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Abstract
A combination of signals across modalities can facilitate sensory perception. The audiovi-

sual facilitative effect strongly depends on the features of the stimulus. Here, we investi-

gated how sound frequency, which is one of basic features of an auditory signal, modulates

audiovisual integration. In this study, the task of the participant was to respond to a visual

target stimulus by pressing a key while ignoring auditory stimuli, comprising of tones of dif-

ferent frequencies (0.5, 1, 2.5 and 5 kHz). A significant facilitation of reaction times was

obtained following audiovisual stimulation, irrespective of whether the task-irrelevant

sounds were low or high frequency. Using event-related potential (ERP), audiovisual inte-

gration was found over the occipital area for 0.5 kHz auditory stimuli from 190–210 ms, for

1 kHz stimuli from 170–200 ms, for 2.5 kHz stimuli from 140–200 ms, 5 kHz stimuli from

100–200 ms. These findings suggest that a higher frequency sound signal paired with visual

stimuli might be early processed or integrated despite the auditory stimuli being task-irrele-

vant information. Furthermore, audiovisual integration in late latency (300–340 ms) ERPs

with fronto-central topography was found for auditory stimuli of lower frequencies (0.5,

1 and 2.5 kHz). Our results confirmed that audiovisual integration is affected by the fre-

quency of an auditory stimulus. Taken together, the neurophysiological results provide

unique insight into how the brain processes a multisensory visual signal and auditory stimuli

of different frequencies.

Introduction
In everyday life, our brain receives many sensory signals, such as vision or sound. The integra-
tion of information from different sensory modalities is an essential component for cognition.
Previous studies have shown that responses to bimodal audiovisual stimuli are faster and more
accurate compared with unimodal auditory or visual stimuli presented alone [1–3]. This
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beneficial effect between visual and auditory stimuli is generally referred to as “audiovisual
integration” [4, 5].

Indeed, the audiovisual facilitative effect strongly depends on stimulus features, such as the
spatial frequency or the contrast of visual stimuli [6–8]. Sound has two basic acoustic features:
intensity and frequency. For intensity (decibel, dB), behavioral studies have demonstrated that
lower sound intensities lead to more audiovisual facilitation than higher sound intensities [9,
10]. Moreover, event-related potential (ERP) studies have shown that audiovisual integration is
elicited by the lower intensity stimuli but not the higher intensity stimuli in 40–60 ms after
stimulus presentation when visual and auditory stimuli are simultaneously attended [7]. With
regards to sound frequency, it is the most ubiquitous feature to which cortical neurons are
tuned in the auditory system. Some studies have shown that the primary auditory cortex could
select sound information based on sound frequency-content [11], suggesting that sound fre-
quency plays a significant role in auditory processing. Some researchers have put forth hypoth-
eses about the encoding process for sound frequency [12, 13]. There are currently two theories
about pitch encoding: the place theory (encoding based on the site of activation along the
cochlea) and the temporal theory (encoding based on the phase-locked activity of hair cells and
auditory neurons). Moreover, characteristic frequency topographical mapping has found
pitch-selective neurons near the anterolateral border of the primary auditory cortex in animals
[14] and in humans [15, 16]. Furthermore, the neural mechanisms underlying the processing
of changes in sound frequency have also been studied in the human brain [17, 18]. For exam-
ple, an ERP study found that the latency of the P300 component became shorter as the differ-
ence between the standard (1 kHz) and target tone frequency increased (1.5, 2, 4 kHz) [19]. To
date, however, relatively little is known about the interactions between auditory stimuli of dif-
ferent frequencies and visual stimuli.

Behavioral studies have shown that a higher frequency sound embedded in a sequence of
lower frequency sound improved the detection of synchronously presented visual targets [20].
However, whether a higher frequency sound presented alone can enhance the detection of
visual stimuli remains unclear. Furthermore, it was also not clear how sounds of different fre-
quencies modulate integration between visual and auditory stimuli from electrophysiological
evidence. To investigate this question, we designed a visual target detection task that included
auditory stimuli of different frequencies. Here, we studied the nature and timing of audiovisual
integration occurring with different sound frequencies using the high temporal resolution of
EEG. We found out fundamental patterns of influence of sound frequency, one of the basic
characteristics of auditory stimuli, on audiovisual integration.

Materials and Methods

Participants
Fourteen healthy volunteers (aged 21–27 years, mean age 24.2 years) were recruited as paid
volunteers. All participants had normal or corrected to normal vision and were right-handed.
The participants provided written informed consent for their participation in this study, which
was previously approved by the ethics committee of Okayama University.

Stimuli and task
Stimulus presentation and response collection were accomplished using Presentation software
(Neurobehavioral Systems Inc., Albany, California, USA). The experiment consisted of three
stimulus types: unimodal visual, unimodal auditory and bimodal audiovisual (auditory and
visual stimuli that occurred simultaneously).
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As described in detail previously [5], the unimodal visual stimulus was a Gabor patch with
gratings and included two subtypes: standard and target stimuli. The unimodal auditory sti-
muli consisted of 65 dB sound- pressure level (SPL), which was measured using an SPL meter
(Galaxy Corporation, California, USA). The auditory stimuli were presented for 40 ms (10 ms
rise and fall times) through an earphone (CX-300, Sennheiser, Japan). The sound frequencies
included 0.5, 1, 2.5 and 5 kHz. The selection of these frequencies was motivated by previous
studies [21, 22]. Moreover, some previous investigations of audiovisual integration adopted
lower frequencies [1, 5, 23], but based on the relationship between SPL and frequency pre-
sented in Robinson D (1957), a relatively higher frequency (5 kHz) was selected in our study.
Bimodal audiovisual stimuli were presented at four levels: visual stimulus (standard or target)
with auditory stimuli of 0.5 kHz (A0.5V), 1 kHz (A1V), 2.5 kHz (A2.5V) and 5 kHz (A5V). The
target stimuli were presented at a frequency of approximately 12.5% of the total stimuli.

