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Abstract
■ How are we able to easily and accurately recognize speech

INTRODUCTION
How are we able to easily and accurately recognize speech
sounds when the relationship between acoustic signals
and perceived phonemes is so variable? For instance,
because of coarticulation, the acoustic information for a
given phoneme such as /d/ is highly variable depending
on the vowel context. It has been proposed that the
“lack of invariance problem” becomes tractable when contextual information that naturally accompanies speech is
taken into account, observable facial gestures, for instance
(e.g., Skipper, Nusbaum, & Small, 2006).
More than half a century ago, Sumby and Pollack
(1954) demonstrated that under acoustically noisy conditions adding visible facial movements congruent with
the acoustic signal enhances speech recognition. Symmetrically, recognition of perfectly audible speech is impaired when dubbed onto visible facial movements that
are incongruent with the acoustic signal (Dodd, 1977).
A classic illustration of this impairment is the fusion
McGurk effect, in which an auditory /ba/ dubbed onto
a visual /ga/ is heard as /da/ (McGurk & MacDonald,
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are acoustically different but perceived as similar and an increase in activity when presented with syllables that are acoustically similar but perceived as distinct. Consistent with the
long-standing idea that speech production areas may be involved in speech perception, we found that frontal areas were
part of the neural network that showed reduced activity for
sequences of perceptually similar syllables. Another network
was revealed, however, when focusing on areas that exhibited
increased activity for perceptually different but acoustically
identical syllables. This alternative network included auditory
areas but no left frontal activations. In addition, our findings
point to the importance of subcortical structures much less often
considered when addressing issues pertaining to perceptual
representations. ■

1976). Many studies have explored the neural processes
underlying audiovisual integration but the mechanism
by which visual information modifies auditory speech
perception remains uncertain.
According to the influential motor theory of speech
perception formulated by Lieberman and colleagues in
the 1950s, speech perception is a form of gesture perception and is therefore mediated by the involvement of
the speech production system, in particular in audiovisual
contexts (Liberman & Mattingly, 1985; Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967). More recently,
the discovery of mirror neurons in the macaque monkey
(Di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti, 1992)
and the numerous studies that have since suggested the
existence of a mirror neural system in humans (for reviews, e.g., Casile, Caggiano, & Ferrari, 2011; Rizzolatti &
Craighero, 2004) have rejuvenated the idea that audiovisual integration for speech may involve the speech production system (e.g., Hasson, Skipper, Nusbaum, & Small,
2007; Skipper, Nusbaum, & Small, 2005). This position,
however, has long been strongly contested by psycholinguists claiming that the integration of auditory and
visual information is independent of any speech production motor processes (e.g., Massaro, 1972). Consistent with
the latter view, neuroscientists studying multisensory integration using nonspeech audiovisual stimulations and
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sounds despite the lack of acoustic invariance? One proposed
solution is the existence of a neural representation of speech
syllable perception that transcends its sensory properties. In
the present fMRI study, we used two different audiovisual
speech contexts both intended to identify brain areas whose
levels of activation would be conditioned by the speech percept
independent from its sensory source information. We exploited
McGurk audiovisual fusion to obtain short oddball sequences of
syllables that were either (a) acoustically different but perceived
as similar or (b) acoustically identical but perceived as different.
We reasoned that, if there is a single network of brain areas representing abstract speech perception, this network would
show a reduction of activity when presented with syllables that

however, also predicts that these same regions should
demonstrate increased activity for pairs of syllables that
have similar auditory qualities but that induce different
perceptual experiences. If there is a brain region, which
truly represents the perception of the stimulus independent from its sensory source information, then this region
needs to pass both of these tests. This would be consistent
with the McGurk-MMN results showing auditory MMN
elicitation when the percept changes despite no acoustic
change (Sams et al., 1991) and MMN suppression when
the percept does not change despite an acoustic change
(Kislyuk et al., 2008).
Our aim was to test this idea by creating two different
audiovisual speech contexts both intended to identify
brain areas whose levels of activation are conditioned
by the percept. In the present fMRI study, we exploited
McGurk audiovisual fusion to obtain short oddball sequences of syllables either (a) acoustically different but
perceived as similar or (b) acoustically identical but perceived as different. We reasoned that if there is a single
network of brain areas representing abstract speech perception, as suggested by Hasson et al. (2007), this network should show a reduction (suppression) of activity
when presented with different acoustic syllables that
are perceived as similar relative to when they are perceived as different (a) AND an increase of activity when
presented with syllables that are acoustically similar but
perceived as distinct relative to perceived as the same
(b). To preview, in keeping with Hasson et al. (2007),
the left inferior frontal cortex was part of the neural
network that showed reduced activity for sequences of
perceptually similar but acoustically different stimuli,
consistent with the involvement of the speech production system in abstract speech perception. Another network was revealed, however, when focusing on the areas
that exhibited increased activity for perceptually different but acoustically identical syllables. This alternative
network included auditory areas but no left frontal activations. In addition, our findings point to the importance
of subcortical structures less often considered when addressing issues pertaining to perceptual representations.

