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Abstract

The integration of information from different senses is central to our perception of the external
world. Audiovisual interactions have been particularly well studied in this context and various
illusions havesbeen developed to demonstrate strong influences of these interactions on the final
percept. Using audiovisual paradigms, previous studies have shown that even task-irrelevant
information'provided by a secondary modality can change the detection and discrimination of a
primary target=Fhese modulations have been found to be significantly dependent on the relative
timing between auditory and visual stimuli. Although these interactions in time have been
commonly reported, we have still limited understanding of the relationship between the
modulations of event-related potentials and final behavioral performance. Here, we aimed to shed
light on this important issue by using a speeded discrimination paradigm combined with
electroencephalogram. During the experimental sessions, the timing between an auditory click
and a visual flash'was varied over a wide range of stimulus onset asynchronies and observers
were engaged.in speeded discrimination of flash location. Behavioral reaction times were
significantly changed by click timing. Furthermore, the modulations of evoked activities over
medial parietal/parieto-occipital electrodes were associated with this effect. These modulations

were within the 126-176 ms time range and more importantly, they were also correlated with the
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changes in reaction times. These results provide an important functional link between audiovisual
interactions at early stages of sensory processing and reaction times. Together with previous
research, they further suggest that early crossmodal interactions play a critical role in perceptual

performance.

Keywords: audiovisual interactions, reaction time, visual timing, multisensory, EEG

Introduction

To form a coherent percept of the external world, the brain integrates spatial and temporal
information prewvided by different modalities. Understanding the processes involved in combining
information.frem.different sensory modalities has become a focus of research in various areas of
neuroscience (Murray & Wallace, 2012; Spence, 2018). Most of the previous studies have been
particularlysbasedion auditory and visual modalities. Accordingly, many audiovisual paradigms
have been developed to demonstrate the role of crossmodal interactions in sensory processing and
final percept (Chen & Vroomen, 2013). Using audiovisual stimulation, previous studies have
shown that even task-irrelevant information provided by a secondary modality can change the
detection.and.disérimination of a primary target. Such paradigms have been found to be
important férunderstanding the dynamics of audiovisual interactions at early stages of sensory

processing (Zhou, Cheung, & Chan, 2020).

In these studies,simple and brief forms of stimulation (e.g., a click and a visual flash) were
typically used. The stimulus onset asynchrony (SOA) between auditory and visual stimuli was
varied to understand the nature of audiovisual interactions in the temporal domain. Particularly,

the effect of SOA on audiovisual interactions was designed to test the predictions of the phase-

This article is protected by copyright. All rights reserved



84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

resetting hypothesis. This hypothesis states that events in one sensory modality can reset the
phase of oscillations within brain areas specialized for processing another modality (see Thorne
& Debener, 2014, for a review). Based on the primary modality (vision or audition), either
negative (i.e., SOA < 0) or positive (i.e., SOA > 0) SOAs were used and the sampling rate of
SOA values was typically high to test the predictions of phase resetting reliably (e.g., Naue et al.,
2011; Thorne, De Vos, Viola, & Debener, 2011). The reaction time (RT) values were found to be
significantly"dependent on the SOA values and there was a monotonic increase as the absolute
value of SOA"Was increased. More importantly, in the low-frequency oscillations [e.g.,
electroencephalogram (EEG)], the SOA changed the phase coherency across trials such that only
specific SOAs increased coherency as predicted by phase-resetting. A behavioral study
(Diederich, Schomburg, & Colonius, 2012) also provides evidence that these changes in phase
coherency can be manifested as oscillations (i.e., ripples) on the monotonic increasing trend of

RT values from individual subjects.

These findingsprovide novel and important insights into the nature of audiovisual interactions in
time. Through phase-resetting, they first demonstrate how audiovisual interactions can take place
over cortical,areas that were previously thought to be sensory-specific. Moreover, they reveal that
the modulations of low-frequency oscillations over these areas can explain the changes and
variations in the final RT values (e.g., Thorne et al., 2011). On the other hand, we have still
limited information on the correlation between RT values and changes in the neural activity in
terms of event-related potentials (ERPs). Using relatively complex stimulation and perceptual
tasks, recent'studies suggest the involvement of audiovisual interactions at different stages of
sensory progcessing. For instance, it has been shown that a change in click timing relative to the
brief apparent motion frames can take place at both early and late ERP components located over
distinct scalp sites (Kaya & Kafaligonul, 2019; Kaya, Yildirim, & Kafaligonul, 2017). Moreover,
Cecere, Gross, Willis, and Thut (2017) have found that the temporal order between auditory and
visual stimulids’an important factor for engaging audiovisual interactions at distinct scalp sites. In
their study, they used a click and a visual flash and systematically varied the timing and the
temporal order between these stimuli. Based on the leading modality in time (auditory-leading vs.
visual-leading stimulus pairs), they found distinct spatiotemporal maps of EEG activity in terms

of audiovisual interactions, suggesting the recruitment of different networks and processes for
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evaluating audiovisual synchrony. Their results further support the notion that audiovisual
temporal integration may require flexible use of different neural mechanisms (Murray,
Lewkowicz, Amedi, & Wallace, 2016; Talsma, Senkowski, Soto-Faraco, & Woldorff, 2010; van
Atteveldt, Murray, Thut, & Schroeder, 2014). However, the implications of these findings are not
explicitly evaluated within the context of a simple detection or discrimination paradigm. An
important question to ask is whether the correlation between RT values and the changes in the

spatiotemporalprofile of the neural activity is restricted to early ERP components or not.

