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Semantic audiovisual stimuli have a facilitatory effect on behavioral performance and
influence the integration of multisensory inputs across sensory modalities. Many
neuroimaging and electrophysiological studies investigated the neural mechanisms of
multisensory semantic processing and reported that attention modulates the response
to multisensory semantic inputs. In the present study, we designed an functional
magnetic resonance imaging (fMRI) experiment of semantic discrimination using the
unimodal auditory, unimodal visual and bimodal audiovisual stimuli with semantic
information. By manipulating the stimuli present on attended and unattended position,
we recorded the task-related fMRI data corresponding to the unimodal auditory,
unimodal visual and bimodal audiovisual stimuli in attended and unattended conditions.
We also recorded the fMRI data in resting state. Then the fMRI method was used
together with a graph theoretical analysis to construct the functional brain networks
in task-related and resting states and quantitatively characterize the topological
network properties. The aim of our present study is to explore the characteristics of
functional brain networks that process semantic audiovisual stimuli in attended and
unattended conditions, revealing the neural mechanism of multisensory processing and
the modulation of attention. The behavioral results showed that the audiovisual stimulus
presented simultaneously promoted the performance of semantic discrimination task.
And the analyses of network properties showed that compared with the resting-state
condition, the functional networks of processing semantic audiovisual stimuli (both in
attended and unattended conditions) had greater small-worldness, global efficiency, and
lower clustering coefficient, characteristic path length, global efficiency and hierarchy.
In addition, the hubs were concentrated in the bilateral temporal lobes, especially in
the anterior temporal lobes (ATLs), which were positively correlated to reaction time
(RT). Moreover, attention significantly altered the degree of small-worldness and the
distribution of hubs in the functional network for processing semantic audiovisual
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stimuli. Our findings suggest that the topological structure of the functional brain
network for processing semantic audiovisual stimulus is modulated by attention, and
has the characteristics of high efficiency and low wiring cost, which maintains an
optimized balance between functional segregation and integration for multisensory
processing efficiently.

Keywords: semantics, audiovisual stimulus, functional magnetic resonance imaging, functional connectivity,
brain network, graph theory

INTRODUCTION

Successful human communication critically depends on efficient
semantic comprehension, which refers to a collection of
interactive cognitive mechanisms that support semantically
derived behaviors (Lambon Ralph, 2014). Many studies have
demonstrated that compared to unisensory stimulation,
semantic audiovisual pairings significantly promote behavioral
performances, resulting in faster reaction times (RTs) and higher
accuracy (Naghavi et al., 2011; Hu et al., 2012). A substantial
body of work has been done on the multisensory semantic
processing of audiovisual stimuli (Noesselt et al., 2010; Plank
et al., 2012; Ye et al., 2017). Neuroimaging studies have reported
that the bilateral superior temporal regions together with the
medial prefrontal cortex are strongly activated by semantic
speech simultaneously presented with lip movements (Ye et al.,
2017). The anterior temporal lobe (ATL) was also found to be
activated by semantically matched audiovisual stimuli (Lambon
Ralph et al., 2010, 2017; Jackson et al., 2015). Electrophysiological
studies revealed that event-related potentials for semantic
audiovisual stimuli differ from those for the sum of their
unisensory constituents at the late stage of 236–530 ms over
the frontal and parietal-occipital electrodes (Xie et al., 2017).
Moreover, the event-related potential components related
to semantic audiovisual stimuli in attended and unattended
conditions have different temporal and spatial distributions
(Donohue et al., 2011; Wang et al., 2016). These studies adopted
direct or indirect methods to measure cerebral responses to
semantic audiovisual stimuli to explore the neural mechanisms
that process the bimodal audiovisual stimuli with congruent
semantic information, as well as the effects of attention.

Owing to the recent development of connectomics, many
studies propose that brain functions are subserved by interactions
of large-scale distributed and parallel subnetworks (Catani et al.,
2007; de Benedictis and Duffau, 2011), in which the functional
connectivity among brain areas is the basis for recognition task
processing (Erika-Florence et al., 2014; Hampshire and Sharp,
2015). Cognitive and clinical neuroscience theories generally
suggest that the pattern of information processing between
neural regions should vary depending on the context or the
cognitive process being performed (Botvinick et al., 2001).
Thus, the topologies of network connections are specialized and
dynamically responsive to task demands (Elbich et al., 2019),
and they reflect the interaction patterns underlying information
processing in different cognitive tasks (Hampshire and Sharp,
2015; Spielberg et al., 2015). Similarly, functional connectivity
exists also in the resting state of the brain. The comparison

between the network architectures of the task and the resting state
showed that the brain’s functional network architecture during
task performance is shaped primarily by an intrinsic network
architecture which is also present at rest, and secondarily by
evoked task-general and task-specific network changes (Fox and
Raichle, 2007; Vincent et al., 2007; Cole et al., 2014). According
to the above, we can examine the characteristics of functional
brain networks processing bimodal audiovisual stimuli with
semantic information to explore the neural mechanisms of
multisensory processing.

The characteristics of functional brain networks can be
analyzed using an approach based on graph theory. This
approach has been previously applied to study network properties
in various cognitive tasks (Cao et al., 2013; Cole et al., 2013).
Based on graph theory, the human brain can be modeled as a
complex network represented graphically by a collection of nodes
and edges (Wang et al., 2010; Smith et al., 2013; van den Heuvel
and Sporns, 2013; Zuo and Xing, 2014). The nodes are achieved
by parceling the human brain into tens to hundreds of small
regions (Craddock et al., 2013), and connectivity measurements
are then calculated as the strength of the edges between the
nodes of this network (Fornito et al., 2013). The global and
local topological features of this network support the functional
segregation and integration of the brain for cognitive processes
(Deco et al., 2015). The analysis method combining functional
magnetic resonance imaging (fMRI) with graph theory (Smith
et al., 2013; van den Heuvel and Sporns, 2013; Zuo and Xing,
2014) has become recently a powerful tool to study the human
brain functions of segregation and integration, and it can provide
concise metrics representing the overall functional network
organization in response to contextual changes (Bullmore and
Sporns, 2009; Godwin et al., 2015).

In the present study, we designed an fMRI experiment
of semantic discrimination using the unimodal auditory,
unimodal visual and bimodal audiovisual stimuli with semantic
information. By manipulating the stimuli present on attended
and unattended position, we recorded the task-related fMRI
data corresponding to the unimodal auditory, unimodal visual
and bimodal audiovisual stimuli in attended and unattended
conditions. We also recorded the fMRI data in resting state. Then
the fMRI method was used together with a graph theoretical
analysis to construct the functional brain networks in task-related
and resting states and quantitatively characterize the topological
network properties. The global properties, local properties and
the correlation between nodal efficiency and RT were calculated
and analyzed. The aim of our present study is to explore the
characteristics of functional brain networks that process semantic
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audiovisual stimuli in attended and unattended conditions, and
provide new insights into the neural mechanisms of multisensory
semantic processing and the modulation of attention in the
human brain from a systemic perspective (Zhou et al., 2012;
Zuo et al., 2012; Horn et al., 2014).

MATERIALS AND METHODS

Participants
Eighteen healthy volunteers (9 females; age range: 21–27 years,
mean age: 24 years) participated in this fMRI study. All
subjects were right-handed, and had normal or corrected-to-
normal vision (wearing non-metallic glasses during fMRI scans),
and reported normal hearing. The Experimental protocol was
approved by the Ethics Committee of Changchun University
of Science and Technology. After receiving a full explanation
of the experimental purpose and the general attention of fMRI
scanning, participants gave written informed consent for all
experiments as per the protocol approved by the institutional
research review board.

Stimuli
The task utilized unimodal visual (V), unimodal auditory
(A), and bimodal audiovisual (AV) stimuli. Visual stimuli
were gray-scale pictures of the inanimate (e.g., bell, guitar,
car, and clock) or animate objects (e.g., cat, dog, cow, and
frog) from the international common Snodgrass-Vanderwart
white–black line graphic library and were processed using
AI illustrator software (Adobe Systems Inc., San Jose,
CA, United States). And auditory stimuli were the sounds
corresponding to the inanimate or animate objects obtained
from the Internet and were processed using Cool Edit Pro 2.1
software (Adobe Systems Inc., San Jose, CA, United States).
Stimulus presentation was controlled by a personal computer
running Presentation 0.71 software (Neurobehavioral Systems
Inc., Albany, CA, United States).

