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Locus coeruleus tonic upregulation -

increases selectivity to inconspicuous auditory
information in autistic compared to non-autistic
individuals: a combined pupillometry

and electroencephalography study
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Abstract

Background Sensory processing requires selectivity to salient sensory input. Many autistic individuals report differ-
ent sensory processing, which has been associated with altered sensory selectivity. The locus-coeruleus norepineph-
rine (LC-NE) system modulates the neuronal gain of sensory input, which represents a neurophysiological mechanism
of sensory selectivity. In autistic individuals, we hypothesized that LC-NE tonic upregulation reduces sensory selectiv-
ity and underlies different sensory processing.

Methods Autistic (n=139) and non-autistic (n=98) individuals were assessed during a passive auditory oddball task
with pupillometry and electroencephalography. For every trial, a baseline pupil size (BPS) assessed LC-NE tonic activity
that coincides with current arousal, while a stimulus-evoked pupillary response (SEPR) assessed LC-NE phasic activity
that estimated sensory selectivity. Electroencephalography assessed amplitudes of mismatch negativity (MMN-amp)
that estimated pre-attentive change detection as a brain-activity readout of sensory selectivity. Measures were mod-
eled between groups within the task by combining Frequentist and Bayesian approaches.

Results Across groups, higher BPS was associated with more negative MMN-amp to standards and oddballs. A more
negative MMN-amp to standards was associated with a higher SEPR to standards. Controlling for these associations,
autistic versus non-autistic individuals showed a higher SEPR in response to standards. In addition, a positive associa-
tion of BPS and SEPR to standards was specific to autistic individuals. With task progression, autistic versus non-autistic
individuals showed a higher initial increase and subsequently steeper decrease of BPS. This was supported by Bayes-
ian posterior distribution estimates.

Limitations A short trial duration required concatenating trials to epochs and applying a linear-time invariant filter
to capture the slow pupil changes. Without an LC-NE manipulation, we cannot rule out that pupil changes are evoked
by other cortical pathways than the LC-NE.
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oddball paradigm

Conclusions Across groups, LC-NE tonic upregulation is emphasized as a general mechanism that un-specifically
increases pre-attentive change detection to all sensory stimuli, which then increases sensory selectivity to frequent
stimuli. In autistic individuals, different sensory processing is characterized by increased sensory selectivity to frequent
stimuli. This is likely caused by an LC-NE tonic upregulation. It associates autistic sensory processing with increased
arousal upregulation that increases sensory selectivity to inconspicuous auditory information.

Keywords Pupillometry, Autism spectrum condition, Mismatch negativity, Arousal, Predictive coding, Auditory

Background

Sensory processing describes the translation of sensory
input to functional brain activity. Limited concurrent
processing capacity requires the brain to select salient
sensory input [1]. In bottom-up processing, the salience
of sensory input is estimated by the conspicuity com-
pared to competing information [2]. In top-down pro-
cessing, the selectivity to salience is modulated by brain
states like arousal [3] and expectations on the sensory
input like predictions [4]. This adaptivity of selectivity
is neurobiologically represented by changes in neuronal
gain, which describes neurons’ input sensitivity [5]. The
investigation of neuronal gain mechanisms might eluci-
date phenomena of altered sensory processing.

Autism spectrum disorder is a neurodevelopmental
condition that is characterized by difficulties in social
communication and restricted/repetitive behaviors.
These characteristics have been considered as develop-
mental adaptations to a different sensory processing [6].
The predictive coding account suggests a disrupted bal-
ance with increased bottom-up and decreased top-down
(“priors”) sensory processing in autism [7]. The attenu-
ated-priors model specified this to attenuated predictions
reducing a sensory selectivity to salience [8]. This might
explain autistic sensory processing with sensory hyper-
reactivity that contributes to sensory overloads and trig-
gers compensatory behavior like insistence on sameness
[9]. Here, we explore a neuronal gain mechanism and its
contribution to altered sensory processing.

The locus-coeruleus norepinephrine (LC-NE) system is
essential to sensory processing [10]. Under activation, the
LC-NE proliferates norepinephrine (NE) via widespread
projections [11]. NE release increases the signal-to-noise
ratio in sensory processing cortices by inhibiting spon-
taneous neuronal activity and encouraging input-driven
neuronal activity [12]. Thus, LC-NE activity is a mecha-
nism of neuronal gain modulation [5, 13]. LC-NE phasic
activity is a transient burst in frequency and amplitude,
which emphasizes sensory selectivity to salient stimuli
[14, 15] and is increased by top-down processes consid-
ering arousal and reward [16, 17]. LC-NE phasic activity
distributes locally within functional LC-NE modules [11]
that likely act cumulative in triggering a global sensory

selectivity associated with attention [18, 19]. In con-
trast, LC-NE tonic activity has a variable, low frequency
(1-5 Hz), which increases reactivity to all stimuli at the
expense of sensory selectivity to salience [20] and cor-
responds to arousal levels [21, 22]. Arousal describes a
global brain state of reactivity to all sensory information
[23]. Thus, an upregulation of LC-NE tonic activity as
elevated arousal might be associated with an attenuated
sensory selectivity to salience in autism.

