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Abstract
The integration of information across sensory modalities is dependent on the spatiotemporal characteristics of the stimuli
that are paired. Despite large variation in the distance over which events occur in our environment, relatively little is known
regarding how stimulus-observer distance affects multisensory integration. Prior work has suggested that exteroceptive
stimuli are integrated over larger temporal intervals in near relative to far space, and that larger multisensory facilitations
are evident in far relative to near space. Here, we sought to examine the interrelationship between these previously established distance-related features of multisensory processing. Participants performed an audiovisual simultaneity judgment
and redundant target task in near and far space, while audiovisual stimuli were presented at a range of temporal delays (i.e.,
stimulus onset asynchronies). In line with the previous findings, temporal acuity was poorer in near relative to far space.
Furthermore, reaction time to asynchronously presented audiovisual targets suggested a temporal window for fast detection—
a range of stimuli asynchronies that was also larger in near as compared to far space. However, the range of reaction times
over which multisensory response enhancement was observed was limited to a restricted range of relatively small (i.e.,
150 ms) asynchronies, and did not differ significantly between near and far space. Furthermore, for synchronous presentations, these distance-related (i.e., near vs. far) modulations in temporal acuity and multisensory gain correlated negatively
at an individual subject level. Thus, the findings support the conclusion that multisensory temporal binding and gain are
asymmetrically modulated as a function of distance from the observer, and specifies that this relationship is specific for
temporally synchronous audiovisual stimulus presentations.
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Introduction
Our senses are equipped with an array of transducers capable of converting different forms of environmental energy
into neural signals (e.g., photons impinging on the retina in
the case of vision, sound waves moving the cochlear membrane in the case of audition). Information from the different senses is then to be integrated in the central nervous
system to build a unified perceptual representation of the
world (Calvert et al. 2004; Murray and Wallace 2012). This
process of multisensory integration (MSI) has been shown to
result in a panoply of behavioral benefits, such as faster and
more sensitive perceptual discrimination, as well as more
accurate and precise localization of stimuli in space (e.g.,
Alais and Burr 2004; Diederich and Colonius 2004; Ernst
and Banks 2002; Frassinetti et al. 2002; Frens et al. 1995;
Lovelace et al. 2003; Noel and Wallace 2016; Nozawa et al.
1994).

13

Vol.:(0123456789)

1940

The principles governing MSI, originally demonstrated
at the level of single neurons, have been found to apply at
various levels of neural description (e.g., single units, local
field potentials, electroencephalography, functional magnetic resonance imaging, and in behavior and perception,
e.g., Meredith and Stein 1986a, b; Wallace et al. 1992; Stein
and Meredith 1993; Cappe et al. 2012; though see; Stanford
and Stein 2007; Spence 2013). Among these principles, the
spatial and temporal principles state that the closer in space
and/or time two unisensory stimuli are from one another, the
greater the likelihood that these stimuli will be integrated.
Although these principles have mainly been studied independently, recent neurophysiological and psychophysical studies
have begun to examine the interactions between the spatial
and temporal aspects of multisensory processing (e.g., Royal
et al. 2009, 2010; Slutsky and Recanzone 2001; Stevenson
et al. 2012; Zampini et al. 2003). These studies, although
representing an important next step toward a comprehensive
understanding of the spatiotemporal characteristics governing multisensory processes, remain in their infancy. The
importance of this is underscored by the simple observation
that manipulating the spatial or temporal features of stimuli
in isolation differs from most real-world circumstances,
where these features are heavily interrelated and continuously changing.
An important yet often ignored aspect of multisensory
processing that strongly relates to the spatial and temporal
properties of multisensory processing is the depth or distance of the stimuli (see Van der Stoep et al. 2015a, 2016a
for reviews). Indeed, the fact that we perceive and act on
stimuli at varying distances poses an interesting challenge
for the nervous system. For example, increasing the distance
of an audiovisual stimulus pair decreases the intensity of
these signals, increases their temporal disparity relative
to one another (due to the different propagation speeds of
light and sound), and decreases the retinal image size of the
visual stimulus. Thus, distance-dependent modulations of
multisensory stimuli can dramatically change the spatial and
temporal characteristics of these signals, with likely impact
on how the brain integrates this sensory information.
Consequently, a question of considerable interest is
whether the nervous system can deal with distance-related
changes in the spatiotemporal structure of multisensory
stimuli when judging the causal structure (e.g., simultaneity) of auditory and visual events. One possible way this
could be done is through dynamically changing the timing
over which stimuli are bound and integrated (i.e., an alteration in the size of temporal-binding windows, TBW; Stevenson et al. 2016; Noel et al. 2015a, 2016a, b, 2017a, b;
De Niear et al. 2017). Alternatively, compensation for the
changing spatiotemporal characteristics of the stimuli may
be accomplished by shifting the temporal asynchrony that is
considered most synchronous (i.e., an alteration in the point
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of subjective simultaneity, PSS). Finally, both the TBW and
PSS may be malleable as a function of stimulus-observer
distance. To date, no clear picture has emerged as to how the
distance of audiovisual events affects multisensory temporal
perception. For example, conflicting findings exist regarding
depth-mediated changes in the PSS for auditory and visual
signals. Whereas some groups have reported that there may
be perceptual compensation for distance evidenced by a shift
of the PSS (Alais and Carlile 2005; Engel and Dougherty
1971; Heron et al. 2007; Kopinska and Harris 2004); others
have failed to demonstrate such compensation (Arnold et al.
2005; Lewald and Guski 2003).
More recently, a distance-related alteration in multisensory temporal function has been described not via changes in
the PSS but through changes in the temporal window within
which stimuli are most likely to be reported as synchronous
(Noel et al. 2016a). In their study, Noel and colleagues
investigated how the TBW changed as a function of whether
audiovisual events occurred within or beyond peripersonal
space—the space immediately adjacent to and surrounding
your body (Serino et al. 2015, 2017). The results suggested
that TBWs were larger when stimuli were presented within
peripersonal as opposed to extrapersonal space. Similarly,
multisensory temporal acuity has been shown to be poorer
when a participant’s hand is close rather than far from stimuli (Corveleyn et al. 2015; see also; De Paepe et al. 2014;
Parsons et al. 2013).
Other studies have focused on how varying depth modulates the response gain resulting from multisensory integration. More specifically, by measuring simple reaction
times to unisensory and multisensory stimuli, multisensory
response enhancement (MRE) and race model inequality
(RMI) violations1 may be measured. Using such approaches,
multisensory interactions involving tactile stimulation of the
skin have been shown to be largest for stimuli presented
in peripersonal as compared to extrapersonal space (e.g.,
Rizzolatti and Fogassi 1997; Occelli et al. 2011; Noel et al.
2015a, b; Galli et al. 2015; Serino et al. 2015; Salomon et al.
2017). In contrast, multisensory interactions between the
exteroceptive sensory modalities (e.g., audition and vision)
appear to be largest for stimuli that are presented relatively
far (e.g., 200 cm) as opposed to close (e.g., 80 cm) from the
observer (Van der Stoep et al. 2016b). These findings, hence,
highlight that stimulus-observer distance impacts various
facets of multisensory integration, including its temporal
constraints and the degree of gain that can be achieved.
Given this prior work, we hypothesized that there may be
a relationship between the distance-dependent changes in the

