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Abstract

Visual capture and the ventriloquism aftereffect resolve spatial disparities of incongruent auditory-
visual (AV) objects by shifting auditory spatial perception to align with vision. Here, we
demonstrated the distinct temporal characteristics of visual capture and the ventriloguism
aftereffect in response to brief AV disparities. In a set of experiments, subjects localized either the
auditory component of AV targets (A within AV) or a second sound presented at varying delays
(1-20s) after AV exposure (A2 after AV). AV targets were trains of brief presentations (1 or 20),
covering a £30° azimuthal range, and with £8° (R or L) disparity. We found that the magnitude of
visual capture generally reached its peak within a single AV pair and did not dissipate with time,
while the ventriloquism aftereffect accumulated with repetitions of AV pairs and dissipated with
time. Additionally, the magnitude of the auditory shift induced by each phenomenon was
uncorrelated across listeners and visual capture was unaffected by subsequent auditory targets,
indicating that visual capture and the ventriloquism aftereffect are separate mechanisms with
distinct effects on auditory spatial perception. Our results indicate that visual capture is a ‘sample-
and-hold’ process that binds related objects and stores the combined percept in memory, whereas
the ventriloquism aftereffect is a ‘leaky integrator’ process that accumulates with experience and
decays with time to compensate for cross-modal disparities.
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Introduction

Vision and hearing provide complementary information about the world around us. Under
natural conditions, objects in the environment often produce both visual images and related
sounds. It is generally advantageous to integrate these auditory and visual (AV) cues, as it
provides more information about the object than either sense provides individually, and
allows for perceptual corrections if the two senses are not in alignment with one another.
Spatially misaligned auditory and visual cues elicit two perceptual phenomena known as

Gary_Paige@URMC.Rochester.edu



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bosen et al.

Page 2

visual capture and the ventriloquism aftereffect (Chen and Vroomen, 2013). Visual capture
(also known as the “ventriloquism effect”, Howard and Templeton, 1966) occurs when the
sensed locations of related auditory and visual targets originate from spatially disparate
locations. For individuals with normal sensation, vision is typically much more spatially
precise than audition. As a result, it tends to dominate the perceived common location, and
thereby “captures” the auditory percept, which results in a strong bias in perceived auditory
location toward the visual target (Jack and Thurlow, 1973; Thurlow and Jack, 1973). In
comparison, the ventriloquism aftereffect occurs when an auditory target is presented in
isolation following spatially disparate pairs of auditory and visual targets. In this case, the
sensory disparity between target locations in the audio-visual pair is used to adjust the
perceived location of the subsequent isolated auditory target (Radeau and Bertelson, 1974).
The purpose of this paper is to contrast the dynamic effects of visual capture and the
ventriloquism aftereffect on auditory spatial perception in response to brief trains of spatially
disparate auditory and visual targets.

Visual capture occurs because sensory perception is inherently uncertain, and vision is
typically more precise than audition for spatial perception. When there is a perceived
disparity between auditory and visual target locations, it is possible that the perceived
disparity is caused by sensory error, in which case the targets should be bound into a
coherent percept. Alternatively, it is possible that the perceived disparity is caused by an
actual physical disparity between the targets, in which case they should be segregated. If the
targets are bound together, then the auditory and visual signals are perceived to originate
from the average of the auditory and visual locations, weighted by the relative reliability of
each sense (Battaglia et al., 2003). If the targets are segregated, then the auditory and visual
target locations can be independently reported with little bias in perceived auditory location
(Hairston et al., 2003; Wallace et al., 2004). This process of binding or segregating cues
across sensory modalities is generally referred to as causal inference (for review, see Shams
and Beierholm, 2010) and is not specific to audio-visual interactions. Generally, visual
capture occurs with a single exposure to an audio-visual target pair (Hairston et al., 2003;
Wallace et al., 2004), so it does not require repetition or familiarity with the targets to occur.
If the spatial disparity between targets is relatively small (generally less than 10-15 degrees
in azimuth, depending on the study), subjects are often unaware the disparity exists
(Bertelson and Radeau, 1981; Radeau and Bertelson, 1974) and visual capture is likely to
occur.