In this study, there were 350 (280 + 70) unimodal visual stimuli, 1120 (280 × 4) unimodal
auditory stimuli, and (280 × 4 + 70 × 4) audiovisual stimuli. All stimuli were presented with a
randomly varying inter-stimulus interval (ISI; measured from the offset of one trial to the
onset of the next) of between 800 and 1200 ms (mean = 1000 ms). During the experiment, as
shown in Fig 1, the participants fixated a cross on a screen. The participants’ task was to
respond to visual target stimuli as quickly and accurately as possible using their right hand,
regardless of whether an auditory stimulus was presented.

Apparatus
Electroencephalographic (EEG) signals were recorded at a sampling rate of 500 Hz from 30
scalp electrodes (Easy-cap, Herrsching Breitbrunn, Germany). The electrodes were referred to
the left and right earlobes. Horizontal and vertical eye movements were also recorded by deriv-
ing the electrooculogram (EOG). The impedance of all electrodes was below 5 kO. Brain Vision

Fig 1. Experimental design. Stimuli were presented in a random and continuous stream of unimodal visual
stimuli, unimodal auditory stimuli at four different frequencies and audiovisual stimuli. The auditory stimuli of
65 dB were presented through earphones. The visual target stimulus was a Gabor patch with horizontal
gratings. Participants sat approximately 70 cm from the screen, and the subject’s task was to make a quick
and accurate button response when the visual target stimulus was presented, regardless of whether an
auditory stimulus was presented. A0.5, A1, A2.5 and A5: frequency of auditory stimuli of 0.5, 1, 2.5 and 5 kHz,
respectively.

doi:10.1371/journal.pone.0138296.g001
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Analyzer software (version 1.05, Brain Products GmbH, Munich, Bavaria, Germany) was used
to analyze the ERPs, which were averaged separately for each stimulus type off-line.

Data Analysis
Behavioral Data. The response time was measured based on the timing of the participant’

button presses in response to the presented stimuli. The hit rate was defined as the number of
correct responses to target stimuli divided by the total number of target stimuli. The false
alarm rate was calculated as the number of responses to the standard stimuli divided by the
total number of standard stimuli. In addition, signal detection analysis was applied to compute
sensitivity measures (d’) and criterion (c) separately for each stimulus type to disentangle the
effects of detection sensitivity and response bias [24, 25]. In the formulas below, H corresponds
to the hit rate, F to the false alarm rate andF-1 to the inverse of the normal cumulative distribu-
tion function:

d0 ¼ F�1ðHÞ � F�1ðFÞ; c ¼ �ðF�1ðHÞ þ F�1ðFÞÞ=2

Differences in response times, hit rates, false alarm rates, d’ and c of the participants were
analyzed using a repeated measures analysis of variance (ANOVA). The level of significance
was fixed at a corrected p< 0.05.

ERP data Analysis. See reference [5] for detail about the fundamental analysis of EEG sig-
nals. The difference wave [AV-(A+V)] was quantified as the audiovisual integration effect [26,
27]. In other words, audiovisual integration was the difference between the ERPs to bimodal
(AV) stimuli and the ERPs to the sum of the unimodal stimuli (A+V). Previous studies have
also investigated audiovisual integration using this method [28–31].

To establish the presence of audiovisual interaction, we conducted three phases of analysis
for the ERPs. The first phase of analysis was performed to render a full description of the spa-
tio-temporal properties of the audiovisual integration. Thus, point-wise running t-tests (two-
tailed) were used to compare AV with (A+V) for each scalp electrode under each sound fre-
quency condition. In the present data treatment, periods of significant difference were only
plotted if an alpha criterion was less than 0.05 and then only if this criterion was exceeded for
at least 12 consecutive data points (12 data point = 24 ms at a 500 Hz digitization rate) (see, [1,
32–34]). Then, four regions of interest (ROI) (frontal: F7, F3, Fz, F4, F8; fronto-central: FC5,
FC1, FC2, FC6, central: C3, Cz, C4 and occipital: O1, Oz, O2) were selected based on statistical
analysis and the topographical response pattern (Fig 2). In the second phase of analysis,
repeated measures ANOVAs were conducted separately for the four frequencies of auditory
stimuli for the time intervals that were selected based on an overview of the significant differ-
ences in the first phase of analysis. The mean amplitude data were analyzed with within-sub-
jects factors of stimulus type (AV, A+V) and ROI (frontal, fronto-central, central and
occipital). If a significant interaction between stimulus type and ROI was observed for the
main time intervals, the third phase of analysis would be performed. In the third phase of anal-
ysis, the ANOVAs were measured separately for each of the four ROIs using the factor stimulus
type (AV, A+V). The SPSS version 16.0 software package (SPSS, Tokyo, Japan) was used for all
statistical analyses.

Results

Behavioral Results
Table 1 shows the reaction times. Repeated-measures ANOVA of the mean response times
revealed a significant difference between the unimodal visual and the bimodal audiovisual
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stimuli [F(4, 52) = 10.508, p< 0.001]. Post-hoc t-tests revealed that responses to bimodal
audiovisual stimuli, which included 0.5 kHz (p< 0.01), 1 kHz (p< 0.01), 2.5 kHz (p< 0.01)
and 5 kHz (p< 0.001) stimuli, were faster than those to the unimodal visual stimuli, but there
was not a significant difference between the sound frequencies (p = 1.0). However, no signifi-
cant effects for hit rates [F(4, 52) = 1.799, p = 0.158] and false alarm rates [F(4, 52) = 1.583,
p = 0.215] were found for unimodal visual and bimodal audiovisual stimuli (Table 1). Percep-
tual sensitivity (d’) and response bias (c) are also shown in Table 1. There was no significant
effect of stimulus type on d’ [F(4, 52) = 1.179, p = 0.330] or c [F(4, 52) = 1.730, p = 0.176].

ERP Results
Event-related potential: unimodal stimuli. The group-averaged ERPs to the unimodal

visual stimuli and the unimodal auditory stimuli are shown in Fig 3. The peak of the visual
ERP was -2.41 μV at Oz, and the ERP contained a prominent negative wave that peaked
approximately 260 ms after stimulus onset at the occipital sites (Fig 3A). For the four different
frequencies of auditory stimuli (0.5, 1, 2.5 and 5 kHz), the ERPs showed a negativity-polarity
wave peaking at approximately 140 ms (-5.27 μV), 134 ms (-4.77 μV), 130 ms (-4.34 μV) and
140 ms (-3.74 μV) at Fz, respectively (Fig 3B). Apparently, the amplitude of the negative com-
ponent decreased with increasing sound frequency.

