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A link between error monitoring and basal 
ganglia-dependent learning in autism
Camila Dias,1,2,3 Teresa Sousa,1,2,4,5 Susana Mouga1,2,6 and Miguel Castelo-Branco1,2,3,4,5

Altered error monitoring mechanisms may contribute to the neurobehavioral manifestations of autism, particularly those affecting 
trial-and-error learning. In this study, we examined how error-related neural responses relate to learning processes in autistic indivi
duals. To address this, we employed a paradigm designed to assess both error monitoring and the learning of socioemotional orienting 
cues. Fifteen autistic and fifteen non-autistic adult males performed a challenging functional MRI task that required the integration of 
facial expression and gaze cues to extract the correct social-orienting direction. We evaluated how error-related neural responses 
evolved with learning and compared these dynamics across groups. We hypothesized differences in key error monitoring regions— 
the anterior cingulate cortex and anterior insula—and in the putamen, which is implicated in trial-and-error learning. 
Behaviourally, both groups exhibited similar learning rates, but the autistic group showed significantly lower accuracy (P = 9.60 ×  
10−5). At the neural level, although the progression of error-related activity throughout learning was similar across both groups, aut
istic individuals demonstrated attenuated differentiation between correct responses and errors in the dorsal anterior cingulate cortex 
(F(2, 53.23) = 9.68, P = 0.001) and anterior insula (F(2, 54.21) = 25.48, P = 6.32 × 10−8). Reduced neural responses to errors were 
predictive of higher error rates (P = 0.02) and elevated Autism Diagnostic Observation Schedule scores (P = 0.02). Importantly, aut
istic individuals also showed a diminished increase in putamen activity as learning progressed (F(6, 7808.01) = 6.84, P = 1.20 × 10−6). 
Finally, attenuated changes in error-related functional connectivity during learning were found in the autistic group and correlated 
with Autism Quotient scores (r(22) = −0.58, P = 0.04). Our findings suggest diminished error-related neural responses and weakened 
neural progress with learning in autism, associated with increased error rates and autistic traits. These results highlight a potential link 
between disrupted error monitoring mechanisms and basal ganglia-dependent learning in autism.
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Graphical Abstract

Introduction
Error monitoring encompasses the detection, processing, and 
signalling of errors to adjust behaviour and prevent future 
mistakes, playing a vital role in learning.1,2 As the evaluation 
of actions and adaptation to errors are essential for regulating 
behaviour, diminished error monitoring can lead to difficul
ties in everyday life.3,4 Consistent with this, altered error 
monitoring mechanisms have been implicated in several con
ditions, including autism.5-7 Given the importance of error 
monitoring for trial-and-error learning,2 such alterations 
may negatively impact learning processes in autistic indivi
duals. In this study, we seek to unravel the interaction be
tween error monitoring and learning mechanisms in autism.

Autism is a neurodevelopmental condition marked by dif
ficulties in social communication and restricted, repetitive 
behaviours.8,9 Prior research has proposed that alterations 
in error monitoring processes contribute to these 
traits.1,5,6,10-15 Less efficient error monitoring may be related 
to complications in recognizing and adjusting suboptimal 

behaviour, contributing to the less flexible and repetitive 
conduct observed in autism.7

It has been suggested that autistic individuals have more dif
ficulty recognizing errors16 and are therefore less expected to 
recruit compensatory mechanisms following erroneous ac
tions.17,18 Moreover, neural alterations linked to error moni
toring have been reported using both EEG1,5,10,11,13,19-21 and 
functional MRI (fMRI).3,22,23 One well-established neural sig
nature is the error-related negativity (ERN), a midfrontal nega
tive deflection occurring 50–100 ms after errors,24,25 thought 
to originate in the dorsal anterior cingulate cortex 
(dACC).2,26 The dACC, together with the anterior insula— 
both core components of the salience network—plays a central 
role in the error monitoring system. Specifically, the dACC is 
implicated in signalling the need to enhance cognitive control 
and adjust behaviour to improve performance,27,28 and the an
terior insula is associated with error awareness.29-31