1

i.e. MRE above and beyond that predicted by statistical facilitation/independent processing of sensory input (e.g. Miller 1982, 1986,
2015; Ulrich et al. 2007).
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temporal range over which one is likely to bind audiovisual
information (as indexed via the TBW) and the degree of benefit that one can obtain from binding this information (i.e.,
multisensory gain). The specific predictions are that broader
temporal tuning at near distances would be associated with
decreased multisensory gain, and conversely that narrower
temporal tuning at far distances would be associated with
greater multisensory gain. To test this hypothesis, we had
participants perform both a simultaneity judgment (SJ) task
and a multisensory redundant target (MRT) task in both near
and far space. In each task, we manipulated both the distance
from the observer at which stimuli were presented (near vs.
far) and the stimulus onset asynchrony (SOA) between the
auditory and visual stimuli to investigate multisensory temporal acuity and the temporal profile of multisensory gain.

Methods
Participants
Thirty-four (17 females, mean age = 21.34 years,
range = 18–26 years) right-handed students from Vanderbilt University took part in this experiment. The sample size
was determined via G*Power 3.1 software and based on the
effect size from prior studies from our groups (Van der Stoep
et al. 2016b; Noel et al. 2016a). The alpha was set at 0.05,
and a desired power (1 − β) was set at 0.9. The results from
two participants were not fully analyzed as their reports
of synchrony (see below) did not reach 50% for any SOA.
Therefore, the final data set was comprised of 32 participants
(16 females, mean age = 21.11 years, range = 18–26 years).
All participants reported normal or corrected-to-normal
visual acuity, as well as normal hearing. Informed consent
was obtained from all individual participants included in the
study. The participants were remunerated with class participation credit. The protocols of the study were approved by
Vanderbilt University Medical Center’s Institutional Review
Board.
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Fig. 1  Schematic bird’s-eye-view of the experimental setup. A, V,
and AV stimuli were presented in the periphery or centrally in near
(left) and far (right) space

stimuli. On AV trials, the unisensory stimuli were presented
with a variable SOA of ± 350, ± 250, ± 150, ± 50, or 0 ms
(negative SOAs indicate audio-lead, while positive SOAs
indicate visual-lead conditions). AV stimuli were always
presented spatially aligned. The A and V stimuli were not
corrected for intensity or retinal image size across distance
as it was recently demonstrated that audiovisual integration
is enhanced for stimuli that are presented in far as compared
to near space when stimuli are not corrected, and here, we
attempt to replicate and extend these findings (see Van der
Stoep et al. 2016b for the effects of stimulus effectiveness
and changes in distance on audiovisual integration).

Procedure
Participants were comfortably seated in a dimly lit room.
During separate blocks, participants performed either the
multisensory redundant target (MRT) or the simultaneity
judgment (SJ) task with stimuli presented in either near or
far space. Block order, both in terms of the task performed
(MRT and SJ task) and distance (near or far), was counterbalanced across participants.2

Materials and apparatus

Simultaneity judgment task

Auditory (A), visual (V), and audiovisual (AV) stimuli were
presented in near (60 cm) or far (140 cm) space, in a blocked
manner (see below). Stimuli could be presented at the
periphery (26° to the left or the right of a central fixation) or
at fixation (center, 0°; see Fig. 1). Auditory stimuli consisted
of a 40 ms pure tone at 3.0 kHz [75 dB(A) at 0.3 m; cosine
ramp up and down of 2 ms). Visual stimuli were presented
by means of blue Light Emitting Diodes (LED; 5 mm diameter, 465 nm wavelength, 6000 mcd, 34° radiance angle)
with a duration of 40 ms. Audiovisual stimuli consisted
of the combined presentation of the unisensory A and V

In the SJ task, only AV stimuli were presented. Participants
were instructed to fixate at the central LED and to report
whether an audiovisual event was synchronous or asynchronous using two buttons. A total of 675 trials were presented
per distance: 60 trials per SOA at the peripheral locations

2

The SJ task and MRT task were presented in separate blocks,
because a pilot study showed that asking participants to both respond
as fast as possible to the onset of a stimulus and, after that, report on
the simultaneity of stimuli resulted in very slow responses.
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(30 left, 30 right), and 15 trials per SOA at the central location. Inter-trial interval was random between 1200 and
2200 ms (uniform distribution).
Multisensory redundant target task
In the case of the MRT task, A, V, and AV targets were presented in random order. At the start of each trial, participants
were to fixate at the central LED. Then, they performed a
Go/No-go detection task, in which they had to respond as
fast as possible to peripheral but not central locations by
button press (i.e., an implicit spatial discrimination task
using multisensory stimuli, see Van der Stoep et al. 2015b,
c, 2016b, 2017; see McDonald and Ward 1999 for a description of the original paradigm; see Fig. 1). The chosen paradigm, thus, not only keeps the MRT task in the current study
similar to that of Van der Stoep et al. (2016b), but it also
makes spatial information task-relevant, allowing for potential differences in spatial uncertainty between near and far
space to modulate MSI. At each distance, 550 trials were
performed. There were 80 unisensory Go trials (20 left and
20 right targets for both A and V stimuli) and 20 unisensory
No-go trials (center, 10 A, 10 V). There were 40 AV Go (20
left, 20 right) and 10 AV No-go (center) trials for each of
the nine SOAs (see “Materials and apparatus”). AV stimuli
were always presented spatially aligned but could vary in
their temporal alignment as described above. The inter-trial
interval was random between 1200 and 2200 ms (uniform
distribution).

Analyses
Simultaneity judgment task
The proportion of reports of synchrony was calculated for
each SOA and each participant. Reports of synchrony for left
and right targets were amalgamated, as there was no a-priori
reason to postulate a difference between these conditions.
These resulting distributions were subsequently fit via the
method of least squares with a Gaussian distribution whose
amplitude, mean, and standard deviation were free to vary
(see Eq. 1; Noel et al. 2015a, 2016a, b, 2017a; Simon et al.
2017):
−

P(response|SOA) = amp × exp

(

(SOA−PSS)2
2SD2

)

.

