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Summary

The ability to integrate information across multiple sensory
systems offers several behavioral advantages, from quicker

reaction times and more accurate responses to better detec-
tion and more robust learning [1]. At the neural level,

multisensory integration requires large-scale interactions
between different brain regions—the convergence of infor-

mation from separate sensory modalities, represented by
distinct neuronal populations. The interactions between

these neuronal populations must be fast and flexible, so
that behaviorally relevant signals belonging to the same ob-

ject or event can be immediately integrated and integration
of unrelated signals can be prevented. Looming signals

are a particular class of signals that are behaviorally relevant
for animals and that occur in both the auditory and visual

domain [2–4]. These signals indicate the rapid approach of

objects and provide highly salient warning cues about im-
pending impact. We show here that multisensory integration

of auditory and visual looming signals may be mediated by
functional interactions between auditory cortex and the su-

perior temporal sulcus, two areas involved in integrating be-
haviorally relevant auditory-visual signals [5, 6]. Audiovisual

looming signals elicited increased gamma-band coherence
between these areas, relative to unimodal or receding-

motion signals. This suggests that the neocortex uses fast,
flexible intercortical interactions to mediate multisensory

integration.

Results and Discussion

Behavioral studies in primates, including humans, have shown
strong attentional biases for detecting and responding to audi-
tory [3, 7], visual [2], and multisensory [8, 9] looming signals, as
compared to receding signals. Looming percepts and behav-
ioral reactions can be induced by using rising-intensity sounds
in the auditory domain [10] and rapidly expanding disks in the
visual domain [2]. At the neural level, response biases to such
signals are reflected in auditory cortex [11] and the superior
temporal sulcus (STS) [12, 13] of the monkey, and human im-
aging studies have recently shown that these two areas are
part of a large-scale network involved in coordinating behav-
ioral responses [14, 15]. Moreover, both areas have been
shown to be involved in auditory-visual (AV) integration [5, 6].
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In the present study, we investigated the role of intercortical
synchronization of neuronal activity in auditory cortex and
the STS as a mechanism for the integration of auditory and
visual looming signals.

While our monkey subjects fixated centrally, we simulta-
neously recorded local field potential (LFP) activity, represent-
ing the responses of populations of synchronized neurons from
the lateral belt area of auditory cortex and the upper bank of the
STS to auditory, visual, and AV looming and receding signals
(see Experimental Procedures). The stimuli are shown in
Figure 1A: Auditory looming and receding signals were rising-
and falling-intensity complex tones, and visual stimuli were
solid black disks, expanding (looming) or contracting (receding)
on a gray background [3, 8]. Intensity change and expansion/
contraction was smooth over a dynamic period of 1000 ms. A
schematic time course of the stimuli is shown in Figure 1B.
Stimuli started and ended with a 300 ms static period, allowing
us to exclude transient neural onset and offset responses from
the analysis of the response to the dynamic period of the stimuli
[11]. AV stimuli could be either congruent or incongruent. Incon-
gruent looming signals consist of auditory looming and visual
receding stimuli; incongruent receding signals consist of audi-
tory receding and visual looming stimuli. All statistical analyses
were performed on the mean response during the dynamic
period after it was normalized to the baseline period (500 ms
before stimulus onset) unless otherwise indicated.