To ensure that the participants focused on the stimuli during
the experiment, the stimuli should be presented for as short
a time as possible. At the same time, in order to enable the
participants to obtain semantic information to discriminate the
category (inanimate or animate objects), the stimuli should
be presented long enough. Prior to the formal experiment,
the appropriate presentation time for pictures and sounds
was examined in a behavioral pre-experiment, in which the
pictures and sounds were designed to presented for 200, 300,
and 400 ms. The participants were required to discriminate
the stimuli to be inanimate or animate objects. A minimum
presentation time with an across-subject accuracy of above
80% was selected. As a result, the pictures and sounds were
determined to be presented 300 and 400 ms, respectively. The
visual stimuli (6.0 cm × 4.8 cm, subtending a visual angle of
approximately 4.3◦, 300 ms duration) were projected onto a
screen placed behind the head of the participants at the end
of the scanner bore, visible to participants by a mirror placed
within the MR head coil. A constant distance of 80 cm was
maintained between the eye and the projection screen. As shown

in Figure 1A, all the visual stimuli were presented on the
left or right side of the display, and the center of the visual
stimuli was at an angle of approximately 6◦ from a centrally
presented fixation point (a cross) located directly from the
participants’ eyes. While the auditory stimuli were presented
in the left or right ear through earphones (44 kHz sampling
rate, 400 ms duration, 10 ms rise and fall periods, approximate
80 dB). The interstimulus interval (ISI) varied randomly 2 s,
4 s, and 6 s (Figure 1B). And audiovisual stimuli were the
picture and sound that began to appear simultaneously on
the ipsilateral side. To appropriately increase the difficulty of
the task and maintain participants’ attention, both auditory
and visual components were added random noise, making
the stimuli presented in a degraded manner (Stevenson and
James, 2009; Werner and Noppeney, 2010). The visual stimuli
were degraded by weighted averaging the original pictures
with random noise images of the identical size. Similar to the
procedure for degrading visual stimuli, auditory stimuli were
a weighted average of the original sound with a random noise
sound of identical length.

Procedure
An event-related fMRI design was adopted to measure the
responses of the brain during a semantic discrimination
task. Before the formal experiment, each participant was
required to continue training for adapting to the experimental
environment and being familiar with the experimental
equipment. When accuracy rate reached 80%, the experimenter
was convinced that they understood the task. Eight sessions
need to be completed for each participant, and each session
consisted of 40 A stimuli, 40 V stimuli and 40 AV stimuli.
The frequencies of the inanimate and animate stimuli
were both 50% for each group of A, V, and AV stimuli.
There were six types of stimuli (2 (inanimate and animate
objects) × 3 (A, V, and AV)) presented with equal probability
on the left and right sides of the participant according to a
pseudorandom sequence.

During the experiment, participants were instructed to
minimize blinking and bodily movements to avoid movement
artifacts. As shown in Figure 1A, the participants were required
to fix their eyes on a centrally presented fixation point and
to attend to the visual stimuli on one side of the screen
and the auditory stimuli presented by the ipsilateral ear, while
ignoring the visual stimuli on the opposite side of the screen
and the auditory stimuli presented by the other ear. Participants
were required to attend to left side in four of eight sessions
(named as left-session), and to attend to right side in the
other four sessions (named as right-session). The two types
of sessions were conducted in an alternating fashion. The
task was to press left button when hearing or/and seeing the
animate stimuli and press right button when hearing or/and
seeing the inanimate stimuli on attended side, with responding
as quickly and accurately as possible. All participants were
allowed to take a 5-min break between sessions. The AV
stimulus that presented on left side in left-sessions and that
presented on right side in right-sessions was attended AV.
In contrast, the AV stimulus that presented on left side in
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FIGURE 1 | (A) Schematic of the experimental design in left-sessions and right-sessions. The participants were instructed to look at the central fixation (a cross), and
attended to the stimuli presented on the left side in left-sessions, and attended to the stimuli presented on the right side in right-sessions. The dotted ellipse
indicated the position attended to. (B) Time course of the stimuli presentation. ISI, interstimulus interval; TR, repetition time; A, auditory; V, visual; AV, audiovisual.

right-sessions and that presented on right side in left-sessions
was unattended AV.

Behavioral Analysis
Mean RTs, hit rates (HRs), and false alarm rates (FARs) for
the target stimuli were computed separately for each stimulus
type (AV, A, and V) and location (left and right). In addition,
signal sensitivity measures d′ = Z(HRs) − Z(FARs) was also
calculated separately for each stimulus type (AV, A, and V) and

location (left and right) using signal detection theory (SDT)
(Stanislaw and Todorov, 1999). The Z is the inverse of the normal
cumulative distribution function. Then all the behavioral data
was entered into separate repeated-measure analysis of variances
(ANOVA) with Type (AV, A, and V) and Location (left and right)
as within-subject factors. All statistical analyses for behavioral
data were conducted using IBM SPSS software (version 22,
IBM Inc., United States) for Windows. Greenhouse–Geisser
corrections were applied with adjusted degrees of freedom.
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A value of p < 0.05 was considered to indicate a statistically
significant difference. A power analysis was also implemented
using GPower3.1 to supported the number of participants, and
the value of power >75% was considered to indicate a statistically
significant difference.

Acquisition of fMRI Data
Before audiovisual semantic discrimination experiment, a 5-min
resting-state scan was obtained, during which each participant
was instructed to rest and focus on the fixation point presented on
the central of the screen. All task-state (semantic discrimination
task) and resting-state functional imaging data were acquired at
the Sino Japanese Friendship Hospital of Jilin University. A 3T
fMRI scanner (Siemens) was used to acquire both T1-weighted
anatomical images (repetition time (TR) = 8600 ms; echo time
(TE) = 4 ms; field-of-view (FOV) = 192 mm; flip angle (FA) = 90◦;
128 slices; voxel size = 1 × 1 × 1 mm) and T2-weighted
gradient echo planar imaging sequence (TR = 2 s; TE = 30 ms;
FOV = 192 mm; FA = 90◦; 33 slices; voxel size = 3 × 3 × 3 mm).
There were eight sessions with a total of 160 volume images
per session. The high-resolution anatomical image volume was
acquired at the end of the experiment.

fMRI Data Preprocessing
The preprocessing of the task-state data during semantic
discrimination was conducted using the SPM8 software package
(Wellcome Department of Cognitive Neurology, London,
United Kingdom) under Matlab2012 (MathWorks, Inc., Natick,
MA, United States). For each run, the first six time points were
discarded to account for signal equilibrium and the participant’s
adaptation to the circumstances. All images were realigned to
the first image volume in the series, normalized to standard
anatomical space defined by the Montreal Neurological Institute
atlas, and smoothed using a 6.0-mm full-width half-maximum
Gaussian kernel.

The resting-state data were preprocessed using the SPM8
software package and the Data Processing Assistant for
Resting-State fMRI (DPARSF)1. After discarding the first six
time points, the remaining functional images were realigned
to the first volume to correct for head motion and then
spatially normalized to standard anatomical space defined by
the Montreal Neurological Institute atlas. Temporal bandpass
filtering (0.01 ≤ f ≤ 0.1 Hz) was performed afterward to reduce
the effects of low-frequency drift and high-frequency noise. To
reduce the effects of motion and non-neuronal blood oxygen
level-dependent fluctuations, the head motion, cerebrospinal
fluid signal, and white matter signals were further removed
as nuisance covariates (Seeman et al., 2005). Finally, the fMRI
images were smoothed using a Gaussian filter with a full width
at half maximum of 4 mm.

Construction of Functional Brain
Networks
The task-state fMRI data were entered into the CONN
toolbox (Gabrieli Laboratory, Cambridge, MA, United States)

1http://www.restfmri.net/forum/dparsf

to construct individual functional brain networks corresponding
to the attended A, attended V, attended AV, unattended A,
unattended V, and unattended AV conditions. And the resting-
state fMRI data was also entered into the CONN toolbox to
construct functional brain network of resting-state condition.
The regions of interests (ROIs) were defined based on the
anatomical automatic labeling (AAL) (Kelly et al., 2008), which
contains 90 regions of the cerebrum and 26 regions of the
cerebellum. The group-average correlations of ROI-to-ROI were
computed for each participant’s attended A, attended V, attended
AV, unattended A, unattended V, unattended AV, and resting-
state conditions to construct 116-node whole-brain functional
connectivity networks. Seven 116 × 116 correlation matrices
were obtained for each subject. False positive control in this
ROI-to-ROI analysis is implemented by using p-values corrected
for the false discovery rate in the CONN toolbox (Whitfield-
Gabrieli and Nieto-Castanon, 2012). Overall, brain networks
were constructed with a defined sparsity. The sparsity threshold
ensures that all resultant networks have comparable topological
structures with the same number of edges (Wang et al., 2011).
Hence, we selected the equal-interval sparsity threshold range
(ranging from 0.05 to 0.5 with a partition interval of 0.05), and
individual brain networks were constructed at the same sparsity
level across subjects.

