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A B S T R A C T

The ability to perceive other people’s emotions is essential for social interaction and communication. Emotion 
perception involves complex cognitive processes triggered by visual, auditory, or both stimuli. However, it re
mains unclear how people use auditory, visual, and combined audiovisual cues to evaluate emotional valence 
and arousal. To address this, we conducted an emotion perception task using functional near-infrared spec
troscopy to measure frontoparietal brain responses. Seven emotion categories (Angry, Calm, Disgust, Fear, 
Happy, Sad, and Surprise) portrayed by actors were presented under three modality conditions: audio-only (AO), 
audiovisual (AV), and video-only (VO). We observed significant differences between AO, AV, and VO in the 
behavioral evaluation of emotional valence and arousal. In addition, AV showed significant activations for 
emotion categories in the frontoparietal network, but not for AO or VO. Moreover, brain-behavior relationships 
showed that higher oxygenated hemoglobin (HbO) activities were associated with more positive valence ratings 
in the VO condition, but with stronger arousal ratings in the AV condition. These findings reveal that sensory 
modality affects brain activity (HbO) and behavior evaluation (valence and arousal ratings) in the perception of 
emotional dimensions.

Introduction

Humans need to understand other people’s feelings appropriately to 
navigate social situations. Understanding how individuals perceive 
multimodal emotions under real-world conditions is important, as 
everyday social interactions rely on various emotional modalities. In
dividuals often analyze other people’s emotions during face-to-face 
conversations, where visual (e.g., facial expressions) and auditory (e. 
g., tone of voice, pitch, and speed) information is synchronized. How
ever, it is also common to encounter various unimodal emotional situ
ations, such as eye contact (visual-only) and voicemails (audio-only). 
Earlier research on emotion perception has focused primarily on visual 
cues, particularly facial expressions, because they are essential in 
perceiving others’ emotions and can be easily presented in experiments 
(Barrett et al., 2019; Gerdes et al., 2014). However, growing evidence 
indicates that auditory cues are equally important, whether presented 
alone or alongside visual information. Auditory emotion information is 
often processed automatically, facilitating attention and emotion 
perception (Rigoulot & Pell, 2012). However, it remains unclear how 

sensory modalities influence emotion perception for valence and 
arousal.

Comparing unimodal (either visual or auditory) with multimodal 
approaches may clarify distinct roles of sensory modalities across 
emotion categories. Previous research show that unimodal and multi
modal emotional information processing can elicit different neural and 
behavioral responses (Husain et al., 2014; Klinge et al., 2010). Emotion 
perception may reflect sensory modality dominance, where one sensory 
channel contributes more strongly to interpretation. For instance, in 
emotion rating tasks, positive emotions tend to show greater similarity 
between audiovisual (AV) and video-only (VO) conditions, whereas 
negative emotions show greater similarity between AV and AO condi
tions (Barkhuysen et al., 2010). Similarly, the perception of happiness 
appears to rely more on visual cues, whereas that of anger depends more 
on auditory cues when individuals rate emotional intensity (Sou et al., 
2022). Together, these findings highlight the importance of examining 
both unimodal and multimodal conditions to better understand how 
different sensory modalities contribute to emotion perception.

When auditory and visual emotional cues co-occur, individuals often 
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perceive them as a unified emotional experience. This integration in
volves higher-order cognitive processing during multisensory emotion 
perception (Chen et al., 2010). A previous study reported that cognitive 
evaluation processes in frontal cortical areas are associated with 
multimodal emotion perception (Klasen et al., 2012). The combination 
of visual and auditory inputs within the same emotion category facili
tates emotion identification (Gerdes et al., 2014; Klasen et al., 2012) and 
improves understanding of complex emotional states (Choo et al., 2025). 
Behaviorally, multisensory cues enhance both speed and accuracy, 
particularly when the signals are clear and congruent (Collignon et al., 
2008; Paulmann & Pell, 2011). In contrast, incongruent auditory and 
visual emotional signals can produce dominance or interference effects, 
in which one modality influences attentional focus more strongly than 
the other (Peschard et al., 2018; Takagi et al., 2015).

Processing multimodal emotional information engages a distributed 
set of brain regions, among which the frontoparietal network, anchored 
by the dorsolateral prefrontal cortex (DLPFC) and the posterior parietal 
cortex (PPC), plays a particularly central role. This network constitutes a 
domain-general control system that flexibly couples with both sensory 
and limbic regions to support top-down attention as well as the evalu
ative integration of multisensory signals (Dixon et al., 2018; Dosenbach 
et al., 2008; Vincent et al., 2008). Within multimodal emotion percep
tion, the DLPFC supports the appraisal of valence and arousal across 
modalities (Dixon et al., 2017; Kragel & LaBar, 2016), whereas the PPC 
and intraparietal sulcus underlie attention to competing auditory and 
visual emotional cues (Pourtois & Dhar, 2013; Regenbogen et al., 2018). 
Consistent evidence from fMRI and prior fNIRS work has implicated 
these frontoparietal nodes in audiovisual emotional integration (Choo 
et al., 2025; Klasen et al., 2012) as well as in the dimensional repre
sentation of valence and arousal (Lee et al., 2023). This network has 
primarily been studied in relation to emotion regulation, as well as 
attention adjustment to sensory cues (Sugiura et al., 2023; Vuilleumier 
& Huang, 2009). However, these areas are also involved at the 
perceptual level of emotions, highlighting that their emotion-regulating 
function is closely linked to emotion perception (Frajo-Apor et al., 2021; 
Whitehead et al., 2024). For further advances in emotion regulation 
applications, it is crucial to examine multimodal emotion perception 
involving the frontoparietal region.

