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Abstract

Autism spectrum disorder (ASD) is characterized partly by atypical attentional
engagement, such as hypersensitivity to environmental stimuli. Attentional engagement is
known to be regulated by the locus coeruleus (LC). Moderate baseline LC activity globally
dampens neural responsivity and is associated with adaptive deployment and narrowing of
attention to task-relevant stimuli. In contrast, increased baseline LC activity enhances neural
responsivity across cortex and widening of attention to environmental stimuli regardless of their
task relevance. Given attentional atypicalities in ASD, this study is the first to evaluate whether
individuals with ASD exhibit a different profile of LC activity compared to typically developing
controls under different attentional task demands. 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 inverse correlate for baseline LC activity—were recorded.
Participants completed this task in two conditions, either in the absence or presence of
distractor auditory tones. Compared to 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 performance. Moreover,
between-group differences in pupillary responses were observed only in response to task-
relevant and not to task-irrelevant stimuli, providing confirmation that the group differences are
specifically associated with distinctions in LC activity. 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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78  Significance Statement
79 Individuals with autism spectrum disorder (ASD) exhibit atypical attentional behaviors,
80  such as environmental hypersensitivity and atypical fixedness, but the neural mechanism
81 underlying these behaviors remains elusive. One candidate mechanism is atypical locus
82  coeruleus (LC) activity, as the LC has a critical role in attentional modulation. Elevated LC
83  activity is associated with environmental exploration, while moderate LC activity is associated
84  with focused attention on relevant stimuli. This study shows that, under tightly controlled
85  conditions, task-evoked pupil responses—an LC activity proxy—are lower in individuals with
86  ASD than in controls, but only in the presence of task-irrelevant stimuli. This suggests that
87 individuals with ASD evince atypical modulation of LC activity in accordance with changes in
88 attentional demands, offering a mechanistic account for attentional atypicalities in ASD.
89
90
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104  Introduction

105 Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by
106  atypicalities in social, sensory, and motor behaviors, with unclear neural underpinnings (Lord et
107  al., 2018). The diversity of cognitive behaviors implicated in ASD suggests a possible global
108  disruption in the homeostasis of excitatory-inhibitory (E-1) neural activity (Sur and Rubenstein,
109  2005; Robertson et al., 2013; Dinstein et al., 2015; Rosenberg et al., 2015). Specifically, an

110  inability to modulate neural gain—the likelihood of excitatory versus inhibitory output from a

111 given input (Servan-Schreiber et al., 1990)—could result in increased variability in neural

112 responsivity (Rosenberg et al., 2015). Consistent with this account, functional magnetic

113  resonance imaging (fMRI) studies have demonstrated that individuals with ASD exhibit higher
114 intra-individual variability of stimulus-evoked hemodynamic responses in sensory cortical areas
115  compared to controls (Dinstein et al., 2012; Haigh et al., 2015). This neural variability may be
116  related to or be a product of an inability to regulate neural gain globally.

117 The locus coeruleus (LC) globally regulates neural gain in association with cognitive task
118  engagement (that is, deployment of attention to task-relevant versus distractor stimuli; Aston-
119  Jones and Cohen, 2005; Eldar et al., 2013). With moderate tonic (baseline) LC activity, phasic
120  responses can be elicited specifically in association with decisions executed on a task, and this
121 mode of activity correlates with increased task engagement. However, with higher tonic LC

122 activity, phasic responses in association with decision processes are weaker, and this mode of
123  activity correlates with decreased task engagement and increased distractibility (Aston-Jones
124  and Cohen, 2005; Gilzenrat et al., 2010). Furthermore, with high tonic LC activity, neural gain is
125  increased throughout cortex, such that neural responsivity is arbitrarily and globally elevated
126 (Aston-Jones and Cohen, 2005).

127 If individuals with ASD were to exhibit higher tonic LC activity than controls, with

128  consequent increased neural sensitivity throughout cortex (Aston-Jones and Cohen, 2005; Eldar

129 et al., 2013), this might explain the unreliability of neural responses to sensory stimuli in


https://doi.org/10.1101/863928

bioRxiv preprint doi: https://doi.org/10.1101/863928; this version posted December 3, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

130  individuals with ASD (Dinstein et al., 2012; Haigh et al., 2015). In fact, individuals with ASD are
131 known to exhibit elevated tonic pupil sizes (Anderson and Colombo, 2009; Anderson et al.,

132  2013; Blaser et al., 2014), and pupil size has been shown to correlate with LC activity in

133  nonhuman primates (Aston-Jones et al., 1994; Joshi et al., 2016). Despite the multiplicity of

134  provocative findings, however, no study has clearly demonstrated whether individuals with ASD
135  evince an atypical LC profile under different attentional demands. A further desideratum of such
136  a study would to be demonstrate differences in LC profiles when behavioral performance is

137  comparable between ASD participants and controls—such an outcome would reveal an inherent
138  alteration in LC activity rather than any physiological differences that might be a direct

139  consequence of differences in behavior.

140 This study examines whether individuals with ASD exhibit higher tonic LC activity

141 compared to typically developing controls under different attentional demands, by exploiting

142  phasic pupillary responses as a signature of tonic LC activity. The phasic pupillary response to
143  task decisions is an ideal readout of tonic LC activity because it is specifically associated with
144  LC-mediated processing and allows for between-group comparisons that are not confounded by
145  unrelated individual differences in pupil size (Aston-Jones and Cohen, 2005; Eldar et al., 2013).
146 Here, adults with and without ASD performed a one-back letter detection task either in the

147  absence or presence of an auditory distractor. Typically developing individuals, who can flexibly
148  modulate LC activity in the context of attentional demands, are expected to exhibit greater

149  pupillary responses associated with task responses in the presence versus absence of

150 distractors. If, on the other hand, individuals with ASD demonstrate consistently higher tonic LC
151  activity, task-relevant phasic pupillary responses would be expected to be reduced relative to
152  controls’ only in the presence versus absence of distractors and not adapted to the specifics of
153  the task conditions.

