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Events in the world are mediated through multiple sensory inputs which are processed separately in specific
unisensory areas according to the division-of-labor principle, and then need to be integrated to create a
unified percept. How this is done is still not clear. For instance, recent evidence showed crossmodal
activation in primary areas. We developed a novel approach to study multisensory integration using
multifrequency spectral analysis to investigate the processing of audio and visual streams in a multisensory
context. Auditory and visual stimuli were delivered in the same experimental condition, each in different
presentation frequencies, and thus could be detected by applying Fourier spectral analysis in their different
presentation frequencies. The cochleotopic and retinotopic organization of primary auditory and visual areas
were found to remain intact in spite of the multisensory context. Auditory responses were also found in the
Precuneus, suggesting that it might be a new auditory area responsive to pure tone stimuli, and serving as
one end of a novel sensory preference gradient stretching across POG to the calcarine sulcus. Additional
audiovisual areal convergence was detected both in areas in the middle of sensory preference gradients, and
in primary auditory areas. Interestingly, the in/out synchronization rate of the auditory and visual streams
yielded a third interaction frequency, which could be analyzed independently to reveal higher-order
audiovisual interaction responses. These results were detected in one compact and natural multisensory
experimental condition, which has several advantages over previous approaches. The method can be further
implemented to study any type of interaction, within and across sensory modalities.
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Introduction

The appropriate binding of sensory inputs is fundamental in
everyday experience. When crossing a road, for example, the sound of
a car approaching can come from a car you can see, but also from
another car outside of your field of view. Multisensory perception
relies on multiple streams of unisensory input, which are processed
independently in the periphery (e.g. auditory and visual inputs are
detected in different sensory organs, and are transmitted to the cortex
via separate pathways), and a multisensory integration stage during
which the multiple sensory streams must be integrated to create a
unified representation of the world. In other cases we need to
separate these streams into separate entities. In spite of recent
advances, how and where this is done in humans is still unclear.

Current views of multisensory integration make an effort to
combine a large body of evidence, some of which is contradictory, into
a unified view of this process (Driver and Noesselt, 2008; Ghazanfar
and Schroeder, 2006; Lacey et al., 2009; Schroeder et al., 2003). One of
the obstacles concerns the division of labor principle (Zeki, 1978).
According to this principle, sensory inputs are processed separately
not only in the periphery but also in specific cortical regions. There is
evidence (Felleman and Van Essen, 1991; Zeki, 1978) suggesting that
this is also the case within modalities, such as color, motion, location
and shape in the visual modality. Most of what is known about human
cortical processing of unisensory input, specifically the processing of
visual input, comes from the use of fMRI spectral analysis involving
one frequency and one sensory modality each time. Early studies
(Engel et al., 1997; Engel et al., 1994; Sereno et al., 1995) employed
spectral analysis of fMRI data to characterize the retinotopic nature of
the visual cortex. These studies generated multiple retinotopic maps,
which are organized in mirror symmetry topography. These maps
were then used as the basis for delineating different visual areas in
humans and primates, in which each functionally separate visual area
contained a map of the sensory epithelia (the retina, in the visual
case) (Grill-Spector and Malach, 2004; Hasson et al., 2003; Levy et al.,
2001; Sereno and Huang, 2006; Sereno and Tootell, 2005). These have
been fundamental to understanding the visual system in humans. In
the auditory modality, multiple cochleotopic maps were identified in
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primary auditory areas by using the standard block design approach
(Formisano et al., 2003; Upadhyay et al., 2007), and spectral analysis
(Talavage et al., 2004). Both the visual and the auditory studies
support the division of labor principle in that they delineated cortical
areas involved in the processing of different modalities and
submodalities, and the cochleotopic or retinotopic division of labor
preferences within these specialised areas.

However, recent studies challenge this approach, demonstrating
crossmodal activation and influence in primary sensory areas. Visual
and somatosensory stimulations were shown to enhance activation in
primary auditory areas in monkeys (Kayser and Logothetis, 2007;
Kayser et al., 2010), using high field fMRI. Electrophysiology studies
reported crossmodal interactions in auditory areas, as local field
potential in response to audiovisual communication signals showed
enhancement or suppression responses to audiovisual stimuli
compared to pure auditory stimuli (Ghazanfar et al., 2005), or
exhibited responses in auditory areas to non-auditory stimuli such
as light and touch (Brosch et al., 2005). Another study (Lakatos et al.,
2007) reported a mechanism by which a somatosensory stimulus
increases activation in primary auditory areas by resetting the phase
of ongoing slow oscillation activity in the local field in auditory areas.
Crossmodal activation in primary sensory areas have also been
reported in human studies using EEG and fMRI that have revealed
visual influences in auditory cortex (Meienbrock et al., 2007; Miller
and D'Esposito, 2005; Molholm et al., 2002; Noesselt et al., 2007) and
auditory responses in visual cortex (Martuzzi et al., 2007; Meienbrock
et al., 2007; Noesselt et al., 2007; Watkins et al., 2006), by using a
variety of stimuli including speech perception as well as low level
auditory bips and flashes. Similarly, somatotopic responses in primary
visual areas (Merabet et al., 2007; Tal and Amedi, 2009) and
somatotopic influences in primary auditory areas (Murray et al.,
2005) were reported. These reports shed new light on the role of
primary sensory areas in multisensory integration, and may seem to
run counter the division of labor concept and a simple bottom-up
view ofmultisensory perception process (Allman andMeredith, 2007;
Dhamala et al., 2007; Driver and Noesselt, 2008; Ghazanfar and
Schroeder, 2006; Kayser and Logothetis, 2007).

Another difficulty in the study of multisensory perception is more
technical in nature, and involves appropriately separating multisen-
sory areal convergence responses from multisensory integration.
Multisensory areal convergence refers to the convergence of different
sensory inputs on an area without synapsing on the same neurons.
When the inputs converge on the same neurons this is called neuronal
convergence and can result in the integration of sensory signals
(Meredith, 2002). Oneway to detect multisensory integration in fMRI,
beyond multisensory areal convergence, is to apply the super-
additivity and the inverse effectiveness rules (Calvert et al., 2000;
Stevenson et al., 2007; Stevenson and James, 2009). These rules are
based on observations from single unit recordings (especially in the
superior colliculus). An area will satisfy the superadditivity criterion if
its activation during the multisensory condition exceeds the sum of
activations during unisensory conditions. Inverse effectiveness
describes situations in which the combination of multiple inputs
elicits a more salient precept than each input individually. These rules
governed multisensory integration research for many years but they
also imposed a number of methodological difficulties when applied to
fMRI in humans (Beauchamp, 2005; Holmes, 2009; Laurienti et al.,
2005; Stevenson et al., 2009) thus prompting many fMRI studies to
choose a less stringent criterion, such as the maximum rule
(Barraclough et al., 2005; Stevenson et al., 2007). Multisensory
interaction has been identified in posterior superior temporal sulcus
(pSTS)(Amedi et al., 2005a; Beauchamp et al., 2004a; Beauchamp
et al., 2004b; Bischoff et al., 2007; Calvert, 2001; Hein et al., 2007;
Meienbrock et al., 2007; Taylor et al., 2006; van Atteveldt et al., 2004;
van Atteveldt et al., 2007a), in inferior frontal cortex (Hein et al., 2007;
Meienbrock et al., 2007; Naumer et al., 2009; Olivetti Belardinelli
et al., 2004; van Atteveldt et al., 2004), in lingual gyrus and
parahippocampus (Olivetti Belardinelli et al., 2004), Insula (Bischoff
et al., 2007), parieto-occipital sulcus (POS) (Bischoff et al., 2007) and
also in unisensory areas (Martuzzi et al., 2007; Meienbrock et al.,
2007; Noesselt et al., 2007; Schroeder and Foxe, 2005; van Atteveldt
et al., 2004; van Atteveldt et al., 2007a). Nevertheless, there is a clear
need for novel approaches to study multisensory integration via fMRI.
One such approach was suggested and implemented by our group
recently to study visuo-haptic integration; namely the crossmodal
adaptation effect (Tal and Amedi, 2009; van Atteveldt et al., 2010). In
another study (Stevenson et al., 2009) an additive factor design was
suggested to overcome some of the problems involved in applying he
superadditivity rule to fMRI data.