In contrast, the ventriloquism aftereffect adjusts auditory spatial perception after spatial
misalignment between auditory and visual targets. When subjects are exposed to audio-
visual spatial disparities, the ventriloquism aftereffect responds by shifting the perceived
location of subsequent isolated auditory targets toward the visual location in the spatially
disparate audio-visual target pair. The term “ventriloquism aftereffect” is a misnomer;
although visual capture (i.e. “ventriloquism”) increases the magnitude of the shift in
perceived location of subsequent auditory targets, some shift in perceived location still
occurs even when visual capture does not. Examples of this include shifts in auditory
perception when the preceding audio-visual pairs are not perceived as originating from the
same location (Wozny and Shams, 2011), when subjects are explicitly shown that targets do
not arise from common locations (Radeau and Bertelson, 1974; Radeau and Bertelson,
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1978), and when subjects are directing their attention to a competing visual task unrelated to
the audio-visual target pairs (Eramudugolla et al., 2011).

The ventriloquism aftereffect is not the only mechanism that can alter auditory spatial
perception. Maintaining gaze that is eccentric relative to the head in a dark room also
produces uniform shifts in auditory space in the direction of fixation (Cui and Razavi, 2010;
Dobreva et al., 2012; Razavi et al., 2007), which is referred to as the oculomotor effect. The
oculomotor effect is believed to be caused by passive adaptation of the perceived eye-in-
head orientation toward straight-ahead over time, which causes visually guided localization
of head-referenced targets (such as auditory targets) to be misaligned (Razavi et al., 2007).
The ventriloquism aftereffect occurs across a mixture of eye-centered and head-centered
reference frames (Kopco et al., 2009), so any misalignment of the eye-to-head coordinate
transform, as caused by the oculomotor effect, would confound estimates of the
ventriloquism aftereffect. Specifically, if the distribution of visual target locations is biased
toward one side and subjects are allowed to look at the visual targets, then both the
ventriloquism aftereffect and the oculomotor effect would have similar effects on auditory
localization that could not be distinguished from one another. This confounding issue likely
affects the data obtained by some experiments intended to measure the ventriloquism
aftereffect (Frissen et al., 2003; Frissen et al., 2005; Frissen et al., 2012; Mendonca et al.,
2015). In particular, the time course and magnitude of auditory shifts in experiments
intended to measure the ventriloquism aftereffect (Frissen et al., 2012) is very similar to the
time course and magnitude of auditory shifts observed in the oculomotor effect (Razavi et
al., 2007). These similarities across studies suggest that the time course of the ventriloquism
aftereffect without the confounding influence of the oculomotor effect is relatively
unexplored.

Recent work that did control for eye position suggests that the ventriloquism aftereffect may
comprise two distinct mechanisms operating at separate time scales (Bruns and Rdder,
2015). Specifically, extensive exposure to fixed audio-visual disparities over hundreds or
thousands of repetitions of the disparity produces an enduring shift in auditory spatial
perception (Recanzone, 1998; Lewald, 2002; Wozny and Shams, 2011a), indicating that
auditory recalibration occurred. In contrast, individual spatially disparate audio-visual
targets 35 ms long are sufficient to produce small but significant shifts in auditory spatial
perception (Wozny and Shams, 2011). If we extrapolate from the short-term auditory shift
data in Wozny and Shams (2011), we would expect the ventriloquism aftereffect to
completely compensate for a fixed audio-visual disparity in under 100 exposures to a
disparity. However, experiments with extensive exposure to a fixed audio-visual disparity
often show only partial recalibration, either in artificial conditions with hundreds or
thousands of controlled exposures to a fixed disparity (Lewald, 2002; Wozny and Shams,
2011a), or in natural environments while wearing visual prisms for hours or days (Zwiers et
al., 2003; Cui et al., 2008). This indicates that the auditory shifts observed after extensive
exposure to a fixed audio-visual disparity may not reflect the same mechanism that shifts
auditory perception after a brief audio-visual disparity, although both are commonly referred
to in the literature as recalibration or the ventriloquism aftereffect.
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The purpose of this work is to measure the accumulation and decay of the ventriloquism
aftereffect for brief (1 or 20 repetitions) exposure to audio-visual disparities, while
controlling for the oculomotor effect. Wozny and Shams (2011) demonstrated that the
auditory shift induced by a single exposure to an audio-visual disparity is attenuated by
subsequent audio-visual exposures, but did not determine whether this attenuation is caused
by the time delay after the initial disparity or the subsequent exposures themselves.
Additionally, repeated exposures to disparities with the same relative position of auditory
and visual targets (e.g. visual target always left or always right of auditory) appeared to
increase the magnitude of the effect, but the magnitude of the disparity and target location
were not fixed across exposures. To expand on this previous work and directly address the
time course of the ventriloquism aftereffect, we conducted a series of experiments to
demonstrate the accumulation and decay of the ventriloquism aftereffect caused by brief,
spatially disparate trains of auditory and visual targets, while controlling for eye position
during target presentation to avoid the confounding oculomotor effect. The ventriloquism
aftereffect is compared to visual capture under matched conditions within the same subjects,
highlighting the different effects each mechanism has on auditory spatial perception. By
comparing visual capture and the ventriloquism aftereffect under matched conditions, we
can identify the unique temporal properties of each phenomenon and thereby differentiate
the effects of cross-modal integration and adaptation on audio-visual spatial perception,
elucidating the rapid temporal dynamics of the perceptual mechanisms that adjust cross-
modal sensory congruence.