154
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Methods

Subject Details

Twenty-six individuals with ASD and twenty-six age- and gender-matched controls were
initially recruited and participated. 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 controls were recruited from the local Pittsburgh community. Descriptive statistics on the
Autism Diagnostic Observation Schedule (ADOS) and Wechsler Abbreviated Scale of

Intelligence (WASI) for participants with ASD are described in Table 1.

Table 1. Clinical metrics of those participants with ASD.
Median MAD# Minimum Maximum

ADOS-LaCo* 4.0 1.48 2 8
ADOS-RSI" 7.0 1.48 4 12
ADOS- 11.0 297 7 17

LaCo+RSI

ADOS-RRB* 2.0 1.48 0 6
viQ* 115.0 8.90 91 141
PIQ” 119.0 20.76 81 134
FSIQe 113.0 19.27 86 134

*LaCo, Language and Communication.
ARSI, Reciprocal Social Interaction.

#*RRB, Restricted and Repetitive Behaviors.
*VIQ, Verbal Intelligence Quotient.

*PIQ, Performance Intelligence Quotient.
@FSIQ, Full Scale 1Q.

&MAD, median absolute deviation.

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 participants with ASD, n
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175 =1 control) or because their data was discarded based on artifacts in the data and/or excessive
176  blinks described below (n = 1 control).

177 In recruitment, groups were matched by age, gender, and handedness (confirmed with
178  the Edinburgh Handedness Inventory; Oldfield, 1971). To determine whether these

179  characteristics were comparable between groups, a logistic regression model to predict group
180 membership was fitted with these features as predictors. Group could not be predicted from a
181  participant’s age (z = 1.63, p = 0.10), gender (z = 0.05, p = 0.96), or handedness (z=0.16, p =
182  0.88), indicating comparability of the groups on these variables. See Tables 2 and 3 for

183  descriptive statistics of these characteristics.

184  Table 2. Age and handedness of participants, by group.
Median MAD Minimum Maximum

ASD Con. ASD Con. ASD Con. ASD Con.

Age (yr) 290 | 255 | 890 | 519 21 21 49 47

Handedness | 80.00 | 70.00 | 29.65 | 36.19 | -70.00 | -85.71 | 100.00 | 100.00

(EHI)
185  EHI: Edinburgh Handedness Inventory ranges from -100 (left-handed dominance) to +100
186  (right-handed dominance; Oldfield, 1971). Con., control.

187

188 Participants completed questions about additional variables that might affect

189  pupillometry measurements. As caffeine intake can affect pupil size (Abokyi et al., 2017),

190  participants were asked about their caffeine intake on the same day of the study session.

191 Participants also listed the medications they were taking, and the UpToDate database (Wolters
192  Kluwer) was used to determine which, if any, medications interact with the adrenergic system.
193  Finally, whether a participant was wearing eyeglasses was noted as this could potentially affect
194  pupillometry recordings. A logistic regression model to predict group was fitted with these

195  features as predictors. Group membership was predicted by use of adrenergic-related

196  medication (z = 3.16, p < 0.01), but not by caffeine intake (z = 1.37, p = 0.17) or wearing
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197  eyeglasses (z = 0.16, p = 0.87; Table 3). The effect of medication use was thus accounted for in
198  the analyses described below.
199  Table 3. Percentages of participants (by group) who were female, had consumed caffeine on

200 the day of the study session, were currently taking medications that interact with the adrenergic
201  system, and wore eyeglasses.

ASD Control
Female 8.70% 8.33%
Caffeine 43.48% 54.17%
Adrenergic 56.52% 4.17%
Medication(s)*
Eyeglasses 52.17% 41.67%
202  *, significant predictor of group.
203
204 The Carnegie Mellon University Institutional Review Board reviewed and approved this

205 research, and all participants provided informed consent.
206

207 Experimental Design and Statistical Analyses

208  Task Design

209 Participants’ heads were positioned in a chinrest at a distance of approximately 60 cm
210  from an approximately 38-by-31 cm computer monitor. The luminance and contrast settings of
211 the monitor, as well as the ambient lighting in the room, were approximately constant throughout
212 the experimental session and across participants. Task stimuli were presented using the

213  Psychophysics Toolbox (Brainard, 1997) in MATLAB (MathWorks), and participants completed
214  two versions of the task: without and with accompanying distractors.

215 The luminance of all stimuli was comparable to the background: specifically, the L* value
216  of the CIELAB color space (McGuire, 1992) was approximately equal for all colors in the task

217  display. On a gray (CIELAB = [5776.9 0 0]) background, participants viewed a green (CIELAB =
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218  [6777 -4812.8 4645.1]) circle positioned at the center of the screen. A set of 15 lower-case gray
219  (CIELAB =[5776.9 0 Q]) letters randomly appeared one at a time at a frequency of 2 Hz within
220 the circle. Participants were instructed to indicate, using a keyboard press, each instance in

221 which a consecutive letter repeat occurred. To provide feedback to participants, when a key was
222  pressed in the second following a consecutive letter repetition, the letter on display became

223  purple (CIELAB =[5772.4 3020.8 -5570]) for a 0.5 s duration subsequent to the key press. For
224  all other key presses, the letters became red (CIELAB = [5780.3 5857.9 5501.7]) fora 0.5 s

225  duration subsequent to the key press (Figure 1). While letter presentation was random, a pair of
226  consecutive letters would not repeat within a 6-s interval. The letters were presented in the

227  same order to all participants, and out of a total of approximately 1584 letter presentations,

228  there were 54 total consecutive letter repetitions. This constituted the no-distractor condition.
229 Participants then completed the same task, but this time in the presence of distractor
230  auditory stimuli, following a task design adapted from prior studies (Dinstein et al., 2012; Haigh
231  etal., 2015). As the participants performed the same letter-repeat task, 11 600-Hz tones were
232  played through a headset, each tone lasting for 0.15 s, with 0.15-s intervals between tones.

