
 

 

Title of Thesis 

Study on Attention and Audiovisual Integration 

by Event-related Potentials 

 

 

Date of conferring 

September 2013 

 

Yulin Gao 

 

The Graduate school of Natural Science and 

Technology 

(Doctor’s Course) 

OKAYAMA UNIVERSITY 

 



 

 

 

 

ABSTRACT                                                                         i 
                                                                                                                

Abstract 

In the real world, we are bombarded by information arriving via multiple sensory modalities. 

Humans constantly receive much information, including visual and auditory stimuli. Our attention 

system regulates the choice of task-relevant information, and neglecting irrelevant information. 

However, the irrelevant information is not completely neglected and can affect task completion. 

Despite the studies investigating the role of influences of attention on audiovisual integration, and 

studies investigating the influence of multisensory integration on the orienting of attention have 

been conducted more or less independently of each other, the relationship between attention and 

neural activity of multimodal audiovisual integration remains unclear. 

In the present study, utilizing the high temporal resolution of event-related potentials (ERPs), we 

combined the relationship between attention and brain activity of audiovisual integration using four 

experiments. We primarily investigated the effects of spatial or temporal attention and the spatial 

characteristic of stimuli on audiovisual integration. The effects of audiovisual integration were 

observed by a simple model, in the difference between the ERPs to audiovisual stimulus and the 

sum of ERPs to the auditory and visual stimuli presented alone contrasting. 

Our results showed that in cue-target paradigm with a task, the temporal attention had no effect 

on the early-stage of audiovisual sensory processing but the difference of late-stage of audiovisual 

cognitive processing was observed, and the differential modulation of late N2 in amplitude elicited 

by AV stimuli at right occipitotemporal area in spatial attention condition was greater than that in 

temporal attention condition. Moreover, these results that the spatial attention and temporal 

attention had a differential effect on audiovisual stimuli processing at right occipitotemporal area. 

In addition, we also investigated the effects of the spatial characteristics of the audiovisual 

stimulus on audiovisual integration. Our results showed that the spatial source of the audiovisual 

stimulus also affected the processing of audiovisual integration. 

According to the complexity between attention and brain activity of audiovisual integration, 

future studies will focus on separating the attention processing mechanism for audiovisual 

integration. For example, we will separately study the effect of spatial attention on audiovisual 

integration, the effect of temporal attention on audiovisual integration. Through studying the 

relationship between attention and brain activity of audiovisual integration, we hope that future 

studies to clarify its neural correlates. 
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Chapter 1 

Introduction 

 

Summary 

This chapter introduces the concept of audiovisual integration and attention, related previous studies, 

event-related potentials (ERPs), and the method of event-related potential (ERP) analysis in 

audiovisual integration study. The aim and contents of the thesis are also briefly described. 
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1.1 Audiovisual integration in the brain 

1.1.1 Audiovisual integration 

In daily life, people perceive information from the outside world not by one single sensory stream, 

but by several sensory streams that encode and further process the information in a special area of 

brain. For example, when enjoying the color, aroma and taste of something delicious, this refers to 

the information process of the senses of sight, smell and taste. The effective integration and 

processing of sensory streams from various stimuli is named multisensory integration [1.1]. 

In early ethology research, the discovery of the McGurk effect is considered to be a landmark  

event in audiovisual integration research [1.2]. The study found that an integrated influencing effect 

existed between visual stimuli and auditory pronunciation. For example, when the visual stimuli is 

the face of a person who is pronouncing the syllable “ga” and the auditory stimuli is the syllable 

“ba”, the answer of participant is “da”. Since then, neural mechanisms of audiovisual integration 

have been extensively studied.  

Attention is not the same as seeing or perceiving, but on deeper reflection, it is clear that attention 

involves something more than sensation and perception [1.3]. For example, when we are reading a 

magazine on a bus the sound of car engines, music from vehicles’ CD players, etc can be distracting. 

When those noises grab our attention, our eyes can inadvertently skip a line, or even stop reading. 

1.1.2 Related studies with attention and audiovisual integration 

Despite the studies investigating the role of influences of attention on audiovisual integration, and 

studies investigating the influence of multisensory integration on the orienting of attention have 

been conducted more or less independently of each other, the relationship between attention and 

neural activity of multimodal audiovisual integration remains unclear. 

Detailed studies on the characteristics and properties of multisensory neurons in the cat superior 

colliculus led Stein and colleagues to define four “integration rules” [1.4]: (1) temporal coincidence; 

(2) spatial coincidence, according to which the largest integration effects are obtained when inputs 

from different modalities are in close temporal and spatial relationships, respectively; (3) 

“Magnitude or Inverse Effectiveness Rule,” stipulating that the less effective the unimodal stimuli 

are, the larger the magnitude of the enhancement they are capable of generating by combination; 

and (4) the receptive field preservation rule. 



 

 

 

 

CHAPTER 1  INTRODUCTION                                                       3 
                                                                                                                

Many previous studies have also investigated multisensory audiovisual integration using a 

attention tasks in behavioral and event-related potential (ERP) measures in humans [1.5-1.8]. 

Behavioral results have shown that responses to audiovisual stimuli are more rapid and accurate 

than the responses to either a unimodal visual or auditory stimulus. The ERP results from those 

studies were limited in that their analysis of ERPs was of the first 200 ms after stimulus 

presentation, and few assessed the brain activity after this point. Previous neurological research 

showed that integration occurring during the first up to 200 ms post stimulus onset were mediated 

by early sensory-perceptual processing, whereas responses after 200ms was mediated by late 

cognitive processing [1.6, 1.9, 1.10]. Further, previous behavioral research have confirmed that 

audiovisual perceptual integration was greater when the auditory stimuli were presented in close 

spatial proximity with the visual stimuli [1.11, 1.12]. Talsma et al. (2007) studied the interactions 

between attention and audiovisual integration when auditory and visual stimuli were presented 

centrally. They reported that multisensory integration effects depended on the attention method; 

early audiovisual integration only occurred in divided-attention tasks. In visual attention tasks in 

which only visual information was task-relevant and required attention, the visual and auditory 

stimuli interacted with each other after 200 ms of presentation of the stimulus [1.13]. 

Moreover, previous studies also investigated effect of spatial characteristics of the audiovisual 

stimulus on audiovisual integration [1.14-1.16]. In the assumption of unity on multisensory 

integration, the more in common the properties of stimuli from various streams, the easier they are 

perceived as a whole [1.17, 1.18]. Macaluso et al. investigated the effect of spatial consistency on 

audiovisual integration by studying the spatial location relationship between visual stimuli (the face 

of a person who is pronouncing a word) and auditory stimuli (a word). Their research suggested that 

the activation of the posterior occipital was found under the condition of spatial inconsistency but 

not under the condition of spatial consistency. Furthermore, there was not a significant difference in 

the activation of the ventral occipital and the superior temporal sulcus [1.19]. Gondan et 

al.(2005)found in their research of ERP that in a waveform induced by audiovisual stimulus under 

the condition of both spatial inconsistency and spatial consistency, the original difference waves 

appeared in the component of the posterior parietal cortex from 150 ms to 180 ms [1.15]. Further 

research by Teder- Sälejärvil et al. in 2005 proved the effect of spatial consistency on audiovisual 

integration. It has been found that multisensory integration depends on a special neural process. The 

N260 component of the superior temporal cortex under the condition of spatial consistency is 

greater than that under the condition of spatial inconsistency from 260 ms to 280 ms. In addition, 

there existed an oscillatory 10 Hz component in the ventral occipito-temporal cortex by 120 – 300 

ms. All the above studies showed that spatial consistency of visual stimuli and auditory stimuli 
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affected neural mechanisms of audiovisual integration [1.14]. The previous research have 

investigated behavioral performance and neural responses with ERP recordings during audiovisual 

integration to unilateral AV pairings [1.14, 1.15]. However, effect of bilateral auditory stimuli on 

audiovisual integration remains unclear. 

1.2 Event-related potential (ERP) 

1.2.1 What is an event-related potential (ERP)? 

The event-related potential (ERP) are voltage changes induced within the brain in response to a 

variety of sensory, cognitive, and motor processes.. The technique in cognitive neuroscience allows 

scientists to observe human brain activity that reflects specific cognitive processes [1.20]. 

Event-related potentials (ERPs) are very small voltages generated in the brain structures in response 

to specific events or stimuli [1.21]. ERPs in humans can be divided into 2 categories. The early 

waves, or components peaking roughly within the first 100 milliseconds after stimulus, are termed 

‘sensory’ or ‘exogenous’ as they depend largely on the physical parameters of the stimulus. In 

contrast, ERPs generated in later parts reflect the manner in which the subject evaluates the stimulus 

and are termed ‘cognitive’ or ‘endogenous’ ERPs as they examine information processing [1.22]. 

The ERP consists of a sequence of positive and negative voltage fluctuations that are labeled 

components. Moreover, ERP components are useful as measures of covert information processing, 

as differences between conditions can be obtained in the absence of behavioral responding [1.23]. 

ERP researchers tend, for convenience sake, to identify the positive and negative fluctuations in the 

overall scalp ERP as the actual components themselves. Yet, this is, to some degree, misleading. 

Any given ERP waveform recorded at the scalp is actually the summation and cancellation of 

neural activity from a large number of neural generators from a number of different brain regions. 

Figure 1.1 shows an ERP experiment equipment. 

In addition, ERP provide extremely high time resolution, in the range of one millisecond 

compared with techniques such as fMRI and PET and are capable of detecting changes in electrical 

activity in the brain on a time scale. Figure 1.2 shows the 10/20 international standard system, and 

Figure 1.3 shows recorded ERP data. 
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Figure 1.1 An ERPs experiment equipment 
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Figure 1.2 Electrode placements according to the 10/20 international standard system 
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1.2.2 Method of ERP analysis in the audiovisual integration study 

In several ERP studies, auditory–visual integration was investigated by comparing the ERP to a 

bimodal audiovisual (AV) stimulus with the sum of the ERPs to the constituent auditory (A) and 

visual (V) stimuli [1.4, 1.6, 1.9]. Audiovisual interactions were revealed in the difference waveform 

formed by subtracting the sum of the ERPs to the individual A and V stimuli from the ERP to the 

bimodal AV stimulus. Therefore, Interaction components were observed in this AV - (A + V) 

difference wave. 

We assumed the neural activities induced by the multimodal (AV) stimulus were equal to the 

sum of the neural activities induced separately by the auditory (A) and the visual (V) stimulus, in 

addition to the putative neuronal activities induced uniquely by multimodal stimulation 

(auditory-visual interactions). This assumption is valid only while the stimulus analysis is not 

“contaminated” by late activities related to target processing (P3 waves) or by activities related to 

the response selection or motor processes (all of these activities are common to all three stimulus 

types A, V, and AV). We may therefore use the summative model to estimate the AV interactions: 

        nsInteractioVAERPVERPAERPAVERP   

This expression is valid regardless of the nature or configuration of the intracerebral generators 

and is based on the law of superposition of electric fields [1.24]. 

 

Figure 1.3 Electrode placements according to the 10/20 international standard system 
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Figure 1.4 Method of ERP analysis in the audiovisual integration study 

 

Figure 1.5 Multisensory audiovisual integration 
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1.3 The purpose of the present dissertation 

The main aim of this thesis research was to investigate the brain activities of audiovisual integration 

using behavioral and ERP with high temporal resolution and to determine the neural mechanism of 

audiovisual integration in humans. To achieve these aims, four related experiments were conducted. 

1.4 The contents of the dissertation 

This dissertation mainly investigates the effects of attention and spatial characteristics of stimuli on 

audiovisual integration. Four experiments and a general discussion are briefly introduced below. 

Chapter 1 introduces the concept of attention and audiovisual integration, related previous studies, 

event-related potentials (ERPs), and the method of event-related potential (ERP) analysis in 

audiovisual integration study. 

Chapter 2 describes the first experiment, in which we applied an event-related potential 

measurement to investigate the effect of endogenous temporal attention on audiovisual stimuli 

processing. 

Chapter 3 describes the second experiment, in this experiment, we investigated differential 

modulation of visually cued spatial and temporal attention on audiovisual stimuli processing using 

event-related potential measurements. 

Chapter 4 describes the third experiment, in this experiment, we used behavioral and event-related 

potential measurements to investigate effect of ipsilateral visual and auditory spatial information 

interaction mechanisms in selective attention conditions.  

Chapter 5 describes the fourth experiment. In this experiment, the effect of ipsilateral and bilateral 

auditory stimuli on audiovisual integration was investigated using behavioral and event-related 

potential measurements in a visual detection task.  