METHODS
Participants
Seventeen healthy volunteers (mean age = 24.9 years,
nine women) with no record of neurological or psychiatric disorders participated in the study. All reported being
right-handed, had normal or corrected-to-normal vision
(magnet-compatible glasses), and were naive to the goal
of the experiment. This group of participants was selected
(from among 46 volunteers) on the basis of their results in
a behavioral pretest assessing susceptibility to the fusion
McGurk effect. In this pretest, participants were presented
with 240 audiovisual stimuli: congruent /ba/, /ga/, /da/,
and McGurk “da” (i.e., auditory /ba/ presented with a
visual /ga/) presented each 60 times. For each audiovisual
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anatomical approaches have recently identified several
different neural pathways by which visual information
may modulate auditory processing, including feedback
projections from polysensory structures, feedforward projections from nonspecific thalamic afferents, and direct
lateral projections from the visual cortex (e.g., Schroeder,
Lakatos, Kajikawa, Partan, & Puce, 2008).
Sams et al. (1991) were among the first to demonstrate
indirectly that visual observation of speech can influence
auditory perception very early in the time course of
speech processing. In a magnetoencephalography (MEG)
study, they presented oddball sequences of audiovisual
speech stimuli in which the deviant syllables differed from
the standards in their visual properties only. Specifically,
the standard stimulus in the sequence was a congruent
audiovisual /pa/ (auditory /pa/ paired with visual /pa/ ),
whereas the deviant syllable consisted of an auditory /pa/
dubbed onto a visual /ka/ that was heard as “ta” by a fusion McGurk effect. The authors showed that, when this
sequence was presented, the illusory auditory deviance
induced by the visual deviant elicited an MMN response
over auditory areas similar to those elicited by an acoustic
deviant (for a review, see Näätänen, Paavilainen, Rinne,
& Alho, 2007). Recently, the same group reported the
symmetrical effect in which the MMN typically observed
in presence of acoustic deviance was suppressed by a
McGurk stimulus designed to preserve the auditory percept (Kislyuk, Mottonen, & Sams, 2008). In this case, the
standard stimulus in the sequence was a congruent /va/
(auditory /va/ paired with visual /va/), whereas the deviant
was an auditory /ba/ synchronized with a visual /va/ heard
as “va.” That is, although standard and deviant stimuli
differed clearly acoustically, they were rendered indistinguishable by a visual capture effect, leading to the suppression of the MMN normally associated with acoustic
differences.
In an fMRI experiment, using a repetition–suppression
paradigm, Hasson et al. (2007) exploited a similar effect
using pairs of syllables that differed both acoustically
and visually but that were perceived as similar by way of
McGurk audiovisual fusion. They identified regions that
showed BOLD signal suppression (Grill-Spector, Henson,
& Martin, 2006) for a pair of syllables in which an auditory
/pa/ dubbed onto a visual /ka/ and perceived as “ta” was
preceded by an audiovisual /ta/ (auditory /ta/ paired with
visual /ta/). They reported suppression in response to the
second stimulus in the pars opercularis of the left inferior
frontal gyrus (IFG) and in the planum polare of the left
superior temporal pole. They suggested that the speech
production system, long associated with the left IFG, is
involved in the abstract, modality-independent representation of the speech percept. This finding suggests that the
speech production system is involved in abstract speech
perception, perhaps by constraining perceptual options despite the variability in the acoustic signal. If this hypothesis
is true, it would constitute a major advance toward solving
a classic problem in speech perception. The hypothesis,