Materials and Methods

Subjects

Apparatus

Eighteen volunteers (6 male, ages 18-27 years) recruited from the Rochester community
participated in these experiments. All subjects were screened for clinically normal hearing
(thresholds less than 20 dB HL, at octave frequencies from 250 Hz - 8 kHz) and normal (or
corrected to normal) vision. Ten subjects completed experiment 1, 10 completed experiment
2, and 6 completed experiment 3, with partial overlap between them.

Experimental protocols were approved by the Institutional Review Board at the University
of Rochester and were performed in accordance with the 1964 Declaration of Helsinki. All
subjects gave informed consent and were compensated for their participation.

Experiments were conducted in a dark, sound-attenuated chamber designed for the
presentation of auditory and visual targets from a range of locations in space (Figure 1a, for
additional detail, see Zwiers et al., 2003). Subjects were seated 2 meters from 2 speakers,
each mounted on a mobile robotic arm, hidden from sight by acoustically transparent
speaker cloth.

Subjects were head-restrained using a custom bite-bar, which was oriented for each subject
such that Reid’s baseline was earth-horizontal and the subject’s cyclopean eye (midway
between the eyes) was pointed at the origin of the room (0° azimuth). Eye movements were
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monitored continuously by electrooculography in order to detect breaks of fixation between
trials and during target presentation. Breaks of fixation (saccadic eye movements) were
easily detected but rare (less than 1% of trials), and trials that contained errant saccades were
repeated.

Continuous eye position and event times were sampled at a rate of 1 kHz by a realtime
LabVIEW system (National Instruments, Austin, TX). Data analysis was performed in R
(www.r-project.org) and Matlab (MathWorks Inc., Natick, MA).

Stimulus Properties

Auditory targets consisted of 50 ms bursts of frozen broadband noise (0.2-20 kHz, 65 dB
SPL, 1 ms cos? on/off ramps, equalized to have a flat spectrum). Between trials, continuous
Gaussian white noise was presented at 65 dB SPL from two speakers mounted behind the
screen at +75° horizontal, +20° vertical, well outside of the range of target locations used in
the experiment, in order to mask robotic sounds during target positioning. All auditory
stimuli were generated by a TDT RX8 Multi 1/0 Processor (Tucker-Davis Technologies,
Alachua, FL). Visual targets were 50 ms green laser dots, 3 mm (about 0.1° subtended
angle) wide, that were projected onto the screen under program control of an X-Y mirror-
galvanometer.

Experimental Procedures

To elicit shifts in auditory spatial perception, subjects were exposed to trains of spatially
disparate bimodal (AV) pairs (Figure 1b). AV trains typically consisted of 20 repetitions at
fixed locations, in which visual and auditory targets were presented simultaneously but
spatially displaced. Each bimodal AV pair was 50 ms in duration and repeated at 4 Hz,
yielding a temporal sequence of 50 ms on, 200 ms off. AV presentations were positioned
according to the auditory component, ranging +30° azimuth at intervals of 3°, and always at
0° elevation. The associated visual targets were displaced by +8° (right) or —8° (left) in
azimuth for any given AV train, and the direction of AV disparity randomly varied from trial
to trial.

To assure attention to both modalities during AV trains, one auditory or visual target was
dropped from the AV disparity train and subjects were instructed to press a button as quickly
as possible whenever they detected the dropped target. Dropped targets occurred with equal
frequency in each modality, between the 3rd and the 19th repetition in the AV disparity train.
Reaction times and false alarm rates were quantified to assess attentiveness during exposure
trials. Detection of dropped targets was at or near 100% for most subjects, indicating that
subjects sustained attention throughout the experiment. Two subjects in experiment 1 had
poor detection rates for missing visual targets. However, both subjects had normal detection
for missing auditory targets and their localization data did not differ from those of other
subjects, and they were therefore included. On some trials in experiment 2 the AV disparity
train only contained 1 repetition, so no targets were dropped. However, subjects could not
predict these trials because they were randomly interleaved with trials that contained 20
repetitions, so vigilance was not threatened.

