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Autism spectrum disorder (ASD) is a developmental disorder that is characterized by difficulties with social interaction and
interpersonal communication. It has been argued that abnormal attentional function to exogenous stimuli precedes and con-
tributes to the core ASD symptoms. Notably, the locus ceruleus (LC) and its noradrenergic projections throughout the brain
modulate attentional function, but the extent to which this locus ceruleus–norepinephrine (LC–NE) system influences atten-
tion in individuals with ASD, who frequently exhibit dysregulated alerting and attention orienting, is unknown. We examined
dynamic attention control in girls and boys with ASD at rest using the pupil dilation response (PDR) as a noninvasive mea-
sure of LC–NE activity. When gender- and age-matched neurotypical participants were passively exposed to an auditory
stream, their PDR decreased for recurrent stimuli but remained sensitive to surprising deviant stimuli. In contrast, children
with ASD showed less habituation to recurrent stimuli as well as a diminished phasic response to deviants, particularly those
containing social information. Their tonic habituation impairment predicts their phasic orienting impairment, and both
impairments correlated with the severity of ASD symptom. Because of the fact that these pupil-linked responses are observed
when individuals passively listen without any task engagement, our findings imply that the intricate and dynamic attention
allocation mechanism, mediated by the subcortical LC–NE system, is impaired in ASD.
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Significance Statement

Autistic individuals show attentional abnormalities to even simple sensory inputs, which emerge even before formal diagno-
sis. One possible mechanism behind these abnormalities is a malfunctioning pacemaker of their attention system, the locus
ceruleus–norepinephrine pathway. Here we found, according to the pupillary response (a noradrenergic activity proxy), autis-
tic children are hypersensitive to repeated sounds but hyposensitive to surprising deviant sounds when compared with age-
matched controls. Importantly, hypersensitivity to repetitions predicts hyposensitivity to deviant sounds, and both abnormal-
ities positively correlate to the severity of autistic symptoms. This provides strong evidence that autistic children have faulty
noradrenergic regulation, which might underly the attentional atypicalities previously evidenced in various cortical responses
in autistic individuals.

Introduction
Alerting and attention orienting reflect our evolving awareness
to environmental information. What naturally captures our

attention and what we choose to focus on has an impact on our
experiences and perceptions of the world around us as well as
the direction in which our brain develops. Although autism
spectrum disorder (ASD) is primarily defined and diagnosed
by impaired social and communication skills and by repetitive
and stereotypical behaviors (American Psychiatric Association,
2013), attentional abnormalities have been noticed since its ini-
tial description in 1943 (Kanner, 1943) and increasingly recog-
nized as preceding and thus contributing to the core ASD
symptoms (Bryson et al., 1990; Rogers and Ozonoff, 2005;
Keehn et al., 2013). However, the role of the subcortical system
in such unusual alerting response remains little understood
(Orekhova and Stroganova, 2014; Bast et al., 2018).

Norepinephrine (NE), a neuromodulator released exclu-
sively by the midbrain-located locus ceruleus (LC; Sara, 2009),
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is associated with arousal regulation and attention orienting
(Sara and Bouret, 2012). Specifically, phasic noradrenergic ac-
tivity in the LC has been implicated to signal a form of surprise
and act as a resetting switch in the brain to interrupt existing
internal models of the world (Ego-Stengel et al., 2002) and to
effectively adapt to the environment (Bouret and Sara, 2005;
Dayan and Yu, 2006; Hermans et al., 2011; Sara and Bouret,
2012; Marshall et al., 2016). The LC–NE system, as the pace-
maker of the attention system, has hypothesized ties with au-
tism since infancy (Cohen et al., 2013; Bast et al., 2018).
However, it is still unknown whether and how the LC–NE sys-
tem contributes to attention deficits in people with ASD, partic-
ularly in youngsters (de Vries et al., 2021).

Here, we sought to measure the pupil-linked phasic arousal
response, pupil dilation response (PDR) to assess the functional-
ity of LC–NE among children with ASD. Spiking activity in the
LC and changes in pupil size are linked mechanistically, whether
they occur spontaneously or as a result of external stimuli
(Aston-Jones and Cohen, 2005; Joshi et al., 2016; Reimer et al.,
2016). To examine the involvement of LC–NE in alerting, we
used an auditory oddball paradigm, where the participants were
presented with a stream of repetitive stimuli (standard) embed-
ded with less-frequent, randomly interspersed oddball stimuli
(deviant). Importantly, they listened to the stimuli passively,
unconstrained by any volitional task or potential confounds of
motivation, task performance, or cognitive differences, allowing
for analysis of involuntary attention control as in its default rest-
ing state. This paradigm has been used extensively to research
the attention processes among the ASD population. However,
past research has mostly focused on cortical responses using
EEG and fMRI (Keehn et al., 2013; Bast et al., 2018). Thus, it
remains unknown whether ASD has a typically functioning LC–
NE system underpinning automatic attention control. On the
other hand, PDR has been examined among children with ASD
as a window into the malfunctioning of their autonomic nervous
system. However, most studies focused on responses to a simple
light flash or to complex visual stimuli (de Vries et al., 2021).

We propose that neurotypical children are capable of allocat-
ing their attention resources in a normatively optimal fashion,
that is, by decreasing their tonic reaction to repeated stimuli (i.e.,
standards) while maintaining their phasic response to surprising
stimuli (i.e., deviants). By contrast, we hypothesize that children
with ASD are less responsive to surprising stimuli based on pre-
vious findings on their cortical responses (e.g., Keehn et al.,
2013) and that this diminished surprise reaction is accompanied
by hypersensitivity to nonsurprising stimuli, manifesting as
decreased habituation to repetitive standards. This is precisely
what we saw here with pupil responses; although neurotypical
children habituated to repetitive stimuli yet remain receptive to
deviants, ASD children habituated less, predicting a decline in
arousal response to deviants. Relevant to autism symptoms, this
disruption in attention was more pronounced for stimuli that
contained social information and predicted autistic severity on
an individual level. Given that our participants listened passively
without task engagements, our study offers support for a basic
LC–NE system dysfunction underpinning the ASD-specific
impairment in attention orienting (Dawson and Lewy, 1989;
Keehn et al., 2013).

