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Abstract
Inhibition of return (IOR) refers to the slower response to a target appearing at a previously attended location in a cue–target 
paradigm. It has been greatly explored in the visual or auditory modality. This study investigates differences between the IOR 
of audiovisual targets and the IOR of visual targets under conditions of modality-specific selective attention (Experiment 
1) and divided-modalities attention (Experiment 2). We employed an exogenous spatial cueing paradigm and manipulated 
the modalities of targets, including visual, auditory, or audiovisual modalities. The participants were asked to detect targets 
in visual modality or both visual and auditory modalities, which were presented on the same (cued) or opposite (uncued) 
side as the preceding visual peripheral cues. In Experiment 1, we found the comparable IOR with visual and audiovisual 
targets when participants were asked to selectively focus on visual modality. In Experiment 2, however, there was a smaller 
magnitude of IOR with audiovisual targets as compared with visual targets when paying attention to both visual and audi-
tory modalities. We also observed a reduced multisensory response enhancement effect and race model inequality violation 
at cued locations relative to uncued locations. These results provide the first evidence of the IOR with audiovisual targets. 
Furthermore, IOR with audiovisual targets decreases when paying attention to both modalities. The interaction between 
exogenous spatial attention and audiovisual integration is discussed.

Keywords  Inhibition of return · Audiovisual target · Audiovisual integration · Race model inequality violation · Exogenous 
spatial attention

Introduction

At every moment, we are surrounded by an overwhelm-
ing number of objects from different sensory modalities. 
Spatial attention plays a key role in selecting objects for 
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action or further analysis (Posner 1980). Using variants of 
the Posner cueing paradigm, the literature concerning the 
exogenous orienting of spatial attention has shown that 
reaction time (RT) decreases when the target appears at the 
same location as an abrupt peripheral onset (i.e., cued con-
dition) compared to when the target appears at the opposite 
location (i.e., uncued condition). This “facilitation cuing 
effect”, a decreased RT in the cued condition relative to 
the uncued condition, is found when the cue–target stimu-
lus onset asynchrony (SOA) is shorter than 200 ms. How-
ever, when the SOA is longer than 250 ms, an “inhibition 
effect”, an increased RT in the cued condition relative to the 
uncued condition, is found, which is termed inhibition of 
return (IOR) (Posner and Cohen 1984; Posner et al. 1985; 
Zhang et al. 2013). IOR exists in both spatial and non-spatial 
domains (Law et al. 1995; Zhou and Chen 2008; Chen et al. 
2010). As an important mechanism of exogenous spatial ori-
enting attention, IOR has been suggested to act in biasing 
attention toward novel items or spatial locations and facili-
tating the efficiency of visual search (Klein 1988, 2000).

The previous studies have demonstrated the spatial IOR 
effect in contexts of detection (Posner and Cohen 1984), 
localization (Pratt et al. 1997), and discrimination (Lupiáñez 
et al. 1997) tasks within the visual modality. IOR has also 
been discovered within the auditory modality (Schmidt 
1996; McDonald and Ward 1999; Mayer et  al. 2007), 
although the sensory representations of attributes of the 
visual and auditory modality are different (Talsma and Kok 
2002). The auditory IOR can be elicited based on both loca-
tion and frequency (Mondor et al. 1998; Mondor and Breau 
1999). Chen and her colleagues observed the interaction 
between location- and frequency-based auditory IOR. They 
found that location-based IOR was significant only when 
the auditory cue and target were in the same frequency, and 
frequency-based IOR was significant only when the auditory 
cue and target were presented at the same location (Chen 
et al. 2007).

Investigations into spatial IOR have extended to the cross-
modal link between visual and auditory information process-
ing (see Table 1). In the cross-modal cue–target paradigm, 
responses to visual targets following auditory cues (Reuter-
Lorenz and Rosenquist 1996) or responses to auditory tar-
gets following visual cues (Reuter-Lorenz et al. 1996) have 
been slowed at cued locations relative to uncued locations. A 
significant IOR was also found in the cross-modal target–tar-
get paradigm, in which the targets are presented successively 
(Spence and Driver 1998a; Spence et al. 2000). Unlike IOR 
within the visual or auditory modality, however, the occur-
rence of a cross-modal IOR is conditional (see Table 1). 
First, a central reorienting cue is necessary for slowing the 
responses to visual or auditory targets at cued locations in 
cross-modal contexts. The central reorienting cue can force 
the subject’s attention from the peripheral location back to 

the central fixation. It is presented between the cue and the 
target in the cross-modal cue–target paradigm (Reuter-Lor-
enz et al. 1996; Reuter-Lorenz and Rosenquist 1996; Spence 
and Driver 1998b) or between the two successive targets in 
the cross-modal target–target paradigm (Spence and Driver 
1998a; Spence et al. 2000; Roggeveen et al. 2005). Second, 
a longer SOA is needed to trigger the cross-modal IOR rela-
tive to the unimodal IOR. Based on the results of the previ-
ous studies (see Table 1), the occurrence of a cross-modal 
IOR may be delayed relative to the development of IOR 
within the visual or auditory modality. The shortest SOA 
of a significant IOR during cross-modal spatial orienting 
is 500 ms in the cue–target paradigm (Spence and Driver 
1998b) or longer than 770 ms in the target–target paradigm 
(Roggeveen et al. 2005).

The occurrence of IOR within the visual/auditory domain 
and cross-modally is typically attributed to the neural basis 
of IOR, i.e., the superior colliculus (SC) (Posner et al. 1985; 
Anderson and Rees 2011). The SC is part of the midbrain 
and plays a key role in the network for spatial orienting 
(Kustov and Robinson 1996), receiving rich input from the 
visual, auditory, and tactile sensory systems (Stein and Mer-
edith 1993). The multisensory neurons in the intermediate 
layers of the SC are also important for the interaction or 
integration of stimuli from different modalities (Meredith 
and Stein 1996; Wallace et al. 1998). Simultaneous inputs 
from both the visual and auditory modalities can influence 
perception and behavior (Meredith and Stein 1986; Stein 
et al. 1996). For example, the ventriloquism effect describes 
the situation in which auditory location perception (the pup-
pet’s master) is shifted toward a visual signal (the puppet’s 
mouth movement) (Hairston et al. 2003). The double flash 
illusion shows that visual stimuli can be qualitatively altered 
by auditory signals (Shams et al. 2000). The redundant sig-
nals effect shows faster and more accurate responses to the 
simultaneous presentation of visual and auditory stimuli 
than responses to the unimodal stimuli (Hershenson 1962).

