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1   |   INTRODUCTION

Pupil size, controlled by the parasympathetic and the 
sympathetic pathways, is sensitive to light; it con-
stricts in bright and relaxes in dark (Joshi & Gold, 2020; 
Mathôt, 2018; Steinhauer et al., 2022). Meanwhile, signals 
especially those with high salience are able to enlarge the 
pupil (Cherng et al., 2020; Wang & Munoz, 2015; Widmann 
et al.,  2018; Zhao et al.,  2019). In reality, dynamic sens-
ing of the outside world inevitably encounters transient 
salient signals from multiple modalities, however, it has 
been poorly understood how these multisensory signals 

collectively elicit an integrated pupillary response. In 
other words, whether the integrated pupillary response 
results from a linear summation of the isolated pupillary 
responses to unisensory signals or a nonlinear superaddi-
tive or subadditive summation.

Till now, there is no consensus on this issue. Two studies 
revealed that the integration of pupillary responses is lin-
ear additive (Van der Stoep et al., 2021; Wang et al., 2014). 
For instance, Van der Stoep et al. (2021) reported that the 
integrated pupillary responses to audiovisual stimuli in 
two different types of tasks did not significantly deviate 
from the linear summation of those pupillary responses 
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Abstract
The pupil of the eye responds to various salient signals from different modalities, 
but there is no consensus on how these pupillary responses are integrated when 
multiple signals appear simultaneously. Both linear and nonlinear integration 
have been found previously. The current study aimed to reexamine the nature 
of pupillary integration, and specifically focused on the early, transient pupil-
lary responses due to its close relationship with orienting. To separate the early 
pupillary responses out of the pupil time series, we adopted a pupil oscillation 
paradigm in which sensory stimuli were periodically presented. The simulation 
analysis confirmed that the amplitude of the pupil oscillation, induced by stim-
uli repeatedly presented at relatively high rates, can precisely reflect the early, 
transient pupillary responses without involving the late and sustained pupillary 
responses. The experimental results then showed that the amplitude of pupil 
oscillation induced by a series of simultaneous audiovisual stimuli equaled to 
a linear summation of the oscillatory amplitudes when unisensory stimuli were 
presented alone. Moreover, the tonic arousal levels, indicated by the baseline 
pupil size, cannot shift the summation from linear to nonlinear. These findings 
together support the additive nature of multisensory pupillary integration for the 
early, orienting-related pupillary responses. The additive nature of pupillary inte-
gration further implies that multiple pupillary responses may be independent of 
each other, irrespective of their potential cognitive and neural drivers.
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independently recorded. However, another study found 
the pupillary responses to audiovisual stimuli is nonlin-
ear superadditive (Rigato et al., 2016). The purpose of the 
current study was to reexamine this issue and specifically 
focus on the integration of the early, transient pupillary 
responses evoked by multisensory signals.

Previous studies have found that salient stimuli can 
transiently orient or shift attention, leading to a rapid 
pupil dilation immediately after the stimulus abruptly 
occurs (Netser et al.,  2010; Wang et al.,  2017; Wang & 
Munoz, 2014) or when it appears among other repeated 
stimuli (Liao, Yoneya, et al.,  2016; Murphy et al.,  2011; 
Steiner & Barry, 2011; Widmann et al., 2018). This early 
orienting-related pupil dilation, most often arising and 
dissipating within 1 s, has almost the same latency as the 
pupillary light reflex (Mathôt,  2018; Wang et al.,  2014; 
Wang & Munoz, 2015; Widmann et al., 2018). It is likely 
mediated by the parasympathetic inhibition (Steinhauer 
& Hakerem,  1992; Wang & Munoz,  2014; Widmann 
et al., 2018), and the superior colliculus-centered circuit 
(Strauch et al., 2022; Wang & Munoz, 2015). By exclusively 
focusing on the early pupillary responses closely associ-
ated with explicit cognitive functions, such as orienting, 
the current study has the potential to contribute toward 
resolving the ongoing debate regarding the nature of pu-
pillary integration.

To this end, we recorded the fluctuations of pupil size 
when high-salient white noise bursts were presented 
alone or simultaneously with abruptly presented flashes. 
In Experiment 1, we examined the integration of pupillary 
responses to multisensory stimuli over time in a similar 
paradigm with previous studies (Rigato et al., 2016; Van 
der Stoep et al., 2021; Wang et al., 2014, 2017). In order 
to separate out the early pupillary responses that are rou-
tinely intermingled with the late and sustained pupil-
lary responses, we applied a pupil oscillation paradigm 
(Clarke et al.,  2003; Naber et al.,  2013; Schwiedrzik & 
Sudmann, 2020; Yuan et al., 2021). First, we conducted a 
simulation analysis to demonstrate that the early pupil-
lary responses can be separated and quantified by the am-
plitude of the pupil oscillation when the stimulus interval 
is remarkably shortened in the pupil oscillation paradigm. 
Second, we empirically recorded the pupil oscillation data 
at two purposely chosen 1.5 and 2 Hz stimulus onset rates 
in Experiment 2, and analyzed the amplitude of pupil os-
cillation induced by the noise bursts and the flashes. Based 
on the simulation, the pupil oscillatory amplitude at these 
two relatively fast onset rates can presumably reflect the 
early pupillary responses. By assessing and comparing 
whether the pupil oscillatory amplitude in response to 
noise bursts and flashes together are equal to their lin-
ear summation, we could delineate how early pupillary 
responses are integrated. Finally, since the time-locked 

pupillary responses to external stimuli are modulated by 
the spontaneous tonic arousal levels (Gilzenrat et al., 2010; 
Murphy et al., 2011; van Kempen et al., 2019), we exam-
ined whether the pupillary integration varied from subad-
ditive to superadditive as a function of the tonic arousal 
level indicated by the baseline pupil size (BPS).