Materials and Methods
Ethics
The experiment was conducted according to the principles of the
Declaration of Helsinki and was approved by the Ethical Committee of

the School of Psychological and Cognitive Sciences at Peking University.
We obtained written consent from the primary caregivers of the children
and verbal consent from the children themselves. All children received
toys and cartoon stickers as gifts for their participation.

Participants
Sample size. Because of the lack of knowledge in pupillary metrics in

young ASD children responding to the stimuli used in the present study,
we could not conduct a standard power analysis to estimate adequate
sample size before data collection. Originally, we aimed for a sample size
of;20 based on previous data from prior auditory pupillometry studies
on healthy adults (Liao et al., 2016b; Zhao et al., 2019a) with similar au-
ditory stimuli (brief sounds) and similar measurements (phasic PDR),
where robust PDR effects evoked by brief sounds were observed using as
few as 10 participants. However, somewhat unsurprisingly, there is a
large amount of data loss in young children’s pupil data, especially
among individuals with ASD. To ensure that the observed effect is not
caused by a difference in data quality, we used a strict data exclusion
routine (details below). Eventually, we recruited as many participants as
possible to maximize the effect size. This was not ideal but hard to pre-
vent because of the nature of this study and its participants. We managed
to recruit all young ASD children who attended the school on the day of
data collection. We had intended to match the control sample size with
the ASD, however data collection for the control participants was
abruptly stopped because of the COVID-19 pandemic. This resulted in a
nonideal sample size imbalance. In total, 52 children diagnosed with au-
tism spectrum disorders and 35 chronological age-matched typically
developed children took part in this study. Twelve ASD and four TD
participants were excluded (see below, Data exclusion), providing a final
sample size of 40 ASD participants (three females, mean age 5.8 years
old, SD 0.5, range 4.6–7.0) and 31 TD participants (three females, mean
age 5.8, SD 0.5, range 5.1–7.0).

To minimize the potential artifact caused by the unequal sample sizes
(ASD 40 vs TD 31), we chose to perform the time series statistical analy-
sis in a permutation-based manner and the correlation analysis on a col-
lapsed dataset from both groups (see below, Data analysis).

All children had normal vision and hearing. Their general in-
telligence was measured using the Chinese version of the Wechsler
Preschool and Primary Scale of Intelligence, fourth edition (Wechsler,
2012). All children with ASD had been previously diagnosed by two pro-
fessional pediatric clinicians based on the Diagnostic and Statistical
Manual of Mental Disorders: DSM-5 (American Psychiatric Association,
2013). The control group consists of individuals with neurotypical devel-
opment, defined as those who do not have any parent-reported psychiat-
ric or neurodevelopmental diagnoses and do not exhibit characteristics
of autism. We also measured the severity of autism symptoms using
the Chinese version of the Autism Spectrum Quotient: Children’s
Version (AQ; Auyeung et al., 2008). All ASD participants scored higher
than the cutoff score of 76 (Auyeung et al., 2008), and none of the TD
children met the diagnosis criterion based on AQ scores. The Social
Responsiveness Scale (SRS; Constantino et al., 2003) was also meas-
ured, and relevant results are reported in Extended Data Figures 1-1,
1-2, 1-3, 1-4. The ASD group scored significantly higher on the AQ
[t(69) = 8.76, p, 0.0001, Bayesian factor (BF). 107] and SRS (t(69) = 12.4,
p, 0.0001, BF. 1012) than the TD group, but scored lower on full-scale
IQ (t(69) =�2.8, p, 0.01, BF = 6.5). There were no significant differences
between the ASD and TD groups in chronological age (t(69) = �0.2, p =
0.9, BF = 4.0) or gender (x 2

(1,6) = 0.1, p = 0.7). Table 1 contains more
details about the characteristics of the two groups.

Stimuli
We used a simple auditory oddball paradigm, with the standard stimulus
as a 500 Hz pure tone (75%) against two deviant stimuli, a white noise
(12.5%) and a real laughter sound (12.5%). The former deviant contains
no social information, whereas the latter does. The reason to have these
two distinct deviants is that a few previous studies have revealed that
ASD-related abnormal cortical responses in the oddball paradigm differ
between social (e.g., speech) and nonsocial stimuli (e.g., nonspeech tone)
(Ceponiene et al., 2003; Whitehouse and Bishop, 2008). It remains
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unknown whether this distinction would persist for the LC–NE system-
mediated attention response. All sounds were 500 ms long with 30 ms
ramps on both sides and RMS equated (Extended Data Figures 1-1,
1-2, 1-3, 1-4, sound files). The sound duration was chosen because a previ-
ous study (Lima et al., 2019) showed that human laughter could be accu-
rately recognized within 500ms after the stimulus onset. To avoid the
effect of specific gender voice on the result, we used two laughter stimuli,
one female and one male, both Chinese speakers in their 20s. The
recorded laughter was induced by watching funny videos to avoid possible
confounds induced by fake laughter. The two laughter sounds were coun-
terbalanced across participants, and no difference was observed between
these two laughter sounds, thus in subsequent analysis, the data from these
two laughter sounds were collapsed.

The intersound interval was randomized between 3 and 3.5 s. From a
previous pupillometry study (Zhao et al., 2019b) using similar sound
durations and experimental procedures (passive listening) in healthy
young adults, this is a suitable silent interval to allow the sound-evoked
pupil dilation response to evolve and return to baseline.

Participants completed two blocks of trials. Each block lasted
;2.5 min, with 40 stimuli delivered in total. Thus, a block would
include 30 standard trials, five white noise trials, and five laughter
trials. The first five stimuli were the standard trials, and all other tri-
als were presented in pseudorandom order to avoid the presentation
of consecutive deviants; this constraint was set to avoid the effect of
accumulated pupil dilation responses evoked by deviants.

Before the beginning of each block, we also measured the pupil di-
ameter baseline for each individual over a 15 s resting state in silence.

Procedure
The experiment was conducted in a quiet classroom with controlled
lighting. To ensure the luminosity of the room stayed unchanged, a digi-
tal light meter (TES-1332A, TES Electrical Electronic) was used to mea-
sure the luminosity of the room before each testing session to ensure the
luminance level stayed at 35 lux.

Participants sat with their heads fixed on a chinrest ;65 cm away
from a monitor (23 inch LCD with a resolution of 1920 � 1080 pixels
and a refresh rate of 60Hz). The children with ASD were familiarized
with the chinrest and headphones 1 week before the experiment with
the help of their teachers and their caregivers. None of the children
expressed verbal or physical aversion to the headphone or the chinrest
during the experiment.

