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Abstract Disparate sensory streams originating from a
common underlying event share similar dynamics, and this
plays an important part in multisensory integration. Here
we investigate audiovisual binding by presenting continu-
ously changing, temporally congruent and incongruent
stimuli. Recorded EEG signals are used to quantify spectro-
temporal and waveform locking of neural activity to stimu-
lus dynamics. Spectrotemporal analysis reveals locking to
visual stimulus dynamics in both a broad alpha and the beta
band. The properties of these eVects suggest they are a cor-
relate of bottom-up processing in the visual system. Wave-
form locking reveals two cortically distinct processes that
lock to visual stimulus dynamics with diVering topogra-
phies and time lags relative to the stimuli. Most impor-
tantly, these are modulated in strength by the congruency of
an accompanying auditory stream. In addition, the wave-
form locking found at occipital electrodes shows an
increase over stimulus duration for visual and congruent
audiovisual stimuli. Hence we argue that these eVects
reXect audiovisual interaction. We thus propose that spec-
trotemporal and waveform locking reXect diVerent mecha-
nisms involved in the processing of dynamic audiovisual
stimuli.

Keywords Audiovisual integration · EEG · 
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Abbreviations
EEG Electroencephalogram
MEG Magnetoencephalogram
LFP Local Weld potential
ERP Event-related potential
FMRI Functional magnetic resonance imaging

Introduction

Multisensory integration makes ecological sense when the
incoming signals refer to the same external entity or, more
generally, are due to the same underlying physical events. In
general, there are three diVerent ways in which signals must
correspond for integration to take place: spatially, temporally,
and/or semantically (Stein and Meredith 1993; Macaluso and
Driver 2005; Calvert 2001; Doehrmann and Naumer 2008).

These correspondences represent a default scheme of
integration, and in special cases are inXuential enough to
fool the system into binding streams that do not belong to
the same underlying cause. In the well-known ventriloquist
illusion, for instance, the concurrent temporal modulation
of the puppet’s mouth and the ventriloquist’s speech leads
to a perception of a talking puppet. In spite of the spatial
and even semantic discrepancies here, temporal correspon-
dence drives this audiovisual integration (Vroomen and
De Gelder 2004; Bonath et al. 2007). A competition in tem-
poral synchronicity between auditory and visual streams,
on the other hand, may lead to a visual illusion. In the case
of the sound-induced Xash illusion (Shams et al. 2000,
2002; Mishra et al. 2007, 2008) an extra illusory Xash is
perceived when a single Xash is interleaved between two
beeps. More generally, at a constant visual stimulation rate,
the number of perceived Xashes increases with a higher
auditory stimulation rate (visual illusion) and decreases
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when the rate of auditory events is slower (visual suppres-
sion) (e.g. Shipley 1964; Noesselt et al. 2008). The per-
ceived temporal pattern of visual events is thus ‘adjusted’
to match the rate of auditory events. Taken together, these
cases nicely illustrate that temporal aspects are essential to
the perception of audiovisual events.

Research into the neural substrate of multisensory inte-
gration began in earnest after neurophysiological results
showed characteristic multimodal response proWles at the
level of single cells in superior colliculus in cat (Meredith
and Stein 1983; Meredith et al. 1987) and macaque
(Wallace et al. 1996). When stimuli were presented in close
temporal proximity in two sensory modalities, the response
of some collicular cells was found to reach or even exceed
the sum of responses to each stimulus delivered in isola-
tion. Imaging studies have since conWrmed the importance
of superior colliculus in human audiovisual integration
(Calvert et al. 2001; Miller and D’Esposito 2005). Several
cortical areas have also been implicated in the processing of
audiovisual stimuli including the insula (Bushara et al.
2001) and intraparietal sulcus (Calvert et al. 2001). The
superior temporal sulcus, in particular, has been consis-
tently shown to be an area of audiovisual convergence and
integration (Beauchamp et al. 2004; see Calvert 2001 for a
review of earlier work). Importantly, it has been found to be
sensitive to the temporal synchrony of audiovisual informa-
tion, especially audiovisual speech (Calvert et al. 2000;
Miller and D’Esposito 2005; Macaluso et al. 2004), but
also simpler stimuli (Noesselt et al. 2007; van Atteveldt
et al. 2007). In addition, there is a growing body of evi-
dence from ERP and fMRI studies demonstrating that areas
traditionally conceived to be unisensory also play a role in
the synthesis of audiovisual information (Giard and
Peronnet 1999; Molholm et al. 2002; Kayser et al. 2007;
Calvert et al. 1999; Miller and D’Esposito 2005; Noesselt
et al. 2007; for general reviews on low-level integration see
Foxe and Schroeder 2005; Kayser and Logothetis 2007;
Driver and Noesselt, 2008). Another line of research fol-
lows the hypothesis that cortically, multisensory integration
is instantiated by the relative timing of synchronised popu-
lations of cortical neurons. This has been supported by
human EEG/MEG studies (see Senkowski et al. 2008 for a
review).

To date, studies that explicitly investigate the temporal
dependence of audiovisual binding, such as those men-
tioned above, have mainly manipulated the timing of stimu-
lus onset or coincidence in one modality relative to the
other. Typically, these experiments employ brief, simple
stimuli that are either presented individually (Meredith
et al. 1987; Bushara et al. 2001) or in streams (Calvert et al.
2001; Noesselt et al. 2007; Dhamala et al. 2007; Senkowski
et al. 2007). However, such static audiovisual events are
rarely found under natural conditions, where acoustic

signals mostly emanate continuously from objects in
motion, such as rustling leaves or moving cars. Real-world
audiovisual events extend over time and are bound less by
their simultaneity and more by their common temporal
dynamics. For this reason, concentrating only on the iso-
lated temporal coincidence of brief events neglects impor-
tant temporal aspects inherent in natural events. To capture
the full importance of temporal information, it is thus nec-
essary to investigate audiovisual events extended in time.

Indeed, Kayser and König (2004) have recently demon-
strated that extended stimulation with natural visual stimuli
leads to a continuous modulation of LFP power in cat
visual cortex, and that this modulation reXects the dynamics
of the presented movies. In addition, rhythmic auditory
stimulation has been shown to entrain low-frequency activ-
ity in auditory cortex of macaque (Lakatos et al. 2005). The
entrainment of human cortical activity to stimulation at a
constant frequency is also a well-known phenomenon in the
auditory (e.g., Galambos et al. 1981; Bidet-Caulet et al.
2007) and visual modalities (e.g. Regan 1966; Ding et al.
2006); however, it is not clear whether this also holds for
stimuli with rich temporal power spectra. One possible role
of stimulus locking in temporally dependent multisensory
integration may involve an increase in the eYcacy of
stimuli from a second modality when temporally aligned
with neural activity that is entrained to the Wrst modality
(Lakatos et al. 2007; Kayser et al. 2008; Schroeder et al.
2008). As such, the extended changes in cortical activity
seen in response to extended sensory stimulation are cer-
tainly worth closer examination in the context of audiovi-
sual integration.

