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Lesions to Broca’s area cause aphasia characterized by a severe impairment of the ability

to speak, with comparatively intact speech perception. However, some studies have

found effects on speech perception under adverse listening conditions, indicating that

Broca’s area is also involved in speech perception. While these studies have focused

on auditory speech perception other studies have shown that Broca’s area is activated

by visual speech perception. Furthermore, one preliminary report found that a patient

with Broca’s aphasia did not experience the McGurk illusion suggesting that an intact

Broca’s area is necessary for audiovisual integration of speech. Here we describe a

patient with Broca’s aphasia who experienced the McGurk illusion. This indicates that an

intact Broca’s area is not necessary for audiovisual integration of speech. The McGurk

illusions this patient experiencedwere atypical, which could be due to Broca’s area having

a more subtle role in audiovisual integration of speech. The McGurk illusions of a control

subject with Wernicke’s aphasia were, however, also atypical. This indicates that the

atypical McGurk illusions were due to deficits in speech processing that are not specific

to Broca’s aphasia.
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Introduction

Broca’s area has long been known to be necessary for speech production as evidenced by the severe
impairment to speech production, known as expressive, non-fluent or Broca’s aphasia, caused by
lesions to this area located in the ventrolateral prefrontal cortex (Broca, 1861). It has long been
known that expressive aphasia can be dissociated from impairment of speech perception known
as receptive, fluent or Wernicke’s aphasia (Wernicke, 1874), caused by damage to Wernicke’s area
in the posterior superior temporal sulcus (STS). This dissociation may, however, not be entirely
complete as speech perception under adverse conditions can be impeded in Broca’s aphasics
(Blumstein et al., 1977; Moineau et al., 2005). Both Broca’s and Wernickes’ area are located in the
left hemisphere in about 90% of right-handers and 70% of left-handers (Knecht et al., 2000).

A role for Broca’s area is also suggested by studies showing that this area is active not only during
speech production, but also during speech perception, particularly when it involves lip-reading
(Watkins et al., 2003; Ojanen et al., 2005; Skipper et al., 2005). Furthermore, speech perception also
activates motor cortex, and this activation is articulator-specific so that labial articulations activate
the lip region and lingual articulations activate the tongue region of the motor cortex (Pulvermüller
et al., 2006). This effect is causal as shown by studies in which de-activation of premotor (Meister
et al., 2007) and primary motor (Möttönen and Watkins, 2009) cortex using TMS impeded
speech perception. As changes in the excitability of motor cortex due to speech perception
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are correlated with activity in Broca’s area (Watkins and Paus,
2004) this activation is likely to go via Broca’s area (Möttönen and
Watkins, 2012).

These findings suggest a role for Broca’s area in speech
perception partly echoing the claims made by the Motor Theory
(MT) of speech perception (Liberman and Mattingly, 1985;
Galantucci et al., 2006). According to the MT, in its strongest
form (Liberman andMattingly, 1985), the internal representation
of phonemes is not based on auditory templates but instead on
the motor commands issued to articulate the phonemes. Hence,
according the MT, speech, perceived by hearing or lip-reading
(Liberman, 1982), must be mapped onto motor commands,
located in the motor system, to be understood.

The MT was fueled by the discovery of mirror neurons
in pre-motor area F5 in non-human primates (Gallese et al.,
1996). These neurons respond both when performing a goal-
directed action and when seeing that action performed by
others. As area F5 has been suggested to be the non-human
primate homolog of Broca’s area in humans (Rizzolatti and Arbib,
1998; Binkofski and Buccino, 2004) this discovery gave rise to
the mirror neuron motor theory of speech perception: Mirror
neurons in Broca’s area may decode auditory and visual speech
to articulatory actions and activate their representation in motor
areas (Rizzolatti and Craighero, 2004). Several observations
support this hypothesis. First, some mirror neurons can respond
to hearing as well as seeing an action (Kohler et al., 2002), which
seems like a necessary ability for neurons involved in speech
perception. Second, mirror-neurons can respond not only to
hand movements but also to communicative mouth movements
(Ferrari et al., 2003).

Broca’s area thus has a central role in audio-visual-motor
integration according to the mirror neuron MT of speech
perception. The integration of auditory and visual information
in speech perception is evidenced by the congruency effect,
which is a general facilitation when watching the interlocutor’s
face (Sumby and Pollack, 1954), and by the McGurk illusion
(McGurk and MacDonald, 1976) in which the perception of
a clearly perceived phoneme (e.g., /ba/) is altered (e.g., to
/da/) when it is perceived dubbed onto an a face articulating
an incongruent phoneme (e.g., /ga/). For this integration to
occur the auditory and visual information must be mapped
onto a common representation, which, according to the MT, is
articulatory (Liberman, 1982). On the basis of the mirror neuron
MT, Ramachandran and co-workers suggested, in a preliminary
report, that Broca’s area is necessary for audiovisual integration of
speech (Ramachandran et al., 1999). In support of this hypothesis
they reported results from a single Broca’s aphasic that did
not experience the McGurk illusion. This result has, to our
knowledge, never been tested more fully, which is what we aim
to do in the current study.

The strongest claim of the original MT is that the motor
system is essential for speech perception, but even though fairly
recent studies have argued for this (Fadiga et al., 2002; Meister
et al., 2007), substantial evidence against it has also been reported
(Lotto et al., 2009). The resolution may lie in a more complex
and nuanced account of the MT in which the motor system is not
necessary for speech perception but rather has a supplementary
role (Scott et al., 2009).