Experimental Setup
Participants were presented with audiovisual clips of a
woman speakerʼs lower face using a personal computer
connected to a video projector. A digital video camera
was used to make the audiovisual clips, and Avid ProTools
9 software (Avid Technology, Inc., Burlington, MA) was
used to synchronize the sounds and images of the acoustically and visually incongruent McGurk syllables. The stimulus sequences were then edited using Final Cut Pro 7
software (Apple, Inc., Cupertino, CA). A custom-made
LabVIEW (National Instruments, Inc., Austin, TX) program,
triggered by the MR scanner control unit, was used to
back-project the stimuli onto a frosted screen positioned
at the end of the MRI tunnel and viewed by the participants
through a mirror.
Audiovisual Stimuli and Task
The video recordings showed the mouth of a woman
uttering syllables. A stationary fixation point (a white “pill”)
was superimposed on the image at the center of the
mouth. Six different video clips (four audiovisual, one
unimodal vision-alone, and one unimodal audio-alone),
each corresponding to one of six conditions, were
assembled. Each clip contained four syllables. The unimodal conditions were not used in the analyses of these
data but were included to make the design consistent with
a future analogue experiment with EEG. The four audiovisual conditions are presented in Table 1. The first three
syllables in each clip were identical standards, and the
fourth syllable was a deviant in all conditions (except
one). Each four-syllable clip lasted 5400 msec; for each
syllable, the acoustic signal duration was 360 msec, and
the visual signal lasted about 1200 msec. We labeled the
different sequences ≠A≠P, ≠A=P, =A≠P, and =A=P
so as to indicate whether the acoustic signal of the fourth
syllable changed (≠A) or not (=A) from the first three
andwhether the percept was changed (≠P) or not (=P).
The visual-alone condition showed the womanʼs lower
face pronouncing the syllable sequence /ba ba ba ga/.
1574
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For the audio-alone condition, the sound track of /da da
da ba/ was coupled with a fixed image of the closed
womanʼs mouth. The imaging session comprised nine
functional runs. In each functional run, all six conditions
were presented six times each in a pseudorandom order.
The four-syllable clips were separated by the presentation
of a fixed image of the womanʼs lower face that lasted on
average 3 sec (random duration chosen from an exponential distribution). Participants did not perform any auditory perceptual task. Instead, a visual detection task was
used to ensure that they maintained attention on the
womanʼs mouth. We used no explicit speech-sound
perception task, as our purpose was to target perceptual
mechanisms independently (as much as possible) for
decision-making processes. Also, our idea was to use an
experimental design that matched as closely as possible
those most often used in EEG/MEG studies examining
MMN responses (e.g., Näätänen, Kujala, & Winkler, 2011,
for a review on the MMN; e.g., Saint-Amour, De Sanctis,
Molholm, Ritter, & Foxe, 2007, for a study on the MMNMcGurk) and the one used in the fMRI study by Hasson
et al. (2007) in which participants did not perform any task.
During each functional run, the superimposed white pill
disappeared for 500 msec pseudorandomly once for each
condition (six times per run). Participants were instructed
to press a button as quickly as possible with their left
thumb each time this happened.
Imaging Procedure
Images were acquired on a 3-T MEDSPEC 30/80 AVANCE
whole-body scanner (Bruker, Ettlingen, Germany) equipped
with a circular polarized head coil. Participants were lying
comfortably in the supine position in the MR scanner. An
ergonomic MR-compatible response button was placed
in the participantʼs left hand. Headphones were used to
present the auditory stimuli and to communicate with the
participant, as well as to dampen the scanner noise in
conjunction with earplugs. Each imaging session comprised nine functional runs followed by a single highresolution anatomical scan. Functional volumes were
collected using a T2*-weighted echo-planar sequence
covering the whole brain with 30 interleaved 3-mm-thick/
1-mm gap axial slices (repetition time = 2000 msec, echo
time = 30 msec, field of view = 192 × 192 mm2, 64 ×
64 matrix of 3 × 3 × 4 mm voxels). Each run lasted
about 5 min, during which 158 functional volumes were
acquired. Anatomical MRI data were acquired using highresolution structural T1-weighted image (inversion recovery sequence, resolution 1 × 1 × 1 mm) in the sagittal
plane, covering the whole brain.
fMRI Data Preprocessing
Data were processed and analyzed using SPM8 (Wellcome
Department of Imaging Neuroscience, Institute of Neurology, London) along with custom-made MATLAB programs.
Volume 26, Number 7
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syllable, three different utterances by the same speaker
were used. A three-alternative forced-choice procedure
was used; choices were [ba], [ga], or [da]. Participants
were asked to determine what they heard while looking
at the face. Those who exhibited the lowest percentages
of [ba] responses to the McGurk “da” stimuli (with at
least 90% of correct responses for the all congruent audiovisual stimuli) were selected to participate in the fMRI
experiment. For the McGurk stimulus, the perceptual reports of the selected participants were as follows (mean ±
SD): 13.5 ± 1.5%, 5 ± 0.6%, and 81.5 ± 1.5% for the
choices [ba], [ga], and [da], respectively. Each participant provided informed written consent according to
procedures approved by the Comité de Protection des
Personnes Sud Méditerranée I.

Table 1. Design of the Sequences of Syllables in the Video Clips
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The pictures show the movie 80 msec after the acoustical onset of each four syllables. For each syllable, acoustical signal duration was 360 msec and
visual signal lasted about 1200 msec.

The first six functional volumes acquired in each run were
discarded to ensure that longitudinal relaxation time equilibration was achieved. The remaining 152 images were corrected for differences in slice acquisition time. The 14th
slice acquired was chosen as a reference to correct for
temporal differences between the first and last slices. All
volumes were realigned to the first volume to correct for
head movements between scans. The functional images
were unwarped using fieldmap information before being
coregistered to each individual anatomical T1-weighted
image and spatially normalized using DARTEL-SPM8 pro-

cedure to the Montreal Neurological Institute (MNI) standard space. Data were then spatially smoothed using an
8-mm FWHM isotropic Gaussian kernel to accommodate
for interparticipant differences in anatomy.
Statistical Analyses
Trials during which a manual response was produced
(left thumb button-press) were not modeled. Eventrelated analyses were run according to the following
general linear model: The BOLD response to the fourth
Malfait et al.
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syllable (deviant) of each clip was modeled as a 1200-msec
duration event (i.e., duration of the visual signal) convolved with the SPM8 canonical hemodynamic response
function to create one regressor for each condition
(≠A≠P, ≠A=P, =A≠P, and =A=P). We did not explicitly
model the initial three syllables because they are identical
in the conditions that we aim to compare directly and thus
the contrasts of interest would not be affected (see
below). The mean of the scans of each run as well as
weights corresponding to a linear regression capturing
possible signal drifts within the different runs were also
included in the design matrix. Contrast images were generated for each participant and were then submitted to
the group analysis using a random-effects model.