Using functional near-infrared spectroscopy (fNIRS), the current 
study examined how multimodal and unimodal emotional stimuli are 
associated with the frontoparietal region. fNIRS was used because it is 
well suited for measuring neural activity in settings that provide a 
relatively naturalistic multimodal approximation (Pinti et al., 2018). Its 
tolerance to motion artifacts allows participants to process multimodal 
emotional stimuli in a more realistic manner compared to more 
restrictive imaging environments. In addition, fNIRS provides adequate 
spatial resolution at the cortical level, enabling the investigation of 
region-specific hemodynamic activity, although it is limited to superfi
cial cortical areas. We hypothesized that the frontoparietal region would 
exhibit increased changes in activity under multimodal (AV) conditions 
compared to that under unimodal (AO or VO) conditions. We also 
examined whether frontoparietal activity varies across emotion cate
gories, given the involvement of these regions in cognitive processes 
related to emotion regulation when perceiving emotional stimuli.

Materials and methods

Participants

Seventy healthy participants (35 male and 35 female, aged 20–34 
years, mean = 25.3, standard deviation [SD] = 3.1) were recruited via 
student online community boards at local universities. A power analysis 
was conducted using G*Power, indicating that a minimum sample size 
of 43 participants would be required to achieve 95% power at an alpha 
level of 0.05, assuming a medium effect size (f = 0.20) across six within- 
subject conditions (actor gender × modality). Given the complexity of 

the design, including multiple emotion categories and repeated- 
measures factors, a larger sample size was targeted to ensure adequate 
power for detecting both main and interaction effects. Head sizes were 
measured to adjust probe placement for different head circumferences 
(range 52.0–61.5 cm, mean = 57.1, SD = 2.0; after removal, range 
52.0–61.0 cm, mean = 56.9, SD = 1.9). According to the fNIRS manual 
provided by Artinis, participants wore head caps of various sizes based 
on their head measurements, categorized as medium, large, and extra- 
large, corresponding to head circumferences of 52–57 cm, 57–59 cm, 
and 59–62 cm, respectively. All participants were right-handed, had 
normal or corrected-to-normal vision and hearing, and had no history of 
neurological or psychiatric disorders. This study was approved by the 
Institutional Review Board of the Korea Brain Research Institute (KBRI- 
202,111-HR-003–08), and all participants signed a consent form after 
being informed about the experimental process.

Experimental design and procedures

The 27-inch monitor used in the experiments had a resolution of 
1920 × 1080 pixels, a refresh rate of 60 Hz, and a visual angle of 38.9 ×
23.2 degrees. We used a chin rest to maintain a consistent distance of 57 
cm from the eyes to the monitor. The auditory stimuli had a sound 
volume range of 50–79 dB.

All fNIRS data were collected using a Brite-MKII (Artinis Medical 
Systems, Elst, the Netherlands) and a Brite24 18-channel template; other 
parameters were set to default values or followed the Artinis provision 
(i.e., differential pathlength factor = 6, sampling rate: 25 Hz, wave
lengths of 751 nm and 847 nm). Based on the 10–20 system, two five- 
channel clusters were placed symmetrically on both hemispheres of 
the dorsolateral prefrontal cortical areas and two four-channel clusters 
on the bilateral posterior parietal cortical areas (Fig. 1).

The stimulus set was obtained from The Ryerson Audio-Visual 
Database of Emotional Speech and Song (RAVDESS) (Livingstone & 
Russo, 2018). The RAVDESS dataset comprises 12 male and 12 female 
actors who express eight assigned emotion categories (Angry, Calm, 
Disgust, Fear, Happy, Neutral, Sad, and Surprise) in either AO, AV, or 
VO versions, speaking an emotionally neutral sentence in English (i.e., 
kids are talking by the door, dogs are sitting by the door). Of those, 10 
actors (five male and five female) were selected for the present study 
based on goodness rating scores (Livingstone & Russo, 2018). For the 
emotion categories, we included only strong-intensity stimuli to maxi
mize emotional salience and ensure clear differentiation between cate
gories, resulting in seven emotion categories. Because neutral stimuli are 
available only at a normal intensity level in the RAVDESS database, they 
were excluded.

We employed a block design in the experiment to acquire neural 
activity using fNIRS measurements, thereby assessing the immediate 
responses of the participants to each emotional stimulus.