Studies examining the ERN in autism have yielded mixed 
findings. While most report reduced ERN amplitudes in aut
istic individuals,5,7,11,19-21,32 some have found no 
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differences,12,33 and others reported increased ERN1,10,13,34

compared to non-autistic individuals. fMRI studies similarly 
reveal variability. For instance, Goldberg et al.3 found heigh
tened activation in the anterior medial prefrontal cortex, 
right insula, and left superior temporal gyrus in autistic chil
dren following erroneous actions. In contrast, Thakkar 
et al.22 reported reduced differentiation between correct re
sponses and errors in the rostral ACC (rACC) in autistic 
adults. This effect was driven by higher activity on correct 
events, which was linked to increased ratings of repetitive be
haviour. An ERP source localization study5 similarly found 
altered rACC activity in autism, with reduced activation as
sociated with increased social difficulties and autistic traits. 
Lukito et al.23 further demonstrated hypoactivation in error- 
related regions, such as the anterior insula, during failed in
hibition in individuals with co-occurring autism and 
attention-deficit/hyperactivity disorder (ADHD).

Beyond error monitoring, learning difficulties have also 
been documented in autism through both behavioural35-37

and neuroimaging studies.38-40 Müller et al.38 showed simi
lar behavioural but distinct neurophysiological results be
tween non-autistic and autistic groups: while the 
non-autistic group showed decreasing activity in association 
areas throughout learning, the autistic group revealed great
er involvement of the premotor area in late learning stages. 
Besides, Schipul et al.39,40 demonstrated diminished neural 
adaptation in a task-related network over the course of 
learning in autism. The authors39 also revealed slower be
havioural learning in autism and an inverse relationship be
tween autistic traits and neural changes with learning.

Although both error monitoring and learning processes 
have been studied in autism, it remains unknown how these 
mechanisms interact in this population. In a previous work 
with non-autistic individuals,41 we investigated this question 
using a challenging fast-response fMRI task requiring partici
pants to integrate facial expression and gaze cues. We analysed 
the evolution of neural response of regions implicated in error 
monitoring—the dACC and anterior insula2,29,41-43—and 
trial-and-error learning—the putamen41,44—over time. Our 
findings revealed early differentiation of correct and erroneous 
responses in the putamen, followed by later differentiation in 
the dACC and anterior insula, proposing a chronometric inter
action between learning and error monitoring circuits.

In this study, autistic and non-autistic participants per
formed the same fMRI task to study how error-related neur
al responses evolve with learning and to compare these 
dynamics between groups. We analysed the same neural re
gions as in our previous work41—the dACC, anterior insula, 
and putamen—and additionally assessed the rACC, as previ
ous studies have reported error-related alterations in this re
gion in autism.5,22 We hypothesized that autistic participants 
would show reduced neural discrimination between correct 
and erroneous events. Furthermore, we anticipated attenu
ated changes in the activity of our regions of interest 
(ROIs) and in functional connectivity throughout learning 
in the autistic group. Finally, we expected that these neural 
alterations would correlate with autistic traits.

Materials and methods
Participants
Thirty adults participated in this study, comprising fifteen 
non-autistic males (mean age 30.73 ± 6.15 years) and fifteen 
autistic males (mean age 29.07 ± 8.69 years). Autism 
diagnoses were previously established using gold-standard 
measures, including parental or caregiver interviews with 
the Autism Diagnostic Interview-Revised (ADI-R),45 direct 
structured assessments with the Autism Diagnostic 
Observation Schedule (ADOS),46 and criteria from the 
Diagnostic and Statistical Manual of Mental Disorders 5 
(DSM-5).8 We assessed the ADOS scores of thirteen out of 
the fifteen autistic participants.