Our aim was to examine two contrasts, both intended
to reveal the neural networks coding for the percept of
speech sounds. We designed two audiovisual sequences
of syllables instantiating two symmetrical perceptual
effects: in sequence ≠A=P, acoustically different stimuli
were heard as similar, whereas in sequence =A≠P, acoustically identical stimuli were perceived as different. Then
these two sequences were each paired with another
sequence that was composed of the same four acoustical
tokens (sequence ≠A≠P and =A=P, respectively; see
Table 1), but in which the fourth syllable (always an auditory
/ba/) was heard differently because of different visual information (fourth syllable indeed perceived as “ba” in ≠A≠P
and =A=P but perceived as “da” in ≠A=P and =A≠P).
For the contrast (≠A≠P vs. ≠A=P; see top panel of
Table 1), in both conditions the fourth syllable differed
acoustically from the three preceding ones, but in the
sequence ≠A=P a fusion McGurk effect was elicited by
the fourth stimulus so that speech perception remained
unchanged throughout the whole four-syllable sequence.
Thus, this first contrast was intended to reveal regions
that exhibited less activity when all four syllables were
heard as the same (≠A=P) than when a change was
perceived (≠A≠P).
In the second contrast (=A≠P vs. =A=P; see bottom
panel of Table 1), in both conditions the fourth syllable
was acoustically identical to the first three, but in the
sequence =A≠P the McGurk effect induced a change in
the percept of the fourth syllable. This comparison was
used to capture areas that showed increased activity for a
change in percept, although no acoustic change occurred.
To determine the overlap between the two sets of areas
revealed by each contrast, we ran an intersection analysis
(i.e., we searched for voxels significantly activated in both
contrasts), and to further distinguish the two networks,
we also examined the interaction effect. To test the simple and the interaction effects, we set individual voxel
threshold at p < .001, uncorrected (threshold value comparable to, e.g., McKenna Benoit et al., 2010; Hasson et al.,
2007; Ojanen et al., 2005; Pekkola et al., 2005), and con1576
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Areas Showing Reduced Activity (Suppression)
with Similar Percept Despite an Acoustic Change
First, to identify regions that showed less (suppressed) activity when all four syllables were heard as similar (despite
an acoustical change), this condition was compared with
one in which the acoustic change was heard (≠A≠P >
≠A=P). The results are presented in Table 2A and in
Figure 1A. The largest effects were found subcortically,
where a large area of activation extended bilaterally
with its peak located in the left caudate nucleus and a
cluster was located with its peak in the right thalamus
extending into the right pallidum and putamen. Globally
the modulation in activation was more pronounced for
the right hemisphere with clusters in the insula, the
frontal inferior orbital cortex, and the frontal superior
cortex, as well as laterally in the STS. In the left hemisphere, activity modulation was observed in the opercular
part of the frontal inferior cortex. When lowering the
threshold to p < .005, uncorrected, this latter cluster
extended precentrally with a peak in the precentral gyrus
(MNI: −50, 0, 38). Medially, a cluster was observed in
the SMA.
Areas Showing Increased Activity (Release from
Adaptation) with Different Percept in the
Absence of an Acoustic Change
The relation (=A≠P > =A=P) was intended to reveal
regions exhibiting more activity when, in the absence
of any acoustic change, perceptual deviance was induced
Volume 26, Number 7
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RESULTS

sidered only clusters larger than 100 mm3. For all areas
identified using this criterion, we also tested significance
at the cluster level (corrected p < .05) using a permutation
test taking into account cluster size and level of activation. Using 5000 label condition permutations, significance
of each cluster was tested as follows: for each permutation
one “false positive” was counted if at least one cluster
of activation exhibited greater extent (larger number of
voxels) and higher level of activation (larger mean and
maximum t value) than the cluster of interest. The percentage of “false positives” among the 5000 permutations
corresponds to an adjusted p value (see Hénaff, Bayle,
Krolak-Salmon, & Fonlupt, 2010, for details). For this purpose, we defined two ROIs: (1) a large region including
areas known to be involved in speech processing: the inferior frontal cortex (pars opercularis, pars triangularis,
and orbital part), the temporal areas (Heschl, middle and
superior temporal, and temporal pole superior), the supramarginal (SMG) area, and the insula and (2) an ROI restricted to the two regions identified by Hasson et al.
(2007): the pars opercularis and temporal pole. For the
intersection analysis, we lowered the voxel-level threshold to p < .01, uncorrected, and discarded only clusters
smaller than 36 mm3. Regions are labeled according to
Tzourio-Mazoyer et al. (2002).

Table 2. Percept Change (≠P) > No Percept Change (=P)
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(A) Areas showing reduced activity with similar percept (despite an acoustic change). Voxel-level threshold: p < .001 uncorrected and minimum
cluster size of 100 mm3 were used. (B) Areas showing increased activity with different percept (in the absence of any acoustic change). Voxel-level
threshold: p < .001 uncorrected, and minimum cluster size of 100 mm3 were used. (C) Areas showing reduced activity with similar percept AND increased
activity with different percept. Voxel-level threshold: p < .01 uncorrected and minimum cluster size of 36 mm3 were used. Presented t values correspond
to the contrast (≠A≠P > ≠A=P) masked by (=A≠P > =A=P). In A and B, cluster-level significance (corrected p < .05) are indicated depending on
the search space that was used (see text for details): (***) whole-brain, (**) large speech-related areas ROI, and (*) ROI defined on the basis of Hasson
et al.ʼs (2007) report.

by the fusion McGurk effect. Table 2B and Figure 1B
summarize the results. The largest activation was lateralized to the right hemisphere, with the highest peaks
located in the thalamus. Activity was also found in the
right Heschlʼs area as well as in the right STS.

