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Abstract

Individuals diagnosed with autism often display alterations in visual spatial attention toward 

visual stimuli, but the underlying cause of these differences remains unclear. Recent evidence 

has demonstrated that covert spatial attention, rather than remaining constant at a cued location, 

samples stimuli rhythmically at a frequency of 4–8 Hz (theta). Here we tested whether rhythmic 

sampling of attention is altered in autism. Participants were asked to monitor three locations to 

detect a brief target presented 300–1200 ms after a spatial cue. Visual attention was oriented 

to the cue and modified visual processing at the cued location, consistent with previous 

studies. We measured detection performance at different cue-target intervals when the target 

occurred at the cued location. Significant oscillations in detection performance were identified 

using both a traditional time-shuffled approach and a new autoregressive surrogate method 

developed by Brookshire in 2022. We found that attention enhances behavioral performance 

rhythmically at the same frequency in both autism and control group at the cued location. 

However, rhythmic temporal structure was not observed in a subgroup of autistic individuals 

with co-occurring attention-deficit/hyperactivity disorder (ADHD). Our results imply that intrinsic 

brain rhythms which organize neural activity into alternating attentional states is functional in 

autistic individuals, but may be altered in autistic participants who have a concurrent ADHD 

diagnosis.

Lay Summary

Many people with autism struggle with shifting their attention from one task or object to another, 

which can make it challenging for them to switch between different topics or activities. However, 

our study showed that attention switches between objects in the same way in adults with and 

without autism. These results imply that a fundamental temporal property of spatial attention is not 

changed in autistic adults.
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Introduction

Individuals diagnosed with Autism Spectrum Disorder display changes in a wide range 

of attention-related functions, including selective, sustained, spatial, and shifting attention 

operations (e.g., Casey et al., 1993; Allen & Courchesne, 2001; Remington et al., 2009; 

Fan et al., 2012). One prominent hypothesis is a general difficulty disengaging attention 

from one stimulus and shifting to another, which results in a sort of pause or delay in 

orienting visual attention (Mo et al., 2019; Renner et al., 2006; Wainwright-Sharp & Bryson, 

1993; Casey et al., 1993). This difference in attentional modulation may contribute to 

some features of autism such as insistence on sameness. Consistent with this view, slower 

shifting of visual attention has been observed in children, adolescents and adults with 

autism compared to individuals without autism (Keehn et al., 2010; Townsend et al., 1996). 

However, on some measures, for example, when given adequate time, autistic individuals 

do not show impaired performance in shifting attention (Richard & Lajiness-Oneill, 2015; 

Pascualvaca et al., 1998). As the results are mixed, Pascualvaca et al. proposed that autism 

involves altered coordination and modulation of attentional resources, rather than deficits in 

attention shifting per se (Pascualvaca et al., 1998). But there is little evidence for the altered 

coordination of attentional resources in autism.

In non-autistic individuals, recent evidence has demonstrated that, rather than remaining 

constant at the presently attended location, covert attention samples the environment 

rhythmically at a frequency of 4–8 Hz (theta) (Fiebelkorn et al., 2013; Landau & Fries, 

2012). Thus, even under conditions that maintain attention at a cued location, there 

are alternating periods of either attention-related sensory sampling or attention shifting 

(Fiebelkorn & Kastner, 2019). This rhythmic reweighting of attentional prioritization is 

thought to prevent overfocused attention on any given location and promote a more effective 

sampling of the environment. Recent reports of slower binocular rivalry in autism suggest 

altered intrinsic neural dynamics of cortical processing in the autistic brain (Spiegel et al., 

2019; Robertson et al., 2013). Although they affect perception differently, binocular rivalry 

and attention are both involved in the dynamic selection of visual stimuli (Mitchell et al., 

2004). Thus, we hypothesized that rhythmic sampling of attention may operate differently in 

autism.

