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Abstract The importance of multisensory integration for
perception and action has long been recognised. Integrating
information from individual senses increases the chance of
survival by reducing the variability in the incoming signals,
thus allowing us to respond more rapidly. Reaction times
(RTs) are fastest when the components of the multisensory
signals are simultaneous. This response facilitation is tra-
ditionally attributed to multisensory integration. However,
it is unclear if facilitation of RTs occurs when stimuli are
perceived as synchronous or are actually physically syn-
chronous. Repeated exposure to audiovisual asynchrony
can change the delay at which multisensory stimuli are per-
ceived as simultaneous, thus changing the delay at which
the stimuli are integrated—perceptually. Here we set out
to determine how such changes in multisensory integration
for perception affect our ability to respond to multisensory
events. If stimuli perceived as simultaneous were reacted to
most rapidly, it would suggest a common system for mul-
tisensory integration for perception and action. If not, it
would suggest separate systems. We measured RTs to audi-
tory, visual, and audiovisual stimuli following exposure to
audiovisual asynchrony. Exposure affected the variability
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of the unisensory RT distributions; in particular, the slowest
RTs were either speed up or slowed down (in the direction
predicted from shifts in perceived simultaneity). Addition-
ally, the multisensory facilitation of RTs (beyond statistical
summation) only occurred when audiovisual onsets were
physically synchronous, rather than when they appeared
simultaneous. We conclude that the perception of syn-
chrony is therefore independent of multisensory integration
and suggest a division between multisensory processes that
are fast (automatic and unaffected by temporal adaptation)
and those that are slow (perceptually driven and adaptable).

Keywords Multisensory integration - Race model -
Reaction time - Miller’s inequality - Stimulus onset
asynchrony - Adaptation - Time - Crossmodal -
Ex-Gaussian

Introduction

Environmental events typically generate multiple types of
energy with profound differences in the speed of propaga-
tion, the time taken for the senses to transduce that energy,
and the time taken by the resulting signals to travel through
the central nervous system. For example, a person speak-
ing at a distance will generate sounds that will reach the
ear after the corresponding visual signals have reached the
eye. Since it is highly unlikely that signals corresponding
to simultaneous auditory and visual stimuli occurring in
the natural world arrive in the brain simultaneously (except
at a distance of 10 m or so, the so-called horizon of sim-
ultaneity; Poppel et al. 1990; Spence and Squire 2003),
it has been proposed that the brain monitors the temporal
correspondence between multisensory signals and adjusts
for regular asynchronies (Kopinska and Harris 2004). The
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temporal delay can, within limits, be adjusted when deter-
mining the true temporal relationship between the signals,
as long as the distance from the event to the observer is
known (Kopinska and Harris 2004).

In support of this “temporal adjustment theory”, the
perception of multisensory synchrony has been found to
be plastic (Fujisaki et al. 2004; Vroomen et al. 2004). Fol-
lowing repeated exposure to an asynchronous stimulus, the
point of subjective simultaneity (PSS) shifts towards the
repeatedly experienced delay (for a review see Vroomen
and Keetels 2010). Anecdotally, this phenomenon can
be experienced when watching a movie with an out-of-
synch soundtrack: after a few minutes, the auditory delay
becomes less perceptible and less annoying. It is generally
assumed that perceived stimulus timing reflects the arrival
time of the independent signals at some critical place in
the brain (Gibbon and Rutschmann 1969; Harrar and Har-
ris 2005; Ulrich 1987). Thus, the common explanation for
changes in perceptual simultaneity following temporal
adaptation is that the processing speed of the independent
signals has changed, causing the resultant changes in per-
ceived simultaneity (Navarra et al. 2009; though see Harrar
and Harris 2008). What is not known or understood is how
this flexibility in perceived simultaneity is related to the
neural process of multisensory integration. Like the percep-
tion of simultaneity, multisensory integration also requires
signals to occur close together in time, within a so-called
integration window (Stein and Stanford 2008).

The benefits of multisensory integration are closely
related to the temporal relationship between the stimuli.
Physically simultaneous multisensory stimuli give rise to
faster and more accurate performance (Ernst and Banks
2002; Stein and Meredith 1993; Van der Burg et al. 2008).
These advantages are generally lost when pairs of stimuli
are separated by a temporal interval that is too large, par-
ticularly if they are perceived as arising from separate
events (Colonius and Diederich 2004; Meredith et al.
1987). Thus, temporal adaptation, which shifts the tempo-
ral requirements for the perception of simultaneity, might
also shift the integration window, and hence the tempo-
ral relationships associated with the largest multisensory
behavioural benefits. To test this idea, we measured reac-
tion times (RTs) to unisensory and multisensory stimulus
pairs with various physical asynchronies between the com-
ponent stimuli after exposure to different temporal adapta-
tion conditions.

Post-adaptation unisensory mean RTs were compared
across conditions. This traditional analysis, however,
ignores the fact that RTs are not normally distributed, and
instead have a long (positive) tail. We therefore also fitted
the RT data with an ex-Gaussian distribution (Luce 1986),
the convolution of a Gaussian function and an exponential
function. The ex-Gaussian has three parameters: the mean
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and standard deviation of the Gaussian component (x and
o) and the rate of exponential component (7). While the
Gaussian component represents the bulk of the responses,
the exponential component characterises the slower RTs
that are indicative of the involvement of slower analytic and
demanding processes (Balota and Spieler 1999). The more
skewed the distribution of the data, relative to a normal dis-
tribution, the larger T will be. Importantly, the sum of © and
T equals the traditionally calculated mean of the RTs, and
so by presenting both sets of unisensory RT summary sta-
tistics, we can replicate and extend previous research. Thus,
using the ex-Gaussian fits, we can determine whether the
previously reported differences in mean RT across adapta-
tion conditions are attributable to a change in the Gaussian
component (1), a change in the exponential component (1),
or to a change in both.