Point-wise running t-tests for electrodes. Fig 4 shows the results of the point wise run-
ning t-tests (AV vs A+V) when auditory stimuli were presented at four different frequencies.
The time intervals that were selected for the region of interest (ROI) analysis are highlighted
with red numbers and pink shading. For early integration, the onset time of audiovisual inter-
action was different in the occipital area when auditory stimuli were presented in the four con-
ditions; 190 ms for 0.5 kHz, 170 ms for 1 kHz, 140 ms for 2.5 kHz, 100 ms for 5 kHz. It was
clearly observed that integration effects occurred earlier with increasing sound frequency. For
approximately 300–340 ms, an obvious pattern of integration effects was visible at fronto-cen-
tral and central electrode sites for sound frequencies of 0.5, 1 and 2.5 kHz. Audiovisual integra-
tion effects were analyzed in detail in the ROI analysis described below.

Fig 2. EEG electrode placement and the 4 ROIs.

doi:10.1371/journal.pone.0138296.g002
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Audiovisual Integration at occipital area (100–210 ms). For early audiovisual integra-
tion, the observed integration effects at the time of onset were notably different in the four con-
ditions at the occipital electrodes (O1, Oz and O2) (Fig 4). Thus, ANOVAs were performed
separately for the four sound frequency conditions using the factor stimulus type. The results
showed that occipital electrodes had a significant main effect of stimulus type (AV and A+V)
for auditory stimuli of 0.5 kHz in 190–210 ms [F(1, 13) = 7.720, p = 0.016], 1 kHz in 170–200
ms [F(1, 13) = 11.845, p = 0.004], 2.5 kHz in 140–200 ms [F(1, 13) = 11.574, p = 0.005], and
100–200 ms [F(1, 13) = 14.450, p = 0.002]. Moreover, the topographies also show this integra-
tion effect in Fig 5. Furthermore, Fig 5 (right side) shows the ERPs to AV and (A+V) wave-
forms at Oz in four conditions. This finding is of particular interest because it shows that the
effects of higher frequency auditory stimuli on audiovisual integration processes can occur ear-
lier in time.

Audiovisual integration for 300 to 340 ms. For auditory stimuli of 0.5 kHz, an ANOVA
using the factors stimulus type (AV and A+V) and ROI (frontal, fronto-central, central and

Table 1. Behavioral mean data over all participants in the experiment.

Stimulus types Reaction time (ms) Hit rate (%) False alarm rate (%) Perceptual sensitivity (d’) Response criterion (c)

V 521 (14.6) 82.6 (3.7) 0.36 (0.11) 3.66 (0.15) 0.81 (0.08)

A0.5V 506 (13.3) 85.6 (3.1) 0.61 (0.18) 3.67 (0.16) 0.70 (0.07)

A1V 505 (12.5) 84.0 (3.7) 0.43 (0.13) 3.69 (0.13) 0.75 (0.08)

A2.5V 501 (14.5) 85.8 (2.9) 0.38 (0.19) 3.83 (0.14) 0.78 (0.07)

A5V 502 (13.0) 84.1 (2.8) 0.33 (0.11) 3.71 (0.11) 0.81 (0.07)

Standard error of the mean (SEM) is given in parentheses. A0.5V, A1V, A2.5V, A5V: auditory stimulus of bimodal audiovisual stimuli was 0.5, 1, 2.5, 5 kHz,

respectively; V: unimodal visual stimuli.

doi:10.1371/journal.pone.0138296.t001

Fig 3. Waveforms of unimodal stimuli.Unimodal visual (A) and auditory stimuli (B). 0.5, 1, 2.5, 5:
frequency of unimodal auditory stimuli is 0.5, 1, 2.5, 5 kHz, respectively.

doi:10.1371/journal.pone.0138296.g003
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occipital) revealed a significant interaction between the two factors [F(3, 39) = 13.914,
p = 0.001]. Follow-up ANOVAs were measured separately for the different ROIs using the fac-
tor stimulus type. These ANOVAs showed significant main effects of stimulus type for 0.5 kHz
at the frontal [F(1, 13) = 20.628, p = 0.001], fronto-central [F(1, 13) = 18.642, p = 0.001] and
central areas [F(1, 13) = 16.099, p = 0.001]. The amplitudes of the frontal, fronto-central, and
central sites were more negative in AV (mean potential: -0.07 μV, -0.16 μV, -0.21 μV, respec-
tively) compared with (A+V) (mean amplitude: 0.89 μV, 0.97 μV, 1.02 μV, respectively) (Fig
6A). Furthermore, the topographies of [AV-(A+V)] also showed differences at the frontal,
fronto-central, and central areas due to smaller amplitudes in AV than in (A+V) (Fig 6A).

When the frequency of the auditory stimulus was 1 kHz, a significant interaction was found
between stimulus type and ROI [F(3, 39) = 10.913, p = 0.002]. ANOVAs were implemented
separately for ROIs. Significant main effects of stimulus type were revealed at the frontal
[F(1, 13) = 10.321, p = 0.007], fronto-central [F(1, 13) = 14.584, p = 0.002] and central area
[F(1, 13) = 14.137, p = 0.002]. As shown in Fig 6B, the amplitudes were smaller in AV than
(A+V) [AV—(A+V): -0.8 μV, -0.99 μV and -1.08 μV]. Furthermore, topographies of brain
activity are also shown in Fig 6B.

