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Abstract
Neuronal studies have shown that selectively attending to a common object in one sensory modality results in facilitated
processing of that object’s representations in the ignored sensory modality. Thus, the audiovisual (AV) integration of common
objects can be observed under modality-specific selective attention. However, little is known about whether this AV integration
can also occur under increased attentional load conditions. Additionally, whether semantic associations between multisensory
features of common objects modulate the influence of increased attentional loads on this cross-modal integration remains
unknown. In the present study, participants completed an AV integration task (ignored auditory stimuli) under various attentional
load conditions: no load, low load, and high load. The semantic associations between AV stimuli were composed of animal
pictures presented concurrently with semantically congruent, semantically incongruent, or semantically unrelated auditory
stimuli. Our results demonstrated that attentional loads did not disrupt the integration of semantically congruent AV stimuli
but suppressed the potential alertness effects induced by incongruent or unrelated auditory stimuli under the condition of
modality-specific selective attention. These findings highlight the critical role of semantic association between AV stimuli in
modulating the effect of attentional loads on the AV integration of modality-specific selective attention.
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Introduction

Modality-specific selective attention is one potential mecha-
nism by which information from multiple sensory modalities
can be filtered to amplify sensory neural responses for a se-
lected goal-relevant signal and ignore or suppress distraction
responses for goal-irrelevant information (Gazzaley et al.,
2005). For example, when driving a car, it is essential to ig-
nore unrelated auditory distractions and maintain visual atten-
tion to the surrounding traffic. However, in some circum-
stances, our brains have the ability to parse and assess possibly

relevant ignored information from simultaneously presented
input. For example, a number of neural studies in which sim-
ple and arbitrarily paired auditory and visual stimuli were
presented showed that selectively attending to an object in a
visual modality resulted in facilitated processing of its features
in the ignored auditory modality (see also Busse et al., 2005;
Talsma et al., 2007).

More recently, Molholm et al. (2007) presented a central
stream of alternating pictures and sounds of common objects
while recording high-density event-related potentials and test-
ed whether attending to objects in one sensory modality
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resulted in the preferential processing of that object’s features
within another task-irrelevant sensory modality. The authors
concluded that attending to an object within one sensory mo-
dality resulted in the coactivation of that object’s representa-
tions in ignored sensory modalities (Molholm et al., 2007;
also see Fiebelkorn et al., 2010). Notably, the fact that this
cross-modal integration was observed even when participants
were instructed to ignore a particular modality may indicate
that it occurs automatically, regardless of attentional control.
However, attentional demands in this research that failed to
show any attentional modulation were relatively low.
Therefore, it is possible that spare attentional resources may
have contributed to this cross-modal integration. Moreover,
prior research revealed that the processing of an ignored
distractor critically depends on the level and type of load in-
volved in the processing of goal-relevant information (Lavie,
2005). Specifically, load theory posits that people have limited
attentional resources. Irrelevant auditory stimuli may be par-
ticularly difficult to ignore under a alow-load condition, be-
cause after processing relevant information, spare attentional
resources can spill over to allow processing of other irrelevant
auditory stimuli. However, irrelevant auditory stimuli can be
successfully ignored under high-load condition in which the
relevant processing exhausts attentional resources (e.g., Lavie,
1995, 2000). Thus, the ignored task-irrelevant auditory stimuli
would automatically influence visual detection only if the
cross-modal integration of audiovisual (AV) stimuli of com-
mon objects also occurred under a high-load condition. In
summary, we are specifically interested in whether attentional
resources are actually required for the cross-modal integration
of AV stimuli of common objects obtained in the setting of
modality-specific selective attention. In other words, the aim
of the present study was to explore the effect of increased
attentional loads on the AV integration of common objects
when selectively attending to a visual modality.

Semantic association refers to combinations of auditory
and visual stimuli that are presented in terms of their meaning
(Doehrmann & Naumer, 2008; Xie et al., 2017). It has been
proposed that the semantic association between visual and
auditory stimuli plays a critical role in determining how AV
stimuli are processed by the nervous system in the setting of
modality-specific selective attention (Fiebelkorn et al., 2010;
Zimmer et al., 2010). For example, in a study by Fiebelkorn
et al. (2010), a central stream of AV stimuli of common ob-
jects was presented, and subjects were asked to detect a spe-
cific picture while ignoring the sounds. The results showed
that semantic associations between visual and auditory inputs
modulated the cross-modal integration of AV stimuli of com-
mon objects. Specifically, the object-based spread of visual
attention to the unattended auditory modality was greater
when the visual and auditory semantic features were semanti-
cally matched (e.g., barking sound and dog picture) than when
they were mismatched (e.g., barking sound and guitar picture)

(Fiebelkorn et al., 2010). Moreover, semantic association was
proposed as a factor that influences the extent of top-down
attentional controls on AV integration (Mishra & Gazzaley,
2012;Mozolic et al., 2008). Using semantically congruent and
incongruent AV stimulus streams, Mishra and Gazzaley
(2012) found that attention has differential effects for congru-
ent versus incongruent stimulus streams. Specifically, distrib-
uted attention across both auditory and visual domains, rela-
tive to focused attention to a single modality, resolves the
interference effect for semantically incongruent AV stimuli
but does not reduce the facilitation effect for congruent AV
stimuli. It seems that the cross-modal integration of semanti-
cally matched AV signals may be less affected by attentional
control than semantically mismatched AV signals. Hence, an-
other crucial question that arises is whether the semantic as-
sociation between AV stimuli modulates the effect of in-
creased attentional loads on the AV integration of common
objects when selectively attending to only a visual modality.