233 Initiation of the 11 tones was separated by a random intertrial interval, ranging between 6-10 s
234  to prevent participants from predicting the onset of the tones, and the timing of tone onsets was
235 not associated with letter presentations or repeats. During this block, a total of approximately
236 1607 letters were presented, with 65 total consecutive letter repetitions.

237 Each of the two task conditions consisted of 3 blocks of letter presentations, with breaks

238 in-between.
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letter presentation
frequency =2 Hz

button
press

239
240  Figure 1. Schematic of the one-back letter detection task. Participants viewed individual

241 presentations of letters at a rate of 2 Hz and were instructed to press a button upon observing a
242  consecutive letter repeat. For a duration of 0.5 s, letters became purple or red in response to a
243  correct or incorrect button press, respectively. The visual display was isoluminant throughout
244  the task session. In the first half of the experiment, participants performed the task in the

245  absence of distractor stimuli. In the second half, participants were exposed to series of tones
246  played temporally independent of the task sequence.

247

248  Eye-tracking

249 Pupil area and coordinates were measured with the EyeLink 1000 (SR Research,

250 Ottawa, Canada; http://www.sr-research.com/) at a sampling rate of 1000 Hz. The eye-tracker
251  was positioned below the computer monitor and was angled to record measurements from a
252  single eye. A 3- or 5-point display grid was used for calibration, conducted prior to each

253  experimental block. Thresholds for pupil detection were adapted for each participant due to
254  individual differences between participants, such as participants’ needs to wear glasses or

255  contact lenses, eye color, and eye size. To determine if these parameters of the eye-tracker

10
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256  were comparable between the groups, a logistic regression model to predict group was fitted
257  with the thresholds for pupil and cornea detection as predictors. Neither pupil detection

258  threshold (ASD: median = 80.00, median absolute deviation (MAD) = 7.41; Control: median =
259  80.00, MAD =7.41; z=1.47, p = 0.14) nor cornea detection threshold (ASD: median = 250.00,
260 MAD = 0; Control: median = 250.00, MAD = 0; z = 0.01 p = 0.99) was predictive of group.

261 The pupillometry data were preprocessed using custom in-house scripts in MATLAB
262  version 9.5.0 (MathWorks), as well as adapted blink/artifact interpolation code (Urai et al.,

263  2017). Pupil area was converted to pupil diameter, taking into account the fact that the eye-
264  tracker used a centroid-fitting model in detecting the pupil. Instances in which the eye-tracker
265  could not track the pupil, and instances in which the pupil size was beyond three standard

266  deviations (SD) from the median pupil size of the block were considered to be artifacts. During
267  blinks and artifacts (including those detected by the EyelLink 1000 software), the data were
268 linearly interpolated over these intervals and nearest neighbor interpolation was used at the
269  start and end points of these intervals. Blinks, partial blinks, or other artifacts detected within
270  0.25 s of one another were linearly interpolated as a single blink, and data were linearly

271 interpolated from 0.15 s prior to and 0.15 s after each detected blink. Nearest neighbor

272  interpolation was employed at the start and end of each blink/artifact. To interpolate over peak-
273  detected blinks, the pupil size data were initially smoothed using a two-dimensional digital filter
274 with an 11-point symmetric Hann window. Peak-detected blinks (separated in time by a

275  minimum duration of 0.5 s) were subsequently interpolated: peak-detected blinks detected

276  within 0.25 s of one another were interpolated as a single peak-detected blink, and data were
277  interpolated from 0.3 s prior to and 0.15 s subsequent to each peak-detected blink. Nearest
278  neighbor interpolation was also employed at the start and end of each peak-detected blink.
279  Furthermore, to meet criteria for inclusion in the study, a participant’s data were excluded if
280  blinks or artifacts constituted more than two-thirds of the duration of an experimental condition

281  (absence versus presence of distractors) across all blocks for that condition. (Only one

11
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282 participant, a control, did not meet this criterion, and his data are not included in the summary
283  statistics above nor in the analyses below.)

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

291 Parameters for preprocessing of the pupillometry data were decided upon prior to

292  completion of data collection and final performance of statistical analyses, based on visual

293 inspection of initial data collection. For analyses of task-evoked pupil responses, pupil size

294  measurements were converted to percent signal change relative to the mean pupil size within
295 the entire block in which they were collected. This was done to normalize between-block

296  differences in pupil response amplitudes caused by interaction between the tonic and phasic
297  components of the pupil signal (Eldar et al., 2013). To eliminate very low frequency fluctuations,
298 the pupil size signal was high-pass filtered with a Butterworth filter of order 4 with a cutoff of
299  0.03 Hz. To reduce the sampling rate of the signal for further analysis, a low-pass Chebyshev
300 Type I filter was used with an order of 8, and the sampling rate of the data was subsequently
301  reduced by a factor of 25.