Here we suggest a novel approach to studying multisensory
perception which delineates responses to each unisensory input
within the same cortical area despite the multisensory context.
Specifically, we applied fMRI spectral analysis in a multisensory
design duringwhich auditory and visual stimuli were presented in the
same experiment. This was done to examine multiple levels of
multisensory perception; unisensory level, unisensory preferences,
audiovisual areal convergence, and audiovisual interactions (Fig. 1).
Unlike previous designs, we used two sensory inputs with different
presentation frequencies, which were presented at the same time
(Figs.1 and 2a). In order to track unisensory processing and to
minimize high-level confounding factors (see Discussion) in the brain
we chose a passive paradigm with low level auditory and visual
stimuli that have been used successfully in unisensory retinotopy and
cochleotopy studies (Sereno et al., 1995; Talavage et al., 2004). There
is no real limitation to the use of this new method in more active and
high-level tasks. Finally, through spectral analysis we directly
examined audiovisual interactions associated with periods of audio-
visual synchronization, during which multiple sensory features
converged to represent one event (see Methods). Here, separation
of audiovisual interaction responses from audiovisual areal conver-
gence was embedded in the experimental design, without having to
choose a specific statistical criterion to contrast the multisensory and
the unisensory responses, in order to separate audiovisual interaction
responses from unisensory responses (statistical criteria were used to
determine the response of an area to each stimulus presentation
frequency). The findings illustrate the effectiveness of our method in
the detection of audiovisual interactions, and suggest that it can be
further implemented to study any type of interaction, within and
across sensory modalities.

Methods

Subjects

A total of 15 healthy subjects with no neurological deficits were
scanned in the current study. Seven subjects (4 males and 3 females),
aged 24–35 participated in Exp. 1 (eccentricity–cochleotopic exper-
iment), and eight subjects (2 males and 6 females) aged 22–26
participated in Exp. 2 (the polar angle–cochleotopic experiment). The
Tel-Aviv Sourasky Medical Center Ethics Committee approved the
experimental procedures and written informed consent was obtained
from each subject.

Stimuli and experimental design

During the scans, subjects were presentedwith auditory and visual
stimuli. The two sensory stimuli were presented within the same
experimental session, but with a different number of presentation
frequencies (Fig. 1 top two rows, Fig. 2a). As a result, the auditory and
visual stimuli were in and out of synchronization, instituting a third
audiovisual interaction frequency (Fig. 1 bottom row). Thus, auditory,
visual and interaction responses could be detected as three separate



Fig. 1. Experimental design and approach. Our approach combined spectral analysis and multisensory experimental design to disentangle different components of multisensory perception. Our design enables the identification of pure visual
responses (top row) as they manifest in spectral peak in the visual stimulation representation frequency. This is shown in a time course from Heschel's Gyrus of a representative subject. Similarly, pure auditory responses could be traced
(second row), as illustrated by the time course from Heschel's Gyrus of a representative subject. An area with a mixed population of pure auditory and pure visual (A+V) response presents double spectral peaks (third row), here depicted in
the RH STS of a representative subject. The audiovisual interaction response appears in the interaction frequency (associated with the rate of audiovisual stimuli moving in and out of synchronization), andwill also manifest a single peak in the
audiovisual interaction frequency (bottom row), as seen here in the time course from the Angular Gyrus of a representative subject. In each row the leftmost column specifies the neural population, the model of activation (pure cosine
function), and the model of activation in the time domain and in the frequency domain. Beyond the dashed line are examples from the data of single subjects. The name of the area is specified, followed by the time course from the area in the
time domain and in the frequency domain (rightmost). On the time course in the time domain we also plotted the model of activation, and specified the correlation coefficient of the model.
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peaks in the power spectrum of each voxel's time course (Fig. 1). The
auditory stimulus consisted of a rising logarithmic tone chirp
spanning the range of 250–4000 Hz in 18 s, followed by 9 s of no
auditory stimulation (Fig. 2b). A long presentation sequence is
optimal for the fMRI setting, which has the drawback of slow
temporal resolution. Tones in higher and lower frequencies (though
perceivable by humans) were not used due to technical limitations of
the auditory presentation system and since higher pitch tones tend to
be uncomfortable for subjects especially at the sound levels used here.
The chirp onset was ramped using a 20 ms logarithmically rising
envelope. This 27 second cycle was repeated 13 times, resulting in a
presentation frequency of 0.037 Hz. The continuous nature of the
auditory stimulus and our data analysis techniques did not enable us
to use sparse sampling approaches for data acquisition, so unavoid-
able scanner noise had to be masked by our stimulus (see also below).
The auditory stimulus was presented to both ears using fMRI-
compatible electrodynamic headphones (MR-Confon, Germany),
designed to actively reduce scanner noise. Each subject heard the
basic chirp inside the scanner prior to the experiment, with all
insulations in place and while the scanner was working. Stimulus
intensity was determined individually to make sure the subject heard
the entire frequency range. Stimulus intensity was delivered at levels
between 86 and 89 dB SPL in order to achieve maximal activation of
the entire auditory cortex, including non-core regions which are not
strongly driven by tones (Rauschecker, 2000; Rauschecker et al.,
1995;Wessinger et al., 2001), but may still show frequency selectivity
(Petkov et al., 2006), and areas responsive to threshold best
frequencies higher than 4 KHz.

The visual stimuli were adapted from standard retinotopy mapping
(Engel et al., 1994, 1997; Sereno et al., 1995) and consisted of 2 types of
stimuli, delivered during two separate experiments. The stimuli were
projected via an LCD projector onto a tangent screen positioned over the
subject's foreheadandviewed througha tiltedmirror. InExp. 1anannulus
was presented, expanding from 0° to 34° of the subject's visual field in
13.5 s, followed by 6 s of no visual stimulus (Fig. 2b). This 19.5 second
cycle was repeated 18 times, resulting in a presentation frequency of
0.051 Hz (Fig. 1 top row, Fig. 2a). In addition therewas a 30 secondperiod
of silence before andafter the audiovisual streamfor baseline. InExp. 2 the
auditory stimulus remained the same, but the visual stimulus was
replaced by orthogonal polar angle mapping. Instead of an expanding
annulus, a rotating wedge was displayed, with a polar angle of 22.5°. The
wedge rotated around the fixation point, completing a full cycle in 13.5 s,
followed by 6 s of no visual stimulus (Fig. 2b). This 19.5 second cycle was
also repeated 18 times, resulting in a presentation frequency of 0.051 Hz
(Fig. 1 second row, Fig. 2a). Both the annulus in Exp. 1 and thewedge Exp.
2 contained a flickering (6 Hz) radial checkerboard pattern according to
standard retinotopic procedures (Engel et al., 1994).

An interaction between two repetitive stimuli will appear in the
sum of their frequencies and in their subtraction. In our case, the
auditory stimuli repeated 13 times, and visual stimuli repeated 18
times, so an interaction appeared in the sum (31 repetitions, 11.3 s
each, ∼0.09 Hz) frequency and in the subtraction (5 repetitions, 70.2 s
Fig. 2. Design and unisensory spectral analysis. (a) Auditory and visual stimuli were deli
repeated 18 times. (b) Auditory stimulus was an 18 second rising chirp (250 Hz–4 KHz) f
(Experiment 1) consisted of an annulus, expanding from the center of the visual field to the p
angle–cochleotopy experiment (Experiment 2) was a rotating wedge, finishing a full cycle
auditory frequency map of all subjects (n=15), threshold of R(232)N0.28 (pb0.0005 FDR C
and on a flattened cortical reconstruction. (d) Average correlation coefficient of visual freque
are presented on a fully inflated cortical hemisphere of one of our subjects, and on a flattene
map of all subjects (n=15), threshold of R(232)N0.3 (pb0.0001 FDR Corr.), presented on a fl
temporal sulcus (STS) are depicted in dashed white lines on each hemisphere. (e: right) Ave
threshold of R(232)N0.3 (pb0.00001 FDR Corr.), presented on a flattened cortical reconst
(n=15) within auditory responsive areas. A pattern of twomirror symmetric, high–low–hig
symmetric pattern can be detected going from the temporal gyrus towards the STS. (f: right)
areas. Retinal preference is gradually shifted from fovea to periphery along the calcarine su
each, ∼0.014 Hz) (Fig. 1 bottom row). Since the sum frequency was
close to the edge of the frequency band available in fMRI due to low
pass filtering by the hemodynamic response (e.g. time to peak is
around 6–8 s (Aguirre et al., 1998)), no analyses were conducted in
this frequency. The low frequency, associated with the rate of audio
and visual stimuli moving in and out of synchronization, was used in
our analysis to explore audiovisual interaction effects.