Here, we are interested in the general relevance of
extended, time-varying information for the integration of
visual and auditory streams. For this purpose, we paired
well-deWned visual and auditory signals that changed con-
tinuously and irregularly over time according to shared or
diVering dynamical patterns. Though relatively complex in
temporal structure, and in this respect comparable to natural
events including audiovisual speech, our stimuli have the
advantage of being novel to the experimental subject and
free of semantic reference. Using EEG, we employ two
measures of stimulus locking to investigate audiovisual
interaction. First, as a generalisation of the evoked poten-
tial, we examine whether averaged EEG waveforms are
locked to stimulus dynamics. Evoked potentials reveal the
activity locked to stimulus onset, and here we extend this
approach using cross-correlation. Second, following Kayser
and König’s (2004) study, we investigate the locking of
EEG power dynamics at frequencies within and beyond the
range of our stimulus dynamics, and thus whether the
observations made in cat transfer to man.

We speciWcally address three research questions. First,
whether neural activity in the human cortex locks to the
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temporal structure of irregular dynamic stimuli in the visual
and auditory modalities. Second and most importantly, we
want to investigate whether multisensory integration is reX-
ected in such a mechanism. Finally, we are interested in the
time course of stimulus-locking, particularly in response to
congruent and incongruent bimodal stimulation.

Methods

Participants

EEG was recorded from 30 healthy university students,
who were Wrst screened for normal sight and hearing using
standard tests (Landolt C chart and calibrated PC-based
audiometer) and gave their informed written consent to par-
ticipate in the study. Of these, six subjects were discarded
prior to data analysis due to noisy data. The remaining 24
subjects (14 female, 23 right-handed) were aged between
19 and 33 years (mean: 23, standard deviation: 3). The
experiment was conducted in accordance with the Declara-
tion of Helsinki.

Experimental design

In order to investigate multisensory integration processing,
it is possible to contrast responses to unimodal and bimodal
stimuli, or alternatively, to compare congruent and incon-
gruent bimodal stimulation. To address both of these con-
trasts, we presented auditory and visual stimuli in four
stimulation conditions: bimodal congruent, bimodal incon-
gruent, unimodal visual and unimodal auditory.

To engage their attention, participants were required to
perform a congruency judgement task. In the bimodal case,
subjects were asked to judge the temporal congruency of
simultaneously presented auditory and visual stimulus
components, thus ensuring that attention would be equally
allocated to both modalities. To similarly engage subjects’
attention during unimodal presentations, we adjusted the
task to a sequential comparison of two consecutively
presented unimodal stimuli, meaning that each such trial
contained two stimuli. A sequential pair could consist of
any combination of the two modalities (V-A, A-V, V–V or
A-A). In subsequent EEG analysis, however, each stimulus
of these sequentially presented pairs was treated as an inde-
pendent unimodal stimulus in either the unimodal visual or
auditory condition.

We chose a self-paced paradigm in which subjects trig-
gered trial onset via button press (see Fig. 1). In doing so,
we aimed to maximise participants’ concentration and min-
imise eye-movements during stimulus presentation. Each
trial began with the presentation of a red Wxation cross.
After a short, random delay, the stimulus appeared on the

screen and/or was heard through headphones. In the case of
bimodal stimuli, auditory and visual components were
simultaneously presented, after which subjects completed
the task by pressing one of two buttons (denoting ‘congru-
ent’ and ‘incongruent’). In the case of sequential trials, two
stimuli were shown consecutively, separated by a short,
random time interval (500–1,500 ms), and subjects com-
pleted the task after the second stimulus. For purposes of
behavioural analysis, task performance was evaluated on a
trial basis.

Stimuli

Stimuli consisted of a rotating Gabor patch, a frequency-
modulated tone, or both presented simultaneously, and
lasted for 6 s (see Movies 1 and 2 for examples). Gabor
patches were greyscale, had a sinusoidal frequency of 0.33
cycles per degree, subtended approximately 4.5 degrees of
visual angle (full width at half-maximum), and were cen-
trally presented on a grey background identical to the mean
luminance of the patch. Auditory stimuli had constant
amplitude, and were ramped with a 10 ms half-cosine win-
dow to avoid clicks or other artefacts. Movies of visual
stimuli were sampled at a frame rate of 25 Hz, and

Fig. 1 Schematic diagram of both experimental paradigms. For both
paradigms trial onset was self-paced, and subjects indicated their read-
iness by button press. Each trial began after a random delay with the
appearance of a red Wxation cross, which subjects were asked to Wxate
until the end of the trial. a Bimodal trials consisted of simultaneously
presented visual and auditory stimuli, and were either congruent (stim-
uli followed the same trajectory) or incongruent (diVerent trajectories).
b Single modality trials contained two sequentially presented stimuli,
separated by a random interval (500–1,500 ms). A pair could entail
stimuli from one or both modalities, again either congruent or incon-
gruent. After stimulus presentation, subjects were required to decide
whether the trial was congruent or incongruent, answering via button
press
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uncompressed visual and auditory stimuli were merged into
an avi Wle for bimodal presentation using MEncoder
(MPlayer version 1.Orc1, http://www.mplayerhq.hu).

Both unimodal stimulus components varied along only
one feature dimension: orientation of Gabor patches
spanned 180 degrees centred around the horizontal axis,
and the frequency of tones was modulated between 200 and
300 Hz. This ongoing feature modulation was determined
by trajectories that changed smoothly but irregularly over
time (see Fig. 2). Visual and auditory feature dimensions
were chosen based on a behavioural pilot study (see Appen-
dix for more detail) 32 trajectories were created in Fourier
space by assembling a Gaussian power spectrum with a cut-
oV frequency of 1 Hz (resulting in a cut-oV frequency of
»4 Hz for stimulus speed) and random phase information.
Each trajectory was constructed as part of a set of four
mutually orthogonal trajectories, and in total eight sets
were created using an iterative optimisation procedure. The
Fourier representation was then transformed to the time
domain using the inverse fast Fourier transform. Stimuli
were presented in congruent and incongruent conditions,
where visual and auditory stimuli were modulated by iden-

tical or orthogonal trajectories (see below). This allowed us
to precisely control for the degree of incongruence.

Stimuli were organised into four blocks, each consisting
of 24 congruent audiovisual, 24 incongruent audiovisual,
24 visual, and 24 auditory stimuli (yielding 48 simulta-
neous and 24 sequential trials). Each block was created
from two sets of orthogonal trajectories, with each trajec-
tory occurring three times in each of the four conditions.
Trajectories were balanced over conditions and presenta-
tion order of paired stimuli. Block order and stimulus order
within blocks was randomised over subjects. Depending on
time constraints and subject alertness, participants com-
pleted either three or four blocks (equivalent to 288 or 384
stimuli).

