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Abstract 1 

Recent neuroimaging and eye tracking studies have suggested that children with autism spectrum 2 

disorder (ASD) may exhibit more variable and idiosyncratic brain responses and eye movements 3 

than typically developing (TD) children. Here we extended this research for the first time to 4 

pupillometry recordings. We successfully completed pupillometry recordings with 103 children (66 5 

with ASD), 4.5-years-old on average, who viewed three 90 second movies, twice. We extracted 6 

their pupillary time-course for each movie, capturing their stimulus evoked pupillary responses. 7 

We then computed the correlation between the time-course of each child and those of all others 8 

in their group. This yielded an average inter-subject correlation value per child, representing how 9 

similar their pupillary responses were to all others in their group. ASD participants exhibited 10 

significantly weaker inter-subject correlations than TD participants, reliably across all three 11 

movies. Differences across groups were largest in responses to a naturalistic movie containing 12 

footage of a social interaction between two TD children. This measure enabled classification of 13 

ASD and TD children with a sensitivity of 0.82 and specificity of 0.73 when trained and tested on 14 

independent datasets. Using the largest ASD pupillometry dataset to date, we demonstrate the utility of a new 15 

technique for measuring the idiosyncrasy of pupil regulation, which can be completed even by young 16 

children with co-occurring intellectual disability. These findings reveal that a considerable 17 

subgroup of ASD children have significantly more unstable, idiosyncratic pupil regulation than TD 18 

children, indicative of more variable, weakly regulated, underlying neural activity.  19 
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Introduction 20 

Pupillometry studies in children with ASD have generated considerable interest in recent 21 

years (1). Pupil size is regulated by the pupillary light reflex (PLR) (2) and by Norepinephrine (NE) 22 

release from the Locus Coeruleus (LC) (3), which also regulates arousal, attention, and 23 

exploration/exploitation behaviors (4,5). Hence, potential differences in pupillary responses 24 

between ASD and typically developing (TD) individuals could indicate underlying physiological 25 

differences in LC-NE and/or PLR function (6).   26 

Several pupillometry studies have reported results from comparisons of relatively small 27 

ASD and TD samples (20-30 per group). Studies measuring baseline pupil diameter during stable 28 

luminance have reported mixed results with some reporting larger pupil size in ASD relative to TD 29 

(7,8) while others have reported the opposite (9), and, yet others report no difference across 30 

groups (1,10,11). In contrast, pupil dilation responses to target/novel stimuli with identical 31 

luminance (e.g., in oddball tasks) is consistently weaker in ASD (7,8,10), particularly in tasks with 32 

higher attentional load (e.g., one-back memory task with added distractors) (11). Smaller pupil 33 

dilation suggests weaker LC-NE activity in ASD. Similarly, pupil constriction responses to increased 34 

luminance were weaker (i.e., weaker PLR) (12,13) and delayed in time (1) in children and adults 35 

with ASD relative to controls. But interestingly, abnormally stronger PLR was reported in 9–10-36 

month-old toddlers who developed ASD at later ages, suggesting different abnormalities during 37 

early versus late ASD development (14). 38 

Taken together, the studies above suggest that pupillary responses in ASD children and 39 

adults are muted, with LC-NE generating weaker pupil dilations during attention demanding tasks 40 

or in response to novel/surprising stimuli, and PLR generating weaker pupil constrictions in 41 

response to increased luminance. Because these differential pupillary responses generated by LC-42 

NE (10) and PLR (12,13) are apparent even during passive viewing of sensory stimuli in the 43 

absence of a task, they may serve a useful role in distinguishing between ASD and TD individuals in 44 

situations where task performance is not possible (e.g., non-verbal children). Hence, there is clear 45 

motivation to develop task-free, experimental protocols with child-friendly, engaging stimuli for 46 

this purpose. 47 

Previous studies have demonstrated the high ecological validity of using naturalistic movies 48 

to study brain function with fMRI (15), especially in young children (16–18). Of particular interest 49 

are studies demonstrating that ASD individuals exhibit significantly more variable and idiosyncratic 50 

brain responses than TD individuals when observing movies (19,20). These studies quantified 51 

idiosyncrasy by measuring inter-subject correlation (inter-SC), which revealed that cortical activity 52 

