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Abstract The ability of human sensory systems to inte-
grate information across the different modalities provides a
wide range of behavioral and perceptual benefits. This inte-
gration process is dependent upon the temporal relationship
of the different sensory signals, with stimuli occurring close
together in time typically resulting in the largest behavior
changes. The range of temporal intervals over which such
benefits are seen is typically referred to as the temporal
binding window (TBW). Given the importance of tempo-
ral factors in multisensory integration under both normal
and atypical circumstances such as autism and dyslexia,
the TBW has been measured with a variety of experimental
protocols that differ according to criterion, task, and stimu-
lus type, making comparisons across experiments difficult.
In the current study, we attempt to elucidate the role that
these various factors play in the measurement of this impor-
tant construct. The results show a strong effect of stimulus
type, with the TBW assessed with speech stimuli being both
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larger and more symmetrical than that seen using simple
and complex non-speech stimuli. These effects are robust
across task and statistical criteria and are highly consist-
ent within individuals, suggesting substantial overlap in the
neural and cognitive operations that govern multisensory
temporal processes.
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Introduction

A primary role of the nervous system is to convert sen-
sory inputs into directed and adaptive actions. This is
achieved through the different sensory systems working
in concert, integrating information across the senses and
improving behavioral outcomes as seen in higher detection
rates (Stein and Wallace 1996; Lovelace et al. 2003), more
accurate localization (Wilkinson et al. 1996; Nelson et al.
1998), and faster responses (Hershenson 1962; Diederich
and Colonius 2004). The ability to integrate information to
generate neural, behavioral, and perceptual gains is known
to be highly dependent upon the spatiotemporal relation-
ship of the different sensory inputs (Wallace et al. 2004).
A great deal of work has focused on the importance of
temporal factors in dictating multisensory interactions and
has shown robust effects of stimulus timing at the level of
single neurons (Meredith et al. 1987, 1992; Royal et al.
2009), neural populations measured by EEG (Senkowski
et al. 2007; Schall et al. 2009) and fMRI (Macaluso
et al. 2004; Miller and D’Esposito 2005; Stevenson et al.
2010, 2011), and in behavioral and perceptual paradigms
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(Dixon and Spitz 1980; Wallace et al. 2004; Keetels and
Vroomen 2005; Zampini et al. 2005; Conrey and Pisoni
2006; van Atteveldt et al. 2007; van Wassenhove et al.
2007; Powers et al. 2009; Hillock et al. 2011).

Given the importance of temporal factors for multi-
sensory integration and emerging evidence for deficits in
multisensory temporal processing in clinical populations
such as autism and dyslexia (Hairston et al. 2005; Foss-
Feig et al. 2009; Kwakye et al. 2011; de Boer-Schellekens
et al. 2013; Woynaroski et al. 2013), a number of experi-
mental paradigms have been developed to examine these
effects. Many of these studies have gravitated toward the
construct of the temporal binding window (TBW)—the
range of stimulus onset asynchronies (SOAs) in which
multiple sensory inputs have a high probability of alter-
ing responses. As such, the TBW can serve as a proxy
measure for when multisensory integration occurs. Not
surprisingly, the TBW has been measured using a vari-
ety of different tasks, stimulus types, and statistical cri-
teria (Dixon and Spitz 1980; Miller and D’Esposito 2005;
Zampini et al. 2005; Conrey and Pisoni 2006; Vatakis and
Spence 2006; van Atteveldt et al. 2007; van Wassenhove
et al. 2007; Stevenson et al. 2010). These differences make
comparisons across studies very difficult, thus limiting our
ability to map this construct onto the relevant neural and
cognitive operations, previously identified in regions of
the insula, interior parietal sulcus, inferior frontal gyrus,
and superior temporal sulcus (Miller & D’Esposito 2005;
Stevenson et al. 2011).

To tackle this issue, the current study provides the first
parametric analysis of how task, stimulus type, and statisti-
cal criterion impact the TBW. The TBW is measured using
stimuli ranging from simple flashes and beeps to complex
audiovisual speech using four distinct tasks and employing
two different criteria. These data provide a novel view into
the task and stimulus dependencies of the TBW, showing
robust effects of both task and stimulus type. Perhaps most
importantly, these effects were found to be highly corre-
lated within individuals, hinting at a common set of neural
and cognitive operations underlying multisensory temporal
processes and that serve to bind multisensory stimuli into
unitary events.

