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Abstract

In daily life, our emotions are often elicited by a multimodal environment, mainly visual and

auditory stimuli. Therefore, it is crucial to investigate the symmetrical characteristics of emo-

tional responses to pictures and sounds. In this study, we aimed to elucidate the relationship

of attentional states to emotional unimodal stimuli (pictures or sounds) and emotional

responses by measuring the pupil diameter, which reflects the emotional arousal associated

with increased sympathetic activity. Our hypothesis was that the emotional responses to

both the image and sound stimuli are symmetrical: emotion might be suppressed when

attentional resources are allocated to another stimulus of the same modality as the emo-

tional stimulus—such as a dot presented at the same time as an emotional image, and a

beep sound presented at the same time as an emotional sound. In our two experiments,

data for 24 participants were analyzed for a pupillary response. In experiment 1, we investi-

gated the relationship of the attentional state with emotional visual stimuli (International

Affective Picture System) and emotional responses by using pupillometry. We set four task

conditions to modulate the attentional state (emotional task, no task, visual detection task,

and auditory detection task). We observed that the velocity of pupillary dilation was faster

during the presentation of emotionally arousing pictures compared to that of neutral ones,

regardless of the valence of the pictures. Importantly, this effect was not dependent on the

task condition. In experiment 2, we investigated the relationship of the attentional state

with emotional auditory sounds (International Affective Digitized Sounds) and emotional

responses. We observed a trend towards a significant interaction between the stimulus and

the task conditions with regard to the velocity of pupillary dilation. In the emotional and audi-

tory detection tasks, the velocity of pupillary dilation was faster with positive and neutral

sounds than negative sounds. However, there were no significant differences between the

no task and visual detection task conditions. Taken together, the current data reveal that dif-

ferent pupillary responses were elicited to emotional visual and auditory stimuli, at least in
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the point that there is no attentional effect to emotional responses to visual stimuli, despite

both experiments being sufficiently controlled to be of symmetrical experimental design.

Introduction

Emotions have been extensively investigated in fields such as cognitive psychology and neuro-

science. Research on emotional processing has almost exclusively used a collection of emotional

pictures known as the International Affective Picture System (IAPS; [1]) and a collection of

emotional sounds known as the International Affective Digitized Sounds (IADS; [2]) as the

stimulus material. However, an issue with past studies of emotion research is that they have

typically only investigated unimodal cues [3].

Most studies on audiovisual integration, such as the McGurk effect, have reported that the

influence of visual stimuli in these interactions is dominant over that of auditory stimuli [4,5].

The fMRI study by Anders et al. revealed a higher differential activation in the amygdala during

exposure to the emotional pictures from the IAPS compared to the emotional sounds from the

IADS [6]. Another study suggested that differential brain activation in response to the emotional

pictures and sounds may not be due to the differences in the emotional processing; rather, it

may be due to methodological differences and different stimulus characteristics [3]. Although

emotional responses to sounds are weaker [7] and occur later [8], the processing of emotional

sounds and pictures is comparable based on behavioral, physiological, and electrophysiological

reactions [9,10]. However, it is not clear whether the characteristics of emotional responses to

pictures and sounds are symmetric in every situation. To assess this, the present study investi-

gated the relationship of attentional states to emotional unimodal stimuli (pictures or sounds)

based on the hypothesis that emotional responses elicited by pictures and sounds are asymmet-

ric. The subjective evaluation methods of emotional stimuli, including the Self-Assessment

Manikin (SAM; [11]), which is a method for the subjective rating of the dimensions of valence

and arousal, do not reflect the emotional state when paying attention to emotional stimuli (pic-

tures or sounds), because it is conducted following a stimulus presentation. Therefore, in the

present study, we measured the pupil diameter, which reflects the emotional arousal associated

with increased sympathetic activity, as a physiological indicator to record the emotional state

during the stimulus presentation.

Pupil dilation is controlled by the level of activation of the locus coeruleus (LC), which has

an important role in cognitive function and arousal [12,13]. Therefore, a pupillary response

is considered a physiological indicator of mental activity [14–16]. Studies on the association

between pupillary changes and emotional responses have reported that pupil diameter was

dilated as a results of increase in arousal following presentation of an emotional stimuli such as

the IAPS pictures and the IADS sounds [17–24]. Snowden et al. reported that pupil dilation in

response to emotional pictures was not affected by actively naming the emotion of the stimuli

compared to passive viewing [22]. In the study by Kinner et al, pupillary responses were mea-

sured while participants controlled their emotional states with cognitive emotion regulation

(e.g., reappraisal, distraction) during the presentation of the IAPS pictures. When participants

performed emotion regulation, pupil dilation was decreased compared to the passive viewing

of the negative pictures. This suggested that pupillary response could be an indication of the

success or failure of the emotion regulation [24].