Black traces in Figure 1C show the raw LFP responses from
one example cortical site in auditory cortex and the simulta-
neously recorded LFP signal from one cortical site in the STS
in response to auditory and visual looming stimuli. In auditory
cortex, the auditory response is characterized by short-la-
tency, transient onset responses. Visual stimuli usually elicited
no onset responses in auditory cortex. In the STS, both visual
and auditory stimuli elicited short-latency onset responses, as
expected given its polysensory properties [16]. In the present
case, our primary interest lies in the dynamic portion of the
stimulus. During this period, the amplitude of the raw LFP sig-
nal was not differentially modulated in the different conditions.
However, examining the same signals in the frequency domain
revealed a sustained increase in oscillatory activity in re-
sponse to the looming stimuli [11]. Auditory and visual looming
signals elicited an increase in oscillatory activity in auditory
cortex and the STS, respectively (Figure 1C, spectrograms).
This increase was sustained throughout the duration of the
dynamic period and was most pronounced in the gamma-
frequency range (45–90 Hz). Receding stimuli did not elicit
a clear sustained increase in oscillatory activity in auditory
cortex [11] or the STS (data not shown). Figures 2A and B
show the mean population gamma-band power in response
to the dynamic period of looming and receding stimuli, relative
to baseline (auditory cortex: n = 50 cortical sites; STS: n = 67
cortical sites). Overall, looming stimuli elicited a greater re-
sponse compared to receding stimuli in both auditory cortex
(p < 0.001) and the STS (p = 0.029). This bias for looming
over receding signals is consistent with previous findings in
auditory cortex [11, 15] and the STS [12–14] and probably
reflects the greater behavioral relevance of detecting rapidly
approaching objects as compared to receding objects.
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One possibility is that integration of auditory and visual
looming signals results in increased power in auditory cortex,
the STS, or both. However, we found no evidence for differen-
tial modulation during multisensory versus unisensory condi-
tions: Gamma power in auditory cortex was mainly modulated
by auditory signals (Figure 2A), whereas gamma power in the
STS was mainly modulated by visual signals (Figure 2B). An
ANOVA showed a significant effect of condition (auditory,
visual, congruent AV, and incongruent AV) in auditory cortex
(p = 0.019) and the STS (p = 0.017). Pairwise comparisons
showed no significant differences in gamma power between
the multisensory (congruent and incongruent) and auditory
conditions in auditory cortex, nor differences between the
multisensory and visual conditions in the STS (t test: p >
0.05). Thus, in terms of response magnitude (i.e., power
modulations), the data provide no evidence for multisensory
integration in the responses of these two areas. Sustained
gamma-power increases in response to looming stimuli in
auditory cortex were exclusively modulated by auditory sig-
nals. Sustained gamma power in the STS was exclusively
modulated by visual signals, even though the STS showed
transient responses to both auditory and visual signals at their
onsets (Figure 1C). In light of this finding, we regard the activity
recorded from the STS during the dynamic period of the stimuli
as unisensory visual, perhaps reflecting activity from unimo-
dally responsive neuronal populations interspersed among
multisensory populations [17].

Figure 1. Looming Signals Evoke Sustained Oscillatory Ac-

tivity in the Gamma Band in Auditory Cortex and the STS

(A) Visual (upper) and auditory (lower) stimuli. Visual stimuli

consisted of a black disk symmetrically expanding (looming)

or contracting (receding) on a gray background. Auditory

stimuli were rising- (looming) and falling- (receding) intensity

complex tones.

(B) Schematic time course of the stimuli. The dynamic por-

tion of the stimuli was preceded and followed by a 300 ms

static period so that we could exclude neural onset and off-

set responses. Dashed vertical lines represent onset and off-

set of the stimuli. Solid vertical lines mark the start and end of

the dynamic portion of the stimuli.

(C) Time-amplitude representation of raw LFP signals (black

traces), overlaid on corresponding spectrograms, simulta-

neously recorded from example cortical sites in auditory cor-

tex and the STS, in response to auditory and visual looming

stimuli. Traces and spectrograms represent the mean re-

sponse over 32 trials per condition.

An alternative mechanism to power changes is
multisensory integration via modulation of tem-
poral interactions between the two areas [18].
Temporally correlated neuronal activity is
a mechanism for establishing functional interac-
tions between separate neuronal populations
[19]. Figure 3A shows LFP activity, recorded si-
multaneously from auditory cortex (top panel)
and the STS (middle panel), during one trial in
the congruent AV looming condition. Within sin-
gle trials, we observed multiple periods (100–200
ms) of highly correlated gamma-band activity re-
corded from the two areas (Figure 3A, bottom
panel). We used coherence as a measure of
the strength of such correlations. Figure 3B
shows the coherence, relative to baseline, of
a single pair of cortical sites in the four different

