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Auditory motion affects visual biological motion processing
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Abstract

The processing of biological motion is a critical, everyday task performed with remarkable efficiency by human sensory systems. Interest in
this ability has focused to a large extent on biological motion processing in the visual modality (see, for example, Cutting, J. E., Moore, C., &
Morrison, R. (1988). Masking the motions of human gait.Perception and Psychophysics, 44(4), 339–347). In naturalistic settings, however, it
is often the case that biological motion is defined by input to more than one sensory modality. For this reason, here in a series of experiments
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e investigate behavioural correlates of multisensory, in particular audiovisual, integration in the processing of biological motion c
pecifically, using a new psychophysical paradigm we investigate the effect of suprathreshold auditory motion on perceptions of visua
iological motion. Unlike data from previous studies investigating audiovisual integration in linear motion processing [Meyer, G. F. &
. M. (2001). Cross-modal integration of auditory and visual motion signals.Neuroreport, 12(11), 2557–2560; Wuerger, S. M., Hofbauer,
Meyer, G. F. (2003). The integration of auditory and motion signals at threshold.Perception and Psychophysics, 65(8), 1188–1196; Alais

. & Burr, D. (2004). No direction-specific bimodal facilitation for audiovisual motion detection.Cognitive Brain Research, 19, 185–194], we
eport the existence of direction-selective effects: relative to control (stationary) auditory conditions, auditory motion in the same dias
he visually defined biological motion target increased its detectability, whereas auditory motion in the opposite direction had the inve.
ur data suggest these effects do not arise through general shifts in visuo-spatial attention, but instead are a consequence of mot
irection-tuned integration mechanisms that are, if not unique to biological visual motion, at least not common to all types of visual mot
n these data and evidence from neurophysiological and neuroimaging studies we discuss the neural mechanisms likely to underlie t
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The task of detecting and analysing motion on the basis of
ultisensory and in particular audiovisual input is one that is per-

ormed with remarkable success by the human sensory system.
erhaps in order to maximise performance on this ecologically
ignificant task (in modern-day terms it facilitates everyday
ctivities such as catching a ball, crossing the road and navigat-

ng a busy footpath), various neural mechanisms for integrating
nput into the different sensory modalities have evolved. The cor-
elates of such mechanisms are observed at a phenomenological
evel in illusions such as the one reported bySekuler, Sekuler,

∗ Corresponding author. Tel.: +41 21 6939621; fax: +41 21 6939625.
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and Lau (1997), in which perceptions of identical visual moti
cues are affected by the introduction of auditory cues. In a
to explore and identify the mechanisms underlying such ef
– a task of increasing focus in the field of multisensory rese
– behavioural, neurophysiological and other techniques
been employed. The resulting data provide a basis from w
to better understand not only the neural mechanisms unde
audiovisual interactions in motion processing in particular
also multisensory processing within the human sensory sy
more generally.

The role of subcortical structures in audiovisual integra
has been well-documented. Behaviourally it has been de
strated that, relative to unimodal stimulus presentations, aud
sual presentations can result in reduced saccadic reaction
to a visual target (seeColonius & Arndt, 2001for a review).
These effects, which are observed only when auditory
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visual stimuli are spatially and temporally coincident, have been
attributed to activity in the superior colliculus (seeMeredith,
Nemitz, & Stein, 1987; Meredith & Stein, 1996). Neurophysi-
ologically it has been demonstrated that some cells within this
structure display ‘superadditive’ response characteristics. That
is, they exhibit non-linear enhancement or suppression of activ-
ity in response to consistent and inconsistent multisensory cues,
respectively, (Meredith & Stein, 1996). This, combined with the
well-described role of the superior colliculus in orienting visual
attention via eye-movement generation, has formed the basis
for the proposal that superadditive patterns of cellular activity
within the superior colliculus may also play a role in audiovisual
integration ofmotion information.

