N

N

Visual activation and audiovisual interactions in the
auditory cortex during speech perception: intracranial
recordings in humans.

Julien Besle, Catherine Fischer, Aurélie Bidet-Caulet, Francoise Lecaignard,

Olivier Bertrand, Marie-Hélene Giard

» To cite this version:

Julien Besle, Catherine Fischer, Aurélie Bidet-Caulet, Francoise Lecaignard, Olivier Bertrand, et
al.. Visual activation and audiovisual interactions in the auditory cortex during speech percep-
tion: intracranial recordings in humans.. Journal of Neuroscience, 2008, 28 (52), pp.14301-10.
10.1523 /JINEUROSCI.2875-08.2008 . inserm-00351187

HAL 1Id: inserm-00351187
https://inserm.hal.science/inserm-00351187
Submitted on 18 May 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inserm.hal.science/inserm-00351187
https://hal.archives-ouvertes.fr

The Journal of Neuroscience, December 24, 2008 - 28(52):14301-14310 - 14301

Behavioral/Systems/Cognitive

Visual Activation and Audiovisual Interactions in the
Auditory Cortex during Speech Perception: Intracranial
Recordings in Humans

Julien Besle,'> Catherine Fischer,>* Aurélie Bidet-Caulet,' Francoise Lecaignard,? Olivier Bertrand,> and
Marie-Hélene Giard!+

'INSERM, U821, “Brain Dynamics and Cognition,” 69500 Lyon, France, 2Universite Lyon 1, 69622 Lyon, France, and *Hospices Civils de Lyon, Neurological
Hospital, 69003 Lyon, France

Hemodynamic studies have shown that the auditory cortex can be activated by visual lip movements and is a site of interactions between
auditory and visual speech processing. However, they provide no information about the chronology and mechanisms of these cross-
modal processes. We recorded intracranial event-related potentials to auditory, visual, and bimodal speech syllables from depth elec-
trodes implanted in the temporal lobe of 10 epileptic patients (altogether 932 contacts). We found that lip movements activate secondary
auditory areas, very shortly (=10 ms) after the activation of the visual motion area MT/V5. After this putatively feedforward visual
activation of the auditory cortex, audiovisual interactions took place in the secondary auditory cortex, from 30 ms after sound onset and
before any activity in the polymodal areas. Audiovisual interactions in the auditory cortex, as estimated in a linear model, consisted both
of a total suppression of the visual response to lipreading and a decrease of the auditory responses to the speech sound in the bimodal
condition compared with unimodal conditions. These findings demonstrate that audiovisual speech integration does not respect the
classical hierarchy from sensory-specific to associative cortical areas, but rather engages multiple cross-modal mechanisms at the first

stages of nonprimary auditory cortex activation.
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Introduction

Visual cues from lip movements can deeply influence the audi-
tory perception of speech and, thus, the subjective experience of
what is being heard (Cotton, 1935; McGurk and MacDonald,
1976). This suggests that visual information can access processing
in the auditory cortex. Indeed, several hemodynamic imaging
studies in humans have shown that the auditory cortex can be
activated by lip reading (Paulesu et al., 2003) [including primary
cortex (Calvert et al., 1997)], and is a site of interactions between
auditory and visual speech cues (Skipper et al., 2007) [including
primary cortex (Miller and D’Esposito, 2005)]. The results have
mainly been interpreted in an orthodox model of organization of
the sensory systems, in which auditory and visual cues are first
processed in separate unisensory cortices, and then converge in
multimodal associative areas (Mesulam, 1998). Visual influences
in the auditory cortex would result from feedback projections
from those polysensory areas (Calvert et al., 2000; Miller and
D’Esposito, 2005), particularly from the superior temporal sulcus
(STS). Indeed, this structure is known to respond to both visual
and auditory inputs and has repeatedly been found to be active in
functional magnetic resonance imaging (fMRI) studies of audio-
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visual integration of speech (Miller and D’Esposito, 2005), as well
as nonspeech stimuli (Beauchamp et al., 2004).

However, the poor temporal resolution of hemodynamic im-
aging prevents access to the temporal dynamics of the cross-
modal processes, and thus to the neurophysiological mechanisms
by which visual information can influence auditory processing.
Furthermore, the model of late multisensory convergence is be-
ing challenged by growing evidence that multisensory interac-
tions can take place at early stages of processing, both in terms of
anatomical organization and timing of activations (for review,
see Bulkin and Groh, 2006; Ghazanfar and Schroeder, 2006). In
the speech domain, several studies have shown that auditory
event-related potentials (ERPs) can be altered by visual speech
cues as early as the N1 stage, ~100 ms (Besle et al., 2004b; Mot-
tonen et al., 2004; van Wassenhove et al., 2005), that is, during the
building of an auditory neural representation (Néditinen and
Winkler, 1999). However, because of the poor spatial resolution
of this technique, these effects may actually have arisen in the
STS, which is close to, and has the same spatial orientation as, the
supratemporal plane subtending the auditory cortex.

