
1 
 

Title page 

 

Multisensory Integration Inhibits Pupillary Light Reflex: 

Evidence from Pupil Oscillation 

 

Xiangyong Yuana,b,c,* , Yuhui Chenga,b,c, Yi Jianga,b,c,d,*  

 

a. State Key Laboratory of Brain and Cognitive Science, CAS Center for Excellence in Brain Science 

and Intelligence Technology, Institute of Psychology, Chinese Academy of Sciences, Beijing, 100101, 

China 

b. Department of Psychology, University of Chinese Academy of Sciences, Beijing, 100049, China 

c. Chinese Institute for Brain Research, Beijing, 102206, China  

d. Institute of Artificial Intelligence, Hefei Comprehensive National Science Center, Hefei, 230088, 

China 

 

 

 

* To whom correspondence should be addressed. Email: yuanxy@psych.ac.cn or 

yijiang@psych.ac.cn 

  

ch
in

aX
iv

:2
02

01
0.

00
07

6v
2

mailto:yijiang@psych.ac.cn


2 
 

Abstract 

Multisensory integration is able to enhance stimulus saliency at the early stage of information 

processing hierarchy. Due to the saliency enhancement, concurrently presented audiovisual stimuli 

are shown to evoke a transient pupil dilation than its unisensory constituents, presumably 

reflecting an enhanced activation of the sympathetic pathway. Since pupil size is mediated by both 

the sympathetic and the parasympathetic pathway, it remains largely unknown whether 

multisensory integration modulates pupillary responses mediated by the parasympathetic pathway. 

To probe this issue, the present study measured the pupillary light reflex, which refers to the pupil 

constriction in response to brightness and is completely controlled by the parasympathetic 

pathway. We purposely evoked an oscillation of pupillary light reflex by periodically changing the 

luminance of the visual stimuli, and found this induced pupil oscillation was substantially 

attenuated when the bright but not the dark phase of a flickering stimulus was periodically and 

synchronously presented with a burst of tone (Experiments 1 and 2). Furthermore, the inhibited 

pupillary light reflex vanished when the visual stimuli were moved from the central field to the 

periphery (Experiment 3), while persisted when the visual stimuli appeared outside the attention 

focus in a demanding task (Experiment 4). These results that multisensory integration inhibits 

pupillary light reflex in an eccentricity dependent but attention independent manner offer 

preliminary but robust evidence that the parasympathetic pathway can be modulated by 

multisensory integration.  
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Introduction 

Combining various information from distinct sensory modalities is beneficial for interaction with 

the environment. For instance, many have shown that multisensory integration facilitates 

detection, discrimination and search [1-3], amplifies the activation of sensory cortical areas [4-9] 

and subcortical nucleus (most importantly, the superior colliculus, [10, 11]). All these evidence 

reflects an enhancement of stimulus saliency by multisensory integration at an early processing 

stage. Since our pupil size is sensitive to salient stimulus, with larger pupil size corresponding to 

stimulus with higher saliency (e.g., objectively high contrast, or subjectively easy-to-notice) 

irrespective of its modality [12-14], it is assumed that multisensory integration could dilate pupil 

size to a larger degree than its unisensory constituents.  

 

The breakthrough came from a study on rhesus monkey, which found that concurrently 

presented flash and beep in periphery elicit a transient pupil dilation, equaling the linear 

summation of the pupil size when they were presented in isolation. Moreover, electrical 

microstimulation of the intermediate layers of the superior colliculus (SC) reproduces the initial 

transient component of pupil dilation, implying that SC mediates the neural pathways that control 

pupil size [14]. This finding was later replicated on humans by two independent studies, which 

further indicate in a detection task that the larger the pupil size, the faster the saccadic or manual 

response to audiovisual stimuli [15, 16]. Moreover, it is established that the enlarged pupil size 

when visual stimuli of abstract shapes are presented in the central field in combination with 

auditory stimuli exceeds the linear summation of the pupil size obtained in each modality [16]. This 

superadditivity of pupil dilation convincingly proves that stimulus saliency are enhanced by 
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integrating signals from different modalities rather than merely combining them together. 

 

As acknowledged, pupil size is controlled by two antagonistic pathway, the sympathetic 

pathway that dilates pupil and the parasympathetic pathway that constricts pupil [17-19]. It is most 

likely that the sympathetic pathway is enhanced by multisensory integration through activation of 

the SC, which finally leads to the dilation effect of pupil size. However, it has been shown that the 

onset latency of pupil dilation evoked by stimulus saliency is as early as that of pupillary light reflex 

(referring to pupil constriction in response to brightness), suggesting that the initial component of 

the transient pupil dilation induced by higher visual contrast may be mediated by inhibition of the 

parasympathetic pathway too [12]. It is thus possible that the pupil dilation effect induced by 

multisensory integration reflect a combination of an increased activation of the sympathetic 

pathway and a decreased activation of the parasympathetic pathway (i.e., stronger pupil dilation 

or weaker pupil constriction, refer to the discussion of [14] for more details).  