Behavioural tests of this proposal have yielded divergent
results (Alais & Burr, 2004; Meyer, Wuerger, Rohrbein, &
Zetzsche, 2005; Wuerger, Hofbauer, & Meyer, 2003). In the
case of linear motion direction discrimination tasks such as those
used by Wuerger et al. and Alais and Burr, the evidence argues
against such a model. In both studies, performance in motion dis-
crimination tasks under unisensory conditions was compared to
performance under multisensory (audiovisual) conditions. Both
sets of authors reported two key findings. The first was that only
modest multisensory facilitation was observed. The second was
an absence of directional effects: the same moderately facilita-
tive results were observed irrespective of whether auditory and
visual motions were in consistent directions. The first of these
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Neuroimaging evidence in humans suggests visually defined
biological motion as one such type. Posterior superior tempo-
ral cortex (henceforth pSTS) seems to be of prime importance
in the analysis of visually defined biological motion, although
several other areas in extrastriate cortex as well as in frontal
cortex have been shown to be involved in the analysis of bio-
logical motion stimuli (Bonda, Petrides, Ostry, & Evans, 1996;
Grossman & Blake, 2002; Howard et al., 1996; Saygin, Wilson,
Hagler, Bates, & Sereno, 2004; Servos, Osu, Santi, & Kawato,
2002; Vaina, Solomon, Chowdhury, Sinha, & Belliveau, 2001).
These studies proposed that especially area pSTS is uniquely
involved in the processing of visually defined biological motion
(to the exclusion of other types of visually defined motion).
Additionally and of critical importance in the current context,
Howard et al. (1996)reported that pSTS is also involved in the
processing ofauditory cues. Indeed, it has been suggested that
pSTS in humans is the human homologue of the macaque supe-
rior temporal polysensory area referred to above (Bruce et al.,
1981).

On that basis, we hypothesised that perceptions of visually
definedbiological motion may be subject to audiovisual pro-
cessing interactions. The aim of this study was to test for and
investigate such interactions. To that end, we developed a new
psychophysical paradigm to test performance detecting visu-
ally defined biological motion in the presence of suprathreshold
auditory motion. We report evidence of direction-specific (facil-
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ndings is clearly incompatible with the non-linear respo
roperties of superior colliculus cells, and instead leadAlais and
urr (2004)to argue for a simple probability or general arou
odel. The second suggests that audiovisual motion cu

east for the types of motion tested in these studies, are als
ubject to direction-tuned auditory and visual motion proces
echanisms located at higher neural levels (see below).
Multisensory and in particular audiovisual mechanisms

een shown to exist in both cat (Stein, 2002) and monkey
Bremmer et al., 2001; Bruce, Desimone, & Gross, 1981; Perrett
arries, Benson, Chitty, & Mistlin, 1990) cortex. There is ev
ence that integration at these loci is not necessarily bas

he type of superadditivity observed in multisensory sup
olliculus cells, and is in some cases specific to multisen
otion cues (seeBruce et al., 1981). Indeed,Bruce et al. (1981

eported the existence of audiovisual cells in macaque
ior temporal polysensory area that show direction-sele
otion sensitivity. In order to test specifically for behaviou

orrelates of multisensory integration in such areas, psycho
cal techniques other the unisensory/multisensory compar
escribed above can be used. In the case of a study re
y Meyer and Wuerger (2001), for example, performance o
isual detection of linear motion was measured in the pres
f suprathreshold auditory motion in consistent and inco

ent directions. In that case, the authors reported an ab
f direction-mediated audiovisual motion effects, sugges

heir stimulus combinations werenot driving direction-selective
otion sensitive integration mechanisms located in the co
owever, consistent with a discussion point raised byAlais and
urr (2004), it remains entirely possible thatother types of visu-
lly defined motion may yield different results.
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tative and inhibitory) audiovisual interactions, and discuss
ossible neural mechanisms mediating these effects.

. Methods

.1. Subjects

Subjects consisted of six (three males and three females) experienc
hophysical observers with normal or corrected-to-normal vision and n
uditory processing. All subjects were aged between 20 and 45 years
ight-handed, and, in accordance with the 1964 Declaration of Helsinki,
nformed consent to participate in the study. Two of the subjects are au
he remaining subjects, while aware of the general purposes of the expe
ere näıve to its specific aims. In Experiment 2, data for five of the six o
al subjects are reported due only to the unavailability of the sixth subje

esting.