Eye movement and pupil diameter were recorded using a Tobii X120
binocular eye tracker (sampling rate, 120Hz) during the experiment. All
children completed a five-point calibration procedure before the start of
testing. The calibration was thought to be successful when both eyes
achieved good mapping on all five test positions (average error , 1 of
visual angle).

Auditory stimuli were delivered diotically to the participants’ ears
with Sennheiser HD558 headphones via a Conexant SmartAudio HD
sound card (Synaptics). The volume of the sound played through the
headphones was adjusted by each participant to a comfortable level
before the experiment. Stimuli were presented in a random order and
controlled with the Psychtoolbox package (Psychophysics Toolbox
Version 3; Brainard, 1997) on MATLAB (MathWorks, version R2018b).

The entire experimental session lasted ;20min. Before the experi-
ment, children played in the classroom for 5–10min to familiarize them-
selves with the environment. Then participants first completed a 15 s
resting session in which they were instructed to fixate continuously on a
black reciprocal number presented at the center of the screen against a
gray background, flipping from 45 to 41. During the experiment, partici-
pants were required to passively listen to a series of sounds without any
behavioral response and were instructed to remain quiet and static.
Because of the difficulty of sustaining young children’s attention for
extended periods, it was challenging to keep participants fixating at the
cross for.2.5min (the length of one block) during passive listening. We
thus presented a countdown number at the center of the screen to attract
the participants’ attention. During the resting state, the number changed
every 3 s. During the experiment, the number changed 2 s after the
sound onset, that is, in the middle of the intersound interval, and the
change moment did not overlap with the sound presentation. Coupled
with 40 sounds, the countdown number changed from 40 to 01. The size
of the number was 200 � 200 pixels (4.7 of visual angle), and the
brightness of all numbers was equalized and displayed in black. From
our experience of the preliminary experiment, numbers attracted more
attention than cartoon pictures for ASD children, and neither bright-
ness change nor pupil diameter change was detected after flipping the
number.

On average, our participants fixated around the center (i.e., viewing
angle,2° in both horizontal and vertical axes) 86.96 1.5% of the time
while their eyes were open during the epochs. There was no group dif-
ference in the time on center (ASD = 85.9 6 2.3%, TD = 88.2 6 1.8%;
t(69) =�0.7, p = 0.5, BF = 3.2).

Data analysis
Pupillometry data preprocessing. Tomeasure the sound-evoked pupil

dilation responses, the pupil diameter data of each trial was epoched
from 0.5 s before to 2.5 s after sound onset. Intervals where the eye
tracker detected full or partial eye closure (manifested as a loss of pupil
signal), as well as a pupil diameter change velocity above 3 SDs, were
automatically treated as missing data and recovered with shape-pre-
serving piecewise cubic interpolation. Epochs with .50% missing data
before sound onset or .50% missing data after sound onset were
excluded from the analysis. On average, 13 trials per participant were
flagged as bad trials. The first five trials (all standards) in each block
were also excluded from further analysis.

The epoched data were then baseline corrected by subtracting the
mean pupil diameter over the preonset interval of 0.5 s and then
smoothed with an 83ms Hamming window (sample rate = 120Hz, we
take every 10 points for the smoothed time window).

Data exclusion. All data exclusion was based on data loss because of
excessive blinking, eye closure, gazing away from fixation, or unwanted
head movements. If the baseline of a trial (0.5 s before the onset of
sound) or the postsound epoch (0–2.5 s postsound onset) had .50%
data loss, this trial was excluded. It was important to ensure that both
baseline and the postsound epoch had sufficient data because (1) we are
interested in both pre-event baseline and event-evoked PDR measures,
and (2) baseline correction was applied for each trial to get a clean nor-
malized PDR. If the participant had fewer than three trials for any of the
two conditions, this participant would be excluded from further analy-
sis. The number of trials for each participant in each experimental con-
dition was statistically indifferent across groups [all p values . 0.2;
number of trials, ASD standard = 37.8 (SD 12.0), TD standard = 41.1
(SD 8.7); ASD noise = 6.8 (SD 2.4), TD noise = 7.5 (SD 2.2); ASD
laughter = 7.3 (SD 2.6), TD laughter = 7.4 (SD 1.9)]. There was no
interact effect between group and deviant types (F(1,138) = 0.8, p = 0.4),
no main effect of group (F(1,138) = 0.9, p = 0.3), or main effect of deviant
types (F(1,138) = 0.2, p = 0.7).

Resting pupil diameter baseline. Before the beginning of each of the
two blocks, 15 s resting state in silence was recorded for pupil diameter.
To compute the preblock resting pupil diameter baseline, the first 5 s
was excluded to ensure that the pupil has settled.

To examination the block effect on the resting pupil diameter base-
line, we first computed the median over the 10 s resting state for each

Table 1. Participant description

Measure ASD TD Statistics, ASD vs TD

N 40 31 NA
Gender, female (%) 3 (7.5) 3 (9.7) x 2(1, N = 6) = 0.1, p = 0.7
Age range 4.6–7.0 5.1–7.0 NA
Mean age (SD) 5.8 (0.5) 5.8 (0.5) t(69) = �0.2, p = 0.9, BF = 4.0
FSIQ, mean score (SD) 111.9 (12.2) 120.3 (12.9) t(69) = �2.8, p , 0.01, BF = 6.5
AQ, mean score (SD) 87.8 (15.5) 57.2 (13.3) t(69) = 8.8, p , 0.0001, BF . 10^7
SRS, mean score (SD) 92.2 (21.4) 39.0 (12.1) t(69) = 12.4, p , 0.0001, BF . 10^12

Description of participants of the ASD group and the TD group; t and x 2 tests were used to assess
between-group differences, with BF reported. Multiple comparisons were corrected. FSIQ and verbal IQ were
measured by the Chinese version of Wechsler Preschool and Primary Scale of Intelligence, fourth edition.
FSIQ, Full-scale intelligence quotient. NA, not applicable.
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block. One ASD participant was excluded for the block-effect analysis
because they closed their eyes over the resting period in the second
block.

As shown later in Results (Fig. 1A), we did not observe any block
effect in the resting baseline. Thus, the average over both two preblock
resting periods (in total 20 s) was computed as the preblock resting pupil
diameter baseline for each participant for further between-individual
analysis (Fig. 1B).