Methods

Participants

Thirty-nine participants (15 male, mean age = 20.9 years,
SD = 3.8 years, range = 18-35 years) were run, and all

procedures were approved by the Vanderbilt Institutional
Review Board.
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Stimuli

All stimuli were presented using MATLAB (MATH-
WORKS Inc.) through the Psychophysics Toolbox exten-
sions (Brainard 1997; Pelli 1997). Visual stimuli were
presented at a distance of approximately 60 cm from the
participants, and auditory stimuli were presented binaurally
via noise-canceling headphones. Experimental timing was
confirmed via oscilloscope.

Three distinct categories of audiovisual stimuli were pre-
sented: simple flashbeeps, dynamic handheld tools, and sin-
gle syllable utterances. These stimulus types were chosen
for a number of reasons. First is their use in previous stud-
ies. Speech stimuli have been used in a plethora of studies,
and speech integration is by itself a widely studied percep-
tual process. Similarly, in terms of basic studies of sensory
perception, it is quite common to use extremely limited
stimuli, such as pure tones, noise bursts, flashes, and check-
erboards. Dynamic handheld tool stimuli were also included
as a complex, non-speech stimulus class. These tool stimuli,
like the speech stimuli, are relatively complex, include bio-
logical motion, and presentation of a body part, and as such
can be used as a contrast to assess speech-specific differ-
ences in processing.

The visual component of the flashbeep stimuli consisted
of a white ring circumscribing the visual fixation cross on
a black background and was 18.25 cm in diameter or 17.3°
of visual angle. Visual stimulus duration was 10 ms. Audi-
tory beep stimuli consisted of a 3,500 Hz pure tone with a
duration of 13 ms. See Fig. 1a for a graphical representation.

Dynamic handheld tool stimuli were selected from a stim-
ulus set that has been previously used successfully in stud-
ies of multisensory integration (Stevenson et al. 2007, 2009;
James et al. 2009, 2011, 2012; Stevenson and James 2009;
Wallace and Murray 2011). Stimuli consisted of two audio-
visual clips showing a hammer in action. Hands were visible
in the recordings. Recordings were made with a DCR-HC85
MiniDV Digital Handycam camcorder. Separate video and
audio files were extracted from the raw recordings, such that
they could be manipulated and presented separately as vis-
ual and auditory stimuli. Video was acquired at the camera’s
native resolution of 1,024 x 720. Audio was acquired with
16 bits at a sampling rate of 32 kHz with the camcorder’s
onboard microphone. Visual stimuli were cropped to square,
down-sampled to a resolution of 400 x 400 pixels spanning
18.25 cm per side or 17.3° of visual angle, and converted
from color to grayscale. Audio was converted from stereo to
mono. Presentations were shortened to 1 s, and each presen-
tation included a full cycle of motion for the given tool. See
Fig. 1b for a graphical representation.

Single syllable utterances were selected from a stimulus
set that has been previously used successfully in studies of
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4 Fig. 1 Methods and stimuli. Trial formats are shown in (a), and stim-

uli used in (b—d). SOAs for each task and stimulus type are shown in
(e). a Flashbeep stimuli and experimental protocol, b tool stimulus,
¢ /ga/stimulus, d /ba/stimulus, e stimulus onset asynchronies

multisensory integration (Schall and Hanes 1993; Quinto
et al. 2010). Stimuli consisted of two audiovisual clips of a
female speaker uttering single instances of the syllables/
ba/and/ga/. Visual stimuli were cropped to square, down-
sampled to a resolution of 400 x 400 pixels spanning
18.25 cm per side or 17.3° of visual angle, and converted
from color to grayscale. Presentations were shortened to 2 s,
and each presentation included the entire articulation of the
syllable, including pre-articulatory gestures. See Fig. lc, d
for graphical representations.