302 Linear deconvolution was used to estimate how the pupil responded to task events.

303  Deconvolution analysis is a form of regression often used in fMRI analyses where physiological
304 responses to fast stimulus presentations from each trial can introduce noise into the signal for
305 an event of interest (Glover, 1999; McCloy et al., 2016). To “deconvolve” an impulse response
306 function (IRF) of the pupillary response to a given event, the pupil time series data is multiplied

307 by the pseudoinverse of the design matrix with the events of interest (Gardner et al., 2008). For

12
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308 each participant, the pupil’s IRF was deconvolved to a letter repeat preceding a hit, a letter

309 repeat preceding a miss, and the 1-s preceding a false alarm (FA), separately for each task

310  condition (no distractor vs. distractor). A single deconvolution block matrix was used, composed
311 of 3 concatenated design matrices, one per event type, to covary out the other predictors in

312  each IRF’s estimation. It was assumed that each IRF was 4 s in duration. The amplitude of the
313  pupil response was calculated as the median absolute deviation (MAD) of the IRF. If a given
314 pupil response amplitude value was greater than or less than 3 SD from the mean of the pupil
315 amplitudes of all participants in a group (by diagnosis) for an event (hit, FA, or miss), that value
316  was assumed to be artifactual, treated as an outlier, and discarded. Additionally, in a separate
317  analysis, a deconvolution block matrix was used, with a single design matrix with the onset of
318  distractor tones, to generate IRFs (also 4 s in duration) for pupillary responses to distractors.
319

320 Inferential Analyses

321 All inferential statistics were performed with R version 3.5.2 (R Foundations for

322  Statistical Computing), using the dplyr (Wickham et al., 2019), psych (Revelle, 2019), Ime4

323 (Bates etal., 2019 p.4), ImerTest (Kuznetsova et al., 2019), and multcomp (Hothorn et al., 2019)
324  packages. Analysis figures were generated using the seaborn Python package (Michael

325 Waskom et al., 2018).

326 For analyses on sensitivity index (d’), criterion (C), reaction time (RT), and pupil

327  amplitude response (each to hits, FAs, and misses), linear mixed models were fitted to predict
328 these variables, with group and task condition as fixed effect predictors and participant as a

329 random effect predictor. For analyses on average baseline pupil size (for which there is only one
330 derived measurement per participant), linear models were fitted to predict these variables, with
331  group as a predictor. Because use of adrenergic-related medications was predictive of group,
332  this variable was also included as a predictor in all of the aforementioned models. For each

333 dependent measure, separate models were fitted, either including or excluding the use of

13
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medications as a predictor, and the Bayesian information criterion (BIC) was calculated for each
to determine the optimal model. For models that included medication use as a predictor, the BIC
was higher than the model with this variable excluded (the model with the lowest BIC is
preferred; Wagenmakers, 2007; Table 4), in all cases. Thus, reported models only include group
and task condition (when applicable) as predictors of the respective dependent measure of

interest.

Table 4. BIC values for models with and without medication use as a predictor. Each cell
designates a different model: the row designates the dependent measurement and the column
designates the predictors included.
Group*Distractors Group*Distractors
*Medications
d 221.43 236.25
C 93.59 114.29
RT -266.58 -228.89
Baseline 387.04 394.12
Pupil Size
Amplitude to -821.93 -764.82
Hits (Pupil)
Amplitude to -708.42 -654.57
FAs Pupil
Amplitude to -758.92 -706.05
Misses (Pupil)
Amplitude to -512.06 -505.14
Tone Onsets

In addition, to verify 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 distractors to that in the absence of distractors was computed for

14
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347  each participant. For each task event, a linear model was fitted with this ratio as the dependent
348  measure and group as the predictor.

349 Absolute values of test statistics are reported. The a criterion for statistical significance
350 was designated as 0.05 for all inferential statistical analyses. In cases in which there was no
351  statistical significance, an approximation for the Bayes Factor (BF) was computed using the

352 respective BICs of the null model (excluding all fixed effect predictors) and alternative model
353 (including all fixed effect predictors). A BF between 3 and 20, between 20 and 150, or greater
354  than 150 was designated as positive, strong, or very strong evidence for the null hypothesis,
355 respectively (Wagenmakers, 2007). All participants whose data were not determined to be

356  outliers as described above were included (n = 23 and 24 in the ASD and control groups,

357  respectively). Some participants do not have select data values (such as a participant who does
358 not commit any FAs, and therefore has no pupil amplitude response to FAs); degrees of

359 freedom (df), however, are reported for all inferential analyses.

360

361  Classification Analyses

362 To validate the inferential statistical analyses, classification analyses were used to

363  assess whether group membership could be predicted from pupil response amplitude. A logistic
364  regression model was fitted with group as the dependent measure and the absolute difference
365  of the pupil response amplitude between the two conditions (absence versus presence of

366  distractors) as the predictor, for each event type (hit, FA, or miss). The LogisticRegression class
367  within the scikit-learn version 19.1 (Pedregosa et al., 2011) package in Python version 3.7.1

368 (Python Software Foundation) was used with the saga solver and no regularization. Twenty

369 repeats of five-fold cross-validations were performed to compute the predictive accuracy of

370  group for each event and condition combination. A null distribution was created by shuffling the
371 labels 10,000 times and performing the same cross-validation classification approach. The

372  statistical significance (p-value) of the classification accuracy was determined by a comparison
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373  to the null distribution, as (1-percentile), where percentile indexes the percentile of the true
374  classification accuracy in the distribution of null distribution classification accuracies.