In this study, we used a dual-task methodology to examine
the effect of attentional loads on the AV integration of com-
mon objects when selectively attending to a visual modality
and whether the semantic association between AV stimuli
modulates the effect of increased attentional loads on this
AV integration. We adopted a rapid serial visual presentation
(RSVP) stream that has been used by a number of studies
(Alsius et al., 2005; Alsius et al., 2007; Santangelo et al.,
2008) as the distractor task to manipulate different attentional
loads. Specifically, in addition to performing the AV integra-
tion task, the participants were presented with an RSVP
stream composed of white and yellow letters and white num-
bers, and were asked to ignore this RSVP stream (no-load
condition), detect infrequent yellow letters (low-load condi-
tion), or detect infrequent white numbers in a stream of white
letters (high-load condition). Importantly, the task of
searching for digits in a series of letters under a high-load
condition requires a higher level of semantic processing,
whereas the task of searching for yellow letters under a low-
load condition requires the assessment of the physical proper-
ties of an object. Therefore, the digit search task under a high-
load condition is more difficult and requires more attentional
resources than the task of searching only for a specific color
under a low-load condition. In this way, by increasing the
difficulty of distractor tasks, we can control the attentional
resources that are used during AV integration processing. In
the AV integration task, participants were instructed to re-
spond to a specific image of a common object (e.g., dogs)
while ignoring all sounds (i.e., the sounds of animals and
white noise). We used a small stimulus set consisting of se-
mantically congruent multisensory objects (e.g., barking
dogs) and semantically incongruent multisensory objects
(e.g., birds consistently paired with barking sounds) as well
as semantically unrelated multisensory objects (e.g., images of
dogs paired with white noise) to construct different degrees of
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semantic association between the unimodal components of a
multisensory signal. Finally, we hypothesized that increasing
attentional load would significantly influence the cross-modal
integration of semantically incongruent and unrelated AV in-
formation but would not decrease the cross-modal integration
of semantically congruent AV information.

Methods

Participants

We used G*Power 3.1.6 software (Faul et al., 2009) to calcu-
late the a priori power for our experiment. Presuming a medi-
um effect size of f = 0.25 coupled with a critical alpha of .05
and seeking a high power level of 1 − β = 0.9, the analysis
indicated that a total sample size of 18 participants (the actual
statistical power was 0.90) would be needed for a 3 × 3 two-
way repeated-measures analysis of variance (ANOVA). A
total sample of 20 participants (seven females, mean age of
25 years) was collected for our experiment to ascertain a suf-
ficient level of power. All participants achieved over 70%
average accuracy across the experiment, and no participant
was excluded from the analysis. Participants reported normal
or corrected-to-normal hearing and vision. All participants
provided written informed consent, and the experimental pro-
cedures were previously approved by the Ethics Committee of
Okayama University.

Apparatus and materials

We used MATLAB software (R2014b, MathWorks, MA,
USA; Psychtoolbox, 3) to display the experimental stimuli
and record the participants’ responses. The visual stimuli were
presented on a black background on a 24-in. VG 248 LCD
(ASUS, Taiwan) computer monitor (screen resolution of
1,920 × 1,080, refresh rate of 120 Hz) located in a dark and
sound-attenuated room. The distance between the computer
monitor and each participant’s head was approximately 57
cm. Auditory stimuli were presented through speakers located
on the central monitor. Additionally, two speakers (Harman/
Kardon HK206, frequency response: 90–20,000 Hz) were
used to present the auditory stimuli. The visual stimuli in the
AV integration task consisted of animal pictures (17.5 × 12.5
cm) located directly above the center of the computer monitor
(located 6 cm from the center of the screen, presented at a
visual angle of approximately 6°) (see Fig. 2). Our experiment
included line drawings of five animal pictures: a dog, a bee, a
frog, a bird, and a pig. They were taken from Snodgrass and
Vanderwart (1980) and were standardized for familiarity and
complexity. The sounds of these five animals were collected
through internet searches and subsequently standardized and
modified such that each animal sound had a duration of 300

ms. The animal sounds and white noise were presented at a
comfortable listening level of ~75 dB sound pressure level
(SPL).

The pictures and sounds of animals were combined to form
semantically congruent AV pairs (e.g., “dog” paired with
“barking” sounds), semantically incongruent AV pairs (e.g.,
“dog” paired with “tweeting” sounds) and semantically unre-
lated AV pairs (e.g., “dog” paired with “white noise”) (see
Fig. 1). Finally, four stimulus types were included in this
study: animal pictures alone (visual stimuli), a combination
of pictures and sounds belonging to the same animal (congru-
ent AV stimuli), a combination of pictures and sounds belong-
ing to different animals (incongruent AV stimuli), and a com-
bination of animal pictures and white noise (unrelated AV
stimuli). The target stimuli were pictures of a “dog” or AV
stimuli including “dog” pictures regardless of the accompany-
ing sound (see Fig. 1).

The visual distractor set in the RSVP task consisted of 23
letters (A, C, D, E, F, G, H, J, K, L, M, N, P, Q, R, S, T, U, V,
W, X, Y, and Z) and seven digits (2, 3, 4, 5, 6, 7, and 9) that
were 2 × 2 cm, subtending a visual angle of 3.3° × 1.9° (see
Fig. 2). The remaining digits and letters were not adopted
because some letters (I, B, and O) and digits (1, 8, and 0) are
so similar that they may have an unbalanced impact on par-
ticipants relative to other distractor stimuli (Gibney et al.,
2017; Santangelo et al., 2008; Santangelo & Spence, 2007).