(1)

The shape of the normal distribution proved to accurately describe the shape of the distribution of the reports
of synchrony (near space: group mean R2 = 0.94, SD = 0.05;
far space: group mean R2 = 0.91, SD = 0.05). For each participant, the mean of the best fitting distribution was taken
as the PSS, and the distribution’s standard deviation as a
measure of the TBW (see Noel et al. 2015a, 2016a, b; De
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Niear et al. 2017). The PSS is the SOA at which participants are most likely to categorize an AV presentation as
simultaneous. The TBW is the temporal interval over which
participants are highly likely to categorize the presentation
as synchronous.
Multisensory redundant target task
Reaction times for correct trials (responses to Go trials) were
first trimmed for responses that were faster than 120 ms and
slower than 1000 ms as they were considered to be the result
of anticipation or not paying attention to the task, respectively. As a result, a total of 1.7% of the trials for the near
condition and 2.1% of the trials for the far condition were
removed from further analysis. In the case of multisensory
stimuli presented with a non-zero SOA, reaction times (RTs)
were computed as the time elapsed between the presentation of the first sensory stimulus and the button press, thus
allowing alignment between unisensory and multisensory
RTs. RTs for left and right target trials were collapsed. Subsequently, the median response times of each participant in
each condition were used in the RT analysis as RT distributions are generally skewed and the median is less affected
by the presence of outliers (Whelan 2008).
To draw an analogy with the TBW obtained from the
SJ task analysis (see above), and to better quantify the
impact of SOA on multisensory gain, we normalized for
each participant and for each distance the median AV RTs
at all SOAs by dividing them by the slowest median AV
RT (e.g., for one participant, the slowest median AV RT
could be the one in the − 350 ms SOA condition; and for
another participant in the − 250 ms SOA condition). For
all participants except one in the Far condition and two
in the Near condition, the slowest multisensory RT was
at an asynchrony of either ± 250 or 350 ms (i.e., the largest asynchronies). This normalization procedure resulted
in normalized RTs ranging between 0 (fastest responses)
and 1 (slowest responses), providing a U-shaped distribution across SOAs. To match the shape of this distribution
to that of the SJ task (i.e., an inverted U-shape/Gaussian
distribution), we simply subtracted the normalized values from 1 (1-normalized RT). Finally, we multiplied the
resultant values by 100 to illustrate the temporal profile
of multisensory facilitation in percentage (see Fig. 2d).
Thus, using this approach, we obtained a distribution of
normalized median AV RTs between 0 (slowest responses)
and 100% (fastest responses), indexing multisensory
facilitation. Next, a Gaussian distribution was fit to the
pattern of normalized RTs (as for the SJ task). The fits
proved to be accurate in describing the pattern of multisensory RTs for both the near and far condition (group
average near R2 = 0.72, SD = 0.14, R2 range = 0.39–0.92,
1 participant rejected due to non-converging fits; group
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Fig. 2  Performance on the SJ and MRT task as a function of SOA
for near and far space. a Proportion of ‘simultaneous’ responses (i.e.,
reported synchrony) as a function of SOA and distance at which audiovisual stimuli were presented (black = near; red = far). b, c Group
average for the PSS and TBW in near (black) and far (red) space. d

Normalized multisensory gain as a function of SOA for near (black)
and far (red) space. e, f Group average for the PFD and TWFD in
near (black) and far (red) space. Significant differences are indicated
with an asterisk (p < 0.05). Error bars represent standard error of the
mean

average far R2 = 0.73, SD = 0.15, R2 range = 0.26–0.90).
To, respectively, mimic the PSS and TBW obtained from
the SJ task, the Point of Fastest Detection (PFD) and the
Temporal Window of Fast Detection (TWFD) were calculated for each participant and each distance reflecting (1)
the estimated SOA resulting in the fastest multisensory RT
(mean of the distribution), and (2) the SOA window within
which responses were fastest (the standard deviation of the
Gaussian fit). Correlations between the PSS and PFD, as

well as between the TBW and TWFD were calculated (see
Mégevand et al. 2013 for a similar approach).
Subsequently, to investigate multisensory gain, we
adopted a two-step approach. Multisensory gain is best
indexed by determining whether multisensory RTs are faster
than predicted by the race model, as this model indicates
whether the gain can be explained by independent processing of the unisensory signals (Miller 1982, 1986, 2015).
However, as this analysis involves comparisons at a number
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of deciles or comparing the shape of distributions of RTs, it
is possible to obtain punctuate and spurious race model violations that result from the number of statistical comparisons
or from other processes than MSI, such as facilitation due to
shifts of crossmodal spatial attention (Van der Stoep et al.
2016a, b). Thus, here, we first index whether multisensory
reaction times results in multisensory enhancement according to Eq. (2):

Relative MRE
(
)
min RTA, SOA corrected , RTV, SOA corrected − RTAV
=
(
)
min RTA, SOA corrected , RTV, SOA corrected
× 100%,

(2)

where RTAV indicates the( median RT in multisensory con-)
ditions. Importantly, min RTA, SOA corrected , RTV, SOA corrected
indicates the fastest unisensory median RT after correction
for SOA. That is, in the example of comparing unisensory
RTs to a multisensory RT where the auditory stimuli were
presented 150 ms prior to visual stimuli, we delayed the
unisensory RTv by 150 ms to mimic the multisensory presentation. Overall, therefore, in this first step, we did not
explicitly take into consideration the shape of the multisensory and unisensory RT distributions, but simply asked if
the RTs at a given distance and SOA exhibited multisensory
enhancement when contrasting medians. Next, we queried
whether the observed MRE could be explained by statistical
facilitation or not, solely at those SOAs demonstrating multisensory enhancement. For those SOAs at which significant
rMRE was observed, the cumulative distribution function
(CDF) of RTs to A, V, and AV targets was calculated for
each distance (near and far). As for the MRE analysis, the
unisensory CDFs were first corrected for SOA (see Leone
and McCourt 2015; Harrar et al. 2016) and then summed to
calculate the upper bound of statistical facilitation predicted
by a race model (see Eq. 3; Colonius and Diederich 2017;
Miller 1982, 1986, 2015; Raab 1962; Ulrich et al. 2007).
Violations of the Race Model Inequality (RMI) indicate an
interaction between the senses:
(
)
(
)
(
)
P RTAV < t ⩽ P RTA < t + P RTV < t .
(3)
The RMI describes the probability of a given RT in the
multisensory condition that is less than or equal to a given
time t based on the combined probabilities for a given RT in
the unisensory conditions where t ranges from 120 to 1000 ms
(assuming a maximum negative correlation of − 1 between
processing times of unisensory stimuli). For each participant
and each condition, the performance in the AV condition was
compared to the upper bound predicted by the race model by
comparing RTs (x-axis) for a range of deciles (y-axis, nine
points: 10, 20, up to 90%) of the AV and the race model
CDF (i.e., the sum of the A and V CDF). Given the aim of
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establishing a relationship between multisensory binding and
gain as a function of distance, differences in RT between the
audiovisual CDF and the race model CDF for each decile (i.e.,
race model inequality violation) were analyzed using onetailed pairwise comparisons for each decile and each condition (p values were corrected for nine tests in each condition
using the Bonferroni method). A central comparison here was
whether RMI violations occurred over greater range for far
relative to near space. Given the four SOAs demonstrating
rMRE (i.e., − 150, − 50, 0, and 50 ms), we performed a 2
(Distance; Near vs. Far) × 4 (SOA; − 150, − 50, 0, 50 ms) × 9
(Deciles) repeated-measures ANOVA to investigate changes
in race model violation as a function of distance and SOA.
For completeness, we also present Race Model Inequality (RMI) violations calculated as the probability differences
between the AV CDF and the race model CDF (y-axis) for
each RT (x-axis) and for all SOAs in the supplementary materials (including those asynchronies under which MRE was not
observed, and in which the violations are likely the result of
attentional/task-demand factors, see Figs. S1 and S2. Furthermore, all data are publically available at the Open Science
Framework, Noel and Van der Stoep 2017).

