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Abstract

Human speech has auditory (heard speech) and visual (seen speech) qualities. The neural representation of audiovisual integration in
speech was investigated using functional magnetic resonance imaging (fMRI). Ten subjects were imaged while viewing a face in four
different conditions: with speech and mouth movements synchronized, with speech and mouth movements desynchronized, during silent
speech, or while viewing a static face. Subtractions of the different sets of images showed that lipreading primarily activated the
STG/STS. Synchronized audio—visual speech and desynchronized audio—visual speech activated similar areas. Regions activated more in
the synchronized versus the desynchronized conditions were considered to be those involved in cross-modal integration. One dominant
activation focus was found near the left claustrum, a subcortical region. A region-of-interest analysis of the STS and parietal areas found
no difference between audio—visual conditions. However, this analysis found that synchronized audio—visual stimuli led to a higher signal
change in the claustrum region. This study extends previous results, using other sensory combinations, and other tasks, indicating

involvement of the claustrum in sensory integration. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

How do the senses converge to create multimodal
representations of stimuli? Two dominant theories exist for
how sensory input is integrated. Theory 1 is a site-specific
integration model; it suggests that special purpose regions
of cortex process specific combinations of sensory input.
This theory is based on early neuroanatomical and neuro-
physiological research which suggested that there were
‘association’ areas of the brain that only processed specific
stimulus combinations [44]. These ‘poly-modal’ areas
were suggested to be in the arcuate sulcus, superior
temporal sulcus (STS), inferior and posterior parietal
lobules, the amygdaloid complex including the rhina
cortex and hippocampus, and the superior colliculus (re-
viewed by Ref. [20]). Theory 2 is a communication relay
model. This model suggests that neural areas that process
single sensory stimuli (e.g. unimodal stimuli) are the same
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areas that process multi-sensory stimuli. Importantly, each
sense can access other senses through a subcortical relay
area. This theory is primarily supported by negative
evidence in that numerous studies have shown that lesions
to putative poly-modal areas fail to disrupt sensory integra-
tion [20,21].

Human research has studied audio—visua (AV) and
tactile—visual integration with functional magnetic reso-
nance imaging (fMRI) and positron emission tomography
(PET). Three neural areas have emerged as candidate
cross-modal regions: STS, the insula and nearby subcorti-
cal structures, and the parietal lobe. The STS has been
suggested as a site of AV integration. Calvert et al. [11]
indirectly studied AV integration using a lipreading task.
They found that silent lipreading activated a number of
regions, including the superior tempora gyrus (STG)/
STS, aregion that partially overlaps with spoken language
perception areas. The authors suggested that this region
was important for AV integration since it was highly
responsive to both visual and auditory language. Thus their
findings tend to support the site-specific theory of sensory
integration. A more direct study of AV integration com-
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pared the neural response to AV stimulation to a unimodal
auditory or a unimodal visua stimulation [14]. The results
failed to support the STS/STG cross-moda hypothesis
since increased activity in response to cross-modal stimula-
tion was found only in visual motion cortex (MT/V5) and
primary and secondary auditory cortex. These results failed
to confirm the results of their earlier study. The results also
tend to support theory 2 since AV integration was found to
occur in areas that process unimodal visual and unimodal
auditory stimuli. A follow-up study by the same group
examined AV integration in speech and found a different
pattern of results: activations in the STS and other regions.
Non-speech AV integration activated the STS, intraparietal
sulcus (IPS), insula/claustrum, and the superior colliculi
[9,10,13]. These results support theory 1 since the reported
activations were in areas that have been previously sug-
gested as cross-modal integration areas and also since the
STS and the IPS are areas that are generally thought of as
higher order, association areas.