This study investigated the relationship of attentional states with emotional unimodal sti-

muli (pictures or sounds) using pupillometry in two experiments. Typical examples of the dis-

traction task during a presentation of emotional stimuli are continuous target counting task by

Schupp et al. [25,26]. However, these tasks are not suitable for pupillometry, which is sensitive
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to the change of brightness and requires an appropriate interval between trials. Thus, in addi-

tion to the 2 tasks in Snowden’s experiment (emotional task, no task), we added two new tasks

to capture visual or auditory attention (visual detection task, and auditory detection task). In

these tasks, a visual or auditory target (a dot or beep sound) was presented in random trials.

However, the trials in which the target appears in these tasks cannot be compared with other

tasks due to the difference in screen brightness or sound frequency. Accordingly, we attempted

to control and equalize attentional states in all task conditions by analyzing the pupillary

response of the trials without the target. In addition, the stimulus conditions of each emotional

stimulus in this study were categorized based on subjective evaluation in each participants

because objective and subjective assessments of the IAPS and IADS are not always consistent,

and there is an individual difference [27,28]. Our hypothesis is that the emotional responses to

both the images and the sounds stimuli might be suppressed when attention was paid to the

target stimuli of the same modality as to emotional stimuli. Although there is evidence for this

emotional suppression effect for vision [25], it is still not completely understood whether the

same effects occur for audition. Therefore, we investigated whether emotional responses to

visual and auditory stimuli had symmetrical properties by comparing the pupillary response

depending on the emotional state in each task condition.

Materials and methods

Participants

Twenty-six healthy participants (10 females) participated in Experiment 1 (mean age = 22.88

years, S.D = 2.65), and 24 healthy participants (8 females) participated in Experiment 2 (mean

age = 22.00 years, S.D. = 1.53). Six of the 24 participants from Experiment 2 also participated

in Experiment 1 approximately 1 month before Experiment 2. They were recruited through e-

mail by us. Their performance did not differ from the other participants. All participants are

students or staff in Toyohashi University of Technology. They had normal or corrected-to-

normal vision, normal hearing based on self-reports and they were not informed of the pur-

pose of the study. Two participants from Experiment 1 were excluded from the analyses due

to artifacts such as eye blinks and missing data. A power analysis using G�Power software

(G�power 3.1; [29]) indicated that a sample size of 24 would achieve 80% power for a repeated

measures design, given a medium effect size (f = 0.25) and α = 0.05. All participants provided

written informed consent. The experimental procedure received approval from the Committee

for Human Research at Toyohashi University of Technology. The experiments were conducted

strictly in accordance with the approved guidelines of the committee.

Stimuli

For Experiment 1, pictures were selected from the IAPS based on the normative ratings [1].

Sets of 20 positive pictures (valence: mean = 7.29, S.D. = 0.40; arousal: mean = 6.20, S.D. =

0.84), 20 negative pictures (valence: mean = 2.77, S.D. = 0.57; arousal: mean = 6.20, S.D. =

0.55), and 20 neutral pictures (valence: mean = 5.06, S.D. = 0.26; arousal: mean = 4.24, S.D. =

0.98) were created. All pictures were in landscape orientation (19.0 × 14.3 degrees of visual

angle) and were displayed in grayscale. Mean luminance of the selected pictures was matched

using the MATLAB R2016a (MathWork Inc.) SHINE toolbox [30]. In order to match the level

of luminance prior to the picture onset, the luminance of the gray background was controlled

with the mean luminance computed across all pictures.

For Experiment 2, sounds were selected from the IADS based on the normative ratings [2].

Sets of 20 positive sounds (valence: mean = 7.22, S.D. = 0.55; arousal: mean = 6.30, S.D. =

0.85), 20 negative sounds (valence: mean = 2.80, S.D. = 0.45; arousal: mean = 6.28, S.D. =
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0.63), and 20 neutral sounds (valence: mean = 4.99, S.D. = 0.40; arousal: mean = 4.32, S.D. =

0.61) were created. The stimuli were selected for comparable valence and arousal ratings

between pleasant and unpleasant stimuli and between Experiment 1 and Experiment 2. All

sounds were normalized for peak amplitude to standardize their loudness. In order to match

the level of luminance between Experiment 1 and 2, the luminance of the gray background

was controlled with the mean luminance computed across all pictures in Experiment 1.

Procedure

Experiment 1 and Experiment 2 were conducted separately and on different days. In both

experiments, after participants received an explanation of the experimental procedure, they

signed an informed consent form. Participants were then seated in comfortable chairs with

their chins fixed at a viewing distance of 60 cm, in a shielded dark room. Visual stimuli were

displayed on a calibrated 24-inch LCD monitor (ViewPixx3D, VPixx Technologies). Auditory

stimuli were presented through headphones (SoundTrue around-ear headphones, BOSE). All

experiments were developed in Windows 10 and executed in MATLAB 2014b (MathWork

Inc.) using Psychtoolbox 3 [31–33].

