European Journal of Neuroscience, pp. 1–11, 2016

doi:10.1111/ejn.13221

Audio-visual multisensory training enhances visual
processing of motion stimuli in healthy participants: an
electrophysiological study
davas1,2 and Caterina Bertini1,2
Paolo A. Grasso,1,2 Mariagrazia Benassi,1 Elisabetta La
1
2

Department of Psychology, University of Bologna, Viale Berti Pichat 5, Bologna 40127, Italy
CsrNC, Centre for Studies and Research in Cognitive Neuroscience, University of Bologna, Viale Europa 980, Cesena 47521, Italy

Keywords: audio-visual integration, dorsal-extrastriate pathway, motion discrimination, N1, superior colliculus
Edited by John Foxe
Received 8 September 2015, revised 29 January 2016, accepted 19 February 2016

Abstract
Evidence from electrophysiological and imaging studies suggests that audio-visual (AV) stimuli presented in spatial coincidence
enhance activity in the subcortical colliculo-dorsal extrastriate pathway. To test whether repetitive AV stimulation might specifically
activate this neural circuit underlying multisensory integrative processes, electroencephalographic data were recorded before and
after 2 h of AV training, during the execution of two lateralized visual tasks: a motion discrimination task, relying on activity in the
colliculo-dorsal MT pathway, and an orientation discrimination task, relying on activity in the striate and early ventral extrastriate
cortices. During training, participants were asked to detect and perform a saccade towards AV stimuli that were disproportionally
allocated to one hemifield (the trained hemifield). Half of the participants underwent a training in which AV stimuli were presented
in spatial coincidence, while the remaining half underwent a training in which AV stimuli were presented in spatial disparity (32°).
Participants who received AV training with stimuli in spatial coincidence had a post-training enhancement of the anterior N1 component in the motion discrimination task, but only in response to stimuli presented in the trained hemifield. However, no effect
was found in the orientation discrimination task. In contrast, participants who received AV training with stimuli in spatial disparity
showed no effects on either task. The observed N1 enhancement might reflect enhanced discrimination for motion stimuli, probably due to increased activity in the colliculo-dorsal MT pathway induced by multisensory training.

Introduction
Multisensory integrative mechanisms can improve detection and
localization of audio-visual (AV) stimuli concurrently presented in
the same spatial position (for a review, see Alais et al., 2010). In
line with this behavioural evidence, electrophysiological studies
(Stein & Meredith, 1993) have revealed enhanced neural responses
in the multisensory neurons of the superior colliculus (SC) when
auditory and visual stimuli are presented in spatial and temporal
coincidence. In addition to the SC, dorsal posterior parietal cortices
(Colby et al., 1993; Dong et al., 1994; Duhamel et al., 1998; Schlack et al., 2002) constitute a pivotal site of convergence for AV
information (for a review, see Calvert, 2001).
Although the behavioural advantages of concurrent AV stimulation
have been widely reported, it is unclear whether repetitive AV stimulation might induce a post-training enhancement of the neural circuit
underlying the integration process, i.e. the colliculo-dorsal extrastriate
pathway. To test whether exposure to AV stimulation might speciﬁcally enhance activity in the dorsal extrastriate pathway, participants
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were tested before and after AV training with two tasks: a motion discrimination task, relying on activation of the dorsal MT pathway (Kolster et al., 2010; Tootell et al., 1995; Watson et al., 1993; Zeki et al.,
1991), and an orientation discrimination task, relying on activation of
the striate and early ventral extrastriate cortices (Boynton & Finney,
2003; Fang et al., 2005; Kamitani & Tong, 2005; Murray et al.,
2006; Yacoub et al., 2008; Swisher et al., 2010).
Speciﬁcally, the motion discrimination task, in which participants
discriminated the motion direction of random-dot kinematograms, was
selected based on the idea that motion processing involves both the
SC and dorsal extrastriate area MT (Kolster et al., 2010), therefore
suggesting a shared neural pathway with AV multisensory integration.
In contrast, the orientation discrimination task, in which participants
reported the tilt of Gabor patches, entails the activation of striate and
early ventral extrastriate cortices (Fang et al., 2005), and does not
involve the neural structures mediating AV integration. During each
task, electroencephalograms (EEGs) were recorded to measure electrophysiological correlates of motion and orientation discrimination.
In addition, to test the role of multisensory integrative processes
in activating the colliculo-dorsal extrastriate pathway, one group of
participants received training with concurrent AV stimuli presented
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in the same spatial position, i.e. following the multisensory integrative principles of spatial and temporal coincidence (Stein & Meredith, 1993), while a control group received training with AV stimuli
presented at a spatial disparity of 32°, preventing optimal integration
of the two sensory modalities. If AV integration relies on activity in
the colliculo-dorsal extrastriate pathway, then systematic stimulation
with spatially coincident AV stimuli should enhance activation of
that pathway, resulting in a post-training increase in motion discrimination, which typically requires the activation of dorsal extrastriate
cortices. Speciﬁcally, an increase in the amplitude of early visualevoked potentials, reﬂecting the visual discrimination process (i.e.
the N1 component), might be expected. In contrast, no effect would
be expected after training with AV pairs presented in spatial
disparity.

session, in which EEGs were recorded during the motion discrimination
and orientation discrimination tasks. On the second day of testing (2 or
3 days after the pre-training session), participants completed the AV
training (see AV training) and the post-training session, in which EEG
was again recorded during the motion discrimination and orientation
discrimination tasks.
For the AV training, participants were randomly assigned to two
different groups, each of which received a different type of training:
the AV-SC group received multisensory training in which AV
stimuli were presented in spatial coincidence, i.e. according to the
principles of optimal multisensory integration (Stein & Meredith,
1993), while the AV-SD group received a control training procedure
in which AV stimuli were presented in spatial disparity (see AV
training).
Motion discrimination titration procedure

Materials and methods
Participants
Thirty-two healthy volunteers took part in the study (20 females;
mean age: 23.5 years; range: 19–33 years). All subjects were righthanded, had normal or corrected-to-normal vision and had no history of neurological or psychiatric disorders. Participants were
informed about the procedure and the purpose of the study, and
gave written informed consent. The study was designed and performed in accordance with the ethical principles of the Declaration
of Helsinki, and was approved by the Ethics Committee of the Psychology Department at the University of Bologna.
Experimental design
Each participant underwent two visual tasks: the motion discrimination
task and the orientation discrimination task (see Motion discrimination
task and Orientation discrimination task). EEGs were recorded during
both tasks. Each task was performed before (pre-training session) and
after (post-training session) AV training (Fig. 1). Experimental blocks
of the motion discrimination and orientation discrimination tasks were
interleaved, and the order of block presentation was counterbalanced
between participants. Two experimental sessions were performed on
two separate days. On the ﬁrst day, participants performed the motion
and orientation discrimination titration procedures (see Motion discrimination titration procedure and Orientation discrimination titration procedure). Then, on the same day, they completed the pre-training

The titration procedure was performed to select the stimulus difﬁculty level (i.e. the coherence level) at which participants performed
with a discrimination accuracy of about 60–65%, in order to avoid
possible ﬂoor and ceiling effects during the subsequent motion discrimination task.
Participants were seated in a dimly lit and sound-controlled room
in front of a 19″ monitor (60 Hz refresh rate) at a distance of
57 cm. Stimuli consisted of modiﬁed random-dot kinematograms
(Gummel et al., 2012), i.e. small white dots moving within a circular frame (5° diameter), displayed on a black background (velocity
2.2°/s; lifetime: 8 frames; number: 150; density: 14.5 dots/deg2).
Stimuli were randomly presented 15° to the right or to the left of
the centre of the screen. In each trial, dots moved in one of the four
cardinal directions, and participants were asked to discriminate the
direction of motion (vertical or horizontal) by pressing one of two
vertically aligned response buttons on the keyboard. Response buttons were counterbalanced between subjects. During the task, participants kept their gaze at the centre of the screen, and were
instructed to respond as quickly as possible using the index and
middle ﬁngers of their right hand.
Each trial (Fig. 2A) started with a blank screen with a central ﬁxation cross (1000 ms), and then a blank screen of random duration
ranging from 150 ms to 300 ms. This was followed by presentation
of the motion stimulus (530 ms), and then another blank screen,
during which participants’ responses were recorded (maximum duration 2000 ms).