Reduced Activity with Similar Percept AND
Increased Activity with Different Percept
In the Introduction, we argued that brain regions associated with the abstract representation of speech sounds
Malfait et al.
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should show both a reduction (suppression) of activity
when presented with syllables that are acoustically different but perceived as similar AND an increase of activity
(release from adaptation) when presented with syllables
that are acoustically identical but perceived as distinct.
To determine if there was a detectable network of regions that showed this pattern, we conducted an analysis
intended to find the intersection of the two sets of regions identified above. Very little overlap was observed
between the two networks revealed by the symmetric
perceptual manipulations. Namely, with a threshold as

low as p < .01 uncorrected, the only regions that showed
differential levels of activation for both contrasts were
two clusters located in the right STS and the right thalamus respectively (see Table 2C and Figure 1C).
Reduced Activity with Similar Percept OR (but Not
AND) Increased Activity with Different Percept

DISCUSSION

Figure 1. Activation clusters showing (A) reduced activity with
similar percept (despite an acoustic change), (B) increased activity
with different percept (in the absence of any acoustic change),
(C) reduced activity with similar percept AND increased activity
with different percept. (A, B, and C) Voxel-level threshold: p < .001
uncorrected.
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Speech perception is faced with the lack of invariance
problem: There is variability in the relationship between
the acoustic signal and the perceived phoneme. The
motor theory of speech perception was originally proposed to solve this lack of invariance problem. According
to this view, speech sounds are transduced into gestural
codes consisting of invariant motor programs. The conscription of these motor programs to the perception process narrows the range of interpretations. However, this
idea has been challenged by vocal tract imaging studies
that demonstrate high variability in motor articulation
too. In general, the hypothesis that speech perception is
always mediated by the motor system is difficult to reconcile with neuropsychological and experimental data. As
Volume 26, Number 7
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To further dissociate the two networks, we analyzed the
interaction (≠A≠P vs. ≠A=P) − (=A≠P vs. =A=P). We
considered this contrast for all the areas that exhibited
either reduced activity with perceptually similar stimuli
OR increased activity with perceptually different stimuli
(the union of the two sets reported above); that is, we
defined an inclusive mask corresponding to the regions
for which either (≠A≠P > ≠A=P) or (=A≠P > =A=P)
hold, for a voxel-level threshold of p < .001 uncorrected.
First, we considered the areas for whom the relation
(≠A≠P vs. ≠A=P) > (=A≠P vs. =A=P) holds, that is,
areas that showed larger change in activation for a percept change (vs. no percept change) in the presence
of an acoustical change than in the absence of acoustic
deviance. The largest cluster was located in the left caudate. In the right hemisphere, clusters were found in the
STS, the insula, as well as the right frontal orbital cortex.
A region of the right thalamus was also revealed (see
Table 3A and Figure 1A).
The inverse relation (=A≠P vs. =A=P) > (≠A≠P vs.
≠A=P) was intended to reveal regions whose activities
were more clearly modulated by perceptual change in
the absence of any acoustic deviance than when acoustics
changed concurrently. The only cluster for which this relation held was located in auditory areas in the right transverse temporal gyri (Heschl; see Table 3B and Figure 1B).
(See the Appendix, for a potential effect related to audiovisual (in)congruency, as well as for the relations (≠A=P >
≠A≠P) and (=A=P > =A≠P), which are the opposite of
the two main contrasts of interest and exhibit in particular
activations in visual motion processing areas.)

Table 3. Areas Showing Reduced Activity with Similar Percept OR (but Not AND) Increased Activity with Different Percept

examples, the destruction of the motor cortex does not
preclude functional speech perception and language comprehension, and results of imaging studies have been
inconsistent in demonstrating activation of the motor system when speech stimuli are presented in the auditory
modality alone and only passive listening is involved (for
a review, e.g., Skipper et al., 2006).
Nevertheless, the body of evidence suggesting the
existence of a mirror neural system in humans provides
support to the idea that speech perception may involve
perception of vocal tract gestures. Also, although there
have been few specific algorithms describing how motor
processes could contribute to perception, new formulations indebted to Libermanʼs theory and Stevens and
Halleʼs analysis-by-synthesis model (Stevens & Halle,
1967) have integrated advances in computational motor
control modeling (Jordan & Rumelhart, 1992). According
to these views (e.g., Skipper et al., 2006), during audiovisual speech perception, inferior frontal and premotor
regions could play a role akin to generating an initial
hypothesis about the phoneme produced by the speaker.
At the level of the opercular part of the IFG (Brocaʼs
area), where mirror neurons putatively exist (Kilner, Neal,
Weiskopf, Friston, & Frith, 2009), the abstract goal of
observed actions would be activated and translated into
motor commands through interaction with premotor
and primary motor cortices. Subsequent efference copy
(von Holst & Mittelstaedt, 1950), or corollary discharge
(Sperry, 1950) or a forward model (Jordan & Rumelhart,
1992) would predict the acoustic and somatosensory con-

sequences of the activated motor commands. This sensory
prediction could then influence auditory perception.
In their fMRI study, Hasson et al. (2007) considered
the existence of a neural representation of speech syllable perception that transcends its sensory properties. As
a matter of fact, identifying regions that represent the
abstract aspects of the speech percept would represent
a major advance in determining how we deal with variability in the acoustic signal, a classic problem in speech
perception. These authors reported two left-hemisphere
regions (pars opercularis and planum polare) exhibiting
reduced activity (suppression) when syllable sequences
were perceptually similar despite being acoustically different. According to them, the identified brain regions fit
into the theoretical framework sketched above in which
Brocaʼs area, an area long associated with speech production, plays a central role.
The goal of our study was to question whether a
unique neural network encoding sublexical audiovisual
speech at an abstract perceptual level could be identified.
In particular, we assessed if the same network would be
revealed by two symmetric perceptual manipulations:
(a) presenting different acoustic signals that are heard
as similar, for which a decrease in activity was expected
in the unique network, as in Hasson et al. (2007) and (b)
presenting identical acoustic signals that are heard as different, which should entail an increase in activity in the
same network. Comparing these two situations within
the same participants allowed us to control for interindividual variability in susceptibility to the audiovisual fusion
Malfait et al.
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(A) Reduced activity despite an acoustic change. (B) Increased activity with different percept in the absence of any acoustic change. For A and B
voxel-level threshold: p < .001 uncorrected and minimum cluster size of 100 mm3 were used. (**) areas significant at the cluster level ( p < .05);
search space defined by the inclusive mask (see Methods).