Post-adaptation multisensory RTs were compared
against the predictions of Miller’s race model (Miller
1982). The race model describes the advantages in response
speed predicted by the probability summation of two inde-
pendent signals rather than a single signal (i.e. no special
integration mechanisms are required). The race model
states Fy, < F\(t) + F(t), where F', and F, are cumula-
tive density functions (CDFs) of the two unisensory RTs
(visual and auditory), while Fy, is the CDF of multisen-
sory RTs in the audio—visual stimulus condition (see MAT-
LAB algorithm in Ulrich et al. 2007). The race model pre-
diction for multisensory RTs is the sum of the visual and
auditory RT probability distributions and is therefore also
known as “statistical summation” or “probability summa-
tion”. The race model has been used to explain the tempo-
ral window of integration (Colonius and Diederich 2004,
2006). However, multisensory RTs are often even faster
than the predictions of the simple race model (Molholm
et al. 2002). These violations of the race model, RTs faster
than predicted from statistical summation, indicate an addi-
tional advantage-producing process—the “magic” of mul-
tisensory integration. Do violations of the race model only
occur when stimuli are within a temporal window centred
on physical simultaneity, or might multisensory behav-
ioural benefits shift with the ephemeral “perception of sim-
ultaneity”? This is the first time that RTs to multisensory
stimulus combinations have been evaluated after temporal
adaptation and the consequent shift in the PSS.

Participants were exposed to three adaptation regimes:
audio-lagging, audio-leading, or synchronous stimula-
tion. Following exposure, half of the participants then per-
formed a temporal order judgement (TOJ) perceptual task
where they reported whether the visual or auditory com-
ponent of an audiovisual stimulus pair had been presented
first. Methods and details of the TOJ results are presented
in the online supplementary materials—results are as
expected from the previous literature. The remainder of the
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participants performed a motor response task where they
pressed a button as soon as any stimulus was presented (the
same button for visual, auditory, or multisensory stimuli).
The pattern of response times, as a function of temporal
adaptation, and stimulus onset asynchrony, are presented in
the current manuscript.

Methods
Participants

Sixteen participants (10 female; median age 23 years) com-
pleted the study. The participants were randomly assigned
to the audio-lagging or visual-lagging condition (8 par-
ticipants in each). Participants from both groups were also
tested in the synchronous-adaptation condition, either the
week before or the week after the asynchronous condition.
For each condition, testing was spread over 6 sessions,
completed within one week in order to have enough RTs
at each of the SOAs (100), with top-up adaptation periods
after every four test-trials. It was important to have enough
data at each SOA to generate representative cumulative dis-
tribution functions (where medians are calculated at every
tenth percentile), so that the race model could be tested
at each SOA. Participants therefore completed a total of
twelve sessions, which lasted 35 min each. One participant
did not complete the experiment; their partial data were not
included in the analysis that follows. The participants gave
their informed consent, and the University Research Ethics
Committee at Oxford University approved the study.

Stimuli

Adapting stimuli were loud and high contrast to maintain
attention during the no-response portion of the study. Dur-
ing testing, the stimuli were weaker and harder to detect
in order to maximise integration effects (see inverse effec-
tiveness in Stein and Meredith 1993). The auditory stimu-
lus consisted of a burst of white noise (70 dB for adapta-
tion; 45 dB for testing) played from two speakers placed
on either side of the screen at the same height as the vis-
ual stimulus so that the audio and visual stimuli were co-
localised. The visual stimulus consisted of a vertical Gabor
patch (2° diameter, 0.3 cycles per degree, 0.822 Michelson
contrast for adaptation; 0.05 contrast for testing) presented
on a CRT computer monitor set to an 85 Hz refresh rate.
The duration of all stimuli was 20 ms (with some variabil-
ity for the visual stimulus duration due to refresh rate).

The multisensory stimuli presented during the test phase
were different on each trial. The test stimuli were separated
by SOAs of + 250, £ 100, % 80, = 60, £ 40, or 0 ms. The
synchrony of the auditory and visual stimuli was verified

with an oscilloscope, where a photodiode used to deter-
mine that the onset of the visual stimulus was the same as
the auditory stimulus. The multisensory stimuli were inter-
leaved with unisensory visual and auditory stimuli. RTs
were measured from the onset of the first signal. Stimuli
were presented, and keyboard responses were recorded
with E-Prime 2.0.

There were three adaptation stimuli: audio leading by
60 ms, visual leading by 200 ms, or synchronous. The
asymmetrical adaptation delays were chosen to match the
asymmetrical integration window; there is a higher tol-
erance for visual-leading as compared to audio-leading
delays (Dixon and Spitz 1980). Regardless of the adapta-
tion condition, the test stimuli were the same for each par-
ticipant in each condition.

Procedure

Participants alternated between testing and adaptation
blocks during a 5 min practice period before the experi-
ment began. Immediately after practice, the participants
began an initial 5 min adaptation period, where they were
encouraged to count the audiovisual stimulus pairs in order
to maintain attention on the stimuli and to encourage them
to interpret each stimulus pair as a single unit. Imme-
diately after the adaptation period, the test phase began
with a short instruction displayed on the screen: “Testing.
Respond after each trial”. The participants pressed a but-
ton (a single button regardless of the stimulus) as rapidly
as possible whenever they perceived a visual, auditory,
or audiovisual stimulus (the stimuli were intermingled).
The next trial was initiated after a random delay of 750—
1250 ms after the response, to reduce predictability. There
were six top-up adaptation trials after every four test-trials
preceded by the message: “Adapting, pay attention”. In
total, there were 70 top-up blocks within each session, giv-
ing rise to a total of 420 top-up adaptation trials in each
session, dispersed between 290 RT trials to unisensory and
multisensory stimuli. After the six sessions with a given
adaptation condition, we had collected 100 RTs at each of
the 11 SOAs (total of 1100 multisensory RTs) and nearly
300 RTs for each unisensory stimulus, for each participant.
Another six sessions were repeated the following week in a
different adaptation condition.

