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Chapter 1

Multisensory integration
We live in a complex world that we make sense of by using multiple senses simultaneously.
We do not use only one sense at a time (like our eyes and ears) but we simultaneously
receive and use information from several senses. We hear, see, touch and smell and
sometimes even taste at the same time. Maybe the following scenario sounds familiar to
you? You sit in the train and you hear the sound of a vibrating smartphone. After having
rung already several times, you wonder why that person does not pick up the phone. It
turns out, it is actually yours. Oops. It is not surprising that only hearing the unspecific
vibrating sound by every smartphone made it difficult to realize that the sound actually
came from the phone in your bag. Especially, in a noisy train where you hear other things
like people talking and the movement of the train, sound localization can be difficult.
If you would have simultaneously felt the vibration (touch) or have seen the display of
your phone light up (vision) it would have been very easy to make the correct perceptual
decision, namely that the sound comes from your phone. This example illustrates how
difficult it can be to make perceptual decisions if we have to rely on only one sense, here
audition, and how multisensory integration often helps us to make the right decisions.
This thesis focuses on the influences of seeing speech on auditory speech perception.
Multisensory integration research studies how our brain integrates information from
multiple senses. The field can roughly be grouped by two factors – the sensory modalities
and the features of multisensory processes. Firstly, multisensory research investigates the
integration of two or more sensory modalities. For instance, a researcher looking into audiotactile integration, looks at how information from our ears is combined with information
from the skin on our fingers. If you stroke your face in the cold winter months without
having a mirror at hand, the sound you hear will give you an idea how rough your skin is
and whether you should put some protective crème on your face again. We have learnt
with experience that touching rough surfaces produces a different sound than touching
smooth ones. Without any effort and often outside of our awareness, we combine the
information from touch and sound. Interestingly, playing the sound of touching a rough
surface can even make a surface feel more rough, the so called parchment-skin illusion [1].
It demonstrates that integrating two senses (here, auditory and tactile) can affect what we
perceive in one of them (here, tactile). This phenomenon, known as cross-modal influence
(from one sensory modality to another, e.g. from auditory to tactile) is a central theme
in this thesis. Specifically, as the title of the thesis suggests, the current work focuses on
audiovisual integration: integrating what we hear and see.
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Secondly, multisensory research can focus on different features of integration. Broadly,
they can be divided in three categories: spatial (Where do we perceive something?),
temporal (When do we perceive it?) or identity-based (What do we perceive?) integration.
In spatial integration, the research focuses on and manipulates the sources of several
sensory inputs in space. Going back to the beginning example, we are more likely to
attribute both the sound and the vibrating feeling to our phone if they originate from
the same location. Multisensory integration can be enhanced when stimuli from different
sensory modalities are presented at the same location [2,3]. It can also work the other
way around. Thinking that two spatially distant signals originate from the same source,
can shift the perceived location of the two signals towards each other. This is illustrated
by the ventriloquist illusion, named after ventriloquists where we attribute the spoken
words not to the performer, but to the puppet. We perceive the sound to come from
somewhere else than where it truly comes from, due to the influence of visual stimuli
[4]. Such a multisensory illusion vividly demonstrates how we tend to combine inputs
from several senses into one coherent percept – even though that percept may not align
with objective reality. Similarly, in temporal integration, events that happen close in time
are attributed to the same source [5]. If you would have felt the vibration of your phone
at the same time that you heard it, it would have given you another clue that the sound
comes from your phone. There seems to be a critical time window of approximately 100
milliseconds where multisensory events are perceived as originating from one source and
are therefore integrated [6]. If two events (e.g. a sound and a flashing light) are too far
apart in time, they are not integrated and perceived as two separate events. The soundinduced flash illusion illustrates the cross-modal influence in the temporal domain. If
a single light flash is accompanied by two auditory beeps, it is often perceived as two
flashes [7]. Both correlational and brain stimulation studies suggest that the time window
of 100 ms is linked to the intrinsic brain frequency of alpha oscillations (around 10 Hz) [8].
This thesis focuses on identity-based integration. While temporal and spatial integration
are important conditions for identity-based integration (multisensory events should be
close in time and space), I have always been intrigued by how a percept can qualitatively
change (e.g. hearing someone say something else).
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Audiovisual integration in speech
Every day we effortlessly integrate the information from multiple senses when we talk
to each other face-to-face. We do not only listen to the other but we also simultaneously
integrate what we hear with information from our eyes – we see their facial expressions
(What is the emotional content of the message?), their gestures (Which words are
important?) and their mouth movements (What is being said?). This thesis focuses on
the latter – seeing the mouth movements of a speaker, often referred to as visual speech
(visemes) which gives us important information about the most likely upcoming speech
sound (phonemes like the /b/ in “bird”). For instance, when starting to say “bird” our
mouth closes for a /b/ but remains slightly open to utter /d/ at the end of the word. You
might not be aware of the fact that you make use of this visual information. Of course, we
can also understand what someone says on the phone when we do not see their face but
the additional source of information can be helpful, especially in noisy environments [9]
or when we learn a new language. Seeing the speaker does not only subjectively make
it easier to understand a message but was also shown to accelerate the processing of
speech in the brain [10].
How does the brain integrate information from multiple senses? How are unisensory
inputs integrated to one multisensory event? Let us start by looking at the processing of
the unisensory components. Visual information (i.e. light) falls on the retina in our eyes,
after which its signal travels via the thalamus to the back of our brain (occipital cortex)
[11]. Auditory information (i.e. sound waves) enters via the ear canals and is conveyed,
via the brainstem, to the temporal cortex located on the left and right side of our brain.
The neocortical areas where auditory or visual information first enter are often referred
to as unisensory or primary sensory areas (see Fig.1.1). Here, basic features are processed
- oriented line segments for vision [12] and sound frequencies for audition [13]. This is
however still far away from our conscious perception of the world. For that, we need higher
order areas which process colours, edges, shapes, objects, motion, voices, auditory scenes
etc. The information is fed forward from primary to these higher order sensory areas. From
there, auditory and visual information travel further and meet in combining sites in the
brain. The superior temporal sulcus (STS) is thought to be an important combining site
for audiovisual integration [14,15]. Its precise role in audiovisual integration however
is still an open question. For instance, there are conflicting findings on whether STS is
more responsive to audiovisual events that match or not match [16–21]. In Chapter 2
we try to shed more light on possible explanations for these inconsistencies. Not only is
information sent forward to higher order areas, but are there also feedback connections
that project back to lower areas, such as primary sensory areas [22]. In one study, part
of the primary visual cortex, which was not stimulated (part of an image was occluded)
was found to contain information about the surrounding visual context, suggesting that
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information from higher order visual areas is sent back to primary areas [23]. While some
theories suggest that feedforward and feedback pathways are guiding principles for the
communication within in the brain [22,24,25] and some research supports this notion
[23,26] it is still an open question whether this also holds for multisensory integration.
Therefore, one of the questions in this thesis was: Is the multisensory percept fed back to
primary sensory areas?

Figure 1.1. A schematic illustration of the brain during audiovisual integration. Primary
auditory cortex (A1, blue) and primary visual cortex (V1, red) receive unisensory input from
our ears and eyes respectively. From these primary areas information travels forward via
secondary areas (not shown here) to the superior temporal sulcus (STS, purple). This area is
thought to be an important combining site for audiovisual integration.
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McGurk illusion
One of the first studies that demonstrated that we effortlessly take into account the lip
movements of a speaker was the discovery of the so-called McGurk illusion, in 1974 [27].
Since then it has been cited more than 5000 times and it continues to fascinate scientists
(source: Google scholar 2018). It is told that Harry McGurk and his research assistant John
MacDonald have discovered this by now well-known effect by accident when they asked
their technician to dub the spoken syllable “ba” onto a video that showed someone saying
“ga”. When they played the video, they realized something odd. Instead of having a weird
sensation of mismatching auditory and visual input, they perceived something different,
neither “ba” nor “ga”, but “da” (see Fig 1.2). What might at first look like a mistake by the
brain, actually makes sense if we look at the unisensory components more carefully (Fig.
1.3). In the auditory domain, “ba” and “da” are similar in their sound profile, more specifically
in their second formant. Formants are spectral peaks in the sound spectrum of a spoken
syllable or word. They are labeled sequentially from low to high frequency (e.g. F1 around
700 Hz, F2 around 1300 Hz, see Fig.1.3A) and are important acoustic features to distinguish
speech sounds. The frequency of part of the second formant (highlighted in blue in Fig.
1.3A) of “da” lies in between “ba” and “ga”. In the visual domain, “ga” and “da” are similar since
for both syllables the mouth is slightly opened (see Fig. 1.3C). When the brain receives the
conflicting auditory and visual inputs, it seems to find a good match that can account for
both the sound and the mouth movements. In a way, both the auditory signal (“ba”) and
the visual signal (“ga”) could almost be caused by someone saying “da”. During the McGurk
illusion one has the percept that “da” is said. Interestingly, when, the information streams
are flipped, thus when auditory /ga/ is played during a /ba/ video, this does not lead to a
combined percept. Often it is perceived as something like “bga” since there is no possible
explanation for both the closing lips and the sound, different to the McGurk illusion.
When we are processing speech, we categorize phonemes into discrete percepts but in
reality phonemes lie on a continuum (illustrated by the blue gradient in Fig. 1.3B). When
we hear a sound that has been artificially modified such that its sound spectrum falls in
between /b/ and /d/ we will not perceive it as something in between /b/ and /d/ but
instead as an ambiguous sound. Half of the time we will perceive it as /b/ and half of
the time as /d/. That is because we use perceptual boundaries to categorize sounds
into discrete phonemes. Furthermore, these perceptual boundaries can be flexible.
Interestingly, pairing an ambiguous sound with a video showing someone say /ba/ or /
da/ can affect how this sound is later perceived [28]. In this thesis we demonstrate that the
perceptual boundaries between phonemes (/b/ and /d/) can shift due to perceiving the
McGurk illusion (Chapters 3+4).
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Figure 1.2. The McGurk illusion. When we see a video of someone saying “Ga” (red lips
below), though in which the sound of the video was changed to “Ba” (blue head above), we
often have the impression that the person says “Da”. We are usually not aware of the conflicting
inputs. Outside of our awareness the brain seems to find a fit between the conflicting inputs.
Why “Da”? “Da” is a good match for both the auditory as well as for the visual component (see
Fig. 1.3).
Throughout the thesis the McGurk illusion is used as a tool for multisensory integration. To
study audiovisual integration, it can be useful to be able to disentangle the auditory input
(e.g. “ba”) from the auditory percept (e.g. “da”). Furthermore, people are often not aware
of the illusion. They only perceive “da” but are not aware of what causes their percept. That
is to our advantage when in Chapter 2 we compare the neural response to congruent
with incongruent audiovisual stimulation. While this thesis focuses on what the McGurk
illusion does to what we perceive, the other aspects of integration are not less important.
For instance, only if the sound (/aba/) and the video fall within the critical time window,
the audiovisual events can be fused to an ‘ada’ percept [29]. The spatial requirement of
integration seems less relevant for the McGurk illusion [30].
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Figure 1.3. Auditory and visual components relevant to the McGurk illusion. In both
the auditory and visual domain, /d/ (perceived phoneme during McGurk illusion) lies in
between /b/ and /g/. (A) Schematic illustration of the frequency spectra of the syllables /ba/, /
da/ and /ga/. The first formant (F1) is the same for the three syllables /ba/, /da/ and /ga/. The
starting frequency (highlighted in blue) of the second formant (F2) distinguishes them. (B) The
phonemes /b/, /d/ and /g/ lie on a continuous scale that is defined by the second formant of
their frequency spectrum (see A). They are categorized by the listener into different phonemes
by perceptual boundaries (dotted line). (C) The visemes differ in their place of articulation
(red circle). When saying /b/ the lips close. To say /d/ the tongue touches the alveolar ridge
behind the upper teeth but the mouth remains open. For /g/ the mouth is opened as well
while the back of the tongue touches the soft palate on the roof of the mouth. (D) The place
of articulation (POA) goes from the front (/b/) to the back of the mouth (/g/). Similar to the
auditory component, /d/ lies in between /b/ and /g/.
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Thesis outline
The aim of this thesis was to investigate the influences of visual speech on auditory speech
perception. Throughout the thesis I combined behavioral measurements with functional
magnetic resonance imaging (fMRI). Roughly speaking, fMRI measures the blood
oxygenation level-dependent (BOLD) signal, which serves as a proxy of brain activity.
During the experiments fMRI data were collected while participants categorize speech
sounds into non-word syllables like ‘aba’, ‘ada’ or ‘aga’. In Chapters 2-4 participants were
explicitly asked to make perceptual decisions about what is said in a video. In Chapter
5 I compared their brain activity in auditory cortices when the speech content of silent
videos was behaviorally relevant to when it was not.

Figure 1.4. Schematic overview of this thesis. In Chapter 2 I looked at the process of
audiovisual integration in a combining site in the brain. In the following Chapters 3 and 4 I
investigated the effects of audiovisual integration on the auditory system. The last chapter
addresses the question to what degree purely visual information cross-modally activates the
auditory system.
In Chapter 2, using fMRI, I looked at the role of superior temporal cortex (STC), an important
combining site in the brain for the integration of audiovisual information. The McGurk
illusion enabled me to compare the neuronal response to congruent and incongruent
audiovisual speech (i.e. McGurk illusion) while minimizing the unusual and surprising
sensation of incongruent stimuli. For this work it was important that incongruent inputs
were integrated, in other words that the McGurk illusion was perceived. Since not all
individuals always perceive the McGurk illusion [19,31] I preselected individuals who were
prone to the illusion. Participants were not aware of this illusion, as both conditions were
subjectively perceived as congruent stimulations. They performed a three-alternativeforced-choice task (3AFC) in the scanner categorizing the syllables that they heard into
‘aba’, ‘ada’ or ‘aga’. Therefore, I was able to assess for every McGurk trial whether the illusion
was perceived.
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In Chapter 3, I investigated the effect that audiovisual integration can have on subsequent
auditory perception. Specifically, I looked at how purely auditory syllables were perceived
immediately after a McGurk illusion. Since during that illusion the auditory input (/aba/)
is perceived differently (‘ada’) it is possible that the brain updates how /aba/ and /ada/
sound like and therefore also interprets subsequent auditory input differently. For this
work, I made use of the same dataset as in Chapter 2. Participants performed a threealternative-forced choice task on the syllables. Using an algorithm to match brain activity
patterns to different stimuli (multivoxel pattern analysis) I asked whether the effect on
perception was also visible in unisensory (auditory) cortex.
Chapter 4 describes a behavioral experiment where I aimed at replicating the finding of
Chapter 3 in a larger sample of participants with individual differences in the strength of
the McGurk illusion. This time, I was interested in whether being exposed to incongruent
McGurk stimuli is sufficient to recalibrate auditory speech perception or whether the
incongruent inputs have to be combined to one percept (‘ada’) to affect subsequent
auditory perception. Making use of a signal-detection framework I shed more light into
the nature of this recalibration effect, i.e. whether it can be described by a response bias
or a perceptual shift. While the study of Chapter 3 took place in the MRI scanner where
loud acoustic noise was present throughout the experiment, in this chapter I specifically
manipulated the acoustic noise level on a trial by trial basis to investigate its role in
recalibration.
In the Chapters 3 and 4 I have investigated the effects of audiovisual integration on
subsequent auditory perception. Lastly, in Chapter 5, I went one step further by
investigating whether purely visual information can also affect auditory processing. In
particular, while measuring the participants’ brain activity, I presented the same videos
of the speaker used in the other experiments. This time the speech sound was removed
from the videos. To investigate the automaticity of possible cross-modal activations, I
manipulated participants’ attention to speech. They either had to indicate what they
think was said in the video or they had to do a color detection task at fixation. I asked
whether visual speech leads to a corresponding activation of auditory cortex, and more
specifically whether patterns of activity in auditory cortex resemble the activity elicited by
their auditory counterparts.
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Preference for audiovisual speech congruency in superior
temporal cortex
Abstract
Auditory speech perception can be altered by concurrent visual information. The superior
temporal cortex is an important combining site for this integration process. This area was
previously found to be sensitive to audiovisual congruency. However, the direction of this
congruency effect (i.e. stronger or weaker activity for congruent compared to incongruent
stimulation) has been more equivocal. Here, we used fMRI to look at the neural responses
of human subjects during the McGurk illusion – in which auditory /aba/ and visual /aga/
inputs are fused to perceived /ada/ - in a large homogenous sample of participants who
consistently experienced this illusion. This enabled us to compare the neuronal responses
during congruent audiovisual stimulation with incongruent audiovisual stimulation
leading to the McGurk illusion, while avoiding the possible confounding factor of sensory
surprise that can occur when McGurk stimuli are only occasionally perceived. We found
larger activity for congruent audiovisual stimuli than for incongruent (McGurk) stimuli
in bilateral superior temporal cortex, extending into the primary auditory cortex. This
finding suggests that superior temporal cortex prefers when auditory and visual input
support the same representation.

This chapter has been published as:
Lüttke, C. S., Ekman, M., van Gerven, M. A. J. & de Lange, F. P. Preference for Audiovisual
Speech Congruency in Superior Temporal Cortex. J. Cogn. Neurosci. 28, 1–7 (2016).
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Introduction
Speech perception relies not only on the incoming auditory signal, but also incorporates
visual information, such as mouth movements [32]. Observing the mouth of a speaker
helps interpreting the auditory signal in a conversation, especially in noisy conditions [9].
Visual information can even alter the interpretation of auditory input, as illustrated by the
McGurk illusion where the combination of a visual /ga/ and auditory /ba/ is perceived as
/da/ [27].
It has previously been shown that the superior temporal cortex (STC) plays an important
role as a combining site for audiovisual information [14,15]. However, while several
studies have documented a modulation of activity in the STC by audiovisual congruency,
the direction of this interaction is less clear. Several studies find STC to be more active
for congruent than incongruent audiovisual stimulation [15,17]. However, others have
documented the opposite pattern of results, i.e. more activity for incongruent audiovisual
input. This has been found both when the incongruent input is not merged into a unitary
percept [18–20] and when inputs are merged, as during the McGurk illusion [19,21].
What could be an explanation for this discrepancy? One of the contributing factors could
be differences in salience between incongruent and congruent audiovisual input [20].
The infrequent experience of conflicting input from different senses potentially attracts
subjects’ attention [33], thereby increasing neural activity in the involved sensory areas
[34–36]. In a similar vein, the surprise associated with incongruent McGurk trials that
are not integrated into a coherent percept may conflate multisensory integration with
sensory surprise, which is also known to boost neural activity in the relevant sensory
areas during multisensory integration [37]. In several studies reporting stronger STC
activity for McGurk stimuli, participants perceived the illusion on less than half of the trials
[19,21], rendering them more surprising than congruent stimuli. Indeed, there is large
interindividual variability in the propensity to merge incongruent audiovisual input into
a coherent percept during McGurk trials [19]. By focusing on individuals who are prone
to the McGurk illusion one can control for sensory surprise because they are less aware of
the incongruent stimulation than individuals who only perceive the illusion occasionally.
The aim of this study was to characterize neural activity differences between congruent and
merged, incongruent audiovisual input, while avoiding the possible confound of sensory
surprise. To this end, we studied a homogenous sample of preselected subjects who
consistently perceive the McGurk illusion. To preview, we observed a stronger response
in the STC for congruent audiovisual stimulation compared to incongruent McGurk trials,
in line with the hypothesis that the STC is more strongly driven by concurrent audiovisual
stimulation by the same auditory and visual content [38].
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Material and methods
Participants
Prior to the neuroimaging experiment, participants were screened for their propensity
to perceive the McGurk illusion. In total 55 right-handed healthy volunteers (44 women,
age range 18-30 years) participated in the behavioral screening. We selected participants
who perceived the McGurk illusion on at least four of the six McGurk videos (i.e. reported
/ada/ or /ata/ for a stimulus in which the auditory signal was /aba/ and the visual signal
was /aga/). The 27 participants who met this criterion took part in the fMRI study. Four of
the selected subjects were excluded from the analysis due to an insufficient amount of
McGurk illusions in the scanner (< 75%). The remaining twenty-three participants were
included in the analysis (20 women, age range 19-30 years). All participants had normal
or corrected-to-normal vision, gave written informed consent in accordance with the
institutional guidelines of the local ethical committee (CMO region Arnhem-Nijmegen,
the Netherlands) and were either financially compensated or received study credits for
their participation.
Stimuli
The audiovisual stimuli showed the lower part of the face of a speaker uttering syllables
(see Fig. 2.1). To this end a female speaker was recorded with a digital video camera in a
soundproof room while uttering /aba/, /ada/ and /aga/. The videos were edited in Adobe
Premier Pro CS6 such that the mouth was always located in the centre of the screen to
avoid eye movements between trials. After editing, each video started and ended with
a neutral mouth slightly opened such that participants could not distinguish the videos
based on the beginning of the video but only by watching the whole video. The stimuli
were presented using the Presentation software (www.neurobs.com). All videos were
1000 ms long with a total sound duration of 720 ms. Only the lower part of the face from
nose to chin was visible in the videos to prevent participants’ attention being drawn
away from the mouth to the eyes. The McGurk stimuli were created by overlaying /aga/
movies to the sound of an /aba/ video. In total, there were eighteen videos, three for every
condition (audiovisual /aba/, audiovisual /aga/, McGurk, auditory /aba/, auditory /ada/,
auditory /aga/). During the audiovisual trials, McGurk stimuli (auditory /aba/ overlaid on
/aga/ video) or congruent /aba/ or /aga/ stimuli were shown. We also included ‘auditory
only’ trials, during which only a static image of the face (first frame of the video showing
a slightly opened mouth) was presented while /aba/, /ada/ or /aga/ was presented to the
participants via MR compatible in-ear headphones. A comfortable, but sufficiently loud,
volume was calibrated for each subject before the start of the experiment. Visual stimuli
were presented on a black background using a projector (60 Hz refresh rate, 1024 x 768
resolution) located at the rear of the scanner bore and viewed through a mirror yielding 6
degrees of horizontal and 7 degrees of vertical visual angle.
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Procedure
On each trial, audiovisual and auditory stimuli were presented for one second. Participants
had 4.5 to 6.5 seconds after each stimulus before a new stimulus appeared on the screen
to report in a three alternative forced choice fashion what they had heard. They were
however instructed to always focus and attend to the mouth. They had to respond as fast
and as accurately as possible with their right index (/aba/), middle (/ada/) and ring finger
(/aga/) using a MRI compatible button box. In-between stimuli participants fixated with
their eyes on a gray fixation cross in the centre of the screen where the mouth appears
during stimuli presentation to minimize eye movements. All stimuli were randomly
presented in an event-related design distributed over six blocks. Every stimulus was
repeated 23 times yielding 414 trials in total. Additionally, 10 null events per block (blank
screen from the inter-stimulus interval) were presented for 6 to 8 seconds each throughout
the experiment. Prior to the experiment, participants practiced the task in the scanner (6
practice trials, one for each condition). In total the fMRI experiment lasted approximately
two hours. At the end of the experiment, we also ran a functional localizer to determine
regions that were more responsive to auditory syllables than scrambled versions of the
syllables. All results reported here refer to the data acquired during the main task.
FMRI data acquisition
The functional images were acquired with a 3T Skyra MRI system (Siemens, Erlangen,
Germany) using a continuous T2*-weighted gradient-echo EPI sequence (29 horizontal
slices, FA = 80 degrees, FOV = 192×192×59 mm, voxel size = 2×2×2 mm, TR/TE = 2000/30
ms). The structural image was collected using a T1-weighted MP-Rage sequence (FA = 8
degrees, FOV = 192×256×256 mm, voxel size 1×1×1, TR = 2300 ms).
FMRI data analysis
Analyses were performed using Statistical Parametric Mapping (www.fil.ion.ucl.ac.uk/
spm/software/spm8/, Wellcome Trust Centre for Neuroimaging, London, UK). The first
five volumes were discarded to allow for scanner equilibration. During preprocessing,
functional images were realigned to the first image, slice time corrected to the onset of
the first slice, coregistered to the anatomical image, smoothed with a Gaussian kernel with
a FWHM of 6 mm and finally normalized to a standard T1 template image. A high-pass
filter (cutoff = 128 s) was applied to remove low-frequency signals. The preprocessed fMRI
time series were analyzed on a subject-by-subject basis using an event-related approach
in the context of a general linear model. We modeled the six conditions (three audiovisual,
see Fig. 2.1, and three auditory) separately for the six scanning sessions. Unfused McGurk
trials (i.e. McGurk trials in which participants provided an ‘aba’ or ‘aga’ response) were
included in the model as a separate regressor of no interest. Six motion regressors
related to translation and rotation of the head were included in the model. We assessed
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the effect of congruency between auditory and visual input by contrasting congruent
audiovisual input (/aba/ and /aga/) with incongruent input (visual /aga/ and auditory /
aba/ culminating in the McGurk illusion of /ada/). An inclusive masking procedure was
used to ensure that all activity differences pertained to areas that were more active during
audiovisual stimulation than during baseline at a statistical threshold of p<0.001. The false
alarm rate was controlled by whole-brain correction of p-values at the cluster-level (FWE
p<0.05, based on an auxiliary voxel-level threshold of p<0.001). To anatomically define
the primary auditory cortices we used the anatomical toolbox implemented in SPM [39].

