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Observing mouth movements has strikingly effects on the perception of speech. Any mismatch between sound and mouth movements
will result in listeners perceiving illusory consonants (McGurk effect), whereas matching mouth movements assist with the correct
recognition of speech sounds. Recent neuroimaging studies have yielded evidence that the motor areas are involved in speech processing,
yet their contributions to multisensory illusion remain unclear. Using functional magnetic resonance imaging (fMRI) and transcranial
magnetic stimulation (TMS) in an event-related design, we aimed to identify the functional roles of the motor network in the occurrence
of multisensory illusion in female and male brains. fMRI showed bilateral activation of the inferior frontal gyrus (IFG) in audiovisually
incongruent trials. Activity in the left IFG was negatively correlated with occurrence of the McGurk effect. The effective connectivity
between the left IFG and the bilateral precentral gyri was stronger in incongruent than in congruent trials. The McGurk effect was reduced
in incongruent trials by applying single-pulse TMS to motor cortex (M1) lip areas, indicating that TMS facilitates the left IFG-precentral
motor network to reduce the McGurk effect. TMS of the M1 lip areas was effective in reducing the McGurk effect within the specific
temporal range from 100 ms before to 200 ms after the auditory onset, and TMS of the M1 foot area did not influence the McGurk effect,
suggesting topographical specificity. These results provide direct evidence that the motor network makes specific temporal and topo-
graphical contributions to the processing of multisensory integration of speech to avoid illusion.

Key words: functional magnetic resonance image; inferior frontal gyrus; McGurk effect; motor cortex; multisensory illusion; transcranial
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The human motor network, including the inferior frontal gyrus and primary motor cortex lip area, appears to be involved in
speech perception, but the functional contribution to the McGurk effect is unknown. Functional magnetic resonance imaging
revealed that activity in these areas of the motor network increased when the audiovisual stimuli were incongruent, and that the
increased activity was negatively correlated with perception of the McGurk effect. Furthermore, applying transcranial magnetic
stimulation to the motor areas reduced the McGurk effect. These two observations provide evidence that the motor network
contributes to the avoidance of multisensory illusory perception. j

ignificance Statement

inputs can be integrated to improve perception and decrease sen-
sory uncertainty. Compared with unimodal stimuli, semantically

Introduction
Human sensory systems develop and are tuned so that they can
perform optimally in various environments. Multiple sensory
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congruent and temporally matched multisensory inputs enhance
the accuracy of perception and reduce the reaction time (RT) of
recognition (Green and Angelaki, 2010), whereas incongruent
stimuli have the opposite effects (Sekuler et al., 1997). The
McGurk effect is one of the multisensory illusions elicited when
phonetic sounds and lip movements are incongruent. For exam-
ple, a combination of an auditory /Pa/ and a visual /Ka/ results in
the perception of a different syllable, /Ta/ (McGurk and Mac-
Donald, 1976). The posterior part of the superior temporal sulcus
(STS) is an important candidate region for the audiovisual inte-
gration of congruent stimuli (Calvert et al., 2000; Beauchamp et
al., 2004) and even of incongruent McGurk syllables (Nath and
Beauchamp, 2012; Matchin et al., 2014). On the other hand, neu-
roimaging data have shown that the motor areas—including the
inferior frontal gyrus (IFG), dorsal part of the premotor cortex
(dPMC), and primary motor cortex (M1)—are activated during
audiovisually incongruent speech, including McGurk stimuli,
compared with congruent speech (Bushara et al., 2001; Miller
and D’Esposito, 2005; Ojanen et al., 2005; Skipper et al., 2007;
Benoit et al., 2010).

The recruitment of motor areas during audiovisual speech can
be explained by the motor theory of speech perception, whereby
speech sounds are recognized based on the motor representations
that underlie speech gestures (Liberman and Mattingly, 1985).
This motor theory is closely linked to the framework of a mirror
neuron system, which plays a role in mapping sensory inputs
onto matching motor representations for understanding actions
(Rizzolatti and Arbib, 1998; Corballis, 2010). However, the func-
tional contributions of the motor areas to multisensory illusory
perception remain to be determined.

Transcranial magnetic stimulation (TMS) is widely used in
many neuroscience fields, including speech studies. The applica-
tion of TMS with an event-related design temporally disrupts or
facilitates the activity of the stimulated network, which should
result in a deterioration or improvement of the behavioral per-
formance if this network is relevant to the performed task (Mu-
rakami et al., 2013). However, the underlying mechanisms are
not well understood and are explained poorly when invoking
simple mechanisms (Schwarzkopfet al., 2011; Perini et al., 2012).
Beauchamp et al. (2010) reported on a unique event-related TMS
experiment using a McGurk task. Participants had to identify
syllables from audiovisually congruent or incongruent McGurk
stimuli after event-related single-pulse TMS over the left STS
versus the control site and no TMS. TMS of the left STS selectively
reduced the occurrence of the McGurk effect compared with
stimulation of the control site and the no-TMS condition. Beau-
champ etal. (2010) showed that TMS creates a temporary virtual
lesion in the STS and leads to a reduction of the McGurk effect.
However, TMS does not necessarily induce inhibitory effects, and
it is also necessary to determine how the stimulated network is
involved in the behavioral performance.