Tactile—visual integration studies have reported a differ-
ent pattern of results. Hadjikhani and Roland [23] used
PET to measure tactile—visual matching. The right claus-
trum was the only brain area that was activated in the
crossmodal condition. Another PET study using a tactile—
visua matching paradigm aso found effects in the left
claustrum in addition to other regions such as the inferior
parietal lobes [4]. A similar finding was reported by
Horster et al. [25]. They tested tactile—visual integration in
monkeys and reported 2-deoxyglucose (2-DG) labeling in
the left and right claustrum. The claustrum is a small
subcortical area of gray matter, medial to the insula and
lateral to the basal ganglia, which contains orderly maps of
visual, auditory, and somatosensory cortices. Ettlinger and
Wilson [20] reviewed the sensory integration literature and
concluded that the claustrum was an area that might relay
information between the senses. Thus the findings from
tactile—visua integration tend to support theory 2, that is,
that the senses access each other through a common
communication relay area. The generdity of this finding is
difficult to assess since the three studies that report
claustrum activations used similar stimuli (e.g. tactile—
visual), and an identical paradigm (e.g. matching). Thus it
is difficult to make statements about the involvement of the
claustrum in al types of sensory integration.

Other studies have not directly addressed the two
theories of sensory integration, but are important to note
nevertheless. For instance, Lewis et al. [30] had subjects
perform separate visual and auditory motion discrimination
tasks while measuring changes in the hemodynamic re-
sponse (e.g. fMRI). Areas activated by both tasks included
lateral parietal cortex, extending into the intraparietal
sulcus (IPS), and the insula. A second experiment required
an explicit cross-modal speed comparison and found that
the cross-modal task activated sites including the IPS and
the insula. The parietal activations may have overlapped
with regions containing cells that respond to both auditory
and visual stimuli, previously identified in animals [2].

In this study we examine the two competing hypotheses
about AV integration. Does AV integration occur by using
a dedicated polysensory module, such as portions of the
parietal lobe or the STS (e.g. theory 1)? Or does AV
integration utilize the same neural mechanism as other
forms of cross-modal integration, such as tactile—visual,
which appear to rely on the claustrum and nearby struc-
tures (e.g. theory 2)? We investigated the cortical activa
tion patterns of subjects integrating AV stimuli using fMRI.
We compared two different cross-modal conditions: one in
which the AV signals were temporally synchronized, and
one in which they were desynchronized. Past research has
found that temporal or spatial synchrony of two stimulus
sources is critical for achieving sensory integration
[32,34,42]. By manipulating only signal synchrony, we
could use both auditory and visua stimuli in the two
comparative conditions. Two additional visual-only con-
ditions, a static face and a silently talking face, allowed us
to compare AV integration to silent lipreading. To test the
region-specific hypotheses, regions of interest were defined
in candidate cross-modal regions, as identified in previous
studies: the claustrum, the parietal lobes, and the STS.

2. Materials and methods
2.1. Subjects

Ten volunteers (aged between 18 and 41 years, mean
age 27 years) participated in the study. All of the subjects
gave informed consent to a protocol reviewed and ap-
proved by the Human Investigation Subject Committee of
the School of Medicine a Yae University. None had
previous or present history of medical illness, and all
subjects were right-handed.

22 Simuli

Sequences of MR images were acquired during four
different conditions: static visual face (static V), moving
visua face (moving V), synchronized audio—visual
(synchronized AV), and desynchronized audio—visua (de-
synchronized AV).

The stimulus in all tasks was a female face, in color, on
a gray background. In the static V task, a single video
frame of the face was continuously present during the
duration of the block. In the moving V task, the face
mouthed words a a rate of one every 3 s. In the
synchronized AV task, the moving face was synchronized
with a soundtrack so that the face appeared to be saying a
word every 3 s. We used the ‘M cGurk effect’ to manipulate
AV integration [33]. In this phenomenon, an audible
syllable or word (e.g. ‘bat’) is dubbed onto a videotape of
a person mouthing a different syllable or word (e.g. ‘vet’).
Subjects typicaly report hearing something else (e.q.
‘vat'). The McGurk effect was used because it provides
compelling evidence of AV integration in speech percep-
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tion. The audio track contained the words: bat, bent, boat,
might, mail, mat, and moo. The video track contained the
words. vet, vest, vow, die, deal, dead, and goo. The
McGurk effect gave rise to the percept of the following
words when the stimuli were temporally synchronized, in
order: vat, vent, vote, night, nail, gnat, and new [5]. This
McGurk condition was contrasted to a condition in which
the AV signals were temporally desynchronized by 1 s so
that the audio stimulus was heard correctly, and thus, no
McGurk effect is produced. The same moving face had an
audio track superimposed between mouth movements, as
in a poorly dubbed movie. A different set of audio stimuli
was used to prevent the audio component of the synchron-
ized AV condition from becoming unduly salient, due to
repetition, and perhaps creating a bias to perceive unfused
words. Word lists were equated for frequency of usage.
The audio track contained the words: vein, best, mate, doe,
meal, bead, and boo; the video track was identical to the
synchronized AV video track (Fig. 1).