Fig. 1. Schematic representation of the experimental design.
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The titration procedure was administered twice before the pre-training
session, in order to minimize learning effects. Performance during the
second titration procedure was used to select the coherence level to
be used in the motion discrimination task.
Orientation discrimination titration procedure
The titration procedure was performed to select the stimulus difﬁculty level (i.e. the tilt orientation) at which participants performed
with a discrimination accuracy of about 60–65%, in order to avoid
possible ﬂoor and ceiling effects during the subsequent orientation
discrimination task.
The setup was similar to the one used in the motion discrimination titration procedure. Stimuli consisted of circular, equiluminant
Gabor patches (7°), displayed on a grey background. The Gabor
patches were composed of a 2D sinusoidal luminance grating with a
spatial frequency of 3.5 cycles per degree. They were randomly presented 15° to the right or to the left of the centre of the screen. Participants were asked to discriminate the tilt orientation from the
vertical axis of the Gabor patch (clockwise or anti-clockwise) by
pressing one of two vertically aligned response buttons on the keyboard. Response buttons were counterbalanced between subjects.
During the task, participants kept their gaze at the centre of the
screen, and were instructed to respond as quickly as possible using
the index and middle ﬁngers of their right hand.
Each trial (Fig. 2B) started with a blank screen with a central ﬁxation
cross (1000 ms), and then a blank screen of random duration ranging
from 150 ms to 300 ms. This was followed by presentation of the
Gabor patch (250 ms), and then another blank screen, during which
participants’ responses were recorded (maximum duration 2000 ms).
The titration procedure consisted of 13 experimental blocks, each
one composed of 80 trials. In 40 trials, the stimulus was presented
in the right visual ﬁeld, and in the remaining 40 trials the stimulus
was presented in the left visual ﬁeld. In each block, the Gabor
patches were presented at a different tilt orientation from the vertical
axis, in order to test participants’ orientation discrimination performance. The 13 blocks corresponded to 13 different degrees of tilt,
in which tilt orientation decreased at a rate of 29.3% of the previous
level. Tilt orientation from the vertical axis reduced from 16° in
block 1 to 0.25° in block 13. The titration procedure was administered twice, in order to minimise learning effects. Performance during the second titration procedure was used to select the degree of
tilt to be used in the orientation discrimination task.
Fig. 2. Experimental tasks and audio-visual (AV) training. (A) Motion
discrimination task. (B) Orientation discrimination task. (C) A schematic
bird’s-eye view of the apparatus used for multisensory training, depicting the
locations of visual (V1–V8) and auditory (A1–A8) stimuli. Stimuli were
positioned at 8, 24, 40 and 56 visual degrees of eccentricity into both the left
and right visual ﬁelds, on an elliptical apparatus.

The titration procedure consisted of 13 experimental blocks, each
one composed of 80 trials. In 40 trials, the stimulus was presented in
the right visual ﬁeld, and in the remaining 40 trials the stimulus was
presented in the left visual ﬁeld. In each block, motion stimuli were
presented at a different level of coherence in order to test participants’
motion perception performance. The 13 blocks corresponded to 13
consecutive levels of coherence. Starting from 100% coherence in the
ﬁrst block, the number of coherently moving dots was decreased at a
rate of 20.6% in each subsequent block by substituting a percentage
of the coherent dots with noise dots moving in a Brownian manner.
Starting from the ﬁrst block, in which all the dots moved coherently
in a speciﬁc direction (100% coherence), the number of coherently
moving dots decreased until reaching 6.3% coherence in block 13.

Motion discrimination task
The motion discrimination task was performed both before (pretraining session) and after (post-training session) the AV training,
and EEGs were recorded in both sessions. Stimuli consisted of the
same modiﬁed random-dot kinematograms (Gummel et al., 2012)
used in the motion discrimination titration procedure. In each trial,
dots moved in one of the four cardinal directions, and participants
were asked to discriminate the direction of motion (vertical or horizontal) by pressing one of two vertically aligned response buttons
on the keyboard. Response buttons were counterbalanced between
subjects. During the task, participants kept their gaze at the centre
of the screen, and were instructed to respond as quickly as possible
using the index and middle ﬁngers of their right hand.
For each participant, the kinematograms were set at the coherence rate
corresponding to 60–65% accuracy in the motion discrimination titration
procedure (see above; mean coherence rate: 15.8%). Stimuli were randomly presented 15° to the right or to the left of the centre of the screen.
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Each trial (Fig. 2A) started with a blank screen with a central ﬁxation cross (1000 ms), and then a blank screen of random duration
ranging from 150 ms to 300 ms. This was followed by presentation
of the motion stimulus (530 ms), and then another blank screen,
during which participants’ responses were recorded (maximum duration 2000 ms).
Participants completed six blocks, consisting of 80 trials per
block, i.e. 40 trials with stimuli presented in the right visual ﬁeld
and 40 trials with stimuli presented in the left visual ﬁeld. In total,
participants underwent 480 trials (240 trials per side of presentation). Behavioural performance was measured by computing inverse
efﬁciency scores (IES = mean reaction times/proportion of correct
responses).
Orientation discrimination task
The orientation discrimination task was performed both before (pretraining session) and after (post-training session) AV training, and
EEGs were recorded in both sessions. Stimuli consisted of the same
circular, equiluminant Gabor patches used in the orientation discrimination titration procedure. In each trial, a Gabor patch was presented with either a clockwise or anti-clockwise tilt from the vertical
axis, and participants were asked to discriminate the tilt orientation
by pressing one of two vertically aligned response buttons on the
keyboard. Response buttons were counterbalanced between subjects.
During the task, participants kept their gaze at the centre of the
screen, and were instructed to respond as quickly as possible using
the index and middle ﬁngers of their right hand. For each participant, the tilt was set at the orientation corresponding to 60–65%
accuracy in the orientation discrimination titration procedure (see
above; mean tilt orientation: 1°). Stimuli were randomly presented
15° to the right or to the left of the centre of the screen.
Each trial (Fig. 2B) started with a blank screen with a central ﬁxation cross (1000 ms), and then a blank screen of random duration
ranging from 150 ms to 300 ms. This was followed by presentation
of the Gabor patch (250 ms), and then another blank screen, during
which participants’ responses were recorded (maximum duration
2000 ms). Participants completed six blocks, consisting of 80 trials
per block, i.e. 40 trials with stimuli presented in the right visual
ﬁeld and 40 trials with stimuli presented in the left visual ﬁeld. In
total, participants underwent 480 trials (240 trials per side of presentation). Behavioural performance was measured by computing IESs
(IES = mean reaction times/proportion of correct responses).
AV training
Participants sat on a comfortable chair with their head placed on a
chin rest positioned at the centre of the training apparatus. The
apparatus consisted of a concave ellipse, 200 cm wide 9 30 cm
high, placed on a table. Visual and auditory stimuli were delivered
at eight positions along the median line at 8°, 24°, 40° and 56° of
eccentricity to the right and to the left of the centre (Fig. 2C). Auditory stimuli consisted of 100 ms bursts of white noise at 80 dB,
emitted by hidden piezoelectric loudspeakers (A1–A8 in Fig. 2C).
Visual stimuli consisted of 100 ms ﬂashes of red LED light (luminance at 90 cd/m2; V1–V8 in Fig. 2C). Three different kinds of sensory stimulation were administered: (i) unisensory visual
stimulation, in which only visual stimuli were presented at the 24°,
40° and 56° positions on the apparatus; (ii) unisensory auditory
stimulation, in which only auditory stimuli were presented at the
24°, 40° and 56° positions on the apparatus; (iii) multisensory AV
stimulation, in which auditory and visual stimuli were coupled.