This complexity is captured in dual-stream anatomical
models in which the dorsal and ventral pathways link areas
involved in speech perception with areas involved in speech
production (Skipper et al., 2005, 2007; Hickok and Poeppel,
2007; Rauschecker and Scott, 2009; Jääskeläinen, 2010). The
dorsal stream projects from the posterior part of the STS,
containing Wernicke’s area, to premotor cortex, which projects
further onto Broca’s area. According to the classical Wernicke-
Geschwind model this stream has a crucial role for feeding
perceptual information to speech production centers although
more recent evidence suggests it has a more complex role
(Bernal and Ardila, 2009). Dual stream models of speech
perception have suggested that the dorsal pathway also underlies
perceptual processing of audiovisual speech based on articulatory
representations (Skipper et al., 2005, 2007; Jääskeläinen, 2010).
This suggests an important role for articulatory representations
in audiovisual integration of speech, as the posterior STS is
the area in the perceptual system that is most consistently
found to be activated super-additively by audiovisual speech. The
ventral stream projects from the anterior part of the STS to the
ventrolateral prefrontal cortex, containing Broca’s area (Bernstein
and Liebenthal, 2014). Thus, although one dual-stream model
hypothesizes that only processing in the dorsal pathway is
based on articulatory representations (Skipper et al., 2005, 2007;
Jääskeläinen, 2010) the ventral pathway may also be important
for sensory-motor integration of speech. The complexity of
sensory-motor interactions in this dual-stream network means
that dysfunction of parts of the network may lead to subtle and
complex effects in agreement with moderate versions of the MT.
Yet, as both streams may ultimately project to Broca’s area, the
dual-stream model does not preclude that this area can have a
necessary role in audiovisual integration of speech as suggested
by Ramachandran et al. and the strong version of the mirror
neuron MT.

The purpose of the current study is to test a patient
suffering from Broca’s aphasia in a standard auditory, visual,
and audiovisual speech perception task. The hypothesis is that
the patient should show no sign of audiovisual integration,
as measured by the McGurk illusion and the congruency
effect, if Broca’s area is necessary for audiovisual integration
of speech. Alternatively, audiovisual integration could be weak
rather than completely eliminated, which would still support a
supplementary role for Broca’s area in audiovisual integration. As
the McGurk illusion is subject to great individual variability, this
alternative hypothesis is more difficult to test. Furthermore, as the
strength of theMcGurk illusion depends not only on the observer
but also on the experimental setup (Magnotti and Beauchamp,
2014), especially the stimulus material, we also tested a patient
with receptive aphasia and two healthy control participants to
confirm that our experimental setup could induce the McGurk
illusion.

Methods

Case Reports
Patient ML: Broca’s Aphasia

ML is a right-handed, male native Danish speaker, who, at
the time of testing was 47 years old. ML suffered an ischemic
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stroke in 2006, at the age of 42, for which he received
trombolysis treatment. The stroke affected the anterior 2/3 of
the territory of the Middle Cerebral Artery (MCA) in the
left hemisphere, including both cortex and white matter. A
computerized tomography (CT) scan (see Figure 1) a week post-
stroke, showed that both the inferior and middle frontal gyri
were affected, and that there was a smaller cortical affection
laterally in the superior frontal gyrus. There was also loss of
substance frontotemporally around the Syvian Fissure. The entire
insular cortex was affected, and the infarction stretched rostrally
in centrum semiovale and medially in the left basal gangila.
There was Wallerian degeneration with atrophy of the left
cerebral penduncle and left mesencephalon, and a compensatory
widening of the left lateral ventricle. The entire inferior frontal
gyrus, which contains Broca’s area, was thus affected by the lesion.

Initially following his stroke, ML had global aphasia, right
hemianopia, and right-sided hemiparesis affecting the arm and
leg. Neuropsychological examination 4 months post injury
showed that ML was able to say “yes” and “no,” as well as his own
name and the name of his two children, but nothing else. At this
time, he had severe apraxia of speech, and his receptive language
abilities were also affected, while his understanding of gestures
was comparatively good. His reading and writing was also
severely affected. In 2007, ML was part of a 4 months intensive
rehabilitation programme at the Center for Rehabilitation of
Brain Injury (CRBI) in Copenhagen, and he subsequently
continued cognitive and speech training for some hours per week
at CRBI until the end of 2009. He was described as a resourceful
and highly motivated person, who has benefitted greatly from the

rehabilitation efforts. At the last neuropsychological assessment
performed at the CRBI in December 2009, ML was described
as having normal attention and concentration, normal problem-
solving abilities and normal visual processing/perception. His
psychomotor tempo was difficult to evaluate because of his
remaining hemiparesis. His learning and memory scores were
somewhat below normal. For arithmetic, he was able to perform
addition and subtraction on a normal level, but had difficulties
with multiplication and division. His naming abilities had
improved significantly, and he was able to name 28/30 nouns
and 23/30 verbs correctly (on initial testing in 2006, he could
name 1/30 and 1/30, respectively). At the time of the present
investigation, ML’s right arm was still paretic, while the paresis
of the right leg had remitted to the degree that he can walk.
His hemianopia was also remitted. ML has returned to his
previous job as an auto mechanic, but now works reduced hours
and performs simpler tasks than before (partly because of the
arm paresis). The experimental investigation reported here was
conducted in June 2011.

Patient MK: Wernicke’s Aphasia

MK is a left-handed, male native Danish speaker, who at the time
of testing was 42 years old. MK suffered a haemorrhagic stroke in
the territory of the left MCA in 2007. A CT scan performed one
month post injury (see Figure 1) showed an intraparenchymal
hemorrhage in the resorbtion phase centered on the basal ganglia,
and stretching fronto-tempo-parietally in the left hemisphere.
There was a central component of fresh blood measuring about
60×20× 40mm, with an oedema of about 7–10mm surrounding

FIGURE 1 | CT-scans of the lesions of patients ML (Broca’s aphasic) and MK (Wernicke’s aphasic). Arrows indicate the approximate location of the inferior

frontal gyrus (IFG) in Patient ML and the superior temporal sulcus (STS) in Patient MK. See main text for a description of the patients’ lesions.
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it. The hemorrhage stretched from the left mid temporal lobe
to left centrum semovale and involved the left basal ganglia,
although the caudate nucleus was spared. Cortex was also spared.
The oedema affected the entire left temporal lobe, which makes
the specific gyri and sulci difficult to discern. The left lateral
ventricle was compressed, and the midline displaced about 3mm
toward the right. Hence the posterior part of the STS, important
for audiovisual integration, may have been spared although the
underlying white matter is likely to have been affected.

