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Temporal congruency promotes perceptual binding of multisensory inputs. Here, we used EEG frequency-
tagging to track cortical activities elicited by auditory and visual inputs separately, in the form of steady-
state evoked potentials (SS-EPs). We tested whether SS-EPs could reveal a dynamic coupling of cortical activ-
ities related to the binding of auditory and visual inputs conveying synchronous vs. non-synchronous tempo-
ral periodicities, or beats. The temporally congruent audiovisual condition elicited markedly enhanced
auditory and visual SS-EPs, as compared to the incongruent condition. Furthermore, an increased inter-trial
phase coherence of both SS-EPs was observed in that condition. Taken together, these observations indicate
that temporal congruency enhances the processing of multisensory inputs at sensory-specific stages of corti-
cal processing, possibly through a dynamic binding by synchrony of the elicited activities and/or improved
dynamic attending. Moreover, we show that EEG frequency-tagging with SS-EPs constitutes an effective
tool to explore the neural dynamics of multisensory integration in the human brain.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Building coherent representations of the external world requires
integrating and merging information concurrently sampled through
our different senses (Gibson, 1966; Spence and Driver, 2004). Most
events occurring in the environment concomitantly activate afferents
from different sensory modalities. For example, the perception of an
explosion simultaneously emitting light, noise, vibrations and heat
requires the integration of combined visual, auditory and somatosen-
sory inputs. Because the information conveyed by these different sen-
sory modalities is often complementary, cross-modal integration of
these inputs may provide information about the environment that is
absent in any one modality presented in isolation and, hence, cross-
modal integration may improve behavior (Adrian, 1949; Elliott et
al., 2010; Stein and Meredith, 1993).

Temporal congruency facilitates cross-modal integration (Bertelson,
1999; Fujisaki and Nishida, 2005; Petrini et al., 2009; Sekuler et al.,
1997; Vatakis and Spence, 2006; Vroomen and Keetels, 2010; Welch
and Warren, 1980; Zampini et al., 2003). Multisensory perception may
result from a process of binding by synchrony of the cortical responses
to sensory inputs sharing similar temporal dynamics (Kayser, 2009; Luo
et al,, 2010; Schroeder et al., 2008; Senkowski et al., 2008). Support for
this hypothesis can be found in the electrophysiological recordings per-
formed in the sensory cortices of monkeys where congruent multisenso-
ry inputs elicit an increased phase coherence of neuronal oscillatory
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activity within the activated sensory cortices, as compared to incongru-
ent multisensory inputs (Kayser and Logothetis, 2007; Kayser et al.,
2008; Senkowski et al.,, 2007). Similarly, in humans, electroencephalo-
graphic (EEG) recordings reveal that the congruency of combined audi-
tory and visual stimulation enhances the magnitude of stimulus-
induced EEG oscillations across both auditory and visual cortices (Luo
et al.,, 2010; Schall et al., 2009; Schroeder et al., 2008). However, because
of the unavoidable temporal overlap between the neural responses to
concurrent streams of sensory input, disentangling the neural activities
related to each sensory stream, although critical to study multisensory
integration, is difficult (Besle et al., 2009). Hence, current knowledge of
how the human brain extracts, integrates and exploits the temporal dy-
namics of sensory input remains, at present, poorly understood.
Frequency-tagging using EEG steady-state evoked potentials (SS-
EPs) could overcome this limitation, and thus may constitute a
mean to study, non-invasively, multisensory integration in humans
(Regan, 1989; Regan and Heron, 1969). SS-EPs are elicited by the con-
tinuous presentation of a sensory stimulus in which a given feature is
modulated periodically at a given frequency. SS-EPs appear as an in-
crease in the EEG frequency spectrum peaking specifically at the fre-
quency of stimulation (Regan, 1989). Therefore, different SS-EP
frequencies can be used to tag the different sensory inputs constitut-
ing a multimodal stimulus and, thereby, isolate the neural activity re-
lated specifically to each stream of sensory input (Morgan et al., 1996;
Regan, 1989; Tononi et al., 1998). This frequency-tagging approach
has already been used to characterize the neural activity triggered
by intermodal interactions of selective attention, using simultaneous
auditory and visual inputs and comparing the magnitude of SS-EPs
obtained in unisensory vs. multisensory conditions, according to the
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focus of attention (de Jong et al., 2010; Saupe et al., 2009; Talsma et
al.,, 2006; Toffanin et al., 2009).