Design and procedure

Participants were seated in a comfortable chair in a dimly lit,
electrically shielded, and sound-attenuated room (laboratory
room, Okayama University, Japan) with their head positioned
on a chin rest to perform a dual task. The factorial design had
two within-subject factors: semantic association (congruent,
incongruent, and unrelated) and attentional load (no-load,
low-load, and high-load conditions). First, a small stimulus
set consisting of semantically congruent multisensory objects
(e.g., barking dogs) and semantically incongruent multisenso-
ry objects (e.g., birds paired with barking sounds) as well as
semantically unrelated multisensory objects (e.g., the images
of dogs paired with white noise) was used to construct differ-
ent degrees of semantic association between the unimodal
components of a multisensory signal.

Second, participants were asked only to evaluate the visual
targets in the animal identification task (AV integration task,
ignoring all auditory stimuli) and not to perform the distractor
task (no-load condition) or to simultaneously perform the an-
imal identification task with a distractor task, which required
participants to search a central RSVP stream for either a yel-
low letter (low-load condition) or a white digit (high-load
condition) (Gibney et al., 2017; Santangelo et al., 2007;
Santangelo & Spence, 2007). Importantly, the task of
searching for digits in a series of letters under a high-load
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condition requires a higher level of semantic processing,
whereas the task of searching for yellow letters under a low-
load condition requires the assessment of the physical

properties of an object. Therefore, the digit search task
under a high-load condition is more difficult and requires
more attentional resources than the task of searching only
for a specific color under a low-load condition. In this way,
by increasing the difficulty of distractor tasks, we could con-
trol the attentional resources that are used during AV integra-
tion processing. Hence, our study included three load condi-
tion types: no-load, low-load, and high-load conditions.

In the high-load condition, the RSVP white-digit detection
task and the animal identification task (AV integration task)
were displayed simultaneously (Gibney et al., 2017;
Santangelo et al., 2007; Santangelo & Spence, 2007) (see
Fig. 3). For the animal identification task, one animal picture

Fig. 1 The stimulus type used in the animal identification tasks. In this
study, four stimulus types were included: animal pictures alone, a
combination of pictures and sounds belonging to the same animal, a

combination of pictures and sounds belonging to different animals, and
a combination of pictures and white noise

Fig. 2 The orientation of the visual stimuli used in the animal
identification task and the distractor task (rapid serial visual
presentation (RSVP) task), which were presented simultaneously during
the experiment
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(300 ms) was randomly presented in each trial, and each trial
began with a 400-ms presentation of the fixation cross to in-
dicate the beginning of the trial. The animal pictures were
consistently presented directly above the RSVP streams, and
the pictures and sounds of animals were randomly presented
in the position of the first through fifth letters of the RSVP
stream for a period of 300 ms. The stimulus onset asynchrony
(SOA) between the onset of fixation at the beginning of each
trial and animal pictures was 400–1,450 ms. Visual-only, con-
gruent AV, incongruent AV, and unrelated AV stimuli were
presented with equiprobability and pseudorandom order to
limit predictability. If the animal image presented was a
“dog” picture, either appearing alone or co-occurring with
an auditory stimulus, the subject was to press the “F” key on

the keyboard as quickly as possible. At the end of a complete
trial, a blank interface (1,000 ms) was presented to ensure that
the subject had sufficient time to respond to the animal iden-
tification task. A total of 640 trials (320 target trials and 320
task-irrelevant trials) were included for each attentional load
condition in the experiment. To avoid fatigue, these trials were
divided into four main blocks of 160 trials each for each load
condition. Each block contained 40 unimodal visual stimuli
and 120 AV stimuli (congruent AV, incongruent AV, and
unrelated AV) and lasted approximately 10 min. The task-
irrelevant stimuli constituted 50% of the total stimuli.

For the RSVP white-digit detection task, each trial
consisted of the presentation of a stream of seven alphanumer-
ic characters that were continuously displayed at a rate of 8

Fig. 3 A schematic representation trial in which both the animal
identification task and the rapid serial visual presentation (RSVP) task
were conducted simultaneously. Participants were to judge whether the
animal image presented was a “dog”while viewing a stream of letters and
ignoring the RSVP streams (no-load condition), reporting yellow letters
(low-load condition), or reporting numbers (high-load condition). In each
trial, a 400-ms gaze point was presented to indicate the beginning of the
new trial. Seven letters (which may have contained a number) were then
continuously displayed at a rate of 8 Hz. The picture or sound of an
animal was randomly presented in the position of the first to fifth letters

of the RSVP stream. The presentation time was 300 ms. With respect to
the animal identification task (ignoring auditory stimuli), participants
were to respond as quickly as possible to the “dog” pictures by pressing
the “F” key on the computer keyboard. After the presentation of seven
letters, a blank interface (1,000 ms) was presented to ensure that the
subject had sufficient time to react to the animal identification task.
Regarding the RSVP task, if a target for that trial was observed, the
participant was to press the “J” key on the computer keyboard when the
interface of the red gaze point appeared (1,000 ms)
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Hz. Specifically, these different letters were sequentially
presented and randomly replaced every 150 ms. We ran-
domly selected the distractor letters in the stream before
each trial, but there were no repeaters in the given stream.
The target of the RSVP taskwas presented equiprobably in the
first through fifth positions in the stream. The letters in the
stream were chosen randomly prior to each trial with the sole
restriction that no distractor was repeated within a given
stream. Additionally, in each trial, a yellow letter target, a
white-digit target, both targets, or neither target was presented
in the RSVP streams. Specifically, the RSVP streams in each
trial had a 25% probability of containing no numbers or yel-
low letters, a yellow letter only, a number only, or a yellow
letter and a number, thus resulting in a 50% probability of a
target being present in each trial for all attentional load condi-
tions. With respect to the RSVP task, participants were asked
to respond at the end of each trial; that is, after the interface of
the red gaze point appeared, the subjects were to press the “J”
button within 1,000 ms if they observed a target in the RSVP
streams.