Chapter 6 describes a general conclusion based on the findings of the four experiments and future 

challenges. 
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Chapter 2 

Modulation of response to audiovisual stimuli presented 

peripherally by visually cued endogenous temporal 

attention 

 

Summary 

Previous studies have used the cue-target paradigm to study the effect of the endogenous temporal 

attention on only visual or auditory stimuli. Furthermore, some studies found that the visual and 

auditory stimuli is not processed in isolation but produce coherent cognition in the brain when the 

visual and auditory stimuli are simultaneously presented. However, the effect of endogenous 

temporal attention on audiovisual (AV) stimuli processing is unclear. Utilizing the high temporal 

resolution of event-related potentials (ERPs), we used a central cue that can predict the time point 

(600 ms or 1800 ms) of audiovisual target to investigate whether endogenous temporal attention 

could modulate AV stimuli processing. The results showed that the endogenous temporal attention 

could not change the amplitude of the early ERP component in conditions of either short (600 ms) 

or long (1800 ms) cue-target intervals, indicating that the endogenous temporal attention had no 

effect on the early-stage of AV stimuli processing. However, the late ERP component showed 

differences between the short (600 ms) and long (1800 ms) cue-target intervals, supporting a model 

in which endogenous temporal attention might determine the late stage of AV stimuli processing. 

 

Keywords: Endogenous temporal attention, audiovisual stimuli, interstimulus interval (ISI), 

event-related potentials (ERPs) 
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2.1 Background 

In the real world, we are bombarded by information arriving via multiple sensory modalities. Our 

attention system enables us to focus on task-relevant information and to ignore the irrelevant stimuli 

[2.1, 2.2]. Attention can be guided in exogenous and endogenous attention patterns [2.3]. 

Exogenous attention (stimulus-driven attention) can be triggered reflexively by a salient sensory 

event that demands attention, whereas endogenous attention (goal-driven attention) involves a more 

purposeful orienting process [2.4]. For example, when we study in the classroom, a man who breaks 

through the door suddenly can attract our attention reflexively, which is stimulus-driven (the 

intruder), the so-called exogenous attention. Yet, hearing the school bell, we will consciously pay 

attention to the door to wait for the teacher, which is goal-driven (the teacher comes to the 

classroom), the so-called endogenous attention. 

One approach to studying endogenous attention is the visual cue-visual target paradigm, in which 

the central spatial cue (left or right arrow) or temporal cue (small or large circle) can predict the 

location or time point of the target stimuli [2.1]. This attention induced by a central spatial or 

temporal cue is usually called endogenous spatial or temporal attention. With the visual cue-visual 

target paradigm, we observed when stimulus processing was speeded up at attended locations or 

time points [2.1, 2.5-2.7]. Some neurophysiologic studies have investigated the neural mechanism 

of endogenous spatial attention orienting [2.8] that involves a more purposeful orienting process 

controlled by the attending person [2.4]. With the visual cue-visual target paradigm, it has been 

suggested that the time interval between the cue and the target stimulus (interstimulus interval, ISI) 

can modulate the attentional effect [2.9]. Several studies have reported that event-related potential 

(ERP) components elicited with relatively short ISIs have smaller amplitudes than those obtained 

with longer ISIs [2.10-2.12]. In addition, some studies have used a similar paradigm to investigate 

the effect of visually cued endogenous temporal attention on visual stimuli processing presented 

peripherally [2.6]. In a case study, the production of endogenous temporal attention is through two 

concentric circles (rather than an arrow) at the center of the visual field, where the two concentric 

circles provide a cue to the time interval (short or long) between the cue and target stimuli. 

Specifically, when the inner small circle was presented, it indicated that the target would appear 

within a short time interval, whereas when the outer large circle was presented, it indicated that the 

target would appear after a longer time interval [2.13]. The imaging result showed that the 

frontoparietal network (FPN) is involved in endogenous temporal attention [2.13]. Moreover, Li et 

al. used the cue-target task to determine the effect of visually cued temporal attention on auditory 
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stimulus processing and found that the specific activations related to temporal cognition were 

confirmed within the superior occipital gyrus, tegmentum, motor area, thalamus and putamen [2.14]. 

Furthermore, previous studies have indicated that both behavioral and electrophysiological 

responses to visual and auditory stimuli are improved when those stimuli are accompanied by a 

stimulus in a different modality and that bimodal audiovisual (AV) stimuli are detected and 

discriminated more accurately than either visual (V) or auditory (A) unimodal stimuli presented 

alone [2.15, 2.16]. Thus, we predicted that the visually cued endogenous temporal attention 

modulation of response to audiovisual stimuli presented peripherally would have different 

mechanisms than that of response to visual or auditory stimuli presented alone. However, how the 

visually cued endogenous temporal attention modulates the response to audiovisual stimuli 

presented peripherally is still unclear. 

The aim of the present study is to investigate whether different ERPs elicited by AV stimuli can 

be observed in the short or long ISI conditions of endogenous temporal attention. Using the high 

temporal resolution of the ERP technique, we can observe the general processing of AV stimuli, 

which are preceded by a central visual temporal cue predicting the visual cue and AV target interval. 

In the context of the previous results mentioned above, we predicted that dissociate interaction 

could be found between the short and long ISI, either in earlier ERP components or in later ERP 

components, or even both. 

2.2 Methods 

2.2.1 Subjects 

Behavioral experiment 

Eleven undergraduate students (age range: 23-30 years; mean age: 25.3 years; 9 male) were 

recruited for the behavioral experiment as paid volunteers. 

ERP experiment 

Eleven undergraduate students (age range: 21-25 years; mean age: 23.2 years; 7 male) were 

recruited for the ERP experiment as paid volunteers.  

All participants were right-handed and had normal or corrected-to-normal vision and had no 

history of neurological or psychiatric disorders. They had not participated in similar experiments 

during the past year. The experimental protocol was approved by the Ethics Committee of Okayama 

University. 
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2.2.2 Stimuli and procedure 

The experiment was conducted in a dimly lit, sound-attenuated, electrically shielded room 

(laboratory room, Okayama University, Japan). The procedure was totally consistent between the 

behavioral and ERP experiments.  

 

Figure 2.1 Attentional cues used to direct subjects’ attention to a stimulus-onset time. The temporal 

cue directs attention to a short or long stimulus-onset time. The standard stimuli were simultaneous 

AV stimuli presented in the same locations, and the target stimuli were simultaneous AV stimuli 

presented in opposite locations. (a) Normal stimuli; (b) cue stimuli; (c) standard stimuli; (d) target 

stimuli. 

As shown in Fig 2.1, a stream comprised normal stimuli, cue stimuli, standard AV stimuli, and 

target AV stimuli. The normal stimuli are shown in Fig 2.1a and were composed of two peripheral 

left and right boxes (2°×2°, centers 7° from the center of the monitor) and a fixation stimulus (2°× 

2°); the fixation stimulus was a compound stimulus consisting of a diamond (2 × 2 cm, subtending a 

visual angle of approximately 2°) and two concentric circles (large circle, 2°× 2°; small circle, 1.4°× 

1.4°). The temporal cue was reported in Fig 2.1b, which could completely predict (100%) the 

cue-target intervals. One part of the cue was highlighted to inform the subject whether to attend to 

the time of the target (600 or 1800 ms from cue presentation): a brightening of the inner small circle 

indicated that the target would appear within a short time interval (600 ms), whereas a brightening 
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of the outer large circle represented a longer time interval (1800 ms). There were 2 types of AV 

stimuli: standard and target stimuli. As shown in Fig 2.1c, standard stimuli refer to the visual 

stimulus (was the letter X, 2° × 2°) and the auditory stimulus (single pure tone, 1600 Hz, played at 

an intensity of 65 dB) being presented at the same location (left or right boxes, centers 7° from 

the center of the monitor), and these stimuli, to which no response was required. The target stimuli, 

as shown in Fig. 2.1d, are defined as the condition in which the visual stimulus and the auditory 

stimulus were presented at opposite locations; these stimuli, which required responses. In this study, 

the purpose of the targets was to ensure that participants attended to the stimuli during the entire 

experiment [2.17].  

 

Figure 2.2 A typical trial, which, in this example, directs the subjects’ attention to a stimulus-onset 

time with no information about the target’s location. The attentional cue is on for 100 ms, the 

cue-target interval is either 600 or 1800 ms (short/long cue), and the AV target appears for 50 ms, 

which was the visual stimulus and the auditory stimulus were presented at opposite locations. 

As shown in Fig 2.2, streams of stimuli were randomly presented against a black background. 

During the experimental task, the participants were asked to fix their eyes on a central location and 

to pay attention to the temporal cue for one of two temporal interval lengths (600 or 1800 ms). The 

participants were seated 60 cm from the center of the monitor. At the beginning of each trial, the 

normal stimuli were presented in the center of the monitor. After 2200 ms or 3800 ms, one of the 

two temporal cues was presented for 100 ms. During the temporal cue, the participants were 

instructed to estimate when the AV stimuli event would occur; the interval length between 

presentation of the cue and the AV stimulus event was either 600 or 1800 ms, which occurred with 

equal probability (50%). Following the interval after cue-stimulus presentation, the AV stimuli 

appeared for 50 ms. There were two types of AV stimuli: standard stimuli, presented at the same 
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location (left or right), and target stimuli, presented at the opposite location. Standard stimuli were 

used 77% of all stimuli, and target stimuli were used 23% of all stimuli. In the last, the normal 

stimuli appeared for 1450 ms to allow participants to make corresponding responses. For AV target 

stimuli, the response was required through a reaction key as accurately as possible. Throughout the 

experiment, subjects were required to fix their eyes on a centrally presented fixation point on a 

screen. 

For the standard stimuli, there were 200 trials, including 100 trials each for the ISIs of 600 ms 

and 1800 ms, and the probability of the stimulus appearing at the left or right location was 

equivalent. For the target stimuli, there were 60 trials, and the distribution was the same as for the 

standard target. In each block, there were 40 standard trials and 12 target trials. Participants were 

allowed to take a 5-min break between 5 sessions. At the beginning of the normal experiment, there 

was a practice block for participants to teach them the experimental task. 

2.2.3 Apparatus and software 

Stimulus presentation was controlled by a personal computer running Presentation software 

(Neurobehavioral Systems, Albany, CA). An EEG system (BrainAmp MR plus, Gilching, 

Germany) was used to record EEG signals through 32 electrodes mounted on an electrode cap 

(Easy cap, Herrsching Breitbrunn, Germany), as specified by the International 10-20 System. All 

signals were referenced to the bilateral earlobe electrodes. Horizontal eye movements were recorded 

from the outer canthus of the right eye; eye blinks and vertical eye movements were recorded from 

the vEOG electrode. The impedance of all of the electrodes was kept below 5 kΩ. Raw signals were 

digitized with a sample frequency of 500 Hz with a 60 Hz notch filter and stored continuously on a 

compatible computer for offline analysis. The event-related potential (ERP) analysis was carried out 

using Brain Vision Analyzer software (version 1.05, Brain Products GmbH, Munich, Bavaria, 

Germany). 

2.2.4 Data analysis 

Behavioral results analysis 

Reaction times (RTs), hit rates (HRs) and detection sensitivity (d') were analyzed separately for 

each ISI condition. Hit rates were the number of correct responses to target stimuli divided by the 

total number of target stimuli. Response time data were analyzed for correct responses. All data 
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from eleven participants was normally distributed (Shapiro-Wilk test, p>.05). Therefore, RTs, HRs 

and d' for different ISI conditions were subjected to a repeated-measures analysis of variance 

(ANOVA) with the factor of ISI (long and short) and a significance level of 0.05. 

ERP results analysis 

Only the ERPs elicited by the AV standard stimuli were analyzed to remove the response 

movement effect. The EEG and EOG signals were amplified and band-pass filtered with an analog 

filter of 0.01-100 Hz at a sampling rate of 500 Hz. Continuous EEG and EOG signals were divided 

into epochs from 100 ms before AV stimuli onset to 800 ms after stimulus onset. Baseline 

corrections were made against -100 ms-0 ms. We automatically rejected trials with vertical eye 

movements and eye blinks (vertical EOG amplitudes exceeding ±100 μV), horizontal eyeball 

movements (horizontal EOG amplitudes exceeding ±25 μV), or other artifacts (a voltage exceeding 

±75 μV at any electrode location relative to baseline). Responses associated with false alarms were 

also rejected from the analysis. The data were then averaged for each stimulus type, following 

digital filtering with a band-pass filter of 0.01-30 Hz. The grand-averaged data were obtained across 

all participants for each stimulus type. Because no significant lateralization effect of AV stimuli has 

been found, ERP data from the left and right hemispaces were combined to improve the 

signal-to-noise ratio of the ERPs [2.18]. 