Here, we used the same frequency-tagging technique to investigate a
different phenomenon. We aimed to explore, using SS-EPs, the cortical
processes involved in the binding of temporally congruent multisensory
inputs, occurring in the context of temporal periodicities. This context
was chosen because the temporal dynamics of the eliciting stimuli is
particularly important for beat perception in music (Large, 2008;
London, 2004; van Noorden and Moelants, 1999). Although beats are
preferentially conveyed by auditory input (Glenberg et al., 1989;
Grahn et al, 2011; Patel et al., 2005; Repp, 2005), beat perception
often co-occurs with visual movements such as when dancing or watch-
ing a conductor directing an orchestra (Repp, 2006). Furthermore, it has
been hypothesized that beat perception is subtended by a periodic mod-
ulation of the responsiveness of neuronal populations frequency-tuned
to the temporal periodicity extracted from the external stimulus
(Jones and Boltz, 1989; Large, 2008; Large and Jones, 1999; Large and
Kolen, 1994; Nozaradan et al, 2011; van Noorden and Moelants,
1999). Beat perception induced by multimodal sensory inputs may
thus constitute a unique opportunity to study the mechanisms involved
in the multimodal integration of temporally regular events.

The EEG response to auditory stimulation was tagged using a periodic
modulation of loudness at 11 Hz (auditory SS-EP), whereas the EEG re-
sponse to visual stimulation was tagged using a periodic modulation of
luminance at 10 Hz (visual SS-EP) (Fig. 1). Independently of these peri-
odic modulations, the auditory and visual stimulation contained tempo-
ral regularities, in the form of a periodic amplitude modulation of the
sound and a periodic movement of the visual object, at rates correspond-
ing to the ecological range of musical tempo perception and production
(see Supplementary material for downloadable audiovisual examples).
Across the two modalities, these “musical beats” were either synchro-
nous or non synchronous, i.e. temporally congruent or incongruent
(Fig. 1). This approach allowed us to compare the cortical activity related
to processing auditory and visual streams of sensory input in a condition
in which the temporal congruency of the auditory and visual beats is
expected to promote a unified, temporally-binded, audiovisual percept
and a condition in which the temporal incongruency of the auditory
and visual beats is expected to prevent such an integration to take place.

Materials and methods
Participants

Twelve healthy volunteers (4 females, 11 right-handed, aged 22 to
37 years, mean 3145 years) took part in the study after providing
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written informed consent. They all had musical experience as ama-
teur listeners or dancers, and no history of hearing, neurological or
psychological disorders. The study was approved by the local Ethics
Committee.

Audiovisual stimulation

The auditory and visual stimuli were generated using the Psy-
chToolbox extensions (Brainard, 1997) running under Matlab 6.5
(The MathWork, USA).

Auditory stimuli

The auditory stimuli were presented binaurally through ear-
phones at a comfortable hearing level (BeyerDynamic DT 990 PRO,
Germany). Each auditory stimulus lasted 33 s, and consisted of a
333.3 Hz pure tone in which an auditory beat was induced by modu-
lating periodically the amplitude envelope of the tone, using an asym-
metrical Hanning function (22 ms rise time and 394 ms fall time,
amplitude modulation between 0 and 1) (Fig. 1). The frequency of
the beat was either 2.1 Hz (126 bpm, 476 ms period) or 2.4 Hz
(144 bpm, 416 ms period), thus lying within an ecological range of
musical tempo perception and production (Drake and Botte, 1993;
Repp, 2005), and shown to be suitable to induce beat perception
(Nozaradan et al, 2011). Finally, the obtained sound was
amplitude-modulated at 70% using an 11 Hz sinusoidal function.
This additional amplitude-modulation of the tone was used to tag
the neural responses elicited by the auditory stimuli, which appeared
as an auditory SS-EP at 11 Hz (Galambos et al., 1981; Regan, 1989).