Fig 4. Statistical significance of audiovisual integration. The effects from point-wise running t-tests
comparing AV to (A+V) for all participants when sound frequency is 0.5 kHz (A), 1 kHz (B), 2.5 kHz (C), 5 kHz
(D), respectively. Time is plotted on the x-axis from 0 ms to 400 ms. Electrodes are plotted on the y-axis.
Within a section the electrodes are arranged from the left lateral to the right lateral sites. Red points are the
earliest start time of integration. Pink shades: integration effects at the late stage. F, frontal; F-C, fronto-
central; C, central; C-P, centro-parietal; P, parietal; O, occipital.

doi:10.1371/journal.pone.0138296.g004

Fig 5. Topography of the significant spatio-temporal patterns of integration in the occipital area. The time of onset of audiovisual integration was
different when auditory stimuli were presented in the four conditions (A) 0.5 kHz, (B) 1 kHz, (C) 2.5 kHz, (D) 5 kHz. Right sides: Event-related potential of the
sum of the unimodal stimuli (A+V) and bimodal (AV) stimuli at a subset of electrodes are shown from 100 ms before the stimulus to 400 ms after. The shade
areas indicate the time periods when the bimodal response significantly differs from the sum of the unimodal responses (p < 0.05).

doi:10.1371/journal.pone.0138296.g005
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The integration effect was analyzed using similar ANOVAs on ROI for 2.5 kHz auditory sti-
muli. These analyses yielded a significant interaction between stimulus type and ROI at 300–
340 ms [F(3, 39) = 13.035, p = 0.001]. Then, ANOVAs were measured separately for the ROIs
using the factor stimulus type. Analysis of these amplitudes showed a main effect of stimulus
type at the fronto-central [F(1, 13) = 8.184, p = 0.013] and central area [F(1, 13) = 18.383,
p = 0.001]. Fig 6B illustrates this effect, in which the amplitudes at both fronto-central and cen-
tral electrodes were smaller in AV (0.27 μV, 0.18 μV) than (A+V) (1.04 μV, 1.19 μV). In addi-
tion, the topographies of the integration effect appeared at fronto-central and central areas (Fig
6C). In contrast to lower frequency sound, the ANOVAs for 5 kHz sound did not reveal any
significant effects for 300–340 ms post-stimulus onset (Fig 6D).

Discussion
Our study clearly showed that sound frequency affects audiovisual integrative processing in
evoked brain activity. For audiovisual integration at the early stage (100–210 ms), it was
observed that integration effects over the occipital area occurred earlier when the sound fre-
quency was higher. For approximately 300–340 ms, an obvious pattern of integration effects
was visible at the fronto-central area for lower sound frequencies (0.5, 1 and 2.5 kHz); however,
for higher frequency sound (5 kHz), a similar pattern of integration effects was absent at 300–
340 ms post-stimulus.

Fig 6. Topography of the different significant spatio-temporal patterns of integration in the frontal and
central areas. An obvious pattern of integration effects was visible at 300–340 ms for sound frequencies of
(A) 0.5 kHz, (B) 1 kHz and (C) 2.5 kHz at fronto-central and central areas; (D) No similar pattern of integration
effects was observed for 5 kHz sound frequency at approximately 300–340 ms.

doi:10.1371/journal.pone.0138296.g006
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Integration at the early stage
The novel finding of this study is that integration effects occur earlier with increasing sound
frequency, as early as 100 ms after stimulus onset (Figs 4 and 5). This phenomenon may be
related to the pitch encoding of pure tones. Although the neural code for the pitch of pure
tones is still a matter of debate, two theories about pitch encoding have been postulated [35,
36]. The first is the place code theory, which is based on the site of maximum excitation of the
cochlea. The cochlea is a spiral-shaped tube filled with fluid, making 2.5 turns around its axis
in humans [37]. The higher sound frequencies are processed at the base, and the lower sound
frequencies are processed at the apex, which means that sensory cells are arranged successively
from high to low frequencies along the entire length of the cochlea [38, 39]. The second is the
temporal theory, which is based on the periodicity in the temporal firing patterns of auditory
neurons, or phase-locking. The initial temporal pitch code in the auditory periphery is con-
verted to a code that is based on neural firing rate in the brainstem [40]. Other researchers
have suggested that place and temporal information may be combined to form a spatio-tempo-
ral code for pitch [41–43]. In addition, previous studies have found that the time lags between
auditory and visual stimuli affect integration [44, 45]. Temporal importance was also con-
firmed in several studies about multisensory integration, which found that the respond time
tends to be shorter when auditory stimuli were presented in close temporal and spatial proxim-
ity [46, 47]. These findings suggest that visual and auditory signals may be integrated or pro-
cessed faster if the visual and auditory stimuli occurred closer in time. Thus, the process of
pitch encoding may be one of the possible reasons for our observations, wherein visual stimuli
that were presented with higher frequency sound elicited earlier audiovisual integration, and
integration gradually occurred later as sound frequency decreased.

Another possible reason might be related to the loudness of the stimulus. Higher frequency
sounds (5 kHz) tend to be perceived as louder than lower frequency sounds, without normali-
zation [48, 49]. Some auditory neuroimaging studies found that the perceived loudness of audi-
tory stimuli increased with increasing BOLD signal strength in the auditory cortex; higher
BOLD signal strength is correlated with faster processing of auditory stimuli [50, 51], resulting
in earlier audiovisual integration. However, in the present study, only present frequencies rang-
ing from 0.5 to 5 kHz; thus, our study does not allow us to draw conclusions about how high a
sound frequency is needed to evoke an early integration effect. Further electrophysiological
studies are needed to elucidate the neural mechanisms of integration under more detailed
sound frequency conditions.

In the present study, integrations at the early stage occurred in the occipital area (Fig 5).
Some functional magnetic resonance imaging (fMRI) and EEG studies have shown that audio-
visual integration can occur not only in established multisensory integration regions of the
brain but also in regions that were traditionally considered sensory specific (e.g., visual cortex)
[52–54]. Moreover, direct anatomical connections between the superior temporal (auditory
processing) and occipital regions (visual processing) in animals [55] and humans [56] have
been confirmed that may play an important role in audiovisual integration. Thus, in the cur-
rent study, audiovisual integration was elicited in the occipital area, which is in agreement with
the findings obtained from a previous study [28].