To investigate the effect of the autistic severity, age, IQ, and group on
the pupil baseline, a multiple linear regression was conducted using the
MATLAB function fitlm.

Net PDR. A net effect measure (quantifying the size of the deviant-
evoked PDR relative to its standard control) was computed for each par-
ticipant by taking the difference between each deviant condition and the
standard condition.

Time series statistical analysis. To identify time intervals in which a
given pair of conditions exhibited PDR differences, we applied a non-
parametric bootstrap-based statistical analysis (Efron and Tibshirani,
1994). The condition difference in time series was computed for each
participant, and these differences were subjected to bootstrap resampling
(1000 iterations with replacement). At each time point, the differences
were deemed significant if the proportion of bootstrapped samples fell
outside the 95% confidence interval centered on zero. For meaningful
interpretation of our data, we were specifically interested in those clus-
tered significant differences in PDR. Any significant differences in the
preonset interval would be attributable to noise, and the largest number
of consecutive significant samples in the preonset interval was used as
the threshold for the statistical analysis for the entire epoch.

To compare the PDR between participant groups, we again used
bootstrap-based resampling but based on independent samples. On each
iteration, N samples (N denotes the number of participants in the ASD
or TD group) were randomly selected (with replacement) from each
group, and a group difference was computed based on this bootstrapped
sampling. One thousand iterations were computed to derive the distri-
bution of group differences for inferential statistics as illustrated above.

Group comparison. The t test statistics and BFs are reported. All p
values reported are two tailed.

Correlation. To control for outlier effects, all reported bivariate and
partial correlations were performed using the conservative Spearman’s
rank correlation method. Additionally, we conducted partial correlations
after controlling for the effect of age, gender, baseline, and IQ when ap-
plicable. Our correlation analyses were based on collapsed data from
both groups to examine the influence of relevant factors, that is, pupill-
ometry response, severity of ASD core symptoms, and IQ, over the full,
extended range in our samples. Differences in Spearman’s correlation

coefficients were tested using the procedures for testing statistical differ-
ences between correlations using the implementation in the R package
cocor (Diedenhofen and Musch, 2015).

Data availability
The experimental datasets generated during the current study are avail-
able from the corresponding author on request.

Results
Autistic trait negatively correlates with pupil diameter
baseline
We investigated the preblock resting-state baseline (median of
the 10 s preceding the first sound onset of each block) for all par-
ticipants. First, we examined the block effect on the resting pupil
baseline (Fig. 1A), and a two-way ANOVA on the baseline
showed no significant interaction between group and block
(F(1,137) = 0.009, p = 0.9, h 2 , 0.001, observed power(d) = 0.05)
and no main effect of block (F(1,137) = 0.004, p = 1.0, h 2 , 0.001,
d = 0.05). However, there was a significant group effect on the
baseline (F(1,137) = 7.7, p = 0.006, h 2 = 0.05, d = 0.8). On average,
ASD children’s pupil size was 4.1 mm (SD 0.5 mm), slightly but sig-
nificantly smaller than age-matched TD children (4.4 mm (SD 0.5
mm; Fig. 1B; t(69) =�2.2, p = 0.03, BF = 1.8); individuals with more
severe autistic traits, quantified by AQ and SRS, have smaller tonic
pupil diameter (Fig. 1C,D), whereas no such relationship was
observed with age (Spearman’s r = �0.1, p = 0.4) or IQ (r = 0.1,
p = 0.3). However, the negative correlation between the autistic se-
verity and the pupil diameter baseline must be taken with caution
because this relationship was not significant within the diagnostic
group. Moreover, we found that a multiple linear regression model
with AQ, IQ, age, and the group could only explain 11.9% of the
variance. The model was marginally significant (F(4,66) = 2.2, p =
0.07), and none of the individual predictors was significant (AQ,
beta (standardized coefficient beta)=�0.2, p = 0.09; IQ, beta=�0.02,
p = 0.7; age, beta=�0.09, p = 0.1; group, beta = 0.05, p = 0.7). This
result suggests that the across-group correlation between baseline
pupil diameter and AQ was largely drive by group difference.

ASD habituated less to repeating tones
To assess whether ASD exhibits a reduced repetition suppression
to nonsocial stimuli, we examine the response evoked by the

Figure 1. Pupil diameter baseline in ASD and TD children. A, The resting baseline was computed as the median of the 10 s preceding the first sound onset of each block. The gray lines indi-
cate individual participant’s data for both blocks. Error bar shows 61 SEM. A two-way ANOVA on the baseline showed no significant interaction between group and block (F(1,137) = 0.009,
p = 0.9, h 2 , 0.001, observed power = 0.05) and no main effect of block (F(1,137) = 0.004, p = 1.0, h 2 , 0.001, d = 0.05). B, The distribution of the baseline (averaged across two pre-
block resting periods) as a violin plot for ASD and TD children. Top, The t test results for group comparison. C, D, The baseline is strongly negatively correlated with the severity of the autistic
traits AQ as well as SRS. Top, Spearman’s correlation coefficients and their two-tailed p values.
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standards (pure tones). Figure 2A plots the group average of
PDR (relative to preonset baseline) to the standards over
time. In both ASD and TD groups, standards evoked a small
transient PDR that started soon after the tone onset (t = 0),
peaking at ;0.6 s. After then, divergence emerged. TD child-
ren’s pupils soon started to constrict, returning to baseline at
;1.2 s on average with further continued miosis; in contrast,
ASD pupils continued dilation, with across-group compari-
son showing a robust significant difference from 1 s onwards
to the end of the epoch.

The group difference in standard-evoked PDR could merely
be driven by a difference in pupil baseline as smaller baselines
provide more room to dilate, thus resulting in a larger PDR.
Indeed, as mentioned above, individuals with more severe
ASD tend to show a smaller pupil before the experiment
started (Fig. 1C,D). However, the standard-evoked PDR (aver-
aged over the postonset epoch period, 1 s to 2.5 s, chosen
based on the significant interval shown in Fig. 2A) did not
correlate with the baseline (r = �0.09, p = 0.5, Fig. 2B), sug-
gesting that the ASD-specific larger PDR could not be simply
explained by the baseline difference.

