
Differences in ongoing thought 
between autistic and non-autistic 
adults
Will H. Strawson1, Brontë Mckeown2, Lisa Quadt1, Hao-Ting Wang3, Dennis E. O. Larrson1, 
James Mulcahy1, Marta Silva4, Christina Kampoureli1, Adam Turnbull5,6, Sarah N. Garfinkel7, 
Jonathan Smallwood2 & Hugo D. Critchley1

Autistic people may be distinguishable from non-autistic individuals in the content and modality of 
their thoughts. Such differences potentially underlie both psychological vulnerability and strengths, 
motivating the need to better understand autistic thought patterns. In non-clinical undergraduates, 
a recent study found that autistic traits were associated with thinking more in words than images. 
However, it is unclear whether such differences in thought are present in clinically diagnosed autistic 
individuals. The current study applied the same methods (multidimensional experience sampling 
during an N-back task) to examine ongoing thought in autistic and non-autistic adults. We found 
that autistic individuals showed less variability in the modality of their thoughts between easy and 
difficult task contexts. While both non-autistic and autistic participants tended to report thinking 
more in words during the difficult task context, the difference between conditions was significantly 
smaller for the autistic group. In addition, autistic individuals showed a weaker coupling between 
task performance and off-task social thinking, a finding that may be related to differences in social 
processing during the off-task state. Overall, our results provide a clinical replication and extension of 
previous work, highlighting the differential effects of changing external context on internal mental 
states in autism.

Autism is traditionally described within a medical model as a complex and heterogeneous neurodevelopmental 
condition1, categorized by differences in behaviour (e.g., repetitive behaviours and restricted interests)2, social 
communication (e.g., socio-emotional reciprocity, the mutual exchange and responsiveness of emotions and 
social behaviours between individuals)3–7, and sensory processing (e.g., hypersensitivity to sound, touch 
etc.)8,9. Importantly, autism is now commonly conceptualized as a form of neurodivergence that is ‘different, 
not less’10. As such, the current investigation aims to recognize and categorize these differences while using 
non-pathologizing language. Common characteristics of autism include special interests and self-stimulatory 
behaviours, as well as differences in sensory processing8, notably hypo- and hyper-sensitivity9, differences in 
executive function11, attention12, imagination13and social function14.

Despite well-documented differences in autistic individuals on a wide range of measures, substantially less is 
known about how these characteristics influence the content and form of ongoing thought. Patterns of ongoing 
thought can be studied in a convenient manner using multidimensional experience sampling (MDES15), 
a method that can be applied across contexts, including the behavioural laboratory, during functional brain 
imaging investigations, and in daily life using smartphones or other devices (for review see16). In the present 
study, we explored differences in patterns of ongoing thought in autistic adults, motivated by findings from a 
behavioural study relating thought patterns to autistic traits in non-clinical student participants during a visuo-
spatial N-back task17: While the harder 1-back condition was associated with greater verbal thought across 
participants (i.e., thinking more in words than images), individuals with higher scores on the Autism Quotient 
(AQ)18 reported greater verbal thoughts across both conditions. The present study aims to understand autistic 
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thought patterns in adults who have a formal autism diagnosis and therefore represents a clinical extension of 
this prior work.

Autistic characteristics may influence ongoing thought in a variety of ways. For example, autistic people are 
reported to display differences both in imagination19(related to, for example, imaginative play20and spontaneous 
imagination in childhood21) and future-oriented cognition including reduced ability to generate of future 
events22,23. Since future-directed thinking constitutes a large proportion of daily mental experience24–29, such 
differences in episodic generation are likely to extend to differences in ongoing thought in autistic individuals. 
Furthermore, many autistic people show differences in executive functions11. For example, studies have found 
elevated preservative errors in autistic people indicating cognitive inflexibility30,31and issues with attention 
switching32–34which may, more fundamentally, determine how and when thoughts occur35–42. Lastly, autistic 
traits have been linked to lower variability in, and a tighter repertoire of, both behaviour and thinking. For 
instance, ‘contextual blindness’ – a relative insensitivity to informative contextual cues – may be a common 
characteristic43. In typically-developing individuals, ongoing thought is significantly influenced by different 
task contexts44: We therefore predicted that, in the current study, contextual factors (including external task 
demands) may highlight group differences in the stability or adaptivity of thought patterns.

