
An audiovisual object in the real world may contain multiple semantic features, such as the gender and emotional 
features of a speaker's face and voice. During the recognition of an audiovisual object, the human brain integrates 
the semantic information from these features obtained by the visual and the auditory modalities, i.e., audiovis-
ual semantic integration may occur in the brain. Audiovisual integration facilitates rapid, robust and automatic 
object perception and recognition1–3. Comparisons of visual-only and auditory-only stimuli have revealed that 
congruent audiovisual stimuli lead to stronger neural responses than either type of stimulus alone in the posterior 
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a speci�c network in which the parietal and perhaps lateral frontal cortices appear to be optimally situated to 
mediate the integration and attentional selection of motion information across modalities12. In audiovisual face 
perception, crossmodal attention in�uences crossmodal binding during speech reading13,14. �us, attention and 
audiovisual integration interact with each other in a sophisticated manner. However, feature-selective attention in 
audiovisual conditions and the relationship between feature-selective attention and high-level audiovisual semantic 
integration remain to be explored.

In a single (visual or auditory) modality, feature-selective attention may lead to selective processing of 
the attended features of an object in the brain7–9,15–17. Nobre et al.8 demonstrated that ERPs are modulated by 
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For each of the three runs with the number task, in addition to the corresponding audiovisual, visual-only, or 
auditory-only facial stimuli from the movie clips, numbers in red appeared sequentially at the center of the screen 
(see Fig.�1A). �e subject’s task was to attend to the numbers instead of the other stimuli (see Table�1). We designed 
a di�cult number task for the subjects in which they were asked to �nd and count the repeated numbers to ensure 
that they fully ignored the features of the visual-only, auditory-only, or audiovisual facial stimuli. �erefore, the 
subjects performed this task with low accuracy, as shown in Fig. S3. At the beginning of each block, there were four 
seconds before the �rst trial, and a short instruction in Chinese (see Table�1) was displayed on the screen in the 
�rst two seconds (the last two seconds were used to display numbers, as indicated below). At the beginning of each 
trial, a visual-only, auditory-only or audiovisual facial stimulus was presented to the subject for 1,400 ms, followed 
by a 600-ms blank period. �is two-second cycle with the same stimulus was repeated four times, followed by a 
six-second blank period. �erefore, one trial lasted 14 seconds. In addition to the above stimuli, eight numbers in 
red appeared one by one at the center of the screen, each a random integer from 0 to 9. Each number lasted 900 ms, 
and the interval between two subsequent numbers was 350 ms. �e �rst number appeared 2 seconds before the 
beginning of this trial. �e subjects were asked to �nd and count the repeated numbers. A�er the stimulation, a 

Figure 1.  Experimental stimuli and time courses. (A) Four examples of audiovisual stimuli; the red numbers 
indicate runs with the number task only. (B) Time course of a trial for the runs with the number task, in which 
the stimuli included randomly presented numbers and videos/audios/movie clips. (C) Time course of a trial 
for the runs with the gender, emotion, or bi-feature task. For both (B,C), the presentation of a stimulus (video/
audio/movie clip) lasted 1,400 ms and was repeated four times during the �rst eight seconds in a trial. A visual 
cue (“+ ”) appeared at the 8th second and persisted for six seconds.



www.nature.com/scientificreports/

4Scientific Reports

�xation cross appeared on the screen. �e subjects then responded by pressing the right-hand keys according to 
the instruction for this block (see Table�1). �e �xation cross changed color at the 12th second, indicating that the 
next trial would begin shortly (see Fig.�1B). In total, a run lasted 1,350 seconds.

�e procedure for the three runs with the gender/emotion task was similar to that for the runs with the number 
task, except that no numbers appeared on the screen and the subjects performed a gender/emotion judgment task 
(See Table�1). Speci�cally, the subjects were asked to focus their attention on either the gender or the emotion of 
the presented stimuli (visual-only, auditory-only, or audiovisual facial stimuli; see Fig.�1A without regard to the 
numbers) and make a corresponding judgment (male vs. female for the gender task or crying vs. laughing for the 
emotion task) to each stimulus. At the beginning of each block, a short instruction (see Table�1) was displayed 
for four seconds on the screen. �e time course of each trial was similar to that in the runs with number task (see 
Fig.�1C). In each trial, the subject was asked to judge the gender/emotion category of the stimulus and press the 
right-hand keys according to the instruction for this block.

For the three runs with the bi-feature task, the subjects were asked to simultaneously attend to both gender 
and emotion features (see Table�1). �e experimental procedure for each run was similar to that for the runs with 
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voxels, time series detrending, and normalization of the time series in each block to zero mean and unit vari-
ance. All preprocessing steps were performed using SPM823 and custom functions in MATLAB 7.4 (MathWorks, 
Natick, Massachusetts, USA).

