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In complex natural environments, auditory and visual information often have to be processed simultaneously. Previous functional
magnetic resonance imaging (fMRI) studies focused on the spatial localization of brain areas involved in audiovisual (AV) information
processing, but the temporal characteristics of AV information flow in these regions remained unclear. In this study, we used fMRI and
a novel information–theoretic approach to study the flow of AV sensory information. Subjects passively perceived sounds and images of
objects presented either alone or simultaneously. Applying the measure of mutual information, we computed for each voxel the latency
in which the blood oxygenation level-dependent signal had the highest information content about the preceding stimulus. The results
indicate that, after AV stimulation, the earliest informative activity occurs in right Heschl’s gyrus, left primary visual cortex, and the
posterior portion of the superior temporal gyrus, which is known as a region involved in object-related AV integration. Informative
activity in the anterior portion of superior temporal gyrus, middle temporal gyrus, right occipital cortex, and inferior frontal cortex was
found at a later latency. Moreover, AV presentation resulted in shorter latencies in multiple cortical areas compared with isolated
auditory or visual presentation. The results provide evidence for bottom-up processing from primary sensory areas into higher associ-
ation areas during AV integration in humans and suggest that AV presentation shortens processing time in early sensory cortices.
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Introduction
Simultaneous processing of auditory and visual information is
the basis for appropriate behavior in our complex environment.
Previous neuroimaging studies focused on spatially localizing
brain regions involved in audiovisual (AV) processing. Various
neocortical regions are affected by both auditory and visual in-
puts (Ghazanfar and Schroeder, 2006), including inferior frontal
cortex (IFC) (Belardinelli et al., 2004; Taylor et al., 2006; Hein et
al., 2007), the superior temporal sulcus (STS) (Calvert et al., 2000;
Beauchamp et al., 2004; Stevenson et al., 2007), and visual (Be-
lardinelli et al., 2004; Meienbrock et al., 2007) and auditory (van
Atteveldt et al., 2004, 2007; Hein et al., 2007) areas. However,
temporal aspects of information flow across these different brain
regions after AV stimulation were not addressed.

Temporal characteristics of AV interactions in the human
brain have been explored to some extent by electroencephalog-
raphy (EEG) studies (Girard and Peronnet, 1999; Fort et al., 2002;
Molholm et al., 2004; Teder-Sälejärvi et al., 2005; van Wassen-

hove et al., 2005; Senkowski et al., 2007; Talsma et al., 2007). For
example, Fort et al. (2002) investigated AV object detection with
scalp current densities and dipole modeling. Their results sup-
port AV interaction effects in deep brain structures, possibly the
superior colliculus, and frontotemporal regions but earliest in
occipitoparietal visual areas. In line with this, several other stud-
ies showed that AV interaction effects already occur in early po-
tentials that are probably generated in primary or secondary vi-
sual and auditory regions (Giard and Peronnet, 1999; Molholm et
al., 2004; Teder-Sälejärvi et al., 2005; van Wassenhove et al., 2005;
Senkowski et al., 2007; Talsma et al., 2007; Karns and Knight,
2007). Such results provide insights to the latency of interactions
between auditory and visual inputs but do not unravel the flow of
AV information. Moreover, they do not permit analysis of AV
information processing in specific visual, auditory, or frontotem-
poral subregions because of the limited spatial resolution of the
EEG signal.

In this paper, we use functional magnetic resonance imaging
(fMRI) data to explore how AV-related activity propagates across
different brain regions during processing of AV stimuli. This goal
is addressed by applying a novel information–theoretic ap-
proach, which in addition to spatially localizing AV-related ac-
tivity also provides information about the temporal characteris-
tics of AV information processing.

Materials and Methods
Participants. We report data from 18 subjects (seven female; mean age,
29.8 years; range of 23– 41 years) who had normal or corrected-to-
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normal vision and hearing and signed an informed consent in accor-
dance with the declaration of Helsinki.