Data acquisition and processing

Seven emotion categories (Angry, Calm, Disgust, Fear, Happy, Sad, 
and Surprise) portrayed by actors were presented under three modality 
conditions: audio-only (AO), audiovisual (AV), and video-only (VO). 
Each participant completed a total of 168 trials (28 trials × three mo
dality conditions × two actor gender conditions) (Table 1). The task 
comprised six runs defined by actor gender: AO female, AO male, AV 
female, AV male, VO female, and VO male. The six runs were presented 
in a pseudo-randomized order. Because audiovisual stimuli could 
potentially influence the perception of subsequent unimodal stimuli, the 
order of the AV runs was counterbalanced across participants such that 
the AV runs appeared either first or last in the task sequence. Each run 
included 28 trials (seven emotions × two statements × two repetitions). 
Each trial began with a 4-s fixation, followed by a 4-s emotional stimulus 
(one of seven emotion categories), a 2-s resting phase, two rating phases 
(2 s each), and a final 4-s rest period. A total of 28 stimuli were presented 
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in each run (total duration = 456 s). The participants rated each 
emotional stimulus with emotional valence and arousal on a 4-point 
Likert scale for emotional valence (1 = “Very Negative,” 2 = “Nega
tive,” 3 = “Positive,” 4 = “Very Positive”) and arousal (1 = “Very Weak,” 
2 = “Weak,” 3 = “Strong,” 4 = “Very Strong”; Fig. 1).

In the experimental room, individuals sat in a comfortable position 
on a chair and received detailed task instructions. To help participants 

understand the main experiment properly, we conducted practice trials 
where a male actor, who was not part of the main experiment, was 
presented in an AV condition. After the practice block, we ensured that 
the participant understood the task correctly and wore an fNIRS head 
cap to start the main task, with their head positioned on the chin rest. 
fNIRS and behavioral data from 63 participants (31 male and 32 female, 
aged 20–34 years, mean = 25.4, SD = 3.2) were analyzed. The fNIRS 
channel quality was monitored during data acquisition based on the 
signal quality indicators provided by the acquisition software, OxySoft 
(Artinis Medical Systems, Elst, the Netherlands). Before recording, hair 
directly beneath or near the optodes was moved away to improve 
optode-scalp contact and light transmission. Channels showing poor 
signal quality during the experiment were excluded from subsequent 
analyses. The overall channel removal rate was 1.94%, and excluded 
channels were not interpolated. As a result, participants who exhibited 
inconsistent behavioral responses or had low-quality fNIRS data were 
excluded (that is, either valence or arousal rating was missing in >20%; 
>90% of responses in either valence or arousal were the same; reaction 
time either in valence or arousal exceeds three SDs of the mean of all 
participants; or >25% of channels had low signal quality).

fNIRS data processing and analysis

The fNIRS data were preprocessed with Homer3 (MATLAB R2024b; 
MathWorks, Inc.). After converting the raw fNIRS light intensity into 
optical density (OD), motion artifacts were detected using a 0.5-second 
window, and the segment was extended by 1.0 s before and after the 

Fig. 1. Experimental paradigm and frontoparietal region of interest. (A) Experimental setup and fNIRS probe placement over the frontoparietal region of interest. In 
total, 18 channels were positioned over the bilateral dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex (PPC), with sources (yellow) and detectors 
(blue). Per hemisphere, the DLPFC channels comprised three sources and two detectors, and the PPC channels comprised two sources and two detectors. (B) 
Experimental paradigm. Stimuli were presented in one of three modality conditions: audio-only (AO), audiovisual (AV), or video-only (VO).

Table 1 
Summary of the experimental design.

Factor Levels Trials per 
level

Notes

Modality AO, AV, VO 56 trials per 
modality

Each modality included 
female and male actor runs

Actor 
Gender

Female, Male 84 trials per 
actor gender

Each actor gender appeared 
in all three modality 
conditions

Emotion 
Category

Angry, Calm, 
Disgust, Fear, 
Happy, Sad, 
Surprise

24 trials per 
emotion

Each emotion was repeated 
four times within each 
modality × actor gender run

Run 6 runs 28 trials per 
run

Each run defined by one 
modality × one actor 
gender condition

Repetition 4 repetition per 
emotion within 
each run

- 7 emotions × repetitions =
28 trials per run

Total trials - 168 trials 28 trials × 6 runs
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detection window. Detection thresholds were set to 50 times the signal 
SD or an amplitude change of 5 OD units. Next, the data were band-pass- 
filtered, with 0.01 Hz for the high-pass and 0.1 Hz for the low-pass filter. 
OD data were converted to HbO (oxygenated hemoglobin) and HbR 
(deoxygenated hemoglobin) concentration changes using the modified 
Beer-Lambert law with a partial pathlength factor of 6.0 for both 
wavelengths. To estimate task-related hemodynamic response (HbO and 
HbR, respectively, in μmol), we applied a general linear model (GLM), Y 
= Xβ + ϵ, to each run (that is, one of the three modality conditions). In 
this model, Y represents the observed hemoglobin concentration 
changes, X is the design matrix containing task regressors convolved 
with the HRF, β represents the estimated regression coefficients (beta 
values) reflecting the magnitude of task-related responses, and ϵ denotes 
the residual error. The parameters of GLMs were as follows: ordinary 
least squares were used to invert the design matrix; a gamma function 
modeled the HRF; a 1-second Gaussian filter was applied on the basis 
function; and three drift regressors were included. Beta values were 
obtained for each emotion condition relative to the resting phase within 
each run.

After conversion to HbO and HbR concentration changes, GLM an
alyses were conducted to estimate task-related beta values for each 
condition within a 0–4 s time window relative to stimulus onset. The 
primary analyses focused on HbO beta values because HbO responses 
are generally considered more sensitive to task-related changes in 
cortical activation and typically show a higher signal-to-noise ratio than 
HbR in fNIRS studies. HbR beta values were also extracted from the 
same GLM pipeline and analyzed as supplementary outcomes to eval
uate whether they showed convergent or null patterns relative to HbO 
(Tables S4 and S5).