To investigate the functional role of the motor network in
multisensory illusory speech perception, we conducted two ex-
periments using audiovisual McGurk stimuli with an event-
related design. First, functional magnetic resonance imaging
(fMRI) was performed to identify activations of the motor areas
with McGurk stimuli. Correlation analysis and psychophysiolog-
ical interaction (PPI) analysis were used to clarify the motor areas
related to the McGurk effect. Second, we applied single-pulse
TMS over the M1 lip area and found temporally and topograph-
ically specific reduction of McGurk illusion susceptibility (IS).
These approaches showed that the motor network is involved in
the occurrence of multisensory illusion.
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Materials and Methods

Participants

The study participants comprised 26 healthy right-handed subjects (in-
cluding 10 females) aged 21.4 = 4.0 years (mean = SD) with a score on
the Edinburgh Handedness Inventory of 85.8 == 19.6% (Oldfield, 1971).
Written informed consent was obtained from all subjects before their
participation. The study was approved by the ethics committee of Fuku-
shima Medical University (approval no. 2008) and conformed to the
latest version of the Declaration of Helsinki.

Behavioral paradigm

The applied audiovisual stimuli were recordings of a native Japanese
male speaker vocalizing the sounds /Ba/, /Pa/, /Ga/, and /Ka/. The total
length of each video clip (frame size: 720 X 480 pixels; frame rate: 29 fps)
was 2500 ms, and the duration of each auditory syllable was ~300 ms.
Visual lip movements began 60 ms before the onset of the auditory
stimulation. Audiovisually incongruent (auditory /Ba//Pa/ and visual
/Ga//Ka/) and congruent (both /Ba//Pa/) perceptual tasks were presented
using a stimulus delivery control program (Presentation, Neurobehav-
ioral Systems). In the fMRI experiment, auditory stimuli were delivered
at ~70 dB SPL via headphones compatible with fMRI, and visual stimuli
were presented on a computer screen via a mirror. In the TMS experi-
ment, auditory stimuli were presented via noise-isolating in-ear head-
phones at ~70 dB SPL, and visual materials were presented on a PC
screen positioned 1 m directly in front of the participant. The subjects
were instructed to focus on a cross cue for 1 s before the task and then to
watch the mouth movements while listening to the speaker. Three writ-
ten syllables were then presented on a screen, and subjects chose the
syllable that they had heard by pressing one of three response buttons; the
three possible syllables were those representing the auditory, visual, and
McGurk perceptions (Fig. 1A). Twenty-four trials of incongruent and
congruent tasks were presented, with the tasks delivered in random order
and separated by 8—10 s intertrial intervals.

Experiment 1: functional localization related to audiovisual
illusion in an event-related fMRI experiment
All 26 subjects participated in Experiment 1.

MRI recording. fMRI and high-resolution structural T1-weighted im-
age data were acquired on a 3.0-tesla Siemens Biograph mMR System
equipped with a 12-channel head coil. An fMRI experiment for audiovi-
sual trials was performed with an event-related design using a blood
oxygen level-dependent (BOLD) effect-sensitive gradient echo planar
imaging (EPI) sequence covering the entire brain [repetition time
(TR) = 3.0 s, echo time (TE) = 30 ms, field-of-view (FOV) = 192 mm,
flip angle = 90°, 64 X 64 matrix, 45 slices, slice thickness = 3.0 mm, and
voxel size = 3.0 X 3.0 X 3.0 mm]. To confirm the localization of the M1
lip areas and the left foot area, other fMRI experiments were performed
in a block design. The subjects had to say /Ba//Pa/ when the written
syllables appeared on a computer screen for 30 s. In an additional condi-
tion, the word “rest” appeared on the screen for 30 s, during which the
subjects rested. Each task was performed six times alternatively. The
subjects also performed ballistic movements of the right foot and rested
alternatively (6 times for 30 s each) according to written instructions.
Coregistration with the functional data was performed by acquiring a
high-resolution structural T1-weighted image using an MRI machin-
e(TR = 1800 ms, TE = 1.99 ms, FOV = 250 mm, flip angle = 9°, 256 X
256 matrix, 176 slices, slice thickness = 1 mm, and voxel size = 1.0 X
1.0 X 1.0 mm).

fMRI data analysis. fMRI data were processed in a standard manner
using SPM 12 software (Wellcome Department of Imaging Neuroscience,
London, UK). EPI volumes were realigned, spatially normalized to the
Montreal Neurological Institutes (MNI) space, and smoothed using a
Gaussian filter with a full-width at half-maximum of 8 mm. The prepro-
cessed functional images were analyzed using the standard general linear
model approach. Beta maps of each audiovisual task and a simple
t-contrast map of incongruent versus congruent tasks were calculated for
each subject. Group data from the 3 images were analyzed using simple
one-sample ¢ tests. Group data for saying /Ba//Pa/ versus a resting con-
dition and for moving a foot versus a resting condition were also analyzed
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Figure 1.