 

The present study aimed to characterize the influence of multisensory integration on pupil 

size, focusing on the role of the parasympathetic pathway that controls the constriction of pupillary 

response to light, known as pupillary light reflex. Specifically, we investigated whether pupillary 

light reflex can be inhibited by audiovisual integration as hypothesized. To minimize the 

involvement of sympathetic pathway which is linked to arousal, attention and mental effort [17, 

19], the stimulus should not be emotional and presented transiently, and the task should not be of 

high cognitive demand. Taking this into consideration, we presented a simple geometrical, 

emotionally neutral stimulus repeatedly and modulated its luminance to elicit an oscillation of 

ch
in

aX
iv

:2
02

01
0.

00
07

6v
2



5 
 

pupillary light reflex. Using a pupil frequency tagging method, we quantified the strength of this 

pupil oscillation [20]. In a series of four experiments, we presented a tone periodically at the same 

frequency with the repeated visual stimulus and manipulated the temporal congruency between 

the audiovisual stimuli, to examine whether the pupil oscillation is inhibited by congruent 

audiovisual stimuli (Experiments 1 and 2) and further delineate the respective roles of stimulus 

eccentricity and selective attention in the multisensory inhibition of pupil oscillation (Experiments 

3 and 4).  

 

Experiment 1 

Experiment 1 examined whether audiovisual integration inhibits pupillary light reflex. The visual 

flickering stimulus, which changes its luminance periodically, would induce a dynamic change of 

pupil size, or in other words an oscillation of pupil size. If audiovisual integration inhibits pupillary 

light reflex, the pupil oscillation would fluctuate in a smaller range (i.e., a smaller oscillatory 

amplitude) when audiovisual stimuli are congruent although the actual luminance remains 

unchanged.  

 

Methods 

Participants 

Sixteen participants were recruited in Experiment 1 (8 females; mean age: 21.9 yrs ± 2.7). All 

participants had normal or corrected-to-normal vision and normal hearing, and was naïve to the 

purpose of the experiment. They provided informed written consent before experiment and were 

paid for their participation after experiment.  
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Stimuli and apparatus 

A pioneer study has revealed that pupil oscillation is evoked by visual stimuli flickering at a 

frequency below ~ 3 Hz [20]. Accordingly, in Experiment 1 a disc presented in the central field 

(radius: 1.61 degree of visual angle), which flickered between brightness (22.56 cd/m2) and 

darkness (15.15 cd/m2) at 1.25 Hz, was used as the visual stimuli (Fig.1a). The auditory stimulus 

was a tone (carrier frequency: 700 Hz; sample rate: 44100 Hz) with a duration of 0.4 secs, played 

binaurally through headphones (Sennheiser HD 201). The loudness of the tone was set at a 

comfortable sound level throughout the experiment and kept constant for all participants.  

 

The experiment was conducted in a dim, sound-attenuated room. Participants sat comfortably 

at a viewing distance of about 60 cm from the screen (refresh rate: 60 Hz, resolution: 1920 × 1080). 

The luminance of the gray background was 18.67 cd/m2. All stimuli were generated by Matlab (The 

MathWorks Inc.) and presented using Psychtoolbox [21, 22]. Pupil size and eye position of the left 

eye were recorded using a video-based iView X Hi-Speed system (SMI, Berlin, Germany) at 500 Hz. 

Participants put their heads on a chin-rest and were told to minimize head movements during the 

recording period. The recorded pupil size was analyzed and reported in arbitrary unit (a.u.) without 

transformed into actual unit (mm), as the relative change of the pupil size was of our main interest. 

In general, a pupil size of ~33 a.u. corresponded to a pupil size of 5 mm in the present study.  
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Figure 1. Stimulus and an exemplar trial. (a) The luminance of the disc modulated at 1.25 Hz. The 

red arrow points out the oddball dot that participants had to count. The tone is synchronized with 

the bright phase of the disc in the congruent audiovisual condition (b), while synchronized with 

dark phase of the disc in the incongruent audiovisual condition (c).  

 

Procedures 

In each trial, the fixation (a small dot, diameter: 0.16 º) was first presented as a warning signal to 

ch
in

aX
iv

:2
02

01
0.