Presentation and recording

Subjects were comfortably seated approximately 1 m from
the presentation screen in a dimly lit recording room.
Stimuli were presented on a 21-in. monitor (Samsung
SyncMaster 1100 DF) with a refresh rate of 100 Hz. The
presentation software (Neurobehavioural Systems, version

Fig. 2 Two correlation analysis approaches. Spectrotemporal and
waveform correlation methods are illustrated on the left and right,
respectively. Exemplary stimulus trajectory and single-trial EEG
waveforms are shown in the centre, with a grey bar indicating the tem-
poral range used in both analysis approaches. In the case of spectro-
temporal analysis, each trial is transformed into a time-frequency
representation (see text for details) and then correlated with the speed
proWle of the corresponding stimulus. The waveform analysis method

involves creating an ERP from all trials corresponding to a single stim-
ulus, and then correlating this waveform directly with the stimulus
speed. Peaks at positive time lags indicate that the EEG power or wave-
form follows the temporal dynamics of the stimulus, in other words
that the EEG has locked to the stimulus. In both approaches, correlo-
grams are then averaged over stimuli. Grand averages are created by
taking the median over subjects
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10.3) was run on a Macintosh Pro (Apple Computers).
Sounds were delivered via in-ear headphones (EAR-Tone
3A, Etymotic Research Inc.) at a comfortable volume cho-
sen by the subject. During trials, subjects were asked to
remain still and keep their gaze Wxated on a centred, red
Wxation cross.

EEG was recorded from 28 sintered Ag/AgCl ring elec-
trodes mounted in a cap (EasyCap GmbH, Herrsching-
Breitbrunn, Germany) according to the standard 10/20
system, referenced to linked mastoids. Four additional elec-
trodes were used to capture vertical and horizontal electro-
oculograms (bipolar montages). The upper threshold for
impedances was 5 kOhm. Two of the 30 standard elec-
trodes (FT8 and FT7) were exchanged for diodes to capture
visual and auditory stimulus onset. Signal ampliWcation,
Wltering and digitisation were carried out by a 32-channel
ampliWer system (Synamps1, Neuroscan, Compudedics,
TX, USA). The data were digitised at 500 Hz and online
bandpass-Wltered within 0.3 and 100 Hz to prevent aliasing.
The digital signal was recorded by a PC-workstation (Intel
Pentium 4, 2.41 GHz, 1 GB RAM).

The diode signals revealed that the visual stimulus pre-
ceded the auditory by 25 ms—a small delay compared to
the cut-oV frequency of the trajectories—due to the stimu-
lation software used.

Data analysis

Behavioural analysis

Behavioural analysis served two purposes: Wrst, to deter-
mine whether subjects were attentive during the experi-
ment; second, to ensure that subjects could perceptually
distinguish bimodal congruent from bimodal incongruent
stimuli. Task performance was evaluated in terms of trials,
and simultaneous and sequential stimulus presentations
were dealt with separately.

To determine whether subjects performed above chance
level, an exact Binomial test was performed for each sub-
ject. We furthermore used signal detection methods to
quantify subjects’ sensitivity and bias in discriminating
between congruent and incongruent bimodal stimuli (see
Wickens 2002 for more detail). The sensitivity measure d�

was computed from hit (correct identiWcation of congruent
stimulus) and false alarm rates. Assuming that both rates
come from standard normal distributions, d� estimates the
distance between the two distributions in units of standard
deviations—the further apart the two distributions, the eas-
ier the congruency can be detected, and the higher the d�.
The response bias estimate (log �) informs us whether the
observer favours a ‘congruent’ or ‘incongruent’ response,
with a negative value indicating a bias to congruence, and a
positive value indicating an incongruence bias.

Pre-processing and artefact removal

All data analysis was carried out using MatLab (The
MathWorks, Natick, MA), using the EEGLab toolbox
(Delorme and Makeig 2004) and custom-made functions.
Before artefact removal, all data were bandpass-Wltered
between 0.5 and 100 Hz and epoched. Eye-movement
artefacts were eliminated using Independent Component
Analysis (Jung et al. 2000). Other muscle artefacts were
detected by visual inspection, and whole trials were
rejected. All trials were baseline corrected relative to
500 ms of pre-stimulus activity.

Stimulus locking

Two approaches were used to quantify stimulus locking
both involving cross-correlations between EEG activity and
the magnitude of change of the stimulus (see Fig. 2). All
correlation coeYcients were normalised so that the values
lie between ¡1 and 1, with 0 indicating the absence of a
correlation. Correlation coeYcients are calculated for all
temporal oVsets between stimulus and response. SigniWcant
coeYcients at positive time-lags indicate that the stimulus
leads the cortical responses, that is, the brain response is
locked to the stimulus dynamics. Due to the Wnite autocor-
relation of the stimulus, a locking might even occur at
negative lags.

Our Wrst analysis approach was concerned with the ques-
tion of whether the time course of stimulus-induced power
changes in the EEG correlates with changes in stimulus
speed (spectrotemporal analysis). This approach allowed us
to investigate whether the power in any frequency band of
the measured EEG signals locks to the ongoing stimulus.

A second analysis approach (waveform analysis) was
used to examine whether the EEG waveform itself locks to
the temporal proWle of the stimulus. This approach was
used to investigate whether there is a stable phase-relation-
ship between evoked EEG response and stimulus. A signiW-
cant correlation coeYcient indicates that the phase of the
EEG signal locks to the ongoing stimulus. In contrast to the
spectrotemporal approach, this analysis only reveals lock-
ing of frequencies common to both stimulus and EEG. A
detailed description of each approach is given below.

In the spectrotemporal analysis approach, spectral power
changes in response to visual speed were determined on a
trial-by-trial basis (Fig. 2, left panels). For each trial, we
estimated the Short-time Fourier Transform using a win-
dow length of 80 ms shifted with an overlap of 78 ms. Each
data segment was windowed (Hamming window) and zero-
padded (to 256 samples �512 ms). Thus, we achieved a
nominal temporal resolution of 2 ms and frequency resolu-
tion of approximately 2 Hz. The amplitude of the Short-
time Fourier Transform was squared to obtain spectral
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power, and then z-transformed with respect to baseline
power. Due to the power increase evoked by stimulus
onset, we removed the Wrst 500 ms of each trial which is
uninformative for the present purpose and investigated only
the stationary response. The power of individual frequen-
cies was then either summed across our frequency range of
interest (20–35 Hz) corresponding to previous results
(Kayser and König 2004), or kept at its full resolution. Each
frequency band was then separately cross-correlated with
the speed of the stimulus, given by the absolute values of the
trajectory’s Wrst derivative. The resulting cross-correlations
were then averaged using Fisher’s z-transform over all tri-
als within each condition, yielding one cross-correlogram
per subject, condition, frequency band and channel. Bimo-
dal incongruent trials resulted in two cross-correlograms
due to the diVerence in visual and auditory stimulation
trajectories.

The waveform analysis approach evaluated whether
stimulus speed is reXected in the EEG waveform by
cross-correlating stimulus speed with stimulus-speciWc
event-related potentials (ERPs). An ERP was computed
by averaging the EEG over those trials in which the same
stimulus (i.e. identical trajectories) was shown for the
modality in question (Fig. 2, right panels). Due to the limited
number of trajectory repetitions throughout the experi-
ment, ERPs were constructed from a maximum of nine
waveforms (please note that the number of trials is sub-
stantially larger). Stimulus-speciWc ERPs were then
cross-correlated with the speed proWle of the correspond-
ing trajectory. The stimulus average for each subject,
condition, and channel was obtained, again using Fisher’s
z-transform. As above, the grand average was calculated
using the median.