Procedure

Each participant completed 12 experiments, including 4
cognitive tasks with each of the 3 stimulus types. With each
task, stimulus onset asynchronies (SOA) were parametri-
cally varied. See Fig. le for SOAs with each stimulus type
and task. Tasks included a two-alternative, forced-choice
simultaneity-judgment task (SJa: “Were the auditory and
visual stimuli presented at the same or different times”), a
temporal-order judgment task (TOJ: “Was the auditory or
visual stimulus presented first”), a perceptual-fusion task
(PF: “Did you perceive the presentation as a single event”),
and a two-interval, forced-choice task (SJi: two presenta-
tions, one synchronous and one asynchronous, “Was the
first or second presentation synchronous”). Experiment
orders were randomized across participants. SOAs were
tailored for each task and stimulus type based on previ-
ous research, with notable differences being that TOJ and
SIi tasks did not include a 0 ms SOA (as there would then
be no correct response) and that simple flashbeep stimuli
included more dense SOAs between 0 and 150 ms than the
more complex stimuli (Vatakis and Spence 2006; Vatakis
et al. 2008). In detail, the SOAs for each task and stimulus
type were as follows (note that all nonzero values included
an auditory-leading and a visual-leading condition with that
respective SOA). Flashbeep SJa and flashbeep PF tasks used
SOAs of 0, 10, 30, 50, 80, and 100-300 ms in 50-ms incre-
ments. The flashbeep TOJ task used SOAs of 30, 50, 80, and
100-300 ms in 50-ms increments. The flashbeep SJi task
used SOAs of 10, 20, 50, 100, and 100-200 ms in 50-ms
increments. The tool SJa, tool PF, speech SJa, and speech
PF tasks used SOAs of 0—300 ms in 50-ms increments. The
tool SJi, tool TOJ, speech SJi, and speech TOJ tasks used
SOAs of 50-300 ms in 50-ms increments. See Fig. 1d for a
graphical representation.
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Participants sat inside a light- and sound-attenuating
WhisperRoom™ (Model SE 2000; Whisper Room Inc).
Participants were asked to fixate toward a fixation cross at
all times and were monitored by close circuit infrared cam-
eras throughout the experiment to ensure fixation. Each task
began with an instruction screen, after which the participant
was asked whether he or she understood the instructions.
Each trial included a 501-1,500-ms fixation, stimulus pres-
entation, a 250-ms fixation, and a response screen (in the
case of the SJi task, two stimulus presentations occurred
separated by 501-1,500 ms). Following a response via but-
ton press, the subsequent trial began with the 501-1,500-ms
fixation. For all conditions, participants were instructed to
respond as accurately as possible. Trial orders were ran-
domly varied using the method of constant stimuli, with
20 trials per condition (in the case of the tool and speech
stimuli, which both used two audiovisual clips, this included
10 presentations of each stimulus for each SOA).

Analysis

For both the SJa and the PF tasks, analyses were identical.
Responses from the SJa and PF tasks were used to calculate
a TBW for each subject. The first step in this process was
to calculate a rate of perceived synchrony/fusion with each
SOA, which was simply the percentage of trials in a given
condition in which the individual reported that the presenta-
tion was synchronous/fused. As is conventional for meas-
ures of the TBW (Powers et al. 2009; Hillock et al. 2011;
Hillock-Dunn and Wallace 2012; Stevenson et al. 2013),
two psychometric sigmoid functions were then fit to the
rates of perceived synchrony/fusion across SOAs one to the
audio-first presentations and a second to the visual first pres-
entations which will be referred to as the left and right win-
dows, respectively. Data used to create both first-pass, best-
fit sigmoids functions included the synchronous, 0 ms SOA
condition. These best-fit functions were calculated using the
glmfit function in MATLAB. Following this first-pass fit, the
intersection of the left and right best-fit curve was used to
estimate the point of subjective simultaneity (PSS) or the
point at which the participant maximally fused the two stim-
uli. To account for nonzero PSS measurements, refitting of
the data was then performed in an iterative fashion using the
measured PSS to split the mean data points until these fit-
tings converged. For example, if a measured PSS value was
45-ms visual leading, all data points with an SOA less than
45-ms visual leading would be used to re-calculate the left
sigmoid, and all values greater than 45-ms visual leading
would be used to calculate the right sigmoid. Each partici-
pant’s individual left and right TBWs were then estimated
at two levels relative to the individual’s PSS, at the SOA at
which the best-fit sigmoids y value equaled a 50 and 70 %
rate of perceived synchrony (see Fig. 2). Each participant’s
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left and right TBWs were then summed to produce a third
whole TBW. Group TBWs were then calculated by taking
the arithmetic mean of the left, right, and whole TBWs from
each participant.