In the present study, we aimed at understanding the nature of these correlations comprehensively.
In particulargweswanted to identify audiovisual interactions at different stages of sensory
processing that parallel discrimination performance in terms of RT values. As in previous studies,
we used a static click and a visual flash for stimulation and systematically varied the SOA
between these stimuli. Critically, our experimental design included both negative (i.e., auditory-
leading) and,positive (i.e., visual-leading) SOA conditions. Observers were engaged in a speeded
discriminationrof visual flash location. Building on the recent ERP findings mentioned above, we
anticipated on finding audiovisual interactions in both early and late ERP components. Using a
relatively eemplicated audiovisual stimulation and criterion content (e.g., Kaya & Kafaligonul,
2019), previous research suggested the audiovisual interactions in late components are in line
with the changes in perceptual performance. Given the recent notion emphasizing that different
multisensory processes can be adaptively recruited based on the nature of sensory stimulation and
specific tasksdemands (van Atteveldt et al., 2014), the implications of these findings for a simple
detection or'disefimination task in a wide range of SOAs still remain unclear. Here, using a
simple discfimination paradigm, we specifically tested the hypothesis of whether the correlations
between RT values and the modulations of neural activity were restricted to late ERP
components. Alternatively, as proposed by previous phase-resetting studies, the audiovisual
interactions at low-level sensory areas and modulations in early ERP components may play a
critical role insshaping final perceptual performance in a simple detection or discrimination

paradigm.

Method

Participants
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Twenty healthy volunteers (7 females, 19 right-handed, age range of 19-34 years) participated in
the study. All participants had normal or corrected-to-normal visual acuity and normal hearing by
self-report. None of them reported having a history of neurological disorders. They also gave
informed consent before participation. The sample size was commensurate with previous studies
using similar settings, audiovisual stimulation, and/or procedure (Kaya & Kafaligonul, 2019;
Naue et al., 201 1). All procedures were in accordance with the Declaration of Helsinki (World
Medical Asseciation, 2013) and approved by the local ethics committee at the School of

Medicine, Ankara University.

Apparatus

Stimulus presentation, experimental paradigm, and data acquisition were controlled by MATLAB
version 7.12 (The MathWorks, Natick, MA) with the Psychtoolbox 3.0 (Brainard, 1997; Pelli,
1997). Visual stimuli were displayed on a 21-inch CRT monitor (1280 x 1024 pixel resolution,
100 Hz refresh rate) at a viewing distance of 57 cm. A photometer (SpectroCAL, Cambridge
Research Systems, Rochester, Kent, UK) was used for luminance calibration and gamma
correction ofitheddisplay. Sounds were introduced via insert earphones (EARTone 3A, Etymotic
Research, Village, IL) and amplitudes were measured by a sound-level meter (SL-4010, Lutron
ElectronicsyTaipei, TW). The physical timing of auditory and visual stimuli was confirmed with
a digital oscilloscope (Rigol DS 10204B, GmbH, Puchheim, Germany) connected to the
computer soundcard and a photodiode which detected the visual stimulus onset. All the

experimental'sessions were performed in a silent and dimly lit room.

Stimuli and Procedure

As a fixation point, a small red circle (0.3 deg diameter) was presented at the center of the display
throughout an experimental block. Visual stimulus was a 50 ms “flashed” bar (0.4 x 3.0 deg with
a luminance of 97 cd/m?) on a gray background (20 cd/m?). The “flashed” bar was centered 2.5
deg above thescentral fixation point and presented either 1 deg left or right of the fixation (Figure
la). A 20 ms«click” (i.e., a brief stationary sound) was used as an auditory stimulus. The click
comprised of a rectangular windowed 480 Hz sine-wave carrier and sampled at 44.1 kHz with 8-
bit quantization. It was binaurally introduced at 75 dB sound pressure level (Figure 1b). The

durations of click and visual flash were exactly the same as those used in our previous study on
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apparent motion (Kaya & Kafaligonul, 2019) to have a systematic comparison across findings.
The relative timing (SOA) between the visual flash and click were chosen pseudo-randomly from
eight values: -160, -120, -80, -40, 0, 40, 80, 120 ms. The negative and positive SOA values
corresponded to auditory- and visual-leading conditions, respectively (Figure 1¢). The range of
SOA values was determined based on pilot behavioral sessions on a few observers. In addition to
these bimodal (AV) conditions, two unimodal conditions (auditory-only: A, visual-only: V) were
also included in‘the experiment. Except for presenting either auditory or visual stimulus, the
same stimulus®parameters of the 0 ms SOA condition were used in these unimodal conditions

(see also timelines in Figure 1a-b).

[FIGURE 1 ABOUT HERE]

For each trial, an audiovisual configuration was pseudo-randomly selected from 10 different
conditions (8 bimodal and 2 unimodal conditions) and presented according to the timelines in
Figure 1. The"600'ms before the visual bar onset was used as a pre-target period. Participants
were requested to report the location of the visual bar (left or right, two-alternative forced-choice)
via keyboard,press as fast as possible (i.e., speeded reaction-time task). Participants were told that
the visual bar'would be accompanied by a click but to base their responses solely on the visual
bar. They were also asked to fixate, passively listen to the click, and not to respond when there
was no visual bar during a trial (i.e., auditory-only condition). As soon as the keyboard press, the
response was'téecorded. A trial was ended 850 ms after the onset of the visual bar. The next trial
started after asvariable inter-trial interval (350-1050 ms). For the auditory-only (A) condition, the
timeline of stimulation was exactly the same as that of 0 ms SOA condition with the exception of
not displaying the visual bar. As also in bimodal (AV) conditions, observers did not perform any
task based on the auditory click in this condition. Our ERP analyses were based on testing the
additive model (see ERP Analyses, for details). Therefore, when comparing the difference ERPs
(AV-A) with.that of visual-only (V), major confounding factors (e.g., having no motor response

in the differénce ERPs) were circumvented through these instructions.

In each experimental block, there were 100 trials (10 conditions x 10 trials per condition). Each

participant completed 5 experimental blocks corresponding to a total number of 500 trials (50
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trials for each condition). Participants were encouraged to have a short break (approximately less
than one minute) between the blocks to maintain high concentration and to prevent fatigue. Prior
to these experimental blocks, each participant was also shown examples of the visual and

auditory stimuli.