Exp Brain Res. Author manuscript; available in PMC 2018 February 01.


http://www.r-project.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bosen et al.

Page 6

Subjects were asked to describe the spatial relationship between auditory and visual
components of AV disparity trains at the end of their last experiment, and all subjects
reported that they were unaware of the spatial disparity.

To measure shifts in auditory spatial perception due to visual capture and the ventriloquism
aftereffect, subjects localized either the auditory component of AV disparity trains (A within
AV) or auditory targets presented in isolation afterward (A2 after AV), respectively. Auditory
targets presented afterward typically originated from the same location as the auditory target
in the AV disparity train, except for a subset of trials in experiment 1. Localization was
performed with an LED pointer connected to a cylindrical joystick that was illuminated 200
ms after the end of the delay period. This cued the subject to look and guide the pointer to
the auditory target of interest (the auditory component of the AV train or the subsequent
auditory target, depending upon trial type), and then register their response with a button
press. Visual localization was not performed because the prior influencing visual capture
does not appear to be influenced by the selective focusing of attention to either sensory
modality individually or to both senses simultaneously (Odegaard et al., 2016).

To assess any enduring shifts in auditory spatial perception, auditory localization baselines
were collected at the beginning and end of each experiment (pre- and post-AV trials). For
each, subjects localized one repetition of the auditory target from each location used in these
experiments. Auditory baselines in all experiments showed small changes between pre- and
post-AV trials, but they proved idiosyncratic to each subject, indicating that these
experiments did not elicit systematic and enduring changes in auditory spatial perception.

In all experiments, ocular fixation was monitored and carefully controlled during target
presentation, as changes in eye position exert substantial shifts in auditory spatial perception
(Cui and Razavi, 2010; Dobreva et al., 2012; Razavi et al., 2007). To minimize this bias,
subjects always maintained center fixation during target presentation. To assist fixation
between trials, a red laser beam was projected onto the center of the screen (0° azimuth and
elevation) to provide a visual reference. The fixation laser was extinguished 100 ms prior to
the onset of a trial, and remained off for the remainder of the trial. Subjects were instructed
to maintain center fixation during target presentation despite the absence of this visual
reference. Following target presentation, subjects were free to move their eyes to guide the
LED laser pointer while localizing the target. Previous results from our lab demonstrate that
eye movements do not bias localization of remembered auditory or visual targets (Dobreva
etal., 2012).

The LED pointer was on between trials and when localizing remembered targets, but was
extinguished during target presentation. Between trials, subjects pointed the LED pointer to
the center visual fixation reference, and held this position (with the pointer turned off)
throughout stimulus presentation to ensure that each localization response started from the
same location.

Experiment Protocols

The objective of Experiment 1 was to determine the extent to which the ventriloquism
aftereffect decays following exposure to AV trains. Ten subjects localized auditory targets
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under two experimental conditions performed in separate blocks. In the first condition (A
within AV), subjects localized the remembered auditory component of an AV train (20
repetitions at fixed disparity), using the laser pointer that appeared following a 1 s delay.
Trials were presented to cover the £30° range of auditory space, as detailed above. This
provided an estimate of visual capture. In a second condition (A2 after AV), a second
auditory target (A2) was presented alone following the AV train, at the same location as the
auditory component of the AV exposure but delayed by 1, 5, or 20 s. Additional trials with a
delay of 1 s were presented in which A2 was displaced £15° in azimuth. This provided an
estimate of the ventriloquism aftereffect at various delays and locations relative to the AV
train.

The objective of Experiment 2 was to determine; 1) whether visual capture or the
ventriloquism aftereffect increases with the number of repetitions of AV trains; and 2) if
visual capture decays even in the absence of additional targets, simply by waiting in dark
silence. Ten subjects localized auditory targets under two conditions. In the first condition,
subjects localized the remembered auditory component of AV trains (A within AV) after a 1
s delay, where the number of AV repetitions was either 1 or 20, presented in random
sequence and across the range of azimuth. Further, in the case of 20 AV repetitions, trials
were added in which localization was delayed by 10 s to assess the potential endurance of
visual capture in the absence of additional input. In the second condition, subjects localized
a second sound presented 1 s after AV trains (A2 after AV, at the same sound location), in
which the number of AV presentations was either 1 or 20, as in condition 1. The two
experimental conditions were alternated over 5 interleaved experimental blocks.