Participants were asked to press a response button when they
detected a visual stimulus and to perform eye movements towards
the position of the visual stimulus. Trials with unisensory auditory
stimuli could be considered catch trials, as no response was
required. In contrast, participants had to respond to the visual stimuli
on both unisensory visual and multisensory AV trials. Whereas multisensory AV stimuli were used to increase the activity of the SCdorsal MT pathway, the role of the unisensory visual trials was to
make the task less predictable and to increase participants’ attentional engagement.
Half of the participants received multisensory training with AV
pairs of stimuli presented in spatial coincidence, i.e. auditory and
visual stimuli were presented in the same spatial position at 24°, 40°
or 56° on the apparatus (AV-SC group). The remaining half
received multisensory training with AV pairs, in which the visual
stimulus was presented at the 24°, 40° or 56° position on the apparatus, and the auditory stimulus was presented at a spatial disparity
of 32° within the same hemiﬁeld (AV-SD group).
AV stimulus pairs were disproportionately allocated to one side
of the visual ﬁeld, i.e. participants received 75% of the AV pairs in
either the left or the right visual ﬁeld (trained hemiﬁeld), while the
remaining 25% were delivered on the other side (untrained hemiﬁeld). Unisensory visual and auditory stimuli were equally distributed on both sides. The side in which participants received 75%
of the AV pairs (i.e. the trained hemiﬁeld) was counterbalanced
between participants.
Participants performed 38 blocks of trials. Each block consisted
of 12 unisensory visual stimuli (six in the left and six in the right
visual ﬁeld; i.e. two per spatial position), 12 unisensory auditory
stimuli (six in the left and six in the right visual ﬁeld; i.e. two per
spatial position) and 24 multisensory AV stimuli (18 in the trained
hemiﬁeld, i.e. six per spatial position; six in the untrained hemiﬁeld,
i.e. two per spatial position).
EEG recording and event-related potential (ERP) analysis
EEG was recorded during the motion discrimination and orientation
discrimination tasks with Ag/AgCl electrodes (Fast ‘n Easy Electrodes, Easycap, Herrsching, Germany) from 27 electrodes sites on
the scalp (Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T7, C3,
Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, O2) and
one on the right mastoid. The electrode on the left mastoid was used
as the reference, while the ground electrode was placed on the right
cheek. Impedances were kept below 10 kO. All electrodes were offline re-referenced to the average of both mastoids. Vertical and horizontal electrooculogram data (EOG) were recorded from above and
below the left eye, and from the outer canthi of both eyes. EEG and
EOG were recorded with a band-pass of 0.01–100 Hz and ampliﬁed
by a BrainAmp DC ampliﬁer (Brain Products, Gilching, Germany).
The ampliﬁed signals were digitized at a sampling rate of 500 Hz and
off-line ﬁltered with a 40-Hz low-pass ﬁlter.
ERP data were analysed using custom routines in Matlab
7.12.0.635 (R2011a; The Mathworks, Natic, MA, USA) and
EEGLAB v10.2.5.8b (Delorme & Makeig, 2004; http://www.sc
cn.ucsd.edu/eeglab). Segments of 200 ms before and 900 ms after
stimulus onset were extracted from the continuous EEG. The baseline window ran from 100 to 0 ms relative to stimulus onset.
Epochs with incorrect responses were rejected (motion discrimination task: pre-training 38%, post-training 36%; orientation discrimination task: pre-training 38%, post-training 35%). In addition,
epochs contaminated with large artefacts were identiﬁed using the
following methods from the EEGLAB toolbox (Delorme et al.,
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2007): (i) an epoch was excluded whenever the voltage on a channel
exceeded an individually adjusted threshold (motion discrimination
task: pre-training 280 lV, post-training 275 lV; orientation discrimination task: pre-training 281 lV, post-training 280 lV) to remove
epochs with large voltage peaks (mean excluded epochs: motion discrimination task, pre-training 3.3%, post-training 2.3%; orientation
discrimination task, pre-training 3.1%, post-training 3.4%); (ii) an
epoch was excluded whenever the joint probability of a trial
exceeded ﬁve standard deviations to remove epochs with improbable
data (mean excluded epochs: motion discrimination task, pre-training
1.7%, post-training 2%; orientation discrimination task, pre-training
1.5%, post-training 1.7%). Remaining vertical EOG artefacts were
corrected using a multiple adaptive regression method (Automatic
Artifact Removal Toolbox Version 1.3; http://kasku.org/projects/eeg/
aar.htm; Gratton et al., 1983), based on the least mean squares algorithm. Finally, epochs were discarded from the analysis when saccadic movements (> 30 lV in the horizontal EOG channels) were
registered in a time window between 0 and 530 ms following stimulus onset in the motion discrimination task (mean excluded epochs:
pre-training 2.1%, post-training 3.3%), and between 0 and 250 ms
following stimulus onset in the orientation discrimination task (mean
excluded epochs: pre-training 1.2%, post-training 1.8%). The
remaining epochs (mean epochs: motion discrimination task, pretraining 54.9%, post-training 57.4%; orientation discrimination task,
pre-training 56.2%, post-training 58.1%) were averaged separately
for each participant, each session and each hemiﬁeld of stimulus
presentation.
ERP channels were swapped cross-hemispherically for participants in which the trained hemiﬁeld was the right visual ﬁeld. In
this way, the entire participant sample was analysed as if the trained
hemiﬁeld was the left side.
The N1 component was quantiﬁed as the mean amplitude in a
time window of 140–180 ms post-stimulus presentation (Figs 3C–F
and 4C–F). Scalp topographies for the N1 component were also calculated as the mean amplitude in a time window of 140–180 ms
post-stimulus presentation. Scalp topographies of the mean N1
amplitude in the pre-training session (Figs 3A and 4A) and the posttraining session (Figs 3B and 4B), both in the motion and orientation discrimination tasks, showed a maximal negative deﬂection
over electrodes FC1, FC2 and Cz; data from these electrodes were
used for statistical analysis.
Mean N1 amplitudes were analysed with 2 9 2 9 3 9 2 ANOVAs
with Time (pre-training, post-training), Hemiﬁeld (trained hemiﬁeld,
untrained hemiﬁeld) and Electrode (FC1, FC2, Cz) as within-subjects variables, and with Group (AV-SC group, AV-SD group) as a
between-subjects variable. The ANOVAs were performed separately
for each experimental task (motion discrimination task, orientation
discrimination task). To compensate for violations of sphericity,
Greenhouse–Geisser corrections were applied whenever appropriate
(Greenhouse & Geisser, 1959), and corrected P-values (but uncorrected degrees of freedom) are reported. Post hoc comparisons were
performed using the Newman–Keuls test.

Results
Behavioural results
IESs in the motion discrimination and orientation discrimination
tasks were analysed with two separate 2 9 2 9 2 ANOVAs with
Time (pre-training, post-training) and Hemiﬁeld (trained hemiﬁeld,
untrained hemiﬁeld) as within-subjects factors, and Group (AV-SC
group, AV-SD group) as a between-subjects factor.