In the present study, we investigated the coordination of attentional resources in autism by 

examining the rhythmic sampling of attention. We used an established cue-target paradigm 

(Fiebelkorn et al., 2013) with variable cue-target-interval to examine the time course of 

covert spatial attention. Our results show that covert spatial attention operates rhythmically 

in both the autistic and non-autistic groups at the cued location, at the same sampling 

frequency. Additionally, in secondary exploratory analyses, rhythmic temporal structure 

was not observed in a subgroup of autistic individuals with co-occurring attention-deficit/

hyperactivity disorder (ADHD). These results imply that intrinsic brain rhythms which 
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organize neural activity into alternating attentional states is functional in autistic individuals, 

but may be altered in autistic participants who have a concurrent ADHD diagnosis.

Method

Participants

Participants included 29 participants (Age: 20–30 years) diagnosed with autism and 29 

non-autistic subjects that served as a comparison group (Age: 20–30 years), matched on 

age, sex-assigned-at-birth and IQ (Table 1). All participants had normal or corrected-to-

normal vision. Diagnosis of ASD was confirmed based on a telehealth adaptation of the 

Autism Diagnostic Observation Schedule, second edition (ADOS-2,Lord et al., 2012), the 

Childhood Autism Rating Scales- High Functioning (CARS-HF) (Schopler et al., 2010), 

and a DSM-5 checklist, conducted by research reliable clinicians (American Psychiatric 

Association, 2013). More information about the remote autism diagnostic confirmation 

assessment via Telehealth are available by contacting authors. Scores on the Autism 

Quotient-28 (AQ-28) were also used to confirm a diagnosis of ASD, autistic participants 

had to score >65, while non-autistic participants had to score <65 (Baron-Cohen et al., 

2001). ADOS-2 Overall Comparison Score was calculated based on Hus’s paper (Hus et 

al., 2014; Hus and Lord 2014). Autistic and non-autistic participants with a diagnosis of 

epilepsy or other neurological disorders, a past serious head injury, motor impairments and 

sensory impairments were not recruited. To be included in the study, all participants were 

required to be stable on their medication for at least 3 months. Eight participants with 

ASD had a self-reported diagnosis of ADHD. All non-autistic participants had no ADHD 

diagnosis history. All participants gave informed written consent to participate in the study, 

which was approved by the Institutional Review Board of the University of Washington.

Experimental design

The experimental design was adapted from the task used by Fiebelkorn and colleagues 

(2013). Participants were asked to perform a detection task. In each trial, two bars were 

presented either horizontally or vertically around the central fixation point. After 400 – 800 

ms, a spatial cue (100 ms) randomly appeared at one of the four ends of the two bars. 

Following a variable cue-target interval (37 cue-target intervals, in steps of 25 ms from 

300–1200 ms, randomly selected in each trial), a near-threshold target Gabor patch was 

presented for 100 ms. Targets appeared at the cued location, the uncued location at the 

same bar or an uncued location at the different bar in 63%, 16% and 16% of all trials, 

respectively. Total number of trials was 350, split into 5 runs, and each participant completed 

6 trials for each cue-target interval condition where the target appeared in the cued location. 

There was no target on 5% trials (catch trials) and these trials were excluded from data 

analysis. Participants were asked to maintain central fixation and press the button as soon as 

they detected the target. The contrast of the target grating was adjusted for each participant 

before the experiment using a staircase procedure to ensure that average performance at the 

cued location was approximately 75%. The false alarm rates were 34.96% for the autistic 

group and 22.55% for the non-autistic group. While these values are higher than in typical 

signal detection tasks, they are within an acceptable range and consistent with our goal of 

maintaining task difficulty at a level that yields ~75% accuracy. When misses and false 
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alarm occurred, there was an auditory beep as feedback. The main analysis in the manuscript 

consists of only trials in which the target appeared at the cued locations. Analyses of the 

trials in which the target appeared in uncued locations (in the same or different bar) are 

regarded as preliminary due to the low number of trials in each of these conditions, and are 

only briefly reported.