The actress was videotaped while speaking these words;
she was used for al stimuli. The stimuli were digitized
using i-Movie video software, and were saved in Quic-
ktime format. Sounds were recorded in a soundproof booth
and dubbed onto the videos using SoundEdit software. All
movies were presented from a Macintosh computer using
Psyscope software [16].

In the static V condition, the same face remained on the
screen for 21 s. In the moving V, synchronized AV, and
desynchronized AV conditions, each stimulus was 3 s long.
Seven of these stimuli were grouped into 21-s blocks,
followed by a 6-s break, containing a 1-s fixation cross.
Each condition was presented three times per run, in
pseudo-random order, for atotal run time of 5.5 min. Each
subject was scanned four times (some subjects were

scanned up to six times, but their last runs were discarded
to eguate the total number of runs across subjects).

2.3 Task

Subjects were instructed to pay attention to the mouth
region of the actor and to try to understand what she was
saying, in the synchronized AV, desynchronized AV, and
moving V conditions. They were instructed to say the word
‘one’ to themselves during the static V' condition to control
for subvocalization and also to focus attention [11].
Subjects were aso instructed to press a key at the end of
each block, during the 6-s rest interval, to ensure that they
were dert.

Visual stimuli were projected onto a screen located at
the base of the scanner bed via an LCD projector (res-
olution 640480 pixels). The stimuli were viewed through
a mirror angled above the subject’s head in the scanner.
Auditory stimuli were presented through an audio headset.
The subject set the sound to a comfortable level prior to
acquiring fMRI data.

After scanning, subjects performed two short behavioral
tests. The first test was a forced-choice assessment of their
memory for the visual and auditory words presented during
scanning. This test included a test of memory for AV
fusions (e.g. McGurk percepts) alowing assessment of the
robustness of AV fusion. Subjects were presented with two
words on a computer monitor, one of which had occurred
during the experiment. Word frequency, usage, and
phonemic structure were similar across word lists. They
were instructed to choose the word that was most familiar
by hitting a designated computer key.

The second test assessed word perception. Subjects
viewed the desynchronized AV and the synchronized AV
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Fig. 1. A schematic illustration of the synchronized AV and desynchronized AV conditions. In the synchronized AV condition, the onset of the speech signal
was synchronized with the onset of the mouth movements. In the desynchronized AV condition, the onset of the speech signa was desynchronized from the

onset of the mouth movement.
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stimuli. They were instructed to verbally report what they
heard the actress say. The stimuli were shown under two
different audio conditions, background noise (to simulate
the scanning environment) and no background noise.
Performance was collapsed across conditions.

24 Imaging and image analysis

24.1. Scanning procedure

MRI scans were acquired using a 1.5 T General Electric
Signa Lx scanner. Subjects heads were immobilized
within a circularly polarized head coil. Anatomical images
in the sagittal and coronal planes (TR=500 ms, TE=14
ms) were acquired prior to functional images, to aid in
normalization of individual subject data into standard
stereotactic space [43]. Functional images were acquired
using echo planar imaging (gradient echo single shot
sequence, 220 images per dlice, FOV=20X20 cm,
matrix=64x64, NEX=1, TR=1500 ms, TE=60 ms, flip
angle=60°). Fourteen 8-mm-thick corona dlices, (gap
interval=1 mm), aligned paradlel to the AC—PC line,
covered most of the visual and tempora cortices, and part
of the frontal cortex. Voxels were 3.1X3.1x8 mm?.

24.2. Data analysis—artifact removal

Before data analysis, all functional images were
screened for obvious artifacts by looking at variations in
parameters including the center of mass. Images that
showed visible motion or other artifacts (such as ghosting)
were removed. Next, images were motion corrected for
three trandation directions and three possible rotations
using the SPM-99 software (Wellcome Department of
Cognitive Neurology, London, UK). Maps were spatialy
smoothed using a Gaussian filter with a full-width half-
maximum vaue of two pixels in plane.