During both experiments subjects were asked to maintain fixation
on a constant fixation point. It was possible to detect whether a
subject closed his or her eyes for a lengthy period of time by
examining the pattern of activation in primary visual areas. This
pattern was expected to follow each stimulus presentation (for
example in Fig. 1 top rows), so that the absence of some cycles would
indicate that the subject's eyes were closed, and would exclude the
subject from our analysis.
Functional and anatomical MRI acquisition

The BOLD fMRI measurements in Experiment 1 were carried out in
a whole-body, 3-T Magnetom Trio scanner (Siemens, Germany). The
scanning session included anatomical and functional imaging. High
resolution 3D anatomical volumes were collected using T1-weighted
images using a 3D-turbo field echo (TFE) T1-weighted sequence
(equivalent to MP-RAGE). The fMRI protocols were based on multi-
slice gradient echoplanar imaging (EPI) and a standard head coil.
Functional data were obtained under the following timing para-
meters: TR=1.5 s, TE=30 ms, FA=70°, imaging matrix=80×80,
FOV=24×24 cm (i.e. in-plane resolution of 3 mm). Twenty-two
slices with slice thickness=4.5 mm and 0.5 mm gap were oriented in
the axial position, for complete coverage of the whole cortex. Each
experiment had 254 data points. The first eight images (during the
first baseline rest condition) were excluded from the analysis because
of non-steady state magnetization.

Experiment 2's BOLD fMRI measurements were conducted with a
GE 3-T echo planar imaging system. All images were acquired using a
standard quadrature head coil. The scanning session included
anatomical and functional imaging. 3D anatomical volumes were
collected using a T1 SPGR sequence. Functional data were obtained
under the following timing parameters: TR=1.5 s, TE=30 ms,
FA=70°, imaging matrix=64×64, FOV=20×20 cm. Twenty-nine
slices with slice thickness=4 mm and no gap were oriented in the
axial position, for complete coverage of the whole cortex. Each
experiment had 254 data points. The first eight images (during the
first baseline rest condition) were excluded from the analysis because
of non-steady state magnetization. The main topographic and
interaction effects were consistent across experiments so when
appropriate, data were pooled over both experiments (see below)
but each experiment was always analyzed separately as well. Cortical
reconstruction included the segmentation of the white matter by
using a grow-region function embedded in the Brain Voyager QX
1.9.10 software package. The cortical surface was then inflated.
vered simultaneously. Auditory stimulus was repeated 13 times, visual stimulus was
ollowed by 9 s of silence. Visual stimulus in the eccentricity–cochleotopy experiment
eriphery (0–∼34° of visual field) in 13.5 s, followed by 6 s of rest. Visual stimulus of polar
after 13.5 s, followed by a 6 second rest period. (c) Average correlation coefficient of
orr.). Maps are presented on a fully inflated cortical hemisphere of one of our subjects,
ncy map of all subjects (n=15), threshold of R(232)N0.28 (pb0.00005 FDR Corr.). Maps
d cortical reconstruction. (e: left) Averaged correlation coefficient of auditory frequency
attened cortical reconstruction of one of the subjects. Heschel's Gyrus (HG) and superior
raged correlation coefficient map at visual frequency of Experiment 1 subjects (n=7),
ruction of one of the subjects. (f: left) Averaged cochleotopic map across all subjects
h gradients is revealed in PT perpendicular to HG, in both hemispheres. A further mirror
Averaged eccentricity map of Experiment 1 subjects (n=7) within visually responsive
lcus.
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Preprocessing

Data analysis was initially performed using the Brain Voyager QX
1.9.10 software package (Brain Innovation, Maastricht, Netherlands).
Functional MRI data preprocessing included head motion correction,
slice scan time correction and high-pass filtering (cutoff frequency:
3 cycles/scan) using temporal smoothing (4 s) in the frequency
domain to remove drifts and to improve the signal to noise ratio.
Functional data also underwent spatial smoothing (spatial Gaussian
smoothing, FWHM=6 mm). Functional and anatomical data sets for
each subject were aligned and fit to standardized Talairach space
(Talairach and Tournoux, 1988). All additional analyses were
conducted using analysis code developed in the lab on MATLAB
(MathWorks, Natick, MA) and then projected back onto Brain Voyager
to display on the inflated cortical surfaces.

Spectral analysis

Following standard retinotopy procedures (Engel et al., 1997; Engel
et al., 1994; Sereno et al., 1995), we applied Fourier analysis to retrieve
responses that were locked to the stimulus repetition frequency.
Spectral analysis was carried out for a specific frequency in the
frequency domain, and thus could be conducted independently for the
auditory stimulus representation frequency, the visual stimulus
representation frequency (Fig. 1), and the audiovisual interaction
frequency. This means that unisensory auditory, unisensory visual and
audiovisual interaction responses could be analyzed separately, even
though they were all delivered within the same experimental session,
during one multisensory experimental condition.

Prior to the Fourier analysis, time courses were de-trended to
remove mean value and linear drifts. The complex Fourier coefficient
at the repetition frequency frep of interest is denoted by:

F frep
� �

≡a frep
� �

⋅ei⋅ϕ frepð Þ ð1Þ

where a( frep) represents the amplitude and φ( frep) the phase, and is
calculated by:

F frep
� �

= ∑
N

k=1
TCk⋅e

−2πi k⋅frepð Þ ð2Þ

where TC represents the sample time course with mean value
removed, and N is the number of sampled time points (n=234).

Both the amplitude and phase parameters were used to construct a
pure cosine which served as a model of the activation (Fig. 1, Eq. (3)).
A Pearson correlation coefficient was then calculated between the
model and the original time course (Engel et al., 1997).This procedure
resulted in a correlation coefficient for each voxel. This correlation
coefficient can also be written as a normalized Fourier coefficient:

Modelfrep≡a frep
� �

⋅ cos 2πfrep⋅t + ϕ frep
� �� �

ð3Þ

R frep
� �

≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TC⋅Modelfrep
‖TC‖⋅‖Model

vuut
f rep‖

=
a frep
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

k=1
a fkð Þ2

s : ð4Þ

The correlation coefficient was used as a direct measure of the
voxel's response to the stimulus of interest. The correlation coefficient

(R) was transformed t = R⋅
ffiffiffiffiffiffiffiffi
N−2

p
1−R2

� �
and used as a t-statistic with n−2

degrees of freedom (in our case n=234), and corrected for multiple
comparisons using the false discovery rate (FDR) correction (Benja-
mini and Hochberg, 1995; Genovese et al., 2002).
In regions showing a high correlation to the stimulus repetition
frequency, the phase value was inspected. Phase values were
distributed between −π and π, and were linearly transformed in
order to represent the time points in each stimulus cycle. Due to the
time delay of the hemodynamic response, the phase code does not
temporally overlap with the stimulus presentation time. In the
auditory frequency, the earliest response detected in the anatomically
defined primary auditory cortex was assumed to correspond to a tone
frequency of 250 Hz, which was the first frequency in the chirp.
Similarly, the latest response was assumed to correspond to a tone
frequency of 4 KHz, the last tone frequency presented. The hemody-
namic response was assumed to be spatially uniform for each subject,
thus leading us to interpret latencies between the shortest and latest
responses as driven from intermediate tone frequencies. A similar
process was carried out in the visual frequency, where the earliest
response detected in primary visual cortex was assumed to
correspond to foveal stimuli, and the latest response was assumed
to correspond to peripheral stimuli, and intermediate latencies
represented the progress of the annulus stimulus from fovea to
periphery. In the polar angle experiment, the range of the phase was
associated with the progress of the polar angle of the wedge stimulus.
These steps resulted in an individual response range, according to the
individual hemodynamic delay. These values constructed the phase
code corresponding to the specific preferred tone frequency of each
voxel or to the preferred retinal location of each voxel, and yielded
phase code maps of the cochleotopy and eccentricity/polar angle
maps. The phasemaps were thresholded by the correlation coefficient
maps. Minimal threshold used was 0.05 corrected for multiple
comparisons (or better; specific threshold are stated in Results).
These individual phase codes were used only in the presentation of
single subject's results (Supp. Figs. 1 and 4) and not for obtaining
averaged group results (see below). The known topographical
retinotopic and cochleotopic organization of visual and auditory
sensory cortices served as an additional control to test the validity of
our approach (Formisano et al., 2003; Sereno et al., 1995).