looming conditions. Coherence was increased in the gamma
band and highest during the dynamic period of congruent AV
looming stimuli. Figure S1A (available online) shows the aver-
age coherogram across the population of cortical pairs for all
looming conditions. Figure 3C shows the mean gamma co-
herence during the dynamic period of the looming stimuli
for the population of pairs that had significant coherence in
at least one of the conditions (n = 98 pairs of cortical sites).
Significance was determined with a permutation test (see Ex-
perimental Procedures). Looming stimuli elicited greater in-
creases in coherence as compared to receding stimuli (p =
0.019). An ANOVA showed a significant effect of condition
(p < 0.001). Comparisons of the different conditions revealed
that gamma coherence was selectively increased in response
to congruent AV looming stimuli, relative to all other looming
conditions (congruent AV versus auditory: p = 0.004; congru-
ent AV versus visual: p = 0.002; and congruent AV versus in-
congruent AV: p < 0.001). Increased gamma coherence in the
congruent AV looming condition is possibly confounded by
the fact that both auditory cortex and the STS have increased
power in the gamma range. To address this issue, we first
looked at whether there was a relationship between in-
creases in gamma coherence in pairs of recording sites and
increases in gamma power at the constituent recording sites.
In Figure 3D, we plotted gamma coherence, relative to base-
line, against gamma power, relative to baseline (geometric
mean of gamma power in the STS site and the auditory
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cortex site) for all pairs of recording sites that showed in-
creased gamma power in response to the congruent AV
looming condition (n = 66) [20]. There was no significant linear
relationship between the two measures (r2 = 0.017, p = 0.301).
Second, we calculated phase synchrony between the two
areas. Phase synchrony is a measure of phase-locking be-
tween signals, and it is independent of the amplitude [21].
Figure 3E shows mean phase synchrony in the gamma
band during the dynamic period of the looming stimuli for
the same pairs as shown in Figure 3C (n = 98). Overall, phase
synchrony shows the same pattern over conditions as ob-
served for coherence. Statistical analyses also showed simi-
lar effects, although some comparisons did not quite reach
our alpha level of 5% (looming versus receding: p = 0.056;
ANOVA with factor condition: p = 0.063; congruent AV versus
auditory: p = 0.043; congruent AV versus visual: p = 0.009;
and congruent AV versus incongruent AV: p = 0.015). Average
phase synchrony over time and frequency for all looming
conditions can be found in Figure S1B. Taken together, we
find that both the correlation measure and, to some degree,
the phase synchrony measure indicate that the observed in-
creases in coherence are at least partly independent of
power changes and reflect enhanced phase-locking of the
LFP signals in auditory cortex and the STS.

To address the directionality of the coherence between audi-
tory cortex and the STS, we computed the phase spectrum (see
Supplemental Data) [18, 22]. The change of the phase angle as
a function of frequency provides an estimate of the delay
between the two structures. The slope of the regression line
provides an estimate of the delay between the two structures’
oscillations. Figure 4A shows two examples of phase angle as
a function of frequency from two different cortical pairs. The
left panel shows a slope of 0.0125 rad/Hz, which equates to
1.99ms, whereas the right panel shows a slope of0.0312 rad/Hz,
which equates to 4.97 ms. The slopes are positive, showing that
auditory cortex lags the STS. Figure 4B shows a distribution of

Figure 2. Auditory Cortex and the STS Respond

to Auditory and Visual Looming Signals,

Respectively

(A and B) Mean gamma-band power during the

dynamic portion of looming and receding stimuli

in the different conditions, relative to baseline,

averaged across cortical sites in auditory cortex

(n = 50; [A]) and the STS (n = 67; [B]). Error bars

represent 6 1 SEM. Note that incongruent loom-

ing signals consist of auditory looming and visual

receding stimuli, and incongruent receding sig-

nals consist of auditory receding and visual

looming stimuli.

slopes across our sample of cortical
pairs. The mean slope was 0.015 rad/
Hz, which translates to a delay of 2.38
ms (one-sample t test: p = 0.0026). These
analyses suggest that the coherence
between auditory cortex and the STS is
mediated by feedback projections from
the STS to auditory cortex. Moreover,
a consistent phase difference between
auditory cortex and the STS also sug-
gests that increased coherence indeed
reflects phase coupling of oscillations
in these two areas.