2   |   METHOD

2.1  |  Participants

A total of 68 participants (33 female, mean age: 
23.96 ± 3.19 years) were recruited in the study, with 25 
in Experiment 1 (11 females), 43 in Experiment 2 (22 
females). All participants had normal or corrected-to-
normal vision and normal hearing, and were naïve to the 
purpose of the experiments. They provided informed con-
sent before experiments and were paid for their participa-
tion. The study was approved by the institutional review 
board of the Institute of Psychology, Chinese Academy 
Sciences and adhered to the tenets of the Declaration of 
Helsinki.

2.2  |  Stimuli and apparatus

A 23-inch Alienware LCD screen was set at a viewing 
distance of about 60 cm (refresh rate: 60 Hz, resolution: 
1920 × 1080) in a dim, sound-attenuated room. We uti-
lized an abrupt, short-lived white noise burst (0.15 s, 
sample rate: 44,100 Hz) as auditory stimuli. The noise 
bursts were played binaurally through headphones (Edi-
fier H841P) and set at a constant ~50 dB (A) throughout 
experiments. To elicit observable pupillary responses to 
visual stimuli, we displayed a bright (27.3 cd/m2) or dark 
(7.6 cd/m2) flash (radius: 1.61°) against a gray background 
(17.1 cd/m2) in the central field with a duration of 1, 1/3, 
or 1/4 s, respectively, in separate experiments (Figure 1a). 
All stimuli were generated by MATLAB (The MathWorks 
Inc.) together with Psychtoolbox (Brainard, 1997; Pelli, 
1997).

2.3  |  Task and procedures

In Experiment 1, the noise bursts, and the flashes were 
presented at a stimulus onset interval of 2 s (Figure 1a,b). 
In each trial, there are four repetitions of the audiovisual 
stimuli, during which small dots (diameter: 0.25°) ap-
peared for 0.05 s at random positions within the area oc-
cupied by the flash. In an orthogonal task, participants 
counted how many times they saw the dots to maintain 
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their attention in each trial. There were a total of 0–3 dots, 
randomly determined for each trial and never displayed at 
the same time. The dots, if presented on the flash, had an 
equal luminance with the background, and vice versa. At 
the end of each trial, participants input their answers using 
keyboards, and press the SPACE key to initiate the next 
trial after a short relaxation. There were four conditions 
(Figure 1b), the A condition in which only the noise bursts 
were presented, the V condition in which the flashes were 
silently presented, the AV condition in which they were 
simultaneously presented, and a catch-trial condition in 
which no stimulus was presented. There were 64 trials in 
total, divided into 4 blocks. In one block, each condition 
was repeated 4 times. Participants were separated into two 
subsets, with 14 exposed to the bright flash and 11 exposed 
to the dark flash.

Experiment 2 recorded the pupillary responses using a 
pupil oscillation paradigm, in which the stimulus onset in-
terval in each trial was severely shortened (see the simula-
tion analysis for the purpose of this design). That said, the 
procedure of Experiment 2 was identical to Experiment 1, 

except that both the noise bursts and the flashes were pe-
riodically presented at an onset rate of 1.5 or 2 Hz during 
8 s in each trial. Participants were separated into four sub-
sets with ~10 in each. Ten and 12 participants watched the 
dark and bright flash at 1.5 Hz, respectively, while 11 and 
10 participants watched the dark and bright flash at 2 Hz, 
respectively.

2.4  |  Pupil recording and analysis

2.4.1  |  Pupil recording and preprocessing

Participant's left eye was continuously monitored by 
a video-based iView X Hi-Speed system (SMI, Berlin, 
Germany) at 500 Hz. The eye tracker was calibrated by 
a 5-point standard procedure. The recorded pupil size 
was transformed and reported in the unit of mm. For 
each participant, the raw pupil diameter was visually in-
spected, and trials with obvious artifacts were excluded 
(1.36 ± 2.29, and 1.28 ± 2.16 trials excluded on average in 