.2. Visual psychophysical paradigm

Visual sensitivity to biological motion in the presence of simultaneo
resented, suprathreshold auditory signals was established using a ne
hophysical paradigm (seeFig. 1andvan der Zwan, Petreska, Billard, Blan
Brooks, in preparation). Within each visual presentation, biological po

ight walkers (PLWs; first described byJohansson, 1973) were defined by 1
signal’ dots. These dots moved across space as a group to generate per
f coherent biological motion such that the walker appeared to move eithe

o-right (LR) or right-to-left (RL). Visible also during each presentation w
00 ‘visual noise’ dots. Each noise dot had its luminance, size, velocity, a

ranslation matched to one of the signal dots. The starting position of each
ot was, however, randomly determined so as to produce no coherent bio
otion percept. The noise dots were then divided into two groups: one des
et translatory movement in a directionconsistent with the PLW (Noisecon
nother way of thinking of these dots is that their movement is in-phase

he signal dots: a noise dot matched to, say, a signal dot corresponding
rist of the walker will move in exactly the same direction as the wrist do
t exactly the same time. The other group of noise dots had a translatory
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Fig. 1. Diagrammatic representation of a new psychophysical paradigm allow-
ing measurement of sensitivity to visually defined biological motion at consistent
stimulus densities. For the purposes of representation only, signal dots are pre-
sented in unfilled white, Noisecon dots in solid black, and Noiseopp dots in solid
white. Again for the purposes of representation, arrows indicate the direction of
net translatory motion of the dot populations across each 2000 ms display.

ment in the opposite direction (Noiseopp). These noise dots can be thought of
as being out-of-phase with the signal dots. So, for example, if partnered with
a wrist dot that was swinging forward during a step, the Noiseopp dot would
move backward at the same moment in time.

The perceptual effect of this manipulation is that difficulty in detecting the
direction of motion of the signal dots varies directly with the proportion of
Noisecon dots, and inversely with the proportion of Noiseopp dots while main-
taining a constant number of individual dots in the stimulus display. That is,
difficulty in the task of extracting the PLW is reduced as proportions of Noiseopp
are increased (see data below).

On the basis of pilot data, five visual conditions were tested: Noiseopp
proportions of 5, 10, 15, 20 and 95% were selected. The concentration of low
percentage values and presence of a single high-percentage value (at whi
the task is easier) is consistent with signal-to-noise paradigms used in simi
lar vision-based psychophysical paradigms (see, for example,van der Zwan,
Badcock, & Parkin, 1999). Total dot density was held constant across frames by
re-generating, in random starting positions, noise dots that moved beyond th
borders of the viewable field in the previous frame.

2.3. Apparatus and stimuli

Each stimulus presentation was of 2000 ms duration, and consisted of
combined audio/visual presentation in which onset and offset of the two stimul
were simultaneous.

The auditory component of each presentation consisted of binaural white
noise bursts (44.1 kHz sampling rate, Butterworth band-pass filter: 400 Hz cut
off and 800 Hz high cut-off) digitised on a P4 3 GHz fitted with an Audigy 2
ZS sound card and Adobe Audition 1.0 software. Stimuli were presented using
PHILIPS HP800 headphones at a volume of approximately 80 dB. Auditory
stimuli were generated in five different conditions; directed (experimental) con-
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were used to generate the spatial characteristics of the stimuli (see, for exam-
ple, Ducommun et al., 2004). In addition, 70 ms of fade-in and fade-out was
incorporated in order to eliminate audible clicks at stimulus onset and offset.

Visual stimuli were presented on a 19 in. ViewSonic CRT monitor at a
viewing distance of 100 cm. The monitor was driven at 100 Hz using a dis-
play resolution of 640 pixels× 480 pixels. Visual displays or movies consisted
of 50 frames presented for 40 ms each—specifications that, in the absence of
visual noise, give rise to strong perceptions of fluid biological motion. Within
each display the PLW described an overall translation of approximately 30◦
of visual angle (from 15◦ on one side of the midsagittal plane to 15◦ on
the other). The luminance value assigned to each dot population was equiv-
alent at 50 cd/m2. Dots were presented on a grey background (luminance
value = 43 cd/m2). The low contrast value (Michelson contrast = 0.075) was
selected in order to reduce the salience of the visual signal and thus enhance
the possibility of observing audiovisual effects. The diameter of each dot was
approximately 18 arcmin of visual angle. No fixation point was used, and sub-
jects were free to make eye-movements during each stimulus presentation. The
spatial coordinates for dots were generated using MatLab (Version 7.0.1) soft-
ware. Purpose-built psychophysical software (RUNSTIM Version 4.1.2) was
used to present audiovisual stimulus combinations and for the purposes of data
recording.