Although the IOR effect has been found for single visual 
or auditory target conditions, few studies have examined 
what occurs when targets from both the visual and audi-
tory modalities are presented simultaneously. As shown 
in Table 1, there is only one study by Van der Stoep et al. 
(2017) who did not find the significant IOR for audiovisual 
targets, in which the participants were instructed to press a 
response key whenever a visual (V), auditory (A), or audio-
visual (AV) target was presented. It has been suggested that 
simultaneous inputs from different modalities support each 
other in a super-additive fashion. An event-related potential 
(ERP) study (Talsma et al. 2007) demonstrated that the early 
neural activities of AV stimuli were not equal to the sum 
of A and (A + V) only when both the visual and auditory 
senses were attended. The more “salient” bimodal stimuli, 
compared to unimodal stimuli, can capture attention more 
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intensively (Santangelo et al. 2006, 2008; Krause et al. 
2012). Due to the super-additive audiovisual interaction, 
it can be hypothesized that the IOR effect with a bimodal 
audiovisual target relative to the IOR effect with a unimodal 
target may be decreased. This effect was demonstrated by 
Van der Stoep et al. (2017), in which they found no sig-
nificant IOR of AV targets but significant IOR of V tar-
gets in the condition of paying attention to both modalities. 
However, modality-specific selective attention (attending 
to a modality) and divided-modality attention (attending to 
multiple modalities) differentially modulated audiovisual 

processing (see a review of Tang et al. 2016, part 2.2). The 
effect of audiovisual integration on behavioral performance 
can be attenuated or even eliminated under conditions of 
modality-specific selective attention (Mozolic et al. 2008; 
Wu et al. 2012).

The aim of the present study was to investigate the dif-
ference between the IOR effect of AV targets and the IOR 
effect of V targets under conditions of modality-specific 
selective attention (Experiment 1) or divided-modalities 
attention (Experiment 2). We adapted the exogenous spatial 
cueing procedure for audiovisual contexts. In this procedure, 

Table 1   Selection of important results from the spatial inhibition of return (IOR) across different modalities

A auditory, V visual, T tactile, AV audiovisual, SOA stimulus onset asynchrony represents the time interval from the cue onset to the target onset
“IOR Effect” was obtained by subtracting the reaction time in the uncued location from that in the cued location, i.e., cued minus uncued. “ns” 
means no significance
*p < 0.05, **p < 0.01, ***p < 0.001

Study Paradigm Task Peripheral cue modality 
(SOA/ms)

Central cue Target modality IOR effect (ms)

Van der Stoep et al. (2017) Cue–target Go–no-go task V (350–450) No V 18*
A − 23
AV 11

Yang and Mayer (2014) Cue–target Location task A (150/650) No V − 14***/− 19**
V (150/650) A − 57***/9

Guerreiro et al. (2012) Cue–target Location task A (100/500/1000/1500) No V − 14***/− 3/0/4
V (100/500/1000/1500) A − 50***/0/5/12

Roggeveen et al. (2005) Target–target Go–no-go task A (770~) AV V +***
Discrimination V (770~) A +***

Bell et al. (2004) Cue–target Saccade task A (60/160/610) No V −/+ ns/+ ns
Spence et al. (2000) Target–target Detection task A (950–1250/1950–2250) A V 18**/11*

T 10*/2
V (950–1250/1950–2250) A 20***/1

T 10**/9**
T (950–1250/1950–2250) V 14**/11**

A 15***/6
Schmitt et al. (2000) Cue–target Detection task A (125/175/225/575) No V − ns/− ns− ns/− ns/

V (125/175/225/575) A +ns/+ns/+ns/ns
Location task A (125/175/225/575) V − ns/− ns− ns/− ns/

V (125/175/225/575) A − ns/− ns− ns/− ns/
Spence and Driver (1998b) Cue–target Detection task A (500/700/900) A V 12***/12**/10*

V 1/0/1
Target–target Detection task A (900, 1300/3900, 4300) AV A 16*/13*

V 17**/− 2
No A 8/− 2

V 8/− 5
Spence and Driver (1998a) Target–target Detection task A (900, 1300/3900, 4300) AV V 17**/− 2

V (900, 1300/3900, 4300) A 34**/6
Reuter-Lorenz et al. (1996) Cue–target Detection task V (1000, 1300) V A 11*

Saccade task 13**
Reuter-Lorenz and Rosen-

quist (1996)
Cue–target Detection task A (1000, 1300) V V − ns

A (1200, 1500) saccade–cue +*
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an uninformative white square is presented on the left or 
right side of the fixation to serve as a visual peripheral cue 
triggering exogenous spatial orienting. The fixation cross 
is extended to serve as a central cue to summon attention 
back to the central location. The central cue has been sug-
gested to hasten the appearance of an IOR even at a short 
SOA (Pratt and Fischer 2002). We manipulated the modali-
ties of the target stimuli (including visual, auditory, and 
audiovisual modalities) and compared the median RT of the 
targets in the cued condition to the uncued condition. Due 
to the decreased audiovisual integration in visual modality 
selective attention relative to divided-modalities attention, 
we hypothesized a smaller difference between the IOR with 
AV targets and the IOR with V targets in Experiment 1 than 
that in Experiment 2.

Experiment 1

Method

Participants

Twelve undergraduate students (3 females; age range: 21–27 
years; mean age: 23.3 ± 2.2 years) were recruited as paid vol-
unteers. All participants were right-handed, had normal or 
corrected-to-normal vision, and had no history of neurologi-
cal or psychiatric disorders. The volunteers had no hearing 
problems and had not participated in similar experiments 
during the previous year. The Ethics Committee of Okayama 
University approved the experimental protocol.

Stimuli

The experiment was conducted in a dimly lit, sound-attenu-
ated room. Visual stimuli were presented on a black (0.4 cd/
m2) background display (with a refresh rate of 100 Hz) 
60 cm from the subject (see Fig. 1). Auditory stimuli were 
presented via two speakers placed at both the left and the 
right of the display. The distance between the center of the 
speaker and the center of the display was 50 cm (see Fig. 1). 
Based on the oral reports of all of the participants, this dis-
tance can be easily judged as the left or right location. The 
fixation stimulus consisted of a white (155.2 cd/m2) fixation 
cross (0.05° × 0.05° of the visual angle) flanked by two white 
square outline boxes (1° × 1°, 4.5° eccentricity). Based on 
the fixation stimulus, one box was filled in white (155.2 cd/
m2) to serve as a peripheral cue and to summon attention 
to its location, whereas the fixation cross was extended to 
0.1° × 0.1° of visual angle to serve as a central cue to sum-
mon attention back to the central location. There were three 
types of target stimuli: visual (V), auditory (A), and audio-
visual (AV) targets. The V target (duration of 100 ms) was 

a red (27.5 cd/m2) and white (155.2 cd/m2) block (subtend-
ing a visual angle of 0.8° × 0.8°). The A target (duration 
of 100 ms) was a 1600 Hz sinusoidal tone, with linear rise 
and fall times of 10 ms and an intensity of 65 dB that was 
presented from the central speaker. The AV target consisted 
of the simultaneous1 presentation of both the visual and the 
auditory stimuli.