For both the TOJ and the SJi, analysis was identical.
Responses from the TOJ and SJi tasks were used to calcu-
late a TBW for each subject. The first step in this process
was to calculate a rate of responses with each SOA, which
was simply the percentage of trials in a given condition in
which the individual gave a specific response (in the case
of the TOJ, that the visual was first, and in the SJi, that the
second presentation was synchronous). A single psycho-
metric sigmoid function was then fit to the response rates
across all SOAs. These best-fit functions were calculated
using the glmfit function in MATLAB. Each participant’s
PSS was then extracted as the SOA at which the individual’s
sigmoid curve was equal to 50 %. Individual left and right
TBWs were then estimated at the same two levels, 50 and
70 %. The 50 % TBW was measured as the difference in
ms between the SOA at which the best-fit sigmoids y value
equaled a 25 % and the individual’s PSS for the left window,
and between the 75 % and the individual’s PSS for the right
window. The 70 % TBW was measured as the difference in
ms between the SOA at which the best-fit sigmoids y value
equaled a 35 % and the individual’s PSS for the left window,
and between the 65 % and the individual’s PSS for the right
window (see Fig. 2). Each participant’s left and right TBWs
were then summed to produce a third, whole TBW. Group
TBWs were then calculated by taking the arithmetic mean
of the left, right, and whole TBWs from each participant.

Results

Each of the 12 experimental conditions, consisting of 4
multisensory temporal tasks using three different stimulus
types (i.e., simple flashbeep stimuli, complex-tool stimuli,
and complex speech stimuli) were analyzed in a similar
manner. Individuals’ response rates were fit to a psycho-
metric function (see methods) and averaged into a group-
mean curve for each condition (Fig. 2). To assess how well
these functions fit the measured data, predicted data points
corresponding to the SOAs presented to participants were
extracted from these psychometric functions for each indi-
vidual, task, and stimulus type. An omnibus ANOVA was
run comparing fitted data points and actual measured data
points (F gg97) = 0.19, p = 0.67, mean deviation = 0.003),
showing a very good fit. Using these distributions, the TBW
was then calculated over its entire width, and for left and
right sides. These TBW were calculated at two statistical
criterion levels, 50 and 70 %, to determine how strongly
these criteria shape the final conclusions about the charac-
teristics of the TBW.
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Fig. 2 Best-fit curves used to define the temporal binding window. Sigmoid curves of averaged data are depicted by task (row) and stimulus type
(column). Data points represent the means of individuals’ responses, with error bars representing the standard deviation between subjects

Measurements of the full TBW

The width of the full TBW was strongly dependent upon
both task and stimulus type (Fig. 3). A two-way, repeated-
measures ANOVA across stimulus type and task at the 50 %
criterion revealed main effects of both task and stimulus
type, and a significant interaction. This pattern was con-
firmed at the 70 % criterion. Given significant main effects
across both factors, protected, follow-up ¢ tests between

stimulus types at the 50 % criterion showed the full TBW
to be larger for speech (461 ms) compared to non-speech
audiovisual stimuli, but to not differ between flashbeep
(322 ms) and tool (317 ms) stimuli. Statistical tests for col-
lapsed and pairwise comparisons of stimulus type within
tasks are reported in Table 1. The full TBW was also found
to be dependent upon task. Collapsed across stimulus type,
follow-up 7 tests at the 50 % criterion revealed TBWs meas-
ured with the 2AFC simultaneity-judgment (SJa; 420 ms)
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Table 1 Effect of stimulus type

- stumulus 2-way ANOVA
on the temporal binding window
Main effect of Left TBW Right TBW Whole TBW
stimulus type
p< F p< F p< F
50 % criterion 1.00e™13 53.74 1.00e~13 40.72 1.00e13 53.68
70 % criterion 1.00e~13 39.14 0.02 422 1.00e~8 31.72
Follow-up  tests
Task comparison Stimulus Left TBW Right TBW Whole TBW
p< T p< t p< T
Flashbeep versus Collapsed n.s. 1.89 n.s. 1.91 n.s. 0.13
tools Sla n.s. 1.65 n.s. 1.40 n.s. 0.05
TOJ n.s. 1.98 n.s. 2.00 n.s. 1.99
PF 0.03 231 n.s. 1.18 n.s. 0.75
SJi n.s. 1.91 n.s. 1.91 n.s. 1.91
Flashbeep versus Collapsed 5.71e712 7.74 1.29¢73 3.31 4.92¢7Y 9.99
speech SJa 3.39¢73 3.01 n.s. 0.34 9.07¢~’ 5.26
TOJ 1.30e3 3.59 1.33¢73 3.58 1.32¢73 3.58
PF 1.38e* 4.54 n.s. 0.34 7.37¢73 4.70
Sli 4.56e77 7.04 4.47¢77 7.05 4.52e77 7.05
Tools versus Collapsed 7.35¢~° 6.28 2.50e~° 4.97 1.46e~13 8.46
speech SJa 0.02 2.44 9.91e73 2.63 2.01e™ 4.49
TOJ 3.38¢73 4.96 3.35¢73 4.97 3.36e7> 4.96
PF 0.04 223 n.s. 0.80 6.06e~3 2.99
SIi 1.23¢™* 4.65 1.21e™* 4.66 1.22¢7* 4.66

and perceptual-fusion (PF; 425 ms) tasks to be wider than
with both temporal-order judgment (TOJ; 313 ms) and 2IFC
simultaneity-judgment (SJi; 280 ms) tasks, but no differ-
ence was seen between the SJa and PF tasks or the TOJ and
SJi tasks. Statistical tests for collapsed and pairwise com-
parisons of task within stimulus type are reported in Table 2.