For the primary analyses, HbO beta values were averaged across all 
frontoparietal channels and treated as a single frontoparietal ROI. To 
explore possible hemispheric lateralization (Gainotti, 2019), supple
mentary analyses were additionally conducted by grouping channels 
into left and right frontoparietal ROIs, each including DLPFC and PPC 
channels from the corresponding hemisphere. These analyses were 
exploratory and were included to evaluate whether the primary findings 
were broadly comparable across hemispheres or showed evidence of 
lateralized patterns (Tables S5-S8, and Supplementary Fig. 3).

Statistical analysis of behavior ratings, brain activity, and brain-behavior 
relationships

To test whether the modality condition is emotion-specific for 
valence and arousal, we conducted a two-way 3 (Modality: AO, AV, VO) 
× 7 (Emotion: Angry, Calm, Disgust, Fear, Happy, Sad, Surprise) anal
ysis of variance (ANOVA) for repeated measures.

For repeated-measures ANOVA, sphericity was assessed using 
Mauchly’s test, and Greenhouse–Geisser corrections were applied when 
sphericity was violated. Partial eta squared (ηp2) was reported for 
ANOVA results, and Cohen’s dz with 95% confidence intervals was re
ported for follow-up paired comparisons. As a post-hoc analysis, paired 
t-tests were conducted using Bonferroni correction that was applied by 
dividing ⍺ by the number of tests for multiple comparisons. The family 
of comparisons was defined separately for each simple effect: modality 
comparisons with each emotion category were corrected across three 
pairwise tests (adjusted p-value = 0.0167 (0.05

3 )), and emotion-category 
comparisons within each modality condition were corrected across 21 
pairwise tests (adjusted p-value = 0.0024 (0.05

21 )).
To investigate the relationship of brain-behavior and its variation 

across modality conditions, participant-level Pearson’s r correlations 
were computed between trial-by-trial HbO beta values and behavior 
ratings of emotional valence and arousal separately for each modality 
condition. Each correlation estimate was based on 56 trials per condi
tion. The resulting r-values were Fisher z-transformed to approximate 
normality and stabilize variance prior to parametric analyses (Cohen 

et al., 2003; Fisher, 1921). A one-way repeated-measures ANOVA was 
conducted, and as a post-hoc analysis, paired t-tests were used to test 
differences between modality conditions by applying Bonferroni’s 
correction for multiple comparisons (adjusted p-value = 0.0167 (0.05

3 )).

Results

Behavioral results across modality conditions and emotion categories

Fig. 2 displays behavioral ratings across emotion categories within 
each modality condition. We conducted a two-way 3 (Modality: AO, AV, 
VO) × 7 (Emotion: Angry, Calm, Disgust, Fear, Happy, Sad, Surprise) 
ANOVA for repeated measures. As the assumption of sphericity was 
violated, Greenhouse–Geisser-corrected degrees of freedom and p- 
values were reported. As a post-hoc analysis, paired t-tests were used to 
test differences between emotion categories by applying Bonferroni’s 
correction.

For valence ratings, significant main effects were observed for Mo
dality (F(2, 124) = 6.15, pGG = 0.004, ηp2 = 0.042) and Emotion (F(6, 
372) = 747.41, pGG < 0.001, ηp2 = 0.968; Fig. 2A). The Modality ×
Emotion interaction was also significant (F(12, 744) = 52.70, pGG <
0.001, ηp2 = 0.603). In post hoc analyses, most pairwise comparisons 
between emotion categories were significant (Tables S1 and S2). For 
valence ratings, Fear and Sad did not differ significantly across any 
modality condition. In the AO condition, Calm and Surprise did not 
differ, whereas in the AV condition, Disgust and Fear showed no sig
nificant difference. All other emotion pairs were significantly different. 
Moreover, valence ratings differed by modality conditions in some 
emotion categories (Table 2, Supplementary Fig. 1A).

For arousal ratings, similar significant main effects were found for 
Modality (F(2, 124) = 28.85, pGG < 0.001, ηp2 = 0.104) and Emotion (F 
(6, 372) = 290.83, pGG < 0.001, ηp2 = 0.866; Fig. 2B) as well as the 
interaction was significant (F(12, 744) = 18.45, pGG < 0.001, ηp2 =

0.167). In post-hoc analysis, Sad and Surprise did not differ significantly 
across modality conditions. In the AO condition, Disgust did not differ 
from either Sad or Surprise. In the AV condition, Fear and Happy showed 
no significant difference. In the VO condition, significant differences 
were observed neither between Disgust and Fear nor between Fear and 
Happy. All remaining comparisons were significant. Arousal ratings also 
varied by modality conditions in some emotion categories (Table 3, 
Supplementary Fig. 1B).

Neural results across modality conditions and emotion categories

A two-way repeated-measures ANOVA (Modality × Emotion) was 
performed for the change in HbO beta values (Fig. 3). As the assumption 
of sphericity was violated, Greenhouse—Geisser corrected p-values were 
reported. As a post-hoc analysis, paired t-tests were used to test differ
ences between emotion categories by applying Bonferroni’s correction.