Stimuli and procedure. Subjects perceived sounds and images of three-
dimensional objects, separately (AUD and VIS, respectively) or simulta-
neously (AV), involving animal sounds and images, abstract images
(http://alpha.cog.brown.edu:8200/stimuli/novel-objects/fribbles.zip/
view), and abstract sounds, created by distortion (played backwards and
with underwater effect) of the animal sounds (Fig. 1) (for details, see
Hein et al., 2007). Inspired by previous studies (Calvert et al., 2000; van
Atteveldt et al., 2004, 2007), we choose a passive paradigm to investigate
neural correlates of “pure” AV information processing, independently of
task effects.

Stimuli were presented in blocks of eight events, each lasting 2000 ms,
with a fixation cross constantly present, followed by a fixation period of
equal length. Sixteen seconds of fixation were added at the beginning and
end of each block. The experiment had a total of 320 AV trials, 160 AUD
trials, and 160 VIS trials, presented in five runs.

MRI data acquisition. fMRI data were acquired on a 3 tesla Siemens
(Erlangen, Germany) scanner. A gradient-recalled echo-planar-imaging
sequence was used with the following parameters: 34 slices; repetition
time (TR), 2000 ms; echo time (TE), 30 ms; field of view, 192 mm;
in-plane resolution, 3 � 3 mm 2; slice thickness, 3 mm; gap thickness, 0.3
mm. A magnetization-prepared rapid-acquisition gradient-echo se-
quence was used (TR, 2300 ms; TE, 3.49 ms; flipped angle, 12°, matrix,
256 � 256; voxel size, 1.0 � 1.0 � 1.0 mm 3) for anatomical imaging.

Preprocessing. The functional data were preprocessed using BrainVoy-
ager QX (version 1.7; Brain Innovation, Maastricht, The Netherlands),
including the following steps: (1) three-dimensional motion correction,
(2) linear-trend removal and temporal high-pass filtering at 0.0054 Hz,
(3) slice-scan-time correction with sinc interpolation, and (4) spatial
smoothing using a Gaussian filter of 8 mm (full-width half-maximum).

Event-related information–theoretic analysis. To study event-related
blood oxygenation level-dependent (BOLD) activation, we used the in-
formation–theoretic approach and related equations described in detail
in Methods of Fuhrmann Alpert et al. (2007). In particular, we used the
measure of mutual information (MI) to quantify the reduction in uncer-
tainty about a reference task condition (REF) (e.g., the AV condition),
achieved by knowing the magnitude of BOLD response a fixed time delay
(dt) later. All time series of BOLD signals are z-normalized to have 0
mean and unit variance. Therefore, the analysis focuses on changes of
responses relative to baseline activity.

If H(BOLD) is the unconditional entropy of BOLD magnitudes, and
H(BOLDREF) is the conditional entropy of BOLD magnitudes given a
preceding task condition (REF), then MI is computed as the difference
between the two entropies: I(BOLD; REF) � H(BOLD) �
H(BOLDREF). The difference defines MI as a reduced uncertainty
about the preceding task condition attributable to the knowledge of the
magnitude of the BOLD response.

Here the considered reference task condition
(REF) is an AV event. For each voxel in the
scanned volume, we use MI to quantify the in-
formation contained in its BOLD response
about the preceding stimulus condition. Voxels
with high MI are more involved in coding the
task condition.

Additionally, the information content of a
given voxel about the task condition depends on
the considered latency (dt) between the task
condition and the BOLD response. Typically,
for a given voxel, the dependence of MI on dif-
ferent considered latencies is a peaky function,
suggesting a preferred latency of response for
which information content is maximal. MI of
each voxel is therefore computed for different
possible latencies (dt), and each voxel is at-
tached with its maximal MI at whatever latency.
The range of considered latencies (dt) was 1–5
TRs (2–10 s).