In this study, we exploit both the spatial and temporal resolu-
tions allowed by invasive electrophysiological recordings to elu-
cidate the precise timing and mechanisms by which visual lip
movements can alter the auditory processing of speech. We re-
corded intracranial ERPs evoked by auditory, visual, and bimodal
syllables in 10 epileptic patients enrolled in a presurgical evalua-
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tion program and implanted with depth
electrodes, mainly in the temporal cortex
(see Fig. 1). Our goals were (1) to deter-
mine whether the auditory cortex can be
activated by lip movements before or after
polysensory areas, and (2) to describe the
precise chronology, location, and nature
of the audiovisual interactions in the tem-
poral cortex, by comparing the bimodal
ERPs with the unimodal responses.

Materials and Methods

Patients. We recorded data from 10 patients (4
males; ranging from 19 to 59 years of age) suf-
fering from pharmacologically resistant partial
epilepsy, and who were candidates for surgery.
Because the location of the epileptic focus could
not be identified using noninvasive methods,
they were stereotactically implanted with mul-
ticontact depth probes (Fig. 1). Electrophysio-
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benefit, patients were fully informed about the Figure 1. Location of multicontact electrodes in the 10 patients, reported on a common 3D representation of the right hemi-

electrode implantation, stereotactic EEG, and
evoked potential recordings, and the cortical
stimulation procedures used to localize the ep-
ileptogenic and functional brain areas. All pa-
tients gave their informed consent to partici-
pate in the experiment. The signals described
here were recorded away from the seizure focus. Several days before EEG
recordings, antiepileptic drugs administered to the patients had been
either discontinued or drastically reduced. No patient was administered
with benzodiazepines. None of the patients reported any auditory or
visual complaint.

Stimuli and task. Stimuli and tasks were similar to those used in a
previous scalp ERP study in healthy subjects and have been described in
detail by Besle et al. (2004b). Four French syllables (/pa/, /pi/, /po/ and
/py/, three exemplars of each) were presented in three conditions: visual
(lip movements), auditory, and audiovisual. All 36 stimuli were pre-
sented in random order, over 8 blocks of 66 stimuli each. Before each
block, one of the four syllables was designated as the target and the
patient’s task was to click on a mouse whenever he/she heard the target
(auditory and audiovisual conditions). No response was required in the
visual-only condition to avoid engaging unnatural and exaggerated at-
tention to the visual modality (by trying to lip-read), compared with the
other two conditions (Besle et al., 2004a). The target syllables were not
used to compute the ERPs. Stimuli were selected from a wider set of
audiovisual syllables uttered by the same speaker so that, in all 12 sylla-
bles, the visual part of the syllable preceded the sound onset by exactly
240 ms (six video frames). The onset of the auditory syllable (or its
corresponding point in time in visual-only trials) was taken as time 0.
Visual stimuli were sampled and played at 25 fps and auditory stimuli at
41.1 kHz. Contrary to our scalp ERP study, the auditory syllables were
presented with headphones. The stimulation setup was otherwise the
same.

EEG recording and ERP analysis. Intracranial recordings were per-
formed at the Functional Neurology and Epilepsy Department of Lyon
Neurological Hospital. EEG was recorded from 64 or 128 intracranial
electrode contacts referenced to an intracranial contact away from the
temporal cortex. The ground electrode was at the forehead. Signals were
amplified, filtered (0.1-200 Hz bandwidth), and sampled at 1000 Hz
(Synamps, Neuroscan Labs) for the first five patients, and were ampli-
fied, filtered (0.1-200 Hz bandwidth), and sampled at 512 Hz (Brain
Quick SystemPLUS Micromed) for the next five patients.

All signal analyses were performed using the ELAN-Pack software

sphere. The 3D representation of the cortex has been segmented from the anatomical MRI of the right hemisphere of the standard
MNI brain. Open and filled circles are electrodes implanted in the left and right hemispheres, respectively. X and ¥ coordinates of
each electrode of each patient have been normalized to the MNI space using the Talairach method. Letters correspond to the name
prefix of electrode contacts. The names of left-implanted electrodes are followed by a prime.

developed at INSERM U821. EEG signal was digitally bandpass-filtered
(0.2-100 Hz) and notch-filtered at 50 Hz. Trials including interictal dis-
charges were excluded by an automatic procedure: for each condition of
presentation, we excluded any trial including at least one time sample
with an amplitude >5 SDs relative to the mean amplitude (across the
trials) over a period from 300 ms before time 0 to 600 ms after. However,
if a single electrode contact participated in >6% of trial rejection for a
given condition, this contact was excluded. After rejection, the mean
number of remaining electrode contacts per subject was 56 and the mean
number of averaged trials per subject was 104, 106, and 107 for the visual,
auditory, and audiovisual syllables, respectively. ERPs were averaged be-
tween —300 and 600 ms (around time 0) and baseline-corrected relative
to the mean amplitude of the (—300 —150 ms) time-window (because
visual ERPs emerged as soon as —100 ms). ERPs were computed both
from monopolar montages (all contacts referred to the same reference
site) and from bipolar montages (every contact referred to its immedi-
ately adjacent neighbor). Whereas monopolar montages allow compar-
ison of the response polarity with those of scalp-recorded ERPs, bipolar
montages emphasize the contribution of local generators. Spatiotempo-
ral maps along the different contacts of an electrode were computed
using bilinear interpolation. Only bipolar maps are shown here (Fig. 2).