was more strongly correlated across TD individuals observing the same movie than across ASD 53 

participants. ASD participants exhibited more idiosyncratic and unique cortical responses with 54 
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larger between-subject variability. In a recent study we applied the same inter-SC technique to 55 

recordings of gaze position during natural viewing of movies. We demonstrated that ASD children 56 

also exhibited weaker inter-SC magnitudes, gazing at movies less consistently than TD children and 57 

exhibiting more idiosyncratic gaze patterns (21).  58 

Here, we extend this research further by applying the inter-SC approach for the first time 59 

to pupillometry data in ASD children. Importantly, we established the largest pupillometry dataset 60 

to date from ASD children using an experimental design with 3 different movies, each presented 61 

twice, which enabled us to assess the reliability of findings across movies and presentations.  62 

 63 

Methods 64 

A subset of the eye-tracking recordings examined in the current study were analyzed previously to 65 

compare gaze patterns across ASD and TD children in a separate study (21). Here, we extracted 66 

and analyzed pupillometry data from these and additional recordings. 67 

Participants 68 

We initially recruited 121 children for the current study through the Azrieli National Centre for 69 

Autism and Neurodevelopment Research, between 2016 and 2019. Of these, 81 were diagnosed 70 

with ASD according to DSM-V criteria (mean age: 4.46±1.91 years; age range: 1.09-10.07 years; 64 71 

male, 17 female) and 40 were TD (mean age: 4.28±2.10 years; age range: 1.03-10.03 years; 26 72 

male, 14 female). One TD child was removed for having a Social Responsiveness Scale (SRS) score 73 

greater than the clinical cut-off (22,23). In addition, data from 15 ASD and an additional 2 TD 74 

children were excluded due to low eye tracking quality (see details below), yielding a final sample 75 

of 103 children (Table 1). The study was approved by the Soroka Medical Center Helsinki 76 

committee and the Ben Gurion University Internal Review Board committee. Written informed 77 

consent was obtained from all parents.   78 

Most of the participating ASD children (52 out of 66) completed the Autism Diagnostic 79 

Observation Schedule – 2nd edition (ADOS-2) (24). In addition, 46 of the 66 ASD children 80 

completed either a Wechsler Preschool and Primary Scale of Intelligence (25) or the Bayley 81 

Cognitive Scales test (26). TD children did not complete ADOS-2 or cognitive tests, but all parents 82 

of the TD children, except in three instances, completed the Social Responsiveness Scale (SRS) 83 

(22).  84 

 85 

  86 
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Table 1: Participant characteristics 87 

 88 

 89 

Data acquisition 90 

Participants were seated approximately 60cm from the display screen and the left eye pupil 91 

diameter was recorded using an EyeLink 1000+ head-free eye tracking system with a sampling rate 92 

of 500 Hz (SR Research Inc. Canada). The participants’ head position was tracked using a sticker 93 

placed on their forehead. An infrared camera, located below the display screen, measured pupil 94 

size. For each participant, the eye tracker was calibrated prior to data collection: the participant 95 

made saccades to each of five stimuli presented sequentially on the screen, and gaze accuracy was 96 

then validated to be <2 degrees. Additional validations of calibration accuracy were performed 97 

after each movie and re-calibration was performed if error >2 degrees. Experiment Builder and 98 

Data Viewer (SR Research Inc. Canada) were used to construct the experiment and visualize the 99 

data.  100 

Experimental design 101 

Once calibration was successfully completed, participants were shown three different movie clips, 102 

each presented twice. Each movie was 1.5 minutes long and the total duration of the experiment 103 

was roughly 10 minutes. The first movie segment, from the Pixar animation “Jack-Jack Attack”, 104 

showed the adventures of a babysitter taking care of an infant with supernatural powers. The 105 

second movie segment, taken from the Walt Disney animation “The Jungle Book”, contained a 106 

segment in which Mowgli meets the Monkey King who sings and dances while interacting with 107 

Variable Mean SD Range 

ASD group (n=66, 53 males) 
 

  

Age at eye tracking (months) 57.70 22.83 21-127 

ADOS-2 Total CSS (n=52) 6.69  2.65 1-10 

ADOS-2 SA CSS (n=52) 6.42  2.59 1-10 

ADOS-2 RRB CSS (n=52) 7.38  2.47 1-10 

Cognitive Scores (n=46) 80.39  16.80 49-117 

TD group (n=37, 24 males)    