+

60
 c

m

50 cm

1°

1°
4.5°

Experiment 1 Experiment 2

Fixation
750 ms

Target
100 ms

Interval
150/250 ms

Peripheral cue
50 ms

Central cue
50 ms

Interval
150/250 ms

+

60
 c

m

50 cm

4.5°1°

1°

+

+

+

+

+

+

Attended stimuli

+

+

+

+

+

+

Attended stimuli

e
miT

noitcae
R

Time

45 cm45 cm

Fig. 1   Example of the stimuli and experimental procedure. The 
size and position of the stimuli are shown in the upper panel. The 
sequence of events and their duration (starting from the top) in the 
uncued audiovisual (AV) target condition are illustrated in the bottom 
panel. The attended (i.e., requires responses) stimuli are indicated by 
the dashed circle

1  The E-Prime software was used in our experiments. Due to a tech-
nical problem, the presentation of the audiovisual stimulus com-
posed of a “simultaneously” presented visual and auditory stimulus 
that was actually not “simultaneous”. We tested the external valida-
tion of timing of the audiovisual stimulus using a digital oscilloscope 
(YOKOGAWA, DL1640, 200  MHz). The E-Prime program was 
run on a Dell computer [OptiPlex GX520; display adapter: Intel(R) 
82945G Express Chipset Family; sound card: SoundMAX Integrated 
Digital Audio] with a display (LG, Flatron L1751SQ-WN) and two 
sound speakers (SANWA SUPPLY INC, MN-SPL2). The test showed 
that the auditory component appeared about 10  ms (mean = 10  ms, 
SD = 3 ms, N = 20) earlier than the visual component, although they 
were presented on the same slide and supposed to be simultaneous. 
A review by Vroomen and Keetels (2010) summarized that the just 
noticeable differences (JNDs) for intersensory temporal order can be 
as low as 20  ms. In our study, the temporal interval gap between a 
simple visual stimulus (checkboard) and auditory stimulus (sinusoidal 
tone) was shorter than the lowest JNDs, which can be interpreted as 
the lower limit of the temporal window for multisensory integration.



1097Experimental Brain Research (2019) 237:1093–1107	

1 3

Procedure and task

At the beginning of each trial, the fixation stimulus was pre-
sented for 750 ms in the center of the monitor. Following the 
fixation stimulus, a visual peripheral cue stimulus appeared for 
50 ms at the left or right location. Then, the fixation stimulus 
was randomly presented for 150/250 ms, which was followed 
by a central cue with a duration of 50 ms. Before the target 
occurrence, the fixation stimulus randomly appeared again for 
150/250 ms. Thus, the SOA between the peripheral cue and 
the target was completed in 400/600 ms. The two SOA condi-
tions were set randomly to resist the temporal expectation of 
the appearance of the targets because of one fixed SOA. The 
target (A, V, or AV) randomly appeared (86%) for 100 ms in 
the left/right box or speaker or no stimulus appeared (14%) at 
the variable SOA. The participants were instructed to respond 
to the visual target stimulus at any possible location by press-
ing a response button (“B” on the keyboard) as quickly and 
accurately as possible with the index finger of their dominant 
hand. The participants were asked to ignore or pay no attention 
to the auditory stimuli from two speakers. Finally, the fixation 
stimulus appeared for 900 ms to allow the participants to make 
corresponding responses (see Fig. 1). The inter-trial interval 
(ITI) was randomly set to 1000–1200 ms.

Design

Two factors of cue validity and target type were manipulated 
in the experiment. The cue validity condition had two levels: 
cued and uncued. In cued trials, the target and cue appeared 
at the same location. In uncued trials, they appeared at oppo-
site locations. The amount of cued and uncued trials are 
the same. There were four target types: V, AV, A, and catch 
trials. The numbers of V, AV, and A trials were the same. 
Because the number of auditory alone and audiovisual tri-
als was the same, sounds cannot predict the occurrence of a 
visual target. Following one practice block, each participant 
completed 4 experimental blocks for a total of 672 trials. 
The catch trials (no target appearance) compromised approx-
imately 14% of the total trials and were embedded in the 
experimental procedure to discourage anticipatory guesses. 
Thus, there were 96 trials for each experimental condition. 
The participants were asked to maintain fixation on a cross 
as the fixation stimulus and were allowed to take a 5-min 
break between blocks. The total time for the experiment was 
approximately 40 min.

Data recording and analysis

E-prime software (1.0 version, Neurobehavioral Systems, 
Inc.) was used to present the stimuli and to record the 
responses. For each participant, we calculated the median 
RT for each condition by taking the correct responses 

between 150 ms and 900 ms from post-stimulus.2 Based on 
the results that the SOA had no effect on the interaction 
between target modality and cue validity (full details, see 
Supplementary Material, concluding accuracy and RT data), 
the data were collapsed over the two SOA conditions. The 
accuracy and RT data were then compared using a two (tar-
get type: V and AV) × 2 (cue validity: cued and uncued) 
repeated-measures ANOVA. The Greenhouse–Geisser epsi-
lon correction was used to correct for non-sphericity. The 
Bonferroni correction was applied to the post-hoc compari-
sons. The effect size of the partial eta-squared ( �2

p
 ) was cal-

culated for the ANOVA. The paired t test (two-tailed) was 
used to compare the spatial cueing effect (cued vs. uncued) 
of V targets to the cueing effect of AV targets.

The absolute multisensory response enhancement 
(aMRE) and the relative multisensory response enhancement 
(rMRE) were calculated for each subject in each cue validity 
condition (cued and uncued) to investigate the amount of 
speedup in the bimodal condition compared with the uni-
modal condition (Stevenson et al. 2014; Van der Stoep et al. 
2017). Van der Stoep et al. (2017) calculated the aMRE and 
rMRE using the following formulas:

In Experiment 1, we asked subjects to respond to V or AV 
and not to A. Thus, we calculated the aMRE and rMRE using 
only a single visual condition vs. two unimodal conditions 
(Experiment 2). The paired t test was used to compare differ-
ences in aMRE or rMRE between the different cue validity 
conditions. All statistical levels (i.e., α level) were set to 0.05.