Visual stimuli

The visual stimuli were presented using a CRT computer monitor
(resolution: 1024 x 768, refresh rate: 100 Hz) positioned 50 cm in
front of the participant's eyes. The stimulus consisted of a 1.5° visual
angle white square displayed on a dark grey background, moving hor-
izontally from left to right and from right to left following a sinusoidal
function (Fig. 1). The amplitude of the horizontal movement was 3°
visual angle, which allowed subjects to track the moving square with-
out performing ocular movements. The frequency of the visual beat
induced by the back and forth horizontal movement of the square
was 2.1 Hz (126 bpm, 476 ms period) or 2.4 Hz (144 bpm, 416 ms pe-
riod), like the frequency of the auditory beat. The luminance of the
moving object was modulated using a 5 Hz sinusoidal function oscil-
lating between 0.3 and 1, thus periodically changing the luminance of
the moving square from dark to light and from light to dark at a rate
of 10 Hz. This modulation of luminance was used to tag the neural
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Fig. 1. Audiovisual stimulation. A: Visual stimulus. A white square presented on a grey background moved periodically from left to right and from right to left. This sinusoidal pe-
riodic movement was used to induce a visual beat with a frequency of 2.1 or 2.4 Hz (126 or 144 beats per minute, bpm). B: Auditory stimulus. The loudness of a 333.3 Hz pure tone
was periodically modulated using an asymmetrical Hanning function, such as to induce an auditory beat. Such as the visual beat, the frequency of the auditory beat was either 2.1 or
2.4 Hz (126 or 144 bpm). C and D: Auditory and visual stimuli were presented simultaneously. In half of the trials, the beats carried by the auditory and visual stimuli were syn-
chronous, thus generating a temporally congruent multimodal percept. In the other half of the trials, the beats carried by each of the two streams of sensory input were plesiochro-
nous, thus preventing the emergence of a unified multimodal percept. See Supplementary material for downloadable audiovisual examples.



S. Nozaradan et al. / Neurolmage 60 (2012) 21-28 23

responses elicited by the visual stimuli, which elicits a visual SS-EP at
10 Hz (Kim et al., 2007; Saupe et al., 2009; Talsma et al., 2006). Like
the auditory stimuli, each visual stimulus lasted 33 s.

Audiovisual stimulation

The auditory and visual beats were presented simultaneously,
thus constituting audiovisual stimuli of 33 s duration. In half of the
trials, the beats carried by the auditory (A) and visual (V) stimuli
were temporally congruent, their periodicities being synchronous
(A: 2.1 Hz with V: 2.1 Hz, or A: 2.4 Hz with V: 2.4 Hz). In the other
half of the trials, the beats carried by each of the two streams of sen-
sory input were temporally incongruent, their periodicities being ple-
siochronous (A: 2.1 Hz with V: 2.4 Hz, or A: 2.4 Hz with V: 2.1 Hz). In
the temporally congruent audiovisual condition, the synchrony be-
tween the auditory and visual beat was expected to generate a
temporally-binded multimodal percept. In contrast, in the temporally
incongruent audiovisual condition, the lack of synchrony between the
two beats was expected to prevent the emergence of a unified multi-
modal percept. This perceptual difference was assessed after the re-
cording session, by asking the participants to judge the temporal
synchrony or non-synchrony of 10 additionally-presented temporally
congruent and incongruent audiovisual stimuli, through a forced
choice. Two 30 s audiovisual clips of temporally congruent and incon-
gruent stimulation are available online as a supplementary material.

Experimental design

The experiment consisted of two identical blocks of 12 trials, each
consisting of a 3 s foreperiod followed by the presentation of the au-
diovisual stimulus (6 temporally congruent and 6 temporally incon-
gruent trials, presented in random order). The rate of presentation
of the trials was self-paced: participants were asked to initiate the up-
coming trial by pressing a key on a computer keyboard. During the
trial, participants were asked to detect the occurrence of very short-
lasting (4 ms) interruptions in the auditory stimulus (perceived as a
short cracking of the sound) and changes in the color of the moving
square (briefly changed to red during 10 ms). These changes were
inserted at a random position in ten additional trials interspersed
within the two blocks. These ten trials were excluded from further
analyses. The change detection task ensured that subjects maintained
their attention on both the auditory and the visual streams during
recording.

In eight subjects, two additional blocks were recorded in which
auditory and visual stimuli were presented in isolation (unisensory
auditory and visual conditions). The participants performed the
same detection task as in the multisensory condition. These addition-
al recordings were used to compare the amplitude of the auditory and
visual SS-EPs elicited in a unisensory vs. multisensory context (see
Supplementary Fig. 1).