Behavioral Data Analysis

Simple réaction‘time (RT) has been extensively used to detect changes in the speed of sensory
and perceptualprocessing. As in previous multisensory studies (e.g., Diederich et al., 2012;
Navarra, Hartcher-O’Brien, Piazza, & Spence, 2009), we mainly relied on RT values as
behavioral measures and thus assessed the perceived timing of a visual event (i.e., flashed bar).
The trials in'which the location of the visual bar was correctly judged within 150-700 ms range
were included in further behavioral and EEG analyses. Based on this criterion, on average only
5.02% of trials per condition (SEM = 0.94%) were excluded. After excluding these and other
trials (see EEG Recording and Preprocessing for other excluded trials), we calculated average
RT values aerossisubjects for each bimodal SOA and visual-only conditions. To determine
whether the'effeet of relative timing between auditory click and visual flash was significant, we
applied one=way repeated-measures ANOVA with SOA as a factor. Moreover, we compared the
RT of each.SOA condition with that of the visual-only condition using paired t-tests. Multiple
comparisons were corrected through the false discovery rate (FDR) procedure (Benjamini &

Hochberg, 1995; Benjamini & Yekutieli, 2001).

EEG Recording and Preprocessing

Electroencephalogram (EEG) was recorded via a 64-channel MR-compatible system (Brain
Products, GmbH, Gilching, Germany). The system included 63 scalp electrodes (sintered
Ag/AgCl passive electrodes) and an additional electrocardiogram (ECG) electrode was attached
to the back of participants to control for cardioballistic artifacts. The scalp electrodes were
mounted on anr€lastic cap (BrainCap MR, Brain Products, GmbH) according to the extended
10/20 systemuThe FCz and AFz scalp electrodes were used as the reference and ground
electrodes, respectively. No further offline re-referencing was applied. Impedances at all

recording electrodes were typically set below 10 kQ by applying conductive paste (ABRALYT

This article is protected by copyright. All rights reserved



238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267

2000, FMS, Herrsching—Breitbrunn, Germany). EEG signals were acquired at a 5-kHz sampling
rate and band-pass-filtered between 0.016 and 250 Hz.

EEG data were analyzed offline using Brain Vision Analyzer 2.0 (Brain Products, GmbH), the
Fieldtrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011), and our custom MATLAB
scripts (The MathWorks). EEG preprocessing steps were similar to those described previously
(Kaya et al.;2017). First, the data were down-sampled to 500 Hz and the cardioballistic artifacts
were removedbythe signal from the ECG channel (Allen, Polizzi, Krakow, Fish, & Lemicux,
1998). Second, the data were filtered through a zero-phase shift Butterworth high-pass filter (3
Hz, 24 dB/octave) and a 50-Hz notch filter (50 Hz + 2.5 Hz, 16 order). Previous research
indicated that'different levels of expectancy can originate in dynamic modulation of the delta
oscillation phase (1-3 Hz). The low-frequency oscillations in this range play a functional role in
human anticipatory mechanisms (Stefanics et al., 2010). It was also shown that slow oscillatory
activity (1-3.Hz) related to intersensory attention may entrain to regular stimulation and hence
affect the eyokedactivities (Gomez-Ramirez et al., 2011). Similar to previous multisensory
studies (e.g.,"Keil, Pomper, Feuerbach, & Senkowski, 2017), we used a 3 Hz cut-off frequency
for high-pass filtering to limit the contribution of this possible confound. We also confirmed that
this filteringsprocedure did not introduce a significant artifact in the final identified electrode
locations and time window. For bimodal and visual-only conditions, the event marker was set at
the onset of the visual bar and this time point was considered as the reference zero-point in time.
For the auditory=enly condition, the reference point was adjusted to the onset of click (which
correspondeditosthe onset of the visual bar in the timeline of bimodal and visual-only conditions).
Then, the data were segmented into epochs from -600 ms to 1000 ms. At the final stage, the
infomax independent component analysis was applied to these epochs to remove common EEG
artifacts such as eye blinks. The components were evaluated according to each participant’s scalp
maps and activity profiles (Jung et al., 2000). Around 3 components (M = 2.65, SD = 1.87) were
typically remewved. Each trial was screened automatically by artifact rejection criteria and
manually by'eye. In the automatic artifact rejection, any trial with oscillations over 50 uV/ms or a
voltage change of more than 200 uV was rejected. Any missing and excessive noisy channels (M

=1.16, SD = 1.95) were interpolated using a spherical-spline procedure (Perrin, Pernier,
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Bertrand, & Echallier, 1989). Trials with artifacts (on average 11.77% of trials per condition,
SEM = 2.47%) were rejected from further ERP and behavioral data analyses.

ERP Analyses

After the preprocessing steps, EEG signals from each specific electrode were averaged across
trials to compute ERPs and a low-pass filter (6™ order zero-phase Butterworth IIR filter with 40
Hz cut-off frequency) was applied to further smooth these ERPs. Baseline correction was applied
according to the=260 to -160 ms before the onset of the visual bar (and the corresponding time
point in thelauditory-only condition). For all the conditions, this time range was before the onset
of the first stimulus and there was no stimulation. In the experimental paradigm studied here,
observers performed a speeded discrimination task on the location of visual flash while listening
to the static click'passively. In other words, vision and audition were primary task-relevant and
secondary task-irrelevant modalities, respectively. As in previous studies, we expected to find
significant effects of auditory timing on visual reaction times. This pattern of results would imply
that the information provided by audition interacts and interferes with the processing primarily
carried out by vision. Accordingly, our ERP analyses were based on an application of the additive
model [(AV=A) vs. V or AV vs. (A+V)] to detect nonlinear neural response interactions and to
reveal modulations of these nonlinear components by auditory timing (see Stevenson et al., 2014,
for a review and comparison of models). This approach has been commonly used in EEG studies
on humans to quantify audiovisual interactions (e.g., Cappe, Thut, Romei, & Murray, 2010;
Giard & Peronnet, 1999; Molholm et al., 2002; Raij et al., 2010). More importantly, the
application ofithis model to ERPs revealed a similar timeline of audiovisual interactions to that of
analysis employing reference-independent global measures of the electric field at the scalp

(Cappe et al., 2010).