Results

Accuracy

The accuracy (ACC, see Table 2) was entered into a two 
(target type: V and AV) × 2 (cue validity: cued and uncued) 
repeated-measures ANOVA, showing that only the main 
effect of the target type was significant [F(1, 20) = 10.04, 
p < 0.01, �2

p
 = 0.33]. This finding showed that the responses 

to the AV target (99.5%) were more accurate than those to 
the V target (98.3%). No other significant main effect or 
interactions were found. All participants made no response 
on catch trials as instructed.

aMRE = min (median (RTA), median (RTV)) −median (RTAV),

rMRE =
min (median (RTA), median (RTV)) −median (RTAV)

min (median (RTA), median (RTV))
× 100%.

2  The RT filter interval was set to get rid of anticipatory responses 
and too slow responses. Simple reaction time in visual modality is at 
least 150 ms (Rogers 1968). The 900 ms time limit was set to make 
all the participants to respond as quickly and accurately as possible.
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Reaction time

The average of median RT (RT rejection rate: 2%) in each 
condition is shown in Table 2 and Fig. 2a. The two (target 
modality: V and AV) × 2 (cue validity: cued and uncued) 
repeated-measures ANOVA showed that the main effect of 
the target modality was significant [F(1, 11) = 53.40, 
p < 0.001, �2

p
 = 0.83]. The responses to the audiovisual stimuli 

(323 ms) were faster than those to the visual stimuli (343 ms). 
The main effect of cue validity was also significant [F(1, 
11) = 200.68, p < 0.001, �2

p
 = 0.95]. The results showed that 

the responses in the cued condition (351 ms) were slower 
than those in the uncued condition (315 ms), which suggested 
that IOR occurred. However, the interaction between the tar-
get modality and cue validity was not significant [F(1, 
11) = 0.18, p = 0.68, �2

p
 = 0.02]. The IOR effect of the V target 

(35 ms) was analogous to that of the AV target (36 ms).

Multisensory response enhancement (MRE)

The average of aMRE and rMRE in each condition is 
shown in Table 3 and Fig. 2b, c. The paired t test found 
no significant difference on the amount of aMRE [21 ms 
vs. 20 ms; t (11) = 0.4, p = 0.68] or rMRE [6% vs. 5%; t 
(11) = 0.4, p = 0.68] between the uncued condition and the 
cued condition.

Discussion

The results of Experiment 1 showed not only an IOR effect 
with a visual target, but also a significant IOR effect with 
an audiovisual target (see Table 3; Fig. 2). No significant 
difference between IOR with a visual target and IOR with 
an audiovisual target was found. The absolute and relative 
multisensory response enhancements were not significantly 
different between the cued and the uncued conditions.

We provide the first evidence (at least to our knowl-
edge) for the IOR effect with bimodal target stimuli. This 
result suggests that the stimulus at the cued location can be 
inhibited even when the visual target is presented simul-
taneously with an unattended auditory signal. The present 
result of IOR effect with audiovisual targets is different 
from Van der Stoep et al. (2017) in which they did not 
find a significant IOR of audiovisual targets. This find-
ing may be caused by three main variables: the central 
reorienting cue, the task at hand, and selectively paying 
attention to the visual modality. First, as we mentioned in 
Introduction, the central cue we used in this study forced 
participants’ attention back to the fixation and hastened 
the appearance of IOR (Pratt and Fischer 2002). We thus 
observed a significant IOR effect even when the visual 

Table 2   Average of median reaction times (RTs, in milliseconds), 
accuracy (ACC, percent correct), and standard deviation (SD) for all 
combinations of target type (A, V, and AV) and cue validity (cued 
and uncued) in each experiment

Target type Validity Experiment 1 Experiment 2

RT (ms) ACC (%) RT (ms) ACC (%)

AV Cued 341 ± 27 98 ± 2 309 ± 32 99 ± 2
Uncued 305 ± 28 99 ± 2 300 ± 31 99 ± 1

V Cued 361 ± 36 98 ± 2 395 ± 31 96 ± 6
Uncued 326 ± 33 98 ± 2 369 ± 35 96 ± 5

A Cued – – 318 ± 34 99 ± 2
Uncued – – 317 ± 33 98 ± 2

Fig. 2   Reaction time results 
in Experiment 1. a Average of 
median RT in each condition; 
b magnitude of absolute multi-
sensory response enhancement 
(aMRE) in both cue validity 
conditions; c magnitude of 
relative multisensory response 
enhancement (rMRE) in 
both cue validity conditions. 
The error bars represent the 
standard errors of the mean 
(***p < 0.001)
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target was accompanied by the unattended auditory signal. 
Second, we used a simple detection task, whereas Van der 
Stoep and his colleagues used a go/no-go task based on 
target location (i.e., only respond to peripheral target not 
to center target). As we know, the task at hand has effect 
on IOR produce (Lupiáñez et al. 1997, also see Martín-
Arévalo et al. 2016), which may explain the discrepancies 
between our results and the results of Van der Stoep et al. 
(2017).

Third, in Experiment 1, the auditory stimuli were set 
to be unattended or ignored; attention was focused on the 
visual modality selectively and not divided to both visual 
and auditory modalities such as Van der Stoep et al., (2017). 
It has been suggested that paying attention to both auditory 
and visual modalities is a prerequisite for early audiovisual 
integration (Talsma et al. 2007). Furthermore, the degraded 
or delayed processing at the early perceptual/attentional 
stages has been found to be correlated with the occurrence 
of the IOR effect (Posner et al. 1985; Klein 1988; but see; 
Martín-Arévalo et al. 2016). Specifically, a biased orienting 
response away from the previously explored location is acti-
vated by the abrupt onset of the cue with a long SOA. The 
biased attention process results in fewer attentional resources 
to the cued location and then impairs the perceptual process-
ing of targets at the cued location, consequently slowing 
manual response to the target presented at the cued location 
(McDonald et al. 1999, 2009; Prime and Ward 2004, 2006; 
Satel et al. 2013). The setting of the ignored auditory stimuli 
in Experiment 1 may reduce the integration of visual and 
auditory stimuli, which may result in the comparable mag-
nitudes of the IOR effect for a unimodal visual target and 
bimodal audiovisual target was found.

Although we found comparable magnitudes of the IOR 
effect for a unimodal visual target and bimodal audiovisual 
target, the conclusion that the IOR with the audiovisual 
target is the same, as the IOR with the visual target is too 
premature. Experiment .2 was designed to confirm whether 
paying attention to multiple modalities had an effect on the 
IOR effect with an audiovisual target.