Data analysis

All of the data presented here were from testing sessions
only; no data were collected during the adaptation phase.
Comparisons across conditions are only made between
responses collected during the test portion, where partici-
pants were exposed to identical stimuli regardless of the
condition. Summary statistics for unisensory RTs were
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handled in two very different ways. First, as in previous
papers in this field, we removed outliers (values greater
than 500 ms post-stimulus, or + 3 standard deviations:
as in Di Luca et al. 2009; Harrar and Harris 2008; Nav-
arra et al. 2009) and calculated a mean for each partici-
pant and then used statistics to determine any differences
due to adaptation condition. However, several researchers
have demonstrated that mean RT is not sufficient and it is
important to look at additional distributional properties of
RTs (even as far back as Donders 1868; Woodworth 1938).
Ratcliff and Murdock (1976) points out that when the mean
RT is speeded up, it is unclear if the overall RTs decreased,
or if only the slower responses were speeded up. Ratcliff
demonstrated that the convolution of a normal distribution
with an exponential distribution provides a good summary
of the shape of RT data and provides parameter values
that are easy to interpret. Therefore, we complemented the
description of mean unisensory RT with parameters of the
ex-Gaussian distribution, using the functions in the MAT-
LAB toolbox DISTRIB (Lacouture and Cousineau 2008).
Since the ex-Gaussian distribution allows for a distribution
with a tail, we did not need to crop the data. This analysis
took into account all the data (including the few exceed-
ingly late RT initially discredited as “outliers”).

A generalised estimating equation (GEE, see Hanley
et al. 2003) was used to determine any significant effects
of temporal adaptation on unisensory RTs (same model for
all dependent variables: mean, and parameters from the
ex-Gaussian distribution u, o, and 7). In the GEE model,
there were three within-subject factors (modality [audio or
visual], session [1-6], and adaptation condition [AV, syn-
chronous, or VA]) and an exchangeable correlation matrix
structure (standard in the SPSS 16 library). Significant
interaction effects, when present, were followed up with
appropriate pairwise comparisons. In order to maintain
a reasonably low alpha-rate, pairwise comparisons were
only conducted within a modality (the obvious differences
between modalities are not novel and not important). Thus,
we followed up interactions by testing the effect of adapta-
tion on RT for each modality individually.

Results
Results 1: Unisensory reaction time

Using standard RT analysis, in particular so that data here
can be compared with previously published data, RTs of
less than 100 ms or greater than 500 ms were removed,
and the mean RT was calculated for each participant, in
each condition (synchronous and asynchronous). The GEE
analysis revealed that there was a significant interaction
between the modality of the stimulus that the participants
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were responding to and the adaptation condition (Wald
x> = 11.25, p = .004). Based on previous results, we
expected a progressive effect of adaptation delay on RT,
but in the opposite directions for auditory and visual RTs.
Indeed, the significant interaction indicates that the increas-
ing slope of auditory RTs relative to the exposure delays
is significantly different from the decreasing slope of vis-
ual RTs relative to the exposure delay (see Fig. la). The
pairwise comparison was not significant for auditory RTs
(p = .16); auditory RTs were 10 ms (£ 7; 95% confidence
interval [CI] —24 to +4 ms) faster following exposure to
audio-lagging stimulus pairs compared to audio-leading
pairs. In contrast, the pairwise comparison was significant
for visual RTs (p = .001); visual RTs were 24 ms (+7; 95%
CI 10 to 38 ms) faster following exposure to audio-leading
compared to audio-lagging pairs.

The RT data were then analysed by fitting an ex-Gauss-
ian distribution and comparing the parameters of the best-
fit model for each participant across conditions and modal-
ity (group data and fits plotted in Fig. 1b). Ex-Gaussians
were equally well fit to the data from all three adaptation
conditions and modalities (2 values reported in Table 1).
Using the GEE as described above, we observed a signifi-
cant interaction (difference in slopes) between adaptation
condition and modality for all three parameters: the mean/
peak of the Gaussian (u): Wald x> = 9.006, p = .011; the
standard deviation of the Gaussian (o): Wald x2 = 19.173,
p < .001; and the rate of the exponential component (7):
Wald x2 = 11.667, p = .003), see means in Table 1. The
interaction effect indicates that temporal adaptation affects
visual and auditory RTs differently—indeed, inspection of
the means in Table 1 reveals the pattern to be exactly oppo-
site (decreasing for visual but increasing for auditory RTs).
Follow-up analysis revealed that the effect of adaptation
was not robust enough to produce significant pairwise dif-
ferences of | for either auditory or visual RTs.