Figure 2.1. Stimuli and percepts. Audiovisual stimuli consisted of videos of /aba/ or /aga/
while the same sound (audiovisual congruent) or a different sound (McGurk, gray column)
was played. During the McGurk trials, auditory /aba/ was presented with an /aga/ video
giving rise to the McGurk illusion (/ada/ percept). Only the critical visual difference (/b/ and
/g/) is depicted in the image. Behavioral outcomes are depicted as bar graphs with error bars
indicating the standard error of the mean. Analysis of McGurk stimuli was restricted to /ada/
percepts (94% of McGurk trials).

Results
Behavioral results
Due to our participant selection criteria (see Methods), participants reported /ada/ percepts
almost all the time (94% ± 6%, mean ± SD) following the simultaneous presentation of
auditory /aba/ and visual /aga/, suggesting multisensory fusion (see Fig. 2.1). Performance
was at ceiling level for the audiovisual congruent stimuli, for both audiovisual /aba/ (97%)
and audiovisual /aga/ (99%), which indicates that subjects maintained attention to the
stimuli over the course of the experiment. A Repeated Measures ANOVA showed that the
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reaction times for the fused McGurk stimuli were on average larger (546 ms ± 204 ms,
mean ± SD) than for the congruent audiovisual stimuli (446 ms ± 193 ms, mean ± SD;
F(1,22)=20.16, p<0.0001), suggesting that perceptual decisions about incongruent stimuli
were more difficult. A debriefing questionnaire completed after the fMRI session indicated
that participants did not realize that their percepts were affected by perceptual fusion of
incongruent auditory and visual signals.
Neuroimaging results
We compared BOLD activity during McGurk stimuli (visual /aga/ and auditory /aba/)
with audiovisual congruent stimulation (audiovisual /aba/ and /aga/). We found that
both left and right superior temporal gyri were more active when auditory and visual
inputs matched than during McGurk illusions (see Table 2.1 and Fig. 2.2). The anatomical
location of activity differences was comparable to superior temporal cortical (STC) regions
that have previously been found to be responsive to audiovisual congruency [38]. The
left STC cluster extended into cyto-architectonically defined [40] early auditory cortical
areas (19.4% in TE1.0, 23.6% in TE1.1), whereas the right cluster fell dorsal and rostral to
early auditory cortex. A power analysis that controls for autocorrelations between voxels
(PowerMap; http://sourceforge.net/projects/powermap/) yielded an average effect size of
0.50 (Cohen’s d) for the two superior temporal clusters [41].
Different phonemes were perceived by the participants during congruent audiovisual
stimuli (/aba/ or /aga/) and McGurk illusions (/ada/). To rule out that the activity differences
in STC are due to the differing identity of the percept between conditions, we carried
out a control analysis in an independent dataset in which participants listened to these
three sounds. We found no difference in activity for aba/aga vs. ada in either the left or
right STC cluster (p>0.1). Thus, perceptual differences per se cannot explain the observed
congruency effect in STC.
Furthermore, we observed more activity for congruent videos in the right angular gyrus.
This region was part of a cluster that was removed by our inclusive masking procedure
(see Fig. 2.2), indicating that it was not reliably more active during task than during
baseline. Furthermore, its anatomical location corresponded to one of the nodes of the
‘default mode network’ [42,43].
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Table 2.1. Brain regions associated with decreased activity during McGurk trials
compared to congruent audiovisual stimulation (AVcongruent > McGurk; p<0.001, uncorrected).
The analysis was restricted to clusters that were activated by the task (inclusive mask threshold
p<0.001).
Anatomical region

Superior temporal gyrus

Angular gyrus

Hemisphere

Cluster size
(voxels)

MNI
coordinates

T value (df )

x

y

z

Left

208

-48

-24

8

5.49 (22)

Right

109

58

-22

16

4.75 (22)

91

56

-2

4

5.04 (22)

85

58

-50

22

5.14 (22)

Right

Figure 2.2. Neuroimaging results. Brain regions showing increased activity during congruent
audiovisual (AV) stimulation (audiovisual /aba/ and /aga/) compared to McGurk trials
(auditory /aba/, visual /aga/). Orange clusters were more active during the task compared to
the implicit baseline while blue clusters were not. A coronal (y=-22) and a horizontal slice (z=-4
left, z=4 right) through the peaks of the clusters are shown. Results are thresholded at p<0.001
at the voxel level.
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Discussion
In this fMRI study we investigated neural activity differences between congruent
and incongruent audiovisual stimulation in participants who consistently fused
the incongruent audiovisual stimuli, i.e. where auditory /aba/ and visual /aga/ were
predominantly perceived as /ada/. We observed larger activity in superior temporal
cortex for congruent audiovisual stimulation compared to incongruent McGurk stimuli,
suggesting that STC activity is particularly strongly activated by congruent multisensory
input. Below we will discuss and interpret our findings in relation to the conflicting results
in the literature on multisensory integration.
Different directions of congruency effects in STC
Our finding of reduced STC activity for McGurk stimuli is in apparent contradiction with
some previous studies where superior temporal cortex was found to be more active for
incongruent McGurk stimuli than congruent audiovisual stimulation [19–21]. However,
in these studies participants did not consistently perceive the McGurk illusion. In other
words, only occasionally they merged the incongruent auditory and visual inputs into a
unified /ada/ percept. Therefore, the process of merging might be relatively surprising
for them and thereby attract attention. The surprising and attention-grabbing nature of
this merging process might confound these previous findings, as auditory attention may
have resulted in increased activity in auditory and superior temporal cortex [34]. In the
current study, participants consistently fused incongruent inputs. Therefore, the process
of merging the two senses is less surprising and should attract less attention than in
individuals where the merging is more the exception rather than the rule. When avoiding
the possible confounding factor of sensory surprise we observed the opposite pattern, i.e.
less activity in STC during McGurk stimuli than during congruent stimulation.
The involvement of different subregions within STC that favor congruent or incongruent
stimulation might be another possible explanation for the conflicting findings. A study
on the temporal (a)synchrony of audiovisual speech [44] found one subregion of STC
to be more active for synchronous input while another subregion was more active for
asynchronous input. However, our findings do not directly support this notion given
that we did not identify any cluster in the superior temporal cortex that exhibited larger
activity during incongruent McGurk trials than during congruent stimulation.
Another factor possibly contributing to different outcomes regarding the response of
superior temporal cortex to audiovisual congruence might be task effects. In the present
study participants had to make a perceptual decision on all stimuli. This ensured that
participants were actively processing all stimuli. Other studies have used passive listening
[45] or detection of distracters [19]. It is possible that when less attention is paid overall
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to the stimuli, McGurk stimuli might automatically attract attention to a stronger degree.
Different task designs can however not account for different results entirely [21].
Different shades of audiovisual congruency
STC is sensitive to audiovisual congruencies of various kinds: spatial (i.e. sources of
audiovisual inputs; e.g. [46], temporal (i.e. onsets of sound and lip movements; e.g. [47] or
identity (i.e. perceived phonemes; e.g. [19,48]. We manipulated the congruency of identity
in our study, but it is conceivable that differences in temporal congruency might also have
contributed to the observed effect in STC, if there are differences in temporal asynchrony
between McGurk stimuli and congruent videos. It should be noted though that even
during congruent speech auditory and visual signals are not necessarily temporally
synchronous [49,50], and speech signals are still perceived as congruent if the temporal
asynchrony does not exceed a certain maximum [29]. The superior temporal cortex is
generally susceptible to these temporal differences between congruent and incongruent
speech [51].
It appears unlikely that temporal incongruence is responsible for the congruency effect
that we found in STC for the following reasons. First, the temporal asynchrony of auditory
and visual signals in the audiovisual stimuli was comparable for congruent and McGurk
stimuli in our study. Second, close temporal coherence between auditory and visual
signals is required to elicit the McGurk illusion [29]. This suggests that when incongruent
audiovisual stimulation is merged by the brain it is not necessarily more asynchronous
in time than congruent speech. Therefore, while STC is generally susceptible to temporal
and spatial congruence it appears likely that the congruency effect found for audiovisual
congruent speech and the McGurk illusion in the present study stems from incongruence
in identity, namely congruent audiovisual /g/ and /b/ compared to conflicting visual /g/
and an auditory /b/. It should be noted that, while the physical inputs of McGurk illusions
are by definition incongruent, the merging process rendered the inputs perceptually
congruent. Participants were unable to identify the inputs leading to the McGurk illusion
suggesting that they were unaware of the incongruent inputs. The congruency effect
in STC therefore probably reflects the congruency of external stimulation rather than
perceptual congruence.
Candidate mechanisms of multisensory integration
Our finding that the STC favors congruent stimulation is in line with previous work
on audiovisual congruency looking at letters and speech [17,38] and the temporal
congruency of spoken sentences and videos [15]. Although no firm conclusions can
be drawn on the basis of these data alone, our results are in line with the notion that
STC has a patchy organization that contains unisensory as well as multisensory neurons
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[52]. During congruent audiovisual stimulation, both unisensory neurons (representing
unisensory auditory and visual components) and multisensory neurons (representing
the combined audiovisual percept) are hypothesized to be active. These multisensory
neurons are most strongly driven if they receive congruent input from both modalities, as
indicated by single-unit recordings in STC of non-human primates [53]. However, during
incongruent stimulation (i.e., McGurk stimuli) multisensory neurons may be driven less
strongly, as they get conflicting input from different sensory modalities, culminating in
reduced activity in STC for McGurk stimuli than congruent stimulation. At the same time
unisensory neurons may fire as strongly as during congruent stimulation since only the
unisensory components but not the combined percept should matter for them. Thus,
stronger activation of STC during congruent stimulation than incongruent stimulation
could be explained by the existence of multisensory neurons in STC. If STC would only
contain unisensory neurons, we would have expected no activity difference in STC for
(in)congruent audiovisual stimulation. Under the hypothesis that the role of the STC is
to merge information from the visual and auditory senses, it should also respond more
strongly for McGurk illusions (when a merged percept is created) than for the same McGurk
stimuli that do not elicit the illusion (when no merged percept is formed). While we did
not have enough non-illusion trials to investigate this hypothesis, this is indeed what has
been observed previously, both within participants who did not perceive the illusion all
the time [21] and between participants who either were prone to the McGurk illusion or
not [19]. STC is more active when participants merge the senses compared to when the
senses cannot be merged, i.e. when they perceive the McGurk illusion compared to when
they do not.
The clusters we found in STC that responded more strongly for congruent than incongruent
McGurk stimuli were partly overlapping with primary auditory cortex. Previous research
has demonstrated that activity in early auditory cortices can be enhanced by visual input
such that audiovisual stimuli produce larger responses than auditory only stimulation
[54–56]. However, this boost from audiovisual input is less strong when auditory and
visual inputs do not match [55]. This is in line with the present finding of enhanced activity
in primary auditory cortex for congruent audiovisual stimulation. Given the connections
between STC and primary auditory cortex [57,58] it is conceivable that STC communicates
integrated information to earlier auditory cortices, and that this process maybe occurs to
a lesser degree if auditory and visual information streams do not match.
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Conclusions
The present study demonstrated a congruency effect in human superior temporal
cortex while controlling for individual differences in multisensory integration. While
previous studies were inconsistent in the direction of this effect, this study shed more
light into the nature of this congruency effect, namely that STC vigorously responds to
matching audiovisual speech input and less to incongruent stimulation. The selectivity
to audiovisual congruency in STC does not only apply to seeing mouth movements
that match the articulated auditory syllables, as shown in the present study, but also
to concurrent reading and hearing of matching letters [38]. Both of these studies focus
on speech related audiovisual integration. It has to be investigated whether STC plays
a similar role in other non-speech related audiovisual processes like observing actions
of others. An electrophysiological study in monkeys suggests that the congruency effect
indeed generalizes to action observation, by showing stronger activation of STC for
congruent than incongruent audiovisual stimulation [59].
Furthermore, congruency can be adaptive to experience. Congruency effects in STC
have been shown to depend on the language context [60]. Similarly, the strength of the
McGurk illusion is affected by language. While Dutch and English speakers are among
other Western languages generally prone to the McGurk illusion [29] the effect seems
to be weaker for Asian languages [61]. Congruency effects in STC might be modulated
by a dynamic interplay between long- and short-term experiences in the merging of
unisensory inputs into a multisensory percept.
Multisensory stimuli might be perceived as mismatching for some people while others
perceive a combined percept as nicely demonstrated by interindividual differences in
the strength of the McGurk illusion [19]. The present study furthermore highlights the
importance of controlling for individual behavioral differences in multisensory integration
which might confound the neuroimaging results. In sum, the present study supports the
notion that the superior temporal cortex is a crucial binding site for audiovisual integration
that is most strongly driven by congruent input.
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McGurk illusion recalibrates subsequent auditory perception
Abstract
Visual information can alter auditory perception. This is clearly illustrated by the wellknown McGurk illusion, where an auditory /aba/ and a visual /aga/ are merged to the
percept of ‘ada’. It is less clear however whether such a change in perception may recalibrate
subsequent perception. Here we asked whether the altered auditory perception due to the
McGurk illusion affects subsequent auditory perception, i.e. whether this process of fusion
may cause a recalibration of the auditory boundaries between phonemes. Participants
categorized auditory and audiovisual speech stimuli as /aba/, /ada/ or /aga/ while activity
patterns in their auditory cortices were recorded using fMRI. Interestingly, following a
McGurk illusion, an auditory /aba/ was more often misperceived as ‘ada’. Furthermore, we
observed a neural counterpart of this recalibration in the early auditory cortex. When the
auditory input /aba/ was perceived as ‘ada’, activity patterns bore stronger resemblance
to activity patterns elicited by /ada/ sounds than when they were correctly perceived as /
aba/. Our results suggest that upon experiencing the McGurk illusion, the brain shifts the
neural representation of an /aba/ sound towards /ada/, culminating in a recalibration in
perception of subsequent auditory input.

This chapter has been published as:
Lüttke, C. S., Ekman, M., van Gerven, M. A. J. & de Lange, F. P. McGurk illusion recalibrates
subsequent auditory perception. Sci. Rep. 1–7 (2016).
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Introduction
Auditory speech perception often requires the interpretation of noisy and complex
sounds (e.g. following a conversation in a noisy cafe). Information from the visual modality
can aid this inferential process. This is famously illustrated by the McGurk illusion, where
the visual speech input (denoted with “/”,) /ga/ can change the perception of an otherwise
unambiguous sound input /ba/ into the percept (denoted with “ ’ ”) ‘da’ [27]. How can a
‘clear’ sound be perceived as something else? Speech signals are not discrete from the
start but are interpreted as phonemes (like /b/ and /d/) that are separated by perceptual
boundaries. These boundaries sometimes have to be learnt in a new language in order
to be able to distinguish phonemes [62]. The frequency spectra of /ba/ and /da/ are very
similar. When the crucial frequency component that distinguishes the two phonemes
is modified in such a way that it lies in between /ba/ and /da/, the sound becomes
ambiguous. At this perceptual boundary, it is perceived as /ba/ and /da/ equally often
[28]. Thus, the auditory signals that give rise to the percept of /ba/, /da/ and /ga/ lie on a
continuum that is separated by two learnt perceptual boundaries [63,64]. In other words, /
da/ is intermediate between /ba/ and /ga/ in the auditory modality. In the visual modality,
the mouth is closed to produce /b/ but slightly open for /d/ as well as for /g/. This can
explain the fact that a perceiver interprets simultaneously presented auditory /ba/ and
visual /ga/ as ‘da’ since /da/ speech gives rise to a similar auditory (/da/ phoneme » /ba/
phoneme) and visual signal (/da/ viseme » /ga/ viseme).
The McGurk illusion shows that the brain is able to override the input-output mapping
between auditory input /ba/ and auditory percept ‘ba’ in the face of conflicting
information from the visual modality. This integration of multiple inputs may not only
change perception of the current stimulus but can also have long-lasting effects. For
example, a spatial localization bias of sounds towards a conflicting visual source persists
after visual stimulation has ceased – the so-called ventriloquism after-effect [65]. Here,
we investigated whether the altered perception during the McGurk illusion recalibrates
subsequent auditory perception. We reasoned that the experience of the McGurk illusion,
in which auditory input results in a different auditory percept, might recalibrate subsequent
auditory perception to reduce the conflict between input (stimulus) and output (percept).
Previous research has shown that perceptual boundaries between phonemes are flexible,
and can shift depending on preceding context [28,66]. Therefore, upon perceiving /ba/ as
‘da’ during the McGurk illusion, this may lead to an update of the sound-phoneme mapping
by shifting the perceptual boundaries such that ‘ba’ is perceived more like ‘da’, in order to
reduce the conflict between auditory input (/ba/) and percept (‘da’). If this recalibration
is indeed how the brain reduces the conflict during McGurk stimuli, this should alter the
perception of auditory /ba/ stimuli, in the direction of ‘da’ percepts. This hypothesis was
tested in the current study using a combined behavioral and neuroimaging study.
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In short, we found that directly after perceiving the McGurk illusion, auditory /aba/
is indeed more frequently perceived as ‘ada’. Moreover, this effect does not seem to be
simply caused by priming or selective adaptation. Rather, our results suggest that it is
a specific consequence of a perceptual boundary recalibration induced by the conflict
elicited by the McGurk illusion. Furthermore, using a pattern classification approach, we
observed a neural corollary of the shifted perceptual boundary in early auditory cortex,
namely a shift of the neural representation of auditory input (/aba/) towards the percept
(‘ada’) when /aba/ input was misperceived as ‘ada’.