Measurements of the left and right TBW

In addition to looking at full window width, analyses
focused on both the left (auditory leading) and right (visual
leading) sides of the TBW. The rationale for this division
was the fact that in the natural environment, the conduction
speed of light and sound energy inherently bias the order
in which visual and auditory cues arrive at their respective
sense organs, such that light energy arriving at the retina
always precedes sound energy arriving at the cochlea. Left
and right TBW analysis began with a three-way, repeated-
measures ANOVA across side (left/right), task, and stimu-
lus type at the 50 % criterion. This analysis revealed main
effects of side, task, and stimulus type, as well as a side-by-
task interaction. Main effects and interactions were con-
firmed using the 70 % criterion, with a single difference of
no main effect of side (see Fig. 3). See Table 3 for associ-
ated statistics.

Given the main effects of window side, subsequent two-
way, repeated-measures ANOVAs were run on the left and
right TBW data across stimulus type and task. Focusing
first on the left TBW, a main effect of stimulus type was
seen at both the 50 and 70 % criteria. Given this significant
main effect protected, follow-up ¢ tests at the 50 % crite-
rion revealed that the left TBW as measured using speech
stimuli (215 ms) was wider than that measured using flash-
beep (150 ms) and tool (129 ms) stimuli. In contrast, no
difference between flashbeep and tool stimuli was seen.
Statistical tests for collapsed and pairwise comparisons of
stimulus type within tasks are reported in Table 1. In addi-
tion, a main effect of task was seen at both the 50 and 70 %
criteria. Similar protected, follow-up t tests across task and
collapsed across stimulus types revealed that the left TBW
as determined using the SJi task (140 ms) was narrower than
that for the SJa (173 ms) and PF (181 ms) tasks, and the
TBW with the TOJ task (156 ms) was narrower than with
the PF task. Statistical tests for collapsed and pairwise com-
parisons of task within stimulus type are reported in Table 1.
No stimulus-type-by-task interaction was observed.

For the right TBW at the 50 % criterion, a main effect
of stimulus type was seen. Follow-up ¢ tests revealed that
the right TBW as measured using speech stimuli was wider
(246 ms) than for flashbeep (173 ms) and tool (188 ms)
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Table 2 Effect of task on the

rectol 2-way ANOVA Left TBW Right TBW Whole TBW
temporal binding window main effect of task
p< F p< F p< F
50 % criterion 1.00e~3 14.05 1.00e~ 1 50.62 1.00e~ 13 34.66
70 % criterion 1.00e~3 18.79 1.00e~ 1 44.03 1.00e~8 32.76
Follow-up f tests
Task comparison Stimulus Left TBW Right TBW Whole TBW
p< T p< t p< T
SJa versus TOJ Collapsed n.s. 0.28 5.29¢~¢ 4.85 1.93¢~* 3.89
Flashbeep 0.03 2.23 1.80e™* 3.91 53974 3.59
Tools n.s. 1.12 2.59¢73 332 0.04 229
Speech n.s. 0.06 n.s. 0.96 n.s. 0.46
SJa versus PF Collapsed n.s. 0.67 n.s. 0.80 n.s. 0.22
Flashbeep n.s. 0.87 n.s. 0.42 n.s. 0.83
Tools n.s. 1.10 n.s. 0.35 n.s. 0.29
Speech n.s. 0.01 n.s. 1.09 n.s. 1.62
SJa versus SJi Collapsed 5.57¢73 2.84 5.12¢77 5.41 1.45¢~° 6.75
Flashbeep 8.89¢ 3 2.67 1.89¢~* 3.90 2.50e™* 3.81
Tools n.s. 0.34 8.21e™> 4.63 3.05¢7° 5.86
Speech n.s. 1.77 n.s. 1.46 0.04 2.20
TOJ versus PF Collapsed 0.03 2.32 1.08e™* 4.05 2.86e° 4.42
Flashbeep 1.89¢~* 3.90 1.25¢73 3.34 9.12¢7° 4.10
Tools n.s. 0.38 7.12¢74 3.82 9.32¢* 3.72
Speech n.s. 0.55 n.s. 0.01 n.s. 0.29
TOJ versus SJi Collapsed n.s. 1.94 n.s. 1.97 n.s. 1.95
Flashbeep n.s. 0.88 n.s. 0.87 n.s. 0.88
Tools 0.05 2.10 0.05 2.14 0.05 2.12
Speech n.s. 1.52 n.s. 1.54 n.s. 1.53
PF versus SJi Collapsed 4.76e73 2.84 2.65¢7¢ 5.42 8.38e10 6.75
Flashbeep 2.86e 3 2.67 0.02 3.90 2.75¢73 3.82
Tools n.s. 0.34 1.79¢™* 4.63 9.15¢¢ 5.86
Speech 4.42¢73 1.77 n.s. 1.46 1.30e3 2.20