Alongside these proposed differences, autism may be associated with differences in the modality of thought. 
One axis of variation across the multidimensional landscape of thought is the degree to which thoughts occur in 
the form of images or words. Kunda & Goel (2011) suggested that autistic people may have a propensity to think 
more in visual images45. Circumstantial support for this hypothesis comes from better performance of autistic 
individuals on some visuo-spatial tasks46–50. Similarly, autistic traits in a non-clinical sample can predict better 
visuospatial, but not verbal, performance51. Indeed Autistic individuals, compared to a non-clinical comparison 
group, also show better performance on semantic tasks when matching pictures to words, rather than words to 
words52. Overall, superior performance in visuo-spatial tasks suggests the ability to form, access and manipulate 
visual mental representations may be more developed in autistic people50. The notion that autism is associated 
with a general preference for thinking in images53may relate to reports that many autistic individuals show 
limitations in their use of inner speech54,55. Indeed, a profile of dissociation between verbal and non-verbal skills 
has been proposed to represent an etiologically significant subtype of autism56. Further support for this preference 
for visual imagery may be found when looking at prevalence of synaesthesia, a neurodevelopmental condition in 
which a sensation in one modality triggers a perception in a second modality. Importantly, synaesthesia is linked 
to increased vividness of mental imagery across sensory modalities, including visual imagery57. In one study, 
rates of synaesthesia were found to be three times higher in an autistic sample in comparison to a non-autistic 
sample58. On the other hand, the proposed association between increased mental imagery and autism does not 
account for the higher prevalence of autistic traits in aphantasic individuals who are unable to create mental 
visual images voluntarily59. More direct assessments of the phenomenology of thought also provide contradictory 
accounts of visual imagery in autism. According to two studies, autistic participants report more frequent and 
detailed visual mental representations in everyday life compared to a comparison group60,61. In another study, 
however, which had participants rest with eyes closed and report on their experience retrospectively, autistic 
participants’ scores on the ‘visual imagery’ subscale of the Amsterdam Resting State Questionnaire62 did not 
differ from non-autistic controls. Analysis of individual items, however, showed significant increases in both 
visual thoughts (‘I pictures places’) andword-based narrative thoughts (‘I imagined talking to myself ’). Finally, 
the non-clinical analogue of the current study also revealed a result that contradicts the idea that autism is 
associated with increased visual thought. As discussed, during a working memory task with frequent experience 
sampling of ongoing thoughts, autistic characteristics (as measured by the Autism Quotient) were associated 
with thinking in words rather than images17. Whether these results extend to a sample of clinically diagnosed 
autistic individuals is yet to be established. Taken together, evidence exists for differences in the modality of 
thought in autistic people. The direction of difference, however, is unclear.

The current study tested for differences in the content and modality of thought between a clinically 
diagnosed group of autistic individuals and individuals without autism diagnoses. We used MDES to capture 
multidimensional aspects of ongoing thought15,63while participants performed a working memory task (N-back 
task) at two levels of cognitive demand, following the methods used previously (Turnbull et al., 202017). We 
applied Principal Components Analysis to the MDES data to identify common “patterns of thought”. We then 
examined how these patterns of thought differed between group (autistic vs non-autistic) and also as a function 
of task demand (low vs higher). Next, we investigated how these thoughts related to task performance, since off-
task thinking can compromise performance on complex tasks36,37,39,64–66. Finally, we assessed the relationship 
between specific characteristics of autism (measured by the Autism Quotient) and patterns of thought and 
tested if there was an interaction with task demand. Taken together, this investigation aimed to further our 
understanding of how internal mental states are shaped by changing external contexts in both neurotypical and 
neurodiverse populations.

Materials and methods
Participants
Participants were part of the ADIE trial67 and included adults with a DSM/ADI-R or equivalent confirmed 
diagnosis of Autism Spectrum Disorder undertaken by autism trained clinicians (e.g. psychiatrists, 
paediatricians, clinical psychologists, within specialist services). Comparison participants (non-autistic) were 
recruited from the University of Sussex and members of the local community and were excluded if they scored 
above 32 on Autism Quotient. All participants, autistic and neurotypical, were right-handed, fluent English 
speakers, none had a history of past head injury or organic brain disorders, cognitive impairment or a learning 
disability (general mental impairment); none had asthma/respiratory illnesses, epilepsy or evidence of psychotic 
experiences (i.e., none reported such co-morbid diagnoses or were currently taking anti-psychotic medication). 
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Ethical approval was obtained by the NHS Health Research Authority Blackcountry Research Ethics Committee 
(REF Reference 17/WM/0125). The trial was pre-registered (ISRCTN14848787). All participants provided 
written informed consent with all procedures approved by the BSMS Research Governance Ethics Committee. 
156 participants  (mean age = 32.8, SD = 12.8, N females = 85) completed at least one n-back task session. 
55 comparison participants completed only one n-back task session at baseline (Age = 29.6, SD = 12.5, N 
females = 33). 92 autistic participants completed the baseline session (Age = 34.1, SD = 12.5, N females = 47). 
As part of the ADIE trial, autistic participants were also invited to participate in a 3 month and 1 year follow up 
(see Table 1). 59 autistic participants completed the n-back task at the 3-month stage (Age = 37.6, SD = 13.5, N 
females = 31). 18 participants completed the task at the 1 year follow up (Age = 37.4, SD = 12.7, N females = 11). 
13 participants completed the n-back task at baseline and both follow ups (Age = 34.2, SD = 10.9, N females = 8). 
Demographic data for two autistic participants who completed the task at baseline only is missing. Of the 156 
participants who completed at least one n-back session, 136 of them also completed the AQ (mean age = 32.2, 
SD = 12.6, N females = 76). Of these, 83 were autistic participants (mean age = 33.7, SD = 12.4, N females = 44) 
and 53 of them were comparison participants (mean age = 29.9, SD = 12.7, N females = 32).

Experimental task and experience sampling
Experience was sampled in a task paradigm that alternated between blocks of 0-back and 1-back in order to 
manipulate attentional demands and working memory load (Fig. 1). The scripts for running this task can be 
found at: https://github.com/htwangtw/nbackexpsampling.