Initially, ML was unconscious, and spent the first 5 days
in a respirator. During the first 40 days his Barthel Score
increased from 0 to 49. After regaining consciousness, MK
was globally aphasic and in the beginning his only response
was opening his eyes when spoken to. His right arm and
leg were paralytic. Soon after, he could respond to simple
yes/no questions relatively correctly, and could point to some
simple objects and colors. He had paralysis of the right
side and a right-sided hemianopia. A logopaedic assessment
two weeks post injury showed that language comprehension
and production, as well as repetition were severely affected.
Neuropsychological assessment, one month post injury, reported
global aphasia, and problems in visuo-spatial tests. MK has
been in intensive rehabilitation, first as an in-patient at Center
for Neurorehabilitation—Filadelfia for six months, and later in
the outpatient intensive programme at CRBI in Copenhagen
for four months. A neuropsychological evaluation at CRBI in
2010 concluded that MK’s visual working memory, visuo-spatial
memory, and semantic processing (Pyramid and Palm trees)
were relatively unaffected, while some difficulties were evident
in more complex problem-solving tasks. He still suffered from
moderate to severe aphasia. His confrontation naming was
impaired, although greatly improved. His verbal comprehension
was impaired, but he was noted to be relatively good at
comprehending simple sentences. His repetition was also still
impaired, as was his reading and writing. It was noted that MK
often tried to write words he could not say and quite often
succeeded in doing so. At the time of this investigation MK was
receiving speech therapy at a community center. His left arm was
still paretic, while the paralysis of the leg was remitted so that
he could walk independently. MK was working part time as a
practical aid at a school. The experimental investigation reported
here was conducted in January 2014.

Aphasia Assessment
As part of the current investigation, ML and MK were assessed
with the Danish version of the Western Aphasia Battery (WAB)
(Kertesz, 1982) parts I–IV, to characterize their language abilities.
Both patients provided written, informed consent according
to the Helsinki declaration to participate in this study. The
test results are presented in Table 1. ML’s language deficit was
classified as Broca’s aphasia, and his Aphasia quotient was 72.
MK’s language deficit was classified asWernicke’s aphasia, and his
Aphasia quotient was 64. The most important difference between
the two patients was in the “Spontaneous speech” subsection of
WAB, where, although their overall scores were almost identical,
the two point difference in “Fluency” landed them on different
sides of the diagnostic border between Broca’s and Wernicke’s
aphasia according to the WAB diagnostic scoring system.

TABLE 1 | Subscores—Western Aphasia Battery.

ML (Broca) MK (Wernicke)

SPONTANEOUS SPEECH

Functional content 9/10 8/10

Fluency 4/10 6/10

Total 13/20 14/20

COMPREHENSION

Yes/no questions 57/60 48/60

Auditory word recognition 59/60 51/60

Sequential commands 28/80 35/80

Total 144/200 134/200

REPETITION

Total 56/100 48/100

NAMING

Object naming 57/60 45/60

Word fluency 11/20 6/20

Sentence completion 6/10 8/10

Responsive speech 9/10 5/10

Total 83/100 64/100

Aphasia quotient 72 64

Patient ML: Broca’s Aphasia

At the time of the current investigation, ML’s spontaneous
speech was “telegraphic.” He was, however, well able to make
himself understood using a combination of words and gestures.
He was able to mobilize nouns and a few verbs, but did not
speak in full sentences with the exception of a few common
phrases like “I don’t know” or “It’s difficult.” As an example,
in the picture description task from the WAB, ML mobilized
13 correct nouns/object names from the scene. Asked to try to
describe the picture with full sentences, he added the definite
article to the nouns (a house, a man etc.), but provided no
verbs or function words. ML understood most questions and
instructions either at first try or with a single repetition, and
this is reflected in his relatively high score in the “Yes/no
questions” and “Auditory word recognition” tests. In the more
difficult “Sequential commands” test, he failed with more difficult
instructions like “Use the book to point at the comb,” but
interestingly managed the more “ecologically understandable”
instruction “Put the pen on the book and then give it to me.” ML
could repeat single words and simple sentences, but failed with
sentences longer than four words. He named objects quite well,
although his response-times are elevated.

In sum, ML’s aphasia had remitted from Global aphasia to
Broca’s aphasia. He understood speech reasonably well, and his
speech output was understandable but consisted mainly of nouns
and very few verbs and function words.

Patient MK: Wernicke’s Aphasia

MK’s spontaneous speech was fluent, and he was able to construct
some full, albeit simple, sentences like “Actually I feel very good.”
In the WAB picture description task, he referred to many of the
objects in the picture using sentences like “There is a tree. There
is also a flagpole.” Sometimes, when MK could not find the right
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word in speech, he could write it down correctly and then read
it. He also sometimes resorted to English words when he could
not find the Danish ones. In auditory verbal comprehension,
he answered most questions correct (scoring 48/60), but failed
relational (and grammatically challenging) questions like “Is a
dog larger than a horse?” and “Does July come before May?”
He could point to most images and objects in the auditory word
recognition task, but had problems with left-right discrimination
of body parts, and with pointing to the correct fingers. He was
able to follow simple commands, but failed with longer sentences,
particularly if the sequence of actions to be performed did not
correspond to the word sequence. He always used the objects
in the order mentioned even when this was incorrect (e.g., He
responded correctly to “Point with the pen to the book” but
not to “Point to the book with the pen”). He could repeat
sentences up to four words correctly. In object naming he made
quite a few errors (45/60 correct). Many of the responses were
either phonological or semantic paraphasias (“spoon” for “fork”;
“brushtooth” for “toothbrush”). A few of the words he could
not name orally were written correctly (e.g., toothbrush). His
responsive naming was at about the same level as his naming of
objects.

In sum, MK’s aphasia had remitted from Global aphasia to
Wernicke’s aphasia. He understood speech reasonably well, and
his speech output was understandable although he had word-
finding difficulties and some paraphasias.

Control Participants
In order to verify that auditory and visual stimuli were identified
correctly and that the audiovisual stimuli could induce the
McGurk illusion in healthy subjects we also tested two male
native Danish speakers (JL, age 49, and PB, age 52) with
no history of neurological disorders and self-reported normal
hearing. The control participants were chosen to match the
gender, approximate age, and native language of the aphasic
patients.