100, or 50 ms before or 0, 50, 100, 200, or 400 ms after the auditory onset.

with one-sample ¢ tests. Clusters were considered significant if they con-
sisted of at least 100 contiguous voxels that passed the threshold of p <
0.05 with familywise error (FWE) correction in the voxel-based analyses.

Behavioral data analysis. The susceptibility to McGurk effect (i.e., IS)
was calculated as the proportion of McGurk effect occurrences relative to
the total stimuli in each trial. RT was defined as the time required for a
subject to respond to the three syllables presented on a screen. IS and RT
were calculated in both the audiovisually incongruent and congruent
trials, and they were analyzed using paired t tests.

Correlation analysis. The correlation between task-related activity in
the left IFG and behavioral data was analyzed using contrast maps of
incongruent versus congruent trials. Individual differences in IS and RT
between incongruent trials and congruent trials (delta IS and delta RT,
respectively) were calculated and used as covariates. The significance
threshold was set at 100 contiguous voxels for which p < 0.05 with FWE
small-volume correction in a cluster of the left IFG identified in the
activation map of incongruent versus congruent tasks, because the left
IFGisa candidate area involved in the processing of multisensory illusory
perception (Miller and D’Esposito, 2005; Ojanen et al., 2005).

PPI analysis. PP1 analysis was applied to the functional connectivity of
the brain regions associated with modulation of the McGurk effects ac-
cording to motor areas (Friston et al., 1997). At the individual level,
spheres with radii of 8 mm were created around the IFG and STS in the
left hemisphere derived from the earlier one-sample t tests and correla-
tion analysis. The time series of the BOLD response for each subject was
computed using the first eigenvariate from all time series of the voxels in
the spheres. The BOLD time series for each subject was then deconvolved
to estimate a neuronal time series for the seed using the PPI deconvolu-
tion parameter. The PPI regressor was calculated as the element-by-
element product of the neuronal time series and a vector coding for the
main effect of the task. The P regressor represented the contrast of incon-
gruent versus congruent tasks (the psychological variable), whereas the Y

Experimental protocol. A, Subjects were presented with a McGurk illusory task interspersed within a series of audio-
visually congruent trials with an event-related design. Subjects had to choose the syllable they perceived from three possibilities.
B, Event-related TMS study in Experiment 2-1. Subjects received single-pulse TMS at the onset of an auditory syllable. TMS was
applied over bilateral M1 lip areas and the M1 foot area using a TMS neuronavigation system guided by fMRI. C, Event-related TMS
study in Experiment 2-2. Single-pulse TMS was applied over the left M1 lip area in every trial at one of nine times, from 400, 200,
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regressor showed the seed neuronal time series
(the physiological variable). These regressors
were reconvolved using the canonical hemody-
namic response function. Subject-specific PPI
models were run, and images were produced of
the changes in connectivity with the source
presented as the contrast between incongruent
and congruent tasks. These first-level contrast
images were entered into a second-level gen-
eral linear model to assess target regions for
effective connectivity with the source. The tar-
gets were chosen in the left precentral gyrus
[MNI coordinates (x, y, z) = (—50, 0, 47)]
right precentral gyrus (49,0, 51),left STS (—62,
—42, 10), and left IFG (—48, 25, 19), because
these are associated with audiovisual speech
perception (Ojanen et al., 2005; Skipper et al.,
2005; Hocking and Price, 2008). The target re-
gions were selected in the spheres (radius = 8
mm) centered at these coordinates. The statis-
tical threshold was set at 20 contiguous voxels
for which p < 0.05 with FWE small-volume
correction.

Response

Left M4 foot

Experiment 2: effects of TMS on
audiovisual illusion in an event-related
TMS experiment

Twenty-four of the 26 subjects participated in
Experiment 2.

Transcranial magnetic stimulation. TMS was
delivered using a magnetic stimulator con-
nected to a figure-of-eight coil with external
loops having a diameter of 70 mm (Magstim
200, Magstim). The magnetic stimulus had a
monophasic waveform. The stimulating coil
was placed tangentially to the scalp with the
handle pointing backwards and laterally 45°
from the anterior—posterior axis. The TMS in-
tensity was set at the motor threshold, which was defined as the mini-
mum stimulus intensity that elicited a small motor-evoked potential
(MEP) with a peak-to-peak amplitude of >50 wV from the orbicularis
oris muscles in at least 5 of 10 consecutive trials. The stimulus intensity
was indicated as a percentage of the maximum stimulator output. Be-
cause it is difficult to keep the orbicularis oris muscles fully at rest, the
participants were instructed about how to maintain electromyogram
quiescence for ~10 min. This was achieved by providing the participants
with continuous high-gain visual (50 wV/division) and auditory feed-
back of the electromyogram activity (Murakami et al., 2011).