The analysis on IES in the motion discrimination task revealed a
main effect of Time (F1,30 = 9.38, P = 0.004; ƞp2 = 0.24), showing
a signiﬁcant improvement in performance in the post-training session (1336 ms) compared with the pre-training session (1423 ms).
No other main effects (all P-values > 0.118) or interactions (all Pvalues > 0.223) were signiﬁcant.
In contrast, the analysis on IES in the orientation discrimination
task revealed no signiﬁcant main effects (all P-values > 0.097) or
interactions (all P-values > 0.181).
Electrophysiological results
The ANOVA on mean N1 amplitudes elicited in the motion discrimination task (Fig. 3) revealed a signiﬁcant Hemiﬁeld 9 Electrode
interaction (F2,60 = 25.17, P < 0.001, ƞp2 = 0.46). For stimuli presented in the trained hemiﬁeld, the contralateral FC2 electrode
showed a signiﬁcantly greater N1 amplitude ( 2.29 lV) compared
with both ipsilateral FC1 ( 2.01 lV, P = 0.002) and central Cz
( 2.13 lV, P = 0.030). For stimuli presented in the untrained hemiﬁeld, the contralateral FC1 electrode showed a signiﬁcantly greater
N1 amplitude ( 2.31 lV) compared with both ipsilateral FC2
( 1.85 lV, P < 0.001) and central Cz ( 2.11 lV, P = 0.003).
More importantly, the Time 9 Hemiﬁeld 9 Group interaction
was signiﬁcant (F1,30 = 4.80, P = 0.036, ƞp2 = 0.13). Post hoc comparisons revealed that, in the group who received coincident AV
training, a signiﬁcantly greater N1 amplitude was observed in
response to stimuli presented in the trained hemiﬁeld in the posttraining session ( 3.02 lV) compared with the pre-training session
( 1.96 lV, P = 0.003; Fig. 3C and G). In contrast, in the same
group of participants, no signiﬁcant difference between the pre-training session ( 1.93 lV) and the post-training session ( 2.19 lV,
P = 0.747) was found in response to stimuli presented in the
untrained hemiﬁeld (Fig. 3D and G). Notably, in the group who
received spatially disparate AV training, no signiﬁcant differences in
N1 amplitude were found between the pre-training session and the
post-training session, either in response to stimuli presented in the
trained hemiﬁeld (pre-training: 1.84 lV; post-training: 1.74 lV,
P = 0.702; Fig. 3E and H), or in response to stimuli presented in
the untrained hemiﬁeld (pre-training:
2.00 lV; post-training:
2.23 lV, P = 0.644; Fig. 3F and H). No other main effects (all Pvalues > 0.163) or interactions (all P-values > 0.090) were signiﬁcant.
The ANOVA on mean N1 amplitudes elicited in the orientation discrimination task (Fig. 4) revealed only a signiﬁcant Hemiﬁeld 9 Electrode interaction (F2,60 = 16.42, P < 0.001, ƞp2 = 0.35).
For stimuli presented in the trained hemiﬁeld, the contralateral FC2
electrode showed a signiﬁcantly greater N1 amplitude ( 0.91 lV)
compared with ipsilateral FC1 ( 0.61 lV, P = 0.011). For stimuli
presented in the untrained hemiﬁeld, the contralateral FC1 electrode
showed a signiﬁcantly greater N1 amplitude ( 0.86 lV) compared
with ipsilateral FC2 ( 0.45 lV, P < 0.001). In contrast with the
results of the motion discrimination task, the Time 9 Hemiﬁeld 9 Group interaction was not signiﬁcant (F1,30 = 0.003,
P = 0.961, ƞp2 = 0.00008). In addition, no other signiﬁcant main
effects (all P-values > 0.713) or interactions (all P-values > 0.266)
were found.
To ascertain whether there were any differences in N1 enhancement during motion discrimination between participants who
received AV training in the left visual hemiﬁeld and those who
received training in the right visual hemiﬁeld (Corral & Escera,
2008; Sosa et al., 2010, 2011), a 2 9 2 9 3 9 2 9 2 ANOVA was
performed with Time (pre-training, post-training), Hemiﬁeld (trained
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Fig. 3. Motion discrimination task. (A and B) Scalp topographies of the mean N1 amplitude in a time window between 140 and 180 ms, averaged over stimuli
presented in the trained hemiﬁeld and the untrained hemiﬁeld, in the pre-training session (A) and the post-training session (B) for both the audio-visual (AV)spatial coincidence (SC) (AV training with stimuli in spatial coincidence) and the AV-spatial disparity (SD) (AV training with stimuli in spatial disparity)
groups. Grand-average event-related potentials (ERPs) averaged across electrodes FC1, FC2 and Cz, elicited by motion stimuli in the pre-training session and
the post-training session, in the trained (C) and untrained (D) hemiﬁelds in the AV-SC group, and in the trained (E) and untrained (F) hemiﬁelds in the AV-SD
group. Mean N1 amplitudes elicited by motion stimuli in the pre-training and post-training sessions, presented in the trained and untrained hemiﬁelds in the
AV-SC group (G) and the AV-SD group (H), averaged across electrodes FC1, FC2 and Cz in a time window between 140 and 180 ms.
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Fig. 4. Orientation discrimination task. (A and B) Scalp topographies of the mean N1 amplitude in a time window between 140 and 180 ms, averaged over
stimuli presented in the trained hemiﬁeld and the untrained hemiﬁeld in the pre-training session and the post-training session for both the audio-visual (AV)-spatial coincidence (SC) (AV training with stimuli in spatial coincidence) and the AV-spatial disparity (SD) (AV training with stimuli in spatial disparity) groups.
Grand-average event-related potentials (ERPs) averaged across electrodes FC1, FC2 and Cz, elicited by orientation stimuli in the pre-training session and the
post-training session, in the trained (C) and untrained (D) hemiﬁelds in the AV-SC group, and in the trained (E) and untrained (F) hemiﬁelds in the AV-SD
group. Mean N1 amplitudes elicited by orientation stimuli in the pre-training and post-training sessions, presented in the trained and untrained hemiﬁelds in the
AV-SC group (G) and the AV-SD group (H), averaged across electrodes FC1, FC2 and Cz in a time window between 140 and 180 ms.
© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
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hemiﬁeld, untrained hemiﬁeld) and Electrode (FC1, FC2, Cz) as
within-subjects variables, and Group (AV-SC group, AV-SD group)
and Trained side (left, right) as between-subjects variables. Again,
the Time 9 Hemiﬁeld 9 Group interaction was signiﬁcant
(F1,28 = 5.07, P = 0.032, ƞp2 = 0.15), conﬁrming a signiﬁcant posttraining increase in N1 amplitude in response to stimuli presented in
the trained hemiﬁeld in the group who received coincident AV training (pre-training: 1.96 lV; post-training: 3.02 lV; P = 0.002).
No signiﬁcant difference was found in response to stimuli presented
in the untrained hemiﬁeld (pre-training: 1.93 lV; post-training:
2.19 lV; P = 0.730). Moreover, no signiﬁcant differences were
found in the group who received spatially disparate AV training (all
P-values
> 0.469).
Importantly,
the
Time 9 Hemiﬁeld 9 Group 9 Trained side interaction was not signiﬁcant
(F1,28 = 1.70, P = 0.203, ƞp2 = 0.06), suggesting a similar posttraining N1 enhancement in participants who received training in the
left hemiﬁeld and the right hemiﬁeld.
In addition, to control for possible hemispheric differences in N1
enhancement during motion discrimination, mean N1 amplitudes
recorded from the lateralized electrodes FC1 (in the hemisphere ipsilateral to the trained hemiﬁeld) and FC2 (in the hemisphere contralateral to the trained hemiﬁeld) were analysed with a
2 9 2 9 2 9 2 ANOVA with Time (pre-training, post-training),
Hemiﬁeld (trained hemiﬁeld, untrained hemiﬁeld) and Hemishpere
(ipsilateral, contralateral) as within-subjects variables, and with
Group (AV-SC group, AV-SD group) as a between-subjects variable. Similar to the previous analyses, the Time 9 Hemiﬁeld 9 Group interaction was signiﬁcant (F1,30 = 5.42, P = 0.027,
ƞp2 = 0.15), and post hoc comparisons conﬁrmed a signiﬁcant posttraining increase in N1 amplitude in response to stimuli presented in
the trained hemiﬁeld in the group who received coincident AV training (pre-training: 2.00 lV; post-training: 3.06 lV; P = 0.002).
No signiﬁcant difference was found in response to stimuli presented
in the untrained hemiﬁeld (pre-training: 2.01 lV; post-training:
2.25 lV; P = 0.624). In addition, no signiﬁcant differences were
found in the group who received spatially disparate AV training (all
P-values > 0.526). Neither the main effect of Hemisphere
(F1,30 = 1.23, P = 0.276, ƞp2 = 0.04) nor the Time 9 Hemiﬁeld 9 Hemisphere 9 Group interaction (F1,30 = 0.09, P = 0.759,
ƞp2 = 0.003) was signiﬁcant, suggesting no hemispheric differences
in the observed N1 enhancement.
An additional control analysis was performed to ascertain that the
N1 increase after spatially coincident AV training was not inﬂuenced by the preceding C1 component. Two separate
2 9 2 9 3 9 2 ANOVAs for each experimental task were performed
on C1 amplitudes, quantiﬁed as the most negative peak in a time
window of 70–130 ms post-stimulus onset, with Time (pre-training,
post-training), Hemiﬁeld (trained hemiﬁeld, untrained hemiﬁeld) and
Electrode (FC1, FC2, Cz) as within-subjects variables, and with
Group (AV-SC group, AV-SD group) as a between-subjects
variable.
The ANOVA on mean C1 amplitudes elicited in the motion discrimination task revealed a signiﬁcant effect of Time (F1,30 = 17.6,
P < 0.001, ƞp2 = 0.37), showing a signiﬁcant increase in C1 amplitude in the post-training session ( 1.55 lV) compared with the pretraining session ( 1.01 lV). Notably, the Time 9 Hemiﬁeld 9 Group interaction was not signiﬁcant (F1,30 = 0.45,
P = 0.508, ƞp2 = 0.01), suggesting that the observed C1 increase
might reﬂect perceptual learning due to practice effects (Pourtois
et al., 2008; Bao et al., 2010). In addition, the main effect of Electrode was signiﬁcant (F2,60 = 15.14, P < 0.001, ƞp2 = 0.33), showing signiﬁcantly greater C1 amplitudes over electrode Cz