Participants were instructed to focus on pairs of shapes presented on either side of the screen that were divided 
by a line. They were told that there are two conditions, 0-back and 1-back. The colour of the centre line indicated 
to the participant the condition they were in (0-back: blue, 1-back: red). Non-target trials in both conditions 
were identical, consisting of two black shapes (circles, squares, or triangles) separated by a line. In these trials, 
the participant was not required to make a behavioural response (mean presentation duration = 1050 ms, 200 ms 
jitter, size of stimuli = 250 × 250 pixels). The shapes on either side of the line were always different. During target 
trials, participants were required to make a behavioural response on the location of a specific shape. In the 
0-back condition, on target trials, a pair of shapes were presented (as in the non-target trials) with a small blue 
shape in the centre of the line down the middle of the screen. Participants were told to use the "1" and "2" keys 
to indicate whether the target shape, shown in the middle, matched the shape on the left or right of the screen, 
respectively. This allowed participants to make perceptually-guided decisions, meaning that this condition does 
not require continuous monitoring. In the 1-back condition, the target trial consisted of two red question marks 
either side of the central line (in place of the shapes). There was a small red shape in the centre of the screen as 
in the 0-back condition. Participants had to indicate via the same button press which of the two shapes from the 
previous trial the central shape matched. Therefore, the decisions in this condition were guided by memory and 
this part of the task required constant monitoring in case a non-target trial was needed to guide this decision. 
After completing the task, participants rated thought descriptions on a scale from 1 to 10. They were told there 
are no right or wrong answers and were encouraged to respond quickly. The condition at the beginning of each 
session was counterbalanced across participants. Non-target trials were presented in runs of 2–8 trials (mean = 6) 
following which a target trial or a multidimensional experience sampling (MDES) probe was presented. Overall, 
participants completed 62 trials.The contents of ongoing thought during this paradigm were measured using 
Multidimensional Experience Sampling (MDES). MDES probes occurred instead of a target trial on a quasi-

Fig. 1.  Participants performed blocks of 0-back and 1-back tasks. During the 0-back, on target trials, 
participants reported on which side of the screen the central blue shape was. During the 1-back, participants 
reported on which side of the screen the central red shape was on the previous trial. On a semi-random basis, 
the target trial would be replaced by an MDES probe that asked the participant if their thoughts were focused 
on the task, followed by 12 questions about their thoughts.

 

Visit Autistic participats (N) Non-Autistic participants (N)

Baseline 92 55

3-month 59 0

1-year 18 0

Table 1.  Distribution of autistic and non-autistic participants across baseline and follow-up sessions.
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random basis. When a probe occurred, the participants were asked how much their thoughts were focused on 
the task, followed by 12 randomly shuffled questions about their thoughts (see Table 2).

Identifying patterns of thought
To identify common patterns of thought, principal components analysis (PCA) with varimax rotation was 
applied to responses to 13 experience sampling questions. 1344 responses were entered into the analysis, with 
1014 samples taken from autistic participants at baseline, 3-month and 1-year follow ups. 330 samples were 
taken from comparison participants at baseline only, since these participants were not included in follow-up 
assessment phases of the clinical trial from which this data originates. Prior to PCA, all scores were Z-scored. A 
naive PCA was first computed where the number of components extracted equalled the number of the questions. 
After inspection of the scree plot (see supplementary materials), PCAs were computed again but with a reduced 
number of components extracted. Four components were selected based on the scree plot and to enable 
consistent interpretation with previous studies using this technique17,41,44,68–70. Kaiser–Meyer–Olkin measure 
of sampling adequacy was 0.82, above the commonly recommended value of 0.6. Bartlett’s test of sphericity was 
significant [× 2(1343) = 3683.35, p< 0.001]. From these components, each observation received a score that was 
then used in subsequent analyses. This score was computed by performing a dot product between the component 
loading scores for each item on a given component and the Z-scored responses to each respective item. This 
yielded one score per component, per observation, that represents broadly how that observation quantitively 
relates to the given component. In line with Turnbull et al. (2020)17, thought pattern scores identified as outliers 
(quartile ± 1.5*IQR) were replaced with the median.

Assessment of clinical characteristics
To assess autistic characteristics, we administered the Autism Quotient (AQ) questionnaire. This scale includes 
50 questions divided across five subscales that measure traits associated with autism diagnosis: social skills, 
attention switching, attention to detail, communication, and imagination. Each subscale is scored out of 10, with 
increasing scores indicating higher autistic traits. The total score (out of 50) is derived by summing each of the five 
subscales, and a cut-off of 32 + was initially determined as optimal for discrimination of autistic individuals from 
neurotypical participants like those in our study18. It was designed to quantify autistic traits in both individuals 
with and without a formal diagnosis and was shown to have good test–retest and interrater reliability in both 
autistic and neurotypical populations18. The trait version of the State-Trait Anxiety Inventory (STAI-T)71was 
used to assess trait anxiety in participants. Recent evidence suggests this measure may be sensitive to depression 
too, leading to the belief that the STAI-T may be a non-specific measure of negative affect72. Given the high 
comorbidity between autism, anxiety and depression, this measure allows for the assessment of the relationship 
between thought patterns with an affectual component and autism, while accounting for such comorbidities.

Task performance
To measure task performance, we calculated the average inverse efficiency score (IES)17 for each participant, for 
each session, for each condition (0-back and 1-back), which is given by response time over accuracy (Mean RT/
Accuracy (% correct trials).

Statistical analysis
Linear Mixed Models (LMMs) were used to investigate three research questions.

	1.	� The relationship between thoughts (DV), task condition and group.
	2.	� The relationship between task performance (DV = IES), thoughts, task condition and group.
	3.	� Relationship between thoughts (DV), condition and AQ subscale scores.