Material and methods
Participants
We were interested in how auditory perception is affected by fused McGurk stimuli, i.e.
trials in which an /aba/ sound in the context of an /aga/ viseme is perceived as ‘ada’. Prior
to the neuroimaging experiment, participants were screened for their propensity to
perceive the McGurk illusion. We selected 27 (22 women, 5 men, age range 19-30 years) of
55 (44 women, 11 men) participants for the fMRI study who perceived the McGurk illusion
on the majority of six McGurk videos (i.e. reported ‘ada’ or ‘ata’ for a stimulus in which the
auditory signal was /aba/ and the visual signal was /aga/). All participants had normal
or corrected-to-normal vision and gave written informed consent. They were either
financially compensated or received study credits for their participation. The study was
approved by the local ethics committee (CMO Arnhem-Nijmegen, Radboud University
Medical Center) under the general ethics approval (“Imaging Human Cognition”, CMO
2014/288). The experiment was conducted in compliance with these guidelines.
Stimuli
The audiovisual stimuli showed the lower part of the face of a speaker uttering syllables.
To this end a female speaker was recorded with a digital video camera in a soundproof
room while uttering /aba/, /ada/ and /aga/. The videos were edited in Adobe Premiere
Pro CS6 such that the mouth was always located in the centre of the screen to avoid eye
movements between trials. After editing, each video started and ended with a neutral
mouth position which was slightly opened such that participants could not distinguish
the videos based on the beginning of the video but only by watching the whole video.
The stimuli were presented using the Presentation software (http://www.neurobs.com).
All videos were 1000 ms long with a total sound duration of 720 ms. Only the lower part of
the face from nose to chin was visible in the videos to prevent participants’ attention being
drawn away from the mouth to the eyes. The McGurk stimuli were created by overlaying /
aga/ movies to the sound of an /aba/ video. In total, there were eighteen videos, three for
every condition (audiovisual /aba/, audiovisual /aga/, McGurk, auditory /aba/, auditory /
ada/, auditory /aga/). During the audiovisual trials, McGurk stimuli (auditory /aba/ overlaid
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on /aga/ video) or congruent /aba/ or /aga/ stimuli were shown. Congruent audiovisual
/ada/ was not included in the experiment, as we aimed to obtain an equal base rate of
percepts across conditions (i.e. to keep the proportion of ‘aba’, ‘ada’ and ‘aga’ percepts as
similar as possible). We also included ‘auditory only’ trials, during which only a static image
of the face (first frame of the video showing a slightly opened mouth) was presented
while /aba/, /ada/ or /aga/ was presented to the participants via MR compatible in-ear
headphones. A comfortable, but sufficiently loud, volume was calibrated for each subject
before the start of the experiment. Visual stimuli were presented on a black background
using a projector (60 Hz refresh rate, 1024 × 768 resolution) located at the rear of the
scanner bore and viewed through a mirror yielding 6 degrees of horizontal and 7 degrees
of vertical visual angle. We reanalyzed a dataset that was acquired and analyzed for a
different purpose [67].
Procedure
On each trial, audiovisual and auditory stimuli were presented for one second (see Fig. 3.1).
Participants had 4.5 to 6.5 seconds after each stimulus before a new stimulus appeared on
the screen to report in a three alternative forced choice fashion what they had heard. They
were however instructed to always focus and attend to the mouth. They had to respond as
fast and as accurately as possible with their right index (‘aba’), middle (‘ada’) and ring finger
(‘aga’) using a MRI compatible button box. In-between stimuli participants fixated with their
eyes on a gray fixation cross in the centre of the screen where the mouth appeared during
stimulus presentation to minimize eye movements. All stimuli were randomly presented
in an event-related design distributed over six runs. Every stimulus was repeated 23 times
yielding 414 trials in total. Additionally 10 null events per run (blank screen from the interstimulus interval) were presented for 6 to 8 seconds each throughout the experiment.
Prior to the experiment, participants practiced the task in the scanner (6 practice trials,
one for each condition). In total the fMRI experiment lasted approximately two hours. At
the end of the experiment, we ran a functional localizer to determine regions that were
more responsive to auditory syllables than scrambled versions of the syllables. Scrambled
versions were created by dividing the audio file into 20 ms long segments and randomly
reshuffling them. Four auditory conditions (/aba/, /ada/, /aga/, scrambled syllables) were
presented randomly in a block design. Every condition was presented 25 times yielding
a total of 100 blocks consisting of 10 seconds of auditory stimulation, each separated by
a silent fixation cross period of 5 seconds. Immediately after the functional localizer, the
structural image was acquired.
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Figure 3.1. Experimental design. An audiovisual (AV) or auditory (A) stimulus was presented
on the screen for one second followed by a fixation cross period in which participants pressed
a button to indicate whether they heard ‘aba’, ‘ada’ or ‘aga’ (three alternative forced choice;
3AFC). The next trial appeared after 4.5 to 6.5 seconds. Here, two trials of an AV-A sequence are
shown which were crucial for investigating the McGurk after-effect. However, throughout the
experiment the sequences were not fixed to AV-A.
Behavioral analysis
We grouped auditory-only /aba/ and /ada/ trials according to the condition of their
preceding trial. Auditory-only /aga/ trials were not investigated due to near ceiling
performance making any influence of the preceding trial unlikely. For every subject we
looked at the perceived syllable (‘aba’, ‘ada’, ‘aga’) that was preceded by a fused McGurk
stimulus (‘ada’). We compared these responses to auditory-only trials (/aba/ and /ada/)
that were preceded by any other condition (auditory-only and congruent audiovisual)
independent of the given response. Due to randomization the number of auditory
trials that were preceded by a McGurk stimulus varied across participants. On average
11.0 auditory /aba/ trials (SD=3.4) were preceded by McGurk illusions. This number was
comparable to the number of /aba/ trials that were preceded by any other condition (i.e.
auditory-only, audiovisual /aba/ and /aga/; 11.4 ± 2.9). Likewise for /ada/ preceded by
McGurk (9.9 ± 2.9) or other (11.6 ± 2.8). For the two control analyses we excluded trials
preceded by McGurk illusions to investigate whether other conditions also affected the
percept on the consecutive trial. We only included auditory-only trials that were preceded
by correctly identified /aba/ (audiovisual and auditory-only) and auditory /ada/ trials since
the percept of the preceding trial was important for our control analysis.
FMRI data acquisition
The functional images were acquired with a 3T Skyra MRI system (Siemens, Erlangen,
Germany) using a continuous T2*-weighted gradient-echo EPI sequence (29 horizontal
slices, FA = 80 degrees, FOV = 192×192×59 mm, voxel size = 2×2×2 mm, TR/TE = 2000/30
ms). The structural image was collected using a T1-weighted MP-Rage sequence (FA = 8
degrees, FOV = 192×256×256 mm, voxel size 1×1×1, TR = 2300 ms).
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FMRI data analysis
BOLD activity analyses were performed using Statistical Parametric Mapping (http://www.
fil.ion.ucl.ac.uk/spm/software/spm8, Wellcome Trust Centre for Neuroimaging, London,
UK). The first five volumes were discarded to allow for scanner equilibration. During
preprocessing, functional images were realigned to the first image, slice time corrected
to the onset of the first slice and coregistered to the anatomical image. For the univariate
analysis, images were additionally smoothed with a Gaussian kernel with a FWHM of 6 mm
and finally normalized to a standard T1 template image. A high-pass filter (cutoff = 128 s)
was applied to remove low-frequency signals. The preprocessed fMRI time series were
analyzed on a subject-by-subject basis using an event-related approach in the context of
a general linear model. For each trial, we estimated BOLD amplitudes for the six conditions
(auditory /aba/, /ada/, /aga/, audiovisual /aba/, /aga/, McGurk) using the method outlined
by Mumford et al.[68], namely estimating separate GLMs for every trial modeling the trial
of interest in one regressor and all the other trials in another regressor. This resulted in 414
betas, 69 betas per condition. On average 54 betas for /aba/ perceived as ‘aba’, 12 betas
for /aba/ perceived as ‘ada’ and 55 betas for /ada/ perceived as ‘ada’ were included in the
classification analysis as test set. Six motion regressors related to translation and rotation
of the head were included as nuisance variables. In the auditory localizer, individual
blocks were modeled separately, yielding 100 beta estimates, i.e., on average 25 betas per
condition (i.e., auditory /aba/, /ada/, /aga/, noise). Beta estimates were concatenated over
time and standardized (de-meaned and scaled to unit variance).
The goal of the classification analysis was to train a classifier to distinguish between /
aba/ and /ada/ in the auditory localizer and test on trials of the main task. To this end,
for every subject we trained a linear support vector machine on the 200 most active
voxels according to the auditory localizer (contrast syllables vs. baseline). Furthermore,
these voxels had to overlap with the group activity map of the same contrast (p<0.001,
uncorrected) to ensure that the selected voxels were located in auditory cortices and were
functionally relevant for the perception of the syllables. This contrast activated a cluster
in bilateral superior temporal gyrus, i.e. in primary auditory cortex (50% activated) and
secondary auditory cortex (30% activated), as assessed by an overlap analysis with cytoarchitectonally defined primary and secondary auditory areas [69,70]. The classification
analysis was performed using Scikit-learn, a machine learning toolbox for python [71].
One participant (the participant with the fewest McGurk illusions: 20%) never perceived /
aba/ as ‘ada’ and therefore had to be excluded from the analysis
Due to a programming error the number of auditory blocks per condition varied for the
first 15 participants with minimally 15 blocks per auditory condition. Therefore, to ensure
that the number of trials in each condition was matched, we applied an undersampling
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procedure to the data of these participants. In other words, the number of blocks used
for training was determined by the smaller amount of the two conditions (e.g. 20 blocks
for both /aba/ and /ada/ if there were initially 20 /aba/ and 25 /ada/ blocks). In cases
where undersampling was performed the average classification performance of ten
permutations for randomly selected samples was reported to prevent classification being
biased by the selection of the training sample.

Results
Behavioral results
We presented participants with one of three sounds (/aba/, /ada/ or /aga/) either auditoryonly or auditory in combination with a visual congruent (audiovisual /aba/, /aga/) or
incongruent (auditory /aba/, visual /aga/) viseme which led to a McGurk illusion (fused
‘ada’ percept) on 87% of the trials (SD 3.6%). On average participants’ accuracy was high:
Auditory /aga/ was virtually always correctly categorized (98% ± 4%, mean ± SD) while
the accuracies for /aba/ and /ada/ were more variable (/aba/: 80% ±13% and /ada/: 83%
± 18%).
Recalibration after McGurk
One fifth of the auditory /aba/ trials were perceived incorrectly. Here we examined whether
the response to /aba/ trials was partly dependent on what had been previously presented.
Interestingly, auditory /aba/ stimuli that were preceded by a fused McGurk stimulus were
more often categorized as ‘ada’ than when they were preceded by other stimuli (29%
vs. 16%: t(26)=3.50, p=0.0017; Fig. 3.2A). In other words, the probability to perceive an
auditory /aba/ stimulus as ‘ada’ increased by 80% if the preceding trial was a fused McGurk
stimulus (perceived as ‘ada’) compared to other stimuli. The fused audiovisual percept of
/ada/ during the McGurk effect might thus have recalibrated how the brain interpreted
the /aba/ sound (i.e. the auditory component of the McGurk illusion). When the auditory /
aba/ was encountered again shortly after the McGurk illusion it was more often perceived
as ‘ada’ (i.e. the fused percept during the McGurk illusion). There are two alternatives
to recalibration that could explain the shift in perception from ‘aba’ to ‘ada’ on auditory
/aba/ trials which we will discuss in the next section: perceptual priming and selective
adaptation.
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Figure 3.2. Behavioral results. (A) McGurk after-effect. More ‘ada’ percepts during auditory
/aba/ stimuli preceded by fused McGurk stimuli (perceived as ‘ada’) compared to the other
stimuli (auditory /aba/, /ada/, /aga/, audiovisual congruent /aba/, /aga/). (B) No perceptual
priming. Perceiving ‘ada’ did not increase the probability of perceiving ‘ada’ on the next trial.
Other stimuli refer to the remaining auditory stimuli, i.e. /aba/ and /aga/. (n.s. non-significant,
+
p<0.1,*p<.05; **p<.01)
Perceptual priming
Perception on one trial can influence the perception on the next trial [72]. In our study
we found a significant priming effect of the previous trial on the current trial (t(26)=3.41,
p=0.002). Auditory trials that were preceded by the same auditory input (e.g. auditory
/aba/ preceded by audiovisual /aba/) were more often correctly perceived (90% ±
6.8%, Mean ± SD) than after a trial with a different auditory input (85% ± 7.3%). It is
possible that a similar priming effect accounts for our behavioral main result: Perceiving
/ada/ during the McGurk trials might have primed participants to perceive /ada/ on the
following trial as well. We reasoned that such a general priming effect should then also
be visible on /ada/ trials. The McGurk illusion led to a slightly larger proportion of ‘ada’
percepts on subsequent /ada/ stimuli (87% vs. 83%: t(26)=1.83, p=0.079; Fig. 3.2A), but
this effect appeared weaker than the shift in perception for /aba/ sounds, as suggested
by a marginally significant interaction (F(1,26)=4,15, p=0.052) between current stimulus
(auditory/ aba/, /ada/) and previous stimulus (fused McGurk stimulus, all other stimuli). If
perceiving /ada/ would have had a priming effect on the next trial, one would also expect
more ‘ada’ percepts during /aba/ trials when they are preceded by auditory /ada/ trials
and not McGurk illusions. Preceding /ada/ sounds did however not have an effect on the
percentage ‘ada’ percepts on the following /aba/ (17% after /ada/ and 15% after /aba/ or
/aga/) or /ada/ stimuli (83% after /ada/ and 81% after /aba/ or /aga/; F(1,26)=1.02, p=0.32;
Fig. 3.2B) suggesting that there was no priming for either of the two auditory conditions
by an ‘ada’ percept.
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When comparing /aba/ preceded by McGurk trials to /aba/ preceded by all other trials our
results are sensitive to conditions that actually decrease the proportion of ‘ada’ percepts.
Since an /aba/ stimulus can prime perception on the next trial in the direction of ‘aba’,
we ran an additional analysis where we excluded /aba/ stimuli that were preceded by
auditory or audiovisual /aba/. We found that after a fused McGurk stimulus /aba/ was still
more often perceived as ‘ada’ than when it was preceded by /ada/ or /aga/ (29% vs. 18%:
t(26)=3.04, p=0.0055).
Finally, apart from priming of the previous percept it is also possible that the previous
visual input influenced the participants’ percept. Merely seeing visual /aga/ (which looks
very similar to a visual /ada/) during the McGurk illusion might have primed participants
to perceive ‘ada’ on the following /aba/ trial. To rule out the possibility that the effect of
the McGurk illusion on the following /aba/ trial was driven by the visual stimulation and
not the audiovisual integration we ran a control analysis comparing the number of ‘ada’
percepts during /aba/ after audiovisual /aga/ and after the McGurk illusion. We found a
difference between ‘ada’ percepts during /aba/ that were preceded by audiovisual /aga/
(20%) and McGurk (29%; t(26)=2.056, p=0.049). We conclude that the McGurk after-effect
cannot be explained by perceptual priming.
Selective adaptation of /aba/ sound
Frequently hearing /aba/ might have decreased the likelihood of perceiving /aba/ [28].
Thereby any other percept (‘ada’ or ‘aga’) automatically becomes more frequent. Indeed
/aba/ sounds were most frequent in our paradigm. Half of the trials contained /aba/
sounds (auditory /aba/, audiovisual /aba/, McGurk) followed by 33% /aga/ (auditory
/aga/, audiovisual /aga/) and 17% /ada/ (auditory /ada/). If selective adaptation underlies
the results, participants should also give fewer ‘aba’ responses and thereby more ‘ada’
responses when /aba/ was preceded by congruent audiovisual or auditory /aba/ trials
than when they were not preceded by /aba/ sounds. This was however not the case (13%
after /aba/ and 18% after /ada/ or /aga/, t(26)=-2.07, p=0.95). In fact, the difference was
in the opposite direction, consistent with priming of the previous stimulus (see previous
paragraph on perceptual priming). The increase in ‘ada’ responses was specific to those
trials following McGurk stimuli. Thus, we conclude that selective adaptation cannot
explain the McGurk after-effect.
Activity patterns in auditory cortex after recalibration
Our behavioral results demonstrated a recalibration effect of the stimulus-percept
matching induced by the McGurk illusion, in other words, a shift in perceptual boundary.
We next looked at the activity patterns in auditory cortex to investigate whether
this shift in percept (from ‘aba’ to ‘ada’) was also present at the neuronal level. We first
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assessed whether the activity patterns in auditory cortex during auditory /aba/ and /
ada/ trials that were correctly identified by the participants as ‘aba’ and ‘ada’ respectively
could be distinguished by a machine learning algorithm that was trained on a separate
auditory localizer. On average 52% of these trials were classified correctly based on their
activity pattern in auditory cortices (see Fig. 3.3), which indicated modest but abovechance classification accuracy (t(25)=2.49, p=0.019). Auditory /ada/ stimuli were more
often classified as ‘ada’ than auditory /aba/ (t(25)=2.42, p=0.012). Next, we assessed the
auditory activity patterns for /aba/ stimuli that were perceived as ‘ada’. Interestingly, when
comparing these trials with /aba/ stimuli that were correctly perceived as ‘aba’, they were
slightly more often classified as ‘ada’, resulting in a trend of significant difference between
these conditions in classifier output (t(25)=1.5, p=0.067, Fig. 3.3B).

Figure 3.3. Classification results for auditory stimuli /aba/ and /ada/. (A) Voxel selection
for classification. The slices (y= -20, z=6, x= -52) display the significant group activity map of
voxels in primary and secondary auditory cortex that were most active during the localizer
(syllables > baseline). The classification analysis was restricted to voxels from this mask. (B)
While /aba/ (left bar) and /ada/ stimuli (right bar) that were perceived as such were classified
correctly above chance, auditory /aba/ stimuli that were perceived as /ada/ (middle bars) were
not classified as ‘aba’ but rather more as ‘ada’.(+p<0.1, *p<.05)

Discussion
In the current study we investigated the consequence of fused incongruent audiovisual
speech on subsequent auditory perception. We found a recalibration effect on the next
trial after experiencing the McGurk illusion. In other words, after having perceived ‘ada’ on
the basis of an auditory /aba/ sound, there was an increased probability of misperceiving
an auditory-only /aba/ as ‘ada’ on the next trial. Although we found a general priming
effect of preceding trials in our dataset we did not find an effect of the McGurk illusion on
the other trials or an effect of auditory-only /ada/ trials on the consecutive trials, making
an explanation for this McGurk after-effect in terms of general priming of an ‘ada’ percept
unlikely. Neither did we find an effect of /aba/ stimulation (auditory-only or audiovisual)
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on the percept of the subsequent trials, making selective adaptation to the auditory input
an unlikely explanation. We conclude that phonetic recalibration during the McGurk
illusion may dynamically shift the mapping between input (/aba/) and percept (‘ada’).
Consequently, after experiencing the McGurk illusion auditory /aba/ is occasionally
misperceived as ‘ada’. The previous stimulus has a subtle but reliable influence on the
probability of perceiving /aba/ as ‘ada’. Furthermore, the trending classification results in
auditory cortex suggest that the representation of /aba/ shifts due to the McGurk effect.
While these results are tentative and await confirmation they are in line with top-down
influence on auditory cortex [26,45]. Our findings suggest that the perceptual boundaries
between /aba/ and /ada/ may shift due to experiencing the McGurk illusion.
Inferring the causes of sensory input (i.e. perceptual inference) can be resolved by
minimizing the prediction error between the interpretation and the input [24]. McGurk
stimuli, due to the mismatch between auditory and visual inputs, may generate a
prediction error at the stage where these signals are integrated. This error can be reduced
by fusing the inputs to an ‘ada’ percept since /ada/ speech can give the best explanation for
both the auditory and the visual signal. Although this fusion removes the conflict between
auditory and visual percepts (both ‘ada’), there is still a conflict between the auditory topdown percept (‘ada’) and bottom-up input (/aba/). Such a residual conflict between input
and percept that remains even after fusion can signal the brain that its internal model of
the world is incorrect. The conflict can be reduced by phonetic recalibration, namely when
auditory-only /aba/ is not perceived as ‘aba’ but as ‘ada’. Thereby the conflict between
input (/aba/ perceived as ‘ada’) and percept during the McGurk effect (‘ada’) is eliminated.
The current study supports this idea. Our results suggest that the perceptual boundary
between /b/ and /d/ shifted such that even an auditory-only /aba/ has a higher chance
of being misperceived as ‘ada’ after experiencing a McGurk illusion. This update in soundphoneme mapping will decrease the elicited perceptual conflict during McGurk stimuli
since auditory /aba/ which is misheard as ‘ada’ is now in line with the fused percept ‘ada’.
For recalibration to occur it seems essential that McGurk stimuli are perceived as ‘ada’
because only then input and percept are conflicting. Individuals who are not prone to
the McGurk illusion [19,31] perceive the stimulus as incongruent – they see /aga/ and
hear /aba/ at the same time. While this incongruent stimulation might elicit a surprising
percept, there is no conflict between the inputs and the percepts given that the inputs
(/aba/ and /aga/) and percepts (‘aba’ and ‘aga’) match. Therefore, there is no need for
the brain to update the internal model of phonemes. Individuals who interpret McGurk
videos as incongruent stimulation should therefore not undergo recalibration. Since our
sample was restricted to participants who were prone to the illusion we cannot answer
what the relation between percept during a McGurk video and phonetic recalibration is. It
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is however interesting to note that the participant with the fewest McGurk illusions in our
study (20%) never perceived /aba/ as ‘ada’. It has to be further investigated whether there
is a positive relationship between the fusion of senses during McGurk stimuli and the
recalibration effect. We expect recalibration to occur only if there is a mismatch between
percept and input, i.e. when McGurk videos are fused to ‘ada’. In other words, recalibration
should be dependent on the percept.
Recalibration effects have been documented in other types of audiovisual integration
as well – be it temporal [73,74] or spatial [75]. Temporal recalibration however does not
seem to depend on the percept [76]. Exposure to asynchronous audiovisual stimulation
shifted the perceived simultaneity towards the leading modality independent of whether
participants perceived the previous stimulus as asynchronous or not. In the light of error
minimization between percept and input this finding is surprising. In speech perception
we are however used to asynchronous audiovisual inputs [49,50]. Therefore, it could be
that for temporal audiovisual integration the audiovisual sources are brought closer
in time by default. For McGurk stimuli, where the percept can either be fused (‘ada’) or
nonfused (‘aba’), the percept seems essential for the brain whether the internal model of
phonemes need to be adjusted or not. Our results suggest that the brain activity pattern
in auditory cortex during misheard auditory /aba/ is more similar to the percept ‘ada’ than
the input /aba/. This is in line with a previous study where the perceptual interpretation
(‘aba’ or ‘ada’) of an ambiguous sound could be retrieved from the activity patterns in
primary auditory cortex [26].
Are there other possible mechanisms that could underlie the McGurk after-effect found
in the current study? Previous studies have also found a shift of the perceptual boundary
towards ‘aba’ such that the percept of /aba/ shifts towards ‘ada’, in that case due to
extensive exposure to McGurk stimuli [77,78]. However, these McGurk after-effects have
been explained in the framework of adaptation to the auditory stimulation. In other words,
participants less often perceived ‘aba’ due to overstimulation of /aba/ during McGurk.
Here we showed that the after-effect occurred immediately after a McGurk trial and was
restricted to /aba/ stimuli after McGurk. Thus, for selective adaptation of the auditory
stimulation to explain the results one should also have found an effect of auditory /aba/
on the number of ‘ada’ percepts. However, the results we found were restricted to /aba/
trials after the McGurk illusion suggesting that some processes happen specifically due to
the fusion of senses during the McGurk illusion.
An alternative explanation for our finding could be priming of the ‘ada’ percept due to
the McGurk illusion. Perceiving ‘ada’ might have simply biased perception on the next
trial towards ‘ada’. We ruled out this possibility by investigating the effect of preceding
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auditory /ada/ trials (our design did not include audiovisual /ada/ trials, so we could not
investigate this possibility): there was no increase in amount of /aba/ trials perceived as
‘ada’ when they were preceded by an auditory /ada/ trial. Moreover, if there was a priming
effect of the McGurk illusion it should not only have influenced the percept on /aba/ trials
but also on /ada/ trials, but the amount of ‘ada’ percepts during auditory /ada/ after a
McGurk illusion was only slightly (and not significantly) increased. The data are rather
in line with the notion that the perceptual conflict during the McGurk illusion gave rise
to a shift in phoneme-percept mapping, i.e. phonetic recalibration. It has been found
earlier that audiovisual learning can change the percept of ambiguous auditory stimuli
[28]. Here, we have shown that even the interpretation of an unambiguous phoneme can
change when facing conflicting visual stimulation.
The current study leaves some open questions about the generalization of the
recalibration effect after the McGurk illusion. In other words, would a new /aba/ stimulus
also occasionally be perceived as ‘ada’ after experiencing the McGurk illusion? The lesson
that the brain seemed to have learnt about phoneme-percept mapping could either be
specific to this sound or generalize to different /aba/ tokens. In the current study the
auditory /aba/ stimuli that were occasionally perceived as ‘ada’ after the McGurk illusion
were identical to those that were presented during the McGurk videos. A question is
whether and to what extent this perceptual learning is generalized. One could imagine
that a new stimulus that is almost identical to the auditory /aba/ from the McGurk video
(e.g. same speaker, different recording) might still be affected by the recalibration due to
the minor differences in the signal. Even an auditory /aba/ that was not paired with a visual
/aga/ before could be perceived as ‘ada’ after a McGurk illusion. A possible generalization
effect could go even further and also affect syllables that deviate from the learnt sound in
several dimensions, for instance in pitch or speaker. Perceptual learning can generalize to
different speakers when ambiguous phonemes are interpreted differently based on the
lexical context [66,79]. Furthermore, it is an open question whether recalibration also has
an effect on the visual modality, i.e. whether visual-only /aga/ is perceived as /ada/ after
experiencing a McGurk illusion suggesting visual recalibration.
In the current study we showed that a perceptual conflict as elicited by the McGurk illusion
can alter how the world is perceived in the future. Specifically, the interpretation of the
auditory input during McGurk (/aba/) is altered due to the fused percept ‘ada’. This shows
that perceptual boundaries between phonemes are flexible and that the brain updates
these taking into account evidence from the outside world.
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Recalibration of speech perception after experiencing the
McGurk illusion
Abstract
The human brain can quickly adapt to changes in the environment. One example is
phonetic recalibration: A speech sound is interpreted differently depending on the visual
speech and this interpretation persists in the absence of visual information. Here, we
examined the mechanisms of phonetic recalibration. Participants categorized the auditory
syllables /aba/ and /ada/, which were sometimes preceded by so-called McGurk stimuli (in
which an /aba/ sound, due to visual /aga/ input, is often perceived as ‘ada’). We found that
only one trial of exposure to the McGurk illusion was sufficient to induce a recalibration
effect, i.e. an auditory /aba/ stimulus was subsequently more often perceived as ‘ada’.
Furthermore, phonetic recalibration took place only when auditory and visual inputs were
integrated to ‘ada’ (McGurk illusion). Moreover, this recalibration depended on the sensory
similarity between the preceding and current auditory stimulus. Finally, signal detection
theoretical analysis showed that McGurk induced phonetic recalibration resulted in both
a criterion shift towards /ada/ and a reduced sensitivity to distinguish between /aba/
and /ada/ sounds. The current study shows that phonetic recalibration is dependent on
the perceptual integration of audiovisual information and leads to a perceptual shift in
phoneme categorization.