Age at eye tracking (months) 53.30 22.43 15-123 

SRS scores (n=34) 34.21 12.68 11-57 
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other monkeys. The third movie contained an un-cut home-video with two sisters (2 and 5 years 108 

old) interacting socially in a typical, messy room containing everyday objects.  109 

Pre-processing and data cleaning 110 

The Eyelink 1000+ records the pupil area as the number of pixels within the image area identified 111 

as the pupil, which is equivalent to the angular area of the pupil (27). We identified and removed 112 

data segments where the eye tracker lost track of the children’s pupil due to eye blinks and off-113 

screen gazes. This included segments with timepoints where the pupil size equaled zero, was 114 

larger than 1200 pixels, or where the pupil size changed faster than 5 pixels per ms – all of which 115 

are physiologically implausible.  Movies where more than 40% of the data was removed, were 116 

entirely excluded from further analysis. We removed 197 of 474 (41.6%) movies observed by ASD 117 

children and 43 of 234 (18.4%) movies observed by TD children. This yielded the final sample 118 

described above of 66 ASD children and 37 TD children who contributed at least one movie to the 119 

analyses. 120 

Of the remaining movies, we removed segments according to the criteria described above such 121 

that 16.3±8.6% and 10.9±9.0% of the data were removed from recordings of ASD and TD children, 122 

respectively (note that, below, we take the amount of removed data into account in the statistical 123 

analysis of the data). We also excluded the first second of each movie to minimize potential 124 

stimulus onset responses. Removed time-points were set to NaN values and the remaining 125 

segments of analyzed data were smoothed using a Gaussian filter with a width of 250 samples 126 

(i.e., half a second). Finally, pupil diameter was computed from angular pupil area using the 127 

following formula: 128 

d = αLφ 129 

Where d is the pupil diameter, α is a scaling factor deduced empirically by measuring an artificial 130 

pupil with known area at a distance of 60cm using our setup (15mm lens, α=0.248), L is the 131 

distance between the participant and the screen (i.e., 60cm), and φ is the visual angle of the pupil, 132 

which is the square root of the angular pupil area measured by the eye tracker (see Eyelink 133 

documentation and Hayes and Petrov, 2016).  134 

Data Analysis 135 

All analyses were performed with custom written code in MATLAB (Mathworks Inc., USA). We 136 

extracted time-courses of pupil diameter in mm units for each movie, separately for first and 137 

second presentations, per participant. We computed the inter-subject correlation (inter-SC) per 138 

movie presentation by correlating the pupil time-courses across all pairs of participants within 139 

each group (ASD or TD). We then computed the mean correlation for each child and all other 140 

children in their group, yielding a mean inter-SC value per participant. We also computed an intra-141 
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subject correlation (intra-SC) value by correlating the pupil time-courses across the two 142 

presentations of each movie, per participant. 143 

Statistical Analyses 144 

To determine whether there were significant differences in the percent of excluded data across 145 

groups, we performed a univariate ANOVA analysis with movie type (Jack-Jack Attack, Jungle 146 

Book, Naturalistic) as the dependent variable and diagnostic group (ASD and TD) as the between-147 

subjects factor. To evaluate whether there were significant differences in tonic pupil size, variance, 148 

inter-SC, and intra-SC across groups, we performed univariate ANCOVAs for each movie with 149 

diagnostic group (ASD and TD) as the between-subjects factor, and percent of valid data and age 150 

as covariates. Correlations between pupil diameter and behavioral measures (ADOS, cognitive 151 

scores) were assessed with Pearson’s correlation coefficient. Finally, we derived receiver operating 152 

characteristic (ROC) analyses for the classification of ASD and TD children using the mean inter-SC 153 

measure as calculated for each movie per first/second presentation. We computed the Youden 154 

index to determine the optimal threshold for separating ASD and TD groups according to the inter-155 

SC values from the first movie presentation and then tested the accuracy of the threshold for 156 

separating ASD and TD individuals using the inter-SC values from the second movie presentation.    157 