Integration at the late stage (300 to 340 ms)
Major integration was found in the 300–340 ms interval in the fronto-central area for lower fre-
quency sound (0.5, 1 and 2.5 kHz) (Figs 4 and 6). Previous ERP studies investigated audiovisual
integration in visual attention while ignoring auditory stimuli of 1.6 kHz [57, 58]. In line with
our results, the authors reported that audiovisual integrations occurred over fronto-central
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scalp regions. In addition, in auditory ERP studies, fronto-central scalp topography is related
to auditory attention. Attended auditory stimuli elicited an enhanced positivity component
over fronto-central sites [59]. Furthermore, a source localization technique confirmed the neu-
ral generators of brain activity elicited by auditory attention were existed in the auditory cortex
[60]. Accordingly, the frontal/fronto-central distribution of audiovisual integration might be
due to attention to the auditory signal. However, in the current study, the participants were
asked to ignore the auditory stimuli. What could cause this phenomenon? In particular, Busse
et al (2005) investigated the effect of attention to visual stimuli on task-irrelevant auditory sti-
muli based on a visual discrimination task. The results showed that unattended sounds with
visual stimuli could also cause brain activity, which was larger when simultaneously presented
visual stimuli were attended versus unattended. Their ERP results revealed that the attention-
related difference was over the frontal and fronto-central scalp regions. Moreover, fMRI results
also confirmed the specific facilitation effect of activity in the auditory cortex, indicating that
this effect was produced by an unattended sound signal [61]. Therefore, these findings indi-
cated that attention to visual stimuli spreads to auditory stimuli, resulting in enhanced activity
in the auditory cortex [61]. Donohue et al (2011) further confirmed that attention, which
spread from the visual to the auditory modality when the stimuli were simultaneous, affects
brain activity at fronto-central areas and that this effect occurs in a relatively later stage (200–
700 ms) [62]. These findings suggest that brain activity elicited by an auditory signal at a late
latency might be due to the auditory signal getting attention from attended visual stimuli. Our
results are analogous to findings obtained from previous studies, in which the facilitation effect
occurred relatively later over fronto-central areas.

By comparing the characteristic of sound, we found that the lower frequency sound used in
this study was similar in frequency to the sound used in previous studies. In our study, the
unattended lower frequency sound signals were 0.5, 1 and 2.5 kHz, respectively, whereas a tone
of 1.2 kHz was used in previous studies [61, 62]. Therefore, audiovisual integration at the late
stage might have occurred due to unattended auditory stimuli of lower frequencies obtaining
attention from attended visual stimuli, owing to spreading attention required timing. However,
when higher sound frequencies were presented, the human brain might have processed the sig-
nals faster. Thus, it is possible that audiovisual integration was completed early when the audi-
tory stimulus was 5 kHz. In other words, the audiovisual integration that occurs during the
early and late stages may overlap, and leading to more efficient effect even though the facilita-
tive effects were smaller for 5 kHz.

Conclusions
We showed that sound frequency can modulate audiovisual integration. We found that inte-
gration effects occurred earlier when sound frequency was higher. The earliest integration
effects began at 100 ms after stimulus onset in the occipital area when task-irrelevant auditory
stimuli were 5 kHz, suggesting that a higher frequency sound signal paired with a visual stimu-
lus might be processed or integrated early. Furthermore, integration effects at longer latencies
were observed in widespread scalp regions involving frontal, fronto-central and central areas in
the lower frequency auditory stimuli conditions, indicating that the attended visual signal
spread attention to unattended lower frequency auditory stimuli, apparently reflecting late
enhanced processing of auditory information. Our results provide compelling evidence for
audiovisual integration between visual and auditory channels in different sound frequency con-
ditions. We believe that our findings are likely to be a useful reference for further studies that
investigate how the integration mechanism is affected by stimulus features.

Sound Frequency Affects Audiovisual Integration

PLOS ONE | DOI:10.1371/journal.pone.0138296 September 18, 2015 11 / 15



Supporting Information
S1 Fig. The waveform of AV and (A+V) from -100 ms to 700 ms in the frontal-central areas
for 5 kHz.
(TIF)

S1 File. The hearing test results of all the participants.
(XLS)

S2 File. Raw data of 1–7 participants.
(ZIP)

S3 File. Raw data of 8–14 participants.
(ZIP)

Acknowledgments
The authors would like to thank the individuals who participated in our study.

Author Contributions
Conceived and designed the experiments: WY JY YG JW. Performed the experiments: WY YG.
Analyzed the data: WY JY XT YR. Contributed reagents/materials/analysis tools: JW. Wrote
the paper: WY JY JW ST.

References
1. Molholm S, Ritter W, Murray MM, Javitt DC, Schroeder CE, Foxe JJ. Multisensory auditory–visual inter-

actions during early sensory processing in humans: a high-density electrical mapping study. Cognitive
Brain Research. 2002; 14(1):115–28. PMID: 12063135

2. Teder-Sälejärvi WA, McDonald JJ, Di Russo F, Hillyard SA. An analysis of audio-visual crossmodal
integration by means of event-related potential (ERP) recordings. Cognitive Brain Research. 2002; 14
(1):106–14. PMID: 12063134

3. Wu J, YangW, Gao Y, Kimura T. Age-relatedmultisensory integration elicited by peripherally presented
audiovisual stimuli. NeuroReport. 2012; 23(10):616–20. doi: 10.1097/WNR.0b013e3283552b0f PMID:
22643234

4. Lippert M, Logothetis NK, Kayser C. Improvement of visual contrast detection by a simultaneous
sound. Brain Research. 2007; 1173(0):102–9. PMID: 17765208

5. YangW, Li Q, Ochi T, Yang J, Gao Y, Tang X, et al. Effects of auditory stimuli in the horizontal plane on
audiovisual integration: an event-related potential study. PloS one. 2013; 8(6):e66402. doi: 10.1371/
journal.pone.0066402 PMID: 23799097

6. Pérez-Bellido A, Soto-Faraco S, López-Moliner J. Sound-driven enhancement of vision: disentangling
detection-level from decision-level contributions. Journal of Neurophysiology. 2013; 109(4):1065–77.
doi: 10.1152/jn.00226.2012 PMID: 23221404

7. Senkowski D, Saint-Amour D, Höfle M, Foxe JJ. Multisensory interactions in early evoked brain activity
follow the principle of inverse effectiveness. NeuroImage. 2011; 56(4):2200–8. doi: 10.1016/j.
neuroimage.2011.03.075 PMID: 21497200