Data analysis

All data were analyzed with MATLAB (R2019b) and Python 3. First, we calculated the 

detection accuracy within 75 ms bins of each cue-target interval in steps of 25 ms. Second, 

the time course of target detection was detrended by removing a polynomial trend with 

degree 2. Third, the detrended time course was converted into the frequency domain using 

Fast Fourier Transform (FFT). The absolute value of the complex FFT output provided 

spectral amplitude measurements. Fourth, we averaged the spectral amplitude across 

participants for each group (autistic and non-autistic) and condition (cued location, uncued-

same object location and uncued-different object location). Finally, the peak frequency 

was defined as frequency with the largest spectral amplitude within 0.1–20 Hz. Group 

differences were examined using between-subjects t-tests. Additional Bayesian analysis was 

used to assess the relative evidence for the absence of groups differences (quantify support 

for the null hypothesis) and was carried out using the bayesFactor Toolbox in Matlab by Bart 

Krekelberg (https://klabhub.github.io/bayesFactor/#1).

Two methods were applied to test the significance of oscillation. First, we followed the 

widely used shuffling-in-time procedure (Fiebelkorn et al., 2013; Landau & Fries, 2012): we 

shuffled the time course of target detection in time and then calculated the spectrum by the 

same procedure as described for the empirical data. After 1000 randomizations, p-value at 

each frequency was computed as the proportion that the empirical amplitude is smaller than 

the amplitude of the shuffled data. Multiple comparisons across frequencies were corrected 

by Bonferroni correction.

In a second analysis, we adopted a recent approach proposed by Brookshire (Brookshire, 

2022), based on generating a surrogate distribution with an autoregressive (AR) model. 

The reason we adopted this method was because the shuffling-in-time procedure does not 

separate rhythmic from arrhythmic structure, which might lead to the misidentification of 

significant behavioral oscillations. For each participant, an AR model with a single positive 

coefficient (AR(1)) was fit to the binned time courses of target detection performance using 

exact maximum likelihood with the Kalman filter. This AR(1) model captures the lag-1 

autocorrelated aperiodic structure of the original time courses. Then the surrogate time 

courses were generated from the AR(1) model 10000 times. We processed the surrogate 

data as described above for real data (detrend and FFT) and data obtained with the 

surrogate distribution. The averaged power spectrum (across participants) of the real data 

was subsequently compared to the surrogate distribution of averaged power spectra (across 

participants), frequency by frequency. Frequencies where the real power spectrum exceeded 

the 95th percentile of the surrogate distribution were considered significant. Multiple 

comparisons across frequencies were corrected by Bonferroni correction.
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Results

Attention samples stimuli rhythmically in autistic and non-autistic individuals

To study the rhythmic sampling of attention, we used an established behavioral approach 

(Fiebelkorn et al., 2013) (Figure 1) to examine the temporal dynamics of behavioral 

performance at the attended location. Participants were asked to maintain central fixation 

and report the appearance of a brief target after a spatial cue which indicates target location 

in 63% of all trials. The cue-target interval varied from 300 to 1200 ms. Thus, we can 

measure participants’ detection performance at different cue-target intervals while they 

covertly monitored the cued location. For each participant, the contrast of the target grating 

was adjusted before the main experiment to ensure that average performance at the cued 

location was approximately 75%. For autistic participants, the average detection accuracy 

was 73% ± 2.7% (mean ± SEM) and 64% ± 2.7% (mean ± SEM) when the target appeared 

at cued locations and uncued locations (same object and different object) respectively. For 

non-autistic participants, the average detection accuracy was 77% ± 2% (mean ± SEM) 

and 66% ± 2.6% (mean ± SEM) when the target appeared at cued locations and uncued 

locations (same object and different object) respectively. Both groups benefited from valid 

cueing (cued vs uncued location paired t test for each group: p<0.001). Fluctuations of 

detection performance at the cued location was observed in both the autistic and non-autistic 

individuals (Figure 2A). Since there are differences in the phase of individual oscillatory 

time courses, we converted the behavioral time courses to the frequency domain individually 

and identified the significant oscillation frequency using a nonparametric test that shuffles 

the data in time (Fiebelkorn et al., 2013). Our results showed that behavioral performance 

fluctuated periodically at theta-band in both autistic and non-autistic group (Figure 2B, p < 