  The ERP wave was measured as the mean amplitude for the short ISI condition and the long ISI 

condition from each electrode (32 channels). All electrodes (except vEOGs & hEOGs) were 

selected for statistical analysis. The ERP result for each condition was derived by averaging 90 

valid trials after the removal of null data. Based on an inspection of the grand averages, we selected 

five time windows within the following parentheses (P1: 70-90 ms; N1: 140-160 ms; a positivity: 

220-260 ms; a late negativity: 320-340 ms; a late positivity: 400-500 ms). The mean amplitudes 

were entered into a repeated-measures analysis of variance with factors of ISI (600 ms vs. 1800 ms) 

and electrodes (P1: Fz, F3, F4, FC1, FC2, Cz; N1: Fz, F3, F4, FC1, FC2, Cz; a positivity: Fz, F3, F4, 

FC1, FC2, Cz, C3, C4, CP1, CP2, CP5, CP6, PZ, P3, P4; a late negativity: Fz, F3, F4, FC1, FC2, Cz, 

C3, C4; a late positivity: Cz, C3, C4, CP1, CP2, CP5, CP6, Pz, P3, P4) separately. We also tested 

the vEOGs & hEOGs for each condition to control for any differences in ERPs caused by 

micro-movements of the eye or by slight winking. The Greenhouse-Geisser epsilon correction was 

used for non-sphericity when appropriate. Statistical significance was set at 0.05. In addition, we 

applied the Bonferroni correction to post-hoc comparisons. All statistical analyses were carried out 

using SPSS, version 16.0 (SPSS, Tokyo, Japan). 
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2.3 Results 

2.3.1 Behavioral results 

A significant difference between the long and short ISI conditions is shown in Table 2.1. RT to the 

AV target stimuli in the short ISI condition were significantly faster [F(1,10) = 10.206, p < 0.01] 

than those to AV target stimuli in the long ISI condition. However, there were no differences in HR 

[F(1,10) = 1.000, p = 0.341] or d' [F(1,10) = 0.149, p = 0.707] associated with the long and short ISI 

conditions. All subjects responded to the task with accuracy above 99%. 

Table 2.1 Mean reaction times (RTs), hit rates (HRs) and detection sensitivity (d') in each ISI   

condition 

ISI condition Long Short 

RTs (ms) 697 (45) 672 (40) 

HRs (%) 98.9 (0.7) 99.3 (0.4) 

d＇ 3.3 (0.2) 3.4 (0.1) 

Standard deviations are given in parentheses.  

2.3.2 Event-related potential results 

Fig 2.3 shows the ERPs elicited by AV standard stimuli. ERPs to AV standard stimuli were 

characterized by a small P1 wave (peaking approximately 80 ms post-stimulus), which was 

followed by a N1 component (peaking approximately 150 ms); in the time window of 220-260 ms, 

a positivity component developed. Then, a late negativity component (320-340 ms) was induced. 

Lastly, a late positivity component (400-500 ms) developed.  

The Effects of ERP Components before 300 ms Post-Stimulus  

As shown in Fig 2.3, first, the mean amplitude of P1 (70-90 ms) at the Fz, F3, F4, FC1, FC2, and 

Cz electrodes was analyzed by ANOVA. The main effect of the ISI was not significant [F(1, 10) = 

0.32, p > 0.05]. The main effect of the electrode was significant [F(5, 50) = 3.265, p < 0.05]. The 

interaction between the electrode and the ISI was also not significant [F(5, 50) = 0.413, p > 0.8]. 

Topographic differences between the short ISI and the long ISI were observed. Paired-sample t-tests 

were not significantly different on the vEOG or the hEOG during the epoch of 70-90 ms (p > 0.05).   
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Fig 2.3 Grand average ERPs elicited by AV stimuli in short ISI (black solid line) and long ISI 

(black dotted line) conditions. Electrode distribution is also illustrated. 

Second, the mean amplitude of N1 (140-160 ms) at the Fz, F3, F4, FC1, FC2, and Cz electrodes 

was analyzed by ANOVA. The main effect of the ISI was not significant [F(1, 10) = 0.271, p > 0.6]. 

The main effect of the electrode was significant [F(5, 50) = 4.691, p < 0.01]. The interaction 

between the electrode and the ISI was also not significant [F(5, 50) = 0.22, p > 0.9]. Topographic 

differences between the short ISI and the long ISI were observed. Paired-sample t-tests were not 

significantly different on the vEOG or the hEOG during the epoch of 140-160 ms (p > 0.05). 

Last, the mean amplitude of the positivity component (220-260 ms) at the Fz, F3, F4, FC1, FC2, 

Cz, C3, C4, CP1, CP2, CP5, CP6, Pz, P3, and P4 electrodes was analyzed by ANOVA. The main 

effect of the ISI was not significant [F(1, 10) = 1.371, p > 0.4]. The main effect of the electrode was 
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not significant [F(14, 140) = 1.12, p > 0.05]. The interaction between the electrode and the ISI was 

also not significant [F(14, 140) = 0.4, p > 0.08]. Here, no topographic differences between the short 

ISI and the long ISI were observed. Paired-sample t-tests were not significantly different on the 

vEOG or the hEOG during the epoch of 220-260 ms (p > 0.05). 

 

Fig 2.4 Two-dimensional (2D) parameter images of the long ISI condition minus the short ISI 

condition during each epoch after the onset of the AV stimuli are shown on the left. Grand average 

ERPs elicited by AV standard stimuli in the short ISI condition (black solid line) and the long ISI 

condition (black dotted line) in the most activated electrode are shown on the right. (a) The time 

epoch used for analyzing the positivity during the epoch of 320-340 ms is shaded grey; the ERPs 

displayed are from the Fz and FC2 electrodes. (b) The time epoch used for analyzing the late 

negativity (400-500 ms) is shaded grey; the ERPs displayed are from the Cz and Pz electrodes. 

The Effects of the ERP Component after 300 ms Post-Stimulus 

The mean amplitude of the late negativity component at the Fz, F3, F4, FC1, FC2, Cz, C3, and C4 

electrodes during the epoch of 320-340 ms was analyzed by ANOVA. The main effect of the ISI 

was significant [F(1, 10) = 8.23, p < 0.05], and the main effect of the electrode was significant [F(7, 

70) = 3.32, p < 0.01]. Although the interaction between the electrodes and the ISI was also 

significant [F(7, 70) = 5.11, p < 0.01], post-hoc analysis showed that the greatest difference between 

the short and long ISI conditions was found at the Fz (p < 0.05) and FC2 (p < 0.05) electrodes (see 
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Fig 2.3 and Fig 2.4a), indicating that the mean amplitude of the late negativity component in the 

long ISI condition (-3.97 µV in Fz, -3.68 µV in FC2) is larger than that in the short ISI condition 

(-2.27 µV in Fz, -2.13 µV in FC2). Paired-sample t-tests were not significantly different on the 

vEOG or the hEOG during the epoch of 300-320 ms (p > 0.05), indicating that the modulatory 

effects of ISI were not caused by small movements or blinking. The electrode distribution over the 

fronto-central areas is shown in Fig 2.4a. 

The mean amplitude of the late positivity component at the Cz, C3, C4, CP1, CP2, CP5, CP6, Pz, 

P3, and P4 electrodes during the epoch of 400-500 ms was analyzed by ANOVA. The main effect 

of the ISI was significant [F(1, 10) = 7.15, p < 0.05], and the main effect of the electrode was 

significant [F(9, 90) = 2.65, p < 0.01]. Although the interaction between the electrodes and the ISI 

was not significant [F(9, 90) = 1.47, p > 0.05], post-hoc analysis showed that the greatest difference 

between the short and long ISI conditions was found at the Cz (p < 0.05) and Pz (p < 0.01) 

electrodes (see Fig 2.3 and Fig 2.4b), indicating that the mean amplitude of the late positivity 

component in the long ISI condition (2.22 µV in Cz, 4.46 µV in Pz) is larger than that in the short 

ISI condition (0.80 µV in Cz, 2.32 µV in Pz). Paired-sample t-tests showed no significant 

differences in the vEOG or the hEOG during the epoch of 400-500 ms (p>0.05), indicating that the 

modulatory effects of ISI were not caused by small movements or blinking. The electrode 

distribution over the centro-parietal areas is shown in Fig 2.4b. 

2.4 Discussion 

The present study aimed to investigate whether the ISI affected the processing of AV stimuli by 

endogenous temporal attention. The behavioral results showed that the responses to the AV target 

were faster in the short ISI condition than in the long ISI condition. Previous studies indicated that, 

apart from this orienting effect, cues are also thought to enhance alertness, as reflected in faster 

responses in conditions with cues compared to conditions without cues [2.19]. Through our research, 

the enhancement of alertness was shown to be stronger with a short ISI than with a long ISI. 

Moreover, the d’ parameter reflecting the subject’s accuracy to discern a sensory event from its 

background (perceptual level) was investigated. However, in this study, we found no differences in 

detection sensitivity (d') between the long and short ISI conditions. And no enhancement of d’ for 

AV target detection was found when the auditory stimulus was presented simultaneously different 

or opposite location [2.20]. Therefore, the present d' results suggested that this effect of endogenous 

temporal attention is not mediated by early-stage sensory processing. 

The ERP results showed that the short ISI and the long ISI had the same effect on early ERP 
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components, which are the P1 component (70-90 ms), the N1 component (140-160 ms) and a 

positivity component (220-260 ms) elicited by AV stimuli. However, from 300 ms after the 

stimulus onset to approximately 500 ms, we observed distinct effects of the short and long ISIs. 

Specifically, the mean amplitudes of the positivity component during the epochs of 320-340 ms and 

400-500 ms were larger in the long ISI condition than in the short ISI condition. The ERP results 

were consistent with the behavioral results, in which the effect of endogenous temporal attention 

originates from late-stage cognitive processing rather than early-stage sensory processing. 

The ERP Components before 300 ms Post-Stimulus  

We found that the short and long ISIs had the same effect on audiovisual stimuli processing before 

300 ms stimulus onset (see Fig 2.3), such as the P1 and N1 components and the positivity 

component, which are related to early-stage sensory processing. While previous studies found that 

the auditory N1 and the visual P1 can be enhanced in the long ISI rather than in the short ISI [2.21]. 

the audiovisual interaction might account for this difference, it has been suggested that the 

auditory/visual stimulus can enhance the simultaneous visual/auditory stimulus detection, and this 

enhancement effect was mediated by early-stage sensory processing [2.22]. In the present study, the 

auditory stimulus was presented simultaneously with the visual stimulus; consequently, the early 

ERPs elicited by the audiovisual stimuli might be enhanced. Therefore, a similar modulation effect 

of the short ISI and the long ISI was observed here, indicating that the modulatory mechanism of 

the ISI was affected by the audiovisual interaction.   

The Late Components after 300 ms Post-Stimulus 

We found that, beginning at 300 ms after stimulus onset, there were distinctions between the short 

ISI and the long ISI (see Fig 2.4). Specifically, the negativity component (320-340 ms) and the 

positivity components (400-500 ms) were larger in the long ISI condition than in the short ISI 

condition. The late positivity ERP components are P3-like components [2.23, 2.24]. The P3-like 

component elicited by standard stimuli with temporally endogenous attention could be affect by the 

ISI, which was similar but not identical to results from previous studies. We found that the mean 

amplitude of the late negativity and the positivity in the long ISI condition at fronto-central areas 

was greater than in the short ISI condition. These findings are in accordance with those of previous 

studies [2.25, 2.26]. The previous studies investigated the effects on endogenous spatial attention by 

long ISI and short ISI conditions in tactile events, and they found substantial activation of the late 

negativity component at fronto-central sites in the long ISI condition [2.25]. The frontal sites are 

related to the orienting of attention [2.14]. Moreover, previous studies on audiovisual interaction 
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have reported that the spread of spatial attention can cross modalities in a multisensory object [2.27, 

2.28]. These findings may indicate that the endogenous spatial attention can modulate multisensory 

audiovisual events. Furthermore, the frontal cortices were also activated during endogenous spatial 

attention and endogenous temporal attention tasks [2.14]. Therefore, we speculated that the 

endogenous temporal attention can also modulate responses to audiovisual stimuli. 

Lastly, the change in amplitude of P3 with different cue-target intervals is related to the 

generation mechanism of the late positivity component. Gonsalvez et al. (2002) proposed that 

target-target interval (TTI) was important to P3 [2.26]. In our experiment, we controlled the interval 

between cue and target, which means that the interval between target and target also changed, and 

the amplitude of the late positivity component increased with the cue-target interval. Moreover, it 

has been found that the cue-target interval (ISI) had effects on target stimulus processing. Typically, 

a facilitation effect was found in short ISI condition, while an inhibition effect was observed in long 

ISI condition [2.29, 2.30]. Therefore, the exogenous attention orienting effect would change with 

differences in the cue-target interval. Similar with exogenous, although still be controversial, the 

central cue also could induce early facilitation and inhibit the endogenous attention effect with 

saliency-driven stimuli [2.31]. In summary, our results show that endogenous temporal attention 

can also affect audiovisual processing. 