Group analysis

Group analysis for the phase analysis was complementary to the
single subject analysis and the individual Fourier decomposition of each
subject. To create such an average representation, the correlation
coefficient maps of the individual subjects were averaged to create a
group averaged correlation coefficient map. A fixed effect analysis was
used to evaluate the statistical significance of the averaged correlation
coefficient, corrected using the FDR method. Voxels whose correlation
coefficient satisfied a predetermined statistical thresholdwere assigned
the group average phase value. The phase maps were averaged using a
circular average method (Jammalamadaka and Sengupta, 2001) to
create amean phasemap. For this analysis the original individual phase
maps were used, regardless of individual phase codes, to reduce the
degrees of freedomwhen constructing the group maps. This procedure
yielded groupphasemaps that displayed voxelswith a phasewithin the
group response range (phase code), whose average correlation
coefficient (R) values exceeded a predetermined statistical threshold.

Sensory preference index

A sensory preference index was used to measure the relations
between a voxel's auditory response and visual response. This was
done by using a standard formula of relative contribution with the R
correlation coefficients entered as the relevant values for the auditory
and visual stimuli:

I =
RAuditory−RVisual

RAuditory + RVisual
: ð3Þ
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An index close to minus one indicates that the voxel is visually
dominated; when it is close to one the voxel is auditory dominated.
When this index is close to zero, auditory and visual inputs contribute
equally to the voxel's activation pattern.

Sensory preference maps were calculated for each subject (Supp.
Fig. 2). The sensory preference maps were constructed only within
areas responsive to either the auditory stimulus or the visual stimulus
(Auditory∪Visual). For all subjects, each voxel in a new map was
assigned with the maximum of its value in the auditory map and in
the visual map, resulting in a unified map. All areas within this map
showed a high correlation to either auditory or visual stimulation or
both, and their relative contribution index reflected their sensory
preference characteristics. Sensory preference maps within unified
maps were averaged across subjects to obtain group results.

Audiovisual areal convergence maps

An audiovisual conjunction analysis was carried out (Auditory∩-
Visual) by using the auditory correlation map and the visual
correlation map of each subject to produce a unified correlation
map. The minimum value between the auditory and visual maps was
selected for each voxel. This resulted in a map of areas which showed
significant activation for both the auditory and visual frequencies.
These maps were generated at the single subject level and at the
group level, which was averaged across all subjects.

Behavioral experiment

All the subjects participated in Experiment 1, and an additional 7
subjects participated in a behavioral experiment (n=14). Subjects
viewed the same stimuli as in Experiment 1, but were instructed to
state by pressing a button when the auditory and visual stimuli
seemed to get out of sync and when they seem to get back into sync.
The results were averaged and Fourier transformed, and a correlation
coefficient was calculated between the averaged results and a model
of a pure cosine in the audiovisual interaction frequency.

Results

A series of analyses was carried out to detect different levels of
audiovisual perception. In all cases data analysis was conducted both
at the single subject level and at the group level. Examining single
subject data is especially important when analyzing audiovisual areal
convergence and audiovisual interactions. First, to explore processing
of unisensory inputs under a multisensory context, spectral analysis
was carried out on the visual stimuli presentation frequency and on
the auditory stimulus presentation frequency independently (Fig. 1
top two rows). This step yielded maps of areas responsive to visual/
auditory stimuli, as well as phasemapswhich depicted the topological
organization within these areas. Second, the results from the
unisensory analysis were used to construct a sensory preference
index to detect an audiovisual preference gradient, and audiovisual
areal convergence (Fig. 1 third row). Finally, spectral analysis was
carried out in the audiovisual interaction frequency, to detect
audiovisual interaction responsive areas segregated from audiovisual
areal convergence (Fig. 1 bottom row).

Single sensory input analysis

The first analysis tested for putative retinotopic maps in visual
areas and putative cochleotopic maps in auditory areas. Spectral
analysis methods yielded a discrimination of auditory and visual
cortical areas (Fig. 2). Separation was based on the fact that the
auditory and visual stimuli were repeated for a different number of
cycles (Fig. 1), resulting in two different frequencies associated with
the auditory and visual stimuli (auditory frequency AF and visual
frequency VF).

Retinotopy

VF correlation and phasemaps were constructed for the two visual
experiments (Experiment 1—eccentricity–cochleotopy and Experi-
ment 2—polar angle–cochleotopy, see Methods for a detailed
description). The averaged correlation maps were used to define the
visual areas in both experiments, which were found to cover the
occipital pole medially to the parieto-occipital sulcus, and along the
classic ventral stream and dorsal stream areas (Ungerleider and
Mishkin, 1982) (Figs. 2d, e). The averaged phase maps of Experiment
1 revealed a retinotopy eccentricity mapping on the posterior–
anterior axis from the occipital pole to the anterior areas, along the
calcarine sulcus (Fig. 2f, see single subjects in Supp. Fig. 1, single
subject results exceeded a threshold of R(232)N0.28, pb3.2e–6
uncorrected). The same correspondences between the known
retinotopic organization and our phase mapping results were found
in Experiment 2. In these polar angle maps the left visual field was
mapped contralaterally to the right hemisphere and vice versa, the
upper visual field was mapped to the inferior bank of the calcarine
sulcus, and lower visual field was mapped to the superior bank of the
calcarine sulcus (for single subject analysis see Supp. Fig. 1). The
averaged polar angle maps also revealed the knownmirror symmetry
pattern of retinotopy maps from V1 to V2 and further to higher visual
areas but with less robust results in higher-order retinotopic areas.
Visual results were in agreement with the results reported in the past
(especially in V1 and V2) using spectral analysis with only one
sensory input, but could be considered less robust than previous
studies which optimized their application to one unisensory condition
at a time. Thus under multisensory conditions different visual areas
could be delineated based on their retinotopic organization, in a
similar manner to when using a unisensory experimental condition.

Cochleotopy

Data from both experiments were pooled to carry out the spectral
analysis in the auditory presentation frequency (AF, but results are
similar when analyzing them for each experiment separately). Similar
to the visual domain, AF correlation and phasemaps were constructed
(Figs. 2c, e, see single subjects in Supp. Fig. 1, single subject results
exceeded a threshold of R(232)N0.28, pb3.2e–6 uncorrected).
Auditory responsive areas were revealed covering vast parts of the
temporal lobe, extending from the lateral sulcus to the superior
temporal sulcus (STS), and including auditory responses in the
Precuneus (Figs. 2c and 6). While all these areas showed a highly
significant correlation to the auditory stimulus repetition frequency,
the most strongly correlated area was located in the auditory core
areas (Heschl's gyrus and its surroundings). Consistent with the
majority of previous studies, we focused on these areas as well. Phase
maps in the core auditory areas displayed a pattern of tone-preference
shift from high-frequency tones to low-frequency tones and back
along the surface of the lateral sulcus, with Heschl's gyrus (HG)
located within this mirror symmetric large scale organization (Fig. 2f,
Supp. Fig. 1). This pattern was highly reproducible across groups and
subjects, and is also in line with the general pattern found in
Macaques (Petkov et al., 2006) and in recent neuroimaging studies in
humans (Formisano et al., 2003; Talavage et al., 2004; Upadhyay et al.,
2007). Beyond the core auditory areas a number of mirror symmetric
tone-selective bands, extending along the superior-to-inferior axis
from core areas laterally to the superior temporal sulcus could be
identified. These mirror symmetric tone-selective bands extended
along the superior-to-inferior axis to the superior temporal sulcus.
These novel cochleotopic areas, while less consistent in shape and
location across subjects than cochleotopic maps in core areas, were
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very similar to other cochleotopicmapping results from our lab (using
auditory stimulation only), which will be discussed elsewhere.