Network Analysis
Graph theoretical analyses were performed using the GRETNA
toolbox2. The network architecture was investigated at both
global and local levels of each functional brain network
corresponding to attended A, attended V, attended AV,
unattended A, unattended V, unattended AV, and resting-state
conditions. First, we compared the global topological properties
of bimodal AV network with those of unimodal A, V networks
both in attended and unattended conditions using paired t-test.
And then an ANOVA with the factor of Condition was conducted
to compare the global properties in attended AV, unattended
AV, and resting-state conditions. We further compared the
attended and unattended AV conditions using paired t-test
for exploring the modulatory effects of attention to the brain
network architecture. The global network metrics, including
the characteristic path length Lp, clustering coefficient Cp,
normalized characteristic path length λ, normalized clustering
coefficient γ, small-worldness σ, local efficiency Eloc, global
efficiency Eg, assortativity, and hierarchy, were calculated. Small-
worldness was originally proposed by Watts and Strogatz
(1998) and has a higher local clustering with an equivalent
characteristic path length in comparison to random networks
(Tzourio-Mazoyer et al., 2002). The topological properties
Lp, λ, and Eg are considered as measures of functional
integration, whereas the ability of a network’s segregation
and error tolerance can be expressed as Cp, γ, and Eloc
(Latora and Marchiori, 2001; Sporns and Zwi, 2004). In
addition, the nodal degree and efficiency were also calculated to
examine the local characteristics of each cortical region in the
functional networks of attended and unattended AV conditions

2http://www.nitrc.org/projects/gretna/
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(Watts and Strogatz, 1998), determining the important regions
for processing bimodal AV stimulus. Moreover, we computed
Pearson correlations to analyze the associations between nodal
efficiency and RT in the functional network of the attended AV
condition, further investigating the influence of local efficiency
on behavioral performance.

All statistical analyses were performed using IBM SPSS
software (version 22, IBM Inc., United States) for Windows.
The network metrics were calculated under ten network sparsity
thresholds from 0.05 to 0.5, and the average values of the area
under the curve were used for the statistical analysis in order to
provide a scalar that did not depend on the specific threshold
selection. A value of p < 0.05 was considered to indicate a
statistically significant difference.

RESULTS

Behavioral Result
We analyzed the behavioral data to bimodal AV, unimodal A
and V stimuli to examine whether the simultaneous auditory
and visual stimuli facilitated the behavioral performance. The
results showed no significant differences in mean RTs (F = 1.724,
p = 0.206, power = 99.99%), HRs (F = 0.050, p = 0.826,
power = 99.38%), FARs (F = 2.461, p = 0.067, power = 94.91%),
and d′ (F = 0.515, p = 0.482, power = 99.99%) based on stimulus
location. Therefore, the RTs, HRs, FARs and d′ to stimuli on
the left and right sides were combined to increase the signal-to-
noise ratio.

We observed a main effect of Type, verifying that RTs to
V, A, and AV stimuli differed significantly from one another
(F = 507.029, p < 0.0005, power = 99.99%). Subsequent paired
t-tests revealed that participants responded faster to target AV
stimuli than to target A stimuli (t = 26.199, p < 0.0005) and V
stimuli (t = 2.353, p = 0.048). RTs to V target stimuli were also
faster than those to A target stimuli (t = 21.206, p < 0.0005)
(Figure 2A). A significant main effect of Type was also found
in HRs (F = 3.344, p < 0.047, power = 98.23%). Paired t-tests

revealed that HRs to AV was significantly higher than to A target
stimuli (t = 3.336, p = 0.004) and to V target stimuli (t = 2.255,
p = 0.037), but no significant difference was found between the
HRs to A and V stimuli (t = 0.623, p = 0.541; Figure 2B).
FARs to target AV, A, and V stimuli were significantly different
(F = 11.670, p < 0.0005, power = 82.55%). Paired t-tests showed
that the FARs to target AV were significantly lower than that to
target A (t = 4.752, p < 0.0005) and target V stimuli (t = 2.840,
p = 0.011). And the FARs to target A and V stimuli were no
significant difference observed (t = 1.884, p = 0.076; Figure 2C).
As shown in Figure 2D, a repeated-measures ANOVA on d′
values showed a significant effect of Type (F = 4.432, p = 0.022,
power = 99.95%). Paired t-tests showed that d′ values for AV
target stimuli were significantly higher than those for V target
stimuli (t = 3.050, p = 0.007) and A target stimuli (t = 2.407,
p = 0.027). These results indicated that the bimodal AV stimulus
presented simultaneously enhanced the accuracy and sensitivity
of semantic discrimination, and reduced the response time and
error rate. Thus, we believed that the participants effectively
integrated visual and auditory information in this semantic
discrimination task.

Global Properties
Figure 3 showed the activation results in attended and
unattended conditions, including the brain response to unimodal
A, unimodal V, and bimodal AV stimuli. These results
indicated that the unimodal A and V stimuli activated
the primary auditory and visual cortices, and the bimodal
AV stimulus activated the bilateral temporal and frontal
regions. To explore the architecture of the functional brain
network that processes semantic audiovisual stimuli underlying
the modulation of attention, we computed the correlations
of 116 regions to construct functional connectivities in
attended A, attended V, attended AV, unattended A, unattended
V, unattended AV, and resting-state conditions, and then
compared the global properties between bimodal AV and
unimodal A/V conditions, and between the task- and resting-
state conditions.

FIGURE 2 | Bar plots showing behavioral results. (A) Mean response times (RTs) for A, V, and AV target stimuli. (B) Mean hit rates (HRs) for A, V, and AV target
stimuli. (C) False alarm rates (FARs) for A, V, and AV target stimuli. (D) Perception sensitivity (d′) for A, V, and AV target stimuli. The error bars represent the SEM.
SEM, standard error of mean. ∗∗p < 0.01, ∗p < 0.05.
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FIGURE 3 | The brain activation to unimodal A, unimodal V, and bimodal AV stimuli in attended and unattended conditions, respectively.

As shown in Table 1, for both attend and unattended
conditions, the values of Cp, Eg, and Eloc in the bimodal AV
network were significantly greater than those in the unimodal
A (Cp: t = 2.985, p = 0.009; Eg: t = 5.409, p < 0.0005; Eloc:
t = 4.652, p < 0.0005 in attended condition; Cp: t = 4.502,
p < 0.0005; Eg: t = 6.911, p < 0.0005; Eloc: t = 7.112, p < 0.0005
in unattended condition) and V (Cp: t = 2.537, p = 0.022; Eg:
t = 4.237, p = 0.001; Eloc: t = 4.365, p < 0.0005 in attended
condition; Cp: t = 3.693, p = 0.002; Eg: t = 8.212, p < 0.0005;
Eloc: t = 5.413, p < 0.0005 in unattended condition) networks. In
addition, for both attend and unattended conditions, the values
of Lp in the bimodal AV networks were significantly lower than
those in the unimodal A (t = −4.883, p < 0.0005 in attended
condition; t = −5.729, p < 0.0005 in unattended condition) and
V (t = −3.755, p = 0.002 in attended condition; t = −7.911,
p< 0.0005 in unattended condition) networks. The greater global
efficiency, local efficiency, clustering coefficient and the lower
characteristic path length revealed that the brain has a greater
capacity of functional integration (greater Eg and lower Lp in
AV condition) and local processing (greater Cp and Eloc in

AV condition) during bimodal audiovisual processing (Latora
and Marchiori, 2001; Sporns and Zwi, 2004). In addition, for
the attended condition, the value of γ in bimodal AV network
was smaller than those in unimodal A (t = −2.331, p = 0.033)
and V (t = −3.204, p = 0.006) networks, and the value of Lp
in bimodal AV network was smaller than that in unimodal A
network (t = −4.883, p < 0.0005). While for the unattended
condition, the value of λ in bimodal AV network was smaller than
that in unimodal V network (t = −7.911, p < 0.0005). There was
no other significant difference between bimodal AV network and
unimodal A/V network in attended and unattended conditions.

The three correlation matrices and the functional connectivity
patterns corresponding to the attended AV, unattended AV and
resting-state conditions averaged across all participants were
descripted in Figures 4A,B. We further subtracted the correlation
matrix of unattended AV condition from that of attended AV
condition, and got the functional connectivity pattern in the
brain, reflecting the modulatory effect of attention (Figure 4C).
Based on these correlation matrices, we calculated and compared
the global properties of these three networks. The ANOVA
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TABLE 1 | The analysis results of paired t-test between bimodal AV and unimodal A/V networks in attended and unattended conditions respectively.