Stimuli and Procedure
The stimuli were based on video (with audio) recordings of a
male talker (one of the authors, TSA) pronouncing the bi-syllabic
non-words /aga/, /aba/, and /ada/. The recordings were made
using a Panasonic™AG-HMC41E video camera, which recorded
video at 25 frames per second with a resolution of 1920 ×

720 pixels and audio at 44.1 kHz via an external DPA™ d:fine
4066-F microphone headset, which was not visible in the video
recordings. The video was converted to QuickTime™ files with a
resolution of 640× 360 pixel to ensure efficient playback. Stimuli
were presented using Matlab™ and the Psychophysics Toolbox
Version 3 (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007) on a
MacBook™ Pro laptop computer and a pair of Genelec™ 6010A
active speakers.

In each experiment, the subject was seated with his ears
approximately 57 cm from the display. This was done by holding
a length measure so that it extended from the plane of the
speakers toward the subject and instructing the subject to adjust
his position so that his ears were 57 cm from the speakers. The
participants were observed to ensure that they did not move their

head substantially but their position was not restrained during
the experiment. The sound level was approximately 56 dB(A)
measured using a sound level meter at the approximate location
of the participant’s head. This rather low sound level was chosen
because theMcGurk illusion is stronger when the sound intensity
is low (Sekiyama and Tohkura, 1991; Andersen et al., 2001).

The stimuli were auditory, visual, or audiovisual. Auditory
stimuli were presented with a still photograph of the talker’s
face visible. Visual stimuli were presented with no sound
and the task was to lip-read. Audiovisual stimuli consisted
of video and sound recordings presented synchronously. The
sound and video could either be one of the three natural
congruent combinations or any of the six possible incongruent
combinations (cf. Figure 2) of the auditory and visual stimuli.
The incongruent combinations were created in Final Cut Pro
by dubbing the incongruent acoustic speech recording onto the
video aligning the consonant burst of the incongruent acoustic
speech recording with the original congruent acoustic speech
recording.

After a stimulus had played the response options “B,” “BG,”
“G,” “BD,” and “D” were shown in large letters on the screen.
The patients could respond by pointing to one of the response
categories displayed on the screen, repeating what he had heard
or declining to give an answer. We allowed for these different
ways of responding in order to accommodate the patients who
could have problems pointing to the response categories due
to problems with reading, problems with repeating what they
heard due to apraxia and problems giving any qualified guess
due to their disorder. Both patients felt most comfortable using
a combination of pointing and repeating when responding.
The experimenter sitting next to the patient was watching
his mouth movements and recorded the answer. The control
participants felt most comfortable typing their responses on a
keyboard.

In order to accustom the participants to the experimental
setting and evaluate whether they were able to perform the
experiment at all we conducted a number of training blocks
containing one presentation of each stimulus in random order.
The first part of the training contained only the congruent
audiovisual stimuli. Both patients felt confident with the task
after a single block. The next part of the training contained
only the auditory stimuli. ML required three blocks and MK
required two blocks before feeling confident about the task. The
final part of the training contained only the visual stimuli. ML
was certain that he was unable to identify any of the visual
stimuli after two blocks whereas MK felt confident about the
task after a single block. Performance in the training blocks
was not perfect for either of the two patients. The healthy
control participants were confident about the task after a single
block for auditory, visual and audiovisual stimuli and their
performance was perfect. After the training we proceeded to the
actual experiment in which 10 repetitions of each of the auditory,
visual, and audiovisual stimuli were presented in random order.
The participants were instructed to look at the mouth and to
report what they heard when they heard a voice (in auditory
and audiovisual stimuli) but lip-read when there was no voice (in
visual-only stimuli).
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FIGURE 2 | Response proportions for all participants. Plots are arranged

in rows and columns according to the visual and auditory component of the

stimulus respectively. The response category “X” corresponds to no answer.

Error bars show the multinomial standard deviation.

Results

The response proportions for all participants are shown in
Figure 2 from which it can be seen that both patients showed
great variability in their responses compared to the healthy
control participants. This could indicate that the patients found
the task difficult in general.

Visual speech perception was particularly poor for the
patients. Patient ML refused to venture a guess, which may
reflect an inability to lip-read but could also reflect a lack of
confidence in his own ability. Patient MK’s lip-reading was
also poor at 10% correct overall and poor even for /aba/
featuring a visually distinct bilabial closure. The percentage
correct was 83% for each of the control participants showing
that the articulations in the videos were sufficiently clear to be
lip-read.

For incongruent audiovisual stimuli, in which the visual
stimulus is a bilabial closure, the typical McGurk illusion is a
combination illusion of hearing the bilabial closure followed
by the auditory stimulus (e.g., auditory /ada/ + visual /aba/
= /abda/). This illusion was perceived by the two control
participants, JL and PB respectively, in 100% and 60% of the
trials including those stimuli. Only 20% of Patient ML’s responses
to the two incongruent audiovisual stimuli with a bilabial visual
component fell in the combination response categories. For
Patient MK, this number was 60%. This difference could indicate
that audiovisual integration was weaker in ML for these stimuli.
However, as the strength and type of McGurk illusion varies
between healthy observers the difference observed here could
also be due to normal variation between observers unrelated to
patients’ type of aphasia.

Incongruent audiovisual stimuli in which the acoustic
stimulus is /b/ often create strong fusion and/or visual dominance
illusions. For auditory /b/ with visual /g/ the typical McGurk
illusion is a fusion illusion of hearing /d/ although a visual
dominance illusion of hearing /g/ also occurs (MacDonald and
McGurk, 1978; Andersen et al., 2009). Auditory /b/ with visual
/d/ typically leads to a visual dominance illusion of hearing
/d/ although /g/ responses have also been reported (MacDonald
and McGurk, 1978). Somewhat surprisingly, whereas control
participant PB did not experience these illusions for these stimuli
at all, participant JL perceived them in 90% of the trials. This
discrepancy is, however, not unusual as there is great inter-
individual variability in the strength of the McGurk illusion
(Magnotti and Beauchamp, 2014). For these two stimuli 40% of
ML’s responses fell in the visual dominance and fusion response
categories. The same number for MK was 60%.