375 As three independent classification analyses were performed (3 event types), for these
376  analyses, an accuracy value was considered significant if the p-value was lower than the

377  Bonferroni-corrected criterion: 0.05/3 = 0.02.

378

379  Code Accessibility

380 Experiment and preprocessing MATLAB scripts, R and Python analysis code, and

381  preprocessed data are available on GitHub: https://github.com/michaelgrano/ASD nback.

382
383 Results
384 First, group differences in behavioral performance were analyzed to determine whether

385  both groups performed comparably on the task. Second, group differences in time-averaged
386  pupil size were analyzed to rule out the possibility of any systematic a priori differences in pupil
387  size between the groups. Last, between-group comparisons of the pupil response amplitude to
388 each task event (hits, FAs, and misses) for each task condition (absence versus presence of
389 distractors) were analyzed. Group differences in pupil amplitude to distractor tone onsets were
390 also assessed. Pupil amplitude in response to stimuli that elicit hits and FAs, but not to stimuli
391 that elicit misses or to distractor stimuli themselves, are “task-evoked” and should be associated
392  with LC activity because only pupillary responses to cognitive decisions can be inferred to be
393 caused by fluctuations in LC activity (Aston-Jones and Cohen, 2005). Finally, classification

394  analyses were used to determine whether a diagnosis of ASD could be predicted from task-
395  evoked pupil responses alone.

396

397

398
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399  Comparable between-group task performance in the absence and presence of distractor stimuli.
400 Group differences in behavioral performance were initially analyzed as any such

401  differences could confound observed group differences in pupillary responses. The d’, C, and
402 RT were computed for each participant, for each task condition (absence versus presence of
403  distractors). (If a participant’s d’ or C was positive or negative infinity, the maximum or minimum
404  value for that participant’s group in the given condition was substituted for these analyses,

405  respectively.) Figure 2 shows the d’, C, and RT for the two groups. There was no significant
406  effect of group (£(56.29) = 1.57, p = 0.12), task condition (£(45.00) = 0.66, p = 0.52), or their

407  interaction (t(45.00) = 0.16, p = 0.88) on d’ (Figure 2a). Likewise, there was no significant effect
408  of group (t(66.31) = 1.02, p = 0.31), task condition (#(45.00) = 1.86, p = 0.07), or their interaction
409  (£(45.00) = 0.49, p = 0.62) on C (Figure 2b). There was very strong evidence that neither group

410  nor presence of distractor stimuli predicts d’ (BF = 3262.08) or C (BF = 8760.19).
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412 Figure 2. Behavioral performance on the letter detection task. a, d’, b, C, and ¢, RT, across
413  group (autism versus control) and condition (absence versus presence of distractor stimuli).
414  Each point represents an individual participant. Line plots show mean + one standard error of
415  the mean (SEM).

416

417 The mean RT (time between the onset of a letter repeat and a correct button press)

418  across all correct responses was also computed for each participant, separately for each task
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419  condition. There was no significant effect of group (£(50.47) = 1.21, p = 0.23) or task condition
420  (£(45.00) = 0.19, p = 0.85) on mean RT. There was also no significant interaction of group x task
421  condition on mean RT (t(45.00) = 0.73, p = 0.47), and there was very strong evidence in favor of
422  the null hypothesis (BF = 30545766.18; Figure 2c).

423 The lack of a main effect of group on d’, C, or RT indicates similarity in task performance
424  between the two groups. Given that there are no differences in performance, any differences in
425  pupil size are unlikely to be attributed to differences in behavioral performance and, indeed, a
426  simple task was selected specifically to equate performance as much as possible. The

427  interaction between group x condition also rules out a foundational difference in working

428 memory, a required component of the task, in the ASD versus control participants.

429

430  No between-group differences in baseline pupil size.

431 Group differences in time-averaged pupil size were analyzed to rule out the possibility of
432  any systematic a priori differences in pupil size between the groups. Baseline pupil size

433  (recorded prior to each task block) was compared between groups to determine whether pupil
434  size differed between participants with ASD and controls, independent of the letter detection
435 task. As shown in Figure 3, there was no significant effect of group on the median baseline pupil
436  size ({(44) = 0.09, p = 0.93), with positive evidence that group does not predict this measure (BF
437  =6.75). The lack of a main effect of group indicates that there were no systematic differences in
438  pupil size, thereby ruling out confounding variables that would be independent of the task.

439
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441 Figure 3. Median baseline pupil size of participants, by group. Each point represents an

442  individual participant. Line plots show mean + one SEM.

443

444 Individuals with ASD exhibited smaller task-evoked pupil response amplitudes than did controls
445  in the presence but not absence of distractor stimuli.

446 Linear deconvolution analysis (Glover, 1999; McCloy et al., 2016) was used to

447  approximate a 4-s IRF to each task event (hits, FAs, and misses) for each participant in each
448  task condition. The individual IRFs of participants’ pupillary responses to hits are shown in

449  Figure 4. The pupil response amplitude was calculated as the MAD of the IRF, as this value
450 captures the dispersion of the pupillary response, while reducing the impact of noise caused by
451  limited data (Kret and Sjak-Shie, 2019). This is similar to the approach extensively adopted in
452  the fMRI literature, where the dispersion of the blood oxygen level dependent signal time course
453  has been used as a non-parametric measure of response amplitude (Power et al., 2018).

454 Between-group comparisons of the pupil amplitude response to each task event

455  associated with a decision (hits and FAs) for each task condition (absence versus presence of
456  distractors) were analyzed. These pupillary responses should reflect changes in LC activity

457  because pupil dilations occur specifically in response to the appearance of a stimulus on a

458  cognitive task (here, the one-back letter detection task) that results in a decision (here, a key

459  press; Aston-Jones and Cohen, 2005).
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461 Figure 4. All participants’ individual IRFs of pupillary responses to hits. Each color represents
462  the IRF of a unique participant in the a, ASD and b, control groups, with the left panel showing
463  the results in absence of distractors and the right panel showing the results in the presence of
464  distractors.