Our Wrst research question asked whether there is any
evidence for stimulus-locking to visual and auditory stimu-
lus dynamics, in other words how the cortex responds to the
presence of a time-varying stimulus. To address this, for
each modality we averaged over all conditions containing
input to that modality, e.g. unimodal visual and both bimo-
dal conditions were averaged to investigate visual stimulus-
locking. This increased the amount of data used in our anal-
ysis, thus stabilising eVects that were otherwise small and
less consistent between subjects. In addition, we can thus
estimate the modality-speciWc, automatic, bottom-up
response irrespective of task factors or information present
in other modalities. After evaluating the presence or
absence of stimulus locking, the original conditions were
used to explore the second question, namely whether lock-
ing is modulated by multisensory interaction. Finally, to
address the third research question, we estimated changes
in stimulus locking over the duration of a trial. This was
done using a time-dependent cross-correlation function.
Cross-correlations were computed within a 500-ms shifting

time window (250 ms overlap), thus yielding 23 cross-cor-
relograms per trial. Averaging over trials, conditions and
subjects was performed as above.

Evaluating statistical signiWcance

SigniWcance of the resulting correlation coeYcients was
tested using bootstrap techniques. To test for signiWcant
peaks within a subject and for a given condition, we com-
puted 1,000 cross-correlations composed of averaged cross-
correlations between non-matching EEG data and stimuli.
From this distribution, the 95 and 99% conWdence intervals
were estimated. To test signiWcance of the grand average, a
distribution of 1,000 medians was generated to determine
conWdence intervals.

To test for signiWcant condition diVerences, permutation
testing was used. For each subject, 1,000 surrogate condi-
tions were created by pooling and randomly redrawing
trials from both conditions without replacement. A
distribution of condition diVerences was obtained by sub-
tracting the resulting 1,000 grand averages (median) of both
conditions.

Results

Here we Wrst evaluate subjects’ task performance in order
to determine their alertness during the experiment and abil-
ity to distinguish audiovisual congruent from incongruent
stimuli. Next we address the issue of whether stimulus
locking can be found in the human brain. Finally, we com-
pare congruent and incongruent bimodal conditions to
investigate whether stimulus locking is involved in the
crossmodal processing of temporal information.

Task performance

All subjects performed well above chance in the task
(p < 0.01, exact binomial test), with an average perfor-
mance of 76% (§8% standard deviation). This result indi-
cates that subjects were attentive during the experiment and
understood the task. Dividing data according to simulta-
neous audiovisual and sequential single modality trials,
subjects’ performance was better for the simultaneous
(87 § 11%) than the sequential paradigm (65 § 7%). All
subjects performed above chance in simultaneous trials (23
with p < 0.01, 1 with p < 0.05). In sequential trials the
majority of subjects remained signiWcantly above chance
(14 with p < 0.01, 5 with p < 0.05), while 5 of the 24 were
not able to signiWcantly discriminate congruent from incon-
gruent trials. The diVerences in performance are most likely
related to the diYculty of the task—it is intuitively more
diYcult to compare two temporally extended patterns when
123
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they are serially presented than when they are simulta-
neously available.

In the case of bimodal trials, we further investigated sub-
jects’ ability to detect congruence and whether any bias was
involved in their congruency judgement. This was neces-
sary before proceeding with the contrast between EEG
responses to bimodal congruent and incongruent stimuli. 22
out of 24 subjects had d’ estimates greater than 1, with 19
of these exceeding a d� of 2. The subject average was 2.92,
indicating that the diVerence between congruent and incon-
gruent bimodal stimuli was clearly perceptually detectable.
Interestingly, almost all subjects (21 out of 24) had a nega-
tive log � estimate revealing a bias to respond ‘congruent’
with a mean log � of ¡0.8 (§1 standard deviation). Maxi-
mum and minimum bias estimates were 1.65 and ¡2.6132,
respectively.

As mentioned above, each stimulus of sequential pairs is
treated as an independent stimulus in either the unimodal
visual or unimodal auditory condition. Thus, we are not
concerned with the behavioural results for those conditions.
In all further analysis, all stimuli are used to calculate
results, regardless of whether they appeared in correctly or
incorrectly answered trials.

Stimulus locking: can we Wnd it in human EEG?

We Wrst had to establish whether EEG entrains to the
dynamics of the presented stimuli. As mentioned in the
Methods section, we quantify the locking for each individ-
ual input signal by correlating it with the measured EEG
from any trial in which the modality of interest was stimu-
lated with that input, thus averaging over conditions. Sepa-
rate conditions are compared in the next section.

Visual locking

The spectrotemporal analysis approach quantiWes the
amount of correspondence between the magnitude of stim-
ulus change and the spectrotemporal power of the EEG
within a given frequency range. To evaluate whether our
data show stimulus locking, we Wrst concentrate on the 20–
35 Hz frequency band reported by Kayser and König
(2004). Here we examine the eVect at the population level,
averaging Wrst over all visual conditions (bimodal congru-
ent and incongruent and unimodal visual) and then over
subjects. As can be seen in Fig. 3a, we Wnd stimulus lock-
ing to visual stimuli within this frequency range at occipital
electrodes (O1, OZ, O2), peaking at a lag of 92 ms with a
maximal correlation coeYcient of 0.01.

Looking now at the entire range of frequencies that are
available, again at the population level, we see at occipital
electrodes that in addition to this positive correlation
between visual stimulus dynamics and EEG power

(r = 0.015 at OZ), there is also a negative correlation found
in lower frequencies at a later correlation lag (r = ¡0.03 at
OZ, see Fig. 3b). Although these eVect sizes are small, they
are clearly diVerent to baseline, and signiWcance testing
using permutation tests reveals that these peaks are indeed
highly signiWcant (p < 0.01). Thus, we report two ranges of
stimulus-locking: a positive peak centred at approximately
27 Hz occurring at 80 ms lag after visual stimulation; and a
strong negative correlation between 8 and 20 Hz beginning
at approximately 180 ms lag. The diVerence in direction of
these correlations suggests that there are at least two fre-
quency-speciWc stimulus-locking phenomena in response to
visual stimulation.