00
07

6v
2



8 
 

inform the participants that they should fixate at this position, prepare for the appearance of the 

visual stimuli and avoid eye blinks. After a random duration of 1.5 – 2 secs, the flickering disc was 

presented for 10 secs (Fig.1a). To maintain participants’ attention on the disc, they were required 

to complete an oddball counting task, in which small dots (diameter: 0.27 º) flashed for 0.05 secs 

at random positions of the disc, and participants count how many times they saw the oddballs. 

There were a total of 0 – 3 oddballs, randomly determined for each trial and never being presented 

at the same time. The oddball, if presented at the bright phase of the disc, had an equal luminance 

with the dark phase of the disc, and vice versa. After inputting their answers, participants could 

relax their eyes for a while and then press the SPACE key to initiate the next trial.  

 

There were four conditions in Experiment 1. In the visual-only condition (V-only), the disc was 

presented silently. In the auditory-only condition (A-only), the tone was periodically presented at 

1.25 Hz, but the luminance of the disc remained constant, either bright or dark. Following the 

crossmodal correspondence [23], the tone was synchronized with the bright phase of disc in the 

congruent audiovisual condition (AVc), while synchronized with the dark phase of the disc in the 

incongruent audiovisual condition (AVinc; Fig.1b and 1c). There were 64 trials in total, divided into 

4 blocks. In each block, each condition was repeated 4 times. A 5-point standard calibration of the 

eye position was routinely conducted before the first block and third block, but if necessary, before 

any other blocks.  

 

Data analysis 

The accuracy of the oddball counting task was calculated as the number of trials with correct 
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answers dividing by the total number of trials. The raw pupil diameter in each trial was visually 

inspected, and trials with too many blinks and other artifacts were excluded (2.1 trials excluded on 

average). For the remaining trials, data points where the eye position deviated 3 SDs of the mean, 

the pupil diameter dropped largely due to blinks or squints, or deviated 3 SDs of the mean, were 

linearly interpolated. The artifact-free pupil diameter was then downsampled by averaging the 

data points in every 0.05 sec non-overlapping window, and detrended to minimize slow drift. To 

quantify pupil oscillation, fast Fourier Transform (FFT) was conducted for each trial, wherein the 

first second was excluded to remove the transient response to stimulus onset [20]. The amplitude 

of pupil oscillation was calculated as the modulus of the FFT complex coefficients and averaged 

across trials for each condition. Finally, the amplitude spectra were normalized by subtracting the 

amplitude averaged across the neighboring four frequency points (within ± 0.156 Hz) from the 

amplitude at each frequency point.  

 

Statistics 

To evaluate whether the pupil size oscillated at 1.25 Hz, we performed one-sample t-tests on the 

normalized amplitude at 1.25 Hz for each condition, respectively. The normalized amplitude, if 

significantly larger than zero, indicates a robust pupil oscillation at that condition. In the next, we 

compared the normalized amplitude between conditions that observed significant pupil oscillation, 

using paired-sample t tests, to examine how multisensory integration modulates pupil oscillation. 

The reported p values were Bonferroni corrected for multiple comparisons if not specifically 

mentioned. In addition, we computed the JZS Bayesian factor (BF10, H1 versus H0) using a matlab 

toolbox developed by Bart Krekelberg, retrieved from GitHub 
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(https://www.github.com/klabhub/bayesFactor). BF10 assesses the relative evidence for H1 over 

H0. A BF10 larger than 3 provides substantial evidence for H1, while a BF10 smaller than 1/3 provides 

substantial evidence for H0 [24].  

 

Results and discussion 

The accuracy of the oddball counting task approached 100 % in all conditions (V-only: 0.98 ± 0.04; 

A-only: 0.97 ± 0.06; AVc: 0.99 ± 0.02; AVinc: 0.98 ± 0.04), indicating that participants had focused 

their attention on the central disc during eye recording. As seen in Fig. 2a and 2b, the pupil size 

oscillated during the presentation of the flickering disc in all except the A-only condition. One-

sample t-tests confirmed the observation that the normalized amplitude of pupil oscillation at 1.25 

Hz was significantly greater than zero in the V-only, the AVc and the AVinc conditions (ts > 9, ps < 

4e-7, BF10 > 1e+5), but not in the A-only condition (t15 = 0.002, p > 0.9, BF10 = 0.255; Fig. 2c and 2d). 