Audiovisual gradient and areal convergence

Further analyses were conducted to determine whether a given
area showed a preference for one of the two modalities or no
preference, and whether it presented audiovisual areal convergence.
This analysis was based first on a sensory preference index, which
determined the relation between auditory and visual responses in
each voxel independently. This was done by using the correlation
coefficients calculated in the unisensory spectral analysis (see
Methods for a detailed description). When this index is closer to
minus one it means that the voxel is visually dominated andwhen it is
closer to one it means that the voxel is auditory dominated. When this
index is close to zero, it means that auditory and visual inputs
contribute equally to the voxel's activation pattern. For all subjects, a
new unified map was created, where each voxel was assigned the
maximum of its value in the auditory map and in the visual map.
Within this map, all areas showed high correlations (group map R
(232)N0.28, pb0.0005 FDR Corr., Fig. 3a) to either auditory or visual
stimulation or both, and their relative contribution index reflected
their unisensory vs. multisensory characteristics.

The sensory preference index indicated two gradients that went
from visually dominated areas (index values around −1) through
areas responsive to both modalities (index values around 0) and
further to auditory areas (index values around 1).The first gradient
stretched from the primary visual areas, showing a preference for
visual stimuli. This preference then declined when moving anteriorly
and laterally to STS where visual and auditory inputs contributed
equally. The auditory preference increased toward STG, and peaked in
Heschl's Gyrus (Fig. 3a). This gradient was continuous in the right
hemisphere but was disrupted in the left hemisphere, and was
replicable at both the group level and in single subjects in both
experiments (Fig. 3d, see more single subjects and separately for each
experiment in Supp. Fig. 2). This gradient fit nicely with previous
results from audiovisual integration studies under various experi-
mental approaches (see Discussion). The gradient was further
confirmed by sampling the data along the axis. Each sample point's
response to auditory stimuli and visual stimuli was collected, as well
as the response in a control frequency (0.041 Hz, corresponding to a
16 repetition presentation frequency—a frequency not associatedwith
stimuli presentation, which lies between the auditory and visual
frequencies, see Methods). Auditory frequency amplitude, visual
frequency amplitude and the amplitude of the control frequency
along the sampled points again showed the shift from visual
dominance areas (Fig. 3 Pts. 1–2) to auditory dominance areas
(Fig. 3 Pts. 6–7). The entire spectrum of points 3–5 (points in the
middle of the gradient) formed a double peak at the auditory and
visual frequencies (for the entire spectrum of all points, separately for
each experiment, see Supp. Fig. 2c).

Interestingly, a novel auditory responsive area was found in the
Precuneus (Fig. 2c, Fig. 6), and another gradient could be traced in the
medial wall (Figs. 3c, d, single subject maps threshold at R(232)N0.26,
pb0.0005 Corr., more single subjects in Supp. Fig. 2a). Auditory
Fig. 3. Audiovisual preference gradients. (a) Relative contribution index computed for the au
shown within the areas that were responsive to auditory or visual stimuli (Auditory∪Visu
inflated cortical hemisphere of one of our subjects, and on a flattened cortical reconstruction
purposes), from visual preference in occipital lobe, to equal preference to auditory and visua
can be seen on the medial wall across the POS, from visual preference posterior to the POS
sampled at points 1–7 and i–iii in each hemisphere. The auditory and visual spectral peaks
areas to auditory dominated areas. For comparison, a non-relevant spectral peak (in the
depicted, showing no preference shift along the gradient. (c) The spectrum from sample
gradient. (d) Audiovisual preference gradients of six subjects (3 from each experiment), eac
Dashed yellow lines delineate the right and left STS in the ventral views, and the right and le
visual preference can be found posterior to it. In the same manner the POS lies in the middle
responses in the Precuneus were evident in both groups, but did not
show a consistent cochleotopic pattern (suggesting that it might be a
higher-order auditory area, see Discussion). The audiovisual gradient
could be traced along the parieto-occipital gyrus (POG) and the
Precuneus, and was also found using sampled data (Fig. 3, Pts. i–iii,
Supp. Fig. 2b,c Pts i–iii). This area, lying just outside the retinotopic
part of visual cortex, exhibited a shift in unisensory preference from
visual in the posterior bank of the parieto-occipital sulcus (POS) to an
auditory preference in the Precuneus. This novel gradient was
apparent in both experiments, and in the averaged spectra sampled
along the gradient (Supp. Fig 2b,c).

In order to detect areas that were activated both by auditory and
visual input, an audiovisual conjunction analysis was carried out
(Auditory∩Visual; R(232)N0.21, pb0.05 FDR Corr.), resulting in a
map of areas which showed significant activation for both auditory
and visual frequencies (Fig. 4, single subject maps threshold at R
(232)N0.2, pb0.05 FDR Corr., see more single subjects and groups in
Supp. Fig. 3). These areas did not exhibit a consistent overlapping
cochleotopic and retinotopic organization, as might be the case for
tactile and visual head centered mapping in the superior post central
sulcus (Sereno and Huang 2006). Audiovisual areal convergence was
revealed in the right STS, the bilateral POG, and the bilateral Planum
Temporale (PT) sparing HG. STS and POG were also marked by zero
values on the sensory preference index (Fig. 3a), and were situated in
the middle of the audiovisual preference gradients. The audiovisual
conjunction in auditory areas was not backed up by zero sensory
preference index values, which may have been the result of a low, yet
significant, response to visual input in auditory dominated areas. The
power spectrum of the time courses in these areas showed peaks in AF
and in VF (Fig. 4b). Auditory responses were higher than visual
responses both in auditory areas and in the POG bilaterally.

To summarize this step, audiovisual gradients and audiovisual
areal convergences both reflected the correlation coefficients revealed
in the unisensory spectral analysis, and showed a division between
auditory and visual responsive areas with an audiovisual convergence
situated in the middle of these areas. These results establish the POG
as an audiovisual convergence area, and the Precuneus as an auditory
responsive area. The results also demonstrate the audiovisual
convergence properties of the STS, especially in the right hemisphere.
Finally, the audiovisual areal convergence analysis went beyond what
could be detected using the sensory preference index, to reveal an
audiovisual convergence in the primary auditory areas (and in the
primary visual areas in the polar angle experiment—see Supp. Fig. 3).

Audiovisual interaction

As an added benefit of our methodological approach to detecting
auditory and visual responses under multisensory context, the
detection of audiovisual interaction response was enabled. We took
advantage of the fact that in addition to the visual and auditory
stimulation frequencies we had a third frequency (5 repetitions, 70.2 s
each, ∼0.014 Hz) of bimodal stimulation moving in and out of
synchronization. This interaction effect could be directly assessed by
applying spectral analysis in the interaction frequency to determine
areas responsive to audiovisual interaction (see Methods, Fig. 1). An
ditory and visual spectral peaks, averaged across all subjects (n=15). Index values are
al), threshold at R(232)N0.28 (pb0.00005 FDR Corr.). Maps are presented on a fully
. A shift in unisensory preference can be seen along the dashed line (only for illustrative
l stimuli in STS, and further to auditory preference in PT. A second preference gradient
to auditory preference in the anterior POS. (b) The average time course spectrum was
of each hemisphere are depicted, illustrating the gradual shift from visually dominated
16 repetition frequency, between auditory and visual repetitions frequencies) is also
points 3–4, demonstrating dual auditory and visual peaks in the central points of the
h exceeding threshold of R(232)N0.26 in auditory or visual map (pb0.0005 FDR Corr.).
ft POS in the medial views. An auditory preference can be found anterior to the STS and
of the gradient; auditory preference is anterior to it and visual preference lies posterior.