Experiment 2

Method

Participants

In this experiment, 13 undergraduate students (2 females; 
age range: 21–27 years; mean age: 23.1 ± 1.9 years) were 
recruited as paid volunteers. All participants were right-
handed, had normal or corrected-to-normal vision, and had 
no history of neurological or psychiatric disorders. The vol-
unteers had no hearing problems and had not participated 
in similar experiments during the previous year. The experi-
mental protocol was approved by the Ethics Committee of 
Okayama University.

Task and design

The apparatus and stimuli employed were identical to those 
in Experiment 1. However, the participants were instructed 

Table 3   Comparison of the cueing effects (ms), absolute multisen-
sory responses enhancement (aMRE, ms), relative multisensory 
responses enhancement (rMRE, %), and contrasts between different 
conditions in each experiment employing a t test (sig. two-tailed, 95% 
confidence interval, CI)

Mean 95% CI t Sig.

Lower Upper

Experiment 1
Cueing effect
 V 35 27 43 9.58 0.000
 AV 36 31 42 14.16 0.000

Contrasts
 AV vs. V 2 − 7 10 0.43 0.676

aMRE
 Uncued 21 15 28 7.01 0.000
 Cued 20 12 28 5.32 0.000

Contrasts
 Uncued vs. cued 2 − 7 10 0.43 0.676

rMRE
 Uncued 6 5 8 7.70 0.000
 Cued 5 3 7 5.40 0.000

Contrasts
Uncued vs. cued 1 − 4 1 0.43 0.676
Experiment 2
Cueing effect
 V 26 19 33 7.97 0.000
 AV 9 5 13 5.40 0.000
 A 0 − 3 4 0.14 0.890

Contrasts
 AV vs. V − 17 − 23 − 11 − 6.32 0.000
 V vs. A 26 17 35 6.35 0.000
 AV vs. A 9 4 13 4.43 0.001

aMRE
 Uncued 17 12 22 7.24 0.000
 Cued 8 4 13 4.05 0.002

Contrasts
 Uncued vs. cued 9 4 13 4.43 0.001

rMRE
 Uncued 5 4 7 7.52 0.000
 Cued 3 1 4 4.04 0.002

Contrasts
 Uncued vs. cued 3 1 4 4.48 0.001
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to respond to any detectable signals at any possible loca-
tion by pressing a response button (“B” on the keyboard) as 
quickly and accurately as possible with the index finger of 
their dominant hand. Thus, participants should respond to 
A target, V target, and AV target. In addition, the procedure 
was the same as that in Experiment 1.

The experimental conditions were identical to those in 
Experiment 1, except that the auditory stimuli required 
responses as well. Following 1 practice block, each partici-
pant completed 12 experimental blocks (240 trials in each 
block). In addition to the three types of targets, the catch 
trials (no target appearance), comprising 20% of the total 
trials, were embedded in the experimental procedure to dis-
courage anticipatory guesses. The participants were asked to 
maintain fixation on a cross in the fixation stimulus and were 
allowed to take a 5-min break between blocks. The total time 
of the experiment was approximately 90 min.

Data analysis

The ACC and RT data were compared using a three (tar-
get type: A, V, and AV) × 2 (cue validity: cued and uncued) 
repeated-measures ANOVA. Using the formulas mentioned 
in Experiment 1, the amount of aMRE and rMRE was calcu-
lated based on the unimodal A and V conditions. The paired 
t test was used to compare differences in aMRE or rMRE 
between the different cue validity conditions.

Race model inequality violation (differences 
in milliseconds for each quantile)

We used the individual cumulative distribution functions 
(CDFs) of each target modality in each cue validity condi-
tion to calculate the race model to demonstrate the audio-
visual response enhancement effect (Miller 1982, 1986; 
Laurienti et al. 2006). For each participant, the predicted 
cumulative probability in each condition was calculated by 
the following formulas:

The observed RTs of the audiovisual CDF of each 
participant in each condition were compared to its cor-
responding race model (i.e., cued AV CDF vs. cued race 
model CDF; uncued AV CDF vs. uncued race model CDF) 
from the 10th to the 90th percentiles of each CDF to test 
for race model inequality (RMI) violations (Ulrich et al. 
2007; Gondan and Minakata 2016). Paired t tests were 
used to analyze RMI violations (differences in milliseconds 
for each quantile, p values were Bonferroni corrected, see 
Van der Stoep et al. 2017). Significant violations of RMI 
(i.e., RTAV < RTRace model) indicate audiovisual interactions 
that exceed statistical facilitation (Miller 2016). To test for 

P(RTRacemodel < t) = P(RTA < t) + P(RTV < t).

differences in the amount of RMI violation between cue 
validity conditions, the median amount of RMI violation 
across the nine percentile points of the CDF of each cue 
validity condition of each participant was included in the 
paired t test (cued vs. uncued).

The positive area under the difference curve (i.e., the 
difference in milliseconds of CPAV and CPRace model at each 
percentile) was also used to test differences in RMI viola-
tion between cue validity conditions. To extract the positive 
area under the difference curve, all negative probabilities 
(no RMI violation) were set to a value of zero, and only 
the positive area under the curve was calculated for all par-
ticipants (Van der Stoep et al. 2015, 2017). A paired t test 
(two-tailed) was used to compare the positive area under the 
curve between the cued condition and the uncued condition.

Results

Accuracy

The ACC data were entered into a three (target type: A, V, 
and AV) × 2 (cue validity: cued and uncued) repeated-meas-
ures ANOVA, showing that only the main effect of the target 
type was significant [F(2, 24) = 5.19, p = 0.04, �2

p
 = 0.3]. This 

finding showed that the responses to the AV target (99%) 
were more accurate than those to the A (98%) or the V tar-
gets (96%). No other significant main effect or interactions 
were found. The accuracy of the catch trails across all par-
ticipants was 96.7%.