In contrast, the effect of adaptation resulted in several
significant differences in the variability measures for both
auditory and visual RTs. Sigma, the standard deviation of
the Gaussian component, was significant for both visual
RTs [adapt visual-lead was larger than adapt to visual-
lag (mean difference = 10.9 ms, SE = 3.4, p = .001) and
adapt synchronous was larger than visual-lag (mean dif-
ference = 7.8 ms, SE = 2.0, p < .001)] and auditory RTs
[adapt audio—lead was larger than audio-lag (mean differ-
ence = 7.1 ms, SE = 3.2, p = .026) and adapt audio-lead
was greater than synchronous (mean difference = 5.1 ms,
SE = 2.0, p = .012)]. Tau, the rate of the exponential com-
ponent, varied significantly with conditions for visual RTs, in
the same pattern as for sigma [adapt visual-lead was larger
than visual-lag (mean difference = 22.9 ms, SE = 10.9,
p = .036) and adapt to synchronous was larger than adapt to
visual-lag (mean difference = 16.6 ms, SE = 8.1, p = .040)].
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lowing each of three adaptation conditions, using standard outlier
removal processes. The error bars indicate the within-group standard
errors calculated from mean RTs across all 12 participants. b Histo-
gram and ex-Gaussian functions fit to reaction times in response to
unisensory audio and visual stimuli (colour figure online)

Table 1 Parameters from ex-Gaussian fits to unisensory RT after three temporal adaptation procedures

Modality Adapt condition Mu Sigma Tau GoF
Mean of Gaussian Variability of Gaussian Exponential component
Mean SE Mean SE Mean SE R?
Visual Visual-lead 259 38 4 92 12 98
Synchronous 260 6 35 2 76 8 97
Visual-lag 255 9 27 1 69 9 .96
Audio Visual-lead 188 11 16 3 80 9 .99
Synchronous 189 7 19 1 94 8 .98
Visual-lag 202 10 24 2 90 11 .95

As a measure of goodness of fit (GoF), we also include the 72 for each ex-Gaussian fit

Thus, the initially reported changes in the mean RTs (see
Fig. 1a) are unlikely to be caused by changes in the whole
distribution of responses. Instead, the changes in the mean
RT are due mostly to changes in the variability and in the
exponential component of the reaction time distribution (i.e.
the slower responses were speeded or slowed down).

Results 2: Multisensory RT's
Multisensory RTs showed a similar pattern across adapta-

tion conditions. Median post-adaptation RTs for visual,
auditory, and audiovisual stimuli are plotted in Fig. 2a—c

for the three adaptation conditions as a function of the
SOA. Note that the lines representing unisensory RTs differ
slightly from one figure to the next, corresponding to the
changes in unisensory RTs in response to temporal adapta-
tion. The complete set of multisensory RT's for synchronous
audio—visual stimuli (SOA = 0) are plotted in histograms
in Fig. 2d, with the best-fit ex-Gaussian plotted through
the data, demonstrating that adaptation also changed the
multisensory RT. In order to determine whether the change
in multisensory RTs is novel, or simply attributable to
the changes in unisensory RTs, further processing was
necessary.
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Fig. 2 Statistical facilitation of multisensory reaction times (RTSs)
relative to unisensory RTs. a-¢ Plots median RTs to auditory (dashed)
and visual (dotted lines), and audio-visual stimuli (triangles) at
each SOA. Unisensory RTs take into account the manually imposed
delays (negative SOA means that the auditory stimulus was presented
first). a Red, adapt to audio-visual stimulus in which audio is lag-
ging. b Grey, adapt to synchronously presented audio-visual stimuli.
¢ Blue, adapt to audio-visual stimulus in which audio is leading.
While the unisensory RTs vary across adaptation conditions, multi-
sensory RTs were always fastest when the stimuli were simultaneous
(SOA = 0 ms). For this delay, we have plotted the entire distribu-

To calculate multisensory enhancement, we subtracted
the multisensory RT from the fastest unisensory RT (for
each individual, for each condition). Note that all partici-
pants were faster at responding to auditory-only stimuli
than to visual-only stimuli. The absolute difference between
the unisensory RTs was used to calculate each individual’s
response onset asynchrony (ROA). The ROA is the hypoth-
esised difference between unisensory RTs at a given SOA.
For example, the small black arrows in Fig. 2a—c depict the
ROA of zero—where RTs are predicted to be the same for
both unisensory signals; left of the arrows auditory RTs
are faster, and right of the arrows visual RTs are faster.
Thus, ROA = 0 indicates the SOA is such that the audi-
tory stimulus is delayed by the appropriate amount so that
response times to the auditory and visual stimuli should be
equal. The ROA was calculated for each individual, in each
condition. The mean enhancement effect is plotted relative
to the ROA in Fig. 2e. Figure 2e demonstrates that for all
three adaptation conditions, the largest multisensory RT
enhancement was found when the ROA equals zero, when
the visual stimulus leads the auditory stimulus by the dif-
ference in their unisensory RTs.
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Reaction time (ms)

tion of multisensory RTs (depicted by a large sweeping arrow from
SOA = 0 to histograms in d). d Histogram and ex-Gaussian functions
fit to RTs in response to physically synchronous (SOA = 0) multisen-
sory stimuli. e The total facilitation effect: differences between multi-
sensory RTs and the fastest of the unisensory RTs are plotted against
the response onset asynchrony (ROA), which is difference between
unisensory RTs. When the ROA was zero (indicated by arrows point-
ing down in a-c), there is the largest statistical facilitation effect—
yielding multisensory RTs that are ~20 ms faster than the fastest
unisensory RT (colour figure online)