24.3 Data analysis—single subject activation maps

Data analysis was performed using software written in
MATLAB (MathWorks, MA). Maps of t-vaues were
created, corrected for linear drift in the signal by compar-
ing images between two conditions. The t-tests were
caculated for each series of images separately. This
analysis used a hemodynamic lag of 3 s, thereby removing
effects of previous conditions. The individual maps were
transformed into standardized Talairach atlas coordinates
[43] using eight anatomical anchor points (AC, PC, and the
superior, inferior, anterior, posterior, left and right most
points on the cortical surface).

2.4.4. Data analysis—composite maps

The standardized statistical maps were used in standard
linear contrasts, which represented mean activation levels
between one condition and another condition. t-statistics
were computed and used to derive a measure of the signal
change at each voxel réelative to its own intrinsic noise
variahility. Next a standard linear contrast was computed

for each complex effect. This procedure generates a single
value for each voxel that was determined by the weighted
comparison of one (or more) tasks against another set of
tasks. Under the null hypothesis of no effect, the expected
value of this contrast is equal to zero. The extent to which
the contrast value reliably deviates from zero is then
assessed.  Significance levels (a=0.05) were assessed
using a nonparametric randomization test. The randomiza-
tion procedure creates a population distribution for each
voxel by repeatedly calculating the value of the contrast
when the t-values of half the subjects, randomly chosen,
have a reversed sign (e.g. + or —). This randomization
was performed 500 times, generating a sampling dis-
tribution of the linear contrast measures. The linear
contrast measure, calculated without sign reversal, was
assigned a P-value based on its position in this dis-
tribution. The contrast maps were overlaid on a composite
anatomical image.

2.4.5. Data analysis—region of interest analysis

Regions of interest analysis (ROI) were defined in
standard Talairach space and overlayed on individua maps
transformed to the Talairach space. Three ROIs were
defined: the claustrum/putamen, the STS, and the medial
to posterior portions of the parietal lobe. All ROIs were
defined anatomically by the atlas of Talairach and Tour-
noux [43], with the caveat that they included the centroid
of crosssmodal activation as identified in previous neuro-
imaging studies.

The claustrum ROI was media to the insula, lateral to
the thalamus, and superior to the hippocampal / amygdaloid
regions. The claustrum/insula activation in Hadjikhani and
Roland [23] was at —32, —9, 13 in the right hemisphere.
The claustrum/insula activation in Banati et a. [4] was
more anterior and inferior (=36, 4, 4) and in the left
hemisphere. The claustrum ROI used in our study included
the areas found by Hadjikhani and Roland and Banati et al.
The center of the ROI in the x-direction was =29. In the
y-direction, the ROI began at 4 and extended posteriorly to
—28. The center of the ROI in the z-direction was +4.

The STS activation noted by Calvert et a. [13] was
centered at —49, —50, 9 in the left hemisphere. A more
anterior temporal activation, in the middle and superior
temporal gyri was found by Banati et al. [4] at 34, —36, 12
on the right, and —42, —44, 8 on the left. The STS ROI
used in our study included the areas found by Calvert et a.
[13] and Banati et al. [4] in both hemispheres. Both upper
and lower banks were included. The centroids of the ROI
were: =52, —43, 7.

The parieta activation in Lewis et a. [30] was centered
at 35, —46, 47 in the right hemisphere, and —41, —40, and
47 in the left hemisphere. The parietal activation to tactile—
visual integration in Banati et al. [4] was more inferior and
anterior (centered at 50, —26, 32, in the right hemisphere
and —50, —28, 28, in the left hemisphere). Because the
activation in Banati et al. [4] appeared to be in the
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somatosensory cortex, it was excluded from our ROI. The
parietal ROl was large and consisted primarily of Brodman
Area 7 and some of Area 40. The ROl was centered
around +35, —55, 47.

All ROIs represent reasonable volumes in terms of the
known anatomical specifications of these regions. In all
ROIls, percent signal change was compared in the
synchronized and desynchronized AV conditions, in each
hemisphere, using a two-factor repeated measures ANOVA
across subjects.

2.4.6. Data analysis—anatomical localization
Anatomical designations were based on the atlases of
Talairach and Tournoux [43] and Duvernoy [18].