( 1.45 lV) compared with both FC1 ( 1.2 lV, P < 0.001) and
FC2 ( 1.18 lV, P < 0.001). No other signiﬁcant main effects (all
P-values > 0.388) or interactions (all P-values > 0.260) were found.
In the orientation discrimination task, a signiﬁcant main effect of
Electrode (F2,60 = 24.94, P < 0.001, ƞp2 = 0.45) was found, revealing greater C1 amplitudes over electrode Cz ( 1.00 lV) compared
with both FC1 ( 0.66 lV, P < 0.001) and FC2 ( 0.69,
P < 0.001). No other signiﬁcant main effects (all P-values > 0.907)
or interactions (all P-values > 0.070) were found.
Finally, to test possible differences at a later time window poststimulus onset, mean P2 component amplitudes were analysed with
a 2 9 2 9 3 9 2 ANOVA for each experimental task, with Time
(pre-training, post-training), Hemiﬁeld (trained hemiﬁeld, untrained
hemiﬁeld) and Electrode (FC1, FC2, Cz) as within-subjects variables, and Group (AV-SC group, AV-SD group) as a between-subjects variable. The P2 component was quantiﬁed as the most
positive peak in a time window between 220 and 260 ms post-stimulus onset. Overall, the P2 component was not signiﬁcantly modulated by AV training. Indeed, the ANOVA on mean P2 amplitudes
elicited in the motion discrimination task revealed no signiﬁcant
main effect of Time (F1,30 = 1.04, P = 0.398, ƞp2 = 0.03) or Group
(F1,30 = 0.93, P = 0.343, ƞp2 = 0.03). In addition, no signiﬁcant
Time 9 Hemiﬁeld 9 Group interaction was found (F1,30 = 0.009,
P = 0.924, ƞp2 = 0.0003).
Similarly, the ANOVA on mean P2 amplitudes elicited in the orientation discrimination task revealed no signiﬁcant effect of Time
(F1,30 = 0.21, P = 0.650, ƞp2 = 0.007) or Group (F1,30 = 0.7,
P = 0.408, ƞp2 = 0.023). The Time 9 Hemiﬁeld 9 Group interaction was also non-signiﬁcant (F1,30 = 1.45, P = 0.237, ƞp2 = 0.046).

Discussion
The results of the present study show an enhancement of the N1
component in a motion discrimination task extensively involving the
dorsal MT pathway (Zeki et al., 1991; Watson et al., 1993; Tootell
et al., 1995; Kolster et al., 2010) after training with spatially coincident AV stimuli. This effect was found in response to stimuli presented in the trained hemiﬁeld, while no effect was found in
response to stimuli presented in the untrained hemiﬁeld. Notably, no
effect was found in an orientation discrimination task involving the
ventral extrastriate pathway. Furthermore, participants who received
training with spatially disparate AV stimuli showed no effects in
either task.
The observed N1 enhancement might reﬂect increased motion discrimination ability (Vogel & Luck, 2000) after the spatially
coincident AV training. Indeed, the N1 component is an early
visual-evoked potential, which has been associated with visual discrimination processes (Mangun & Hillyard, 1991; Martınez et al.,
1999; Vogel & Luck, 2000) and might be related to attentional
preparation for discriminating task-relevant features (Chen et al.,
2006; Pinal et al., 2014).
The enhanced processing of motion stimuli might reﬂect increased
activity in the retino-colliculo-dorsal MT pathway due to the intensive 2 h training with spatially coincident AV stimuli. Indeed, a
wide range of evidence suggests that both motion processing and
AV integration share common neural circuits. On the one hand, primate studies suggest the existence of a functional pathway from the
SC to cortical area MT (Berman & Wurtz, 2010, 2011; Lyon et al.,
2010), in which motion signals are processed (Zeki, 1974; Maunsell
& Van Essen, 1983a,b; Albright, 1984). Similarly, evidence from
humans suggests the involvement of the SC (Schneider & Kastner,
2005) and the dorsal extrastriate area MT in motion processing
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(Zeki et al., 1991; Watson et al., 1993; Tootell et al., 1995; Kolster
et al., 2010). On the other hand, converging evidence reveals the
pivotal role of the human SC in integrating spatio-temporally coincident AV stimuli (Calvert, 2001; Bertini et al., 2008; Leo et al.,
2008; Maravita et al., 2008), and the relevance of the dorsal temporo-parietal and posterior parietal cortices in mediating orienting
behaviour towards AV stimuli (Meienbrock et al., 2007; Bertini
et al., 2010; Nardo et al., 2014). Interestingly, a similar AV training
administered to hemianopic cats induced a recovery of visual orienting behaviour towards the hemianopic ﬁeld, co-occurring with the
reinstatement of visual responsiveness in the SC (Jiang et al., 2015),
suggesting that coincident AV stimulation might induce plastic
changes in the SC. The plasticity of the colliculo-dorsal pathway is
also supported by the observation that repeated AV stimulation
favours the development (Yu et al., 2010; Xu et al., 2012, 2014)
and enhancement (Yu et al., 2009, 2012, 2016) of multisensory
integrative responses in the SC. Intriguingly, repeated exposure to
multisensory pairs can also increase neuronal responses to stimuli in
a single sensory modality (Yu et al., 2009, 2012). This is in line
with the current ﬁnding that the AV training affected responses to
purely visual stimuli. Enhanced motion processing was observed
only in response to the trained hemiﬁeld (i.e. the hemiﬁeld in which
75% of the coincident AV stimuli were presented), while no change
was found in the untrained hemiﬁeld, in which participants received
only 25% of AV stimuli. This seems to suggest a lateralized activation of the colliculo-dorsal MT pathway after the AV training, in
line with previous evidence showing that the SC contains a representation of the contralateral auditory and visual space (for a review,
see King, 2004). Interestingly, it can be speculated that the lack of
any effect in the untrained hemiﬁeld might be due to an insufﬁcient
amount of multisensory stimulation presented in that hemiﬁeld.
However, further studies are needed to investigate the exact quantity
of stimulation needed to boost activity in the colliculo-dorsal MT
pathway.
Notably, the post-training N1 enhancement that was observed in
response to motion stimuli was detected over anterior fronto-central
electrodes. Visual stimulus presentation is known to elicit a complex
of temporally overlapping negative waves (the ‘N1 complex’) in the
135–200-ms time window, both with posterior occipito-parietal and
anterior fronto-central scalp distributions (Mangun & Hillyard,
1991; Martınez et al., 1999; Di Russo et al., 2002, 2003, 2005,
2012). Interestingly, the neural sources of the anteriorly distributed
N1 component have been shown to be located in the superior parietal cortex (Di Russo et al., 2002, 2003, 2005), therefore corroborating the hypothesis that the observed N1 enhancement might reﬂect
an increase in the activity of dorsal cortical areas. Indeed, a wide
range of evidence suggests the existence of a network of cortical
areas interconnected with the SC, including dorsal posterior parietal
areas (Harting et al., 1980; Robinson & Petersen, 1992; Krauzlis
et al., 2013).
Interestingly, no effect was found after training with AV stimuli
presented at a spatial disparity of 32°, suggesting that the combination of auditory and visual stimuli per se is not sufﬁcient to enhance
motion processing. In order to activate the colliculo-dorsal MT pathway and enhance motion discrimination, AV pairs must be presented in spatial coincidence. Indeed, although spatial coincidence
seems to play a marginal role in non-spatial tasks (Bertelson &
Vroomen, 1994; Doyle & Snowden, 2001), spatial alignment has
been widely demonstrated to be crucial for multisensory enhancement in tasks requiring an orienting response (either overt or covert;
for a review, see Spence, 2013), as in the current AV training. In
line with this idea, electrophysiological studies in animals report that