Experiment 1. Fig 1a shows the protocol for Experiment 1. The experiment consisted of

60 IAPS pictures and was conducted over four blocks. In these four blocks, the 60 stimuli were

Fig 1. Experimental procedure. (a) Protocol for Experiment 1. In each trial, the fixation point was presented for 1,000 ms. The IAPS picture was then

presented for 6,000 ms. Each trial was separated by a response period and an inter-stimulus interval (ISI) of 5,000 ms in total. Participants responded to

the task in each block following the stimulus presentation using the keypad. (b) Protocol for Experiment 2. The paradigm (presentation times,

participants’ tasks, and the number of trials) was identical with that in Experiment 1. However, IADS sounds and not IAPS pictures were used.

https://doi.org/10.1371/journal.pone.0230775.g001
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identical, and each stimulus was presented only once within each block in random order. In

each trial, a fixation point was presented for 1,000 ms prior to the presentation of the stimulus.

Each IAPS picture was presented for 6,000 ms. The participants were instructed to fixate on a

central point during the presentation of the fixation point and stimulus. They responded to

the task in each block by pressing a key after stimulus presentation. The tasks in each block

differed as follows: (1) Emotional task: the subjective emotional evaluation of presented pic-

tures (positive, negative, or neutral); (2) No task: only pressing the key as a control condition;

(3) Visual task: the visual detection of a dot, which was added to the IAPS picture during stim-

ulus presentation at random (appearance or no appearance); (4) Auditory task: the auditory

detection of a beep sound, which was emitted during stimulus presentation through a set of

headphones at random (appearance or no appearance). In the visual task block, the target dot in

random trials was added to a picture for 100 ms at random intervals during the stimulus presen-

tation (somewhere between 1,000 ms and 4,500 ms after stimulus presentation). The target dot

was a circle of 3 pixels radius, and it was superimposed at a random position onto the IAPS pic-

tures. In the auditory task block, the target beep sound in random trials was presented for 300 ms

at random intervals during stimulus presentation (somewhere between 1,000 ms and 4,500 ms

after stimulus presentation). The presentation of the target dot or beep sound accounted for 20%

of all trials in each block. However, these trials could not be analyzed for pupillary response

because of differences in experimental conditions compared to the other trials. Therefore, the

number of trials in the visual and auditory tasks was 75, in order to equalize the number of ana-

lyzable trials in all task conditions. In order to equalize the accuracies of visual and auditory tasks

at 75% in the preliminary experiment, the target dot (area and color) and target beep sound (fre-

quency and volume) were modulated. Participants had a maximum of 5,000 ms to respond, after

which the next trial started automatically. Participants rested for at least 5 min between each

block. The order of the tasks was counterbalanced across the participants.

Experiment 2. Fig 1b shows the protocol for Experiment 2. The experiment consisted of

60 IADS sounds and was conducted over four blocks. The presentation times, participants’

tasks, and the number of trials in Experiment 2 were identical to those in Experiment 1. How-

ever, instead of the IAPS pictures in Experiment 1, IADS sounds were presented as stimuli. In

the visual task block, the target dot was a circle of 3 pixels radius, and it was presented at a ran-

dom position within the same range as Experiment 1. In the auditory task block, the target beep

sound was synthesized as part of the IADS sound. In order to equalize the accuracies of the

visual and auditory tasks at 75% in a preliminary experiment, the target dot (area and color)

and the target beep sound (frequency and volume) were modulated with different parameters

to those in Experiment 1 as the IADS sounds were presented instead of the IAPS pictures.

Pupillometry

Pupil diameter and eye movement during the presentation of the fixation point and stimulus

were recorded using an eye-tracking system (Eyelink 1000, SR Research), at the sampling rate

of 500 Hz. The eye-tracking system was desk mounted and used infrared video-based tracking

technology. The movement of the participant’s left eye was recorded using an infrared video

camera at the resolution of up to 0.1˚. A 9-point calibration and validation were performed

before the start of each block to ensure that the participant’s eyes were correctly tracked by

the eye-tracking system.

Data analysis

Behavioral data. The rates at which participants’ responses to the stimuli in the emotional

task matched the valence of the stimuli. They were computed for both experiments and

PLOS ONE Emotional response to pictures and sounds

PLOS ONE | https://doi.org/10.1371/journal.pone.0230775 April 6, 2020 5 / 16

https://doi.org/10.1371/journal.pone.0230775


analyzed with a one-way repeated-measures analysis of variance (ANOVA) for each stimulus

condition (positive, negative, and neutral) as factors. The level of statistical significance was set

at p< 0.05 for all analyses. Pairwise comparisons for the main effects were corrected for multi-

ple comparisons using the Bonferroni method. Effect sizes (partial η2) were determined for the

ANOVA. In addition, the detection rates of the target dots or beep sounds for visual or audi-

tory tasks were computed, and a paired t-test was used to compare the detection rates between

visual and auditory tasks in each experiment.