625U. Hertz, A. Amedi / NeuroImage 52 (2010) 617–632



626 U. Hertz, A. Amedi / NeuroImage 52 (2010) 617–632
area with pure audiovisual interaction neurons (AV) will respond to a
specific combination of auditory and visual features, with a spectral
peak in the in/out of sync frequency, allowing clear segregation from
pure unisensory responses, which are characterized by spectral peaks
at the visual and/or auditory representation frequencies (compare top
and bottom of Fig. 1). Furthermore, phase analysis could be applied to
distinguish areas that were activated when the audio and visual stimuli
were in sync, andwere characterized by lowphase values (around zero)
from areas that were responsivewhen the stimuli were out of sync, and
showed high phase values around π, or low values around−π. This step
is fundamentally different from the previous audiovisual ones, which
used the correlation coefficients taken from the spectral analysis in the
unisensory presentation frequencies.

Data from both experiments were pooled to carry out spectral
analysis in the audiovisual interaction frequency. This enabled us to
average out experiment-dependent effects (results of more single
subjects, and per experiment in Supp. Fig. 4). An averaged phase map
within the interaction responsive areas (n=15, R(232)N0.26,
pb0.0005 FDR Corr.) was constructed (Fig. 5b). Audiovisual interac-
tion responses were identified bilaterally in the inferior frontal sulcus
(IFS), the superior frontal sulcus (SFS), the superior part of OPG, and
the intra parietal sulcus (IPS). The right Insula was also responsive to
audiovisual interaction, as was the left medial temporal gyrus (MTG).
Phase values within these areas were also obtained, and revealed
areas with a preference for audiovisual synchronization (right Insula
and superior POG) and for non-synchronization (IFS). Some areas
appeared to show a gradient from synchronization to a non-
synchronization response, such as the left IPS and the left MTG, and
the bilateral SFS. While all subjects showed strong responses to the
audiovisual interaction, the locations of the responses were more
variable than in the unisensory case, but the group results could be
detected even at the single subject level (Fig. 5c, single subject maps
threshold at RN0.24, pb0.005 FDR Corr., Supp. Fig. 4). These results
suggest a highly intriguing network that involves the binding of
sensory stimulation in the time domain (see Discussion).

In a behavioral experiment subjects were asked to state when they
perceived the auditory and visual stimuli moving in and out of
synchronization (Supp. Fig. 5). The averaged results showed a
significant correlation to a pure cosine in the interaction frequency
(R=0.62, pb6 10−22). This result suggests that the audiovisual
interaction frequency was associated with the rate of the auditory and
visual stimuli moving in and out of synchronization, which was not
only based on the physical properties of the stimuli but also depended
on the perceived rate reported by the subjects.

Discussion

Summary

In order to detect multiple levels of audiovisual processing under a
multisensory context, a new fMRI technique was developed that
combines a multisensory experimental condition and spectral
analysis. Auditory and visual stimuli were delivered in the same
experimental condition, with different presentation frequencies, and
thus could be detected by applying spectral analysis separately to the
different frequencies. Low level stimuli, similar to those used in
retinotopy and cochleotopy studies, and a passive paradigm were
used, thus enabling the detection of retinotopic and cochleotopic
maps as were reported previously, but under a multisensory context.
Fig. 4. Audiovisual areal convergence. (a) Audiovisual areal convergence maps were constr
visual correlation maps (Auditory∩Visual). Maps were averaged across all subjects (n=15)
convergence in themiddle of the audiovisual preference gradient in the right STS and bilatera
time course was sampled in primary auditory areas (a), STS (b) and POG (c), in the peak
convergence, with auditory preference in primary auditory areas, and in the left STS. (c) a
threshold of at least R(232)N0.2 in both auditory and visual maps (pb0.05 FDR Corr.). Single s
in retinotopic areas in the visual cortex, towards V1), and in associative areas STS and POG
Based on the unisensory responses of brain areas we were able to
delineate sensory preferences and gradients of sensory preference
between vision and audition in the entire cortex. We mainly found
two such gradients: one stretching from the visual areas to the
primary auditory areas across the STS, and another, a novel gradient in
themedial wall stretching across the POGwith an auditory preference
in the Precuneus. We detected audiovisual convergence both in areas
in the middle of the gradients, and in primary auditory areas.
Interestingly, our method enabled direct detection of high-level
audiovisual interaction responses by analyzing the audiovisual
synchronization frequency. A network of areas showed audiovisual
interaction responses in associative areas in the parietal lobe (IPS and
superior POG), the temporal lobe (left MTG), the frontal lobe (SFS and
IFS) and in the Insula.

Auditory and visual processing under a multisensory context

By employing low level stimuli used in retinotopy and cochleotopy
studies, we could establish retinotopic and cochleotopic maps similar
to those found in the literature (Engel et al., 1997; Sereno et al., 1995;
Talavage et al., 2004; Upadhyay et al., 2007) (Fig. 2, single subjects in
Suppl. Fig. 1) [alongwith several new findings whichwill be discussed
below]. This replication of previous results shows that in the primary
sensory areas the auditory and visual stimuli are processed indepen-
dently to some extent, regardless of irrelevant stimuli. This is not
trivial, as one input stream or processing, for example during a visual
task, may impose activations (Kayser and Logothetis, 2007; Lakatos
et al., 2007; Martuzzi et al., 2007; Meienbrock et al., 2007; Noesselt
et al., 2007; Rauschecker, 2000; Schroeder and Foxe, 2005) or de-
activations (Laurienti et al., 2005) in non-relevant primary areas; e.g.
the primary auditory areas. It should be noted that some of the
retinotopic and cochleotopic maps in higher areas are not as clearly
identified in our data, especially when moving from V1. This might be
due to the change in physical features of the stimuli (number of
repetitions and duration of each stimulus) compared to unisensory
experiments designed specifically to detect topography of unisensory
areas. This could also be the result of multisensory processes
manifesting changes in activity in the retinotopic and cochleotopic
areas. These findings are in line with the division of labor hypothesis
(Zeki, 1978), as they demonstrate a division between auditory and
visual processes in the cortex, and a further division into submodal-
ities delineated by multiple retinal mapping in visual areas, as is the
case in auditory areas with multiple cochleotopic maps, in a manner
generally similar to unisensory experiments which corresponds to
delineation by functional characteristics (e.g. color processing in V4,
motion in MT etc. (Felleman and Van Essen, 1991)).

Sensory preference gradients were defined based on auditory and
visual spectral peaks (Fig. 3). This approach allows testing of the
relative contribution of the visual and auditory streams of input in all
the voxels in the brain independently. One gradient, stretching from
the occipital pole to the PT along the temporal lobe, has also been
described by others using other types of much higher level stimuli
such as objects and letters/phonemes (Beauchamp et al., 2004a;
Stevenson and James, 2009; van Atteveldt et al., 2004), but also by low
level, static, and non-ecological stimuli such as bips and flashes of
light (Bischoff et al., 2007; Dhamala et al., 2007; Hadjikhani and
Roland, 1998; Martuzzi et al., 2007; Noesselt et al., 2007). Here we
were able to detect a similar gradient, especially in the right
hemisphere (Fig. 3, Supp. Fig. 2), by using simple low level stimuli.
ucted for each subject by using the conjuction between auditory correlation maps and
, and threshold at R(232)N0.21 (pb0.015 FDR Corr.). This map shows audiovisual areal
lly in the POG, and bilaterally in primary auditory areas. (b) The spectrum of the average
activation of the clusters. These points form dual spectral peaks at audiovisual areal
udiovisual areal convergence in 6 subjects (3 from each experiment), each exceeding
ubjects demonstrate audiovisual areal convergence in primary areas (both auditory and
.
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This is interesting in the context of studies which report that the STS
in the midst of the gradient is a higher-order area responsive to
complex stimuli such as objects, letters, voice, eye gaze and even
social interactions (Allison et al., 2000; Amedi et al., 2005a;
Beauchamp et al., 2008; Hein and Knight, 2008; Stevenson and
James, 2009; van Atteveldt et al., 2004). STS was also reported to be
involved in the analysis of moving stimuli (Allison et al., 2000;
Grossman et al., 2005), and our stimuli are also composed of moving
sounds and wedges. In addition, in previous works the auditory and
visual stimuli used to detect this gradient were delivered separately,