Therefore, the oscillatory amplitude in the A-only condition was excluded from the following 

comparisons when examining the effect of audiovisual integration on the pupil oscillation. As 

shown in Fig. 2d, paired-sample t-tests revealed that the strength of pupil oscillation significantly 

decreased when audiovisual stimuli were temporally congruent, relative to the visual stimuli 

presented alone (V-only vs AVc: t15 = 3.032, p = 0.025, BF10 = 6.313). No other significant effects 

were found (AVinc vs AVc: t15 = 1.475, p = 0.483, BF10 = 0.632; V-only vs AVinc: t15 = 0.111, p > 0.9, 

BF10 = 0.257).  

 

Experiment 1 showed that pupil oscillation was induced by luminance modulation of visual 

stimulus, which is in accordance with previous findings [20]. As expected, the strength of pupil 
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oscillation was suppressed by multisensory integration when congruent audiovisual stimuli were 

presented together compared with visual stimuli were presented alone. Although pupil oscillation 

in the congruent audiovisual condition was suppressed relative to the incongruent condition, it did 

not reach significance, probably due to large individual variations (Fig. 2d). Given the failure of the 

repeated tone to induce pupil oscillation by itself, the inhibited pupil oscillation presumably 

indicates a genuine effect of multisensory integration. The most likely explanation for this inhibited 

pupil oscillation is that multisensory integration inhibits pupillary light reflex as we hypothesized. 

But it may be argued that pupil dilation (if existed) can also cause this effect as it could counteract 

the light-induced constriction of pupil size when the tone synchronized with the bright phase of 

the disc in the congruent condition. Although there is little reason to presume that the flickering 

disc in the central field plus the oddball counting task would greatly activate the sympathetic 

pathway that control pupil dilation, we cannot fully exclude this possibility in Experiment 1. In order 

to further separate the contribution of the parasympathetic pathway from that of the sympathetic 

pathway, we conducted Experiment 2. Instead of luminance modulation, we periodically flashed a 

disc which was either brighter (Experiment 2a) or darker (Experiment 2b) than the background, 

and played a tone synchronously at the onset time of the disc. This allowed us to disentangle the 

primary contributor of the multisensory inhibition of pupil oscillation, by directly comparing the 

results between Experiments 2a and 2b. 
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Figure 2. Results of Experiment 1. The baseline-corrected oscillation of pupil size when the disc 

started flickering from the bright phase (a) or the dark phase (b). The dashed color lines represent 

pupil size in the first second of the trial, which is excluded from FFT analysis. (c) The amplitude 

spectra after FFT. The dashed lines indicate the target frequency 1.25 Hz. (d) The normalized 

oscillatory amplitude at 1.25 Hz. Each circle represents the amplitude of pupil oscillation from one 

participant. The error bar indicates the standard error of mean. ** means p < 0.01, uncorrected. 

 

Experiment 2 

In Experiment 2, the visual stimulus did not flicker, but was repeatedly presented. The audiovisual 

congruency was defined as that the onset time of the auditory and visual stimuli were temporal 

aligned irrespective of the luminance of the visual stimulus. In Experiment 2a, the luminance of 

the disc was set to be brighter than the background so that its appearance constricted pupil, 
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whereas in Experiment 2b, the luminance of the disc was set to be darker than the background so 

that its appearance relaxed pupil. If audiovisual integration here exclusively inhibits pupillary light 

reflex through the parasympathetic pathway, we would expect an inhibited pupil oscillation in 

Experiment 2a, but a null effect in Experiment 2b as the parasympathetic system is deactivated 

under darkness. However, if pupil size is concurrently dilated by audiovisual integration through 

the sympathetic pathway, we would still observe an inhibited pupil oscillation in Experiment 1a as 

the pupil constriction in response to brightness is compensated by the simultaneous dilation effect, 

but an enhanced pupil oscillation in Experiment 2b because the dilation effect would render the 

pupil size fluctuate in a larger amplitude when there is no pupillary light reflex. 

 

Participants 

Thirty-two new participants took part in Experiment 2, with 16 in Experiment 2a (12 females; mean 

age: 21.8 yrs ± 2.5) and 16 in Experiment 2b (10 females; mean age: 21.2 yrs ± 2.5).  

 

Stimuli and apparatus 

The luminance of the disc was always 32.40 cd/m2 in Experiment 2a and 9.20 cd/m2 in Experiment 

2b. The duration of disc equaled 0.8 secs. The tone, and all other aspects were the same as 

Experiment 1.  

 

Procedures 

The main procedure of Experiment 2 was the same as that of Experiment 1, except that in each 

trial the disc flashed periodically at 1.25 Hz against the background to induce pupil oscillation. 