EEG recording

Subjects were comfortably seated in a chair with their head rest-
ing on a support. They were instructed to relax, to avoid any head
or body movement during the recording, and to keep their eyes fixat-
ed on the visual screen. The electroencephalogram (EEG) was
recorded using 64 Ag-AgCl electrodes placed on the scalp according
to the International 10/10 system (Waveguard64 cap, Cephalon A/S,
Denmark). Vertical and horizontal eye movements were monitored
using four additional electrodes placed on the outer canthus of each
eye and in the inferior and superior areas of the right orbit. Electrode
impedances were kept below 10 kQ. The signals were recorded using
an average reference, amplified and digitized using a sampling rate of
1000 Hz (64-channel high-speed amplifier, Advanced Neuro Technol-
ogy, The Netherlands).

EEG analysis

Continuous EEG recordings were referenced offline to the left and
right mastoids and filtered using a 0.5 Hz high-pass Butterworth
zero-phase filter to remove very slow drifts in the recorded signals.
EEG epochs lasting 32 s were then obtained by segmenting the re-
cordings from + 1 s to + 33 s relative to the onset of the audiovisual
stimuli, thus yielding 12 epochs for each subject and condition (tem-
porally congruent vs. incongruent audiovisual conditions). Such long-
lasting epochs were chosen to improve the signal-to-noise ratio as (1)
previous studies have shown that SS-EPs require several cycles of
stimulation to be steadily entrained, (2) when installed, the phase
and amplitude of SS-EPs are considered to remain relatively constant
over time and (3) the high frequency resolution of the obtained fre-
quency spectra concentrates the SS-EP signal within very narrow fre-
quency bands (Regan, 1989). Furthermore, the EEG recorded during
the first second of stimulation was excluded from further analyses
to discard the transient auditory and visual evoked potentials trig-
gered by the onset of the stimulus (Nozaradan et al.,, 2011; Saupe
et al, 2009). Artifacts produced by eye blinks or eye movements
were removed using a validated method based on an Independent
Component Analysis (Jung et al., 2000). EEG epochs were then sub-
mitted to two distinct analysis procedures to estimate SS-EP ampli-
tude: across-trial averaging in the time domain and across-trial
averaging in the frequency domain.

SS-EP amplitude: across-trial averaging in the time domain

For each subject and condition, EEG epochs were averaged across
trials in the time domain. Across-trial averaging in the time domain is
expected to cancel out or at least markedly reduce the contribution of
EEG signals that are not phase-locked to the stimulation train
(Mouraux and lannetti, 2008). The obtained average waveforms
were then transformed in the frequency domain using a discrete Fou-
rier transform (Frigo and Johnson, 1998), yielding a frequency spec-
trum ranging from 0 to 500 Hz with a resolution of 0.031 Hz (Bach
and Meigen, 1999). Amplitude spectra were then obtained using the
modulus of the complex Fourier coefficients (Fig. 2).

SS-EP amplitude: across-trial averaging in the frequency domain

For each subject and condition, EEG epochs were transformed in
the frequency domain using a discrete Fourier transform (Frigo and
Johnson, 1998), yielding a frequency spectrum ranging from 0 to
500 Hz with a resolution of 0.031 Hz (Bach and Meigen, 1999).
Single-trial amplitude spectra were then obtained using the modulus
of the complex Fourier coefficients. The obtained spectra were then
averaged across trials, yielding an average spectrum for each subject
and condition. Unlike across-trial averaging of amplitude in the time
domain, across-trial averaging of amplitude in the frequency domain
is expected to preserve the contribution of EEG signals that are not
aligned across trials (Lachaux et al., 2000; Mouraux and lannetti,
2008; Pfurtscheller and Lopes da Silva, 1999; Regan, 1989) (Fig. 2).

Comparing the results obtained using these two approaches
allowed assessing whether observed differences in SS-EP amplitude
are due to an actual difference in the magnitude of the neuronal en-
trainment, or to a difference of phase coherence across trials
(Lachaux et al., 2000; Pfurtscheller and Lopes da Silva, 1999).

Assuming additive noise, within the obtained frequency spectra,
signal amplitude may be expected to correspond to the sum of (1)
EEG activity induced by the auditory and visual stimuli, i.e. the audi-
tory and visual SS-EPs and (2) unrelated background noise due, for
example, to spontaneous EEG activity, muscle activity or eye move-
ments. Therefore, to obtain estimates of the magnitude of the audito-
ry and visual SS-EPs, the contribution of this noise was removed by
subtracting, at each bin of the frequency spectra, the average ampli-
tude measured at neighboring frequency bins (two frequency bins
ranging from —0.15 to —0.09 Hz and two frequency bins ranging
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Fig. 2. The upper parts of the panels represent the auditory and visual SS-EPs elicited by temporally congruent (red) and incongruent (blue) audiovisual stimuli. The left panels
display the frequency spectra obtained after averaging trials in the time domain. The right panels display the frequency spectra obtained after averaging trials in the frequency do-
main (group-level average of the signals recorded across the 64 scalp channels). The noise-subtracted spectra are shown using dark-colored lines, whereas the original non-
subtracted spectra are shown using light-colored lines. The bottom parts of the panels represent single-subject noise-subtracted auditory and visual SS-EP amplitudes obtained
in the temporally congruent and incongruent audiovisual conditions, after averaging trials in the time domain and in the frequency domain, respectively.

