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Autism spectrum disorder (ASD) is characterized partly by atypical attentional engagement, reflected in exaggerated and vari-
able responses to sensory stimuli. Attentional engagement is known to be regulated by the locus ceruleus (LC). Moderate
baseline LC activity globally dampens neural responsivity and is associated with adaptive deployment and narrowing of atten-
tion to task-relevant stimuli. In contrast, increased baseline LC activity enhances neural responsivity across cortex and widen-
ing of attention to environmental stimuli regardless of their task relevance. Given attentional atypicalities in ASD, this study
is the first to evaluate whether, under different attentional task demands, individuals with ASD exhibit a different profile of
LC activity compared with typically developing controls. Males and females with ASD and age- and gender-matched controls
participated in a one-back letter detection test while task-evoked pupillary responses, an established correlate for LC activity,
were recorded. Participants completed this task in two conditions, either in the absence or presence of distractor auditory
tones. Compared with controls, individuals with ASD evinced atypical pupillary responses in the presence versus absence of
distractors. Notably, this atypical pupillary profile was evident despite the fact that both groups exhibited equivalent task per-
formance. Moreover, between-group differences in pupillary responses were observed specifically in response to task-relevant
events, providing confirmation that the group differences most likely were specifically associated with distinctions in LC ac-
tivity. These findings suggest that individuals with ASD show atypical modulation of LC activity with changes in attentional
demands, offering a possible mechanistic and neurobiological account for attentional atypicalities in ASD.
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Significance Statement

Individuals with autism spectrum disorder (ASD) exhibit atypical attentional behaviors, including altered sensory responses and
atypical fixedness, but the neural mechanism underlying these behaviors remains elusive. One candidate mechanism is atypical
locus ceruleus (LC) activity, as the LC plays a critical role in attentional modulation. Specifically, LC activity is involved in regu-
lating the trade-off between environmental exploration and focused attention. This study shows that, under tightly controlled
conditions, task-evoked pupil responses, an LC activity proxy, are lower in individuals with ASD than in controls, but only in the
presence of task-irrelevant stimuli. This suggests that individuals with ASD evince atypical modulation of LC activity in accord-
ance with changes in attentional demands, offering a mechanistic account for attentional atypicalities in ASD.

Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental con-
dition characterized by atypicalities in social, sensory, and motor
behaviors, with unclear neural underpinnings (Lord et al., 2018).
The diversity of cognitive behaviors implicated in ASD suggests
a possible global disruption in the homeostasis of excitatory-
inhibitory (E-I) neural activity (Sur and Rubenstein, 2005;
Robertson et al., 2013; Dinstein et al., 2015; Rosenberg et al.,
2015). Specifically, an inability to modulate neural gain, the like-
lihood of excitatory versus inhibitory output from a given input
(Servan-Schreiber et al., 1990), could result in increased variabili-
ty in neural responsivity (Rosenberg et al., 2015). Consistent
with this account, fMRI studies have demonstrated that
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individuals with ASD exhibit higher intraindividual variability of
stimulus-evoked hemodynamic responses in sensory cortical
areas compared with controls (Dinstein et al., 2012; Haigh et al.,
2015). This neural variability may be related to, or be a product
of, an inability to regulate neural gain globally.

The locus ceruleus (LC) globally regulates neural gain in asso-
ciation with cognitive task engagement (i.e., deployment of
attention to task-relevant vs distractor stimuli) (Aston-Jones and
Cohen, 2005; Eldar et al., 2013). With moderate tonic (baseline)
LC activity, phasic responses can be elicited specifically in associ-
ation with decisions executed on a task, and this mode of activity
correlates with increased task engagement. However, with higher
tonic LC activity, phasic responses in association with decision
processes are weaker, a mode of activity correlating with decreased
task engagement and increased distractibility (Aston-Jones and
Cohen, 2005; Gilzenrat et al., 2010). Furthermore, with high tonic
(and low phasic) LC activity, neural gain is increased throughout
cortex, such that neural responsivity is arbitrarily and globally ele-
vated (Aston-Jones and Cohen, 2005).

If individuals with ASD were to exhibit lower phasic, and
higher tonic, LC activity than controls, with consequent increased
neural sensitivity throughout cortex (Aston-Jones and Cohen,
2005; Eldar et al., 2013), this might explain the unreliability of neu-
ral responses to sensory stimuli in individuals with ASD (Dinstein
et al., 2012; Haigh et al., 2015). Individuals with ASD are indeed
known to exhibit elevated tonic pupil sizes (Anderson and
Colombo, 2009; Anderson et al., 2013; Blaser et al., 2014), and pu-
pil size has been shown to correlate with LC activity in nonhuman
primates (Aston-Jones et al., 1994; Joshi et al., 2016). Despite the
multiplicity of provocative findings, however, no study has clearly
demonstrated whether individuals with ASD evince an atypical
LC profile under different attentional demands. A further desider-
atum of such a study would be to demonstrate differences in LC
profiles when behavioral performance is comparable between
ASD participants and controls. As pupillary responses can be
attributed to a number of processes (Larsen and Waters, 2018),
such an outcome would reveal an inherent alteration in LC activity
rather than any physiological differences that might instead be a
direct consequence of differences in behavior across the groups.

This study examines whether individuals with ASD exhibit dif-
ferences in phasic LC activity compared with typically developing
controls under different attentional demands, by exploiting phasic
pupillary responses as a signature of LC activity. The phasic pupil-
lary response to task decisions is an appropriate readout of LC ac-
tivity because it is specifically associated with LC-mediated
processing and allows for between-group comparisons not con-
founded by unrelated individual differences in pupil size (Aston-
Jones and Cohen, 2005; Eldar et al., 2013). Here, adults with and
without ASD performed a one-back letter detection task either in
the absence or presence of auditory distractors. Typically develop-
ing individuals, who can flexibly modulate LC activity in the con-
text of attentional demands, might be expected to exhibit greater
task-evoked pupillary responses in the presence versus absence of
distractors. If individuals with ASD were to demonstrate consis-
tently lower phasic (and higher tonic) LC activity, task-relevant
phasic pupillary responses would be expected to be reduced rela-
tive to controls’ but only in the presence versus absence of distrac-
tors and not adapted to the specifics of the task conditions.

Materials and Methods

Subject details
Twenty-six individuals with ASD and 26 age- and gender-matched con-
trols were initially recruited and participated. Three individuals with

ASD and two controls were not included in the data analyses because
they did not complete both experimental task conditions (n=3 partici-
pants with ASD, n=1 control) or because their data were discarded
based on artifacts in the data and/or excessive blinks described below
(n= 1 control). Thus, a total of 23 individuals with ASD and 24 controls
were ultimately examined in this study. The diagnosis of participants
with ASD was confirmed by an expert clinician at the Center for
Excellence in Autism Research at the University of Pittsburgh, and con-
trols were recruited from the local Pittsburgh community. Descriptive
statistics on the Autism Diagnostic Observation Schedule (ADOS) (Lord
et al., 1989) and Wechsler Abbreviated Scale of Intelligence (Kaufman
and Lichtenberger, 1999) for participants with ASD, who were included
in the analyses, are described in Table 1.