For spatial localization of task-related activ-
ity, we construct brain maps of maximal MI val-

ues. Significantly informative voxels are chosen as those with maximal
MI values that exceed an MI-significance threshold.

For each task-related voxel, we determine its preferred latency as the
latency (dt) that maximizes the information contained in its BOLD re-
sponse about the AV condition. Different voxels have different preferred
latencies. Whole-brain temporal maps are constructed, in which the
color at each voxel indicates its preferred latency. Because analysis is
voxel based, i.e., performed for each voxel independently of other voxels,
the spatial resolution of the temporal characteristics is limited only by the
scanning resolution.

We note that, in theory, preferred latencies are independent of activa-
tion strength, i.e., short and long latencies could accompany either a
weak or a strong activation. In practice, weak activations are accompa-
nied by low signal-to-noise ratios; therefore, temporal accuracy could
depend on the strength of activation and on the threshold criteria for
activation.

Here MI-significance thresholds for activation maps in individual sub-
jects’ native space were computed to match the number of significantly
activated voxels for a p � 0.001 (uncorrected) statistical threshold, de-
termined in the corresponding standard general linear model (GLM)
analysis (see below).

The results presented in this study were robust to several considered
activation thresholds, including p � 0.05, false discovery rate corrected.

Localization using GLM. Individual subjects’ activation thresholds was
determined by a standard GLM analysis, using BrainVoyager. Predictors
of the experimental conditions (AUD, VIS, and AV) were convolved with
a canonical gamma function (Boynton et al., 1996). Statistical parametric
maps (t statistics) of contrasts were generated for individual subjects with
significance values of p � 0.001, uncorrected.

Group average of spatiotemporal maps. Group average activation maps
were constructed both for MI–spatial activation maps and for preferred
latency–temporal maps. For both types of maps, individual subjects’
maps were first normalized to standard Montreal Neurological Institute
(MNI) brain coordinates using SPM2 (www.fil.ion.ucl.ac.uk/spm), with
nearest neighbor algorithm. Group average spatial activation maps were
computed from the MNI normalized maps of all subjects. We used the
MI-significance thresholds as determined in individual subjects native
space. For illustration purposes, the figures depict only voxels that were
significantly activated in at least half of the subjects. Group average tem-
poral maps were constructed as the mean of the MNI-normalized tem-
poral maps. In each voxel, only latency values corresponding to suprath-
reshold activations in individual subjects were considered for the
average.

Information flow across ROIs in individual subjects’ space. To determine
information flow after AV stimulation, we used latency maps obtained in
individual subjects’ native space. For each subject, we defined anatomical
ROIs (see below) in brain regions known to be involved in AV process-

Figure 1. Experimental protocol. AV stimuli of complex sounds (representative examples) were presented simultaneously
with images of three-dimensional objects. Besides AV stimulation, there were unimodal VIS and AUD stimulation blocks.
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ing, including Heschl’s gyrus (van Atteveldt et al., 2004, 2007), superior
temporal gyrus (STG) (Hein et al., 2007), middle temporal gyrus (MTG)
(Beauchamp et al., 2004), IFC (Belardinelli et al., 2004; Taylor et al., 2006;
Hein et al., 2007), secondary visual cortex [inferior occipital cortex
(IOC)] (Belardinelli et al., 2004), and primary visual cortex (V1) (Meien-
brock et al., 2007).

For each subject and each ROI, we computed the mean preferred
latency, averaged over all significantly activated voxels in that ROI. We
then computed the mean preferred latency at that ROI, averaged over all
subjects, and the corresponding SD. Subsequently, we explored which
regions are preferentially activated earlier than others.

Information flow across regions of interest for unimodal stimulation (in-
dividual subjects’ space). As a complimentary issue, we also performed
whole-brain analysis to compute preferred latencies of all voxels after the
unimodal stimuli (AUD/VIS), using the procedure described above. Av-
erage latencies of each ROI were computed in the same voxels signifi-
cantly activated in the AV condition.