Results 3: Race model facilitation and violation

We then used the unisensory RTs (the actual raw data, not
the summary statistics provided in Results 1) to generate a
prediction for the multisensory RTs for each individual, in
each of the adaptation conditions, at each response onset
asynchrony, based on the principles of statistical summa-
tion. A certain amount of the multisensory RT facilitation
is predicted by statistical summation of the unisensory
signals. We used the race model detailed in Ulrich (Ulrich
et al. 2007) importantly adding the SOA to the unisen-
sory RTs so that the unisensory RTs were delayed by the
appropriate amount to predict the multisensory RTs at each
SOA. As a first step to determining the race model, cumu-
lative density functions were generated for the unisensory
and multisensory RTs. That is, raw RTs (for each individ-
ual in a given condition) were ordered and then divided
in order to estimate ten percentiles (details in Ulrich et al.
2007). Inspection of RTs at each percentile (for each
SOA) revealed that only when the multisensory stimuli
were simultaneous, the multisensory RTs were faster than
the race model. This increase was only true at the earliest
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Fig. 3 Multisensory RTs can be modelled as a combination of sta-
tistical facilitation and “true” multisensory facilitation, in the three
adaptation conditions. a-¢ cumulative density functions (CDFs) of
the visual (long dash), auditory (dotted), multisensory (dash) RTs are
plotted, as well as the race model (solid line), for each temporal adap-
tation condition. d-f Plots the RTs as function of three SOAs: + 40,

percentiles: a distinctive sign of multisensory integration.
This can be seen in Fig. 3a—c, which plots the cumulative
density functions for the three temporal adaptation condi-
tions, in the specific situation where the stimuli were pre-
sented simultaneously (SOA = 0).

The changes in the unisensory RT (caused by the adap-
tation paradigm, as reported in Results 1: Unisensory) pro-
duce different Race models for each adaptation condition.
By comparing the multisensory RTs to the race model, we
can determine how much of the multisensory enhancement
is due to statistical facilitation, or multisensory facilitation.
Figure 3d—f demonstrates that the enhancement of RTs is
made up of two parts: statistical facilitation (predicted by
the race model, in purple) and multisensory facilitation
(violations of the race model, in green). These violations
of the race model indicate an additional facilitation of RTs
that cannot be explained by the statistical summation of the
unisensory signals. We have termed this additional facilita-
tion: multisensory facilitation.

In order to calculate the magnitude of multisensory
facilitation at each SOA, we subtracted the multisensory
RTs from the predictions of the race model; negative values

and 0. Statistical facilitation is demonstrated by the race model hav-
ing a lower RT than the unisensory RTs (purple region in d-f, solid
line lower than unisensory lines in a-c), while multisensory facilita-
tion is observed when the multisensory RTs are faster than the race
model (green region in d-f, multisensory line lower than solid line in
a-c) (colour figure online)

thus indicate violations of the race model. Figure 4a plots
the magnitude of multisensory facilitation relative to the
SOA for each adaptation condition. If temporal adaptation
affected multisensory processes, for example by changing
the correlation between the unisensory signals, then we
would expect the pattern of violation to vary across adapta-
tion condition (exactly predicted are illustrated by the dis-
placed vertical arrows in Fig. 4a). In fact, the data collected
following our three temporal asynchrony regimes demon-
strated nearly identical violation patterns. To compare the
violations at each SOA, across the three adaptation condi-
tions, we analysed the data with a GEE: SOA (11) x Con-
dition (3) x week' (2). Testing the simple effects of adapt
condition at each SOA (in order to determine whether the
violations at each SOA are different between groups),
revealed no significant effect of temporal adaptation at any

! The GEE is similar to the one described in “Data analysis” with a
few minor differences. The within-subjects variables were SOA and
“week” since in order to have enough data at a given SOA, multisen-
sory RT data needed to be combined across sessions.
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Fig. 4 Race model violations. The violations of the race model are
plotted as a function of the SOA between the components of the
multisensory stimuli. Violations below zero (horizontal dashed line)
correspond to RTs that were faster than the values predicted by sta-
tistical summation. Negative SOAs correspond to audio first. a Red
lines indicate violations in the condition where participants adapted
to audio--lagging; blue lines indicate adaptation to audio--leading;
grey lines indicate adaptation to synchronous. Dotted vertical arrows

of the 11 SOAs (Wald x_values ranged from 0.265 to 5.869,
corresponding to p values ranging from .876 to .053). This
confirmed that the pattern of race-model violations was not
reliably affected by the adaptation procedure even though
the unisensory RTs changed.

The amount of violation did, however, vary as a func-
tion of the SOA; there was a significant main effect of
SOA (Wald x ;o = 191.8, p < .001). Pairwise comparisons
revealed that the violation values were, for the most part,
not different across SOAs (p > .05 for 90 pairwise compari-
sons), except at SOA = O—which was significantly differ-
ent from all other violation values (p < .01 comparing viola-
tion at SOA = 0 to all ten other SOAs). Next, we wanted to
know whether these violations were significantly different
from zero—significantly greater than zero (slower) would
indicate inhibition of responses, while significantly less
than zero (faster) would indicate response facilitation. We
followed up with Bonferroni-corrected one-sample  tests at
each SOA, comparing the RT violations to zero. The only
temporal relationship that resulted in RTs that were signifi-
cantly different from the race model prediction was when
the multisensory stimuli were simultaneous (SOA = 0).
When the stimuli were simultaneous, RTs were faster than
predicted by the race model; the mean violation was 5.8 ms
(SE = 1.9 ms, 1,y = —3.02, p = .005, see Fig. 4b).

In summary, the small differences between violation pat-
terns across the three temporal adaptation conditions were
not reliable. Overall, the three temporal adaptation condi-
tions produced the same violation pattern at each SOAs.
Importantly, only when the stimuli were simultaneous
(SOA = 0) was there reliable evidence multisensory facili-
tation of RTs. There was some indication that at other
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pointing up indicate the SOAs at which the stimuli were approxi-
mately “physiologically simultaneous” (based on RTs) for each adap-
tation condition. Violations indicating multisensory facilitation were
only found when stimuli were physically synchronous—i.e. the same
violation pattern is observed regardless of the temporal adaptation
condition. b The average data, combined across the three adaptation
conditions, error bars indicate the standard error of the mean (colour
figure online)

SOAs, when either visual or audio led, there might have
been a response inhibition where RTs were slower than
predicted by the model.”