Video-based pupillometry has been shown to meas-
ure LC-NE activity [24]. In monkeys, LC-NE stimulation
causes pupil size changes [25]. Baseline pupil sizes can be
compared to estimate relative changes in LC-NE tonic
activity [26]. In contrast, the stimulus-evoked pupillary
response (SEPR) estimates LC-NE phasic activity [27]. In
a probabilistic learning task, non-autistic but not autis-
tic adults showed a larger SEPR for unexpected versus
expected stimuli [28]. In an auditory oddball task, non-
autistic but not autistic children showed an SEPR decline
to frequent stimuli [29]. These findings indicate an
attenuated sensory selectivity to salience in autism that
might be driven by an increased reactivity to inconspicu-
ous (i.e.: non-salient) sensory information. LC-NE tonic
upregulation is a promising underlying mechanism as it
increases reactivity at the expense of sensory selectivity
[21]. We investigate such changes of tonic LC-NE activ-
ity in an auditory oddball task and its effects on sensory
selectivity.

Mismatch negativity (MMN) assesses pre-attentive
change detection in the auditory oddball task [30,
31]. It represents an event-related potential in elec-
troencephalography to assess early stages of sen-
sory selectivity [32]. MMN is usually calculated as
an amplitude response difference to infrequent (odd-
ball) versus frequent stimuli (standards) [33]. Autistic
compared to non-autistic individuals showed reduced
MMN in non-speech auditory oddball tasks [34]. This
could be caused by altered amplitudes to both odd-
balls or standards. In autistic children, an attenuated
neurophysiological amplitude decline when listening
to sequences of standards compared to non-autistic
children has been interpreted as attenuated sensory
habituation [35, 36]. In autism, a higher response to
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standards might mitigate the response difference to
oddballs and explain a reduced MMN as attenuated
pre-attentive change detection. We expect that the
MMN—as an early marker of sensory selectivity to
salience—functionally relates to neuronal gain [37]
and is thus modulated by LC-NE tonic activity [5].

We investigate LC-NE tonic activity as a mechanism
of altered sensory processing in autism. We assess
autistic and non-autistic individuals in a passive audi-
tory oddball task. We utilize baseline pupil size (BPS)
to estimate LC-NE tonic activity that is modelled
with task progression to assess changes in sensory
processing. We further investigate effects of LC-NE
tonic activity on different stages of sensory process-
ing including MMN-associated amplitude as an index
of early change detection and SEPR as index of later
sensory selectivity. In autistic versus non-autistic
individuals, we expect BPS increases within the task,
which would indicate LC-NE tonic upregulation. BPS
increases will be related to the adaptation of change
detection and sensory selectivity to characterize a
mechanism of different sensory processing in autistic
individuals.

Table 1 Sample description
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Methods

Sample

The sample (autistic: N=140; non-autistic: N=98) was
recruited at two sites (Mannheim, London, see Table S1)
and is a subsample of the EU-AIMS LEAP study [38].
This includes all participants that were assessed with
concurrent eye-tracking and electroencephalography
(EEG). Inclusion and exclusion criteria are elaborated in
the clinical characterization of EU-AIMS LEAP, while the
procedure of group assignment included gold standard
diagnostics [38]. For our analysis, groups were matched
based on initial differences in perceptual IQ and task
attendance (see Table 1, for distributions Fig. S1). We
analyzed the eye-tracking data of two timepoints (base-
line, follow-up after 12—-24 months), while EEG was avail-
able at baseline.

Procedure

Participants were presented with a passive auditory
oddball task, while eye-tracking and EEG was recorded.
The task was presented in one block along with a silent
cartoon. Participants were instructed to watch the car-
toon and encouraged to attend when attention waned.
The task took 14 min to complete. It consisted of 1400
trials in a pseudorandomized sequence of frequent pure

Autistic individuals

Non-autistic individuals Group diff. (p)

n 140

Gender (M/F) 105/35

Timepoints (1/2/1+42) 41/48/51

Age (in years) 16.15/5.51 [6.24-29.23]
1Q 98.32/21.18 [46-148]

99.58/21.05 [46-138]
96.58/20.7 [45-160]
15.89/17.17 [0.77-99.98]
127/72

18.33/2.43 [13.39-26.9]
3.52/0.51 [2.32-4.82]
65/75

Perceptual IQ

Verbal IQ

Missing data per trial (%)
Sampling rate (300 Hz / 120 Hz)
Gaze center deviation (%)
Mean pupil size (mm)
Medication (yes/no)