Anatomical definition of regions of interest. Anatomical ROIs were de-
fined in individual subjects’ space following protocols of the Laboratory
of Neuro Imaging Resource at University of California, Los Angeles
(http://www.loni.ucla.edu). In accordance with those guidelines, STG
was subdivided in anterior (aSTG) and posterior (pSTG) portions.

Results
Single-subject results
In a first step, spatiotemporal activation maps for the brain re-
sponse after AV stimulation were constructed for each of the 18
subjects, using tools from information theory. Figure 2 depicts
temporal maps, in which the color indicates the preferred laten-
cies of response to AV stimulation at significantly activated vox-
els, for several sample subjects.

The results showed a consistent sequence of AV-related brain
activations across single subjects (Fig. 2). The shortest latencies
were observed in temporal regions along the STS (as short as �4
s after AV stimulation; blue), whereas frontal and visual regions
had a late AV-related activity (as late as �10 s after AV stimula-
tion; red).

Spatiotemporal information (group average)
Because a consistent temporal pattern of activation was observed
in single subjects, we next constructed group average spatiotem-
poral maps for AV information flow. Group average results are
depicted in Figure 3. The left panel of Figure 3 shows the spatial
localization of AV-related activity. AV-related activity was ob-
served in frontal and lateral temporal regions and in visual cortex,
as expected from the results of the single-subject analysis.

More importantly for the focus of this paper, the right panel of
Figure 3 provides temporal information about the sequence of
activation flow in these regions. In line with the single-subject
results, the earliest component of AV information processing was
found in lateral temporal cortex with an average latency as short
as 4 s after AV stimulation (Fig. 3, blue green), including superior
and middle temporal regions and Heschl’s gyrus. A relatively
early activation was found in low-level visual regions of the pos-
terior temporal and inferior occipital lobes. Informative AV ac-
tivity in frontal regions seemed to occur with a long latency, as
late as 10 s after AV stimulation (Fig. 3, red).

Information flow (individual subjects’ space)
To quantify these differences in preferred latencies between re-
gions of interest and to explore which brain regions are activated
earlier than others after AV stimulation, we performed a detailed
ROI analysis of temporal activation in the individual subjects’
native space (as in Fig. 2).

Because in individual subjects preferred latencies of voxels

within each ROI were similar (small SEM; 98% SEMs were �0.15
of mean; 2% were �0.36), for each ROI we computed the mean
preferred latency, averaged over all voxels and all subjects. The
results are summarized in Figure 4 (top). We found the earliest
informative activity in right Heschl’s gyrus, left primary visual

Figure 2. Temporal maps of preferred latencies for AV stimulation of eight representative
subjects. Similar brain slices for all subjects are shown. Color coded is the time from AV stimu-
lation, until the BOLD signal in a voxel becomes most informative about the preceding stimulus.
Blue, Early AV stimulation response; red, late response. Only voxels in which the mutual infor-
mation value was suprathreshold are shown.
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cortex, and pSTG. Latencies for left Heschl’s gyrus were signifi-
cantly longer than for right Heschl’s gyrus: F(1,17) � 4.6; p � 0.05.
Informative activity in right V1, aSTG, MTG, IOC, and IFC
occurred significantly later than in STG: right pSTG versus right
V1; right/left pSTG versus right/left aSTG; right/left pSTG versus
right/left MTG; right/left pSTG versus right/left IOC; right/left
pSTG versus right/left IFC, all p � 0.001. Additionally, we ana-
lyzed AV latencies for animal and abstract AV material separately.
The results revealed no significant effect of material (natural vs
abstract; region � hemisphere � material, F(1,17) � 1; regions �
material, F(1,17) � 1.2, p � 0.3; hemisphere � material, F(1,17) �
1.2, p � 0.27.