In the ANOVA analysis, significant main effects for Modality (F(2, 
124) = 5.18, pGG = 0.007, ηp2 = 0.021) and Emotion (F(6, 372) = 4.87, 
pGG < 0.001, ηp2 = 0.069) were observed as well as significant inter
action effects of Modality and Emotion (F(12, 744) = 2.51, pGG = 0.006, 
ηp2 = 0.063). In the post-hoc analyses, the HbO beta values in the AO 
and VO conditions had no significant differences across emotion cate
gories (Table S3). However, the HbO beta values in the AV condition 
were significantly higher for Angry than for Calm (mean difference =
0.18, 95% CI [0.11, 0.25], t(62) = 5.16, p < 0.001, Cohen’s dz = 0.65), 
Disgust (mean difference = 0.14, 95% CI [0.07, 0.21], t(62) = 3.97, p =
0.004, Cohen’s dz = 0.50), Fear (mean difference = 0.15, 95% CI [0.08, 
0.22], t(62) = 4.36, p = 0.001, Cohen’s dz = 0.55), Sad (mean difference 
= 0.13, 95% CI [0.07, 0.20], t(62) = 4.06, p = 0.003, Cohen’s dz = 0.51), 
and Surprise (mean difference = 0.15, 95% CI [0.08, 0.23], t(62) = 4.05, 
p = 0.003, Cohen’s dz = 0.51) (Table S3).

The post-hoc analysis showed that the modality main effect was only 
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Fig. 2. Behavioral ratings across emotion categories within each modality condition (AO: audio-only; AV: audiovisual; VO: video-only). (A) Valence ratings. (B) 
Arousal ratings. Bars indicate group means and horizontal lines between bars denote significant pairwise differences between emotion categories based on two-way 
repeated-measures ANOVA (Emotion × Modality) with post hoc Bonferroni correction. Comparisons across modalities are not displayed for clarity.

Table 2 
Valence ratings across modality and emotion categories. Post-hoc modality- 
pairwise comparisons following two-way repeated-measures ANOVA (Modality 
× Emotion) with Bonferroni correction (m = 3). SEM: standard error of the 
mean.

Emotion Mean (SEM) Bonferroni-corrected p (Cohen’s 
dz)

AO AV VO AO vs. 
AV

AO vs. 
VO

AV vs. 
VO

Angry 1.27 
(0.004)

1.19 
(0.003)

1.23 
(0.004)

0.054 0.820 0.587

Calm 2.52 
(0.006)

2.85 
(0.004)

2.84 
(0.004)

3.36 ×
10–8 

(− 0.83)

7.58 ×
10–10 

(− 0.95)

1

Disgust 1.95 
(0.005)

1.53 
(0.005)

1.45 
(0.005)

5.10 ×
10–11 

(1.03)

4.95 ×
10–16 

(1.41)

0.123

Fear 1.64 
(0.006)

1.63 
(0.006)

1.64 
(0.005)

1 1 1

Happy 2.87 
(0.006)

3.51 
(0.005)

3.55 
(0.005)

2.38 ×
10–15 

(− 1.36)

9.67 ×
10–18 

(− 1.54)

0.940

Sad 1.70 
(0.005)

1.74 
(0.005)

1.74 
(0.004)

0.616 0.626 1

Surprise 2.67 
(0.005)

2.60 
(0.005)

2.46 
(0.006)

0.480 2.29 ×
10–4 

(0.53)

1.81 ×
10–5 

(0.62)

Emotion × Modality interaction: F(12, 744) = 52.70, pGG < 0.001, ηp2 
= 0.603.

Modality: F(2, 124) = 6.15, p = 0.003, ηp2 = 0.042.
Emotion: F(6, 372) = 747.41, p < 0.001, ηp2 = 0.968.
Cohen’s dz is reported only for comparisons that reached statistical significance 
after Bonferroni correction.

Table 3 
Arousal ratings across modality and emotion categories. Post-hoc modality- 
pairwise comparisons following two-way repeated-measures ANOVA (Modality 
× Emotion) with Bonferroni correction (m = 3). SEM: standard error of the 
mean.

Emotion Mean (SEM) Bonferroni-corrected p (Cohen's 
dz)

AO AV VO AO vs. 
AV

AO vs. 
VO

AV vs. 
VO

Angry 3.55 
(0.006)

3.63 
(0.005)

3.57 
(0.005)

0.215 1.00 0.476

Calm 1.40 
(0.007)

1.46 
(0.007)

1.63 
(0.006)

0.546 1.00 ×
10–4 

(− 0.56)

8.00 ×
10–4 

(− 0.49)
Disgust 2.28 

(0.008)
2.78 
(0.008)

2.96 
(0.008)

8.21 ×
10–11 

(− 1.02)

3.86 ×
10–12 

(− 1.12)

0.003 
(− 0.43)

Fear 3.06 
(0.008)

3.08 
(0.007)

3.07 
(0.007)

1 1 1

Happy 2.76 
(0.006)

3.08 
(0.008)

3.18 
(0.007)

3.11 ×
10–8 

(− 0.83)

6.08 ×
10–10 

(− 0.96)

0.126

Sad 2.45 
(0.008)

2.41 
(0.009)

2.47 
(0.007)

1 1 0.639

Surprise 2.32 
(0.008)

2.19 
(0.008)

2.36 
(0.007)

0.092 1 0.009 
(− 0.39)

Emotion × Modality interaction: F(12, 744) = 18.45 pGG < 0.001, ηp2 = 0.167.
Modality: F(2, 124) = 28.85, p < 0.001, ηp2 = 0.104.
Emotion: F(6, 372) = 290.83, p < 0.001, ηp2 = 0.866.
Cohen’s dz is reported only for comparisons that reached statistical significance 
after Bonferroni correction.