from +0.09 to +0.15 Hz, relative to each frequency bin). This proce-
dure is justified by the fact that, in the absence of an SS-EP, the ampli-
tude at a given frequency bin should be similar to the amplitude of
the mean of the surrounding frequency bins (Mouraux et al., 2011;
Nozaradan et al, 2011). Hence, in the absence of an SS-EP,
the noise-subtracted amplitude should tend towards zero. Even if
our analyses relied on a comparison of amplitude across two condi-
tions, the subtraction procedure is important because the magnitude
of the background noise is not equally distributed across scalp chan-
nels. For example, high-frequency noise related to electromyographic
activity may be expected to be more present at temporal electrodes,
whereas low-frequency noise related to eye-blink artifacts may be
expected to be more present at frontal electrodes. Hence, although
undermined by some assumptions (additive noise), and possibly
leading to an underestimation of the actual SS-EP amplitude, the sub-
traction procedure is expected to yield more meaningful topographi-
cal maps of SS-EP amplitude (Fig. 2).

Finally, the magnitude of visual and auditory SS-EPs was estimat-
ed by averaging the signal amplitude measured at the three frequen-
cy bins centered on the corresponding target frequencies (10 Hz
visual SS-EP: bins ranging from 9.968 to 10.031 Hz; 11 Hz auditory
SS-EP: bins ranging from 10.968 to 11.031 Hz), thereby considering
a possible spectral leakage due to the fact that the Fourier transform
did not estimate signal amplitude at the exact SS-EP frequency.

All these EEG processing steps were carried out using Analyzer
1.05 (Brain Products, Germany), Letswave (Mouraux and lannetti,
2008), Matlab (The MathWorks, USA) and EEGLAB (http://sccn.ucsd.
edu).

Statistical analyses
For each participant and analysis procedure (across-trial averag-

ing in the time domain and across-trial averaging in the frequency
domain), the obtained frequency spectra were averaged in the two

conditions. Then, for each participant and SS-EP, an electrode of inter-
est was then determined by selecting, within these averaged spectra,
the electrode exhibiting the maximum amplitude at the correspond-
ing SS-EP frequency (Fig. 3). This selection procedure was applied to
take into account the across-subject variability of SS-EP scalp topog-
raphies, and the widespread scalp topography of auditory SS-EPs
(Johnson et al., 1988) (Fig. 3). Importantly, because the electrode of
interest was determined based on the scalp distribution of the spec-
trum averaged across the two conditions, the procedure did not bias
our results towards finding a difference between the two conditions.

Then, a two-way repeated-measures ANOVA was performed to
compare the SS-EP amplitude estimates obtained after averaging
the trials in the time domain and measured (1) in each of the two
experimental conditions (temporally congruent vs. incongruent),
and (2) for each of the two sensory modalities (visual vs. auditory).
A second two-way repeated-measures ANOVA was performed to
compare the SS-EPs amplitudes estimates obtained after averaging
the trials in the frequency domain, (1) across experimental condi-
tions and (2) across modalities. Paired-sample t tests were used to
perform post hoc pairwise comparisons of the magnitude of the SS-
EPs measured between the two experimental conditions. Significance
level was set at p<0.05.