SRS (total) 100.47/29.75 [20-168]
RBS (total) 20.67/16.08 [0-90]
SDQ (total) 17.69/6.4 [3-34]
ADHD inattention 5.18/3.25 [0-9]

ADHD hyperactivity 3.24/3.02 [0-9]

BAI (anxiety)
BDI (depression)

15.26/11.36 [0-63]
13.64/11.44 [0-61]

98 -
61/37 0.049
27/36/35 092
17.43/5.96 [6.24-30.98] 0.093
104.51/21.12 [50-142] 0.028
104.19/20.96 [49-147] 0.097
103.3/20.92 [51-160] 0.016
13.19/14.02 [0.41-73.94] 0.184
89/44 0.644
17.89/2.3 [13.42-25.79] 0.157
3.36/0.55 [2.28-5.9] 0.023
20/78 <0.001
30.58/30.67 [1-113] <0.001
2.93/5.97 [0-34] <0.001
9.3/8.24 [0-30] <0.001
1.78/2.72 [0-9] <0.001
1/2.03 [0-9] <0.001
9.58/8.27 [0-38] <0.001
9.05/9.31 [0-39] <0.001

Total numbers are provided for individuals (n), gender, medication, and timepoints. Other variables are described by the statistics: mean / standard deviation [min —
max]. Supplementary Note 1 provides further information on the type of medication. perceptual IQ =a non-verbal IQ estimate based on the block design and matrix
reasoning subtests of the age-appropriate Wechsler Intelligence Scale (WAIS-IV, WISC-IV); verbal IQ =a verbal IQ estimate based on the similarities and vocabulary
subtests of the age-appropriate Wechsler Intelligence Scale (WAIS-IV, WISC-IV); SRS = Social Responsiveness Scale; RBS =Repetitive Behavior Scale; SDQ = Strengths
and Difficulties Questionnaire; ADHD = ADHD rating scale DSM-5; BAl =Beck’s Anxiety Inventory; BDI = Beck’s Depression Inventory. Further information on all
measures is provided in the clinical characterization of the EU-AIMS LEAP data set [38].
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tones (inconspicuous standards) and three conditions
of infrequent—and thus salient—oddballs (1 tone=1
trial, Fig. 1). The three oddball conditions were origi-
nally implemented to investigate differences in MMN
responses towards pitch versus length oddballs but are
secondary to the current research objective. Oddball tri-
als were never presented consecutively. Each trial had a
random inter-stimulus-interval between 500 and 600 ms.
Pure tones were presented on speakers next to the pres-
entation screen leveled at 70db. The presentation screens
were 17- or 23-inch displays with a fixed display area of
345 %259 mm. The procedure was carried out with con-
trolled artificial lights adapted for optimal eye detection
(lux: m/SD=148/156) and without a chin rest. Artificial
lighting did not differ between groups or sites (£<1).

Eye-tracking was applied to record pupillometry and
monitor screen attention. The eye-trackers were a Tobii
X-120 (120 Hz sampling rate, London) and Tobii TX-300
(300 Hz sampling rate, Mannheim) with a target eye-
to-screen distance of 65 cm. Tobii eye-trackers estimate
pupil diameter based on a 3D-eye-model scaling fac-
tor, which considers parallax effects on pupil size esti-
mation. Electroencephalography (EEG) was recorded
using 64 Ag/AgCl electrodes (Electrical Geodesics Inc.)
and BrainAmp amplifiers. A gel solution was applied to
improve conduction. Impedance was kept below 20kQ
and no online filter was applied.

Data preprocessing

Pupillometry

Pupil data were preprocessed with R statistics (4.3)
according to peer-reviewed guidelines [39] for each
trial with an exclusion of impossible diameters
(<2 mm, >8 mm), linear filtering (< 3 times median abso-
lute deviation), blink correction (25 ms before and after,
75-250 ms blinks), and outlier deletion with missing
interpolation (150 ms window). The estimated pupil size
was based on the mean of both eyes (r=0.98).

Pupillary responses are slow with a response curve
that peaks around 1 s and returns to baseline after 2—4 s
[29, 40, 41]. Thus, we combined data of each trial (500-
600 ms) with the data of the next 7 trials to generate
epochs (epoch duration=4 — 4.8 s). We investigated the

task: 1400 trials, 4 conditions

oddballs: each 6%
QIR

frequents: 82%

=) || =)

=)