To identify SOA.dependent modulations of nonlinear neural response interactions, we first
subtracted thesauditory-only ERPs from those elicited by bimodal stimulation (AV-A). For each
participant and electrode location, the auditory-only epoch (i.e., ERP without baseline correction)
was first extracted and aligned to match stimulus onset according to the SOA used in the bimodal
condition (AV). Then, this waveform was baseline corrected using the same pre-stimulus time

range as the one used for bimodal conditions (-260 to -160 ms). To quantify non-linear
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audiovisual interactions, this synthetic ERP was subtracted from the corresponding AV condition.
Hence, the difference (AV-A) ERP for each SOA condition was computed. To determine the
spatiotemporal profile of significant modulations by auditory timing, we performed running
repeated-measures ANOVAs (with SOA as a factor) on the difference (AV-A) ERPs for each
time point and.electrode location. It should be noted that an ANOVA (or a correlation) test on the
(AV-A) difference ERPs leads to the same statistical results as the one on the [AV- (A+V)]
difference ERPs'since exactly the same visual-only (V) data point is subtracted from the eight
SOA conditions®in the latter one. To overcome multiple comparisons across time and electrode
location at the cluster-level, we used the cluster-based permutation test integrated into the
Fieldtrip toolboxy(Maris & Oostenveld, 2007). Briefly, this approach clusters spatially and
temporally adjacent samples with F values exceeding an uncorrected alpha level of 0.05. We
additionally required at least three neighboring electrodes to form a cluster. Then, the cluster-
level statistic was calculated by taking the sum of F values within a spatiotemporal cluster. Also,
a null-distribution of cluster-level statistics was created by using Monte Carlo simulations with
5,000 permutations, in which condition labels were randomly exchanged within each participant.
Finally, the observed (i.e., empirical) cluster-level statistics were compared to the generated null-
distribution=The observed cluster-level statistics which fell in the highest or the lowest 2.5%

percentile of the generated null-distribution were considered to be significant.

In our study, we specifically aimed to reveal auditory modulations that parallel changes in
discriminatiefperformance. As detailed above, the main behavioral measure was reaction time
(see BehavioralData Analysis). Therefore, the correlations of changes in the difference ERPs
with the corresponding mean reaction times were examined at each time point and electrode
location. For each, SOA condition, the difference ERPs were averaged across participants and
their amplitudes were compared with the corresponding RTs, which were also averaged across
participants, Therelationship between these two measures across different SOA conditions was
assessed through linear regression linear fits. As in running ANOV As, we had calculations of
multiple correlations across time and electrode locations. Similar to previous studies (e.g.,
Colosio, Shestakova, Nikulin, Blagovechtchenski, & Klucharev, 2017; Han, Yoo, Seo, Na, &
Seong, 2013; Riberio & Castelo-Branco, 2019), we applied a cluster-based permutation test to

solve this problem and to cluster selected samples (p < 0.05) objectively. The correlation
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coefficients were used to have cluster-level statistics. Other conventions and parameters of the

permutation test were the same as those used for the running ANOVAs described above.

Of note, any confounding factor that existed in all the bimodal conditions (i.e., in all the
difference ERPs), did not change with auditory timing, and did not correlate with RT value
changes were not reported as significant. In other words, any criteria taking both the outcome of
the ANOV Arand ¢correlation tests into account are expected to be resistant to any confounding
factor such as'é@mmon anticipatory processes that might lead to spurious audiovisual interactions
(Besle, Fort, & Giard, 2004; Teder-Sélejarvi, McDonald, Di Russo, & Hillyard, 2002). Therefore,
based on the;outeome of the ANOVA test and the correlation maps (i.e., significant
spatiotemporal clusters), we identified time windows and electrode locations associated with both
significant effects.of SOA and correlations. We used the identified electrode locations (i.e.,
exemplar sites) to display evoked brain activity time-courses for illustrative purposes and also
performed additional post-hoc tests over these electrode locations. For the identified time
window, weseomputed the mean difference (AV-A) ERP amplitude and tested whether these
values are significantly different than that of visual-only (V) baseline level for each SOA value
through paired t-tests. Any significant positive or negative deviation was interpreted as a super-
additive [AV"> (A + V)] or a sub-additive [AV < (A + V)] interaction. Multiple comparisons
were corrected using the FDR procedure. Moreover, to further elucidate the source of audiovisual
interactions, we computed the peak latencies and amplitudes of the components over the
identified electfode locations. Using the specific time range of each component, we computed
these metricsifor‘each condition and observer. We performed one-way repeated-measures
ANOVA (with SOA as a factor) on these metrics and also carried out a correlation analysis
between the modulations of each metric and changes in behavioral reaction time measures by
auditory timing. The correlation between these measures across different SOA conditions was

also evaluated through linear regression fits having intercept and slope as coefficients.

Results

Behavioral Results
All observers reported the location of the flashed bar with high accuracy (M = 95.69%, SEM =

0.83%), suggesting that they could easily perform the task at near-ceiling levels. There was no
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effect of SOA on the percent correct values of AV conditions and none of these percentage
values was significantly different than that of V (visual-only) condition. We only used the trials
with correct responses in the subsequent estimation of RT values and ERP analyses. Figure 2
shows the average RT values of AV and V conditions. A one-way repeated-measures ANOVA
on the RT values of AV conditions revealed a significant effect of SOA (F7,133=50.626, p <
0.001, ny; = 0.727). An increase in the SOA led to an increase in the RT values such that the RTs
of negative 'SOA(i.e., auditory-leading) conditions were smaller than those of positive SOA
(visual-leading) conditions. These results suggest that the observers perceived the visual flash and
its location earlier in the small negative SOA conditions, and thus leading to smaller RT values
when comparedite that of positive SOA conditions. Except for 80 and 120 ms SOA, RTs of all
other conditionswere significantly smaller than that of visual-only (FDR corrected pairwise
comparisons, p <0.05). None of the AV conditions was significantly higher than V in terms of

RT values.