General discussion

Temporal adaptation to audiovisual asynchrony changed
the mean unisensory RTs to both component stimuli, in the
direction predicted by the delay used during the adaptation
phase (replicating Di Luca et al. 2009; Harrar and Harris
2008; Navarra et al. 2009). Analysing the RT by fitting
an ex-Gaussian distribution revealed that the aforemen-
tioned changes in the mean RT can mostly be attributed to
changes in the variability of the RTs (o) and a change in
the late exponential component (7). Multisensory RTs were
analysed by comparing them to the race model. We found
that the pattern of multisensory RTs relative to the statis-
tical summation model was the same across adaptation
procedures. Multisensory facilitation (response enhance-
ment beyond statistical facilitation) only occurred for
physically simultaneous stimuli (SOA = 0). Since temporal

2 Using an uncorrected alpha-rate, there were several addi-
tional SOAs that produced RTs that were significantly slower
than the race model demonstrating a trend towards response
inhibition: SOA = —80 ms, mean response inhibition
(%) = 2.6 ms = (SE)L.7 ms, t,g = 2.09, p = .045; SOA = —60 ms,
X= 39 + 1.6 ms, 1,y = 252, p = .018; SOA = —40 ms, X=
3.5+ 1.6 ms, t)g = 2.14, p = .041; SOA = 60 ms, X = 4.0 &= 1.6 ms,
thy = 2.59, p = .015; SOA = 100 ms, ¥ = 4.1 &£ 1.9 ms, tyy = 2.18,
p =.038.
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adaptation is known to change multisensory perception
of synchrony, but does not appear to affect multisensory
response enhancement, we suggest that multisensory action
and perception might be based on different components of
the neural response (early or late, respectively).

Multisensory RTs were in line with the previous reports
in two important ways. First, statistical facilitation (defined
as the increased speed of responding to multisensory stim-
uli relative to unisensory stimuli) was always largest when
one stimulus was delayed by the SOA that would make it
physiologically synchronous with the other stimulus in
the brain (response onset asynchrony: ROA). In the data
presented here, the largest statistical facilitation occurred
when the slower (visual) stimulus was given a head-start so
that the two signals arrived at the brain at the same moment
(or at least were responded to with the same speed). Sta-
tistical facilitation is purely driven by the variability in
the responses and is therefore completely attributed to
the probability summation of two stimuli (i.e. the race
model, Diederich and Colonius 2004; Hershenson 1962;
Miller 1986) and is not necessarily related to the multisen-
sory nature of the stimulus. The principles of variability
and congruent effectiveness explain the types of benefits
observed in multisensory behaviours (Otto et al. 2013).

Second, the fastest absolute RT was observed when the
stimuli were presented simultaneously. The race model
also predicts this. However, in addition, multisensory
facilitation, measured by violations of the race model, only
occurred when the signals were presented synchronous at
source, i.e. physically synchronous (see also Leone and
McCourt 2012, 2013) regardless of the temporal adaptation
paradigm. Using adaptation, which we know is associated
with changes in multisensory synchrony perception, we
were able to change the unisensory RTs and demonstrate
that multisensory facilitation of responses remained stable.
Multisensory facilitation of RTs is, thus, independent of
factors that affect processing speed and perception.

Multisensory RTs faster than the race model

Race model violations have previously been reported for
physically synchronous multisensory stimuli (see earliest
reports in Miller 1986; Molholm et al. 2002). There have
been several suggestions as to what might cause multisen-
sory response facilitation beyond statistical summation. For
example, the “modality shift effect” postulated to cause
delays in unisensory RTs when the stimuli are not blocked
by modality (Spence et al. 2001a), certainly accounts for
a small portion of the multisensory facilitation (Miller
1986). More recently, models that allow the correlation
between the unisensory signals to vary can also account
for the multisensory facilitation (Otto et al. 2013), as well

as models that allow reduced variability in the neuronal
response of the unisensory stimuli (Otto and Mamassian
2012). The results of the current analysis, demonstrating
the effect of temporal adaptation on the variability and
the exponential component of the unisensory RTs, sup-
port Otto and Mamassian’s hypothesis that the variability
in unisensory RTs depends on multisensory experience.
Otto and Mamassian’s revisions generalise the race model
making it more difficult to be falsified (violated), because
in their model the unisensory responses are allowed to
vary depending on the context. Our data reveal that these
kinds of context-dependent unisensory responses are only
(if ever) necessary when multisensory stimuli have a physi-
cally simultaneous onset—even when a nonzero delay
between the stimuli is more likely to be perceived as simul-
taneous (as in the current data set). Indeed, none of the
revisions to the race model, or explanations for multisen-
sory facilitation, have considered the relevance of percep-
tion to behavioural responses. This is the first report where
multisensory RTs at various SOAs were tested after the
multisensory temporal structure was perceptually altered.
While unisensory response profiles changed in the direc-
tion predicted by perceptual changes, multisensory facili-
tation did not. We found that the largest violation of the
race model consistently occurred at “true simultaneity”
(when the stimuli were physically simultaneous at source),
even in conditions in which the point of perceptual syn-
chrony would have been shifted. In addition to violations
of the race model demonstrating ultra-fast responses, there
were also a number of SOAs where inhibition might have
occurred—where median RTs appear to be slower than pre-
dicted by the race model (see Fig. 4b).