stimuli, with no differences being found between flashbeep
and tool stimuli. Statistical tests for collapsed and pairwise
comparisons of stimulus type within tasks are reported in
Table 1. A main effect of task was also seen at the 50 %
criterion. The right TBW with the SJa (248 ms) and PF
(244 ms) tasks were wider than both the TOJ (156 ms) and
SJi (140 ms) tasks, with no significant difference between
either the SJa and PF or the TOJ and SJi tasks. These effects
of both stimulus type and task were comparable at the 70 %
criterion. Statistical tests for collapsed and pairwise com-
parison of stimulus type within task are reported in Table 2.

To explore the significant interaction between side and
stimulus type revealed by the three-way ANOVA, pro-
tected, follow-up 7 tests were run comparing the left and
right TBWs across stimulus type collapsed across task at
the 50 % criterion. Differences were found between the left
and right TBW for the flashbeep, tool, and speech stimuli
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(mean difference = 23, 59, and 32 ms, respectively). This
pattern was similar for the 70 % criterion. Thus, the side-
by-stimulus type interaction was driven by a difference
between speech and non-speech stimuli, where non-speech
stimuli are associated with a more asymmetrical TBW when
compared with speech stimuli. Statistical tests for collapsed
and pairwise comparisons are reported in Table 3.

Within-subject correlations

In order to determine how tightly coupled these various indi-
ces of multisensory temporal binding are within individuals,
the consistency of the TBWs as measured using the differ-
ent stimuli and tasks was assessed through pairwise correla-
tions between each task-stimulus condition. Full, left, and
right TBWs were correlated within individuals at both the
50 and 70 % thresholds (Fig. 4). At the 70 % criterion, the
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Table 3 Differences between the left and right TBW

3-Way ANOVA Effect p< F
50 % criterion Side n.s. 0.97
Stimulus type 1.00e~13 40.72
Task 1.00e™ 1 50.62
Side x Stim. type 0.003 6.49
Side x task 1.00e~° 23.97
70 % criterion Side 1.00e=% 90.12
Stimulus type 2.78¢78 58.96
Task 2.14e7! 29.84
Side x stim. type 0.11 2.24
Side x task 1.00e~1 63.70
Follow-up ¢ tests
Stimulus type Task p< T
Flashbeep Collapsed 1.31e7? 3.30
Sla 4.60e™ 2.90
TOJ n.s. 0.57
PF n.s. 1.81
SJi n.s. 0.83
Tools Collapsed 1.77¢~* 3.88
SJa 7.84e73 2.72
TOJ 0.03 2.30
PF 5.10e73 3.06
Sli n.s. 0.77
Speech Collapsed 0.05 2.03
Sla n.s. 1.93
TOJ n.s. 0.62
PF n.s. 1.11
Sli n.s. 0.33

strongest correlations were seen for the full TBW (average
R = 0.58) and the right TBW (average R = 0.23). Also of
note is that the correlations were consistently stronger for
the right TBW when compared with the left TBW (aver-
age R = 0.18). A very similar pattern was seen at the 50 %
criterion, with average R values of 0.39, 0.28, and 0.24 for
the full, right, and left TBWs, respectively. A review of the
patterns revealed by these correlational analyses revealed
that the SJ tasks were the most correlated with other tasks,
whereas the TOJ task was the least correlated with other
tasks (van Eijk et al. 2008). For statistical results with each
individual correlation, see Fig. 4.