Attended condition Unattended condition

AV and A AV and V AV and A AV and V

Cp t = 2.985, p = 0.009∗∗ t = 2.537, p = 0.022∗ t = 4.502, p < 0.0005∗∗ t = 3.693, p = 0.002∗∗

Gamma t = −0.028, p = 0.756 t = −0.468, p = 0.703 t = 0.016, p = 0.988 t = −0.515, p = 0.613

Lambda t = −1.224, p = 0.231 t = −0.793, p = 0.439 t = −1.867, p = 0.080 t = −1.145, p = 0.289

Lp t = −4.883, p < 0.0005∗∗ t = −3.755, p = 0.002∗∗ t = −5.729, p < 0.0005∗∗ t = −7.911, p < 0.0005∗∗

Sigma t = −2.060, p = 0.078 t = −1.681, p = 0.112 t = 0.694, p = 0.498 t = 0.397, p = 0.697

Eg t = 5.409, p < 0.0005∗∗ t = 4.237, p = 0.001∗∗ t = 6.911, p < 0.0005∗∗ t = 8.212, p < 0.0005∗∗

Eloc t = 4.652, p < 0.0005∗∗ t = 4.365, p < 0.0005∗∗ t = 7.112, p < 0.0005∗∗ t = 5.413, p < 0.0005∗∗

Hierarchy t = −0.373, p = 0.714 t = −0.220, p = 0.829 t = 1.388, p = 0.184 t = 0.725, p = 0.479

Assortativity t = 0.531, p = 0.602 t = −0.056, p = 0.956 t = −0.322, p = 0.752 t = −0.626, p = 0.540

∗p < 0.05, ∗∗p < 0.01.

analysis showed a main effect of the Condition (attended AV,
unattended AV, and resting-state conditions) on the network
properties Cp (F = 41.540, p < 0.0005, power = 99.98%), Lp
(F = 4.081, p = 0.048, power = 79.56%), γ (F = 16.126, p = 0.001,
power = 99.98%), σ (F = 15.150, p = 0.001, power = 99.96%),
Eg (F = 7.995, p = 0.011, power = 99.98%), Eloc (F = 7.568,
p = 0.011, power = 90.06%), and hierarchy (F = 8.304, p = 0.002,
power = 88.14%). However, no significant main effects of
Condition were found in λ (F = 0.342, p = 0.617, power = 7.995%)
and assortativity (F = 2.913, p = 0.085, power = 46.08%). These
results revealed that the architectures of the functional network in
the brain were altered depending on the current task (processing
of attended or unattended semantic AV stimuli or being at
rest). As shown in Figure 5, paired t-tests showed that there
were significant differences in Cp (t = −7.288, p < 0.0005), γ

(t = 3.597, p = 0.003), σ (t = 3.369, p = 0.004), Eloc (t = −2.814,
p = 0.013), Eg (t = 2.597, p = 0.02), and hierarchy (t = −3.184,
p = 0.006) between the functional networks of attended AV and
resting-state conditions, revealing that the brain network had
lower clustering coefficient, local efficiency and greater global
efficiency. Similar significant differences were obtained between
the functional networks of unattended AV and resting-state
conditions in Cp (t = −6.440, p < 0.0005), Lp (t = −2.557,
p = 0.022), γ (t = 4.605, p< 0.0005), σ (t = 4.639, p< 0.0005), Eloc
(t = −2.811, p = 0.013), Eg (t = 3.071, p = 0.008), and hierarchy
(t = −3.684, p = 0.002). In addition, a significant difference was
also observed in σ (t =−2.173, p = 0.046) between the functional
networks of attended and unattended AV conditions.

Nodal Properties
We calculated the node degree and efficiency of the functional
brain networks in attended and unattended AV conditions to
identify the nodes whose value of degree (or efficiency) were
larger than the sum of average value and standard deviation
across all nodes of the network as hub nodes.

The distributions of the degree hubs as described in Figure 6A
show that twelve common hubs were shared in functional
networks corresponding to the attended AV and unattended
AV conditions. These hubs are the left temporal pole (TP.L),
right temporal pole (TP.R), left anterior superior temporal

gyrus (aSTG.L), right anterior superior temporal gyrus (aSTG.R),
left posterior middle temporal gyrus (pMTG.L), right posterior
middle temporal gyrus (pMTG.R), right temporo-occipital
middle temporal gyrus (toMTG.R), left superior lateral occipital
cortex (sLOC.L), left frontal pole (FP.L), left frontal orbital cortex
(FOrb.L), left anterior middle temporal gyrus (aMTG.L), and
right anterior middle temporal gyrus (aMTG.R). And the medial
frontal cortex (MedFC) and right frontal orbital cortex (FOrb.R)
are the hubs specific to the attended AV condition, whereas the
right frontal pole (FP.R), left superior frontal gyrus (SFG.L),
and left anterior temporal gyrus (aITG.L) are specific to the
unattended AV condition. Figure 6B shows the distributions of
the efficiency hubs in the attended and unattended AV networks.
There are 11 hubs with high nodal efficiency in the attended
AV networks, including TP.L, TP.R, aSTG.L, aSTG.R, pMTG.L,
pMTG.R, toMTG.R, aMTG.L, aMTG.R, sLOC.L, and FOrb.L.
These nodes are also the efficiency hubs in the unattended AV
networks. And FP.L and aITG.L are two efficiency hubs specific
to the unattended AV condition. These results indicated that the
hubs with high nodal degree and efficiency are concentrated in
the bilateral temporal lobes both in attended and unattended AV
networks. In addition, the two nodes with the highest degree and
efficiency were TP.L and TP.R in the attended condition.

Relationship Between Nodal Efficiency
and Behavior Performance
Furthermore, we computed a Pearson correlation between nodal
efficiency and RT in the attended AV condition. The results are
shown in Figure 7. The correlation analysis showed that the nodal
efficiencies in the left precentral gyrus (PreCG.L; r = −0.584,
p < 0.0005), right precentral gyrus (PreCG.R; r = −0.470,
p = 0.007), right postcentral gyrus (PostCG.R; r = −0.424,
p = 0.016), right pars opercularis inferior frontal gyrus (IFG
oper.R; r =−0.385, p = 0.030), left superior parietal lobule (SPL.L;
r =−0.383, p = 0.030), and right parietal operculum cortex (PO.R;
r = −0.350, p = 0.050) were significantly negatively correlated
with the RT values. Moreover, the nodal efficiencies in the right
angular gyrus (AG.R; r = 0.584, p < 0.0005), TP.R (r = 0.546,
p = 0.001), TP.L (r = 0.370, p = 0.037), right posterior inferior
temporal gyrus (pITG.R; r = 0.492, p = 0.004), and aITG.L
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FIGURE 4 | Correlation matrices and connectivity patterns of the functional brain networks in three conditions. (A) The correlation matrices calculated based on 116
regions in the anatomical automatic labeling (AAL) template, corresponding to the attended AV, unattended AV, and resting-state conditions. (B) The
subject-averaged functional connectivity patterns in the brain plotted for the attended AV, unattended AV, and resting-state conditions. The color bar indicates the
functional connection strength. (C) Differences between subject-averaged connectivity patterns plotted for the attended AV minus the unattended AV condition.
Brighter colors depict stronger connections for the attended AV than for the unattended AV condition, whereas darker colors indicate that the unattended AV
connections are stronger than the attended connections.

(r = 0.415, p = 0.018) were significantly positively correlated
with the RT values.

DISCUSSION

The functional brain networks in cognitive tasks and in
the resting state have been previously investigated (Congdon
et al., 2010; Cole et al., 2013; Erika-Florence et al., 2014;
Godwin et al., 2015; Hampshire and Sharp, 2015). However,
to the best of our knowledge, our study is the first to
investigate the effects of semantic audiovisual stimulus and
attention on the architecture of functional brain networks. Using
graph theory, we identified the characteristics of functional
brain networks for processing bimodal audiovisual stimulus
that balance between functional segregation and integration

to support semantic discrimination tasks underlying the
modulation of attention.

Global Network Topologies
We compared the global network topologies between bimodal
AV and unimodal A/V networks both in the attended and
unattended conditions. The results showed greater Cp, Eg,
Eloc, and lower Lp for attended and unattended bimodal
AV networks, compared with unimodal A/V networks. The
greater Cp and Eloc indicated the higher local processing
capacity, and the lower Lp and greater Eg indicated the
higher global processing capacity. These results suggested
that the brain network for processing bimodal auditory
stimuli is more optimized, which may be an important
reason for bimodal AV stimulus promoting the behavioral
performance (Figure 2).
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FIGURE 5 | Effects of the attended AV, unattended AV, and resting-state conditions on the graph theory metrics of global properties. Cp, clustering coefficient; Lp,
characteristic path length; γ, normalized clustering coefficient; λ, normalized characteristic path length; σ, small-worldness; Eg, global efficiency; Eloc, local
efficiency. ∗p < 0.05, ∗∗p < 0.01.