Pupillary data. The pupillary data were prepared and analyzed using MATLAB 2017b

(MathWork Inc.). The trials in which the target dot or beep sound appeared in the visual or

auditory tasks were rejected from the pupillary data analysis. In both experiments, some

erotic images and sounds were included in positive stimuli. Several studies have shown gen-

der differences in emotional responses to erotic images [34,35]. In fact, the results of emo-

tion classification in the emotional task indicated that there were many erotic stimuli that

the male participants responded to positively, whereas the female participants responded

negatively rather than positively. Therefore, pupillary data in each trial was classified into

three conditions (positive, negative, and neutral) according to the participants’ responses in

an emotional task rather than the value of the emotional valence based on the normative rat-

ings in IAPS and IADS. Due to this classification method, the trials analyzed for pupillary

response in each emotion condition were in the range of 10 to 40. The eye blinks were inter-

polated using cubic-spline interpolation [36]. The trials containing artifacts were removed

using the principal component analysis (PCA) and the peak change of the velocity of the

pupil response.

The PCA was performed to reject the trials including potential contaminant using all pupil-

lary time course data in each experiment as the input data. The threshold for detection of the

peak change of the velocity was defined based on Mathôt’ et al.’s research [36]. It was used to

reject the trials which were not interpolated the eye blinks and the loss for a sustained period

by cubic-spline interpolation. Based on these methods for artifact removal, 4.36 trials in Exper-

iment 1 and 3.83 trials in Experiment 2 for each condition, on average, were excluded from the

analysis. Two participants from Experiment 1 were excluded because all trials in one of the

experimental conditions (20 trials) or more than 75% of one of the task conditions (60 trials)

were rejected due to artifacts. After the artifact removals, the pupillary data for the analyses in

each emotion condition were in the range of 9 to 39.

In the time course analysis, each trial data was down-sampled to 50 Hz and subsequently

each data point ± four sampling points were smoothed. Next, the pupillary area data were

converted to diameter data in accordance with the method proposed by Hayes and Petrov [37]

because the pupil size was generated by the device in arbitrary units. The baseline pupil size

was computed as an average of the data collected prior to the stimulus onset (picture or sound

presentation), from -200 ms to 0 ms (presentation onset). The baseline-corrected average

pupil sizes for the presentation period of 0 ms to 5,800 ms in both experiments were compared

to each condition [38].

Based on Kinner’s research, a gradient in Experiment 1 was calculated between the mini-

mum pupil diameter (between 0 and 1,000 ms after the picture onset) and maximum pupil

diameter (between 1,000 and 2,000 ms after the picture onset) [24]. Similarly, a gradient in

Experiment 2 was calculated between the maximum pupil diameter (between 0 and 1,000 ms

after the sound onset) and maximum pupil diameter (between 1,000 and 2,000 ms after the

sound onset). Pupillary responses in Experiment 1 constricted from the picture presentation

due to the light reflex, whereas pupillary responses in Experiment 2 dilated due to the sound

stimuli and no change in the screen. The gradient values were used as physiological indexes in

this study. They were computed and analyzed using a repeated measures ANOVA for each
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stimulus condition (positive, negative, and neutral). Two-way ANOVAs were performed using

the pupillary gradient in each stimulus condition (positive, negative, and neutral) and the task

conditions (emotional task, no task, visual task, and auditory task) as factors. The level of sta-

tistical significance was set at p< 0.05 for all analyses. The pairwise comparisons for the main

effects were corrected for multiple comparisons using the MSRB (Modified Sequentially Rejec-

tive Bonferroni) procedure [39]. Effect sizes (partial η2) were determined for the ANOVA.

Results

Behavioral response

Fig 2a shows the rates at which participants’ responses to the pictures and sounds in the emo-

tional task of Experiment 1 and 2 matches the valence of the pictures and sounds. ANOVA

revealed no main effect of the stimulus condition in Experiment 1 [F(2, 46) = 1.158; p = 0.323;

partial η2 = 0.048]. In addition, we analyzed these rates with a Bayesian repeated measures

ANOVA using the statistical software JASP (httos://jasp-stats.org/). We concluded that there

is no main effect of the stimulus condition in Experiment 1. We found a BF10 smaller than

0.33 in the main effect of the stimulus (BF10 = 0.323). Thus, we have evidence in support of the

null hypothesis [40] that there is no main effect of the stimulus. These results indicate that par-

ticipants’ emotions elicited by IAPS pictures in Experiment 1 were impartial. On the other

hand, there is a significant main effect of the stimulus condition in Experiment 2 [F(2, 46) =

7.923; p = 0.001; partial η2 = 0.256; BF10 = 64.401]. Planned comparisons revealed that the rate

at which responses matched the valence of the negative sounds was significantly higher than

that for the neutral sounds (p = 0.003) and showed the trend to be significantly higher than

that for the positive sounds, although it did not reach statistical significance (p = 0.061). More-

over, the rate at which responses matched the valence of the positive sounds was significantly

higher than that for the neutral sounds (p = 0.048). These results indicate that negative emo-

tions, rather than positive or neutral emotions, were most strongly elicited by the IADS sounds

in Experiment 2.