Fig. 5. Audiovisual interaction. (a) Audiovisual interaction maps were constructed for each subject, averaged across all subjects (n=15), and threshold at R(232)N0.26 (pb0.0002
FDR Corr.). Phase map within responsive areas is presented. Responsive areas include bilateral IFS and SFS, bilateral AG and posterior POG, left STS (and smaller right STS activation),
and right Insula. Areas with preference for audiovisual synchronization (right Insula, and posterior POG) and for non-synchronization (bilateral IFS) are shown. A sync–non-sync
gradient can be detected in AG, left STS, and bilateral SFS. (b) Audiovisual interaction in 6 subjects (3 from each experiment), each exceed threshold of R(232)N0.24 (pb0.005 FDR
Corr.). Audiovisual interaction responses were located in associative areas in parietal lobe (AG and POG), temporal lobe (STS and MTG), and prefrontal areas (IFS), and Insula.
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and the classic general linear model (GLM) analysis was carried out to
identify sensory preference. As with the retinotopy and cochleotopy
results, the similarity to results obtained in unisensory experimental
designs indicates that the audio and visual inputs were being
processed separately, as though they were delivered separately in
early areas, and then converged in associative areas responsive to
auditory and visual stimuli, in the middle of the gradient in the STS
(and the POG in the medial gradient, discussed below). These results
favor the division of labor principle, as each input is processed
separately, as well as a bottom-up view of the audiovisual integration
process, as information flow is directed from the sensory epithelia to
primary sensory areas in the cortex, and then converge in higher brain
areas.

Using our paradigm, a novel auditory responsive area was found in
the Precuneus, in the midline, anteriorly to POG and calcarine sulcus
(Figs. 2c and 6). An auditory response in these areas, the cingulated



Fig. 6. Convergence of multiple components in POG. Visual component includes areas exceeding threshold of R(232)N0.28, as does the auditory component. Audiovisual areal
convergence component exceeded threshold of R(232)N0.21 when taking the minimum value from auditory and visual correlation coefficient in a voxel. Audiovisual interaction
component exceeding threshold of R(232)N0.26. POS is marked by a dashed line. Audio and visual areas appear to lie in proximity to POG, and are overlapped by audiovisual areal
convergence area. Audiovisual interaction component lies superiorly on the POG, suggesting that POGmight serve as a node linking multiple components of audiovisual interaction.
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gyrus and the Precuneus, has sporadically been reported, for instance
during speech comprehension (Wilson et al., 2008), detection of
different features of sound (location vs. pitch (Alain et al., 2001), pitch
vs. timbre and rhythm (Platel et al., 1997)), along with frontal
activations. However, all authors were quite careful about the
conclusion of the contribution of this area to auditory processing
per-se, since they used high-level stimuli and there were other
confounding factors in relation to low level pure tone processing in
this area. Here we used a basic auditory cochleotopic stimulation
condition and found clear auditory responses in this area. In our
experiment, this area demonstrated consistent auditory responses,
but no consistent cochleotopic pattern was identified. These activa-
tions have been associated with the effects of higher level processes,
involving the temporal structure of the stimuli and prior world
knowledge (Alain et al., 2001; Wilson et al., 2008), or mental imagery
(Platel et al., 1997), which may explain the lack of cochleotopic
pattern in this area. Thus, while previously it was difficult to lay a
theoretical foundation for such a result, we clearly demonstrated
auditory responses in this area using cochleotopic stimulation.
Furthermore, this area is also one end of the second audiovisual
gradient stretching from the Precuneus via the POG (showing
significant responses to both vision and audition) to visual responses
in the retinotopic visual area towards V1 (Fig. 3). The POG, in the
middle of the audiovisual gradient, also showed audiovisual areal
convergence properties (Fig. 4), and lies in close proximity to the
audiovisual interaction responses in the superior POG, suggesting that
this area is indeed involved in audiovisual perception and binding
(Fig. 6). Areas around POG are known to be activated under specific
multisensory conditions (Bischoff et al., 2007; Calvert and Thesen,
2004; Macaluso and Driver, 2001; Macaluso et al., 2004), in tactile-
visual conditions to interactions between spatial attention and the
side of the stimulus, and in audiovisual word detection in response to
interactions between spatial congruency and audiovisual synchroni-
zation. Here we provide clear evidence that this area is responsive to
both auditory and visual inputs, even when these stimuli consist of
low level features, and regardless of the specific interaction between
them (Fig. 4). We further show responses to audiovisual interaction in
the superior POG (Figs. 5 and 6) as well (see below).

Multisensory areal convergence was also identified in core
auditory area, sparing HG (Fig. 4). This result is in line with a number
of studies describing visual activation in primary auditory areas, and
auditory responses in primary visual areas using other stimuli
(Lakatos et al., 2007; Martuzzi et al., 2007; Meienbrock et al., 2007;
Molholm et al., 2002; Noesselt et al., 2007; Rockland and Ojima, 2003;
Rockland and Van Hoesen, 1994; Schroeder and Foxe, 2005; Watkins
et al., 2007). This might conflict with a division of labor view, and
support the notion that all areas are inherently multisensory, or
include multisensory neurons in them (Allman and Meredith, 2007;
Ghazanfar and Schroeder, 2006). However, our results demonstrate a
clear unisensory preference in primary sensory areas, as reflected in
the audiovisual preference gradients, suggesting that even though
visual responses in auditory areas are present, they might be
overruled by auditory responses. These crossmodal responses in
primary sensory areas might be a result of top-down influence,
imposing an altered activation in primary areas under multisensory
conditions or tasks (Schroeder et al., 2003), or in the context of higher
cognitive processes, such as visual imagery (Amedi et al., 2005b).
Thesemight explain such psychophysical phenomena as the influence
of one sensory stream on judgments of another sensory stream
(Macaluso and Driver, 2005; Spence and Driver, 2004). These results
might also be a basis for functional plasticity in the absence of one of
the sensory streams (Bavelier and Neville, 2002; Pascual-Leone et al.,
2005; Röder et al., 2001; Sadato, 2005), or in the mechanism that
underlies audiovisual illusions (Shams et al., 2000; Watkins et al.,
2007). They demonstrate some connection between auditory and
visual primary areas that is significant yet weak under normal
conditions, but may become a key player when one sensory stream is
missing, such as in blindness (Amedi et al., 2003; Azulay et al., 2009;
Kauffman et al., 2002; Röder et al., 2001; Sadato, 2005; Sathian, 2005)
or deafness (Bavelier et al., 2006; Bavelier and Neville, 2002).

Audiovisual interaction and multisensory integration

An additional advantage of our method is the fact that it enables
direct inspection of audiovisual interaction responses. This was done
by measuring the in/out of synchronization rate of the auditory and
visual stimuli, which consisted of a third interaction frequency (see
Methods for a detailed description, Fig. 1 bottom row). This is
extremely useful when trying to segregate audiovisual interaction
from audiovisual areal convergence. The detection of multisensory
interaction responses, beyond multisensory areal convergence, has
been the main stumbling block of multisensory research, due to the
statistical and technical obstacles it creates. Principles commonly used
to determine this delineation include superadditivity and inverse
effectiveness (Calvert et al., 2000; Stevenson et al., 2007; Stevenson
and James, 2009). These rules are based on observations from single
unit recordings (especially in the superior colliculus (Meredith and
Stein, 1986)). An area will satisfy the superadditivity criterion if its
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activation during the multisensory condition exceeds the sum of
activations during unisensory conditions. Inverse effectiveness char-
acterizes situations in which the combination of multiple inputs elicits
a more salient percept than each input individually. These rules have
been used extensively in multisensory integration research since its
inception but they also create a number of methodological problems
in multisensory integration when they are applied to fMRI in humans
(Holmes, 2009; Laurienti et al., 2005; Stevenson et al., 2009) and have
been challenged to certain extent even in single unit recording studies
in animals (Holmes, 2009; Zahar et al., 2009).