A key finding of the present study is that the σ value for
the functional brain network processing semantic audiovisual
stimuli is higher than that for the network at resting state
(Figure 5), indicating a stronger small-worldness during
semantic discrimination task. The small-worldness topology
is a fundamental principle of the structural and functional
organization of complex brain networks and has greatly impacted
studies investigating topological architectures using a systematic
perspective (Bullmore and Sporns, 2009; Sporns, 2011). It is
commonly agreed that a small-world organization of a network
implies both high Cp and low Lp values, reflecting an optimal
configuration between the functional segregation and integration

of brain networks (Rubinov and Sporns, 2010; Sporns, 2011;
Deco et al., 2015; Bassett and Bullmore, 2016). Our finding
showed that the values of σ during semantic discrimination
task (both in attended and unattended AV conditions) were
higher than that at the resting state (Figure 5), indicating
that the configuration of the brain network had become more
optimized by reinforcing the fine balance between segregation
and integration (Rubinov and Sporns, 2010; Deco et al., 2015)
when processing a bimodal semantic task. This structure has also
been found in functional brain networks executing other tasks.
For example, a functional brain network with elevated small-
worldness was detected when the participants implemented the
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FIGURE 6 | (A) The distribution of hubs with a high nodal degree in the attended and unattended AV conditions mapped to the cortical surface. (B) The distribution
of hubs with a high nodal efficiency in the attended and unattended AV conditions mapped to the cortical surface. aITG, inferior temporal gyrus; aMTG, anterior
middle temporal gyrus; aSTG, anterior superior temporal gyrus; FOrb, frontal orbital cortex; FP, frontal pol; MedFC, medial frontal cortex; pMTG, posterior middle
temporal gyrus; sLOC, superior lateral occipital cortex; SFG, superior frontal gyrus; toMTG, temporo-occipital middle temporal gyrus; TP, temporal pole; L, left; R,
right.

color-word Stroop task (Rubinov and Sporns, 2010; Bassett and
Bullmore, 2016). We suggest that an increased demand in the
task-state condition is linked to a strong small-world pattern
which is often observed in networks with optimal configuration

for processing (Spielberg et al., 2015), because networks of this
type tend to show elevated computational power, low wiring cost,
efficient parallel processing, and rapid adaptive reconfiguration
(Deco et al., 2015). This interpretation is also consistent with
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FIGURE 7 | (A) Nodes with an efficiency value significantly correlated to the reaction time (RT) are mapped to the cortical surface. The efficiency values of nodes in
red and blue are positively and negatively correlated with RT, respectively. (B) Scatterplots and robust regression fitting lines for negative (left) and positive (right)
correlations between nodal efficiency and RT. The results of correlation analysis and the activation value of the nodes in parentheses. AG, angular gyrus; aITG,
anterior inferior temporal gyrus; IFG oper, pars opercularis inferior frontal gyrus; pITG, posterior inferior temporal gyrus; PO, parietal operculum cortex; PostCG,
postcentral gyrus; PreCG, precentral gyrus; SPL, superior parietal lobule; TP, temporal pole; L, left; R, right.

prior evidence that nervous systems are organized to minimize
wiring costs (Bassett and Bullmore, 2009).

Importantly, increases in functional integration (higher Eg
values), as well as decreases in segregation and specialization
(lower Eloc and Cp values), were observed in task-state networks
processing semantic audiovisual stimuli compared to those
parameters determined in the resting-state condition. The brain

regulates information flow by balancing the segregation and
integration of incoming stimuli to facilitate flexible cognition
and behavior. The topological features of brain networks –
in particular, network communities and hubs – support this
segregation and integration (Deco et al., 2015). Our results
showed that bimodal semantic processing was associated with
a restructuring of the global network into a configuration for a
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more efficient communication across the network (functional
integration) with less specialized processing (functional
segregation). In our present study, the behavioral data showed
that the temporally, spatially, and semantically congruent
audiovisual stimuli facilitated semantic discrimination, revealing
that the auditory and visual stimuli were integrated, which
involves information interaction between multiple cortices
across the whole brain (Noesselt et al., 2010; Naghavi et al., 2011;
Hu et al., 2012; Plank et al., 2012; Ye et al., 2017). Therefore, we
speculate that the higher Eg and lower Eloc values may reflect
the specific configuration of the functional brain network for
multisensory integration of consistent audiovisual inputs.

In addition, brain networks also typically comprise a hierarchy
of communities, and a lower degree of hierarchy was observed
in attended AV and unattended AV conditions than in the
resting-state condition (Figure 5). The hierarchical organization
is evident when high-degree nodes have low clustering, which
implies that these nodes act as topological bridges between
otherwise unconnected low-degree nodes (Traud et al., 2011).
The lower hierarchy in the task-state conditions implied an
increase in connections among hub neighbor nodes. In other
words, there are more connecting paths between nodes in
the functional brain network, in which the communication
and interaction of information do not depend on any single
connectivity and node. This non-hierarchical structure is
considered to be resilient and stable (Traud et al., 2011),
providing the basis for the robust transmission of information.

The Modulation of Attention on the
Network Properties
In our study, an increased σ value was observed in the brain
network of the unattended AV condition in comparison to that
of the attended AV condition (Figure 5), indicating that attention
modulated the small-worldness of the brain network for bimodal
semantic processing (Latora and Marchiori, 2001; Sporns and
Zwi, 2004). Small-world networks can be described by high
local clustering and minimum path length, which are reflected
by Cp and Lp, respectively (Wang et al., 2010). The analysis
showed that there were no statistically significant differences in
Cp and Lp between attended and unattended AV conditions,
but the relatively lower Lp values produced significantly higher
σ values in the brain network of the unattended AV condition.
For the unattended AV condition in the present study, the
participants were instructed to ignore the stimuli on unattended
side and suppress responses, which maybe resulted in a response
inhibition consistent with that observed in the go/no-go task
(Spielberg et al., 2015). In go/no-go task, a functional brain
network with elevated small-worldness was reported to exist in
the no-go condition, and the increased response inhibition was
linked to its optimal configuration (Spielberg et al., 2015). Thus,
we suggest that in the inhibited state a more optimal balance
between functional segregation and integration is required than
in the response state to reduce wiring costs and increase parallel
processing efficiency (Deco et al., 2015).

In addition, attention altered the distributions of the degree
and efficiency hubs (Figure 6). The hubs for processing

bimodal AV stimulus in attended and unattended conditions
were concentrated in the bilateral temporal lobes, especially
in the anterior regions, revealing that these nodes had an
increased influence on the general network of processing
audiovisual inputs. The bilateral TP exhibited the highest degree
and efficiency indicating that these regions might contribute
more to the efficient information interaction in processing
semantic bimodal stimulus, which is consistent with recent
studies (Lambon Ralph et al., 2010, 2017; Jackson et al., 2015).
Accumulating evidence from functional neuroimaging studies
on the ATL in neurologically intact participants found that the
ATLs are activated for a range of semantic tasks, irrespective
of the input modality (e.g., words, pictures, sounds) (Patterson
et al., 2007). Moreover, several neuroscience studies implicate
that the convergence of sensory information in the temporal
lobe is a graded process that occurs along both its longitudinal
and lateral axes and culminates in the most rostral limits (Deco
and Rolls, 2004; Rauschecker and Scott, 2009). Furthermore,
for multisensory tasks, ATL is considered to contain a high-
dimensional modality-independent semantic space that allows
computations to be based on semantic information rather than
purely sensory similarities, but the same areas do not appear to
be involved in equally demanding non-semantic tasks (Lambon
Ralph, 2014). These studies provide evidence that the ATL areas
are implicated in semantic processing. Interestingly, the two
important regions MedFC and SFG are specific to the functional
networks in the attended and the unattended AV conditions,
respectively. The MedFC is located in the ventromedial frontal
lobe, which is considered to play a role in guiding attention
to stimulus features associated with the current task (Vaidya
and Fellows, 2015). This brain area is also robustly connected
with subcortical regions and higher-order sensory regions that
provide support for its role in integrating current task-relevant
inputs from different modalities (Philiastides et al., 2010; Lim
et al., 2013). Therefore, in the present study, the MedFC as a
hub specific to the attended AV condition may reflect its central
role in the integration of task-relevant audiovisual stimuli with
attention. By contrast, the SFG is a hub specific to the unattended
AV condition and is considered to participate in cognitive control
functions (Zhang et al., 2012). This region with a high nodal
degree in the functional network of the unattended condition
may reflect the mechanism of cognitive control, which inhibits
the participants from responding to the stimuli on the unattended
side by pressing a button. However, additional studies are needed
to confirm and further elucidate these findings.