Results
Simultaneity judgment task
As illustrated in Fig. 2 (upper panel), TBWs were significantly
smaller (i.e., audiovisual temporal acuity was significantly better) when AV stimuli were presented in far (M = 136.34 ms,
SE = 10.10 ms) as opposed to near space [M = 156.34 ms,
SE = 12.77; t(31) = 3.01, p = 0.004, Fig. 2c]. In contrast, there
was no significant difference in the PSS for stimuli presented
in far vs. near space [t(31) = 0.111, p = 0.913; MFar = 5.49 ms,
SE = 5.14 ms; MNear = 3.72 ms, SE = 6.69 ms, Fig. 2b].

Multisensory redundant target task
Accuracy
Overall, participants had a high percentage of hits on Go
trials (MA = 95%, SE = 1.76%, MV = 97%, SE = 1.76%;
MAV = 99%, SE = 0.35%), while also exhibiting a sizable
number of false alarms (responses on No-go trials/central
targets, MA = 26%, SE = 5.48%; MV = 16%, SE = 4.41%;
MAV = 20%, SE = 5.12%). This high number of false alarms
likely resulted from the strong emphasis on speed rather
than accuracy, and the fact that Go trials outnumbered
No-go trials by a factor of four. Furthermore, participants
had a higher proportion of hits on AV when compared with
unisensory (e.g., A alone, V alone) trials as indicated by
a 3 (Target Modality: A, V, AV) × 2 (Distance: near, far)
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repeated-measures ANOVA. There was a main effect of Target Modality [F(2,58) = 10.72, p < 0.001, partial η2 = 0.27].
Importantly, no main effect of Distance [F(1, 30) = 1.63,
p = 0.22] nor an interaction between Distance and Target
Modality [F(2,58) = 0.57, p = 0.56] was observed.
In terms of false alarms, a 3 (Target Modality: A, V,
AV) × 2 (Distance: near, far) repeated-measures ANOVA
revealed a main effect of Target Modality [F(2,58) = 5.04,
p = 0.009, partial η2 = 0.14], yet no main effect of Distance
[F(1,30) = 0.55, p = 0.46] nor an interaction between Target Modality and Distance [F(2,58) = 1.81, p = 0.10]. Post
hoc analyses (paired t test) indicated more false alarms on
A trials than on V trials [t(31) = 2.99, p = 0.005, Cohen’s
d = 0.59] or AV [t(31) = 2.23, p = 0.033, Cohen’s d = 0.34].
There was no significant difference in false alarms on V and
AV trials [t(31) = 1.95, p = 0.059, Cohen’s d = 0.27].
These results reflect the emphasis on ‘speed over accuracy’ in the instructions and importantly indicate that there
was no difference in response accuracy for the main factor
of interest: Distance. Thus, the remainder of the analyses
for the RTE task were focused on the pattern of response
times (RTs).

Response times
The temporal profile of normalized multisensory gain
To investigate the effect of distance on the temporal profile of multisensory gain (yet not necessarily the amount,
see below), the pattern of multisensory RTs as a function
of SOA was analyzed for each distance. Two metrics were
calculated in this analysis—the Point of Fastest Detection (PFD) and the Temporal Window of Fast Detection
(TWFD)—measures analogous to the Point of Subjective Simultaneity (PSS) and the Temporal-Binding Window (TBW) derived from the SJ task (see “Methods” for
additional detail). The TWFD was significantly smaller
when stimuli were presented in far (M = 138.21 ms,
SEM = 9.0 ms) as compared to near space (M = 164.95 ms,
SD = 13.22 ms, t(31) = 2.05, p = 0.04, see Fig. 2d, f). In
addition, the PFD was significantly different between near
and far space [t(31) = 3.51, p = 0.001; near: M = 16.8 ms,
SE = 16.93 ms; Far: M = − 8.23 ms, SE = 16.16 ms,
Fig. 2e], indicating that maximum multisensory gain (as
indexed via speeding of responses) was obtained for AV
stimuli with a small visual-lead in near space, and for
those with a small auditory lead in far space. These asymmetries nicely mimic the fact that audition is slower than
vision in medium (and hence at far distances audio-leads
would promote temporal co-occurrence), but the auditory
neural system is quicker than the visual one (and hence,
at near distances, visual-leads would promote temporal
co-occurrence).

1945

Correlations of the temporal windows across tasks
There was no correlation between the temporal windows
derived from the SJ and MRT tasks (TBW and TWFD;
MRT near vs. SJ near, r = 0.10, p = 0.58; MRT far vs. SJ far,
r = − 0.03, p = 0.89) or in the degree to which participant’s
performance was affected by distance in the two tasks ([RT
close–RT far] vs. [SJ close–SJ far], r = − 0.09, p = 0.60).
Hence, at the group level, analyses of synchrony judgments
and RTs as a function of SOA and distance are consistent
with the presence of larger temporal windows of multisensory interactions in near as opposed to far space. However,
these processes appear to be somewhat independent as there
is no correlation between the simultaneity judgment and
reaction time task at an individual subject level.
Relative multisensory response enhancement
Next, we analyzed relative MRE (rMRE; the percentage multisensory gain relative to the fastest unisensory RT) as a function of distance and SOA. The two (Distance: near vs. far) ×
9 (SOAs) repeated-measures ANOVA demonstrated a main
effect of SOA [F(8,248) = 38.15, p < 0.001] but no SOA ×
Distance interaction [F(8,248) = 0.73, p = 0.66], nor a main
effect of Distance [F(1,31) = 0.013, p = 0.900]. Separate onesample t tests (comparison with zero/no facilitation) showed
significant rMRE in both near and far space for the − 150 ms
(near, M = 7.73%, SE = 1.57, t(31) = 3.77, p < 0.001; far,
M = 8.04%, SE = 1.58, t(31) = 5.08, p < 0.001), the − 50 ms
(near, M = 13.13%, SE = 1.53, t(31) = 8.54, p < 0.001; far,
M = 12.35%, SE = 1.17, t(31) = 10.47, p < 0.001), the 0 ms
(near, M = 12.75%, SE = 1.29, t(31) = 9.86, p < 0.001; far,
M = 14.09%, SE = 1.45, t(31) = 9.70, p < 0.001), the + 50 ms
(near, M = 9.07%, SE = 0.81, t(31) = 11.12, p < 0.001;
far, M = 9.71%, SE = 1.20, t(31) = 8.06, p < 0.001), and
the + 150 ms (near, M = 2.89%, SE = 1.03, t(31) = 2.78,
p < 0.001; far, M = 3.57%, SE = 1.21, t(31) = 2.95, p < 0.001)
conditions. There were no significant differences between
near and far space at any SOA (all p > 0.23). In sum, multisensory enhancement is seemingly present solely at relatively small asynchronies (= < 150 ms). A similar pattern of
results emerges when scrutinizing absolute, as opposed to
relative, multisensory enhancement (i.e., Eq. 2 without the
denominator; see supplementary material online) (Fig. 3).
Race model inequality violation
Finally, using race model inequality analyses, we investigated whether rMRE could be explained in terms of statistical facilitation (i.e., independent channels) or involved an
active integration of information across the different sensory channels. Even though the amount of rMRE was similar
across distances, this analysis was used to determine whether
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Fig. 3  Average of median RTs in the AV condition (solid black line)
in near (left panel) and far (right panel) space as a function of SOA
between the auditory and visual stimuli. The average of median RTs
in response to auditory (dark gray) and visual (light gray) targets are
shown for comparison. Similarly, unisensory reaction times corrected
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are indicated with an asterisk (p < 0.05 corrected for nine tests using
the Bonferroni method)