 158 

Results 159 

Initial analyses demonstrated that there were significantly more excluded/invalid data in 160 

recordings of ASD versus TD children in the first presentation of the Jack-Jack Attack (F(1)=16.86, 161 

p=0.0001, η2=0.18) and Jungle Book (F(1)=10.21, p=0.002, η2=0.12) movies. We, therefore, 162 

included the percent of valid data as a covariate in all further analyses. We also added age as a 163 

covariate to ensure that potential differences across groups were not attributable to this variable. 164 

The percent of valid data did correlate positively with the age of the ASD children (r(64)=0.23, 165 

p=0.059) but not with their ADOS-2 (ADOS-2 SA: r(50)=-0.18, p=0.19; ADOS-2 RRB: r(50)=-0.23, 166 

p=0.095; ADOS-2 Total: r(50)=-0.19, p=0.19) or cognitive (r(44)=0.061, p=0.69) scores. The ability 167 

to contribute valid data in this eye tracking study was, therefore, not significantly associated with 168 

the cognitive abilities or core ASD symptom severity of the ASD children. 169 

 170 

No group difference in tonic pupil size 171 

Tonic pupil size, estimated as the mean pupil diameter across all included timepoints of each 172 

movie, revealed similar values across ASD and TD participants in all movies and in both 173 

presentations (Figure 1). ANCOVA analyses, per movie, demonstrated no significant differences in 174 

tonic pupil size across groups for any of the movies (F(1)<0.65, p>0.42, η2<0.009), with no effect of 175 
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age (F(1)<1.22, p>0.27, η2<0.017) or percent of valid data (F(1)<0.86, p>0.36, η2<0.012). Moreover, 176 

the tonic pupil size of individual children in both groups was highly reproducible and significantly 177 

correlated across the two presentations of each movie, reflecting the high intra-subject reliability 178 

of this measure (TD: r>0.93, p<0.001; ASD: r>0.94, p<0.001; Figure 1 B-D).  179 

 180 

Figure 1: Tonic pupil diameter (mm) in each of the six movies. A. Scatter plot demonstrating tonic 181 

pupil diameter for each individual, across both groups, per movie. Black line: mean tonic pupil 182 

diameter per group. There were no significant differences across groups. B-D. Scatter plots 183 

demonstrating stability of tonic pupil diameter per participant across two presentations of each 184 

movie. Each point represents a single child. Solid lines: Least squares fit. Dotted line: unity line. 185 

Blue: ASD, Gray: TD. 186 

 187 

Reproducible stimulus-evoked pupillary time-courses 188 

Each movie elicited a unique pupillary time-course, generated by its unique visual content. The 189 

mean pupillary time-courses were highly similar across ASD and TD groups per movie (Figure 2) 190 
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with strong correlations across groups in the Jack-Jack Attack (first presentation: r=0.93, p<0.001; 191 

second presentation: r=0.91, p<0.001), Jungle Book (first presentation: r=0.65, p<0.001; second 192 

presentation: r=0.76, p<0.001), and Naturalistic (first presentation: r=0.79, p<0.001; second 193 

presentation: r=0.81, p<0.001) movies. Correlations were also strong across the two presentations 194 

of the Jack-Jack Attack (ASD: r=0.89, p<0.001; TD: r=0.94, p<0.001), Jungle Book (ASD: r=0.59, 195 

p<0.001; TD: r=0.7, p<0.001), and Naturalistic (ASD: r=0.51, p<0.001; TD: r=0.62, p<0.001) movies. 196 

In contrast, correlations across the different movies were weak and sometimes negative such that, 197 

on average, the correlations in both groups were close to zero (TD: r=0.03, p<0.001; ASD: r=0.06, 198 

p<0.001).  While all correlation coefficients were significant due to the large number of degrees of 199 

freedom (pupillary time-courses had 44,500 samples), all within-movie correlations were of large 200 

effect size (r>0.5) while between-movie correlations were of negligible effect size (r≤0.06). Taken 201 

together, these results demonstrate movie-evoked pupillary time-courses were highly 202 

reproducible across presentations and unique to each movie in data from both groups of 203 

participants (Figure 2).  204 
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   205 

Figure 2: Time-courses of pupil diameter from each presentation of the three movies. A, C, E: First 206 

presentation. B, D, F: Second presentation. Solid line: average pupil diameter across participants 207 

per group. Shaded area: standard error of the mean. Blue: ASD. Gray: TD.  208 

 209 
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Pupillary inter-subject correlations (inter-SC) are consistently weaker in ASD 210 