The objective of Experiment 3 was to determine the extent to which visual capture endures
in memory over time, even when subsequent auditory targets (A2) arise that might influence
or compete with the memory of capture. Six subjects localized auditory targets under the
same two conditions as above, related to what subjects are instructed to localize--A within
AVor A2 after AV (1 s delay), and where AV trains always included 20 repetitions,
However, a third and unique condition was added, in which AV is followed by A2, but
subjects were instructed to localize either A2 (the usual A2 after AV), or the memory of A
within AV while ignoring A2. The first condition was always performed first in a single
experimental block, while the second and third conditions were performed in subsequent
blocks, in random order counterbalanced across subjects.

We quantified visual capture and the ventriloquism aftereffect in response to 8° audio-visual
disparities in azimuth. Our results demonstrate that both visual capture and the
ventriloquism aftereffect occurred, but their effects on auditory spatial perception are
distinct.

Experiment 1: Spatial and Temporal Patterns of Auditory Shift Following an AV Disparity

Train

The primary objective of this experiment was to characterize the temporal dynamics of
perceptual shifts in auditory localization induced by the ventriloquism aftereffect. To do this,
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we first quantified the visual capture effect induced by AV exposure; subjects simply
localized the auditory component of the preceding AV train (A within AV). To address the
ventriloquism aftereffect, subjects localized a second auditory target, presented following
AV exposure and with varying time delays (A2 after AV). Further, we tested the spatial
spread of the ventriloquism aftereffect by displacing A2 from the auditory component of AV
trains (1 s delay only).

Exposure to AV trains with 8° of disparity strongly biased the localization of the auditory
component of the AV stimulus toward the visual (Figure 2a; A within AV), consistent with
visual capture (Bertelson and Radeau, 1981). We also observed a smaller shift when subjects
localized a second auditory target presented after the AV train (Figure 2a; A2 after AV),
which is consistent with previous measures of the ventriloquism aftereffect over brief time
scales (Wozny and Shams, 2011). To quantify biases in auditory perception, we define
auditory shift as the mean paired difference in response location between the left and right
AV disparity conditions across all target positions, divided by two. Note that this definition
of auditory shift is relative to individual responses across different disparity conditions rather
than actual target location, because auditory localization is subject to an inherent bias toward
the periphery (Razavi et al., 2007; Odegaard et al., 2015), which would alter the pattern of
localization errors independent of visually induced biases. This peripheral bias in auditory
localization is evident in Figure 2a as a non-flat slope of localization error as a function of
target azimuth. Figures 2b and 2c show group trends and mean effects of AV disparity
exposure on auditory localization as a function of A2 delay (b), as well as the azimuthal
displacement of A2 (1 s delay only) from that within the AV train (c). There was a
significant effect of delay on the magnitude of auditory shift (one-way repeated measures
ANOVA, £, 15 =15.2, p<0.001), demonstrating that the ventriloquism aftereffect dissipates
over time. Additionally, group mean auditory shifts were significantly different from zero at
all but the 20 s delay condition (Bonferroni-corrected two-way t-test: p< 0.001, p < 0.01,
and p=0.4for 1,5, and 20 s; p < 0.001 for both +15° and —15°). Thus, the ventriloquism
aftereffect following 20 exposures to the AV train seems to dissipate within ~20 seconds,
after which auditory localization effectively returns to baseline. Auditory shift decreased
with displacement of A2 from the auditory component of AV trains by 15° in azimuth (one-
way repeated measures ANOVA, F, 1g = 15.75, p < 0.001). This is in agreement with earlier
studies on spatial dispersion of the ventriloquism aftereffect, in which exposure to short
trains of AV disparities affected a limited range of auditory spatial perception (Bertelson et
al., 2006; Kopco et al., 2009). Taken together, these results indicate that the ventriloquism
aftereffect persists for seconds after exposure to disparity, and extends in space at least 15°
in azimuth from the auditory component of the disparity.

Experiment 2: Growth of Shift in Perceived Auditory Location with Repetition of AV

Disparities

In this experiment we aimed to clarify whether visual capture and the ventriloquism
aftereffect are sensitive to the duration of AV disparity. First, we quantified the effect of AV
exposure duration on both phenomena by varying the number of presentations within AV
trains for both A within AVand A2 after AV paradigms. Further, we also varied the delay
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between AV trains (20 repetitions) and localization of A within AV'to specifically determine
whether visual capture decays over time, even in dark silence.