8. Noesselt T, Tyll S, Boehler CN, Budinger E, Heinze H-J, Driver J. Sound-Induced Enhancement of
Low-Intensity Vision: Multisensory Influences on Human Sensory-Specific Cortices and Thalamic Bod-
ies Relate to Perceptual Enhancement of Visual Detection Sensitivity. The Journal of Neuroscience.
2010; 30(41):13609–23. doi: 10.1523/JNEUROSCI.4524-09.2010 PMID: 20943902

9. Rach S, Diederich A, Colonius H. On quantifying multisensory interaction effects in reaction time and
detection rate. Psychological research. 2011; 75(2):77–94. doi: 10.1007/s00426-010-0289-0 PMID:
20512352

10. Corneil BD, VanWanrooij M, Munoz DP, Van Opstal AJ. Auditory-Visual Interactions Subserving Goal-
Directed Saccades in a Complex Scene. Journal of Neurophysiology. 2002; 88(1):438–54. PMID:
12091566

Sound Frequency Affects Audiovisual Integration

PLOS ONE | DOI:10.1371/journal.pone.0138296 September 18, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138296.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138296.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138296.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138296.s004
http://www.ncbi.nlm.nih.gov/pubmed/12063135
http://www.ncbi.nlm.nih.gov/pubmed/12063134
http://dx.doi.org/10.1097/WNR.0b013e3283552b0f
http://www.ncbi.nlm.nih.gov/pubmed/22643234
http://www.ncbi.nlm.nih.gov/pubmed/17765208
http://dx.doi.org/10.1371/journal.pone.0066402
http://dx.doi.org/10.1371/journal.pone.0066402
http://www.ncbi.nlm.nih.gov/pubmed/23799097
http://dx.doi.org/10.1152/jn.00226.2012
http://www.ncbi.nlm.nih.gov/pubmed/23221404
http://dx.doi.org/10.1016/j.neuroimage.2011.03.075
http://dx.doi.org/10.1016/j.neuroimage.2011.03.075
http://www.ncbi.nlm.nih.gov/pubmed/21497200
http://dx.doi.org/10.1523/JNEUROSCI.4524-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20943902
http://dx.doi.org/10.1007/s00426-010-0289-0
http://www.ncbi.nlm.nih.gov/pubmed/20512352
http://www.ncbi.nlm.nih.gov/pubmed/12091566


11. Da Costa S, van der ZwaagW, Miller LM, Clarke S, Saenz M. Tuning In to Sound: Frequency-Selective
Attentional Filter in Human Primary Auditory Cortex. The Journal of Neuroscience. 2013; 33(5):1858–
63. doi: 10.1523/JNEUROSCI.4405-12.2013 PMID: 23365225

12. Moore BCJ. An introduction to the psychology of hearing. Fifth edition. Brill Academic Publishers.
2012.

13. Pickles JO. An introduction to the physiology of hearing. Fourth edition. Brill Academic
Publishers.2012.

14. Bendor D, Wang X. The neuronal representation of pitch in primate auditory cortex. Nature. 2005; 436
(7054):1161–5. PMID: 16121182

15. Weisz N, Wienbruch C, Hoffmeister S, Elbert T. Tonotopic organization of the human auditory cortex
probed with frequency-modulated tones. Hearing Research. 2004; 191(1–2):49–58. PMID: 15109704

16. Wienbruch C, Paul I, Weisz N, Elbert T, Roberts LE. Frequency organization of the 40-Hz auditory
steady-state response in normal hearing and in tinnitus. NeuroImage. 2006; 33(1):180–94. PMID:
16901722

17. Tervaniemi M, Just V, Koelsch S, Widmann A, Schröger E. Pitch discrimination accuracy in musicians
vs nonmusicians: an event-related potential and behavioral study. Experimental Brain Research. 2005;
161(1):1–10. PMID: 15551089

18. Pratt H, Starr A, Michalewski HJ, Dimitrijevic A, Bleich N, Mittelman N. Auditory-evoked potentials to
frequency increase and decrease of high- and low-frequency tones. Clinical Neurophysiology. 2009;
120(2):360–73. doi: 10.1016/j.clinph.2008.10.158 PMID: 19070543

19. Polich J, Howard L, Starr A. Stimulus frequency and masking as determinants of P300 latency in event-
related potentials from auditory stimuli. Biological Psychology. 1985; 21(4):309–18. PMID: 4096911

20. Vroomen J, Gelder Bd. Sound enhances visual perception: cross-modal effects of auditory organization
on vision. Journal of experimental psychology: Human perception and performance. 2000; 26(5):1583.
PMID: 11039486

21. Robinson D, Dadson R. Threshold of Hearing and Equal‐Loudness Relations for Pure Tones, and the
Loudness Function. The Journal of the Acoustical Society of America. 1957; 29:1284.

22. Molino JA. Pure-tone equal-loudness contours for standard tones of different frequencies. Perception &
Psychophysics. 1973; 14(1):1–4.

23. Giard MH, Peronnet F. Auditory-visual integration during multimodal object recognition in humans: a
behavioral and electrophysiological study. Journal of cognitive neuroscience. 1999; 11(5):473–90.
PMID: 10511637

24. Stanislaw H, Todorov N. Calculation of signal detection theory measures. Behavior research methods,
instruments, & computers. 1999; 31(1):137–49.

25. Macmillan NA. Signal detection theory as data analysis method and psychological decision model. A
handbook for data analysis in the behavioral sciences: Methodological issues. 1993:21–57.