effect. This was necessary as we chose to avoid having
participants perform an auditory perceptual task and instead used an unrelated visual detection task to ensure
that visual information was encoded. Indeed, having
neural activation induced by higher-level decisionmaking processes could have obscured some patterns
of activation (e.g., Binder, Liebenthal, Possing, Medler,
& Ward, 2004). Nonetheless, we found very little overlap
between the set of areas revealed by the two perceptual
manipulations.
Frontal Areas and the Left Caudate Showed
Reduced Activity for Sequences of Perceptually
Similar Syllables
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Acoustically Identical but Perceptually Different
Syllables Increase Activity in Temporal Areas
Although the network that showed reduced activity for similar percept (despite an acoustic change) was consistent
with the idea that frontal regions part of the speech production system might be involved in the modality-independent
representation of speech percept, the areas that exhibited
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Presenting syllables that have different acoustic components but are perceived as similar (i.e., using the contrast:
≠A≠P > ≠A=P; Table 2A) paralleled the strategy used by
Hasson et al. (2007) to identify percept-sensitive regions.
However, although these authors employed a brain parcellation restricted to the cerebral cortex (Fischl et al.,
2004) and found activity related to the abstract representation of speech sounds in the cortex (left frontal pars
opercularis and left temporal planum polare), we found
the largest activity modulation subcortically with the
highest peak in the left caudate.
The idea that the BG may be involved in speech is
supported by neuropsychological work showing a relation between pathology of the putamen and caudate
nuclei and aphasia (e.g., Lieberman et al., 1992). Several
studies have suggested that the left caudate in particular,
in relation with the thalamus, is implicated in word comprehension and articulation in bilingual speakers (e.g.,
Crinion et al., 2006). Moreover, models have been proposed in which articulatory–auditory and articulatory–
orosensory mappings involving the left caudate would
be used to facilitate perceptual identification when a
phonetic contrast is ambiguous, as in the case of secondlanguage speakers (Callan et al., 2004).
At the cortical level, temporal and parietal regions showing differential activation were right-hemispher e STS and
the SMG. STS involvement in audiovisual integration processes in general (for a review, see Campbell, 2008) and
in the McGurk fusion effect in particular (Beauchamp, Nath,
& Pasalar, 2010) has been well established. Note, however,
that because the stimuli contrasted here were audiovisual
and because activation was reduced for the condition involving the McGurk stimuli, the activation we found in
the posterior STS likely corresponds to a region known to
be activated by sight of speech mouth movements (Puce,
Allison, Bentin, Gore, & McCathy, 1998). Together with posterior STG/STS, planum temporal, and superior temporal
parietal junction, the SMG bilaterally has been implicated
in both speech perception and production (e.g., Hickok
& Poeppel, 2000; Paus, Perry, Zatorre, Worsley, & Evans,
1996) and has been suggested to serve as an interface
between articulatory, auditory, and orosensory mappings

(Callan et al., 2004). Activation of right-hemisphere STS
is consistent with lateralization observed in functional
imaging studies of (full body) biological motion (e.g.,
Grossman et al., 2000).
Frontally, right-dominant modulation of activity was
observed in the insula, an area implicated in multisensory
integration (e.g., Bushara, Grafman, & Hallett, 2001), and
the inferior orbital cortex. A left-hemisphere cluster was
located in the opercular part of the IFG. Interestingly,
this activation extended (when lowering the threshold)
into a cluster with a second peak in the precentral gyrus;
that is, a region of the premotor cortex (PMC) implicated in
both speech perception and production (Wilson, Saygin,
Sereno, & Iacoboni, 2004). Brocaʼs area, the PMC, and
the anterior insula are interconnected regions known to
be involved in articulatory processing (e.g., Dronkers,
1996; Habib et al., 1995; Paulesu, Frith, Bench, & Bottini,
1993) and that are functionally connected to auditory and
somatosensory areas. Here, one should note that our
results are consistent with Hasson et al.ʼs (2007) finding
as for the pattern of activation found in the opercular part
of the IFG. This, despite differences in the tasks used in
the two studies: In their experiment, participants passively
listened to and observed the stimuli, whereas here they
performed a simple visual detection task. Medially, activation in the SMA, an area typically involved in attentional
control, movement selection, as well as in speech production (Wilson et al., 2004), was also correlated with the
abstract perceptual dimension of the stimuli.
One should also notice that no change in the activity
in the transverse temporal gyrus (TTG or Heschlʼs gyrus)
was revealed. This is important as it suggests that, for
this perceptual manipulation (making acoustically different
syllables be heard as similar), processing of the acoustical
signal in the primary/secondary auditory areas was not
altered by the visual input. This finding stands at odds with
the results by Kislyuk et al. (2008). Indeed, these authors
reported a suppression of the auditory MMN induced by
visual information, which suggested that under the influence of the visual input the auditory cortex failed to
discriminate between the acoustic stimuli. One possible
explanation for this discrepancy might be found in the
nature of the stimuli that were used. Kislyuk et al. (2008)
exploited a visual-capture effect (auditory /ba/ paired with
visual /va/ and perceived “va”), whereas we used a fusion
effect in which a new percept emerges that was not present
in the auditory and visual channels in isolation (auditory
/ba/ paired with visual /ga/ and perceived “da”).