We further found that the standards evoked a larger PDR
among individuals with more severe autistic traits. PDR was sig-
nificantly and positively correlated with the severity of autistic
traits, AQ (r = 0.5, p , 0.001; Fig. 2D) and SRS (r = 0.5, p ,
0.001; Fig. 2E) at an individual level even within the ASD group
(see statistics above; Fig. 2D,E). For a more time-sensitive analy-
sis, we correlated the instantaneous standard-evoked PDR with
AQ while regressing out the effects of preblock baseline and age
for each participant (Fig. 2C). Partial correlation coefficients
(Spearman’s) are plotted as gray bars in Figure 2C. Significant
time samples, familywise error (FWE) corrected, are highlighted
in yellow. There are significant correlations ;1 s postonset, in
line with the group difference in Figure 2A, revealing that those
individuals with more severe autistic traits were also those exhib-
iting a longer standard-evoked PDR.

One explanation for this larger standard-evoked PDR among
ASD individuals is that their response had reduced habituation
to standards. To examine this, we compared the first 30 standard
trials with the last 30; in the case of habituation, the PDR in the
last 30 should be smaller than the first 30. This is true among TD
individuals (Fig. 3A, left), with the last 30 evoking a significantly

Figure 2. Standard-evoked pupil dilation responses in ASD and TD children. A, Averaged pupil dilation response to standard in the TD group (N = 31, green) and the ASD group (N = 40,
purple). Bottom, The black horizontal line indicates the time interval where bootstrap resampling confirmed a significant difference between groups. The shaded area shows 61 SEM. B, To
investigate whether the difference observed in A is driven by the difference in tonic pupil diameter preblock, we computed the average PDR to standard from 1 s to 2.5 s postonset (the time
interval chosen based on the significant interval shown in A). No correlation was found between this average PDR and the pupil diameter baseline. Each dot represents data from a single sub-
ject, green indicating the TD group and purple indicating the ASD group. Top, Spearman’s correlation coefficients and their two-tailed p values. C, The standard-evoked PDR correlates with the
autism-related measure AQ on an individual subject level, after controlling for the subject’s age and IQ. Gray bars indicate Spearman’s correlation coefficients at each time point. Yellow area
indicates the time intervals where a significant correlation (p, 0.05; FWE uncorrected) was observed. This analysis was conducted over the entire trial duration with all significant time points
indicated. The t value labels the start of the significant interval. D, E, Standard-evoked pupil dilation response positively correlated with the autistic traits AQ and SRS. Top, Spearman’s correla-
tion coefficients and their two-tailed p values.
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smaller PDR. Divergence is significant from ; 0.5–2 s, suggest-
ing strong habituation to repeating events. A 2 � 2 [time (first
half, last half) � group (ASD, TD)] mixed ANOVA showed sig-
nificant interaction between time and group on the standard-
evoked PDR (F(1,69) = 7.6, p = 0.007, h 2 = 0.1, d = 0.8; Fig. 3B).

One concern is that this habituation effect is merely reflect-
ing a potential difference in loudness perception between two
groups. If the ASD group perceived the sounds louder than
the TD group, it is unsurprising for the ASD group to be asso-
ciated with a reduced habituation to the repeating sounds.
Here, we used the fact that the size of sound-evoked phasic
PDR is strongly associated with the loudness of the sound
(e.g., Liao et al., 2016a); if the ASD group perceived the sound
louder than the TD group, their standard-evoked PDR in the
first few trials, before the habituation kicked in, should be
larger than those from the TD group. However, this is not the
case in the present sample. The average standard-evoked PDR
for the first 10 trials (i.e., ,1min after the experiment onset)
was statistically indifferent across the entire epoch between
the two groups (Fig. 3C). This suggests that at least in the pres-
ent sample, the habituation-related changes started with a
common baseline for the two groups. Thus, it is unlikely that
the individualized volume setting produces the group differ-
ence in the habituation effect.

For further analysis on an individual level, this habituation
effect is quantified by subtracting the PDR (average over the

epoch, 0.5–2.5 s) to the last 30 standards from the first 30 stand-
ards, with the effect of the preblock baseline regressed out.
Among those in the TD group, 83.9% individuals showed habitu-
ation (i.e., a difference above zero), reaching significance at a
group level (t(30) = 4.7, p, 0.0001, BF = 434.1, one-sample t test,
two tailed). In contrast, only 60.0% of ASD individuals showed
habituation and were not different from the floor (t(39) = 1.0, p =
0.3, BF = 3.6, one-sample t test, two tail). Overall, the ASD group
exhibited a significantly smaller habituation than the TD group
(t(69) =�2.8, p = 0.007, BF = 5.9). We further confirmed that this
is not a result of age (r = �0.08, p = 0.5) but related to the sever-
ity of autistic traits across groups, both AQ (r = �0.3, p = 0.01;
Fig. 3D) and SRS (r =�0.3, p = 0.004; Fig. 3E).

ASD exhibited a smaller pupillary response to surprise
Now we turn to the surprise response. In this study, the surprise
response is measured by the PDR evoked by two types of possible
deviants. One is a white noise that only differs from the standard
in its acoustic feature, whereas the other, laughter, also carries
social content.

To ensure that these two deviants had equal auditory salience,
the sound files were root-mean-square equalized. They evoked
same-size and same-latency PDR in individuals with TD (Fig.
4A, left). Both deviant conditions evoked a larger PDR compared
with the standards; the pupil started to dilate ;0.3 s postsound

Figure 3. Habituation in standard-evoked pupil dilation in TD children but not in ASD children. A, Average PDR over the first 30 standard trials (dark gray) versus over the last 30 trials (light
gray) for the TD group (left) and the ASD group (right). The solid lines represent the average pupil diameter related to the baseline (0.5 s preonset) as a function of time. Bottom, The black
horizontal line indicates the time interval where bootstrap resampling confirmed a significant difference between the first half and the second half of the experiment. The shaded area
shows 61 SEM. n.s., not significant. B, Compared with the ASD group (green), the ASD group (purple) showed a significantly smaller reduction in standard-evoked PDR over time. The error
bar is61 SEM. Each dot presents individual subject’s data from each group. The size of habituation is quantified as the reduction in the standard-evoked PDR averaged over the epoch, namely
subtracting the average amplitude of the last 30 trials from that of the first 30 trials for each subject. C, The first 10-trial standard-evoked pupil dilation response did not differ across ASD and
TD groups. Permutation-based time-series analysis was done throughout the epoch, but no statistically significant intervals were found (p. 0.05). The shaded area shows61 SEM. D, E, The
size of the habituation in standard-evoked PDR is negatively correlated with the autism-related measures—AQ in D and SRS in E— on an individual subject level. Each dot represents data
from a single subject, green indicating the TD group and purple indicating the ASD group. Top, Spearman’s correlation statistics are reported.
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onset, forming an initial peak;0.6 s and rising again to a higher
peak ;1.3 s postonset. Thereafter, the pupil diameter gradually
decreased, continuing through the silent intersound interval.