This chapter has been published as:
Lüttke, C. S., Pérez-Bellido, A., & De Lange, F. P. (2018). Rapid recalibration of speech perception
after experiencing the McGurk illusion. Royal Society Open Science, 5, 170909.
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Introduction
A challenge in understanding speech is that we have to categorize complex ambiguous
sounds into discrete percepts (e.g. phonemes /b/ and /d/). Different speakers can
pronounce phonemes differently but our brain can flexibly adapt to these instabilities, for
instance by taking into account visual information. Seeing someone speak can give useful
information about what is said. Not only is this visual information used in understanding
speech, there can even be a remapping how the sound is later perceived. In phonetic
recalibration, how an ambiguous sound (artificially created so that it falls in between /b/
and /d/) is perceived, is determined by the recent audiovisual experience, i.e. whether
the sound was presented together with a video of a speaker pronouncing /b/ or /d/
[28]. In other words, an ambiguous sound is disambiguated by the visual context which
leads to a shift in boundaries between phonemes that persists after the visual context
has ceased. Another example of phonetic recalibration occurs after the McGurk illusion,
where conflicting auditory (/aba/) and visual (/aga/) inputs presented together can lead
to a different percept (‘ada’) [27]. This illusion results in a subsequent recalibration of the
phonetic boundaries, as it affects how the syllable /aba/ is later categorized [28,80].
In the present work we address several outstanding questions regarding the characteristics
and underlying mechanisms of phonetic recalibration. Firstly, while most phonetic
recalibration studies assume that simple exposure to audiovisual speech conflict can result
in a recalibration [74,81,82] it is unclear whether the audiovisual information needs to be
actually integrated in order to achieve recalibration. In the present study we investigated
whether recalibration due to the McGurk stimulus requires the incongruent audiovisual
inputs to be fused (e.g. McGurk illusion) or whether exposure to the audiovisual conflict is
sufficient to elicit recalibration. We hypothesized that recalibration may only occur when
the McGurk illusion was perceived, thus if auditory and visual inputs were fused to ‘ada’. In
keeping with a Bayesian belief-updating model [83], we reasoned that experiencing the
McGurk illusion leads to a shift in the input-percept-mapping, i.e. an /aba/ sound (input) is
categorized as ‘ada’ (percept) and consequently the mapping between input and percept
is updated (i.e. recalibration). This shift should transfer to /aba/ stimuli categorization on
the subsequent trial. When participants do not experience the McGurk illusion, there is no
such shift and recalibration may not occur.
Secondly, it is unclear whether and how phonetic recalibration depends on sensory
uncertainty. Perception results from an optimal (or near-optimal) combination of different
sensory inputs [84,85]. The weight of each sensory input in the final percept is determined
by its relative sensory uncertainty. When one sensory input is noisier compared to other
sources of information (e.g. close past events or other sensory modalities), its weight in
determining the final percept is reduced [9,86]. Thus, we predicted that an increase in
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the uncertainty of the auditory input due to increments in sensory noise should lead to a
corresponding increase in the relative weight of the percept on the preceding trial. Based
on this prediction, we expected the strongest recalibration if the current auditory input
was noisy.
Thirdly, it is unclear whether phonetic recalibration is the result of a bias or a shift in
phonetic representation. Recalibration could be caused by two mechanisms (see Fig. 4.1).
From a Signal Detection Theory (SDT) perspective [87] a change in criterion (generally
respond ‘ada’ more often; see Fig. 4.1B), a change in sensitivity (/aba/ and /ada/ become
more similar; see Fig. 4.1C) or a combination of both can all lead to an increase in ‘ada’
percepts for /aba/ sounds. While a change in criterion can correspond to decisional or a
perceptual bias, a change in sensitivity would suggest a purely perceptual phenomenon
[88]. We predicted that if phonetic recalibration results in the phoneme /aba/ becoming
perceptually more similar to /ada/, this should be reflected in a decreased sensitivity to
discriminate /aba/ and /ada/ stimuli after a McGurk illusion. On the other hand, if phonetic
recalibration simply involves a change in the phonetic boundaries between /aba/ and /
ada/ without a change in the sensory representation, we do not expect to find a change in
the sensitivity, but only a criterion shift [88].
To preview, we found a strong recalibration effect specifically when the McGurk illusion
was perceived on the previous trial. This recalibration effect was associated with a change
in both criterion and discrimination sensitivity. Furthermore, the sensory similarity
between the stimuli on two consecutive trials determined whether recalibration took
place, suggesting that audiovisual recalibration is a stimulus specific effect.
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Figure 4.1. Possible mechanisms underlying the recalibration effect after a McGurk
illusion. A) In a signal detection framework two slightly overlapping curves represent the
phonemes /aba/ (blue, left) and /ada/ (green, right). The distance between the two curves
depicts the sensitivity d’. The criterion (vertical line) determines the perceptual label. Everything
that falls to the left of the criterion is categorized as ‘aba’ and everything on the right as
‘ada’. The green shaded area depicts the false alarms, in other words the cases when /aba/ is
misperceived as ‘ada’. B) A shift in the criterion leads to an increased percentage of misperceived
/aba/, i.e. a larger shaded area compared to panel A. This mechanism would be expressed in a
decreased criterion after a McGurk illusion. C) Shifting the representations closer to each other
could also account for an increased percentage of misperceived /aba/. This mechanism would
be expressed in a decreased sensitivity d’ after a McGurk illusion.
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Methods
Participants
54 participants (of which 38 women) took part in this behavioral study. We used a large
sample to allow for broad variability in the strength of the McGurk illusion. The majority
was Dutch (22) or German (17) and all understood the English instructions. They had
normal or corrected-to-normal vision, normal hearing and gave written informed consent
in accordance with the institutional guidelines of the local ethical committee (CMO region
Arnhem-Nijmegen, the Netherlands) and were either financially compensated or received
study credits for their participation.
Stimuli
Audiovisual and auditory speech stimuli were presented to the participants on a 24-inch
screen (60 Hz refresh rate) and two speakers located under the screen. The audiovisual
stimuli showed the lower part of the face of a speaker uttering syllables (see Fig. 4.2).
They were presented centrally and covered 6% of the screen (visual angle ~8°). A female
speaker was recorded with a digital video camera in a soundproof room while uttering /
aba/, /ada/, and /aga/. The videos were edited in Adobe Premier Pro CS6 such that the
mouth was always located in the center of the screen to avoid eye movements between
trials. After editing, each video started and ended with a neutral mouth slightly opened
such that participants could not distinguish the videos based on the beginning of the
video. All videos were 1000-msec long with a total sound duration of 720 msec. Only the
lower part of the face from nose to chin was visible in the videos to prevent participants’
attention being drawn away from the mouth to the eyes. All syllables were presented
at approximately 60 dB. The McGurk stimuli trials (31% of the total trials) were created
by overlaying /aga/ movies to the sound of an /aba/ video. To answer our question, we
were mainly interested in analysing McGurk, auditory /aba/ and /ada/ trials. However,
only including audiovisual incongruent trials can lead to fewer illusions [89]. We therefore
also included a few audiovisual congruent /aba/ and /ada/ trials (8% of the total trials).
In total, there were nine audiovisual videos, three for every condition (audiovisual /aba/,
audiovisual /ada/, McGurk). In contrast with the audiovisual trials, during the auditoryonly trials (61% of the total trials), /aba/ or /ada/ was played while participants fixated at a
gray cross in the center of the screen where the mouth appeared during the audiovisual
trials. To investigate whether sensory uncertainty interacts with phonetic recalibration
we added white noise in the background of the sound files on half of the audiovisual
and auditory-only trials. For this purpose, any noise that was inherent to the recordings
were first removed with the software audacity (www.audacityteam.org). Afterwards white
noise with two 100 ms ramps (to prevent sound bursts) at the beginning and end of the
stimulus was overlaid onto the sound files. The volume of the noise was determined for
each participant before the start of the experiment using a one-up-one-down staircasing
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procedure (30 reversals) while participants had to categorize auditory /aba/ and /ada/. On
average the noise was 10 dB louder than the syllable. All stimuli were presented using the
Presentation software (www.neurobs.com).
Procedure
On each trial, audiovisual and auditory stimuli were presented for 1 sec. Participants had
2-3 sec. after each stimulus before a new stimulus appeared to report what they had
heard. They were, however, instructed to always focus and attend to the mouth. When the
fixation cross appeared on the screen they indicated with a single button press what they
had heard and how confident they were about it (see Fig. 4.2). They responded with their
left hand for /aba/ and with their right hand for /ada/. If they were confident about their
percept they were instructed to use their middle finger and if they were not confident
their index finger (see light and dark grey marked fingers in Fig. 4.2). In-between stimuli,
a grey fixation cross was displayed that was also present during the auditory trials to
minimize eye movements.
Since we were interested in trial order effects we created stimulus sequences in Matlab
such that the conditions of interest (McGurk, /aba/, /ada/) followed each other equally
often. Many random permutations of trial orders were created until the sequence
fulfilled our criteria, i.e. about 25 trial pairs per condition (e.g. noisy /aba/ preceded by
non-noisy McGurk). To make sure that the results do not depend on a specific trial order
we created five different trial orders that fulfilled the criteria and counterbalanced those
across participants. The number of trials per condition of interest was 158 (McGurk, /aba/
and /ada/) and 20 for the filler items (congruent /aba/ and /ada/) yielding 1028 trials in
total. On average this yielded 24 trials per condition pair of previous and current trial (see
Table 4.1 for all trial orders). The experiment took place in cubicle labs where up to four
participants were tested in parallel. Sounds from neighbouring cubicles were inaudible
to the participants. The experiment was split into eight blocks of approximately eight
minutes. During the breaks participant rested for at least half a minute. Every second break
they were asked to open the door and briefly interacted with the researcher to monitor
participants’ wellbeing.
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Figure 4.2. Experimental design. An audiovisual or auditory stimulus was presented on the
screen for one second followed by a fixation cross period of 1500 ms in which participants
pressed a button to indicate whether they heard ‘aba’ or ‘ada’. When they were not sure they
pressed with their index finger and when they were sure they pressed with their middle finger.
The next trial appeared after a jitter of 500-1000 ms.
Table 4.1. Probabilities of trial occurrences. The average number of trials occurring after
each other is depicted below (previous trial in rows, current trial in columns). Since participants
had one of five different trial orders the number of trials varies slightly across participants.
Therefore, the average number of trials is not a whole number. In this study the analysis was
restricted to auditory trials that were preceded by auditory or McGurk trials (grey). Trials
occurring after a break were not included in the analysis and are not taken into account in the
average below. Congruent audiovisual /aba/ and /ada/ trials were introduced as filler items
and therefore occurred less frequently. LN=low noise, HN=high noise.
Trial n
Trial n-1

Auditory
Aba

Auditory

LN
Aba

Ada

Audiovisual

McGurk
Aba
Ada

Audiovisual
Ada

HN

LN

McGurk

Aba

Ada

HN

LN

HN

LN

HN

LN

HN

∑

LN

24.6

24.4

24.2

23.4

22.8

23.6

3.6

3.0

2.6

4.0

156.2

HN

23.6

24.6

24.4

25.0

26.0

21.8

3.2

3.0

3.8

2.0

157.4

LN

24.8

25.2

23.0

25.0

26.4

20.2

3.4

2.4

3.2

3.2

156.8

HN

23.4

22.2

24.6

24.0

25.0

26.6

2.6

3.2

2.4

2.8

156.8

LN

24.6

25.4

24.6

24.2

20.2

25.8

3.0

3.0

3.2

3.6

157.6

HN

24.4

24.4

24.6

23.8

23.4

26.8

2.6

2.4

2.2

2.2

156.8

LN

2.8

2.8

1.8

3.2

3.4

2.8

0.6

0.6

0.6

0.8

19.4

HN

3.8

3.4

2.2
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Analysis
Our experimental design consisted of auditory and audiovisual speech trials, which
could be either embedded in white noise or not. All responses by the participants were
categorized into ‘aba’ and ‘ada’. We were interested in the effect of the previous trial on the
percept on the current trial. Therefore, we looked at the percept on auditory /aba/ and
/ada/ trials that were preceded by either /aba/, /ada/ or McGurk illusion (‘ada’ percept).
Only when addressing the question whether it is necessary for recalibration to fuse McGurk
stimuli we split McGurk trials into fused (‘ada’ percept) and nonfused trials (‘aba’ percept).
For all remaining questions we restricted the analysis to fused McGurk trials. Since the
influence of the perceptual interpretation on the next trial was crucial in our experiment
we only included preceding /aba/ and /ada/ trials that were correctly perceived (e.g.
/aba/ preceded by /ada/ which was correctly perceived as ‘ada’). To have as many trials per
condition as possible we combined high and low confidence trials. The confidence ratings
were only analyzed for misperceived /aba/ and /ada/ trials to investigate how certain
participants were even if they were wrong, and specifically whether they were more
certain about their (wrong) percept after a McGurk illusion. We addressed this question
with the binary confidence ratings that were given on every trial (see procedure and
Fig. 4.2). We compared the percentage of high confidence ratings during misperceived
/aba/ and /ada/ trials after a McGurk illusion with those after correct /ada/.
To investigate whether recalibration was reflected in a shifted criterion or a decreased
sensitivity to discriminate /aba/ from /ada/ we applied SDT to the data. For this analysis
many trials were necessary to achieve stable estimates for d’ and the criterion. We
therefore combined low and high noise trials and excluded data points with less than
10 trials. All 54 participants were included in this analysis. We looked at /ada/ and /aba/
trials that were perceived as ‘ada’ (hits and false alarms respectively) or ‘aba’ (misses and
correct rejections respectively). The sensitivity d’ (z(hit)-z(FA)) and the criterion c(- 2-1 *
(z(Hit)+z(FA)) were computed for all trials preceded by /aba/, /ada/ and a McGurk illusion.
Since extreme performance of 0% and 100% lead to infinite values for d’ we adjusted
these proportions to 2N
--1 and 1- 2N
--1 respectively where N is the number of trials [155]. We
compared the sensitivity d’ (dependent variable) for all trials after /aba/, /ada/ and McGurk
illusions (within subject factor). Additionally, two post-hoc paired t-tests were performed
to see whether the sensitivity after a McGurk illusion was different to after /ada/ and /
aba/. The same steps were performed for the criterion. Additionally, we compared d’ and
the criterion after fused and unfused McGurk trials in two paired t-tests. Since the overall
proportion of McGurk illusions was high (72%) and since we restricted the SDT analysis to
participants with at least 10 trials only 31 participants with a sufficient number of fused
and nonfused McGurk trials could be included in this analysis.

56

Recalibration of speech perception after experiencing the McGurk illusion

4
Figure 4.3. Responses in all conditions. The percentage of ‘ada’ responses during auditory /
aba/ and /ada/ trials are shown here (N=47). The colors of the bars indicate the condition of the
previous trial: /aba/ (blue), /ada/ (green) and McGurk illusion (auditory /aba/ and visual /aga/,
orange). The dots display individual subjects. Only previous correct trials and fused McGurk
trials (perceived as ‘ada’) were included. The left two quadrants depict trials without added
acoustic noise and the right ones depict trials with acoustic noise. The lower two quadrants
show trials that were preceded by noisy trials. The recalibration effect (more ‘ada’ percepts
during /aba/ after McGurk) was strongest if the previous and current trial had the same noise
level, i.e. left upper and lower right quadrant. This is reflected in a larger percentage of ‘ada’
during /aba/ after McGurk (orange bar) than after /ada/ (green bar). Error bars display the
standard errors of the mean.
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Results
Phonetic recalibration after McGurk illusion
In a previous study [80] we observed an increase in /aba/ stimuli being perceived as /
ada/ after a McGurk illusion. To investigate whether we could replicate this recalibration
effect we ran a Repeated measures ANOVA with condition and noise on the previous and
current trial as within-subjects factors: (1) condition on the current trial (McGurk, auditory
/aba/ and /ada/), (2) condition on the previous trial (McGurk, auditory /aba/ and /ada/), (3)
acoustic noise on the current trial (low, high) and (4) acoustic noise on the previous trial
(low, high) (see Fig. 4.3 for the data on all conditions). Some participants did not experience
the McGurk illusion very often on the non-noisy trials. As a consequence, it happened
that in some participants, some conditions were never preceded by a non-noisy McGurk
illusion. Thus, only 47 of the 54 participants could be included in the analysis. We looked
at the percentage of ‘ada’ percepts as dependent variable. We predicted an interaction
between the condition on the previous and current trial in the percentage of ‘ada’
percepts. In line with the previous study, we restricted this analysis to McGurk illusions
(fused to ‘ada’). Indeed, perception was dependent on both the current and previous
stimulus (current × previous stimulus: F2,92=26.86, p=2.1x10-8, η2partial=0.54). Specifically, the
perception of /aba/ stimuli was more biased towards /ada/ after a McGurk illusion than
after an /ada/ sound (37.5% vs. 31.9%: t(46)= -4.53, p=4.2e-5), whereas for perception of
/ada/ sounds this pattern reversed, with more ‘ada’ percepts after /ada/ (86.8% vs. 88.7%:
t(46)=2.13, p=0.038). In other words, when the previous trial was perceived as ‘ada’, this led
to an increase in misperceived /aba/ trials but more so after a McGurk illusion than after
unisensory /ada/ (see Fig. 4.4B). This replicates our previous finding that perceiving the
McGurk illusion recalibrates how /aba/ is perceived [80].
To characterize the perceptual nature of the phonetic recalibration effect we analyzed
the data within a SDT framework. Interestingly, we found that sensitivity (d’) differed
significantly for trials that were preceded by either /aba/, /ada/ or a McGurk illusion
(F(2,106)=22.78, p=7.9e-8). Specifically, d’ was smaller after a McGurk illusion (M=1.58,
SD=0.41) than after /aba/ (M=1.94, SD=0.46, t(53)=6.49, p=3.0e-8) or /ada/ (M=1.89,
SD=0.51, t(53)=5.02, p=6.2e-6, see Fig. 4.4A). This decrease in sensitivity indicates that
/aba/ and /ada/ were perceived more similarly after a McGurk illusion. Apart from a
change in sensitivity, we also observed a significant effect of the previous trial on the
criterion (F(2,52)=58.93,p=4.3e-14, see Fig. 4.4A). Subjects were more biased towards ‘ada’
following either a McGurk illusion (C=-0.40, SD=0.35) or an /ada/ trial (C=-0.37, SD=0.36),
compared to following an /aba/ trial (C=0.15, SD=0.33). Post-hoc tests on the criterion
parameter showed that the participants were equally biased to report ‘ada’ following
McGurk illusions and /ada/ trials (t(53)=0.87, p=0.39).
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The previous analysis showed that McGurk illusion decreases discrimination sensitivity
on subsequent trials. Next, we examined whether this also decreased participants’
confidence. The same 47 subjects were included as in the replication analysis. However,
two participants always correctly perceived /ada/ and could therefore not be included. The
repeated measures ANOVA was performed on the remaining 45 participants. Interestingly,
participants were more confident about their misperceived /aba/ stimulus after a McGurk
illusion (35.8% high confidence) than after an /ada/ trial (31.2%). This pattern was reversed
for misperceived /ada/ trials where they were more confident after /ada/ than after
McGurk (25.2% vs. 21.1%; current × previous stimulus: F(1,44)=4.32; p=0.043). In other
words, both a McGurk illusion and auditory /ada/ biased participants towards ‘ada’ on the
following trial but the decreased sensitivity and high confidence ratings support the idea
that /aba/ is truly perceived differently after a McGurk illusion and that participants are
not merely biased by their preceding percept. While there is a general bias (i.e. criterion)
induced by the previous stimulus (which is also present after /ada/ and /aba/ trials), the
McGurk illusion also pulls the perception of /aba/ sounds towards /ada/, thereby making
these stimuli less discriminable and reducing perceptual sensitivity (d’).