3. Results
3.1. Behavioral

In a forced choice memory task given after the experi-
ment, subjects recognized 83% of the AV fused ‘McGurk’
stimuli (e.g. vat, not vet), suggesting that most subjects
were susceptible to the McGurk effect. This was further
tested in a perceptua post-test of the McGurk effect.
Average correct report of AV fusions was 65%. The AV
fusion rate is similar to that obtained by previous inves-
tigators [5].

Memory performance was 75% for the words used in
the other conditions. In a perceptual post-test, subjects
were asked to identify, by speaking aloud, the audio words
in the desynchronized AV condition. An average of 93% of
the auditory words were correctly identified. Next, subjects
were also asked to identify the visua words in the
desynchronized AV condition. Subjects found it difficult to
accurately report the visual words (19%). These results
suggest that (1) subjects fused the audio and visual stimuli
in the synchronized AV condition; (2) subjects did not fuse
the audio and visual in the desynchronized AV condition;
(3) the auditory stimulus was dominant in the desynchron-
ized AV condition; and (4) subjects were attentive to the
correct aspects of the stimuli.

3.2 Regional fMRI signal changes

3.2.1. Hemodynamic changes during lipreading

To investigate lipreading, we compared the moving V to
the static V condition. Activated voxels (P<<0.05; see Fig.
2) were found in the right homologue of Broca's area,
(hereafter referred to as right Broca's ared) and left STG
and right STS/STG. At a higher threshhold (P<0.01) only
the left and right STG remained significant. Previous
neuroimaging studies have reported both unilateral and
bilateral Broca s area activations associated with a number
of different language tasks including syntactic processing
[19], phonological processing of words or letters (for a

review see Ref. [40]), and verbal short-term memory [22].
Broca' s area activations have aso been reported in imita-
tion tasks, possibly reflecting a link between motor-pro-
duction and language perception and production [27,35].
Activated voxels were also found bilaterally in the sen-
sory-motor regions surrounding the central sulcus. Activa-
tions in motor areas are often found in language tasks,
possibly reflecting subvocalization, or the strong ties of
language to motor processing [31]. Additionaly, small
areas of activation were found in the left basal ganglia, and
left anterior cingulate. The anterior cingulate has been
postulated to be important in attention, motor modulation,
and response selection [15,38]. Our task did not involve a
response thus the activations most likely reflect attentional
processing. Lipreading was a demanding task, and one
would expect a high need for attention. The Talairach
coordinates [43] and activation measures are listed in
Table 1.

3.2.2. Hemodynamic changes during cross-modal
integration

To investigate crosssmodal integration, activation pat-
terns in the synchronized AV and desynchronized AV
conditions were compared to those obtained in the static V
condition. The activation patterns were very similar in
these comparisons, with task-dependent signal changes
appearing in left inferior frontal gyrus, left Broca's area,
and a large bilateral STG activation extending posteriorly
to the STS. Most of these areas are known to be important
in various aspects of speech perception and production [8].
The common activation in both comparisons may be due to
the presence of similar auditory stimuli in both conditions.
Bilatera activations in STG have been reported in many
other studies of speech perception [24]. This activation
was large and extended medialy into parts of MTG, the
insula, the claustrum, and basal ganglia. Smaller activa-
tions were found bilaterally in the precentral gyrus, and in
the left thalamus (Fig. 2). At a higher threshold (P<<0.001)
only the STG and STS activations were present. Since the
patterns were so similar, the Taairach coordinates and
activation sizes are listed only for the synchronized AV
condition in Table 1.

The contrast between the synchronized AV and de
synchronized AV conditions showed one primary activation
(P<0.05) in the left claustrum region (Fig. 3). Inspection
of individual subjects indicates that the activation was
somewhat variable, extending laterally into the insula in
some subjects, and more medialy into the putamen in
others. An additional small activation was found in the left
temporal pole (Fig. 3, y=4).