The auditory shift for A within AVtrains did not increase with repetition (duration) of AV
disparity and, it did not decay appreciably over a 10 s interval following AV presentation
(Figure 3, A within AV). Increasing the number of repetitions of AV disparity from 1 to 20
had no significant effect on localizing A within AV (one-way repeated measures ANOVA,
F19=2.49, p=0.15). This is not surprising given earlier studies demonstrating near-
maximal capture after a single exposure to disparity (Hairston et al., 2003; Wallace et al.,
2004). Additionally, increasing the delay from 1 s to 10 s between the AV train and
localization had no significant effect when localizing A within AV (one-way repeated
measures ANOVA, F; g = 2.35, p = 0.16). This demonstrates that visual capture does not
decay over time, even though the ventriloquism aftereffect does (experiment 1). In contrast,
the auditory shift observed in A2 after AV conditions grew significantly with repetition of
the AV exposure (Figure 3, AZ after AV, one-way repeated measures ANOVA, £ g = 19.89,
p=0.002). Thus, the ventriloquism aftereffect accumulates with experience, and also decays
over time as demonstrated in experiment 1. There was no correlation between the magnitude
of auditory shift due to visual capture and the ventriloquism aftereffect when both were
measured after 20 repetitions of the AV disparity and given a 1 s response delay (simple
linear regression, A2 = 0.104, p= 0.364).

Experiment 3: Interference of Subsequent Auditory Targets with Memory of an AV
Disparity Train

This final experiment addressed whether auditory targets occurring after AV exposure (A2
directly affect visual capture within AV exposure. Specifically, we wondered whether the
results in experiments 1 and 2 could be explained as a direct effect of A2 targets disrupting
the memory of visually captured auditory target location and thereby reducing the magnitude
of auditory shift.

This experiment differs from those above in one important way. When a second auditory
target (A2) was presented after AV trains, subjects were instructed to localize either A2 after
AVor A within AV in different trials. In this latter case, note that while A2 was presented,
subjects had to ignore it in order to localize the sound within AV. Interestingly, adding A2
when subjects were instructed to localize A within AVhad no significant effect on auditory
shift magnitude (Figure 4, compare the first and second conditions; one-way repeated
measures ANOVA, F 5 =0.183, p = 0.69). The lack of effect indicates that the memory of
visual capture is robust and can be held despite subsequent auditory events. In contrast,
when subjects instead localized A2 after AV the auditory shift was significantly reduced
(Figure 4, compare second and third conditions; one-way repeated measures ANOVA, F 5 =
22.57, p <0.01), as a result of the ventriloquism aftereffect. This difference suggests that the
ventriloquism aftereffect is not simply the result of visual capture being interrupted by a
subsequent auditory event, and instead that the two phenomena are separate and have
distinct influences on auditory spatial perception.
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Discussion

Our first finding is that the ventriloquism aftereffect dissipates over time and space. This is
evident in the results of experiment 1, where the amount of auditory shift observed for
auditory targets presented in isolation following an AV train decreased with increasing delay
and spatial separation between the train and the localized target. This result demonstrates
that the ventriloquism aftereffect induced by brief AV trains is local and transient, which is
different from studies of the ventriloquism aftereffect after hundreds or thousands of
repetitions of an AV disparity (Recanzone, 1998; Lewald, 2002; Wozny and Shams, 2011a).
The difference between time scales suggests that either two separate mechanisms mediate
short- and long-term ventriloquism aftereffects, or that the rate of temporal decay is
proportional to the duration of exposure and that previous experiments did not measure post-
exposure auditory perception for a long enough time to observe decay in auditory shift. The
temporal decay of the ventriloquism aftereffect is also different from visual capture, which
does not decay when held in memory over the same time scale, as shown in experiment 2.

Our second finding is that the ventriloquism aftereffect accumulates with repeated exposure
to the same AV pair, but visual capture does not, as shown in experiment 2. This is
unsurprising, because Wozny and Shams (2011) showed that repeated exposures to AV pairs
with the same direction of disparity, even when those pairs were at different locations in
space, caused a gradual buildup of shift in perceived auditory location. Additionally,
Hairston et al. (2003) and Wallace et al. (2004) frequently demonstrated strong visual
capture after just a single AV pair. Our current results match these previous studies, with the
added benefit of demonstrating the distinction between visual capture and the ventriloquism
aftereffect under matched conditions, with controlled eye position in the same subjects.