2.4. Procedure

Subjects were seated in a light- and sound-attenuated room. Following a
demonstration of the target (the translating PLW) in the absence of visual noise,
subjects completed two practice blocks for familiarisation with the task. Data
for each experiment were then collected in a single testing session consisting of
five blocks. Each block consisted of a total of 50 trials. The visual stimulus was
randomly generated for every trial and the visual target was always present. On
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itions during which the auditory stimulus moved in a direction consistent
DIRcon) or inconsistent with (DIRincon) the visually defined PLW, and
ionary (control) conditions during which the perceived spatial position o
uditory stimulus was central (STAcentre), left (STAleft) or right (STArig
f the midsagittal plane. In directed conditions, the auditory stimuli trans
pproximately 140◦ in space (from 70◦ on one side of the midsagittal plane
0◦ on the other). This range exceeded the distance through which the

arget translated (30◦ of visual angle) but was selected in order to heighten
alience of auditory motion. In lateralised stationary conditions (STAlef
TAright), stimuli were located at the most extreme right and left spatial

ions described by the auditory motion cues. Interaural time differences (
-
ch
-

e

a
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alf the trials the target was moving in a LR direction and in an RL direc
n the remaining trials. Audiovisual combinations were presented in ra
rder and each of the 25 audiovisual conditions (5 visual: 5, 10, 15, 20
oiseopp× 5 auditory: DIRcon, DIRincon, STAcentre, STAleft, STAright) w
qually probable within a block. The two directions of biological motion
nd RL) were combined such that each audiovisual condition was tested, fo
ubject, by 10 trials in a repeated measures design. This design maximi
umber of trials that could be run within the testing window available for
ubject (approximately 90 min). Inter-stimulus intervals were of 2000 ms
ion. Subjects were instructed to indicate by means of a key-press the dir
LR or RL) in which the target stimulus (the PLW) appeared to move as qu
nd accurately as possible. On any given trial, there was an equal chan
isual signal would translate in either a LR or RL direction. Both response
acy and response latency were measured. It was anticipated that if bio
otion perception is subject to facilitative and/or inhibitory audiovisual in
ctions, performance in the experimental (directed) auditory conditions w
iffer significantly and in predictable ways relative to performance observ
ontrol (stationary) auditory conditions. That is, relative to stationary contr
as expected that auditory motion in a consistent direction with the visu
et would improve performance, while auditory motion in the opposite dire
ould inhibit performance.

.5. Data analysis

All experiments were run using a repeated-measures, within-subjects d
s the testing window was constrained by subject comfort (limiting each c

ion to 10 trials per subject for every subject) individual means for each con
ere grouped across subjects and the data analysed using repeated-m
NOVA testing planned, orthogonal contrasts and simple-effects.

. Results

Here we will focus first on data related to responses late
or reaction times), with a discussion of response accura
ollow.
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Fig. 2. Mean reaction times for each of the three control conditions: proportion
of noise dots moving in the direction opposite to the direction of translation of
the PLW (Noiseopp) is shown on the abscissa. Reaction time, in milliseconds,
is shown on the ordinate. The only systematic variation arises as a function of
the number of Noiseopp dots. Bars show one standard error.