Label Question 1 4

Deliberate My thoughts were… Spontaneous Deliberate

Detail My thoughts were detailed Not at all Completely

Emotion My thoughts were Negative Positive

Focus My thoughts were focused on the task Not at all Completely

Habit My thoughts were similar to thoughts I often have Not at all Completely

Important My thoughts were on topics I care about Not at all Completely

Images My thoughts were in the form of images Not at all Completely

Words My thoughts were in the form of words Not at all Completely

Others My thoughts involved other people Not at all Completely

Past My thoughts were in the past Not at all Completely

Future My thoughts were in the future Not at all Completely

Self My thoughts involved myself Not at all Completely

Vivid My thoughts were vivid as if I was there Not at all Completely

Table 2.  All thirteen experience-sampling questions, with corresponding labels used in word clouds and the 
minimum (1) and maximum (4) scale labels.
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LMMs were fitted with restricted maximum-likelihood estimation in R (version 4.0.2) using the lme4 package 
(version). We used the lmerTest package (version 3.1.273) to obtain p values for the F and ttests returned by the 
lme4 package. For each set of models, the alpha level was set based on 0.05 divided by the number of models (i.e., 
Bonferroni-corrected alpha level). Degrees of freedom were calculated using the Satterthwaite approximation. For 
F-tests, type 3 sum of squares was chosen to ensure that imbalances in the data are assumed to occur randomly 
and not due to differences in the population74. Contrasts were set to “contr.sum,” meaning that the intercept of 
each model corresponds to the grand mean of all conditions74. Estimates reported are unstandardized and in the 
case of factors, reflect the difference between each factor level and the intercept (grand mean of all conditions). 
Estimated marginal means and simple slopes were calculated using the emmeans package (version 1.5.2.175). 
Post-hoc pairwise comparisons were corrected for multiple comparisons using the Bonferroni adjustment, 
which adjusts both the CIs and p values associated with each estimate and test. For contrasts of contrasts, custom 
contrasts were set manually and so could not be adjusted for multiple comparisons. These model details are the 
same as those described in Mckeown et al. (2021)29. Across all models, to account for multiple observations per 
participant, participant ID was modelled as a random effect and group-mean centred age, gender, and session 
number were included as nuisance covariates.

Comparing thought patterns between 1) task condition and 2) group
We ran 4 LMMs—one with each thought component as the outcome variable modelling the following fixed 
factors and their interaction: 1) Condition (two levels: 0-back and 1-back), 2) Group (two levels: autistic and 
comparison).

After removing cases whose standardized residual was greater than 2 Standard deviations from zero, 
model one included 1254 observations from 152 participants; model two included 1252 observations from 
152 participants; model three included 1250 from 152 participants; and model four included 1249 from 152 
participants.

Example model formula:
Thought Pattern Score 

X ~ 1 + Group + Condition + Group*Condition + Session + Age + Gender + (1|Participant).

Relating task performance to 1) ongoing thought patterns between 2) task condition and 3) 
group
In the first instance, we ran one LMM with IES scores as the outcome variable modelling the following fixed 
factors and their interactions: 1) Detailed thought, 2) Off-task thought, 3) Modality of thought, 4) Pleasant 
engagement, 5) Condition, and 6) Group. In total, 147 participants (380 observations) were included in this 
model.

Next, outliers were removed by detecting data points which had standardized residuals greater than 2. This 
resulted in the removal of 23 cases (5.6% of original data). The model was then run again, with these outlier cases 
removed. Automatic backwards elimination of all fixed effects was then conducted using the step function from 
the lmerTest package. Highest order interactions are tested for significance first. If significant, lower order effects 
are not tested. This resulted in the following model:

Example model formula (reduced):
I E S   ~   1   +   G r o u p   +   C o n d i t i o n   +   O f f - t a s k   +   M o d a l i t y   +   G r o u p * O f f -

task + Age + Gender + Session + (1|Participant).

Relating though patterns to autism quotient subscale scores
We first split the dataset by group and retained entries for autistic participants only. We then ran 4 LMMs—
one with each thought component as the outcome variable modelling the following fixed factors: 1) Condition 
(two levels: 0-back and 1-back), 2) AQ Social Skill, 3) AQ attention switching, 4) AQ attention to detail, 5) AQ 
communication, and 6) AQ imagination. Interactions between Condition and each of the 5 AQ subscales were 
included.

After removing cases whose standardized residual was greater than 2 Standard deviations from zero, model 
one included 806 observations (from 83 participants); model two included 797 observations; model three 
included 798; and model four included 800.

Example model formula:
Thought Pattern Score X ~ 1 + AQ social skill + AQ attention switching + AQ attention to 

detail + AQ imagination + AQ social skill* Condition + AQ attention switching* Condition + AQ 
attention to detail* Condition + AQ communication* Condition + AQ imagination* 
Condition + Condition + Session + Age + Gender + (1|Participant).

Results
Patterns of thought
To identify common “patterns of thought”, 1344 responses from 156 participants to 13 experience-sampling 
questions (Table 3) were decomposed using Principal Component Analysis (PCA). Four components— 
accounting for 58.4% of the total variance—were retained for further analysis (see Methods): 1) “Detailed”, 
describing patterns of thought with the highest loadings on “Detailed” (0.46), “Evolving” (0.44), “Vivid” (0.41), 
and “Deliberate” (0.32); 2) “Off-task Social Episodic”, with the highest loadings on “Other” (0.58), “Future” 
(0.41), “Self ” (0.37), and “Past” (0.35); 3) “Modality”, with the highest loadings on “Words” (- 0.75) and Images 
(0.56); and 4) “Pleasant Engagement”, with the highest loadings on “Emotion” (0.84) and “Task” (0.44). Item 
loadings on these components are presented as word clouds in Fig. 2, where the size of the word represents the 
magnitude of the loading, and the colour describes the direction (see supplementary table S1 for exact item 
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loadings for each component). To create a per-observation score for each pattern, a dot product was computed 
between the Z-scored responses for each item and the item loadings for each four components. Consequently, 
a positive score on a given component reflects thoughts that match the features that load highly and positively 
on the component. For example, a large positive score on the ‘Modality’ component infers that for that sample, 
thoughts were more in the form of images than words.