The implementation of the statistical criteria of superadditivity
and inverse effectiveness rules to fMRI studies is the subject of heated
debate (Beauchamp, 2005; Stevenson et al., 2009). The criterion of
superadditivity is sometimes considered too stringent for fMRI
measurement, but a relaxed criterion, the maximum rule, ((Audio-
visualNAudio)∩(AudiovisualNVisual), for example, instead of Audio-
visualNAudio+Visual) has been used in some studies (Beauchamp,
2005; Beauchamp et al., 2004a,b; Naumer et al., 2009; van Atteveldt et
al., 2004), while others opted for the more conservative criterion
(Stevenson et al., 2007). One of the reasons for the deviation from
single unit rules is that fMRI measures a large population of neurons
rather than single cells (Calvert, 2001; Laurienti et al., 2005). This
means that the audiovisual response of a voxel might be elicited by
pure auditory and pure visual neurons, or by multisensory neurons in
this voxel. If multisensory neurons are outnumbered by unisensory
neurons, this voxel will fail to demonstrate a superadditive response
even if the multisensory neurons show such superadditive responses.
Another problem with the use of superadditivity in fMRI, in contrast
to single unit recordings, is the lack of a clear lower limit on the BOLD
signal (Stevenson et al., 2009). In fMRI studies a control condition is
used as a baseline, and activation is measured as a relative change
from baseline. The experimenter's choice of baseline can thus affect
the superadditivity criterion enormously. Among the novel
approaches used to overcome these problems is to exploit the effect
of crossmodal adaptation. This technique relies on the “repetition
suppression effect”, which refers to the decrease in activation when
an experimental condition is repeated (Avidan et al., 2002; Kourtzi et
al., 2003; Noppeney et al., 2007; Self and Zeki, 2005; Winston et al.,
2004). By presenting the same object in different modalities in a
sequential audio and visual stimuli design, one can detect areas that
manifest crossmodal repetition suppression effect (Tal and Amedi,
2009; van Atteveldt et al., 2010). Only areas with populations of
multisensory neurons, rather than a mix of pure auditory and pure
visual neurons, will undergo crossmodal adaptation. However, this
method demands a serial experimental design involving audio
followed by visual or vice versa, and cannot be used under a pure
multisensory condition. In another study (Stevenson et al., 2009) an
additive factor design was used with an elaborate design involving
manipulation of stimuli saliency to overcome the methodological
pitfalls of superadditivity. These approaches, while providing new
ways of exploring the problem and incorporating some clear
advantages, also have some critical limitations on experimental
design; hence novel approaches in studies on multisensory integra-
tion in humans are still in demand.

Here we introduced an entirely different approach to tackle this
problem. In principle, an experimental setup similar to ours could be
analyzed by using classic GLM approach (with major modifications to
account for the restraints of a GLM design), with auditory, visual and
audiovisual conditions, looking for non-linear summation effect. In
that case, one would have to choose a statistical criterion to detect
audiovisual interaction response not accounted by auditory and visual
responses, which is not trivial and highly debated as discussed above.
In our approach an audiovisual interaction was marked by the
interaction frequency between the auditory and visual representation
stimuli, corresponding to the window of in/out of synchronization
rate of auditory and visual stimuli. Audiovisual interaction responses
could be directly assessed through spectral analysis, overcoming the
problems of setting a specific multisensory vs. unisensory statistical
criterion, while maintaining a compact and natural multisensory
condition (Fig. 1). Audiovisual interaction responses were found in
multiple associative areas: the frontal areas SFS and IFS, the right
Insula, the parietal areas IPS and the superior POG, and the left MTG.
These areas might represent a higher level of multisensory binding, in
charge of proper binding of audio and visual information, which
incorporates other brain mechanisms and higher brain functions such
as prior knowledge about real world events, memory, task context,
etc. The results should be interpreted with caution, as auditory and
visual stimuli were not ecologically connected in our study, and
audiovisual integration was done spontaneously and passively,
mostly based on the temporal relations between the auditory and
visual stimuli, since interaction response phase corresponded to the
full range between audiovisual synchronization and non-synchroni-
zation (see Fig. 5 for phase results, and Supp. Fig. 5 for behavioral
results). This relation between the auditory and visual stimuli is
somewhat different from other multisensory studies, whether
behavioral (Colonius and Diederich, 2004; Dixon and Spitz, 1980;
McGrath and Summerfield, 1985; Powers et al., 2009) or imaging
(Dhamala et al., 2007a; Noesselt et al., 2007; van Atteveldt et al.,
2007a;Watkins et al., 2006), testing the role of temporal synchrony in
multisensory integration. These studies stressed the importance of
temporal synchrony inmultisensory integration (Kayser and Logothe-
tis, 2007), but identified a temporal window of integration, within
which auditory and visual stimuli were perceived as occurring at the
same time or were integrated (Dixon and Spitz, 1980; Powers et al.,
2009; van Atteveldt et al., 2007a). This window was shown to be
flexible (Powers et al., 2009), and as different tasks take different time
scales (Buonomano and Karmarkar, 2002), they might also have
different windows of temporal integration. In our study we verified
that the perceived audiovisual synchronization rate indeed coincided
with the 5 cycles of audiovisual interaction frequency (see supp.
Fig 5). Future studies could employ this method to studymultisensory
integration by using ecologically connected auditory and visual
stimuli. It would also be useful to use and further verify this method,
for instance using a combined neuroimaging and unit recording in
animals.

Concluding remarks

Spectral analysis enabled us to determine the contribution of
auditory, visual and interaction responses to the voxel's overall
response, because they were defined by separate spectral peaks. This
was done during one experimental condition, with audio and visual
stimuli presented at the same time, in and out of synchronization, in a
manner similar to real world experiences of multisensory perception.
The results reveal a complex view of auditory and visual processes
under a multisensory context. The reproduction of retinotopic and
cochleotopic organization principles in primary areas, along with
clear unisensory preference in these areas favors a division of labor
view, as each sensory input is processed independently in a separate
cortical region. The identification of audiovisual areal convergence in
STS and POG in the middle of sensory preference gradients supports a
bottom-up view of the audiovisual perception process, as the two
inputs are detected and initially processed in primary areas, and then
multiple sensory streams are converged outside primary areas and
can be integrated. On the other hand, audiovisual areal convergence
was also detected in primary auditory areas (and in some single
subjects in primary visual areas as well). Crossmodal responses in
primary areas were much smaller than responses to the preferred
sensory stream. This may suggest that the division of labor can be
modulated, allowing crossmodal influences in primary areas. This
may be a direct connection that does not involve higher brain areas
(Beauchamp et al., 2004b; Mishra et al., 2007), by which
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synchronization in activation of primary sensory areas enables a
multisensory precept to emerge (according to the temporal correla-
tion hypothesis put forward by Singer et. al (Engel and Singer, 2001;
Singer and Gray, 1995)). Crossmodal effects might also be the result of
top-down effects, and may indicate the incorporation of context
information such as familiarity (Naumer et al., 2009) and task and
attention (Hocking and Price, 2008; van Atteveldt et al., 2007b) to
properly bind audiovisual sensory information (Driver and Noesselt,
2008). Here we suggest that a network of high brain areas responsive
to audiovisual interaction might serve as the source of such top-down
processes, a topic for much future investigation.

We introduced a new approach to examining the processing of
auditory and visual inputs under a multisensory context. Spectral
analysis coupled with a multisensory experimental design proved to
be an efficient way to detect unisensory responses, as well as
multisensory interactions in a single experimental condition, thus
increasing data acquisition efficiency and reducing subjects' fatigue.
This method may also overcome the statistical difficulties encoun-
tered when applying standard GLM analyses. Future studies may
adapt and expand this methodological approach to examine interac-
tions under other experimental conditions and to study diverse
problems in neuroimaging and neuroscience, such as binding any two
streams of information within and across sensory modalities.
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