1000 Hz 1000 Hz "1 1500 Hz| " {1000 Hz| | 1500 Hz
50 ms 50 ms 50 ms 100 ms 100 ms
stanaard pitch length pitch & length

Fig. 1 Task description of the passive auditory oddball task. The
auditory oddball tasks include the four conditions of standards, pitch
oddballs, length oddballs, and pitch & length oddballs
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pupillary response to the first trial in each epoch. This
required to filter out the noise generated by the pupil-
lary responses related to the 7 subsequent trials within
an epoch. For this, we adapted a linear time-invariant
(LTI) filtering technique from rapid-event related designs
established in functional magnet-resonance imaging
[42]. We estimated a canonical pupillary response func-
tion (CPF) as a gamma-distribution (shape=6.65 [6.47,
6.82], rate=7.68 [7.47, 7.89]) with non-linear least square
optimization (Fig. S2, fit: R*=0.69). To avoid overfit-
ting, this CPF was estimated in an independent dataset
(n=118, each with 400 trials) of a passive auditory odd-
ball task with longer trial durations (1800—2000 ms) in a
sample of autistic and non-autistic adolescents (age: m/
SD=15.4/1.9) with average cognitive ability (perceptual
IQ: m/SD=104/12). The longer trial duration in the inde-
pendent dataset ensured that the CPF estimation is less
affected by overlapping signals compared to the current
dataset. Each epoch was LTI-filtered by subtracting the
CPF related to the 7 subsequent trials (Fig. S3). The CPF
is scaled in amplitude according to the trial type (stand-
ards=0.001, oddballs=0.01) to approximate expected
pupillary response magnitudes.

The baseline pupil size (BPS) was calculated as a mean
pupil size during each filtered epoch that was additionally
corrected for the CPF of the first trial. The BPS represents
a residual pupil size that is corrected for the pupillary
responses to stimuli. All pupil size estimates were nor-
malized across epochs by subtracting the respective
BPS [43]. For each epoch, the stimulus-evoked pupillary
response (SEPR) was estimated as a mean of the nor-
malized pupil size between 0.75 and 1.75 s, which corre-
sponds to a pupil size change in response to the first trial
within an epoch. An alternative SEPR as change velocity
did not alter results (task or group effects) compared to
SEPR as mean and, thus, was not further considered.

The two timepoints allowed to assess test-retest reli-
ability for BPS with ICC=0.82 [0.73, 0.88] and SEPR
with ICC=0.27 [0.06, 0.46] (for scatterplots see Fig. S4).
Pupillometry preprocessing retained BPS in 91.2% of
all possible trials (autistic=89.7%, non-autistic=95.2%,
x*(1)=629.88, p<0.001) and SEPR in 89.9% of all tri-
als (autistic=87.6%, non-autistic=93.4%, y*(1)=670.14,
p<0.001).

Pupil size is largely dependent on environmental lumi-
nance. Thus, we estimated the relative luminance of the
cartoon that was presented during the oddball task. For
each video frame, RGB values were linearized by invert-
ing a gamma correction of 2.2 and converted to a rela-
tive luminance with the sRGB coefficient (=0.2126 *
R+0.7152 * G+0.0722 * B). This relative luminance
(Fig. S5) was applied as a covariate in the BPS and SEPR
models. Pupil size estimates are also dependent on data
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quality. This was considered with variables of missing
data and gaze center deviation in the models (see below
statistical analysis). We investigated these variables with
task progression, which indicated higher missing data in
autistic individuals, but no systematic effects between
groups with task progression (Figs. S6, S7).

Electroencephalography
EEG data were initially preprocessed by the EU-AIMS
LEAP consortium by excluding incomplete and noisy
datasets [44]. EEG data were further preprocessed with
Matlab’s (2016a) EEGLAB toolbox [45]. This included re-
referencing to the FCz-electrode, manual identification,
and interpolation of noisy and flat channels with continu-
ous data rejection. Data were down-sampled to 1000 Hz
and filtered with a 1-30 Hz Hamming window finite
impulse response (FIR) filter for an Adaptive Mixture
Independent Component Analysis (ICA) with shared
components [46]. The number of extracted components
was reduced by the number of channels which had been
interpolated. Eye blinks and saccadic ICA components
were removed manually based on two raters’ agreement.
Acquired ICA weights were transferred to the event-
related potential (ERP) analysis, which was filtered with
a 0.1-30 Hz Hamming window FIR filter [47]. Data were
segmented from — 100 ms to 500 ms after trial onset. An
automated artifact rejection (-4 100 puV) was performed.
A MMN-associated amplitude in each trial was defined
as the mean negative peak of the Fz channel of 20 ms
sliding intervals within 50-350 ms [34]. We applied the
MMN-associated amplitude to analyze group differences
with task progression within conditions compared to a
difference measure between conditions. Per participant,
MMN preprocessing retained m=62.71 (SD=10.30)
trials of an oddball condition, which translates to 74.6%
of possible trials per condition. To balance the number
of trials between conditions per participant, the lowest
number of retained trials across conditions was applied
to select trials in all conditions. MMN-associated ampli-
tude was retrieved in 75% of autistic and 74% of non-
autistic individuals (y*(1) <1).