Statistical analysis. For each patient, we considered only statistically
significant effects, after correction for multiple tests in the temporal and
spatial dimensions. Because the electrode implantation was different for
each patient, the data from each patient were tested independently, using
single trials as statistical units. For all statistical tests (with one excep-
tion), data were downsampled to 50 Hz, with the amplitude at each time
sample being the averaged amplitude over the 40-ms time-window
around the sample, to reduce the number of tests. To reduce the contri-
bution of distant generators by volume conduction in the observed ef-
fects, we only considered differences that were statistically significant in
both monopolar and bipolar data, except as otherwise mentioned.

The emergence of unimodal visual and auditory ERPs from baseline
(unimodal activations) was statistically tested with paired Wilcoxon
signed-rank tests between —150 and 600 ms (38 samples) at all contacts
(mean number of contacts per patient: 93), which yields ~3500 tests per
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Auditory, visual, and interaction responses recorded from a multicontact electrode (H) passing through the transverse gyrus and the planum temporale in three patients (bipolar data).

Each row corresponds to one particular patient. 4, Location of the multielectrode relative to a 3D rendering of the cortical surface (superior part of the temporal cortex), segmented from each patient’s
anatomical MRI. B, Position of the multicontact electrode in the coronal plane containing the electrode. The dark blue lines delineate the cortical surface and the light blue lines the interface between
the white and gray matters. C, Spatiotemporal profile of the auditory response along the multicontact electrode axis from 300 ms before to 600 ms after sound onset. D, Spatiotemporal profile of the
visual response in the same latency range. E, Spatiotemporal profile of the interaction response (computed as the difference between the bimodal response and the sum of the unimodal responses).
The yellow boxes delimit the responses with statistically significant amplitudes [p << 0.00001 for auditory (€) and visual (D) panels; p << 0.001 corrected for multiple comparisons on the temporal
dimension for interaction (E) panel]. Yellow arrows indicate the sites and times for which the interaction pattern corresponds to the modulation of the transient auditory response.

patient and condition. To correct for multiple testing, we used the Bon-
ferroni inequality and set the statistical threshold to p < 10 >, The
emergence of the primary auditory response was tested on the original
1000 Hz-sampled data (512 Hz for the last five patients) between 10 and
40 ms after time 0, corresponding to 30 time samples (15 samples for the
last five patients). This amounted to ~2800 tests per patient (1400 for the
last five patients). The statistical threshold was thus set to p < 107>,
Unimodal emergence tests were conducted on all contacts including re-
jected contacts to increase the spatial sampling, because we expected the
response to be robust enough to resist the variability introduced by in-
terictal spikes.

To test the existence of audiovisual interactions, we compared the ERP
elicited by the audiovisual syllable with the sum of ERPs elicited by uni-
modal syllables between 0 and 200 ms (Besle et al., 2004a). We thus
sought to test the null hypothesis that the bimodal trials were drawn from
the same distribution as the distribution of the sum of auditory and visual
trials. Because the unimodal distributions were independently estimated,
we could not estimate the distribution of the unimodal sum. Thus, no
straightforward statistical test existed for this case, and we had to devise
an original test based on randomizations (Edgington, 1995). Each ran-
domization consisted of (1) pairing at random N auditory and N visual
trials (for this test we used the same number of auditory and visual trials
and thus discarded the extra trials in one of the conditions), (2) comput-
ing the N corresponding sums of unimodal trials, (3) pooling together
these N sums with the M audiovisual trials, (4) drawing at random M and
N trials from this pool, and (5) computing the difference between the

mean of these two samples. We did 10,000 such randomizations so as to
obtain an estimate of the distribution of these differences under the null
hypothesis. We then compared the actual difference between the bi-
modal ERP and the sum of unimodal ERPs to this distribution. This test
was conducted between 0 and 200 ms (20 time-samples) at each contact
left after trial rejection (56 per patient on average), which yielded on
average 1120 tests per patient. Because we expected interaction effects to
be less robust than the emergence of the unimodal responses, a Bonfer-
roni correction would have been over-conservative because it assumes
that the data for each test are independent and does not take into account
the spatiotemporal correlation of EEG data (Manly et al., 1986). To in-
crease sensitivity while taking into account multiple testing in the tem-
poral dimension, we used a randomization procedure proposed by Blair
and Karniski (1993): For each permutation of the dataset, the maximum
number of consecutive significant time-samples in the entire 0-200 ms
time-window was computed. Over all the permutations, we thus ob-
tained the distribution of this maximum number under the null-
hypothesis. In this distribution, the 95th percentile corresponds to the
maximum number of consecutive significant samples one can obtain by
chance with a risk of 5%. We required all the effects to last at least this
number of samples. This procedure was run separately for each channel.
For the spatial dimension, we considered the data to be independent and
therefore set the statistical threshold to p < 0.001.