In recruitment, groups were matched by age, gender, and handed-
ness (confirmed with the Edinburgh Handedness Inventory) (Oldfield,
1971). To determine whether these characteristics were comparable
between groups, a logistic regression model to predict group member-
ship was fitted with these features as predictors. Group could not be pre-
dicted from a participant’s age (z=1.63, p=0.10), gender (z= 0.05,
p=0.96), or handedness (z= 0.16, p=0.88), indicating comparability of
the groups on these variables. See Tables 2 and 3 for descriptive statistics
of these characteristics for participants whose data were included in the
analyses.

Participants completed questions about additional variables that
might affect pupillometry measurements. As caffeine intake can affect
pupil size (Abokyi et al., 2017), participants were asked about their caf-
feine intake on the day of the study session. Participants also listed the
medications they were taking, and the UpToDate database (Wolters
Kluwer) was used to determine which, if any, medications interact with
the adrenergic system (Table 4). Finally, whether a participant was wear-
ing eyeglasses was noted as this could potentially affect pupillometry
recordings. A logistic regression model to predict group was fitted with
these features as predictors. Group membership was predicted by use of
adrenergic-related medication (z= 3.16, p, 0.01), but not by caffeine
intake (z= 1.37, p= 0.17) or wearing eyeglasses (z= 0.16, p= 0.87; Table
3). Indeed, more than half of ASD participants reported taking adrener-
gic-related medication, while only a single control reported doing so.
The possibility of medication use confounding effects observed on group
differences in behavior or pupillary responses was thus explored in the
analyses described below. As there were no group differences in age, gen-
der, handedness, caffeine use, or eyeglasses, the effects of these descrip-
tive variables on dependent measures were not tested to avoid
overfitting regression models (Babyak, 2004) or obtaining false positives
frommultiple comparisons testing (Ranganathan et al., 2016).

The Carnegie Mellon University Institutional Review Board reviewed
and approved this research, and all participants provided informed
consent.

Experimental design and statistical analyses
Task design. Participants’ heads were positioned in a chinrest at a dis-
tance of ;60 cm from an ;38 � 31 cm computer monitor. The lumi-
nance and contrast settings of the monitor, as well as the ambient
lighting in the room, were approximately constant throughout the exper-
imental session and across participants. Task stimuli were presented
using the Psychophysics Toolbox (Brainard, 1997) in MATLAB (The
MathWorks), and participants completed two versions of the task: with-
out and with accompanying distractors.

Table 1. Clinical metrics of participants with ASDa

Mean SD Minimum Maximum

ADOS-LaCo 3.78 1.44 2 8
ADOS-RSI 7.17 2.06 4 12
ADOS-RRB 1.70 1.64 0 6
VIQ 112.57 12.63 91 141
PIQ 110.70 17.61 81 134
FSIQ 113.83 15.02 86 134
aVIQ, Verbal Intelligence Quotient; PIQ, Performance Intelligence Quotient; FSIQ, Full Scale IQ.
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The luminance of all stimuli was comparable to the background: spe-
cifically, the L* value of the CIELAB color space (McGuire, 1992) was
approximately equal for all colors in the task display. On a gray
(CIELAB = [5776.9, 0, 0]) background, participants viewed a green
(CIELAB = [5777, �4812.8, 4645.1]) circle positioned at the center of

the screen. A set of 15 lowercase gray (CIELAB = [5776.9, 0, 0]) letters
randomly appeared one at a time at a frequency of 2Hz within the circle.
Participants were instructed to indicate, using a keyboard press, each
instance in which a consecutive letter repeat occurred. To provide feed-
back to participants, when a key was pressed in the second following a
consecutive letter repetition, the letter on display became purple
(CIELAB = [5772.4, 3020.8, �5570]) for a 0.5 s duration subsequent to
the key press. For all other key presses, the letters became red (CIELAB
= [5780.3, 5857.9, 5501.7]) for a 0.5 s duration subsequent to the key
press (Fig. 1). While letter presentation was random, a pair of consecu-
tive letters would not repeat within a 6 s interval. The letters were pre-
sented in the same order to all participants; and out of a total of ;1584
letter presentations, there were 54 total consecutive letter repetitions.
This constituted the no-distractor condition.

Participants then completed the same task, but this time in the pres-
ence of distractor auditory stimuli, following a task design adapted from
prior studies (Dinstein et al., 2012; Haigh et al., 2015). As the partici-
pants performed the same letter-repeat task, eleven 600 Hz tones were
played through a headset, with each tone lasting for 0.15 s, with 0.15 s
intervals between tones. Initiation of the 11 tones was separated by a ran-
dom intertrial interval, ranging between 6 and 10 s to prevent partici-
pants from predicting the onset of the tones, and the timing of tone
onsets was not associated with letter presentations or repeats. During
this block, a total of;1607 letters were presented, with 65 total consecu-
tive letter repetitions.

Each of the two task conditions consisted of three blocks of letter
presentations, with breaks in-between.
Eye-tracking. Pupil area and coordinates were measured with the

EyeLink 1000 (SR Research; http://www.sr-research.com/) at a sampling
rate of 1000Hz. The eye-tracker was positioned below the computer
monitor and was angled to record measurements from a single eye. A 3
or 5 point display grid was used for calibration, conducted before each
experimental block. Thresholds for pupil detection were adapted for
each participant due to individual differences between participants, such
as participants’ need to wear glasses or contact lenses, eye color, and eye

Table 2. Age and handedness of participants by groupa

ASD (mean) Control (mean) ASD (SD) Control (SD) ASD (minimum) Control (minimum) ASD (maximum) Control (maximum)

Age (yr) 32.04 28.38 8.12 6.74 21 21 49 47
Handedness (EHI) 60.84 59.16 50.23 45.41 �70.00 �85.71 100.00 100.00
aEHI, Edinburgh Handedness Inventory. It ranges from �100 (left-handed dominance) to 100 (right-handed dominance).

Table 3. Percentages of participants (by group) who were female, had con-
sumed caffeine on the day of the study session, were currently taking medica-
tions that interact with the adrenergic system, and wore eyeglasses

ASD (%) Control (%)

Female 8.70 8.33
Caffeine 43.48 54.17
Adrenergic medication(s)a 56.52 4.17
Eyeglasses 52.17 41.67
aSignificant predictor of group.

