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中文摘要：声音诱发闪光错觉(sound-induced flash illusion, SiFI)是一种经典的听觉主导的多感觉整合现象。尽管 SiFI已

被证明与知觉敏感性相关，但到目前为止，对于 SiFI与年龄增长有关的敏感性变化的对应关系还未达成共识。本研究基于

经典的 SiFI范式(Shams, Kamitani, & Shimojo, 2000)，在视听刺激出现之前加入重复的听觉刺激，以研究重复抑制(repetition

suppression, RS)对老年人声音诱发闪光错觉的影响。通过比较老年人和年轻人的错觉量，考察认知老化条件下重复抑制对声

音诱发闪光错觉的影响。结果表明，两年龄组均存在 SiFI效应；然而，两年龄组的重复抑制对裂变和融合错觉有不同影响。

老年人的错觉量比年轻人少。因此，本研究表明听觉重复抑制导致的知觉敏感度降低会削弱多感觉整合中的声音诱发闪光错

觉效应，而且老年人更容易受到重复抑制的影响，这说明老年人在听觉重复抑制下知觉到的声音诱发闪光错觉效应较弱。

英文摘要：The sound-induced flash illusion (SiFI) is a classical auditory-dominated multisensory integration phenomenon.

Although the SiFI has been documented to correlate with perceptual sensitivity, to date there is no consensus as to how it corresponds

to sensitivity with aging. The present study was based on the SiFI paradigm (Shams et al., 2000), adding repeated auditory stimuli

prior to the appearance of audiovisual stimuli. By comparing the illusions in old and young adults, we aimed to explore the influence

of aging on the RS of auditory stimuli on the SiFI. The results showed that both age groups showed SiFI effects. The illusion effect in

old adults was weaker than in young adults. Thus, the present study indicated that the decreased perceptual sensitivity based on

auditory RS could weaken the SiFI effect in multisensory integration and that old adults are more susceptible to RS, showing that old

adults perceived the SiFI effect weakly under auditory.
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1. INTRODUCTION

Our bodies receive all kinds of information simultaneously, and most of this information arrives in

multisensory modalities. There are two main types of behavioral outcomes to multisensory integration. The first

type are multisensory illusion effects, which involve merging of information across senses; in some cases, one

sensory modality within the multisensory information competes for preferential access to the consciousness, which
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means that this modality dominates the others to receive preferential processing during multisensory competition

and eventually dominates the awareness and behavior of the observer[1-7].

Visual information dominates other sensory modalities more frequently. However, auditory information can

also dominate other sensory modalities, especially when temporal information is involved[8-11]. Shams et al. (2000)

defined a specific phenomenon of information competition, the sound-induced flash illusion (SiFI)[12]. A certain

number of visual responses are presented with an unequal number of auditory stimuli that are either presented

successively or simultaneously within 100 ms. People will misperceive the number of visual flashes due to the

simultaneous presentation of the different numbers of auditory beeps. This effect can be divided into fission and

fusion illusions[12-14]. The fission illusion occurs when two flashes are perceived if a single flash is accompanied by

two auditory stimuli[12, 14]; the fusion illusion occurs when one flash is perceived if two flashes are accompanied by

one auditory stimulus[13].

Some studies have also suggested that a higher SiFI corresponds to lower sensitivity; a lower perceptual

sensitivity, calculated by d’, can indicate susceptibility to the illusion[15-16]. Repetition suppression (RS) is known

to influence perceptual sensitivity[17-18]; that is, when the same visual stimuli are repeated, the participants had a

faster response to the stimuli and a lower error rate[19-23], and the amplitude of neural activity in the cortex induced

by this stimulus decreased significantly following presentation of the repeated stimuli[24-25]. This reduced activity

could last from a few milliseconds[26] to a few minutes[27] and up to several days[28], and the RS of different brain

regions varies[29]. This reduced perceptual sensitivity could be the cause of a greater SiFI and act as a measure of

susceptibility to the illusions. This, together with the RS, could influence the intensity of neural activity in the

perceptual sensitivity. Therefore, based on the classical SiFI paradigm, we aimed to add repeated stimuli of the

auditory modality prior to the presentation of audiovisual stimuli to investigate the effects of RS before

audiovisual stimuli on the SiFI.

Existing studies have shown that the SiFI varies across individuals[30-31]. Mishra et al. (2007) found that the

proportion of SiFIs perceived ranged from 3 to 86% among individuals[32]. Recent studies have also shown that

neural oscillations orchestrate the SiFI effect[30-31, 33]. Moreover, some studies have indicated that perceptual

processing changes dramatically with aging[34-36]. Some studies have shown that old adults have better

multisensory integration than young adults. DeLoss et al. (2013) indicated that there was a greater influence of

beeps when judging the number of visual flashes in old adults than in young adults[37]. In addition, old adults were

susceptible to the fission illusion across a much wider range of temporal asynchronies in the SiFI[38-39],

presumably due to an enlarged temporal window of integration (TWI) compared to young adults[40-43]. However,

other studies have shown that old adults have less multisensory integration than young adults. One study showed

that old adults demonstrated a significantly greater reaction time (RT) benefit when processing concurrent VS

coactivation, while young adults demonstrated a significant increase in the magnitude of AV and AS coactivation
[44]. Therefore, there is debate about the evidence for audiovisual integration in old adults[37, 39, 45-47].