new auditory percept emerges from the fusion of two
incongruent sensory inputs, as in the McGurk effect,
remains uncertain.
No Unique Network Represents Speech Percept
Independent from Its Sensory Source
The two main contrasts we used to test the generality of
the Hasson et al. (2007) results, (≠A≠P > ≠A=P) and
(=A≠P > =A=P), both contrasted sequences that differed
in terms of audiovisual congruency, that is, including or
not the McGurk stimulus. In order, to rule out an interpretation in those terms, we ran two additional intersection analyses (Table A1). Among the areas that were
identified by the relation (≠A≠P > ≠A=P), the regions
whose activation could be explained by an audiovisualcongruency effect were the SMA, the right SMG, insula,
and inferior orbital cortex. The second intersection analyses indicated that only activation in the right thalamus
could have been because of this confound in (=A≠P >
=A=P).
Thus, our results show that the neural network identified by presenting syllables that are acoustically different
but heard as similar fits well with the model of audiovisual
speech perception proposed by Skipper et al. (2006) in
which articulatory motor representations play a central
role. Visual speech information would, by a predictive
mechanism carried out by a sensorimotor internal forward
model, influence auditory perception through a network
involving the pST, opercular part of IFG, PMC, and SMG.
Nevertheless, the possible involvement of subcortical
regions should not be overlooked. Indeed, the largest
changes in activity we observed were in the BG and the
thalamus. Consistent with this observation, Callan et al.
(2004) in a model of unimodal auditory speech perception
also inspired by motor control theories, proposed the
cerebellum as a site of putative internal model instantiations (Jordan & Rumelhart, 1992), and suggested that the
BG may play a role (that remains undetermined) in the
selection of these internal models.
However, a different pattern of cortical activation was
observed when using syllables having identical acoustical
components but that were heard as different. In this case,
the location of the activity changes pointed to early audiovisual interaction and more specifically appeared to be
compatible with the scenarios proposed by Schroeder
et al. in which visual information reaches (and predictively
modulates the activity of ) the auditory areas in the TTG
through thalamic connections or inputs from the visual
cortex. Although we appreciate how valuable and polymorphous the concept of prediction can be, we briefly
speculate on the role “predictive coding” may play in the
explanation of our findings (e.g., Wacongne, Changeux,
& Dehaene, 2012; Friston, 2005; Lee & Mumford, 2003;
Rao & Ballard, 1999). According to this theoretical framework, the nervous system does not respond passively to
sensory inputs but instead actively predicts the incoming
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increased activity when the speech percept changed in the
absence of any acoustic change (contrast: =A≠P > =A=P;
Table 2B) were almost entirely different. Indeed, we found
very little overlap between the areas revealed by the
two perceptual manipulations in the intersection analysis
intended to assess this overlap. Only small regions in the
right STS and right thalamus exhibited activation in both
cases (using a threshold lowered to p < .01 uncorrected;
Table 2C). In both contexts, the strongest activations were
observed subcortically but located differently. For the contrast (=A≠P > =A=P), the highest peak was found posterior in the right thalamus, whereas the strongest activation
was located in the left caudate for the contrast (≠A≠P >
≠A=P). Also, although in both cases activation was elicited
in the STS, this activity was more lateral for (≠A≠P >
≠A=P).
Interestingly, for the relation revealing release from
adaptation with a percept change (=A≠P > =A=P),
the cortical area that showed the most activation was
the right TTG (Heschl) as well as the left SMG. This finding stands in striking contrast to the one found for suppression (≠A≠P > ≠A=P), in which there was no change
in auditory TTG activity. It is, however, consistent with
previous results reporting activation of primary and secondary auditory cortex during lipreading (e.g., Besle
et al., 2008; Pekkola et al., 2004; Calvert et al., 1997), as
well as with studies in MEG/EEG that used similar perceptual manipulation to elicit a so-called McGurk-MMN
over the auditory areas (Saint-Amour et al., 2007; Colin,
Radeau, Soquet, & Deltenre, 2004; Colin et al., 2002;
Möttönen, Krause, Tiippana, & Sams, 2002; Sams et al.,
1991). Importantly, no frontal activation was found, which
suggests that the influence of the visual input on the
auditory processing is not mediated by frontal speech
production structures.
Electrophysiological recordings in human and nonhuman primates suggest that audiovisual interaction
can occur as early as the first stage of cortical auditory
processing in primary auditory area (A1). In particular,
according to Schroeder et al. (2008), multisensory convergence does not begin in the STS, but in other areas
near and in the primary auditory cortex. These authors
propose a mechanism by which ongoing oscillatory activity of local neuronal ensembles in the primary auditory
cortex is predictively modulated by visual inputs so that
acoustic signals arriving during a high excitability phase
are amplified. To be effective, visual inputs need to reach
A1 slightly before auditory inputs, which is true in the
case of visible articulatory gestures as they typically precede audible vocalizations. Visual information could
reach A1 by several anatomical pathways, including a
direct ascending (i.e., a nonspecific thalamic) input, a
direct lateral connection from the visual cortex, or an
indirect feedback input from the multisensory areas of
the STS. However, one needs to acknowledge that,
although this framework offers a plausible neural mechanism by which vision could enhance audition, how a

stract audiovisual speech representation. Instead, frontal
areas (overlapping the speech motor system), temporal
auditory areas, and subcortical structures appear differentially involved in audiovisual speech perception depending on the context of perception.