Our final finding is that the ventriloquism aftereffect cannot be explained as visual capture
disrupted by subsequent auditory targets, but rather that the two mechanisms are different,
occur simultaneously, and have distinct effects on auditory spatial perception. This point is
first demonstrated in experiment 1, where despite little visual capture in two subjects, the
ventriloquism aftereffect was still evident. The correlation analysis in experiment 2
reinforces this point and demonstrates that the auditory shift induced by visual capture and
the ventriloquism aftereffect are uncorrelated under matched conditions. Experiment 3
confirms this finding by demonstrating that the magnitude of auditory shift induced by
visual capture does not decrease when subsequent auditory targets are presented, indicating
that visual capture and the ventriloquism aftereffect occur separately and simultaneously in
response to the same stimulus.

In summary, visual capture does not accumulate with experience or dissipate over time, and
is not disrupted by subsequent auditory targets. This suggests that the neural process that
performs visual capture essentially acts as an immediate capture-and-hold sampler that binds
related auditory and visual spatial cues into a common object which can be stored in
memory for at least 10 seconds and is not altered by subsequent auditory experience. In
comparison, the ventriloquism aftereffect accumulates with experience and dissipates over
time and space. This indicates that the process that mediates the ventriloquism aftereffect
acts as a leaky integrator that compensates for short-term changes in audio-visual
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congruence to minimize cross-modal localization errors. At a broader level, results presented
here indicate that although spatial disparities between auditory and visual targets drive both
visual capture and the ventriloquism aftereffect, each phenomenon has distinct effects on
auditory perception, and therefore they likely reflect separate neural mechanisms.

Our measurements of visual capture agree with previous findings. In both experiments,
subjects were unaware of the spatial disparity between the targets, which is typical for audio-
visual disparities smaller than 10-15° in azimuth (Bertelson and Radeau, 1981; Radeau and
Bertelson, 1974). The majority of subjects showed large auditory shifts toward the visual
target as a result of visual capture, with typical values around 6-7° of an 8° disparity. These
large shifts are consistent with visual spatial dominance, due to vision’s higher spatial
precision (Battaglia et al., 2003). However, one subject showed very little visual capture in
experiment 1 (this subject did not participate in experiments 2 or 3), and another that
participated in both experiments 1 and 2 showed little capture in either experiment (this
subject did not participate in experiment 3). A lack of capture in a portion of the subjects
tested is expected because audio-visual binding is dependent on the their prior expectation
about the relationship between targets (Kording et al., 2007; Sato et al., 2007; Wozny et al.,
2010), and subjects may vary in expectation that targets will originate from a common
source. The magnitude of capture was also stable in subjects that participated in multiple
experiments, which is expected because the prior expectation that targets originate from a
common source tends to be consistent across experimental sessions (Odegaard and Shams,
2016). Altering the distribution of audio-visual disparities presented in an experiment can
alter the expectation that targets originate from a common source (Van Wanrooij et al.,
2010), but because we used a consistent magnitude of audio-visual disparity throughout all
three experiments we do not believe this occurred. Additionally, visual capture occurred
within single repetitions of an AV pair (experiment 2), which is in agreement with previous
studies of capture (Hairston et al., 2003; Wallace et al., 2004; Wozny and Shams, 2011).

Our measures of the ventriloquism aftereffect also show similarities to previous work.
Specifically, the ventriloquism aftereffect occurred even in subjects that showed little visual
capture, indicating that capture does not govern the aftereffect (Wozny and Shams, 2011;
Radeau and Bertelson, 1974; Radeau and Bertelson, 1978; Eramudugolla et al., 2011). The
ventriloquism aftereffect was also evident after a single AV pair, in agreement with Wozny
and Shams (2011). In our study, the magnitude of auditory shift after a single AV pair was
about 2°/8° = 25%, which is larger than the approximately 10% shift observed by Wozny
and Shams when the preceding AV pair was perceived to originate from a common source.
However, their study used a broader range of audio-visual disparities, did not present the
subsequent auditory target at the same location as in the AV pair, and the sample size in our
study was relatively small, which could all account for the difference in shift magnitude.