These results are supported by an analysis of individual
subjects. In 10 out of 24 subjects, a signiWcant peak was
found in the beta range for at least one occipital recording
site. The clearest beta correlation was not found in the same
occipital channel for all participants, with some displaying
a strongly lateralised eVect. The anti-correlation found in
lower frequencies showed less variability across subjects,

Fig. 3 Stimulus locking of EEG power to visual stimuli. a Each plot
shows the topographic distribution of the grand average of the spectro-
temporal analysis correlation results (averaged over bimodal congru-
ent, incongruent and unimodal visual conditions and over all subjects)
within the 20–35 Hz band, at selected time lags beginning at 0 ms and
ending at 200 ms lag. Dots represent locations of labelled electrodes,
with locations below head centre drawn outside the cartoon head. Col-
our codes for the magnitude of the correlation coeYcient, with warm
colours indicating positive and cold colours negative correlation, and
values are linearly interpolated between recording sites for visualisa-
tion purposes. b Grand average spectrotemporal analysis correlograms
(as in a) for individual frequencies are shown for electrode OZ. Each
row represents the results for a single frequency, with frequencies giv-
en on the y-axis and correlation lags on the x-axis. Colour codes for
magnitude of correlation coeYcient
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and EEG power of 20 out of 24 subjects was found to sig-
niWcantly anti-correlate with visual stimuli at an occipital
electrode.

Visual stimulus speed is reXected not only in the power
proWle of single EEG trials but also in the EEG waveform
itself, as can be seen from the waveform analysis results
(Fig. 4a). The grand average cross-correlogram between
stimulus speed and the stimulus-speciWc ERP waveform,
averaged over all visual conditions, reveals peaks at various
recording sites across the scalp. The strongest eVects are
found at occipital sites at 78 ms lag with a magnitude of
correlation of 0.12. An extensive cluster of electrodes in the
centro-parietal region shows a more complex pattern of
locking, with a Wrst positive peak at approximately ¡60 ms
lag followed by a negative peak at around 180 ms and a
second positive peak at approximately 390 ms lag. The
strongest eVect within this cluster is seen at CPZ (r = 0.09).
Given that EEG at these sites follows the stimulus with
diVering delays, occipital and centro-parietal clusters are
likely to reXect distinct underlying cortical sources.

Contrasting the two analytic approaches, we see that the
waveform analysis provides a stronger, consistent measure of
stimulus locking. For almost all subjects (23 of 24), EEG
recorded from OZ correlates with stimulus speed (p < 0.01
for 22 subjects, p < 0.05 for one subject). SigniWcant peaks
occur between zero and 300 ms lag (median r: 0.1372 for
signiWcant subjects, 0.1353 for all subjects) for the average of
all visual conditions. Stimulus locking in the centro-parietal
region is similarly stable, with 20 subjects showing a signiW-
cant eVect (19 with p < 0.01, 1 with p < 0.05) at CPZ
between 200 and 460 ms lag, (median r: 0.1229 for signiW-
cant subjects, 0.1100 for all subjects). Thus, phase-locking,
as captured by waveform analysis, is more reliable than the
power-locking quantiWed by our spectrotemporal approach,
making it more useful for investigating condition diVerences.

Auditory locking

As a next step, we asked whether stimulus locking can also
be found in the auditory system. Here, we did not have an

Fig. 4 EEG waveforms lock to visual input at multiple sites. a Head-
plots show the topographic distribution of the grand average correla-
tion coeYcients between ERP waveform (averaged over bimodal
congruent and incongruent and unimodal visual conditions) and visual
stimulus speed at selected time lags between 0 and 400 ms. Correlation
magnitude is colour coded as in Fig. 3a, b) Condition comparison for
electrodes OZ (upper panel) and CPZ (lower panel). Waveform anal-

ysis correlograms for bimodal congruent (BC, green line), bimodal
incongruent (BI, red) and unimodal visual (UV, dashed blue) are
shown with time lags on the x- and correlation coeYcients on the y-axis.
Time lags showing signiWcant diVerences between bimodal incongru-
ent and bimodal congruent conditions are highlighted in light grey for
p < 0.05 and darker grey for p < 0.01
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initial frequency band or site to guide our investigation.
Representative results for both analytic approaches are
depicted in Fig. 5 for electrode CZ (chosen because its
auditory ERP showed the largest evoked potential of all
channels shortly (»100 ms) after stimulus onset) for the
unimodal auditory condition. Although the spectrotemporal
analysis results for this recording site suggest there may be
stimulus-locking between 45 and 55 Hz, this correlation is
not salient with respect to other lags and frequencies, and is
furthermore not found at neighbouring channels, nor is it
consistent across auditory conditions. Waveform analysis
cross-correlograms also show no salient peaks, with very
low correlation coeYcients over all time lags. As in the
visual case, we also looked at the average over all auditory
conditions, since we assumed that averaging over more tri-
als might uncover small eVects. However, the obtained
results are similarly uninformative about auditory stimulus-
locking. In addition, no consistent eVects were seen on the
individual subject level for either analytic approach.

Is there evidence for multisensory interactions?

To address the question of whether stimulus locking is sub-
ject to multisensory interactions, we contrasted diVerent
stimulation conditions. As we did not Wnd any evidence for
auditory stimulus locking, we concentrate in the following

on visual stimulus locking and how it is modulated by the
presence of matching or mismatching auditory input.

Despite the absence of auditory stimulus locking, the
waveform analysis results revealed that incongruent audi-
tory information modulates visual stimulus locking. This
crossmodal eVect is indicated by diminished peak correla-
tion coeYcients in bimodal trials containing incongruent
auditory input, compared to bimodal congruent trials.
Occipitally, the maximum correlation of the bimodal incon-
gruent grand average (r = 0.0612) is almost 25% smaller
than the peak of the bimodal congruent condition
(r = 0.0795).1 Time lags between 98 and 168 ms have sta-
tistically less locking in incongruent than congruent bimo-
dal trials (p < 0.05). The unimodal visual condition, in
contrast, shows the same correlation as the bimodal congru-
ent condition (p > 0.05). For centro-parietal EEG, the big-
gest condition diVerences are found for the Wrst of the two
peaks mentioned above. For time bins between ¡90 and
¡30, and ¡10 and 72 ms of lag, bimodal incongruent
coeYcients are signiWcantly smaller than for the bimodal
congruent or unimodal visual conditions (p < 0.05, see
Fig. 4b). Likewise, the magnitude of the subsequent anti-
correlation is lower for bimodal incongruent than both
other conditions for lags between 168 and 198 ms
(p < 0.05). It seems then that incoherent auditory input sup-
presses visual stimulus locking during multimodal stimula-
tion.

Applying the spectrotemporal analysis method, no con-
dition diVerences were found for the stimulus-locking
eVects mentioned above. However, the unimodal visual,
bimodal-congruent and bimodal-incongruent condition all
showed signiWcant peaks in the frequency ranges and time-
lags reported for the average condition reported above:
peak cross-correlation values for the positive peak within
the limits of 0–150 ms lag and 20–30 Hz were 0.018, 0.020,
and 0.17, respectively; for the negative peak they were
¡0.035, ¡0.034, and ¡0.035 within lag limits 150–500 ms
and 8–20 Hz. Thus, spectrotemporal stimulus locking to
visual stimulus dynamics is rather similar between diVerent
conditions and seems to be a bottom-up driven cortical
response independent of input to other modalities.

Do the eVects change over time?

