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ABSTRACT

The interplay between attention and multisensory integration has proven to be a difficult question to tackle.
There are almost as many studies showing that multisensory integration occurs independently from the focus
of attention as studies implying that attention has a profound effect on integration. Addressing the neural
expression of multisensory integration for attended vs. unattended stimuli can help disentangle this apparent
contradiction. In the present study, we examine if selective attention to sound pitch influences the expression
of audiovisual integration in both behavior and neural activity. Participants were asked to attend to one of two
auditory speech streams while watching a pair of talking lips that could be congruent or incongruent with the
attended speech stream. We measured behavioral and neural responses (fMRI) to multisensory stimuli under
attended and unattended conditions while physical stimulation was kept constant. Our results indicate that par-
ticipants recognized words more accurately from an auditory stream that was both attended and audiovisually
(AV) congruent, thus reflecting a benefit due to AV integration. On the other hand, no enhancement was found
for AV congruency when it was unattended. Furthermore, the fMRI results indicated that activity in the superior
temporal sulcus (an area known to be related to multisensory integration) was contingent on attention as well as
on audiovisual congruency. This attentional modulation extended beyond heteromodal areas to affect processing
in areas classically recognized as unisensory, such as the superior temporal gyrus or the extrastriate cortex, and to
non-sensory areas such as the motor cortex. Interestingly, attention to audiovisual incongruence triggered re-
sponses in brain areas related to conflict processing (i.e., the anterior cingulate cortex and the anterior insula).
Based on these results, we hypothesize that AV speech integration can take place automatically only when
both modalities are sufficiently processed, and that if a mismatch is detected between the AV modalities,
feedback from conflict areas minimizes the influence of this mismatch by reducing the processing of the least
informative modality.

© 2015 Elsevier Inc. All rights reserved.

Introduction

especially under noisy circumstances and in persons with poor hearing
(e.g.,Ross et al., 2007; Sumby and Pollack, 1954). Moreover, the tenden-

Almost every event in our everyday life environments engages more
than one sensory system at a time. This information, received across the
different sensory pathways, is integrated to form unified multisensory
objects allowing for a more efficient representation of the external
world (Calvert et al., 2004). A prime example of multisensory integra-
tion (henceforth referred to as MSI) is speech perception, whereby visu-
al speech cues are extracted from the sight of a speaker’s facial gestures
and combined with auditory information. Audiovisual (AV) integration
of speech has been shown to lead to improvements in understanding,
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cy to integrate AV information is so strong that, when visual and audito-
ry inputs are set in conflict, they can lead to dramatic illusions arising
from the fusion between the two modalities, such as the famous
McGurk effect (McGurk and MacDonald, 1976). Multiple brain sites re-
sponsive to integration have been described in past literature, both in
and outside the domain of speech. Regarding the former, these various
brain regions have been posited to conform a network that includes
classical association brain areas as well as auditory and visual sensory
cortices (Beauchamp, 2005; Calvert, 2001; Driver and Noesselt, 2008a;
Fairhall and Macaluso, 2009).

One of the current debates in MSI is to determine to which degree
these sensory integration processes happen independently of the
observer's focus of attention and intentions, or if attention is a requisite
for integration (Alsius et al., 2014; Alsius et al., 2005; Alsius et al., 2007;
Alsius and Soto-Faraco, 2011; Andersen et al., 2009; Bertelson et al.,
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2000; Buchan and Munhall, 2011, 2012; Fairhall and Macaluso, 2009;
Fujisaki et al., 2006; Senkowski et al., 2005; Soto-Faraco et al., 2004;
Tiippana et al., 2011; Van der Burg et al., 2008; Van Ee et al., 2009;
Vroomen et al., 2001; for reviews see: Navarra et al., 2010; Koelewijn
et al., 2010; Talsma et al., 2010). This question is very relevant because
our normal, everyday life environment produces far too many inputs
to be fully processed by our senses. Some of these inputs from different
modalities will correspond to a common event (i.e., the voice and lips of
our conversation partner) and some to completely unrelated sources
(i.e., the voice of another person, the sight of a passing car, music ...).
Thus, the question is: Do the benefits arising from MSI and their neural
expression occur when our focus of attention is away from the relevant
corresponding inputs? The literature addressing the behavioral corre-
lates of MSI contains widely contrasting approaches and answers to
this question.

When using low-level stimuli, such as beep and flash, one of the
main stands is that MSI occurs independently of the focus of attention
or the attentional manipulation made, it being exogenous or endoge-
nous (Bertelson et al., 2000; Vroomen et al., 2001). Furthermore, some
studies not only claim that MSI is immune to attentional effects,
but also that the outcome of MSI can summon participants' attention
automatically, like in the “Pip and Pop” effect (Van der Burg et al.,
2008; although see Alsius and Soto-Faraco, 2011; Fujisaki et al., 2006
for contradictory findings).

The role of attention in MSI has also been an important matter of de-
bate in the specific domain of speech (for reviews see: Koelewijn et al.,
2010; Navarra et al,, 2010; Talsma et al., 2010). AV speech integration
seems to be vulnerable to diverted attention conditions (Alsius et al.,
2005, 2007; Tiippana et al., 2004, 2011; Zion Golumbic et al., 2013) or
to visually crowded scenarios (Alsius and Soto-Faraco, 2011). A recent
study by Nahorna et al. (2012) revealed that the strength of the McGurk
illusion can decrease when the preceding AV context is incongruent.
Another study showed that this illusion can be nearly eliminated
under hypnotic suggestion (Déry et al., 2014), indicating the malleabil-
ity of MSI by endogenous factors under some circumstances. However,
other studies have highlighted the fact that AV speech integration can
be rather unavoidable, and therefore automatic and resilient, even
when the relevant stimuli are outside the focus of attention (Driver,
1996; Soto-Faraco et al., 2004).

