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In the recently discovered sound-induced illusory £ash phenomenon, a single £ash accompanied with two auditory beeps is perceived
as two £ashes in a majority of trials.Here we asked what the neural
substrates distinguishing illusion and no-illusion (i.e. perception of
single £ash) percepts are under identical stimulus con¢guration.
Wavelet based method was used to analyze g band (4 30 Hz) responses in the event-related potential (ERP) signals recorded over
visual cortical regions. We found: (i) signi¢cantly higher oscillatory
and induced g band responses in illusion than in no-illusion trials,

and (ii) signi¢cant supra-additive audio-visual interactions only in
illusion trials.These results provide a clear neurophysiological correlate to the perception of illusion. Furthermore, the results suggest that auditory stimuli modulate cortical processing of visual
stimuli, and the £ash illusion (qualitative alteration of visual percept) only takes place when this modulation exceeds some critical
threshold for the registration of conscious awareness. NeuroReport
c 2002 Lippincott Williams & Wilkins.
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INTRODUCTION
Information carried by different sensory channels is effortlessly integrated within the human brain [1–3], although the
underlying mechanisms are yet to be fully understood. In
addition to the enhancement of saliency of one modality by
the concurrent activity of another modality [4–6], the
subjective experience within one modality can also be
dramatically altered by another modality, thus leading to
an illusion. Such a radical cross-modal alteration of the
phenomenological quality of the percept has recently been
reported in visual perception [7], even though vision has
been traditionally considered to be the dominant modality
[8–10]. Shams et al. [7] showed that when a single visual
flash is accompanied by multiple auditory beeps, the single
flash is perceived as multiple flashes. This phenomenon has
been termed ‘sound-induced illusory flash effect’. To study
the neural substrates of this cross-modal influence on visual
perception, ERP signals were recorded in a previous study
[11] from visual cortical regions of human subjects using the
sound-induced illusory flash paradigm. Through traditional
averaging method, it was found that the ERP profile for the
illusory flash is highly similar to that of a physical flash,
suggesting a common underlying mechanism. This previous
study also compared the auditory–visual interactions
between the condition where the visual stimulus was in
the periphery (when the illusion occurs strongly) and the
condition where it was in the fovea (when the illusion
occurs only occasionally). No significant auditory–visual
interaction was found in the foveal no-illusion trials,
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whereas significant interactions were found in the peripheral illusion trials. However, there were 25% of trials in the
periphery (on average across subjects) in which the
observers did not perceive the illusion. No direct comparison between illusion and no-illusion trials in identical
stimulus configuration (in the periphery) was made in the
earlier study.
The primary aim of the present study was to investigate
possible neural correlation between high frequency gamma
(g) band responses in visual cortical regions and the
perceptual phenomenology (illusion or no-illusion) under
identical stimulus configuration (one flash in the periphery
accompanied by two beeps). To this end, we applied
wavelet-based time-frequency analyses to the ERP data of
the earlier study [11]. Time frequency analysis is suitable for
the characterization of evoked (phase-locked to stimulus) as
well as induced (non-phase locked) high-frequency g band
responses [12,13]. g band was chosen due to widespread
evidence of the importance of neuronal oscillations in g
band in feature integration or object recognition including
perception of illusory contours [13–15], selective attention
[16], associative learning [17], lexical processing [18], and
other perceptual functions [19].

MATERIALS AND METHODS
The ERP experiment has been reported previously [11];
however, here we describe the relevant aspects of the
experiment for the sake of completeness. Sixteen subjects
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(six females, age range 17–45 years; 13 subjects previously
studied in [11] and three additional subjects), with normal
or corrected-to-normal vision and with normal hearing
ability, participated in the study. The experiment consisted
of six stimulus conditions, however, here, we only considered the following three conditions which were relevant
for our study: (i) two auditory beeps (A), (ii) a visual flash in
the periphery (Vp), and (iii) a flash in the periphery
accompanied by two beeps (AVp). The auditory beep
(frequency 3.5 kHz with 77 dB sound pressure level) was
presented by two loudspeakers placed symmetrically. The
duration of each auditory beep was 8 ms and the beeps were
separated by 57 ms. The visual flash was a uniformly
illuminated white disk presented on a computer monitor at
a visual angle of 21 with 81 eccentricity and duration of
14 ms. In the AVp condition, the visual stimulus was
presented 14 ms after the onset of first auditory beep. There
were 100 trials for each condition and the order of the trials
was interleaved and randomized. The total time duration of
each trial was 600 ms including the pre-stimulus interval of
100 ms. The task was to report the number of flashes
perceived.
Signals were recorded from three occipital electrodes (O1,
Oz and O2) placed according to the International 10–20
placement system with reference electrode placed at nose.
Eye movements were monitored using two electrodes
located above and below the right eye. The sampling
frequency was 1 kHz. The signals were further digitally
high pass filtered with cut-off at 100 Hz followed by a
notch filter of 60 Hz. Out of 1600 (16 subjects  100 trials
for each subject) trials, 75% of the AVp trials produced
illusion.
The illusion trials were those trials in AVp configuration
when the subjects reported the perception of two flashes
despite the presence of a single physical visual flash.
Remaining trials in AVp were termed as no-illusion trials
and both of these trials (illusion and no-illusion) were
subject to comparison (with their respective baselines or
with summed unimodal responses) followed by the timefrequency analysis.
For the estimation of time-frequency energy variations,
the signal s(t) was convolved with complex Morlet wavelets
w(t,fc) which have a Gaussian shape in both time (s.d. st)
and in frequency domain (s.d. sf) around fc:




 
1
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t 
The wavelet family is characterized by a constant ratio
fc/sf ¼ 7, with sf ¼ 1/(2pst), as has previously been used
[12]. The center frequency varies from 20 Hz to 60 Hz in
0.5 Hz steps. The time-varying energy of the signal, E(t,fc), is
defined as follows:
2
    
ð2Þ
E t; fc ¼ w t; fc  sðtÞ
where  represents the convolution operator. The stimulus
locked responses can be evaluated by averaging the
following quantity across trials:
 
 
w t; fc  sk ðtÞ


Nk t; fc ¼   
ð3Þ
w t; fc  sk ðtÞ
where k denotes the trial number.
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The modulus of this quantity, termed event-related intertrial coherence [12], varies from 0 (non-locked to stimulus or
event) to 1 (strictly locked to stimulus). Using eqn (2) and
(3), phase-locked as well as non-phase locked responses can
be analyzed. The time varying energy of each configuration
was always corrected by their individual baselines or prestimulus interval (100 ms).

RESULTS
Figure 1a,b shows the baseline-subtracted grand-averaged
time frequency representations (TFR) for illusion and noillusion trials, respectively, in identical stimulus configuration, AVp (a flash in the periphery accompanied by two
beeps). There are higher overall g-band (4 30 Hz) responses
(compared with their individual pre-stimulus interval or
baseline) in illusion than in no-illusion trials. In addition,
the following observations can be made: (i) The strong
gamma (centered at frequency 39 Hz, spanning 28–50 Hz)
responses started as early as 30 ms and lasted until 140 ms
during illusion trials, whereas in no-illusion trials strong
responses were found primarily in beta range (o 25 Hz) and
also at center frequency of 30 Hz with latency 90 ms. (ii) Late
but strong gamma responses (center frequency 42 Hz) were
found in illusory trials which lasted from 420 ms to 480 ms.
(iii) g-band responses seem to be distinct from the lower
frequency components (o 25 Hz) because TF energy decreases at B24 Hz and increases for 4 30 Hz in illusion trials.
Since the responses as represented by TFR can be due to
phase locked (with respect to stimulus) and/or non-phase
locked component, event-related inter-trial coherence (eqn (3))
was computed for both aforementioned conditions and the
results are shown in Fig. 1c,d, respectively. It is clear that the
early responses (through 100 ms) are phase-locked to the
stimulus (thus similar between the illusion and no-illusion
trials) but the late responses (4 400 ms) of illusion trials do not
appear in the profiles of event-related coherence; they are,
thus, non-phase locked to the stimulus onset and standard
averaging procedure is inappropriate to uncover such responses in which there are variations in latency across trials [20].
Next, we performed non-parametric Wilcoxon signedrank test on the TFR of the energy averaged across single
trials at electrode O1 for each point in joint time-frequency
space. Significant responses (p o 0.05), larger than baseline,
are plotted as probability maps in Fig. 2a,b for illusion and
no-illusion trials, respectively. The other two (occipital)
electrodes have qualitatively similar profiles. As expected
from Fig. 1a, two clusters of significantly enhanced g-band
responses are formed in illusory AVp trials as compared to
baseline. The effect is found for frequencies 4 30 Hz. In
contrast, little enhancement of g-band responses is found for
non-illusory AVp trials compared with their baseline. No
effect (p 4 0.7) was found between the baseline levels
corresponding to illusion and no-illusion trials.
In order to study the cross-modal (i.e. audio-visual)
interaction, the standard approach is to investigate the
difference between the bimodal responses and the absolute
sum of unimodal responses (i.e. AVp(AþVp)) and interaction is reported at any latency at which the difference
waveform is significantly different from zero. Although this
approach has been routinely adopted [11,21,22], a more
accurate method [23] is to analyze the difference
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Fig. 1. (a,b) Time-frequency (TF) representations of the energy during illusory perception, and non-illusory perception, respectively. Results, corrected with respect to 100 ms baseline or pre-stimulus interval, were averaged across trials, all subjects (n ¼16), and over three occipital electrodes.
The onset of visual stimulus is at time zero. (c,d) Event-related inter-trial coherence or phase-locking factor (averaged across electrodes and subjects).
(e^f ) Cross-modal interaction as computed by [AVpbaseline]([Abaseline] þ [Vpbaseline]) for both illusion and non-illusion trials, respectively.