To examine the progression of stimulus locking over the
duration of stimulus presentation, we evaluated cross-corre-
lations as a function of stimulus time. To this end, correla-
tion coeYcients were determined within a shifting time

Fig. 5 No stimulus locking to auditory input. Exemplary unimodal
auditory results are depicted for electrode CZ. a Spectrotemporal anal-
ysis cross-correlograms are shown in rows for individual frequency
bands (y-axis). Colours represent correlation coeYcients. b The
waveform analysis cross-correlation is represented with time lags on
the x- and correlation coeYcients on the y-axis
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window (see “Methods”). Before investigating unimodal
visual, bimodal congruent and bimodal incongruent condi-
tions separately, we again examined their condition aver-
age.

Figure 6a shows the waveform analysis results for
selected occipital and central electrodes. At occipital
recording sites, stimulus locking increases with progressing

stimulus time—immediately after stimulus onset, correla-
tion coeYcients are very small and only start to increase
after approximately 2 s of visual stimulation. In contrast,
the magnitude of stimulus locking at central sites is not
dependent on time. Locking is roughly constant, with no
apparent systematic change. Overall, we see diVerent time
courses of visual stimulus locking at occipital and centro-
parietal electrodes.

To quantify the temporal progression and obtain a better
comparison across conditions, we extracted the maximum
correlation coeYcient for each time window. These time
series were then Wtted using linear regression. Results are
shown for bimodal congruent and incongruent and uni-
modal visual conditions at selected occipital and central
electrodes (Fig. 6b). At the occipital site, there is a signiW-
cant linear increase for the bimodal congruent (regression
coeYcient = 0.0027, r2 = 0.5; p < 0.01) and unimodal
visual condition (regression coeYcient = 0.0034, r2 = 0.75;
p < 0.01). In contrast, locking in the bimodal incongruent
condition does not follow any linear trend (regression
coeYcient = 0.0007, r2 = 0.12; p > 0.05). As expected from
these data, a comparison of bimodal congruent and incon-
gruent slopes yields highly signiWcant results (p < 0.01),
while there is no statistical diVerence between bimodal con-
gruent and unimodal visual stimuli. At our representative
central site, there are no increases in locking over time in
any condition (p > 0.05). There are, however, condition
diVerences regarding the magnitude of stimulus locking:
although all conditions show signiWcant stimulus locking
(p < 0.01), peak correlations are signiWcantly higher for
bimodal congruent than incongruent and unimodal visual
stimuli (p < 0.01). In summary, our results suggest two dis-
tinct multisensory interactions at work. At central recording
sites we see a sensitivity to congruence between auditory
and visual input streams, and at occipital sites a further
time-dependent facilitation of visual stimulus-locking is
evident that is suppressed when conXicting auditory infor-
mation is present.

In the case of the spectrotemporal analysis approach, we
Wrst deWned frequency bands of interest, guided by the
visual stimulus locking results reported above (8–20 Hz
and 20–30 Hz). The sum of spectrotemporal power in these
bands was then correlated with stimulus speed using the
shifting time window method just described, and peak cor-
relation values (minimum in the case of the anti-correlation,
and maximum for the correlation) were extracted from lag
limits deWned from the earlier results (200–300 and 0–
150 ms, respectively). Finally, these time series were Wtted
using linear regression. No linear trend was seen for the 8–
20 Hz band at occipital sites, but eVect sizes were in the
same range for bimodal congruent, incongruent, and uni-
modal visual conditions. In the case of the beta correlation,
no linear trend was found for bimodal congruent and

Fig. 6 Temporal progression of stimulus locking. a Each row shows
one grand average waveform analysis cross-correlogram (waveforms
calculated from average of bimodal congruent and incongruent and
unimodal visual conditions), which was computed within a 500 ms
shifting time window with 250 ms overlap. From bottom to top, the
window is shifted from stimulus onset to the end of stimulus presenta-
tion. Correlation coeYcients are colour-coded. b The maximum wave-
form analysis correlation coeYcients (y-axis) are plotted as a function
of time for OZ (left panel) and CPZ (right panel). Peaks were deter-
mined within a region of interest (0–250 ms lag) for each time window
from the grand average of each condition. The resulting data points are
shown in light-coloured lines for bimodal congruent (BC, green),
bimodal incongruent (BI, red) and unimodal visual (UV, dashed blue).
The according linear Wts for each condition are shown in darker thick
lines in the corresponding colour scheme. Stars at line ends indicate
signiWcant linear trends (p < 0.05) within a condition, and starred
brackets indicate signiWcantly diVerent slopes between two conditions
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incongruent conditions at occipital sites (p > 0.05); how-
ever, locking of spectrotemporal power to unimodal visual
stimuli was seen to increase over time in OZ (p < 0.05,
r2 = 0.27) and O1 (p < 0.01, r2 = 0.47).

Discussion

We measured EEG in 24 subjects while they viewed rotat-
ing Gabor patches and listened to frequency-modulated
tones. Our results reveal two forms of stimulus locking of
EEG to the temporal dynamics of visual stimuli, evident
from changes in EEG power over time and from the tempo-
ral structure of the EEG waveform. Auditory stimuli pre-
sented alone do not lead to any measurable, structured
changes in EEG power or waveform. However, analysis of
bimodal trials shows that visual stimulus locking is modu-
lated by the temporal congruence of simultaneous auditory
input—locking of EEG waveforms to visual stimuli was
reduced when the auditory input mismatched the temporal
proWle of the visual input. Furthermore, this multisensory
interaction became even clearer when the time course of
waveform locking was examined. Under congruent bimo-
dal stimulation conditions, visual stimulus locking
increased steadily over the duration of the trial, while the
incongruent bimodal condition showed no such eVect. Thus
we suggest that stimulus locking is a suitable tool for study-
ing and characterising the multisensory processing of
dynamically changing auditory and visual stimuli.

In order to explore the importance of extended dynamic
modulation of auditory and visual stimuli, we required a
relatively long trial duration. This raised the need for a task
to ensure participants’ attention was maintained. We
decided on a task that required attention to both stimulus
components in parallel—to decide whether the auditory and
visual signals matched—rather than directing the subject to
focus on a single sensory modality. As a result, the task
could not be directly transferred to single unimodal compo-
nents of the audiovisual stimuli, and was instead applied to
sequentially presented pairs of components from either
modality. The simultaneous and sequential comparison of
stimulus dynamics constitutes two diVerent tasks and
necessitates a careful comparison of unimodal and bimodal
conditions. However, the task allows us to be conWdent of
subjects’ attentiveness during the experiment.

Here, as a Wrst step, we report results for signals mea-
sured at electrodes, i.e. in sensor space. An EEG signal is a
combination of signals from diVerent cortical sources and
noise. It would be desirable to further process the data in
order to translate our Wndings into source space by perform-
ing a source localisation that would attempt to isolate the
location and activity of the cortical sources involved. How-
ever, this requires additional assumptions and currently

there is no available method that is generally accepted and
free of problems (Nunez and Srinivasan 2005). An addi-
tional issue is that algorithms for source localization make
assumptions about the interaction or independence of
diVerent signals. Work is still under way to develop syn-
chrony measures in source space (e.g. Marzetti et al. 2008).
Although our results do not rely on a spatial interpretation,
we do make some tentative assumptions here: that EEG
measured at occipital channels captures activation in early
visual areas proximal to these measurement sites, whereas
eVects we Wnd at centro-parietal electrodes reXect cortical
processing at some higher stages. A more detailed investi-
gation of the cortical sources of the stimulus locking phe-
nomena described here must be left to future work.