Previous studies have proven that RS is affected by aging. Some studies have suggested that on repeated

fMRI, old adults show delayed repetition of visual processing[48-49]. Other studies have shown that responses to

repeated auditory stimuli within trials[50] or across trials[51] have less repetitive effects in old adults than young

adults. However, previous studies have focused more on the age-related RS difference in unimodal processing
[52-56], and to date there is no consensus as to the nature of the difference in multisensory processing. Therefore,

based on the classical SiFI paradigm, we added repeated auditory stimuli prior to the presentation of audiovisual

stimuli to investigate whether the bottom-up factor of RS affected the SiFI with aging. We hypothesized that the

RS of auditory stimuli could affect the SiFI and that the RS would affect the magnitude of the SiFI differently

between old and young adults.

2. MATERIALSANDMETHODS
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2.1 Participants

According to the calculation from the G'Power software (GPower_3.1.7), for power = 0.8 and effect size =

0.5, the total sample size should be 19. We asked 32 young adults and 31 old adults to participate in the present

experiment. If the participant's accuracy (ACC) exceeded the average by two standard deviations (SD) under a

certain experimental condition, he or she was considered to be unable to identify the stimulus properly, and the

data of the participant were rejected. Based on this criterion, 6 young adults and 4 old adults were excluded from

the experiment. Therefore, ultimately, the young adult group included 26 college students (8 males and 18 females)

aged 18-26 years old (mean age = 22); the old adult group included 27 old adults (6 males and 21 females) aged

60-76 years old (mean age = 64). All participants were naive to the experimental procedure and were paid for their

participation in the experiment. All participants were rescreened for self-reported eye disease, neurological

disorders (e.g., Alzheimer’s disease, Parkinson’s disease, stroke), and any significant hearing loss. All participants

gave written informed consent following the standard of the Declaration of Helsinki. The study was approved by

the Ethics Committee of the Department of Psychology, Soochow University.

2.2 Stimuli and Apparatus

All stimuli were presented on a View Sonic P220f VS10284 with a screen resolution of 1024×768 pixels and

a refresh rate of 60 Hz. All visual stimuli in the experiment were presented on a black background by Presentation

Software (Neurobehavioral Systems Inc). The visual stimuli were white discs with a radius of view of 2° presented

at a 5° viewing angle below the central fixation point. All visual stimuli in the experiment were presented for 17

ms. The visual stimulus was presented 5° below the central fixation point because, with the accompanying

auditory stimuli, the visual stimuli have the greatest illusion effect in the peripheral field[14] (Figure 1). The

auditory stimuli in the experiment were presented by a head-mounted iron triangle earphone (ATH-WS99). The

auditory stimulus had a loudness of 75 dB, a frequency of 3.5 kHz, and a presentation time of 7 ms (same as the

stimuli in Shams et al., 2002)[14].

2.3 Experimental design and Procedure

The experiment was a 2 (participant group: old vs. young adults)  2 (number of repeated auditory stimuli:

one vs. two)  2 (number of visual flash stimuli: one vs. two)  2 (number of auditory stimuli: one vs. two)

mixed design; the participant group is the between-group variable, and others are the within-group variables. The

latter three factors constituted the eight experimental conditions (A1_F1B1, A1_F1B2, A1_F2B1, A1_F2B2,

A2_F1B1, A2_F1B2, A2_F2B1 and A2_F2B2). A1_F2B1 means that there was a repeated auditory stimulus,

followed by two visual stimuli accompanied by an auditory stimulus, while A2_F1B2 means that there were two

repeated auditory stimuli, followed by a visual stimulus accompanied by two auditory stimuli. We were more

interested in the two types of illusion (fission and fusion illusions), so when conducting ANOVA, we integrated

the last two variables into one variable: the illusion type (fission illusion: F1B2 vs. fusion illusion: F2B1).
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Figure 1. Procedure of events in a sample trial. F1B1 means a visual stimulus accompanied by an auditory stimulus; F1B2 means a

visual stimulus accompanied by two auditory stimuli; F2B1 means two visual stimuli accompanied by an auditory stimulus; F2B2

means two auditory stimuli and two visual stimuli.

At the beginning of the experiment, participants were required to pass a test to determine whether they

understood the task and could discriminate the beeps or flashes in isolation. The formal experimental procedure is

shown in Figure 1. At the beginning of each trial, the participants were presented with a single auditory stimulus or

two consecutive auditory stimuli (repeated auditory stimuli, stimuli duration 7 ms). After a short 500 ms interval,

the repeated auditory stimuli were repeated, and the number was the same as before (repeated auditory stimuli).

After 500 ms, one or two visual target stimuli (duration 17 ms) accompanied by one or two auditory stimuli

(duration 7 ms) were presented, the number of which was independent of the number of previous repeated

auditory stimuli. The participants’ task was to determine if they perceived one or two visual stimuli by pressing the

left or right mouse button within 2500 ms after the stimuli were presented. We balanced the button response, with

half of the participants pressing the left button and half pressing the right button if they perceived one flash. The

auditory stimuli were presented simultaneously with the visual stimuli; the interval between the two visual stimuli

was 66 ms, and the interval between the two auditory stimuli was 76 ms (right side of Figure 1). The participants

were asked to judge the number of visual stimuli and to ignore the auditory stimuli. Each participant needed to

complete 480 trials (60 trials per block, 8 blocks in total), 60 trials under each experimental condition, and the

interval between trials was randomized from 400 ms to 700 ms in steps of 100 ms.