2.5 Conclusion 

In this study, we investigated whether peripherally presented AV stimuli could be modulated by 

endogenous temporal attention when the central visual cue could completely predict the cue-target 

interval (600 ms or 1800 ms). Specifically, the modulation effect appeared in the late ERP 

components from 300 ms post-stimuli, such as the late negativity component (320-340 ms) and the 

late positivity component (400-500 ms), rather than in the early ERP components (P1 & N1). The 

ERP results suggested that endogenous temporal attention can modulate the response to AV stimuli 

reflected in the late components but cannot affect the early ERP components. 
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Chapter 3 

Effect of visually cued spatial and temporal attention on 

audiovisual stimuli processing 

 

Summary 

Previous studies investigate the effect of the spatial and temporal attention on visual or auditory 

stimuli processing. Furthermore, the visual and auditory information simultaneously received from 

the different modalities must be integrated by several systems to produce coherent cognition in the 

brain. However, how the spatial and temporal attention modulates the audiovisual (AV) stimulus 

processing is still unclear. The aim of this study was to compared the modulatory effects of spatial 

attention versus temporal attention on audiovisual stimuli processing using event-related potentials 

(ERPs) with high temporal resolution. The spatial attention was triggered by a visual spatial cue 

(usually an arrow) and the temporal attention was triggered by a visual temporal cue (two 

concentric circles). Behavioral responses to audiovisual stimuli in spatial attention condition were 

faster than those in temporal attention condition, and the false alarm rate in spatial attention 

condition was lower than that in temporal attention condition. The ERPs results show that the 

amplitude of N2 elicited by AV stimuli at right occipitotemporal area in spatial attention condition 

was greater than that in temporal attention condition. Those results indicated that the spatial 

attention and temporal attention had a differential effect on AV stimuli processing at right 

occipitotemporal area. 

 

Keywords: Spatial attention, temporal attention, audiovisual stimuli, interstimulus interval (ISI), 

event-related potentials (ERPs) 
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3.1 Background 

In real world, there is a large amount of information bombarding us. Attention can helps us to 

selectively concentrating on one aspect of the useful information in the environment while ignore 

others. Attention is distributed across time as well as space, the spatial attention manipulate 

attention to spatial location of target presented [3.1] while the temporal attention manipulate 

attention toward when the target could appear [3.2, 3.3]. 

A previous neurophysiologic PET & fMRI study used the visual cue-visual target paradigm to 

investigate effects of spatial and temporal attention on visual stimulus processing [3.4], these author 

found that a partial overlap between neural systems involved in the spatial and temporal attention. 

Specifically, the hemispheric asymmetries revealed preferential right for spatial attention and left 

parietal activation for temporal attention respectively, and the parietal cortex was activated 

bilaterally by attending to both dimensions simultaneously. Moreover, using the same paradigm, an 

ERPs study found that spatial attention affected the amplitude of early visual components. While 

modulation by temporal attention started later, and mainly affected late stages of processing related 

to decisions and responses [3.5]. 

With the visual cue-auditory target paradigm, Smith et al. reported that the dorsal frontoparietal 

network  involved in modulation of auditory spatial attention [3.6], and a recent fMRI studies 

suggested that the specific activations related to temporal attention were confirmed within the 

superior occipital gyrus, tegmentum, motor area, thalamus and putamen [3.7]. Previous ERPs study 

shown that the spatial attention could modulate amplitude of auditory component [3.8]. The 

temporal attention could affect detection [3.9] and early perceptual processing of auditory stimulus 

[3.10]. Furthermore, several studies indicated that responses to bimodal audiovisual stimuli (AV) 

are more rapid and accurate than are responses to either unimodal visual (V) or unimodal auditory 

stimuli (A) [3.11, 3.12]. This facilitative effect is called "audiovisual integration". Numerous 

research have investigated the effect of visually cued spatial and temporal attention on unimodal 

visual or unimodal auditory stimulus. However, how the visually cued spatial and temporal 

attention modulates the audiovisual stimuli processing is still unclear.  

The aim of our study was to investigate how visually cued spatial and temporal attention 

modulate ERPs corresponding to audiovisual stimulus processing. Visual spatial cue predicted the 

spatial location (left, right) of visual stimuli and visual temporal cue predicted the short or long time 

interval for cue-target interval. We utilizing the high temporal resolution of ERPs to observe that 

stages of audiovisual stimuli processing are effected by visually cued spatial or temporal attention. 
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3.2 Methods 

3.2.1 Subjects 

Eleven healthy students (age range: 21-25 years; mean age: 23.2 years; 7 male) from Okayama 

University participated in the experiment. All subjects were right-handed, and had normal or 

corrected-to-normal vision and normal hearing ability. In addition, they had no history of 

neurological or psychiatric disorders. The individuals provided written informed consent for 

participation in this study, and the experimental protocol was approved by the Ethics Committee of 

Okayama University 

3.2.2 Stimuli and procedure 

The experiment was conducted in a dimly lit, sound-attenuated, electrically shielded room. Stimuli 

streams were randomly presented in black background. The participants were seated 60 cm from the 

center of the monitor. At the beginning of each trial, the normal stimuli were presented in the center 

of the monitor, which was comprised of two peripheral left and right boxes (2°×2°, centers 7° from 

the center of the monitor) and fixation stimuli (2°×2°) (see Fig 3.1). After 2200 ms or 3800 ms, the 

cue was presented for 100ms. The spatial cue predicted the spatial location (left, right) of the visual 

stimuli, gave no time information for cue-target interval, and was consisted of brightening of either 

the left or right border of the diamond to inform the subject to attend to the presented location of the 

stimuli (left or right) (Fig 3.1a). The temporal cue predicted the cue-target interval, but not provide 

information for location, and was a compound stimulus consisting of a diamond and two concentric 

circles highlighted to inform the subject to attend to the time of the cue-target interval (600 or 1800 

ms from cue presentation) (Fig 3.1b), If either the inner or outer border brightened, the interstimulus 

interval (ISI, the time interval between visual cue offset and audiovisual stimuli onset) was 600ms 

or 1800ms, respectively. Before the AV stimuli that appeared, the inter stimulus interval (ISI) lasted 

for 600ms or 1800ms. After that, the AV stimuli will be presented for 50ms. There were 2 kinds of 

AV stimuli: no-go and go stimuli. The no-go stimuli refer that the visual stimulus (×, 2°×2° ) and 

the auditory stimulus (single pure tone, 1600 Hz, played at an intensity of 65dB) were presented at 

the same location (left or right) and they are comprised 77% of AV stimuli, to which no response is 

required. While, the go-stimuli refer that the visual stimulus and the auditory stimulus were 

presented at different locations and they are comprised 23% of AV stimuli, to which the response is 

required through a reaction key as accurately as possible. For each spatial cue trial, the ISI was set 

to either 600 ms or 1800 ms randomly; for the temporal cue trials, stimuli appeared in the left or 

right at random. 
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The cue type (spatial or temporal) was blocked to evoke spatial or temporal attention 

independently, but the sequence was counterbalanced across participants. Participants were required 

to fix their eyes on a centrally presented fixation point on a screen and were allowed to take a 5-min 

break between blocks. There were 5 blocks per cue type. In each block, there were 40 no-go trials 

and 12 go trials. The total experiment time was approximately 2 hours. 

 

Figure 3.1 An example showing the sequence of trial events. (a) the visual spatial cue indicates 

spatial information but provides no information about the cue–target interval, and (b) the visual 

temporal cue: the light of inner circle indicates the target came within a short cue–target interval 

and the light of outer circle indicates the target came within a long cue–target interval. 

3.2.3 Apparatus and software 

Stimulus presentation was controlled by a personal computer running Presentation software 

(Neurobehavioral Systems, Albany, CA). An EEG system (BrainAmp MR plus, Gilching, 

Germany) was used to record EEG signals through 32 electrodes mounted on an electrode cap 

(Easy cap, Herrsching Breitbrunn, Germany), as specified by the International 10-20 System. All 

signals were referenced to the bilateral earlobe electrodes. Horizontal eye movements were recorded 

from the outer canthus of the right eye; eye blinks and vertical eye movements were recorded from 

the vEOG electrode. The impedance of all of the electrodes was kept below 5 kΩ. Raw signals were 

digitized with a sample frequency of 500 Hz with a 60 Hz notch filter and stored continuously on a 

compatible computer for offline analysis. The event-related potential (ERP) analysis was carried out 

using Brain Vision Analyzer software (version 1.05, Brain Products GmbH, Munich, Bavaria, 

Germany). 
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3.2.4 Data analysis 

Behavioral analysis 

Reaction times (RTs) for the correct detection of go stimuli, hit rates (HRs), and the false alarm 

rates (FARs) for incorrect responses to no-go stimuli from each participant were analyzed 

separately for each stimulus type. HRs were the number of correct responses to go stimuli divided 

by the total number of go stimuli. FARs were the number of incorrect responses to no-go stimuli 

divided by the total number of no-go stimuli. RTs, HRs and FARs different for two cue type were 

subjected to a repeated-measures analysis of variance (ANOVA) using the factors of spatial cue and 

temporal cue conditions and a significance level of 0.05. 

Event-related potential analysis 

Only the ERPs elicited by the AV no-go stimuli were analyzed to remove the response. The EEG 

and EOG signals were amplified and band-pass filtered with an analog filter of 0.01-100 Hz at a 

sampling rate of 500 Hz. Continuous EEG and EOG signals were divided into epochs from 100 ms 

before stimulus onset to 500 ms after stimulus onset. Baseline corrections were made against -100 

ms - 0 ms. Responses associated with false alarms were also rejected from the analysis. The data 

were then averaged for each stimulus type, following digital filtering with a band-pass filter of 

0.01-30 Hz. The grand-averaged data were obtained across all participants for each stimulus type. 

Because no significant lateralization effect of AV stimuli has been found, ERP data from the left 

and right hemisphere were combined to improve the signal-to-noise ratio of the ERPs [3.13]. Based 

on analysis results, the amplitudes of the N2 components were measured as the mean voltages 

within the intervals 300–340 ms post stimulus. The mean amplitudes were using a 

repeated-measures ANOVA with factors of cue type (spatial vs. temporal) and electrodes (CP2, 

CP6, Pz, P4, P8, O2, T8) separately. We automatically rejected trials with vertical eye movements 

and eye blinks (vertical EOG amplitudes exceeding ±100 μV), horizontal eyeball movements 

(horizontal EOG amplitudes exceeding ±25 μV), or other artifacts (a voltage exceeding ±75 μV at 

any electrode location relative to baseline). The Greenhouse-Geisser epsilon correction was used for 

non-sphericity when appropriate. Statistical significance was set at 0.05 level. All statistical 

analyses were carried out using SPSS, version 16.0 (SPSS, Tokyo, Japan). 
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3.3 Results 

3.3.1 Behavioral results 

Table 3.1 Mean reaction times (RTs), hit rates (HRs) and false alarm rates (FARs) in each cue 

condition 

Cue type  Spatial Temporal 

RTs (ms) 571 (38) 683 (42) 

HRs (%) 95.6 (0.9) 99.1 (0.6) 

FARs (%) 9.5 (2.1) 16.8 (3.2) 

Standard deviations are given in parentheses.  

 

The RTs, HRs, and FARs for each cue type condition are shown in Table 3.1. The significant 

difference between the spatial and temporal cue conditions was found in RTs and FARs. The RTs in 

response to go AV stimuli in the spatial cue condition were significantly faster [F(1,10) = 19.033, p 

< 0.001] than those to go AV stimuli in the temporal cue condition. Furthermore, The false alarm 

rate for spatial cue condition (9.5%) was significantly lower [F(1,10) = 7.574, p < 0.05] than that for 

temporal cue condition (16.8%). However, there were no differences in HRs [F(1,10) = 1.267, p = 

0.287] associated with the spatial and temporal cue conditions. All subjects responded to the task 

with accuracy above 95%. 