Multisensory RTs slower than the race model

Inhibition of multisensory RTs has also been seen before
(Leone and McCourt 2013; Miller 1986), and at similar
SOAs as the current study (e.g. in Leone and McCourt
2012), but has yet to be adequately explained. The same
type of inhibition is also reported physiologically; single-
cell recordings from a subset of multisensory neurons (cells
that fire to multisensory stimuli and when either auditory
or visual stimuli are presented alone) show response inhi-
bition (less firing to multisensory stimuli than to either
unisensory stimulus). The maximum level of response
depression has been reported as occurring when the visual
stimulus was initiated 100 ms before the auditory stimu-
lus (see Fig. 10 in Meredith et al. 1987). A recent publi-
cation suggests an excellent model in which sub-additive
responses in multisensory neurons are the result of an inter-
action of inhibitory and excitatory inputs of multisensory
cells, which can result in a depressed firing rate in response
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to a multisensory stimulus, relative to the response of the
unisensory stimuli (Miller et al. 2015). Extrapolating
from the response patterns of such cells, we can suggests
some kind of inter-sensory inhibitory pathway that might
cause these slower RTs reported here at SOAs 50-100 ms.
Further research is needed to identify under what condi-
tions inhibition and facilitation of responses can be mod-
elled from the multisensory combination of unisensory
responses, especially in light of the independence between
the behavioural and perceptual effects.

Unisensory RT changes can at least partially explain
shifts in the perception of synchrony following adaptation
(Fujisaki et al. 2004; Vroomen et al. 2004). After adapta-
tion to visual-leading pairs (VA), the mean response times
to flashes are slower (Fig. la, also Di Luca et al. 2009;
Harrar and Harris 2008; Navarra et al. 2009), and RTs to
flashes are associated with a larger exponential component
(i.e. more late RTs, see Fig. 1b; Table 1). Thus, some neu-
rological process appears to slow down the internal visual
signal (maybe by holding it in a buffer, as suggested by
Jiang et al. 1994), and/or speed-up the internal auditory
signal, to compensate for the offset and create a synchro-
nised perception. Such a calibration system is impressively
specific; changes in synchrony perception of one person
speaking do not generalise to another person speaking,
demonstrating an important contextual element (Roseboom
and Arnold 2011). The context of speech appears to cause
important differences in the size of the integration win-
dow for the auditory and the visual components of speech,
sometimes making it smaller (e.g. Maier et al. 2011) and
sometimes making it larger (e.g. Wallace and Stevenson,
2014). An alternative to the buffering model is suggested
as a result of the ex-Gaussian analysis of unisensory RTs,
which clarified that temporal adaptation affects the vari-
ability of the RTs and the exponential component.

The two components of the ex-Gaussian RT distribution
are likely related to two different underlying processes. The
Gaussian portion of the distribution is thought to arise from
early automatic (nonanalytic) processes. On the other hand,
the exponential component can be an indication of energet-
ical factors such as arousal (Sanders 1983), or the involve-
ment of analytic and demanding processes that are slower
(e.g. attention, Balota and Spieler 1999). Thus, the changes
in the proportion of responses in the tail of the distribu-
tion, a change in the tau value, argue against a direct com-
putation factor affecting RTs—such an effect would have
caused the whole distribution of RTs to shift. Instead, tem-
poral adaptation caused a change in the variability between
individual trials. Adaptation appears to affect the alloca-
tion of energy resources, which are needed to maintain a
consistent state of preparation for stimulus processing and
response generation (Leth-Steensen et al. 2000). The first
stimulus in the adaptation pair (the stimulus that leads) is
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characterised by a RT with a larger variability, indicated by
the RTs having a larger tau, suggesting greater attentional
lapses, engagement of additional slow (demanding) pro-
cesses, and perhaps greater difficulty allocating effort to
the first stimulus in the pair. On the other hand, the stimu-
lus that lags in the adaptation pair appears to be character-
ised by RTs with a smaller exponential component, and a
smaller variability, suggesting it engages fewer late cogni-
tively demanding processes and recruits a steady level of
effort across trials.

Changes in the exponential component of the unisen-
sory RT distribution did not translate into changes in the
pattern of multisensory RT facilitation, which suggests that
multisensory violations of the race model are driven by the
earlier (faster) Gaussian component of the RT distribution.
Multisensory RTs are always faster than unisensory RTs,
and are primarily driven by the fastest unisensory responses
(as described in the race model). Thus, factors that change
the exponential component of the unisensory RT distribu-
tion—characterised by late responses, either speeding them
up or slowing them down—are unlikely to affect the mul-
tisensory RTs. Along these lines, perception, being a rela-
tively slow process, is likely affected by the same factors
that contribute to the later component of the RT distribu-
tion. Thus, temporal adaptation affects participants’ arousal
states towards individual stimuli, which causes changes to
the exponential portion of the RT distribution, and simul-
taneously affects the perception of simultaneity (PSS), but
does not affect the way that the unisensory stimuli come
together to generate the super-fast multisensory facilitated
responses. While there is some disagreement about inter-
preting the components of the ex-Gaussian in terms of
cognitive processes (e.g. see Matzke and Wagenmakers,
2009), there seems to be considerable evidence here for
dissociation between the RTs to multisensory stimuli, and
the perceptions of such stimuli. We therefore propose for
division between multisensory processes that are “slow”
(contextual, analytic, criterion-driven, generally percep-
tual) such as synchrony perception and the McGurk effect
(both of which are affected by temporal adaptation, Yuan
et al. 2014), and multisensory integration processes that are
“fast” (automatic, generally actions) such as reacting to a
stimulus with finger press or eye movements (Colonius and
Diederich 2004). Several hypotheses have been put forward
suggesting the processes that underlie multisensory tem-
poral perception, which we suggest would be unrelated to
multisensory facilitation of RTs.