Electrode implantation, anatomical registration and normalization.
Depth probes (diameter 0.8 mm) with 10 or 15 contacts each were in-
serted perpendicularly to the sagittal plane using Talairach’s stereotactic
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A. Monopolar montage

B. Bipolar montage

sup inal gyrus

Figure3.

Statistically significant auditory response to the auditory syllables in all patients reported on a common 3D representation of the auditory cortexat 35, 65, 120 and 200 ms after the onset

of the auditory stimulus. Each sphere represents the amplitude recorded at one contact in one patient. The radius of the sphere is proportional to the response amplitude, and its color indicates the
polarity. Left activations were reported on the right hemisphere. A, Monopolar montage (the voltage values are measured between each contact and a common reference contact) provides
information about the polarity of the recorded component. B, Bipolar montage (voltage values are measured between two adjacent contacts); amplitudesin this case indicate that the corresponding

neural sources are very close to the site of recording.

grid (Talairach and Tournoux, 1988). Electrode contacts were 2-mm-
long and spaced every 3.5 mm (center-to-center). Numbering of contacts
increases from medial to lateral along an electrode track. Electrode loca-
tions were measured on x-ray images obtained in the stereotactic frame.
Penetration depth for each contact was measured on the frontal x-ray
image from the tip of the electrode to the midline, which was visualized
angiographically by the sagittal sinus. The coregistration of the lateral
x-ray image and a midsagittal MRI scan, both having the same scale of 1,
allowed us to measure the electrode coordinates in the individual Ta-
lairach’s space defined by the median sagittal plane, the AC-PC (anterior
commissure—posterior commissure) horizontal plane and the vertical
AC frontal plane, these anatomical landmarks being identified on the
three-dimensional (3D) MRI scans. With this procedure, we could su-
perpose each electrode contact onto the patients’ structural MRIs. The
accuracy of the registration procedure was 2 mm, as estimated on an-
other patient’s MRI obtained just after electrode explantation and in
which electrode tracks were still visible. Electrode contacts locations were
plotted on a 3D rendering of the temporal cortices of the patient’s MRI
(cortical ~ surface  segmentation by  FreeSurfer  software,
http://surfer.nmr.mgh.harvard.edu).

All reported significant effects were localized individually on the pa-
tient’s MRI. However, to facilitate qualitative comparison between pa-
tients, the locations of each patient’s contacts were plotted on a common
brain. The electrode coordinates of each patient were first converted

from the individual Talairach’s space to the normalized Talairach’s
space, and then to the Talairach’s space of the Montreal Neurological
Institute (MNI) standard brain, using quadrant linear transformation
(Talairach and Tournoux, 1988). Electrode contacts and experimental
effects of all patients were plotted on a 3D rendering of the right temporal
lobe of the MNI standard brain. Because we saw no compelling evidence
of lateralization of the responses to speech stimuli and for the sake of
simplicity, left contacts were plotted on the right hemisphere by taking
the opposite x-coordinate. Because the normalization procedure intro-
duces localization errors attributable to anatomical variance between
subjects and between hemispheres, it was only used for visualization
purposes.

Results

Auditory responses

Auditory responses to the syllables were primarily recorded in the
superior part of the temporal cortex. Examples of the auditory
response, recorded from a multicontact electrode passing
through the transverse (Heschl) gyrus and the planum temporale
in three patients, are depicted in Figure 2C. The response con-
sisted of a succession of transient deflections with different spatial
profiles along the multicontact electrode beginning from 14 ms
after the auditory syllable onset. Despite important differences in
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Figure4.  Comparison between (4) intracortically recorded responses to lip movements and (B) fMRI results from lipreading experiments, displayed on a lateral view of the MNI brain temporal
cortex. In both cases, spheres stand for activations regardless of the size of the effect found. Left activations were reported on the right hemisphere. 4, Statistically significant activations evoked
by lip movements alone in our experiment. Each color stands for a cluster of similar responses observed in at least two patients. Numbers in parentheses refer to the type of the visual response as
characterized in supplemental Table 2, available at www.jneurosci.org as supplemental material, and described in the text. Individual coordinates have been converted into the MNI space using
Talairach method. B, Each color corresponds to a particular contrast that has been tested in studies by the following: (1) Calvert etal. (1997); (2) Puce et al. (1998); (3) Puce and Allison (1999); (4)
MacSweeney et al. (2000); (5) Campbell et al. (2001); (6) MacSweeney et al. (2001); (7) Olson et al. (2002); (8) MacSweeney et al. (2002); (9) Paulesu et al. (2003); (10) Calvert and Campbell

(2003). When originally given in Talairach space, fMRI activations were converted into the MNI space using the Talairach method.

the implantation of each patient’s auditory cortex, similarities in
the responses between patients are easily seen in Figure 3, where
significant auditory activations from all patients are reported on a
common 3D reconstruction of the right temporal cortex. The
first auditory response, found in seven patients from 14 to 40 ms
(mean onset, 23 ms), was circumscribed to the medial part of the
transverse gyrus, which subtends the primary auditory cortex
(see also supplemental Table 1, available at www.jneurosci.org as
supplemental material). Auditory activation then spread to the
lateral part of the transverse gyrus and to the planum temporale,
and could be observed as components of either positive or nega-
tive polarity in monopolar montages (see Material and Methods)
that peaked ~65 ms. Activation spread further to the superior
temporal gyrus (STG), the supramarginal gyrus, and the STS and
appeared as a positive component peaking ~120 ms. A compo-
nent with opposite polarity but similar spatial range was recorded
~200 ms. From ~70 ms, other responses with smaller ampli-
tudes were recorded outside the auditory cortex, but they will not
be described here because precise description of the auditory
response to speech is beyond the scope of this report.