We did not see any evidence for stimulus locking to
auditory stimuli, or to the auditory component of audiovi-
sual stimuli. This is surprising, as it is commonly assumed
that the temporal reliability of the auditory system is higher
than the visual. As a consequence, its contribution in
optimal sensory fusion is high for temporal estimates (e.g.
Bresciani et al. 2008) and small for spatial estimates (e.g.
Körding et al. 2007). In addition, the modulation of brain
responses to changes in amplitude or frequency of simple
auditory stimuli is a well-established phenomenon. Audi-
tory entrainment has been optimally found in response to
40 Hz auditory stimulation (Galambos et al. 1981), but has
also been reported at lower frequencies (e.g. Ding et al.
2006). A systematic examination of the steady-state
response to sinusoidal frequency modulation by Picton
et al. (1987) found that for lower modulation frequencies,
responses were most reliable between 3 and 7 Hz. The
amplitude and phase of responses to tones modulated at the
rates of change used in our study were not found to be sig-
niWcantly reliable, and thus it may simply be the case that
the auditory stimuli used here change too slowly. Indeed,
preliminary results of current work with 3 Hz frequency
modulation have shown a tendency to a locking of 40 Hz
power to the dynamics of the auditory stimulus.

We applied two analytic approaches to investigate how
the dynamics of the stimulus are reXected in the power and
phase of the measured EEG signals, respectively. The Wrst
approach, spectrotemporal analysis, correlates power
changes with stimulus speed, and can reveal locking of
EEG power changes to stimulus dynamics at frequencies
beyond the rate of change of the stimulus. The second
approach, waveform analysis, correlates ERP waveforms
with stimulus speed, and thus mirrors a stable phase-rela-
tionship between EEG signals and the time-course of the
stimulus. Due to the use of correlation, the entrainment we
observe for the EEG waveform must result from the phase-
locking of frequencies within the range contained in the
stimulus speed. Previously, locking of LFP power to
dynamic visual stimulation has been investigated in cat
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visual cortex (Kayser and König 2004) using the same
spectrotemporal locking analysis. In addition, entrainment
or phase-locking of neural responses to regularly repeating
stimuli has been extensively studied (e.g. Rager and Singer
1998) and this steady-state cortical response has been used
to investigate many other phenomena, especially attention
(e.g. Müller et al. 2003). Our analytic approaches are in line
with both kinds of locking mechanisms, but are applied
here to explore stimulus locking of human EEG to continu-
ously, irregularly changing visual stimuli.

Our spectrotemporal approach investigated locking to all
frequencies between 0 and 100 Hz. Within this range,
diVerent frequency bands have been deWned, including
delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta
(13–30 Hz), and gamma (>30 Hz) and these bands have
been suggested to reXect diVerent functionalities (see
Steriade et al. 1990 for an early review). We found two
instances of spectrotemporal locking that are centred at dis-
tinct frequencies (20–30 and 8–20 Hz) and furthermore
diVer in correlation lag and direction of eVect. As such, we
suggest that we are dealing with two distinct spectrotempo-
ral locking processes with diVerent functional signiWcance.

The Wrst eVect found was that induced power changes in
the beta (20–30 Hz) range lock to the speed proWle of visual
input with a lag of 92 ms. This is in agreement with previ-
ous results that found locking between 20 and 35 Hz at
around 100 ms lag in cat visual cortex (Kayser and König
2004). Curiously, the frequency showing the strongest
locking in our results is close to 25 Hz, which is exactly the
frame rate at which our movies were created, but is far from
the refresh rate of the monitor (100 Hz). However, it is not
clear whether the correspondence with the frame rate is
simply coincidental, which brings into question the func-
tional signiWcance of the 20–30 Hz band. There is a crucial
diVerence between our study and the earlier work in cats—
humans have a comparatively lower Xicker fusion fre-
quency than cat, so the 25-Hz frame rate can be considered
to be adequate for human viewers. Although we have
clearly found evidence for spectrotemporal locking to irreg-
ular visual stimulation, we cannot generalise this Wnding to
more natural conditions.

The second eVect revealed by the spectrotemporal anayl-
sis was an anti-correlation in a broad alpha band (8–20 Hz).
The human occipital alpha rhythm has traditionally been
associated with a state of cortical rest, as put forward by the
idling hypothesis. More recent studies have extended the
idling hypothesis, proposing that a strong alpha rhythm
characterises a dominance of “top-down” processing in the
absence of any external stimulation (von Stein et al. 2000;
see Palva and Palva 2007 for a general review). Although
the results here span a frequency band too broad to compare
to the classical alpha band (8–13 Hz), our results Wt with
the idling hypothesis account, as stimulation strength

anti-correlates with alpha power, with stronger input lead-
ing to reduced alpha oscillations. The anti-correlation found
here does not show any modulation by auditory input, so
we assume that the spectrotemporal locking we have
observed is a purely visual phenomenon.

Overall, the eVect sizes found using the spectrotemporal
approach were small. These correlations are calculated using
total power, which includes both induced (not phase-locked
to stimulus onset) and evoked (phase-locked to stimulus
onset) components (Tallon-Baudry and Bertrand 1999).
Evoked power constitutes only a small part of total power—
here approximately 15%—so if the stimulus-locked power
changes are indeed consistent in their phase with respect to
the stimulus dynamics, then the stimulus-locking eVect may
be hidden in the total power. In comparison, Kayser and
König’s (2004) results were indeed larger, with correlations
of approximately 0.13 compared to our 0.01, but were based
on intra-cranial LFP measurements that do not suVer from
the spatial smearing inherent in EEG.