0.05, corrected for multiple comparisons). There was no significant difference in the peak 

frequency between groups (Figure 2C, autistic: 3.05 ± 0.23; non-autistic: 3.10 ± 0.24, t56 

= 0.1568, p = 0.876). Additionally, the observed Bayes Factor (Morey & Wagenmakers, 

2014) of 4.2463 (BF01) also indicates evidence in support of the null hypothesis (no 

group difference in peak frequency). These findings suggest that attention samples stimuli 

rhythmically at the same frequency in autistic and non-autistic individuals.

Oscillations are not explained by aperiodic temporal structure

A recent study by Brookshire proposed that rhythmic oscillations of attention could be a 

false positive finding, resulting from aperiodic temporal structure (Brookshire, 2022). The 

standard analysis technique of the shuffling-in-time procedure used to test for the null 

hypothesis eliminates aperiodic temporal structure, which can lead to the misidentification 

of significant behavioral oscillations. To rule out the confounding effect of aperiodic 

temporal structure, an alternative analysis method proposed by Brookshire was used to 

test the significance of the result. In the new method, a surrogate distribution was created 

using an autoregressive (AR) model which captures aperiodic structures. We found that the 

behavioral performance exhibits a significant oscillation at about 5 Hz in both the autistic 

(Figure 3 Left; p < 0.05 for 3.5–5.5 Hz) and non-autistic group (Figure 3 Right; p < 0.05 for 

4–6 Hz). Additionally, although with limited number of trials, significant periodicity at the 

uncued same-object location and uncued different-object location were also observed in both 

ASD and NT participants (Figure S1). Thus, the result of the new analysis method is in-line 
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with the results of the traditional analysis, confirming that rhythmic sampling of attention 

appears to be the same in autistic and non-autistic individuals.

Attentional rhythm is atypical in autistic individuals with co-occurring ADHD

Symptoms of inattention, hyperactivity and impulsivity are common in ASD and estimated 

to occur in up to 50% of individuals (Murray 2010). In the current sample, 8 autistic 

participants (out of 29) had a self-reported diagnosis of ADHD. As ADHD is obviously 

related to attention, and could impact the current findings, we used the AR surrogate method 

to analyze the cued location data separating the autistic group according to their ADHD 

status. Behavioral performance in the autistic-nonADHD group fluctuated periodically in the 

same theta-band compared to the non-autistic group (Figure 4A Left; p < 0.05 for 4.5–6 Hz). 

In the autistic+ADHD group, no significant oscillation was observed (Figure 4A Right), and 

the peak frequency of behavioral performance was significantly lower in these participants 

(Figure 4B, t27 = 2.563, p = 0.016). To exclude the possibility that the absence of significant 

oscillation in autistic+ADHD was due to the small number of participants, we randomly 

sampled 8 participants from the autistic-nonADHD group and found significant rhythmic 

temporal structure (Figure 4C, p < 0.05 for 4.5 Hz). These results suggest that attentional 

oscillations could be altered in ADHD, or in co-occurring ASD+ADHD. However, this is an 

exploratory result with only 8 participants, hence future research is needed to elucidate this 

issue.

Discussion

The present study was designed to test whether rhythmic attentional sampling is altered in 

autistic individuals. For this purpose, we used a target detection task with variable cue-target 

intervals to uncover the temporal dynamics of attention. First, our results replicated the 

rhythmic attentional switching observed in prior studies (Fiebelkorn et al., 2013; Landau 

& Fries, 2012) in non-autistic individuals, even after accounting for aperiodic temporal 

structure. The results further show that spatial attention operates rhythmically at theta band 

in both autistic and non-autistic groups, with no difference in peak frequency between 

groups. However, an exploratory analysis suggests that attention might switch differently in 

autistic participants who have a concurrent ADHD diagnosis.