Discussion
In studies of multisensory interactions, the temporal rela-

tionship between paired sensory inputs has proven to be
one of the most important features in determining if these

inputs will be integrated, what form the interaction will take
(i.e., enhancements vs. depressions) and the magnitude or
strength of the resultant interaction (Meredith et al. 1987;
Stevenson et al. 2010; Vroomen and Keetels 2010). It has
been well established that sensory inputs do not have to be
simultaneously presented in order to be integrated, but rather
can occur within a limited range of temporal offsets, a con-
struct known as the multisensory temporal binding window
(TBW). Given the great impact temporal processing has on
multisensory integration and the emerging evidence for dis-
rupted multisensory temporal processing in clinical condi-
tions (Hairston et al. 2005; Foss-Feig et al. 2009; Kwakye
et al. 2011), substantial efforts have been put into character-
izing the TBW. However, these studies have utilized a vari-
ety of tasks, stimulus types, and statistical criteria, making
comparisons across experiments difficult. The current study
represents the first to our knowledge designed to parametri-
cally assess the impact of these factors on the TBW within
the same set of experimental subjects. Collectively, these
data show that both stimulus type and task strongly affect
the TBW, with the window as assessed with speech stimuli
being both larger and more symmetrical than that defined
using simple and complex non-speech stimuli. In addition,
these effects were found to be robust across statistical criteria
and to be highly consistent within individuals, suggesting
substantial overlap in the neural and cognitive operations
that govern multisensory temporal processes.

One of the most salient features of the current data was the
asymmetry between the left and right TBW when assessed
using non-speech stimuli, a finding concordant with prior
work (Dixon and Spitz 1980; Miller and D’Esposito 2005;
Zampini et al. 2005; Conrey and Pisoni 2006). The asym-
metry was driven by the fact that individuals are much
more likely to perceive trials in which the visual stimulus
precedes the auditory stimulus as synchronous when com-
pared with the converse. This finding has a great deal of
ecological validity, since, in the natural environment, visual
stimulus energy will always reach the retina prior to audi-
tory energy reaching the cochlea (Poppel et al. 1990). Thus,
if the TBW is shaped by the normal temporal statistics of
stimuli within the environment, one would expect that the
shape and symmetry of the TBW would reflect the greater
likelihood of there being meaningful stimulus pairings in
which the visual stimulus precedes the auditory stimulus.
Interestingly, and novel to this study, is the finding that the
criterion which is used to define the TBW may impact this
measure of asymmetry.

Another of the strongest features of the current data was
how the TBW was impacted by stimulus type, an effect
driven largely by the differences between the speech and
non-speech audiovisual stimuli. The finding that the TBW is
wider for speech-related stimuli fits well with two previous
lines of work studying multisensory temporal processing.
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Fig. 4 Within-subject correlation matrices. Correlations between each stimulus/task pairing is depicted for the 50 % (fop) and 70 % (bottom)
thresholds. Correlations are shown for the left (VA), right (AV), and whole TBWs

First, while the TBW has been shown to narrow substan-
tially with development (Hillock et al. 2011), there appears
to be evidence for differential narrowing dependent upon
the nature of the stimuli used (Hillock-Dunn and Wallace
2012). Second, in its mature state, the TBW has previously
been shown to be wider with complex stimuli than with
simple stimuli regardless of stimulus length (Vatakis and
Spence 2006). A number of plausible explanations could
explain the differential width of the TBW based on stimu-
lus type. The most compelling of these arguments claims
that certain stimuli, particularly speech stimuli, may require
additional processing within modality prior to, or concur-
rent with, integration across modalities, and thus, the multi-
sensory process may be optimized if there is more tolerance
to temporal offsets.

It should also be noted here that each stimulus type varied
in total length; however, previous work has shown that stim-
ulus length itself may not significantly impact the percep-
tion of synchrony (Vatakis and Spence 2006). Differences in
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the length of the individual auditory and visual components
have been shown to have an effect on the PSS such that when
these components differ in duration (Kuling et al. 2012).
However, duration effects were not seen when the durations
of the auditory and visual components were matched, as
they were in the current study. However, the Kuling et al.
study replicated a previous study showing that the inter-sub-
ject variability of the PSS decreased with increased absolute
duration (Boenke et al. 2009). Such a change in variabil-
ity of the measure of interest here, the TBW, may also be
thus impacted by stimulus duration, a possibility that should
be explored in future research. While these previous stud-
ies found no net impact of absolute stimulus duration on
the mean PSS, it should be noted that in these two studies,
maximum durations were 500 ms (Boenke et al. 2009) and
294 ms (Kuling et al. 2012), whereas the stimuli in the cur-
rent study ranged from 10 to 2,000 ms. As such, it cannot be
said with certainty whether such a duration effect may only
be seen with stimuli exceeding 1 s.
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Also difference between the simple flashbeep stimuli and
both the tool and speech stimuli is the fact that the temporal
offsets of the simplest stimuli used here are such that the
offset of the first stimulus component precedes the onset of
the second stimulus component, creating a gap between the
auditory and visual stimuli, while the auditory and visual
components of the tool and speech stimuli overlapped even
in the conditions with the greatest SOAs. With that said,
differences between stimulus types due to this difference
would appear between the flashbeep and both the tools and
speech stimuli; however, this was not the case. In fact, the
lack of difference between the TBWs measured with the
flashbeep and tool stimuli, coupled with the significant dif-
ferences between the TBW measured with the speech stim-
uli and both non-speech stimulus types, suggests that the
presence of a stimulus gap in the flashbeep stimuli did not
drive the effects observed here.