Univariate GLM analysis.  �is experiment included four experimental tasks (number, gender, emotion, 
and bi-feature). For each experimental task, three runs corresponding to the visual-only, the auditory-only, and 
the audiovisual stimulus conditions were performed. To con�rm that audiovisual sensory integration occurred 
for each experimental task and determine the heteromodal areas associated with audiovisual integration, we 
performed voxel-wise group analysis of the fMRI data based on a mixed-e�ect two-level GLM in SPM8. In par-
ticular, using the data from the three number runs, we performed GLM analysis to explore the audiovisual inte-
gration at the sensory level when the subjects fully ignored the visual-only, auditory-only, or audiovisual facial 
stimuli while only attending to the numbers. �e GLM analysis included the following data processing. �e fMRI 
data for each subject were subjected to a �rst-level GLM, and the estimated beta coe�cients across all subjects 
were then combined and analyzed using a second-level GLM. �e following statistical criterion was used to 
determine brain areas for audiovisual sensory integration: [AV> max (A,V) (p <  0.05, FWE-corrected)] ∩ [V> 0 
or A> 0 (p <  0.05, uncorrected)]1,4,6,24–27, where ∩ denotes the intersection of two sets. For each subject, each 
task, and each stimulus condition, we also computed the percent signal changes of the pSTS/MTG clusters via 
region-of-interest (ROI)-based analysis (implemented by the MATLAB toolbox MarsBaR-0.4328). Speci�cally, 
we identi�ed the clusters consisting of signi�cantly activated voxels in the bilateral pSTS/MTG via group GLM 
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where � �i j is the angle between two pattern vectors P
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di�erentiated for di�erent experimental tasks or di�erent semantic features. �us, audiovisual sensory integration 
rather than audiovisual semantic integration occurred in the identi�ed heteromodal areas of the pSTS/MTG, 
consistent with previous results10.
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Figure 3.  Reproducibility ratios (means and standard errors across all subjects) and the corresponding 
comparison results. Le�/Right: gender/emotion categories; the �rst 3 rows: audiovisual, visual-only, and 
auditory-only stimulus conditions, respectively; the 4th row: the reproducibility ratio in the audiovisual 
condition minus the maximum of the reproducibility ratios in the visual-only and auditory-only conditions.
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p <  10−17, F(3, 8) =  68.26) (Fig.�3A–C,E–G). �ere was also a signi�cant interaction e�ect between the two factors 
of stimulus condition and experimental task (gender categories: p <  10−17, F(6, 8) =  30.07; emotion categories: 
p <  10−8, F(6, 8) =  10.05). Post hoc Bonferroni-corrected paired t-tests on the stimulus conditions revealed the 
following: (i) for each task-relevant feature (gender categories with the gender or the bi-feature task, le� panel of 
Fig.�3; emotion categories with the emotion or the bi-feature task, right panel of Fig.�3), the reproducibility ratios 
were signi�cantly higher for the audiovisual stimulus condition than for the visual- or auditory-only stimulus 
condition (all p <  0.001 corrected); and (ii) for each task-irrelevant feature (gender categories with the number or 
the emotion task, le� panel of Fig.�3; emotion categories with the number or the gender task, right panel of Fig.�3), 
there were no signi�cant di�erences between the audiovisual and the visual-only or auditory-only stimulus con-
dition (all p >  0.05). Furthermore, post hoc Bonferroni-corrected paired t-tests on the experimental tasks revealed 
that (i) in each of the audiovisual, visual-only and auditory-only stimulus conditions, the reproducibility ratios for 
gender/emotion categories were signi�cantly higher for each relevant task (gender categories: the gender or the 
bi-feature task, le� panel of Fig.�3; emotion categories: the emotion or the bi-feature task, right panel of Fig.�3) than 
for each irrelevant task (gender categories: the number or the emotion task, le� panel of Fig.�3; emotion categories: 
the number or the gender task, right panel of Fig.�3) (all p <  0.05, corrected) and that (ii) in each of the audiovisual, 
visual-only and auditory-only stimulus conditions, there were no signi�cant di�erences in the reproducibility 
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(p <  10−9, F(2, 8) =  36.97 for gender categories; p <  10−11, F(2, 8) =  46.13 for emotion categories). Furthermore, 
post hoc Bonferroni-corrected paired t-tests demonstrated that the cross-reproducibility ratios were signi�cantly 
higher for the relevant task than for the irrelevant tasks (gender categories: p <  0.001 corrected, t(8) =  16.23 for 
gender task vs. number task; p <  0.001 corrected, t(8) =  15.49 for gender task vs. emotion task; emotion categories: 
p <  0.001 corrected, t(8) =  16.05 for emotion task vs. number task; p <  0.001 corrected, t(8) =  14.36 for emotion 
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the group level (see Materials and Methods). As shown in Fig.�5, there were more functional connections from the 
heteromodal areas to the brain areas encoding the gender/emotion feature (Table�2/Table�3) for the relevant task 
(gender/emotion task) than for the irrelevant tasks (number and emotion/gender tasks). We thus observed that 
in the audiovisual condition, feature-selective attention enhanced the functional connectivity and thus regulated 
the information �ows from the heteromodal areas to the brain areas encoding the attended feature. Furthermore, 
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results were still obtained. Second, only visual-only, auditory-only and audiovisual facial stimuli were considered 
in this study. In the future, we must simplify our experimental design, increase the number of subjects, and further 
consider non-facial stimuli to extend our conclusions.
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