For audiovisual stimulus combinations of /aga/ and /ada/
(either visual /aga/ with auditory /ada/ or vice versa) observers
often do not experience aMcGurk illusion but respond according
the auditory component of the stimulus (MacDonald and
McGurk, 1978). We initially included these stimuli in the
experiment for completeness although they arguably do not bare
much evidence for or against our hypothesis. In fact, as the
two healthy control participants did not experience the McGurk
illusion for these stimuli, including them in a pooled analysis
may actually lead to an under-estimation of the strength of the
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McGurk illusion in the patients.We therefore conducted a pooled
analysis omitting these stimuli.

In order to test our main hypothesis, whether ML experience
the McGurk illusion, with some statistical power we first
pool responses according to three stimulus types (incongruent
audiovisual, auditory, and congruent audiovisual) and two
response categories (correct and incorrect according to the
auditory stimulus). If an observer is influenced by visual speech
in the audiovisual conditions the proportion correct should be
lower in the incongruent conditions compared to the congruent
conditions. Additionally, we would expect the proportion correct
in the auditory condition to be higher than in the incongruent
condition and lower than in the congruent condition although
this latter effect is sensitive to ceiling effects (Sumby and Pollack,
1954).

Figure 3 shows the proportion correct (according to the
auditory stimulus) of the three stimulus types. Both patients
showed a significantly higher proportion correct for congruent
audiovisual stimuli than for incongruent audiovisual stimuli (p <

10−5 for patient ML, p < 10−7 for patient MK, one-sided Fisher’s

exact test). The proportion correct for auditory stimuli was also
higher than for incongruent audiovisual stimuli (p < 10−4

for patient ML, p < 10−3 for patient MK, one-sided Fisher’s
exact test). This shows that both patients where influenced by
visual speech. These comparisons were also highly significant
(p < 10−9 for all tests, one-sided Fisher’s exact test) for the
control participants. For patient MK the proportion correct for
congruent audiovisual stimuli was also significantly higher than
the proportion correct for auditory stimuli (p < 0.04, one-sided
Fisher’s exact test). This difference was not significant for patient
ML. It was also not significant for the control participants, which
is probably due to ceiling effects only.

Discussion

The sight of the talking face influenced speech perception
significantly in Patient ML with Broca’s aphasia. This was evident
as a smaller proportion correct for the incongruent audiovisual
stimuli relative to the auditory stimuli. This indicates that ML
experienced a McGurk illusion and, hence, that an intact Broca’s

FIGURE 3 | The proportion correct (according to the auditory

stimulus) as a function of stimulus type. For the incongruent

audiovisual stimuli, a low proportion correct reflects a strong McGurk

illusion. Only stimuli expected to elicit visual dominance, fusion or

combination illusions are included in the incongruent audiovisual stimulus

category (see text for details). Within subject comparisons are based on

Fisher’s exact one-sided test. Error bars show the binomial standard

deviation.
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area is not required for audiovisual integration of speech. A
similar effect was found in Patient MK and the healthy control
participants.

In addition to the McGurk illusion, patient MK with
Wernicke’s aphasia showed a congruency effect evident as
significantly larger proportion correct for congruent audiovisual
stimuli relative to auditory stimuli. Subject ML and the two
healthy control participants did not show a similar effect. For
the two healthy control participants this is due, at least partly,
to a ceiling effect as they were nearly perfect in identifying
the auditory stimuli leaving little room for improvement. In
comparison, MK, showed very poor performance for auditory
stimuli, which is in good agreement with his aphasia being
receptive. For subject ML we cannot exclude a ceiling effect as,
perhaps, his performance for this task is capped at a fairly low
level due to his injury in general. On the other hand, we cannot
exclude that this somehow reflects a more subtle effect of his
injury to Broca’s area more specifically.

The percentage correct in the lip-reading task was very low
for both patients. Although poor lip-reading skills in aphasic
patients have been reported previously (Youse et al., 2004;
Klitsch, 2008; Hessler et al., 2012) this is surprising given the
effect that visual speech had on auditory speech perception in
both patients. This could imply a dissociation between visual and
audiovisual speech, which could be due to conscious lip-reading
taking place in a neural pathway, which is different from the
one that affects auditory processing (Bernstein and Liebenthal,
2014). A similar dissociation was found in a study showing
that point-light visual speech can cause a McGurk illusion even
when observers are unaware of its speech-like nature and, hence,
unable to lip-read (Rosenblum and Saldaña, 1996). This, to
some degree, mimics how the patients seemed to perceive visual
and audiovisual speech in the current study. Rosenblum and
Saldaña (1996) also showed that static faces generally do not
cause a McGurk effect even though they can be lip-read to some
degree. Hence, where visual speech perception can be based
on both static and dynamic information, only dynamic visual
information is integrated with acoustic features. In support of
this dissociation Calvert and Campbell (2003) found that lip-
reading static faces activate different cortical areas than does lip-
reading of dynamic features. As static natural images contain
both configurational and featural facial information while point-
light speech contains only configurational information another
possible dissociation would be that visual speech perception
can be based on both configurational and featural information
while only featural information is integrated audio-visually.
Both of these functional dissociations can be related to dual-
stream anatomical models where the dorsal pathway relays
mainly dynamic/featural information while the ventral pathway
relays mainly static/configuration information (Bernstein and
Liebenthal, 2014). Although this picture might not reflect the
true complexity of the underlying neural structure (Bernstein
and Liebenthal, 2014) it serves to show that it is not unlikely
that lesions causing aphasia can influence visual and audiovisual
speech perception differently.

Overall, performance in both patients was quite variable with
many atypical responses. This variability matches that seen in

previous studies of audiovisual speech perception in aphasic
patients (Campbell et al., 1990; Youse et al., 2004; Klitsch, 2008;
Hessler et al., 2012). These studies generally agree that aphasics,
in general, do experience the McGurk illusion and thus integrate
auditory and visual information in speech perception. They also
agree that aphasics generally have poor lip-reading skills. Only
few of them attempted a distinction between subtypes of aphasia
and none have reached a conclusion on the specific role of Broca’s
aphasia.