Visual responses

In our stimuli, faint lip movements began 240 ms before the onset
of the auditory syllable. Thus, the cortical responses to visual
syllables could precede the sound onset and will be reported in
this case with negative latencies. In general, the visual responses
recorded in the temporal cortex were of lesser amplitude than the
auditory responses described in Auditory responses. They were
also generally long-lasting and did not change polarity over time
(Fig. 2, compare panels C and D). Furthermore, they showed
more variability between subjects, and it was not possible to as-
cribe individual visual responses to a few common components
as was done for the auditory response. Instead, we selected statis-

tically significant visual responses present in at least two patients,
and we categorized them with respect to their latency, the cortical
region in which they were recorded, and their similarity with the
unimodal auditory response at the same contacts. This procedure
yielded 13 different types of visual responses, whose Talairach
coordinates and latencies are reported in detail in the supplemen-
tal Table 2, available at www.jneurosci.org as supplemental ma-
terial. The visual responses recorded in the temporal lobe are
depicted in Figure 4 A and will be described in rough chronolog-
ical order.

The earliest visual responses were recorded from 100 ms be-
fore the auditory syllable, that is, 140 ms after the visual stimulus
onset, both in the posterior middle temporal gyrus (response type
1) and the superior temporal cortex (response types 2 and 3),
including the lateral transverse (Heschl) gyrus, the planum tem-
porale, the planum polare, the STG and the STS. Whereas type 1
responses were recorded at contacts that did not show any audi-
tory response, type 2 and 3 visual responses in the superior tem-
poral cortex showed a spatial pattern along electrode contacts
that was strikingly similar with the transient unimodal auditory
responses recorded on the same electrode. These visual responses
were spatially similar either to a transient auditory response peak-
ing ~65 ms (type 2) or to a transient auditory response peaking
~120 ms (type 3). This spatial similarity is illustrated for two
patients (patient 1 and patient 8) in Figure 2C,D: In patient 8, the
visual response at contact H'10 resembled the auditory ERP be-
ginning ~50 ms (type 2). In patient 1, the visual response at H’9
resembled the transient auditory ERP beginning ~100 ms (type
3). Type 2 and type 3 visual responses were found in 12 nonadja-
cent sites in 5 patients, and in 6 nonadjacent sites in 4 patients,
respectively. This spatial similarity with transient auditory re-
sponses strongly suggests that they were indeed generated in the
auditory cortex and were not caused by volume conduction from
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nonspecific cortices such as the STS. How-
ever, Figure 5 shows that these responses
were not seen in general in the medial part
of the transverse gyrus (corresponding to
the primary auditory cortex): indeed, the
locations of type 2 and 3 visual responses
barely overlap the location of the earliest
auditory response (<30 ms) in the medial
transverse gyrus. A notable exception is
patient 10, who showed visual activation at
electrode contacts (H6—9) where the pri-
mary auditory response was recorded (Fig.
2, compare C, D).

After these activations, statistically sig-
nificant responses common to auditory
and visual conditions were observed
around the anterior STS after 60 ms (re-
sponse type 5), the posterior STS after 100 Patid
ms (response type 7), the supramarginal Patient8
gyrus after 140 ms (response type 8), and Pat '
the postcentral operculum and insula after
100 ms (response type 9). Other visual-
specific responses were also recorded in
the superior temporal cortex after 40 ms
(type 4), the supramarginal gyrus after 80
ms (type 6), and in other structures out-
side the temporal cortex, generally after
140 ms: the insula (type 10), cingular gyrus
(type 11), precentral operculum, or infe-
rior frontal gyrus (type 12), and hip-
pocampus and parahippocampal gyrus
(type 13) (see supplemental Table 2, avail-
able at www.jneurosci.org as supplemental
material).

Patient 10

Figure 5.

Patient 10 (H
Patient 8 (T'8-9
Patient 3 (C13)

Visual response \

. in the auditory cortex

O First cortical auditory
response < 30 ms
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Patient 7 (G'11-14)
Patient 5 (G'3-5)
Patient 4 (H'6-7)
Patient 2 (H6-7)
Patient 5 (H'2)
Patient 8 (H'8)
Patient 9 (H6-8)
Patient 10 (H6-9)
Patient 10 (H6)
Patient 10 (H8)
Patient 6 (H3)
Patient 6 (H4)
Patient 8 (T2)
Patient 8 (T3-5)
Patient 7 (T'2-7)
Patient 8 (T'3)
Patient 6 (B10)
Patient 3 (T'6-9)
Patient 3 (C8)
Patient 3 (T7-9)
Patient 1 (T7-10)