F I G U R E  1   General paradigm and Experiment 1 results. (a) An exemplar illustration in which the dark flash flickered against the 
grey background at different interval t in Experiments 1–2. The red arrow points out the small dot that participants ought to count in the 
orthogonal task. (b) In the A condition, the noise bursts were played against the background. In the V condition, either the dark or the 
bright flashes were viewed (Vd/Vb condition). (c) The black line refers to the pupil time series in response to the noise bursts for participants 
viewing the dark (left panel) or bright (right panel) flashes. (d) The pupil time series in response to flashes (V), to flashes synchronous 
with noise bursts (AV), and the summation of the A and V conditions are drawn as the blue, orange, and red lines for the two subsets 
of participants viewing the dark (left panel) and bright (right panel) flashes, respectively. The shaded areas in (c, d) represent SEM. The 
horizontal gray bars in (c, d) demonstrate the temporal clusters when the pupil responses in one condition significantly deviated from 
baseline or other conditions (FDR corrected). The black arrows indicate the peak latency at which the pupillary responses to auditory (c) or 
visual stimuli (d) reach their maximum or minimum of the average pupil time series across participants.
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each experiment). For the remaining trials, blinks were 
automatically identified with the pre-blink shrinkage 
and post-blink recovery individually adjusted (within 
a range from −40 to 120 ms), and linearly interpolated 
for complete removal of blink artifacts. The artifact-
free pupil diameter was then downsampled to 20 Hz, 
averaged across trials for each condition, and baseline-
normalized by subtracting the mean pupil size during 
the 450 ms pre-stimulus period. The average pupil time 
series in the A, V, and AV conditions were further cor-
rected by point-to-point subtracting the average pupil 
time series in the catch-trial condition. This could re-
move the slow pupil changes, similar to applying a de-
trend. More importantly, to test whether the pupillary 
integration is linear additive, we needed to create a syn-
thetic A + V condition as a standard, by linearly adding 
the corrected pupil time series in the A and V conditions 
together. Because the tonic pupil fluctuation contained 
in the unisensory pupil time series due to expectancy, 
arousal, or other confounding factors may be added to 
their sum twice, we have to approximately measure 
this component by the catch trial and remove it. This 
is the common practice when comparing multisensory 
responses with the sum of unisensory responses (Cal-
vert & Thesen, 2004; Senkowski et al., 2011; Werner & 
Noppeney, 2010).

2.4.2  |  Experiment 1

In Experiment 1, for each participant, we segmented the 
corrected pupil time series in each condition into four 2-s 
epochs to obtain the pupillary response to a single noise 
burst or a flash. These epochs were aligned to its first sam-
ple point and averaged for each condition. As for statistics, 
we first compared the corrected pupil time series in the A 
condition with zero using one-sample t-test to reveal the 
temporal clusters when the pupil was significantly dilated 
from the tonic pupil fluctuation in the catch-trial condi-
tion (Figure 1c). Next, we conducted consecutive paired-
sample t-tests to compare the corrected pupil time series 
between the V and AV conditions, and between the AV 
and A + V conditions separately, to evaluate the integra-
tion of pupillary responses evoked by auditory and visual 
stimuli (Figure  1d). The inflation of false positives after 
multiple comparisons was controlled by FDR correction.

We also calculated their mean pupil size across time as 
a simpler proxy, and statistically compared it using a re-
peated measures ANOVA, with condition (V, AV, A + V) as 
the within-subject variable, and brightness (dark, bright) 
as the between-subject variable. Only the effects relevant 
to pupillary integration were reported and all the post hoc 
t-test statistics were Bonferroni corrected. The Bayesian 

factor (BF10), which can provide quantitative evidence for 
alternative hypothesis (H1) or null hypothesis (H0), were 
calculated as well. All the statistics were performed in 
MATLAB and Jamovi (Şahin & Aybek, 2019).

2.4.3  |  Simulation

If a stimulus displayed alone evokes a pupillary response, 
we would usually observe a pupil oscillation when the 
stimulus is repeatedly presented (Clarke et al.,  2003; 
Naber et al., 2013; Schwiedrzik & Sudmann, 2020; Yuan 
et al.,  2021). The simulation was to illustrate that when 
the stimulus repetition rate (or the stimulus onset rate) 
is remarkably increased, the observed pupil oscillation 
is primarily contributed by the early, transient pupillary 
responses. Hence, it can serve as a valuable tool for de-
termining the optimal stimulus onset rate in the pupil os-
cillation paradigm, allowing for the effective isolation of 
early pupillary responses from the overall pupil series.

In the current study, the simulated time series were 
generated as a linear combination of a series of discrete 
stimulations each convolved with a weighted pupil im-
pulse response function (IRF):

where t represents the times in ms, (w = 10.1) controls the 
shape of the canonical IRF, tmax represents the peak la-
tency of the dilatory response (Hoeks & Levelt, 1993). The 
weight of the IRF was determined by the empirical data of 
Experiment 1, the A condition.

We sampled both the peak latency of the IRF and the 
stimulus onset rate out of a finite range, and simulated 
the pupil time series using the convolution method for 
each of their combination (Figure 2a). Random Gaussian 
noise was added to these simulated pupil time series to 
match the coefficient of variance obtained from Experi-
ment 1, the A condition. A fast Fourier Transform (FFT, 
see Section 2.4.4 for details) was conducted to extract the 
oscillatory amplitude of the simulated pupil time series at 
the stimulus onset rate. We ran the above procedure 1000 
times and generated the distribution of oscillatory am-
plitudes for each combination. For a given onset rate, we 
calculated the posterior probabilities that the oscillatory 
amplitudes larger than a given value stem from a pupil-
lary response with a peak latency in the range of 0.3–1.5 s 
[e.g., P(peak latency = 0.6|oscillatory amplitude >0.005, onset rate=1.5 Hz)], 
and plotted the boundary in yellow (Figure 2b). The cu-
mulative probability that these oscillatory amplitudes 
larger than the given value originate from the pupil-
lary responses with peak latencies below this boundary 
is less than 1%. Based on the simulation, we chose two 

h(t) = tw × e−wt∕tmax ,
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      |  5 of 13LIU et al.

representative stimulus onset rates for Experiment 2 (1.5 
and 2 Hz) that could isolate out the early orienting-related 
pupillary responses, and evaluated how these responses 
are integrated.