3. RESULTS

3.1 Comprehensive analysis of the two groups

To explore the effects of RS on SiFI with aging, we performed 2 (participant group: old vs. young adults)

2 (number of repeated auditory stimuli: one vs. two) 2 (illusion type: F1B2 vs. F2B1) repeated-measures

ANOVA. The main effect of the number of repeated auditory stimuli was significant, F (1, 51) = 71.19, p < 0.001

η2= 0.58, indicating that the accuracy under two repeated stimuli (83%) was significantly greater than that under

one repeated stimulus (75%). The main effect of participant group was significant, F (1, 51) = 5.99, p = 0.018, η2=
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0.11, indicating that the accuracy of the old adults (84%) was significantly greater than that of the young adults

(73%). The main effect of illusion type was significant, F (1, 51) = 4.84, p = 0.032, η2= 0.09, indicating that the

accuracy under the fission illusion (82%) was significantly greater than that under the fusion illusion (75%). The

interaction between the participant group and the number of repeated auditory stimuli was significant, F (1, 51) =

12.85, p = 0.001, η2 = 0.20, which means that old and young adults showed different performances under one or

two repeated stimuli. Simple effect analysis showed that for the one repeated auditory stimulus condition, the

accuracy of the old adults (82%) was greater than that of the young adults (68%), t (104) = 3.30, p = 0.001,

Cohen's d = 0.64, CI = [5.83, 23.36]. For the two repeated auditory stimuli condition, the accuracy of old adults

(87%) was also greater than that of the young adults (79%), t (104) = 2.08, p = 0.04, Cohen's d = 0.40, CI = [0.36,

15.20]. However, there was no significant difference between illusion type and participant group, F > 1. There

were no significant differences between illusion type and the number of repeated stimuli, F (1, 51) = 1.12, p = 0.29,

η2= 0.02, and there were no significant differences among illusion type, number of repeated auditory stimuli and

participant group, F < 1. Since there were significant differences in multisensory processing between the old and

young adults, we further investigated the potential interaction between illusion type and number of repeated

auditory stimuli for the two groups of participants. A 2 (number of repeated auditory stimuli: one vs. two) ×2

(illusion type: F1B2 vs. F2B1) repeated-measures ANOVAwas conducted in the old and young adults.

3.2 Old adult group analysis (mean age = 64)

To further investigate the potential interaction between illusion type and the number of repeated auditory

stimuli in old adults, a 2 (number of repeated auditory stimuli: one vs. two)  2 (illusion type: fission illusion vs.

fusion illusion) repeated-measuresANOVAwas conducted for the old adults group. The main effect of the number

of repeated auditory stimuli was significant, F (1, 26) = 17.94, p < 0.001, η2 = 0.41, indicating that the accuracy

under two repeated stimuli (87%) was significantly greater than that under one repeated stimulus (82%). The main

effect of illusion type was significant, F (1, 26) = 5.81, p = 0.02, η2 = 0.18, indicating that the accuracy under

fission illusion (88%) was significantly greater than that under fusion illusion (81%). However, the interaction

effect between illusion type and the number of repeated auditory stimuli was marginally significant, F (1, 26) =

3.52, p = 0.07, η2 = 0.12, which means that the one and two repeated stimuli conditions showed no significant

difference for both fission and fusion illusions. Then, a paired sample t test on the accuracy of A1_F1B2 and

A2_F1B2 and A1_F2B1 and A2_F2B1 were performed. The results showed that the accuracy of A1_F1B2 (85%)

was significantly lower than that of A2_F1B2 (91%), t (26) = 4.35, p < 0.001, Cohen's d = 0.42, CI = [3.46, 9.65].

There was no significant difference in the accuracy betweenA1_F2B1 (80%) and A2_F2B1 (82%), t (26) = 1.78, p

= 0.087, Cohen's d = 0.15, CI = [-0.42, 5.75]. The results suggested that repetition of an auditory-based modality

could affect the fission illusion (F1B2), and the accuracy under the one repeated auditory stimulus condition was

significantly greater than that of the two repeated auditory stimuli condition. However, the repetition of an

auditory-based modality did not affect the fusion illusion (F2B1).

Moreover, whether one or two repeated auditory stimuli was presented, the accuracy of the participants under

the F1B1 and F2B2 conditions was significantly higher than that under the other two conditions (see Figure 2);

that is, when the number of visual stimuli were consistent with the number of accompanying auditory stimuli, the

participants were able to make more accurate judgments that were not affected by the number of repeated stimuli.