Table 4. Medications that participants reported taking

Medication Participant identification codesa

Medications known to interact with the adrenergic system
Aripiprazole A1, A2
Atenolol A3
Atomoxetine A4
Bupropion A1
Citalopram A5
Escitalopram A2, A3
Fluvoxamine A6
Lisdexamfetamine A1
Lisinopril A1, A7
Methylphenidate A8, A9, A10
Propranolol A11
Quetiapine A10
Sertraline A4, A10, A11, A12, A13
Tranylcypromine A14
Trazodone A15, C1

Medications not known to interact with the adrenergic system
Cetirizine A1
Dimethylglycine A5
Docusate A1
Ethinyl estradiol and drospirenone A7
Fexofenadine A12
Lamotrigine A1
Levothyroxine A11
Loratadine A2, A15, A16
Lorazepam A15
Melatonin A4, A15
Mesalamine A17
Metformin A2, A18
Pantoprazole A15
Paroxetine A18
Pramipexole C2
Ranitidine A1
Simvastatin A5
Terbinafine A19
Topiramate A1
Zolpidem A4
aA, Autism; C, control.

Figure 1. Schematic of the one-back letter detection task. Participants viewed individual
presentations of letters at a rate of 2 Hz and were instructed to press a button on observing
a consecutive letter repeat. For a duration of 0.5 s, letters became purple or red in response
to a correct or incorrect button press, respectively. The visual display was isoluminant
throughout the task session. In the first half of the experiment, participants performed the
task in the absence of distractor stimuli. In the second half, participants were exposed to se-
ries of tones played temporally independent of the task sequence.
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size. To determine whether these parameters of the eye-tracker were
comparable between the groups, a logistic regression model to predict
group was fitted with the thresholds for pupil and cornea detection as
predictors. Neither pupil detection threshold (ASD: mean=81.30,
SD= 8.29; Control: mean= 77.29, SD=9.09; z= 1.47, p= 0.14) nor cor-
nea detection threshold (ASD: mean=250.43, SD= 1.44; Control:
mean= 250.00, SD= 0; z= 0.01 p=0.99) was predictive of group.

The pupillometry data were preprocessed using custom in-house
scripts in MATLAB version 9.5.0 (The MathWorks), as well as adapted
blink/artifact interpolation code (Urai et al., 2017). Pupil area was con-
verted to pupil diameter, taking into account the fact that the eye-tracker
used a centroid-fitting model in detecting the pupil. Instances in which
the eye-tracker could not track the pupil and instances in which the pu-
pil size was beyond 3 SD from the median pupil size of the block were
considered to be artifacts. During blinks and artifacts (including those
detected by the EyeLink 1000 software), the data were linearly interpo-
lated over these intervals, and nearest neighbor interpolation was used at
the start and endpoints of these intervals. Blinks, partial blinks, or other
artifacts detected within 0.25 s of one another were linearly interpolated
as a single blink, and data were linearly interpolated from 0.15 s before
and 0.15 s after each detected blink. Nearest neighbor interpolation was
used at the start and end of each blink/artifact. To interpolate over peak-
detected blinks, the pupil size data were initially smoothed using a two-
dimensional digital filter with an 11 point symmetric Hann window.
Peak-detected blinks (separated in time by a minimum duration of 0.5 s)
were subsequently interpolated: peak-detected blinks detected within
0.25 s of one another were interpolated as a single peak-detected blink,
and data were interpolated from 0.3 s before and 0.15 s subsequent to
each peak-detected blink. Nearest neighbor interpolation was also used
at the start and end of each peak-detected blink. Furthermore, to meet
criteria for inclusion in the study, a participant’s data were excluded if
blinks or artifacts constituted more than two-thirds of the duration of an
experimental condition (absence vs presence of distractors) across all
blocks for that condition. Only one participant, a control, did not meet
this criterion, and his data are not included in the summary statistics
above nor in the analyses below.

To assess each participant’s baseline pupil size, at the start of each
block, participants viewed a central fixation (the same green circle on a
gray background used in the experiment) for ;45 s before starting the
task. For each participant, the median of all pupil size measurements
across these passive viewing periods was computed. One participant (in
the ASD group) blinked and exhibited artifacts for more than two-thirds
of the duration of baseline pupil size recordings. This participant’s data
were thus discarded from analyses of baseline pupil size only.

Parameters for preprocessing of the pupillometry data were decided
on before completion of data collection and final performance of statisti-
cal analyses, based on visual inspection of initial data collection. For
analyses of task-evoked pupil responses, pupil-size measurements were
converted to percent signal change relative to the mean pupil size within
the entire block in which they were collected. This was done to normal-
ize between-block differences in pupil response amplitudes caused by
interaction between the tonic and phasic components of the pupil signal
(Eldar et al., 2013). To eliminate very low frequency fluctuations, the pu-
pil size signal was high-pass filtered with a Butterworth filter of order 4
with a cutoff of 0.03Hz. To reduce the sampling rate of the signal for fur-
ther analysis, a low-pass Chebyshev Type I filter was used with an order
of 8, and the sampling rate of the data wase subsequently reduced by a
factor of 25.

Linear deconvolution was used to estimate how the pupil responded
to task events. Deconvolution analysis is a form of regression often used
in fMRI analyses where physiological responses to fast stimulus presen-
tations from each trial can introduce noise into the signal for an event of
interest (Glover, 1999; McCloy et al., 2016). Therefore, to “deconvolve”
the impulse response function (IRF) of the pupillary response to a given
event, the pupil time-series data are multiplied by the pseudoinverse of
the design matrix with the events of interest (Gardner et al., 2008). For
each participant, the pupil’s IRF was deconvolved to a letter repeat pre-
ceding a hit, a letter repeat preceding a miss, and the 1 s preceding a false
alarm (FA), separately for each task condition (no distractors vs

distractors). A single deconvolution block matrix was used, composed of
three concatenated design matrices, one per event type, to covary out the
other predictors in each IRF’s estimation. The IRF was prespecified to be
4 s in duration, before the described analyses of the pupillometry data,
on the basis of prior work examining the pupillary response as a proxy
for LC activity on tasks demanding attention (Eldar et al., 2013, 2016).
On inspection of the data collected in this study, this IRF length was
deemed appropriate, although further analyses were subsequently con-
ducted specifying several additional IRF lengths (2.5, 3, 3.5, 4.5, and 5 s)
to best understand under what parameters group and task conditions
differed. The amplitude of the pupil response was calculated as the me-
dian absolute deviation (MAD) of the IRF. If a participant’s pupil
response amplitude value was .3 or,3 SD from the mean of the pupil
amplitudes of all participants in a group (by diagnosis), for a condition
(presence vs absence of distractors), for an event (hit, FA, or miss), that
value was assumed to be artifactual, treated as an outlier, and discarded.
The threshold of 3 SDs for outlier detection accounts for both the desig-
nated a criterion of 0.05 used in all analyses and the sample size of each
participant group (Cousineau and Chartier, 2010). Additionally, in a
separate analysis, a deconvolution block matrix was used, with a single
design matrix with the onset of distractor tones, to generate IRFs (also 4
s in duration) for pupillary responses to distractors.