Relationship Between Nodal Efficiency
and Reaction Time
We also analyzed the correlation between nodal efficiency and
behavioral performance in the attended AV condition The results
showed that the efficiencies in PreCG.L, PreCG.R, PostCG.R,
IFG oper.R, SPL.L, and PO.R were negatively correlated with
the RT (Figure 7), indicating that with the improvement of the
information processing efficiency in these nodes, the participants
performed the semantic discrimination task more quickly. The
nodes SPL.L, PO.R, IFG oper.R, and CO.R are distributed in
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the frontoparietal and attention networks, which play prominent
roles in the allocation and orientation of attention resources
(Woldorff et al., 2004; Grent-’t-Jong and Woldorff, 2007).
Attention is an essential cognitive function that allows humans
and other animals to continuously and dynamically select
particularly relevant stimuli from all the available information
presented in the external or internal environment so that
more neural resources can be devoted to their processing (Li
et al., 2010; Talsma et al., 2010). The frontoparietal network
of brain areas has been shown to be involved in allocating
and controlling the direction of top-down attention by sending
control signals that modulate the sensitivity of neurons in sensory
brain regions (Woldorff et al., 2004; Grent-’t-Jong and Woldorff,
2007). Moreover, the regions PreCG.R, PreCG.L, and PostCG.R
are located in the primary somatosensory and motor cortices
(Iwamura, 1998), providing the possibility that the response time
is associated with the output of motion in addition to the ability to
process input information. In the present study, the participants
were asked to focus on the stimuli on the attended side and press
the button to determine the semantics, and this cognitive process
is related to the cortices dealing with attention and movement.
Therefore, we speculate that efficient allocation and orientation of
attention resources in brain regions of the frontoparietal network,
as well as the efficient processing in the motor cortex to ultimately
press the button, facilitated the cognitive processing of semantic
discrimination, resulting in a shorter RT.

By contrast, the efficiencies of the nodes AG.R, TP.R, TP.L,
pITG.R, and aITG.L distributed in the temporal lobe are
positively associated with the RT (Figure 7), indicating that
with an improvement of the information processing efficiency in
these nodes, the performance for the audiovisual discrimination
task was decreased. The regions TP.R and TP.L are located
in the bilateral ATLs, which are clearly considered to be
central to semantic knowledge (Lewis et al., 2018), especially
for the associative relations of semantic multisensory inputs
(Jackson et al., 2015). In addition, the AGs can be found
in the temporoparietal junction, which has been proposed to
link contextually relevant information to the target concept
(Schwartz et al., 2011). These studies indicate that these nodes are
related to the formation and processing of audiovisual semantic
relationships. Moreover, it is generally considered that the RT
is sensitive to late-stage cognitive manipulation, reflecting high-
level cognitive processes (Van Ede et al., 2012; Li et al., 2017).
We suggest that in our experiments, the efficient processing of
semantic tasks in these regions consumed a lot of resources and
energy in the network and decreased the efficiency of decision-
making that occurs at a relatively late cognitive stage, thus
resulting in a longer RT. However, further studies are required
to confirm this hypothesis.

CONCLUSION

In the present study, we tested global and local properties of
functional brain networks of processing semantic audiovisual

stimulus in attended and unattended conditions, using graph
theoretical analysis applied to fMRI data acquired in a semantic
discrimination task. Our findings indicate that when process the
semantic audiovisual stimulus, the functional network in the
brain is optimized to balance the functional segregation and
integration for processing the cognitive task with high efficiency
and low cost. In addition, attention altered the degree of small-
worldness and the distribution of hubs in the functional brain
network when processing semantic audiovisual stimuli, revealing
the modulatory effect of attention on the multisensory processing
from a system perspective. However, one possible limitation
is that the functional networks established in this study are
undirected, thus lacking information on the directionality of
the connections. Therefore, it is likely that some characteristics
related to direction are not reflected by our results, such as the
modulation of attention to the information interaction in the
network. However, these issues can be explored in future studies.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

The Experimental protocol was approved by the Ethics
Committee of Changchun University of Science and Technology.
The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

QL, YX, and JW designed the study. QL, YX, MZ, and GL
implemented the experiment. YX, WL, and MZ analyzed the data.
QL, YX, and LL wrote the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Numbers 61773076 and 61806025),
Jilin Scientific and Technological Development Program (Grant
Numbers 20190302072GX and 20180519012JH), Scientific
Research Project of Jilin Provincial Department of Education
during the 13th Five-Year Plan Period (Grant Number
JJKH20190597KJ), and the Health and Family Planning
Commission of Jilin Province (Grant Number 3D518NP13428).

ACKNOWLEDGMENTS

The authors would like to thank all individuals who participated
in the initial experiments from which raw data were collected.

Frontiers in Integrative Neuroscience | www.frontiersin.org 14 November 2019 | Volume 13 | Article 67

https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles


fnint-13-00067 November 16, 2019 Time: 13:2 # 15

Xi et al. Semantic Audiovisual Functional Brain Network

REFERENCES
Bassett, D. S., and Bullmore, E. T. (2009). Human brain networks in

health and disease. Curr. Opin. Neurol. 22, 340–347. doi: 10.1097/WCO.
0b013e32832d93dd

Bassett, D. S., and Bullmore, E. T. (2016). Small-world brain networks revisited.
Neuroscientist 23, 499–516. doi: 10.1177/1073858416667720

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., and Cohen, J. D. (2001).
Conflict monitoring and cognitive control. Psychol. Rev. 108, 624–652.

Bullmore, E., and Sporns, O. (2009). Complex brain networks: graph theoretical
analysis of structural and functional systems. Nat. Rev. Neurosci. 10, 186–198.
doi: 10.1038/nrn2575

Cao, H., Plichta, M. M., Axel Schäfer Haddad, L., and Tost, H. (2013). Test–retest
reliability of fmri-based graph theoretical properties during working memory,
emotion processing, and resting state. NeuroImage 84, 888–900. doi: 10.1016/j.
neuroimage.2013.09.013

Catani, M., Allin, M. P., Husain, M., Pugliese, L., Mesulam, M. M., Murray, R. M.,
et al. (2007). Symmetries in human brain language pathways correlate with
verbal recall. Proc. Natl. Acad. Sci. U.S.A. 104, 17163–17168. doi: 10.1073/pnas.
0702116104

Cole, M., Bassett, D., Power, J., Braver, T., and Petersen, S. (2014). Intrinsic and
task-evoked network architectures of the human brain. Neuron 83, 238–251.
doi: 10.1016/j.neuron.2014.05.014

Cole, M. W., Reynolds, J. R., Power, J. D., Repovs, G., Anticevic, A., and Braver, T. S.
(2013). Multi-task connectivity reveals flexible hubs for adaptive task control.
Nat. Neurosci. 16, 1348–1355. doi: 10.1038/nn.3470

Congdon, E., Mumford, J. A., Cohen, J. R., Galvan, A., Aron, A. R., Xue, G., et al.
(2010). Engagement of large-scale networks is related to individual differences
in inhibitory control. NeuroImage 53, 653–663. doi: 10.1016/j.neuroimage.2010.
06.062

Craddock, R. C., Jbabdi, S., Yan, C. G., Vogelstein, J. T., Castellanos, F. X., Di
Martino, A., et al. (2013). Imaging human connectomes at the macroscale. Nat.
Methods 10, 524–539. doi: 10.1038/nmeth.2482

de Benedictis, A., and Duffau, H. (2011). Brain hodotopy: from esoteric concept to
practical surgical applications. Neurosurgery 68, 1709–1723. doi: 10.1227/NEU.
0b013e3182124690

Deco, G., and Rolls, E. T. (2004). A neurodynamical cortical model of visual
attention and invariant object recognition. Vis. Res. 44, 621–642. doi: 10.1016/
j.visres.2003.09.037

Deco, G., Tononi, G., Boly, M., and Kringelbach, M. L. (2015). Rethinking
segregation and integration: contributions of whole-brain modelling. Nat. Rev.
Neurosci. 16, 430–439. doi: 10.1038/nrn3963

Donohue, S. E., Roberts, K. C., Grent-’t-Jong, T., and Woldorff, M. G. (2011).
The cross-modal spread of attention reveals differential constraints for the
temporal and spatial linking of visual and auditory stimulus events. J. Neurosci.
31, 7982–7990. doi: 10.1523/JNEUROSCI.5298-10.2011

Elbich, D. B., Molenaar, P. C. M., and Scherf, K. S. (2019). Evaluating the
organizational structure and specificity of network topology within the face
processing system. Hum. Brain Mapp. 40, 2581–2595. doi: 10.1002/hbm.
24546

Erika-Florence, M., Leech, R., and Hampshire, A. (2014). A functional network
perspective on response inhibition and attentional control. Nat. Commun.
5:4073. doi: 10.1038/ncomms5073

Fornito, A., Zalesky, A., and Breakspear, M. (2013). Graph analysis of the human
connectome: promise, progress, and pitfalls. Neuroimage 80, 426–444. doi: 10.
1016/j.neuroimage.2013.04.087

Fox, M. D., and Raichle, M. E. (2007). Spontaneous fluctuations in brain activity
observed with functional magnetic resonance imaging. Nat. Rev. Neurosci. 8,
700–711. doi: 10.1038/nrn2201

Godwin, D., Barry, R. L., and Marois, R. (2015). Breakdown of the brain’s functional
network modularity with awareness. Proc. Natl. Acad. Sci. U.S.A. 112, 3799–
3804. doi: 10.1073/pnas.1414466112

Grent-’t-Jong, T., and Woldorff, M. G. (2007). Timing and sequence of brain
activity in top-down control of visual-spatial attention. PLoS Biol. 5:e12.
doi: 10.1371/journal.pbio.0050012