We also computed the preferred latencies of activation in re-
sponse to unimodal auditory and visual stimulation in the same
voxels that were significantly activated for the AV stimuli, in
auditory, visual, and frontal regions. Latencies after unimodal
auditory stimulation were significantly longer compared with AV
stimulation in bilateral Heschl’s gyrus, right pSTG, right MTG
and right IFC, right Heschl’s gyrus: F(1,17) � 5.5, p � 0.03; left
Heschl’s gyrus, F(1,17) � 7.9, p � 0.01; right pSTG, F(1,17) � 14.1,
p � 0.002; right MTG, F(1,17) � 7, p � 0.02; right IFC, F(1,17) �
9.6, p � 0.01 (Fig. 4, bottom left). No other ROI showed signifi-
cant differences between unimodal auditory and AV latencies:
right aSTG, F(1,17) � 1; left aSTG, F(1,17) � 2.3, p � 0.15; left
pSTG, F(1,17) � 2.4. p � 0.14; left MTG, F(1,17) � 1, p � 0.3; left
IFC, F(1,17) � 1.7, p � 0.2.

As in early auditory regions, we also found in primary visual
cortex longer latencies after unimodal visual stimulation com-
pared with the processing of AV events: right V1, F(1,17) � 5.7,

p � 0.03; left V1, F(1,17) � 11.3, p � 0.01
(Fig. 4, bottom right). Moreover, there was
a tendency for longer unimodal latencies in
right IFC: F(1,17) � 3.5, p � 0.07. No other
differences in latencies were observed:
right and left IOC, F(1,17) � 1; right IFC,
F(1,17) � 3, p � 0.1.

Discussion
We applied a novel information–theoretic
approach to study the flow of AV informa-
tion in the human brain. We computed for
each voxel in the brain its preferred latency
after AV stimulation, i.e., the latency that
maximizes the information contained in
the BOLD signal about the preceding AV
stimulus, in a whole-brain analysis and a
detailed ROI analysis in the individual sub-
jects’ native space. The results indicate that
the earliest AV-informative activity occurs
in right Heschl’s gyrus, bilateral pSTG, and
left primary visual cortex. Latencies of in-
formative activity in other lateral temporal
regions such as aSTG and MTG were
longer, comparable with latencies in
higher-level visual and inferior frontal
cortices.

Our finding of shortest AV-related la-
tencies in primary sensory auditory and vi-
sual regions, compared with frontal re-
gions, is in line with previous EEG results
(Girard and Peronnet, 1999; Fort et al.,
2002; Teder-Sälejärvi et al., 2005, Sen-
kowski et al., 2007). Other EEG studies
showed that auditory information reaches

primary auditory regions faster than visual information reaches
the visual cortex, also supported by our results in secondary vi-
sual cortex (Picton et al., 1974; Celesia, 1976; Di Russo et al.,
2003). The spatial resolution of the fMRI recording allowed us to
study the flow of AV information processing in well defined an-
atomical substructures, which cannot be specified with the scalp-
recorded EEG signals because of the well known inverse problem.
Previous fMRI studies have focused on the spatial localization of
brain regions involved in AV processing, showing AV-related
activity in pSTG (Hein et al., 2007), MTG (Beauchamp et al.,
2004), visual (Belardinelli et al., 2004; Meienbrock et al., 2007),
and inferior frontal regions (Taylor et al., 2006; Hein et al., 2007).
Here we were able to uncover the temporal sequence of informa-
tive activity in those AV-related regions.