the amount of RMI violation was different between near and
far space.
As illustrated in Fig. 4, significant race model violations
were observed for SOAs ranging from − 150 to 50 ms in
both near and far space. For the true synchrony condition
(0 ms SOA), significant violations were observed from the
10th to the 40th percentile in near space and from the 10th to
the 50th percentile in far space (all p < 0.05). However, statistically contrasting the amount of RMI violations between
the near and far space at SOA = 0 ms via a paired t tests suggested no significant difference in the amount of race model
violation between distances (all p > 0.26, 4th decile). In the
case of SOA = − 50 ms, the race model was violated across a
range spanning the first to seventh decile when stimuli were
presented in the near space, and between the range spanning the first and sixth decile when audiovisual stimuli were
presented in the far space. In the case of SOA = 50 ms, the
race model was violated between the first and fourth decile

in the near space, and between the first and third decile in the
far space. Finally, in the case of SOA = − 150 ms, the race
model was violated between the third and seventh decile in
the near space and between the fifth and eighth decile in the
far space. Nonetheless, as in the case of synchronous presentation, the contrast between RMI violations in near and far
space was not statistically significant for SOA = − 150 ms
(all p > 0.18, 8th decile), SOA = − 50 ms (all p > 0.10, 7th
decile) nor SOA = 50 ms (all p > 0.28, 9th decile). Finally,
a two (Distance; Near vs. Far) × 4 (SOA; − 150, − 50, 0,
50 ms) × 9 (Decile) repeated-measures ANOVA on RMI
violations demonstrated a significant main effect of SOA
[F(2,93) = 12.99, p < 0.001, partial η2 = 0.29] and Decile
[F(8,248) = 54.06, p < 0.001, partial η2 = 0.63], as well as
a significant SOA × decile interaction [F(24,744) = 16.06,
p < 0.001, partial η2 = 0.34]. Importantly, there was no main
effect, nor any interaction with Distance (all p > 0.46).
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p = 0.73; SOA = 0 ms: r = − 0.34, p = 0.056; and SOA = 50 ms:
r = 0.04, p = 0.79), but the correlation at SOA = 0 ms is significant (rho = − 0.4, p = 0.02) when the co-variance at other SOAs is
included in a partial correlation

Correlation between changes in temporal‑binding window
and the range of RMI violations

Discussion

To test the hypothesis of whether differences in the size
of the TBW (as assessed via the SJ task) in near and far
space are associated with changes in multisensory gain (as
assessed via the MRT task), a correlational analysis was
performed. We first correlated the difference in the size of
the TBW between near and far space with the difference
in the number of deciles (1–9) at which RMI violations
were observed for synchronously presented stimuli (0 ms
SOA), as well as for stimuli presented with small asynchrony (i.e., ± 50 and − 150 ms). There was no significant
correlation between the impact of distance on the TBW
size and the number of deciles violating the race model at
SOA = − 150 ms (r = − 0.01, p = 0.94), SOA = − 50 ms
(r = − 0.06, p = 0.73) or SOA = 50 ms (r = 0.04, p = 0.79),
yet a strong trend existed at SOA = 0 ms (r = − 0.34,
p = 0.056, see Fig. 5). Furthermore, when controlling for
partial correlations at other asynchronies, the results indicated a significant correlation between the aforementioned
variables at SOA = 0 ms (rho = − 0.47, p = 0.008, while
controlling for variance at SOAs = − 150, − 50 and 50 ms),
but not at SOA = − 150 ms (rho = 0.27, p = 0.14, while controlling for SOAs = 0, − 50, and 50 ms), SOA = − 50 ms
(rho = 0.05, p = 0.76, while controlling for SOAs = 0, − 150,
and 50 ms) nor SOA = 50 ms (rho = 0.21, p = 0.27, while
controlling for SOAs = − 150, − 50 and 0 ms).
In sum, while at the group level, TBWs appear to enlarge
as stimuli are observed from a closer distance and multisensory gain is relatively stable given the current distances,
at an individual subject level there appears to be an asymmetric relationship between multisensory binding and gain.
Furthermore, this relation is seemingly specific to the case of
multisensory gain during synchronous and not asynchronous
presentations.