Fig 2. Behavioral results. (a) Mean rates at which the participants’ responses to the pictures and sounds in the emotional task matched the valence of

the pictures and sounds in Experiment 1 and 2. (b) Detection rates of the target dot and beep sound for the visual task and the auditory task,

respectively, in both experiments. The error bars indicate the standard error of the mean across the participants. Asterisks in (a) indicate a significant

difference based on multiple comparisons for the main effect of stimulus; � p< 0.05, �� p< 0.01.

https://doi.org/10.1371/journal.pone.0230775.g002
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Fig 2b shows the detection rates of the target dot and beep sound for the visual and auditory

tasks in both experiments. T-tests revealed no significant differences for task conditions in

both experiments (Experiment 1: p = 0.940, Experiment 2: p = 0.637). In addition, we analyzed

these rates with Bayesian paired sample t-tests. Bayesian t-tests showed moderate evidences for

the null hypothesis that there is no difference in the detection rates between visual and audi-

tory tasks in both experiments (Experiment 1: BF10 = 0.215, Experiment 2: BF10 = 0.238).

These results indicate that the difficulties of the visual and auditory tasks in both experiments

did not differ.

Pupillary response

Figs 3 and 4 show the grand-average time course of changes in the pupil dilation during stimu-

lus presentation (6,000 ms) in each task condition for Experiment 1 and 2. Fig 5a shows the

gradient values of the pupillary response to the IAPS pictures for each condition in Experiment

Fig 3. The grand-averaged time course of pupillary responses to the IAPS pictures (positive, negative, and neutral) in the task conditions during

the stimulus presentation in Experiment 1. The horizontal axis indicates the time (s), while the vertical axis indicates the grand-averaged change in

pupil dilation from baseline (−200 ms to 0 ms).

https://doi.org/10.1371/journal.pone.0230775.g003
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1. ANOVAs revealed a significant main effect of the stimulus condition [F(2, 46) = 10.660;

p< 0.001; partial η2 = 0.317; BF10 = 2.170 × 103]. The planned comparisons revealed that the

gradient values for the negative and positive pictures were significantly greater than those for

the neutral pictures (p = 0.002 and p = 0.002 for negative and positive pictures, respectively).

However, the comparison between the positive and negative pictures revealed no significant

difference (p = 0.735).

A significant main effect of the task condition was observed for the gradient values [F(3, 69)

= 15.304; p< 0.001; partial η2 = 0.400; BF10 = 4.804 × 1012]. The planned comparisons revealed

that the gradient value for the emotional task was significantly greater than that for the no task,

the visual task, and the auditory task (p = 0.001, p = 0.001, p< 0.001, respectively). However,

there was no significant interaction effect between the stimulus condition and the task condi-

tion [F(6, 138) = 1.562; p = 0.163; partial η2 = 0.064]. In addition, we analyzed the gradient

Fig 4. The grand-averaged time course of pupillary responses to the IADS sounds (positive, negative, and neutral) in the task conditions during

the stimulus presentation in Experiment 1. The horizontal axis indicates the time (s), while the vertical axis indicates the grand-averaged change in

pupil dilation from baseline (−200 ms to 0 ms).

https://doi.org/10.1371/journal.pone.0230775.g004
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Fig 5. The velocity of pupil dilation. (a) Gradient values of the pupillary response to the IAPS pictures for each condition in Experiment 1. (b)

Gradient values of the pupillary response to the IADS sounds for each condition in Experiment 2. Error bars show standard error of the mean

across the participants. Asterisks in (b) indicate a significant difference based on multiple comparisons for the interaction between the stimulus

condition and the task condition; � p< 0.05, �� p< 0.01, ��� p< 0.005.

https://doi.org/10.1371/journal.pone.0230775.g005
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values with a Bayesian repeated measures ANOVA. We found a BF10 smaller than 0.33 in the

interaction between emotion and task (BF10 = 0.031). Thus, we have evidence in support of the

null hypothesis that there is no interaction between emotion and task. These results indicate

that the positive and negative pictures triggered faster pupil dilation compared to that for the

neutral pictures in all task conditions.

Fig 5b shows the gradient values of the pupillary response to the IADS sounds for each

condition in Experiment 2. ANOVA revealed a significant main effect of the stimulus condi-

tion, although Bayes factors was providing weak evidence against this effect [F(2, 46) = 5.595;

p = 0.007; partial η2 = 0.196; BF10 = 0.465]. The planned comparisons revealed that the gradi-

ent values for the negative sounds were significantly greater than those for the positive and

neutral sounds (p = 0.017, p = 0.017, respectively). However, there was no significant differ-

ence between the positive and neutral sounds (p = 0.673).