[FIGURE 2 ABOUT HERE]

Audiovisuallnteractions: Time-courses and Scalp Topographies

We performeéd running repeated-measures ANOVA with cluster-based permutation test on the
difference (AV-A) ERPs. Figure 3a displays the outcome of this test. We found two
spatiotemporal clusters associated with the significant effect of SOA. The early cluster was
within 126-176 ms time range and mainly over medial parietal scalp sites (cluster-level Fg,, =
1182.5, p = 0:048). These modulations were also extended over occipital and central electrodes
(Figure 3a, €). The later cluster (cluster-level Fg,, = 8995.5, p < 0.001) started around 230 ms and
these modulations became dominant over almost all electrodes around 300 ms (exact time range:
228-348 ms)-As.shown by the outcome of additional correlation analysis (Figure 3b), only the
early modulations were correlated with the changes in RT values at the cluster-level (120-184 ms
time range; cluster-level t-statgm, = 3173.8, p < 0.001). For this time range, the correlations were
present over medial parietal, centro-parietal and parieto-occipital electrodes. Similar to the
outcome of the ANOVA test, these observed correlations were also spread over central and

occipital scalp sites.
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[FIGURE 3 ABOUT HERE]

Averaged ERP Amplitudes from Exemplar Sites

The electrodes, which were part of early spatiotemporal clusters revealed by both the ANOVA
and correlation.tests, were selected as exemplar sites. The averaged potentials are shown in
Figure 4. Over these electrodes, there were robust evoked activities to the visual flash and
auditory eliek"However, the activities elicited by the click were earlier and had relatively smaller
amplitudes."Within the 126-176 ms time range (late P1 and early N1 component range), the scalp
topography for the auditory click was also different and the activations were centered over
temporal sites (Figure 4a). Simultaneous presentation (SOA = 0 ms) of the visual flash and

auditory click’overall elicited components with larger amplitudes.

[FIGURE 4 ABOUT HERE]

The averagedwdifference (AV-A) ERPs for all the SOA conditions are displayed in Figure 4b.
Within the 126-176 ms time range, the averaged values for the positive SOAs were significantly
higher thanithose for the negative SOAs (Figure 4c) and they increased when there was an
increase inthe"SOA value. We further compared the averaged ERP amplitude of each SOA
condition (i.e., AV-A of each SOA condition) with that of the V baseline level. The averaged
values of all the negative SOAs were significantly smaller than the baseline level (FDR corrected
pairwise comparisons, p < 0.05), suggesting robust sub-additive interactions [AV < (A+V)] for
these SOA values. Although the averaged values of positive SOAs were slightly above this level,
none of them were significantly different. Another important point is that the changes in the
averaged difference ERPs mostly occurred when the absolute value of SOA was smaller than 100
ms. This was consistent with the modulations of behavioral RT values. In other words, both
behavioral RT and averaged neural activities (Figure 2, 4¢) pointed to a similar morphology of
SOA dependency which was supported by running ANOV As and correlations in the cluster-
based permutation test. For these cluster of electrodes centered over medial parietal electrodes
and extending over occipital and central sites, the results suggested a robust correlation between

RT values and the modulations of ERP components within 126-176 time range (Figure 4d).
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To further understand the nature of observed SOA modulations and audiovisual interactions, we
additionally performed ANOVA and correlation tests on the peak latencies and amplitudes of P1
and N1 components (Figure 5). These analyses overall pointed to the significant changes in the
N1 component rather than P1. In particular, the (peak) amplitude of the N1 component was
significantly dependent on SOA and correlated with the changes in RT values (Figure 5b, Table
1). These negative values increased (i.e., the absolute value of amplitude decreased) as the SOA
was incréased:"Moreover, this dependency on SOA and a monotonic linear increase were similar
to the one displayed in Figure 4c. There were sub-additive interactions in the negative SOA range
corresponding to the enhancement of N1 amplitude (Stekelenburg & Vroomen, 2005). The
correlation testsmeported significant correlations for the P1 amplitude and N1 latency as well.
However, these changes were not significantly dependent on SOA and not meaningful when the
whole SOA range was considered. The outcome of these additional tests on each ERP component
suggests that the significant changes in the N1 amplitude rather than latency shifts mainly
contributed to the observed SOA modulations and audiovisual interactions over the identified

medial parietalweléctrodes.

[FIGURE 5 ABOUT HERE]
[TABLE 1 ABOUT HERE]

Discussion

Using a wide'range of SOA values, we investigated audiovisual interactions within the context of
a speeded discrimination task on visual flash. The audiovisual interactions, which were within
126-176 msitime range (i.e., within the P1 and N1 components range) and centered over medial
parieto-occipitaliand parietal sites, were modulated by SOA. More importantly, these ERP
modulationsswere also correlated with the changes in RT values. Follow-up analyses revealed
that these obsérved SOA modulations were mainly due to amplitude changes in the N1
component. Within the context of a simple discrimination task, these results highlight the
importance of low-level audiovisual interactions within a distinct time window. In particular,
these results reveal an important relationship with the final RT values and early ERP components

which were not explicitly provided by previous studies focused on event-related oscillations (e.g.,
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Naue et al., 2011; Thorne et al., 2011). They also suggest a significant correlation between these
modulations and perceived visual timing in multisensory profiles. In the following sub-sections,
we discuss the implications of these findings for audiovisual interactions in the temporal domain

and for the effects of auditory timing on vision.