Computational models of multisensory coding have demonstrated that optimal cue
integration, which forms the basis for visual capture, can be readily implemented via
physiologically plausible neural population coding (Ma et al., 2006). Additionally, both
visual capture and the ventriloquism aftereffect can be implemented via synaptic projections
between neural populations that encode visual and auditory spatial perception (Magosso et
al., 2012), indicating that these phenomena could potentially arise from biologically
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plausible projections between brain regions, rather than occurring within a dedicated neural
structure. However, neurons that specifically respond to the spatial relationship between
auditory and visual stimuli have been found in the inferior colliculus (for review, see Gruters
and Groh, 2012), indicating that a dedicated neural population may underlie visual capture
and the ventriloquism aftereffect. Similarly, neural activity in the auditory cortex of the
planum temporale is associated with the occurrence of visual capture (Bonath et al., 2007;
Bonath et al., 2014), activity in the posterior interparietal sulcus is associated with the
integration or segregation of auditory and visual spatial targets (Rohe and Noppeney, 2015),
and the ventriloquism aftereffect is also disrupted by lesions of the striate cortex (Passamonti
et al., 2009), indicating that these cortical structures are also involved in the maintenance of
audio-visual spatial congruence. Similarly, previous work on visual-vestibular integration
analogous to visual capture has demonstrated that visual and vestibular heading cues are
combined within specific multisensory neurons in dorsal medial superior temporal cortex
(for review, see Angelaki et al., 2009), which supports the idea that multisensory integration
and calibration in general may be implemented in populations of neurons specifically
dedicated to this function, albeit in different regions of the brain. Future physiological
experiments are required to identify neural mechanisms underlying the rapid temporal
dynamics of the ventriloquism aftereffect described here. Additionally, the transience of the
ventriloquism aftereffect following brief periods of audio-visual disparity shown here is
distinct from the enduring shift known to occur after extensive exposure to hundreds or
thousands of repetitions of an audio-visual disparity (Recanzone, 1998; Lewald, 2002;
Wozny and Shams, 2011a). Therefore, our next step in understanding the behavioral
temporal dynamics of the ventriloquism aftereffect is to characterize its short and long term
effects on auditory spatial perception within the same experiment.

For natural behavior, visual capture and the ventriloquism aftereffect serve complementary
functions. When an object provides salient auditory and visual cues simultaneously, visual
capture during these cues acts to reduce cross-modal error and form a singular representation
of that object. However, when tracking an object through a complex environment (for
example, a lion moving through tall grass), localization cues from both senses are not always
available. When visual information is unavailable (the lion is occluded by grass), the
ventriloquism aftereffect maintains the same congruence that was provided by previous
audio-visual cues, because the cross-modal error likely persists even when visual
information is not currently available. However, if the previously observed cross-modal error
only had limited evidence in its favor, it would be undesirable to permanently alter auditory
spatial localization, because it could have been caused by an environmental artifact (for
example, reverberations off of other objects in the environment) and not representative of an
enduring change in sensory alignment. As a result, it would be best to track short-term
changes in congruence after audio-visual disparities, but to have the effect of those
disparities dissipate back to some baseline spatial map over time, as we have demonstrated
here.
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Experimental methods. a, Lab Schematic. b, In all experiments, subjects viewed a train of
auditory-visual (AV) targets that were offset by +8° azimuth, and then localized either the

auditory target presented within the AV train (to measure visual capture), or a second

auditory target (A2) presented in isolation after a variable delay (to measure the

ventriloquism aftereffect). To ensure consistent attention to AV trains, one auditory or visual
target was absent from the train, and subjects were instructed to press a button whenever
they detected the absent target. After target presentation (AV train, or AV train followed by

A2), the LED pointer was illuminated and subjects localized the instructed target.
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Fig. 2.

Regsults from Experiment 1: Visual capture is apparent when subjects localized the auditory
component of AV trains (A within AV) and the ventriloquism aftereffect is apparent when
subjects localized the second auditory target presented after AV trains (A2 after AV). a,
Auditory localization response errors from a representative subject are shown over a range of
delays and azimuths with respect to the auditory component of AV disparity trains. Auditory
spatial perception is predominantly shifted in the direction of the visual target, as
demonstrated by the direction and magnitude of localization errors when the visual target
was right (+8°) or left (—8°) of the auditory target. b, Visual capture is larger than the
ventriloquism aftereffect, which dissipates over time and is no longer significant after 20 s.
Colors represent individual subjects, while black indicates group means. ¢, The
ventriloquism aftereffect on average extends to local space by at least 15°. Points represent
auditory shift for A2 positions (1 s delay), all relative to the auditory component of AV
disparity trains. Data at 0° azimuth are the same as the 1 s point in b.
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Regsults from Experiment 2: Visual capture when localizing A within AV'is robust and
unchanged with repetition, unlike the ventriloquism aftereffect when localizing AZ after AV
task, where auditory shift is small following a single AV exposure but increases significantly
with 20 repetitions. Further, visual capture persists after a 10 s delay of dark silence. Data
were calculated and plotted as in Figures 2b and 2c.
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Results from Experiment 3: Visual capture when localizing A within AV'is unaffected by

subsequent auditory targets (Localize A within AV, with or without A2). Data were

calculated and plotted as in previous figures.
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