In the low-load condition, except for the target stimuli of
the RSVP task, which were yellow letters, the other experi-
mental conditions were the same as those in the high-load
condition (Gibney et al., 2017; Santangelo et al., 2007;
Santangelo & Spence, 2007). Participants were instructed
not to respond to any digit target that might appear in the
RSVP stream.

In the no-load condition, although the RSVP task was also
displayed simultaneously with the animal identification task,
participants were asked to ignore the RSVP streams (Gibney
et al., 2017; Talsman et al., 2007). Participants did not need to
evaluate the RSVP stimuli; they only needed to determine
whether the animal image presented was a “dog.”

Participants completed four blocks of 160 trials for each
load condition, and the four separate blocks were randomized
and counterbalanced across participants. The order of presen-
tation of different load conditions was also randomized and
counterbalanced across participants. Participants were permit-
ted to take breaks between blocks. Before the experiment of-
ficially began, all participants completed a practice experi-
ment with 16 trials to ensure that they correctly understood
the experimental procedures and responded correctly to the
different tasks. The entire experimental session lasted approx-
imately 120 min.

Data analysis

Cumulative distribution function calculations
for the audiovisual (AV) integration task

Due to the redundant nature of multisensory targets, the sig-
nificant effects of targets in response time (RT) comparisons
are a liberal estimate of multisensory performance

enhancements. That is, it is possible that the speeding up of
RTs to multisensory targets noted in this analysis was due to
the availability of multiple pieces of information in these con-
ditions and not to integration of the stimuli (Mozolic et al.,
2008). Thus, the preferred method for identifying multisenso-
ry integration is to compare the cumulative distribution func-
tions (CDFs) of multisensory targets to the CDF probability of
unisensory visual targets (Mozolic et al., 2008). A comparison
between response distributions for unisensory visual targets
and audiovisual targets yielded the auditory enhancement ef-
fect. If the CDF probability of responding to AV stimuli is
significantly greater at a given time point than the CDF prob-
ability of responding to unisensory visual stimuli, then signif-
icant auditory enhancement effects are present. Hence, we
used this as a measure to further assess whether participants
integrated the AV stimuli for each load and whether increas-
ing attentional load would significantly decrease the integra-
tion of semantically incongruent and unrelated AV informa-
tion but would not decrease the integration of semantically
congruent AV information.

The CDFs for responses to unisensory visual targets were
subtracted from the CDFs for responses to matching multisen-
sory targets to obtain a measure of the auditory enhancement
effects of semantically congruent AV stimuli (Laurienti et al.,
2004; Mozolic et al., 2008). We compared the observed RTs
of the congruent AV CDF of each participant in each load
condition to the visual CDF at each time bin to determine
the probability difference by performing planned pairwise
comparisons for different attentional load conditions (no-load,
low-load, or high-load conditions). The probability difference
between the congruent AV CDF and the visual CDF (i.e.,
RTcongruent AV < RTV) indicated auditory enhancement that
exceeded statistical facilitation. Two-tailed p- values were
corrected for multiple comparisons using the Bonferroni cor-
rection, and differences are reported as significant at p < .05.
In addition, the greatest AV facilitation was defined as the
peak benefit, and the time from the presentation of the target
to the peak benefit was defined as the peak latency (see Fig. 4).
The peak latency analyses could showwhether AV integration
was delayed by increased attentional loads; thus, adding these
analyses would more comprehensively reflect the effect of
attentional loads on AV integration.

In addition, because each subject has a different time
course for his or her responses, averaging difference curves
across individuals may not provide a complete indication of
group differences (Van der Stoep et al., 2015), whereas the
positive area under the difference curve is not affected by
timing differences across individuals (Hugenschmidt et al.,
2009; Stevenson et al., 2014). Thus, we specifically calculated
the positive area under the difference curve (i.e., the difference
in probability of the semantically congruent AV CDF and the
visual CDF for the RT range of 200–1,100 ms) to test for the
auditory enhancement effects between different attentional
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loads. To extract the positive area under the curve for each
participant, the difference curve between the congruent AV
CDF and the visual CDF was calculated for each participant.
Next, all negative probabilities (no violation between congru-
ent AV and visual modalities) were set to a value of zero, and
only the positive area under the curve was calculated for all
participants. We determined the positive area under the curve
by calculating the trapezoidal area between each time bin that
produced a positive difference in the probability of semanti-
cally congruent AV CDF and visual CDF. A repeated-
measures ANOVA with the factor load condition (no-load,
low-load, or high-load condition) was used to test for differ-
ences in the positive area under the curve.

Furthermore, we subtracted the CDFs for responses to
unisensory visual targets from the CDFs for responses to seman-
tically incongruentAV targets to obtain ameasure of the auditory
enhancement effects produced by incongruent AV stimuli
(Laurienti et al., 2004; Mozolic et al., 2008). We adopted the
same method as described above to test for the positive area
under the curve (i.e., the difference in probability of the seman-
tically incongruent AV CDF and the visual CDF for the RTs
range of 200–1,100 ms) between different attentional loads.

Finally, we adopted the same method to explore whether
increased attentional loads would influence the auditory en-
hancement effects of semantically unrelated AV stimuli. The
CDFs for responses to unisensory visual targets were
subtracted from the CDFs for responses to unrelated AV tar-
gets to obtain a measure of the auditory enhancement effects
of semantically unrelated AV stimuli.