2.4.4  |  Experiment 2

In Experiment 2, where the pupil continuously oscillated 
at the stimulus onset rate in each trial (Figures 2c and 3a), 
we first averaged the pupil size across time for each condi-
tion and statistically compared them using the repeated 
measures ANOVA as did in Experiment 1. The condition 
(V, AV, A + V) was defined as the within-subject variable, 
while the brightness (dark, bright) and the rates (1.5, 2 Hz) 
as the between-subject variables. Similarly, we reported 
only the effects relevant to pupillary integration, corrected 
all the post-hoc t statistics by Bonferroni method, and cal-
culated the BF10.

Following other studies (Naber et al.,  2013; Yuan 
et al., 2021), a FFT was conducted to extract the oscilla-
tory amplitude at the stimulus onset rate. We submitted 
the corrected pupil time series for each condition into 
FFT, wherein the first second was discarded to exclude 
the response to stimulus onset. The oscillatory amplitude 
was calculated as the modulus of the FFT complex coef-
ficients for each condition, and normalized by subtract-
ing the average amplitude across its nearby two frequency 
points (±0.1 Hz). Here, we also conducted a 3 (condi-
tion) × 2 (brightness) × 2 (rate) repeated measures ANOVA 
on the oscillatory amplitude, reported effects of most in-
terest, corrected all the post hoc t statistics by Bonferroni 
method, and calculated the BF10.

We further investigated whether the nature of pupillary 
integration is affected by the tonic arousal state (indexed 
by the BPS). According to previous studies (Gilzenrat 
et al., 2010; Knapen et al., 2016; van Kempen et al., 2019; 
Wang & Munoz,  2014), we sorted the pupil time series 

F I G U R E  2   Results of the simulation, and the auditory condition in Experiment 2. (a) Schematic protocols of the simulation. A pupil 
time series was generated by a linear combination of discrete stimulations (here at 1.5 Hz) each convolved with a pupil impulse response 
function (here with a peak latency of 0.4 s). The oscillatory amplitude of this simulated pupil time series was extracted by FFT, and filled into 
its corresponding grid in (b). Given that the oscillatory amplitude is larger than 0.005 or 0.01, the posterior probability of pupillary responses 
with a peak latency below the yellow lines accumulates to 1%. (c) The pupil time series induced by auditory stimuli at 1.5 Hz (left panel) 
and 2 Hz (right panel) for participants viewing the dark (solid lines) or bright (dot lines) flashes. The mean pupil size (d) and the oscillatory 
amplitude (e) of the pupil time series. The shaded areas in (c) and error bars in (d, e) represent SEM.
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in terms of their BPS into three bins for each condition: 
five trials for the small baseline, five trials for the large 
baseline, and the other trials for the medium baseline. 
The BPS, the mean pupil size and the oscillatory ampli-
tude were averaged across trials per bin for each condi-
tion (with outliers excluded using the isoutlier function, 
“grubbs” algorithm in MATLAB).

These pupil bin data were then entered into a linear 
mixed model (LMM) to statistically evaluate their rela-
tionship. The model tested for each condition whether 
the mean pupil size and the oscillatory amplitude (both 
termed pupillary response, PR in the equation below for 
convenience) can be predicted by the BPS with brightness 
(dark or bright flash), speed (1.5 or 2 Hz) simultaneously 
included. The mean pupil size and oscillatory amplitude 
in each condition were separately regressed as a linear 
combination of the brightness, speed and BPS:

with � as the coefficients, and participant as a random 
intercept.

To assess whether the BPS affected the pupillary inte-
gration effect (the pupillary response to AV minus the sum 
of those to A and V, ΔPR in the equation), the pupil bin 
data were sent into another LMM:

with � as the coefficients, and participant as a random ef-
fect as well. Specifically, ΔPR per bin was calculated by 

subtracting the mean pupil size or the oscillatory amplitude 
of each bin in the A + V condition from that of the corre-
sponding bin in the AV condition (e.g., both from the bins 
with large BPS), and the BPS per bin were averaged across 
the same bins in these two conditions. It is worth noting 
that since the noise bursts had opposite effects on the pupil 
oscillation induced by flashes with different luminance (see 
Results, Figure 3c), we reversed the sign of the ΔPR in terms 
of oscillatory amplitude for the bright flashes to align with 
that for the dark flashes.