4

Figure 4.4. Recalibration effect after McGurk illusion. A) After a fused McGurk stimulus
the sensitivity (d’) was on average smaller (orange) than after auditory /aba/ (blue) or /
ada/ (green). The criterion shifted away from /ada/ after McGurk as well as after /ada/ trials
implying a bias towards the previous percept ‘ada’. N=54. (***p<0.001; n.s. non-significant)
B) Recalibration is strongest for the same noise level. The percentage of ‘ada’ percepts during
auditory /aba/ (left panel) and /ada/ trials (right panel) are shown. When the noise level on
the previous and current trial was the same (both high or low, black circles) participants often
misperceived /aba/ as ‘ada’ after a McGurk illusion (McGurk i.). If the noise was only high on
the previous or current trial (grey triangles) the effect was weaker. This figure illustrates the four
way-interaction between current condition × previous condition × current noise × previous
noise. Error bars display within subjects standard errors.
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Recalibration depends on perceiving the McGurk illusion
To investigate whether it is necessary for the recalibration effect that the McGurk illusion
was perceived on the previous trial we split McGurk trials into fused (‘ada’ percept) and
nonfused trials (‘aba’ percept). Five participants perceived the McGurk illusion on all
trials and could therefore not be included in this analysis (N=49). After a McGurk illusion
auditory /aba/ was more often perceived as ‘ada’ (35.1%) than after McGurk trials that
were not fused (21.2%; t(48)=3.93, p=2.7e-4). Thus, recalibration was markedly stronger
after fused McGurk trials (illusion) than after nonfused McGurk trials (no illusion). This
comparison leaves the possibility that there still was some recalibration effect after
nonfused McGurk trials, which simply was weaker than after a McGurk illusion. Since
recalibration should lead to a larger amount of misperceived /aba/ trials than by mere
priming of an ‘ada’ percept [80] we compared perception of /aba/ trials after nonfused and
fused McGurk trials to those after auditory /ada/. While /aba/ was more often misperceived
after a McGurk illusion than after auditory /ada/ (35.1% vs. 29.8%, t(48)=4.28, p=8.8e-5),
participants were less likely to misperceive /aba/ as ‘ada’ after a nonfused McGurk trial
(21.2%) than after an /ada/ trial (29.8%, t(48)=2.26, p=0.028). This suggests that only fused
McGurk trials elicited a recalibration effect. As a complementary analysis we again looked
at the sensitivity and the criterion after a McGurk trial, separately for fused and nonfused
McGurk trials. Immediately after a fused McGurk the sensitivity (d’) was smaller (M=1.67,
SD=0.38) than after a nonfused McGurk trial (M=1.88, SD=0.46; t(30)=-3.48, p=0.002, see
Fig. 4.5). d’ after a nonfused McGurk was not smaller than after /ada/ (t(30)=0.65, p=0.52),
again suggesting that there was no recalibration effect after nonfused McGurk stimuli.
In other words, /aba/ and /ada/ were more difficult to distinguish if the previous McGurk
trial was fused to ‘ada’ compared to when it was not fused. The criterion to report ‘ada’
after a fused McGurk (M=-0.31, SD=0.30) was more liberal (more ‘ada’ responses) while
after a nonfused McGurk it was more conservative (less ‘ada’ responses; M=0.18, SD=0.25;
fused vs. nonfused: F(1,30)=85.26, p=2.83e-10, see Fig. 4.5). This suggests that a McGurk
trial biased participants to respond ‘ada’ on the next trial but only if it was fused to ‘ada’.
These results suggest that the perceptual interpretation of McGurk stimuli rather than the
exposure to audiovisual conflict determines the effect on the next trial, namely how /aba/
is perceived.
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Figure 4.5. Recalibration depends on perceiving the McGurk illusion. McGurk trials were
split into nonfused (‘aba’ percept, light orange) and fused (‘ada’ percept, dark orange) trials.
When participants fused the preceding McGurk stimulus, the sensitivity d’ to distinguish /
aba/ from /ada/ was smaller compared to when they did not fuse it. After a McGurk illusion
participants gave more ‘ada’ responses (negative criterion shift) while after a nonfused
McGurk stimulus they responded ’aba’ more often (positive criterion shift). N=31. (**p<0.01;
***p<0.001).
Recalibration effect does not generalize between sounds
To manipulate sensory uncertainty, auditory stimuli could be embedded within white noise.
Categorizing the syllables /aba/ and /ada/ in the presence of white noise was more difficult
for noisy stimuli (accuracy for /aba/: 55.2%, /ada/: 69.6%) than for stimuli with no noise
(accuracy for /aba/: 90.0%; /ada/: 97.2%; main effect of noise: F(1,53)=619.36, p=6.6e-31).
Moreover, the proportion of ‘ada’ and ‘aba’ responses was more biased in the direction of
the percept on the previous trial in the high noise conditions. These results demonstrate
that our acoustic noise manipulation effectively increased sensory uncertainty, showing
a decreased performance in phoneme discrimination and increments in perceptual
priming under high noise stimulation [90]. To investigate the effect of noise on McGurk
illusions we ran a separate analysis (paired t-test) where we looked at the number of
illusions with or without noise. We observed that 71.8% (+ 26.6%, mean + SD) of McGurk
trials were fused to ‘ada’. Participants were more likely to fuse McGurk stimuli when the
auditory input contained noise (M=84.4%, SD=18.6%) than when it did not contain noise
(M=59.2%, SD=38.0%, t(53)=6.74, p=1.2e-8) suggesting that their perceptual judgment
was more influenced by the visual input if the auditory input was noisy.
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Next, we addressed the question whether the recalibration effect was modulated by
uncertainty in the auditory domain. Due to absent trials preceded by non-noisy McGurk
illusions in seven subjects (see Results, p.58) again this analysis was carried out on 47
participants. We expected that the recalibration effect was also affected by noise, in other
words a stronger influence of the previous McGurk illusion trial on the current /aba/ trial
if the current trial was noisy. However, we did not find a modulation of the recalibration
effect by noise which would be reflected in a three-way-interaction between noise,
previous condition and current condition. Neither noise on the current (F(1,46)=0.97,
p=0.39) nor on the previous trial (F(1,46)=0.76, p=0.47) modulated the recalibration effect.
Instead, we found a significant four-way-interaction for the percentage of ‘ada’ percepts
between condition and noise level on the previous and current trial (F(2,45)=4.12,
p=0.023). Unpacking this complex interaction, we observed that recalibration after
McGurk illusions occurred specifically for /aba/ trials (and not /ada/ trials), and only when
the noise level (and therefore the sound) of the current trial was identical to the noise level
of the previous trial (recalibration for identical noise levels: 9.0% (39%-30%) more ‘ada’
after McGurk illusion than after /ada/; recalibration for different noise levels: only 1.1%
(34%-33%) more ‘ada’ see Fig. 4.4B). Interestingly, there was only a significant interaction
between the noise level on the previous and current trial for auditory /aba/ trials that
were preceded by a McGurk illusion (F(1,46)=7.01, p=0.011). For trials with low noise, on
average 19.2% of /aba/ trials were perceived as ‘ada’ after a McGurk illusion trial. However,
if the McGurk trial contained a different noise level (i.e. high noise) this was only 11.6%.
The percentage of misheard /aba/ trials in the high noise condition was overall larger but
the same reasoning applied for trials with high noise, i.e. more recalibration if the previous
and current trial included white noise. 59.9% of the /aba/ trials were perceived as ‘ada’
after a fused McGurk trial. However, if the McGurk trial contained low noise this was only
56.9%; see Fig. 4.3 for the data in all conditions). We did not find such an interaction effect
for any other conditions - /aba/ preceded by /ada/ (F(1,46)=3.19, p=0.081), /ada/ preceded
by McGurk (F(1,46)=0.16, p=0.69) or /ada/ preceded by /ada/ (F(1,46)=0.93, p=0.34). Thus,
we found the strongest recalibration effect for trials with the same level of auditory noise.

Discussion
In this study, we addressed the mechanisms and requirements of phonetic recalibration.
We studied a large sample of participants with varying strengths of an audiovisual speech
illusion (McGurk illusion: auditory /aba/ together with visual /aga/ perceived as ‘ada’).
This enabled us to look at the relevance of integrating audiovisual information in order to
induce phonetic recalibration effects. We found that integrating audiovisual information
is necessary to undergo phonetic recalibration. Specifically, we found that immediately
after experiencing the McGurk illusion, but less after failing to perceive the illusion (21%),
auditory /aba/ was regularly misperceived as ‘ada’ (35%). SDT based analyses showed that
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this recalibration involved a perceptual shift. Auditory /aba/ became perceptually more
similar to /ada/ after a McGurk illusion which was evident from a decreased sensitivity.
Furthermore, we observed that the similarity (in the level of acoustic noise) between the
stimuli in two consecutive trials determined the size of the recalibration effect. The more
similar they were the stronger the effect was. Below we will describe and interpret the
results in more detail (see Fig. 4.6 for a schematic display of the main findings).
Recalibration depends on audiovisual integration
It is generally thought that “recalibration occurs only when there is a conflict between
auditory speech and visual speech” [82]. However, up to now it was unclear whether
exposure to audiovisual conflict is sufficient to elicit phonetic recalibration or whether
audiovisual inputs have to be integrated to one percept. This stems partly from the fact that
the percept at the moment of the audiovisual conflict is unknown. Phonetic recalibration is
typically studied using an exposure to audiovisual conflicting information and a phonetic
categorization task [28,81]. During the exposure phase participants are usually not asked
what they perceive. It is therefore unknown whether they successfully integrated the
audiovisual information on all trials. Ceiling performance during an identification task
of the audiovisual stimuli after exposure suggests that an ambiguous sound was indeed
interpreted in line with the visual speech. So, indeed it seems like audiovisual information
was successfully integrated. However, the question remained whether it is necessary for
recalibration to integrate conflicting inputs or whether exposure to conflict is sufficient. In
this paper we have asked participants on a trial by trial basis to report how they perceived
the incongruent McGurk stimulus (auditory /aba/ and visual aga/ integrated to ‘ada’ or
not). We have found that it is indeed necessary that a McGurk stimulus is fused to ‘ada’ to
elicit phonetic recalibration. If it is fused, then the next /aba/ sound that is encountered
is more likely to be perceived as ‘ada’ than after mere auditory /ada/. Crucially, when
the McGurk illusion was not perceived (‘aba’ percept) the following /aba/ stimulus was
perceived as ‘aba’ more often. While there was a general decision bias towards the percept
on the previous trial (reflected in a more liberal criterion to report ‘ada’ following /ada/
and McGurk trials), only after a fused McGurk we found decreased sensitivity, indicative
of perceptual recalibration. The sensitivity (d’) to distinguish /aba/ from /ada/ was smaller
after a McGurk illusion than after no illusion. The fact that we only found an effect on the
sensitivity after a McGurk illusion gives further support that our finding reflects more than
mere priming and rather a perceptual shift [80]. In line with our results, [91] showed that
the strength of the recalibration aftereffect is highly determined by the percept during
adaptation. Specifically, they showed that the size of the bias induced by lexical context in
a phoneme categorization task was positively correlated with the strength of the induced
aftereffect. Here, we go further by showing that exposure to audiovisual conflict is not
sufficient to elicit phonetic recalibration. Instead audiovisual inputs have to be integrated
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to one percept to elicit phonetic recalibration. It is in line with studies using sinewave
speech (i.e. artificially altered speech that is not perceived as speech by naive listeners)
where phonetic recalibration only takes place if the auditory information is interpreted as
speech [81] and as a prerequisite is integrated with the lip movements of a speaker [92].
Together with our findings, it suggests that the perceptual interpretation of audiovisual
events have impact on the subsequent unisensory percept.
Recalibration can occur after audiovisual integration in different dimensions – in time
[93], space [94] and identity [28]. The current study focused on the latter, the identity of
speech sounds. We demonstrated rapid recalibration, a shift in perception after a single
exposure to the McGurk illusion. It is an example of the flexibility of the brain, for instance
to quickly adjust to different speaker characteristics. Rapid recalibration that does not
require long exposure time has previously been demonstrated in the temporal [95] as well
as in the spatial domain [94] and for the categorization of phonemes [96]. In audiovisual
temporal recalibration conflicting auditory and visual information in time is perceived as
synchronous after brief exposure to the asynchrony [93]. Contrary to our findings, in the
temporary domain recalibration can occur independent of the percept, i.e. independently
of whether the preceding asynchrony was perceived as such [95,97]. One potential
explanation for this difference might be that temporal integration of audiovisual events
occurs before speech integration. Temporal integration is a prerequisite for the McGurk
effect - only if auditory and visual speech occur close enough in time, then there can be
integration that leads to the McGurk illusion [29,98]. It might therefore be more automatic
and require less awareness than the interpretation of speech. Even if participants perceive
the speech as asynchronous the brain might make use of the information outside the
awareness of the participants. The integration of audiovisual speech however requires
cognitive control [99,100].
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Figure 4.6. Schematic illustration of the observed phonetic recalibration. The two curves
display the perceptual representations of /aba/ (blue) and /ada/ phonemes (green). Depending
on the preceding trial (n-1) /aba/ and /ada/ might be distinguished using a different boundary
(criterion shift) or move closer to each other (decreased sensitivity). After a McGurk illusion
(auditory /aba/ together with an /aga/ video was perceived as ‘ada’; upper left quadrant) not
only did the criterion shift towards /aba/ (black vertical line) but the two curves also moved
closer to each other making /aba/ and /ada/ less distinguishable. If the preceding McGurk
stimulus however was not fused (perceived as ‘aba’; upper right quadrant) then only a shift
in criterion in the opposite direction was observed. In that respect, the effect of a McGurk trial
perceived as ‘aba’ on the consecutive trial was comparable to that of auditory /aba/ (lower
right quadrant) where we see a criterion shift in the same direction. After an auditory /ada/ the
criterion shift was comparable to that after a McGurk illusion but without a different sensitivity.
(For the numeric results of the signal detection analysis see Fig. 4.4 and Fig. 4.5).
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Recalibration does not generalize between sounds
We expected that preceding McGurk illusions lead to a stronger recalibration effect
if the auditory estimate is uncertain. Somewhat surprisingly we did not find stronger
recalibration in the uncertain condition (i.e. added white noise). While multisensory
integration generally depends on the reliabilities of the sensory information [101],
recalibration does not seem to depend on how reliable the unisensory inputs are. Instead
of an effect of uncertainty we found the strongest recalibration effect if the previous
and the current trial share most acoustic features, i.e. if the noise level was the same. It
suggests that recalibration is very specific to the encountered sound.
Previous research does not agree on whether recalibration generalizes across speakers
[102–104]. Our results support the idea that phonetic recalibration is very sensitive to
the similarity and interpretation of previous stimulation. Based on our findings we would
predict that phonetic recalibration does not generalize across speakers since the spoken
syllables from different speakers would differ in their acoustic features and therefore
not elicit recalibration. This view is compatible with previous studies showing a speaker
specific effect [102,104]. Interestingly, the recalibration effect which shifts the percept of
the phoneme /b/towards /d/ does not generalize from /aba/ to slightly different syllables
like /ubu/ or /ibi/ [105]. In other words, even if the phoneme is exactly the same /b/ during
exposure and testing, the acoustic features during exposure (in this case the surrounding
phonemes) determine whether recalibration occurs. In our case, also the same /b/
was encountered but the acoustic context (noise) was sometimes different. Phonetic
recalibration aftereffects have been found to not only be phoneme or speaker specific,
but also ear specific [106]. Keetels et al. showed that the same ambiguous sound can be
simultaneously adapted to two opposing phonemic interpretations if presented in the left
and right ear. All these results together suggest that phonetic recalibration is very specific
to the acoustic context during exposure. Such stimulus specificity might be adaptive to
update the phonetic mappings of different speakers in parallel. This mechanism seems
plausible since similar phonemes can produce quite different acoustic features. Phonetic
recalibration should take these variations into account and therefore be a very speaker
specific mechanism. How the brain updates and stores these multiple input-percept
mappings in parallel remains a question for future investigations.
Phonetic recalibration makes /aba/ more similar to /ada/
With the current study we aimed at unveiling the perceptual and decisional nature of
phonetic recalibration. To do so, we used the SDT to index changes in sensitivity and
criterion. As described earlier (see introduction p.51 and Fig.4.1), an increase in ‘ada’
responses during auditory /aba/ could be caused by a shifted criterion (more ‘ada’
responses) or a perceptual change in sensitivity (/aba/ and /ada/ become more similar).
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We applied SDT and found support for both (see Fig. 4.4A for the numeric results; see
Fig.4.6 for a schematic illustration of the results). After experiencing a McGurk illusion the
criterion was more shifted towards /aba/ than after experiencing a nonfused McGurk or
an ‘aba’ trial, and thereby increased the proportion of ‘ada’ responses. This was also found
after auditory /ada/ trials (see Fig. 4.6 lower two panels). The criterion shift can therefore
be seen as a form of perceptual priming by the previous trial. More interestingly, we found
a change in sensitivity only after McGurk illusion trials. In other words, after participants
fused auditory /aba/ and visual /aga/ to ‘ada’, then auditory /aba/ and /ada/ became more
similar. Solely based on the decreased sensitivity we cannot tell whether /aba/ becomes
more similar to /ada/, /ada/ more like /aba/ or both. However, since auditory /ada/ is
affected less by a preceding McGurk illusion than /aba/ it seems likely that /aba/ shifted
towards /ada/ and not the other way around. In other words, after experiencing the
McGurk illusion auditory /aba/ actually sounds a bit more like ‘ada’ which was the fused
percept on the trial before (see Fig. 4.6 upper left panel.)
Support for a Bayesian belief-updating model
Our recalibration results, in particular the shifted distribution of /aba/ towards /ada/
after a McGurk illusion, can be accounted for by a Bayesian belief-updating model [83].
According to this model, when listeners encounter a sound (e.g. /b/ during McGurk
stimulus) that they consider to be /d/ (e.g. McGurk illusion) they will change their beliefs
about the distribution of /b/. The simulations by [83] predicted a shift of /aba/ towards /
ada/, which is exactly what we found. It also explains why there is (see Fig. 4.5) and should
be no recalibration after a nonfused McGurk trial. Namely when listeners do not consider
/b/ to be /d/ there is no update of the belief-model.
As far as we know, this is the first empirical data on phonetic recalibration caused by
audiovisual speech that supports the proposed Bayesian belief-updating model. Besides
visual speech, phonetic recalibration can be triggered by a lexical context, e.g. a word [66].
An ambiguous sound in between two phonemes (e.g. between /f/ and /s/) is perceived
as ‘s’ if it occurred before in an s-word. For this type of recalibration, a similar discovery
was made. Recalibration due to lexical context was reflected in a shifted criterion as well
as in a decreased sensitivity [107]. A consistent finding in the literature is that lip-read
recalibration is usually stronger than lexical recalibration [91]. This might appear counterintuitive from a Bayesian belief-updating model, given that lexical context is more
constraining than lip-read context (e.g. a lip closure may signal either /b/, /p/ or /m/). This
may lead to the a priori prediction that the less ambiguous lexical context should update
the observer’s belief more strongly than lip-read context, leading to stronger recalibration
aftereffects. We speculate that a possible explanation for this asymmetry in recalibration
strength might be related to the degree of estimated causal link for conflicting information
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derived from lip-read and lexical contexts. We propose that integrating auditory speech
and lip-read context (McGurk illusion) involves the assumption of a more direct causal
link between both sources of information than the integration of higher-level phonetic
representations (lexical recalibration). Unlike lexical context, lip-read and auditory
phonetic stimuli generally hold very consistent spatiotemporal correlations (i.e. auditory
speech signals and lip-read signals unfold over time and contain both dynamic configural
information and local motion cues). That makes that conflicts between lip-read and
auditory signals can be resolved at the stimulus level, reinforcing the unity assumption
between the two external sources of phonetic information. Assuming a stronger causal
link between lip-read and auditory information can explain why listeners update their /
aba/ distribution more often in the case of lip-read recalibration paradigms, leading to
stronger recalibration effects compared to lexical recalibration paradigms.
Together with the current study, a Bayesian belief-updating model supports the idea
that categorization of phonemes can shift perceptually to account for variabilities in the
environment. Our finding that the recalibration effect seems stimulus specific points to
the possible nature of these variabilities. Namely, that the brain can adjust to specific
variabilities but that it does not generalize easily. This intuitively makes sense since we
learn to categorize continuous sounds into discrete phonemes and words. A strong
prior about the phoneme boundaries is likely to have been built throughout our life.
If a counterexample is encountered (e.g. a speaker pronouncing a phoneme slightly
differently) it seems reasonable to adjust the interpretation of that specific sound and not
the whole category.
Selective speech adaptation versus phonetic recalibration
Our study replicates previous findings showing that conflicting visual context induces
strong speech recalibration aftereffects [28,80,108]. However, it is important to note that
we did not find selective speech adaptation, which is another type of aftereffect [109]:
Hearing /aba/ frequently can induce adaptation, decreasing the likelihood of perceiving
/aba/ in subsequent trials. We did not observe a reduction of ‘aba’ responses following
auditory /aba/ trials compared to following auditory /ada/ trials (where no adaptation
neither recalibration is expected). Importantly, the reduction in ‘aba’ reports was specific to
those trials following an illusory McGurk trial. Therefore, we believe that the increment in
‘ada’ responses after illusory McGurk trials can only be accounted for by recalibration and
not by a process of selective speech adaptation process. We speculate that the absence
of adaption effects in our experiment might be due to the use of a rapid recalibration
design, where the adaptors randomly varied in each trial. Whereas assimilative effects can
take place with just one trial of conflict exposure, contrastive effects usually require longer
exposure periods than a single trial to build up [96,110].
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Conclusions
Phonetic recalibration (i.e. a remapping of how a speech sound is perceived) depends on
the perceptual interpretation of audiovisual information. Mere exposure to mismatching
audiovisual speech (as during an unfused incongruent McGurk video) is not sufficient to
elicit recalibration. Instead, the inputs (auditory /aba/ and visual /aga/ in this case) have to
be integrated to one percept (‘ada’). Only then there is recalibration, which is manifested
in a perceptual shift of the speech sound towards the perceptual interpretation. In a sense,
not a mismatch between the two sensory modalities is key but a mismatch between the
auditory input (/aba/) and the perceptual interpretation (‘ada’). By recalibrating how
/aba/ is perceived, the input is brought closer to the percept during a McGurk illusion
and thereby the mismatch between input and percept is reduced. It would be interesting
to see in how far the requirement to successfully integrate multisensory events applies
to other forms and modalities of multisensory integration, like visuo-proprioceptive
[111] or audio-tactile [112] perception. Furthermore, the more similar two consecutively
encountered sounds are, the stronger the remapping is. It gives an idea how the brain
might be able to update the interpretation of multiple speaker specific pronunciations in
parallel, namely by shifting the representations of a specific speech sound independently
of others.
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Does visual speech activate corresponding auditory
representations?
Abstract
Merely seeing someone speak can activate auditory cortices, suggesting that auditory
phonetic representations may be cross-modally activated by their corresponding visual
representations. In the current study, we empirically examined whether this is the
case, by presenting subjects with short visual speech fragments (/aba/ and /aga/), and
examining whether this visual speech activates corresponding auditory representations,
using multivoxel-pattern analysis in auditory cortices. Furthermore, we investigated
whether this cross-modal activation is an automatic or effortful process. To this end, we
manipulated participants’ attention to speech by asking participants to either perform
a speech discrimination task or a color detection task at fixation. While we did observe
a general activity increase in auditory cortex during presentation of visual speech, we
did not find convincing support for the specific activation of auditory representations
induced by visual speech.
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Introduction
Our brain integrates information from different sensory modalities. For instance, when
you are biking to work you see cars passing by (visual) but you also hear the sounds they
make (auditory). When you are estimating whether it is safe to overtake a bike in front of
you, you integrate both visual and auditory information about the distance of the cars.
Researchers have been puzzled by how the brain deals with this multisensory integration.
Part of the answer may lie in so called cross-modal activation, where “a neural response
(is) elicited by stimuli from a different sensory modality presented in isolation” [113]. In
line with this notion, visual information can activate auditory brain areas [114,115] and
vice versa, auditory information can activate visual brain areas [116–118]. These findings
suggest that unisensory brain areas are automatically activated by a different modality
and that this activation even contains stimulus-specific information. However, general
differences between stimuli could lead to non-specific differences in overall brain activity
which can drive the different brain patterns that are picked up by a classifier [119]. For
instance, imagining the sound of hectic traffic could lead to more arousal than imagining
the sounds of a peaceful forest [116]. Furthermore, some stimuli can be more salient
(e.g. silent video of a barking dog) than others (e.g. silent video of a bass being played),
possibly leading to changes in how easily they trigger auditory imagery [114]. To be able
to claim that stimulus specific information is activated cross-modally, one needs to control
for such differences in arousal or salience.
In order to reveal whether visual speech activates corresponding auditory representations
in the current study we focused on the visual perception of silent speech, i.e. seeing lip
movements of a speaker without hearing what is being said. We presented silent videos
of a speaker saying short non-word syllables. These visual stimuli were not semantically
meaningful (e.g. compared to the auditory scene of traffic). Apart from the short closing
of the lips for /b/ but not for /g/, their visual features were very similar. It is therefore
unlikely that one stimulus was more salient or arousing than the other. Despite these
subtle differences in visual speech, the stimuli can be distinguished and interpreted as
different syllables because speech perception is automatic and we have a lot of expertise
with it. Visual speech can affect how we interpret auditory speech and even help us
understand speech [10,27]. Silent speech also activates auditory cortices, suggesting that
visual speech biases activity in auditory areas [115]. However, it is unknown whether these
activations reflect a preparatory response for the upcoming auditory speech or whether
visual speech is actually represented in auditory cortex. And if visual speech is actually
represented in auditory cortex , does it require an effortful process of auditory imagery
or does it occur automatically? To examine whether this cross-modal activation would
be automatic we manipulated participants’ attention to speech by asking them to either
perform a speech discrimination task or a color change detection task at fixation.
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Methods
Participants
The experiment was conducted on the same 27 participants who also took part in a
previous study [67]. One participant had to be excluded because of data coregistration
issues. The remaining 26 participants were included in the analysis (22 women, 4 men,
age range 19–30 years). All participants had normal or corrected-to-normal vision and
gave written informed consent. They were either financially compensated or received
study credits for their participation. The study was approved by the local ethics committee
(CMO Arnhem-Nijmegen, Radboud University Medical Center) under the general ethics
approval (“Imaging Human Cognition”, CMO 2014/288). The experiment was conducted
in compliance with these guidelines.
Material
The visual stimuli were silent videos that showed a speaker articulating /aba/ or /aga/. The
same videos were used with matching or mismatching sounds in an earlier experiment
(see Chapter 2+3). For each condition four videos were used yielding eight one-secondlong videos in total. During the whole experiment a light grey fixation cross located at
the center of the mouth remained on the screen. The cross turned dark grey for 200
milliseconds (ms) on half of the trials. This color change could appear 80 ms, 280 ms, 480
ms or 680 ms after stimulus onset (see Fig. 5.1, see color task in Design below). The videos
appeared centrally on the screen and covered 6% of it (visual angle of ~8°).
Design
Each video occurred 40 times yielding 320 trials in total distributed over four sessions.
Forty null events were included (i.e. fixation cross for 7.5 seconds). The sessions were
separated by a one-minute break where the researcher monitored the participants’
wellbeing via the intercom. Participants’ attention to or away from the speech content of
the videos was manipulated by varying the task that they had to perform, respectively a
speech and a color task. During the speech task participants had to indicate with a button
press whether they thought the speaker articulated /aba/ or /aga/ using their right index
and middle finger respectively. During the color task participants used the same buttons
to indicate whether they detected a color change of the fixation cross. A central cue 1.5
seconds prior to the video onset announced the upcoming task (“S” for speech and “C”
for color task, see Fig.5.1). The task (speech, color), the stimulus condition (/aba/, /aga/)
and the fixation cross condition (remain bright, turn dark) were presented in a random
order on a trial by trial basis such that they occurred on average equally often across task,
condition and flickering fixation cross. Due to hardware problems the video was not
presented on two to six trials (average 3.5 trials, 1% of total) for part of the participants
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(N=11). These trials were not included in the analysis. For the remaining 16 participants, all
videos were presented. Until the hardware problem was solved, for the consecutive three
participants a laptop was used to present the stimuli to participants in the MRI scanner
instead of the standard stimulus computer in the lab.