Y. Lee et al.                                                                                                                                                                                                                                      International Journal of Clinical and Health Psychology 26 (2026) 100699 

5 



observed in the Angry conditions. The mean HbO beta value in the AV 
Angry condition was significantly higher than that in the AO angry 
condition (mean difference = 0.09, 95% CI [− 0.15, − 0.02], t(62) =
− 2.75, p = 0.023, Cohen’s dz = − 0.35) and the VO Angry condition 
(mean difference = 0.14, 95% CI [0.08, 0.20], t(62) = 4.58, p < 0.001, 
Cohen’s dz = 0.58) (Table 4).

Correlation results between behavioral and neural responses across 
modality conditions

To test the modality effect on the coupling between brain and 
behavior, we conducted one-way repeated-measures ANOVA on corre
lations between HbO beta values and valence and arousal ratings.

The ANOVA showed significant modality differences in the correla
tions between HbO beta values and valence ratings (F(2, 124) = 6.44, p 
= 0.002, ηp2 = 0.199). The post-hoc tests showed that the correlation 
between HbO beta values and valence score in the VO condition was 
significantly higher from those in the AO and AV conditions (VO = 0.10 
± 0.36, AO = − 0.10 ± 0.40, VO vs. AO: t(62) = − 3.23, p = 0.006, 95% 

CI [− 0.37, − 0.09], Cohen’s dz = − 0.41; VO = 0.10 ± 0.36, AV = − 0.11 
± 0.38, VO vs. AV: t(62) = − 3.34, p = 0.004, 95% CI [− 0.39, − 0.10], 
Cohen’s dz = − 0.42). There were no significant modality differences 
between AO and AV conditions (t(62) = 0.20, p = 0.841, 95% CI [− 0.16, 
0.19], Cohen’s dz = 0.03).

The ANOVA showed significant modality differences in the correla
tions between HbO beta values and arousal ratings (F(2, 124) = 5.93, p 
= 0.003, ηp2 = 0.120). The post-hoc tests showed that the correlation 
between HbO beta values and arousal ratings in the VO condition was 
lower than that in the AV condition

(VO = − 0.00 ± 0.36, AV = 0.20 ± 0.38, VO vs. AV: t(62) = 3.60, p =
0.002, 95% CI [0.10, 0.36], Cohen’s dz = 0.45). The modality difference 
of the correlation for the VO and AO conditions was not significant (t 
(62) = 2.47, p = 0.049, 95% CI [0.03, 0.32], Cohen’s dz = 0.31). There 
were no significant modality differences between AO and AV conditions 
(t(62) = − 0.68, p = 0.497, 95% CI [− 0.21, 0.10], Cohen’s dz = − 0.09).

Discussion

Here, we report that sensory modality is not merely a delivery format 
of emotional stimuli but a core factor that shapes how emotions are 
perceived and processed in dissociable ways. To test this, we examined 
the perception of emotional dimensions at the neural and behavioral 
levels and their correlations.

Using AO, AV, and VO emotional stimuli, the current study examined 
the frontoparietal region as a region of interest during fNIRS measure
ments and emotion rating tasks assessing valence and arousal. Across 
behavioral, neural, and brain–behavior correlation analyses, our find
ings demonstrate that modality conditions play distinct roles in emotion 
perception. Consistent with our hypothesis, the multimodal (AV) con
dition was associated with greater neural activity in the frontoparietal 
region than the two unimodal conditions. Specifically, Angry in the AV 
condition showed the greatest change in the HbO beta value compared 
to other modality conditions and other emotions in each modality 
condition. Additionally, the correlation between HbO beta values and 
behavioral ratings—valence and arousal—varied across modality con
ditions, indicating similar processing mechanisms in AO and AV 
conditions.

Modality conditions in this study appear to play a role in repre
senting ambiguous emotions along emotional dimensions. Behavioral 
results showed that sensory modality significantly influenced the 
perceived valence and arousal of Disgust and Surprise (Supplementary 
Fig. 1A, B). Valence ratings were more negative in the AV and VO 
conditions than those in the AO condition, whereas arousal ratings were 
higher in the VO conditions than in conditions that included auditory 
information. Notably, this pattern was specific to Disgust and Surprise 
and was not observed for other emotion categories. This is consistent 

Fig. 3. Mean oxygenated hemoglobin concentration (HbO) beta values (μmol) across emotion categories within each modality condition (AO: audio-only; AV: 
audiovisual; VO: video-only). Bars represent group means. Horizontal lines between bars indicate significant pairwise differences between emotion categories 
identified by two-way repeated-measures ANOVA (Emotion × Modality) followed by post hoc Bonferroni correction. Comparisons across modalities are not displayed 
for clarity.

Table 4 
HbO beta values (μmol) across modality and emotion categories. Post-hoc mo
dality-pairwise comparisons following two-way repeated-measures ANOVA 
(Modality × Emotion) with Bonferroni correction (m = 3). SEM: standard error 
of the mean.