Comparing thought patterns between 1) group and 2) task condition
Having identified four patterns of thought, we examined the influence that group (autistic vs comparison) 
and condition (0-back vs 1-back) had on the prevalence of each thought pattern. We performed a series of 
linear mixed models (LMMs) in which each per-observation score for each of the four patterns of thought 
was the outcome measure (see Materials and Methods). These models included two explanatory variables and 
their interaction: 1) Group (i.e., whether participants belonged to the autistic or comparison group) and 2) 
Condition (i.e., whether a thought probe occurred after a 0-back or 1-back block). The results from these models 
are summarized in Fig. 2 (see supplementary tables S2-S6 for full model outputs).

Model one: detailed thought
No significant difference between groups was found for the detail thought pattern [F(1,153) = 0.59, p = 0.444]. 
There was a significant main effect of Condition (0-back vs 1-back) [F(1,1122) = 59.67, p < 0.001]. Detailed 
thought was greater in the 1-back condition (b = 0.22, 95% CI (0.17, 0.28), t(1122) = 7.72, p < 0.001).

Model two: off-task social episodic cognition
No significant difference between groups was found for the off-task thought pattern [F(1,1121) = 0.46, 
p = 0.501].  There was a significant main effect of Condition (0-back vs 1-back) [F(1,1121) = 8.66, p = 0.003]. 
Off-task thought was lower in the 1-back condition (b = -0.07, 95% CI (-0.12, -0.02), t(1121) = -2.94, p = 0.003).

Model three: modality of thought
No significant difference between groups was found for the modality of thought [F(1,155) = 0.21, p = 0.646], 
however, there was a significant interaction between Condition and Group [F(1,1125) = 12.03, p = 0.001]. Post-
hoc comparisons of differences in estimated marginal means (see Fig. 3) indicated that although thinking in 
words was increased for both groups in the 1-back condition, this increase was smaller for autistic participants 
compared to non-autistic participants (b = -0.30, 95% CI (-0.47, -0.13), t(1125) = -3.47, p < 0.001). There was 
also a significant main effect of Condition [F(1,1125) = 40.98, p < 0.001]. Thinking in images was reduced during 
the 1-back condition (b = -0.14, 95% CI (-0.18, -0.10), t(1097) = 6.40, p < 0.001).

Model four: pleasant engagement
There was a significant main effect of Group for patterns of pleasant engagement [F(1,156) = 10.95, p < 0.001]. 
Pleasant engagement was lower for autistic participants (b = -0.23, 95% CI (-0.37, -0.09), t(156) = -3.31, 
p = 0.001). There was a significant main effect of Condition [F(1,1125) = 23.617, p < 0.001]. Pleasant engagement 
was greater in the 1-back condition (b = 0.11, 95% CI (0.06, 0.15), t(1125) = -4.86, p < 0.001). Since the pleasant 
engagement thought pattern is emotionally valanced, a follow-up analysis investigated its relationship to trait 
anxiety. Trait anxiety scores, as measured by the State-Trait Anxiety Inventory (STAI) were included in the 
model as a fixed effect, alongside task condition and group membership. Following the inclusion of STAI-T 
scores, there was a non-significant effect of Group [F(1,152) = 2.55, p = 0.113], indicating that at least some of 
the effect of group membership on this thought pattern could be explained by elevated trait anxiety scores in the 
autistic group. See supplementary table S7 and S8 for the full model output.

Items

Principal Components

Detail Off-task Modality
Pleasant
Engagement

Deliberate 0.32 -0.27 -0.19 0.06

Detail 0.46 -0.12 -0.06 0.00

Emotion -0.02 0.08 -0.02 0.84

Evolving 0.44 0.00 -0.02 -0.08

Focus 0.12 -0.28 -0.04 0.44

Future 0.15 0.42 -0.06 0.03

Habit 0.28 0.21 -0.13 -0.14

Images 0.30 0.03 0.56 0.14

Other -0.17 0.58 0.05 0.17

Past 0.21 0.36 -0.10 -0.11

Self 0.15 0.38 -0.05 0.06

Vivid 0.42 0.02 0.23 0.01

Words 0.10 0.01 -0.75 0.09

Table 3.  Item loadings on the four principal components.
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Relating task performance to 1) ongoing thought patterns between 2) task condition and 3) 
group
Prior studies have linked patterns of thought to performance on this task17. To address how thought patterns 
related to performance in our data, we performed one LMM in which IES (inverse efficiency score)—which 
serves as a metric for task performance—averaged by condition, was the outcome measure (see Materials and 
Methods). A smaller IES equates to better task performance. Due to the large number of independent variables, 
backward-fitting of fixed effects (using the step function from the lmerTestR package73) was applied following 
the fitting of the full model. Following this, the model was reduced to included four main explanatory variables: 

Fig. 2.  Bar plots showing the predicted means of thought patterns scores obtained through Principal 
Components Analysis across group (autistic vs comparison) and task condition (0-back vs 1-back). Each 
thought pattern is represented as a word cloud on the right-hand side of each plot, where the size of the words 
indicates the magnitude of the loading for that experience-sampling item on each component and the colour 
indicates the direction (red is positive, blue is negative). The estimated marginal means (predicted scores) for 
each thought pattern (y-axis) in each group (x-axis) and condition (colour of bars) are represented in the bar 
charts on the left-hand side, with error bars representing 95% confidence intervals.
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1) Group, 2) Condition, 3) Off-task thought, and 4) Modality. One interaction effect was also included: 1) Group 
* Off-task. The results from the reduced model are summarised In Fig. 4 and the results for both the full and 
reduced models are described in supplementary tables S9-S12.