This initially simple question has resulted in a mixed pattern of
results revealing the complexity underlying the interplay between
attention and integration. A paramount contribution to this debate is
to understand not only the behavioral consequences of these attentional
manipulations, but also their neural expression, especially on the
network of brain areas typically involved in MSI. This is precisely the
aim of the present study.

Neuroimaging studies measuring attentional effects on AV speech integration

Consistently with the multifaceted nature of the interplay between
MSI and attention, it has previously been shown that attentional manip-
ulations of AV integration lead to changes in neural responses to
multisensory events at multiple stages and in a variety of brain regions
(Fairhall and Macaluso, 2009; Senkowski et al., 2005; Talsma and
Woldorff, 2005; Zion Golumbic et al., 2013).

For example, Zion Golumbic et al. (2013) addressed the interaction
of attention and visual speech on auditory speech processing using
magnetoencephalography (MEG). They presented participants with
two auditory messages (both originating from a central location) and
two speaking faces (one left and one right), each matching one of the
voices. Participants were asked to track one auditory message (voice)
and to ignore the other. Zion Golumbic et al. calculated a linear temporal
response function that allowed them to estimate the neural response
based on the speech signal, and more specifically, to discriminate
which of the two signals, attended or ignored, had a larger contribution.
This temporal response function revealed a larger contribution of the

attended speech signal when compared to the ignored one, indicating
that the neural response was more related to the attended speech sig-
nal, and had a stronger representation of the attended track in the audi-
tory cortex. What is more: This difference in amplitude was contingent
on the visual information, as it did not appear when only auditory
information was presented.

In their 2009 study, Fairhall and Macaluso also studied the influence
of attention on AV integration using fMRI. In the study, participants
were presented with two pairs of speaking lips from different spatial lo-
cations (left and right) together with one single auditory speech stream
that matched only one pair of lips. Two main findings arose from this
study. The first one was related to the superior temporal sulcus (STS),
an area classically related to multisensory integration in and outside
the speech domain (Beauchamp et al., 2004a; Calvert et al., 2000;
Fairhall and Macaluso, 2009; Miller and D'Esposito, 2005; Nath and
Beauchamp, 2012; Noesselt et al., 2012; Beauchamp et al., 2004a,
2012; Stevenson et al., 2010; Stevenson et al., 2011; Stevenson and
James, 2009). This study showed a higher BOLD response in the STS
when participants focused their visual spatial attention on the lips
that were congruent with the auditory stream than when they focused
their attention toward the location of the incongruent lips. The second
finding in Fairhall and Macaluso's work was that the influence of
attention on responses to AV speech was reflected beyond classical
heteromodal areas (such as STS). Indeed, attention also had an impact
on responses from sensory areas (such as V1, V2) as well as in the fusi-
form gyrus and the superior colliculus. Previous literature already points
out that MSI effects extend beyond heteromodal regions to areas tradi-
tionally regarded as unisensory (see Driver and Noesselt, 2008b;
Macaluso and Driver, 2005; Schroeder and Foxe, 2005 for reviews on
this subject), but this study adds to this by showing that attention
modulates these expressions of MSI, and that it appears to also affect
low-level areas such as V1.

Neuroimaging studies such as these provide important evidence to
understand at which stage, or stages, the interaction between attention
and MSI occurs, especially if we consider that the brain networks
supporting MSI are complex and that the influence of attention can be
orchestrated across several components of this network (Talsma et al.,
2010). Using non-speech stimuli, Talsma and Woldorff (2005) reported
that the gain in electrophysiological response to audio-visual stimuli,
compared to unimodal ones, was greater if the bimodal stimulus
occurred at an attended region of space than when the audio-visual
compound appeared at an unattended region. Interestingly, Talsma &
Woldorf found this modulatory effect of attention took place at multiple
stages along the ERP signal, starting as early as 90 ms post stimulus and
with the latest effect seen at 500 ms. To sum up, past literature suggests
that the attentional effects while processing multisensory information
take place in classical multisensory regions including, but not restricted
to the above mentioned STS, inferior parietal lobe and superior
colliculus (as shown in Fairhall and Macaluso, 2009, for example) as
well as in unisensory regions (Zion Golumbic et al,, 2013). This possibly
reflects that attention has an impact at multiple stages of multisensory
processing (Talsma and Woldorff, 2005; Talsma et al.,, 2010).

Scope of the present study

The hypothesis of the present study is that attention to AV stimuli is
necessary for integration to occur in its full strength. If our hypothesis is
true, then we expect to see a modulation of the neural activity within
the MSI network specifically in the STS when participants attend
congruent AV stimuli compared to when they attend incongruent AV
stimuli. Behaviorally one would expect an increment in the word recog-
nition rate when attention is directed toward AV congruent stimuli as
compared to when it is directed to AV incongruent stimuli. We also ex-
pect to be able to narrow down the possible mechanistic interpretations
by inference from the brain regions in which the attentional modulation
of AV integration expressed.
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