A significant main effect of the task condition was observed for the gradient values [F(3, 69)

= 4.990; p = 0.003; partial η2 = 0.178; BF10 = 3.760 × 103]. The planned comparisons revealed

that the gradient value for the emotional task was significantly greater than that for the no task

and the visual task (p = 0.015 and p = 0.016 for the no task and the visual task, respectively).

Moreover, the gradient value for the auditory task was significantly greater than that for the no

task (p = 0.015).

There was a trend towards a significant interaction between the stimulus condition and the

task condition, however, Bayes factors providing strong evidence against this interaction [F(6,

138) = 1.823; p = 0.099; partial η2 = 0.073; BF10 = 0.101]. We observed simple main effects of

the task condition on the negative sounds [F(3, 69) = 6.653; p = 0.001; partial η2 = 0.224] and a

trend for the positive sounds [F(3, 69) = 2.458; p = 0.070; partial η2 = 0.097]. Further analyses

revealed that the gradient value for the negative sounds was significantly greater for the emo-

tional task than that for the no task and the visual task (p = 0.007 and p = 0.002, for the no task

and the visual task, respectively). The gradient value for the negative sounds was also signifi-

cantly greater for the auditory task than that for the no task (p = 0.002). The gradient value for

the positive sounds trended towards being significantly greater for the emotional task than for

the visual task (p = 0.074). We observed simple main effects of the stimulus condition on the

emotional task [F(2, 46) = 5.460; p = 0.008; partial η2 = 0.192] and the auditory task [F(2, 46) =

4.026; p = 0.025; partial η2 = 0.149]. Further analyses revealed that the gradient value for the

emotional task was significantly greater for the negative sounds than that for the positive

sounds and the neutral sounds (p = 0.048, p = 0.007, respectively). The gradient value for the

auditory task trended towards being significantly greater for the negative sounds than for neu-

tral and positive sounds (p = 0.053 and p = 0.053 for the neutral and positive sounds, respec-

tively). These results suggest that in the emotional and auditory tasks, the negative sounds

triggered a faster pupil dilation compared to that for the positive and neutral sounds.

In addition, three-way ANOVAs with repeated measures were performed using the pupil-

lary gradient in 3 emotion conditions and the 4 task conditions, as the within-subjects factor,

and 2 modality conditions (Vision vs. Audition) as the between-subjects factor. However,

there was no significant interaction effect between the stimulus condition, the task condition

and modality condition [F(5.33, 245.15) = 1.430; p = 0.221; partial η2 = 0.003; BF10 = 0.0345].

Discussion

In the present study, we investigated the relationship of attentional states to emotional unimo-

dal stimuli (the IAPS pictures or the IADS sounds) and emotional responses using pupillome-

try in two experiments. Results for the velocity of pupillary responses showed that the

emotional responses to visual stimuli were elicited regardless of the task (any attentional state),
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while the emotional responses to auditory stimuli were elicited only when the participants

attended to the auditory modality. Thus, our results point to different properties of emotional

responses for visual and auditory stimuli at least in the point that there is no attentional effect

to emotional responses to visual stimuli.

In Experiment 1, there was no significant interaction for the velocity of the pupil dilation

between the stimulus condition and the task condition; compared to the neutral pictures, both

the positive and negative pictures elicited a larger pupil dilation in all task conditions. The

results for the emotional task and the no task in Experiment 1 coincided with findings from

the previous study indicating that the pupil diameter dilated more to the emotional pictures

than to the neutral pictures regardless of the participants’ mode of viewing [22]. Schupp et al.

reported an interference with the selective emotional processing when visual attentional

resources are allocated for a visual target (horizontal or vertical lines) superimposed on the

IAPS pictures [25]. However, in our experiment, the target dot or sound during an emotional

stimulus presentation in both visual and auditory tasks was not presented in all trials analyzed

for the pupillary response. Therefore, we conjectured that the emotional responses to the IAPS

pictures were elicited in all task conditions because the visual target (e.g., target dot) to divert

attention did not exist, which is not dissimilar to the reports of Schupp et al. Moreover, our

pupillometry results for the auditory task in Experiment 1 revealed that the velocity of the

pupil dilation when the participants attended to the emotional pictures was faster compared to

that for the neutral pictures. Schupp et al. reported that the processing of the emotional pic-

tures was not modulated by the additional auditory detection task of increasing complexity

[26], suggesting that the emotion processing in the visual domain is not affected by the task

demands in the auditory modality [3]. Thus, the processing of the emotional pictures in Exper-

iment 1 was unlikely to be disrupted by the auditory task because visual and auditory modali-

ties use independent attentional resources.