Interestingly, in 2022, Brookshire found no evidence for rhythmic temporal structure after 

reanalyzing published datasets in a new approach that can account for non-oscillatory 

temporal structure. We applied Brookshire’s method on our data, but generated surrogate 

data from fitted AR model based on behavioral time courses of each participant instead of 

the averaged time course for all participants. Because of the oscillatory phase difference 

in individual participants (Figure S3; Fiebelkorn et al., 2013; Re et al., 2019; Chen et 

al., 2017), averaging the behavioral performance across participants may generate different 

results. A recent study, which employed the analysis pipeline recommended by Brookshire, 

also highlighted the importance of fitting autoregressive models to individual time series 

rather than averaged time courses. This is because the behavioral rhythms of individuals may 

vary in phase, and averaging them could cause the behavioral rhythms to be lost (Chota et 

al, 2022). Therefore, it is likely that attentional oscillation was not observed in Brookshire’s 
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study due to fitting autoregressive models to averaged time courses, as described in his code. 

However, his proposed AR surrogate analysis is highly valuable in distinguishing between 

rhythmic and arrhythmic structures.

Fiebelkorn and colleagues (2013) have found that the detection performance showed two 

peaks at 4 Hz and 8 Hz for targets at the cued location or an uncued location within the same 

object, and one peak at 4 Hz for targets at an uncued location in a different object. In the 

current study we found rhythms at 4 Hz for the detection rates at the cued location, but not at 

8 Hz. Similar to our findings, Helfrich and colleagues in 2018 also detected a 4 Hz rhythmic 

pattern at the cued location using a similar paradigm (Helfrich et al., 2018). We hypothesize 

that the differences between these studies may stem from distinct task requirements. In the 

Fiebelkorn et al., 2013 study, the cue validity was 75% and the performance requirement 

was only 65%. They suggested that sustained attention at the cued location interfered with 

the full 4Hz attentional switching between two objects, hence allowing an 8Hz rhythmic 

pattern within objects to emerge. However, in our study, as well as Helfrich’s 2018 study, the 

task accuracy demands were elevated - cue validity was 72% and 75%, respectively, while 

performance requirements were 75% and 80%. Consequently, subjects needed to exert more 

effort on attentional switching between objects to meet these higher performance standards. 

This increased attentional shifting may have downplayed the preferential processing at the 

cued location, thus emphasizing the 4Hz periodicity between objects. Consistent with this 

explanation, a recent study investigated how the sequential sampling mechanism adapts to 

the need of attending to from one to four locations and their results suggested that that the 

generally stable rhythmic attention mechanism could flexibly adjusts its sampling rate to 

accommodate increased attentional demands (Jiang et al., In press).

It is possible that alterations in attention early in development may influence the 

development of social communication abilities and contribute to various features of autism. 

Consistent with this idea, differences in orienting of attention, such as disengaging, shifting, 

and reengaging attention, have been widely reported in autism. Numerous studies have 

found evidence of impaired attention disengagement in both autistic adults (Mo et al., 2019; 

Wainwright-Sharp & Bryson,1993; Casey et al., 1993; Sacrey et al., 2014; Kawakubo et al., 

2007) and infants at high risk for developing autism (Elsabbagh et al., 2009; Zwaigenbaum 

et al., 2005; Landry & Bryson, 2004). Additionally, slower shifting of visual attention has 

been observed (Keehn et al., 2010; Townsend et al., 1996). These findings have led to the 

hypothesis that attention alterations in autism represent a general reduction in the orienting 

response, which is not specific to social stimuli (Renner et al., 2006).