3.1. Experiment 1—the point-light walker

Data for six subjects were collected for both control and
experimental conditions across the five “Noiseopp” densities.
The mean reaction times for correctly identifying the direction
of motion of the PLW, across subjects, for each of the three con-
trol conditions (STAleft, STAright and STAcentre) are shown
in Fig. 2. Planned contrasts showed that there were no signif-
icant differences between STAleft and STAright (F1,14= 0.22,
p > 0.05). Similarly, there was no difference between STAcen-
tre and the other two lateralised control conditions (F1,14= 0.08,
p > 0.05). In other words, there were no systematic variations
in reaction times elicited by the different locations of the sta-
tionary auditory cues. With this in mind, stationary position was
ignored and these scores were treated as if they are from a sin-
gle condition (see below). There was, however, a significant
linear reduction in mean reaction times as Noiseopp increased
(F1,14= 32.45,p < 0.01): that is, response latencies for identi-
fying the direction of translation of the PLW decreased as the
number of noise dots moving in the opposite direction to the
walker increased. This result suggests subjects became faster
at making their discriminations as the PLW became easier to
detect.

In comparison to the control data, there were significant
differences between the experimental conditions (auditory cue
moving in the same direction as the PLW—DIRcon; auditory
c n).
T
s Rco
a cor-
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t
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c PLW
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Fig. 3. Mean reaction times for discriminations of the direction of motion of the
PLW when an auditory cue is moving in the same (DIRcon) or in the opposite
(DIRincon) directions. A consistent auditory cue seems to make discrimination
of the PLW easier in high Noiseopp conditions. That advantage disappears as it
becomes easier to see the PLW. Bars show one standard error.

ditions, than those observed when an auditory cue is moving in
the opposite direction.

To illustrate the nature of the effect of the direction of auditory
motion on the discrimination task two sets of difference scores
were calculated for each subject. The first set of difference scores
compared the reaction times for those conditions in which the
auditory and visual cues moved in the same direction (DIRcon)
to the corresponding control scores. The other set of difference
scores compared those conditions in which the visual and audi-
tory cues moved in opposite directions (DIRincon) to the control
scores, and these all are illustrated inFig. 4. The difference
scores are such that positive scores indicate an increase in reac-
tion time in response to a moving auditory cue, while negative
difference scores indicate a decrease in reaction time in response
to a moving auditory cue (compared to reaction times when the

F g from
t ditory
c while
p ry cue
m ection
o osite
d e PLW.
B

ue moving in the opposite direction to the PLW—DIRinco
hose data are illustrated here in two ways (Figs. 3 and 4). Fig. 3
hows group means, across noise conditions, for both DI
nd DIRincon. As in the previous figure, reaction time for
ect discriminations of the direction of motion of the PLW
hown on they-axis, and there is a significant difference betw
he consistent and inconsistent auditory cue effects (F1,9= 5.48,
< 0.05). In other words, performance on the visual discr
ation task is affected by the direction of motion of an audi
ue: an auditory cue moving in the same direction as the
eads to shorter response latencies, at least for some nois
n

n-

ig. 4. Mean differences scores. These data were calculated by subtractin
he DIRcon and DIRincon scores corresponding control data (where the au
ue was stationary). Negative scores indicate facilitation in discrimination,
ositive scores indicate inhibition. These data show that having an audito
oving in the same direction as the PLW does make detection of the dir
f motion of the PLW faster than if the auditory cue is moving in the opp
irection. The facilitatory effect disappears as it becomes easier to see th
ars show one standard error.
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auditory cue is stationary). There was a significant improvement
in performance in response to having the auditory cue moving
in the same direction as the PLW (F1,9= 5.84,p < 0.05). Tests
of simple effects showed that there were no significant differ-
ences between the consistent and inconsistent scores for the 20
and 95% Noiseopp conditions (F1,9= 0.12,p > 0.05;F1,9= 0.05,
p > 0.05, respectively).

To check that differences in response latencies were not a
consequence of lateralised auditory stimuli simply directing
attention to either the side of space on which the visual tar-
get first appeared (thereby improving performance as observed
in the DIRcon condition) or to the side of space opposite to
the one on which the target first appeared (thereby reducing
performance as observed in the DIRincon condition) a final
comparison between the experimental and control data was con-
ducted. Performances in the moving auditory conditions were
compared with control conditions in which the spatial location
of the stationary auditory stimulus was either consistent (STAs-
tartcon) or inconsistent (STAstartincon) with the side of space
in which the visual target first appeared (a more conservative
use of the control data). Again, the comparisons were made as
difference scores: if effects observed in the previous analysis
were simply the result of directing attention to either the correct
or incorrect side of visual space, then the difference scores in
this analysis should not be significantly different.