Comparison between the location of the visual responses recorded in the auditory cortex and the earliest auditory

responses (<30 ms) recorded in the primary auditory cortex. The individual coordinates have been converted to MNI coordinates

Audiovisual interactions

Because visual responses were observed all
over the superior temporal cortex at laten-
cies preceding, or coincident with, its activation by the auditory
syllables, visual and auditory speech processing should interact in
this region. To estimate the latency and location of these audio-
visual interactions, we subtracted the sum of unimodal ERPs
from the ERP elicited by the bimodal syllable (see Materials and
Methods). Statistically significant interaction responses were
mainly found in the superior temporal cortex and are illustrated
in Figure 2 E for three patients (see supplemental Table 3, avail-
able at www.jneurosci.org as supplemental material, for a de-
tailed account of all interactions responses). The spatiotemporal
profile of the interaction response shows a striking similarity to
the visual response, but with opposite polarity. Because the inter-
action and the unimodal visual response have the same amplitude
order, the interaction can be interpreted as the visual response being
suppressed in the bimodal condition compared with the unimodal
visual condition. This pattern of interaction was found at 19 nonad-
jacent sites in nine patients. It could start from 30 to 160 ms after the
auditory syllable onset and lasted well after 600 ms.

However, this suppression of the visual response cannot ac-
count for the entire pattern of interaction effects. As can be seen
in Figure 2 E for patients 8 and 10, parts of the significant inter-
action responses (indicated by arrows) do not have the same
profile as the visual response. Rather, they show a spatiotemporal
similarity with the transient auditory-only response, with oppo-
site polarity (contact H' 11 in patient 8, contact H9 in patient 10).

using the Talairach method and reported on the standard MNI brain. Left activations were reported on the right hemisphere.

Because their amplitude is smaller than that of the corresponding
auditory component, they can be interpreted as a decrease of the
auditory transient response in the bimodal condition compared
with the auditory-only condition. This pattern of interaction was
found in nine nonadjacent sites in six patients, between 40 and
200 ms after the auditory syllable onset. Note that, in four of nine
nonadjacent sites, this modulation was only seen in the monopo-
lar montage and, in four of the nine sites, we had to lower
the statistical threshold (see supplemental Table 3, available at
www.jneurosci.org as supplemental material). The locations of
these two types of interactions are summarized in Figure 6. They
were generally spatially overlapping and were often found at the
same electrode for the same patient. However they were recorded
outside the medial part of the transverse gyrus (except for patient
10).

Other statistically significant interactions were found but they
could notbe classified into categories of responses sharing spatial,
temporal, or functional features (see response type 3 in supple-
mental Table 3, available at www.jneurosci.org as supplemental
material).

Relationship between unimodal and interaction responses

Thus far, we have described each type of response separately for
the entire group of patients. Given the variability of onset laten-
cies for the same type of response between patients and the fact
that not all patients showed all types of response, it was not pos-
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Patient 8 (H13-
Patient 10 (H11-13
Patient 8 (T6-7)

Patient 2 (T8-10)
Patient 8 (T'8-9)

response suppression

o AV interaction due to auditory
response modulation

Figure 6.

Results, Audiovisual interactions).

sible to compare these auditory, visual and interaction responses
at the group level. However, some of the patients showed indi-
vidually several types of responses. This makes the comparison of
onset latencies possible and allows us to suggest, somewhat ten-
tatively, a description of the organization of unimodal and inter-
action responses in the bimodal presentation condition. Table 1
presents the latencies of four types of responses: two visual re-
sponses (in the posterior middle temporal cortex and in the su-
perior temporal cortex) and two interaction responses (modula-
tion of the transient auditory response and suppression of the
visual response) in each of the 10 patients. Only patients 8 and 10
showed all types of response, but interestingly, the succession of
events was similar in the two patients: in the bimodal condition,
the middle temporal cortex was first activated by the lip move-
ments, followed 10 ms later by the auditory cortex. These two
activations occurred well before the presentation of the auditory
syllable. Approximately 50 ms after the presentation of the audi-
tory syllable, the auditory transient ERPs were modulated (de-
creased) and this modulation was followed by the suppression of
the visual response. This succession of events was respected for all
the other patients (except for patient 6 in whom the suppression
of the visual response began 10 ms before the modulation of the
auditory response).

Patient 8 (G'13)
Patient 7 (G'9-14)
Patient 5 (G'3-5)
Patient 9 (L'12-14)
Patient 1 (H8-10)
Patient 7 (H'6)
Patient 10 (H7-10)
Patient 6 (H3-5)
Patient 6 (H7-9)*
Patient 8 (T2-3)
Patient 8 (T3-5)
Patient 7 (T'5-7)
Patient 7 (T'4-9)
Patient 3 (T7-8)*
Patient 7 (T'5-8)
Patient 3 (T'8)
Patient 8 (T'7-8)*

Locations of the interaction responses in the superior temporal cortex. The individual coordinates have been con-
verted to MNI coordinates using the Talairach method and reported on the standard MNI brain. Left activations were reported on
therighthemisphere. (*) Indicates that the effect was significant only in the monopolar data for the second type of interaction (see
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Behavioral results