To prove that the SiFI was present in the old adults, we performed eight paired-sample t tests with Bonferroni

correction on the following experimental conditions. It can be seen in Figure 2 that the accuracy of the A1_F1B2

condition (85%) was significantly smaller than that of the A1_F1B1 (94%) and A1_F2B2 (94%) conditions (t1 (26)

= 3.64, p1 = 0.001< 0.01/8, Cohen's d = 0.65, CI = [4.27, 15.36] and t2 (26) = 3.27, p2 = 0.003 < 0.05/8, Cohen's d
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= 0.66, CI = [3.51, 15.38], respectively). The accuracy of the A2_F1B2 condition (91%) was lower than that of the

A2_F1B1 (95%) and A2_F2B2 (94%) conditions (t1 (26) = 2.63, p1 = 0.014 > 0.05/8, Cohen's d = 0.29, CI = [0.81,

6.53] and t2(26) = 1.84, p2 = 0.078 > 0.05/8, Cohen's d = 0.27, CI = [0.38, 6.75], respectively). The accuracy of the

A1_F2B1 condition (80%) was significantly lower than that of the A1_F1B1 (94%) and A1_F2B2 (94%)

conditions (t1 (26) = 4.32, p1 = 0.000 < 0.001/8, Cohen's d = 0.98, CI = [7.65, 21.54] and t2 (26) = 4.35, p2 = 0.000

< 0.001/8, Cohen's d = 0.95, CI = [7.51, 20.94], respectively). The accuracy of the A2_F2B1 condition (82%) was

significantly lower than that of the A2_F1B1 (95%) and A2_F2B2 (94%) conditions (t1 (26) = 4.35, p1 = 0.000 <

0.001/8, Cohen's d = 0.86, CI = [6.50, 18.17] and t2 (26) = 4.68, p2 = 0.000 < 0.001/8, Cohen's d = 0.87, CI = [6.64,

17.06], respectively). These results indicated that when the number of visual stimuli did not match the number of

auditory stimuli (the F1B2 and F2B1 conditions), the auditory dominance effect occurred, that is, the number of

auditory stimuli affected the judgment of the number of visual stimuli.

Figure 2. Mean accuracy across all experimental conditions in old (left) and young (right) adults.

3.3 Young adult group analysis (mean age = 22)

To further investigate the potential interaction between illusion type and the number of repeated auditory

stimuli in young adults, we performed a 2 (number of repeated auditory stimuli: one vs. two)  2 (illusion type:

fission illusion vs. fusion illusion) repeated-measures ANOVA for the young adults group. The main effect of the

number of repeated auditory stimuli was significant, F (1, 25) = 52.77, p < 0.001, η2 = 0.68, indicating that the

accuracy under the two repeated stimuli condition (79%) was significantly greater than that under the one repeated

stimulus condition (68%). The main effect of illusion type was not significant, F (1, 25) = 1.59, p = 0.22, η2 = 0.06.

The interaction effect between illusion type and the number of repeated auditory stimuli was not significant, F < 1,

which meant that the one and two repeated stimuli conditions showed no significant difference under the fission

and fusion illusions. To test the influence of the number of repeated auditory stimuli on fission and fusion illusions,

we also performed paired-sample t tests on the accuracy between A1_F1B2 and A2_F1B2 and between A1_F2B1
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and A2_F2B1. The accuracy under the A1F1B2 condition (75%) was significantly less than that under the

A2_F1B2 condition (83%), t (25) = 6.69, p < 0.001, Cohen's d = 0.56, CI = [8.12, 15.34]. The accuracy under the

A1_F2B1 condition was significantly greater than that of the A2_F2B1 condition, t (25) = 3.72, p = 0.01, Cohen's

d = 0.40, CI = [4.96, 17.27]. These results indicated that the repetition of an auditory-based modality could affect

not only the fission illusion (F1B2) but also the fusion illusion (F2B1).

Figure 2 shows that regardless of whether one or two repeated auditory stimuli was presented, the accuracy of

the participants under the F1B1 and F2B2 conditions was significantly higher than that under the other conditions;

that is, when the number of visual stimuli were consistent with the number of accompanying auditory stimuli, the

participants were able to make more accurate judgments that were not affected by the number of repeated stimuli.

To prove that the SiFI was present in the young adults, we performed eight paired-sample t tests with Bonferroni

correction on the following experimental conditions. The accuracy of the A1_F1B2 condition (71%) was

significantly lower than that of the A1_F1B1 (97%) and A1_F2B2 conditions (M = 95%, SD = 5.91) (t1 (25) = 5.86,

p1 = 0.000 < 0.001/8, Cohen's d = 1.50, CI = [16.72, 34.82] and t2 (25) = 4.75, p2 = 0.000 < 0.001/8, Cohen's d =

1.38, CI = [13.45, 34.08], respectively). The accuracy of the A2_F1B2 condition (83%) was lower than that of the

A2_F1B1 (96%) and A2_F2B2 (95%) conditions (t1 (25) = 4.20, p1 = 0.000 < 0.001/8, Cohen's d = 0.95, CI =

[6.56, 19.21] and t2 (25) = 3.33, p2 = 0.003 < 0.05/8, Cohen's d = 0.92, CI = [4.72, 20.05], respectively). The

accuracy of the A1_F2B1 condition (64%) was significantly lower than that of the A1_F1B1 (97%) and A1_F2B2

(95%) conditions (t1 (25) = 5.34, p1 = 0.000 < 0.001/8, Cohen's d = 1.53, CI = [20.18, 45.52] and t2 (25) = 5.85, p2

= 0.000 < 0.001/8, Cohen's d = 1.43, CI = [19.98, 41.72], respectively). The accuracy of the A2_F2B1 condition

(75%) was significantly lower than that of the A2_F1B1 (96%) and A2_F2B2 (95%) conditions (t1 (25) = 3.71, p1

= 0.001 < 0.01/8, Cohen's d = 1.08, CI = [9.15, 32.00] and t2 (25) = 4.84, p2 = 0.000 < 0.01/8, Cohen's d = 1.05, CI

= [11.52, 28.63], respectively). These results indicated that when the number of visual stimuli did not match the

number of auditory stimuli (F1B2 and F2B1 conditions), the auditory dominance effect occurred, that is, the

number of auditory stimuli affected the judgment of the number of visual stimuli.