Analysis of distractor task performance

First, RSVP performance was assessed to verify that partici-
pants accurately performed the distractor task (because they

could have simply ignored the RSVP distractor stream and
could have completed only the primary task). Hence, the ac-
curacy of the RSVP performance should be above 75% to
ensure that the participants could accurately perform the
distractor task (not only perform the AV integration task) un-
der the low-load and high-load conditions. Second, we
adopted the accuracy of the RSVP task as the dependent factor
and attentional load (no-load, low-load, or high-load condi-
tion) as the independent factor to conduct repeated-measures
ANOVA to explore whether the RSVP task constructs differ-
ent attentional load conditions. A p-value < .05 was consid-
ered statistically significant. In addition, in each analysis, the
degrees of freedom were corrected using the Greenhouse-
Geisser correction when Mauchly’s test indicated that the as-
sumption of sphericity had been violated.

Results

Cumulative distribution functions of the AV
integration task

We compared the CDFs of multisensory targets (congruent
AV, incongruent AV, and unrelated AV) to the CDF proba-
bility of unisensory visual targets under different load condi-
tions to assess whether increased attentional loads have differ-
ent effects on the auditory enhancement effects of semantical-
ly congruent AV stimuli, unrelated AV stimuli, and incongru-
ent AV stimuli.

First, to assess the effects of matching cross-modal pro-
moters, we compared the unisensory visual CDF to the
matching AV CDF under different attentional load conditions
(Fig. 4). A comparison between the unisensory visual target
CDFs and semantically congruent AV target CDFs in each

Fig. 4 a The subtraction of the visual distribution from the congruent
audiovisual (AV) target distribution across the full range of response
times (RTs) for no-load (solid gray line), low-load (black dotted curve),
and high-load (black dashed curve) conditions. Significant violations are
indicatedwith a horizontal bar in the graph below the x-axis indicating the
RT range in which the probabilities of congruent AV targets of

consecutive time points are larger than the probabilities of visual
targets. This result shows that significant auditory enhancement is
present under all load conditions. b Median positive area under the
curve (the subtraction of the visual distribution from the congruent AV
distribution) in each load condition. Significant differences are indicated
with an asterisk (p < .05)
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time bin revealed that auditory enhancement effects were ob-
served under all load conditions (p < .05, paired t-tests, two-
tailed, Bonferroni-corrected, see Fig. 4a). Specifically, the au-
ditory enhancement effects produced by congruent AV stim-
uli occurred for 170 ms in the no-load condition (310–480
ms). In the low-load condition, this time window was
230 ms (340–570 ms), which was smaller than the high-load
condition, which had a time window of 290 ms (350–640 ms)
(Table 1).Moreover, the positive area under the curve (i.e., the
difference in probability of the matching AV CDF and the
visual CDF for the RT range of 200–1,100 ms) was compared
between the different load conditions. Repeated-measures
ANOVA with the positive area under the curve as the depen-
dent factor and attentional load as the independent factor did
not reveal a main effect of attentional load condition [F
(1.559, 29.618) = 1.409, p = .257, η2 = 0.069] (see Fig. 4,
right panel).

Second, to assess the effects of nonmatching cross-modal
promoters, we compared the response distributions for
unisensory visual trials to the response distributions for
nonmatching AV trials under different attentional load

conditions (Fig. 5). The comparison between the unisensory
visual target CDF and semantically incongruent AV CDF in
each time bin showed an auditory enhancement effect; how-
ever, this auditory enhancement effect was only observed un-
der the no-load condition and the low-load conditions (p < .05,
paired t-tests, two-tailed, Bonferroni-corrected, see Fig. 5a).
Specifically, an auditory enhancement effect was observed at
310–450 ms in the no-load condition (p < .05), and a signif-
icant auditory enhancement effect was found at 360–500 ms
in the low-load condition (p < .05), but no auditory enhance-
ment effect was found in the high-load condition (Table 1).

The positive area under the curve (i.e., the difference in
probability of the nonmatching AV CDF and the visual CDF
for the RT range of 200–1,100 ms) was also compared among
the different load conditions (see Fig. 5, right panel).
Repeated-measures ANOVA with the positive area under
the curve as the dependent factor and attentional load as the
independent factor revealed a main effect of load condition [F
(1.398, 26.569) = 8.432, p = .004, η2 = 0.307]. Post hoc com-
parisons (Bonferroni-corrected) showed that the positive area
under the curve was not significantly larger in the no-load

Table 1 Peak benefit (%), peak latency (ms), and time window (ms) of auditory enhancements in each load condition

Stimulus type Peak benefit (%) Peak latency (ms) Time window (ms)

Semantic Congruent No load 14.26 390 310-480

Low load 11.42 460 340-570

High load 9.02 490 350-640

Semantic Incongruent No load 8.29 410 310-450

Low load 5.41 460 360-500

High load 2.08 410 ---

Semantic Unrelated No load 11.9 390 320-450

Low load 6.19 470 550-700

High load 2.46 560 ---

Fig. 5 a The subtraction of the visual distribution from the incongruent
audiovisual (AV) target distribution across the full range of response
times (RTs) for no-load (solid gray line), low-load (black dotted curve),
and high-load (black dashed curve) conditions. Significant violations are
indicatedwith a horizontal bar in the graph below the x-axis indicating the
RT range in which the probabilities of incongruent AV targets of

consecutive time points are larger than the probabilities of visual targets.
This result shows that significant auditory enhancement is only present
under no-load and low-load conditions. bMedian positive area under the
curve (the subtraction of the visual distribution from the incongruent AV
distribution) in each load condition. Significant differences are indicated
with an asterisk (p < .05)
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condition (M = 6.41 ms, SE =1.69) than in the low-load con-
dition (M = 7.23ms, SE = 0.97, t (19) = 0.195, p = .847), but the
no-load condition was significantly larger than the high-load
condition (M = 2.27 ms, SE = 0.30, t (19) = 3.496, p = .007).
Moreover, the positive area under the curve in the low-load
condition was significantly larger than in the high-load condi-
tion (t (19) = 5.51, p < .001).