3   |   RESULTS

We investigated multisensory integration in the pupil of 
the eye through two experiments. Participants were ran-
domly divided into subsets (n = ~10), watching either dark 
or bright flashes presented against a grey background at 
different rates (Figure 1a,b, the Vd/Vb condition). A series 
of abrupt, white noise bursts were played at the same rate 
with the flash (the A condition). They were synchronized 
in time when displayed together (the AV condition). Dur-
ing pupil recording, we required participants to perform 
an orthogonal task so as to monitor their sustained atten-
tion. In each trial, they counted the number of small dots 
briefly displayed on the screen (Figure 1a). Their mean ac-
curacies of each condition in all experiments were higher 
than 96% (SDs <6%), which indicated they had devoted 
sufficient attention to the stimuli.

PR ∼ �0 + � l × brightness + �s × speed + �b × BPS,

ΔPR ∼ �0 + � l × brightness + �s × speed + �b × BPS,

F I G U R E  3   Results of Experiment 2. (a) The mean corrected pupil time series when the flashes were dark (top) or bright (bottom) 
repeated at 1.5 (left) /2 Hz (right) in Experiment 2. Shaded areas, SEM. The mean pupil size (b) and oscillatory amplitude (c) for the 
dark (left) and bright flash (right) at 1.5 (hollow bars) or 2 Hz (solid bars). The SEM were plotted on each bar. *p < .05; **p < .01; n.s., not 
significant.
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3.1  |  Experiment 1

Experiment 1 set the stimulus onset interval to 2 s. First, 
it is demonstrated that the noise bursts evoked a signifi-
cant pupil dilation, meanwhile, the dark and bright flashes 
evoked a typical pupillary dark and light reflex individually 
(Figure 1c,d). Furthermore, the noise bursts significantly 
enhanced the pupil dilation to dark flashes and inhibited 
the pupil constriction to bright flashes (Figure  1d). This 
indicates that the pupillary responses to visual stimuli are 
additionally enlarged by auditory stimuli. After linear sum-
mation of the pupil time series in the A and V condition to 
create a synthetic A + V condition (Figure 1d, the red lines), 
we directly compared the pupil fluctuation in the AV con-
dition with the A + V condition, but found no significant 
differences (the orange and red lines in Figure 1d). Consist-
ently, the mean pupil size in the V condition was also lin-
early enlarged by the noise bursts, and the mean pupil size 
in the AV condition was not significantly deviated from 
that in the A + V condition (the main effect of condition: 
F (2, 46) = 16.18, p < .001, �2p = 0.41; AV vs. V: t (24) = 4.03, 
p = .001, BF10 = 65.90; AV vs. A + V: t (24) = −0.78, p > .9, 
BF10 = 0.28). The BF10 was 0.28 for the difference between 
the AV and A + V conditions, with moderate evidence sup-
porting a linear integration of pupillary responses relative 
to a nonlinear integration.

Additionally, concordant with other findings 
(Mathôt, 2018; Wang & Munoz, 2015; Widmann et al., 2018), 
the pupil dilation evoked by high-salient multisensory stim-
uli contained an early, transient component followed by a 
late, sustained one. As shown in Figure 1c,d, the average 
peak latency of the early pupillary responses was 0.55–
0.75 s, while the average peak latency of the late pupillary 
responses was 1.55–1.2 s. Given that the early pupillary re-
sponses to multisensory signals are more closely linked to 
orienting, in the next we precisely explored how they are 
integrated. But it should be noted here that the early pupil 
dilation evoked by the abrupt appearance of a bright visual 
stimulus has been overshadowed by the pupil constriction 
to brightness increase, which is much larger in magnitude 
(comparison between the pupil size in Figure 1c,d right).

3.2  |  Simulation

We aimed to leverage the pupil oscillation paradigm to 
isolate the early pupillary responses from the pupil time 
series in Experiment 2. But beforehand, we need to decide 
at which stimulus onset rate, the early pupillary responses 
can be exclusively measured by the amplitude of evoked 
pupil oscillation. To this end, we carried out a simula-
tion, during which we calculated the oscillatory ampli-
tudes from a group of pupil time series each generated 

by convolving the pupil IRF at a certain peak latency 
with a design matrix of stimuli repeated at a certain rate 
(Figure 2a and Section 2).

The results of simulation are drawn in Figure  2b. It 
clearly demonstrates that the oscillatory amplitude will 
decrease when repeated stimuli are presented at relatively 
higher onset rate. We plotted two representative lines in 
yellow, the pupillary responses with peak latencies below 
which only have less than 1% chance of generating the 
oscillatory amplitudes larger than 0.01 and 0.005, respec-
tively. The simulation revealed that at a relatively fast 
onset rate, the larger the oscillatory amplitude, the less 
likely it is induced by pupillary responses with a long peak 
latency. Given the results in Experiment 1 that the average 
peak latency of the early pupillary responses was 0.55–
0.75 s, we chose 1.5 and 2 Hz as the representative stim-
ulus onset rates for Experiment 2. The two relatively high 
rate ensured that the amplitude of pupil oscillation can 
quantify the early, transient pupillary responses with little 
confound by the late and sustained pupillary responses.

3.3  |  Experiment 2

The simulation results have shown that in a pupil oscil-
lation paradigm, the amplitude of pupil oscillation is able 
to precisely measure the early pupillary responses when 
stimuli onset rate is set to 1.5 or 2 Hz. In Experiment 2, we 
presented the noise bursts and flashes at these two rates 
and tested whether the oscillatory amplitude in the AV 
condition significantly differed from that in the A + V con-
dition, to reflect the linear or nonlinear integration of the 
early pupillary responses.