3.4 Fission illusion analysis of the two groups

To investigate the differences in the effects of age-related RS on SiFI under the fission illusion, 2 (participant

group: old vs. young adults) 2 (number of repeated auditory stimuli: one vs. two) repeated-measuresANOVA

under the fission illusion condition (F1B2) was performed. The main effect of the number of repeated auditory

stimuli was significant, F (1, 51) = 62.89, p < 0.001, η2= 0.55, indicating that the accuracy under two repeated

stimuli (87%) was significantly greater than that under one repeated stimulus (78%). The main effect of participant

group was significant, F (1, 51) = 4.86, p = 0.032, η2= 0.09, indicating that the accuracy of the old adults (88%)

was significantly greater than that of the young adults (77%). The interaction effect between the participant group

and the number of repeated auditory stimuli was significant, F (1, 51) = 5.04, p = 0.029, η2 = 0.09, which meant

that the old and young adults showed different performances under the one and two repeated stimuli conditions.

Simple effect analysis indicated that under the one auditory repeated stimulus condition, the accuracy of the old

adults (85%) was significantly greater than that of young adults (71%), t (51) = 2.36, p = 0.022, Cohen's d = 0.69,

CI = [1.99, 24.90]. In the two auditory repeated stimuli condition, there was no significant difference in accuracy

between the two groups (Mold = 91%,Myoung = 83%), t (51) = 1.92, p = 0.061, Cohen's d = 0.53, CI = [-0.38, 16.92]

(see Figure 3). Therefore, regardless of whether one or two auditory stimuli were presented, the accuracy of the

old adults was greater than that of young adults, which indicated that the fission illusion is less prominent in the

old adults.
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Figure 3. Mean proportion of illusory responses for the one and two repeated auditory stimulus conditions in the young and old adults

for the fission (left) and fusion (right) illusions.

3.5 Fusion illusion analysis of the two groups

To investigate differences in the effects of age-related RS on SiFI under the fusion illusion, 2 (participant

group: old vs. young adults) 2 (number of repeated auditory stimuli: one vs. two) repeated-measuresANOVA

was performed for the young and old adults under the fusion illusion condition (F2B1). The main effect of the

number of repeated auditory stimuli was significant, F (1, 51) = 17.37, p < 0.001, η2 = 0.25, indicating that the

accuracy under the two repeated stimuli condition (83%) was significantly greater than that under the one repeated

stimulus condition (72%). The main effect of participant group was marginally significant, F (1, 51) = 3.48, p =

0.068, η2= 0.06, which meant that the accuracy of the old adults (81%) was not significantly different from that of

the young adults (70%). The interaction effect between participant groups and the number of repeated auditory

stimuli was significant, F (1, 51) = 6.53, p = 0.014, η2 = 0.11, which meant that the old and young adults showed

different performances under the one and two repeated stimuli conditions. Simple effect analysis showed that in

the one repeated auditory stimulus condition, the accuracy of the old adults (80%) was significantly greater than

that of the young adults (64%), t (51) = 2.33, p = 0.024, Cohen’s d = 0.63, CI = [2.17, 29.31]. In the two auditory

repeated stimuli condition, there was no significant difference in accuracy between the two groups (Mold= 82%,

Myoung = 75%), t (51) = 1.22, p = 0.23, Cohen’s d = 0.22, CI = [-4.74, 19.33] (see Figure 3). These results indicated

that regardless of the number of auditory stimuli (one or two), the accuracy was greater in the old group,

suggesting that the fusion illusion was less common in the old adults. Furthermore, regardless of whether the

number of repeated auditory stimuli was inconsistent or consistent with the number of flashes, the accuracy of the

old adults was greater than that of the young adults.
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4. DISCUSSION

A lower perceptual sensitivity could be the cause of a higher SiFI and could therefore be a measure of

susceptibility to the illusions[15-16]. This, together with the RS, could influence the intensity of neural activity in the

perceptual sensitivity to the stimuli[17]. Therefore, in the present study, based on the classical SiFI paradigm [14-15],

we added repeated auditory stimuli prior to the presentation audiovisual stimuli to investigate whether the

bottom-up factor of RS affected the SiFI with aging. The results replicated previous findings that showed that the

illusions were different between the old and young adults; that is, the illusion effect was lower in old adults than in

young adults, regardless of the type of illusion (fusion or fission). Moreover, the illusion effect was lower in old

adults than in young adults only for the one repeated auditory stimulus condition. In addition, for the fission

illusion, the illusion effect was higher for the one repeated auditory stimulus condition than the two repeated

stimuli condition in both the old and young adults. These results indicated that the old adults were more affected

by the auditory RS than the young adults, that is, the perceptual sensitivity of the auditory stimuli was lower in the

old adults, resulting in their being more dependent on visual stimuli. Therefore, the illusion effects were lower.