Statistical analysis

Analysis scripts are available online. Dependent variables
were pupillometry measures (BPS, SEPR), and mismatch-
negativity-associated amplitude (MMN-amp, data dis-
tribution: Figs. S8 and 9). Variables were z-standardized
between participants. Group differences across the task
were investigated for aggregated measures with lin-
ear fixed-effect models. Association of measures across
the task were investigated with two-tailed Pearson cor-
relation with multiple comparison correction (Bonfer-
roni correction: p-valuex12 comparisons). Significant
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correlations were further characterized between groups
with linear fixed-effect models.

Changes within the task between groups were investi-
gated by applying linear mixed models to BPS, SEPR, and
MMN-amp. The linear mixed models applied restricted
maximum likelihood estimation (REML), whereas model
comparisons were refit with ML. Participant was a ran-
dom intercept in all models. First, an association analysis
applied the dependent variables (BPS, SEPR, MMN-amp)
as single predictors of each other. Next, task effects on
BPS and SEPR and MMN-amp were independently
explored with fixed effects of stimulus (standard vs. pitch
oddball vs. length oddball vs. pitch & length oddball) or
task progression (trial: 1-1400). Last, group compari-
sons were fitted with group (autistic vs. non-autistic) as
fixed effect and interactions between all fixed effects.
This interaction (group x stimulus x task progression)
estimated changes of BPS, SEPR, and MMN-amp within
the task between groups. BPS and SEPR models included
relative mean luminance of the current stimulus material
in that trial as a covariate. In supporting models, we con-
trolled group differences for the covariates of age, per-
ceptual IQ, gender, sampling rate, data quality, and gaze
center deviation. Site effects are effectively controlled via
sampling rate (see procedure).

Model fits were estimated with coefficient of determi-
nation (R?) for linear models and the marginalized (mR?)
and conditional (cR?) coefficient of determination for
linear mixed models [48]. Fixed effect significance was
estimated by ANOVA using Satterthwaite’s method [49].
Given the approximative nature of estimating degrees of
freedom for effect significance in linear mixed models,
effect evidence was estimated by the BIC-derived Bayes
Factor (BF) to support effect significance in linear mixed
models [50]. In linear mixed models, we only interpreted
significant effects with effect evidence of BF>1. Fixed
effects were reported as standardized coefficients () and
95% bootstrapped confidence intervals. Interactions were
investigated post-hoc with contrasts family-wise cor-
rected for multiple comparisons (Tukey HSD) with mar-
ginalized means (AP) and 95% bootstrapped confidence
intervals.

We applied Bayesian modelling to cross-validate group
differences observed in linear mixed models [51] by a
TensorFlow implementation [52]. In a Bayesian hierar-
chical random intercept model with normal distribu-
tion priors, a mean response was defined as a function
of additive fixed effects, the fixed-effect interaction with
group, and a random intercept for participant. We mod-
eled a likelihood distribution as a normal distribution of
the mean response with a standard deviation as a Cauchy
distribution (location=0, scale=3). Posterior sampling
was estimated by 4 Monte Carlo Markov chains with
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4000 warmups and 8000 iterations. Convergence and sta-
tionarity are presented in Fig. S10. Posterior distribution
estimates (b) are presented with 89% credible intervals
[53].

Results

Group differences across the task: Baseline pupil size
(BPS), stimulus-evoked pupillary response (SEPR), and
mismatch-negativity-associated amplitude (MMN-amp).

Changes of pupil size and electrode amplitude within
trials were utilized to calculate BPS, SEPR, and MMN-
amp (Fig. 2). Descriptive statistics and full covariate
models are provided in Table S2-S5. Medication dif-
fered between groups and did not alter group differences
reported below (see also Supplementary Note 1).

Across the task, BPS was higher in autistic versus non-
autistic individuals (F(1,329)=6.64, p=0.001, R*=0.02,
d=0.29 [0.07, 0.51]). Inclusion of the covariates age
and gaze center deviation (data quality) moderated the
group difference in the aggregated BPS (F(1,327)=3.05,
p=0.082, Table S5). Covariate effects were characterized
by a decrease of BPS with age (B= —0.38 [-0.47,—0.29])
and increase of BPS with higher gaze center deviation
(p=0.18 [0.08, 0.26]) across groups. Descriptive asso-
ciations of BPS, SEPR, and MMN-amp with age, IQ, and
biological sex are shown in Figs. S11-S13.
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Associations of BPS, SEPR, and MMN-amp

Across groups, significant correlations associated a
higher BPS with a higher SEPR to standards (#(329) =0.16
[0.06, 0.27]) and length oddballs (#(329)=0.17 [0.06,
0.27]; Table S6). A higher BPS was further associated with
a more negative MMN-amp to standards (r(254) = —0.18
[-0.29, -0.06]) and oddball stimuli (pitch: #(253)= —0.19
[-0.31,-0.07]; length: r(253)= —0.21 [—0.33,—0.09];
pitch & length: r(253)= -0.21 [-0.33,—0.09]). A
more negative MMN-amp to standards was associ-
ated with a higher SEPR to standards (r(254)= —0.20
[-0.31,—0.08]).