fMRI-guided TMS neuronavigation. Stimulation sites of the bilateral
M1 lip areas and the left M1 foot area were identified on the scalp of each
subject using an fMRI-guided TMS neuronavigation system (Brainsight,
Rogue Research). Individual fMRI-guided TMS neuronavigation is cur-
rently the most-precise approach for determining the target regions
given the high interindividual variability in the relationship between the
spatial location of brain function and anatomical landmarks (Sack et al.,
2009). The 3D high-resolution structural T1-weighted image of an indi-
vidual was imported, and this image was standardized to the Talairach
coordinate system by defining the anterior-commissure—posterior-
commissure line and the falx cerebri. Four skull landmarks of each sub-
ject (nasion, tip of nose, and bilateral preauricular points) were fitted to
those on the 3D image. Errors of up to 3 mm were allowed between the
scalp and the image. The MNI coordinates of individual activated regions
in MRI of the M1 lip areas and the M1 foot area were automatically
transformed into Talairach coordinates using the Brainsight software,
and the stimulating coil was visually navigated to the stimulation target
and kept there with the aid of real-time feedback of the coil position
throughout each TMS experiment. The individual coordinates for TMS
targeting were determined as the maximum individual fMRI activations
in close proximity to the bilateral M1 lip areas and the left M1 foot area as

LeftM1 lip
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Behavioral and fMRI results. 4, The rate of McGurk IS was higher in audiovisually incongruent trials than in congruent trials. B, The reaction time was longer in incongruent trials than

in congruent trials. *p << 0.05, ***p << 0.001. Data are mean and SEM values. C, Audiovisually incongruent trials and (D) congruent trials widely activated audiovisual areas and the frontal lobes,
including the dPMCand the IFG in both hemispheres. £, Contrast maps of incongruent versus congruent trials showed stronger activations in the bilateral IFG, anterior cingulate gyrus, and putamen.
Activations were considered positive when there were at least 100 contiguous voxels that passed the threshold of p << 0.05 with familywise error correction.

defined in the group fMRI data, to take into account interindividual
differences (Murakami et al., 2012, 2015).

Event-related single-pulse TMS. The delivery of single-pulse TMS and
audiovisual stimuli was controlled using the Presentation program. In
Experiment 21, each subject participated in three sessions; two with the
TMS targeting the M1 lip areas bilaterally and one with the TMS over the
left M1 foot area. The order of TMS sites was set randomly. Single-pulse
TMS was applied at the onset of the auditory syllable. In each session,
each run consisted of 12 trials of randomly intermixed audiovisually
incongruent and congruent tasks with and without TMS, resulting in a
total of 48 trials. The data obtained in the 12 trials were averaged in each
TMS condition, and those of the no-TMS condition (total 36 trials) were
averaged and used for analyzing the no-TMS condition. To examine the
consistency of TMS effects within subjects, we performed a test—retest
experiment in the condition of TMS over the left M1 lip area and the
no-TMS condition in a random order. The second set of recordings was
made at least 10 d after the first set.

In Experiment 2-2, single-pulse TMS was applied over the M1 lip area
on the left hemisphere in each trial for a total of nine times: 400, 200, 100,
or 50 ms before or 0, 50, 100, 200, or 400 ms after the auditory onset. Each
run of 12 trials of audiovisually incongruent tasks were delivered with
and without TMS in a random order, to produce a total of 120 trials.

In Experiment 2-1, McGurk IS and RT were compared using a two-
way repeated-measures ANOVA (rmANOVA) with trial (2 levels: incon-
gruent and congruent) and stimulus site (4 levels: left M1 lip area, right
M1 lip area, left M1 foot area, and no TMS) as the within-subject factors.
To clarify whether TMS shifted the illusory perception to auditory or
visual perception in incongruent trials, we analyzed the rates of non-
McGurk perception (auditory /Ba//Pa/ and visual /Ga//Ka/) chosen from
the three syllables. An additional two-way rmANOVA was performed
with audiovisual perception (2 levels: auditory- and visual-based re-
sponses) and stimulus site (4 levels: left M1 lip area, right M1 lip area, left
MLI foot area, and no-TMS) as the within-subject factors. We calculated

Pearson’s correlation coefficients for the data in the test-retest experi-
ment to confirm the reproducibility of the McGurk effect.

In Experiment 2-2, IS and RT were compared using one-way
rmANOVA with stimulus timing (10 levels: —400, —200, —100, —50, 0,
50, 100, 200, and 400 ms from the onset of the auditory syllable, and no
TMS) as the within-subject factor. An additional two-way rmANOVA
with audiovisual perception and stimulus timing as the within-subject
factors was performed in both experiments to clarify how TMS interfered
with illusory perception in incongruent trials. When a significant main
effect was detected, post hoc analyses were performed using Fisher’s pro-
tected least-significant-difference test.