4.1 Age-related differences affected the SiFI

The classical SiFI effect[14] has been shown in both old and young adults both in the present study and in

previous studies. Our results showed that under both the one and two repeated stimuli conditions, the illusion

effect in the old adults was always lower than that in young adults, which is not consistent with studies on

age-related differences in multisensory integration. Many studies have shown that old adults were more

susceptible to the SiFI, showing a larger magnitude of the illusion[37-39]. However, some studies do suggest that the

RT in old adults is longer under multisensory integration but does not reflect the magnitude of illusion[57]. The

reason for the contradiction with previous studies lies in the effect of RS on the SiFI in the present study. Old

adults were more affected by the auditory RS than young adults, resulting in a lower magnitude of the illusion

effect (either fusion or fission illusion) in the old adults. We conducted a supplementary experiment (see

“Supplementary Materials”) in which no auditory repetition was performed. The results showed that under the

fission illusion condition, there was no difference in the magnitude of the illusion effect between the old and

young adults; however, under the fusion illusion condition, the magnitude of the illusion effect in the old adults

was significantly greater than that in the young adults. The pattern of results in the present study are similar to

those of Setti et al. (2011) and Mcgovern et al. (2014)[38-39]. Setti et al. (2011) found that when the SOA was 70 ms,

the magnitude of the fission illusion effect between healthy old and young adults was almost equal. In McGovern

et al. (2014), when the SOA was 50 ms, the pattern of results between old and young adults was the same as that

seen in the supplementary experiment in the present study[39]. However, when we added repeated stimuli, the

illusion effect in the adults was significantly lower than that in the young adults, suggesting that the old adults

were more susceptible to RS, that is, the perceptual sensitivity of auditory stimuli was lower, resulting in their

being more dependent on visual stimuli.

4.2 The effects of repetition suppression on SiFI

Under the F1B2 and F2B1 conditions, there were significant differences between no, one and two repeated

stimuli, indicating that repeated stimuli could always significantly improve the accuracy of the participants. The
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present study confirmed that RS, a bottom-up factor, could reduce the SiFI effect steadily. Repeated stimuli

improve the visual system's ability to process the environment, and the sensitivity of neurons in the retina or visual

cortex decreases after adaptation[58-59], which indicates that the repeated stimuli could change perceptual sensitivity.

RS occurs across multiple time scales in multiple brain regions and is found for both low-level properties (e.g.,

color, motion) and high-level perceptual categories, such as faces[60]. Based on previous studies, when repeated

auditory stimuli were presented with the same as the subsequent auditory stimuli, the repeated stimuli could affect

the processing of and decrease the neural activity induced by the subsequent auditory stimuli [61]. Similarly, some

studies also indicated that changes in neural activity could lead to changes in the effect of the flash illusion. For

example, a study found that brain polarization was effective in modulating SiFI perception in humans by receiving

anodal, cathodal, or sham tDCS (2 mA, 8 min) in the occipital, temporal, or posterior parietal cortices[62].

Furthermore, some studies have shown that under certain conditions, inferences regarding the perceptual nature of

the illusory flash can be made[16]. Such studies have suggested that a higher SiFI effect corresponds to a lower

sensitivity; the lower perceptual sensitivity, calculated by d’, can be considered a measure of susceptibility to the

illusion[15-16]. In the present study, the RS of auditory stimuli decreased the perceptual sensitivity of auditory

stimuli, which resulting in lower auditory dominance. Thus, under the fission and fusion illusion conditions,

repeated stimuli could always significantly reduce the illusion effects. Mostly importantly, we also found that the

effects of RS on SiFI vary between old and young adults. Old adults were more susceptible to RS on the effects of

the SiFI, which further confirmed our hypothesis that RS could reduce perceptual sensitivity, explaining the

different SiFI effects.

4.3 The effects of repetition suppression on SiFI with aging

We found that under the F1B2 and F2B1 conditions, two repeated stimuli could always significantly improve

the accuracy of the participants compared to only one repeated stimulus. First, RS has been shown to affect the

SiFI, so there were differences between one and two repeated stimuli. Second, the results indicated that the effect

of RS on perceptual sensitivity is influenced by the duration and number of repeated stimuli. Grill-spector &

Malach (2001) found that the signal intensity in the lateral occipital cortex (LOC) of the visual system decreased

with an increase in the number of repeated stimuli and decreased the fastest for the first 3-4 repeated stimuli [17].

Meanwhile, when sound stimuli were presented repeatedly, the amplitude of the N1 component induced by the

first sound stimulus was the largest, and the N1 induced by the subsequent sound stimulus was significantly

reduced[63-67]. Therefore, auditory repetition suppression is influenced by the duration and number of repeated

stimuli, and within a certain range, the longer the duration and the greater the number of stimuli, the more that the

neural activity decreases. The present study suggested that two repeated stimuli could reduce perceptual sensitivity,

resulting in lower illusion effects than those from one repeated stimulus. In addition, age-related differences in the

illusion effects only occurred for the one repeated stimulus condition: the accuracy in old adults was significantly

greater than that of young adults, but this was not the case for the two repeated stimulus condition. The reason for

this result may be that under the one repeated stimulus condition, the old and young adults showed different

perceptual sensitivities, with the old adults having lower perceptual sensitivities to auditory stimuli than the young

adults, resulting in lower illusion effects. However, the threshold for perceptual sensitivity was reached under the

two repeated stimuli condition, so there was no difference between the two groups.

Repeated auditory stimuli affected the fission and fusion illusions in old and young adults differently. For the

fission illusion, both age groups were greatly affected by the repeated auditory stimuli, showing that there was a

significant difference between the A1_F1B2 and A2_F1B2 conditions. However, for the fusion illusion, the old

adults were not affected by the repeated auditory stimuli, while the young adults were. This showed that the effect
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of RS on SiFI varied with age, so the fission and fusion illusions performed differently between the groups. These

results were consistent with previous studies showing that the fission illusion was more stable and prone to be

influenced by bottom-up factors, leading to varying degrees of changes in the illusion effects[14, 62, 68]. Setti et al.