In addition to the effects of stimulus type, the task used to
measure the TBW was also found to be an important factor
in the size of the window. Thus, the TOJ and the SJi tasks
produced reliably narrower windows than the SJa and PF
tasks. Such a result implies that the perceptual and/or cogni-
tive operations in the latter pair of tasks take a greater time
to reach completion, suggesting additional processing steps
following the lower-level analyses of temporal relation-
ships. In the case of the perceptual-fusion task, this makes
a great deal of sense, since subjects are asked to report on
a judgment not of the relative timing of the paired stimuli,
but rather of their likelihood of being derived from the same
event, a judgment likely to invoke comparison with higher
order perceptual representations.

One important consideration in all studies of the TBW
is the threshold or criterion chosen to define the window.
Unfortunately, no convention exists across studies. The
construct of the TBW and its usefulness in describing the
cognitive phenomenon of perceptual binding in the absence
of objectively simultaneous sensory inputs is dependent
upon the reliability of the measure across these somewhat
arbitrary analytical choices. To gain a better view into how
changes in these criteria affect the TBW, the current study
chose two specific statistical criterion levels, 50 and 70 %,
that are similar to the most commonly used values in prior
work. In large measure, the results across these two differ-
ent thresholds were surprisingly concordant, with the one
exception being that there was a differential effect of win-
dow asymmetry across criteria. Nonetheless, the caution
remains in regard to comparisons across studies in which
thresholds differ, strongly limiting any statements that can
be made regarding the absolute size of the TBW.

Perhaps of greatest interest here are the strong within-
subject correlations. This finding suggests that while each
task undoubtedly taps into distinct cognitive operations
(Hirsh and Sherrick 1961; van Eijk et al. 2008; Vatakis et al.

2008), they are each likely to share a common underlying
process responsible for the ascription of temporal identity
at a stimulus level. All tasks, with the exception of the TOJ
task, showed strong correlations in the ecologically relevant
right side of the TBWs, where vision precedes audition. All
tasks including the TOJ task showed strong correlations
in the whole TBW. This difference between the right and
whole TBW with the TOJ task was the product of a shifted
PSS, a shift previously discussed by van Eijk et al. (2008).
These results provide evidence that while the PSS and TBW
as measurements may be differentially impacted by task
and stimulus type as previously suggested (Keetels and
Vroomen 2005), all four tasks show a striking correlation in
their elicitation of the TBW (see Fig. 4). Emerging evidence
points to the site for this multisensory temporal calculation
to be cortical associative areas within the superior temporal
sulcus (STS). Neuroimaging studies have shown the STS
to be differentially responsive based on the temporal align-
ment of audiovisual stimuli across a wide range of tasks and
stimulus types (Macaluso et al. 2004; Miller and D’Esposito
2005; Stevenson and James 2009; Stevenson et al. 2010,
2011), necessary for audiovisual perceptual fusion (Beau-
champ et al. 2010; Nath and Beauchamp 2011; Stevenson
et al. 2011), and dysfunctional in clinical populations show-
ing impaired multisensory temporal integration (Zilbovicius
et al. 2006; Pelphrey and Carter 2008).

In conclusion, the data reported here provide the first
systematic analysis of the multisensory temporal binding
window across stimulus types, cognitive task, and threshold
level. These findings provide evidence for both stimulus-
and task-related effects on the TBW, as well as significant
asymmetries between the right and left sides of the win-
dow. Perhaps, most importantly, these data show that the
construct of the TBW shows a remarkable reliability within
subjects, suggesting a common underlying neural architec-
ture for the temporal binding of multisensory stimuli highly
likely to have originated from the same event.
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