Although there was no significant difference between the two
deviant conditions in the TD group suggesting that these two
sounds do not differ in their auditory salience to the TD individ-
uals, laughter,– the deviant stimulus with social content, evoked
a slightly but significantly smaller PDR in ASD (Fig. 4A, right, B,
average PDR).

To compare the deviant-evoked pupil response across the
two groups, a net effect measure quantifying the size of the
PDR was computed for each participant by taking the differ-
ence between each deviant and the standard condition (Fig. 5A,
noise, D, laughter). Although TD appeared to have a larger
deviant-evoked PDR for both noise and laughter, the difference
between groups is larger, longer, and earlier specifically to
laughter, that is, the deviant containing social information;
such a difference can be observed as early as 0.5 s postsound
onset and lasting until 2 s (Fig. 5D). The difference in the net
PDR (average over 1 s to 2 s postonset) between deviants is fur-
ther confirmed by an on-threshold interaction in a 2 (group
ASD, TD) � 2 (deviants noise, laughter) ANOVA (F(1, 69) = 3.6,
p = 0.05, h 2 = 0.05, d = 0.5) and a null main effect of deviant
(F(1,69) = 0.6, p = 0.4, h 2 = 0.009, d = 0.1). The main effect of group
is also significant (F(1,69) = 6.9, p = 0.01, h 2 = 0.09, d = 0.7).

Furthermore, we found that the net PDR to laughter and to
noise were negatively correlated with the autistic traits, both AQ
(noise, r = �0.3, p = 0.01; laughter, r = �0.5, p = 4.4� 10�6)
and SRS (noise, r = �0.3, p = 0.02; laughter, r = �0.4, p = 3.4�
10�4). A multiple regression was then conducted to investigate
whether AQ, IQ, age, and the group could significantly predict
the net PDR to laughter. The results of the model showed that it
explained 23.1% of the variance and that the model was a signifi-
cant predictor of the net PDR to laughter (F(4,66) = 5.0, p =
0.001). Although AQ contributed significantly to the model
(beta =�0.05, p = 0.007), the other three factors did not (IQ, beta =
0.02, p = 0.2; age: beta = �0.004, p = 0.8, group: beta = �0.008, p =
0.8). On the other hand, when predicting the net PDR to noise, the
multiple regression model of these four factors (AQ, IQ, age, and
group) could only explain 12.4% of variance, and the model was
marginally significant (F(4,66)=2.3, p = 0.06). Nevertheless, AQ was
still the only significant contributor to the model predicting the net

PDR to noise (beta =�0.04, p = 0.02; IQ, beta = 0.005, p = 0.5; age,
beta = 0.01, p = 0.3; group, beta = 0.02, p = 0.2). Although both net
PDRs only marginally correlate with the preblock baseline (noise,
r = 0.2, p = 0.1; laughter, r = 0.2, p = 0.05), we then regressed out
the effect of baseline, age, gender, and IQ from the net PDR for
each individual. The relationship remained highly significant for the
net PDR to laughter (Fig. 5E; AQ, r = �0.4, p = 2.3� 10�3; Fig.
5F; SRS, r = �0.3, p = 0.03) but not for the net PDR to noise (Fig.
5B, 5C). As tested using the R package cocor (Diedenhofen and
Musch, 2015) with Hotelling’s (1940) t and Hittner et al.’s (2003)
method, the correlation between the net PDR to laughter and AQ
was significantly greater than the AQ correlation with the net PDR
to noise (laughter vs noise, Hotelling’s t(68) = 1.9, p = 0.03; Hittner et
al.’s z = 1.8, p = 0.03). This indicates that higher severity of core
autistic symptoms reflected by AQ was associated with smaller
laughter-evoked PDR, and this negative correlation was found sig-
nificant within the ASD group (AQ, r =�0.3, p = 0.03; Fig. 5E; but
not significant with SRS; Fig. 5F). Overall, the association between
the severity of autistic symptoms and the phasic PDR response was
significantly stronger for the laughter deviant.

Finally, to investigate whether the reduction in surprise
response can be explained by the reduction in habituation, a lin-
ear mixed-effects model (LMM) using habituation and group as
fixed effects and age, gender, and pupil baseline as random
effects was applied to both noise-evoked and laughter-evoked
net PDR. The LMM showed that the degree of reduction in
habituation could significantly explain the noise-evoked net PDR
(estimate = 0.5, F(1,68) = 0.005), but the group was not a signifi-
cant predictor (group TD, estimate = 0.0003, F(1,68) = 0.0001, p =
1). In contrast, both habituation and group were predictive
for the surprise response to laughter, with smaller habituation
and being in the ASD group leading to smaller PDR responses
(habituation, estimate = 0.4, F(1,68) = 4.7, p = 0.03; group TD,
estimate = 0.08, F(1,68) = 7.1, p = 0.01). Together, these results
suggest that habituation to repeated stimuli can predict the sur-
prise response to noise independent of the group, and, impor-
tantly, reduction in habituation in the ASD group can predict the
smaller surprise response to laughter.