3.3.2 Event-related potential results 

As shown in Fig 3.2, the mean amplitude of N2 (300-340 ms) at the CP2, CP6, Pz, P4, P8, O2 and 

T8 electrodes was analyzed by ANOVA. The main effect of the cue type was significant [F(1, 10) = 

11.23, p < 0.01], the result showed that the amplitude of N2 in spatial cue condition was significant 

strong than those in temporal cue condition (Fig 3.2). In addition, the main effect of the electrode 

was significant [F(6, 60) = 2.98, p < 0.05] and the interaction between the electrode and the cue 

type was no significant [F(6, 60) = 1.21, p > 0.05]. Post-hoc analysis showed significant differences 

in amplitude at all of the calculated electrodes (p < 0.05) and the maximum difference was found at 

P4 (-1.108 μV, p < 0.001). The scalp distribution of audiovisual N2 component (300-340 ms) for 

spatial cue, temporal cue and the difference between two cue types were observed in Fig 3.3. 
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Figure 3.2 The overlap of grand average ERPs elicited by no-go AV stimuli from the right 

temporal and occipital electrodes in spatial cue (black solid line) and temporal cue (black dotted 

line) conditions. 

 

Figure 3.3 The scalp topographies of N2 activity (300-340 ms) elicited by AV stimuli at left and 

right temporal, occipital area related to (a) the effect of spatial or temporal cue, and (b) effect in 

spatial cue minus temporal cue. 
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3.4 Discussion 

Behavioral data 

The present study aimed to investigate differential modulation of audiovisual stimuli processing by 

spatial and temporal attention. We found that behavioral responses to AV stimuli in spatial attention 

condition were faster than those in temporal attention condition, which is consistent with those of 

previous studies in which responses to auditory stimulus [3.14]. Previous behavioral studies have 

shown that behavioral responses to bimodal audiovisual (AV) stimuli are improved than auditory 

stimuli presented alone [3.15, 3.16]. Our findings suggest that visual and auditory stimuli interact to 

facilitate the behavioral response in spatial attention are better than that in temporal attention. 

ERPs data 

We observed that the stronger N2 amplitude at right occipitotemporal area is associated with low 

false alarm rates in the spatial attention condition compared with the temporal attention condition 

(table 3.1 and Fig 3.3b), which indicate that the greater inhibit responses were induced by spatial 

attention. Previous studies found that the N2 enhancement has been interpreted as reflecting 

response inhibition [3.17, 3.18], in which task require subjects to respond to go stimulus and inhibit 

responses to the no-go stimulus with enhanced N2 potentials being found to no-go stimuli. 

Several neurobiological studies have investigated the effect of spatial attention [3.19] or temporal 

attention [3.20], or differential effect of spatial and temporal attention [3.4, 3.5] on visual stimulus 

processing. ERPs study found that spatial attention enhanced the amplitude of the late N2 

component which was larger when attention was directed to the location of the stimulus position, 

and the dN2 (difference N2 wave between that under attended condition and under unattended 

condition) was always larger in the right hemisphere than in the left regardless of the stimulus 

position, showed the effect of spatial attention to be maximal at the right occipitotemporal area 

[3.19]. Moreover, ERPs study of temporal attention observed that the N2 component was enhanced 

only when subjects attended the short interval [3.5], which demonstrate the N2 component can be 

modulated by temporal attention. By comparing to the both studies, we found that the modulation of 

spatial attention on stimulus processing at right occipitotemporal area was comprehensive in which 

spatial attention enhanced the N2 activity regardless of the cue direction(left or right), whereas N2 

enhancement only occurred in a short interval during temporal attention. Thus, we believe the visual 

N2 component in amplitude during spatial attention was more enhanced than that during temporal 

attention. However, the difference of auditory N2 component in amplitude between spatial attention 

and temporal attention was not found [3.14]. 
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Furthermore, the visual and auditory information simultaneously received from the different 

modalities must be integrated by several systems to produce coherent cognition in the brain [3.21, 

3.22]. Talsma and Woldorff reported that spatial attention could modulate AV integration processes 

[3.13, 3.22, 3.23], is that audiovisual integration under attended condition was greater than 

unattended condition [3.23]. In addition, previous studies proposed that the right occipitotemporal 

cortex play a important role on audiovisual interaction, which was the integration of audiovisual 

information into coherent boundaries [3.24-3.27]. Therefore, the present results may be interpreted 

in the differential modulation of audiovisual N2 component by visually cued spatial and temporal 

attention originates from the typical cortex of audiovisual integration in brain. 

3.5 Conclusion 

This study provides behavioral evidence that detection of an audiovisual stimuli in spatial attention 

is faster than those in temporal attention. Additionally, the ERP results showed that a enhanced N2 

amplitude at right occipitotemporal area is associated with low false alarm rates in the spatial 

attention condition compared with the temporal attention condition. Our ERP results suggest that 

the differential modulation of audiovisual N2 component by visually cued spatial and temporal 

attention was generated by a audiovisual integration region of the brain. 
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Chapter 4 

Ipsilateral visual and auditory spatial information 

interaction mechanisms in selective attention conditions 

 

Summary 

We used event-related potentials (ERPs) to evaluate the neural mechanism of which auditory spatial 

information affect audiovisual integration in visual attention task. Some previous studies showed 

that the ERPs components elicited by audiovisual integration existed in the nonspecific cortices as 

well as specific visual and auditory cortex. It was widely considered that there weren’t significant 

difference in ERPs of multi-sensory interaction on the left and right. In this study, we compared the 

integration which elicited by left and right stimuli. The significant differences were found between 

left and right, which were supported by the following results: (1)There are significant difference 

between left and right visual and auditory stimuli in early integration. There was integration effect 

in frontal area around 100-120ms when visual and auditory stimuli appeared in the right. But there 

was none in the left. (2)There are also significant differences between left and right visual and 

auditory stimuli in late integration. It showed difference in left and right audiovisual integration in 

frontal area and centro-medial. Furthermore, it indicated that the processing of multi-sensory 

information was different between left and right brain. 

 

Keywords: Spatial information, Audiovisual interaction, Event-related potential 
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4.1 Background 

When orienting attention to a certain location in space, the responses to visual stimuli appearing at 

the location are faster and more accurate than to that at other locations [4.1-4.3]. The effects may 

affected by at least two different attention mechanisms. One is a voluntary mechanism that is 

activated by expectancy about which location a relevant visual stimulus will appear in, the other one 

is an involuntary mechanism that is activated by suddenly occurring stimuli anywhere in the visual 

field. Furthermore, the same behavioral results have been found in auditory [4.4, 4.5] and 

somatosensory [4.6] stimuli, suggesting that spatial attention mechanisms might be shared among 

the various spatial senses.  

Lots of previous ERP studies have solved the problem of modality specificity of voluntary 

attention orienting [4.7, 4.8]. Such studies indicated that responses to visual events appearing in a 

particular location in space affects the processing of auditory events, and vice versa. The effects 

demonstrated that stimuli still exist even on the irrelevant-modality, though smaller than the effects 

of attention on the relevant-modality stimuli. These effects included modulations of early 

components arising from modality-specific cortex. The results indicated that the mechanisms of 

voluntary attention are not complete modality specific. 

Previous studies have focused on the behavioral responses to auditory (A) and visual (V) stimuli 

when accompanied by a task-irrelevant stimulus in a different modality. It is indicated that bimodal 

audiovisual (AV) stimuli are considered faster and more accurately than either visual or auditory 

unimodal stimuli presented alone [4.9-4.14]. However, these researches never come to an 

agreement. Some suggested that this effect is regulated by early-stage sensory processing 

[4.11-4.13]. Meanwhile, the studies suggested that the facilitation effect resulted from the 

interaction of visual and auditory information at the early stage of sensory processing was a 

bottom–up effect. On the contrary, other studies presented that the improvement in detecting 

multimodal stimuli was mediated by late-stage cognitive processing and was a top–down effect 

[4.14, 4.15]. Now, many studies have been conducted to identify brain activities related to this 

phenomenon by means of behavioral or neuroimaging methods.  

Previous studies indicated that the audiovisual integration exists on the processing of visual and 

auditory information. Many researches were conducted on unilateral integration test. This paper 

compared the left and right audiovisual integration respectively, putting forward a new perspective 

of separately comparison of left and right. 
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4.2 Methods 

4.2.1 Subjects 

Fourteen healthy students from Okayama University (seven females) participated in the experiment. 

All subjects pos-sessed normal or corrected-to-normal vision and normal hearing capability. The 

experimental protocol was approved by the ethics committee of Kagawa University. After receiving 

a full explanation of the purpose and risks of the research, subjects provided written informed 

consent for all studies as per the protocol approved by the institutional research review board. The 

whole experiment was conducted in soundproof and dark circumstance. 

4.2.2 Stimuli 

The experiment comprised of three stimuli, that is visual stimulus, auditory stimulus and 

audiovisual stimulus. Each stimulus is divided into two type, standard one and target one. So, in the 

whole experiment, the stimuli are as follows: visual standard stimulus, visual target stimulus, 

auditory standard stimulus, auditory target stimulus, audiovisual standard stimulus and audiovisual  

target stimulus. The target stimulus of experiment is visual stimulus and the stimuli that participants 

are requested to response to are visual target stimulus and audiovisual target stimulus. In the central 

of display, a cross with visual angle of 5 degree appeared as fixation. During the whole experiment, 

the participants was asked to neglect any sound stimuli. 

Visual standard stimuli used a picture of white and black squares with sides of 5.2 cm (visual 

angle is 5 degree), which appeared on the low left or low right. Visual target stimulus is adding a 

grey square in the black area of standard stimuli. The cue method is the same as visual standard 

stimuli and the cue time is 40ms. 

Auditory standard stimulus is a 1200Hz simple tone. Cue time is 25 ms and the stimulus was 

cued in left ear or right ear by earphone, respectively. Audiovisual  standard stimulus is visual 

standard stimulus and auditory standard stimulus appearing simultaneously on the left or right. Cue 

time of visual standard stimulus is 40ms and that of auditory standard stimulus is 25ms. Audiovisual  

target stimulus is visual target stimulus and auditory target stimulus appearing simultaneously on 

the left or right. Cue time of visual target stimulus is the same as that of audiovisual standard 

stimulus. 

4.2.3 Task and procedure 

An experiment procedure is as seen in Figure 4.1. 
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Figure 4.1 Method of stimulus presentation. “V”, “A” and “AV” represent visual stimulus, auditory 

stimulus, audiovisual stimulus. 

The test began with a cross fixation appeared in the central of the display. The central fixation 

always existed and participants should watch it during the whole experiment. One of the five stimuli 

appeared randomly. The time interval between two trials which is about 1000 to 1400 ms was set 

randomly. In the experiment, participants were asked to neglect the auditory stimuli and detect the 

visual stimuli. They should reflect to target stimuli as quickly as possible. The participants were 

instructed to press the left button of a computer mouse when the target stimuli appeared on the 

lower left, and press the right button of a computer mouse when the target stimuli appeared on the 

lower right, with their right hand. In the whole experiment, stimuli with response are visual target 

stimulus, audiovisual  target stimulus. The whole experiment lasted for 40 minutes and was 

divided into six sessions. 

4.2.4 Apparatus 

According to the 10/20 International Standard System, an EEG system (BrainAmp MR Plus, 

Germany) was applied to record EEG signals via 32 electrodes mounted on an electrode cap (Easy 

Cap, Germany). All signals were referenced to the bilateral earlobe electrodes. Horizontal eye 

movements were recorded from the outer canthus of the right eye; eye blinks and vertical eye 

movements were recorded from the vEOG electrode. Electrode impedance was maintained below 

5kΩ except for the electrooculogram (EOG) electrode, which was maintained below 13kΩ. Raw 

signals were digitized with a sample frequency of 500 Hz with a 60-Hz notch filter; all data were 
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stored digitally for off-line analysis. 

4.2.5 Data analysis 

Analysis of behavioral results 

Reaction times (RTs) for the correct detection of target stimuli and accuracy were computed 

separately for each stimulus type and each hemispace. RTs and accuracy for different stimulus 

types were subjected to repeated-measures analysis of variance (ANOVA) using the subject factors 

of stimulus modality (visual, audiovisual) and stimulus location (left hemispace, right hemispace). 

ERP results off-line analysis 

Only the ERPs elicited by standard stimuli were analyzed. Continuous EEG signals were divided 

into epochs from 100 ms before stimulus onset to 500 ms after stimulus onset. After baseline 

corrections were performed using the period between –100 to 0 ms as the baseline, an artifact 

criterion over ± 80µV was used at all channels to reject trials with noise transients; responses 

associated with false alarms or omissions were also rejected from the analysis. The data were then 

averaged for each stimulus type following digital filtering using a band-pass filter of .01–30 Hz. 

Final grand-averaged data were obtained across all subjects for each stimulus type.  

4.3 Results 

4.3.1 Behavioral results 

The results can be seen in Figure 4.2. The results analyzed with analysis of variance (ANOVA) 

showed that the response time to audiovisual  target stimuli was much shorter than that to visual 

target stimuli [F(1,13)=19.437, P<0.001], which can be explained as the result of Redundant Signal 

Effect (RSE). RSE means that response to bi-channel sensory information (such as audiovisual  

information) can process quicker comparing to response time of single channel sensory information. 