Reaction time

The median RTs (rejection rate: 3%) in each condition are 
shown in Table 2 and Fig. 3a. The RT was entered into a 
three (target modality: A, V, and AV) × 2 (cue validity: cued 
and uncued) repeated-measures ANOVA. The main effect 
of the target modality was significant [F(2, 24) = 286.29, 
p < 0.001, �2

p
 = 0.96], which is driven by AV targets (305 ms) 

being faster than A (318 ms) and the V (382 ms) targets. The 
main effect of cue validity was significant [F(1, 12) = 60.82, 
p < 0.001, �2

p
 = 0.84]. The results showed that the responses 

in the cued condition (341 ms) were slower than those in the 
uncued condition (329 ms), which suggested that an IOR 
occurred. In addition, the interaction between the target 
modality and cue validity was significant [F(2, 24) = 37.30, 
p < 0.001, �2

p
 = 0.76]. The IOR effect was significant for both 

the V (26 ms, p < 0.001) and the AV (9 ms, p < 0.001) tar-
gets, but not for the A targets (0 ms, p = 0.89). Further analy-
sis found that the IOR effect of the visual stimuli was larger 
than that of the audiovisual stimuli [t (12) = 6.3, p < 0.001].
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The planned comparison results via paired t test are 
shown in Table 3. In addition, the IOR effect of the AV 
targets was even smaller than the average of the IOR effect 
of the V and A targets [9 ms vs. 13 ms; t (12) = − 3.45, 
p = 0.005].

Multisensory response enhancement (MRE)

The average aMRE and rMRE in each condition are shown 
in Table 3 and Fig. 3b, c. One sample t tests showed sig-
nificant aMRE in both cued [8 ms, t (12) = 4.0, p = 0.002] 
and uncued [17 ms, t (12) = 7.2, p < 0.001] conditions. The 
paired t test found larger aMRE in the uncued condition than 
that in the cued condition [t (12) = 4.4, p = 0.001]. Signifi-
cant rMRE was observed in both cued [2.6%, t (12) = 4.0, 
p = 0.002] and uncued [5.3%, t (12) = 7.5, p < 0.001] condi-
tions. The paired t test found a larger rMRE in the uncued 
condition than that in the cued condition [t (12) = 4.5, 
p = 0.001].

Race model inequality violation (differences in milliseconds 
for each quantile)

Figure 4a shows the amount of RMI violation in cued and 
uncued conditions for each of the quantiles. In the cued 
condition, a significant RMI violation was observed for the 
30th-to-the 50th percentiles (p < 0.05). In the uncued condi-
tion, a significant RMI violation was observed for the 20th-
to-the 60th percentiles (p < 0.05). The range of RTs in which 
the significant RMI violation was observed was broader in 
the uncued condition compared to the cued condition.

The median RMI across all percentiles was calculated and 
compared between cued and uncued conditions (Fig. 4b). 
The paired t test revealed that the difference in the amount 
of median RMI violation between the uncued and the 

cued condition was significant [8 ms vs. 4 ms, t (12) = 3.2, 
p = 0.008]. The positive area under the curve was also com-
pared between the two cue validity conditions (Fig. 4c). 
The paired t test showed that the difference in positive area 
between the uncued and cued condition was significant 
[7 ms vs. 5 ms, t (12) = 2.5, p = 0.019].

Correlation between differences in unimodal RTs, rMRE, 
and RMI violation

It has previously been suggested that differences in unimodal 
processing may have effect on multisensory integration, i.e., 
equal performance in different sensory modalities leading 
to the largest benefits of multisensory stimulation (Otto 
et al. 2013; Van der Stoep et al. 2017). Here, the difference 
between A and V RTs in the cued condition was significantly 
larger than that in the uncued condition [77 ms vs. 51 ms; t 
(12) = 6.3, p < 0.001]. To test whether the amount of rMRE 
and RMI violation was related to the size of the differences 
in unimodal RTs, we analyzed the correlation between the 
differences in A and V RTs and the amount of rMRE, and 
the correlation between the differences in A and V RTs and 
the average amount of RMI violation across the two cue 
types (cued and uncued). There was a significant correla-
tion between the difference in A and V RTs and the amount 
of rMRE (Pearson r = − 0.58, p = 0.037). The differences 
in unimodal RTs was not significantly related to the aver-
age amount of RMI violation (Pearson r = − 0.43, p = 0.07). 
These correlations suggest that when the difference between 
A and V RTs was smaller, the amount of rMRE was larger.

Fig. 3   Reaction time results 
in Experiment 2. a Average of 
median RT in each condition; 
b magnitude of absolute multi-
sensory response enhancement 
(aMRE) in both cue validity 
conditions; c magnitude of 
relative multisensory response 
enhancement (rMRE) in 
both cue validity conditions. 
The error bars represent the 
standard errors of the mean 
(***p < 0.001)
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Discussion

The aim of Experiment 2 was to confirm whether paying 
attention to multiple modalities has an effect on the IOR 
effect with an audiovisual target. First, the results showed 
a significant IOR effect with both the visual and the audio-
visual target but not with the auditory target. More interest-
ingly, the magnitude of the IOR on the RTs of the unimodal 
visual target was larger than that of the bimodal audiovisual 
target (see Table 3). Second, we observed larger MRE effect 
and positive area under the race model inequality violation 
curve at uncued locations relative to cued locations (see 
Table 3; Figs. 3b, c and 4a, c).

IOR with auditory target following visual cue

The result of no significant IOR effect of the unimodal 
auditory target following the visual cue in Experiment 2 is 
consistent with the previous studies (Schmitt et al. 2000; 
Guerreiro et al. 2012; Yang and Mayer 2014), although the 
evidence for an IOR in the cross-modal condition has previ-
ously been observed (Spence et al. 2000; Roggeveen et al. 
2005). This finding may be caused by two experimental 
manipulations, i.e., the task and the SOA (Spence and Driver 
1998a). First, the simple detection task used in Experiment 
2 may not be appropriate for exploring orienting with audi-
tory targets (Schmitt et al. 2000, Experiment 1; see Table 1). 
However, a discrimination task may be more suitable (Rog-
geveen et al. 2005). Second, the time course of the IOR in 
the cross-modal condition is longer than the time course 
of IOR in the unimodal condition (Tassinari and Campara 
1996). Specifically, the previous studies (Table 1) found a 
significant IOR during cross-modal orienting (a visual cue 
with an auditory target) at an SOA of 1050–1350 ms (Spence 
et al. 2000), but not at an SOA of 350–450 ms (Van der 
Stoep et al. 2017), 575 ms (Schmitt et al. 2000), or 650 ms 
(Yang and Mayer 2014). Thus, the SOA of 400 ms or 600 ms 
in Experiment 2 is not long enough to observe the signifi-
cant IOR effect of an auditory target following a visual cue. 

Further studies employing a discrimination task or a longer 
SOA, such as an auditory target following a visual cue con-
dition, are needed to confirm IOR in cross-modal orienting.