The aim of the current study was to investigate how changes
in the distance and timing from which audio–visual stimuli are presented affect multisensory temporal acuity and
gain. Recently, in two separate studies, it was observed that
temporal-binding windows are larger in near space (Noel
et al. 2016a), while multisensory gain is greater in far space
(Van der Stoep et al. 2016b). Therefore, we hypothesized
that distance-related decreases in temporal-binding windows would be associated with increases in multisensory
gain at the level of the individual subject. To examine this
relationship, we had the same participants perform both an
audiovisual simultaneity judgment task and an audiovisual
redundant target task using the same stimuli presented in
both near and far space and at nine different stimulus onset
asynchronies. Thus, the results of the current study build
upon prior studies by indexing multisensory gain in space
at different temporal asynchronies, by indexing temporalbinding windows at distinct stimulus-observer distances, and
by indexing multisensory temporal binding and gain within
the same participants.
In line with the previous observations, we observed
poorer audiovisual temporal acuity (i.e., larger TBWs) for
stimuli presented in near relative to far space. It must be
highlighted that in addition to supporting prior observations,
the current work extends upon them by physically manipulating the position of audiovisual targets in depth—that is,
in the previous studies (e.g., Noel et al. 2016a), TBWs were
measured either within or beyond the boundary of peripersonal space without physically displacing the stimuli in
depth. Furthermore, the results of the multisensory redundant target task enabled the establishment of the novel construct of the temporal window of fastest detection (a reaction time-based analogy to the TBW), and showed that this
window is larger in near relative to far space. This latter
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observation indicates that distance-dependent changes in
audiovisual temporal processes are not only applicable to
perceptual–decisional phenomena (such as what is done during a simultaneity judgment), but also apply to simple motor
responses (such as those measured in a speeded response
task). This is an important result as temporal order and simultaneity judgment tasks have been argued to be prone to
response biases (Schneider and Bavelier 2003; Van Eijk et al.
2008). In addition, to the best of our knowledge, the current
data are the first to demonstrate an increased multisensory
temporal tolerance when stimuli are presented in far vs. near
space without correcting for retinal image size and stimulus
intensity. This way of measuring distance-related changes
in multisensory perception makes good ecological sense
as changes in stimulus effectiveness and distance generally
go hand in hand (i.e., manipulating the stimulus-observer
distance alters stimulus properties such as the intensity and
retinal image size of stimuli).
Interestingly, while at a group level, both the TBW and
TWFD were altered by distance in the same direction (i.e.,
larger windows in the near space), this was not true for the
PSS and PFD. Indeed, while the PSS was unaltered by distance (but see Sugita and Suzuki 2003; Alais and Carlile
2005), the PFD was positive (i.e., visual-lead) when stimuli
were presented in near space and negative (i.e., audio-lead)
when stimuli were presented in far space. This pattern of
results makes good ecological sense, as sound energy travels more slowly than light, and thus, the arrival of auditory stimuli at the cochlea is increasingly delayed relative
to the arrival of light energy at the retina with increasing
distance. A speculation here is that the simultaneity judgment task involves more cognitive processes than the redundant response task, and hence, the latter may more faithfully
mimic statistical regularities of the environment, while during the former participants may employ a number of strategies leading to unaltered simultaneity judgments as a function of distance.
It has previously been shown that multisensory gain
is larger for synchronously presented auditory and visual
stimuli in far relative to near space (Van der Stoep et al.
2016b). However, in the current study, when contrasting near
and far conditions, we did not observe a difference in race
model inequality violations at the group level. A putative
explanation for the lack of effect of distance on multisensory gain here is the use of a smaller range of distances (60
and 140 cm here vs. 80 and 200 cm in Van der Stoep et al.
2016b) and the use of physically smaller stimuli, resulting
in smaller changes in stimulus effectiveness (e.g., intensity and retinal image size) with changing distance in the
current study. Given that we also manipulated the SOA at
which stimuli were presented, we were also able to detail
the temporal profile of multisensory gain. Interestingly, at
relatively small asynchronous SOAs (e.g., 150 ms), race
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model violations were generally observed over a greater
range of the response time distribution in near as opposed to
far space, although once again, the direct contrasts between
near and far space did not reach significance. These results
suggest that multisensory gain may be present over a larger
range of temporal asynchronies in near than in far space,
and that this gain is larger in far relative to near space but
only within a very restricted temporal window. While this
evidence for an opposing relationship between multisensory
binding and gain as a function of distance from the observer
is weak at the group level, it is more readily apparent at
an individual subject-level. In fact, when accounting for
the co-variance between multisensory binding and gain at
asynchronous audiovisual presentations, there was a strong
negative correlation between the impact of distance on the
degree to which participants bound multisensory stimuli in
time, and their degree of multisensory gain when stimuli
were presented synchronously. A similar relation did not
exist when indexing multisensory gain during asynchronous
presentations.
Overall, these results are reminiscent of findings by
Leone and McCourt (2013, 2015), who manipulated auditory and visual stimulus intensity, as well as stimulus timing, to measure the effects of physical and physiological
simultaneity on multisensory gain. Using violations of
the race model inequality as an indicator of multisensory
gain, they found that despite significant differences in RT to
unisensory stimuli that resulted from variations in stimulus
intensity (i.e., more intense stimuli resulted in faster RTs),
multisensory gain was restricted to a narrow range of SOAs
within 50 ms of simultaneity (see also van der Stoep et al.
2015b). Furthermore, the largest multisensory gain occurred
at physical simultaneity (SOA = 0 ms). Interestingly, these
authors (Leone and McCourt 2013) propose that in daily
life, large numbers of physically simultaneous multisensory
events are self-generated and occur in near space (see Previc
1998). As a result, throughout development individuals may
routinely have access to instances of “multisensory ground
truth” (i.e. consistent cross-modal relations between stimulus properties) and thereby establish priors dictating expectations regarding stimulus spatiotemporal characteristics and
location (e.g., distance). While Leone and McCourt’s (2013)
speculation seems a plausible mechanism, the nervous system may employ to appropriately integrate sensory information even when arriving at sensory periphery at disparate
times (i.e., by taking into account self-generated prior), here
somewhat surprisingly, we found no correlation between the
two derived measures of temporal performance (i.e., TBW
and TWFD). Thus, it is possible that sensory expectations
or priors of co-occurrence vary differently across external
space for perceptual vs. action-based tasks. Future experiments may be designed to test this conjecture.
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Taken together, the results seemingly indicate that the
SJ and MRT tasks likely index partially dependent multisensory processes that are somewhat dissociable and more
readily indexed when considering relatively larger intersubject variability (see Leone and McCourt 2015; Harrar
et al. 2016, for a similar argument). In other words, while
an opposing relationship between multisensory binding and
gain as a function of distance is not necessarily evidenced
in group-level measures, this relation becomes more apparent at an individual subject level (when controlling for
intra-subject variability). As argued in Van der Stoep et al.
(2016b), multisensory gain is critical for boosting spatial
localization when unisensory stimuli are weakly effective,
including under circumstances when stimuli are perceived
from afar. Conversely, when objects are in close proximity to
the body (i.e., peripersonal or reachable space; Serino et al.
2015, 2017), spatial precision may be of less importance.
On the other hand, for near stimuli, the timing at which evasive or defensive actions should be started takes priority.
Furthermore, as an object moves at a constant speed in the
world, the energy it produces traverses the retina at a higher
rate when the object is near vs. far. Similarly, for auditory
motion, interaural time and level differences (the primary
cues for the localization of sounds in azimuth) change more
rapidly for near vs. far stimuli. Hence, we speculate that to
integrate dynamic auditory and visual stimuli in the world
in a similar manner regardless of whether the objects are
near or far, multisensory temporal binding may be more liberal (i.e., less acute) in near vs. far space. Stated differently,
effective multisensory processing may necessitate a greater
temporal window of integration to accumulate sufficient
evidence in a region of space with rapidly changing spatial
information—the near space. In future work, it will be interesting to test this prediction by probing whether there is a
linear relationship between stimulus speed (as measured in
visual and auditory angle) and the size of temporal-binding
windows.
In sum, the current findings contribute to our understanding of the complex interactions that are continually occurring between the spatial and temporal characteristics of auditory and visual stimuli likely to be associated with the same
object or event, with an emphasis on the dimension of depth.
At the single subject level, our results illustrate opposing
effects of distance on multisensory gain and multisensory
temporal binding. However, this pattern of results was not
consistent across all temporal intervals, and a direct relationship between temporal binding and multisensory gain at a
group level was not apparent. Taken together, these findings
seemingly indicate that the neural subsystems responsible
for multisensory gain as measured via redundant target tasks
and multisensory temporal binding as measured via synchrony judgment tasks are partially dependent but subject to
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larger inter-individual variability (see Leone and McCourt
2015; Harrar et al. 2016, for a similar argument).
Acknowledgements JPN is supported by the National Science Foundation Graduate Research Fellowship under Grant no. 1445197. MTW is
supported by NIH HD083211 and MH109225.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
Alais D, Burr D (2004) The ventriloquist effect results from nearoptimal bimodal integration. Curr Biol 14:257–262. https://doi.
org/10.1016/j.cub.2004.01.029
Alais D, Carlile S (2005) Synchronizing to real events: subjective
audiovisual alignment scales with perceived auditory depth and
speed of sound. Proc Natl Acad Sci USA 102:2244–2247. https
://doi.org/10.1073/pnas.0407034102
Arnold DH, Johnston A, Nishida S (2005) Timing sight and sound.
Vision Res 45:1275–1284. https  : //doi.org/10.1016/j.visre
s.2004.11.014
Calvert G, Spence C, Stein BE (2004) The handbook of multisensory
processes
Cappe C, Thelen A, Romei V et al (2012) Looming signals reveal synergistic principles of multisensory integration. J Neurosci 32:1171–
1182. https://doi.org/10.1523/JNEUROSCI.5517-11.2012
Colonius H, Diederich A (2017) Measuring multisensory integration:
from reaction times to spike counts. Sci Rep 7:3023. https://doi.
org/10.1038/s41598-017-03219-5
Corveleyn X, Lopez-Moliner J, Coello Y (2015) Temporal and spatial
constraints of action effect on sensory binding. Exp Brain Res
233:3379–3392. https://doi.org/10.1007/s00221-015-4402-x
De Paepe AL, Crombez G, Spence C, Legrain V (2014) Mapping nociceptive stimuli in a peripersonal frame of reference: evidence from
a temporal order judgment task. Neuropsychologia 56:219–228.
https://doi.org/10.1016/j.neuropsychologia.2014.01.016
De Niear MA, Noel J-P, Wallace MT (2017) The impact of feedback on
the different time courses of multisensory temporal recalibration.
Neural Plast 2017:3478742. https://doi.org/10.1155/2017/34787
42
Diederich A, Colonius H (2004) Bimodal and trimodal multisensory
enhancement: effects of stimulus onset and intensity on reaction
time. Percept Psychophys 66:1388–1404. https: //doi.org/10.3758/
BF03195006
Engel GR, Dougherty WG (1971) Visual-auditory distance constancy.
Nature 234:308
Ernst MO, Banks MS (2002) Humans integrate visual and haptic information in a statistically optimal fashion. Nature 415:429–433.
https://doi.org/10.1038/415429a
Frassinetti F, Bolognini N, Làdavas E (2002) Enhancement of visual
perception by crossmodal visuo-auditory interaction. Exp Brain
Res 147:332–343. https://doi.org/10.1007/s00221-002-1262-y
Frens MA, Van Opstal AJ, Van Der Willigen RF (1995) Spatial and
temporal factors determine auditory-visual interactions in human
saccadic eye movements. Percept Psychophys 57:802–816. https
://doi.org/10.3758/BF03206796