Inferential analyses
All inferential statistics were performed with R version 3.5.2 (R
Foundations for Statistical Computing), using the dplyr (Wickham et al.,
2019a), psych (Revelle, 2019), effsize (Torchiano, 2019), lme4 (Bates et
al., 2019), lmerTest (Kuznetsova et al., 2019), EMATools (Kleiman,
2017), and multcomp (Hothorn et al., 2019) packages. Figures were gen-
erated using the seaborn Python package (Waskom et al., 2018) and
ggplot2 (Wickham et al., 2019b).

For analyses on sensitivity index (d9), criterion (C), reaction time
(RT), and pupil amplitude response (each to hits, FAs, and misses), lin-
ear mixed models were fitted to predict these variables, with group and
task condition as fixed effect predictors and participant as a random
effect predictor. For analyses on average baseline pupil size (for which
there is only one derived measurement per participant), linear models
were fitted to predict these variables, with group as a predictor. In addi-
tion to verifying the findings from the linear mixed models predicting
pupil response amplitude to hits, FAs, and misses, for each such task
event, the ratio of the pupil response amplitude in the presence of dis-
tractors to that in the absence of distractors was computed for each par-
ticipant. For each task event, a linear model was fitted with this ratio as
the dependent measure and group as the predictor. Because more than
half of participants with ASD reported taking adrenergic-related medica-
tions, separately, models were fitted to predict each aforementioned de-
pendent measure, with adrenergic-related medication use and task
condition as fixed effect predictors and participant as a random effect
predictor (for repeated measures). These models were fitted using the
data from participants with ASD only, as only a single control partici-
pant reported using adrenergic-related medications.

Furthermore, to assess whether pupillometry measurements were
associated with clinical metrics collected from participants with ASD,
models were fitted to predict dependent pupillometry measurements
with clinical scores as predictors. The ADOS scores for Language and
Communication (LaCo), Reciprocal Social Interaction (RSI), and
Restricted and Repetitive Behaviors (RRB), as well as task condition (ab-
sence versus presence of distractors), were used as fixed effector predic-
tors, and participant was used as a random effect predictor (for repeated
measures). These models were fitted using the data from participants
with ASD only, as controls were not assessed on these clinical measures.

Absolute values of test statistics and effect sizes are reported. The a
criterion for statistical significance was designated as 0.05 for all inferen-
tial statistical analyses. Cohen’s d was computed as an estimate of effect
size (Fritz et al., 2012), as the magnitude of effect sizes is limited in this
population of participants and can vary based on individual differences
in the eye-tracker and experimental setup. Furthermore, in cases in
which there was no statistical significance, to provide further evidence in
support of the null hypothesis, an approximation for the Bayes factor
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(BF) was computed using the respective Bayesian information criteria of
the null model (excluding all fixed effect predictors) and alternative
model (including all fixed effect predictors). A BF between 3 and 20,
between 20 and 150, or.150 was designated as positive, strong, or very
strong evidence for the null hypothesis, respectively (Wagenmakers,
2007). Some participants do not have select data values (such as a partici-
pant who does not commit any FAs, and therefore has no pupil ampli-
tude response to FAs); degrees of freedom (df), however, are reported
for all inferential analyses.

Classification analyses
To validate the inferential statistical analyses, classification analyses were
used to assess whether group membership could be predicted from pupil
response amplitude. A logistic regression model was fitted with group as
the dependent measure and the absolute difference of the pupil response
amplitude between the two conditions (absence vs presence of distrac-
tors) as the predictor, for each event type (hit, FA, or miss). The
LogisticRegression class within the scikit-learn version 19.1 (Pedregosa
et al., 2011) package in Python version 3.7.1 (Python Software
Foundation) was used with the saga solver and no regularization.
Twenty repeats of fivefold cross-validations were performed to compute
the predictive accuracy of group for each event and condition combina-
tion. A null distribution was created by shuffling the labels 10,000 times
and performing the same cross-validation classification approach. The
statistical significance (p value) of the classification accuracy was deter-
mined by a comparison to the null distribution, as (1-percentile), where
percentile indexes the percentile of the true classification accuracy in the
distribution of null distribution classification accuracies.

As three independent classification analyses were performed (3 event
types), for these analyses, an accuracy value was considered significant if
the p value was lower than the Bonferroni-corrected criterion: 0.05/
3 = 0.02.

Code accessibility
All raw data are publicly available on Carnegie Mellon University’s data
repository, KiltHub, which is supplied by figshare. Experiment and

preprocessing MATLAB scripts,
R and Python analysis code, and
preprocessed data are available
on GitHub (https://github.com/
michaelgrano/ASD_nback).

Results
Comparable between-group
task performance in the
absence and presence of
distractor stimuli
Group differences in behav-
ioral performance were ini-
tially analyzed as any such
differences could confound
observed group differences in
pupillary responses. The d9,
C, and mean RT were com-
puted for each participant, for
each task condition (absence
vs presence of distractors). (If
a participant’s d9 or C was
positive or negative infinity,
the maximum or minimum
value for that participant’s
group in the given condition
was substituted for these
analyses, respectively.) Figure
2 shows the d9, C, and mean
RT for the two groups. There
was no significant effect of

group (t(56.29)=1.57, p=0.12, d=0.42), task condition (t(45.00)=0.66,
p=0.52, d=0.20), or their interaction (t(45.00)=0.16, p=0.88,
d=0.05) on d9 (Fig. 2a). Likewise, there was no significant effect of
group (t(66.31)=1.02, p=0.31, d=0.25), task condition (t(45.00)=1.86,
p=0.07, d=0.55), or their interaction (t(45.00)=0.49, p=0.62,
d=0.15) on C (Fig. 2b). There was very strong evidence that neither
group nor presence of distractor stimuli predicted d9 (BF=3262.08)
or C (BF=8760.19).

The mean RT (time between the onset of a letter repeat and a
correct button press) across all correct responses was also com-
puted for each participant, separately for each task condition. A
log (base 10) transformation was applied to the raw RT data to
account for the possibility of skewed or bimodal RT distributions
(Whelan, 2008). There was no significant effect of group
(t(53.02) = 1.48, p=0.14, d=0.41) or task condition (t(45.00) = 0.39,
p= 0.70, d=0.11) on mean RT. There was also no significant
interaction of group� task condition on mean RT (t(45.00) = 0.28,
p= 0.78, d=0.08), and there was very strong evidence in favor of
the null hypothesis (BF= 39910754.61; Fig. 2c).