Although there is an extensive body of literature demonstrating differences in attentional 

processes between individuals with and without autism, other studies have provided 

contrasting evidence and indicate that attentional abilities are largely intact in autism 

(Grubb et al., 2013). When given adequate time, autistic individuals do not show impaired 

performance in shifting attention (Richard & Lajiness-Oneill, 2015; Pascualvaca et al., 

1998). In addition, impaired attentional disengagement was not observed in autistic children 

(Fischer et al., 2014) and toddlers newly diagnosed with ASD (Fischer et al., 2016). These 

results do not support the notion that attentional disengagement is impaired at an early 

stage, leading to an altered developmental trajectory. One explanation for the conflicting 
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findings could be that differences in attention orientation stem from heterogeneous comorbid 

conditions in the autistic group. For example, individuals with autism may have an 

abnormally narrow or an abnormally broad focus of attention, depend upon the presence 

or absence of reductions in parietal lobe volume (Townsend & Courchesne,1994). Another 

possibility is that attentional differences are more closely related to changes in higher-order 

functions, such as semantic and social information processing during the perception of 

scenes, objects, faces, and voices. In fact, many autistic individuals tend to focus on a 

single aspect of an object or environment while ignoring others. Some studies have also 

shown that autistic children have more difficulty switching their attention between different 

sensory modalities (Reed & McCarthy, 2012), and autistic individuals seem to have less 

preference for looking at scene regions with rich semantic-level saliency (Wang et al., 

2015). According to Weak Central Coherence Theory, individuals with ASD tend to process 

local-level information at the expense of global and semantic information (Happe and Frith, 

2006). Thus, autistic individuals not only have differences in the distribution of attention 

across spatial locations (Townsend & Courchesne,1994; Allen & Courchesne, 2001), but 

also across different levels of image attributes (Remington et al., 2012). Although we didn’t 

observe any altered attentional oscillation in individuals with autism, it is important to 

note that attention is a complex, multi-faceted cognitive process, and our study specifically 

focused on rhythmic sampling of attention, which is just one aspect of it. Our findings add 

to the nuanced understanding of attentional processes in autism, suggesting that while some 

aspects of attention might differ between individuals with and without autism, others like 

rhythmic attentional sampling do not.

A recent Electrocorticography (ECoG) study was designed to investigate the structural basis 

for rhythmic sampling of attention and demonstrated that rhythmic behavioral performance 

is linked to the neural oscillations in the frontoparietal attention network (Helfrich et al., 

2018). Although the study of altered theta brain oscillations and their link to sensory and 

perceptual processing in autism remains limited, disruptions of neural oscillation in autism 

have been observed in multiple frequency bands (Simon & Wallace 2016; Milne et al., 

2009; Snijders et al., 2013; Sun et al., 2012). In some studies, the atypical orienting of 

visual attention in autism were related to structural abnormalities in parietal lobe (Townsend 

& Courchesne 1994; Townsend et al., 1996). But our results implied a typical intrinsic 

theta-band oscillations in the frontoparietal attention network.

ADHD is a common disorder characterized by inattention, hyperactivity and impulsivity. 

It affects both children and adults, with inattention symptoms being more prominent in 

adults (Faraone et al., 2006; Simon et al., 2009). It is estimated that about 30% - 50% 

individuals with ASD meet diagnostic criteria for ADHD, although it is not fully understood 

why both conditions often co-occur (Rong et al.,2021; Antshel et al., 2013; Joshi et al., 

2017; Matson et al., 2013). Interestingly, attention seems to switch differently in autistic 

individuals who have ADHD. The results suggest that attention may switch at a slower 

rate, or even not follow a rhythmic pattern, in people with co-occurring ASD and ADHD. 

This finding is consistent with previous research showing reduced rhythmic modulation of 

behavior and performance in participants with ADHD (Dankner et al., 2017; Yordanova 

et al., 2011). However, no ADHD evaluation was included in the current study, and no 

dimensional assessment of ADHD traits was made. Thus, this exploratory analysis is limited 
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to relatively few participants who, as part of our assessment process, reported a previous 

ADHD diagnosis. Moreover, future research including participants with ADHD without 

autism is warranted to examine whether atypical attentional oscillation is a characteristic of 

ADHD, or is unique to people with co-occurring ASD and ADHD.