26. Barth DS, Goldberg N, Brett B, Di S. The spatiotemporal organization of auditory, visual, and auditory-
visual evoked potentials in rat cortex. Brain Research. 1995; 678(1–2):177–90. PMID: 7620886

27. Rugg MD, Doyle MC, Wells T. Word and Nonword Repetition Within- and Across-Modality: An Event-
Related Potential Study. Journal of Cognitive Neuroscience. 1995; 7:209–27 doi: 10.1162/jocn.1995.7.
2.209 PMID: 23961825

28. Giard MH, Peronnet F. Auditory-Visual Integration during Multimodal Object Recognition in Humans: A
Behavioral and Electrophysiological Study. Journal of Cognitive Neuroscience. 1999; 11(5):473–90.
PMID: 10511637

29. Teder-Sälejärvi WA, Russo FD, McDonald JJ, Hillyard SA. Effects of Spatial Congruity on Audio-Visual
Multimodal Integration. Journal of Cognitive Neuroscience. 2005; 17(9):1396–409. PMID: 16197693

30. Molholm S, Sehatpour P, Mehta AD, Shpaner M, Gomez-Ramirez M, Ortigue S, et al. Audio-visual mul-
tisensory integration in superior parietal lobule revealed by human intracranial recordings. J Neurophy-
siol. 2006; 96(2):721–9. PMID: 16687619

31. VanWassenhove V, Grant KW, Poeppel D. Visual speech speeds up the neural processing of auditory
speech. Proceedings of the National Academy of Sciences of the United States of America. 2005; 102
(4):1181–6. PMID: 15647358

32. Guthrie D, Buchwald JS. Significance testing of difference potentials. Psychophysiology. 1991; 28
(2):240–4. PMID: 1946890

33. Brandwein AB, Foxe JJ, Russo NN, Altschuler TS, Gomes H, Molholm S. The Development of Audiovi-
sual Multisensory Integration Across Childhood and Early Adolescence: A High-Density Electrical Map-
ping Study. Cerebral Cortex. 2011; 21(5):1042–55. doi: 10.1093/cercor/bhq170 PMID: 20847153

Sound Frequency Affects Audiovisual Integration

PLOS ONE | DOI:10.1371/journal.pone.0138296 September 18, 2015 13 / 15

http://dx.doi.org/10.1523/JNEUROSCI.4405-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23365225
http://www.ncbi.nlm.nih.gov/pubmed/16121182
http://www.ncbi.nlm.nih.gov/pubmed/15109704
http://www.ncbi.nlm.nih.gov/pubmed/16901722
http://www.ncbi.nlm.nih.gov/pubmed/15551089
http://dx.doi.org/10.1016/j.clinph.2008.10.158
http://www.ncbi.nlm.nih.gov/pubmed/19070543
http://www.ncbi.nlm.nih.gov/pubmed/4096911
http://www.ncbi.nlm.nih.gov/pubmed/11039486
http://www.ncbi.nlm.nih.gov/pubmed/10511637
http://www.ncbi.nlm.nih.gov/pubmed/7620886
http://dx.doi.org/10.1162/jocn.1995.7.2.209
http://dx.doi.org/10.1162/jocn.1995.7.2.209
http://www.ncbi.nlm.nih.gov/pubmed/23961825
http://www.ncbi.nlm.nih.gov/pubmed/10511637
http://www.ncbi.nlm.nih.gov/pubmed/16197693
http://www.ncbi.nlm.nih.gov/pubmed/16687619
http://www.ncbi.nlm.nih.gov/pubmed/15647358
http://www.ncbi.nlm.nih.gov/pubmed/1946890
http://dx.doi.org/10.1093/cercor/bhq170
http://www.ncbi.nlm.nih.gov/pubmed/20847153


34. Butler JS, Foxe JJ, Fiebelkorn IC, Mercier MR, Molholm S. Multisensory Representation of Frequency
across Audition and Touch: High Density Electrical Mapping Reveals Early Sensory-Perceptual Cou-
pling. The Journal of Neuroscience. 2012; 32(44):15338–44. doi: 10.1523/JNEUROSCI.1796-12.2012
PMID: 23115172

35. Cariani PA, Delgutte B. Neural correlates of the pitch of complex tones. I. Pitch and pitch salience.1996;
76(76):1698–1716.

36. Chatterjee M, Zwislocki JJ. Cochlear mechanisms of frequency and intensity coding. I. The place code
for pitch. Hearing Research. 1997; 111(1–2):65–75. PMID: 9307312

37. Rask-Andersen H, Liu W, Erixon E, Kinnefors A, Pfaller K, Schrott‐Fischer A, et al. Human cochlea:
Anatomical characteristics and their relevance for cochlear implantation. The Anatomical Record.
2012; 295(11):1791–811. doi: 10.1002/ar.22599 PMID: 23044521

38. Burda H, Ballast L, Bruns V. Cochlea in old world mice and rats (Muridae). Journal of Morphology.
1988; 198(3):269–85. PMID: 3221404

39. Müller M. Frequency representation in the rat cochlea. Hearing research. 1991; 51(2):247–54. PMID:
2032960

40. Plack CJ, Barker D, Hall DA. Pitch coding and pitch processing in the human brain. Hearing Research.
2014; 307:53–64. doi: 10.1016/j.heares.2013.07.020 PMID: 23938209

41. Loeb G, White M, Merzenich M. Spatial cross-correlation. Biol Cybern. 1983; 47(3):149–63. PMID:
6615914

42. Bernstein JGW, Oxenham AJ. An autocorrelation model with place dependence to account for the
effect of harmonic number on fundamental frequency discrimination. The Journal of the Acoustical
Society of America. 2005; 117(6):3816–31. PMID: 16018484

43. Andrew J. Oxenham JGWB, and Penagos Hector. Correct tonotopic representation is necessary for
complex pitch perception. Proc Natl Acad Sci. 2004; 101(5):1421–5. PMID: 14718671

44. Miller J. Timecourse of coactivation in bimodal divided attention. Perception & Psychophysics. 1986;
40(5):331–43.

45. Berryhill M, Kveraga K, Webb L, Hughes H. Multimodal access to verbal name codes. Perception &
Psychophysics. 2007; 69(4):628–40.

46. Lewald J, Guski R. Cross-modal perceptual integration of spatially and temporally disparate auditory
and visual stimuli. Cognitive Brain Research. 2003; 16(3):468–78. PMID: 12706226

47. Colonius H, Diederich A, Steenken R. Time-Window-of-Integration (TWIN) Model for Saccadic Reac-
tion Time: Effect of Auditory Masker Level on Visual–Auditory Spatial Interaction in Elevation. Brain
Topography. 2009; 21(3–4):177–84. doi: 10.1007/s10548-009-0091-8 PMID: 19337824

48. Rohl M, Kollmeier B, Uppenkamp S. Spectral loudness summation takes place in the primary auditory
cortex. Human brain mapping. 2011; 32(9):1483–96. doi: 10.1002/hbm.21123 PMID: 20814962

49. Yost WA, Schlauch RS. Fundamentals of Hearing: An Introduction (4th edition). The Journal of the
Acoustical Society of America. 2001; 110(4):1713–4.