The effects of adrenergic-related medication use among par-
ticipants with ASD on behavioral measures were also examined.
There was no significant effect of medication use (t(25.72) = 0.73,
p= 0.47, d= 0.29) or interaction of medication use � task condi-
tion (t(21.00) = 1.08, p= 0.29, d=0.47) on d9. There was also no
significant effect of medication use (t(29.96) = 0.16, p= 0.87,
d=0.06) or interaction of medication use � task condition
(t(21.00) = 1.35, p= 0.19, d= 0.59) on C. Likewise, there was no sig-
nificant effect of medication use (t(25.31) = 0.53, p=0.60, d= 0.21)
or interaction of medication use � task condition (t(21.00) = 0.27,
p= 0.79, d=0.12) on mean RT. There was very strong evidence
that medication use, task condition, and their interaction

Figure 2. Behavioral performance on the letter detection task: (a) d9, (b) C, and (c) mean RT, across group (autism vs control) and condi-
tion (absence vs presence of distractor stimuli). Each point represents an individual participant. Line plots represent the bootstrapped 95% CI
around the mean.
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together did not predict d9 (BF= 713.23), C (BF= 2451.16), or
mean RT (BF= 9425202.72).

Given the lack of a group difference on task performance, any
differences in pupil size are unlikely to be attributed to differen-
ces in behavioral performance and, indeed, a simple task was
selected specifically to equate performance as much as possible.
The lack of an interaction between group � condition also rules
out a foundational difference in working memory, a required
component of the task, in the participants with autism versus
controls. Finally, the lack of an effect of adrenergic-related medi-
cation use on d9, C, or mean RT among participants with ASD
indicates that this potential confound is unlikely to have affected
behavioral performance.

No between-group differences in baseline pupil size
Group differences in time-averaged pupil size were analyzed to
rule out the possibility of any systematic a priori differences in
pupil size between the groups. Baseline pupil size (recorded
before each task block) was compared between groups to deter-
mine whether measurements of pupil size differed between par-
ticipants with ASD and controls, independent of the letter
detection task. As shown in Figure 3, there was no significant
effect of group on the median baseline pupil size (t(44) = 0.09,
p=0.93, d=0.03), with positive evidence that baseline pupil size
does not predict this measure (BF= 6.75). Moreover, among par-
ticipants with ASD, there was no significant effect of adrenergic-
related medications on median baseline pupil size (t(20) = 0.84,
p=0.41, d=0.36), with positive evidence that baseline pupil size
does not predict this measure (BF= 3.19). The lack of a main
effect of group or of medication use indicates that there were
likely no systematic differences in pupil size, thereby ruling out
confounding variables that would be independent of the task.

Individuals with ASD exhibited smaller task-evoked pupil
response amplitudes than did controls in the presence but
not absence of distractor stimuli
Linear deconvolution analysis (Glover, 1999; McCloy et al.,
2016) was used to approximate a 4 s IRF to each task event (hits,
FAs, and misses) for each participant in each task condition. The
individual IRFs of participants’ pupillary responses to hits are
shown in Figure 4. The pupil response amplitude was calculated
as the MAD of the IRF, as this value captures the dispersion of
the pupillary response, while reducing the impact of noise caused
by limited data (Kret and Sjak-Shie, 2019). This is similar to the
approach extensively adopted in the fMRI literature, where the
dispersion of the BOLD signal time course has been used as a
nonparametric measure of response amplitude (Power et al.,
2018).

Between-group comparisons of the pupil amplitude response
to each task event associated with a decision (hits and FAs) for
each task condition (absence vs presence of distractors) were

analyzed. These pupillary responses should reflect changes in LC
activity because pupil dilations occur specifically in response to
the appearance of a stimulus on a cognitive task (here, the one-
back letter detection task) that results in a decision (here, a key
press) (Aston-Jones and Cohen, 2005).

As evident from Figure 5, there was a significant interaction
between group and the presence/absence of distractor stimuli on
pupil amplitude in response to both hits (t(43.63) = 3.06, p, 0.01,
d=0.93) and FAs (t(42.44) = 2.65, p=0.01, d=0.81). Furthermore,
in the presence versus absence of distractor stimuli, there was a
significant increase in pupil amplitude in response to hits
(t(43.28) = 2.93, p, 0.01, d=0.89), independent of group, but no
significant difference in response to FAs (t(42.78) = 1.13, p= 0.27,
d=0.34). Moreover, there was no significant effect of group on
pupil amplitude in response to either hits (t(67.36) = 0.08, p= 0.94,
d=0.02) or FAs (t(70.46) = 0.17, p=0.87, d= 0.04).

Post hoc contrast tests of the effect of task condition on pupil
response amplitude performed separately for each group showed
that, as anticipated (Gilzenrat et al., 2010), among controls, the
pupil amplitude in response to hits was significantly higher in
the presence versus absence of distractors (z=2.93, p, 0.01,
d=0.61). Notably, there was no such significant difference in
response to hits among participants with ASD (z=1.43, p= 0.15,
d=0.31). Moreover, while there was no significant between-
group difference in pupil amplitude in response to hits in the ab-
sence of distractors (z=0.08, p=0.94, d= 0.02), in the presence
of distractors, individuals with ASD exhibited lower pupil
response amplitudes than did the controls (z=2.80, p, 0.01,
d=0.98). Indeed, the ratio of the pupil response amplitude in the
presence of distractors to that in the absence of distractors was
significantly higher among controls than it was among partici-
pants with ASD (t(45.00) = 3.10, p, 0.01, d=0.91; Fig. 5a).

Furthermore, among individuals with ASD, the pupil ampli-
tude in response to FAs was significantly lower in the presence
versus absence of distractors (z=2.61, p, 0.01, d=0.67), while
this was not the case among controls (z=1.13, p=0.26, d=0.24).
As was the case with hits, the pupil amplitudes in response to FAs
were not different between groups in the absence of distractors
(z=0.17, p=0.87, d=0.06), but in the presence of distractors,
individuals with ASD exhibited lower pupil response amplitudes
than controls (z=2.57, p=0.01, d=0.75). Additionally, the ratio
of the pupil response amplitude in the presence of distractors to
that in the absence of distractors was significantly higher among
controls than it was among participants with ASD (t(42.00) = 2.85,
p=0.01, d=0.87; Fig. 5b).