Stimulus Asynchrony Effects on Audiovisual Interactions

In the préviousphase-resetting studies, either negative (auditory-leading) or positive (visual-
leading) SOA"Walues were used based on the primary modality. Using a high sampling rate of
SOAs, the main focus of these studies was to indicate a functional link between the modulations
(i.e., fluctuations/ripples) of the low-frequency phase coherency values and the final behavioral
performancerof individual subjects (e.g., Naue et al., 2011; Thorne et al., 2011). Since these
studies were mostly restricted to either negative or positive SOA values, they failed to provide a
direct relationship between the RT values and modulations of ERPs within a wide range of
SOAs. Our findings fill this important gap in the literature and complement these studies. In both
RT and ERPmetrics (Figure 4c-d), we found a robust monotonic increase in the short SOA range
(i.e., -100 ms: <\SOA < 100 ms). This transition can only be revealed by including both negative
and positive.SOA range. Due to our relatively low sampling rate of SOAs and data analysis
approach (ier;"analysis on the signals averaged across trials), our findings here do not provide
direct supporting evidence for the phase-resetting hypothesis. However, in general, they are
consistent with the phase-resetting studies by revealing audiovisual interactions in the temporal
domain ovegpatieto-occipital scalp sites. Previous phase-resetting studies emphasize strong
influences ofiapreceding secondary stimulus (e.g., a click) on the primary target (e.g., visual
flash) and indicated significant audiovisual interactions over the visual cortex (e.g., Naue et al.,
2011). This corresponds to our negative (auditory-leading) SOA conditions. We observed
significant deviations and decrease from the baseline level for both RT and ERP values mainly in
the negative SOA range. Particularly, our findings are in line with these studies by highlighting
the importanceof negative SOA conditions. An exception is the RT value at +40 ms of SOA.
Compared towision, audition has better temporal resolution and less processing latencies (Burr,
Banks, & Morrone, 2009; Spence & Squire, 2003; Rammsayer, Borter, & Troche, 2015;
Vroomen & Keetels, 2010). As also indicated by Figure 4a, the evoked activities to auditory

stimulation were earlier. Accordingly, in terms of sensory and perceptual processing, a 40 ms
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positive SOA may correspond to synchronous stimulation (or might even be in the negative

range) in our setting.

Compared to the 126-176 ms time range (late P1 and early N1 component range), previous
research has also pointed out audiovisual interactions over earlier or later ERP components. In
these studies, the/experimental design was mostly restricted to simultaneous (SOA=0)
presentation‘orincluded only a few SOA conditions (e.g., Mercier et al., 2013; Molholm et al.,
2002). Each'bimodal difference ERP was compared to the baseline level [i.e., V level for (AV-A)
waveforms] to reveal interactions at specific conditions. Based on the cluster-level statistics, our
results did net indicate audiovisual interactions over early components associated with the
significant effect’'of SOA. We found SOA dependent modulations over later (around 300 ms)
components. However, these modulations were not correlated with the changes in the final
behavioral RT values. Moreover, they were present in almost all electrode locations and
fluctuated across SOA conditions. In other words, these SOA effects were not meaningful.
Although ourexperimental design and ANOVA tests on the difference ERPs are expected to be
resistant to spurious audiovisual interactions, it is still possible that these modulations in
difference ' ERPs may originate from a late common activity present in both unimodal and
bimodal conditions (Besle et al., 2004). In terms of scalp topographies, the audiovisual
interactions in the 126-176 ms time range were meaningful. The sub-additive effects in this time
range have been mainly interpreted as the direct influence of auditory inputs on the sensory
processing in'theyvisual cortex (Molholm et al., 2002; Teder-Silejarvi, Di Russo, McDonald, &
Hillyard, 2005;Feder-Sélejérvi et al., 2002). Given that the sub-additive interactions were mainly
observed in‘our negative SOA conditions (i.e., auditory-leading conditions), this interpretation is
in line with the current findings. Such direct influence of a preceding click and crosstalk may be
achieved through sparse neuroanatomical connections between auditory and visual cortices
(Cappe & Barone, 2005; Clavagnier, Falchier, & Kennedy, 2004; Falchier, Clavagnier, Barone,
& Kennedy, 2002). Using a combination of basic ERP analyses, reference-independent
topographictanalyses and source estimations with an audiovisual motion paradigm, Cappe et al.
(2010) further indicated that the early sub-additive audiovisual interactions reflect not only
strength modulations but also the topographic modulations. The source estimations revealed

simultaneous early sub-additive effects within a network of primary visual, primary auditory
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cortices and posterior superior temporal sulcus. This further points to a more elaborate network
and suggests that functional coupling between these regions may underlie these interactions. It is
important to note that our findings revealed strength modulations at specific cluster of electrodes
rather than major shifts in the scalp topography. Given the flexible and adaptive nature of
multisensory processing (van Atteveldt et al., 2014), this may be due to the differences in
criterion content (i.e., motion perception) and stimulation profile. We revisit this issue in the

following'sab=seection.

Since we characterized behavioral RT values and ERP measures within a wide range of SOA
values, we weresable to distinctively observe the effects of SOA rather than the temporal order
between twosevents. For instance, the modulations within the 126-176 ms time window cannot be
explained only by a change in the order of events. An account purely based on the temporal
order suggests an overall difference between negative and positive SOA values, but this
difference should not be modulated by a change in the absolute amount of asynchrony (i.e., step
function). However, both ERP and RT modulations did not suddenly change when there was a
change in the sign of SOA. In both datasets (Figure 2 and 4c), there was a gradual but robust
linear increase within the short SOA range (i.e., -100 ms < SOA < 100 ms). Previous studies have
shown thathuman observers have very low performance in a temporal order judgment task and
do not even perceive the order of visual and auditory events in this SOA range (Vroomen &
Keetels, 2010). Using the SOA values covering this important range, Talsma, Senkowski, and
Woldorft (2009)investigated the effect of intermodal attention on audiovisual interactions in
time. In theimaudiovisual conditions, the participants attended to either auditory or visual
stimulationwhile detecting an occasional target in the attended modality (see also Senkowski
Talsma, Grigutsch, Herrmann, & Woldorff, 2007, for a similar experimental design). Their
results also highlight the importance of modulations within the P1 and N1 component range. On
the other hand, they were not able to show a direct relationship between these modulations and
the final respense times since there was no significant effect of SOA and/or a two-way interaction
between SOAwand attention on the measured RT values. Building on these findings, it is expected
that attentional cueing and alerting have limited contributions to the identified SOA range in
which human observers do not even perceive the order of auditory and visual stimulation. Any

attentional cueing and alerting may take place at SOA values longer than 100 ms (e.g., -160 ms).
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Previous research also indicated that subcortical areas and non-specific pathways contribute to
audiovisual processing (e.g., van den Brink et al., 2014). It is still possible that a preceding click
can engage these areas and lead to earlier interactions related to attentional cueing and alerting
mechanisms. This possibility cannot be ruled out with neural recordings from the scalp surface.