Significant correlations were further investigated
between groups in linear regression models with group
as fixed effect. For SEPR to standards as dependent vari-
able and BPS as predictor (R*=0.04, Table S7), a signifi-
cant interaction with group (F(1,327)=4.49, p=0.035)
showed that the positive association was specific to autis-
tic (=0.25 [0.11, 0.39]) compared to non-autistic indi-
viduals ($=0.02 [-0.14, 0.18]). For SEPR to standards as
dependent variable and MMN-amp to standards as pre-
dictor (R*=0.06, Table S8), a significant main effect of
group emerged (F(1,252)=5.68, p=0.017) that was char-
acterized by a higher SEPR to standards in autistic com-
pared to non-autistic individuals (Ap=0.27 [0.05, 0.48]).
Other significant associations mimicked the correlations
above and were not influenced by group.

~ [standard  pitch oddball

A B @ \(@? "
1 T
0.005 length ddball pitch & length
Y A
£ \ % o~ 4 stimulus
S ?_l standard
o £
N 0.0004 ? 4 pitch oddball
w
— N o
T h /\ length oddball
Q === pitch & length oddball
8 A\ \/
B 21 —
2
-0.005 A o
234
0 1 2 3 200 400

epoch duration (s)

trial duration (ms)

Fig. 2 Dependent variables are calculated by pupil size changes (BPS, SEPR) and Fz-electrode amplitude changes (MMN-amp) within trials. A. Pupil
size change within epoch by stimulus (shaded area=95% Cl), which was applied to estimate baseline pupil size (BPS, mean of epoch corrected

for all stimulus effect, see data preprocessing) and stimulus-evoked pupillary response (SEPR, mean of epoch between 750 and 1750 ms retaining
the stimulus effect of the first trial). B. Amplitude changes of the Fz electrode within trials were applied to estimate MMN-associated amplitude
(negative peak between 50 and 350 ms, shaded area=95% Cl) similarly across and within the task. Inlay: Scalp topography of electrode amplitudes
between stimuli within 150-250 ms after stimulus onset. The Fz electrode marked in magenta was utilized to estimate MMN-associated amplitude
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Stimulus effects across groups

The following analyses apply linear mixed models on
a per-trial level compared to the linear fixed models
on a per-participant level above. Figure S14 provides
data point distributions on a per-trial level. Bayes Fac-
tor (BF) is applied as effect evidence to support effect
significance. BPS did not differ by stimulus based on
effect evidence (p<0.001, BF<1). SEPR differed by
stimulus with moderate evidence (p<0.001, BF=3.1).
Post-hoc analysis showed that SEPR was lower
for standard trials compared to pitch (Ap= —0.03
[-0.05,—0.02]), length (AB= —0.02 [—0.04, 0.00]),
and pitch & length (A= —0.02 [-0.04,-0.01]) odd-
balls (Fig. 3B). MMN-amp differed by stimulus with
strong evidence (p <0.001, BF>100). Post-hoc analysis
showed a less negative MMN-amp for standard tri-
als compared to pitch (Ap=0.08 [0.05, 0.11]), length
(Ap=0.14 [0.11, 0.17]), and pitch & length (AB=0.10
[0.08, 0.13]) oddballs. MMN-amp was also less nega-
tive in pitch compared to length oddballs (AB=0.05
[0.02, 0.08]) (Fig. 3C).
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Changes within the task across groups

Changes of the dependent variables within the task were
modeled by comparing different polynomial fits for
task progression (Table S9). Here, we report the best fit
models. BPS changed cubically with task progression
(»<0.001, BF>100, mR*=0.01, cR*=0.77), which trans-
lates to a BPS increase in the first half (trial 700 vs 1,
AB=0.19 [0.18, 0.20]) and a (marginally attenuated) BPS
decrease in the second half (trial 1400 vs 700, Ap= —0.18
[-0.19, -0.17], Fig. 3D). SEPR (»p=0.063) and MMN
(p=0.010) did not change with task progression based on
effect evidence (BFs<1, Fig. 3E, F).