Emotion Mean (SEM) (μmol) Bonferroni-corrected p (Cohen's 
dz)

AO AV VO AO vs. 
AV

AO vs. 
VO

AV vs. 
VO

Angry 0.117 
(0.029)

0.204 
(0.032)

0.064 
(0.025)

0.023 
(− 0.35)

0.288 1.00 ×
10− 4 

(0.58)
Calm 0.012 

(0.023)
0.025 
(0.025)

0.093 
(0.029)

1 0.086 0.141

Disgust 0.030 
(0.030)

0.066 
(0.025)

0.006 
(0.033)

0.820 1 0.299

Fear 0.086 
(0.022)

0.053 
(0.026)

0.022 
(0.024)

1 0.077 0.954

Happy 0.047 
(0.029)

0.107 
(0.028)

0.069 
(0.025)

0.335 1 0.648

Sad 0.060 
(0.021)

0.071 
(0.022)

0.017 
(0.026)

1 0.378 0.272

Surprise 0.043 
(0.026)

0.053 
(0.028)

0.052 
(0.030)

1 1 1

Emotion × Modality interaction: F(12, 744) = 2.51, pGG = 0.003, ηp2 
= 0.063.

Modality: F(2, 124) = 5.18, p = 0.007, ηp2 = 0.021.
Emotion: F(6, 372) = 4.87, p < 0.001, ηp2 = 0.069.
Cohen’s dz is reported only for comparisons that reached statistical significance 
after Bonferroni correction.
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with previous findings showing that auditory stimuli tend to elicit less 
negative evaluations than visual stimuli for Disgust (Croy et al., 2013) 
and Surprise (Paulmann et al., 2008). This may reflect the relatively 
ambiguous nature of these emotions, which leads individuals to rely 
more on the specific sensory cues available. Our results suggest that 
visual information may exert a stronger influence on emotion perception 
than auditory information. Thus, certain emotions may be more difficult 
to interpret when conveyed through a single sensory modality.

Moreover, negative emotions were perceived through multisensory 
processing to support higher-order cognitive functions. In the neural 
results, Angry was associated with higher HbO beta values in the fron
toparietal region under the AV condition, compared with those levels for 
either other emotions or other modalities (Fig. 3, Supplementary Fig. 2). 
This finding is consistent with the results of a previous study showing 
that Angry is a target emotion that should be regulated through execu
tive attentional and sensory integration in this brain region (Alia-Klein 
et al., 2018). More specifically, the increased activity appears to be 
related to the role of the dorsolateral prefrontal cortex, a part of the 
frontoparietal region that has been associated in previous research with 
the inhibition of adverse effects of negative emotions (Klimecki et al., 
2018).

Interestingly, the relationship between the brain and behavior in 
perceiving emotions is varied according to the modality conditions. 
When comparing correlations between HbO beta values and behavioral 
ratings across modalities, AO and AV conditions showed, in contrast to 
the VO condition, similar patterns in both valence and arousal (Fig. 4). 
This suggests that the presence of auditory information may be associ
ated with more consistent brain–behavior relationships in the fronto
parietal region. For valence, significant negative correlations were 
observed between HbO beta values and valence ratings in the AO and AV 
conditions, whereas a positive correlation emerged in the VO condition. 
This pattern suggests that frontoparietal activity may be involved in 
evaluating emotional valence in the presence of auditory cues, regard
less of the emotion category. This interpretation is consistent with pre
vious findings indicating that auditory information can bias emotional 
evaluations toward more negative interpretations and may be associated 
with prefrontal modulation (Donhauser et al., 2014). In the present 
study, the negative correlations between HbO beta values and valence 
ratings in the AO and AV conditions may reflect this pattern. In contrast, 

the positive correlations between HbO beta values and valence ratings 
observed in the VO condition reveal that the brain-behavior relation
ships may differ when emotional judgments rely primarily on visual 
information. Previous studies have shown that visual attention is asso
ciated with broader eye-movement patterns, particularly during the 
processing of positive emotional expressions (Calvo et al., 2018; Nusseck 
et al., 2008). Because of the involvement of frontoparietal regions in 
attentional adjustment, the positive association in the VO condition may 
reflect attentional processes engaged during visual valence judgments.

However, a different pattern was observed for arousal. Significant 
positive correlations between HbO beta values and arousal ratings were 
observed in the AO and AV conditions, whereas the VO condition 
showed no significant relationship and only a slight negative trend. This 
divergence indicates that auditory information may be associated more 
strongly with the coupling between perceived arousal and frontoparietal 
activity. One possible explanation is that auditory perceptual engage
ment is more strongly aligned with neural activity. In this context, 
auditory input may preferentially engage increased frontoparietal ac
tivity related to attentional allocation and evaluative processing. This 
result aligns with prior findings indicating that auditory signals play a 
dominant role in modulating arousal (Yang, 2025) by rapidly recruiting 
attentional systems when conveying emotional significance (Wickens, 
2002) or by engaging the frontoparietal region in auditory processing 
(Seydell-Greenwald et al., 2014).

However, because the present analyses were correlational, these 
results do not establish a causal or functionally dominant role of visual 
or auditory information in valence and arousal perception. Taken 
together, the results suggest that frontoparietal activity may not directly 
represent valence or arousal per se but may instead be differentially 
coupled with behavioral judgments depending on the sensory modality 
available during emotion perception.