There were three conditions, V-only, AVc, and AVinc. In the V-only condition, the disc was 
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presented alone. In the AVc condition, the tone and disc were simultaneously presented, while in 

the AVinc condition, the tone was presented just when the disc disappeared. There were totally 48 

trials, divided into 4 blocks. In each block, each condition was repeated 4 times.  

 

Data analysis and statistics 

The analysis and statistics were same as Experiment 1.  

 

Results and discussion 

Regardless of experiments and conditions, all participants performed well in the oddball counting 

task (V-only: 0.94 ± 0.06; AVc: 0.97 ± 0.04; AVinc: 0.98 ± 0.03 in Experiment 2a, and V-only: 0.95 ± 

0.04; AVc: 0.96 ± 0.06; AVinc: 0.96 ± 0.04 in Experiment 2b). Apparent pupil oscillation was 

observed in all conditions of Experiment 2 (Fig. 3a and 3b, ts > 7, ps < 4e-5, BF10 > 5e+3; the pupil 

oscillation in each condition was drawn in Supplementary Fig. 1). The results of Experiment 2a 

replicated Experiment 1. The amplitude of pupil oscillation decreased when the tone was 

synchronized with the disc with a brighter luminance (Fig. 3a), compared with the disc were 

presented alone (V-only vs AVc: t15 = 3.766, p = 0.006, BF10 = 22.385) and accompanied by an 

asynchronous tone (AVinc vs AVc, t15 = 3.192, p = 0.0182, BF10 = 8.279; V-only vs AVinc, t15 = -0.233, 

p > 0.9, BF10 = 0.262). In contrast, no significant amplitude changes of pupil oscillation were found 

in Experiment 2b (ts < 1, ps > 0.9; V-only vs AVc: BF10 = 0.337; AVinc vs AVc: BF10 = 0.277; V-only vs 

AVinc: BF10 = 0.284; Fig. 3b). Experiment 2 therefore revealed that audiovisual integration 

attenuated the strength of pupil oscillation evoked by repeated brighter visual stimuli, while it had 

no effect on the pupil oscillation when the visual stimuli were darker against the background. As 
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hypothesized, the results lend support to the notion that multisensory integration could inhibit 

pupillary light reflex through reducing the activation of the parasympathetic circuit. 

 

According to the principle of inverse effectiveness, the strength of crossmodal stimuli should 

be relatively low for the largest enhancement of multisensory integration [5, 10, 11]. Probably the 

failure to reveal an enhanced pupil oscillation in Experiment 2b is due to the relative strength of 

the induced pupil oscillation. In response to this, we expanded the dataset by including the pilot 

studies, in which a similar version of Experiment 2 was conducted under slightly different 

experimental parameters, and selected 16 participants with the weakest pupil oscillation among 

all. The result showed that even under relatively lower amplitude of pupil oscillation (about 2/3 of 

those from Experiments 1 and 2), there was again no compelling evidence for enhanced pupil 

oscillation while the multisensory inhibition of pupillary light reflex remained unaffected (for 

details, see Supplementary Information and Supplementary Fig.2). Experiment 2 thus proved that 

multisensory integration can inhibit pupillary light reflex independently. To further characterize the 

multisensory inhibition of pupillary light reflex, we continued Experiment 3 by moving the visual 

stimulus from the central to the peripheral field to examine the role the visual eccentricity in the 

observed effect. 
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Figure 3. Results of Experiments 2 – 4. The normalized oscillatory amplitude at 1.25 Hz for 

Experiments 2, 3, and 4, respectively. Each circle represents the amplitude from one participant. 

The error bar indicates the standard error of mean. ** means p < 0.01, * means p < 0.05, both 

uncorrected. 

 

Experiment 3 

We noticed that among the three studies that reported pupil dilation induced by audiovisual 
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integration, two of them presented stimulus in the peripheral visual field as they were interested 

at the orienting behaviors [14, 15], one of them presented stimulus (abstract neutral shapes) in 

the central visual field [16]. It seems that audiovisual integration is able to dilate pupil size 

wherever the visual stimulus appears. Inspired by these findings and studies revealing distinct 

integration effects dependent on stimulus eccentricity [3, 25-27], Experiment 3 was designed to 

examine whether the audiovisual inhibition of pupillary light reflex remains when the visual stimuli 

were moved from the central field to the peripheral field. 

 

Participants 

A new group of 16 participants took part in Experiment 3 (10 females; mean age: 23.3 yrs ± 3.9). 