The effects of medication use among participants with ASD
on pupil amplitude in response to hits and FAs were also exam-
ined. There was no significant effect of medication use on pupil
amplitude in response to either hits (t(31.57) = 1.95, p= 0.06,
d=0.69) or FAs (t(33.69) = 1.13, p=0.27, d= 0.39). Importantly,
there also was no significant medication use � task condition
interaction effect on pupil amplitude in response to either hits
(t(18.96) = 1.27, p=0.22, d= 0.58) or FAs (t(18.95) = 1.47, p= 0.16,
d=0.67). There was very strong evidence that medication use,
task condition, and their interaction together did not predict pu-
pil amplitude in response to either hits (BF = 3462709457.20) or
FAs (BF = 233732511.49).

A 4 s IRF duration was decided a priori on the basis of prior
work studying pupillary responses in the context of attention
and decision-making (Eldar et al., 2013, 2016). To explore the
group differences as a function of IRF, we examined pupil ampli-
tude responses to hits and FAs. While the group � condition
interaction on pupil response amplitudes to hits was insignificant

Figure 3. Median baseline pupil size of participants by group. Each point represents an
individual participant. Line plots represent the bootstrapped 95% CI around the mean.
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at IRFs of 2.5 s (t(44.43) = 0.67, p= 0.51, d=0.20), 3 s
(t(43.85) = 1.59, p=0.12, d=0.48), and 3.5 s (t(42.65) = 1.72, p=0.09,
d= 0.53), it was significant at an IRF of 4.5 s (t(43.25) = 3.07,
p, 0.01, d=0.93), as reported previously, and 5 s (t(43.22) = 2.55,
p=0.01, d=0.77). Likewise, while the group� condition interac-
tion to FAs was insignificant at an IRF of 3 s (t(43.91) = 1.58,
p=0.12, d= 0.48) and 3.5 s (t(42.83) = 1.55, p= 0.13, d=0.47), it
was significant at an IRF of 2.5 s (t(42.12) = 2.28, p= 0.03, d= 0.70),
4.5 s (t(40.53) = 3.48, p, 0.01, d=1.09), and 5 s (t(40.74) = 3.15,
p, 0.01, d= 0.99). Together, this indicates that, primarily, the
differential group� task condition on pupil response amplitudes
was best detected on IRFs of 4 s durations or longer. It is possible
that changes in LC activity in response to the stimulus presenta-
tion and task decision require 4 s to evoke a corresponding pupil
dilation.

Thus, overall, pupillary responses to stimuli that elicit behav-
ioral reports (thereby suggestive of LC activity) (Aston-Jones and
Cohen, 2005) in the distractor-present condition (i.e., with

increased cognitive load and task engagement) were lower
among individuals with ASD. However, in the absence of distrac-
tor stimuli, no between-group differences existed. These findings
are unlikely to be attributed to differences in medication use
between the two groups.

No interaction effect between group and task condition on
pupil amplitude responses to misses
If the interaction effect between group and task condition on pu-
pil response amplitude was specific to cognitive effort on the task
(which would implicate LC activity) (Aston-Jones and Cohen,
2005), then we would not expect to see an interaction of group
and task condition on pupil amplitude in response to misses (i.e.,
on trials where effort was likely to be least). Indeed, there was no
significant interaction between group and task condition on pu-
pil amplitude in response to misses (t(44.00) = 1.41, p= 0.17,
d=0.42). Additionally, the ratio of the pupil response amplitude
in the presence of distractors to that in their absence was not

Figure 4. All participants’ individual IRFs of pupillary responses to hits. Each color represents the IRF of a unique participant in the (a) ASD and (b) control groups. Left, Results in the ab-
sence of distractors. Right, Results in the presence of distractors.
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significantly different between the two groups (t(45.00) = 0.41,
p=0.68, d=0.12; BF= 6.21, positive evidence for the null hy-
pothesis). However, there were main effects of group and of task
condition. Individuals with ASD exhibited lower pupil ampli-
tudes in response to misses, independent of task condition, rela-
tive to controls (t(70.72) = 2.28, p=0.03, d=0.54), and participants
in both groups exhibited lower pupil amplitudes in response to
misses in the presence versus absence of distractors (t(44.00) =
2.92, p, 0.01, d=0.88; Fig. 5c). It is conceivable that controls
might have noticed misses across both task conditions more so
than individuals with ASD, which might explain why controls’
pupil amplitudes in response to misses were overall higher.
Moreover, among participants with ASD, there was no signifi-
cant effect of adrenergic-related medication use (t(28.94) = 0.31,
p=0.76, d= 0.12) or medication use � task condition interaction
(t(20.00) = 2.06, p=0.05, d=0.92) on pupil amplitude in response
to misses (although the effect size for the interaction is relatively
prominent). There was very strong evidence that medication use,

task condition, and their interaction did not predict pupil ampli-
tude in response to misses (BF = 3228110004.36).

Group membership can be predicted from the difference in
pupil amplitude responses in the presence versus absence of
distractors, only during hits and FAs (and not misses)
To validate the differential response to hits and FAs for the two
groups and the effect of distractor condition, an assumption-free
classification algorithm was used to determine whether group
could be predicted from the task-evoked pupil response ampli-
tudes alone. For each event type (hits, FAs, and misses), a logistic
regression model was fitted to assess whether group classification
(autism or control) could be predicted from the difference in the
pupil response amplitude between the two conditions (absence
vs presence of distractors). Consistent with the findings demon-
strating an interaction between group and task condition on pu-
pil response amplitudes to hits and FAs, group could be decoded
from the between-conditions difference in pupil amplitude in

Figure 5. Pupil response amplitudes to (a) hits, (b) FAs, and (c) misses, compared across groups and task conditions. Left panels, Pupil response amplitude, as defined as the MAD
of the IRF of the respective pupil response, after normalization of the pupil time series data to the mean pupil size of the respective experiment block. Right panels, Ratio of the pu-
pil response amplitude in the presence of distractors to that in the absence of distractors. Line plots represent the bootstrapped 95% CI around the mean. *p, 0.05; **p , 0.01;
for contrast tests.
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response to hits (accuracy = 0.63, p, 0.01) and FAs
(accuracy = 0.56, p, 0.01) with above-chance accuracy. At the
same time, the between-conditions difference in pupil amplitude
in response to misses was not predictive of group and was below
chance in accuracy (accuracy = 0.38, p= 1.00).