Modulation of paying attention to multiple 
modalities on visually induced IOR with audiovisual 
targets

In Experiment 2, the participants were instructed to divide 
attention between both visual and auditory modalities, 
whereas they were instructed to selectively attend to the 
visual modality in Experiment 1. The previous studies 
showed that the effect of audiovisual integration on behavio-
ral performance can be attenuated or even eliminated under 
conditions of modality-specific selective attention (Mozolic 
et al. 2008; Talsma et al. 2007; also see a review of; Tang 
et al. 2016). Hypotheses regarding the effect of modality-
specific selective attention on audiovisual integration have 
been proposed, such as limited processing of stimuli in the 
unattended sensory modality (Mozolic et al. 2008). It has 
also been proposed that sensory gating could be changed 
when attention is distributed across modalities (Talsma 
et al. 2007; Anderson and Rees 2011). More details on the 
neural mechanisms of the effect on multisensory integration 
by modality selectivity were discussed in our review article 
(Tang et al. 2016). Compared with Experiment 1, Experi-
ment 2 found a decreased IOR with audiovisual targets rela-
tive to IOR with visual targets. This result may suggest that 
paying attention to multiple modalities simultaneously can 
not only modulate audiovisual integration (Giard and Peron-
net 1999; Talsma and Woldorff 2005; Talsma et al. 2007), 
but also have effect on the interaction between audiovisual 
integration and exogenous attention (see more discussion in 
“General discussion”).

In addition, we observed a larger audiovisual integration 
effect (i.e., amount of median RMI violation) for the uncued 
condition compared to the cued condition in Experiment 2, 
which was consistent with the previous studies (Van der Stoep 
et al. 2015, 2017). As discussed above, the visually induced 

Fig. 4   Race model inequality 
violations (differences in mil-
liseconds) results in Experi-
ment 2. a Average race model 
inequality (RMI) violation for 
each percentile in both cue 
validity conditions; b average 
of median RMI violation across 
the nine percentiles in both cue 
validity conditions; c average 
positive area under the curve 
in both cue validity conditions. 
The error bars represent the 
standard errors of the mean 
(*p < 0.05, **p < 0.01)
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IOR occurs not only for visual targets, but also not for auditory 
targets at the cued location, which makes a larger difference 
in unisensory processing times at cued locations compared 
to uncued locations. Differences in unimodal signal strength 
cause one sense to become dominant which reduces integra-
tion at cued locations compared to uncued locations (Van der 
Stoep et al. 2017). In Experiment 2, we also found the sig-
nificant correlations between the differences in A and V RTs 
and the amount of rMRE. Our results supported the expla-
nation proposed by Van der Stoep et al. (2017) that the dif-
ferences in unisensory processing may reflect differences in 
signal strength causing one sense to become dominant so that 
attenuating the integration of visual and auditory information. 
However, what will happen if the IOR occurs for both visual 
and auditory targets? This question needs to be examined in 
the future.

Moreover, the lack of differences between the cued and 
the uncued unimodal auditory targets indicates that exog-
enous orienting to the auditory component does not con-
tribute to the IOR effect with an audiovisual target. In other 
words, the decreased IOR of audiovisual targets is not due to 
the additive responses (in Experiment 2, we asked the par-
ticipants to respond to both the auditory and visual targets), 
but instead is possibly due to the integration or interaction of 
the concurrent attended visual stimulus and attended audi-
tory stimulus. This possibility is further discussed below.

General discussion

The primary goal of this study was to investigate the dif-
ference between the IOR effect of AV targets and the IOR 
effect of V targets under conditions of modality-specific 
selective attention and divided-modality attention. The 
results showed a comparable magnitude of the IOR effect 
on the RTs between a unimodal visual target and a bimodal 
audiovisual target when selectively paying attention to the 
visual modality (Experiment 1). However, the IOR effect of 
the unimodal visual target was larger than the IOR of the 
bimodal audiovisual target when dividing attention between 
both visual and auditory modalities (Experiment 2). The 
results of Experiment 2 also showed a larger RMI violation 
(i.e., larger audiovisual integration effect) at uncued loca-
tions compared with cued locations. Taken together, the 
findings show that paying attention to multiple modalities 
influences the IOR with audiovisual targets and the interac-
tion between audiovisual integration and exogenous spatial 
attention.

Effect of exogenous spatial attention on audiovisual 
integration

Van der Stoep et al. (2015) provided the first evidence 
that exogenous spatial attention influences audiovisual 

integration using a similar paradigm like ours (but inves-
tigating the facilitation effect at short SOAs). They pro-
posed two hypotheses to explain the decreased audiovisual 
integration at cued location: spatial uncertainty of target 
location and perceptual sensitivity. The spatial uncertainty 
of target location is linked to the need for spatial orient-
ing, with a higher uncertainty of the target location lead-
ing to a higher need for spatial orienting (Van der Stoep 
et al. 2015). The uncertainty of the target location is very 
high during the exogenous spatial cueing paradigm. Con-
sequently, the spatial orienting evoked by the cue and spa-
tial orienting caused by the audiovisual target is redundant. 
That is, the audiovisual integration is not as helpful in a 
detection task in which attention is already at the periph-
eral location. Therefore, audiovisual integration is attenu-
ated at the cued location.

Van der Stoep et al. (2015) proposed another hypothesis 
for the decrease in audiovisual integration at cued loca-
tions compared to uncued locations: it could be related 
to the changes in perceptual sensitivity caused by exog-
enous cues. However, our study is inconsistent with this 
perceptual sensitivity explanation, as was Van der Stoep 
et al. (2017). In the short SOAs (200–250 ms) used in Van 
der Stoep et al. (2015), a facilitation effect with visual or 
auditory targets was observed. Exogenous spatial atten-
tion is able to increase perceptual sensitivity at cued loca-
tions compared to uncued locations (Carrasco et al. 2008; 
Carrasco 2011). The principle of inverse effectiveness 
(Otto et al. 2013) states that the benefit of audiovisual 
integration is larger for weaker stimuli than for stronger 
stimuli (such as stimuli presented at cued locations in short 
SOA). Our study (400 ms/600 ms) and Van der Stoep et al. 
(2017: 350–450 ms) used longer SOAs and observed an 
IOR effect that was associated with decreased perceptual 
sensitivity (not always, see Martín-Arévalo et al. 2016). 
Another explanation proposed by Van der Stoep (2017) 
states that the more differences in unimodal signal strength 
the weaker audiovisual integration, which was discussed 
in Experiment 2.