First of all, we found the noise bursts linearly enlarged 
the mean pupil size in the V condition, consistent with 
Experiment 1 (Figure 3a,b, the main effect of condition: 
F (2, 78) = 22.05, p < .001, �2p = 0.36; AV vs. V: t (42) = 5.73, 
p < .001, BF10 = 17,538.19; AV vs. A + V: t (42) = 0.08, p > .9, 
BF10 = 0.17). As in the simulation, a significant pupil oscil-
lation was evoked by the series of noise bursts (Figure 2c–
e, t (42) = 3.82, p < .001, BF10 = 62.80, especially at 1.5 Hz, 
t (21) = 4.01, p < .001, BF10 = 53.55; while for 2 Hz, there 
was a same trend t (21) = 1.35, p = .19, BF10 = 0.50). Sim-
ilar with Experiment 1, the visually induced pupil os-
cillation was enhanced by the noise bursts for the dark 
flashes and inhibited for the bright flashes (Figure  3a,c, 
the interaction between condition and brightness: F (2, 
78) = 17.42, p < .001, �2p = 0.31; AVd vs. Vd: t (20) = 4.60, 
p < .001, BF10 = 170.51; AVb vs. Vb: t (21) = −3.26, 
p = .01, BF10 = 11.47). Of our most interest, however, 
it did not show a nonlinear additivity either (A + Vd vs. 
AVd: t (20) = −1.68, p = .33, BF10 = 0.76; A + Vb vs. AVb: t 
(21) = −1.85, p = .24, BF10 = 0.94). Since the noise bursts 
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8 of 13  |      LIU et al.

oppositely affected the pupillary light and dark reflex, we 
exchanged the oscillatory amplitude in the A + V and AV 
conditions for participants viewing the bright flashes and 
pooled them with the oscillatory amplitude for the dark 
flashes to increase statistic power. A paired-sample t-test 
showed the same trend (A + V vs. AV: t (42) = 0.33, p = .75, 
BF10 = 0.17). The BF10 was 0.17 for the mean pupil size dif-
ference as well as the oscillatory amplitude difference be-
tween the AV and A + V conditions, which again provides 
moderate evidence for the linear integration of pupillary 
responses. These results demonstrated that even the early 
orienting-related pupillary responses were separately con-
sidered, the pupillary integration is approximately ruled 
by a linear additive algorithm.

To further investigate whether tonic arousal state in-
terferes with the nature of pupillary integration, we sorted 
all the trials into three bins by the BPS for each condition 
and each participant of Experiment 2. The BPS, the pu-
pillary responses to unisensory stimuli, and the pupillary 
integration effect (i.e., the pupillary response difference 
between the AV and A + V conditions) were then averaged 
across trials per bin. These pupil bin data were submitted 
to two LMM to assess their relationship. We found that 
the mean pupil size decreased linearly in the V and AV 
conditions but not in the A condition as the baseline pupil 
enlarged (�V = −0.060, p = .002; �AV = −0.042, p = .032; 
�A = 0.006, p = .621, see Figure  4a, left panels), whereas 
the oscillatory amplitude was not significantly affected by 

F I G U R E  4   The relationship between baseline pupil size (BPS) and the pupillary integration. (a) The relationship between BPS and 
subsequent pupillary responses in each condition. Left: the impact of BPS on the mean pupil size in the V (top), A (middle), or AV (bottom) 
condition. Right: the impact of BPS on the oscillatory amplitude in the V (top), A (middle), or AV (bottom) condition. (b, c) The relationship 
between BPS and pupillary integration. The pupillary integration effect is calculated as the difference of the mean pupil size between 
AV and A + V conditions in (b), while calculated as the difference of the oscillatory amplitude between AV and A + V conditions in (c). 
Superadditive: AV > A + V, subadditive: AV < A + V. The data from each individual were shown by the solid shapes with outliers by hollows. 
Each line represents the prediction of the fitted linear mixed model.
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      |  9 of 13LIU et al.

the BPS (ps >.15, see Figure 4a, right panels). Critically, we 
quantified the transition of the pupillary integration from 
subadditive to superadditive by the pupillary integration 
effect, and found such effect was not modulated by the 
BPS, neither for the mean pupil size (� = 0.022, p = .127, 
Figure 4b), nor for the oscillatory amplitude (� = −0.001, 
p = .238, Figure 4c). By and large, these analyses together 
demonstrated the levels of tonic arousal state may only 
modulate the late and sustained pupillary responses but 
not the early orienting-related pupillary responses. None-
theless, the pupillary integration mechanism is almost in-
sensitive to the tonic arousal state.

4   |   DISCUSSION

The current study illustrated how multisensory signals 
integratedly modulate the pupil size, especially the inte-
gration of early orienting-related pupillary responses. The 
results of two experiments clearly and convergingly dem-
onstrated that a salient noise burst enhanced the pupil di-
lation to dark flashes but inhibited the pupil restriction to 
bright flashes. Despite differentially manifested, both the 
impacts can be seen as a sound-induced pupil dilation line-
arly overlapped onto the pupillary responses to flashes. No 
robust evidence supported that these pupillary responses 
are nonlinearly integrated, consistent with two previous 
studies (Van der Stoep et al., 2021; Wang et al., 2014) but 
different from another one (Rigato et al., 2016).