Inter-trial phase coherence

Phase coherence across trials of the visual and auditory SS-EPs was
assessed in each of the two conditions (temporally congruent and in-
congruent), as follows (Cottereau et al., 2011). At the electrode dis-
playing maximum SS-EP amplitude, phase values at the SS-EP
frequency were extracted from the Fourier transform of each entire
single trial (by computing the argument of the complex Fourier coef-
ficient). Using the Circular Statistics Toolbox (Berens, 2009), the
across-trial standard deviation of phase angles was then computed,
for each subject, experimental condition (temporally congruent vs.
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Fig. 3. Topographical distribution of visual and auditory SS-EPs. The upper parts represent the group-level average topographical maps of the magnitude of the SS-EPs elicited by 10-
Hz visual stimulation and 11-Hz auditory stimulation, obtained after averaging trials in the time domain. The bottom parts of the figure represent the location of the scalp electrodes
displaying maximal auditory and visual SS-EP amplitude across subjects. Note that the visual SS-EP was predominant at occipital electrodes, whereas the auditory SS-EP was, in

most subjects, predominant over fronto-central electrodes.

incongruent) and SS-EP (visual vs. auditory). A two-way repeated-
measures ANOVA was then used to compare these measures of
across-trial phase coherence in each of the conditions (temporally
congruent vs. incongruent) and each sensory modality (visual and
auditory SS-EPs). Paired-sample t tests were used to perform post
hoc pairwise comparisons of the inter-trial phase coherence values
between the two experimental conditions. Significance level was set
at p<0.05.

Results
Behavioral results

During the recording, participants performed the detection task
with a median score of 8.5/10 (interquartile range: 8-10). Detection
performance for discontinuities in the visual stimulus was not signif-
icantly different than detection performance for discontinuities in the
auditory stimulus (one sample t test: t=1.45, p=0.18). After the re-
cording, all participants discriminated the temporally congruent and
incongruent audiovisual trials with a perfect score.

Electrophysiological results

Visual SS-EP

A marked increase of EEG signal amplitude was recorded in all par-
ticipants at the frequency of 10 Hz, corresponding to the SS-EP elicited
by the visual stimuli (Fig. 2). In both the temporally congruent and in-
congruent audiovisual conditions, the scalp topography of this response
was maximal over occipital regions (Fig. 3). When averaging the trials in
the time domain, the magnitude of the visual SS-EP was 1.16 4- 0.25 pVin
the temporally congruent condition and 1.01 4-0.21 pV in the temporal-
ly incongruent condition (mean 4 sem) (Fig. 2). On average, SS-EP mag-
nitude was 13.7 &+ 1.0 times greater than the mean background activity
(ranging from 6.6 to 18.1 across individual subjects). When averaging
the trials in the frequency domain, the magnitude of the visual SS-EP
was 1.16 £0.26 1V in the temporally congruent condition and 1.10 +
025V in the temporally incongruent condition. On average, SS-EP

magnitude was 6.3 + 0.8 times greater than the mean background ac-
tivity (ranging from 3.5 to 11.9 across individual subjects).

Auditory SS-EP

A marked increase of EEG signal amplitude was recorded in all
participants at the frequency of 11 Hz, corresponding to the SS-EP eli-
cited by the auditory stimuli (Fig. 2). In both the temporally congru-
ent and incongruent audiovisual conditions, the scalp topography of
this response was widespread over both hemispheres, but predomi-
nant over fronto-central regions (Fig. 3). When averaging the trials in
the time domain, the magnitude of the auditory SS-EP was 0.24 4+
0.03 pV in the temporally congruent condition and 0.18 £ 0.05 1V in
the temporally incongruent condition (Fig. 2). On average, SS-EP
magnitude was 5.9 £ 0.8 times greater than the mean background ac-
tivity (ranging from 2.1 to 9.5 across individual subjects). When aver-
aging the trials in the frequency domain, the magnitude of the auditory
SS-EP was of 0.1940.03 uV in the temporally congruent condition
and 0.16 4 0.02 nV in the temporally incongruent condition. On aver-
age, SS-EP magnitude was 2.140.2 times greater than the mean
background activity (ranging from 1.2 to 3.6 across individual
subjects).

Comparison of the visual and auditory SS-EPs elicited by the temporally
congruent and incongruent audiovisual stimuli

The repeated-measures ANOVA used to compare the magnitude of
visual and auditory SS-EPs obtained after averaging the trials in the
time domain across experimental conditions (temporally congruent
vs. incongruent) and modalities (visual and auditory) revealed a sig-
nificant main effect of the type of stimulus (F=14.87, 1>=0.57,
p=0.003). Regardless of the experimental condition, the magnitude
of the SS-EPs elicited by 10-Hz visual stimulation was significantly
greater than the magnitude of the SS-EPs elicited by 11-Hz auditory
stimulation. Regardless of the type of stimulus, there was a significant
main effect of temporal congruency (F=19.77, 1>=0.64, p=0.001).
There was a significant interaction between the factors ‘temporal con-
gruency’ and ‘modality’ (F=5.47, 1>=0.33, p=0.039). Post-hoc
pairwise comparisons showed that the magnitude of the SS-EPs
obtained when averaging trials in the time domain were significantly
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greater in the temporally congruent vs. incongruent conditions (visual
SS-EP: t=3.89, p=0.0025; auditory SS-EP: t=2.94, p=0.0135).