We computed the pair-wise correlation between the pupillary time-course of a given child and 211 

each of the other children in the child’s group, and then computed the mean correlation across all 212 

pairs, yielding an inter-SC value per child for each movie presentation (Figure 3). This value 213 

represents the similarity of stimulus-evoked pupillary changes between each child and all others in 214 

their group.  215 

ANCOVA analyses, with age and percent valid data included as covariates, revealed that inter-SC 216 

values were significantly lower in the ASD group in both presentations of Jack-Jack Attack (first 217 

presentation: F(1)=11.95, p<0.001, η2=0.14; second presentation: F(1)=9.63, p=0.003, η2=0.11), 218 

both presentations of the Naturalistic movie (first presentation: F(1)=16.28, p<0.001, η2=0.17; 219 

second presentation: F(1)=56.49, p<0.001, η2=0.43), and the first presentation of the Jungle Book 220 

movie (F(1)=6.26, p=0.015, η2=0.08). There were no significant differences in the second 221 

presentation of the Jungle book movie (F(1)=0.68, p=0.41, η2=0.01).  222 

 223 

Figure 3: Comparison of inter-subject correlation values across groups for each movie and 224 

presentation. A: First presentation. B: Second presentation. Blue: ASD, Gray: TD. Asterisks: 225 

Significant differences across groups according to ANCOVA tests (*p<0.05, **p<0.01, *** 226 

p<0.001).   227 

 228 

Pupillary inter-SC are reliable across presentations 229 

Individual inter-SC magnitudes were significantly correlated across presentations of the Jack-Jack 230 

(ASD: r(34)=0.51, p=0.0016; TD: r(27)=0.70, p<0.001), Jungle Book (ASD: r(27)=0.40, p=0.032; TD: 231 
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r(25)=0.69, p<0.001), and Naturalistic (ASD: r(37)=0.62, p<0.001; TD: r(28)=0.44, p=0.015) movie 232 

presentations. This demonstrates that the inter-SC measure exhibited relatively high test-retest 233 

reliability in both ASD and TD children. 234 

 235 

Figure 4: Scatter plots of inter-SC values demonstrating their correlation across the two 236 

presentations of Jack-Jack Attack (A), Jungle Book (B), and Naturalistic (C) movies. Blue: ASD, Gray: 237 

TD. Solid lines: Least squares fit. Dotted line: unity line. 238 

 239 

Classification of ASD and TD children according to their inter-SC 240 

Given the group differences described above, we performed an ROC analysis to quantify the ability 241 

of each movie to classify ASD and TD individuals according to their inter-SC values (Figure 5). We 242 

compared classification across movies using the Youden Index (J) (28), which identifies the inter-SC 243 

value (i.e., classification threshold) that yields the highest sum of sensitivity and specificity 244 

(optimal point on the ROC). The optimal inter-SC values when analyzing the first presentation of 245 

the Jack-Jack Attack, Jungle Book, and Naturalistic movies were 0.64, 0.2, and 0.27, yielding 246 

sensitivity/specificity values of 0.96/0.66, 0.66/0.66, and 0.9/0.68, respectively.  247 

Applying these inter-SC thresholds to data from the second movie presentation (i.e., independent 248 

sample) yielded sensitivity/specificity values of 1/0.2, 0.52/0.5, and 0.82/0.73, respectively. Taken 249 

together, these results suggest that the Naturalistic movie yielded the most reliable between-250 

group classification accuracy.  251 
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 252 

Figure 5: ROC analyses using inter-SC to classify ASD and TD participants. A: First presentation. B: 253 

Second presentation. Vertical dashed lines represent the optimal classification threshold as 254 

determined using Youden’s J statistic for the Jack-Jack Attack (purple), Jungle Book (yellow), and 255 

Naturalistic (red) movies. Optimal classification thresholds were determined with data from the 256 

first presentation (left panel) and their accuracy was tested with data from the second 257 

presentation (right panel). Black dashed line: unity line.  258 

 259 

Discussion 260 

Our results reveal that ASD children exhibit pupillary responses that are significantly more 261 

idiosyncratic (i.e., vary from one individual to another) than those of TD children, consistently 262 

across three different movies (Figure 3). The group-average pupillary time-courses were highly 263 

correlated across ASD and TD groups (Figure 2) demonstrating that each movie elicited a unique 264 

and reliable stimulus-driven pupillary time-course, on average. However, pupillary time-courses of 265 