Third, to assess the effects of unrelated cross-modal pro-
moters, we compared the unisensory visual CDF to the unre-
lated AVCDF under different attentional load conditions (Fig.
6). A comparison between the unisensory visual target CDFs
and semantically unrelated AV target CDFs in each time bin
revealed auditory enhancement effects only under the no-load
and low-load conditions (p < .05, paired t-tests, two-tailed,
Bonferroni-corrected, Fig. 6a). Specifically, auditory en-
hancement effects occurred from 320 ms to 450 ms in the
no-load condition (p < .05) and from 550 ms to 700 ms in
the low-load condition (p < .05), but no auditory enhancement
effect was found in the high-load condition (p > .05) (Table 1).

The positive area under the curve between the unrelated AV
CDF and the visual CDF was also compared between the differ-
ent load conditions (see Fig. 6, right panel). Repeated-measures
ANOVAwith the positive area under the curve as the dependent
factor and attentional load as the independent factor revealed a
main effect of load condition [F (1.604, 30.47) = 4.74, p = .022,
η2 = 0.200]. Post hoc comparisons (Bonferroni-corrected)
showed that the positive area under the curve was significantly
larger in the no-load condition (M = 9.11 ms, SE =1.43) than in
the high-load condition (M= 3.93ms, SE= 0.90, t (19) = 3.66, p=
.005), but the no-load condition was not significantly larger than
the low-load condition (M = 8.00ms, SE = 2.09, t (19) = -0.115, p
= .909). In addition, there was no significant difference in the
positive area under the curve between the low-load and high-load
conditions (t (19) = 2.49, p = .067).

Distractor task performance (rapid serial visual
presentation (RSVP) task)

Because the results of the Shapiro-Wilk test for the accuracy
of the RSVP task under each load condition were not signif-
icant (low-load condition: W = 0.957, p = .485; high-load
condition: W = 0.935, p = .195), we conducted a repeated-
measures ANOVA to determine whether accuracy in the
RSVP task was reduced by attentional loads. The results in-
dicated that the accuracy of the RSVP task was significantly
higher under the low-load condition (M = 94.9%, SE = 0.24)
than under the high-load condition (M = 91.4%, SE = 0.45)
[F(1,19) = 88.694, p < .001, η2 = 0.824]. These results dem-
onstrated that load manipulation was effective. Moreover, the
RSVP task performance accuracy was above 90%, indicating
that the participants accurately performed the distractor task
under all load conditions.

Discussion

In the current study, we investigated how the cross-modal
interaction processing of semantically congruent, incongru-
ent, and unrelated AV stimuli of complex naturalistic common
objects was influenced by different levels of attentional load
when selectively attending to a visual modality. We used an
RSVP task to manipulate the amount of attentional resources
that were available for processing a cross-modal interaction.
Our main result was that increased attentional loads did not
influence the auditory enhancements associated with seman-
tically congruent AV stimuli (see Fig. 4) but eliminated the
auditory enhancements associated with semantically incon-
gruent AV stimuli (see Fig. 5) and semantically unrelated
AV stimuli (see Fig. 6). Our findings provide strong evidence

Fig. 6 a The subtraction of the visual distribution from the unrelated
audiovisual (AV) target distribution across the full range of response
times (RTs) for no-load (solid gray line), low-load (black dotted curve),
and high-load (black dashed curve) conditions. Significant violations are
indicatedwith a horizontal bar in the graph below the x-axis indicating the
RT range in which the probabilities of unrelated AV targets of

consecutive time points are larger than the probabilities of visual
targets. This result shows that significant auditory enhancement is only
present under no-load and low-load conditions. b Median positive area
under the curve (the subtraction of the visual distribution from the
unrelated AV distribution) in each load condition. Significant
differences are indicated with an asterisk (p < .05)
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that semantic associations between the multisensory features
of a common object, formed through a lifetime of experiences
with that object, modulate the effect of increased attentional
loads on the cross-modal interaction of multisensory features
of common objects when selectively attending to a visual
modality.

Our findings may be explained according to the “attention-
al load theory.” Under attentional load conditions, the partic-
ipants were instructed to search for the distractors of the RSVP
task preferentially and simultaneously, which led to attention-
al resources being largely occupied by the RSVP task.
Therefore, more attentional resources were diverted to the
competing RSVP task, which led to insufficient attentional
resources to complete the perception of task-irrelevant audito-
ry stimuli in the AV integration task simultaneously (Lavie,
2000). Furthermore, the task of searching for digits in a series
of letters under high-load conditions required a higher level of
semantic processing and more attentional resources than the
task of searching only for a specific color under low-load
conditions. Therefore, more attentional resources were
diverted to the competing RSVP task under the high-load
condition, which left a small amount of spare attentional re-
sources for the perception of task-irrelevant auditory stimuli in
the simultaneous AV integration task; in other words, the
high-load condition diminished the influence of ignored audi-
tory stimuli on visual target detection.

We found that increased attentional loads did not influence
the auditory enhancements associated with semantically con-
gruent AV stimuli (see Fig. 4). For semantically congruent
AV trials, the mental representations of different sensory pat-
terns belonging to the same object are firmly bound together
(e.g., Amedi et al., 2005; Beauchamp et al., 2004) and stored
in the long-term memory system (e.g.,Bushara et al., 2003 ;
Stein & Meredith, 1993). Therefore, when setting the recog-
nition of an object representation in one sensory system at a
lower threshold via selective attention to this sensory modal-
ity, the thresholds of representations of that object in other
sensory systems are likewise decreased (Molholm et al.,
2007). Thus, the task-irrelevant auditory information that is
highly semantically matched with the visual target may be
more preferentially and easily selected and processed so that
it may enhance the identification of visual targets under the
no-load condition. It should be emphasized that in our exper-
imental circumstance, the semantically congruent AV stimuli
were not only temporally contiguous but also semantically
congruent because of the learned associations between the
individual sensory elements of a single object. Hence, we do
not deny the possibility that congruent and synchronized
sound might have acted as a warning signal to remind partic-
ipants when to expect the presentation of visual targets.
However, we believe that the core of the sound enhancement
effect produced by semantically congruent AV stimuli can be
explained through a perceptual integration mechanism.