 

Stimuli and apparatus 

In Experiment 3, the visual stimulus was a disc too, but presented in the left or the right peripheral 

visual field (eccentricity 10.72 º from the center of the disc to the fixation). The luminance of the 

disc changed at 1.25 Hz between brightness (47.47 cd/m2) and darkness (3.03 cd/m2), as it did in 

Experiment 1. The luminance range of the disc was expanded because in our preliminary data, the 

disc had to flicker in a larger luminance range to induce a pupil oscillation whose amplitude may 

approach that in the central field. The auditory stimulus, still presented binaurally through 

headphones, but the amplitude of the sound wave in the left or right channel was attenuated 50% 

to mimic the sound coming from its opposite side.  

 

Procedures, data analysis and statistics 

The procedure, analysis and statistics were all identical to Experiment 1.  
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Results and discussion 

The accuracies of the oddball counting task were 0.97 ± 0.05 in the V-only condition, 0.98 ± 0.03 in 

the A-only condition, 0.95 ± 0.07 in the AVc condition, and 0.96 ± 0.04 in the AVinc condition. As in 

Experiments 1 and 2, we observed significant pupil oscillation in the three conditions where the 

flickering disc was presented, with their amplitudes at 1.25 Hz significantly greater than zero (ts > 

7, ps < 2e-5, BF10 > 6e+3), but not in the A-only condition (t15 = 1.859, p > 0.3, BF10 = 1.024; Fig. 3c). 

However, paired-sample t-tests failed to reveal any significant differences between the amplitudes 

of pupil oscillation across the three conditions (ts < 1, ps > 0.9; V-only vs AVc: BF10 = 0.370; AVinc 

vs AVc: BF10 = 0.322; V-only vs AVinc: BF10 = 0.257). The evidence is thus prone to support that 

pupillary light reflex is not inhibited by audiovisual integration when the visual stimulus is 

presented in periphery.  

 

No inhibition of pupil oscillation in Experiment 3 can neither be attributed to the relatively 

weaker amplitude of the evoked pupil oscillation (see Supplementary Fig.2 and Fig. 3d), nor be 

attributed to no audiovisual integration occurred [28, 29] (also see Supplementary Information and 

Supplementary Fig. 3, where we found the onset pupil size was significantly dilated by audiovisual 

integration, consistent with [15]). It is most likely in experiment 3 that multisensory integration did 

occur, but it failed to inhibit the pupillary light reflex evoked by a peripheral visual stimuli. In 

Experiment 4, we moved the stimulus back to the central field and focused on another question 

whether the multisensory inhibition of pupillary light reflex is independent of attention.  
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Experiment 4 

The interplay between multisensory integration and attention attracts the interest of many 

researchers [30, 31]. Many agree that selective attention is crucial for multisensory integration [29, 

32-36], while others show multisensory integration survives under high attentional load [37-39] 

and independent of selective attention [40, 41]. Therefore, in Experiment 4 we were interested in 

whether pupillary light reflex could be inhibited by multisensory integration if the flickering 

stimulus is outside the focus of attention in a high demanding task. 

 

Participants 

Sixteen participants took part in experiment 4 (9 females; mean age: 22.0 yrs ± 2.3).  

 

Stimuli and apparatus 

For the visual stimulus, the disc was replaced by a ring (inner circle radius: 1.34º; outer circle radius: 

2.68º), with its luminance flickering between 26.8 cd/m2 and 34.4 cd/m2 at a frequency of 1.25 Hz. 

A stream of letters (1.61º ×1.61º) was rapidly presented at 6 Hz within the inner circle of the ring 

(Fig.3d). The letters were randomly selected from the alphabet, with B, F, I, J, L, O, P, Q, W, and Z 

excluded. Each letter was always different from its neighbours in the stream. Among the letters, 

there would embed some numbers of the same size, randomly selected from 2, 3, 4, 6, 7, and 9. 

The auditory stimulus was identical to Experiment 1. 

 

Procedures 

In Experiment 4, participants performed a new oddball counting task. In each trial, they counted 
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for how many times the numbers appeared (0 – 3 times) among the rapidly presented stream of 

letters, and were instructed in advance to ignore the flickering ring outside the letter streams 

during the whole experiment. The visual inducer of the pupil oscillation, therefore, was kept out of 

the attention focus and without allocation of additional attentional resources in the high 

demanding task. There were 3 conditions, V-only, AVc, and AVinc. The V-only and AVc condition 

were the same as Experiments 1 and 3. But we tested a new AVinc, condition, in which the tone 

was not played synchronously with the dark phase of the ring, but randomly played at any possible 

time from 0.2 secs after bright phase onset to 0.2 secs before the dark phase offset. Participants 

completed a total of 48 trials, divided into 4 blocks, with each condition repeated 16 times.  

 

Data analysis and statistics 

The analysis and statistics were same as Experiments 1 – 3.  