Binocular rivalry is a phenomenon that occurs when two different images are presented 

to each eye simultaneously. Instead of perceiving a combined image, perception alternates 

between the two images. Converging experimental evidence has shown that attention plays 

an important role in binocular rivalry (Zhang et al., 2011; Ooi & He, 1999), and samples 

competing percepts periodically (Davidson et al., 2018), but the exact relationship between 

rhythmic sampling of attention and binocular rivalry is not fully understood. Dynamics 

in binocular rivalry are correlated with structure and function of parietal and frontal 

cortex (Lumer et al., 1998). Interestingly, rhythmic perceptual sampling is also an inherent 

feature of the frontoparietal network (Fiebelkorn & Kastner, 2019; Helfrich et al., 2018). A 

computational model proposed that rivalry relies on both attentional modulation and mutual 

inhibition, which explained some phenomena reported in rivalry (Li et al., 2017). Similarly, 

it has been hypothesized that the perceptual alternations in binocular rivalry are, at least 

in part, the result of modulation by right-sided fronto-parietal brain regions in attention 

network (Tong et al., 2006; Lumer et al., 1998). In autism, it has been consistently found that 

the rate of transitions in binocular rivalry is slower (Robertson et al., 2013; Spiegel et al., 

2019; Choi et al., 2023; Freyberg et al., 2015), however our current results show that spatial 

attention sampling rate is not changed. Future work is needed to clarify the relationship 

between attentional oscillations and binocular rivalry and their underlying cortical dynamics, 

and how these mechanisms may differ and interact in autism.

In conclusion, our findings indicate that attention oscillates rhythmically in both non-

autistic and autistic individuals, in the absence of coexisting ADHD. This suggests that 

a fundamental property of spatial attention is preserved in autistic adults. However, attention 

may process visual information differently in autistic individuals who also have ADHD. One 

limitation of the present study is the exclusive inclusion of autistic adults with average or 

above IQ, which raises questions about the generalizability of the findings to the broader 

autistic community and the developmental trajectory of attentional systems. Further research 

is necessary to explore these aspects and provide a more comprehensive understanding of 

potential attention differences in autism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experiment design.
Two vertical or horizontal bars were shown on the screen. After a 100 ms cue and a variable 

cue-target interval, a near threshold target grating was either presented at the cued location, 

uncued location or absent. The contrast of grating is increased in this figure for the reader’s 

convenience. Participants were asked to keep fixation to the central dot and press a button as 

soon as they detect the target.
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Figure 2. 
(A) Behavioral time course from two example subjects from each group. (B) Group-

averaged amplitude spectra of the behavioral time course. The purple and yellow horizontal 

bar indicate the significant frequencies (p<0.05, corrected for multiple comparison) for 

autistic and non-autistic group, respectively. Shaded areas indicate SEM across participants. 

The dashed lines represent significant threshold defined by the 95th percentile of the 

surrogate data. (C) Averaged peak frequency across participants.
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Figure 3. 
The autoregressive surrogate method uncovered oscillations in behavioral time course. 

Horizontal bars above the curve indicate the significant frequencies (p<0.05, corrected for 

multiple comparison). The dashed line represents significant threshold defined by the 95th 

percentile of the surrogate data.
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Figure 4. 
(A) and (C) Group-averaged amplitude spectra of the behavioral time course. Horizontal 

bars above the curve indicate the significant frequencies (p<0.05, corrected for multiple 

comparison). The dashed line represents significance threshold defined by the 95th 

percentile of the surrogate data. N is the number of subjects. All data are analyzed 

using AR method. (B) Averaged peak frequency across participants. Nautistic+ADHD=8, 

Nautistic-nonADHD =21.
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Table 1.

Participant Characteristics

autistic non-autistic p value t

Sex ratio
(males: females) 11:18 11:18

Age in years
(mean ± SD) 23.6± 3.3 23.8±3.0 0.8081 0.2522

IQ Full Score-4 117.9±13.0 115.3±10.0 0.3983 0.8514

ADOS-2 Overall Comparison Score
(mean ± SD) 6.8 ± 1.7
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