Mean differences are shown inFig. 5. As for the previous
a ditor
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3.2. Experiment 2—the upside-down point-light walker

In order to confirm that the effects observed in Experiment
1 are attributable to interactions between the motions of the
auditory cues and the biological motion of the PLW we con-
ducted a second experiment using exactly the same techniques
and conditions as Experiment 1, except that in this case the PLW
was inverted (once again, characteristics of the two populations
of visual noise dots were matched to randomly assigned signal
dots). The use of an upside-down walker was designed to ensure
that the effects observed in Experiment 1 were not attributable
to changing density cues carried by the walker moving through
the noisy array.

Comparisons were made between reaction times only for
correct discriminations. As in Experiment 1, control data were
collected for stationary auditory cues in three positions (STAleft,
STAright and STAcentre) and again there were no differences
in performance between the STAleft and the STAright condi-
tions (F1,14= 0.35,p > 0.05). Similarly, there was no difference
between those conditions and STAcentre (F1,14= 0.46,p > 0.05).

Unlike the data collected in Experiment 1, consistent and
inconsistent auditory cues were not different from each other
(F1,9= 0.25,p > 0.05; seeFig. 6). A trend analysis did show that
there was a significant liner reduction in reaction time as a func-
tion of noise density (F1,9= 12.33,p < 0.05) indicating that the
direction of motion of the upside-down walker became more eas-
i sier.
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nalysis, the difference scores for consistent visual and au
ues are, together, less than the difference scores for the
istent cues (F1,9= 7.59,p < 0.05). Tests of simple effects aga
howed that there were no significant differences betwee
onsistent and inconsistent scores for the 20 and 95% Nois
onditions (F1,9= 0.18, p > 0.05; F1,9= 0.13, p > 0.05, respec
ively). These data indicate that the effects of the auditory
re attributable to their motion, and not to their potential to d
ttention towards or away from the side on which the PLW st

ig. 5. Mean differences scores. These data were calculated by subtractin
he DIRcon and DIRincon scores corresponding control data where the s
he stationary auditory stimulus was the same side as that on which the
tarted. Again, negative scores indicate facilitation in discrimination, while
tive scores indicate inhibition. These data show that it is the direction of m
f the auditory cue that is causing changes in performance. Bars show on
ard error.
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ly discriminated as the visual discrimination task became ea
ith those findings in mind, difference scores were again

ulated using the control data (seeFig. 7) but unlike Experimen
, there was no effect on performance of the direction of mo
f the auditory cue (F1,9= 0.30,p > 0.05).

.3. Response accuracy

McNemar’s test showed that, overall, there was no system
ifference between the error rates across the two experim
Z = 0.42,p > 0.05). Errors across conditions for both Exp

ig. 6. Mean reaction times for discriminations of the direction of motio
he upside-down PLW when an auditory cue is moving in the same (DIRco
n the opposite (DIRincon) directions. Unlike the data obtained for the up
alker (seeFig. 2), there is no difference between the consistent and incons
onditions. Bars show one standard error.



6 A. Brooks et al. / Neuropsychologia xxx (2006) xxx–xxx

Fig. 7. Mean differences scores for the upside-down walker. These data were in
the same was as the difference scores in Experiment 1 (seeFig. 4). There was
no significant effect of moving auditory cue for these visual stimuli. Bars show
one standard error.

ments 1 and 2 are shown inFig. 8. A repeated-measures analysis
of variance showed that there was no effect of the position of a
stationary auditory cue (centre, left or right) on errors made in
judging the direction of the walker either in Experiment 1 or in
Experiment 2 (F2,10= 0.62,p > 0.05,F2,8= 1.48,p > 0.05). With
that in mind, proportions were collapsed to their mean value for
each level of noise and the data for both experiments are pre
sented inFig. 8a. While there was an apparent decline in error
rate as Noiseopp increased, and subjective reports suggested
task of discriminating the direction of the walker got easier, there
was no significant effect of the level of noise on error rate for
either experiment (Experiment 1:F1,5= 0.20,p > 0.05; Experi-
ment 2:F1,4= 3.58,p > 0.05).