In Experiment 2, there was a trend towards a significant interaction between the stimulus

condition and the task condition for the velocity of the pupil dilation, suggesting that the

velocity of the pupil dilation for the negative sounds in the emotional and auditory tasks may

have been faster than that for the positive and neutral sounds. Although our results are consis-

tent with the previous findings [17] in that pupillary response to the negative sounds was larger

than that to the neutral sounds, the results for the pupillary response to the positive sounds

were different from the previous findings. This difference may be due to the results of the sub-

jective rating to the IADS sounds in the emotional task, whereby negative emotions were elic-

ited more than positive and neutral emotions. Therefore, the velocity of the pupil dilation for

the negative sounds in the emotional and auditory tasks may have been faster than that for the

positive sounds because the emotional evaluation of the positive sounds was lower than for the

negative sounds [24]. The no task and the visual task in Experiment 2 did not need as much

auditory attention during the stimulus presentation compared to the emotional task and the

auditory task, indicating that the emotional responses of the pupillary change in Experiment 2

were elicited only in the conditions where the participants attended to auditory modalities.

Thus, the emotional responses to the sounds in the no task and the visual task may have been

suppressed because attention was paid to the fixation point of a different modality rather than

to the emotional stimuli, in an agreement with the previous study [26].

The dissimilarity of the pupillary responses between Experiment 1 and Experiment 2

included the following: whereas emotional responses to visual stimuli were elicited in all task

conditions, emotional responses to auditory stimuli were elicited only when attention was paid

to the auditory modality during the stimulus presentation (emotional task, auditory task). Pre-

vious studies on unconscious emotional processing of visual stimuli have demonstrated that

emotional responses can be elicited by subliminal perception [41–43]. In contrast, Lähteenmäki
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et al. reported that the affective auditory processing is dependent on awareness, and emotional

responses were not elicited during the nonconscious auditory processing [44]. In our experi-

ments, there was no difference in emotional responses between the visual and auditory stimuli

when attention was paid to the emotional stimuli (Experiment 1: emotional task & visual task,

Experiment 2: emotional task & auditory task). However, in the conditions in which the partic-

ipants did not need to attend to emotional stimuli (Experiment 1: no task & auditory task,

Experiment 2: no task & visual task), the pupillary response to emotional visual stimuli was

more dilated compared to that of the neutral pictures, whereas the pupillary response to emo-

tional auditory stimuli did not dilate. We, therefore, propose a different feature of emotional

responses to visual and auditory stimuli, whereby unconscious emotional responses to visual

stimuli are elicited whereas unconscious emotional responses to auditory stimuli are not

evoked (or minimally evoked).

Taken together, the current data of pupillary responses reveal emotional responses depend

on attentional allocation to visual and auditory stimuli. Emotional responses to visual stimuli

were evoked in all attentional states, whereas emotional responses to auditory stimuli were

only evoked in cases where the participants attended to the auditory modality. However, there

are some limitations in this study considering most effects that are not a large effect size, and

non-significant interaction between the stimulus condition, the task condition, and modality

condition, which undermine our conclusion of asymmetrical characteristics of emotional

responses to pictures and sounds. In this study, we used an erotic stimulus, which might cause

a gender difference in emotional response, and we could not strictly control the emotional

valence of the stimuli between two modalities because we analyzed pupillary response accord-

ing to the classification of the emotional task. In addition, the visual stimuli in Experiment 1

were static images, whereas the auditory stimuli in Experiment 2 were dynamic sounds. This

difference might influence the eye movement during each trial, which is possible to be a poten-

tial contaminant for pupillary responses. Further studies using sufficiently controlled stimuli

(video and sound) between two modalities are needed in order to investigate the difference in

temporal processing between the two modalities. Moreover, the partial overlap of the partici-

pants between Experiment 1 and 2 more complicated the comparison of pupillary responses

between the experiments.

Our findings suggest that differences in emotional responses to visual and auditory stimuli

must be considered in any research on cognitive emotion regulation. This will be conducive to

the establishment of new methods of cognitive emotional regulation, whereby emotional

responses elicited by one sensory modality are prompted or suppressed by stimuli from

another sensory modality.
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10. Czigler I., Cox T. J., Gyimesi K., & Horváth J. (2007). Event-related potential study to aversive auditory

stimuli. Neuroscience letters, 420(3), 251–256. http://doi.org/10.1016/j.neulet.2007.05.007 PMID:

17556101

11. Lang P. J. (1980). Self-assessment manikin. Gainesville, FL: The Center for Research in Psychophysi-

ology, University of Florida.

12. Aston-Jones G., & Cohen J. D. (2005). An integrative theory of locus coeruleus-norepinephrine func-

tion: adaptive gain and optimal performance. Annu. Rev. Neurosci., 28, 403–450. http://doi.org/10.

1146/annurev.neuro.28.061604.135709 PMID: 16022602

13. Benarroch E. E. (2009). The locus ceruleus norepinephrine system Functional organization and poten-

tial clinical significance. Neurology, 73(20), 1699–1704. https://doi.org/10.1212/WNL.