In all of the above-described statistical analyses, which were performed
using IBM SPSS Statistics v22.0, significance was assumed if p < 0.05.

Results

Experiment 1: results from the event-related

fMRI experiment

Paired t tests showed that the behavioral parameters of the rate of
IS was higher (T = 19.041, p < 0.001; Fig. 2A) and RT was longer
(T'=12.722, p = 0.012; Fig. 2B) in audiovisually incongruent trials
than in congruent trials.

A voxel-based analysis was first applied over the whole brain
to explore regions associated with audiovisually congruent and
incongruent conditions. Brain activations were widely distrib-
uted in audiovisual areas, the dPMC and IFG, bilaterally in both
the audiovisually incongruent (Fig. 2C) and congruent (Fig. 2D)
trials, which is consistent with the dual speech processing model
(Hickok and Poeppel, 2007). The contrast maps of incongruent
versus congruent trials revealed stronger activations of the bilat-
eral IFG, anterior cingulate gyrus, and putamen (Fig. 2E; Table
1). In contrast, the activities of the STS, inferior temporal lobes,
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Table 1. MNI coordinates of clusters activated by the contrast incongruent versus
congruent trials

Region Hemisphere  x y 4 7-score k P
Incongruent > congruent
IFG Right 30 30 6 526 992 <<0.001
IFG Left —42 14 10 49 1445 <<0.001
Left —38 16 24 453
ACG Left —6 6 60 4.62 1263  <0.001
Right 10 22 40 45
Putamen Left —16 8 6 397 197 0.035
Incongruent < congruent
ITG Left —58 —24 —18 44 489  <<0.001
PCG Left -2 —66 20 422 281 0.007
IPL Left —62 —40 28 412 196 0.035
STS Left =50 —62 18 4.05 602 <<0.001
MTG Right 492 —72 2 4.02 393 0.001

ACG, Anterior cingulate gyrus; PCG, precentral gyrus; MTG, Middle temporal gyrus.
N = 26, cluster threshold = 100 voxels, p << 0.05 FWE-corrected.

and inferior parietal lobules in the left hemisphere were lower in
incongruent trials than in congruent trials (Table 1). These re-
sults suggest that the IFG and STS in the left hemisphere are
associated with processing of audiovisual illusory perception, but
with different activation patterns: the left IFG is activated more in
the audiovisually incongruent condition, whereas the left STS is
activated more in the congruent condition.

To clarify the functional role of the left IFG in the audiovisual
illusion, we analyzed the correlation between the task-related
brain responses and the behavioral McGurk effect (delta IS and
delta RT). The activity in the left IFG cluster (—38, 16, 24) was
negatively correlated with delta IS (Fig. 3; p < 0.05 with FWE
small-volume correction), which suggests that activation of the
left IFG contributes to a reduction of the McGurk effect. How-
ever, delta RT was not significantly correlated with the IFG in the
left hemisphere (p > 0.05, uncorrected).

We performed PPI analyses to examine whether the connec-
tivity between the seeds and the target regions changed with the
trial congruency. The coordinates of the left IFG (—38, 16, 24)
and the left STS (—50, —62, 18) were used as seeds (Table 1). The
PPI analysis revealed the influences of trial congruency on the
connectivity: the effective connectivity between the left IFG and
the bilateral precentral gyri (left: —54, 0, 50; right: 50, 4, 50) was
stronger in incongruent trials than in congruent trials (Fig. 4; p <
0.05 with FWE small-volume correction), with the same relation-
ship found between the left IFG and the left STS (—68, —38, 10)
(p < 0.05 with FWE small-volume correction). In contrast, the
PPI analysis produced the opposite result for the effective con-
nectivity between the left STS and the left precentral gyrus (—54,
0, 42): the effective connectivity between the two regions of in-
terest was stronger in congruent trials than in incongruent trials
(p < 0.05 with FWE small-volume correction). However, there
was no greater effective connectivity of the left STS with the pre-
central gyri nor the left IFG in incongruent trials than in congru-
ent trials (p > 0.05, uncorrected).

Experiment 2: results from the event-related TMS experiment
The event-related TMS experiment aimed to extend the findings
obtained in Experiment 1 by assessing the temporal and topo-
graphical causality of the motor areas in the McGurk effect.