As Fig. 8b and c shows, error rates when the auditory cues
were moving were low and alike for both experiments.Fig. 8b
illustrates the error rates (as a mean proportion of the total num-
ber of trials) for Experiment 1: repeated-measures analysis of
variance showed there was no difference between conditions
in which the auditory and visual cues were in consistent and
inconsistent directions (F1,5= 2.36,p > 0.05). That is, the direc-
tion of motion of the auditory cue seems to have had no effect
on the errors made. There was a significant change in errors
across the noise conditions (F1,5= 10.31,p < 0.05), but no inter-
action between the auditory cue direction of motion and noise
(F1,5= 0.46,p > 0.05). In other words, fewer errors seem to have
been made when Noiseopp increased. Nonetheless, the changes
in reaction time observed in Experiment 1 cannot be explained by
a speed/accuracy trade-off: the only change in error rate observed
was for high Noiseopp conditions (95%) and the reduction in
errors probably reflects the ease with which subjects could do
the task.Fig. 8c shows a similar pattern of errors for Experiment
2, but without any significant reduction in error rate across dif-
ferent noise conditions: again, there was no difference in error
rate between the DIRcon and DIRincon conditions (F1,4= 1.43,
p > 0.05). There was no effect of noise on error rate (F1,4= 1.08,
p > 0.05), and no interaction (F1,4= 1.60,p > 0.05). As was the
case for Experiment 1, these data suggest that the systematic
changes in reaction times observed across conditions cannot be
explained by systematic changes in speed/accuracy trade-offs
b
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ig. 8. Group mean error proportions. (a) Mean error rates for each nois
ositions of the stationary auditory cues allowed single means to be calcu
oved for Experiment 1 and (c) for Experiment 2. Bars show one standa
-
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y subjects.

. Discussion

The primary aim of these experiments was to test for
nvestigate effects of auditory motion on perceptions of v

ndition for Experiments 1 and 2. No significant differences in error ratestween the
for each level of noise. (b) The error rates for the conditions in whichthe auditory cu
or.
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ally defined biological motion. Here we report evidence that
such interactions do arise. Moreover, the data indicate that these
interactions are mediated bydirection of motion: data from
Experiment 1 constitute evidence that relative to stationary audi-
tory cues, auditory motion in the same direction as the visual
target (PLW) resulted in significantly better performance on the
visual discrimination task, while auditory motion in the opposite
direction gave rise to significantly worse (slower) performance
on the task. This was the case for comparisons of performance
with stationary cues located in central, left and right auditory
space. Additionally, it appears the effects are related to global
biological visual motion perceptions to the exclusion of at least
some other types of visual motion. This is evidenced by analyses
of data from Experiment 2 showing that, when applied to PLWs
in an upside-down orientation, the same visual discrimination
task does not give rise to equivalent facilitative and inhibitory
effects—a difference that analyses of error rates across experi-
ments suggests cannot be accounted for on the basis of variations
in task difficulty.

Directional effects such as these have not, to the best of
our knowledge, been recorded for audiovisual motion process-
ing involving other types of visual motion (seeAlais & Burr,
2004; Meyer & Wuerger, 2001; Wuerger et al., 2003). While the
paradigm used here is different from previous studies (RT as the
dependent variable rather than thresholds), the demonstration of
directional effects has an important and novel implication: it sug-
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(relative to the visual target), respectively. While of course supe-
rior colliculus mediation of the effects cannot be definitively
ruled out on the basis of these behavioural inconsistencies, they
do indicate that such a possibility is unlikely.