0b013e3181c2937c PMID: 19917994

14. Hess Eckhard H., and Polt James M. (1960). Pupil size as related to interest value of visual stimuli. Sci-

ence, 132(3423), 349–350. https://doi.org/10.1126/science.132.3423.349 PMID: 14401489

15. Hess Eckhard H., and Polt James M. (1964) Pupil size in relation to mental activity during simple prob-

lem-solving. Science, 143(3611), 1190–1192. https://doi.org/10.1126/science.143.3611.1190 PMID:

17833905

16. Beatty J., & Lucero-Wagoner B. (2000). The pupillary system. Handbook of Psychophysiology, 2(142–

162).

17. Partala T., & Surakka V. (2003). Pupil size variation as an indication of affective processing. Interna-

tional journal of human-computer studies, 59(1–2), 185–198. http://doi.org/10.1016/S1071-5819(03)

00017-X

18. Bradley M. M., Miccoli L., Escrig M. A., & Lang P. J. (2008). The pupil as a measure of emotional arousal

and autonomic activation. Psychophysiology, 45(4), 602–607. http://doi.org/10.1111/j.1469-8986.

2008.00654.x PMID: 18282202

PLOS ONE Emotional response to pictures and sounds

PLOS ONE | https://doi.org/10.1371/journal.pone.0230775 April 6, 2020 14 / 16

http://doi.org/10.3389/fpsyg.2014.01351
http://doi.org/10.3389/fpsyg.2014.01351
http://www.ncbi.nlm.nih.gov/pubmed/25520679
https://doi.org/10.1038/264746a0
https://doi.org/10.1038/264746a0
http://www.ncbi.nlm.nih.gov/pubmed/1012311
https://doi.org/10.1038/416172a
https://doi.org/10.1038/416172a
http://www.ncbi.nlm.nih.gov/pubmed/11894093
https://doi.org/10.1093/scan/nsn017
http://www.ncbi.nlm.nih.gov/pubmed/19015115
https://doi.org/10.1097/WNR.0b013e328011dc95
http://www.ncbi.nlm.nih.gov/pubmed/17314665
https://doi.org/10.1097/00001756-200306110-00002
https://doi.org/10.1097/00001756-200306110-00002
http://www.ncbi.nlm.nih.gov/pubmed/12821791
http://doi.org/10.1016/j.neulet.2007.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17556101
http://doi.org/10.1146/annurev.neuro.28.061604.135709
http://doi.org/10.1146/annurev.neuro.28.061604.135709
http://www.ncbi.nlm.nih.gov/pubmed/16022602
https://doi.org/10.1212/WNL.0b013e3181c2937c
https://doi.org/10.1212/WNL.0b013e3181c2937c
http://www.ncbi.nlm.nih.gov/pubmed/19917994
https://doi.org/10.1126/science.132.3423.349
http://www.ncbi.nlm.nih.gov/pubmed/14401489
https://doi.org/10.1126/science.143.3611.1190
http://www.ncbi.nlm.nih.gov/pubmed/17833905
http://doi.org/10.1016/S1071-5819(03)00017-X
http://doi.org/10.1016/S1071-5819(03)00017-X
http://doi.org/10.1111/j.1469-8986.2008.00654.x
http://doi.org/10.1111/j.1469-8986.2008.00654.x
http://www.ncbi.nlm.nih.gov/pubmed/18282202
https://doi.org/10.1371/journal.pone.0230775


19. Kashihara K., Okanoya K., & Kawai N. (2014). Emotional attention modulates microsaccadic rate and

direction. Psychological research, 78(2), 166–179. http://doi.org/10.1007/s00426-013-0490-z PMID:

23536262

20. Henderson R. R., Bradley M. M., & Lang P. J. (2014). Modulation of the initial light reflex during affective

picture viewing. Psychphysiology, 51(9), 815–818. http://doi.org/10.1111/psyp.12236

21. Bradley M. M., & Lang P. J. (2015). Memory, emotion, and pupil diameter: Repetition of natural scenes.

Psychphysiology, 52(9), 1186–1193. http://doi.org/10.1111/psyp.12442

22. Snowden R. J., O’Farrell K. R., Burley D., Erichsen J. T., Newton N. V., & Gray N. S. (2016). The pupil’s

response to affective pictures: Role of image duration, habituation, and viewing mode. Psychophysiol-

ogy, 53(8), 1217–1223. http://doi.org/10.1111/psyp.12668 PMID: 27172997

23. Finke J. B., Deuter C. E., Hengesch X., & Schachinger H. (2017). The time course of pupil dilation

evoked by visual sexual stimuli: exploring the underlying ANS mechanisms. Psychophysiology, 54(10),

1444–1458. https://doi.org/10.1111/psyp.12901 PMID: 28560724

24. Kinner V. L., Kuchinke L., Dierolf A. M., Merz C. J., Otto T., & Wolf O. T. (2017). What our eyes tell us

about feelings: Tracking pupillary responses during emotion regulation processes. Psychophysiology,

54(4), 508–518. https://doi.org/10.1111/psyp.12816 PMID: 28072452

25. Schupp H. T., Stockburger J., Bublatzky F., Junghöfer M., Weike A. I., & Hamm A. O. (2007). Explicit
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