Both groups completed a neuropsychological evaluation, 
including the intelligence quotient (IQ) measurement using 
a short version of the Wechsler Adult Intelligence Scale 
(WAIS-III),47 evaluation of autistic traits with the Autism 
Quotient (AQ),48 and assessment of executive functions 
using the Wisconsin Card Sorting Test (WCST).49

Cognitive flexibility was assessed using two WCST mea
sures: ‘perseverative responses’ and ‘perseverative errors’.50

The characterization of the non-autistic and autistic groups 
is detailed in Table 1. We did not assess these data for one 
of the non-autistic participants. Groups did not differ in 
age, handedness, or WCST measures (all Mann–Whitney U 
tests, P > 0.05). However, they differed in AQ (Mann– 
Whitney U test, P = 0.01), as expected, and IQ (Mann– 
Whitney U test, P = 1.41 × 10−4). Nonetheless, we con
trolled for IQ values in all analyses. The individual IQ scores 
for both groups are illustrated in Supplementary Fig. 1.

All participants had IQ > 70 (to exclude intellectual dis
ability) and normal or corrected-to-normal vision. Prior to 
participation, they underwent magnetic resonance imaging 
(MRI) safety screening and provided written informed con
sent in accordance with the Declaration of Helsinki. The 
study adhered to human research safety guidelines and re
ceived approval from the Ethics Committee of the Faculty 
of Medicine at the University of Coimbra.

Task
To investigate how error-related neural responses evolve 
with learning, participants performed a challenging fast- 
response task that required the integration of emotional 
facial expressions and gaze cues. This task was validated in a 
previous study with non-autistic participants,41 who showed 
clear learning curves. It is relevant to validate it with autistic 
individuals, due to their alterations in social orienting.51,52

Our task incorporated three types of visual cues: a facial 
expression, a frame shape, and a frame colour (Fig. 1). 
Facial expression cues (happy and sad faces looking left or 
right) were designed to direct attention simultaneously to 
the eyes and mouth. Combining emotional expressions 
with gaze directions yielded four facial cues (Fig. 1A): happy 
left (i), happy right (ii), sad left (iii), and sad right (iv). Both 
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Table 1 Demographic and diagnostic data

Non-autistic (N = 15) Autistic (N = 15)

Difference between groupsMean (SDa) Range Mean (SDa) Range

Age (years) 30.73 (6.15) 23–29 29.07 (8.69) 20–50 P = 0.345
Gender (male:female) 15:0 15:0 P = 1.000
Handedness (right:left) 15:0 13:2 P = 0.539
IQ 133.43 (10.26) 117–153 113.40 (14.42) 81–137 P = 1.41 × 10−4 *
AQ 13.21 (5.95) 5–25 27.67 (9.43) 11–42 P = 0.01 *
WCST: perseverative resp.b 8.85 (7.87) 3–32 9.54 (6.74) 5–28 P = 0.650
WCST: perseverative errors 8.15 (6.35) 3–26 9.15 (5.90) 5–24 P = 0.650
ADOS (total) 9.77 (2.09) 7–14
ADOS (communication) 3.85 (1.52) 2–6
ADOS (social interaction) 5.92 (1.85) 3–9

aSD, standard deviation. bResp. = responses. *P < 0.05 (Mann–Whitney U tests).