Future systematic investigations will be informative in this respect.

Auditory Timing for Different Aspects of Vision

In the current'EEG study, the observers performed a discrimination task rather than a task
directly engaging perceived timing. However, previous research has revealed that a decrease in
RT value ina speeded discrimination task reflects behavioral facilitation due to enhanced visual
processing inrbimodal presentation (Dochin & Lindsey, 1966; Molholm et al., 2002). The
modulations of RT's have been associated with the behavioral outcome of perceptual tasks
engaging perceived timing (Cardoso-Leite, Gorea, & Mamassian, 2007). Of particular interest
here, the speeded RTs have been commonly used by previous multisensory studies to quantify
perceptual shiftsiin the temporal domain (Diederich et al., 2012; Navarra et al., 2009).
Accordinglyyourresults also provide important implications for understanding common and
distinct proeesses that take place in different experimental designs on both audiovisual
stimulationsand perceived visual timing. For example, using an experimental design based on a
flash-lag paradigm, Stekelenburg and Vroomen (2005) examined the effects of click timing (i.e.,
auditory timing) on the perceived timing of a visual flash and the early ERP components elicited
by the visualsflash. Compared to the synchronous presentation of click, the visual flash was
perceived earlierif the click preceded the visual flash. Conversely, a click presented after the
flash made the flash perceived later. In addition to these changes in the perceived timing of visual
flash, they found significant modulations in the amplitude (but not in the latency) of N1
component pver the parieto-occipital scalp sites. More importantly, these modulations were also
correlated with perceptual changes. These initial findings are interesting and novel by
highlighting the'role of low-level audiovisual interactions in the observed perceptual changes. On
the other hand, the experimental design was only restricted to the leading (SOA=-100 ms),
synchronous (SOA=0) and lagging (SOA=100) conditions. Although the time range of the
significant modulations and correlations presented here do not exactly match with the one

reported by Stekelenburg and Vroomen (2005), our results based on a rich repertoire of temporal
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profiles support their findings. They overall suggest that audiovisual interactions (which were
elicited by an auditory and a visual event) in the N1 component play an important role in the

effects of auditory timing on perceived visual timing.

The effects of auditory timing on other visual features have been demonstrated by relatively more
complex audiovisual stimulations (e.g., Freeman & Driver, 2008; Getzmann, 2007; Morein-
Zamir, Seto-Faraco, & Kingstone, 2003). In the motion domain, two consecutive apparent motion
frames (e.g/, flashes) with a fixed time interval have been typically used. For auditory
stimulation, two concurrent auditory events (e.g., clicks) have been used and the time interval
between them isssystematically changed. The time interval demarcated by these auditory events
has been found to modulate motion perception. For instance, Kafaligonul and Stoner (2010)
showed that auditery time intervals can change the perceived speed of two-frame apparent
motion (see also Ogulmus, Karacaoglu, & Kafaligonul, 2018). The apparent motion with a short
auditory time interval was perceived to move faster than the one with a long time interval. These
changes hayesbeen mainly explained by describing that auditory clicks drive the timing of
apparent motionsframes (or the time interval between them). Hence, the shortening and
lengthening.in the perceived time interval between the motion frames have been considered to
result in fastef'and slower motion percepts, respectively. In a recent EEG study, Kaya and
Kafaligonul (2019) investigated the cortical processes underlying these effects of auditory timing
on perceived speed. In their design, each apparent motion frame (i.e., visual flash) and each click
had the samesdurations as the ones used here. Their results pointed to both early and late
modulations‘ef.the neural activity over different scalp sites, suggesting that auditory timing may
take place at different stages of motion processing. Interestingly, the earliest modulation of neural
activity occurred in the N1 component (150-200 ms time range) over medial parietal and parieto-
occipital scalp sites. In terms of stimulation, these early modulations roughly corresponded to the
presentation of the first apparent motion frame and click. This is highly similar to our results
which were found by using a single auditory and a visual event and by engaging subjects in a
speeded disérimination task. On the other hand, the later modulations (490-540 ms) over these
electrodes were mostly in agreement with the changes in perceived speed. These late modulations
were beyond the completion of apparent motion and the time interval demarcated by clicks (i.e.,

after the presentation of the second frame and clicks). Accordingly, our results here not only
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confirm the earliest interaction by Kaya and Kafaligonul (2019) but also suggest that the early
modulations of the N1 component over these scalp sites may be due to the interaction between
the first auditory and visual events in these relatively complicated experimental designs and
tasks. The later modulations may be specific to the processing of visual features and the relative
recruitment of different cortical areas (and associated processes) may be based on the perceptual

task engaged.in,

Mounting evideénce suggests that multisensory integration involves cortical areas at different
stages of sensory processing. The current notion also highlights the dynamic recruitment of
different corticahareas and processes during integration. Early crossmodal interactions at low-
level sensory-areas have been considered to be an important part of the integration process and
interpreted as reflecting the automatic and stimulus-driven nature of multisensory integration
(Talsma et al., 2010; van Atteveldt et al., 2014). Notably, previous studies indicated that early
audiovisualinteractions in primary sensory cortices highly depend on the temporal and spatial
characteristiessof stimulation (Chen & Vroomen, 2013). Our findings here are consistent with this
view by showing'the SOA dependency of early audiovisual interactions in the N1 component. On
the otherhand, when the modulations of N1 component are compared with previous research
(e.g., Kaya.&Kataligonul, 2019), the interactions in this component range also depend on the
criterion content and can even be directly correlated with final perceptual performance in a
simple visual discrimination task. In line with these findings, previous audiovisual studies
emphasize the*flexible and highly adaptive nature of subadditive interactions (i.e., nonlinear
enhancementef N1 amplitude) in this component (e.g., Fort, Delpuech, Pernier, & Giard, 2002;
Giard & Peronnet, 1999). From a broader perspective, such flexible and adaptive feature reflects
the dynamic recruitment of integrative processes (even at early stages of sensory processing)
which may be important for increasing the efficiency of audiovisual integration for a particular

perceptual task.