Discussion
Our study used pupillometry to examine the attention function
mediated by the LC–NE system in young children with ASD and

Figure 4. Auditory deviants evoked pupil dilation responses in ASD and TD children. A, Averaged pupil dilation results from the TD group (N = 31, left) and the ASD group (N = 40, right).
The solid lines represent the average pupil diameter related to the baseline (0.5 s preonset) as a function of time. The shaded area shows 61 SEM. Bottom, Colored horizontal lines indicate
time intervals where bootstrap statistics confirmed a significant difference between the standard condition and each deviant condition. n.s., not significant. B, The average PDR to standard
(gray) and two deviants (blue for noise and red for laughter) for TD and ASD groups are shown side by side. The average PDR was computed over the interval from 1 s to 2 s postonset. The
gray lines indicate individual subjects. The error bar shows61 SEM.
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the age-matched controls. When passively listening to the odd-
ball stimuli, the neurotypical controls showed automatic and
flexible allocation of attention, that is, a combination of a pro-
gressive reduction of PDR response to the standards and a persis-
tently responsive PDR to the deviants. This reflects a default
working mode of alerting and orienting that permits the nervous
system to remain attuned to important events in the environ-
ment while reserving cognitive resources for relatively uninfor-
mative inputs. However, with ASD, this intricate and dynamic
attention allocation is impaired. ASD participants lacked the
same level of habituation to the standards (Fig. 3A), appearing
persistently surprised by repetitive signals, and responded with
significantly less attention resource to prominent social deviants
(Fig. 5). Attenuated habituation predicted this poor phasic atten-
tion orienting, suggesting that aberrant processing of deviance in
the environment is associated with dysregulation of alerting in
children with ASD. Additionally, both habituation and phasic
orienting atypicalities significantly correlate with the severity of
autistic traits (Figs. 3D, 5E), demonstrating that the NE-related
attention deficiencies may contribute to the development of core
ASD symptoms. Critically, given that attention is assessed by
pupillometry in the absence of a task goal or a motor response,
our findings show that the subcortical network subserves
the derailed attention in ASD at its default operating state.
Furthermore, we also found that only the laughter evoked devi-
ant response correlated with the severity of ASD symptoms,

suggesting that the ASD-related abnormality in phasic PDR
appears selective for socially relevant stimuli.

Increased tonic arousal and decreased phasic response to ex-
ogenous stimuli have been hypothesized to represent the primary
issue of the LC–NE system in autism and potentially contribute
to heterogenous behavioral symptoms among individuals with
ASD (Bast et al., 2018). However, the direct support for the co-
occurrence of these two abnormalities is scarce. On the one
hand, people sought evidence for heightened tonic arousal by
measures related to the autonomic nervous system, including
baseline pupil size and skin conductance, but failed to find con-
sistent results (see below). On the other hand, researchers exam-
ined the phasic response to exogenous stimuli with various
attention tasks, including the Posner tasks or the auditory odd-
ball paradigm (Keehn et al., 2013). The behavioral tasks, given
their diversity, have not provided conclusive evidence (Keehn et
al., 2013; de Vries et al., 2021), and many studies even reported
normal phasic alerting (Odriozola et al., 2016; Kleberg et al.,
2017). fMRI and ERP studies indeed found reduced neural activ-
ities in various cortical regions during phasic alerting or orient-
ing (Courchesne et al., 1984; Gomot et al., 2006, 2008; Jeste and
Nelson, 2009; Stroganova et al., 2013; Orekhova and Stroganova,
2014; Odriozola et al., 2016). For example, passive auditory odd-
ball paradigms, similar to our experiment, have revealed that
adults and children with ASD have reduced mismatch negativ-
ity (MMN) to unattended auditory deviants (Seri et al., 1999;

Figure 5. Deviant containing social information evoked pupil dilation response associated with autistic trait. A, D, Comparison of the net PDR to the noise deviant (A) and the laughter
deviant (D) in the ASD group (purple) and the TD group (green). The net PDR is computed for each participant by taking the difference between each deviant and the standard condition and
averaged across participants. Bottom, The black horizontal line indicates the time interval where bootstrap resampling confirmed significant differences between groups. The shaded area
shows 61 SEM. B, C, For every subject a net PDR to noise was computed by averaging over the interval from 1 s to 2 s postonset. To rule out the effect of baseline on phasic PDR, we
regressed out the effect of baseline, age, gender, and IQ from the net PDR to noise. The residual of the net PDR to noise does not correlate with the autistic traits, neither AQ (B) nor SRS (C).
Each dot presents the individual subject’s data from each group, green for TD and purple for ASD. The black line indicates the correlation among all individuals. Top, Spearman’s correlation sta-
tistics are reported. E, F, Same analysis was applied to the net PDR to laughter with AQ (E) and SRS (F). The autistic traits negatively correlated with the size of the surprise response to laughter
but not to the response to noise.
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Jansson-Verkasalo et al., 2003; Kujala et al., 2005, 2007; Lepistö
et al., 2006; Dunn et al., 2008), suggesting that the ability to
extract the corresponding information differing standard and
deviant from the signal (Schröger, 1997; Näätänen and Winkler,
1999) is impaired in ASD. Nevertheless, despite the popularity of
the passive oddball paradigm, traditionally, researchers have
been focusing primarily on the deviant/novelty processing rather
than its connection with the habituation to standards (but see
Hudac et al., 2018 for habituation to deviant and Guiraud et al.,
2011 for similar results in high-risk infants). Here, we show that
despite its simplicity, the passive auditory oddball paradigm pro-
vides an ideal test bed for the investigation of tonic alerting and
phasic orienting under one single task; it triggers automatic eval-
uation of incoming stimuli, which are either repetitive and thus
subject to slow habituation or deviant and thus subject to reflex-
ive attention orienting. In addition, as we pointed out earlier,
these studies revealed abnormal cortical activities but did not tar-
get at the involvement of the LC–NE system. Our study, using a
simple and unified paradigm, demonstrates that the co-occur-
rence of increased tonic alerting and reduced phasic orienting in
ASD is related to the LC–NE system.

Furthermore, we found that the lower habituation predicts
less attention orienting to deviant stimuli in ASD as measured by
phasic PDR. Impaired habituation in ASD is typically found by
presenting repeated stimuli to the participants (Lawson et al.,
2015, 2018; Turi et al., 2015) and has been related to sensory
overload prevalent in autism (Pellicano et al., 2007) and ASD
participants’ use of sensory avoidance strategies (Lawson et al.,
2015). An oddball study also found that cortical responses to
deviant sound habituated across trials in neurotypical controls
but not in children with ASD (Hudac et al., 2018). Our previous
study shows that the pupil-linked LC–NE system is essential for
tracking unfolding sensory inputs without direct task engage-
ment (Zhao et al., 2019a). In this aspect, diminished habituation
can be viewed as failing to effectively update the internal repre-
sentation of sensory statistics, which in turn leads to less surprise
and consequently smaller PDR to the deviant. This is consist-
ent with a pupillometry study (Lawson et al., 2017), which
found adults with ASD underestimated the volatility of the
sensory environment and had reduced surprise reaction to
expectation violation. Our study made two advances from these
studies. First, we established a relationship between habituation
and the phasic response to deviants, implying that the habitua-
tion impairment is not simply a sensory adaptation problem
but might reflect a deficit in dynamic attention allocation in
ASD. Second, these attention deficits were observed in the ab-
sence of task engagement, suggesting that the dysfunctional
sensory processing observed in the ASD population might be
tied to the LC–NE-mediated attention at its default working
state.