A number of studies have previously examined audiovisual
integration of speech in aphasic patients. Campbell et al. tested
a patient that was diagnosed with aphasia after a cardiovascular
accident (CVA) in the left MCA (Campbell et al., 1990). At
the time of testing he was a fluent speaker experiencing that
speech “sounded funny” indicating that his aphasia was mild
and mainly receptive. He was also slightly dyslexic. This patient’s
performance was fairly poor (<50% correct) in a consonant
identification task but the patient seemed to experience visual
dominance and fusion illusions for incongruent audiovisual
stimuli and Campbell et al. concluded that he was influenced by
visual speech in his performance. This is in agreement with his
lip-reading ability, which, for words, fell within the normal range.

Youse et al. tested a patient withmild anomic aphasia based on
theWestern Aphasia Battery, after a CVA affecting the territory of
theMCA not unlike patient ML in the current study (Youse et al.,
2004). Apparently, this patient showed a strongMcGurk effect for
auditory /bi/ with visual /gi/, which he perceived as /di/. Youse
et al. did however note that this finding could be influenced by
a strong response bias toward /di/ apparent in the auditory only
condition. For auditory /gi/ with visual /bi/ they did not observe
the typical combination illusion of perceiving /bgi/ but, in our
opinion, a fairly strong visual dominance illusion of perceiving
/bi/. Youse et al. concluded that the results did not show clear
evidence of audiovisual integration in this patient. Notably, this
patient’s ability to lip-read was also very poor.

Klitsch (2008) investigated the McGurk effect in a group of
six aphasic patients of which three were diagnosed with Broca’s
aphasia and the other three were diagnosed with Wernicke’s
aphasia. She found that the aphasic group experienced the
McGurk illusion but did not distinguish between the types of
aphasia. The proportion correct for lip-reading was 50% for this
group given three response categories.

Hessler et al. (2012) investigated audiovisual speech
perception in three aphasics and an age-matched control
group. The three aphasics, were diagnosed as Wernicke’s, anomic
and mixed respectively. The mixed aphasic had suffered an
ischaemic CVA in the left MCA, as our patient ML, and showed
audiovisual interactions by giving more correct responses to
congruent audiovisual speech than to auditory speech. This
participant was tested on one incongruent combination of
auditory and visual phonemes, auditory /p/ and visual /g/,
and seemed to perceive the McGurk illusion in 61% of the
experimental trials as measured by the proportion of incorrect
responses. However, this should be compared to an error rate
of 45% in the auditory condition—an error rate which was
averaged across three different stimulus types, /k/, /p/, and /t/.
Hessler et al. did not directly compare how well auditory /p/
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was perceived when presented acoustically and when presented
audiovisually, dubbed onto visual /k/. Hessler et al. concluded
that none of the aphasic participants showed a preference for
McGurk-type answers. The lip-reading performance for the
three aphasic patients was, accordingly, poor ranging from 24 to
52% correct given only three response categories. For the control
group, the corresponding range was 67–93%.

These studies by Hessler et al. and Klitsch suffered from very
weak McGurk illusions (as low as 20% in Klitsch’ study) even in
the healthy control groups. Both studies ascribe this to a language
effect specific to the Dutch language in which the studies were
conducted. This makes it difficult to interpret whether the results
in the aphasic group are representative.

Based on the studies described above, the poor lip-reading
skills and atypical McGurk illusions that we found in Patient ML
with Broca’s aphasia seem to fall within the range generally seen
in the aphasic population. Therefore, they cannot be ascribed
to his lesion in Broca’s area specifically. The variability seen
across participants in these studies is not specific to aphasic
patients but is also seen across studies of healthy subjects (Colin
and Radeau, 2003). It is likely to be due, not only to variation
across participants but also to variation across stimuli (Magnotti
and Beauchamp, 2014). Hence, specific differences that are
statistically significant are likely to be seen even between healthy
participants and, to our knowledge, the reasons for this are
unknown. Statistical comparisons of specific differences between
aphasic patients or between patients and healthy controls will
therefore be difficult to interpret without larger populations
(Saalasti et al., 2011a,b; Meronen et al., 2013). Therefore, rather
than conducting statistical analyses between participants, we
limited our analysis to showing that audiovisual integration did
take place in a patient with Broca’s aphasia.

In accordance with our findings, Fridriksson et al. (2012)
recently showed that speech production in Broca’s aphasics can

improve dramatically when they shadow audiovisual speech.
Notably, this effect does not occur for auditory or visual speech.
This shows that Broca’s aphasics have some ability to integrate
auditory and visual speech for use in speech production but
the study does not address whether it also influences speech
perception in general. As speech perception and production have
been suggested to receive information from two, anatomically
distinct, parallel streams (Hickok and Poeppel, 2007) the
perceptual McGurk effect in Broca’s aphasics may be due to a
different mechanism than that studied by Fridriksson et al.

In summary, our findings show that speech perception in
a patient with Broca’s aphasia in influenced by the sight of
the talking face as this patient experiences a McGurk illusion,
which, although somewhat atypical, is little different from the
McGurk effect seen in the aphasic population in general. This
offers no confirmation of the hypothesis that Broca’s area should
be necessary for audiovisual integration of speech, contrary to
Ramachandran et al.’s (1999) preliminary findings, and hence,
no confirmation of the strong mirror neuron MT. Whether a
lesion in Broca’s area can have a more subtle effect on audiovisual
integration, as it has on auditory speech perception, cannot be
ruled out by the current results. Therefore, we do not consider
our findings in disagreement with recent, more moderate

versions of the MT in which articulatory representations have a
subtle role in speech perception and are located in a distributed
network of brain structures.

Acknowledgments

The authors wish to thank Tzvetelina S. Delfi for describing the
CT-scans, Kasper Eskelund for help with running the experiment
with patient MK and the participants who volunteered for the
study. Also thanks to Sande/Klepp at Stavanger scan-support,
and Fakutsi as always.

References

Andersen, T. S., Tiippana, K., Laarni, J., Kojo, I., and Sams, M. (2009). The role of

visual spatial attention in audiovisual speech perception. Speech Commun. 51,

184–193. doi: 10.1016/j.specom.2008.07.004

Andersen, T. S., Tiippana, K., Lampinen, J., and Sams, M. (2001). “Modeling

of audiovisual speech perception in noise,” in International Conference on

Auditory–Visual Speech Processing (AVSP) (Aalborg), 172–176.