Conclusion

To sum up, using a speeded discrimination task combined with EEG recording, we investigated
the relationship between audiovisual interactions in the temporal domain and behavioral reaction

times. The averaged neural activities over medial parietal, parieto-occipital and occipital
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electrodes within the 126-176 ms time range were significantly modulated by the relative timing
between the auditory and visual events. Moreover, these modulations were correlated with the
changes in reaction time values and further analyses suggested that they were mainly due to
changes in the amplitude of the N1 component. Together with previous research, these findings
highlight the importance of the N1 component in audiovisual temporal processing and also
provide evidence'that the crossmodal interactions at early stages of sensory processing play a

critical rolefinthe'final behavioral performance.
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Figure Liégends

Figure 1. Experimental design. (a) The visual stimulus was a flashed bar either at the left or right
of the red fixatiom point. The timeline for the visual-only condition is displayed at the top and the
black filledrectangle in the timeline corresponds to the flashed bar. (b) The auditory stimulus
was a brief static click introduced binaurally through earphones. The timeline for the auditory-
only condition is displayed at the top and the open (unfilled) rectangle in the timeline corresponds
to the click.)(c). The timeline for bimodal (AV) conditions. Eight SOA conditions were used and
the timelinefor'e€ach SOA is displayed in separate rows. Relative durations of visual and auditory

events are ifdicated by the thickness of rectangles.

Figure 2. Behavioral Results (n=20). Reaction time values of bimodal conditions as a function of
SOA. Error bars indicate standard error (+ SEM) across participants. The dotted line indicates the
mean value for the visual-only condition and the error bars placed over the symbol on the right

represent standard error. A significant difference between each time interval condition and the

This article is protected by copyright. All rights reserved



863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893

visual-only condition was marked with an asterisk sign (FDR corrected two-tailed paired t-test, p

< 0.05).

Figure 3. Time courses and scalp topographies. (a) Running repeated-measures ANOVAs with
the cluster-based permutation test on the difference (AV-A) waveforms. Time is displayed on the
abscissa from 0 to 350 ms (relative to the onset of visual flash), and electrodes are displayed on
the ordinate”A"data point was shaded when there was a significant effect of SOA (uncorrected
alpha criterionp=< ().05). The significant and nonsignificant spatiotemporal clusters were shaded
by black and gray, respectively. Voltage topographical map of the averaged F' values within the
time range of early cluster is displayed at the bottom. The uncorrected significance level is also
marked on the color bar. The electrodes, which were part of the significant spatiotemporal cluster
for at least 20 ms of contiguous data in the time window, are marked by filled circles on the
topographical map. (b) Running correlation analyses with the cluster-based permutation test on
the difference (AV-A) waveforms. Voltage topographical map of the averaged ¢ values (derived
from correlationicoefficients) within the time range of significant cluster is displayed at the top.
Other conventions are the same as those in the upper plot. (¢) Voltage topographical maps of the
averaged difference [left: AV-A, right: AV-(A+V)] waveforms (i.e., difference maps) within the
identified tim& window (126-176 ms). The difference maps for each SOA condition are shown in
separate rows. The voltage topographical map of V (visual-only) condition and the identified
electrodes (which were part of both early clusters) are displayed at the top of the left and right

column, respectively.

Figure 4. Averaged activities from the exemplar scalp sites (n=20). (a) Grand-averaged ERPs for
the synchronous (SOA=0) condition. The bimodal, unimodal, and derived waveforms are shown
with different colors. (b) The difference (AV-A) waveforms of all SOA conditions used. (c)
Averaged difference waveform amplitudes in the identified time window (126-176 ms) as a
function of SOA. Error bars indicate standard error (+ SEM) across participants. The dotted line
indicates the'mean value for the baseline level (V condition), and the error bar placed over the
symbol at the end of this line represents + SEM. A significant deviation from the baseline level
for each condition was marked with an asterisk sign (FDR corrected two-tailed paired t-test, p <

0.05). (d) Averaged difference waveforms in the identified time window (126-176 ms) with the
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RT values for each SOA condition. Vertical and horizontal error bars correspond to the variance
across participants (+SEM). The black solid line indicates the best linear fit and dotted lines

denote the 95% confidence intervals (CIs) on the linear fit.

Figure 5. Peak amplitudes and latencies of P1 (a) and N1 (b) components (n=20). The plots on
the left display mean values as a function of SOA. On the right, these values are presented with
behavioral RTsfor each SOA condition. The black solid lines in the right plots indicate the best
linear fit and'detted lines denote the 95% CI on the linear fit. Goodness-of-fit of the linear model
provided as R? along with the corresponding p values in Table 1. Other conventions are the same

as those in Figure 4c-d.

Tables
Table 1. The results of ANOVA and correlation tests on the P1 and N1 components (Figure 5).

The values of each component are grouped into separate rows. For each component, the outcome

of tests on peak amplitudes are shown first. Significant p values (p < 0.05) are highlighted in
bold.
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ANOVA Correlation
F7133 P 7712: Ry 4
P1
Amplitude 1.530 0.162 0.075 0.526 0.025
Latency 0.657 0.708 0.033 0.053 0.282
N1
Amplitude 2.438 0.022 0.114 0.478 0.035
Latency, 1.376 0.220 0.068 0.433 0.045
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