SC responses are enhanced only in the presence of spatially coincident AV stimuli (Stein & Meredith, 1993), while AV pairs presented in spatial disparity might depress SC responses (Kadunce
et al., 1997). Similarly, studies in humans have revealed enhanced
activity in the SC (Calvert, 2001) and dorsal cortical areas with spatially coincident AV stimuli, compared with spatially disparate stimuli (Macaluso et al., 2004; Meienbrock et al., 2007; for a review,
see Calvert, 2001; Stein & Stanford, 2008). The ﬁnding that the N1
was only enhanced after training with stimuli presented in spatial
coincidence rules out a possible role of saccadic eye movements in
mediating the post-training effect. Indeed, in order to obtain an orienting response during the training and, therefore, to enhance the
spatial component of the task, participants were asked to perform
eye movements towards the visual and AV stimuli. However, the
saccadic response per se cannot account for the post-training N1
enhancement. Indeed, saccadic eye movements were also performed
in the control training procedure with spatially disparate AV stimuli,
after which no N1 enhancement was found.
Notably, the observed increase in the N1 component was not
inﬂuenced by changes in the preceding C1 component. Indeed, the
amplitude of the C1 component in the motion discrimination task
was increased after training, irrespectively of the type of training
(spatially coincident vs. spatially disparate) and the hemiﬁeld in
which stimuli were presented (trained vs. untrained). This general
increase in C1 amplitude is in line with the ﬁnding that behavioural
performance on the motion discrimination task improved after training, regardless of the type of training and the side of stimulus presentation. Both these ﬁndings might reﬂect a practice effect in
motion processing. In line with this hypothesis, it has been shown
that increases in stimulus-evoked activity as early as the C1 might
aid perceptual performance, resulting in perceptual learning (Pourtois et al., 2008; Bao et al., 2010; Rauss et al., 2011). Indeed, a
wide range of evidence has shown better performance on visual perception tasks, including motion discrimination (Saffell & Matthews,
2003; Lu et al., 2004), after repeated exposure to visual (for a
review, see Fahle, 2005) and AV stimuli (Kim et al., 2008; Shams
& Kim, 2012).
At a later stage of visual processing related to task relevance evaluations (i.e. the P2 component; Potts et al., 1996; Potts & Tucker,
2001; Potts, 2004), no effects of AV training were found. This suggests that AV training speciﬁcally affects the early visual discrimination process, but has no effect on higher order cognitive
processes. The speciﬁc activation of the colliculo-dorsal MT pathway after the coincident AV training is also suggested by the lack
of any effects on orientation discrimination. Indeed, unlike with
motion discrimination, both animal (Hubel & Wiesel, 1968; Hubel
et al., 1977; Vogels & Orban, 1994; De Weerd et al., 1999) and
human studies have revealed that grating orientation discrimination
elicits activation in a visual pathway involving the striate cortex
(Kamitani & Tong, 2005; Yacoub et al., 2008; Swisher et al., 2010)
and early ventral extrastriate cortices (Boynton & Finney, 2003;
Fang et al., 2005; Murray et al., 2006; Tong et al., 2012).
Interestingly, in a single-case study, a patient with lesions in V1
and surrounding early visual cortices (for a complete clinical
description, see Serino et al., 2014) was not able to beneﬁt from
AV stimulation when discriminating the orientation of a line in his
blind ﬁeld (Cecere et al., 2014). In contrast, his visual detection performance in the blind ﬁeld was enhanced in the presence of auditory
stimuli, in line with previous studies on patients with visual ﬁeld
defects (Bolognini et al., 2005; Frassinetti et al., 2005; Passamonti
et al., 2009). This suggests a role for the retino-colliculo-extrastriate
pathway, bypassing the lesioned V1, in mediating the multisensory
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improvement in visual detection performance. As a consequence, it
seems reasonable that systematic, coincident AV training, activating
the colliculo-dorsal pathway, would have effects on a motion discrimination task, which relies on the same pathway, but not on an
orientation discrimination task, which relies on early ventral visual
areas.
Overall, these results suggest that systematic AV stimulation with
spatially coincident stimuli enhances post-training functionality of
the colliculo-dorsal MT pathway. Even though the post-training
effects were only observed at the electrophysiological level, it can
be speculated that increasing the duration of training might also
induce changes at the behavioural level. Although the present study
did not systematically investigate the duration of this post-training
enhancement, which was observed immediately after AV training
(i.e. within 2 h), electrophysiological evidence from animals suggests that the effects of repetitive AV stimulation might outlast the
exposure period and remain stable over a long period of time (i.e.
more than 16 months after stimulation; Xu et al., 2012). However,
the duration of the effects of repetitive AV stimulation on humans
needs further investigation. Moreover, the enhanced activity of this
neural circuit may also be relevant to the rehabilitation of visual
ﬁeld defects. Indeed, patients with visual ﬁeld defects due to lesions
in the striate cortex might beneﬁt from systematic training with
coincident AV stimuli, activating the spared retino-colliculo-extrastriate pathway and, therefore, promoting improvements in oculomotor and orienting responses towards stimuli in the blind ﬁeld
(Bolognini et al., 2005; Passamonti et al., 2009; Dundon et al.,
2015).

Acknowledgements
The authors are grateful to Neil M. Dundon for his help in setting up the experimental tasks, Mattia Pietrelli for his assistance with recruiting participants and
collecting data, Martin E. Maier for his advice about data analysis, Roberto
Bolzani for his suggestions for stimulus selection and data analysis, and Brianna Beck for editing the manuscript. This work was supported by FARB
University of Bologna Grant (Protocol: RFBO 120993 – Visual Awareness
Lost and Found) to E. L. The authors declare no conﬂicts of interest.

Abbreviations
AV, audio-visual; AV-SC, audio-visual spatial coincidence; AV-SD, audiovisual spatial disparity; EEG, electroencephalogram; EOG, electrooculogram;
ERP, event-related potential; IES, inverse efﬁciency score; SC, superior
colliculus.

References
Alais, D., Newell, F.N. & Mamassian, P. (2010) Multisensory processing in
review: from physiology to behaviour. Seeing Perceiving., 23, 3–38.
Albright, T.D. (1984) Direction and orientation selectivity of neurons in
visual area MT of the macaque. J. Neurophysiol., 52, 1106–1130.
Bao, M., Yang, L., Rios, C., He, B. & Engel, S.A. (2010) Perceptual learning increases the strength of the earliest signals in visual cortex. J. Neurosci., 30, 15080–15084.
Berman, R.A. & Wurtz, R.H. (2010) Functional identiﬁcation of a pulvinar
path from superior colliculus to cortical area MT. J. Neurosci., 30, 6342–
6354.
Berman, R.A. & Wurtz, R.H. (2011) Signals conveyed in the pulvinar pathway from superior colliculus to cortical area MT. J. Neurosci., 31, 373–
384.
Bertelson, P. & Vroomen, J. (1994) Exploring the relation between McGurk
interference and ventriloquism. Proc. ICSLP., 94, 559–562.
Bertini, C., Leo, F. & Ladavas, E. (2008) Temporo-nasal asymmetry in multisensory integration mediated by the Superior Colliculus. Brain Res.,
1242, 37–44.