Figure 5.1. Experimental design. While watching silent videos of a speaker participants
performed one out of two tasks, a speech (left, red) or color task (right, blue). A cue at the beginning
of every trial (“S” or “C”) announced the upcoming task. During the speech task participants had
to indicate what they thought the person said, /aba/ or /aga/ by pressing a button (here ‘aba’).
During the color task participants had to indicate whether they detected a brief darkening
of the fixation cross (here ‘yes’). The fixation cross is enlarged (3x) for illustration purposes.
In this example the light grey fixation cross flickered for 200ms after 280ms (black square).
fMRI data acquisition
The functional images were acquired with a 3T Skyra MRI system (Siemens, Erlangen,
Germany) using a continuous T2*-weighted gradient-echo EPI sequence (29 horizontal
slices, FA = 80 degrees, FOV = 192×192×59 mm, voxel size = 2×2×2 mm, TR/TE = 2000/30
ms). The structural image was collected using a T1-weighted MP-Rage sequence (FA =
8 degrees, FOV = 192×256×256 mm, voxel size 1×1×1, TR = 2300 ms). Furthermore, the
images of a functional localizer (see Chapter 2+3) and an audiovisual dataset (see Chapter
2+3) were included in the current study.
FMRI data analysis
BOLD activity analyses were performed using Statistical Parametric Mapping (http://www.
fil.ion.ucl.ac.uk/spm/software/spm8, Wellcome Trust Centre for Neuroimaging, London,
UK). The first five volumes were discarded to allow for scanner equilibration. During
preprocessing, functional images were realigned to the first image, slice time corrected
to the onset of the first slice and coregistered to the anatomical image. For the univariate
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analysis, images were additionally smoothed with a Gaussian kernel with a FWHM of 6 mm
and finally normalized to a standard T1 template image. A high-pass filter (cutoff = 128 s)
was applied to remove low-frequency signals. The preprocessed fMRI time series were
analyzed on a subject-by-subject basis using an event-related approach in the context
of a general linear model. For each trial, we estimated BOLD amplitudes for the four
conditions (auditory /aba/ and /aga/ in speech and color task) using the method outlined
by Mumford et al. [68], namely estimating separate GLMs for every trial modelling the trial
of interest in one regressor and all the other trials in another regressor. This resulted in 320
betas, 80 betas per condition. Six motion regressors related to translation and rotation of
the head were included as nuisance variables (for more information on the processing
of the auditory localizer and the audiovisual dataset we refer to the methods section of
chapters 2 and 3). We compared the BOLD activity during the speech and color task. To
this end, we extracted the estimated beta values from auditory cortices with the software
package MarsBaR (http://marsbar.sourceforge.net/). We used the same auditory mask that
was also used for the classification analysis (see next paragraph, see Fig. 5.2B). Next to
frequentist statistics, we additionally calculated the corresponding Bayes Factors in order
to judge the evidence for the null hypothesis.
The goal of the classification analysis was to train a classifier to distinguish between the
syllables /aba/ and /ada/ during visual speech. To this end, for every subject we trained a
linear support vector machine on the 200 most active voxels according to the auditory
localizer (contrast syllables vs. baseline). Furthermore, these voxels had to overlap with
the group activity map of the same contrast (p<0.001, uncorrected, see Fig. 5.2B) to ensure
that the selected voxels were located in auditory cortices and were functionally relevant
for the perception of the syllables. This contrast activated a cluster in bilateral superior
temporal gyrus, i.e. in primary auditory cortex (50% activated) and secondary auditory
cortex (30% activated), as assessed by an overlap analysis with cyto-architectonally
defined primary and secondary auditory areas [69,70]. A grey matter mask was applied to
exclude voxels in white matter. The classification analysis was performed using Scikit-learn,
a machine learning toolbox for python [71]. For the classification analysis within the visual
speech dataset, we used a Stratified 4-Folds cross-validator, where the data was split into
train and test sets while the percentage of samples for /aba/ and /aga/ was preserved. For
the generalization analysis, we trained the classifier on a separate dataset of audiovisual
/aba/ and /aga/ and tested it on visual speech. In all these analyses, we tested whether
classification accuracy exceeded chance level (50%) with a one-sided paired t-test.
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Results
Behavioral results
Participants’ performance was generally high during both the speech task (Did the
speaker say ‘aga’ or ‘aba’?) and the color task (Did the fixation cross flicker?). They were
more accurate during the speech task (99.3% ± 2.1%) than during the color task (90.0%
± 9.1%; t(25)=-5.31, p=1.7e-5) suggesting that the speech task was slightly easier. The
only trials where participants made mistakes during the color task were trials where the
fixation cross changed color but they failed to detect it.
Overall brain activity during visual speech
We first tested whether the activation of auditory cortices by silent speech was modulated
by attention. We expected higher activity in auditory cortices when the speech content
was task-relevant and therefore attended (speech task, see Fig.5.1) compared to when it
was task-irrelevant and therefore unattended (color task, see Fig. 5.1). The analysis was
restricted to a bilateral auditory cluster that was active during a separate functional auditory
localizer (see Fig. 5.2B). Surprisingly we did not find a significant difference in auditory
activation between the two tasks (t(25)=-0.22, p=0.83; see Fig. 5.2A). The Bayes Factor
analysis demonstrated moderate evidence for the null hypothesis (BF10=0.22), suggesting
that the activity in auditory cortices during both tasks was the same. Furthermore, we
examined overall brain activity when participants watched the silent speech videos. We
did not find any clusters that were significantly more active when the speech content
was attended (speech task > color task). The opposite contrast revealed frontal clusters in
the bilateral insula, superior frontal gyrus and frontal pole (see Table 5.1). Anterior insular
activations are often linked to heightened effort in perceptual tasks [120]. These frontal
activations support the idea that participants found the color task more difficult than the
speech task (see behavioral results).
Table 5.1. Brain regions associated with decreased/increased activity when speech is attended
(speech task) or not attended (color task; p<0.001, uncorrected).
Contrast

Color task > speech task

Anatomical region

Insula lobe

Hemisphere

Cluster size
(voxels)

MNI
coordinates
x

y

T value
(df)

z

Right

527

56

22

2

5.73 (25)

Left

142

-34

18

-4

4.72 (25)

Superior frontal gyrus

Right

348

33

53

12

4.61 (25)

Frontal pole

Left

108

-30

60

-2

5.17 (25)

Superior medial gyrus

Right

128

4

42

32

4.79 (25)

(no significant clusters)

Color task < speech task
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Figure 5.2. Auditory cortex activation during silent speech was not modulated by attention
(A) Extracted beta values for speech task vs. baseline (red) and color task vs. baseline (blue). No
significant (n.s.) difference. Error bars display standard error of the mean. (B) The slices (y= -20,
z=6) display the binary mask (yellow) that was used to extract the beta values in A. To create
this mask, we used the significant group activity map of voxels in primary and secondary
auditory cortex that were most active during the localizer (syllables > baseline, p<0.001).
Classification results
While the overall activity in auditory cortex was similar for the speech and color task, it
is possible that the patterns of activity represented the different visual speech stimuli
more accurately in the speech condition than in the color condition [121]. To examine
this, we performed a multivoxel-pattern analysis (MVPA) to investigate whether the
auditory cortex contained stimulus specific representations in either task. We first tested
whether the classifier can distinguish auditory syllables during a separate auditory
localizer (blocked design, see Table 5.2). The support vector machine was indeed able
to classify /aba/ vs. /aga/ with 57.5% accuracy in auditory cortices (see Fig. 5.2B) which
was significantly higher than chance (50%; t(25)=3.58, p=7.29e-4). When we classified
the same syllables in an audiovisual dataset (train and test within event-related design;
see Table 5.2, McGurk study) classification was markedly lower with 51.7% but still above
chance (t(25)=2.25, p=0.017). Even in the absence of auditory stimulation, /aba/ and /aga/
videos could be distinguished in auditory cortices when the classifier was trained and
tested on visual speech (52.1%, t(25)=3.18, p=0.002). Surprisingly, classification accuracy
in auditory cortices for audiovisual /aba/ and /aga/ (i.e. auditory stimulation present) was
not higher than during silent videos of /aba/ and /aga/ (i.e. when auditory stimulation
was absent) (t(25)=-0.43, p>0.50, BF10=0.15). Next, we were interested in whether visual
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speech can be picked up in auditory cortices regardless of whether attention is drawn
towards or away from the speech content. We expected better classification performance
when participants attended to the speech content. Surprisingly, classification was
similar during the speech (53.4%, see Fig.5.2) and color task (52.5%, t(25)=0.72, p=0.24,
BF10=0.40, see Fig.5.2). During both tasks, the activation patterns for /aba/ and /aga/ were
reliably different, culminating in above chance classification for both tasks (speech task:
t(25)=3.54, p=8.1e-04; color task: t(25)=2.84, p=0.004). Together with the previous finding,
this suggests that silent /aba/ and /aga/ videos can be distinguished based on the activity
patterns in auditory cortices independent of whether participants attend to the speech
content or not.
In the previous analysis we trained and tested the classifier on different trials from the
same dataset. Although classification performance for visual speech was above chance
level in auditory cortices, it is unclear whether the classifier picked up auditory information
or unrelated BOLD activity fluctuations between conditions. An example for such a BOLD
activity fluctuation is increased attentional demand for one condition[119], for instance if
/aga/ is more difficult to detect than /aba/ in the current study. Therefore, we trained the
classifier on a separate dataset. If this generalization succeeds, one can be more confident
that the auditory content of the visual speech is actually picked up by the classifier. We
trained the classifier on an audiovisual dataset, i.e. the identical visual syllables /aba/
and /aga/ however including the matching sound (congruent audiovisual trials from
the McGurk study, see Table 5.2), and tested it on the same visual syllables again. Here,
classification during the speech (50.3%) and the color task (49.4%) dropped to chance level
(see Fig. 5.3). Similarly, when training the classifier on the auditory localizer and testing it
on the visual dataset, classification during speech (51.8%, p=0.043) and color task (50.8%)
was close to chance level. It therefore remains unclear whether the classifier within the
visual speech picks up auditory information or other unrelated BOLD activity differences
between conditions. To investigate whether overall univariate differences between the
two conditions could explain the classification results, we compared the activation of
auditory cortices for visual /aba/ and /aga/. We found that, in both tasks, visual /aba/
activated auditory cortices more than /aga/ (F(1,25)=4.97, p=0.035). These univariate
differences can drive classification performance. Unfortunately, since generalization from
a separate auditory dataset did not succeed, it remains unclear whether different auditory
representations during /aba/ and /aga/ drive the classification.
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Table 5.2. Overview of all fMRI datasets used in this thesis. More information can be found
in the respective chapters. Con.= congruent, incon.= incongruent
Dataset

Design

Stimulus modality

Syllables

Chapter

Auditory localizer

Blocked

Auditory

/aba/ /ada/ /aga/

2+3+5

McGurk study

Event-related

Auditory

/aba/ /ada/ /aga/

2+3

Audiovisual (con.)

/aba/ /aga/

2+3+5

Audiovisual (incon.)

Visual /aga /+ auditory /aba/

2+3

Visual

/aba/ /aga/

5

Visual task

Event-related

Figure 5.3. Classification accuracy of silent speech in auditory cortices. The classifier
identified /aba/ and /aga/ significantly above chance (50% dashed line) if it was trained and
tested on the visual (V) dataset. Classification was not higher when the speech content was
attended (speech task left, red bar) than when the speech content was unattended (color task
right, dark blue bar). However, when the classifier was trained on audiovisual (AV) /aba/ and
/ada/ of a separate dataset, classification dropped to chance level (light red and light blue
bars). The stars indicate that classification performance was significantly higher than chance,
*** p<0.001, ** p<0.01.
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Discussion
In this fMRI study we investigated the cross-modal activation of auditory cortices by
visual speech. Silent videos of articulated /aba/ and /aga/ could be distinguished based
on activity patterns in auditory cortices. This was independent of whether participants
attended to the speech content or not, suggesting that visual speech automatically
activated auditory cortex. However, we did not find support for the claim that this
activation reflected auditory representations, since visual speech could not be classified
based on an auditory training dataset. This suggests that visual speech did not activate
the corresponding auditory representations in auditory cortex. We will discuss possible
explanations for these null findings below.
Visual speech activates auditory cortex
Brain areas that have previously been thought to be strictly unisensory (i.e. being sensitive
only to stimuli from one specific sensory modality) such as primary visual or auditory
cortices, are now considered to be susceptible to stimulations from more than one
sensory modality [113,122]. Stimuli in one modality can even be distinguished based on
activity patterns in another modality, for instance silent videos of musical instruments or
animals can be distinguished in auditory cortex [114]. It is unknown whether differences
in neural activity are indeed due to different auditory representations or whether they are
caused by unrelated differences between stimuli. These differences can lead to different
levels of arousal or vividness of imagery that can affect classification performance. In the
current study, we controlled for such differences in stimuli by looking at short fragments
of silent speech. Using multivoxel-pattern analysis, we found that the silent syllables
/aba/ and /aga/ could be distinguished above chance based on the activity patterns in
auditory cortices. This cross-modal activation of auditory cortex by visual speech seemed
to be rather automatic since classification performance was independent of the task that
the participants performed. Classification of the syllables exceeded chance level both
when they attended to the speech content (Did the speaker say ‘aga’ or ‘aba’?) and when
they attended away from the speech (Did the fixation cross change color?). This finding
suggests that visual speech may indeed activate auditory cortex automatically.
Visual speech does not activate auditory representations
In the previous section, we discussed that visual speech (/aba/ and /aga/) could be
distinguished in auditory cortices based on the auditory cortex activations. It is, however,
unclear what underlies these differences in brain activity patterns, since we also found
univariate BOLD activity differences between the two syllables (/aba/, /aga/) in auditory
cortices. These differences could be related to the auditory modality (e.g. /aba/ generally
activates auditory cortices more easily) but they could also be caused by small confounds
that correlate with the two conditions, such as attentional demand or arousal. To shed
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more light into the apparent pattern differences in auditory cortices during visual
speech, we trained the classifier on a separate audiovisual dataset. The reasoning behind
this generalization was that if visual speech can be classified based on an auditory or
audiovisual training data (e.g. audiovisual /aba/ and /aga/) then this would support the
idea that visual speech activates the corresponding auditory representations in auditory
cortex. Unfortunately, generalization did not succeed - the classification accuracy did not
exceed chance level.
Other studies also reported unsuccessful cross-modal classification, i.e. train on auditory
dataset and test on visual dataset [116,123,124]. There are three possible explanations for
this null finding. One is that activations of auditory cortex during visual stimulation do not
reflect auditory representations. The differences in pattern activity that is picked up by
a classifier must then stem from other factors unrelated to the auditory domain, such as
attentional demand or arousal. Another possible explanation is that the representations
of auditory imagery during visual stimulations are qualitatively different from bottom-up
activation by auditory input. In the visual modality, imagery and perception share features
in visual cortex that can be picked up by cross-classification, i.e. training a classifier on
perception and testing on imagery [125]. In auditory perception, it has been suggested
that auditory imagery and bottom-up auditory stimulation are encoded differently [124].
The reasoning is that both auditory imagery in the absence of auditory input and auditory
perception activate auditory cortex but that the two processes are too dissimilar to allow
cross-modal classification. However, further research is necessary to find support for this
interpretation. One possible approach to address this issue would be to use auditory
imagery for training the classifier (e.g. read a syllable and imagine hearing it, arbitrary
cue to imagine a syllable, etc.) and then testing it on auditory cortex activity during visual
speech. If visual speech can be distinguished in auditory cortex after training the classifier
on auditory imagery, importantly independent of how the imagery was triggered, this
would support the idea that visual speech activates auditory cortex by auditory imagery.
However, imagery is an effortful process. If it is used as a manipulation to activate auditory
cortices, it remains unclear how automatic cross-modal activation can be. This question
would still require more research. Finally, another explanation for the lack of generalization
in the current study could be that the training and testing data in the current study were
too dissimilar or too noisy which made it impossible to classify visual speech. The rather
low classification accuracy within the audiovisual dataset points towards this explanation.
However, generalization from the auditory localizer, where classification clearly exceeded
chance level, was unsuccessful as well. Here, the different designs (blocked vs. eventrelated) could explain the lack of generalization.
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No attentional modulation of cross-modal auditory activity
Covertly attending a stimulus feature can boost brain activity in sensory areas [126,127].
Contrary to other studies we did not find enhanced activity in auditory cortices when
visual speech was attended [128]. This contradiction might partly stem from the selection
of different regions of interest. While Pekkola et al. looked at anatomically defined
primary auditory cortices (i.e. Heschl’s gyrus), the current study included primary as well
as secondary auditory cortices that were selected based on a separate functional localizer.
The increased auditory activation that they found for attended speech was furthermore
restricted to left primary auditory cortex [128]. This is in line with other studies that
primarily found a modulation effect of attention to auditory verbal stimuli in left primary
auditory cortex [34]. It is possible that our bilateral region of interest was too large to
detect these more fine-grained differences.
Open questions for further research
While cross-modal activation and classification has frequently been reported [116,124,129]
more research is needed to shed more light into the underlying nature of these crossmodal processes. It is still unknown whether stimuli in one modality trigger imagery in
another modality and whether this consequently leads to differences in brain activity
patterns in unisensory cortices or whether cross-modal activations occur automatically
without the necessity to imagine the matching percept in the missing sensory modality.
A task manipulation to control for attention to the absent sensory modality, like in the
current study, can be one way to approach this issue. Another possibility to find out
whether visual input activate auditory representations automatically, could be a masking
procedure where the visual speech enters the occipital cortex outside the awareness of
the participants. If these unconscious visual stimuli activate auditory cortex, this would
further support the idea that cross-modal activation is an automatic process.
Conclusions
In the current study we looked at cross-modal activations of auditory cortices by visual
speech. While the two visual speech syllables /aba/ and /aga/ could be distinguished based
on their auditory cortex activity patterns, we cannot claim that these differences were
purely of auditory nature. We conclude that, when controlling for low-level differences
between stimuli, the corresponding representations were not activated. Further research
is needed to investigate under which circumstances cross-modal activations of auditory
cortex takes place, what the role of auditory imagery is in this process and how automatic
it is. Based on the findings of the current study, it seems unlikely that cross-modal
activations by visual speech support the processing of audiovisual speech perception.
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Summary of the findings
Having a face-to-face conversation with someone is a multisensory experience. We do
not only effortlessly translate soundwaves into words and sentences but we also use the
mouth movements of the other to understand what she says. These mouth movements
can even have a direct effect on what we hear someone say, as is famously illustrated by
the McGurk illusion (auditory /ba/ and visual /ga/ is merged to ‘da’; see Fig. 1.2). In this
thesis I investigated these visual influences of seeing the speaker’s mouth on auditory
speech perception using fMRI and behavioral experiments.
In Chapter 2, I looked at the role of an important site in the brain involved in the integration
of audiovisual speech - superior temporal cortex (STC). I compared the neural response in
that area during videos of short spoken syllables where the auditory and visual stream
either did (congruent) or did not match (incongruent). The incongruent videos (auditory
/aba/, visual /aga/) led to a McGurk illusion (‘ada’ percept) on virtually all trials (94%).
While some previous research suggested that the McGurk illusion activates STC, I found
decreased activity in that area during the McGurk illusion. Possibly, these conflicting
findings can be explained by sensory surprise which can lead to increased neural activity.
The surprise associated with incongruent McGurk trials that are not combined to a ‘ada’
percept may conflate multisensory integration with sensory surprise. By focusing on
individuals who were prone to the illusion I controlled for this sensory surprise. It suggests
that the STC as convergence zone has a preference for auditory and visual information
to support the same representation – just as we also usually encounter in our daily lives.
Chapter 3 investigated the effect of audiovisual integration on subsequent auditory
processing. I demonstrated that the auditory perception of a short non-word syllable can
change due to prior merging of the senses, i.e. when the McGurk illusion was perceived
immediately before. The same sound that is encountered during the McGurk illusion (/
aba/) and that is perceived as ‘ada’ during the illusion, is later also perceived as ‘ada’ even in
the absence of any visual information. It suggests that our brain is able to flexibly change
the perceptual boundaries between speech sounds (e.g. /b/ and /d/) if new evidence is
encountered (/aba/ perceived as ‘ada’ due to the McGurk effect). Using multivoxel pattern
analysis I observed a neural counterpart of this recalibration effect in auditory cortex. When
auditory /aba/ was wrongly perceived as ‘ada’, brain activity patterns were more similar to
those elicited by /ada/ than by /aba/ sounds suggesting that the auditory representations
changed due to the McGurk illusion. These results suggest that upon experiencing the
McGurk illusion, the brain shifts the neural representation of an /aba/ sound towards /
ada/, culminating in a perceptual recalibration of subsequent auditory input.
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In Chapter 4, I replicated the finding of the previous chapter in a behavioral experiment
in a larger sample of participants. The strength of the McGurk illusion varied across
participants – the incongruent inputs were fused to ‘ada’ on average ¾ of the time. I
asked whether being exposed to incongruent McGurk stimuli is sufficient to recalibrate
auditory speech perception or whether the incongruent inputs have to be combined
to one percept (‘ada’) to lead to a shift in phoneme boundaries. I found support for the
latter. In other words, only if the sound (/aba/) was perceived differently (‘ada’) due to
the mismatching visual stimulation (/aga/), the brain seemed to update the auditory
representation of the sound /aba/. Additionally, our signal detection results suggested
that perceiving the McGurk illusion did not only lead to listeners becoming more liberal in
their discrimination (respond ‘ada’ more often) but also to a shift in perceptual boundary
between the sounds /b/ and /d/. In other words, /b/ and /d/ became more similar.
Lastly, in Chapter 5, I asked whether purely visual information can also affect auditory
processing. I presented the same videos of the speaker from the other experiments but
this time the speech sound was removed from the videos. At the same time, I measured
participants’ brain activity in auditory cortices. I expected a cross-modal activation of
auditory cortex by seeing the speaking lips that can be picked up by a classifier. However, I
did not find convincing support for specific activation of auditory representations induced
by these silent videos.
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After-effects in audiovisual integration
As discussed in the general introduction, audiovisual integration can be investigated from
several angles: temporal, spatial and identity-based integration. This thesis has focused on
the last, more specifically on the speech sounds that we hear (phonemes like /b/). One of
the main findings of this thesis was the discovery of a phonetic recalibration effect due to
the McGurk illusion (Chapters 3+4). Interestingly, similar after-effects have been described
for temporal and spatial integration as well (see Table 6.1). In the temporal domain,
exposure to asynchronous audiovisual events affects how audiovisual events are later
perceived in time [95]. Contrary to our findings, it does not seem to be a prerequisite for
temporal recalibration to integrate auditory and visual events successfully since this type
of recalibration also occurs when audiovisual events were not perceived as synchronous
in the adaptation phase, in other words when they were not integrated to one event. A
different level of processing of temporal characteristics and speech sounds could be a
potential explanation for this difference (see Discussion in Chapter 3). Separate subregions
of the superior temporal cortex are involved in processing temporal synchrony and
perceptual fusion (like during McGurk) [130] further suggesting different mechanisms.
In the spatial domain, being exposed to separated auditory and visual stimuli affects
how sounds are later localized, the so-called ventriloquism aftereffect [65]. Exposing
participants to spatially disparate audiovisual stimuli with a constant spatial offset (e.g.
the sound always comes from a location left of the visual source) results in a localization
bias of auditory stimuli towards that side later on. Recently, a neural correlate of this spatial
recalibration effect has been documented in human primary auditory cortices [131].
Although sounds from both ears are processed in both hemispheres, auditory cortex
is typically slightly more sensitive to contralateral sounds. In other words, left auditory
cortex responds more to sounds from the right ear than the left one and the other way
around [132]. Zierul et al. found that exposure to a constant audiovisual offset to the right
did not only result in a perceptual shift (ventriloquism aftereffect) but also in increased
activity in left primary auditory cortex [131]. In a way, auditory cortex responded as if
the sounds were actually coming from the right side, which in reality they did not. Due
to the exposure to simultaneous but spatially incongruent audiovisual events, the brain
seems to have updated its stimulus-source mapping. It is especially striking that this effect
reaches early auditory processing.
Other studies have also suggested that perception, and not only bottom-up input, can be
reflected in early auditory representations [26,114]. Together with the findings in this thesis,
these studies also demonstrate how plastic the adult human brain can be. Multisensory
experiences can be used by the brain to update the interpretation of unisensory
information. While this update results in a “wrong” percept in phonetic recalibration and
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the ventriloquism aftereffect, it can be very functional in daily life where auditory and
visual information usually match. For instance, in situations where a non-native speaker
pronounces a phoneme differently than a native speaker, her mouth movements can be
informative to first, still understand the message, and second, update how the speech
sound should be interpreted. Our findings furthermore suggested that the recalibration
effect is specific to the encountered acoustic features (as the effect was strongest when
the acoustic noise level was the same during adaptation and testing). In other words, the
brain does not seem to generalize to similar phonemes or speakers. However, there is
no agreement on whether the brain can actually transfer its perceptual learning to other
exemplars [102–104]. It is still an open question under which circumstances the brain
utilizes its updated perceptual boundaries for the interpretation of different sensory
stimulations and when it does not. Independent of whether the brain generalizes to
other sensory inputs or not, the multiple findings on multisensory after-effects, not only
due to the McGurk illusion as reported in this thesis, suggest that it might be a general
phenomenon by which the brain learns to update its input-percept-mappings. For future
research it would be interesting to shed more light into the temporal dynamics of this
updating process in naturalistic settings. In other words, when do we tend towards one
or the other interpretation of sensory input? How do we store multiple input-percept
mappings for different speakers?
Table 6.1 A selection of related work on audiovisual illusions and their after-effects in the
domains of identity-based, temporal and spatial integration. (AV=audiovisual)
AV Integration