Furthermore, there wasn’t a significant main effect of stimuli position and there wasn’t a significant 

interaction effect between stimuli type and position. Datum of response time to target stimuli less 

than 100ms or more than 1000ms and wrong response datum were excluded from the analyses. 

In addition, ANOVA of accuracy rate shows that there wasn’t a significant main effect of stimuli 

type and stimuli position and there wasn’t a significant interaction effect between stimuli type and 

position (Figure 4.3). 



 

 

 

 
44                      CHAPTER 4  AUDIOVISUAL SPATIAL INTERACTION…… 
                                                                                                                

 

 

Figure 4.2 Averaged reaction times of spatial auditory task 

 

Figure 4.3 The correct response of spatial auditory task 

 

4.3.2 ERP results 

The results of audiovisual integration are illustrated in Figure 4.4 (early integration) and Figure 4.5 

(late integration), which were shown as follows: (1) at early stage, left audiovisual integration 

appeared 80-100ms after the stimuli, located in the frontal and central areas .Right audiovisual 

integration also appeared 80-100ms after the stimuli. But in the period of 100-120ms, the right 

integration, not left one appeared in frontal area. In the period of 140-180ms, left integration was 

strong in frontal area, weak in the central area. The similar effect appeared on the right and lasted to 
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200ms. (2) at later stage, 260-320ms，when stimuli appeared on the left, stronger integration effect 

was found in the front area and weaker one was in the top head. But when stimuli appeared on the 

right, the apparent integration existed both in the front lobe and the top head. The results indicated 

that although there are some similar characteristics, the mechanism were different between the left 

and right stimuli. 

 

Figure 4.4 Scalp topographies of [AV-(A+V)] related to the audiovisual interaction elicited at early 

 

Figure 4.5 Scalp topographies of [AV-(A+V)] related to the audiovisual interaction elicited at later. 
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4.4 Discussion 

In this study, we designed a visual attention task, in which audiovisual stimuli presented on the left 

and right hemispace, and researched the multimodal integration. Behavioral results revealed that it 

were faster and more accurate of the responses to multimodal stimuli than those to unimodal visual 

or auditory stimuli[4.16-4.19]. The results of  this study on the audiovisual integration were 

consistent with the results of previous studies. 

In ERP results, we observed the significant audiovisual integration effect elicite by the left 

stimuli at frontal-central areas around 80-100ms. The result was similar to previous studies[4.20]. 

The latency of this integration effects corresponded to that auditory N1 wave in unimodal responses. 

According to the brain topography, the interaction effects could decreased amplitude of the auditory 

N1 wave, which indicated weaker activation of its generators in the auditory cortex for bimodal 

stimuli. Furthermore, it was observed that another audiovisual integration elicite by the right stimuli 

effects at frontal-central areas around 280-300 ms. The latency of the results were similar to the 

N260 in previous studies [4.13, 4.21]. It was considered that N260 was generally localized to 

auditory-specific temporal lobe. The possible neural path-ways were a direct, feed-forward 

projection from the primary visual cortex or the visual association cortex to the auditory cortex; or 

an indirect feed-forward projection in which input from the visual cortex projects first to the 

superior temporal poly sensory region where the AV multisensory information converges and then 

to the auditory cortex [4.12]. 

Some previous studies limited their analysis time window to within the first 200ms after stimulus 

presentation. Few analyzed the integration condition after 200ms following presentation of the 

stimulus. The integration effect results suggested that the activities of visual cortex were increased 

for bimodal stimuli after 200ms [4.20]. Responses occurring during the first 200ms after 

presentation of the stimulus were thought to be mediated by early sensory processing, whereas 

activity after 200ms was thought to be mediated by late cognitive processing [4.22]. Some studies 

have suggested that this effect is mediated by early-stage sensory processing and was a bottom–up 

effect [4.16, 4.23]. Yet, other studies suggest that the improvement in detecting multimodal stimuli 

was mediated by late-stage cognitive processing and was a top–down effect [4.24, 4.25]. 

It has been indicated in this paper that the effect of integration also existed in unilateral 

audiovisual information processing. the mechanism of audiovisual integration of human being has 

been further probed. the latency of the ERP activity was later than that found in the previous studies 

[4.22]. That may result from effects of modality select attention, which was only auditory stimuli 
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were task-relevant and required to be attended in this study. However, the previous studies required 

participants to attend both visual and auditory stimuli. Talsma and Woldorff reported that audio- 

visual interaction occurred somewhat earlier when stimuli were attended to than when stimuli were 

not attended to. Therefore, we speculated that the difference of modality select attention resulted in 

the postponement of audiovisual interaction. However, further studies are needed to confirm and 

elucidate those details. 

4.5 Conclusion 

The results indicated that left and right audiovisual integration occurring in both early-stage and 

late-stage in the tasks of visual selective attention. It came to some conclusion as follows: (1) There 

was integration effect in front area around 100-120ms when visual and auditory stimuli appeared in 

the right. But there was none in the left. (2) There are also significant difference between left and 

right visual and auditory stimuli in late integration. It showed difference in left and right audiovisual 

integration in front area and top head. Furthermore, it indicated that the processing of multi-sensory 

information was different between left and right brain. Furthermore, the study put forward a new 

perspective of separately comparison of left and right. 
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Chapter 5 

Effects of ipsilateral and bilateral auditory stimuli on 

audiovisual integration 

 

Summary 

We used event-related potential (ERP) measures to compare the effects of ipsilateral and bilateral 

auditory stimuli on audiovisual (AV) integration. Behavioral results showed that responses to visual 

stimuli with either type of auditory stimulus were faster than those to visual stimuli only, and an 

enhancement of perceptual sensitivity (d’) for visual detection was found for visual stimuli with 

ipsilateral auditory stimuli. Furthermore, ERP components related to AV integrations were 

identified over the occipital areas at approximately 180 to 200 ms during early-stage sensory 

processing via the effect of ipsilateral auditory stimuli and over the fronto-central areas at 

approximately 300 to 320 ms during late-stage cognitive processing via the effect of ipsilateral and 

bilateral auditory stimuli. Our results confirmed that audiovisual integration was also elicited, 

despite the effect of bilateral auditory stimuli, and only occurred at later stages of cognitive 

processing in response to a visual detection task. Furthermore, integration from early-stage sensory 

processing was observed via the effect of ipsilateral auditory stimuli, suggesting that the integration 

of audiovisual information in the human brain might be particularly sensitive to ipsilaterally 

presented audiovisual stimuli. 

 

Keywords: ipsilateral auditory stimuli, bilateral auditory stimuli, visual detection, audiovisual 

integration, event-related potential. 
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5.1 Background 

In the real world, humans constantly receive a large amount of information, including visual and 

auditory stimuli. Our attention system regulates the choice of task-relevant information and the 

neglect of irrelevant information [5.1]. However, the irrelevant information is not completely 

neglected and can affect task completion. It has been shown that detection and responses to 

unimodal visual (V) stimuli can be improved when accompanied by a task-irrelevant auditory (A) 

stimulus [5.2, 5.3], a crossmodal facilitating phenomenon known as audiovisual (AV) integration. 

Previous studies have suggested that AV integration is dependent on the spatial relationship 

between visual and auditory stimuli [5.4, 5.5]. On the basis of the visual detection task, several 

studies have found that the detection of V stimuli was improved when A stimuli were 

simultaneously presented in the same location. In contrast, when the V and A stimuli were 

presented in different locations, little or no enhancement was observed [5.6-5.8]. Furthermore, in a 

study conducted by Teder-Sälejärvi et al. (2005), the auditory and visual stimuli were presented 

unilaterally; for example, either at an ipsilateral spatial location (i.e., 30° to the left or right of the 

central fixation point) or at a contralateral spatial location (i.e., V to the left and A to the right of the 

fixation point, 60° apart). Teder-Sälejärvi and colleagues found different ERP interactions with both 

AV pairings in the brain. Specifically, an amplitude modulation of activity localized to the superior 

temporal region was observed for ipsilateral AV pairings, and a phase shift of visual-evoked 

activity localized to the ventral occipito-temporal cortex was observed for contralateral AV pairings 

[5.9]. In addition, the enhancement of the audiovisual stimuli was optimal when the visual stimulus 

was presented with an ipsilateral, spatially congruent auditory stimulus [5.4].  

Sound lateralization also had a major influence on the magnitude and extent of the activations in 

the auditory cortex. For example, unilateral sounds produced significantly larger activations in the 

hemisphere contralateral to the stimulation [5.10, 5.11]. Moreover, the amplitude of the bilateral 

responses differed from the amplitude of the responses to unilateral sounds in the auditory cortex 

[5.12]. Previous studies have investigated behavioral performances and neural responses using ERP 

recordings during audiovisual integration in response to unilateral AV pairings [5.9, 5.13]. However, 

the effect of bilateral auditory stimuli on audiovisual integration still remains unclear. 

The aims of the present study were to investigate the effect of bilateral auditory stimuli on 

audiovisual integration and to compare this effect to that of ipsilateral auditory stimuli. We 

designed a visual detection task and performed behavioral and ERP measurements to determine the 

neural basis of audiovisual integration elicited by this task. In this task, the audiovisual stimuli 
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consisted of unilateral visual stimuli accompanied with simultaneous ipsilateral or bilateral auditory 

stimuli. 

5.2 Methods 

5.2.1 Subjects 

Fourteen healthy students (age: 22 to 33 years, mean: 24.2 years, 5 females) from Okayama 

University participated in this experiment. All of the subjects were right-handed, possessed normal 

or corrected-to-normal vision and demonstrated normal hearing ability. They had no history of 

neurological or psychiatric disorders. The experimental protocol was approved by the Ethics 

Committee of Okayama University. 

 

Figure 5.1 Method of stimulus presentation during sequential trials in the experiment. 

5.2.2 Stimuli and design 

The experiment was performed in a dimly lit, sound-attenuated, electrically shielded room. 

Presentation software (Neurobehavioral Systems Inc., Albany, California, USA) was used to present 

the stimuli and collect the responses. Stimulus streams consisting of unimodal V stimuli, unimodal 

A stimuli and bimodal AV stimuli (simultaneous visual and auditory events) were randomly 

presented in the experiment. The unimodal V stimulus consisted of a checkerboard image (duration 

40 ms, 5.2×5.2 cm, subtending a visual angle of approximately 5°, Fig 5.1). These V stimuli were 

presented peripherally to lateral locations on either the left or right side of the display at an angle of 
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approximately 12° from a centrally presented fixation point on a black background; moreover, they 

were positioned 60 cm from the participant’s eyes in the lower visual fields (approximately 5° 

below central fixation). The V target stimuli were checkerboards containing 1 dot. Those with no 

dots were referred to as "standard stimuli." The A stimulus consisted of a tone pip (25 ms in 

duration, 1200 Hz, 60 dB SPL, 5 ms rise and fall periods), which was presented through an 

earphone either unilaterally into one ear (Auni: left or right) or bilaterally into both ears (Abi: left and 

right). This A stimulus was a task-irrelevant and ignored event. The bimodal AV target stimulus 

consisted of simultaneous V target stimuli and task-irrelevant A stimuli. The bimodal AV standard 

stimulus consisted of simultaneous V standard stimuli and task-irrelevant A stimuli, which were 

presented in two multisensory conditions: visual with ipsilateral auditory stimulus (AipsiV) and 

visual with bilateral auditory stimulus (AbiV). The subjects were required to detect the V or AV 

target stimuli.  

Each subject participated in twelve blocks, of which each block lasted for approximately 4 min. 

The participants were allowed to take a 2-min rest between blocks. Each block consisted of 40 

unimodal V-only stimuli (32 standards, 8 targets), 40 bimodal AipsiV stimuli (32 standards, 8 

targets), 40 bimodal AbiV stimuli (32 standards, 8 targets), 32 unimodal Auni stimuli and 32 

unimodal Abi stimuli. All of the stimuli were randomly presented. Before the experiment, a display 

without stimuli appeared on the screen for 4000 ms, followed by the experimental stimulus. The 

interstimulus interval (ISI) varied randomly between 1000 and 1400 ms. The participants were 

asked to neglect the auditory stimuli and to detect the visual target stimuli. They were instructed to 

press the left button of a mouse when the visual target stimulus appeared on the lower left and to 

press the right button of a mouse when the visual target stimulus appeared on the lower right, using 

the index or middle finger of their right hand as quickly and accurately as possible. 