465

466 As evident from Figure 5, there was a significant interaction between group and the

467  presence/absence of distractor stimuli on pupil amplitude in response to both hits (£(43.63) =
468 3.06, p <0.01) and FAs ({(42.44) = 2.65, p = 0.01). Furthermore, in the presence versus

469  absence of distractor stimuli, there was a significant increase in pupil amplitude in response to
470  hits (£#(43.28) = 2.93, p < 0.01), independent of group, but no significant difference in response to
471 FAs ({(42.78) = 1.13, p = 0.26). Moreover, there was no significant effect of group on pupil

472  amplitude in response to either hits (£(67.36) = 0.08, p = 0.94) or FAs ({(70.46) = 0.17, p = 0.87).
473 Post-hoc contrast tests of the effect of task condition on pupil response amplitude

474  performed separately for each group showed that, as anticipated (Gilzenrat et al., 2010), among

475  controls, the pupil amplitude in response to hits was significantly higher in the presence versus

476  absence of distractors (z = 2.93, p < 0.01). Notably, there was no such significant difference in
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477  response to hits among participants with ASD (z = 1.43, p = 0.15). Moreover, while there was no
478  significant between-group difference in pupil amplitude in response to hits in the absence of

479  distractors (z = 0.08, p = 0.94), in the presence of distractors, individuals with ASD exhibited

480 lower pupil response amplitudes than did the controls (z = 2.80, p < 0.01). In fact, the ratio of the
481 pupil response amplitude in the presence of distractors to that in the absence of distractors was
482  significantly higher among controls than it was among participants with ASD (t(45.00) = 3.10, p

483 < 0.01; Figure 5a).
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485 Figure 5. Pupil response amplitudes to a, hits b, false alarms, and ¢, misses, compared across
486  groups and task conditions. Left-hand panels show pupil response amplitude, as defined as the
487  MAD of the IRF of the respective pupil response, after normalization of the pupil time series

488  data to the mean pupil size of the respective experiment block. Right-hand panels show the

489 ratio of the pupil response amplitude in the presence of distractors to that in the absence of

490 distractors. Line plots show mean + one SEM. * and ** signify p < 0.05 and 0.01, respectively for
491 contrast tests.

492
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493 Furthermore, among individuals with ASD, the pupil amplitude in response to FAs was
494  significantly lower in the presence versus absence of distractors (z = 2.61, p < 0.01), while this
495  was not the case among controls (z = 1.13, p = 0.26). As was the case with hits, the pupil

496  amplitudes in response to FAs were not different between groups in the absence of distractors
497 (z=0.17, p = 0.87), but, in the presence of distractors, individuals with ASD exhibited lower
498  pupil response amplitudes than controls (z = 2.57, p = 0.01). Additionally, the ra*tio of the pupil
499 response amplitude in the presence of distractors to that in the absence of distractors was

500 significantly higher among controls than it was among participants with ASD (£(42.00) = 2.85, p
501 =0.01; Figure 5b).

502 Thus, overall, pupillary responses to stimuli that elicit behavioral reports (thereby

503  suggestive of LC activity; Aston-Jones and Cohen, 2005) in the distractor-present condition (i.e.
504  with increased cognitive load and task engagement) were lower among individuals with ASD.
505 However, in the absence of distractor stimuli, no between-group differences existed.

506

507  No interaction effect between group and task condition on pupil amplitude responses to misses.
508 If the interaction effect between group and task condition on pupil response amplitude
509  was specific to cognitive effort on the task (which would implicate LC activity (Aston-Jones and
510  Cohen, 2005), then we would not expect to see an interaction of group and task condition on
511  pupil amplitude in response to misses (that is, on trials where effort was likely to be least).

512  Indeed, there was no significant interaction between group and task condition on pupil

513  amplitude in response to misses (£(44.00) = 1.41, p = 0.17). Additionally, the ratio of the pupil
514  response amplitude in the presence of distractors to that in their absence was not significantly
515  different between the two groups (£(45.00)= 0.41, p = 0.68; BF = 6.21, positive evidence for the
516  null hypothesis). However, there were main effects of group and of task condition. Individuals
517  with ASD exhibited lower pupil amplitudes in response to misses, independent of task condition,

518 relative to controls (£(70.72) = 2.28, p = 0.03), and participants in both groups exhibited lower
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519  pupil amplitudes in response to misses in the presence versus absence of distractors (£(44.00) =
520 2.92, p <0.01; Figure 5c). It is conceivable that controls might notice misses across both task
521  conditions more so than individuals with ASD, which might explain why controls’ pupil

522  amplitudes in response to misses are overall higher.

523 In summary, in response to an event that is likely to be only weakly implicated with LC
524  activity because of the lack of cognitive effort to a miss (Aston-Jones and Cohen, 2005),

525 individuals with ASD do exhibit lower pupil response amplitudes, but importantly, independent of
526  the attentional demands of the task.

527

528  Group membership can be predicted from the difference in pupil amplitude responses in the

529  presence versus absence of distractors, only during hits and FAs (and not misses).