Bernal, B., and Ardila, A. (2009). The role of the arcuate fasciculus in conduction

aphasia. Brain 132, 2309–2316. doi: 10.1093/brain/awp206

Bernstein, L. E., and Liebenthal, E. (2014). Neural pathways for visual speech

perception. Front. Neurosci. 8:386. doi: 10.3389/fnins.2014.00386

Binkofski, F., and Buccino, G. (2004). Motor functions of the Broca’s region. Brain

Lang. 89, 362–369. doi: 10.1016/S0093-934X(03)00358-4

Blumstein, S. E., Baker, E., and Goodglass, H. (1977). Phonological factors

in auditory comprehension in aphasia. Neuropsychologia 15, 19–30. doi:

10.1016/0028-3932(77)90111-7

Brainard, D. H. (1997). The Psychophysics Toolbox. Spat. Vis. 10, 433–436.

Broca, M. P. (1861). Remarques sur le siége de la faculté du langage articulé, suivies

d’une observation d’aphémie (Perte de la Parole). Bulletins et Memoires de la

Societe Anatomique de Paris 36, 330–357.

Calvert, G. A., and Campbell, R. (2003). Reading speech from still and moving

faces: the neural substrates of visible speech. J. Cogn. Neurosci. 15, 57–70. doi:

10.1162/089892903321107828

Campbell, R., Garwood, J., Franklin, S., Howard, D., Landis, T., and Regard, M.

(1990). Neuropsychological studies of auditory-visual fusion illusions. Four

case studies and their implications. Neuropsychologia 28, 787–802.

Colin, C., and Radeau, M. (2003). Les illusions McGurk dans la parole: 25 ans de

recherches. L’année Psychologique 103, 497–542. doi: 10.3406/psy.2003.29649

Fadiga, L., Craighero, L., Buccino, G., and Rizzolatti, G. (2002). Speech listening

specifically modulates the excitability of tongue muscles: a TMS study. Eur. J.

Neurosci. 15, 399–402. doi: 10.1046/j.0953-816x.2001.01874.x

Ferrari, P. F., Gallese, V., Rizzolatti, G., and Fogassi, L. (2003). Mirror neurons

responding to the observation of ingestive and communicative mouth actions

in the monkey ventral premotor cortex. Eur. J. Neurosci. 17, 1703–1714. doi:

10.1046/j.1460-9568.2003.02601.x

Fridriksson, J., Hubbard, H. I., Hudspeth, S. G., Holland, A. L., Bonilha, L.,

Fromm, D., et al. (2012). Speech entrainment enables patients with Broca’s

aphasia to produce fluent speech. Brain 135, 3815–3829. doi: 10.1093/brain/

aws301

Galantucci, B., Fowler, C. A., and Turvey, M. T. (2006). Themotor theory of speech

perception reviewed. Psychon. Bull. Rev. 13, 361–377. doi: 10.3758/BF03193857

Gallese, V., Fadiga, L., Fogassi, L., and Rizzolatti, G. (1996). Action recognition

in the premotor cortex. Brain 119(Pt 2), 593–609. doi: 10.1093/brain/119.

2.593

Hessler, D., Jonkers, R., and Bastiaanse, R. (2012). Processing of audiovisual

stimuli in aphasic and non-brain-damaged listeners. Aphasiology 26, 83–102

doi: 10.1080/02687038.2011.608840

Frontiers in Psychology | www.frontiersin.org 9 April 2015 | Volume 6 | Article 435

http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive


Andersen and Starrfelt Audiovisual integration in Broca’s aphasia

Hickok, G., and Poeppel, D. (2007). The cortical organization of speech processing.

Nat. Rev. Neurosci. 8, 393–402. doi: 10.1038/nrn2113

Jääskeläinen, I. P. (2010). The role of speech production system in audiovisual

speech perception. Open Neuroimag. J. 4, 30–36. doi: 10.2174/187444000100

4020030

Kertesz, A. (1982).Western Aphasia Battery. New York, NY: Grune and Stratton.

Kleiner, M., Brainard, D., and Pelli, D. (2007). What’s new in Psychtoolbox-3?

Perception 36 ECVP Abstract Supplement.

Klitsch, J. U. (2008).Open Your Eyes and Listen Carefully. Groningen: Dissertations

in Linguistics (GRODIL).

Knecht, S., Dräger, B., Deppe, M., Bobe, L., Lohmann, H., Flöel, A., et al. (2000).

Handedness and hemispheric language dominance in healthy humans. Brain

123(Pt 12), 2512–2518. doi: 10.1093/brain/123.12.2512

Kohler, E., Keysers, C., Umilta, M. A., Fogassi, L., and Gallese, V. (2002). Hearing

sounds, understanding actions: action representation in mirror neurons.

Science 297, 846–848. doi: 10.1126/science.1070311

Liberman, A. M. (1982). On finding that speech is special. American Psychologist

37, 148–167. doi: 10.1037/0003-066X.37.2.148

Liberman, A. M., and Mattingly, I. G. (1985). The motor theory of speech

perception revised. Cognition 21, 1–36. doi: 10.1016/0010-0277(85)90021-6

Lotto, A. J., Hickok, G. S., and Holt, L. L. (2009). Reflections on mirror

neurons and speech perception. Trends Cogn. Sci. 13, 110–114. doi:

10.1016/j.tics.2008.11.008

MacDonald, J., and McGurk, H. (1978). Visual influences on speech perception

processes. Percept. Psychophys. 24, 253–257. doi: 10.3758/BF03206096

Magnotti, J. F., and Beauchamp, M. S. (2014). The noisy encoding of disparity

model of the McGurk effect. Psychon. Bull. Rev. doi: 10.3758/s13423-014-

0722-2. [Epub ahead of print].

McGurk, H., andMacDonald, J. (1976). Hearing lips and seeing voices.Nature 264,

746–748.

Meister, I. G., Wilson, S. M., Deblieck, C., Wu, A. D., and Iacoboni, M. (2007).