Based on this evidence and more recent studies on the neural
substrates of biological motion processing a more likely sce-
nario is that audiovisual interactions are mediated at a higher,
cortical, level of processing. Such a suggestion is consistent with
literature suggesting the existence of cortical sites involved in
visually defined biological motion perception (monkey:Bruce et
al., 1981; Perrett et al., 1990; man:Bonda et al., 1996; Grossman
& Blake, 2002; Howard et al., 1996; Saygin et al., 2004; Servos
et al., 2002; Vaina et al., 2001). These studies suggest that a
network of brain areas – including pSTS, ventral occipital cor-
tex, area KO, area MT+/V5, areas along the intraparietal sulcus
(IPS) and prefrontal cortex (Bonda et al., 1996; Grossman &
Blake, 2002; Howard et al., 1996; Saygin et al., 2004; Servos
et al., 2002; Vaina et al., 2001) – is activated during visually
defined biological motion perception. Yet, only two of these
‘biological motion areas’ areas have also been shown to be
involved in audiovisual integration: pSTS (monkey:Bruce et
al., 1981; Perrett et al., 1990; man:Howard et al., 1996) and
IPS (monkey:Andersen, 1997; Schlack, Sterbing-D’Angelo,
Hartung, Hoffmann, & Bremmer, 2005; man:Bremmer et al.,
2001; Calvert, Campbell, & Brammer, 2000). Given the key
role of pSTS in visually defined biological motion perception
(
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ests that unlike the general, non-direction-selective facilit
ffects observed in, for example, visual motion discriminat
ased on linear trajectories (see againAlais & Burr, 2004), our
ffects are not compatible with general arousal models. Ra

t seems that in the particular (but not necessarily exclusive)
f biological motion processing, interactions indirection-tuned
uditory and visual motion processing occur. This represe
ovel and important finding in terms of the neural correlate
udiovisual biological motion processing, and the possible
al mechanisms underlying these effects are discussed be

As noted above, there is evidence that superior collic
ells are tuned for spatio-temporally coincident audiovi
ues (Meredith & Stein, 1996), and that they mediate multise
ory processing via their role in orienting visuo-spatial at
ion through the generation of eye-movements (seeColonius &
rndt, 2001). Neither characteristic is consistent with the c
itions under which audiovisual interactions were observe

he present study. In relation to the first characteristic, our
ndicate that the interactions arose in spite of the fact that
ory and visual motions were not spatio-temporally coincid
ifferences in the objective distance through which each st

us moved (see Section2) were such that for almost the ent
uration of each presentation, auditory and visual cues
ot spatially coincident. In relation to the second character
tatistical comparisons of experimental and control data
xperiment 1 suggest that the effects werenot mediated by shift

n visuo-spatial attention: had this been the case, lateralised
uditory cues located on either the consistent or opposite s
pace to that on which the visual target first appeared should
ielded the same results as those observed in conditions
uditory motion was in the consistent or inconsistent direc
r,
e
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Grossman & Blake, 2002; Vaina et al., 2001), and, critically, the
emonstration of a convergence of biological motion and a

ory motion signals in the area (seeBruce et al., 1981; Perrett
l., 1990) as well as a convergence of auditory and visual sig
elated to hand-held moving tools in pSTS (Beauchamp, Argal
odurka, Duyn, & Martin, 2004; Beauchamp, Lee, Argall,
artin, 2004), we propose it as the most likely candidate
ediating the effects presented here. An additional argum

avour of this cortical, pSTS-based account is that it prov
possible basis upon which to explain the absence of si

udiovisual interactions in the case of more elementary typ
isual motion (seeAlais & Burr, 2004), the processing of whic
oes not appear to be mediated by the area.

The present study therefore gives rise to a number of im
ant conclusions. Perhaps most critical of these is that we
roduced behavioural evidence of facilitatory and inhibi
ffects of auditory motion direction on perceptions of visu
efined biological motion. Here we argue that these effects m
e mediated not by subcortical multisensory processing, b
ortical integration mechanisms that are, if not unique to
ogical visual motion, at least not common to all types of vis

otion. In addition to these findings, we report evidence o
ffectiveness of a new psychophysical paradigm in meas
ensitivity to visually defined biological motion across a ra
f task-related difficulty (for statistical evidence of this effica
ee analyses of the general downward trend in response
ies across visual conditions). The advantage of this tech
s that, unlike earlier paradigms designed to manipulate bio
cal motion detectability (see, for example,Cutting, Moore, &

orrison, 1988), it allowsdensity of the visual signal to be he
onstant across conditions. Using this and other techniqu
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will be possible not only to further explore the neural correlates
of the audiovisual interactions reported here, but also to explore
audiovisual interactions when biological motion is defined in
both visual and auditory domains.
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