Figure 1 Task instructions. (A) Facial cues: happy left (i), happy right (ii), sad left (iii) and sad right (iv). (B) The task included three types of 
visual cues: a facial expression, a frame colour, and a frame shape. The frame colour was either green (i, ii) or red (iii, iv) and the frame shape could 
be a rectangle (i, iii) or a diamond (ii, iv). If the frame was green, a happy face indicated to act in the same direction as the face’s eye gaze, and a sad 
face instructed to act in the opposite direction of the face’s eye gaze; if the frame was red, the instructions were reversed. The frame shape—a 
rectangle or a diamond—instructed participants to perform either a button press or a saccade, respectively. The correct responses for the 
instruction examples here illustrated are to press the left button (i), to look at the left (ii), to press the right button (iii), and to look at the right (iv). 
(C) Task rules summary. (D) Task design. Each trial sequence comprised the presentation of an instruction and the response/action moment, 
which were interleaved with three gap moments. Facial expression stimuli were sourced from the Radboud Faces Database.53 Based on Dias 
et al.41under Creative Commons Attribution (CC BY 4.0) licence.
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facial expression and frame colour cues (green or red; 
Fig. 1B) were required to determine the action direction. 
For green frames, participants were instructed to respond 
in the gaze direction for happy faces and in the opposite dir
ection for sad faces; for red frames, these rules were reversed. 
The frame shape—diamond or rectangle (Fig. 1B)—specified 
the response modality—saccade or button press, respective
ly. Correct responses required proper integration of all cues 
(facial expression, frame colour, and frame shape). Task 
rules (summarized in Fig. 1C) were explained verbally to par
ticipants prior to MRI scanning.

The experimental paradigm included five periods per trial: 
an instruction, an action period, and three gaps (Fig. 1D). 
Gap periods displayed a black background with a central 
white fixation cross, serving as inter-stimulus intervals to 
minimize overlap between the blood oxygen level-dependent 
(BOLD) responses evoked by successive events. The first gap 
preceded the instruction and lasted 500 ms. The instruction 
was then shown for 500 ms in a pseudo-random order, mix
ing saccade and button press cues as well as happy and sad 
facial expressions. The frame colour changed every three 
trials. Following the instruction, a variable gap of 1000, 
2000, or 3000 ms was introduced. Participants were in
structed to respond after this interval, with a 1000 ms win
dow to execute a saccade or press a button (responses 
outside this window were considered erroneous). Finally, an
other variable gap of 1000–3000 ms concluded the trial. No 
feedback on performance was provided.

Participants completed seven experimental runs, each con
sisting of 48 trials. Trials involving button presses and sac
cades, happy and sad faces, and green and red frames were 
counterbalanced. Each run contained three baseline periods, 
occurring after every 16 trials, and consisting of white noise 
lasting 10, 11, or 12 s. The total duration of each run was ap
proximately 6 min. Facial expression stimuli depicting a 
young adult male were sourced from the Radboud Faces 
Database, which is freely available for scientific research 
upon request.53 For further details, see our previous study.41

Data acquisition
MRI data were acquired on a 3T Siemens MAGNETOM 
Prisma Fit scanner (Siemens, Erlangen) with a 64-channel 
head coil. Functional images were obtained with a 2D multi- 
band gradient-echo echo-planar imaging (GE-EPI) sequence 
(TR/TE = 1000/30.2 ms, voxel size = 2.5 × 2.5 × 2.5 mm3, 
42 axial slices covering the whole brain, FOV = 192 ×  
192 mm2, flip angle = 90°, anterior-posterior phase encod
ing, and multi-band factor of 3). A 3D T1-weighted 
MPRAGE scan was also recorded for image registration 
(TR/TE = 2530/3.50 ms, 192 interleaved slices, voxel size  
= 1 × 1 × 1 mm3). Respiratory and cardiac signals were sim
ultaneously recorded using the scanner’s physiological mon
itoring system (with a respiratory belt and pulse oximeter) at 
125 and 500 Hz, respectively.

Eye-tracking data were acquired with an EyeLink 1000 
system (SR Research, Canada) at 1000 Hz, with an accuracy 

of 0.25°–0.5°. Each run began with a 9-point calibration and 
validation procedure for the eye tracker. Button press re
sponses, including response times, were recorded using 
MATLAB (version R2018b).