Experiment 2-1: topographically specific modulation of the
McGurk effect

Nineteen subjects participated in Experiment 2-1. Individual
MNI coordinates of TMS sites were shown in Figure 5A and
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Table 2. For IS, the two-way rmANOVA showed significant main
effects of trial (F, 5, = 273.132, p < 0.001, n° = 0.938) and
stimulus site (F35, = 3.333, p = 0.026, n° = 0.156), and a
significant interaction (F5 54, = 7.754, p < 0.001, n* = 0.301).
Illusion was perceived mostly in the incongruent trials, and TMS
over the left and right M1 lip areas reduced IS significantly com-
pared with TMS over the M1 foot area and the no-TMS condi-
tion. The topographically specific effects of TMS on IS reduction
are supported by the findings of the post hoc paired ¢ tests, with
single-pulse TMS of the M1 lip areas bilaterally reducing IS in
audiovisually incongruent trials compared with TMS over the
M1 foot area (left M1 lip area, p = 0.006; right M1 lip area, p =
0.013) and the no-TMS condition (left M1 lip area, p = 0.003;
right M1 lip area, p = 0.002; Fig. 5B). The magnitude of the IS
reduction induced by TMS did not differ significantly between
the leftand right M1 lip areas (p = 0.823). Control stimulation to
the left M1 foot area did not induce a significant change in IS (p =
0.526).

In audiovisually congruent trials, there were no significant
differences in the modulation of IS between the conditions with
and without TMS (all p > 0.1; Fig. 5B). We also measured the
rates of non-McGurk perception for audiovisually incongruent
stimuli to investigate how TMS shifted McGurk illusory percep-
tion to auditory or visual perception. Two-way rmANOVA re-
vealed a significant main effect of stimulus site (F; 54y = 6.895,
p =0.001, n* = 0.277) but not of audiovisual perception (F, ;5
= 0.864, p = 0.365, n*> = 0.046), and no significant interaction
(F354) = 0.555, p = 0.647, n* = 0.030). These results indicate
that TMS did not disrupt the processing of auditory or visual
perception, whereas it did block the occurrence of illusory
perception.

To examine the reproducibility of TMS and the McGurk effect
within subjects, we investigated 14 subjects in retest experiment.
Although IS varied across the subjects, as also reported previously
(Benoit et al., 2010; Nath and Beauchamp, 2012), we found a
small amount of within-subject variability when TMS was ap-
plied over the left M1 lip area (r = 0.870, p < 0.001; Fig. 5C) and
when TMS was not applied (r = 0.616, p = 0.019; Fig. 5D). These
results confirm the reliability of the psychological measure of IS
and the physiological effect of TMS over the M1 lip area on the
McGurk effect.

For the RT, the rmANOVA revealed a significant main effect
of trial (F, 5, = 24.219, p < 0.001, n* = 0.574) but not of TMS,
and no interaction (both F < 1.7, p > 0.1, n* < 0.1), indicating
that the RT is longer in audiovisually incongruent trials than in
congruent trials, but also that single-pulse TMS has less impact
on the RT.

Experiment 2-2: temporal modulation of the McGurk effect

Twelve subjects participated in Experiment 2-2, seven of whom
had also participated in Experiment 2-1. Individual MNI coordi-
nates of TMS sites were demonstrated in Figure 6A and Table 3.
For IS, the one-way rmANOVA showed a significant main effect
of time (F g 99) = 4.587, p < 0.001, > = 0.294). The post hoc tests
revealed that IS was significantly reduced by the application of
single-pulse TMS from 100 ms before to 200 ms after the onset of
the audiovisual stimuli (p < 0.05; Fig. 6B). When assessing the
rates of auditory or visual perception for audiovisually incongru-
ent stimuli, two-way rmANOVA showed a significant main effect
of time (Fg 99, = 4.835, p < 0.001,1* = 0.305) and an interaction
(Fo.99) = 2.537,p = 0.012, 1> = 0.187), but no significant main
effect of audiovisual perception (F, ;;, = 1.026, p = 0.333,7° =
0.085). However, a post hoc paired ¢ test revealed no differences
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between the rates of auditory and visual perceptions at any time
point (p > 0.05), supporting the notion that TMS decreased the
appearance of illusory perception but did not prevent the pro-
cessing of auditory or visual perception at any time point.

For the RT, the one-way rmANOVA revealed a significant
main effect of time (Fg49) = 2.543, p = 0.011, n*> = 0.188).
However, the post hoc analysis did not reveal any differences be-
tween the RT for any timing of single-pulse TMS and the RT
without TMS (p > 0.05).

Discussion

This study provided empiric evidence for the contribution of the
motor network to audiovisual illusions based on the effective
connectivity (Experiment 1) and the causal connectivity (Exper-
iment 2). Activation of the left IFG was associated with a reduc-
tion of IS. The effective connectivity between the left IFG and the
bilateral precentral gyri was stronger in incongruent trials than in
congruent trials. We also found that time-locked single-pulse
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SEM values.