Previous reports on temporal aspects of information flow in
spatially well defined brain region came from intracranial record-
ings in monkeys (Schroeder et al., 1998, 2001). Although it is
possible to estimate timing in the human cortex by extrapolating
latencies in the monkey cortex [monkey values are approximately
three-fifths of corresponding values in humans (Schroeder et al.,
1998)], interspecies comparability remains a critical issue. In our
study, we analyze information flow directly in the human brain.
Our findings suggest bottom-up processing of AV information
from primary sensory areas such as pSTG into association areas
in middle temporal, occipital, and inferior frontal cortex. In
agreement with our results, monkey data suggest a flow of infor-
mation from primary sensory areas to middle temporal regions

Figure 3. Spatiotemporal group average maps for the AV-related activation. Two brain slices are depicted (slices 42 and 39).
Left, Spatial localization map showing MI values for significantly activated voxels for the AV condition on an MNI-normalized
brain. Right, Temporal activation map showing the group average preferred latencies for significantly activated voxels. Both
maps were overlaid on an MNI brain.
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around the STS and prefrontal cortex
(Schroeder et al., 2001; Foxe and Schroe-
der, 2005).

Moreover, we found that neighboring
brain regions in the human temporal lobe
such as pSTG, aSTG, and MTG process AV
stimuli with different latencies. This sug-
gests functional differentiation between
these subregions in the human brain, in
line with previous reports regarding differ-
ences in the processing of object sounds
between aSTG and pSTG (Altmann et al.,
2007) and differences in AV integration
properties between pSTG and MTG (Hein
et al., 2007).

We also studied the preferred latencies
of responses to unimodal stimulation in
the same AV-related voxels. Previous fMRI
studies reported amplitude modulations of
AV activations compared with unimodal
AUD/VIS activity (Calvert et at., 2000;
Beauchamp et al., 2004; van Atteveldt et al.,
2004, 2007; Taylor et al., 2006; Stevenson et
al., 2007). Our findings add temporal in-
formation to this line of research, showing
shorter latencies for the processing of AV
stimulation compared with AUD/VIS
alone in IFC and most strongly in primary
auditory and visual regions, pointing to a
facilitation of early sensory processing dur-
ing multisensory stimulation. Similar find-
ings were reported by Martuzzi et al.
(2007), analyzing BOLD response dynam-
ics and showing a facilitation of the event-
related BOLD response peak latencies for
AV stimuli compared with unimodal con-
ditions. Additional evidence for multisen-
sory effects within primary sensory corti-
ces, carried by either direct intracortical connections or
nonspecific thalamic inputs, is provided by electrophysiological
data in humans (van Wassenhove et al., 2005) and nonhuman
primates (Schroeder and Foxe, 2005; Lakatos et al., 2007). Such
low-level multisensory interactions may be part of a global mul-
tisensory network spanning multiple neocortical regions (Ghaza-
nfar and Schroeder, 2006). A mechanism underlying modulation
within this network might rely on phase resetting of spontaneous
neural activity by inputs of one modality on the phase of incom-
ing inputs of the other modality, relative to the oscillatory cycle,
as shown for auditory–somatosensory integration in the primary
auditory cortex by Lakatos et al. (2007).

As in many other studies (Beauchamp et al., 2004; Belardinelli
et al., 2004; van Atteveldt et al., 2004, 2007), we investigated AV
processing with static images and sounds. There is evidence that
different neural networks are involved if dynamic visual stimuli
are matched with auditory dynamics (Campbell et al., 1997;
Munhall et al., 2002; Calvert and Campbell, 2003). Natural and
behaviorally relevant stimuli, as well as active tasks, may elicit a
different temporal flow of information processing than passive
perception of static objects used in this study.

Given that fMRI does not directly record neural activity but
rather the hemodynamic response linked to it, the absolute values
of BOLD response latencies are longer than those recorded elec-
trophysiologically (e.g., monkey data). However, the relative la-

tencies and sequence of ROI activation reported here are sup-
ported by extensive animal and human electrophysiological
literature (Picton et al., 1974; Celesia, 1976; Girard and Peronnet,
1999; Fort et al., 2002; Di Russo et al., 2003; Foxe and Schroeder,
2005; Teder-Sälejärvi et al., 2005; Senkowski et al., 2007). More-
over, the latencies are different for the various stimulus condi-
tions (AV, AUD, and VIS), suggesting functional validity of the
observed flow pattern.
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