Individual subject activations to the synchronized AV
and desynchronized AV conditions were examined in the
three ROIs: the claustrum region, portions of the parietal
lobe, and the STS. The percent signal change in each ROI
was analyzed using a two-factor repeated measures
ANOVA across subjects with condition (2) and hemisphere
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Fig. 2. Activation maps from group contrasts for lipreading (moving V—static V), and the synchronized (synchronized AV—static V) and desynchronized
(desynchronized AV—static) conditions, superimposed on a composite anatomical scan. In this and all other figures, yellow and red colors designate
activations. Deactivations are in blue and purple. Yellow, activations of ~P=0.01; red, activations between P=0.05 and 0.01; blue, ~P=0.05-0.01;
purple, P=0.01. The circles enclose the STS/STG region. The graph shows data from an ROI analysis of the STS region; percent signal change is on the
y-axis. From left to right, columns indicate: synchronized AV—still; desynchronized AV—still; and moving V—still. The stars indicate comparisons in which

there was a significant difference from the moving V—still comparison.

(2) as factors. For the claustrum ROI, there was no effect
of condition, (F(1,9)=2.88, P<0.124), or hemisphere
(F<1), but there was a significant interaction between
condition and hemisphere (F(1,9)=10.98, P<<0.009), sug-
gesting that the conditions differentially affected signa
change in the two hemispheres.

The interaction was further investigated by post-hoc
t-tests. The first t-test showed that the synchronized
condition had a higher signal change than the desynchron-
ized condition in both hemispheres (right: t(9)=2.60, P<
0.029; left: 1(9)=7.28, P<<0.0001), athough only the left
hemisphere remained significant after Bonferroni correc-
tions. The second t-test compared signal change in the left
hemisphere to signal change in the right hemisphere, in the
synchronized condition. There was significantly higher
signal change in the left hemisphere as compared to the
right (t(9)=3.75, P<<0.005) after Bonferroni corrections.
The percent signal change was higher in the synchronized
AV condition compared to the desynchronized AV con-
dition in the left hemisphere of eight of the 10 subjects.

There were no significant effects in the parietal ROI
(condition: F(1,9)=3.05, P=0.115; hemisphere: F(1,9)=

1.41, P=0.265; interaction: F <1; n.s) or in the STS ROI
(@l Fs<1, n.s). However, in a post-hoc anaysis of the
STS, we found that the synchronized and desychronized
conditions showed a higher signal change than the lipread-
ing condition, in the left STS (t(9)=3.88, P<0.001; t(9) =
6.68, P<<0.0001). This effect was aso found in the right
STS for the desynchronized condition (t(9)=5.68, P<
0.0001). This suggests the possibility that the neurons in
the STS do crossmodal processing but they do not reguire
temporal synchrony of the AV stimuli for excitation/inhibi-
tion.

4. Discussion
4.1. Audiovisual integration

One theory of sensory integration has argued that
dedicated cross-modal regions do not exist in the brain, but
rather that the senses directly access each other from their
sensory-specific unimodal systems via subcortical relay
areas [20]. Our study finds evidence in support of this
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Table 1
Activation centroids in Talairach coordinates (X, y, 2). Size is given in
number of activated voxels

Region X y z Size
Synchronized AV—static V
R inferior fronta G 48 22 25 69
L Broca's area —-52 13 10 193
L STG —52 13 —-10 443
R STG 48 13 11 473
R precentral G 49 4 39 97
L precentra G -56 4 37 124
L sup. basa g. -25 -4 13 18
L inf. basa g. -21 -12 -8 206
L media thalamus -7 -19 3 31
R STS/STG 58 —38 9 76
L STS/STG -59 -38 6 102
Moving V-static V
Brodman 44/45 41 13 27 49
L precentral G —48 4 52 37
R precentra G 45 4 32 42
L cingulate -6 4 52 46
L STG —53 -4 -5 20
L claustrum/basa g. —-26 -4 7 9
R STS/STG 58 —38 10 57
Synchronized AV—desynchronized AV
L temporal pole -38 4 -19 19
L claustrum/putamen —-28 -19 1 133

R, right; L, left; sup, superior; inf, inferior; MTG, middle temporal gyrus;
STG, superior tempora gyrus; STS, superior tempora sulcus; G, gyrus;
0, ganglia.

theory (e.g. theory 2) because synchronized audio—visual
stimuli activated many of the same sensory-specific areas
of the brain as did desynchronized audio—visua stimuli,
suggesting that these areas are important in both unimodal
and multimodal processing. Both conditions activated
classic speech perception areas. However, integrated sight
and sound additionally activated the claustrum/putamen,
an area medial to the insula. This was shown in the
activation pattern and in the ROI analysis (Fig. 3). It has
been previoudy noted that the claustrum may be a
potential ‘relay’ area for the senses [20,23].