Previous studies may have overlooked the co-occurrence of
reduced habituation and orienting to deviants because they
focused on cortical responses and often required individuals
with ASD to perform various tasks. Extensive research has dem-
onstrated that neural signatures of alerting and attention orient-
ing are influenced by a task or attention direction. Children with
ASD, for example, have a smaller EEG response to novelty or
deviant stimuli during passive listening, but this effect vanished
when a behavioral response was required (Dunn et al., 2008;
Whitehouse and Bishop, 2008). The BOLD signal yielded a simi-
lar result (Gomot et al., 2006, 2008). The active task not only
alters neural signatures but also has a direct impact on pupil
size variations, which are affected by cognitive effort that is

demanded for various tasks (Anderson et al., 2006; Nuske et al.,
2016; Bast et al., 2021). Thus, attributing any variation in pupil-
lary response to a difference in attention processes would require
reducing the confounds brought by active task engagement. For
example, Granovetter et al. (2020) sought to investigate the role
of LC–NE in attention regulation during a visual working mem-
ory task. Adults with ASD had substantially smaller task-evoked
PDR than controls in the auditory distraction condition but not
in the nondistraction condition. The authors ascribed the smaller
PDR in the presence of distractions to dysregulation of LC activ-
ity, and they excluded the possible task confounds as both groups
performed equally well. However, equivalent degrees of cognitive
effort or task utility for the two populations cannot be guaran-
teed by an identical performance level (Lawson et al., 2017; Bast
et al., 2021). As another example, in a cued reaction time task,
children with ASD yielded a significantly larger stimulus-evoked
PDR than controls (Boxhoorn et al., 2020). This abnormally
larger PDR was observed exclusively when the visual cue was
nonspecific, leading the authors to conclude that this impaired
reflexive orienting is caused by a continuous hyperphasic state.
However, because these effects were detected in a demanding
task, this increase in PDR may merely reflect a greater effort
for attention control during reflexive orienting. Our study
circumvented these task-related confounds by using a passive,
auditory oddball task to probe the involuntary attention regu-
lation in the absence of performance demand or motoric
response.

Along with the phasic response, the tonic level is an impor-
tant component of the LC–NE activity. Prior support for
enhanced alerting in ASD, however, has been sporadic (de
Vries et al., 2021). Tonic arousal in children with ASD has
been found to be excessively variable, ranging from abnor-
mally high to unusually low, as measured by skin conductance
levels (Schoen et al., 2008). Increased baseline pupil size, indi-
cating increased tonic arousal, has been reported in individu-
als with ASD (Anderson and Colombo, 2009; Anderson et al.,
2013; Blaser et al., 2014; Top et al., 2019) and has been linked
to symptom severity (Anderson et al., 2013). Numerous other
studies, on the other hand, either failed to find an increase in
baseline pupil size (Nuske et al., 2016; Lynch et al., 2018) or
found the opposite effect (Martineau et al., 2011). Compared
with the control group, our ASD participants had a signifi-
cantly smaller baseline pupil diameter, which was unrelated to
the severity of autistic traits within the ASD group (Fig. 1C,D).
Taking this by face value, our sample of children with ASD
appeared to have a low level of tonic arousal. However, we dis-
covered a higher, dynamic tonic pupillary activity as seen by a
diminished habituation to recurring stimuli (Fig. 3A). This
dynamic increase in tonic pupillary activity predicted a lower
phasic orienting response to deviant stimuli, which is congru-
ent with the concept of arousal dysregulation in the autistic
population (Bast et al., 2018). Given that baseline pupil diame-
ter, which probably depends on an individual’s immediate
state (de Vries et al., 2021), varies greatly among samples, our
findings suggest that as compared with the baseline pupil di-
ameter, the dynamic modulation of task-free attention may be
a better indicator of tonic abnormalities in ASD.

The anomaly discovered in the LC–NE system in this study
might have at least three important implications for the develop-
ment of ASD. To begin, arousal regulation difficulties may
hinder sensory processing, which is likely related to the hyposen-
sititivy and hypersensitivity issues that are typical in people with
ASD (Marco et al., 2011). Sluggish habituation, for example, is
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linked to sensory-seeking issues (Hudac et al., 2018), and early
EEG response to deviances is linked to change intolerance in
children with ASD (Guiraud et al., 2011). Second, because the
alerting and executive networks interact more in ASD (Keehn
et al., 2013), these attention deficits can impede performance in
tasks requiring attention switches (Boxhoorn et al., 2020; Bast
et al., 2021) while benefiting some tasks requiring focused
attention and reduced distractibility (e.g., visual search; Blaser
et al., 2014). Third, aberrant NE-mediated attentional function
to external stimuli may precede and contribute to derailed
social attention, which is crucial for social learning and devel-
opment (Mehler and Purpura, 2009; Keehn et al., 2013; Bast
et al., 2018). Lower phasic alertness has been associated with
decreased gaze and facial processing (Nomi and Uddin, 2015),
as well as diminished responsiveness to social cues (Dawson
et al., 2004; Leekam and Ramsden, 2006; Keehn and Joseph,
2008). Given that children with ASD have a hyperarousal state
because of attenuated habituation and a reduced phasic orient-
ing to social signals, with both correlated with their core social
symptoms, our findings implicate that the LC–NE system may
contribute to the etiology of ASD.

Finally, although our findings point to a malfunctioning
LC–NE system, other neuromodulator systems, such as nico-
tinic cholinergic arousal pathways, may also contribute to
ASD-related atypical salient stimuli processing (Stroganova
et al., 2013; Orekhova and Stroganova, 2014). Furthermore,
our work is constrained by its reliance on the pupillary
response, which is a proxy for noradrenergic activity in the
brain. More research using direct measurement or pharma-
cological modification of the LC–NE system is needed to
identify the extent to which an aberrant LC–NE system con-
tributes to the attention-orienting difficulty associated with
ASD.
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