13

1950
Galli G, Noel JP, Canzoneri E et al (2015) The wheelchair as a fullbody tool extending the peripersonal space. Front Psychol 6:639.
https://doi.org/10.3389/fpsyg.2015.00639
Harrar V, Harris LR, Spence C (2016) Multisensory integration is
independent of perceived simultaneity. Exp Brain Res. https://
doi.org/10.1007/s00221-016-4822-2
Heron J, Whitaker D, McGraw PV, Horoshenkov KV (2007) Adaptation minimizes distance-related audiovisual delays. J Vis 7:5.1–8.
https://doi.org/10.1167/7.13.5
Kopinska A, Harris LR (2004) Simultaneity constancy. Perception
33:1049–1060. https://doi.org/10.1068/p5169
Leone LM, McCourt ME (2013) The roles of physical and physiological simultaneity in audiovisual multisensory facilitation. Iperception 4:213–228. https://doi.org/10.1068/i0532
Leone LM, McCourt ME (2015) Dissociation of perception and action
in audiovisual multisensory integration. Eur J Neurosci. https://
doi.org/10.1111/ejn.13087
Lewald J, Guski R (2003) Cross-modal perceptual integration of
spatially and temporally disparate auditory and visual stimuli.
Cogn Brain Res 16:468–478. https://doi.org/10.1016/S0926
-6410(03)00074-0
Lovelace CT, Stein BE, Wallace MT (2003) An irrelevant light
enhances auditory detection in humans: a psychophysical analysis of multisensory integration in stimulus detection. Cogn Brain
Res 17:447–453. https: //doi.org/10.1016/S0926- 6410(03)00160- 5
McDonald JJ, Ward LM (1999) Spatial relevance determines facilitatory and inhibitory effects of auditory covert spatial orienting. J
Exp Psychol Hum Percept Perform 25:1234–1252
Mégevand P, Molholm S, Nayak A, Foxe JJ (2013) Recalibration of the
multisensory temporal window of integration results from changing task demands. PLoS One 8:e71608. https://doi.org/10.1371/
journal.pone.0071608
Meredith MA, Stein BE (1986a) Spatial factors determine the activity of multisensory neurons in cat superior colliculus. Brain Res
365:350–354
Meredith MA, Stein BE (1986b) Visual, auditory, and somatosensory
convergence on cells in superior colliculus results in multisensory
integration. J Neurophysiol 56:640–662
Miller J (1982) Divided attention: evidence for coactivation with
redundant signals. Cogn Psychol 14:247–279. https  : //doi.
org/10.1016/0010-0285(82)90010-X
Miller J (1986) Timecourse of coactivation in bimodal divided attention. Percept Psychophys 40:331–343
Miller J (2015) Statistical facilitation and the redundant signals effect:
what are race and coactivation models? Atten Percept Psychophys.
https://doi.org/10.3758/s13414-015-1017-z
Murray MM, Wallace MT (eds) (2012) The neural bases of multisensory processes. CRC Press/Taylor and Francis, Boca Raton (FL)
Noel J-P, Van der Stoep N (2017) Multisensory RT + SJ. OSF. Available at: osf.io/b6hvs. https://doi.org/10.17605/OSF.IO/B6HVS
Noel J-P, Wallace M (2016) Relative contributions of visual and auditory spatial representations to tactile localization. Neuropsychologia 82:84–90. https://doi.org/10.1016/j.neuropsychologi
a.2016.01.005
Noel J-P, Wallace MT, Orchard-Mills E et al (2015a) True and perceived synchrony are preferentially associated with particular sensory pairings. Sci Rep 5:17467. https: //doi.org/10.1038/srep17 467
Noel J-P, Pfeiffer C, Blanke O, Serino A (2015b) Peripersonal space
as the space of the bodily self. Cognition 144:49–57. https://doi.
org/10.1016/j.cognition.2015.07.012
Noel J-P, Grivaz P, Marmaroli P et al (2015c) Full body action remapping of peripersonal space: the case of walking. Neuropsychologia 70:375–384. https://doi.org/10.1016/j.neuropsychologi
a.2014.08.030
Noel J-P, De Niear M, Van der Burg E, Wallace MT (2016a) Audiovisual simultaneity judgment and rapid recalibration throughout