Specifically, because it has been proposed that the learned
associations are constructed in the long-term memory system,
the brain “binds” these individual percepts into a unified per-
ceptual entity (Bushara et al., 2003; Stein & Meredith, 1993),
such that when an attended animal picture is presented, its
constituent ignored sound parts also receive preferential pro-
cessing. Moreover, it has been proposed that when the time
period between prime-target pairs that share a semantic rela-
tionship is shorter than 200 ms, the semantic priming process-
ing for prime-target pairs of the same object is relatively au-
tomatic (Sachs et al., 2008). Once the semantically matched
auditory stimulus has been selected and processed, its mean-
ing may unavoidably interact with any relevant visual infor-
mation (see Lavie et al., 2004; Yuval-Greenberg & Deouell,
2009). Taken together, these findings seem to suggest that the
cross-modal attentional capture of semantically congruent AV
stimuli may require minimal attentional resources such that
the presentation of a semantically congruent sound would en-
hance the recognition of the picture representation even when
attentional resources are exhausted.

Additionally, increased attentional loads eliminated the au-
ditory enhancements associated with semantically incongru-
ent AV stimuli (see Fig. 5). For semantically incongruent AV
trials, it has been proposed that when attention is focused on a
visual modality, the concurrent and conflicting task-irrelevant
auditory stream may capture bottom-up attention in a detri-
mental manner; notably, this cross-modal attentional capture
mainly depends on the temporal correspondence (Fiebelkorn
et al., 2010). It is possible that to optimize the response, the
semantically conflicting content should not be processed be-
cause the conflicting nature of the task-irrelevant semantically
incongruent sound is useless in the identification of the target
pictures (Chen & Spence, 2010). Hence, only temporal corre-
spondence will make incongruent AV stimuli produce im-
proved performance under the no-load condition. Although
we still find significant RT benefits when the sound is seman-
tically mismatched with the visual target, AV integration may
not occur in this task. An alternative explanation is that the
semantically incongruent sound only acts as a simple cue or
warning signal regarding when to anticipate or be poised for
the occurrence of visual targets. Thus, incongruent sounds
may only have increased general alertness or arousal, leading
to improved performance. Furthermore, because semantically
incongruent AV stimuli reflect semantic violations of multi-
sensory semantic representation in a long-term system (Hein
et al., 2007), these incongruent AV stimuli cannot be con-
structed as a coherent and stable whole and become very vul-
nerable to some top-down cognitive factors (such as attention
and memory). For example, it has been found that incongruent
AV stimuli should be overridden and quickly forgotten
(Potter, 1999). Thus, we suspect that the instability of incon-
gruent AV stimuli may also make them susceptible to manip-
ulations of attentional loads. A high attentional load condition
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in which few attentional resources are left to process the ig-
nored auditory stimulus may greatly weaken the spatiotempo-
ral AV binding of incongruent AV stimuli; hence, the auditory
enhancement effect caused by semantically incongruent AV
stimuli is eliminated by a high attentional load.

Furthermore, attentional loads eliminate the auditory en-
hancements associated with semantically unrelated AV stim-
uli (see Fig. 6). For semantically unrelated AV trials, because
no learned associations exist between semantically unrelated
AV stimuli (animal images and white noise), the auditory
enhancement effect of semantically unrelated AV stimuli
should be entirely due to temporal correspondence.
However, it should be emphasized that semantically unrelated
sound may only have increased general alertness, leading to
improved performance under the no-load condition. Similar to
the semantically incongruent condition, two different events
were presented under the semantically unrelated condition.
The difference is that pictures and sounds belonging to differ-
ent animals were presented under the incongruent condition,
while two events composed of animal pictures and white noise
were presented under the semantically unrelated condition. It
has been found that animal sounds have complex spectral and
temporal characteristics that were previously shown to acti-
vate multiple auditory areas along the superior temporal gyrus
(Wessinger et al., 2001; Zatorre & Belin, 2001), and theymust
unfold in time before enough information is gathered for rec-
ognition (Yuval-Greenberg & Deouell, 2009). However,
white noise is composed of meaningless noise and has no
semantics; therefore, the recognition of white noise is simpler
than the recognition of animal sounds, and the processing load
is higher. Nevertheless, because participants in the unrelated
condition also had to deal with the recognition of two different
events as in the incongruent condition instead of the recogni-
tion of two attributes of the same events in congruent condi-
tion, the processing load on the working memory system
should also have increased as in the incongruent condition
(Olivetti Belardinelli et al., 2004; Thompson-Schill, 2003),
thus requiring more attentional resources to complete the rec-
ognition of two semantically irrelevant stimuli. Hence, the
auditory enhancement effect caused by semantically unrelated
AV stimuli may also be susceptible to manipulations of atten-
tional loads.