530 To validate the differential response to hits and FAs for the two groups and the effect of
531  distractor condition, an assumption-free classification algorithm was used to determine whether
532  group could be predicted from the task-evoked pupil response amplitudes alone. For each event
533  type (hits, FAs, and misses), a logistic regression model was fitted to assess whether group

534  classification (autism or control) could be predicted from the difference in the pupil response

535 amplitude between the two conditions (absence versus presence of distractors). Consistent with
536  the findings demonstrating an interaction between group and task condition on pupil response
537  amplitudes to hits and FAs, group could be decoded from the between-conditions difference in
538  pupil amplitude in response to hits (accuracy = 0.63, p < 0.01) and FAs (accuracy = 0.56, p <
539  0.01) with above-chance accuracy. At the same time, the between-conditions difference in pupil
540 amplitude in response to misses was not predictive of group and was below-chance in accuracy
541  (accuracy = 0.38, p = 1.00).

542

543

544
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545  No between-group differences of pupil dilations to the task-irrelevant distractor stimuli.

546 Group differences in pupil response amplitude just to distractor tone onsets were also
547  assessed. While pupil dilations can occur in response to auditory stimuli (Zekveld et al., 2018),
548  LC activity is not associated with pupil dilations to task-irrelevant stimuli (Aston-Jones et al.,
549 1999; Aston-Jones and Cohen, 2005; Gilzenrat et al., 2010) such as the onset of orthogonal
550 distractors. If differences in pupillary dynamics between the two groups is specific to inherent
551  group differences in LC activity, differences in pupil dilations to task distractor stimuli would not
552  be expected. To test this, pupil amplitude responses to the onset of distractor stimulus

553  presentation were compared between the two groups. There was no significant effect of group
554  on pupil response amplitude to the onset of distractors (£(44) = 1.66, p = 0.10), suggesting that
555  group does not predict pupillary response to distractors per se (BF = 1.68; Figure 6). Thus,
556  group differences in pupillary dynamics are likely to be independent of pupil responses to the

557  distractor stimulus presentations themselves.

:

558 Con'trol Autlism
559  Figure 6. Pupil response amplitude to distractor stimuli, after normalization of the pupil time

560 series data to the mean pupil size of the respective experiment block. Line plots show mean +
561 one SEM.
562
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563  Discussion

564 The goal of this study was to explore differences in LC activity (inferred from

565  pupillometry measurements) between individuals with ASD and matched controls as they
566  performed a simple visual working memory task in the absence or presence of distractor

567  auditory tones. The ASD and control groups performed the task with statistically
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568 indistinguishable accuracy and speed, both in the presence and absence of distractors.

569  However, specifically in the presence of distractors, individuals with ASD exhibited lower task-
570  evoked pupil response amplitudes than did controls. Furthermore, group could be decoded with
571  above-chance accuracy based solely on the difference of task-evoked pupil response

572  amplitudes in the presence versus absence of distractors. This physiological effect could not be
573  accounted for due to between-group differences in medication use or baseline pupil size and
574  was specific to task-evoked responses. As LC activity can be inferred from pupillary responses
575 to task-relevant information, the lower task-evoked pupil response amplitudes in the ASD

576  compared to control participants in the presence of distractors implicates dysregulation of LC
577  activity.

578 Pupil dilation—specifically in association with a task decision—is an established direct
579  correlate of phasic LC activity and an established inverse correlate of tonic LC activity. A rise in
580 tonic LC activity increases the gain of neural activity indiscriminately throughout cortex, thereby
581 increasing neural responsivity. It has been posited that this indiscriminate increase in cortical
582  gain allows for increased behavioral flexibility, exploration of the task environment, and thus
583  attention to both task-relevant and task-irrelevant stimuli. In contrast, when tonic LC activity and
584  global gain are reduced, attentional deployment shifts to task-relevant stimuli, and attention to
585 task-irrelevant distractors becomes attenuated (Aston-Jones et al., 1999; Aston-Jones and

586  Cohen, 2005; Gilzenrat et al., 2010; Pfeffer et al., 2017). It is thus particularly notable that in the
587  present study participants with ASD evinced lower pupil response amplitudes in the presence of
588  distractors because one would expect a typically developing individual to demonstrate increased
589  pupil response amplitude (indicating higher LC activity) under increased attentional demands
590 (Aston-Jones and Cohen, 2005; Gilzenrat et al., 2010).

591 A recent review from Bast et al. (2018) suggests LC dysfunction might be associated
592  with attentional differences in ASD, but there has been little prior empirical evidence to support

593 this hypothesis. Several studies have shown differences in phasic pupillary responses in ASD
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594  (Martineau et al., 2011; Blaser et al., 2014; Nuske et al., 2014a, 2014b; Krach et al., 2015;

595 Lawson et al., 2017), some even suggesting, in contrast to the results here, that individuals with
596  ASD exhibit larger phasic pupillary responses compared to typically developing controls (Blaser
597 etal., 2014; Lawson et al., 2017; Bast et al., 2019). However, in these studies participants with
598  ASD exhibited differences in task performance compared to controls, and thus differences in
599  pupil dilations may be attributable to differences in task performance. Importantly, in the current
600 study, participants with ASD and controls showed comparable performance on the task, in

601  terms of both signal detection theoretic and RT measures. A one-back task was specifically

602 utilized because: 1) it was expected to elicit phasic pupillary responses associated with task
603  decisions, and 2) it was expected that participants with ASD would perform comparably to

604  controls (Williams et al., 2005). Had participants with ASD performed more poorly than controls,
605 the observed interaction of group and task condition on pupil response amplitudes might have
606 been a consequence of task performance rather than of LC activity per se. However, as task
607  performance did not differ between the two groups, the between-group differences in task-

608 evoked pupil response amplitudes across conditions suggest an inherent difference in LC

609 physiology among the participants with ASD.