Hampshire, A., and Sharp, D. J. (2015). Contrasting network and modular
perspectives on inhibitory control. Trends Cogn. Sci. 19, 445–452. doi: 10.1016/
j.tics.2015.06.006

Horn, A., Ostwald, D., Reisert, M., and Blankenburg, F. (2014). The structural-
functional connectome and the default mode network of the human brain.
NeuroImage 102, 142–151. doi: 10.1016/j.neuroimage.2013.09.069

Hu, Z., Zhang, R., Zhang, Q., Liu, Q., and Li, H. (2012). Neural correlates of
audiovisual integration of semantic category information. Brain Lang. 121,
70–75. doi: 10.1016/j.bandl.2012.01.002

Iwamura, Y. (1998). Hierarchical somatosensory processing.Curr. Opin. Neurobiol.
8, 522–528. doi: 10.1016/s0959-4388(98)80041-x

Jackson, R. L., Hoffman, P., Pobric, G., and Lambon Ralph, M. A. (2015).
The nature and neural correlates of semantic association versus conceptual
similarity. Cereb. Cortex 25, 4319–4333. doi: 10.1093/cercor/bhv003

Kelly, A. C., Uddin, L. Q., Biswal, B. B., Castellanos, F. X., and Milham, M. P.
(2008). Competition between functional brain networks mediates behavioral
variability. NeuroImage 39, 527–537. doi: 10.1016/j.neuroimage.2007.08.008

Lambon Ralph, M. A. (2014). Neurocognitive insights on conceptual knowledge
and its breakdown. Philos. Trans. R. Soc. 369:0120392. doi: 10.1098/rstb.2012.
0392

Lambon Ralph, M. A., Jefferies, E., Patterson, K., and Rogers, T. T. (2017). The
neural and computational bases of semantic cognition. Nat. Rev. Neurosci. 18,
42–55. doi: 10.1038/nrn.2016.150

Lambon Ralph, M. A., Sage, K., Jones, R. W., and Mayberry, E. J. (2010). Coherent
concepts are computed in the anterior temporal lobes. Proc. Natl. Acad. Sci.
U.S.A. 107, 2717–2722. doi: 10.1073/pnas.0907307107

Latora, V., and Marchiori, M. (2001). Efficient behavior of small-world networks.
Phys. Rev. Lett. 87:198701.

Lewis, G. A., David, P., and Murphy, G. L. (2018). Contrasting semantic versus
inhibitory processing in the angular gyrus: an fMRI study. Cereb. Cortex 29,
2470–2481. doi: 10.1093/cercor/bhy118

Li, Q., Wu, J., and Touge, T. (2010). Audiovisual interaction enhances auditory
detection in late stage: an event-related potential study. NeuroReport 21, 173–
178. doi: 10.1097/WNR.0b013e3283345f08

Li, Q., Yu, H., Li, X., Sun, H., Yang, J., and Li, C. (2017). The informativity of
sound modulates crossmodal facilitation of visual discrimination: a fmri study.
NeuroReport 28, 63–68. doi: 10.1097/WNR.0000000000000719

Lim, S. L., O’Doherty, J. P., and Rangel, A. (2013). Stimulus value signals in
ventromedial PFC reflect the integration of attribute value signals computed
in fusiform gyrus and posterior superior temporal gyrus. J. Neurosc. 33, 8729–
8741. doi: 10.1523/JNEUROSCI.4809-12.2013

Naghavi, H. R., Eriksson, J., Larsson, A., and Nyberg, L. (2011). Cortical regions
underlying successful encoding of semantically congruent and incongruent
associations between common auditory and visual objects. Neurosci. Lett. 505,
191–195. doi: 10.1016/j.neulet.2011.10.022

Noesselt, T., Tyll, S., Boehler, C. N., Budinger, E., Heinze, H. J., and Driver, J. (2010).
Sound-induced enhancement of low-intensity vision: multisensory influences
on human sensory-specific cortices and thalamic bodies relate to perceptual
enhancement of visual detection sensitivity. J. Neurosci. 30, 13609–13623.
doi: 10.1523/JNEUROSCI.4524-09.2010

Patterson, K., Nestor, P. J., and Rogers, T. T. (2007). Where do you know what you
know? The representation of semantic knowledge in the human brain. Nat. Rev.
Neurosci. 8, 976–987. doi: 10.1038/nrn2277

Philiastides, M. G., Biele, G., and Heekeren, H. R. (2010). A mechanistic account
of value computation in the human brain. Proc. Natl. Acad. Sci. U.S.A. 107,
9430–9435. doi: 10.1073/pnas.1001732107

Plank, T., Rosengarth, K., Song, W., Ellermeier, W., and Greenlee, M. W. (2012).
Neural correlates of audio-visual object recognition: effects of implicit spatial
congruency. Hum. Brain Mapp. 33, 797–811. doi: 10.1002/hbm.21254

Rauschecker, J. P., and Scott, S. K. (2009). Maps and streams in the auditory cortex:
nonhuman primates illuminate human speech processing. Nat. Neurosci. 12,
718–724. doi: 10.1038/nn.2331

Rubinov, M., and Sporns, O. (2010). Complex network measures of brain
connectivity: uses and interpretations. NeuroImage 52, 1059–1069. doi: 10.
1016/j.neuroimage.2009.10.003

Schwartz, M. F., Kimberg, D. Y., Walker, G. M., Brecher, A., Faseyitan, O. K., Dell,
G. S., et al. (2011). Neuroanatomical dissociation for taxonomic and thematic
knowledge in the human brain. Proc. Natl. Acad. Sci. U.S.A. 108, 8520–8524.
doi: 10.1073/pnas.1014935108

Seeman, T. E., Huang, M. H., Bretsky, P., Crimmins, E., Launer, L., and Guralnik,
J. M. (2005). Education and APOE-e4 in longitudinal cognitive decline:

Frontiers in Integrative Neuroscience | www.frontiersin.org 15 November 2019 | Volume 13 | Article 67

https://doi.org/10.1097/WCO.0b013e32832d93dd
https://doi.org/10.1097/WCO.0b013e32832d93dd
https://doi.org/10.1177/1073858416667720
https://doi.org/10.1038/nrn2575
https://doi.org/10.1016/j.neuroimage.2013.09.013
https://doi.org/10.1016/j.neuroimage.2013.09.013
https://doi.org/10.1073/pnas.0702116104
https://doi.org/10.1073/pnas.0702116104
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1038/nn.3470
https://doi.org/10.1016/j.neuroimage.2010.06.062
https://doi.org/10.1016/j.neuroimage.2010.06.062
https://doi.org/10.1038/nmeth.2482
https://doi.org/10.1227/NEU.0b013e3182124690
https://doi.org/10.1227/NEU.0b013e3182124690
https://doi.org/10.1016/j.visres.2003.09.037
https://doi.org/10.1016/j.visres.2003.09.037
https://doi.org/10.1038/nrn3963
https://doi.org/10.1523/JNEUROSCI.5298-10.2011
https://doi.org/10.1002/hbm.24546
https://doi.org/10.1002/hbm.24546
https://doi.org/10.1038/ncomms5073
https://doi.org/10.1016/j.neuroimage.2013.04.087
https://doi.org/10.1016/j.neuroimage.2013.04.087
https://doi.org/10.1038/nrn2201
https://doi.org/10.1073/pnas.1414466112
https://doi.org/10.1371/journal.pbio.0050012
https://doi.org/10.1016/j.tics.2015.06.006
https://doi.org/10.1016/j.tics.2015.06.006
https://doi.org/10.1016/j.neuroimage.2013.09.069
https://doi.org/10.1016/j.bandl.2012.01.002
https://doi.org/10.1016/s0959-4388(98)80041-x
https://doi.org/10.1093/cercor/bhv003
https://doi.org/10.1016/j.neuroimage.2007.08.008
https://doi.org/10.1098/rstb.2012.0392
https://doi.org/10.1098/rstb.2012.0392
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1073/pnas.0907307107
https://doi.org/10.1093/cercor/bhy118
https://doi.org/10.1097/WNR.0b013e3283345f08
https://doi.org/10.1097/WNR.0000000000000719
https://doi.org/10.1523/JNEUROSCI.4809-12.2013
https://doi.org/10.1016/j.neulet.2011.10.022
https://doi.org/10.1523/JNEUROSCI.4524-09.2010
https://doi.org/10.1038/nrn2277
https://doi.org/10.1073/pnas.1001732107
https://doi.org/10.1002/hbm.21254
https://doi.org/10.1038/nn.2331
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1073/pnas.1014935108
https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles


fnint-13-00067 November 16, 2019 Time: 13:2 # 16

Xi et al. Semantic Audiovisual Functional Brain Network

macarthur studies of successful aging. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci.
60, 74–83.