Bertini, C., Leo, F., Avenanti, A. & Ladavas, E. (2010) Independent mechanisms for ventriloquism and multisensory integration as revealed by thetaburst stimulation. Eur. J. Neurosci., 31, 1791–1799.
Bolognini, N., Rasi, F., Coccia, M. & Ladavas, E. (2005) Visual search
improvement in hemianopic patients after audio-visual stimulation. Brain,
128, 2830–2842.
Boynton, G.M. & Finney, E.M. (2003) Orientation-speciﬁc adaptation in
human visual cortex. J. Neurosci., 23, 8781–8787.
Calvert, G.A. (2001) Crossmodal processing in the human brain: insights
from functional neuroimaging studies. Cereb. Cortex, 11, 1110–1123.
Cecere, R., Romei, V., Bertini, C. & Ladavas, E. (2014) Crossmodal
enhancement of visual orientation discrimination by looming sounds
requires functional activation of primary visual areas: a case study. Neuropsychologia, 56, 350–358.
Chen, A., Li, H., Qiu, J. & Luo, Y. (2006) The time course of visual categorization: electrophysiological evidence from ERP. Chinese Sci. Bull., 51,
1586–1592.
Colby, C.L., Duhamel, J.R. & Goldberg, M.E. (1993) Ventral intraparietal
area of the macaque: anatomic location and visual response properties.
J. Neurophysiol., 69, 902–914.
Corral, M.J. & Escera, C. (2008) Effects of sound location on visual task
performance and electrophysiological measures of distraction. NeuroReport, 19, 1535–1539.
De Weerd, P., Peralta, M.R., Desimone, R. & Ungerleider, L.G. (1999) Loss
of attentional stimulus selection after extrastriate cortical lesions in macaques. Nat. Neurosci., 2, 753–758.
Delorme, A. & Makeig, S. (2004) EEGLAB: An open source toolbox for
analysis of single-trial EEG dynamics including independent component
analysis. J. Neurosci. Meth, 134, 9–21.
Delorme, A., Sejnowski, T. & Makeig, S. (2007) Enhanced detection of artifacts in EEG data using higher-order statistics and independent component
analysis. NeuroImage, 34, 1443–1449.
Di Russo, F., Martınez, A., Sereno, M.I., Pitzalis, S. & Hillyard, S.A. (2002)
Cortical sources of the early components of the visual evoked potential.
Hum. Brain Mapp., 15, 95–111.
Di Russo, F., Martinez, A. & Hillyard, S.A. (2003) Source analysis of eventrelated cortical activity during visuo-spatial attention. Cereb. Cortex, 13,
486–499.
Di Russo, F., Pitzalis, S., Spitoni, G., Aprile, T., Patria, F., Spinelli, D. &
Hillyard, S.A. (2005) Identiﬁcation of the neural sources of the patternreversal VEP. NeuroImage, 24, 874–886.
Di Russo, F., Stella, A., Spitoni, G., Strappini, F., Sdoia, S., Galati, G., Hillyard, S.A., Spinelli, D. & Pitzalis, S. (2012) Spatiotemporal brain mapping
of spatial attention effects on pattern-reversal ERPs. Hum. Brain Mapp.,
33, 1334–1351.
Dong, W.K., Chudler, E.H., Sugiyama, K., Roberts, V.J. & Hayashi, T.
(1994) Somatosensory, multisensory, and task-related neurons in cortical
area 7b (PF) of unanesthetized monkeys. J. Neurophysiol., 72, 542–564.
Doyle, M.C. & Snowden, R.J. (2001) Identiﬁcation of visual stimuli is
improved by accompanying auditory stimuli: the role of eye movements
and sound location. Perception, 30, 795–810.
Duhamel, J.R., Colby, C.L. & Goldberg, M.E. (1998) Ventral intraparietal
area of the macaque: congruent visual and somatic response properties.
J. Neurophysiol., 79, 126–136.
Dundon, N.M., Ladavas, E., Maier, M.E. & Bertini, C. (2015) Multisensory
stimulation in hemianopic patients boosts orienting responses to the hemianopic ﬁeld and reduces attentional resources to the intact ﬁeld. Restor.
Neurol. Neuros., 33, 405–419.
Fahle, M. (2005) Perceptual learning: speciﬁcity versus generalization. Curr.
Opin. Neurobiol., 15, 154–160.
Fang, F., Murray, S.O., Kersten, D. & He, S. (2005) Orientation-tuned FMRI
adaptation in human visual cortex. J. Neurophysiol., 94, 4188–4195.
Frassinetti, F., Bolognini, N., Bottari, D., Bonora, A. & Ladavas, E. (2005)
Audiovisual integration in patients with visual deﬁcit. J. Cognitive Neurosci., 17, 1442–1452.
Gratton, G., Coles, M.G.H. & Donchin, E. (1983) A new method for off-line
removal of ocular artifact. Electroen. Clin. Neuro., 55, 468–484.
Greenhouse, S.W. & Geisser, S. (1959) On methods in the analysis of proﬁle
data. Psychometrika, 24, 95–112.
Gummel, K., Ygge, J., Benassi, M. & Bolzani, R. (2012) Motion perception
in children with foetal alcohol syndrome. Acta Paediatr., 101, e327–e332.
Harting, J.K., Huerta, M.F., Frankfurter, A.J., Strominger, N.L. & Royce,
G.J. (1980) Ascending pathways from the monkey superior colliculus: an
autoradiographic analysis. J. Comp. Neurol., 192, 853–882.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–11

AV training enhances motion processing 11
Hubel, D. & Wiesel, T. (1968) Receptive ﬁelds and functional architecture
of monkey striate cortex. J. Physiol., 195, 215–243.
Hubel, D.H., Wiesel, T.N. & Stryker, M.P. (1977) Orientation columns in
macaque monkey visual cortex demonstrated by the 2-deoxyglucose
autoradiographic technique. Nature, 269, 328–330.
Jiang, H., Stein, B.E. & McHafﬁe, J.G. (2015) Multisensory training reverses
midbrain lesion-induced changes and ameliorates haemianopia. Nat. Commun., 6, 7263.
Kadunce, D.C., Vaughan, J.W., Wallace, M.T., Benedek, G. & Stein, B.E.
(1997) Mechanisms of within- and cross-modality suppression in the superior colliculus. J. Neurophysiol., 78, 2834–2847.
Kamitani, Y. & Tong, F. (2005) Decoding the visual and subjective contents
of the human brain. Nat. Neurosci., 8, 679–685.
Kim, R.S., Seitz, A.R. & Shams, L. (2008) Beneﬁts of stimulus congruency
for multisensory facilitation of visual learning. PLoS ONE, 3, e1532.
King, A.J. (2004) The superior colliculus. Curr. Biol., 14, R335–R338.
Kolster, H., Peeters, R. & Orban, G.A. (2010) The retinotopic organization
of the human middle temporal area MT/V5 and its cortical neighbors.
J. Neurosci., 30, 9801–9820.
Krauzlis, R.J., Lovejoy, L.P. & Zenon, A. (2013) Superior colliculus and
visual spatial attention. Annu. Rev. Neurosci., 36, 165–182.
Leo, F., Bertini, C., di Pellegrino, G. & Ladavas, E. (2008) Multisensory
integration for orienting responses in humans requires the activation of the
superior colliculus. Exp. Brain Res., 186, 67–77.
Lu, H., Quian, N. & Liu, Z. (2004) Learning motion discrimination with suppressed MT. Exp. Brain Res., 44, 1817–1825.
Lyon, D.C., Nassi, J.J. & Callaway, E.M. (2010) A Disynaptic Relay from
Superior Colliculus to Dorsal Stream Visual Cortex in Macaque Monkey.
Neuron, 65, 270–279.
Macaluso, E., George, N., Dolan, R., Spence, C. & Driver, J. (2004) Spatial
and temporal factors during processing of audiovisual speech: a PET
study. NeuroImage, 21, 725–732.
Mangun, G.R. & Hillyard, S.A. (1991) Modulations of sensory-evoked brain
potentials indicate changes in perceptual processing during visual-spatial
priming. J. Exp. Psychol. Hum. Percept. Perform., 17, 1057–1074.
Maravita, A., Bolognini, N., Bricolo, E., Marzi, C.A. & Savazzi, S. (2008) Is
audiovisual integration subserved by the superior colliculus in humans?
NeuroReport, 19, 271–275.
Martınez, A., Anllo-Vento, L., Sereno, M.I., Frank, L.R., Buxton, R.B.,
Dubowitz, D.J., Wong, E.C., Hinrichs, H., Heinze, H.J. & Hillyard, S.A.
(1999) Involvement of striate and extrastriate visual cortical areas in spatial
attention. Nat. Neurosci., 2, 364–369.
Maunsell, J.H. & Van Essen, D.C. (1983a) Functional properties of neurons
in middle temporal visual area of the macaque monkey. I. Selectivity for
stimulus direction, speed, and orientation. J. Neurophysiol., 49, 1127–
1147.
Maunsell, J.H. & Van Essen, D.C. (1983b) The connections of the middle
temporal visual area (MT) and their relationship to a cortical hierarchy in
the macaque monkey. J. Neurosci., 3, 2563–2586.
Meienbrock, A., Naumer, M.J., Doehrmann, O., Singer, W. & Muckli, L.
(2007) Retinotopic effects during spatial audio-visual integration. Neuropsychologia, 45, 531–539.
Murray, S.O., Olman, C.A. & Kersten, D. (2006) Spatially speciﬁc FMRI
repetition effects in human visual cortex. J. Neurophysiol., 95, 2439–
2445.
Nardo, D., Santangelo, V. & Macaluso, E. (2014) Spatial orienting in complex audiovisual environments. Hum. Brain Mapp., 35, 1597–1614.
Passamonti, C., Bertini, C. & Ladavas, E. (2009) Audio-visual stimulation
improves oculomotor patterns in patients with hemianopia. Neuropsychologia, 47, 546–555.
Pinal, D., Zurron, M. & Dıaz, F. (2014) Effects of load and maintenance
duration on the time course of information encoding and retrieval in working memory: From perceptual analysis to post-categorization processes.
Front. Hum. Neurosci., 8, 165.
Potts, G.F. (2004) An ERP index of task relevance evaluation of visual stimuli. Brain Cognition, 56, 5–13.
Potts, G.F. & Tucker, D.M. (2001) Frontal evaluation and posterior representation in target detection. Cognitive. Brain Res., 11, 147–156.
Potts, G.F., Liotti, M., Tucker, D.M. & Posner, M.I. (1996) Frontal and inferior temporal cortical activity in visual target detection: evidence from high
spatially sampled event-related potentials. Brain Topogr., 9, 3–14.
Pourtois, G., Rauss, K.S., Vuilleumier, P. & Schwartz, S. (2008) Effects of
perceptual learning on primary visual cortex activity in humans. Vision
Res., 48, 55–62.