The essential role of premotor cortex in speech perception. Curr. Biol. 17,

1692–1696. doi: 10.1016/j.cub.2007.08.064

Meronen, A., Tiippana, K., Westerholm, J., and Ahonen, T. (2013). Audiovisual

speech perception in children with developmental language disorder in

degraded listening conditions. J. Speech Lang. Hear. Res. 56, 211. doi:

10.1044/1092-4388(2012/11-0270)

Moineau, S., Dronkers, N. F., and Bates, E. (2005). Exploring the processing

continuum of single-word comprehension in aphasia. J. Speech Lang. Hear. Res.

48, 884–896. doi: 10.1044/1092-4388(2005/061)

Möttönen, R., and Watkins, K. E. (2009). Motor representations of articulators

contribute to categorical perception of speech sounds. J. Neurosci. 29,

9819–9825 doi: 10.1523/JNEUROSCI.6018-08.2009

Möttönen, R., and Watkins, K. E. (2012). Using TMS to study the role of the

articulatory motor system in speech perception. Aphasiology 26, 1103–1118.

doi: 10.1080/02687038.2011.619515

Ojanen, V., Möttönen, R., Pekkola, J., Jääskeläinen, I. P., Joensuu, R., Autti, T.,

et al. (2005). Processing of audiovisual speech in Broca’s area. Neuroimage 25,

333–338. doi: 10.1016/j.neuroimage.2004.12.001

Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics:

transforming numbers into movies. Spat. Vis. 10, 437–442.

Pulvermüller, F., Huss, M., Kherif, F., Moscoso del PradoMartin, F., Hauk, O., and

Shtyrov, Y. (2006). Motor cortex maps articulatory features of speech sounds.

Proc. Natl. Acad. Sci. U.S.A. 103, 7865–7870. doi: 10.1073/pnas.0509989103

Ramachandran, V. S., Rogers-Ramachandran, D., Altschuler, E. L., and Wisdom,

S. B. (1999). A test of Rizzolatti’s theory of language evolution; McGurk effect

and lip reading in Broca’s aphasia? Soc. Neurosci. Abstr. 25:1636. Program No.

654.11.

Rauschecker, J. P., and Scott, S. K. (2009). Maps and streams in the auditory cortex:

nonhuman primates illuminate human speech processing. Nat. Neurosci. 12,

718–724. doi: 10.1038/nn.2331

Rizzolatti, G., and Arbib, M. A. (1998). Language within our grasp. Trends

Neurosci. 21, 188–194. doi: 10.1016/S0166-2236(98)01260-0

Rizzolatti, G., and Craighero, L. (2004). The mirror-neuron system. Annu. Rev.

Neurosci. 27, 169–192. doi: 10.1146/annurev.neuro.27.070203.144230

Rosenblum, L. D., and Saldaña, H. M. (1996). An audiovisual test of kinematic

primitives for visual speech perception. J. Exp. Psychol. Hum. Percept. Perform.

22, 318–331.

Saalasti, S., Kätsyri, J., Tiippana, K., Laine-Hernandez, M., Wendt von, L., and

Sams, M. (2011a). Audiovisual speech perception and eye gaze behavior of

adults with asperger syndrome. J. Autism Dev. Disord. 42, 1606–1615. doi:

10.1007/s10803-011-1400-0

Saalasti, S., Tiippana, K., Kätsyri, J., and Sams, M. (2011b). The effect of visual

spatial attention on audiovisual speech perception in adults with Asperger

syndrome. Exp. Brain Res. 213, 283–290. doi: 10.1007/s00221-011-2751-7

Scott, S. K., McGettigan, C., and Eisner, F. (2009). A little more conversation, a

little less action—candidate roles for the motor cortex in speech perception.

Nat. Rev. Neurosci. 10, 295–302. doi: 10.1038/nrn2603

Sekiyama, K., and Tohkura, Y. (1991). McGurk effect in non-English listeners: few

visual effects for Japanese subjects hearing Japanese syllables of high auditory

intelligibility. J. Acoust. Soc. Am. 90, 1797–1805.

Skipper, J. I., Nusbaum, H. C., and Small, S. L. (2005). Listening to talking faces:

motor cortical activation during speech perception. Neuroimage 25, 76–89 doi:

10.1016/j.neuroimage.2004.11.006

Skipper, J. I., vanWassenhove, V., Nusbaum,H. C., and Small, S. L. (2007). Hearing

lips and seeing voices: how cortical areas supporting speech production

mediate audiovisual speech perception. Cereb. Cortex 17, 2387–2399. doi:

10.1093/cercor/bhl147

Sumby, W. H., and Pollack, I. (1954). Visual contribution to speech intelligibility

in noise. J. Acoust. Soc. Am. 26, 212–215. doi: 10.1121/1.1907309

Watkins, K. E., Strafella, A. P., and Paus, T. (2003). Seeing and hearing speech

excites the motor system involved in speech production. Neuropsychologia 41,

989–994. doi: 10.1016/S0028-3932(02)00316-0

Watkins, K., and Paus, T. (2004). Modulation of motor excitability during speech

perception: the role of Broca’s area. J. Cogn. Neurosci. 16, 978–987. doi:

10.1162/0898929041502616

Wernicke, C. (1874). Der Aphasische Symptomencomplex: Eine Psychologische

Studie auf Anatomischer Basis. Breslau: Max Cohn and Weigert.
Youse, K. M., Cienkowski, K. M., and Coelho, C. A. (2004). Auditory-visual

speech perception in an adult with aphasia. Brain Inj. 18, 825–834. doi:

10.1080/02699000410001671784

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2015 Andersen and Starrfelt. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 10 April 2015 | Volume 6 | Article 435

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

	Audiovisual integration of speech in a patient with Broca's Aphasia
	Introduction
	Methods
	Case Reports
	Patient ML: Broca's Aphasia
	Patient MK: Wernicke's Aphasia

	Aphasia Assessment
	Patient ML: Broca's Aphasia
	Patient MK: Wernicke's Aphasia

	Control Participants
	Stimuli and Procedure

	Results
	Discussion
	Acknowledgments
	References