No between-group differences of pupil dilations to the
task-irrelevant distractor stimuli
Group differences in pupil response amplitude just to distractor
tone onsets were also assessed. While pupil dilations can occur

in response to auditory stimuli (Zekveld et al., 2018), LC ac-
tivity is not associated with pupil dilations to task-irrelevant
stimuli (Aston-Jones et al., 1999; Aston-Jones and Cohen,
2005; Gilzenrat et al., 2010), such as the onset of orthogonal
distractors. To test this, pupil amplitude responses to the onset
of distractor stimulus presentation were compared between
the two groups. There was no significant effect of group on
pupil response amplitude to the onset of distractors (t(44) =
1.66, p=0.10, d=0.49), suggesting that group does not predict
pupillary response to distractors per se (BF= 1.68; Fig. 6).
Furthermore, among participants with ASD, there was no sig-
nificant effect of adrenergic-related medication use (t(20) =
0.01, p= 0.99, d, 0.01) on pupil response amplitude to dis-
tractors. Thus, group differences in pupillary dynamics are
likely to be independent of pupil responses to the distractor
stimulus presentations themselves.

Clinical metrics correlate with pupil
response amplitude to hits
ADOS scores (Lord et al., 1989) are con-
sidered to be the current “gold standard”
assessment to quantify select behavioral
features in ASD, although the clinical
utility of this metric has been noted as
problematic (Maddox et al., 2017; Lord
et al., 2018). The ADOS score can be
decomposed into three component
scores: RSI, RRB, and LaCo (Lord et al.,
1989). Pupil amplitude responses to hits
were significantly lower for ASD partici-
pants with lower ADOS-RSI scores
(t(32.54) = 3.02, p, 0.01, d= 1.06; Fig. 7a)
and higher ADOS-RRB scores (t(32.54)=
2.05, p=0.05, d=0.72; Fig. 7b). There was,
however, no significant effect of ADOS-
LaCo scores on pupil response amplitude
to hits (although the negative effect size of
ADOS-LaCo scores on the pupil response
was prominent; t(32.54)=1.88, p=0.07,
d=0.66; Fig. 7c). And importantly, there
were no significant interaction effects
of task condition with ADOS-RSI (t(18.26) =
0.95, p=0.35, d=0.45), ADOS-RRB (t(18.94)
= 1.07, p=0.30, d=0.49), or ADOS-LaCo
(t(19.13) = 0.66, p=0.52, d=0.30) scores.
Thus, while there were no ADOS � task
condition interactions, overall, the RSI and
RRB components of the ADOS scores
appear to be predictive of pupil response
amplitude to hits among the participants
with ASD.

On the other hand, there were no sig-
nificant effects of ADOS-RSI (t(31.10) =

1.61, p= 0.12, d=0.58), ADOS-RRB (t(31.10) = 0.33, p= 0.75,
d=0.12), or ADOS-LaCo (t(31.10) = 0.62, p=0.54, d=0.22) on pu-
pil response amplitude to FAs. There also were no significant
interaction effects of task condition with ADOS-RSI (t(16.32) =
1.47, p=0.16, d=0.73), ADOS-RRB (t(16.76) = 1.35, p= 0.20,
d=0.66), or ADOS-LaCo (t(16.32) = 0.85, p= 0.41, d=0.42) scores
on pupil response amplitude to FAs. Likewise, there were no sig-
nificant effects of ADOS-RSI (t(25.35) = 1.55, p=0.13, d= 0.62),
ADOS-RRB (t(25.35) = 1.22, p=0.23, d= 0.48), or ADOS-LaCo

Figure 7. Relationship of pupil amplitude in response to hits versus (a) ADOS-RSI, (b) ADOS-RRB, and (c) ADOS-LaCo, among
participants with ASD. Points are randomly jittered to avoid completely overlapping data.

Figure 6. Pupil response amplitude to distractor stimuli, after normalization of the pupil
time series data to the mean pupil size of the respective experiment block. Line plots repre-
sent the bootstrapped 95% CI around the mean.

Granovetter et al. · Atypical Task-Evoked Pupillary Responses in Autism J. Neurosci., May 6, 2020 • 40(19):3815–3826 • 3823



(t(25.35) = 0.37, p= 0.72, d=0.15) scores on pupil response ampli-
tude to misses. And while there was a negative interaction effect
of ADOS-RRB score and task condition on pupil response ampli-
tude to misses (t(18.00) = 2.67, p=0.02, d= 1.26), there was no
such interaction effect with ADOS-RSI (t(18.00) = 1.27, p=0.22,
d= 0.60) or ADOS-LaCo (t(18.00) = 1.05, p=0.31, d= 0.49) scores.
Overall, there does not appear to be a clear relationship between
ADOS scores and pupil response amplitude to FAs or misses, as
there is for pupil response amplitude to hits, the most direct cor-
relate of LC activity in the task paradigm.

Discussion
The goal of this study was to explore differences in LC activity
(inferred with pupillometry) between individuals with ASD and
matched controls performing a simple visual working memory
task in the absence or presence of distractor tones. The ASD and
control groups performed the task with statistically indistin-
guishable accuracy and speed, both in the presence and absence
of distractors. However, specifically in the presence of distrac-
tors, individuals with ASD exhibited lower task-evoked pupil
response amplitudes than did controls. Furthermore, group
could be decoded with above-chance accuracy based solely on
the difference of task-evoked pupil response amplitudes in the
presence versus absence of distractors. This physiological effect
could not be accounted for by medication use or baseline pupil
size and was specific to task-evoked responses. As LC activity
can be inferred from pupillary responses to task-relevant infor-
mation, the lower task-evoked pupil response amplitudes in the
ASD compared with control participants in the presence of dis-
tractors implicates dysregulation of LC activity.

Pupil dilations, specifically in association with task decisions,
are established direct and indirect correlates of tonic and phasic
LC activity, respectively. High tonic/low phasic LC activity is
associated with increased neural gain, indiscriminately through-
out cortex, thereby increasing neural responsivity. This indis-
criminate increase in cortical gain is posited to increase
behavioral flexibility, exploration of the task environment, and
thus attention to both task-relevant and task-irrelevant stimuli.
In contrast, when phasic responses weaken and global gain is
reduced, attentional deployment shifts to task-relevant stimuli,
and attention to task-irrelevant distractors becomes attenuated
(Aston-Jones et al., 1999; Aston-Jones and Cohen, 2005;
Gilzenrat et al., 2010; Pfeffer et al., 2018). It is thus particularly
notable that, in the present study, participants with ASD evinced
lower pupil response amplitudes in the presence of distractors
because one would expect a typically developing individual to
demonstrate increased pupil response amplitude (indicating
higher phasic LC activity) under increased attentional demands
(Aston-Jones and Cohen, 2005; Gilzenrat et al., 2010). This sug-
gests an inflexibility in the regulation of LC activity in the partici-
pants with ASD.