The repeated-measures ANOVA used to compare the magnitude of
visual and auditory SS-EPs obtained after averaging the trials in the
frequency domain across experimental conditions (temporally con-
gruent vs. incongruent) and modalities (visual and auditory) revealed
a significant main effect of the type of stimulus (F=15.25, n>=0.58,
p=0.002). Regardless of the experimental condition, the magnitude
of the SS-EPs elicited by 10-Hz visual stimulation was significantly
greater than the magnitude of the SS-EPs elicited by 11-Hz auditory
stimulation. Regardless of the type of stimulus, there was a significant
main effect of temporal congruency (F=6.72, 1> =0.38, p=0.025).
There was no significant interaction between the factors ‘temporal
congruency’ and ‘modality’ (F=0.3, 1?>=0.026, p=0.6). Post-hoc
pairwise comparisons showed that the magnitude of the SS-EPs
obtained when averaging trials in the frequency domain were not sig-
nificantly greater in the temporally congruent vs. incongruent condi-
tions (visual SS-EP: t=2.16, p=0.053; auditory SS-EP: t=1.51,
p=0.16).

Comparison of the visual and auditory SS-EPs elicited in unisensory and
multisensory conditions

The magnitude of the visual and auditory SS-EPs recorded in the
unisensory condition were significantly smaller than the magnitude
of the visual and auditory SS-EPs recorded in the multisensory condi-
tions, both after across-trial averaging in the time domain and after
across-trial averaging in the frequency domain (see Supplementary
Fig. 1).

Inter-trial phase coherence

The mean intertrial coherence values obtained were 0.304-0.14
radians and 0.66 4+ 0.24 radians (mean and standard deviation of the
mean) for the visual SS-EP, and were of 0.60 4 0.23 and 0.79 £0.19
radians (mean and standard deviation of the mean) for the auditory
SS-EPs, in the temporally congruent and incongruent conditions re-
spectively. The repeated-measures ANOVA used to compare the esti-
mated standard deviation of phase across trials of the visual and
auditory SS-EPs recorded in the temporally congruent and incongru-
ent experimental conditions revealed a significant main effect of tem-
poral congruency (F=22.21, 1?=0.61, p=0.001). The estimated
standard deviation of phase across trials was significantly greater in
the temporally incongruent audiovisual condition as compared to
the temporally congruent audiovisual condition, both for the visual
SS-EP (t=3.65, p=0.0038) and the auditory SS-EP (t=2.88,
p=0.0149), thus indicating that temporal congruency of the visual
and auditory stimuli enhanced the phase coherence across trials of
the elicited visual and auditory SS-EPs. There was also a significant
main effect of sensory modality (F=18.21, 1?=0.62, p=0.001),
but no interaction between the two factors (F=222, n*=0.17,
p=0.164).

Discussion

The aim of the present study was to explore the neural mechanisms
underlying the multimodal integration of sensory inputs sharing similar
temporal dynamics. For this purpose, a novel EEG approach - frequency
tagging using steady-state evoked potentials (SS-EPs) — was used to iso-
late the neural activities related to the processing of simultaneously
presented auditory and visual stimuli. The audiovisual stimuli carried
temporal periodicities, or beats, that were either synchronous (leading
to a unified perception of beat) or non-synchronous (not leading to a
unified audiovisual beat percept). Importantly, the auditory and visual
streams of sensory input were identical in the two conditions, which
thus differed only by the relative temporal congruency of their temporal
dynamics.

Both the EEG responses to the auditory stimulus (i.e. the auditory
SS-EP) and the EEG responses to the visual stimulus (i.e. the visual SS-
EP) were significantly enhanced when the auditory and visual beats
were congruent, as compared to when the auditory and visual beats
were incongruent. In addition, the phase of the elicited auditory and
visual SS-EPs remained significantly more constant across trials in
the temporally congruent vs. incongruent audiovisual conditions
(Lopes da Silva, 2006; Shah et al., 2004).