Sternberg and Knoll (1973) suggested that the per-
ception of temporal order depends on arrival latencies of
stimuli at a central comparator. Our ex-Gaussian analy-
sis of unisensory RTs suggests that temporal adaptation
affects attention, and attention to a sensory modality has
been shown to affect multisensory arrival latencies and
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synchrony perception by means of prior entry (Spence
et al. 2001b). Prior entry is caused by a reduction in
encoding time of the attended stimulus and a prolonga-
tion of the unattended stimulus (Vibell et al. 2007; Tiin-
nermann et al. 2015). Temporal adaptation may cause the
second stimulus in the adaptation pair (the one that lags) to
be cued for the next stimulus presentation—causing it to
be processed more quickly—which should cause the adap-
tation pair to appear more synchronous, and could also
cause the lagging stimulus to be processed more quickly
even when tested alone. These changes to the unisensory
RT distribution after asynchrony adaptation may therefore
be related to changes in the allocation of attention, which
might underlie changes in the perception of synchrony.
However, the asymmetric changes in temporal perception
following temporal adaptation cannot be fully explained
by changes in unisensory processing (see data and expla-
nation in Roach et al. 2011).

Changes in the temporal perception (i.e. PSS) might also
arise from changes in the gain of neurons selectively tuned
to particular audiovisual asynchronies (Roach et al. 2011),
such as the multisensory neurons in the anterior ectosylvian
cortex (Berman 1961; Jiang et al. 1994). These neurons
might also be able to deduce the distance of a multisensory
event to the observer based on the asynchrony between the
auditory and visual signals (Jaekl et al. 2012, 2015). While
there is no solid evidence that temporal adaptation causes
changes in neural timings (Roseboom et al. 2015; Yarrow
et al. 2011), we propose that any such effects would be
most pronounced in the slower responses of these neurons
(cf. tau) and that it is these late responses which appear to
be related to the perception of synchrony. These neuronal
changes cannot, however, without further development,
explain the dissociation between multisensory temporal
perception and actions demonstrated here.

Alternatively, a Bayesian framework can account for
flexible synchrony perception with a fixed temporal delay
where multisensory RT facilitation occurs. In the Bayesian
structure that might underlie multisensory temporal percep-
tion, there could be a “prior” (for actual synchrony) and a
“likelihood” function that is adaptable (Hanson et al. 2008;
Keetels and Vroomen 2012; Miyazaki et al. 2006). While
the deeply ingrained prior would always assumes that
events occurring close together in time and space are actu-
ally simultaneous, the likelihood function would be built-
up over the course of a few minutes of experience (e.g.
temporal adaptation) causing a shift to what the observer
interprets as “close together in time”. While changes to the
likelihood function might result in changes to the PSS, the
inflexibility of the prior may underlie the fixed nature of the
multisensory response facilitation that only occurs for truly
simultaneous signals—ones that correspond to the original
prior.

Perception and action are often independent. In vision,
they are classically represented by distinct neural networks
(Goodale and Milner 1992). This dissociation also seems
relevant in the multisensory research framework. Colo-
nius and Diederich’s (2004) time window of integration
(TWIN) model demonstrated that the integration window
is significantly larger for the RT task than for the TOJ task
(Diederich and Colonius 2015). The dissociation between
the RT and TOJ has been demonstrated by others and is
proposed to be due to the fact that the information used in
the two tasks is triggered from different processes with dif-
ferent critical decision thresholds (Jaskowski 1992). Our
data support the distinction between multisensory integra-
tion for perception and integration for action. In the context
of our data, processes that affect integration for perception
(e.g. temporal adaptation affecting the PSS) appear to be
independent from processes that affect the integration for
multisensory facilitation of responses (see also Megevand
et al. 2013). The data presented here further suggest that
the “temporal window” for multisensory perception of syn-
chrony is adjustable by experience, whereas the time win-
dow for fast multisensory action-based benefits is not.

Knowledge that multisensory behavioural benefits and
multisensory perception are independent could perhaps be
used to inform training programs for clinical populations
with multisensory temporal deficits. We suggest that tem-
poral adaptation training could speed unisensory process-
ing; for example, watching a movie in which the audio
track is delayed may speed subsequent auditory process-
ing. Slower than normal unisensory processing appears to
underpin a multisensory binding deficit found in patients
with schizophrenia (Foucher et al. 2007) and dyslexics
suffering from delayed auditory processing (Farmer and
Klein 1995) causing multisensory deficits (Harrar et al.
2014). However, in those cases where unisensory process-
ing appears to have developed normally and deficits only
emerge in multisensory integration tasks (e.g. in some
cases of autism spectrum disorder, see Foss-Feig et al.
2010), temporal adaptation is unlikely to affect their ability
to process multisensory stimuli.

Conclusions

The dissociation presented here between changes in mul-
tisensory perception related to changes in unisensory pro-
cessing, and multisensory interactions that are unchanged
by temporal adaptation, is novel within the multisensory
literature. The data presented here strongly support sepa-
rate systems for the perception of a multisensory event and
our ability to act on that event (Leone and McCourt 2015).
Having used the exact same stimuli in the different condi-
tions, varying only the adaptation asynchrony (which is
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known to consistently affect perception), we provide evi-
dence for the dissociation in multisensory integration for
perception and action. As a tentative explanation for the
necessity of this dissociation, we note that optimal perfor-
mance in a TOJ task (perception) requires maximum seg-
regation, while optimal performance in a multisensory RT
task (action) requires maximum integration. A further novel
insight, related to the shape of the distribution of RTs, was
that multisensory action and perception might be based on
different components of the neural response (early or late,
respectively). The multisensory system for action is likely
optimised to escape from predators as quickly as possi-
ble (an early basic process), which is quite different from
demands of the multisensory perceptual system (which
relies on slower analytic processes). Thus, the independ-
ence of integration for perception and integration for action
might be driven by the difference in task demands (Mege-
vand et al. 2013).
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