Illusion

After-effect

Identity-based

McGurk effect

[27]

McGurk after effect/ phonetic
recalibration

[28,80]

Temporal

Double-sound flash illusion

[7]

Recalibration to audiovisual
asynchrony

[76]

Spatial

Ventriloquist effect

[84]

Ventriloquism aftereffect

[65,131,133]
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Predictive processes in speech perception
In Chapters 3 and 4 we have demonstrated that perceptual boundaries can be flexibly
adjusted by the brain when new evidence is encountered. In this thesis, experiencing the
McGurk illusion served as such a ‘new evidence’ to update the mapping between input
(/ba/) and percept (‘da’). Kleinschmidt et al. has proposed a belief-updating model to
explain shifted perceptual boundaries between phonemes due to audiovisual experience
[83]. Our recalibration results are in line with this model. In short, the phonemes /b/ and
/d/ become more similar if /b/ is considered to be /d/. It suggests that speech perception is
not a passive and stable input-percept mapping but rather an active and flexible process
to adapt to changes in the environment. Audiovisual information can lead to an update
of the belief about which percept is caused by which sensory input. The brain forms
predictions about the outside world based on prior experience. If a sound is perceived
differently due to conflicting visual input, the predictions about spoken sounds are
adjusted. Even in the absence of audiovisual conflict, the brain utilizes visual information
to form predictions about upcoming sounds. The mouth movements that accompany
speech are visible before the onset of auditory speech and can therefore be informative
for the prediction of upcoming sounds. Not only can seeing the speaker’s face help us in
understanding a message but it can even accelerate the auditory processes in the brain
[10].
Related to the idea of predictive processing are feedforward and feedback pathways
in the brain. Brain regions are not independent from each other but they are highly
interconnected [134]. Feedback streams from higher order areas can inform low-level
areas about predicted sensory input. While in the visual system, feedforward and feedback
pathways between early and late visual processing areas have been widely documented
[11,135] such bidirectional processing streams are less established for the auditory system
[136]. Some research indeed suggests the involvement of feedback streams to early
auditory areas, i.e. primary auditory cortex [137]. This brain region processes low-level
auditory features in tonotopic maps [13]. More high-level features like the perception of
voice is processed in later areas like superior temporal sulcus [138]. This region is also
an important combining site for audiovisual integration [52]. In Chapter 2 we observed
that this area is sensitive to congruent audiovisual stimulation – what we encounter most
often in our daily life.
Our finding that the neural patterns in auditory cortex during a misperceived phoneme
resembled the percept more than the input, might suggest that there are feedback
connections from multisensory to lower auditory areas. Other research also support this
interpretation [26,114]. However, more investigations are necessary to further support
this claim. The laminar organizations of sensory cortices and their involvement in afferent
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and efferent connections (sending and receiving, respectively) can potentially give more
insights into interconnections between high and low auditory areas [139,140]. Research
on cross-modal activations suggest feedback projections to low-level sensory areas. For
instance, visual cortex was found to be activated by auditory scenes as well as auditory
imagery [116]. Either, areas that were previously thought to be purely unisensory do
process more than one sensory modality [141,142] or there are feedback mechanisms to
low-level areas. If auditory information activates visual cortex due to feedback connections,
maybe visual information can also stimulate auditory cortex. Although this has been
suggested in the literature [143] we could not find support for this claim. In Chapter 5 we
were unable to predict which silent videos of spoken syllables had been presented based
on the activity patterns in auditory cortex. It is an open question whether this was due to
absent feedback connections, the experimental design or low signal-to-noise. In previous
research, where cross-modal activations by visual input were demonstrated, stimuli were
not always well controlled for low-level differences or salience [143]. Future research should
focus on replicating these cross-modal activations with controlled stimulus material.
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Inter-individual differences in audiovisual integration
The McGurk effect certainly played a major role in investigating audiovisual integration
in the current thesis. Although the effect is frequently used to study audiovisual speech
integration, it is not a ubiquitous phenomenon. There is a high variability between
individuals and even between different McGurk stimulus materials [19,27,31]. In other
words, not everyone experiences the illusion all the time. At least within individuals it
seems to be a stable phenomenon across time [31], suggesting that it can be informative
for individual differences in audiovisual integration. While in Chapter 2 we controlled for
individual differences in multisensory integration (by selecting participants with a strong
McGurk effect), in Chapter 4 we demonstrated that perceptual differences in multisensory
integration can have substantial effects on behavior and perception.
It is still largely unknown why some people perceive the McGurk illusion and others do
not [144]. Some factors have been discovered that possibly contribute to inter-individual
differences in audiovisual integration. The native language can, for instance, determine
whether a McGurk illusion is perceived or not, with Chinese and Japanese speakers being
less prone to the illusion [61,145]. Furthermore, it has been found that skilled musicians
seem to experience the McGurk illusion less often than non-musicians [146] but it is not
clear yet why that is the case. Differences in brain anatomy have been linked to differences
in audiovisual integration. A smaller grey matter volume of primary visual cortex was
related to more illusory percepts in the double-flash illusion [147]. Possibly, grey matter
differences between musicians and non-musicians [148] partly explain the perceptual
differences in audiovisual integration. Additionally, the temporal binding window (see
General Introduction, p.13) might play a role in the susceptibility to multisensory illusions
[149]. A wider integration window was associated with a larger susceptibility to these
illusions. Not only the temporal characteristics of audiovisual integration but also the
temporal features of brain oscillations right before an illusory percept might be relevant.
Trials with an illusory percept differed from trials without one in the beta-band activity
(14-30 Hz) in left superior temporal regions in the pre-stimulus period and the functional
connectivity of this area with left frontal gyrus [150]. Further investigations on the
perceptual and neural processes that contribute to these differences are necessary.
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Audiovisual integration beyond speech perception
In this thesis I have focused on a specific form of audiovisual integration, namely speech
perception - the simultaneous perception of the voice (auditory) and the face (visual) of a
speaking person. I investigated how the speech sounds that we hear are affected by (audio)
visual input. Apart from this audiovisual information in a conversation, other audiovisual
clues can help us to understand the other. Gestures (visual) and intonations (auditory)
can be helpful for detecting the most important words in a message. Also, recognizing
emotions is easier when both auditory and visual information is available, provided by
the timbre of the voice and facial expressions respectively. It turns out that similar regions
as during audiovisual speech perception are involved here, namely, posterior regions in
the superior temporal gyrus (STG) [151]. Apart from audiovisual integration, STG has also
been associated with theory of mind, facial processing and even visual motion perception
[152]. It is thus, not limited to audiovisual speech integration but rather seems important
for human interactions in general. Even during a conversation, different brain regions can
be involved in processing speech and non-speech gestures [153].
Apart from face-to-face conversations, we encounter very different types of situations
in our daily life where our brain has to combine audiovisual information. For instance,
when we play a musical instrument, when we participate in the traffic or when we pick up
our ringing phone. In all these situations, using visual, auditory and even proprioceptive
information (i.e. how we perceive our own body and its parts) enables us to interact with
the external world. Information from these senses have to be integrated efficiently to
make accurate perceptual decisions. In how far do the findings of this thesis translate to
other situations of audiovisual integration? The after-effects in multisensory integration
that were not limited to speech perception suggest that a flexible mechanism of updating
the internal input-percept mappings might be a general phenomenon in audiovisual
integration. An overlap of brain regions involved in audiovisual integration of speech
and non-speech further supports the idea of resemblance [154]. Apart from this overlap
there must be neural processes and networks that are specific to the type of integration.
Some authors have claimed that speech perception is a very special form of audiovisual
integration. Only when sine-wave speech (i.e. artificially altered speech that is not
perceived as speech by naive listeners) was interpreted as speech, auditory and visual
information was integrated [156]. However, these findings can largely be explained by
whether participants interpreted auditory and visual information as originating from one
source. Only when it was perceived as speech, the auditory and visual information was
seen as one event and therefore combined. A similar effect could possibly be achieved
by separating auditory and visual information in time or space, and thereby manipulate
whether the inputs are perceived as coming from the same source. The results do not
necessarily only support the idea that speech is different to other types of audiovisual
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integration. Further research is needed to shed more light into the underlying processes
of naturalistic audiovisual integration.

Conclusion
This thesis investigated the visual influences on auditory speech perception using
behavioral and neuroimaging methods in adult participants. Making use of an audiovisual
speech illusion (McGurk effect) we demonstrated that auditory perception can be flexible
(Chapter 3+4). Auditory speech perception can be affected by integrating incongruent
audiovisual input. Importantly, this after-effect persists in the absence of visual stimulation.
Specifically, an auditory /b/ is often misperceived as a ‘d’ after a McGurk illusion where the
same sound (/b/) is perceived as ‘d’. The signal detection analysis results suggested that
this shift is not simply due to a response bias but rather an updated representation of /b/
and /d/. The neuroimaging results further suggested that this update in representation
might be reflected in early auditory cortex (Chapter 3). Overall our results are in line with a
predictive model of processing audiovisual speech. However, we did not find convincing
evidence that purely visual information can cross-modally activate the respective
representations in auditory cortices which would have further supported this feedback
hypothesis (Chapter 5). Furthermore, we found that the superior temporal cortex, an
important combining site in the brain for audiovisual integration, has a preference for
auditory and visual information to support the same representation, in other words when
auditory and visual information match as it also tends to do in everyday life (Chapter 2).
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Appendix

Nederlandse samenvatting
Wat je hoort is wat je ziet – Visuele invloeden op auditieve waarneming van spraak
Wanneer je een gesprek voert met iemand luister je niet alleen naar wat er gezegd wordt,
maar lees je ook de lippen van de ander. Dit gebeurt vaak onbewust. Denk maar eens
terug aan de laatste keer dat je een buitenlandse film hebt gezien die niet ondertiteld
was maar nagesynchroniseerd. Hoe voelde dat? Wellicht vond je het vervelend dat de
bewegingen van de lippen niet pasten bij wat er werd gezegd. Als je de lipbewegingen
niet zou verwerken en alleen maar zou luisteren, zou het niet moeten uitmaken wat je
ziet. We zijn echter gewend dat de lippen passen bij de woorden die we horen. Deze
visuele informatie helpt ons bij het volgen van een gesprek. Dat merk je vooral in een
lawaaiige omgeving zoals in een café waar je niet alleen maar kunt vertrouwen op wat
je hoort. Het is makkelijker om anderen te verstaan als je hun gezicht ook kunt zien. Het
zien van lipbewegingen helpt ons bijvoorbeeld om een onderscheid te maken tussen
medeklinkers; zei iemand ‘dier’ of ‘bier’? Naast de zin waar het woord in voorkomt, helpt
het ook om te zien of de mond aan het begin van het woord even gesloten werd (‘b’) of
niet (‘d’). In mijn onderzoek heb ik onder andere gevonden dat het zien van lipbewegingen
zelfs een invloed kan hebben op hoe we klanken daarna waarnemen.
In dit proefschrift heb ik onderzocht hoe het zien van lipbewegingen invloed kan hebben
op wat we iemand horen zeggen en wat er dan in ons brein gebeurt. Circa veertig jaar
geleden werd per toeval een interessante ontdekking gedaan op dit gebied: onderzoekers
hadden het beeldmateriaal van een sprekende persoon in een video verwisseld (van “Aba”
naar “Aga”) en plotseling hoorden ze iets heel anders (“Ada”), terwijl de geluidsopname
hetzelfde was gebleven (“Aba”). Wat ze hoorden hing ervan af of ze naar de video keken
of hun ogen dicht hadden. Ongeveer de helft van de bevolking is vatbaar voor deze
zogenaamde McGurk illusie1. Als je hen vraagt wat ze de persoon in de video horen
zeggen, dan antwoorden ze “Ada” of “Atha”. Mensen die de illusie echter niet waarnemen
merken op dat wat ze horen en zien niet bij elkaar past en geven aan dat ze “Aba” horen.
Deze illusie laat zien dat we niet alleen visuele informatie van de lipbewegingen gebruiken
om iemand te begrijpen, maar dat deze mondbewegingen zelfs kunnen beïnvloeden wat
we horen (zie de afbeelding op blz. 17 ter illustratie van de McGurk illusie). Dit fenomeen
wordt ook gebruikt in dit proefschrift. We hebben video’s gemaakt van mij terwijl ik “Aba”
en “Aga” zei en heb het beeldmateriaal verwisseld om deze illusie te creëren en daarmee
de verwerking van audiovisuele informatie verder te bestuderen2. De deelnemers in de
experimenten kregen onder andere deze video’s te zien en werden gevraagd om door
middel van een druk op knoppen aan te geven wat ze hoorden tijdens het bekijken van
de video.
1
2