Smith, S. M., Vidaurre, D., Beckmann, C. F., Glasser, M. F., Jenkinson, M., Miller,
K. L., et al. (2013). Functional connectomics from resting-state fMRI. Trends
Cogn. Sci. 17, 666–682. doi: 10.1016/j.tics.2013.09.016

Spielberg, J. M., Miller, G. A., Heller, W., and Banich, M. T. (2015). Flexible brain
network reconfiguration supporting inhibitory control. Proc. Natl. Acad. Sci.
U.S.A. 112, 10020–10025. doi: 10.1073/pnas.1500048112

Sporns, O. (2011). The human connectome: a complex network. Ann. N. Y. Acad.
Sci. 136, 109–125. doi: 10.1111/j.1749-6632.2010.05888.x

Sporns, O., and Zwi, J. D. (2004). The small world of the cerebral cortex.
Neuroinformatics 2, 145–162. doi: 10.1385/ni:2:2:145

Stanislaw, H., and Todorov, N. (1999). Calculation of signal detection theory
measures. Behav. Res. Methods Instrum. Comput. 31, 137–149. doi: 10.3758/
BF03207704

Stevenson, R. A., and James, T. W. (2009). Audiovisual integration in human
superior temporal sulcus: inverse effectiveness and the neural processing of
speech and object recognition. NeuroImage 44, 1210–1223. doi: 10.1016/j.
neuroimage.2008.09.034

Talsma, D., Senkowski, D., Soto-Faraco, S., and Woldorff, M. G. (2010). The
multifaceted interplay between attention and multisensory integration. Trends
Cogn. Sci. 14, 400–410. doi: 10.1016/j.tics.2010.06.008

Traud, A. L., Kelsic, E. D., Mucha, P. J., and Porter, M. A. (2011). Comparing
community structure to characteristics in online collegiate social networks.
SIAM Rev. 53, 526–543. doi: 10.1137/080734315

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations
in SPM using a macroscopic anatomical parcellation of the MNI MRI
single-subject brain. NeuroImage 15, 273–289. doi: 10.1006/nimg.2001.
0978

Vaidya, A. R., and Fellows, L. K. (2015). Ventromedial frontal cortex is critical for
guiding attention to reward-predictive visual features in humans. J. Neurosci.
35, 12813–12823. doi: 10.1523/JNEUROSCI.1607-15.2015

van den Heuvel, M. P., and Sporns, O. (2013). Network hubs in the human brain.
Trends Cogn. Sci. 17, 683–696. doi: 10.1016/j.tics.2013.09.012

Van Ede, F., De Lange, F. P., and Maris, E. (2012). Attentional cues affect accuracy
and reaction time via different cognitive and neural processes. J. Neurosci. 32,
10408–10412. doi: 10.1523/JNEUROSCI.1337-12.2012

Vincent, J. L., Patel, G. H., Fox, M. D., Snyder, A. Z., Baker, J. T., Van Essen,
D. C., et al. (2007). Intrinsic functional architecture in the anaesthetized monkey
brain. Nature 447, 83–86. doi: 10.1038/nature05758

Wang, H., Zhang, G., and Liu, B. (2016). Influence of auditory spatial attention on
cross-modal semantic priming effect: evidence from N400 effect. Exp. Brain Res.
235, 1–9. doi: 10.1007/s00221-016-4792-4

Wang, J. H., Zuo, X. N., Gohel, S., Milham, M. P., Biswal, B. B.,
and He, Y. (2011). Graph theoretical analysis of functional brain
networks: test-retest evaluation on short- and long-term resting-state

functional MRI data. PLoS One 6:e21976. doi: 10.1371/journal.pone.00
21976

Wang, J. H., Zuo, X. N., and He, Y. (2010). Graph-based network analysis of
resting-state functional MRI. Front. Syst .Neurosci. 4:16. doi: 10.3389/fnsys.
2010.00016

Watts, D. J., and Strogatz, S. H. (1998). Collective dynamics of ‘small-world’
networks. Nature 393, 440–442. doi: 10.1038/30918

Werner, S., and Noppeney, U. (2010). Distinct functional contributions of
primary sensory and association areas to audiovisual integration in object
categorization. J. Neurosci. 30, 2662–2675. doi: 10.1523/JNEUROSCI.5091-09.
2010

Whitfield-Gabrieli, S., and Nieto-Castanon, A. (2012). Conn: a functional
connectivity toolbox for correlated and anticorrelated brain networks. Brain
Connect. 2, 125–141. doi: 10.1089/brain.2012.0073

Woldorff, M. G., Hazlett, C. J., Fichtenholtz, H. M., Weissman, D. H., Dale, A. M.,
and Song, A. W. (2004). Functional parcellation of attentional control regions
of the brain. J. Cogn. Neurosci. 16, 149–165. doi: 10.1162/089892904322755638

Xie, Y., Xu, Y., Bian, C., and Li, M. (2017). Semantic congruent audiovisual
integration during the encoding stage of working memory: an ERP and
sLORETA study. Sci. Rep. 7:5112. doi: 10.1038/s41598-017-05471-1

Ye, Z., Russeler, J., Gerth, I., and Münte, T. F. (2017). Audiovisual speech
integration in the superior temporal region is dysfunctional in dyslexia.
Neuroscience 356, 1–10. doi: 10.1016/j.neuroscience.2017.05.017

Zhang, S., Ide, J. S., and Li, C. S. R. (2012). Resting-state functional connectivity
of the medial superior frontal cortex. Cereb. Cortex 22, 99–111. doi: 10.1093/
cercor/bhr088

Zhou, J., Gennatas, E. D., Kramer, J. H., Miller, B. L., and Seeley, W. W. (2012).
Predicting regional neurodegeneration from the healthy brain functional
connectome. Neuron 73, 1216–1227. doi: 10.1016/j.neuron.2012.03.004

Zuo, X. N., Ehmke, R., Mennes, M., Imperati, D., Castellanos, F. X., Sporns, O.,
et al. (2012). Network centrality in the human functional connectome. Cereb.
Cortex 22, 1862–1875. doi: 10.1093/cercor/bhr269

Zuo, X. N., and Xing, X. X. (2014). Test-retest reliabilities of resting-state
FMRI measurements in human brain functional connectomics: a systems
neuroscience perspective. Neurosci. Biobehav. Rev. 45, 100–118. doi: 10.1016/
j.neubiorev.2014.05.009

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Xi, Li, Zhang, Liu, Li, Lin and Wu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Integrative Neuroscience | www.frontiersin.org 16 November 2019 | Volume 13 | Article 67

https://doi.org/10.1016/j.tics.2013.09.016
https://doi.org/10.1073/pnas.1500048112
https://doi.org/10.1111/j.1749-6632.2010.05888.x
https://doi.org/10.1385/ni:2:2:145
https://doi.org/10.3758/BF03207704
https://doi.org/10.3758/BF03207704
https://doi.org/10.1016/j.neuroimage.2008.09.034
https://doi.org/10.1016/j.neuroimage.2008.09.034
https://doi.org/10.1016/j.tics.2010.06.008
https://doi.org/10.1137/080734315
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1523/JNEUROSCI.1607-15.2015
https://doi.org/10.1016/j.tics.2013.09.012
https://doi.org/10.1523/JNEUROSCI.1337-12.2012
https://doi.org/10.1038/nature05758
https://doi.org/10.1007/s00221-016-4792-4
https://doi.org/10.1371/journal.pone.0021976
https://doi.org/10.1371/journal.pone.0021976
https://doi.org/10.3389/fnsys.2010.00016
https://doi.org/10.3389/fnsys.2010.00016
https://doi.org/10.1038/30918
https://doi.org/10.1523/JNEUROSCI.5091-09.2010
https://doi.org/10.1523/JNEUROSCI.5091-09.2010
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1162/089892904322755638
https://doi.org/10.1038/s41598-017-05471-1
https://doi.org/10.1016/j.neuroscience.2017.05.017
https://doi.org/10.1093/cercor/bhr088
https://doi.org/10.1093/cercor/bhr088
https://doi.org/10.1016/j.neuron.2012.03.004
https://doi.org/10.1093/cercor/bhr269
https://doi.org/10.1016/j.neubiorev.2014.05.009
https://doi.org/10.1016/j.neubiorev.2014.05.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles

	Optimized Configuration of Functional Brain Network for Processing Semantic Audiovisual Stimuli Underlying the Modulation of Attention: A Graph-Based Study
	Introduction
	Materials and Methods
	Participants
	Stimuli
	Procedure
	Behavioral Analysis
	Acquisition of fMRI Data
	fMRI Data Preprocessing
	Construction of Functional Brain Networks
	Network Analysis

	Results
	Behavioral Result
	Global Properties
	Nodal Properties
	Relationship Between Nodal Efficiency and Behavior Performance

	Discussion
	Global Network Topologies
	The Modulation of Attention on the Network Properties
	Relationship Between Nodal Efficiency and Reaction Time

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