 

Results and discussion 

The performance of participants in the oddball counting task was 0.96 ± 0.05 in the V-only 

condition, 0.97 ± 0.06 in the AVc condition, and 0.93 ± 0.08 in the AVinc condition, implying that 

their attention was concentrated on the rapid presented stream of letters. Even in the situation of 

high attentional load, the irrelevant flickering ring induced significant pupil oscillation as well 

(Fig.3d, ts > 5, ps < 1e-4, BF10 > 700). Consistent with Experiments 1 and 2a, the amplitude of pupil 

oscillation decreased when audiovisual stimuli were temporally congruent, compared with when 

the visual stimuli were alone (V-only vs AVc: t15 = 2.904, p = 0.033, BF10 = 5.093) and when the 

audiovisual stimuli were temporally incongruent (AVinc vs AVc: t15 = 2.898, p = 0.033, BF10 = 5.040; 
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V-only vs AVinc: t15 = -0.694, p > 0.9, BF10 = 0.316). The results indicated that the pupillary light 

reflex can be inhibited by multisensory integration even though it is not in the focus of attention. 

It again proved that the oscillation of pupillary light reflex was inhibited for a relatively low 

oscillatory amplitude (about 2/3 of the amplitude of Experiments 1 and 2a, probably because 

unattended stimuli evoked weaker pupil oscillation, refer to Exp 2 of [20]).  

 

To further explore whether selective attention modulates such inhibition effect, we calculated 

an inhibition index (i.e., the difference of oscillatory amplitude between the V-only/AVinc condition 

and AVc condition) for Experiments 1, 2a, and 4 separately, then compared the inhibition index of 

Experiment 4 with those from Experiments 1 and 2a using independent-sample t tests. The results 

revealed no significant effects [for Experiment 1 vs 4, ts < 0.8, ps > 0.9, BF10 (IndexVonly-AVc) = 0.384, 

BF10 (IndexAVinc-AVc) = 0.410; for Experiment 2a vs 4, ts < 0.4, ps > 0.9, BF10 (IndexVonly-AVc) = 0.341, 

BF10 (IndexAVinc-AVc) = 0.352]. Given large variation of pupil oscillation among individuals and 

experiments, we conducted another comparison to improve statistical power. First, we collapsed 

all the data from Experiments 1 and 2a (including those with slightly different experimental 

parameters, see Supplementary Information for details) into one sample with a total of 39 

participants. Then we selected from this sample a new group of participants, by minimizing the 

difference between each participant’s average amplitude of pupil oscillation across conditions and 

that of a paired participant in Experiment 4. After that, we conducted paired-sample t-tests to 

statistically evaluate the difference of inhibition index between the new group and Experiment 4. 

Again, no significant effects were found (for IndexVonly-AVc: t15 = 0.402, p > 0.6, BF10 = 0.274; for 

IndexAVinc-AVc: t15 = 0.077, p > 0.9, BF10 = 0.256). Taken together, these results suggest that the 
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inhibition of pupillary light reflex by multisensory integration is resistant to the modulation of 

attention.  

 

General discussion 

Previous studies have shown that multisensory integration enlarges pupil size, probably reflecting 

a SC-mediated activation of the sympathetic pathway that controls pupil dilation [14-16]. However, 

it is also possible that the effect may result from both activated sympathetic pathway and inhibited 

parasympathetic pathway as mentioned in the Introduction. Here we attempted to examine 

specifically the modulation of multisensory integration on the parasympathetic pathway. Using a 

pupil oscillation frequency tagging method [20], we demonstrated that multisensory integration 

reduces the oscillation of pupillary light reflex evoked by periodic luminance change of the visual 

stimulus. As pupillary light reflex is solely controlled by the parasympathetic pathway [42], the 

present finding thus suggests that multisensory integration inhibits pupillary light reflex through 

deactivating the parasympathetic pathway. 

 

Two pieces of evidence further support that the current results are less likely attributed to the 

activation of the sympathetic pathway. Firstly, since pupil dilation habituates to repeated stimuli as 

its novelty gradually decreases [43-45], the engagement of sympathetic pathway was minimized in 

the present study by periodical presentation of simple, geometric visual shapes and pure tones for 

a relatively long duration. In line with this, we found that repeated presentation of isoluminant 

stimuli only induced a pupil oscillation at an extremely low magnitude in a supplemental 

experiment (~ 0.03 a.u., see Supplementary Fig.4), which directly confirmed that the sympathetic 
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pathway was kept almost inactive in our design. Secondly, if the sympathetic pathway is to some 

extent activated by multisensory integration here, it is expected an increased pupil oscillation when 

a darker visual stimulus was periodically presented in sync with a tone. However, this hypothesis 

failed to be verified in Experiment 2b. Therefore, we conclude that it is the inhibition of the 

parasympathetic way that mainly contributes to the reduced pupillary light reflex in this 

multisensory situation.  