Rauss, K., Schwartz, S. & Pourtois, G. (2011) Top-down effects on early
visual processing in humans: a predictive coding framework. Neurosci.
Biobehav. R., 35, 1237–1253.
Robinson, D.L. & Petersen, S.E. (1992) The pulvinar and visual salience.
Trends Neurosci., 15, 127–132.
Saffell, T. & Matthews, N. (2003) Task-speciﬁc perceptual learning on speed
and direction discrimination. Vision. Res., 43, 1365–1374.
Schlack, A., Hoffmann, K.P. & Bremmer, F. (2002) Interaction of linear
vestibular and visual stimulation in the macaque ventral intraparietal area
(VIP). Eur. J. Neurosci., 16, 1877–1886.
Schneider, K.A. & Kastner, S. (2005) Visual responses of the human superior colliculus: a high-resolution functional magnetic resonance imaging
study. J. Neurophysiol., 94, 2491–2503.
Serino, A., Cecere, R., Dundon, N., Bertini, C., Sanchez-Castaneda, C. &
Ladavas, E. (2014) When apperceptive agnosia is explained by a deﬁcit of
primary visual processing. Cortex, 52, 12–27.
Shams, L. & Kim, R. (2012) Cross modal facilitation of unisensory learning.
In Stein, B.E. (Ed.), The New Handbook of Multisensory Processes. The
MIT Press, Cambridge, MA, pp. 475–482.
Sosa, Y., Teder-S€alej€arvi, W.A & McCourt, M.E. (2010) Biases of spatial
attention in vision and audition. Brain Cognition, 73, 229–235.
Sosa, Y., Clarke, A.M. & McCourt, M.E. (2011) Hemiﬁeld asymmetry in the
potency of exogenous auditory and visual cues. Vision. Res., 51, 1207–1215.
Spence, C. (2013) Just how important is spatial coincidence to multisensory
integration? Evaluating the spatial rule. Ann. NY. Acad. Sci., 1296, 31–49.
Stein, B.E. & Meredith, M.A. (1993). The Merging of the Senses. The MIT
Press, Cambridge, MA.
Stein, B.E. & Stanford, T.R. (2008) Multisensory integration: current issues
from the perspective of the single neuron. Nat. Rev. Neurosci., 9, 255–266.
Swisher, J.D., Gatenby, J.C., Gore, J.C., Wolfe, B.A, Moon, C.-H., Kim, S.G. & Tong, F. (2010) Multiscale pattern analysis of orientation-selective
activity in the primary visual cortex. J. Neurosci., 30, 325–330.
Tong, F., Harrison, S.A., Dewey, J.A. & Kamitani, Y. (2012) Relationship
between BOLD amplitude and pattern classiﬁcation of orientation-selective
activity in the human visual cortex. NeuroImage, 63, 1212–1222.
Tootell, R.B., Reppas, J.B., Kwong, K.K., Malach, R., Born, R.T., Brady,
T.J., Rosen, B.R. & Belliveau, J.W. (1995) Functional analysis of human
MT and related visual cortical areas using magnetic resonance imaging.
J. Neurosci., 15, 3215–3230.
Vogel, E.K. & Luck, S.J. (2000) The visual N1 component as an index of a
discrimination process. Psychophysiology, 37, 190–203.
Vogels, R. & Orban, G.A. (1994) Activity of inferior temporal neurons during orientation discrimination with successively presented gratings. J. Neurophysiol., 71, 1428–1451.
Watson, J.D.G., Myers, R., Frackowiak, R.S.J., Hajnal, J.V., Woods, R.P.,
Mazziotta, J.C., Shipp, S. & Zeki, S. (1993) Area V5 of the Human Brain:
evidence from a Combined Study Using Positron Emission Tomography
and Magnetic Resonance Imaging. Cereb. Cortex, 3, 79–94.
Xu, J., Yu, L., Rowland, B.A., Stanford, T.R. & Stein, B.E. (2012) Incorporating Cross-Modal Statistics in the Development and Maintenance of
Multisensory Integration. J. Neurosci., 32, 2287–2298.
Xu, J., Yu, L., Rowland, B.A., Stanford, T.R. & Stein, B.E. (2014) Noiserearing disrupts the maturation of multisensory integration. Eur. J. Neurosci., 39, 602–613.
Yacoub, E., Harel, N. & Ugurbil, K. (2008) High-ﬁeld fMRI unveils orientation columns in humans. Proc. Natl. Acad. Sci. USA, 105, 10607–10612.
Yu, L., Stein, B.E. & Rowland, B.A. (2009) Adult plasticity in multisensory
neurons: short-term experience-dependent changes in the superior colliculus. J. Neurosci., 29, 15910–15922.
Yu, L., Rowland, B.A & Stein, B.E. (2010) Initiating the development of
multisensory integration by manipulating sensory experience. J. Neurosci.,
30, 4904–4913.
Yu, L., Rowland, B.A., Xu, J. & Stein, B.E. (2012) Multisensory plasticity
in adulthood: cross-modal experience enhances neuronal excitability and
exposes silent inputs. J. Neurophysiol., 109, 464–474.
Yu, L., Xu, J., Rowland, B.A & Stein, B.E. (2016) Multisensory Plasticity in
Superior Colliculus Neurons is Mediated by Association Cortex. Cereb.
Cortex, 26, 1130–1137.
Zeki, S.M. (1974) Functional organization of a visual area in the posterior
bank of the superior temporal sulcus of the rhesus monkey. J. Physiol.,
236, 549–573.
Zeki, S., Watson, J.D., Lueck, C.J., Friston, K.J., Kennard, C. & Frackowiak,
R.S. (1991) A direct demonstration of functional specialization in human
visual cortex. J. Neurosci., 11, 641–649.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–11