The second approach we employed, waveform analysis,
correlated ERP waveforms with stimulus speed. Our results
revealed locking to visual stimulus dynamics, distributed
across many measurement sites. An examination of the
characteristics of the correlation results suggests at least
two distinct locking mechanisms: one measured occipitally
with a positive correlation at a lag of 78 ms, interpreted as
an early visual process; and the other appearing at centro-
parietal sites as positive locking at lags of ¡60 and 390 ms,
interpreted as later stages of visual processing. A positive
correlation indicates that the phase of the EEG waveform is
aligned to the dynamics of the stimulus at a given time lag;
however, the relative magnitude of both signals also con-
tributes to this measure of locking and we cannot isolate the
role of phase alignment from the role of amplitude changes.
As mentioned above, we can furthermore specify that
entrained frequencies must lie in the range contained in the
speed proWles of our stimuli (0.5–4 Hz). Although steady-
state responses are typically evoked using stimuli presented
at higher, regular stimulation frequencies, entrainment has
also been observed for frequencies in the delta range (Ding
et al. 2006). Less regular stimulus trains jittered in time
within this frequency range have also been found to have an
entrainment eVect on visual and auditory cortex, which has
been shown to be the result of an instantaneous phase reset
of the ongoing oscillatory activity (Lakatos et al. 2008;
Lakatos et al. 2005). Hence, we assume that in the case of
our much more irregular stimuli, faster visual input leads to
a stronger phase-reset across a large population of neurons,
and thus to stronger EEG amplitude that is phase-aligned
with the stimulus. Furthermore, we found that entrainment
to visual stimuli increased over stimulus duration at occipi-
tal sites, indicating that phase alignment to our stimuli is a
gradual process—there is no instantaneous phase reset.
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The role of ongoing neural oscillations has been empha-
sised in multisensory research, in particular frequencies in the
gamma range (see Senkowski et al. 2008 for a recent review).
The entrainment of lower frequency oscillations, which are of
particular interest here due to our choice of stimuli, has also
been implicated in multisensory processes. In auditory cortex,
the phase of all ongoing neuronal oscillations has been pro-
posed to be reset by tactile or visual input, with this general
phase reset hypothesised to allow more eVective processing of
subsequent auditory signals arriving at an optimal phase of
this reset activity (Lakatos et al. 2007; Kayser et al. 2008).
Such a mechanism has also been proposed to be useful for
audiovisual speech, with the regularities of the visual input
allowing a facilitation of temporally matched auditory input in
noisy backgrounds (Schroeder et al. 2008). In conclusion,
crossmodal resetting of cortical activity in a “unimodal” area
may allow prioritised processing of temporally corresponding
stimuli of the preferred modality, which would be of great
importance for multisensory processing.

Our waveform analysis results for audiovisual condi-
tions can be related to these Wndings. In general, we found
stronger visual locking to congruent than incongruent
audiovisual stimuli. This diVerence in entrainment to visual
dynamics must be due to an eVect of the auditory stimulus
dynamics. One possible interpretation is that congruently
timed auditory stimulation enhances the phase reset of visu-
ally entrained neurons. Furthermore, an examination of the
time course of the visual entrainment of waveforms sug-
gested two locking mechanisms, which seem to be diVer-
ently involved in multisensory processing when the
entrainment to purely visual stimuli is taken into account.
The visual process measured at occipital sites shows a con-
tinual increase in visual entrainment over the duration of
unimodal visual and congruent audiovisual stimulation, but
a constant level of entrainment for mismatched audiovisual
inputs. As such, incongruent auditory input seems to coun-
teract visual entrainment, and the diVerence in entrainment
between congruent and incongruent conditions unfolds
gradually and slowly. The time course involved, in the
magnitude of seconds, is a strong indication that this pro-
cess is initially driven by bottom-up visual input, with
information regarding multisensory congruence arriving
later, most likely via feedback from higher areas. Along
these lines, Noesselt et al. (2007) recently showed that
modulations in primary unisensory areas in response to
temporally aligned audiovisual patterns were a result of
feedback from superior temporal sulcus. The visual locking
found here at centroparietal sites shows no change over
time, with congruent audiovisual input showing a clear
advantage for locking over both incongruent and unimodal
visual stimulation. Thus, this process depends on both input
streams; however, it is unclear whether this mechanism
reXects an evaluation of congruence or is itself the result of

a match/mismatch evaluation from elsewhere. Source anal-
ysis methods, and a direct evaluation of the directional
interaction between the two waveform locking mecha-
nisms, may help elucidate this in future work.

The behaviour of a dynamical system can be character-
ised by examining the relationship between its output and a
known input. Often-used inputs are of two diVerent kinds:
impulses or continuous stimuli. In the case of a linear sys-
tem, these two inputs yield equivalent results. To date, sen-
sory processing has been analysed with an emphasis on this
impulse-response concept, speciWcally multimodal interac-
tion (see Calvert and Thesen 2004 for a general review of
methodological approaches in multisensory research). Here
we want to fully exploit the high temporal resolution of
EEG to examine the nature of a temporal process, and it is
rather the second kind of input that is of interest. The pres-
ent analysis amounts to an investigation of the linearity of
the audiovisual interactions. Indeed the observation of a
time-dependant increase in coupling in the bimodal congru-
ent condition and unimodal visual is diYcult to reconcile
with a purely linear system. The characteristics of the stim-
uli and the analysis methods used in this study are better
suited to such investigations of non-linear system behav-
iour than traditional impulse response approaches.

The integration of two sensory sources critically depends
on the compatibility of the temporal dynamics of both
information streams. We used stimulus locking to extended
stimuli with complex temporal proWles as a tool to investi-
gate multisensory interactions. Spectrotemporal locking
revealed a bottom-up, purely visual eVect. In contrast,
waveform locking showed modulation by auditory congru-
ency and a diVerential eVect over time. We thus propose
that spectrotemporal and waveform locking reXect diVerent
mechanisms involved in the processing of dynamic audio-
visual stimuli, and that these analysis approaches may
prove useful in future research.
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Appendix 1

Behavioural pilot study

A behavioural pilot experiment was conducted to determine
whether and how stimulus parameters aVect the perceptual
detectability of audiovisual congruence.

We tested diVerent visual and auditory feature dimen-
sions, as well as slower and faster modulation frequencies.
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Otherwise, audiovisual stimuli were constructed as
described for the main experiment. The Gabor patch could
be modulated in one of 6 dimensions: size (100–200 pix-
els), contrast (0.1–0.5), orientation (180 degrees around
horizontal axis), frequency (»0.2–1 cycles/degree), phase
(0–360 degrees) or colour saturation (0.1–0.5 along the
red–green axis in DKL colour space). The tone was either
amplitude- (0.1–1) or frequency- (Carrier Frequency
§40 Hz) modulated. In the latter case, the carrier frequency
was chosen randomly from a uniform distribution (100–
500 Hz). Modulation frequencies were bound by either 0.7,
1.0 or 1.3 Hz. The combinations of parameter triplets
(visual, auditory, cutoV) were fully balanced.

Additionally, each combination was shown an equal
number of times in congruent and incongruent stimuli.
Movies were created out of 6 trajectories per modulation
frequency, resulting in a total number of 432 movies. But-
ton presses were recorded from nine naive subjects. The
whole stimulus set was divided and balanced between pairs
of subjects, i.e. each subject saw 216 movies of a single
balanced set. Paradigm, trial organisation and instruction
were identical to the main experiment (simultaneous trials).
Unimodal stimuli were not shown.

On average, subjects responded correctly on 74.9% of all
trials (standard deviation: 9.3%). The analysis of responses
indicated that each subject performed well above chance
(exact Binomial test, p < 0.01). A comparison of diVerent
visual features, auditory features and modulation frequen-
cies revealed no signiWcant diVerences (�2, p < 0.05).

We conclude that subjects are capable of distinguishing
audiovisual congruent from incongruent stimuli. Further-
more, sensitivity to temporal congruence does not seem to
be dependent on the speciWc low-level features through
which the temporal structure is conveyed.
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