In our study, we manipulated the factor of paying atten-
tion to the visual modality alone or to both visual and 
auditory modalities in different experiments. We found 
decreased audiovisual integration at cued locations com-
pared with uncued locations in Experiment 2. These results 
suggest that paying attention to multiple modalities has 
effect on modulation of audiovisual integration by exog-
enous attention. The neural mechanisms underlying this 
modulation effect deserve further research. Taken together, 
exogenous attention can modulate audiovisual integration 
(Van der Stoep et al. 2015; also see, Tang et al. 2016, in 
which different modulations of audiovisual integration by 
exogenous and endogenous attention were discussed).
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Effect of audiovisual integration on IOR 
with audiovisual targets following visual peripheral 
cues

Van der Stoep et al. (2015, 2017) used a similar paradigm 
and found the attenuated audiovisual integration at cued 
locations relative to uncued locations. These two studies 
focused on discussing the effect of exogenous attention on 
audiovisual integration, whereas they did not discuss the 
effect of audiovisual integration on IOR. As a mechanism 
for biasing the visual system to acquire novel information 
to facilitate the efficiency of visual search (Posner et al. 
1985; Klein 1988, 2000), IOR has attracted a great deal 
of research interest. The perceptual/attentional hypoth-
esis has been accepted by most researchers in the field, 
although it has been challenged by others in regard to 
the mechanisms underlying IOR (Berlucchi 2006; Mar-
tín-Arévalo et al. 2016). Specifically, a biased orienting 
response away from the previously explored location is 
activated by the abrupt onset of a cue with a long SOA. 
The biased attentional process results in fewer attentional 
resources to the cued location and then impairs the per-
ceptual processing of targets at the cued location, conse-
quently slowing the manual response to a target presented 
at the cued location (McDonald et al. 1999, 2009; Prime 
and Ward 2004, 2006; Satel et al. 2013).

In this study, the IOR effect was demonstrated on both 
visual targets and audiovisual targets. The IOR effect elic-
ited by an audiovisual target was reduced when paying 
attention to both visual and auditory modalities (Table 3). 
It has been proposed that, when subjects distribute their 
attention to different modalities, the integration of the 
visual and the auditory stimuli can guide attention to the 
location of the concurrently presented visual stimulus (Van 
der Burg et al. 2008, 2011; Talsma et al. 2010). In par-
ticular, auditory signals can enhance the early perceptual 
processing of a synchronized visual event, make the visual 
event stand out from its complex environment, and increase 
the chances of selection of that visual event relative to the 
background or others distractors (Van der Burg et al. 2008, 
2011). In addition, the concurrent visual event and auditory 
signal can not only increase the perceived visual brightness 
(Stein et al. 1996), but also decrease the visual contrast 
thresholds (Lippert et al. 2007; Noesselt et al. 2010). That 
is, the attended auditory stimulus can be integrated with a 
simultaneous visual stimulus and thus enhanced the per-
ceptual salience3 of a simultaneous visual stimulus.

However, as discussed above, IOR can facilitate visual 
exploration by reducing the salience of a previously explored 
spatial location (i.e., the cued location), so that other unex-
plored locations (i.e., the uncued location) in the visual field 
can out-compete the explored location for focal attention—
that is, favoring novel locations (Klein 1988; Prime and 
Ward 2006; van Koningsbruggen et al. 2010). When IOR 
(decreasing salience) encounters the integration of attended 
visual and attended auditory stimuli (increasing perceptual 
salience), the reduced IOR effect elicited by an audiovisual 
target has been found. Therefore, the present study indicates 
that paying attention to multiple modalities can modulate the 
effect of audiovisual integration on the IOR with audiovisual 
targets.

Moreover, in our study, the visually induced IOR effect 
with audiovisual targets is not eliminated, but decreases 
when paying attention to both visual and auditory modali-
ties. A first possibility is that the power of enhanced percep-
tual salience by audiovisual integration is not sufficiently 
strong to be able to out-compete the reduced perceptual pro-
cessing due to IOR. Alternatively, the decreased perceptual/
attentional processing is not the only one component, but 
at least one of the components that contributes to slowed 
responses to an audiovisual target at the cued location (Mar-
tín-Arévalo et al. 2016). Several other mechanisms suggest 
that IOR may arise from inhibition of response selection 
(Ivanoff and Klein 2006; Prime and Jolicoeur 2009), inhibi-
tion of the motor process (Godijn and Theeuwes 2002), or a 
disconnect in the link between the stimulus and the response 
at previously attended locations (Fuentes et al. 1999; Zhang 
et al. 2012, 2013). Thus, further neurophysiological studies 
are needed to provide more direct neural evidence concern-
ing the IOR with an audiovisual target.

The present study, together with the previous investiga-
tions, suggests that audiovisual integration/interaction has an 
influence on exogenous orienting of spatial attention (Tang 
et al. 2016). On one hand, as discussed above, audiovisual 
integration can modulate the perceptual salience of targets 
and help the audiovisual target resist being inhibited in the 
exogenous spatial cueing paradigm. On the other hand, 
audiovisual integration can act on generating the facilita-
tion effect of exogenous spatial orienting. Specifically, rather 
than a unimodal cue, a multimodal cue can even trigger a 
significant spatial cueing effect during a high-perceptual 
load condition (Santangelo and Spence 2007; Santangelo 
et al. 2008). Similarly, multimodal cues are found to capture 
attention more effectively than a unimodal cue when partici-
pants are asked to complete a visual search task (Matusz and 
Eimer 2011). In addition, these multimodal cues can even 
enlarge the attentional cueing effect in visual–spatial work-
ing memory compared to unimodal cues (Botta et al. 2011).

3  Visual salience is defined in terms of the feature contrast in any 
visual map. It is the distinct, subjective, perceptual quality that 
makes some items stand out from their background or neighbors and 
immediately capture attention. This type of salience plays a key role 
in helping the brain reasonably perform efficient selection (Van der 
Burg et al. 2008, 2011).
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Summary

To the best of our knowledge, the present study provides 
the first empirical evidence of IOR with audiovisual tar-
gets presented after visual peripheral cues. The IOR effect 
elicited by an audiovisual target is reduced when paying 
attention to both visual and auditory modalities, which 
indicates that audiovisual integration can affect IOR spe-
cifically when attention is distributed across the senses. We 
also found reduced audiovisual integration at cued locations 
compared with uncued locations when paying attention to 
multiple modalities, which support the idea that exogenous 
spatial attention can influence audiovisual integration. Taken 
together, bimodal-divided attention can modulate the inter-
action between exogenous spatial attention and audiovisual 
integration. The suggestion sheds new light on the interplay 
between audiovisual integration and attention. As proposed 
in our previous review study (Tang et al. 2016), audiovisual 
integration can interact not only with top–down goal-driven 
attentional control, but also with the bottom–up, stimulus-
driven exogenous orienting of spatial attention (Van der 
Stoep et al. 2015).
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