According to the inverse effectiveness principle re-
vealed by a body of behavioral and neural studies, the 
weaker the salience or the intensity of the unisensory 
stimuli, the more probable the superadditive, nonlinear 
integration is observed (Noesselt et al., 2010; Senkowski 
et al., 2011; Stein et al., 2020; Stevenson & James, 2009; 
Werner & Noppeney, 2010). As stimuli with lower inten-
sity evoke smaller pupillary responses, it is possible when 
sound intensity and flash contrast are purposely reduced, 
a nonlinear integration of pupillary responses (e.g., su-
peradditive) would be observed. Since Rigato et al. (2016) 
did not report the actual stimulus intensity in their exper-
iment, it cannot be directly compared with others that re-
ported linear integration (Van der Stoep et al., 2021 and 
the present study). The comparison between our results 
and Van der Stoep et al. (2021) showed that the pupillary 
integration remains additive even though the noise inten-
sity and the flash contrast in our study were lower than 
theirs. It may be argued that these findings are simply due 
to a ceiling effect that the integration of two dilated pupil-
lary responses is physiologically not allowed to exceed the 
upper extreme of pupil size, which consequently reduces 
the likelihood to observe a superadditive summation. But 
this possibility can be falsified because the integration of 

two counterbalanced pupillary responses, such as, a light-
induced pupil constriction and a sound-induced pupil 
dilation also manifests as linear additive both in Van der 
Stoep et al. (2021) and our study.

Given that white noises are naturally more salient 
and noticeable than pure tones, and dilate pupil to a 
larger extent even under constant sound levels (Hersman 
et al., 2020; Liao, Kidani, et al., 2016), it is also possible, 
according to the inverse effectiveness principle, that pure 
tones are more suitable stimuli for studies to observe su-
peradditive pupillary integration (e.g., in Rigato et al., 2016, 
compared to white noises in Van der Stoep et al., 2021 and 
the present study). But in one previous study which re-
cruited macaque monkeys as subjects and used pure tones 
with flashes, researchers also reported a linear integration 
of pupillary responses (Wang et al., 2014).

There is another critical aspect in the study that reported 
superadditive pupillary integration (Rigato et al.,  2016) 
should be noted. That is, no catch trials were included 
in this study when comparing the pupillary responses si-
multaneously evoked by auditory and visual stimuli (AV) 
and the synthetic pupillary responses by linear summa-
tion of the unisensory pupillary responses (A + V). As 
mentioned in the Section  2, this comparison would be 
unfair if the tonic pupil fluctuation (due to such as expec-
tancy, arousal, or other factors) contained in the stimulus-
induced pupillary responses is added twice. Therefore, the 
optimal strategy is to independently measure the tonic 
pupil fluctuation in the catch trials, and subtract it from 
the unisensory and multisensory pupillary responses be-
fore comparison. Otherwise, it is more likely to observe 
a nonlinear superadditive or subadditive summation than 
a linear additive summation. This concern was partially 
confirmed by Van der Stoep et al.  (2021). They demon-
strated in the response-blocks that the uncorrected pupil 
time series in response to multisensory signals are sub-
additive than their linear summation. We should, none-
theless, be cautious in interpreting a nonlinear pupillary 
integration without subtracting the tonic pupil fluctuation 
out.

Of particular interest, the temporal properties of the 
pupillary responses in previous studies that explored 
the nature of pupillary integration are inconsistent. In 
studies that revealed linear integration, the pupillary 
responses arose in a short latency and lasted for hun-
dreds of milliseconds (Van der Stoep et al., 2021; Wang 
et al.,  2014, 2017), whereas in the study that revealed 
nonlinear integration, the pupillary responses arose rel-
atively slowly and sustained longer (Rigato et al., 2016). 
It seems that the integration of early, transient pupil-
lary responses and the integration of late, sustained pu-
pillary responses may differentiate from each other in 
nature. The early pupillary response (dilation), which 
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is typically evoked by the appearance of high-salient 
sensory stimuli, intimately relates to orienting (Strauch 
et al.,  2022; Wang & Munoz,  2015). It also has a com-
parable latency with the pupillary light reflex (Clarke 
et al.,  2003; Mathôt,  2018; Wang & Munoz,  2014). As 
the light-sensitive pupillary reflex is mainly controlled 
by the parasympathetic system, the early orienting-
related pupillary responses may stem from parasympa-
thetic inhibition (Marumo & Nakano, 2021; Steinhauer 
et al.,  2022; Steinhauer & Hakerem,  1992; Widmann 
et al.,  2018). This presumption is confirmed by a re-
cent pharmacological study, which showed that this 
early pupil dilation (0.5–1.48 s after stimulus onset) can 
be eliminated when the parasympathetic activities are 
selectively blocked but does not significantly decrease 
when the sympathetic system is blocked (Marumo & 
Nakano,  2021). In comparison, the late and sustained 
pupillary response is potentially evoked through the 
sympathetic pathway by other intermediate- and high-
level cognitive factors related to arousal and mental 
effort (Mathôt, 2018; Steinhauer & Hakerem, 1992; Wid-
mann et al., 2018).