 

Multisensory Inhibition of pupillary light reflex dependent on eccentricity but not attention 

The inhibition of pupillary light reflex by multisensory integration is found restricted to the central 

visual field, with no significant effect in the peripheral visual field. This is in contrast with previous 

findings, as the pupil dilation effect is independent of visual eccentricity, although more robust in 

the periphery [14-16]. However, it has been proposed that multisensory integration is probably 

eccentricity dependent and functionally complementary: salient stimuli in the periphery may signal 

potential threat and require fast detection either in an overt or covert manner, while for the stimuli 

presented in the central field, accurate discrimination and recognition with regard to their 

properties and features is of more importance [3, 25-27, 46]. It is probable that continuous 

luminance change is categorized as a distractor for accurate discrimination of the visual stimulus 

in the central field so that the induced oscillation of pupillary light reflex is inhibited by the 

multisensory processes in the brain. But for visual stimuli falling in the periphery, multisensory 

integration is to improve orienting response towards them [3, 15], as illustrated by a pupil dilation 

effect during the period of stimulus onset (Supplementary Fig.3). Once they have already been 

covertly attended, the modulation of multisensory integration on pupil response may be 
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attenuated by saccade suppression unless they are re-shifted into the central field.  

 

Insignificant inhibition of pupillary light reflex in periphery is not due to degraded attention, 

as participants still attended the stimuli and well performed the oddball counting task. Moreover, 

the inhibition of pupillary light reflex in the central field is almost unaffected when the visual 

inducer is out of attention focus in a task with high attentional load. This is in agreement with other 

findings that multisensory integration is independent of selective attention [40, 41] and immune 

to attentional load [38, 39]. However, many studies reported that multisensory integration is 

stronger for attended than for unattended stimuli [29, 32, 33, 35, 36]. As we did not simultaneously 

manipulate attention and multisensory integration in the current study, a simple comparison of 

the multisensory inhibition effect of pupil oscillation between experiments revealed negligible 

modulation of attention on this inhibition effect (even after the oscillatory amplitudes were 

maximally matched for participants from different experiments, see Experiment 4). These evidence 

imply that multisensory inhibition of pupillary light reflex, independent of attention, may occur at 

an early stage of processing hierarchy, given that early multisensory integration related to saliency 

enhancement is proposed as a bottom-up and pre-attentive process [2, 31]. But notably, the 

interplay between multisensory integration and attention is much more complex [30], depending 

on many factors, such as the stimulus effectiveness and the attentional set defined by the goal [37]. 

It remains to be seen how multisensory inhibition of pupillary light reflex would be in other 

attentional situations. 

 

The possible neural underpinning of the multisensory inhibition of pupillary light reflex 
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As pupillary light reflex is controlled by parasympathetic pathway [17-19], multisensory integration 

has to act on this pathway to inhibit pupillary light reflex. At first glance, it relies on the SC, which 

integrates multisensory inputs in its deeper layer [10, 11] and projects directly or indirectly to the 

pretectal olivary nucleus and the Edinger-Westphal nucleus on the parasympathetic pathway (ref 

to [18, 47-49]). Therefore, the enhanced activation of the SC due to multisensory integration may 

suppress the parasympathetic pathway, which results in an inhibition of pupillary light reflex. This 

account, although plausible, has to be modified to fit the robust inhibition of pupillary light reflex 

in the central field rather than in the periphery. One potential possibility is that the activation of 

the SC would be attenuated by cortical areas which directly project to the SC (e.g., the frontal eye 

field which may deactivate the SC to suppress a saccade [18, 50, 51]) when repeated stimuli at the 

same peripheral location has already attracted covert spatial attention. This cortical feedback 

signal enables multisensory integration to differentially influence the parasympathetic pathway 

dependent on stimulus eccentricity. But there may exist some other plausible routes for the 

multisensory inhibition of pupillary light reflex to take place, such as the intralaminar interactions 

within the SC. All these possibilities await to be empirically explored in the future investigations. 

 

Summary 

The present study demonstrated that pupillary light reflex in response to a central visual inducer is 

inhibited by multisensory integration regardless of attention. This inhibition of pupillary light reflex 

not only supports the capability of multisensory integration to mediate the parasympathetic 

pathway, but provides another easily measured pupillometric indicator of multisensory integration 

independent of explicit response.  
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