Behavioural analysis
Participants’ performance and eye-tracking data 
analysis
Performance was evaluated by assessing whether responses 
correctly followed the facial expression, frame colour, and 
frame shape cues. A response was considered correct only 
if these cues were accurately interpreted within the desig
nated Action period (Fig. 1D). Anticipated correct re
sponses—those made before the Action period—were 
excluded from further analysis to avoid ambiguity. These ac
counted for 10.12 ± 12.86% of all trials in the non-autistic 
group and 18.99 ± 20.11% in the autistic group.

Saccades were defined as horizontal eye movements ex
ceeding 4.3° of visual angle from the screen centre, lasting 
at least 15 ms. Trials from each participant were visually in
spected, and parameters were adjusted when atypical eye 
movement patterns were observed.

Error rate—defined as the proportion of errors relative to 
the total number of correct and erroneous responses—was 
examined across different instruction types of varying diffi
culty (happy green, happy red, sad green, and sad red) and 
across learning periods (runs 1–7).

Additionally, we evaluated perceived task difficulty 
through a post-fMRI questionnaire. Participants indicated 
which colour cue (green or red) and which facial expression 
cue (happy or sad) they found most challenging in two- 
choice questions. The percentage of participants selecting 
each option was then calculated.

Finally, to further ascertain task engagement, we com
pared attention across groups by analysing eye-tracking 
data recorded during the instruction phase. Specifically, we 
compared two metrics between groups: (1) pupil dilation 
and (2) the proportion of gaze points falling within a rect
angle containing the facial expression and frame. Pupil dila
tion, previously linked to attentional focus,54 was quantified 
as the change in pupil area from the baseline to the instruc
tion period.

Statistical analysis of behavioural data
To investigate the effects of task difficulty and learning per
iod on error rates across groups, we employed a linear 
mixed-effects model. Fixed factors included instruction/diffi
culty level, run/learning period, and group (non-autistic ver
sus autistic), with error rate as the dependent variable. All 
interactions were initially tested, but non-significant terms 
were excluded from the final model to simplify it.55

Participant ID was treated as a random effect with random 
intercepts. The full model structure is provided in 
Supplementary Table 1. Statistical significance was set at P  
< 0.05. Analyses were conducted in IBM SPSS Statistics 27, 
always controlling for age and IQ.
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To evaluate task engagement and attention, we compared 
pupil dilation and the proportion of gaze points falling with
in a rectangle containing the facial expression and frame dur
ing the instruction using two Mann–Whitney U tests.

fMRI data processing
MRI data preprocessing was performed in MATLAB 
(R2019b, MathWorks) using custom scripts built on 
SPM12 with the PhysIO toolbox56 and the FMRIB 
Software Library (FSL), following procedures described in 
Dias et al.41 The pipeline comprised: (1) slice-timing correc
tion; (2) realignment of all fMRI volumes to the first image; 
(3) geometric distortion correction using FSL’s TOPUP 
tool;57 (4) bias field correction; (5) image registration; 
(6) nuisance regressor estimation using PhysIO, including 
RETROICOR regressors for cardiac and respiratory sig
nals,58 heart rate variability convolved with the cardiac re
sponse function, respiratory volume per time convolved 
with the respiratory response function, and head motion 
parameters (six estimates plus framewise displacement cen
soring at 0.5 mm); (7) T1-weighted structural image segmen
tation (for CONN standard denoising); (8) normalization of 
functional and structural images to Montreal Neurological 
Institute (MNI) space; and (9) spatial smoothing with a 
7.5 mm full-width-at-half-maximum (FWHM) isotropic 
Gaussian kernel, equivalent to three times the voxel size.59

fMRI data analysis
Brain activity analysis
To identify regions engaged in error monitoring and learn
ing, we constructed a general linear model (GLM) with 
four regressors per run: instruction, correct response, error, 
and other (i.e. excluded responses). Saccade events were 
time-locked to the end of horizontal eye movements, as 
this alignment yields error-related neural signals more com
parable to those of button presses, likely reflecting the rapid 
and impulsive nature of saccades.42 Button press events were 
aligned to the moment of the press, while omission errors on
sets were time-locked to the mean expected response time 
(saccade or button press) for each participant’s run. Event 
durations were set to zero (responses were considered in
stantaneous), except for the instruction condition, which 
was modelled as 500 ms. The GLM design matrix incorpo
rated a high-pass filter (128 s cut-off), and all regressors 
were convolved with the canonical haemodynamic response 
function. Respiratory, cardiac, and head motion were in
cluded as confounding regressors.