The current study, successfully separating the early 
orienting-related pupillary responses out of the pupil time 
series using a pupil oscillation paradigm, again found 
little evidence for a nonlinear pupillary integration. In 
addition, we concurrently revealed that the overall pupil-
lary responses as measured by the mean pupil size across 
time is also linear additive. Because the overall pupil-
lary responses are composed of both the early pupillary 
responses and other late pupillary responses, we deduce 
that the latter may be linear additive too. This is consistent 
with a recent study (Exp 2 in Van der Stoep et al., 2021), 
which did not find a superadditive integration of pupil-
lary responses occurred after 1 s in an almost identical 
design with Rigato et al. (2016). Therefore, the pupillary 
responses, irrespective of whether they are related to ori-
enting, arousal, mental effort or other cognitive factors 
and mediated by the parasympathetic and sympathetic 
pathways, may be linearly integrated and independent of 
each other, as long as they are not constrained by the ex-
treme of normal pupil size.

It is noted that the multisensory integration process is 
characterized by large intraindividual variabilities (Cecere 
et al., 2015; Leonardelli et al., 2015; Murray et al., 2019; 
Yuan et al., 2016). The nature of pupillary integration may 
vary across trials within participants. It has been shown 
that pupillary responses are closely related to the tonic 
arousal state indicated by the BPS trial-by-trial; a larger 
BPS would eventually lead to a smaller pupillary response 
(Aston-Jones & Cohen, 2005; Gilzenrat et al., 2010; Mur-
phy et al., 2011; van Kempen et al., 2019). Here, we also 
found the overall pupillary responses measured by the 

mean pupil size were negatively predicted by the BPS, 
whereas the early pupillary responses measured by the 
oscillatory amplitude was not significantly modulated by 
the BPS. This further indicated that these two measures 
may reflect differential mechanisms, and it is the late, 
sustained pupillary responses that are possibly sensitive 
to the tonic arousal state. And consistent with Wang and 
Munoz (2014), the pupillary responses evoked by salient 
sound are insensitive to tonic arousal state. More im-
portantly, the pupillary integration did not significantly 
change from additive to subadditive or superadditive as 
a function of the BPS. Given that larger BPS (heightened 
tonic arousal) relates to an exploration state (i.e., task dis-
engagement) more than an exploitation state (i.e., task 
engagement) (Gilzenrat et al.,  2010; Jepma & Nieuwen-
huis,  2011), the results imply that pupillary integration 
may be immune to observers' cognitive states, and uni-
formly conforms to a linear additive algorithm.

At last, since the pupillary responses solely induced by 
visual saliency in the current study are inevitably mixed 
with or overshadowed by the strong light-sensitive pupil-
lary reflex, our findings also contribute to revealing the 
integration between pupillary responses to luminance 
and other factors, here, the auditory saliency. A plenty of 
previous studies have explored the interaction between 
pupillary responses to luminance and arousal. Some of 
them showed that emotional or cognitive arousal-linked 
pupil dilation was larger in a dim compared with a bright 
background (Cherng et al.,  2020; Pan et al.,  2022; Pey-
sakhovich et al.,  2017, but see Steinhauer et al.,  2004 
for opposite results). Others, however, revealed no in-
fluence of background luminance on pupil dilation as-
sociated with arousal, particularly regarding to certain 
components (Widmann et al.,  2018), for example, the 
phasic pupillary responses (Gilzenrat et al., 2010; Peysak-
hovich et al., 2017). A recent study endorsed this indepen-
dence by demonstrating that the luminance- or cognitive 
arousal-linked baseline pupillary responses only affect the 
subsequent pupillary responses to the same inducer, with 
little interaction (Hu et al.,  2022). Because there are so 
many factors to consider, such as the range of luminance, 
the specific task, and individual differences, it is currently 
challenging to reconcile the contradicting outcomes in 
the relationship between pupillary responses to lumi-
nance and arousal. Nonetheless, we could alter the light-
sensitive parasympathetic activities by manipulating the 
background luminance, making it a low-cost approach to 
differentiate the contributions of the parasympathetic and 
sympathetic pathways to the arousal-linked pupillary re-
sponses (Cherng et al., 2020; Steinhauer et al., 2004, 2022; 
Widmann et al., 2018).

In conclusion, the current study illustrated that the 
pupillary responses evoked by multisensory signals may 
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      |  11 of 13LIU et al.

be linear additive, and this additive nature of pupillary 
integration is not affected by the temporal properties of 
the pupillary responses, and the cognitive state of individ-
ual observers. Future studies can either manipulate the 
background luminance or pharmacologically block the 
activities of one pathway to directly test whether the pu-
pillary responses regulated by the parasympathetic or the 
sympathetic pathway are linear additive. Additionally, it 
is encouraged for future studies to examine how the criti-
cal subcortical nuclei, for instance, the superior colliculus 
(Netser et al., 2010; Wang et al., 2014) and the locus coeru-
leus (Joshi et al., 2016), that modulate pupil size through 
the two autonomic nervous pathways, are involved in the 
linear integration of pupillary responses.
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