This result extends previous PET findings showing that
the claustrum is activated in tactile—visua integration
[4,23]. Also, a 2-DG study in monkeys found that the
claustrum was the most highly labeled region in a tactile—
visual cross-modal task [25]. Our study’s claustrum activa
tion was more ventromedial compared to that found by
Hakjikhani et a. [23], and was in the left, not the right,
hemisphere. Banati et al. [4] reported claustrum activations
that were more superior to ours but in the same hemi-
sphere. Horster et al. [25] tested tactile—visual integration
in monkeys and reported 2-DG labeling in the left and
right claustrum, but greater in the left. The claustrum
contains orderly maps of visual, auditory, and somato-
sensory cortices [36]. It is possible that the difference in
activation patterns found between our task and others is
due to the activation of different topographically organized
maps. Linguistic stimuli may receive greater processing by

Fig. 3. (8 Activation maps from group contrasts, superimposed on a
composite anatomical scan. Cross-modal integration activated a small
area in the tempora pole and the claustrum/putamen. Yellow and red
colors designate activations. Deactivations are in blue and purple. Yellow,
activations of ~P=0.01; red, activations between P=0.05 and 0.01; blue,
~P=0.05-0.01; purple, P=0.01. (b) Activation maps from a single
subject, superimposed on their anatomical scans, to show cross-modal
integration activations in the right claustrum/putamen. The circle en-
closes this region. (c) ROI analysis showing percent signa change on the
y-axis. There was a significant difference between conditions on both the
left and right sides (left side shown).

the left hemisphere and use the left claustrum/putamen to
a greater degree than the right.

The ROI analysis also showed that both the synchron-
ized and desynchronized AV conditions activated the STS
to a greater degree than the unimodal lipreading condition.
Because both conditions activated the STS more strongly,
this suggests that the STS was not participating in the type
of crosssmodal binding that occurs in a time-locked,
temporally synchronized manner. One possibility is that
neurons in the STS process both auditory and visua
signals but do not require temporal synchrony of the AV
stimuli for excitation/inhibition. Bushara et a. [7] used
PET to image subjects while they performed an AV task.
Their findings suggest that subcortical areas such as the
insular region are important in detecting temporal
synchrony of cross-modal stimuli. Thus subcortical areas,
but not cortical areas such as the STS, may be important in
detecting temporal synchrony of signals arising from
divergent sensory sources.

Another possibility is that cells in the human STS are
organized in a mosaic pattern. Thus cells responsive to
unimodal auditory, unimodal visual, and bimoda stimuli
are intermixed. If true, the activation patterns to these
different stimulus types would look similar but possibly
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exhibit quantitative differences. And indeed, al compari-
sons showed activations in the STS but to a different
degree. The synchronized AV condition may have activated
cells responsive to bimodal stimuli while the desynchron-
ized condition activated cells responsive to two types of
unimodal stimuli. The lipreading condition may have
activated cells only responsive to visual stimuli.

The audio—visual integration activation extended into
the putamen. The putamen is classically thought to consti-
tute the motor input stage of the basal ganglia. Functional
knowledge of the human putamen derives primarily from
Parkinson's disease, which is caused by degeneration of
dopaminergic neurons in the putamen and globus pallidus.
The dominant symptoms in Parkinson's are impaired
initiation of movement, slowness of movement, and tre-
mor. However, patients with Parkinson’s disease also have
cognitive deficits in timing. Patients have difficulty recog-
nizing the temporal separation of two stimuli presented in
the auditory, visual, and tactile domains [3,26]. Thus
degeneration of the putamen and related structures leads to
a larger alowable temporal mismatch in the perception of
temporal synchrony, suggesting that these structures regis-
ter stimulus co-occurrence. A comparison between patients
with damage to the neocortex and patients with Parkin-
son’s disease showed that only the latter patients exhibited
impaired perception of temporal synchrony [29]. Thus if
the claustrum acts as a relay station for signals from
different modalities, the putamen may act as a timer,
signaling that two stimuli occurred simultaneously.
Bushara et a. [7] suggest that a different subcortical
structure is important in cross-modal temporal synchrony
detection: the insula. They used PET to examine the
detection of temporal synchrony in AV stimuli. They found
that a network of areas was activated by this task, but the
area most consistently activated was the right insula.