13

Experimental Brain Research (2018) 236:1939–1951
the lifespan. PLoS One 11:e0161698. https://doi.org/10.1371/
journal.pone.0161698
Noel J-P, Lukowska M, Wallace M, Serino A (2016b) Multisensory
simultaneity judgment and proximity to the body. J Vis 16:21.
https://doi.org/10.1167/16.3.21
Noel J-P, De Niear MA, Stevenson R et al (2017a) Atypical rapid
audiovisual temporal recalibration in autism spectrum disorders.
Autism Res 10:121–129. https://doi.org/10.1002/aur.1633
Noel J-P, Kurela L, Baum SH et al (2017b) Multisensory temporal
function and EEG complexity in patients with epilepsy and psychogenic nonepileptic events. Epilepsy Behav 70:166–172. https
://doi.org/10.1016/j.yebeh.2017.02.018
Nozawa G, Reuter-Lorenz PA, Hughes HC (1994) Parallel and serial
processes in the human oculomotor system: bimodal integration and express saccades. Biol Cybern 72:19–34. https://doi.
org/10.1007/BF00206235
Occelli V, Spence C, Zampini M (2011) Audiotactile interactions in
front and rear space. Neurosci Biobehav Rev 35:589–598. https
://doi.org/10.1016/j.neubiorev.2010.07.004
Parsons BD, Novich SD, Eagleman DM (2013) Motor-sensory recalibration modulates perceived simultaneity of cross-modal events
at different distances. Front Psychol 4:46. https: //doi.org/10.3389/
fpsyg.2013.00046
Previc FH (1998) The neuropsychology of 3-D space. Psychol Bull
124:123–164
Raab DH (1962) Statistical facilitation of simple reaction times. Trans
N Y Acad Sci 24:574–590
Rizzolatti F, Fogassi G (1997) The space around us. Science
277:190–191
Royal DW, Carriere BN, Wallace MT (2009) Spatiotemporal architecture of cortical receptive fields and its impact on multisensory
interactions. Exp Brain Res 198:127–136. https: //doi.org/10.1007/
s00221-009-1772-y
Royal DW, Krueger J, Fister MC, Wallace MT (2010) Adult plasticity
of spatiotemporal receptive fields of multisensory superior colliculus neurons following early visual deprivation. Restor Neurol
Neurosci 28:259–270. https://doi.org/10.3233/RNN-2010-0488
Salomon R, Noel J-P, Łukowska M et al (2017) Unconscious integration of multisensory bodily inputs in the peripersonal space
shapes bodily self-consciousness. Cognition 166:174–183. https
://doi.org/10.1016/j.cognition.2017.05.028
Schneider KA, Bavelier D (2003) Components of visual prior entry.
Cogn Psychol 47:333–366. https  : //doi.org/10.1016/S0010
-0285(03)00035-5
Serino A, Noel J-P, Galli G et al (2015) Body part-centered and
full body-centered peripersonal space representations. Sci Rep
5:18603. https://doi.org/10.1038/srep18603
Serino A, Noel J-P, Mange R, Canzoneri E, Pellencin E, Bello-Ruiz J,
Bernasconi F, Blanke O, Herbelin B (2017). Peri-personal space:
an index of multisensory body-environment interactions in real,
virtual, and mixed realities. Front ICT. https://doi.org/10.3389/
fict.2017.00031
Simon DM, Noel J-P, Wallace MT (2017) Event related potentials index
rapid recalibration to audiovisual temporal asynchrony. Front
Integr Neurosci 11:8. https://doi.org/10.3389/fnint.2017.00008
Slutsky DA, Recanzone GH (2001) Temporal and spatial dependency
of the ventriloquism effect. Neuroreport 12:7–10
Spence C (2013) Just how important is spatial coincidence to multisensory integration? Evaluating the spatial rule. Ann N Y Acad Sci
1296:31–49. https://doi.org/10.1111/nyas.12121
Stanford TR, Stein BE (2007) Superadditivity in multisensory integration: putting the computation in context. Neuroreport 18:787–792.
https://doi.org/10.1097/WNR.0b013e3280c1e315
Stein B, Meredith A (1993) The merging of the senses, 1st edn. The
MIT Press, Cambridge, MA

Experimental Brain Research (2018) 236:1939–1951
Stevenson RA, Fister JK, Barnett ZP et al (2012) Interactions between
the spatial and temporal stimulus factors that influence multisensory integration in human performance. Exp Brain Res 219:121–
137. https://doi.org/10.1007/s00221-012-3072-1
Stevenson RA, Park S, Cochran C et al (2016) The associations
between multisensory temporal processing and symptoms of
schizophrenia. Schizophr Res. https://doi.org/10.1016/j.schre
s.2016.09.035
Sugita Y, Suzuki Y (2003) Implicit estimation of sound-arrival time.
Nature 421:911
Ulrich R, Miller J, Schröter H (2007) Testing the race model inequality: an algorithm and computer programs. Behav Res Methods
39:291–302
van Eijk RLJ, Kohlrausch A, Juola JF, van de Par S (2008) Audiovisual
synchrony and temporal order judgments: effects of experimental
method and stimulus type. Percept Psychophys 70:955–968
Van der Stoep N, Nijboer TCW, Van der Stigchel S, Spence C (2015a)
Multisensory interactions in the depth plane in front and rear
space: a review. Neuropsychologia 70:335–349. https: //doi.
org/10.1016/j.neuropsychologia.2014.12.007
Van der Stoep N, Spence C, Nijboer TCW, Van der Stigchel S (2015b)
On the relative contributions of multisensory integration and
crossmodal exogenous spatial attention to multisensory response
enhancement. Acta Psychol 162:20–28. https://doi.org/10.1016/j.
actpsy.2015.09.010

1951
Van der Stoep N, Van der Stigchel S, Nijboer TCW (2015c) Exogenous spatial attention decreases audiovisual integration. Atten
Percept Psychophys 77:464–482. https://doi.org/10.3758/s1341
4-014-0785-1
Van der Stoep N, Serino A, Farnè A et al (2016a) Depth: the forgotten
dimension in multisensory research. Multisensory Res. https: //doi.
org/10.1163/22134808-00002525
Van der Stoep N, Van der Stigchel S, Nijboer TCW, Van der Smagt
MJ (2016b) Audiovisual integration in near and far space: effects
of changes in distance and stimulus effectiveness. Exp Brain Res
234:1175–1188. https://doi.org/10.1007/s00221-015-4248-2
Van der Stoep N, Van der Stigchel S, Nijboer TCW, Spence C
(2017) Visually induced inhibition of return affects the integration of auditory and visual information. Perception. https://doi.
org/10.1177/0301006616661934
Wallace MT, Meredith MA, Stein BE (1992) Integration of multiple
sensory modalities in cat cortex. Exp Brain Res 91:484–488
Whelan R (2008) Effective analysis of reaction time data. Psychol Rec
58:475–482
Zampini M, Shore DI, Spence C (2003) Audiovisual temporal order
judgments. Exp Brain Res 152:198–210. https://doi.org/10.1007/
s00221-003-1536-z

13