There was a significant main effect of Group on task performance [F(1,161) = 3.93, p = 0.018]. IES was 
greater for autistic participants (b = 0.07, 95% CI (0.01, 0.13), t(164) = 1.98, p = 0.017), indicating that they 
tended to show worse performance on the task than comparison participants. There was a significant main 
effect of Condition [F(1,161) = 72.52, p < 0.001]. IES was lower during the 0-back condition (b = -0.15, 95% CI 
(-0.19, -0.12), t(261) = -8.52, p< 0.001), indicating that task performance was worse in the 1-back compared to 
the 0-back condition, consistent with the increased cognitive demand in this condition and replicating prior 
studies17,76. There was a significant main effect of Modality [F(1,356) = 4.75, p = 0.012]. IES was greater when 
thoughts were described more in the form of images compared to thinking in words (b = 0.06, 95% CI (0.01, 0.11), 
t(349) = 2.18, p= 0.012), replicating the findings of Turnbull and colleagues17 who found that participants who 
thought more in words exhibited better task performance. Finally, there was a significant interaction between 
Off-task thought and Group [F(1,352) = 7.53, p = 0.006]. Post-hoc comparisons of simple slopes indicated that 
this interaction was driven by the relationship between off-task thought and performance being significantly 
different between the two groups (b = -0.08, 95% CI (-0.14, -0.01), t(374) = -2.42, p = 0.016). In the comparison 
group, off-task thought was more strongly related to performance (b = 0.05, 95% CI (-0.00, 0.10), t(371) = 1.80, 
p = 0.073) than in the autistic group (b = -0.03, 95% CI (-0.06, 0.01), t(359) = -1.62, p = 0.107). Therefore, there 
was some evidence that off-task thought was associated with worse performance for the comparison group, 
however, this effect was significantly less pronounced in autistic individuals.  

Relating thoughts and task condition to AQ subscale scores
Finally, we examined the influence that autistic traits and task condition (0-back vs 1-back) had on the 
prevalence of each thought pattern. Autistic traits were measured by using the Autism-Spectrum Quotient18. 
This scale includes 50 questions divided across five subscales that measure traits associated with autism 
diagnosis: social skills, attention switching, attention to detail, communication, and imagination. We performed 
a series of LMMs in which per-probe scores for each of the four patterns of thought obtained though PCA was 
the outcome measure (see Materials and Methods). These models included six explanatory variables: 1) Social 
skill, 2) Attention switching, 3) Attention to detail, 4) Imagination, 5) Communication, and 6) Condition (i.e., 
whether a thought probe occurred after a 0-back or 1-back block). We also included the two-way interactions 
between Condition and each of the five AQ subscales. Due to the bimodal distribution of AQ scores across all 
participants, these models were conducted in autistic participants only. Results are summarized in Fig. 5 and 
described in full in supplementary tables S13-S17.

Model one: detailed thought
There was a significant main effect of Condition for detailed thought, such that detailed thought was significantly 
greater during the 1-back condition (b = 0.21, 95% CI (0.15, 0.28), t(721) = 6.60, p < 0.001).

Fig. 3.  Bar plot showing the group difference in condition-induced differences in modality of thought. The 
y-axis represents the magnitude of difference in the estimated marginal means of modality of thought between 
the two conditions (0-back—1-back) and the x-axis indicates which group (autistic vs comparison). A greater 
score indicates an increase in word-based thinking in the 1-back condition compared to the 0-back. Error bars 
represent 95% confidence intervals.
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Model two: off-task social episodic cognition
No main effect of any AQ subscale was observed for the off-task pattern. There was a significant main effect of 
Condition [F(1,710) = 10.21, p = 0.001], such that off-task thought was significantly greater during the 0-back 
condition (b = 0.08, 95% CI (0.03, 0.13), t(710) = 3.19, p = 0.001).

Model three: modality of thought
There was a significant main effect of Imagination Difficulties for the modality of thought [F(1,74) = 7.32, 
p = 0.008], such that thinking in images was associated with less imagination difficulties (b = -0.13, 95% CI (-0.22, 
-0.03), t(74) = -2.71, p < 0.001). In addition, there was a significant main effect of Condition [F(1,718) = 10.16, 
p = 0.002], such that thinking in images was greater in the 0-back condition (b = 0.07, 95% CI (0.03, 0.12), 
t(718) = 3.19, p = 0.002). There was also a significant interaction between Condition and Imagination Difficulties 
for the modality of thought [F(1,718) = 17.44, p < 0.001]. Post-hoc comparisons of simple slopes indicated that 
there was a positive relationship between thinking in words and imagination difficulties during the 1-back 
condition, but not the 0-back condition (b = 0.10, 95% CI (0.05, 0.14), t(718) = 4.18, p < 0.001). Thus, difficulties 
in imagination, as measured by the AQ, was associated with a stronger increase in verbal thoughts during the 
harder 1-back task in autistic individuals.