ASD children diverged from the mean (i.e., weaker inter-SC) to a larger extent than those of TD 266 

children. Individual magnitudes of inter-SC were strongly correlated across presentations (Figure 267 

4) demonstrating that idiosyncrasy (how different one is from the group) is a reproducible 268 

individual characteristic.  269 

Inter-SC differences were most pronounced in the pupillary responses to a naturalistic un-cut 270 

home-video of two TD children engaged in a social interaction. Extracting a simple inter-SC 271 

threshold based on ROC analysis and Youden Index using data from the first presentation of this 272 
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movie, enabled us to classify ASD and TD children with 82% sensitivity and 73% specificity in held-273 

out independent data from the second movie presentation (Figure 5). These results highlight the 274 

potential clinical utility of the inter-SC measure for identifying many ASD individuals when using 275 

pupillometry recordings during movies with naturalistic social interactions.  276 

These results indicate that pupil size regulation by LPR and LC-NE mechanisms is more variable 277 

(i.e., less reliable) in children with ASD than in TD controls. Such an interpretation would be 278 

consistent with previous hypotheses proposing that sensory neural responses in the visual, 279 

auditory, and tactile domains may be more variable in some ASD individuals (29,30).  280 

Idiosyncrasy rather than consistent group differences 281 

A growing body of literature demonstrates that ASD individuals exhibit idiosyncratic behavioral 282 

and physiological responses that differ from TD responses. Examples include idiosyncratic fMRI 283 

activation time-courses in response to movies (19,20), idiosyncratic resting-state fMRI functional 284 

connectivity (31–33), idiosyncratic gaze patterns when observing movies (21,34), as well as other 285 

behavioral idiosyncrasies (35,36). These studies suggest that rather than exhibiting consistently 286 

weaker or stronger behavioral or physiological responses, ASD individuals tend to differ from one 287 

another to larger extents and in unique ways. This means that, on average, measures may be 288 

similar to those of TD individuals, yet ASD individuals are scattered further away from the mean.  289 

Quantifying individual idiosyncrasy, as calculated here with inter-SC, reveals that the majority, but 290 

not all ASD participants exhibit large idiosyncrasy. Our results demonstrated that idiosyncratic 291 

pupillometry responses to the Naturalistic movie (defined by a classification threshold of inter-292 

SC<0.27) were apparent in 82% of the ASD participants and only 27% of the TD participants (see 293 

ROC analysis). For comparison, a previous fMRI study reported that about one third of ASD 294 

participants exhibited distinctive idiosyncratic brain activations when observing a movie (20). In 295 

the context of the current study, the high selectivity and specificity for classifying ASD/TD group 296 

membership suggests that quantification of pupillometry idiosyncrasy may be useful for 297 

identifying a large group of ASD children with poorer LPR and LC-NE regulation.  298 

Importantly, the approach outlined here does not require cooperation or compliance with an 299 

explicit task, which may be difficult for the more severe or younger ASD individuals, thereby 300 

extending its utility and generalizability to the broader ASD population. Future studies could assess 301 

whether idiosyncrasy magnitudes are similarly apparent across multiple behavioral and 302 

physiological domains and multiple sensory modalities. This could reveal potential generalized 303 

behavioral and neural idiosyncrasy or specific idiosyncrasy in particular domains, in distinct 304 

subgroups. 305 

  306 
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Pupillometry abnormalities in ASD 307 

A variety of studies have reported that ASD participants may exhibit different pupillometry 308 

abnormalities indicative of underlying hyper- or hyporegulation by LC-NE and/or LPR circuits. One 309 

hypothesis is that ASD participants may exhibit larger tonic pupil size indicative of stronger LC-NE 310 

tonic activity, potentially associated with hyper-arousal and increased behavioral flexibility (5). 311 