(2011) found that old adults were susceptible to the SiFI over a much wider range of cross-modal SOA than young

adults, indicating that although the integration time window of the fission illusion in the old adults was longer,

there was a stable fission illusion effect in old adults. In the present study, repeated auditory processing had a great

influence on the degree of the fission illusion effect but not on the degree of the fusion illusion effect[38]. We

speculated that the reason why the fusion illusion was not affected was that there was a less clear or more complex

effect of auditory repetition on the fusion illusion.

Although the present study suggested that the bottom-up factor of RS could affect the SiFI with differences

between old and young adults, to date there is no consensus as to how the adaptation effect (a similar effect as the

RS) affects the SiFI: that is, how the effect of the SiFI changes when the duration of the repeated stimuli is varied

from a few milliseconds to a few minutes up to several days. In addition, in the present study, only auditory modal

stimulation was used, but visual modal stimulation was not considered as the repetitive stimuli. Additionally,

because the temporal window of integration (TWI) is larger in old adults than in young adults, future studies

aiming to investigate how RS affects the SiFI differently between old and young adults should take the TWI into

account to ensure that the classical illusions are similar.

5. CONCLUSION

In summary, the present study showed that the SiFI effect in multisensory integration was regulated by the

repetition suppression (RS) effect, which might be influenced by perceptual sensitivity. The RS effect on the SiFI

in old adults was larger than that in young adults, which indicates that the multisensory perceptual sensitivity of

old adults is stronger, leading to a weakened SiFI effect. In addition, the present results suggested that the

bottom-up factor of RS could affect the SiFI differently between the old and young adults.
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Supplementary Information

Supplementary experiment: Classical SiFI paradigm between old and young adults

1. Materials and Methods

1.1 Participants

The young adult group included 23 college students (8 males and 15 females), between 18 and 26 years old.

The old adult group included 35 people (10 males and 25 females) between 60 and 74 years old; these were not the

same groups as the participants in the main experiment. All participants were naive to the experimental protocols

and were paid for their participation in the experiment. All participants were rescreened for self-reported eye

diseases, neurological disorders (e.g., Alzheimer’s disease, Parkinson’s disease, stroke), and any significant

hearing loss. All participants gave written informed consent following the standard of the Declaration of Helsinki.

The study was approved by the Ethics Committee of the Department of Psychology, Soochow University.

1.2 Stimulus and Apparatus

All stimuli and apparatuses were identical to those mentioned in the main experiment.

1.3 Experimental design and Procedure

The experiment had a 2 (participant group: old vs. young adults) × 2 (number of visual flash stimuli: one vs.

two) × 2 (number of auditory stimuli: one vs. two) mixed design; the participant group was the between-group

variable, and others were the within-group variables. The latter two factors constitute the four experimental

conditions (F1B1, F1B2, F2B1, F2B2). The design and procedure were similar to those mentioned in the main

experiment. The only difference was that the present experiment did not involve the repeated auditory stimuli. The

experiment asked participants to judge the number of visual stimuli and ignore the auditory stimuli. Each

participant needed to complete 240 trials (40 trials per block, 6 blocks in total), 60 trials under each experimental

condition, and the interval between trials was randomized from 400 ms to 700 ms in steps of 100 ms.

2. RESULTS

2.1 Comprehensive analysis of the two groups

We performed a 2 (participants group: old vs. young adults) × 2 (illusion type: fission illusion vs. fusion

illusion) repeated-measures ANOVA. The main effect of participant group was not significant (Mold= 66%,Myoung

= 70%), F (1, 56) = 1.96, p = 0.17, η2= 0.03. The main effect of illusion type was significant, F (1, 56) = 10.98, p

= 0.002, η2= 0.16, indicating that the accuracy under the fusion illusion condition (50%) was greater than that
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under the fission illusion condition (37%). The interaction effect between the participants group and illusion type

was significant, F (1, 56) = 7.33, p = 0.009, η2 = 0.12, which meant that the old and young adults showed different

performance under the fission and fusion illusions. Simple effect analysis of the participant group showed that

under the fission illusion condition, there was no significant difference between the accuracy of old adults (39%)

and the accuracy of young adults (34%), F < 1; under the fusion illusion condition, the accuracy of young adults

(62%) was significantly greater than the accuracy of old adults (41%), F (1, 56) = 7.98, p = 0.007. Simple effect

analysis for illusion type showed that for old adults, there was no significant difference between the accuracy

under the fission illusion condition (41%) and under the fusion illusion condition (39%), F (1, 56) = 15.01, p <

0.001; for the young adults, the accuracy under the fusion illusion condition (61%) was significantly greater than

the accuracy under the fission illusion condition (34%), F (1, 56) = 7.98, p = 0.007.