Fig. 4.  Plots showing predicted means and simple slopes for task performance, indexed using Inverse 
Efficiency Score (IES). (A) Bar chart showing the relationship between task performance (y-axis), group 
(x-axis; autism vs comparison) and task condition (colour; 0-back vs 1-back). (B) Plot showing the positive 
relationship between better task performance (y-axis) and thinking in words (x-axis). (C) Plot showing how 
the positive relationship between better task performance (y-axis) and less off-task thought (x-axis) is stronger 
in non-ASD participants. Error bars represent 95% confidence intervals.
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Model four: pleasant engagement
No main effect of any AQ subscale was observed for patterns of pleasant engagement. There was a significant 
main effect of Condition [F(1,720) = 21.75, p < 0.001], such that pleasant engagement thought was significantly 
reduced during the 0-back condition (b = -0.11 95% CI (-0.16, -0.06), t(720) = -4.66, p < 0.001). 

Discussion
The current study investigated patterns of ongoing thought in autistic and comparison participants during 
performance of a working memory task. We investigated how group differences in thought interacted with 
changes in working memory demands. We extended, into a clinical population, the findings of Turnbull and 
colleagues (2020)17, who observed that autistic traits (as indexed by higher AQ scores) predicted a greater 
expression of verbal thoughts in a sample of undergraduate students.

Our findings are broadly consistent with Turnbull et al. (2020)17. First, we found that thoughts were 
characterised by the same four factor decomposition solution of experience sampling responses, with patterns 
of thought also capturing detail, off-task social episodic, modality, and emotion (labelled pleasant engagement 
in the current study). This provides further evidence for the consistency in how multiple dimensions of thought 
covary and attests to the reliability of the MDES and PCA approach to reproduce patterns of ongoing thought 
that generalize across distinct populations. In addition, we also show that task-induced changes in thought 
patterns were also consistent with prior studies. In our study, the harder 1-back condition, compared to the low-
demand 0-back condition, was associated with greater detailed thought, greater on-task thought, greater word-
based thought, and greater pleasant engagement with the task. Each of these findings replicated and reinforced 
prior observations17.

The current study also extended previous work demonstrating differences in the modality of thought in 
autistic individuals. While both groups showed a tendency to think more in the form of words during the high-
demand working-memory 1-back condition compared to the low-demand 0-back condition, this contextual 
difference was significantly smaller for autistic participants. Therefore, the modality of autistic participants’ 
thoughts was more stable and less variable, with a tendency to show more comparable levels of thinking in words 
across the two conditions. Turnbull and colleagues found that a pattern of verbal thoughts was generally higher 
for individuals higher on AQ scores17. Based on both of these studies, autism and autistic traits may attenuate the 
impact of contextual differences on ongoing thought, a process known as context regulation41,77.

The consistency of our results with those of Turnbull and colleagues is informative given the lack of consensus 
regarding differences in the modality of thought in autistic individuals. Some studies report superior performance 
in some visuo-spatial tasks46–49,51, less reliance on inner speech54, and greater reports of vivid visual imagery in 
daily life experience sampling60. Others, however, report that autistic individuals demonstrate comparable use of 
inner speech to mediate working memory78, and experience comparable levels of visual imagery at rest62. Autism 
is also more common in people with aphantasia and vice versa59. Conflicting reports of the relationship between 
modality of thought and autism may reflect the heterogeneity of the condition as well as the lack of consideration 
given to changing contexts. Our study is important because it highlights that previous observations regarding 
differences in autistic thinking fail to consider the importance of context, accounting for the balance between 
contextual independence on the one hand, and contextual dependence, adaptation, and regulation on the other.

Taken together, these results may represent a level of cognitive inflexibility regarding the modality of ongoing 
thought in autistic individuals79. Our paradigm used an alternating design in which participants switch between 

Fig. 5.  Plot showing that the relationship across autistic participants between thinking in words and greater 
imagination difficulties is significantly stronger in the 1-back condition. Y-axis shows the modality of thought, 
x-axis shows difficulties in imagination, and colour represents condition. Error bars represent 95% confidence 
intervals.
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two task conditions. These task conditions evoke clear differences in performance17,76, brain activity (as assessed 
by functional neuroimaging41) and psychophysiological arousal (as indexed by pupil dilation76). In our study, 
therefore, reduced flexibility in the modality of thought of autistic participants is demonstrated by a smaller 
difference in the modality of thought as the external demands change. Replicating the findings of Turnbull et 
al. (2020)17, task performance generally increased as thoughts became more verbal and less visual. This suggests 
that thinking in words may represent an active strategy for holding information in working memory (e.g., 
‘triangle on the left, square on the right. Triangle on the left, square on the right…’). Consequently, retention of 
relatively high levels of word-based thought in autistic participants in our study, with observations of Turnbull 
and colleagues (2020), may indicate a strategic default thinking style in autism to maintain performance and 
stability in time varying situational demands.

The relative context-independence of thought observed here may also be related to -processing biases: Many 
autistic individuals have been found to prioritize local, over global processing in a sensory scene. Often observed 
in visual detection paradigms, where autistic individuals exhibit faster detection of single details embedded in 
cluttered visual displays, a local processing bias may manifest in a number of different ways80,81. Speculatively, 
one such way, may be in the manifestation of thoughts during a task where local details must be attended to in 
the presence of changing global demands. The effect of a low level local-processing bias on something as high 
level as thought, however, has not been documented and as such remains an open question.

