – when the acoustic
stimulus is degraded or unstable. This is consistent with the “inverse
effectiveness” principle [25], which states that as the auditory signal
becomes more degraded the benefit of visual cues to audition is in-
creased. This principle has been substantiated in several studies
[26–28], including neuroimaging data showing that in an AV task, the
STS/G (G for gyrus) is more activated as the SNR decreases [29]. Re-
sults by Ross et al. [30], however, showed that visual benefit to speech
comprehension is only inversely proportional to the acoustic SNR up to
a point (intermediate SNR). One may speculate that individuals who
have acquired stronger cross-modal connections and thus substantially
benefit from visual cues in noisy situations, experience stronger cross-
modal inhibition of redundant auditory representations even in the
absence of noise. This automatic inhibitory mechanism lead to a more
robust visual streamlining of auditory representations and a more ro-
bust McGurk illusion in these individuals.

4.1. Caveats and considerations

There are few caveats of the current study. First, even though the
two groups were drawn from a population with similar characteristics
(healthy, young college students), the results may have been compro-
mised by the low number of individuals per group (n= 9). Second, the
conclusion that stronger illusion perceivers have greater alpha and
hence more robust inhibitory mechanisms is not a unique. Because
alpha power in stronger illusion perceivers was relative to the alpha
power of the weaker illusion perceivers, the alpha group-differences
may also be attributed to greater cross-modal excitatory mechanisms in
the weaker illusion perceivers.

5. Conclusions

The current results suggest that interindividual variability of the
McGurk illusion may be a byproduct of heightened cross-modal in-
hibition of auditory information that is not conveyed by the visual
system in stronger illusion perceivers. The neurophysiological locus of
the variability may be the auditory cortex, STS and/or even the visual
system. Subsequent studies using more spatially superior methods (e.g.,
fMRI) are better suited to pinpoint the source.
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