50. Rohl M, Uppenkamp S. Neural coding of sound intensity and loudness in the human auditory system.
Journal of the Association for Research in Otolaryngology: JARO. 2012; 13(3):369–79. doi: 10.1007/
s10162-012-0315-6 PMID: 22354617

51. Uppenkamp S, Rohl M. Human auditory neuroimaging of intensity and loudness. Hear Res. 2014;
307:65–73. doi: 10.1016/j.heares.2013.08.005 PMID: 23973563

52. Ghazanfar AA, Schroeder CE. Is neocortex essentially multisensory? Trends in Cognitive Sciences.
2006; 10(6):278–85. PMID: 16713325

53. Driver J, Noesselt T. Multisensory Interplay Reveals Crossmodal Influences on ‘Sensory-Specific’
Brain Regions, Neural Responses, and Judgments. Neuron. 2008; 57(1):11–23. doi: 10.1016/j.neuron.
2007.12.013 PMID: 18184561

54. Macaluso E. Multisensory processing in sensory-specific cortical areas. The neuroscientist. 2006; 12
(4):327–38. PMID: 16840709

55. Falchier A, Clavagnier S, Barone P, Kennedy H. Anatomical evidence of multimodal integration in pri-
mate striate cortex. The Journal of Neuroscience. 2002; 22(13):5749–59. PMID: 12097528

56. Eckert MA, Kamdar NV, Chang CE, Beckmann CF, Greicius MD, Menon V. A cross‐modal system link-
ing primary auditory and visual cortices: Evidence from intrinsic fMRI connectivity analysis. Human
brain mapping. 2008; 29(7):848–57. doi: 10.1002/hbm.20560 PMID: 18412133

57. Wu J, Li Q, Bai O, Touge T. Multisensory interactions elicited by audiovisual stimuli presented peripher-
ally in a visual attention task: a behavioral and event-related potential study in humans. Journal of Clini-
cal Neurophysiology. 2009; 26(6):407–13. doi: 10.1097/WNP.0b013e3181c298b1 PMID: 19952565

Sound Frequency Affects Audiovisual Integration

PLOS ONE | DOI:10.1371/journal.pone.0138296 September 18, 2015 14 / 15

http://dx.doi.org/10.1523/JNEUROSCI.1796-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23115172
http://www.ncbi.nlm.nih.gov/pubmed/9307312
http://dx.doi.org/10.1002/ar.22599
http://www.ncbi.nlm.nih.gov/pubmed/23044521
http://www.ncbi.nlm.nih.gov/pubmed/3221404
http://www.ncbi.nlm.nih.gov/pubmed/2032960
http://dx.doi.org/10.1016/j.heares.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23938209
http://www.ncbi.nlm.nih.gov/pubmed/6615914
http://www.ncbi.nlm.nih.gov/pubmed/16018484
http://www.ncbi.nlm.nih.gov/pubmed/14718671
http://www.ncbi.nlm.nih.gov/pubmed/12706226
http://dx.doi.org/10.1007/s10548-009-0091-8
http://www.ncbi.nlm.nih.gov/pubmed/19337824
http://dx.doi.org/10.1002/hbm.21123
http://www.ncbi.nlm.nih.gov/pubmed/20814962
http://dx.doi.org/10.1007/s10162-012-0315-6
http://dx.doi.org/10.1007/s10162-012-0315-6
http://www.ncbi.nlm.nih.gov/pubmed/22354617
http://dx.doi.org/10.1016/j.heares.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/23973563
http://www.ncbi.nlm.nih.gov/pubmed/16713325
http://dx.doi.org/10.1016/j.neuron.2007.12.013
http://dx.doi.org/10.1016/j.neuron.2007.12.013
http://www.ncbi.nlm.nih.gov/pubmed/18184561
http://www.ncbi.nlm.nih.gov/pubmed/16840709
http://www.ncbi.nlm.nih.gov/pubmed/12097528
http://dx.doi.org/10.1002/hbm.20560
http://www.ncbi.nlm.nih.gov/pubmed/18412133
http://dx.doi.org/10.1097/WNP.0b013e3181c298b1
http://www.ncbi.nlm.nih.gov/pubmed/19952565


58. Talsma D, Doty TJ, Woldorff MG. Selective Attention and Audiovisual Integration: Is Attending to Both
Modalities a Prerequisite for Early Integration? Cerebral Cortex. 2007; 17(3):679–90. PMID: 16707740

59. Woldorff MG, Hillyard SA. Modulation of early auditory processing during selective listening to rapidly
presented tones. Electroencephalography and clinical neurophysiology. 1991; 79(3):170–91. PMID:
1714809

60. Woldorff MG, Gallen CC, Hampson SA, Hillyard SA, Pantev C, Sobel D, et al. Modulation of early sen-
sory processing in human auditory cortex during auditory selective attention. Proceedings of the
National Academy of Sciences. 1993; 90(18):8722–6.

61. Busse L, Roberts KC, Crist RE, Weissman DH, Woldorff MG. The spread of attention across modalities
and space in a multisensory object. Proc Natl Acad Sci U S A. 2005; 102(51):18751–6. PMID:
16339900

62. Donohue SE, Roberts KC, Grent-'t-Jong T, Woldorff MG. The cross-modal spread of attention reveals
differential constraints for the temporal and spatial linking of visual and auditory stimulus events. J Neu-
rosci. 2011; 31(22):7982–90. doi: 10.1523/JNEUROSCI.5298-10.2011 PMID: 21632920

Sound Frequency Affects Audiovisual Integration

PLOS ONE | DOI:10.1371/journal.pone.0138296 September 18, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16707740
http://www.ncbi.nlm.nih.gov/pubmed/1714809
http://www.ncbi.nlm.nih.gov/pubmed/16339900
http://dx.doi.org/10.1523/JNEUROSCI.5298-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21632920