As a group, the patients showed a shorter
response time (RT) to audiovisual targets
(514 ms) than to auditory target syllables
(530 ms). However, this difference was
only marginally significant (one-tailed
Student’s t test, p = 0.069). The patients’
RTs were longer by ~100 ms compared
with the RTs measured in healthy subjects
(400 vs 423 ms, p < 0.001) with the exact
same paradigm (Besle et al., 2004b). The
marginal significance of the behavioral ef-
fect in patients may be attributable to the
larger variability in their RTs (SD of the
difference = 32 ms for epileptic patients
and 22 ms for healthy subjects). In addi-
tion, the much longer RT's in patients than
in healthy subjects can reflect a general
slowing in executive functions, which may
have blurred the perceptual enhancement
at the sensory level, particularly because
we have no reason to think that perception
was impaired in these patients.

Discussion

This experiment brings new insights into
the cortical dynamics of auditory and vi-
sual speech processing in the human brain,
both in the temporal and the spatial di-
mensions. By recording ERPs directly
from different precise locations in the tem-
poral cortex of epileptic patients, we pro-
vide evidence that (1) lip movements can
activate the secondary auditory cortex af-
ter ~150 ms of processing, and (2) audi-
tory and visual processing of speech can
interact in the secondary auditory cortex
in two ways: auditory speech syllable can
totally suppress the response to lip move-
ments, and visual lip movements can
modulate (slightly suppress) the transient auditory response to

the syllable.

Direct feedforward visual activation of the secondary
auditory cortex

Speech lip movements activated, at ~140 ms after visual stimulus
onset, the temporo-occipital junction and the posterior MTG,
the location of which corresponds to the movement-sensitive
visual area MT/V5 in humans (d’Avossa et al., 2007). Some 10
milliseconds later, the superior temporal cortex was activated
with a spatial profile very similar to that of the transient auditory
components peaking ~65 or 120 ms at the same electrode. Be-
cause these transient auditory components are known to be gen-
erated in the auditory cortex (Liégeois-Chauvel et al., 1994; Yvert
etal., 2005), this visual response was thus probably also generated
in the auditory cortex. Those first two types of visual responses
(in MT/V5 and in auditory cortex) occurred well before visual
activations in other parts of the brain (at least those investigated
in the study). The activation of the auditory cortex by lip move-
ments may therefore result from a direct feedforward process. We
thus replicated the auditory cortex activation by lipreading found
by numerous fMRI studies, but we added the crucial information
of timing to show that this cross-modal activation happens
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Table 1. Begin and end latencies of the first three types of visual response and first two types of interaction response for each of the patients

Besle et al. @ Audiovisual Integration of Speech

Visual response in MTG/
occipito-temporal junction

Visual response in auditory

Interaction: modulation of

Interaction: suppression of

(typeT) cortex (types 2 and 3) the auditory response the visual response

Patient Begin End Begin End Begin End Begin End
Patient 1 —-20 600+ 110 250
Patient 2 —120 450 40 110
Patient 3 —120 600+ 50 120 80 600+
Patient 4

Patient 5 0 600+ 130 600+
Patient 6 —80 350 40 120 30 600+
Patient 7 -20 450 60 200 70 600+
Patient 8 —80 400 =70 600+ 50 120 70 500
Patient 9 —100 160 120 250
Patient 10 —40 600+ -30 600+ 80 160 80 600+

All'latencies (in ms) are measured relative to the auditory syllable onset; 600+ indicates that the response continues after 600 ms.

within a few milliseconds of activations in visual-specific areas.
Although we acknowledge it is problematic to draw comparisons
between humans and animals concerning such a specialized
function as speech communication, recent anatomical studies
have shown the existence of direct projections from the visual
cortex (Hishida et al., 2003; Cappe and Barone, 2005) and from
multisensory thalamic nuclei (Hackett et al., 2007) to the audi-
tory cortex, that could account for this cross-modal activation.

There has been debate in the literature as to whether activation
of the auditory cortex by lipreading occurs in the primary cortex
or only in secondary auditory cortex (Calvert et al., 1997; Bern-
stein et al., 2002; Pekkola et al., 2005). One patient (patient 10), of
seven in whom a primary auditory response could be recorded in
the medial part of the transverse gyrus, showed a visual response
at the same contacts. But overall, our data tend to show that this
activation occurs mainly outside the primary auditory cortex,
because the visual responses and the first transient auditory re-
sponse were recorded at different contacts. It should, however, be
kept in mind that lipreading was not the primary task of our
patients, who were only asked to look at the face. It is also possible
that primary auditory cortex activation by lip movements, as seen
in fMRI, reflects later feedback activations from associative mul-
timodal areas and/or other phenomena such as auditory imagery
rather than genuine sensory activation. Note that our conclusion
is based on negative findings, and it is still possible that the ab-
sence of visual activation in the primary auditory cortex is caused
by a lack of sensitivity of our analysis.