Many neuroimaging studies of sensory integration have
compared cross-moda to unimodal conditions (but see
Refs. [7,13]). Our study compared conditions that con-
tained both visua and auditory signals, but with different
temporal patterns. Temporal synchrony of stimuli is a
major determinant of integration [12,34,41]. In areview of
the literature, Summerfield suggested that temporal co-
registration of various stimulus features was the binding
factor in sensory integration [42].

4.2, Slent lipreading

The STS was activated in the silent lipreading condition,
as compared to perception of a static face, replicating
previous results [11]. The region of activation in our task
was similar to that activated by heard speech in the
synchronized AV and desynchronized AV conditions, espe-
cialy in the right hemisphere. However, as noted earlier,
the ROI analysis showed that the activation to lipreading
was not as strong as it was to audio—visua inputs, either
synchronized or desynchronized.

4.3 Limitations of the present study

We believe that the claustrum/putamen activations
found in our study reflects audio—visual integration, how-
ever it is possible that these activations reflect a more
specific process of audio—visual speech integration. Future
research will need to address this question by using non-
speech stimuli. In light of previous research suggesting a
role for the claustrum in tactile—visua integration, it seems
unlikely that linguistic stimuli would uniquely activate
these regions.

It is also possible that registration errors created by
averaging across individual subjects brains modified
signal locdization. Other researchers have reported that
cross-modal tasks activate the insula, a region that is
directly lateral to the claustrum. It is possible that what we
are terming the ‘claustrum region’ is actualy part of the
insula, which was misregistered during averaging.

4.4, Lack of differential activations in the parietal lobe

Parietal lobe activations were not found in any of the
analyses conducted in this study. This is not surprising
when placed in the context of previous studies of cross-
modal processing that have only inconsistently reported
activations in parietal lobes. Even when activations are
found in this region, different interpretations of the data
have been employed. Lewis et a. [30] suggest that the IPS
activations to AV motion reported in their paper could be
due to response selection [2,28] or attentional modulation
rather than to crossmodal binding per se. It is possible that
our task did not activate this region because we did not
have a motor response and the attentional requirements
were similar across conditions.

4.5. Lack of differential activations to cross-modal
stimuli in the STS

The upper bank of the monkey STS contains a poly-
sensory area (reviewed in Ref. [17]), hence we expected to
see activation of a similar region of the human STS during
perception of the McGurk illusion. One recent fMRI study
of audio—visua integration compared the neura response
to atalking face to unimodal auditory (speech) or unimodal
visual (face) stimulation [14] and found that the AV
stimulation resulted in an increased hemodynamic response
in unimodal sensory cortices, but not in STS/STG. How-
ever, another study, using similar stimuli, found that the
STS/STG was activated more to a talking face [13]. In our
task the STS/STG region was strongly activated during
cross-modal integration in the synchronized AV condition,
but it was equally activated during the desynchronized AV
condition, suggesting that this region participates equally
in the processing of auditory and visual speech stimuli but
not in their supra-modal integration. The STS was acti-
vated more strongly in both AV conditions as compared to
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the unimodal lipreading condition. It is possible that
neurons in human STS/STG process cross-modal infor-
mation but this information is not coded in the peak firing
rate and subsequent oxygen consumption as measured by
fMRI. This information could be coded as increased
coherence between neurons, which would not be more
readily assessed electrophysiologically. However, a large
body of research from monkeys and cats suggests that
crosssmodal information is encoded by changes in peak
firing rate.

Neuroimaging studies have implicated the human STS
in the perception of hand, eye, mouth, and whole body
movements (reviewed in Ref. [1]). Similarly, some neu-
rons in the STS of the monkey respond selectively to the
perception of body movements [6,37,39]. Salient biologi-
cal motion, such as linguistic mouth movements or eye-
movements, with communicative value, may particularly
activate this region. Taken together, existing data suggest
that the STS/STG region may be important for the
analysis of biological motion of audio or visual stimuli
rather than for cross-modal integration.
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