As well as highlighting differences in the modality of thought, our study also demonstrates links between 
patterns of thought and specific autistic traits, which are moderated according to task demands. For example, 
in autistic individuals, we observed a positive relationship between imagination difficulties and reduced visual 
thinking. Higher scores on the Imagination Difficulties AQ subscale were previously associated in autistic 
individuals with lower levels of visual imagery during ongoing thoughts at rest62. The current study extends 
this finding by demonstrating that this relationship is even stronger during greater cognitive load (i.e., in the 
more demanding 1-back condition). This finding adds to a growing literature highlighting the importance of 
considering the context in which experience occurs when examining differences in ongoing thought29,44,82. 
For example, Mckeown et al. (2021)29 found that in daily life, patterns of visual imagery were heighted when 
individuals reported consuming media during the UK’s first national COVID-19 lockdown. In the future, 
therefore, it will be important to assess relationships between specific autistic traits in autistic individuals 
and patterns of ongoing thought across a range of different tasks in daily life, since our findings highlight that 
some differences associated with the autistic group are heightened or attenuated based on the context in which 
experience was sampled.

Our results also indicate that features of off-task thought, and its interference with the processing of task-related 
stimuli, may differ in autistic individuals. A reduced coupling between off-task thought and task performance 
was observed in the autistic group. Specifically, there was stronger evidence for a positive relationship between 
off-task thought and worse performance for the non-autistic group compared to the autistic group. Prior work 
highlights that off-task thought in neurotypical individuals is; 1) consistently associated with poorer task 
performance36,37,39,64–66and context-independent reductions in markers externally focussed attentional states, 
both physiological83and electrophysiological84and; 2) is often social in nature44,85,86. Importantly, since autistic 
individuals show differences in social information processing87–89, off-task thinking in autistic individuals may 
be associated with less task interference because of differences in the social features of their off-task thoughts. 
Understanding the role of social processing in the effect of off-task thought on externally-focussed task-relevant 
states is, therefore, an important question for future work to explore.

Finally, our results highlight the importance of considering the effect of anxiety on ongoing thoughts when 
examining differences associated with autism. Initially, it appeared that ongoing thoughts in autistic participants 
were characterised by less pleasant engagement (less positive and on task), in both easy and hard conditions. 
However, we investigated the possibility that these elevated levels of negative thought may reflect the increased 
prevalence of anxiety in autistic populations90–93. After the inclusion of trait anxiety scores into the model, the 
impact of autism diagnosis became non-significant, suggesting that the reduction in pleasant engagement can 
be explained by the presence of heightened anxiety levels among the autistic group. This extends previous work 
highlighting the association between anxiety and increased prevalence of negative thought patterns94,95 and the 
importance of taking into account comorbidities in the context of autism research.

Although the current study makes significant contributions to understanding differences in ongoing thought 
in autistic and non-autistic individuals, an important limitation of the current study is the restricted scope 
of contexts in which thoughts were sampled. Since thought appears to show a dependence on environmental 
context in a way that interacts with current activities in day-to-day life, it is plausible that the current findings 
are bound to the paradigm we used. Outside of this task context, we may find that autism-related differences in 
ongoing thought present with in alternative ways. Mckeown and colleagues29observed, in daily life, that distinct 
patterns of ongoing thought occur during social interaction. It is likely that because of known differences in social 
cognition87–89autistic people will exhibit differences in thought patterns when they engage in more socially-
focused activity. Future work should assess whether differences in thinking patterns of autistic individuals 
observed in behavioural laboratory studies are replicated or have different features if evaluated during activities 
of daily life such as social interactions. A second important limitation arises from the use of the AQ. The scale 
may have reduced sensitivity to detect autism in females96 thus making it a sub-optimal tool for assessing autism 
characteristics in the current sample which is approximately 50% female. Questions also remain regarding the 
influence of the modality of the N-Back task on the present results, particularly those pertaining to the modality 
of thought. Future studies may wish to examine the thought in the context of both visual and verbal N-Back task 
to investigate the influence of the task modality on the modality of thought. Moreover, as well as a difference in 
the difficulty of N-Back conditions, the 0-back and 1-back are also separated in the former’s use of perceptually 
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available information and the latter’s reliance on short-term memory. Future studies may wish to compare 
1-back to 2-back, since both utilise short-term memory while maintaining a difference in their difficulty.

In closing, in our comparison of individuals with and without a substantive clinical diagnosis of autism, 
we replicated the findings of Turnbull and colleagues (2020)17, who also identified an association between 
autistic traits and word-based thought in a non-clinical population. We extended these findings by showing 
this relationship could be characterized as less flexibility with respect to the modality of ongoing thought in 
autistic people. In addition, we found that thoughts during a working memory task tended to be less positive in 
autistic participants, yet that co-occurring trait anxiety may account for this association. We also demonstrated 
relationships between state measures of thought and trait measures of autism that became stronger with increased 
cognitive demand. Furthermore, a reduced coupling between off-task thought and performance was exhibited in 
autistic participants, alluding to a possible role of social processing in the interference between off-task thought 
and performance. Overall, therefore, our study provides support for the idea that autism is associated with 
differences in the modality of thought and highlights that the experience sampling method is a powerful and 
robust tool for understanding differences in cognition in both neurotypical and neurodiverse samples.

Data availability
Anonymized data will be made available upon publication via the following repository: Strawson, Will (2023), 
“Ongoing Thoughts in Autism”, Mendeley Data, V1, doi: ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​​​​​​​​h​​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​7​6​3​2​/​m​d​d​g​v​w​6​3​x​5​
.​1​​​​​.​​
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