5.2.3 Apparatus 

Consistent with the 10/20 International Standard System, an EEG system (BrainAmp MR Plus, 

Germany) was used to record the EEG signals of 32 electrodes mounted on an electrode cap (Easy 

Cap, Germany). All of the signals were referenced to the bilateral ear lobe electrodes. Horizontal 

eye movements were recorded from the outer canthus of the left eye; eye blinks and vertical eye 

movements were recorded from the vEOG electrode, which was placed 1.5 cm below the left eye. 

The impedance of all electrodes was below 5 kΩ. The raw signals were digitized with a sample 

frequency of 500 Hz with a 60-Hz notch filter; all of the data were stored digitally for off-line 

analysis. 
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5.2.5 Data analysis 

Analysis of behavioral results 

The reaction times (RTs) for the correct detection of target stimuli, hit rates (HRs), and false alarm 

rates (FARs) for incorrect responses to standard stimuli from each participant were separately 

computed for each stimulus type. The perceptual sensitivity (d’), which reflected the subject’s 

accuracy in discriminating a sensory event from its background, was computed using the 

z-transformed ratio [5.14]. All of the results were analyzed using repeated-measures analysis of 

variance (ANOVA) with the factor of stimulus modality (visual-only, AipsiV and AbiV) and a 

significance level of 0.05. 

Off-line analysis of ERP results 

We used the Brain Vision Analyzer software (version 1.05, Brain Products GmbH, Munich, 

Bavaria, Germany) to analyze the off-line ERPs elicited by standard stimuli. Continuous EEG 

signals were divided into epochs from -100 ms before stimulus onset to 500 ms after stimulus onset. 

After baseline corrections were performed using the period between -100 and 0 ms, an artifact 

criterion of ±80 µV was used in all channels to exclude trials with noise transients; responses 

associated with false alarms or omissions were also excluded from the analysis. The data were then 

averaged for each stimulus type after digital filtering with a band-pass filter of 0.01 to 30 Hz. The 

grand-averaged data were obtained across all participants for each stimulus type. Audiovisual 

integration was quantified as the difference wave [AV-(A+V)], which was obtained by subtracting 

the sum of the responses to the unimodal stimuli from that of the bimodal stimuli [5.15]. The mean 

amplitudes were then averaged for all of the electrodes at consecutive windows of 20 ms each 

between the stimulus onset and 500 ms after presentation of the stimulus. The mean amplitude data 

were analyzed using repeated-measures ANOVA with the within-subjects factors of modality (AV, 

A+V), time-window and electrodes [5.16]. In addition, we did not observe a significant effect 

between left and right lateralization (all p>0.05), and the data from the left and right hemispace 

were combined to improve the signal-to-noise ratio of the ERPs [5.17]. The Greenhouse-Geisser 

procedure was applied to all F-tests to correct for potential violations of the sphericity assumption. 

5.3 Results 

5.3.1 Behavioral results 

The RTs, HRs, and FARs for each stimulus condition are shown in Table 5.1. The RTs in response 
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to unimodal visual and bimodal audiovisual stimuli (AipsiV and AbiV) differed significantly [F (2, 

26)= 4.880; p= 0.016]. Furthermore, post-hoc comparisons revealed that responses to the AipsiV (p 

=0.031) and AbiV (p= 0.032) stimuli were significantly faster than those to the V stimuli. However, 

no significant differences were observed between the AipsiV and AbiV stimuli (p= 0.912). 

Table 5.1 Mean reaction times (RTs), hit rates (HRs), false alarm rates (FARs) and perceptual 

sensitivity (d’) for each stimulus type. 

Stimulus type V AispiV AbiV 

RTs (ms) 

HRs (%) 

FARs (%) 

d’ 

508 (16) 

94.4 (2.1) 

0.8 (0.3) 

4.4 (0.9) 

488 (15) 

94.8 (2.5) 

0.6 (0.2) 

4.7 (0.9) 

496 (14) 

96.8 (1.6) 

1.0 (0.3) 

4.6 (0.8) 

V, visual stimulus; AispiV, visual with ipsilateral auditory stimulus; AbiV, visual with bilateral 

auditory stimulus; Standard errors are shown in parentheses. 

The HRs showed a main effect of the stimulus type [F (2, 26)= 6.692; p= 0.005], and the 

maximal hit rate was observed in the AbiV condition (96.8%). The FARs for the stimulus type 

showed a significant effect [F (2, 26)= 4.658; p= 0.019], and the maximal false alarm rate was also 

observed in the AbiV condition (1.0%). Taken together, these results indicated that if the hit rate for 

the AbiV condition was high, then the false alarm rate for this stimulus type was also high. 

The hit and false alarm rates were then used to compute the signal detection measure d’ (Table 

5.1). There was a significant effect of stimulus type [F (2, 26)= 4.150; p= 0.027]. In addition, 

post-hoc comparisons revealed significant differences between V and AipsiV (p =0.004). Moreover, 

no other significant effect of stimulus type on d’ was found. 

5.3.2 Event-related potential results  

The ERPs elicited by task irrelevant unimodal auditory standard stimuli are shown in Figure 5.2. 

For the auditory stimuli from the left or right or simultaneous bilateral stimuli (left and right), a 

negative N1 wave peaked at approximately 110 ms post-stimulus over the fronto-central sites (peak: 

-4.36 μV, -3.69 μV, -3.31 μV at Fz). Importantly, the topographies showed that the amplitude of the 

auditory N1 component was greater over the contralateral scalp sites in response to the stimulus 

presentation. 
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Figure 5.2 Auditory ERP elicited by auditory standard stimuli. Topographic distributions of the N1 

(100 –120 ms) sensory components are shown separately for auditory stimuli presented on the left, 

on the right or bilaterally. The auditory N1 activity showed a clear contralateral effect 

As shown in Fig. 3, the effect of audiovisual integration was investigated by comparing the ERPs 

for the AV stimulus to the sum of the ERPs for the A and V stimuli presented alone. Significant 

differences in amplitude were observed at 180–200 ms post-stimulus over the parietal-occipital area 

in response to the AipsiV stimuli (Figure 5.3a) and at 300–320 ms post-stimulus over the 

fronto-central area in response to both the AipsiV (Figure 5.3a) and AbiV stimuli (Figure 5.3b). 

ERPs over the occipital areas (180 to 200 ms). 

When visual stimuli were presented with ipsilateral auditory stimuli, significant differences in the 

amplitudes between the AV and (A+V) conditions [F (1, 13)= 10.824, p=0.006] were observed at a 

latency of 180–200 ms post-stimulus over the occipital electrodes. The difference in amplitude was 

found at P3, P4, Oz, O1, and O2 (all p<0.05) and approached significance at Pz (p=0.053). The 

difference in the mean amplitude between AV and A+V was maximal at P4 (1.072 μV) (Figure 

5.3a). However, neither a significant effect of electrode type nor significant interactions between 

electrode and modality were found. 

However, within the same time window (180-200 ms), there were no significant differences 

between AV and (A+V) in the occipital areas when visual stimuli were presented with bilateral 

auditory stimuli [F (1, 13)=3.633, p=0.079]. 

As shown in Figure 5.4a, the topography of [AV-(A+V)] revealed the effects of the ipsilateral and 

bilateral auditory stimuli. Moreover, a reduced visual N1 response was generated by the addition of 

an auditory stimulus for the bimodal AV stimuli, which was shown in Figure 5.4a (first, fourth and 

fifth columns). 
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Figure 5.3 Overlap of the grand averaged ERPs elicited by audiovisual (AV) and auditory (A) plus 

visual (V) stimuli. (a) Auditory stimuli were presented unilaterally. (b) Auditory stimuli were 

presented bilaterally. The rectangular and oval areas indicate the time periods when the AV 

response significantly differed from the A plus V response (p<0.05). (Auni, unilateral auditory 

stimulus from left or right; Abi, bilateral auditory stimulus from left and right; AipsiV, visual with 

ipsilateral auditory stimulus; AbiV, visual with bilateral auditory stimulus). 

ERPs over the fronto-central areas (300 to 320 ms). 

Analyses of the mean amplitudes revealed main effects of modality [F(1,13)=13.395, P=0.003] and 

a significant interaction between modality and electrode [F(7,91)=3.819, P=0.020] at 300–320 ms 

over the fronto-central electrodes (F3, F4, Fz, FC1, FC2, Cz, C3, C4) when visual stimuli were 

presented with ipsilateral auditory stimuli (Figure 3a). Post-hoc analysis showed significant 

differences in amplitude at all of the examined electrodes (p<0.05). The difference in amplitude 

between AipsiV and Aipsi+V was maximal at Fz (-2.708 μV, p=0.001) (Figure 5.3a). 

When visual stimuli were presented with bilateral auditory stimuli, similar effects were found. A 

main effect of modality with a 300-320 ms latency was found at the fronto-central electrodes 

[F(1,13)=18.133, P=0.001] (Figure 5.3b); however, neither a significant effect of electrode type nor 

significant interactions between electrode and modality were found. The difference in the mean 

amplitudes over F3-F4-Fz-FC1-FC2-Cz-C3-C4 at 300-320 ms were -3.031 μV for AV-(A+V). The 

difference in amplitude between AbiV and Abi+V was also maximal at Fz (-3.33 μV, p<0.001) 

(Figure 5.3b).  

The scalp distribution over the fronto-central areas is shown in Fig 5.4b. 
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Figure 5.4 The scalp topographies of visual (V), auditory (A), audiovisual (AV) and AV – (A + V) 

stimuli related to the audiovisual integration effects (a) at 180–200 ms post-stimulus over the 

occipital area and (b) at 300–320 ms post-stimulus over the fronto-central area. 

5.4 Discussion 

Behavioral data 

In this study, we used a visual detection task to examine the behavioral and neural mechanisms of 

visual stimuli when simultaneously presented with ipsilateral or bilateral auditory stimuli. The 

behavioral responses to both AispiV and AbiV stimuli were faster than those to unimodal V stimuli, 

which was consistent with the results of previous behavioral performances of AV interaction [5.18]. 

In addition, a previous behavioral study had shown an enhancement of sensitivity (d’) for visual 

detection when audiovisual stimuli were simultaneously presented at a consistent ipsilateral position 

[5.2]. Similarly, we observed that the sensitivity (d’) to bimodal audiovisual stimuli in which the 

auditory stimuli were presented ipsilaterally was significantly larger than that to unimodal visual 

stimuli. In our study, an increased d’ might indicate that the integration of ipsilateral audiovisual 

stimuli was mediated by early-stage sensory processing at the behavioral level. 

ERP data 

Investigation of the ERP components related to audiovisual integration revealed significant 

differences between AV and A+V in early-stage processing (before 200 ms) over the occipital area 

when visual stimuli were presented with ipsilateral auditory stimuli and in late-stage processing 

(after 200 ms) over the fronto-central areas when visual stimuli were presented with both ipsilateral 

or bilateral auditory stimuli (Fig 5.4). 

Audiovisual integration in the occipital areas (180 to 200 ms). 

The initial difference between AV and A+V was observed at 180–200 ms over the occipital areas 

with ipsilateral auditory stimuli (Fig. 4a), which was consistent with previous studies [5.19]. 

However, the latency of the ERP activity in the current study was slightly delayed compared to 

those reported in a previous study [5.15]. This effect may have been due to the location of the 

presented stimuli. Our study presented both visual and auditory stimuli peripherally, whereas 

previous studies [5.15] presented both stimuli centrally. Several studies have confirmed that early 

integration induced by peripherally presented stimuli occurred later compared to early integration 

induced by centrally presented stimuli [5.16]. Thus, our results reflected the phenomenon of a 

postponement of audiovisual interaction. 

In this study, we observed that both the peak latency and topography of this interaction pattern 
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corresponded to those of the visual N1 components in the unimodal condition. Moreover, we found 

that a reduced N1 amplitude was associated with faster reaction times in the bimodal AV condition 

compared to the unimodal V condition (Table 5.1 and Fig 5.4a), which was consistent with findings 

obtained in previous studies [5.15, 5.20]. At the neuronal level of audiovisual integration, the 

reduced N1 response may reflect the requirement of visual processing with simultaneous auditory 

stimuli for less energy from the visual system compared to visual processing without auditory 

stimuli [5.15].  