The finding that temporal congruency between the auditory and
visual beats enhanced the phase coherence of the SS-EPs elicited by
each of the two streams of sensory input indicates that, from trial to
trial, there was less variability in the timing of the elicited SS-EPs
when both sensory systems were synchronized to a common beat fre-
quency. This interpretation is consistent with previous studies show-
ing that cross-modal congruency, ie. the congruency of the
information conveyed by different sensory modalities in term of
their spatial, temporal or semantic aspects, can induce an enhance-
ment of the phase coherence of oscillatory activities across cortical
areas (Kayser et al., 2008, 2010; Luo et al., 2010; Schall et al., 2009;
Schroeder et al., 2008; Senkowski et al., 2008; Talsma et al., 2010).
In fact, this enhancement of synchrony across cortical areas has
been proposed as the actual mechanism underlying the binding of
congruent multisensory inputs into a unified coherent percept
(reviewed in Senkowski et al., 2008). The enhancement of across-
trial phase coherence of auditory and visual SS-EPs that was observed
in the temporally congruent audiovisual condition of the present
study could thus be interpreted as revealing an increased binding of
auditory and visual cortical processing, contributing to the emergence
of a coherent and unified audiovisual percept, as compared to when
auditory and visual beats were incongruent.

The finding that temporal congruency between the auditory and
visual beats enhanced the inter-trial phase coherence of both audito-
ry and visual SS-EPs is also consistent with the results of studies hav-
ing shown that selective attention can enhance the phase coherence of
neuronal oscillatory activities (Iversen et al., 2008; Kayser, 2009; Kim
et al., 2007; Lakatos et al., 2009; Senkowski et al., 2005; Zhang et al.,
2010). More specifically, this enhancement could be interpreted as
resulting from a beat-induced process of dynamic attending (Jones
and Boltz, 1989), occurring in the temporally congruent audiovisual
condition. Indeed, the cortical processing of temporal periodicities
such as musical beats has been proposed to be related to the induc-
tion of a dynamic modulation of attention, frequency-tuned to the
beat, and subtended by an entrainment of the neuronal populations
responding to the beat (Large, 2008; Large and Jones, 1999;
Nozaradan et al., in press). As previous studies have shown that the
responsiveness to external stimuli of oscillating neurons is dependent
on the phase of these oscillations (Busch et al., 2009; Fries, 2005),
neuronal entrainment at beat frequency is expected to generate a pe-
riodic modulation of neuronal responsiveness, which could explain
the beat-induced periodic modulation of selective attention across
time. In the temporally congruent audiovisual condition of the pre-
sent study, the improved coherence of the elicited auditory and visual
SS-EPs could thus be due to temporal synchronization and, thereby,
enhancement of auditory and visual dynamic attending processes. Al-
ternatively, in the temporally incongruent audiovisual condition, the
reduced coherence of the auditory and visual SS-EPs could be
explained by the lack of synchrony of the auditory and visual beats,
preventing the formation of a well-structured periodic dynamic
attending.

The cortical areas involved in the processing of multisensory inte-
gration and perceptual binding remain a matter of ongoing debate. In
the classical hierarchical view of sensory processing, multimodal inte-
gration is considered as a higher-order process that occurs only after
sensory information has undergone preliminary processing through
modality-specific cortical structures (Jones and Powell, 1970; Stein
and Meredith, 1993). However, this view has been progressively
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abandoned in the light of the growing amount of evidence showing
cross-sensory influences occurring already at the earliest stages of
sensory processing (Kayser and Logothetis, 2007). Primary sensory
cortices, as well as subcortical nuclei, have been shown to take part
in multimodal binding, through a modulation of their neuronal activ-
ity (Foxe and Schroeder, 2005; Ghazanfar and Schroeder, 2006;
Krauslis et al., 2004; Stein and Wallace, 1996). In the present experi-
ment, temporally congruent vs. incongruent audiovisual stimulations
appeared to modulate the cortical activity triggered by auditory and
visual stimulation within primary sensory areas, as suggested by the
occipital scalp topography obtained for the visual SS-EPs elicited in
the two conditions, as well as the fronto-central scalp topography of
the auditory SS-EPs elicited in the two conditions (Fig. 3).

Taken together, our findings provide support to the notion that
perception of temporally congruent multisensory input is subtended
by an enhancement of the neural activities related to processing
each of the different streams of sensory input, occurring already at
the sensory-specific stages of cortical processing. Moreover, we
show that EEG frequency-tagging with SS-EPs constitutes a highly ef-
fective tool to explore the neural dynamics of multisensory binding in
the human brain.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.neuroimage.2011.11.065.
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