Furthermore, we found that increased attentional loads not
only have an effect on the amount of AV integration but also
influence the time window of AV integration (the onset time).
Thus, our findings may also be explained by the mechanism
of the temporal window of integration (TWI). The TWI refers
to the maximum temporal asynchrony between two different
sensory events that allows them to be bound into a single,
coherent multisensory event (van Wassenhove et al., 2007).
If the temporal asynchrony between stimuli exceeds a certain
temporal interval, it will be difficult for multisensory integra-
tion to occur (Foss-Feig et al., 2010; Powers et al., 2009). In

addition, it has been proposed that the TWI can be adaptively
adjusted depending on the task demands (Stevenson et al.,
2012). Therefore, it can be assumed that increasing the atten-
tional loads in our experiment might have resulted in an adap-
tive widening of the individual TWI that, in turn, influenced
AV integration. Specifically, as the degree of attentional load
increased, the difficulty of visual search processing in an
RSVP task also increased, and switching from an RSVP visu-
al search task to the visual processing of an AV integration
task required more time. Therefore, attentional loads may
have resulted in a larger temporal interval between ignored
auditory and visual targets, thereby increasing the difficulty
of AV integration.

Furthermore, a previous study showed that the temporal
window of integration is wider for semantically congruent
stimuli than for incongruent stimuli, so AV integration of
semantically congruent stimuli can also occur even when
asynchronous AV stimuli are presented in relatively larger
temporal intervals (Parise & Spence, 2009; Vatakis &
Spence, 2007). This is because the temporal window of inte-
gration for semantically congruent stimuli can be widened to
300 ms with the help of conceptual short-term memory (Chen
& Spence, 2010) given that this memory system may enable
participants to retain these coherent multisensory congruent
representations for an additional 300 ms to achieve their cur-
rent task goal, whereas any incongruent and unrelated proper-
ties should be overridden and quickly forgotten because they
are useless for the identification of the target pictures (Potter,
1993; Potter, 1999). Therefore, the AV integration of seman-
tically congruent AV stimuli could effectively withstand the
impact of the increased temporal interval between stimuli due
to the increased attentional loads, but the AV integration of
semantically incongruent and semantically unrelated stimuli is
greatly affected by the increased loads. Moreover, we found
that increased loads widened the temporal window of congru-
ent AV integration but did not widen the temporal window of
incongruent AV integration and the temporal window of un-
related AV integration (Table 1), which further suggests that
increasing the attentional loads in our experiment might have
resulted in an adaptive widening of the individual temporal
window of congruent AV integration that, in turn, led to the
successful binding of the AV inputs. However, this effect was
not suitable for incongruent and unrelated inputs.

Notably, if we choose another type of load as a distractor
task in future research, we may obtain different experimental
findings. It has been proposed that the level and type of load
involved in the performed task determines the interference
effect by task-irrelevant distractors (Lavie, 2005). Increasing
attentional/perceptual load (increasing the load by searching
for a feature or by degrading the perceptual quality of the
stimuli) decreases the response of brain regions involved in
processing task-irrelevant stimuli (e.g., Lavie, 2005; Yi et al.,
2004). The effects of attentional load have been discussed in a
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previous study. However, load on executive cognitive control
functions (cognitive load), such as working memory, will ren-
der ignored distractors unavailable to actively maintain
stimulus-processing priorities throughout task performance,
which has the opposite effect to attentional/perceptual load:
it increases rather than decreases interference by irrelevant
distractors (Lavie, 2005). Therefore, in contrast to the effect
of attentional load, increasing demands on control processes
(cognitive load) should increase the likelihood that irrelevant
distractors will influence performance. Thus, we suspect that
cognitive load may enhance the facilitation effect by seman-
tically congruent AV stimuli because semantically matched
but task-irrelevant auditory information can enhance the iden-
tification of visual targets under the no-load condition. In ad-
dition, because semantically incongruent or unrelated AV
stimuli reflect the semantic violations of the multisensory se-
mantic representation in a long-term system, once their mis-
matched semantic information is processed under high cogni-
tive load, semantically incongruent or unrelated auditory stim-
uli will have an interference effect on the behavioral perfor-
mance of visual targets.

Prior research has shown that when a semantically congru-
ent, task-irrelevant sound is simultaneously presented with a
visual target, both spatiotemporal concordance and semantic
congruency contribute to the cross-sensory spread of attention
(Fiebelkorn et al., 2010). Therefore, it is tempting to speculate
that the automatic occurrence of the integration of semantically
congruent AV stimuli of common objects under high-load con-
ditions will certainly benefit from one of these two factors or the
superposition of both. In other words, it is not clear whether
semantic congruency plays a decisive role in one’s ability to
withstand the influence of interference tasks. To clarify this
issue, in conjunction with behavioral research that explores
the effect of temporal concordance and semantic congruency
on the AV integration of common objects under high-load con-
ditions, electrophysiological recordings could be a fruitful ap-
proach for further research. Furthermore, future studies in the
field of multisensory research focusing on the role of semantic
congruency in AV integration will benefit from this research.

We suggest that the results of this research may be
applied to car collision avoidance warning systems.
People inevitably need to answer the phone or talk with
others while driving, so determining how to effectively
avoid obstacles while driving in a state of distraction is
very important to traffic safety. Our research found that
even under a high load condition, semantically congruent
auditory stimuli can also promote the recognition of vi-
sual targets. Therefore, if car recognition systems can be
developed that enable cars to identify obstacles more
quickly (e.g., pedestrians or animals) on the road and
automatically emit corresponding sounds to remind
drivers to respond to visual obstacles, traffic accidents
will be greatly reduced.

Conclusion

Our results demonstrated that attentional loads did not sup-
press the integration of semantically congruent AV stimuli but
suppressed performance enhancements associated with se-
mantically unrelated and incongruent AV stimuli under the
condition of modality-specific selective attention. This study
potentially indicates that when attention is focused only on a
visual modality, the AV integration of semantically unrelated
and incongruent AV stimuli depends on the allocation of ad-
equate attentional resources, whereas the AV integration of
semantically congruent AV stimuli occurs preattentively and
requires few attentional resources. Thus, we further propose
that the strong semantic associations between AV stimuli play
an important role in withstanding the effect of attentional
loads on cross-modal integration processing.
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