The present results show enhanced coherent neuronal ac-
tivity between auditory cortex and the STS, specifically during
perception of congruent AV looming signals (although it does
not preclude interactions between other structures), and sug-
gest that neuronal coherence may act as a mechanism for
establishing fast, dynamic, and selective functional connec-
tions between separate populations of neurons representing
signals from different sensory modalities. Such auditory corti-
cal-STS coherence might result in more efficient communica-
tion between these areas and frontoparietal networks [22–24],
resulting in better-coordinated responses to looming events
[14, 15, 25]. The lack of similar neuronal coherence in re-
sponses to congruent but receding audiovisual signals may
seem odd in light of the fact that both the STS and auditory cor-
tex consistently show integrative responses to other forms of
congruent artificial multisensory stimuli [26, 27]. However,
the pattern of our results matches behavioral results, which
show that monkeys exhibit a strong attentional preference
for visual looming signals when presented simultaneously
with auditory looming signals but no analogous preference
for congruent receding signals [8].

Previous studies have hypothesized a role for multisensory
STS feedback in modulating neural responses in auditory
cortex [5, 27–31]. Direct communication between strictly
unisensory areas has also been suggested as a mechanism
for multisensory integration [32, 33]. Our data are a curious
mix of the two ideas. The present study shows interactions
between auditory cortex and unimodal visual neuronal popula-
tions within the generally multisensory STS. Thus, although
STS is generally considered a multisensory convergence
zone, our data revealed that, beyond the onset responses to
our specific auditory and visual stimuli, the sustained
gamma-band responses were purely visual. This suggests
that polysensory responses in the STS are limited to the
onsets, are frequency-band specific, and/or are dependent
upon the nature of the stimuli.
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Figure 3. Gamma-Band Coherence Is Selectively Increased during Congruent Auditory-Visual Stimulation

(A) LFP signals simultaneously recorded from auditory cortex and the STS during a single trial in the congruent AV looming condition. The portions indicated

by the box are filtered between 45 and 90 Hz and overlaid (bottom trace).

(B) Coherence, relative to baseline, between LFP signals recorded from one example pair of cortical sites in auditory cortex and the STS, in the auditory,

visual, congruent AV, and incongruent AV conditions. Coherograms represent the mean across 32 trials per condition.

(C) Gamma-band coherence, relative to baseline, in the auditory, visual, congruent AV, and incongruent AV conditions, averaged across pairs of cortical

sites (n = 98). Error bars represent 61 SEM.

(D) Gamma-band coherence, normalized to baseline, plotted against total gamma-band power, normalized to baseline (geometric mean of the gamma

power in the STS site and the auditory cortex site), for all pairs of recording sites that showed increased gamma-band power in response to the congruent

AV looming condition (n = 66). The solid line represents linear regression.

(E) Phase synchrony in the gamma band, relative to baseline, in the auditory, visual, congruent AV, and incongruent AV conditions, averaged across pairs of

cortical sites (n = 98). Error bars represent 61 SEM.
Experimental Procedures

Two adult male rhesus monkeys (Macaca mulatta) were used as subjects

in the experiments. All experiments were performed in compliance with

the guidelines of the local authorities (Regierungspraesidium) and the

European Community (EU VD 86/609/EEC) for the care and use of laboratory

animals.
Stimuli

Auditory stimuli, rising- and falling-intensity complex tones, were generated

with SoundForge and Adobe Audition. The amplitude envelopes either rose

or fell quadratically over a period of 1000 ms. Visual stimuli were generated

with the Psychophysics Toolbox [34] and consisted of black disks, expo-

nentially expanding or contracting over 1000 ms on a gray background.

All stimuli started and ended with a 300 ms static period flanking the
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Figure 4. Phase Spectra for Gamma-Band Coherence during the Auditory-Visual Looming Condition

(A) Two phase spectra for two different cortical pairs. The measurements were taken during the dynamic period of the stimulus presentation. In both

examples, the slopes are positive, suggesting that STS activity leads auditory cortical activity.

(B) The distribution of slopes across the population of cortical pairs in our sample. The majority of slopes were positive.
dynamic interval, resulting in stimuli with a total duration of 1600 ms. Initial

intensity/size was varied.