However, in the present study, an enhanced perceptual sensitivity (d’) and an audiovisual 

integration of the occipital visual areas at 180-200 ms were not found after bilateral auditory 

stimulus presentation (Table 5.1 and Fig 5.4a). Previous neurological studies have shown that 

integrations occurring during the first up to 200 ms post-stimulus onset were mediated by early 

sensory-perceptual processing, whereas responses after 200 ms were mediated by late cognitive 

processing [5.20, 5.21]. Furthermore, previous behavioral studies have confirmed that audiovisual 

perceptual integration was greater when the auditory stimuli were presented in close spatial 

proximity to the visual stimuli [5.2, 5.22]. Auditory imaging studies have demonstrated that when 

the auditory stimulus is presented simultaneously to both of the participant’s ears, the subject will 

hear the stimulus as being centrally presented [5.23], whereas visual stimuli were presented laterally 

in our study. Thus, we speculate that the spatial incongruity between the visual and auditory stimuli 

resulted in an absence of audiovisual integration at early-stage processing and a weak perceptual 

sensitivity (d’) via the effect of bilateral auditory stimuli. However, further electrophysiological 

studies are required to confirm and elaborate on these results. 

Audiovisual integration in the fronto-central areas (300 to 320 ms). 

A significant audiovisual integration was found at 300–320 ms over the fronto-central areas with 

ipsilateral and bilateral auditory stimuli (Fig 5.4b). The scalp distribution of the ERP activity in this 

study was very similar to that reported in previous studies [5.3, 5.15, 5.16, 5.20, 5.24]. Some studies 

had found that fronto-central multisensory ERP activity was elicited during early-stage processing 

(before 200 ms) when both the auditory and visual stimuli were task relevant and the participants 

were required to attend to both the visual and auditory stimuli [5.15, 5.20, 5.24]. However, other 

studies indicated that the audiovisual integration over the fronto-central areas were elicited during 

late stage processing (after 200 ms) when the auditory stimuli were task irrelevant and the 

participants were only required to attend to visual stimuli [5.3, 5.16]. A comparison of these studies 

revealed that the difference in latency in AV integration over the fronto-central areas might be due 

to the effects of selective attention. Talsma and Woldorff reported that audiovisual integration is 

dependent on the stimuli being fully attended to, which occurred earlier when the participants 

attended to both modalities compared to when the participants attended to only one modality or did 
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not attend to either modality [5.16, 5.17, 5.25]. In our study, the auditory stimuli were task 

irrelevant, and only visual stimuli were required to be attended to. Thus, a fronto-central AV 

integration elicited during late-stage processing (300–320 ms) was observed in this study, which 

was mostly consistent with previous studies [5.3, 5.16]. In addition, the frontal negative activity 

elicited by the AV interaction, which was thought to attend to the visual modality, resulted in an 

association of the visual and auditory stimulus features and a spread of enhanced processing to the 

auditory components of the stimulus [5.16]. In the present study, enhanced auditory processing via 

audiovisual integration was found during late-stage processing via the effects of both the ipsilateral 

and bilateral auditory stimuli (Fig. 4b), which may indicate that ipsilateral and bilateral auditory 

stimuli play similar roles in fronto-central audiovisual integration. 

5.5 Conclusion 

This study provides behavioral evidence that visual detection was enhanced by ipsilateral or 

bilateral auditory stimuli, whereas enhanced perceptual sensitivity (d’) was only found in visual 

detection with ipsilateral auditory stimuli. The ERP results show that behavioral performance was 

enhanced by audiovisual integration at approximately 180-200 ms in occipital areas via the effect of 

ipsilateral auditory stimuli and at approximately 300-320 ms in fronto-central areas via the effect of 

ipsilateral or bilateral auditory stimuli. Our ERP results indicate that the effect of ipsilateral 

auditory stimuli on audiovisual integration originated from both early-stage sensory and late-stage 

cognitive processing, while the effect of bilateral auditory stimuli on audiovisual integration 

originated from late-stage cognitive processing rather than early-stage sensory processing. Taken 

together, these results demonstrate overlapping, yet distinct patterns of audiovisual integration for 

ipsilateral and bilateral auditory stimuli. 
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Chapter 6 

General Conclusion and Future Challenges 

 

Summary 

This dissertation has investigated the neural mechanisms and correlates of audiovisual integration in 

human by event-related potential experiments. Particularly, we discussed the effects of crossmodal 

attention and the spatial characteristics of stimuli on audiovisual integration. The findings are 

generalized below. In addition, we describe directions for future research. 
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6.1 General conclusions 

The dissertation is composed of four experiments. The first and second experiments investigated the 

effect of spatial and temporal attention on bimodal audiovisual stimuli processing. The third and 

fourth experiments investigated the spatial characteristics of stimuli in human audiovisual 

integration. 

Chapter 2 describes the first experiment, utilizing the high temporal resolution of event-related 

potentials (ERPs), we used a central cue that can predict the time point (600 ms or 1800 ms) of 

audiovisual target to investigate whether endogenous temporal attention could modulate audiovisual 

stimuli processing. The results showed that the endogenous temporal attention could not change the 

amplitude of the early ERP component in conditions of either short (600 ms) or long (1800 ms) 

cue-target intervals, indicating that the endogenous temporal attention had no effect on the 

early-stage of AV stimuli processing. However, the late ERP component showed differences 

between the short (600 ms) and long (1800 ms) cue-target intervals, supporting a model in which 

endogenous temporal attention might determine the late stage of audiovisual stimuli processing. 

Chapter 3 introduces the second experiment, in which we to compared the modulatory effects of 

spatial attention versus temporal attention on audiovisual stimuli processing using event-related 

potentials (ERPs) with high temporal resolution. The spatial attention was triggered by a visual 

spatial cue (usually an arrow) and the temporal attention was triggered by a visual temporal cue 

(two concentric circles). Behavioral responses to audiovisual stimuli in spatial attention condition 

were faster than those in temporal attention condition, and the false alarm rate in spatial attention 

condition was lower than that in temporal attention condition. The ERPs results show that the 

amplitude of N2 elicited by audiovisual stimuli at right occipitotemporal area in spatial attention 

condition was greater than that in temporal attention condition. Those results indicated that the 

spatial attention and temporal attention had a differential effect on audiovisual stimuli processing at 

right occipitotemporal area. 

Chapter 4 describes the third experiment, in which we used event-related potentials (ERPs) to 

evaluate the neural mechanism of which auditory spatial information affect audiovisual integration 

in visual attention task, and compared the integration which elicited by left and right stimuli. The 

significant differences were found between left and right, which were supported by the following 

results: (1)There are significant difference between left and right visual and auditory stimuli in early 

integration. There was integration effect in frontal area around 100-120ms when visual and auditory 

stimuli appeared in the right. But there was none in the left. (2)There are also significant differences 
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between ipsilateral left or right visual and auditory stimuli in late integration. It showed difference 

in ipsilateral left or right audiovisual integration in frontal area and centro-medial. Furthermore, it 

indicated that the processing of multisensory information was different between left and right brain. 

Chapter 5 describes the fourth experiment. In this experiment, we compared the effect of 

ipsilateral and bilateral auditory stimuli on audiovisual integration using behavioral and ERPs 

measures in humans. Behavioral results showed that responses to visual stimuli with both types of 

auditory stimuli were faster than those to visual stimuli only, and an enhancement of perceptual 

sensitivity (d’) for visual detection was found when the visual stimuli with ipsilateral auditory 

stimuli. Further, ERP components related to audiovisual integrations were identified over the 

occipital areas, approximately 180 to 200 ms of early-stage sensory processing via the effect of 

ipsilateral auditory stimuli, and over the fronto-central areas, approximately 300 to 320 ms of 

late-stage cognitive processing via the effect of ipsilateral and bilateral auditory stimuli. Our results 

confirmed that audiovisual integration was also elicited, even though effect of bilateral auditory 

stimuli, only occurring at later stages of cognitive processing in response to a visual detection task. 

Further, the integration from early-stage sensory processing was observed via the effect of 

ipsilateral auditory stimuli, which suggesting the integration of audiovisual information in human 

brain might be particularly sensitive to ipsilaterally presented audiovisual stimuli. 

Effects of the spatial and temporal attention on audiovisual stimuli processing. 

Activity of integration that occurring during the first up to 200 ms post stimulus onset were 

mediated by early sensory-perceptual processing, whereas responses after 200ms was mediated by 

late cognitive processing. In the first experiment, we investigated whether peripherally presented 

audiovisual stimuli could be modulated by endogenous temporal attention when the central visual 

cue could completely predict the cue-target interval (600 ms or 1800 ms). Specifically, the 

modulation effect appeared in the late ERP components from 300 ms post-stimuli, such as the late 

negativity component (320-340 ms) and the late positivity component (400-500 ms), rather than in 

the early ERP components (P1 & N1). In our second experiments, the ERP results showed that a 

enhanced N2 amplitude at an audiovisual integration region of the brain (right occipitotemporal 

area) is associated with low false alarm rates in the spatial attention condition compared with the 

temporal attention condition. Therefore, we concluded that the attention affected audiovisual stimuli 

processing in humans. 

Effects of the spatial characteristics of stimuli on human audiovisual integration 

The effects of the spatial location of stimuli on audiovisual integration were investigated in our 
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third and fourth experiment. The results through third experiment showed that siginificant differece 

between ipsilateral left or right visual and auditory stimuli in audiovisual integration generated by 

frontal and center areas. Furthermore, it indicated that the processing of multisensory information 

was different between left and right brain. In the fourth experiment, ERPs results indicate that the 

effect of ipsilateral auditory stimuli on audiovisual integration originates from both early-stage 

sensory and late-stage cognitive processing, while the effect of blateral auditory stimuli on 

audiovisual integration originates from late-stage cognitive processing rather than early-stage 

sensory processing. These results demonstrate overlapping but distinctive patterns of audiovisual 

integration for ipsilateral and bilateral auditory stimuli. 

6.2 Future challenges  

The neural mechanism of audiovisual integration is very complex. Previous studies have shown that 

an audiovisual stimulus with spatial and temporal coincidence can generate the largest integration 

effects. In future studies, it is considered that researchers should apply an integrated pattern of 

behavioral methods combined with neurological methods to investigate audiovisual integration. As 

to the neurological methods, different methods can be used to investigate the same problem, such as 

using both ERP and fMRI. Due to virtual reality technology not being applied in neuroimaging 

studies, research in laboratories loses the ecological effect in reality. Furthermore, the relationship 

among multisensory cortices and that between multisensory cortices and single-sensory cortices 

should be further investigated in future. 
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Appendix-- Simple Introduction of EEG Apparatus 

The BrainAmp MR plus was manufactured by BrainProduct Inc., Germany. This amplifier is a 

compact solution for neurophysiology research that can be combined with other units within the 

same product family to cover a vast range of possible application areas. This fully portable solution 

can be used for standard EEG/ERP recordings and can also be placed inside of the MRI bore for 

simultaneous EEG/fMRI acquisitions. 

Thanks to its 5 kHz sampling rate per channel, the BrainAmp can be used to record EEG, EOG, and 

EMG signals as well as evoked potentials with a frequency up to 1 kHz. The 16-bit TTL trigger 

input allows the detection of a large number of markers from visual, acoustic, electrical, magnetic 

or other stimulation modalities. The BrainAmps can be used both with passive and active electrodes 

offering a great degree of flexibility. 

The 32 channel units can be stacked to expand the number of channels up to 256 and combined with 

the BrainAmp ExG to record EEG, EOG, EMG, ECG, GSR (Galvanic Skin Response) and many 

other types of bipolar and auxiliary signals. 

 

 

Figure A1. EEG amplifier of BrainAmp MR plus 

 

Table A1. Technical specifications of BrainAmp MR plus 

Number of Channels per unit 32 

Max. Number of channels 128 

Reference Type unipolar 
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MR-compatibility Yes (for scanners up to 4 Tesla) 

Bandwidth [Hz] DC - 1000 

High Pass Filter [Hz] 0.016 / 10 s AC or DC switchable 

Low Pass Filter [Hz] 1000 / 250 switchable 

Input Noise [μVpp] ≤ 1 

Input Impedance [MΩ] 10 / 10000 

Input Measurement Ground / Reference Yes 

A/D-C [bit] 16 

A/D-Rate [Hz] 5000 

Max. Sampling Frequency [Hz] 5000 

Offset Compatibility [mV] ± 300 

Operating Range [mV] selectable: ±3.2768; ±16.384; ±327.68 

Resolution [μV] selectable: 0.1; 0.5; 10.0 

CMRR [dB] ≥ 110 

TTL Trigger Input [bit] 16 

Synchronized Digital Trigger Input [bit] up to 16 

Max. Power Consumption [mA] 160 

Power Supply rechargeable Battery 

Signal Transmission optical 

PC Interface PCI, USB 2.0 

Deblocking Function Yes 

Blocking of Unused Channels Yes 

Safety Twin Fiber optical Transmission 

Protection Class II, Type BF 

IEC EN 60601 

EMC tested, electrically safe 

Classification to MDD 93/42/EEC Class IIa 
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Dimensions H x W x D [mm] 68 x 160 x 187 

Weight [kg] 1.1 
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