Activation maps were generated for two contrasts: (1) er
ror versus correct events (error > correct, defined as errorR1  

+ errorR2 + errorR3 + errorR4 + errorR5 + errorR6 + errorR7 >  
correctR1 + correctR2 + correctR3 + correctR4 + correctR5 +  
correctR6 + correctR7), and (2) late versus initial learning per
iod responses (late learning period > initial learning period, 
defined as correctR6 + errorR6 + correctR7 + errorR7 >  
correctR1 + errorR1 + correctR2 + errorR2). Group activation 

maps were created to assess whether regions supporting er
ror monitoring and learning were consistently recruited 
across participants. GLMs and activation maps were built 
using SPM12. For visualization, BrainNet Viewer60 and 
MRIcroGL (https://www.nitrc.org/projects/mricrogl) were 
used.

We further examined the interaction of learning period (in
dexed by run number), performance (correct versus erroneous 
responses), difficulty (measured by instruction type), and 
group (non-autistic versus autistic) at the neural level. Per 
cent signal change per event was extracted from our ROIs: 
dACC, rACC, anterior insula, and putamen. For each event, 
per cent signal change was calculated by dividing the corre
sponding beta coefficient by the run model intercept.61 Beta 
coefficients were estimated using a Least-Squares All ap
proach62 in SPM 12, modelling each trial response (correct 
or erroneous) as an independent regressor in the GLM. For in
struction and other conditions, repetitions of the same type 
were collapsed into single regressors, as analyses focused solely 
on correct and error events.

ROIs were functionally defined using the Brainnetome 
Atlas.63 The selected Brainnetome regions included the 
dACC (pregenual area 32, A32p), rACC (subgenual area 
32, A32sg), bilateral anterior insula (conjunction of the ven
tral and dorsal agranular insula, vIA and dIA), and the 
ventromedial putamen (vmPu).

Functional connectivity analysis
To investigate the brain networks underlying error monitoring 
and learning, we conducted a generalized psychophysiological 
interaction (gPPI) connectivity analysis64 using bivariate re
gression in the CONN toolbox (version 21).65 Preprocessed 
but unfiltered data (filtering is implemented in CONN’s stand
ard denoising pipeline) were imported into the toolbox along 
with onset and duration information for all conditions (base
line, instruction, correct response, error, and other). The stand
ard CONN denoising pipeline66 was then applied, which 
regresses out confounding effects from the BOLD signal and 
applies temporal filtering. Confound regressors included noise 
components from white matter and cerebrospinal areas, head 
motion parameters, outlier scans, constant and linear BOLD 
trends, and task effects. Finally, the data were high-pass filtered 
with a cut-off frequency of 0.01 Hz.

To examine the neural networks involved in the evolution of 
error monitoring mechanisms during learning and how these 
differ between groups, we performed seed-to-voxel analyses to 
compare variations in error-related functional connectivity 
throughout learning between groups. Specifically, we used the 
contrast (difflate − diffinitial)non−autistic > (difflate − diffinitial)autistic 

with diff = error − correct (the initial learning period corre
sponds to the first two runs, and the late learning period corre
sponds to the last two runs). Our ROIs were used as seed 
regions.