Table 2. MNI coordinates of individual stimulation sites in the Experiment 2-1

Left M1 lip area Right M1 lip area Left M1 foot area
X y z X y z X y z
A —48 —8 24 42 —10 40 —4 —30 66
B —52 -12 38 56 —6 40 —4 —36 70
C —52 -2 22 44 —12 34 —4 —22 64
D —44 -10 34 50 -10 38 -8 —34 64
E —52 -2 22 44 —14 34 —8 —28 66
F —38 —14 34 48 —6 36 -8 —40 64
G —36 —18 'y} 56 —-10 30 -2 —26 78
H —40 —12 34 62 —6 26 —6 —38 54
| —58 -8 42 48 —6 34 —-12 —36 72
J —52 —12 38 50 —6 30 —6 —24 66
K —56 —16 32 44 —14 36 -10 —24 72
L —44 —14 42 44 —14 38 —=10 —36 68
M —50 —4 28 58 2 42 —4 —22 62
N —44 -12 38 46 -8 40 —6 —38 72
0 —38 —14 34 44 —6 34 —6 —36 64
p —38 —14 34 4 —-12 34 —4 —34 68
Q —40 —16 36 42 —10 32 —4 —34 70
R —40 —14 34 36 —16 42 —10 —34 78
S —44 —=10 38 42 -12 34 —8 —34 72
Average = SD —456 + 6.8 =112+ 46 340 £ 6.2 473+ 6.6 —93 %43 355+ 43 —6.5 %27 —319+58 679 £57

TMS over the M1 lip areas reduced IS in incongruent trials within
a specific time range, indicating the causal influence of TMS on
the McGurk effect via its interaction with the motor network
processing. The motor network (including the left IFG) appears
to perform specific modulation of multisensory perception in a
task-specific manner.

Several studies have suggested that the STS is a critical region
for multisensory integration of audiovisual speech perception
(Calvert et al., 2000; Beauchamp et al., 2004; Matchin et al.,
2014). This is supported by anatomical evidence that the STS is
located between visual and auditory sensory cortices and exhibits
strong connectivity (Seltzer and Pandya, 1978). McGurk perceiv-
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Table 3. MNI coordinates of individual stimulation sites in the Experiment 2-2
Left M1 lip area

X y z
A —48 -8 24
B —52 -2 22
C —44 —10 34
D —38 —14 34
3 —36 —18 4
F —40 —12 34
G —44 —12 38
H —40 —14 36
| —44 —10 38
J —40 —16 36
K —40 —14 36
L —44 —12 46
Average = SD —43.7 =59 —113=*47 33.8 6.1

ers show stronger STS activation compared with nonperceivers
(Nath and Beauchamp, 2012). In addition, event-related single-
pulse TMS over the left STS decreased the rate of McGurk effect,
indicating that the STS plays a key role in integrating multisen-
sory stimuli into a combined perception (Beauchamp et al,
2010).

Other neuroimaging studies have highlighted that the motor
speech regions are also involved in multisensory processing
(Miller and D’Esposito, 2005; Ojanen et al., 2005; Skipper et al.,
2007; Benoit et al., 2010). Both the IFG and STS are activated
during audiovisual matching and conflicting stimuli, and that the
left IFG is more active in conflicting perception while the STS is
not (Ojanen et al., 2005). The activity in the left IFG increases
during unfused audiovisual stimuli but decreases during fused
perception, whereas the left STS shows greater activity for fused
stimuli than for unfused stimuli (Miller and D’Esposito, 2005).
These results suggest that the roles of the left IFG and the STS in
audiovisual integration may be separable, with the left IFG and
STS relating to unmatched and matched audiovisual processing,
respectively. The fMRI experiments in the present study also
showed higher activations of the frontal areas (including the left
IFG) in the contrast maps of audiovisually incongruent versus
congruent trials, whereas the left STS was activated in the contrast
of congruent versus incongruent trials. Furthermore, the activity
of the left IFG activity was negatively correlated with the occur-
rence of the McGurk effect. This supports the hypothesis that the
left IFG constitutes a part of the frontal lobe network that is
generally responsible for modulating incompatible multisensory
inputs (Novick et al., 2005).

The motor system is involved in the processing of audiovisual
perception, with audiovisual stimulation activating the motor
network over a large area, including the left IFG, bilateral dPMC,
left ventral part of premotor cortex, and left M1 (Skipper et al.,
2007). The precentral gyrus was activated more by audiovisually
incongruent stimuli than by congruent stimuli, and that the oc-
currence of the McGurk effect was negatively correlated with the
activities in the precentral gyrus (Benoit et al., 2010). The analysis
of effective connectivity in the present study indicated that the left
IFG was positively related to the precentral gyri and the left STS in
incongruent trials compared with congruent trials, while no in-
crease in the connectivity of the left STS with the motor system
was shown in incongruent trials. The occurrence of the McGurk
effect may be controlled by the balance of activities between the
left STS and the motor system (including the left IFG), with
the STS promoting multisensory integration for inducing the
McGurk effect, and the motor system recognizing audiovisual
incompatibility and avoiding the McGurk effect.