2.2 Combined repeated condition in fission illusion analysis

To explore the performance of the different age groups under the fission illusion condition, we first conducted

one-way ANOVA for three different numbers of auditory repeated stimuli (zero, one, and two) for the old and

young adults. For the old adults, the main effect of the number of auditory repeated stimuli was significant, F (2,

88) = 55.88, p < 0.001, η2= 0.56. According to the post hoc test, the accuracy under the no auditory repeated

stimuli condition was significantly lower than that under the one and two auditory stimuli conditions, t1 (61) =

7.38, p < 0.001, Cohen’s d = 1.99, CI = [33.45, 58.31] and t2 (61) = 8.82, p < 0.001, Cohen’s d = 1.76, CI = [40.53,

64.30], respectively. There were significant differences between the one and two repeated stimuli conditions, t (27)

= 4.35, p < 0.001, Cohen's d = 0.3, CI = [3.59, 9.55] (see Table 1). For the young adults, the main effect of the

number of auditory repeated stimuli was significant, F (2, 72) = 32.52, p < 0.001, η2= 0.48. According to the post

hoc test, the accuracy under the no auditory repeated stimuli condition was significantly lower than that of the one

and two auditory stimuli conditions, t1 (47) = 5.43, p < 0.001, Cohen’s d = 1.54, CI = [23.33, 50.82] and t2 (47) =

8.17, p < 0.001, Cohen’s d = 2.33, CI = [36.79, 60.82], respectively. There were significant differences between

the one and two stimuli conditions, t (25) = 6.69, p < 0.001, Cohen's d = 1.89, CI = [8.12, 15.34] (see Table 1). The

results showed that the fission illusions in both old and young adults were affected by RS.

Then, we performed a t test on the accuracy rate of the F1B2 condition for the old and young adults under the

no, one and two repeated auditory stimuli conditions. The results showed that there was no significant difference

in the accuracies between the old and young adults when there was no repeated auditory stimulus, t < 1; when

there was one repeated auditory stimulus, the accuracy of the old adults was significantly greater than that of the

young adults, t (52) = 2.35, p = 0.023, Cohen's d = 0.64, CI = [1.92, 24.43]; and when there were two repeated

auditory stimuli, there was no significant difference between the accuracies of the old and young adults, t (52) =

1.89, p = 0.064, Cohen's d = 0.46, CI = [-0.49, 16.52] (see Table 1). The ACC of the old and young adults was not

significantly different under the no auditory repeated stimuli condition; however, there was a significant difference

under the one and two auditory repeated stimuli conditions, with the ACC of the old adults being significantly

greater than that of the young adults. The results indicated that the fission illusion in the old adults was more easily

affected by RS, resulting in weaker illusion effects than in young adults.

2.3 Combined repeated condition in fusion illusion analysis

To explore the performance of the different age groups under the fusion illusion, we first conducted one-way

ANOVA for the three different numbers of repeated auditory stimuli (zero, one, and two) for the old and young
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adults. For the old adults, the main effect of the number of repeated auditory stimuli was significant, F (2, 88) =

32.38, p < 0.001, η2= 0.42. According to the post hoc test, the accuracy of the no auditory repeated stimuli

condition was significantly lower than that of the one and two auditory stimuli conditions, t1 (61) = 6.00, p < 0.001,

Cohen’s d = 1.61, CI = [25.52, 51.06] and, t2 (61) = 6.51, p < 0.001, Cohen’s d = 1.77, CI = [28.37, 53.50],

respectively. There were significant differences between the one and two stimuli conditions, t (27) = 1.88, p =

0.071, Cohen's d = 0.15, CI = [-0.25, 5.68] (see Table 1). For the young adults, the main effect of the number of

auditory repeated stimuli was significant, F (2, 72) = 1.88, p = 0.161, η2= 0.05. According to the post hoc test, the

accuracy of the no auditory repeated stimuli condition was not significantly lower than that either the one or two

auditory stimuli condition, t1 <1, t2 (47) = 1.94, p = 0.058, Cohen’s d = 2.33, CI = [-27.15, 0.48]. There were

significant differences between the one and two stimuli conditions, t (25) = 3.72, p = 0.01, Cohen's d = 1.05, CI =

[4.96, 17.27] (see Table 2). The results showed that the fusion illusions in both old and young adults were affected

by RS.

Then, we performed a t test on the accuracy rate of the F2B1 condition for the old and young adults under the

no, one and two repeated auditory stimuli conditions. The results showed that there was a significant difference

between the old and young adults when there was no repeated auditory stimulus, t (56) = 2.82, p = 0.007, Cohen's

d = 0.65, CI = [5.91, 34.74]. The accuracy of the old adults was significantly higher than that of the young adults

when there was one repeated auditory stimulus, t (52) = 2.35, p = 0.023, Cohen’s d = 0.63, CI = [2.25, 28.90]. In

the case of two repeated auditory stimuli, there was no significant difference in the accuracy between the groups, t

(52) = 1.22, p = 0.23, Cohen's d = 0.22, CI = [-4.64, 18.98] (see Table 1). The accuracy was significantly different

among the no, one and two auditory repeated stimuli conditions for the old adults but not for the young adults. The

results indicated that the fusion illusion in old adults was more easily affected by RS, resulting in a lower illusion

effect than in young adults.

Table 1 Average accuracy (%) and standard deviation (SD) under fission and fusion in old and young adults under the conditions of

no, one, and two repeated stimuli in the supplementary experiment.

Young adults Old adults

Fission illusion Fusion illusion Fission illusion Fusion illusion

No repeated sti 34±24 62±21 39±29 41±29

One repeated sti 71±24 64±30 85±17 80±17

Two repeated sti 83±18 75±26 91±14 82±17