APPENDIX
Controlling for Audiovisual Congruence Effect
We used the interaction contrast [(=A≠P) − (=A=P)] −
[(≠A≠P) − (≠A=P)] (Table 3) to dissociate the network
showing increased activity with different percept in the
absence of any acoustic change (revealed by (=A≠P) >
(=A=P)) from the regions showing reduced activity with
similar percept despite the presence of an acoustic change
(identified by (≠A≠P > ≠A=P)). However, this interaction contrast is equivalent to [(=A≠P) + (≠A=P)] −
[(≠A≠P) + (=A=P)], comparing the two sequences
including the incongruent McGurk stimulus to those
composed of congruent syllables (see Table 1).
To address this potential confound, we considered the
two additional contrasts: (=A≠P > ≠A=P) and (≠A≠P >

Table A1. Intersection Analyses

(A) Areas identified using the intersection of the two contrasts (≠A≠P > ≠A=P) AND (=A≠P > ≠A=P); presented t values correspond to the contrast
(≠A≠P > ≠A=P) Masked by (=A≠P > ≠A=P). (B) Regions showing activation for (=A≠P > =A=P) AND (≠A≠P > =A=P); presented t values
correspond to (=A≠P > =A=P) masked by (≠A≠P > =A=P).
For both intersection analyzes, voxel-level threshold: p < .005 uncorrected.
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stimuli. The brain learns the regularities in sensory inputs
and develops sensory predictions on the basis of internal
models. Any discrepancy between the predictions and
the actual inputs would result in a mismatch signal.
In the sequence =A≠P, the visual transition from the
standards /ba/ to /ga/ clearly violates the prediction based
on the regularities in the preceding audiovisual stimuli
(Table 1, bottom). Thus, the response to the deviant
input, preceding the acoustical input, may have influenced
the auditory processing through a mechanism akin to
that one proposed by Schroeder et al. (2008). In contrast,
in the sequence ≠A=P, only a subtle change occurs between the visual /da/ and /ga/ (Table 1, top). Thus, one
may speculate that in this case the visual /ga/ does not
produce any clear sensory prediction violation, and thus,
no substantial change occurred in the interaction between
the visual and auditory system that may have altered the
processing of the acoustic signal. This could explain why
no change in the activation in the TTG auditory areas
was revealed by the contrast (≠A≠P > ≠A=P).
Thus overall, the two symmetrical perceptual manipulations tested here using the McGurk fusion effect did
not allow to uncover a unique network involved in ab-

Table A2. No Percept Change (=P) > Percept Change (≠P)

=A=P). Like our main contrasts of interest, these contrasts both compare a sequence including a perceptual
change (≠P) with another one without change of percept
(=P). But, in opposition to the main contrasts, they are
equivalent in terms of audiovisual congruence: (=A≠P >
≠A=P) compares sequences including the McGurk stimulus, whereas in (≠A≠P > =A=P) the two contrasted
sequences are both composed of congruent syllables
only. On one side, for (=A≠P > ≠A=P), we found
regions similar to those identified by the main contrast (≠A≠P > ≠A=P). On the other side, for (≠A≠P >
=A=P) activations were similar to those revealed by our
second main contrast (=A≠P > =A=P).
Thus to exclude, from the two networks that we
wanted to dissociate, any activation that could be attributed to differences in audiovisual congruence, we proceeded as follows. First, we considered the intersection
(≠A≠P > ≠A=P) AND (=A≠P > ≠A=P), whose first
part is the first main contrast of interest (reduced activ-

ity with similar percept despite an acoustic change), and
the second half serves as a control for audiovisual incongruence. The areas identified using a threshold set
at p < .005 are listed in Table A1A. Left hemisphere
frontal regions known to be involved in speech production (opercular part of the frontal inferior cortex and
left precentral gyrus) could be identified. Also, a large
cluster extending from the left caudate to the right thalamus was identified. Altogether, the areas thus revealed
are very similar to those revealed by (≠A≠P > ≠A=P;
see Table 2A).
In an analog way, the second intersection analysis was
intended to determine the areas that exhibited modulated activity for (=A≠P > =A=P) AND (≠A≠P >
=A=P). Again, as in the second part of the intersection
the two contrasted sequences are equivalent as for congruence (composed of congruent syllables only), any activity modulation that could have been related to changes
in congruence in the main contrast of interest (=A≠P >
Malfait et al.
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For both contrasts, voxel-level threshold: p < .001 uncorrected and minimum cluster size of 100 mm3 were used.

=A=P) was excluded. Activations in right STS, right
Heschlʼs gyrus, and left SMG were found (Table A1B),
similar to what has been observed for the contrast of
interest (Table 2B).

Pattern of Activation in the Visual
Motion-Sensitive Areas
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