610 A number of processes could account for differences in pupillary dynamics in individuals
611  with ASD, and it has been suggested that individuals with ASD exhibit heightened autonomic
612  activity (Cheshire, 2012; Kushki et al., 2013) potentially in relation to comorbid anxiety

613  diagnoses (Lord et al., 2018). Furthermore, prior literature has suggested that individuals with
614  ASD exhibit larger tonic pupil sizes (Anderson and Colombo, 2009; Anderson et al., 2013;

615 Blaser et al., 2014). However, unlike prior findings that might be attributed to generalized

616  autonomic arousal, the results of the present study indicate that differences in pupillary

617  dynamics in the participants with ASD are specifically task-dependent, and, therefore, provide
618 clear inference of LC activity per se. First, group differences were noted, even after controlling

619  for the potential contribution of caffeine or adrenergic-related medications and even though
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620 time-averaged pupil size recorded prior to each task block was equivalent between groups.

621  Second, an interaction of task condition and group on pupil response amplitudes was only

622 revealed for phasic pupillary responses in association with hits and FAs, but not in association
623  with misses. Third, there were no group differences in phasic pupil amplitudes in response to
624  distractor stimulus onset, which alone would not be expected to specifically elicit LC activity

625 (Aston-Jones and Cohen, 2005). These are critical observations because LC activity has been
626  correlated primarily with task-related decisions (Aston-Jones et al., 1999; Aston-Jones and

627  Cohen, 2005; Gilzenrat et al., 2010). Thus, the effects in pupillary dynamics uncovered in this
628 investigation are most likely to be associated with group differences in LC activity.

629 Elevated tonic LC activity can globally increase neural gain, amplifying neural activity
630 and enhancing overall neural responsiveness (Aston-Jones and Cohen, 2005). Generally,

631  enhanced neural gain is advantageous as it allows for exploratory behaviors and learning from
632 new features of one’s environment. Studies in typically developing individuals suggest that,

633  when in a tonic LC mode, individuals are more likely to attend selectively to salient stimulus

634 cues (Eldar et al., 2016) or focus their attention on stimulus features to which they are

635 individually predisposed to attend to (Eldar et al., 2013). However, an inability to regulate neural
636  gain could limit the ability to distinguish relevant versus irrelevant stimuli (Gilzenrat et al., 2010),
637  thereby hampering the establishment of priors and the ability to learn from novel environmental
638 input (Sinha et al., 2014, Dinstein et al., 2015). Thus, if individuals with ASD exhibit consistently
639 elevated gain, this could enhance attention to particular environmental stimuli, but would impair
640 the ability to properly establish priors (Sinha et al., 2014). Attention might thus be deployed

641 indiscriminately to task-relevant and task-irrelevant stimuli. This indiscriminate but selective

642 attention from elevated gain could explain the fixated interests, selective attention, and

643  hypersensitivity to environmental stimuli in individuals with ASD (Remington et al., 2009; Lord et
644  al., 2018), as consistently high LC tonic activity would ultimately preclude the diversion of

645  attention from distractor or task-irrelevant features in one’s environment (Gilzenrat et al., 2010).
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646  If an individual with ASD cannot readily increase gain in the presence of distractors, this would
647  significantly hamper typical learning processes. Social communication atypicalities in individuals
648  with ASD might also be explained by consistently elevated gain: an inability to learn from social
649 cues and expressions (Lord et al., 2018) might be a reflection of a broader inability to learn from
650 environmental stimuli (Sinha et al., 2014).

651 If individuals with ASD exhibit higher tonic LC activity than controls in an environment
652  with both task- relevant and irrelevant stimuli, such a dysregulation of the LC system would be
653  consistent with the proposal of disrupted E-I homeostasis of cortical activity in ASD (Sur and
654  Rubenstein, 2005; Rosenberg et al., 2015). Much research on E-I homeostasis has focused on
655 the roles of glutamate and GABA in achieving this balance (Hensch, 2005; Samardzic et al.,
656  2018), which is critical for efficient perceptual processing (Zhou and Yu, 2018). In fact, there
657 have been several demonstrations of atypical GABA activity in ASD (Pizzarelli and Cherubini,
658 2011; Robertson et al., 2016; Uzunova et al., 2016; Ajram et al., 2017). But perhaps the

659 disruption in E-l homeostasis is not only or strictly a disruption in the ratio of excitatory to

660 inhibitory activity, but in the gain, which is a measure of the simultaneous amplification (or

661  dampening) of excitatory and inhibitory activity (Servan-Schreiber et al., 1990; Aston-Jones and
662 Cohen, 2005; Hoshino, 2005; Pfeffer et al., 2017). Unregulated neural responsivity due to

663  elevated LC activity would, in fact, be consistent with findings that uncover highly variable neural
664  responses to sensory stimuli in ASD (Dinstein et al., 2012; Haigh et al., 2015). In other words,
665  with dysregulated gain in ASD from elevated LC activity, neural output would be highly

666  unpredictable from neural input.

667 Consistently elevated tonic LC activity—and consequently globally increased cortical
668  gain—in an attention-demanding environment is thus consistent with clinical and behavioral

669  characteristics of ASD, as well as the E-l homeostasis disruption hypothesis. This study

670  provides physiological evidence for an inherent difference in regulation of tonic LC activity on a

671  task on which individuals with ASD perform comparably to controls, laying the foundation for
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672  future work to explore the direct effects of this dysregulation on more challenging tasks that

673 reflect the burdensome cognitive load of one’s real-world environment. These results provide
674 novel evidence for the LC’s role in gain dysregulation, and consequent atypical attention, in

675 ASD and, in addition, offer a possible neurobiological basis for some signatures of ASD such as
676  social communication and restricted learning.

677
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