Previous studies using TMS have demonstrated that the MEP
amplitudes of relaxed lip muscles increase while viewing lip
movements and listening to speech (Sundara et al., 2001; Watkins
et al., 2003; Murakami et al., 2011). Double-pulse TMS over the
articulatory M1 facilitates the identification of perceived syllables
(D’Ausilio et al., 2009). Low-frequency repetitive TMS of the M1
lip area impairs the discrimination of lip-articulated syllables
(Mottonen and Watkins, 2009). The corticocortical connectivity
of the M1 lip area to the IFG increases while listening to speech
conditions, but not in noise conditions (Watkins and Paus, 2004;
Murakami et al., 2012). These findings represent convergent ev-
idence that the M1 representations of the articulatory muscula-
ture contribute to the recognition of speech perception, which is
in accordance with the motor theory of speech perception (Liber-
man and Mattingly, 1985). The present TMS experiments sup-
port this idea by showing that single-pulse TMS over the M1 lip
areas reduced the occurrence of the McGurk effect in incongru-
ent trials. TMS might enhance the role of the motor system,
including the left IFG-precentral network, in modulating multi-
sensory perception. The McGurk effect was modulated when
TMS was applied over the M1 lip areas but not over the M1 foot
area, indicating topographically specific control in the motor sys-
tem. This result is consistent with previous TMS studies (Fadiga
et al., 2002; Watkins et al., 2003; Murakami et al., 2011).

This is the first study demonstrating that TMS of the right M1
lip area modulates speech perception. The MEP of the lip muscle
increased during both visual and auditory speech perceptions
when TMS was applied over the left (but not the right) hemi-
sphere (Watkins et al., 2003). Single-pulse TMS over the left (but
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not the right) M1 was found to improve lexical decisions of action
(Pulvermiiller et al., 2005). This discrepancy might be due to
differences in the task contents: the audiovisual stimuli in the
present experiments consisted of syllables, and the precentral gyri
activate bilaterally in phonetic perception tasks (Nishitani and
Hari, 2002; Callan et al., 2004; Skipper et al., 2007), whereas
Watkins et al. (2003) and Pulvermiiller et al. (2005) used a
context-dependent level of speech prose and lexical tasks, which
are dominantly processed in the left hemisphere. Similar results
were obtained when TMS was applied over the right M1 hand
area, with the MEP amplitude increasing while observing simple
movements of the left hand (Aziz-Zadeh et al., 2002).

We took advantage of the high temporal resolution of TMS to
study the time course of network processing related to the emer-
gence of the McGurk effect. Single-pulse TMS over the M1 lip
area effectively reduced the McGurk effect from 100 ms before to
200 ms after the auditory onset. This finding supports the notion
that modulatory roles of TMS in multisensory perception are
temporally specific to the stimulus presentation. The temporal
range was slightly longer than that in a previous TMS study re-
porting that TMS over the left STS disrupted the McGurk effect
within the time window from 100 ms before to 100 ms after the
auditory onset (Beauchamp et al., 2010). The effects of TMS on
speech perception might be explained by evidence that the mirror
neuron system forms a distributed neural network of the STS
linking the motor system, including the IFG and M1 (Rizzolatti
and Craighero, 2004). The STS is situated upstream of the motor
system, and activation of the M1 follows STS activation via the
left IFG by 150 ms during the observation of lip movements
(Nishitani and Hari, 2002). This specific time window is consis-
tent with previous behavioral findings that the McGurk effect
appears within a 300 ms integration window of asynchronous
auditory and visual stimulus onsets (van Wassenhove et al., 2007;
Stevenson et al., 2012).

We took care to control for any nonspecific effect of TMS that
might have influenced the McGurk effect. First, TMS over the M1
lip areas might have caused discomfort by contracting the tem-
poral muscles, because the facial M1 areas are situated laterally
from the M1 hand areas (Murakami et al., 2013). However, IS
changed without changes in the RTs, suggesting genuine effects
of TMS on multisensory perception. Second, it could be argued
that click noise generated by TMS might have influenced the
reduction of McGurk effect. We therefore used noise-isolating
in-ear headphones to avoid interference from the click noise.
Also, TMS was selectively applied over the target sites and its
effects were observed 200 ms after the auditory onset, which
would have minimized any contribution from nonspecific click
sounds.

Another concern is related to using TMS to evaluate cortico-
bulbar excitability. A previous study showed increases in the cor-
ticobulbar excitability during McGurk stimuli when recording
MEP increases of facial muscles (Sato et al., 2010). We did not
record MEPs in the present study because the aim of the TMS
experiments was to clarify how the motor network modulates the
McGurk effect. Future studies should investigate the relationship
between the occurrence of the McGurk effect and corticobulbar
excitability.

In conclusion, the findings of the present study suggest that
the left IFG is part of the system that reduces illusion induced by
multisensory incompatibility. The motor network consisting of
the left IFG and precentral gyri contributes to the detection and
resolution of multisensory incompatibility and plays a role in
regulating speech perception.
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