[AVpbaseline(AVp)]([Abaseline(A)] þ [Vpbaseline(Vp)]).
This is considered better because statistical interaction
effects between two factors point out those changes which
would happen when two factors are simultaneously altered
which cannot be predicted from the results of changing one
factor separately. Figure 1e–f shows the cross-modal interactions for both illusion and no-illusion trials, respectively.
Large supra-additive interaction is only found in illusion
trials. Next, this difference TFR for 30–50 Hz frequency
range was computed with 25 ms non-overlapping windows
and subjected to statistical test (compared with zero by
Wilcoxon test). Results are plotted in Fig. 2c,d for illusion
and no-illusion trials, respectively. In illusion trials, two
stable and relatively long intervals (150–225 ms and 425–
500 ms) are found showing significant supra-additive crossmodal interactions. No interval of significant effects was
found in no-illusion trials. It should be mentioned that the
timing of significant audio-visual interactions remains the
same even when equal number of illusion and no-illusion
trials (as well as equal number of bimodal and unimodal
trials) are considered; thus, the observed effect is not due to
the difference in the number of illusion and no-illusion trials.

DISCUSSION
The method of wavelet-based averaging of time–frequency
representation provides many advantages over classical

averaging technique commonly used in ERP analysis,
namely, (i) low-amplitude high frequency activity, which
has low signal-to-noise ratio, can be cleverly separated from
high-amplitude low-frequency (i.e., theta, alpha) activities
which usually mask g-band responses, (ii) variations in
latency from trial to trial (i.e. induced response) can be
accommodated whereas only evoked responses (precisely
phase-locked to stimulus) can be detected by raw-data
averaging, and (iii) the method is free from the requirement
of stationarity. As a result, this method is particularly useful
in uncovering the correlation between neural responses in
g-band and perceptual experience (illusion vs no-illusion).
Significant supra-additive interaction in g-band responses
has been reported previously in a bimodal condition (one
beep and one flash, temporally synchronized) primarily in
central electrodes [21]. Illusory flash effect may be a better
testbed for investigating auditory–visual interactions, since it
involves a radical change in the phenomenological quality of
the visual percept by sound. The aim of our study was to
investigate the g-band activity of visual cortical regions in the
illusory-flash condition, and thus, further trace the neural
signature discriminating illusory and no-illusory percepts.
The strong supra-additive audio-visual interaction starting at
B150 ms and exclusive to the illusory trials is in close
agreement with the reported time intervals of cross-modal
interaction in an earlier study of illusory flash effect using
standard ERP averaging technique [11]. It is also consistent
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Fig. 2. (a,b) Statistical probability map (p-map) showing signi¢cant (p o 0.05) enhancement inTF responses during illusion and no-illusion trials as compared to their pre-stimulus interval. (c,d) Signi¢cant cross-modal supra-additive interaction in g-band in di¡erent time windows for illusion and no-illusion trials, respectively. Signi¢cant levels (*p o 0.05, **p o 0.01) are shown on the top of the bar.

with time intervals reported in other studies using other tasks
and paradigms [22]. Any interaction within 200 ms of
stimulus presentation has been traditionally assumed to be
due to modality-specific (here, visual) pathways [11,22], but a
recent dynamic imaging study [24] has estimated the
information propagation delay from primary visual areas to
prefrontal areas to be B30 ms. Thus, the possible contribution
of feedback projection from multi-modal areas located in
higher synaptic hierarchy cannot be ruled out. On the other
hand, recent neuroanatomical findings [25,26] suggest a
cortical pathway by which auditory signals can directly
modulate activity in early visual cortical areas.
Two additional intriguing findings of the study are (i) the
very late responses (centered at 450 ms after the onset of
visual flash) in the illusion trials, and (ii) increase, though
non-significant, in interaction level centered at 170 ms for
non-illusion trials (illusion trials showed significant interaction for same time windows). Usually, late ( 300 ms
after stimulus onset) g-band responses are considered to be
associated with the generation of a coherent object
perception, both in audio and visual modalities [12–15].
Here, these responses might reflect the propagation of
the activity associated with the perception of illusory
flash to higher-order areas (e.g. decision making). Observation (ii) suggests that the perception of illusory double flash
is only possible when the modulated visual activity by
sound exceeds a ‘perception threshold’ for being registered
as a flash percept, otherwise the modulation is unable to
trigger awareness. It is for future studies to test this hypothesis.

CONCLUSION
Our results demonstrate that g band responses are correlated with percept of the illusory flash. The two main
factors, discriminating the illusion from no-illusion are:
(i) stronger g band responses, and (ii) supra-additive audio-

visual interactions. Taken together, these results suggest that
processing of information in visual cortical regions can be
modulated by sound and strength of modulation can
influence the final perceptual outcome.
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