Because lip movements were contrasted with a resting mouth,
we cannot decide, on the basis of our data, whether this activation
is specific to speech or to movement per se. However, Figure 4 B
presents results from 10 fMRI lipreading studies that used various
contrasts: while activation by nonspeech lip movements are re-
stricted to the posterior MTG, speech-specific lip-movement ac-
tivations (speech > nonspeech lip movements contrasts) occur
in the superior temporal cortex, close to the cross-modal activa-
tion found in our experiment, which suggests that this activation
is indeed speech-specific.

Two forms of audiovisual interaction in the secondary
auditory cortex

Once lip movements had activated the auditory cortex, audio-
visual interactions in the secondary auditory cortex could take
two forms. First, as soon as the secondary auditory cortex
becomes activated by the auditory syllable, the long-lasting
visual response seen in visual-only trials completely disap-
pears in the audiovisual condition. Second, comparison of the

spatio-temporal profiles of the interaction response with
those of the unimodal auditory response reveals that some
transient auditory components between 40 and 200 ms are
decreased when the auditory syllable is presented with lip
movements compared with when it is presented alone. These
two forms of interactions may convey complementary pro-
cesses of integration of speech signals in the auditory cortex
that facilitate the processing of the auditory syllable.

At least two scenarios can explain the full pattern of interac-
tions observed, depending on the type of information brought by
the visual activation of the auditory cortex. One possibility is that
lip movements only bring temporal information about the onset
of the syllable sound. This activity would thus stop after the onset
of the acoustic signal in the auditory cortex, and the subsequent
modulations of the auditory components would reflect a cross-
modal attentional effect by visual temporal cueing (Schwartz et
al., 2004; Stekelenburg and Vroomen, 2007). Alternatively, lip
movements may have brought phonetic information that “pre-
activate” the auditory cortex; this auditory activation resulting
from the visual input would stop to leave full resources to the
sensory-specific (auditory) cortex to process the acoustic/pho-
netic features of the syllables more efficiently. Nevertheless, the
“preprocessing” of the visual syllable would result in engaging
less auditory resources from the auditory cortex (response de-
creases) to process the syllable (Besle et al., 2004a, Giard and
Peronnet, 1999). In both cases, the suppression of visual activity
might reflect a ceiling effect: the auditory cortex would be maxi-
mally activated by speech sounds, and there would be no possi-
bility for an additional activation by lip movements once the
sound starts being processed. If this is the case, only the subse-
quent decrease in transient auditory activity might be related to
audiovisual integration per se.

It is to be noted that the reduction of activity in the auditory
cortex for bimodal speech is similar to the effect found on the
auditory N1 component of scalp ERPs in normal subjects (Besle
et al., 2004b; van Wassenhove et al., 2005), which has been asso-
ciated with a behavioral gain (shorter response time) to identify
the syllable in the audiovisual condition. Indeed, the modulation
of the positive auditory component peaking ~120 ms is the ana-
log of the auditory N1 decrease found in scalp ERPs using the
exact same experimental paradigm (Besle et al., 2004b). This
component is recorded with a positive polarity in intracranial
data, because electrodes are located under the supratemporal cor-
tical surface (Godey et al., 2001; Yvert et al., 2005). Modulation of
earlier auditory components and visual responses in auditory
cortex were not observed on the scalp, probably because they are
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of smaller amplitudes and/or vary in polarity, and therefore can-
cel out at the surface. Note that the decrease of auditory activity
was significant only in the monopolar data for half of the sites
where it was recorded, indicating that the effect could arise from
more distant parts of the cortex. But, given the latency of the
effects and their spatiotemporal similarity with the transient au-
ditory responses analogous to the P50 and N1 scalp components,
they probably originate from the associative auditory cortex.

Finally, the two forms of interactions in the auditory cortex
found in the present study are suppression effects in which the
absolute activation in the audiovisual condition is less than the
sum of auditory and visual activities. This contrasts with
the principles of multisensory integration, as first enunciated
by Stein and Meredith (1993) at the single neuron level, ac-
cording to which successful multisensory integration results
in a multiplicative increase of neural activity. Several factors
can account for this discrepancy, such as that these principles
were established at the cellular level on spike data, with near-
threshold stimuli, while we recorded the resultant of postsyn-
aptic activity at the population level and used suprathreshold
stimuli. Furthermore, suppressive interaction effects have re-
peatedly been evidenced at the neural population level, even
when the behavioral outcome of multimodality is a facilitation
(Giard and Peronnet, 1999; Beauchamp et al., 2004). Several
studies have reported that, in bimodal asynchronous stimuli,
the delay separating nonauditory inputs from auditory inputs
can influence the pattern of interactions seen in the auditory
cortex (Ghazanfar et al., 2005; Lakatos et al., 2007), especially
that long delays (>100 ms, like in our stimuli) favor suppres-
sion effects over enhancements (Ghazanfar et al., 2005). One
mechanism proposed to explain this effect is that visual speech
movements entrain or reset ongoing oscillations in the audi-
tory cortex, and that the outcome of the audiovisual interac-
tion depends on the phase of those oscillations at the speech
sound onset, and therefore, on the delay between the visual
and the auditory inputs (Schroeder et al., 2008). In this report,
we limited our analysis and our conclusions to the evoked
activity, and analysis of oscillatory activities will be reported
elsewhere.
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