Group differences in changes of BPS, SEPR, and MMN-amp
For the cubic-fit task progression model (mR?=0.02,
cR*=0.83, Fig. 4), BPS was characterized by an interac-
tion of group x task progression (F(3,426,950)=42.13,
p<0.001, BF>100), which was not moderated by includ-
ing covariates (F(3,425,393)=47.16, p<0.001, BF >100,
Table S10). Post-hoc analysis showed a higher BPS
increase in the first half of the task (trial 700 vs 1) in
autistic (Ap=0.25 [0.24, 0.27]) compared to non-autistic
individuals (Ap=0.14 [0.12, 0.16], as well as a steeper
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Fig. 3 Effect of stimulus and task progression across groups. Effect of stimulus (A-C) and task progression (D—F) on baseline pupil size (BPS, left),
stimulus-evoked pupillary response (SEPR, middle), and mismatch-negativity-associated amplitude (MMN-amp, right) across groups. All variables

were z-standardized (2)



Bast et al. Molecular Autism (2025) 16:41

i
il :

0 500 1000
task progression (trial)

——

Zz

marginalized mean
o
R

-0.44

0.251

N 0.201

(=)

-

(6]
1

posterior sampling
=
=

o

o)

a
1

0.00 A

autistic non-autistic
Fig. 4 Group differences of changes in baseline pupil size (BPS).
Group differences in BPS with progression of the oddball task
by stimulus between autistic (green) and non-autistic (orange)
individuals. Top panels show estimated means of linear mixed
models; boxplots indicate a+/— 1 standard-error margin and 95%
confidence interval of the estimated means for binned trials
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BPS decrease in the second half of the task (trial 1400
vs 700) in autistic (AB= —0.21 [-0.23, -0.19]) compared
to non-autistic individuals (Ap= —0.16 [-0.18,—0.14]).
This was supported by Bayesian posterior estimates that
showed a BPS increase in autistic individuals (»=0.24
[0.21, 0.25]) compared to non-autistic individuals
(b=0.00 [0.00, 0.00]). For the linear-fit task progression
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model (mR*=0.00, cR?=0.00, Fig. 4B), SEPR did not dif-
fer between groups (p=0.537, BF<1). For the linear-fit
task progression model (mR*=0.00, cR>=0.13), MMN-
amp was characterized by an interaction of group x stim-
ulus x task progression (F(3,64,124)=3.97, p=0.007).
However, the effect evidence was low (BF<1).

Discussion

The study aimed to characterize sensory processing in
neurodiversity. We combined pupillometry with elec-
troencephalography in a passive auditory oddball task
to specify a mechanism of sensory processing that dif-
fers between autistic and non-autistic individuals. In
autism, our findings support LC-NE tonic upregulation
within the task as a mechanism of neuronal gain modula-
tion that increases selectivity to inconspicuous auditory
information.

Sensory processing entails an increased selectivity
to conspicuous (i.e. salient) stimuli [1]. MMN has been
established as pre-attentive change detection marking
conspicuous stimuli [30]. Our findings showed a more
negative MMN-amp as well as an increased SEPR for
oddballs compared to standard stimuli across groups. It
supports MMN-amp as an early marker and SEPR as a
later marker of sensory selectivity within sensory pro-
cessing that are both reactive to the salience of the sen-
sory input. As expected, BPS was not modulated by
stimulus salience (see Fig. 3). This supports BPS as slowly
changing LC-NE tonic activity that is not immediately
reactive to the current sensory input.

Across groups, higher BPS was associated with more
negative MMN-amp across standard and oddball stimuli.
It indicates that increased LC-NE tonic activity unse-
lectively increases pre-attentive change detection to all
sensory stimuli. Further, a more negative MMN-amp to
standards was associated with a higher SEPR to stand-
ards. LC-NE tonic activity has also been associated with
general arousal levels [21, 23]. Thus, arousal upregulation
likely decreases a neurophysiological signal-to-noise ratio
in differentiating between salient oddball and non-salient
standards by increasing neuronal gain to inconspicuous
standards [23, 54].

The associations between indices of arousal (BPS),
pre-attentive change detection (MMN-amp), and
sensory-driven selectivity (SEPR) differed in autistic
versus non-autistic individuals. In autistic but not non-
autistic individuals, a higher BPS was associated with
an increased SEPR to standards. In addition, such an
increased SEPR to standards was observed when con-
trolling for the effect of MMN-amp on SEPR for stand-
ards. Autistic individuals showed increased LC-NE
tonic upregulation in a basic sensory processing task
that contributed to a higher sensory-driven selectivity
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to standards. This might underlie an overestimation
of volatility in sensory environments [28]. We con-
clude that sensory processing of autistic individuals in
the auditory domain associates increased arousal with
an increased reactivity to inconspicuous stimuli. This
could result in sensory hyperreactivity that is often
reported as sensory experience in autistic individuals
[9].

Across the task, we observed a higher mean BPS in
autistic compared to non-autistic individuals, which
contributes to a heterogenous literature (I*=66.2%) on
mean BPS differences in autism [55]. Covariate effects
indicate that this mean BPS difference could be specific
to younger age and less attentive participants (Table S5).
Covariate associations with BPS further indicate that
higher perceptual IQ might be associated with increased
BPS differences across groups (Fig. S11). Overall, we con-
clude that sensory processing in autistic individuals is
characterized by increased arousal during auditory sen-
sory processing.