This study has several notable limitations. First, we examined only 
visual and auditory modalities, but emotions can be conveyed through 
additional sensory channels. For example, olfactory and bodily 
emotional stimuli can shape multimodal emotional experiences (Damon 
et al., 2021; Novak et al., 2015; Schirmer & Adolphs, 2017). Future 
studies should incorporate a broader range of sensory modalities to 
investigate emotion perception more comprehensively.

Second, all neural interpretations in the present study are restricted 

Fig. 4. Correlations between oxygenated hemoglobin concentration (HbO) beta values (μmol) and behavioral responses across modality conditions (AO: audio-only; 
AV: audiovisual; VO: video-only). (A) Correlations between HbO beta and valence. (B) Correlations between HbO beta and arousal. Dots represent individual 
correlation values, and violin plots denote distributions with medians indicated by horizontal lines. Asterisks on violin plots illustrate significant correlations from 
one-sample t-tests. Vertical lines between plots indicate significant differences across modalities based on repeated-measures ANOVA with post hoc Bonferroni 
correction. *p < 0.05, **p < 0.01, ***p < 0.001, †p < 0.057.
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to bilateral DLPFC and PPC. For instance, the study showed 
emotion–modality-specific activations, with the middle and lateral oc
cipital cortices responding to visual emotional cues and the superior 
temporal gyrus responding to auditory emotional cues (Gao et al., 
2024). As these regions are not measured, the present findings should 
not be generalized to whole-brain mechanisms.

Third, “Neutral” stimuli were excluded from the current design 
because the RAVDESS database does not include a neutral intensity level 
comparable to that of the other emotion categories, precluding a 
matched baseline condition. Although this decision was made to pre
serve stimulus consistency across conditions, it limits our ability to 
establish a baseline for interpreting the behavioral and neural responses 
observed in the present study. Without a neutral reference, it remains 
unclear whether the valence and arousal ratings, as well as the fronto
parietal HbO beta values, associated with each emotion category reflect 
emotion-specific processing or more general responses to facial and 
vocal cues. Future studies should use stimulus sets in which valence and 
arousal are directly and continuously manipulated across a full range 
including neutral expressions, enabling a cleaner isolation of dimen
sional and modality-specific effects free from categorical confounds.

Another limitation is the hybrid nature of the experimental design. 
Although the study focused on valence and arousal ratings, the stimuli 
were selected from discrete emotion categories. Thus, modality effects 
may partly reflect category-specific properties instead of dimensional 
processing alone. This issue is particularly relevant for Angry stimuli, 
which may be more salient, intense, recognizable, or threat-relevant 
than other emotions. Normative ratings from the RAVDESS validation 
dataset showed that stimulus intensity varied across emotion and mo
dality conditions, with Angry stimuli showing the highest intensity 
overall (refer to Table S9). Therefore, the stronger frontoparietal 
response to Angry stimuli in the AV condition may partly reflect 
stimulus-related properties. However, because this enhancement was 
not evident in the AV condition, intensity alone is unlikely to fully ac
count for the pattern. Future studies should use stimulus sets that better 
control valence, arousal, intensity, and category membership, including 
intensity-matched neutral expressions.

However, the current study has several implications for better un
derstanding how sensory modality affects behavioral ratings and fron
toparietal brain responses during emotion perception. We revealed that 
modality-dependent differences varied across emotion categories. In 
particular, Angry stimuli in the audiovisual condition elicited higher 
brain activity in the frontoparietal network than in unimodal conditions, 
indicating that the integration of visual and auditory information may 
require greater evaluative processing for certain negative emotions. 
Moreover, the brain-behavior relationships showed that in the VO 
condition, higher HbO activities were associated with more positive 
valence ratings. In contrast, in the AV condition, higher HbO activities 
were associated with stronger arousal ratings.

This has practical applications for clinical populations, as previous 
studies have reported difficulties in integrating AV emotional cues 
(Gerdes et al., 2014; Maurage & Campanella, 2013; Stevenson et al., 
2018). Specifically, these individuals may have difficulty perceiving 
multimodal emotions as less negative or less strong. Because such dif
ferences can be linked to experience-dependent neuronal reorganization 
(Husain et al., 2014; Klinge et al., 2010), future studies on multimodal 
emotion processing should investigate a broader range of individuals to 
better understand these variations.

Another important avenue for future research is the consideration of 
how individual differences may systematically modulate emotion 
perception. A growing body of research has shown that factors such as 
sex, trait anxiety, sensory processing sensitivity, alexithymia, and social 
cognitive ability can influence both behavioral and neural responses to 
emotional stimuli. For example, sex differences have been reported in 
the neural correlates of emotion processing (Whittle et al., 2011), and 
individuals with higher trait anxiety show enhanced sensitivity to 
threat-related expressions (Surcinelli et al., 2006). Sensory processing 

sensitivity is associated with heightened neural responses to others’ 
emotions (Acevedo et al., 2014), whereas alexithymia is linked to al
terations in the early perceptual and attentional processing of emotional 
stimuli (Delle-Vigne et al., 2014). In addition, variability in social 
cognitive ability, including conditions such as autism-spectrum disor
ders and depression, influences the integration and interpretation of 
audiovisual emotional signals (Charbonneau et al., 2013; Li et al., 2022). 
Incorporating them as potential moderators in future designs will pro
vide a more comprehensive and profound understanding of multimodal 
emotion perception. Taken together, we suggest that mapping emotional 
processing across modality conditions provides a more comprehensive 
understanding of how emotion is perceived by different individuals.
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