Je kunt zelf uitproberen of de illusie ook voor jou werkt: https://goo.gl/8y6v2A.
Je kunt een video uit mijn experiment hier bekijken: http://blog.donders.ru.nl/?p=1106.
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Bij het verwerken van audiovisuele informatie die via je oren (auditief ) en ogen (visueel)
binnenkomt zijn bepaalde hersengebieden belangrijk. Nadat visuele en auditieve
informatie eerst in speciale gebieden apart verwerkt wordt, worden ze op een gegeven
moment gecombineerd in andere hersengebieden. Een belangrijk gebied voor het
combineren van visuele en auditieve informatie is de zogenaamde superior temporele
sulcus (STS). Dit is een hersengroeve die aan de zijkanten van onze hersenen ligt, dicht bij
het gebied waar geluid wordt verwerkt. Dit gebied speelt een belangrijke rol in het eerste
experiment.
In hoofdstuk 2 heb ik onderzocht hoe het brein reageert op de McGurk illusie. Ik heb
gevonden dat de STS sterker reageert op audiovisuele informatie die bij elkaar past
dan wanneer dit niet het geval is. Dat houdt in dat er meer activiteit was in de STS bij
de deelnemers als ze een video keken waarbij ze “Aba” hoorden en tegelijkertijd ook
“Aba” zagen dan bij een video met een McGurk illusie waar ze “Ada” hoorden terwijl
“Aba” werd gezegd en “Aga” lipbewegingen werden getoond. Deze bevinding was het
tegenovergestelde van wat vaak in voorgaande onderzoeken werd gevonden, waar de
McGurk illusie juist tot meer activiteit in de STS leidde. Deze tegenstrijdige bevindingen
zijn mogelijk te verklaren door een sterkere reactie van de hersenen bij verrassingen.
Als de McGurk illusie niet optreedt en de ervaring is dat het geluid en beeld in de video
niet bij elkaar passen, kan dit vreemd aanvoelen omdat geluid en beeld in het dagelijks
leven normaal gesproken wel bij elkaar passen. Dit kan deelnemers verrassen en alert
maken. Zo’n verhoogde alertheid is vaak zichtbaar in een verhoogde hersenactiviteit.
Een sterkere respons tijdens een McGurk video zegt dan wellicht minder over het proces
van audiovisuele integratie, maar meer over een verrassingseffect. Door me in mijn
experiment te richten op deelnemers die vatbaar zijn voor de McGurk illusie en deze
illusie nagenoeg altijd ervaren, heb ik dit verrassingseffect gereduceerd en konden we de
bevindingen eenvoudiger interpreteren als audiovisuele integratie.
De superior temporele sulcus is een belangrijk gebied voor de integratie van
auditieve en visuele informatie, met name in gevallen waar beeld en geluid bij
elkaar passen.
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In hoofdstuk 3 heb ik gekeken naar wat er gebeurt nadat een McGurk illusie werd
ervaren – dus wanneer een “Aba” als “Ada” werd waargenomen vanwege de tegenstrijdige
mondbewegingen van een “Aga” (zie de afbeelding op blz. 17). Het gaat dus vooral om
de medeklinkers “b”, “d” en “g”. Deelnemers gaven weer na elke stimulus met een druk op
een knop aan wat ze hadden gehoord terwijl ze naar het scherm keken (“b”, “d” of” g”). Ter
herinnering, tijdens een McGurk illusie wordt een “b” als “d” waargenomen. Speelden we
na zo een McGurk illusie alleen een “Aba” geluid af (zonder video), werd dit in ongeveer
een derde van de gevallen als “Ada” waargenomen. Na de andere video’s met dezelfde
lettergrepen (“Aba”, “Ada”, “Aga”) waar beeld en geluid bij elkaar pasten of wanneer alleen
geluid werd afgespeeld, kwam dit minder vaak voor. Er lijkt iets bijzonders te gebeuren na
een McGurk illusie. Het is net alsof het brein tijdens een McGurk illusie leert ”Wacht eens
even, wat ik net hoorde was geen ‘b’ maar een ‘d’.” Het brein past als het ware aan hoe een
“b” klinkt (namelijk als een “d”) en vervolgens wordt ook een “b” als een “d” waargenomen.
We noemen dit effect een recalibratie. Daarnaast heb ik ook gekeken naar de respons
van auditieve hersengebieden wanneer een “Aba” als “Ada” wordt waargenomen. Hiervoor
heb ik het patroon van hersenactiviteit in het auditieve gebied tijdens een “Aba” en “Ada”
vergeleken. Wanneer een “Aba” werd waargenomen als “Ada” leek dit patroon iets meer
op het patroon van een correct waargenomen “Ada” dan het patroon van een “Aba”. De
veranderde waarneming van een “b” naar een “d” lijkt ook weerspiegeld te zijn in de
auditieve gebieden in het brein.
Het ervaren van een audiovisuele illusie kan ertoe leiden dat geluiden vlak daarna
anders worden waargenomen.
In hoofdstuk 4 wordt deze bevinding bevestigd. Ik heb onderzocht of het voor de
recalibratie uitmaakt of je de McGurk illusie ervaart of niet. Het bleek inderdaad dat
wanneer deelnemers de McGurk illusie ervaren (dus een ”Aga”-video en een “Aba”-geluid
als “Ada” waarnemen), de kans groter was dat zij vervolgens een “Aba” weer als “Ada”
waarnemen. Met een speciale analyse van de reacties van de deelnemers konden we
aantonen dat de geluiden “b” en “d” na een McGurk illusie meer op elkaar lijken. Echter,
als ze de illusie niet hadden waargenomen (dus het als “Aba” hadden waargenomen), dan
trad geen recalibratie op. Hiervoor moest beeld en geluid geïntegreerd worden naar één
waarneming tijdens de McGurk illusie. Het brein is in staat om waarnemingen redelijk snel
aan te passen. In ons experiment trad het effect na slechts één McGurk illusie op.
Auditieve waarneming kan worden beïnvloed door een audiovisueel gebeurtenis.
Het maakt hiervoor uit hoe het brein het audiovisueel signaal interpreteert.
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In mijn onderzoek heb ik gevonden dat audiovisuele integratie een effect kan hebben op
het verwerken van puur auditieve informatie. In hoofdstuk 5 ben ik een stap verder gegaan
en heb ik onderzocht of ook puur visuele informatie een effect kan hebben op auditieve
verwerking in het brein. Terwijl het zien van lipbewegingen leidde tot enige activiteit in
de auditieve gebieden, konden we aan de hand van deze activiteit niet herleiden wat
de deelnemers op dat moment op het scherm zagen. Het is dus n444iet duidelijk of de
auditieve activiteit daadwerkelijk informatie bevatte over de lipbewegingen.
Alleen het zien van gesproken klanken leidt niet tot een informatieve respons in
de auditieve gebieden in het brein die het mogelijk maakt om te bepalen welke
klanken werden gezien.
Dit proefschrift heeft verdere inzichten geleverd over de verwerking van multisensorische
waarneming. Met andere woorden: hoe we verschillende bronnen van waarneming
samenvoegen. In het bijzonder hebben we iets geleerd over hoe het zien van
lipbewegingen ertoe kan leiden dat onze auditieve waarneming flexibel wordt aangepast.
Dit is weer een bewijs voor de plasticiteit van ons brein: het absorbeert de wereld om zich
heen niet passief maar interpreteert deze actief en combineert verschillende bronnen om
in de meeste gevallen de juiste conclusies te trekken.
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Deutsche Zusammenfassung
Wenn du dich mit jemandem unterhältst, hörst du nicht nur, was gesagt wird, sondern
du liest auch die Lippen des Anderen. Dies geschieht oft unbewusst. Denk mal daran als
du einen ausländischen Film gesehen hast, der auf Deutsch nachsynchronisiert wurde.
Wie hat sich das angefühlt? Auch wenn wir es in Deutschland etwas gewöhnt sind, dass
wir nicht den Originalton hören, ist es dir sicherlich immer wieder aufgefallen, dass
die Mundbewegungen nicht dazu passte, was gesagt wurde. Es kann sogar störend
wirken. Wenn du die Mundbewegungen nicht verarbeiten und nur zuhören würdest,
sollte es eigentlich ziemlich egal sein, was du siehst. Wir sind jedoch gewöhnt, dass die
Mundbewegungen zu den Wörtern passen, die wir hören. Diese visuelle Information
hilft uns, einer Konversation zu folgen. Du wirst es vor allem in einer lauten Umgebung
merken, wie z.B. in einer Bar, wo du dich nicht nur darauf verlassen kannst, was du
hörst. Es ist einfacher, andere zu verstehen, wenn du auch ihr Gesicht sehen kannst. Das
Sehen von Mundbewegungen kann uns zum Beispiel helfen, zwischen Konsonanten zu
unterscheiden. Hat jemand “Tier” oder “Bier” gesagt? Natürlich hilft auch der Satz, in dem
das Wort vorkommt, zu verstehen worum es geht. Abgesehen davon, ist es hilfreich zu
sehen, ob der Mund am Anfang des Wortes geschlossen war (bei einem ‘B’) oder nicht
(bei einem ‘T’). Bei meinen Untersuchungen fand ich unter anderem, dass das Sehen
von Mundbewegungen einen Einfluss darauf haben kann, wie wir gesprochene Laute
unmittelbar danach wahrnehmen.
In dieser Doktorarbeit habe ich untersucht, wie das Sehen von Mundbewegungen einen
Einfluss darauf haben kann, was wir hören und was dann in unserem Gehirn passiert. Vor
ungefähr vierzig Jahren wurde in diesem Bereich eine interessante Entdeckung gemacht:
Forscher hatten das Bildmaterial eines Videos, das eine Person zeigte die „Aba“ sagte,
mit einem anderen vertauscht, wo sie „Aga“ sagte. Die Tonaufnahme des Videos blieb
gleich („Aba“), aber plötzlich hörten sie etwas völlig anderes. Was sie hörten, hing davon
ab, ob sie zum Video schauten oder ihre Augen geschlossen hielten. Etwa die Hälfte der
Bevölkerung ist anfällig für diese sogenannte McGurk-Illusion.3 Wenn man diejenigen
fragt, die die Illusion nicht wahrnehmen, antworten sie “Ada” oder “Atha” (wie das Englische
„th“). Sie merken, dass das, was sie hören und sehen, nicht zusammen passt und geben
an, dass sie “Aba” hören. Diese Illusion zeigt, dass wir nicht nur visuelle Informationen
der Mundbewegungen verwenden, um jemanden zu verstehen, sondern dass diese
Mundbewegungen sogar beeinflussen können, was wir hören (s. Abbildung auf Seite 17).
Ich habe dieses Phänomen auch in meiner Doktorarbeit verwendet. Wir haben Videos von
mir gemacht, als ich “Aba” und “Aga” sagte. Das Bildmaterial haben wir dann vertauscht,
um diese Illusion zu kreieren und so die Verarbeitung von audiovisuellen Informationen

3

Du kannst überprüfen, ob die Illusion auch bei dir funktioniert: https://goo.gl/8y6v2A
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zu untersuchen.4 Die Teilnehmer in den Experimenten schauten sich unter anderem diese
Videos an. Mit einem Knopfdruck mussten sie dann nach jedem Video angeben, was sie
gehört hatten.
Bei der Verarbeitung audiovisueller Informationen von unseren Ohren (auditiv) und
Augen (visuell) sind bestimmte Gebiete des Gehirns wichtig. Nachdem visuelle und
auditive Informationen zuerst in speziellen Gebieten getrennt verarbeitet werden, treffen
sie später auf Gebiete, in denen die Informationen kombiniert werden. Ein wichtiges
Gebiet für die Integration visueller und auditiver Informationen ist der so genannte Sulcus
temporalis superior (STS). Es ist eine der vielen Furchen im Gehirn und befindet sich rechts
und links in der Nähe des Gebietes, das Geräusche verarbeitet. Dieses Gebiet spielt eine
wichtige Rolle im ersten Experiment dieser Doktorarbeit.
Im zweiten Kapitel habe ich untersucht, wie das Gehirn auf die McGurk Illusion reagiert.
Ich habe festgestellt, dass der STS stärker auf audiovisuelle Informationen reagiert, die
zusammenpassen, als wenn dies nicht der Fall ist (McGurk). Die Aktivität in der STS war
stärker bei einem Video, bei dem die Teilnehmer gleichzeitig “Aba” hörten und sahen, als
bei der McGurk Illusion, wo sie eine Person “Ada” hörten, obwohl im Video “Aba” gesagt
wurde und sie „Aga“ Mundbewegungen sahen. Dieses Ergebnis war anders als frühere
Studien, in denen die McGurk Illusion gerade zu mehr Aktivität in der STS führte. Diese
widersprüchlichen Ergebnisse können möglicherweise durch eine stärkere Reaktion des
Gehirns bei Überraschungen erklärt werden. Wenn die McGurk Illusion nicht auftritt, also
Bild und Ton als nicht zusammenpassend wahrgenommen wird, kann es sich merkwürdig
wirken, da Bild und Ton im Alltag normalerweise übereinstimmen. Dies kann die Teilnehmer
überraschen und sie sozusagen wachrütteln. Eine solche erhöhte Aufmerksamkeit kann
man häufig an erhöhter Gehirnaktivität sehen. Eine stärkere Gehirnaktivität während
eines McGurk-Videos sagt also vielleicht weniger aus über den Prozess der audiovisuellen
Integration, als vielmehr über eine Art Überraschungseffekt. Indem ich mich auf
Teilnehmer beschränkt habe, die anfällig für die McGurk Illusion sind (mit anderen Worten,
diejenigen, die die Illusion wahrnehmen) habe ich diesen Überraschungseffekt reduziert.
Dadurch könnten wir die Ergebnisse besser als audiovisuelle Integration interpretieren.
Der Sulcus temporalis superior ist ein wichtiges Gebiet für die Integration von
auditiven und visuellen Informationen, insbesondere in Fällen, in denen Bild und
Ton übereinstimmen.

A
4

Ein Video aus meinen Experimenten findest du hier: blog.donders.ru.nl/?p=1106.
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In dritten Kapitel habe ich geschaut, was nach einer McGurk Illusion passiert. Es geht
also hauptsächlich um die Wahrnehmung der Konsonanten “b”, “d” und “g”. Nach jedem
Stimulus gaben die Teilnehmer mit einem Knopfdruck an, was sie gehört hatten, während
sie auf den Bildschirm sahen (“b”, “d” oder “g”). Zur Erinnerung, während einer McGurkIllusion wird ein “b” als “d” wahrgenommen. Wenn wir nach einer solchen McGurk-Illusion
nur einen “Aba”-Sound (ohne Video) abspielten, wurde dieser in etwa einem Drittel der
Fälle trotzdem als “Ada” wahrgenommen. Nach den anderen Videos mit den gleichen
Silben (“Aba”, “Ada”, “Aga”), wo Bild und Ton übereinstimmten oder auch wenn nur der
Ton gespielt wurde, war dies nicht so oft der Fall. Es machte den Eindruck, als ob etwas
Besonderes nach einer McGurk Illusion geschah. Man könnte sagen, es ist, als würde das
Gehirn von einer McGurk Illusion lernen: “Moment mal, was ich da gerade gehört habe, war
gar kein” b “, sondern ein” d “.” Das Gehirn passt sozusagen an, wie ein “b” klingt (nämlich
eher wie ein “d”) und dann wird danach ein “b” auch manchmal als “d” wahrgenommen.
Wir nennen diesen Effekt Rekalibrierung. Darüber hinaus untersuchte ich auch die
Reaktion auditiver Hirnareale, wenn ein “Aba” als “Ada” wahrgenommen wurde. Dazu
habe ich die Gehirnaktivitätsmuster im auditiven Gebiet während eines “Aba” und “Ada”
verglichen. Wenn ein “Aba” fälschlicherweise als “Ada” wahrgenommen wurde, sah dieses
Gehirnmuster auch eher aus wie das Muster eines “Ada” als das eines “Aba”. Die veränderte
Wahrnehmung von “b” zu “d” schien sich also in den auditiven Gebieten im Gehirn wider
zu spiegeln.
Das Wahrnehmen einer audiovisuellen Illusion kann dazu führen, dass Geräusche
unmittelbar nach einer solchen Illusion anders wahrgenommen werden.
Dieser Befund wurde im vierten Kapitel bestätigt. Ich untersuchte, ob es für die
Rekalibrierung wichtig ist, dass man die McGurk Illusion wahrnimmt. Tatsächlich stellte
sich heraus, dass wenn die Teilnehmer die McGurk Illusion wahrnahmen (d.h. ein “Aga” Video und einen “Aba” - Sound als “Ada” wahrnehmen), sie unmittelbar nach der Illusion
ein “Aba” manchmal als “Ada” wahrnehmen. Mit einer speziellen Analyse der Reaktionen
der Teilnehmer, konnten wir bestätigen, dass sich nach einer McGurk Illusion die Laute “b”
und “d” mehr ähneln. Wenn Teilnehmer die Illusion jedoch nicht wahrgenommen hatten
(Video als “Aba” wahrnehmen), trat keine Rekalibrierung auf. Damit eine Rekalibrierung
stattfindet, mussten also Bild und Ton während der McGurk Illusion zu einer Wahrnehmung
integriert werden („Ada“). Das Gehirn ist in er Lage, die Wahrnehmung ziemlich schnell
anzupassen. In unserem Experiment trat der Effekt nach nur einer McGurk Illusion auf.
Die auditive Wahrnehmung kann durch ein audiovisuelles Ereignis beeinflusst
werden. Es ist hierbei wichtig, wie das Gehirn dieses audiovisuelle Signal
interpretiert.

114

Deutsche Zusammenfassung

In meinen Studien habe ich herausgefunden, dass audiovisuelle Integration
Auswirkungen haben kann auf die Verarbeitung rein auditiver Informationen. Im fünften
Kapitel ging ich noch einen Schritt weiter und habe untersucht, ob auch rein visuelle
Informationen die auditive Verarbeitung im Gehirn beeinflussen können. Während das
Sehen von Mundbewegungen zu einer gewissen Aktivität in den auditiven Gebieten
führte, konnten wir anhand der Gehirnaktivitätsmuster nicht mit Sicherheit sagen,
welche Silben die Teilnehmer zu diesem Zeitpunkt auf dem Bildschirm sahen. Es ist daher
unklar, ob die auditive Aktivität tatsächlich Informationen über die wahrgenommenen
Mundbewegungen enthielt.
Das Sehen von gesprochenen Lauten (ohne Ton) führt nicht automatisch zu einer
Aktivität in den auditiven Gebieten im Gehirn, die es ermöglicht zu erschließen,
welche gesprochenen Silben zu sehen waren.
Diese Doktorarbeit liefert weitere Einblicke in die Verarbeitung multisensorischer
Wahrnehmung. Mit anderen Worten, wie kombinieren wir unterschiedliche
Wahrnehmungsquellen? Insbesondere haben wir gelernt, dass unsere auditive
Wahrnehmung flexibel angepasst werden kann durch das Sehen von Mundbewegungen.
Dies ist eine weiteres Indiz für die Idee eines plastischen (d.h. formbar) Gehirns: Es
absorbiert die Welt um uns herum nicht nur passiv, sondern interpretiert aktiv und
kombiniert verschiedene Quellen, um in den meisten Fällen die richtigen Schlüsse zu
ziehen.
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English summary
When you have a conversation with someone you do not only listen to what is being said,
but you also read the lips of the other person. This often happens unconsciously. Think
back to the last time you saw a foreign movie that was not subtitled but dubbed. How did
that feel? Perhaps you found it annoying that the movements of the lips did not match
with what was being said. If you did not process the lip movements and just listened,
it should not matter what you saw. However, we are used to seeing the lips match the
words that we hear. This visual information helps us follow a conversation. You especially
notice it in a noisy environment, such as in a café where you cannot just rely on what you
hear. It is easier to understand others if you can also see their lips. For example, seeing lip
movements helps us distinguish between consonants: did someone say ‘ball’ or ‘doll’? In
addition to knowing the context in which the word occurs, it also helps to see whether
at the beginning of the word the mouth is closed (‘b’) or not (‘d’). In my research I found,
among other things, that seeing lip movements can have an effect on how we later
perceive spoken sounds.
In this thesis I investigated how seeing lip movements can influence what we hear
someone say and what happens in our brain. Approximately forty years ago an interesting
discovery was accidentally made in this area. Researchers had swapped the visual material
of a person speaking in a video from “Aba” to “Aga”. Suddenly they heard something
completely different (“Ada”), while the recorded sound remained the same (“Aba”). What
they heard depended on whether they watched the video or closed their eyes. About half
of the population is susceptible to this so-called McGurk illusion.5 If you ask them what
they hear, they answer “Ada” or “Atha”. However, people who do not perceive the illusion
notice that what they hear does not fit what they see and indicate that they hear “Aba”. This
illusion shows that we do not only use visual information of lip movements to understand
language, but that these lip movements can even influence what we hear (see the image
on page 17 to illustrate the McGurk illusion). I used this phenomenon in my thesis. We
recorded me saying “Aba” and “Aga” and then swapped the visual material to create this
illusion and to study the processing of audiovisual information.6 The participants in my
experiments watched, these videos and were asked to indicate what they heard while
looking at the screen.
When processing audiovisual information with your ears (auditory) and eyes (visually),
specific areas of the brain are important. Visual and auditory information is first processed
separately, and is then combined elsewhere in the brain. Exactly how this works is still being
investigated. An important area for the integration of visual and auditory information is
5

You can check whether the illusion works on you as well: https://goo.gl/8y6v2A.

6

Have a look at a video from my experiments: http://blog.donders.ru.nl/?p=1106.
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the superior temporal sulcus (STS). It is a brain groove located on each side of our brain,
close to the area where sound is processed. This area plays an important role in the first
experiment of this thesis.
In Chapter 2 I investigated how the brain responds to the McGurk illusion. I found that the
STS responds more strongly to audiovisual information that matches than when this is not
the case. For instance, there was more activity in the STS for a video where participants
simultaneously heard and saw “Aba” than during a McGurk illusion. This was the opposite
of what was found in previous studies, where the McGurk illusion led to more activity in the
STS. These contradictory results may be explained by a stronger brain response to surprise.
If the McGurk illusion is not experienced and the video is perceived as mismatched sound
and image, it may feel strange because sound and image usually do match in daily life.
This can surprise participants and make them more alert. Such increased alertness is often
visible in increased brain activity. A stronger response during a McGurk video may say
less about the process of audiovisual integration, but more about the brain’s response to
surprise. By focusing on participants who are susceptible to the McGurk illusion (in other
words who perceive the illusion), I reduced this surprise effect. Thereby, I could interpret
the findings more easily as audiovisual integration.
The superior temporal sulcus is an important area for the integration of auditory
and visual information, especially in cases where image and sound match.
In Chapter 3 I looked at what happens after a McGurk illusion - so when “Aba” is perceived
as “Ada” because of the conflicting mouth movements of an “Aga” (see image on page 17).
Therefore, the experiment is mainly about the perception of the consonants “b”, “d” and “g”.
After each stimulus, participants indicated with a button press what they had heard while
they were looking at the screen (“b”, “d” or “g”). During a McGurk illusion “b” is perceived as
“d”. If, after such a McGurk illusion, I only played an “Aba” sound (without video), this was
perceived as “Ada” in about one third of the cases. This was less common after watching
videos with the same syllables (“Aba”, “Ada”, “Aga”), where image and sound matched or
when only the sound was played. Something special seemed to happen after a McGurk
illusion. It is as if the brain is learning from a McGurk illusion: “Wait a minute, what I just
heard was not “b “but “d “.” The brain adjusts to how a “b” sounds like (namely more like a
“d”) and then a “b “is also perceived as a “d “. We call this effect recalibration. In addition,
I also looked at the response of auditory brain areas when “Aba” was perceived as “Ada”.
For this I compared the brain activity patterns in the auditory area during “Aba” and “Ada”.
When “Aba” was perceived as “Ada”, this brain pattern looked a bit more like the pattern of
a correctly observed “Ada” than the pattern of an “Aba”. The changed percept of “b” to “d”
seemed to be reflected in the auditory areas of the brain.
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Experiencing an audiovisual illusion can lead to sounds being perceived differently
immediately after such an illusion.
This finding was confirmed in Chapter 4. I investigated whether audiovisual information
needs to be integrated (i.e. McGurk illusion) to achieve recalibration. Indeed, it turned out
that when participants experience the McGurk illusion (i.e. perceive an “Aga” video and an
“Aba” sound as “Ada”), it was more likely that they perceived “Aba” as “Ada” immediately
after the illusion. With a special analysis of the participants’ responses we found support
for the idea that after a McGurk illusion the sound “b” and “d” become more similar.
However, if they had not perceived the illusion (perceived video as “Aba”), no recalibration
occurred. For recalibration to occur, the image and sound had to be integrated into one
percept during the McGurk illusion. The brain is able to adjust a percept fairly quickly. In
this experiment, the effect occurred after only one McGurk illusion. There was not enough
data to also investigate how long this effect lasts. However, it is likely that it is short-lived
because the brain constantly gathers information. When we come across a ‘normal’ “Aba”
video after a McGurk illusion, this also provides important information on how an “Aba”
sounds.
Auditory perception can be influenced by an audiovisual event. It is important how
the brain interprets the audiovisual signal.
In my research I found that audiovisual integration can have an effect on the processing of
purely auditory information. In Chapter 5 I went a step further and investigated whether
purely visual information can also affect auditory processing in the brain. While seeing
lip movements led to some activity in auditory areas, it was not possible to infer from
brain activity patterns which syllable participants saw on the screen. It is therefore unclear
whether the neural auditory activity actually contained information about the perceived
lip movements.
Purely seeing spoken sounds does not lead to an informative response in the
auditory areas in the brain that make it possible to infer which spoken syllables were
seen.
This thesis has provided further insights into the processing of multisensory perception,
in other words, how we combine different sources of perception. In particular, we learned
that seeing lip movements can flexibly adjust our auditory perception. This is further
support for the idea of a flexible brain: it does not merely passively absorb the world
around it, but instead actively interprets the world and combines various sources of
information, in most cases, to draw the right conclusions.
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