Behavioral Paradigm

A trial began with the appearance of a central fixation spot. Subjects were

required to fixate this spot within a 1 or 2 degree radius. After 500 ms of fix-

ation, a stimulus appeared for 1600 ms. The stimulus could either be (1) an

auditory stimulus alone; (2) a visual stimulus alone; (3) a congruent auditory-

visual stimulus; or (4) an incongruent AV stimulus (an auditory looming stim-

ulus with a visual receding stimulus, or vice versa). Subjects had to maintain

fixation throughout the duration of the stimulus. Successful completion of

a trial resulted in a juice reward. During each recording session, between

20 and 40 repetitions of each stimulus were presented. Details of stimulus

presentation are included in the Supplemental Data.

Data Collection

Data for all events relevant to the experiment, such as stimulus information

and eye position, were stored. Signals from the electrodes were amplified,

filtered between 1 and 5000 Hz, acquired with a sampling rate of 20.8 kHz,

and stored for offline analysis. Physiological identification of auditory cortex

and the STS is described in the Supplemental Data.

Data Analysis

All data analysis was performed in Matlab. To obtain LFP activity, we filtered

the raw neural signal between 1 and 300 Hz (fourth order, zero-phase, bidi-

rectional Butterworth filter) and resampled it at 1000 Hz. For LFP analyses,

we applied multitaper spectral analysis to estimate spectral power and co-

herence [35, 36] with the Chronux suite of routines developed in Matlab for

neural analyses (http://www.chronux.org). For time-frequency analysis of

spectral power and coherence, we used nine Slepian data tapers on a 250

ms sliding window (shifted by 50 ms) [35, 37, 38]. Phase synchrony for

each pair of recording sites was calculated by taking the circular mean of

the phase difference in each time-frequency bin over trials [21]. For popula-

tion analyses, we only used pairs of recording sites that showed significant

coherence in at least one of the conditions. To determine significance, we

generated a random distribution of coherence values by calculating the co-

herence between the LFP signals from all simultaneously recorded pairs of

electrodes (n = 105) after pairing trials in random order. This procedure was

repeated five times for each looming condition, resulting in 2100 random co-

herence values. Mean coherence values in the gamma range during the dy-

namic period of the stimuli obtained from the real (nonrandomized) data that

exceeded the 95% confidence limit of the distribution of mean values ob-

tained from the randomized coherence data (0.0711) were considered sig-

nificant. Mean coherence ranged from 0.0428 to 0.3694 (mean 6 standard

deviation: 0.1148 6 0.0563). For all subsequent analyses, data were normal-

ized to baseline before averaging across cortical sites.
Supplemental Data

Additional Experimental Procedures and one figure are available at http://

www.current-biology.com/cgi/content/full/18/13/963/DC1/.
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Supplemental Experimental Procedures

Surgical Preparation

For each of the two subjects, we used preoperative magnetic resonance im-

aging (4.7 T magnet, 500 mm slices) to identify the stereotaxic coordinates of

auditory cortex and to model a 3D skull reconstruction. From these skull

models, we constructed custom-designed, form-fitting titanium headposts

and recording chambers. The subjects each underwent sterile surgery for

the implantation of a scleral search coil [S1], headpost, and recording cham-

ber. The inner diameter of the recording chamber was 19 mm and was

vertically oriented to allow a perpendicular approach to the surface of the

superior temporal plane [S2, S3].

Stimulus Presentation

The subjects were head restrained and sat in a primate chair in front of a 21

inch color monitor at a distance of 94 cm. A speaker (JBL control 1X) was

placed on both sides of the monitor. Two speakers were used to reduce

the spatial mismatch between the visual and the auditory signals. Auditory

stimuli were presented at two different intensity ranges, from 68 to 80 dB

SPL or 50 to 68 dB SPL, as measured with a Brüel & Kjær sound level meter

at a distance of 94 cm (A-weighted). The size of the visual stimuli also had

two different ranges, from w5 degrees (fully contracted) to w10 degrees

(fully expanded) or w2 degrees to w5 degrees. Experiments were con-

ducted in a double-walled sound-attenuating booth lined with echo-

attenuating foam.

Data Collection

For recording of neural events, we employed a custom-made multielectrode

drive that allowed us to move up to eight electrodes independently. Elec-

trodes were arranged in a 4 3 2 staggered array, covering 12 mm in the an-

terior-posterior dimension and 1.5 mm in the medial-lateral dimension.