While some studies with relatively small samples (<32 ASD participants in each) have reported 312 

significantly larger tonic pupil size in ASD (7,8), others have reported the opposite (9) or no 313 

differences across groups (1,10,11). Our results, with a somewhat larger sample and with multiple, 314 

repeated measurements, suggest that there is indeed no significant difference in baseline pupil 315 

size across groups (Figure 1). 316 

Another hypothesis is that ASD individuals may exhibit weaker pupil dilations to stimuli with 317 

cognitive, attentional, or social load that may indicate poor phasic LC-NE modulation. Phasic 318 

increases in LC-NE dopamine innervation are important for increasing arousal during task 319 

demanding periods and achieving optimal performance (5). Several studies have reported that 320 

pupillary responses in ASD individuals are weaker to visual stimuli in the context of a spatial 321 

attention task (8), an odd-ball task (7), a one-back memory task (11), or when stimuli include social 322 

information (37,38).  323 

A third hypothesis suggests that ASD individuals may exhibit weaker pupil constriction in response 324 

to luminance increases (i.e., weaker PLR). Several studies have indeed reported weaker (12,13) 325 

and delayed (1) PLR responses in children and adults with ASD. Surprisingly, there have also been 326 

reports of abnormally strong PLR responses in 9–10-month-old toddlers who developed ASD at 327 

later ages(14). 328 

Taken together, the last two hypotheses suggest attenuated pupillometry time-courses in ASD 329 

with weaker PLR associated constrictions and weaker LC-NE associated dilations. Our pupillometry 330 

results do not seem to show differences, on average, in the pupillary response time-courses across 331 

ASD and NT groups, in any of the movies (Figure 2). Pupillary time-courses were highly correlated 332 

across groups, demonstrating that the temporal structure of pupillary responses was overall highly 333 

similar across groups. Nevertheless, our study was not designed to separate PLR and LC-NE 334 

responses or isolate specific stimulus events that would be expected to generate a pupillary 335 

response. Hence, our results do not offer strong evidence for the existence of specific LC-NE and 336 

LPR differences across groups or lack thereof. Further studies are necessary to test hypotheses 337 

regarding potential atypicalities in each of these neural mechanisms in ASD. 338 

 339 

  340 
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Limitations 341 

While our study utilized a highly ecological design that enabled inclusion of ASD children across 342 

the spectrum including those with intellectual disability, it had several important limitations. First, 343 

we did not design our stimuli or analyze it post-hoc to separate pupillary responses associated 344 

with PLR versus LC-NE mechanisms. It is likely that naturalistic, complex stimuli contain multiple 345 

transitions in both low-level visual features (e.g., luminance and contrast) as well as high-level 346 

content features (e.g., narrative complexity, novelty, social and emotional valence). Hence, our 347 

study measured pupillary changes that were the product of both PLR and LC-NE regulation. 348 

Second, data loss was clearly an issue in the current study. While all 103 children included in the 349 

study successfully watched at least one movie, most participating children did not successfully 350 

watch all 6 movies. Since our experimental design included considerable redundancy with multiple 351 

movies and presentations, we believe that our results are reliable and conclusive despite partial 352 

data collection from many children. Nevertheless, this raises an important limitation of eye 353 

tracking studies with ASD children. While previous studies have reported success rates as high as 354 

95% in collecting eye tracking data from ASD children (39), these were collected from ASD children 355 

without intellectual disability. We believe that improving stimuli and acquisition conditions to 356 

maximize data collection from young children with ASD and intellectual disability should be an 357 

important goal of future studies.  358 

Conclusions 359 

Most children with ASD exhibit pupillometry time-courses that differ from those of TD children. 360 

This suggests that pupil regulation differs in ASD children in idiosyncratic ways, which can be 361 

quantified using inter-SC, including in children with ASD and intellectual disability. Beyond the 362 

clinical value of this measure for identifying individuals with ASD, it suggests that PLR and LC-NE 363 

circuits do not operate in a uniform fashion across ASD individuals. Rather than attenuated or 364 

excessive circuit responses, we speculate that these circuits may exhibit larger variability in ASD 365 

individuals, perhaps due to excitation/inhibition imbalances that have been implicated as a 366 

potential underlying mechanism (40,41). Further studies delineating PLR and LC-NE responses 367 

while using naturalistic stimuli that can be used with large samples of ASD children, including 368 

those with intellectual disability, are highly warranted. 369 

 370 
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