Importantly, this higher mean BPS was specified by
group-specific changes within the task. Both groups
show an inverted-U-shaped change of BPS with task
progression, which indicates that LC-NE tonic activ-
ity initially increases but wanes with task progression
(Fig. 3D). However, autistic versus non-autistic individu-
als showed a higher initial BPS increase and subsequently
a higher BPS decrease towards the end of the task. This
is supported by Bayesian posterior estimates that showed
increasing BPS with task progression in autistic versus
non-autistic individuals. We conclude that autistic versus
non-autistic individuals experience an arousal upregula-
tion during auditory sensory processing that contributes
to an increased sensory selectivity to inconspicuous
standards. This increased arousal in autistic individuals
during sensory processing likely contributes to an attenu-
ated neurophysiological habituation to standards [35, 36]
and might be explained by LC-NE tonic upregulation.

Vice versa, previous findings in autistic individuals
of an attenuated reactivity to conspicuous (salient) ver-
sus inconspicuous (non-salient) sensory information
[34] might be driven by the increased change detection
of and selectivity to inconspicuous sensory information.
Previous computational models of LC-NE functioning
combined with neuroimaging data separated processes
of arousal-associated amplification of conspicuous sen-
sory information versus suppression of inconspicuous
information [54]. Our findings support a mechanism of
LC-NE tonic upregulation that curtails the suppression
of inconspicuous information in autistic individuals. This
also entails phenotypic similarities with aging-associ-
ated changes in LC-NE functioning [54]. Future studies
might explore how the increasing literature of LC-NE
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functioning in neurodegenerative conditions [56] trans-
lates to sensory processing in neurodiversity.

As a final perspective, we argue that the current find-
ings also inform the predictive coding framework in
autism [7]. In this model, autistic individuals are sug-
gested to overestimate the reliability of sensory input
(“increased precision weighting”) [6] that inflates predic-
tion errors for non-salient information and might explain
sensory hyperreactivity [8]. This has been supported by a
computational model, in which autistic versus non-autis-
tic showed elevated prediction errors that were measure
as pupillary responses [28]. We argue that LC-NE tonic
upregulation associated with pupil size changes during
sensory processing provides a promising mechanism
of increased precision weighting that inflates predic-
tion errors [57]. This is further supported by a recent
meta-analysis that emphasized MMN as an established
measure of prediction errors, which was modulated in
our analysis by LC-NE tonic activity [58]. We propose
that sensory processing in autism is characterized by an
increased upregulation of LC-NE tonic activity that ele-
vates neuronal gain to standards and embodies increased
precision weighting in predictive coding.

Limitations

Our findings are limited by a short trial duration that was
not designed to capture relatively slow pupil changes.
This has been addressed by concatenating trials to epochs
of sufficient length and correcting the stimulus-associ-
ated pupillary responses within the epoch by an inde-
pendently derived LTI filter. The resulting BPS was thus
corrected for stimulus-associated responses and hence
not modulated by stimulus type, whereas the resulting
SEPR included the stimulus-associated response to the
first trial and was modulated by stimulus type. It provides
evidence that an LTI-filtering of pupil data was able to
control for stimulus-induced changes (Fig. S3). However,
we were not able to replicate a lower SEPR to oddballs
in autistic versus non-autistic adolescents that has been
reported in a smaller sample for visual oddballs [41]. In
addition, we outline that other cortical pathways inde-
pendent of LC-NE activity could contribute to pupil size
changes [59, 60] and cannot be differentiated based on
the current analysis. Lastly, the group-based matching
based on perceptual IQ led to an autistic sample with
a higher mean perceptual IQ than the autistic popula-
tion, and thus reduces the generalizability of observed
findings.

Conclusions

The combination of pupillometry (BPS, SEPR) and
EEG (MMN-amp) has been applied to specify LC-NE
tonic upregulation (BPS) as a promising underlying
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mechanism of altered sensory processing in autistic ver-
sus non-autistic individuals. Future studies may include
an experimental manipulation of LC-NE activity [61] to
investigate whether experimentally induced changes in
LC-NE tonic activity provoke a modulation of pre-atten-
tive change detection (MMN-amp) and sensory-driven
selectivity (SEPR). Together, we conclude that LC-NE
tonic upregulation during sensory processing increases
sensory-driven selectivity to inconspicuous auditory
information, which may contribute to symptoms of sen-
sory hyperreactivity in neurodiversity.

Abbreviations

BPS Baseline pupil size

CPF Canonical pupillary response function

FIR Finite impulse response

ICA Independent component analysis

LC-NE Locus-coeruleus norepinephrine

LTI Linear time-invariant

MMN Mismatch negativity

MMN-amp  Mismatch-negativity associated amplitude
REML Restricted maximum likelihood

SEPR Stimulus-evoked pupillary response
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