Guide tubes (25 gauge) were used to penetrate the tissue growth and

dura overlying the cortex. Electrodes were glass-coated tungsten wire

with impedances between 1 and 3 MU measured at 1 kHz. Amplification

and filtering were done with a combination of Alpha Omega Engineering

hardware, custom-designed software, and a National Instruments board

(BNC-2090).

Identification of Auditory Cortex and the STS

Electrodes were lowered until multiunit activity (MUA) could be reliably

driven by auditory stimuli. Search stimuli included pure tones, FM sweeps,

noise bursts, clicks, and monkey vocalizations. For each recording site, we

made frequency-tuning curves by using the MUA responses to 25 pure tone

pips (100 Hz–21 kHz) presented at an intensity of 72 dB. In both subjects, we

discerned a coarse tonotopic map representing high-to-low frequencies in

the caudal-to-rostral direction. Such a map is identified as primary auditory

cortex (A1). When the electrode array was moved 2 mm in the lateral direc-

tion, the same rough tonotopic map was observed, but complex stimuli

(noise, clicks, and vocalizations) generally elicited much stronger responses

than pure tones, indicating that the electrodes were in lateral belt auditory

cortex [S4, S5] adjacent to A1 (the middle lateral belt area, ML [S6]). The

core and lateral-belt regions are also distinguished by their sensitivity to

multisensory inputs [S7, S8]. These physiological criteria serve only as

a rough guide, and it is likely that some of our electrodes were occasionally

placed in rostrally adjacent regions of the lateral belt. The STS was defined

as the layer of cortex directly below area ML of auditory cortex. The two

layers of cortex were separated by w2 mm of white matter in which no spik-

ing activity could be detected. This area of the upper bank of the STS

corresponds to the superior temporal polysensory area (STP) [S9, S10].

Estimating the Phase Spectrum

During instances in which the coherence was significantly different from

baseline, we obtained the phase differences by taking the argument of the

cross-spectrum. The cross-spectrum is the product of the conjugate of

the Fourier transform of the first signal multiplied by the second Fourier

transform. This result leads to a phase subtraction.
In our case, we obtained the cross-spectrum by multiplying the conjugate

of the auditory cortex spectrum by the STS spectrum. The cross-spectrum

provides the phase-angle difference between the two structures and can be

converted into a time delay. The cross-spectrum between the two signals is

given as follows: Let FSTS denote the complex spectrum of the STS signal

and FAUD denote the complex spectrum of the auditory-cortex signal. Tradi-

tionally, and in the implementation of the coherency we use, the cross spec-

trum is defined as

C = F�AUDFSTS

~C
�
f
�

= rAUDrSTSeiðqSTS 2 qAUDÞ

where the asterisk denotes the conjugation. The argument of this complex

number provides the phase lag between the auditory cortex and STS sig-

nals. We fit a regression line to these phase angles as a function of fre-

quency. The slope of this line A is then used to estimate the delay between

the two signals. The delay is given as

D =
2 1000A

2p

where A is the slope of the phase angle plotted against frequency. When the

D is positive (i.e., the slope is negative), auditory cortical activity can be said

to precede the STS activity by a constant delay. For each frequency, it

means that the phase of the auditory signal is larger than the phase of the

STS signal.

When the values of the phase are positive and increasing (which is what

our data show), the STS phase is larger than the auditory-cortex phase.

That is, the difference, qSTS 2 qAUD, is positive and increasing with fre-

quency. This means that the STS gamma oscillations lead auditory cortical

oscillations.

In essence, we estimated the phase angles on a pair-by-pair basis during

the time regions within the stimulus period that showed significant coher-

ence (tested with bootstrap error bars). We then fitted regression lines, as

a function of frequency, to each time point (within the region of significant

coherence) and then selected the time point with the maximal regression

fit. We took the mean delays afforded by these pairs and used those to

estimate the delay between auditory cortex and STS (see Figure 4).
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Figure S1. Average Coherogram and Phase Syn-

chrony across the Population of Cortical Pairs for

All Looming Conditions

Coherence (A) and phase synchrony (B) over time

and frequency, relative to baseline, between LFP

signals recorded from auditory cortex and the

STS, in the auditory, visual, congruent AV, and in-

congruent AV looming conditions. Data represent

the mean across 98 pairs of recording sites.
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