A recent review from Bast et al. (2018) suggests that LC dys-
function might be associated with attentional differences in ASD,
but there has been little prior empirical evidence to support this
hypothesis. Several studies have shown phasic pupillary response
differences in ASD (Martineau et al., 2011; Blaser et al., 2014;
Nuske et al., 2014a,b; Krach et al., 2015; Lawson et al., 2017;
Aguillon-Hernandez et al., 2019; Boxhoorn et al., 2019).
However, in these studies, participants with ASD exhibited dif-
ferences in task performance compared with controls; thus, dif-
ferences in pupil dilations may be attributable to differences in
task performance. Importantly, in the current study, participants

with ASD and controls showed comparable task performance,
on both signal detection theoretic and RT measures. A one-back
task was specifically used because: (1) it was expected to elicit
pupillary responses associated with task decisions; and (2) it was
expected that ASD participants would perform comparably to
controls (Williams et al., 2005). Had participants with ASD per-
formed more poorly than controls, the observed interaction of
group and task condition on pupil response amplitudes might
have been a consequence of task performance rather than of LC
activity per se. However, as task performance did not differ
between the two groups, the between-group differences in task-
evoked pupil response amplitudes across conditions suggest an
inherent difference in LC physiology among the participants
with ASD.

Furthermore, prior literature has suggested that individuals
with ASD exhibit larger tonic pupil sizes (Anderson and
Colombo, 2009; Anderson et al., 2013; Blaser et al., 2014).
However, unlike prior findings that could be attributed to gener-
alized autonomic arousal, the results of the present study indicate
that differences in pupillary dynamics in the participants with
ASD were specifically task-dependent and, therefore, provide
clearer inference of LC activity per se. Group differences were
noted, even after controlling for potential contributions of adre-
nergic-related medications, and although time-averaged pupil
size recorded before each task block (which reflects individual
variability in potential confounds, e.g., the eye-tracker setup and
baseline autonomic levels) was equivalent between groups.
Furthermore, an interaction of task condition and group on pu-
pil response amplitudes was only revealed for phasic pupillary
responses in association with hits and FAs, but not in association
with misses. These are critical observations because LC activity
has been correlated primarily with task-related decisions (Aston-
Jones et al., 1999; Aston-Jones and Cohen, 2005; Gilzenrat et al.,
2010). Thus, the effects in pupillary dynamics uncovered in this
investigation are most likely to be associated with group differen-
ces, specifically in LC activity.

Generally, high tonic/low phasic LC activity is advantageous
as it allows for exploratory behaviors and learning from new fea-
tures of one’s environment (Aston-Jones and Cohen, 2005;
Gilzenrat et al., 2010). Studies in typically developing individuals
suggest that, with high tonic/low phasic LC activity, individ-
uals are more likely to attend selectively to salient stimulus cues
(Eldar et al., 2016) or focus their attention on stimulus features
to which they are individually predisposed to attend to (Eldar et
al., 2013). However, an inability to regulate LC activity, and neu-
ral gain, could limit the ability to distinguish relevant versus
irrelevant stimuli (Gilzenrat et al., 2010), thereby hampering the
establishment of priors and the ability to learn from novel envi-
ronmental input (Sinha et al., 2014; Dinstein et al., 2015). Thus,
if individuals with ASD exhibit inflexibly elevated gain like the
participants in this study, this could enhance attention to partic-
ular environmental stimuli, but would impair the ability to prop-
erly establish priors (Sinha et al., 2014). Attention might thus be
deployed indiscriminately to task-relevant or task-irrelevant
stimuli. This indiscriminate but selective attention from elevated
gain could explain the fixated interests, selective attention, and
exaggerated responsivity to sensory stimuli in individuals with
ASD (Remington et al., 2009; Lord et al., 2018), as consistently
high LC tonic activity would ultimately preclude the diversion of
attention from distractor or task-irrelevant features in one’s envi-
ronment (Gilzenrat et al., 2010). If an individual with ASD can-
not readily increase gain in the presence of distractors, this
would significantly hamper typical learning processes. Indeed,
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while this study was designed to control for differences in behav-
ioral performance, pupil response amplitudes to hits were none-
theless negatively and positively correlated with ADOS-RRB and
ADOS-RSI scores, respectively. That is, the ASD participants
with the highest gain might be expected to exhibit more repeti-
tive behaviors and fixated interests. And interestingly, the ASD
participants expected to exhibit challenges with social communi-
cation, an ASD feature not necessarily related to attention,
appear to have opposite gain patterns. Thus, the differences in
pupillary dynamics evinced in this study might be relevant for
explaining canonical characteristics of ASD.

If individuals with ASD exhibit higher tonic/lower phasic LC
activity than controls in an environment with both task-relevant
and -irrelevant stimuli, such a dysregulation of the LC system
would be consistent with the proposal of disrupted E-I homeo-
stasis of cortical activity in ASD (Sur and Rubenstein, 2005;
Rosenberg et al., 2015). Much research on E-I homeostasis has
focused on the roles of glutamate and GABA in achieving this
balance (Hensch, 2005; Samardzic et al., 2018), which is critical
for efficient perceptual processing (Zhou and Yu, 2018). Indeed,
there have been several demonstrations of atypical GABA activ-
ity in ASD (Pizzarelli and Cherubini, 2011; Robertson et al.,
2016; Uzunova et al., 2016; Ajram et al., 2017). But perhaps the
disruption in E-I homeostasis is not only or strictly a disruption
in the ratio of excitatory to inhibitory activity, but in the gain,
which is a measure of the simultaneous amplification (or damp-
ening) of excitatory and inhibitory activity (Servan-Schreiber et
al., 1990; Aston-Jones and Cohen, 2005; Hoshino, 2005; Pfeffer
et al., 2018). Unregulated neural responsivity due to high tonic/
low phasic LC activity would, indeed, be consistent with findings
that uncover highly variable neural responses to sensory stimuli
in ASD (Dinstein et al., 2012; Haigh et al., 2015). In other words,
with dysregulated gain in ASD from high tonic/low phasic LC
activity, neural output would be highly unpredictable from neu-
ral input.

Consistently elevated tonic/depressed phasic LC activity, and
consequently globally increased cortical gain, in an attention-
demanding environment is thus consistent with clinical and be-
havioral characteristics of ASD, as well as the E-I homeostasis
disruption hypothesis. This study provides physiological evi-
dence for an inherent difference in regulation of LC activity on a
task on which individuals with ASD perform comparably to con-
trols, laying the foundation for future work to explore the direct
effects of this dysregulation on more challenging tasks that reflect
the burdensome cognitive load of one’s real-world environment.
Clinically meaningful effect sizes for differences in pupillary dy-
namics still need to be explored. Also, it remains to be deter-
mined whether these results can be replicated across a wider
spectrum of individuals with ASD: the IQ range of participants
in this study was high, excellent for internal validity of the find-
ings, but a limitation for their external validity. That said, these
results nonetheless provide novel evidence for the LC’s potential
role in gain dysregulation, under varying attentional task demands,
in ASD.
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