Statistical analysis of fMRI data
To assess the effects of group, learning, performance, and 
difficulty on ROI activity, we ran linear mixed-effects models 
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with group, run, performance, and instruction as fixed fac
tors, and single-response per cent signal change for each 
ROI as the dependent variable. Possible interactions between 
factors were initially included, but non-significant factors 
and interactions were removed from the final analysis.55

Participant ID was modelled as a random variable with a 
random intercept. Full model structures are provided in 
Supplementary Table 2. This approach accounted for both 
within- and between-subject variability, incorporated mul
tiple factors, and accommodated unequal numbers of repeti
tions.67 Analyses were conducted in IBM SPSS Statistics 27. 
To account for multiple testing across ROIs, Bonferroni cor
rection was applied. For connectivity analyses, voxel-wise 
thresholding was set at P < 0.001 (uncorrected) with a 
cluster-level threshold of P < 0.05 (FDR-corrected). Age 
and IQ were included as covariates in all models.

Correlation analysis between 
behavioural results, neurophysiological 
findings, and autistic traits
Relation between neurophysiological results and 
error rate
To evaluate the relationship between our behavioural and 
neurophysiological results, we performed partial Spearman 
correlations (due to a small sample size) between error rate 
and our main neurophysiological findings, controlling for 
age and IQ. We assessed the mean difference in dACC and 
anterior insula activity between errors and correct responses 
considering the experimental runs during which this differ
ence was statistically significant, and the mean putamen ac
tivity considering the runs during which its difference 
between groups was statistically significant. Concerning 
the connectivity results, we quantified functional connectiv
ity between each seed region and the significant clusters that 
resulted from seed-to-voxel analyses. The partial correla
tions were Bonferroni-corrected for multiple comparisons. 
Correlation analyses were performed in MATLAB (version 
R2019b, MathWorks).

Relation between behavioural/neurophysiological 
results and autistic traits
Subsequently, to evaluate the link between our results and 
autistic traits, we ran partial Spearman correlations between, 
on the one hand, AQ (considering all participants), and on 
the other, ADOS (including only the autistic group) and 
our main findings (error rate and the neurophysiological 
measures described in the previous section).

Furthermore, to confirm that differences between groups 
were not related to differences in face processing, we calcu
lated the per cent signal change of the fusiform gyrus and 
posterior superior temporal sulcus following the instruction 
(facial expression) presentation, due to their role in face per
ception.68 Then, we conducted partial correlations between 
these measures and our main results (error rate and neuro
physiological measures described in the previous section). 

To define these regions, we selected the conjunction of the 
medioventral and lateroventral area 37 Brainnetome regions 
for the fusiform gyrus (A37mv and A37lv), and the conjunc
tion of the rostroposterior and caudoposterior superior tem
poral sulcus Brainnetome regions for the posterior superior 
temporal sulcus (rpSTS and cpSTS).63

Results
Behavioural results: participants’ 
performance
Considering all participants, we found 5512 correct responses 
and 2544 errors. On average, we recorded 241.67 ± 77.23 cor
rect responses and 49.80 ± 33.61 errors for the non-autistic 
group, and 125.80 ± 104.05 correct responses and 119.80 ±  
63.31 errors for the autistic group. A linear mixed-effects mod
el revealed a significant impact of group (F(1, 29.02) = 20.44, 
P = 9.60 × 10−5), run/learning period (F(6, 764.18) = 34.41, P  
= 7.06 × 10−37) and instruction/difficulty level (F(3, 764.04) =  
15.29, P = 1.13 × 10−9) on error rate (Fig. 2). Both groups per
formed well above chance level (25% accuracy, equivalent to a 
75% error rate). However, the autistic group showed a 37.03  
± 8.19% higher error rate than the non-autistic group (P =  
9.60 × 10⁻⁵). Furthermore, error rates decreased over the 
course of the task in both groups. Post-hoc pairwise compari
sons indicated that error rates in the first run were higher than 
in all subsequent runs (run 2: difference of 19.66 ± 2.38%, P  
= 1.24 × 10−14; run 3: difference of 24.80 ± 2.37%, P =  
1.05 × 10−22; run 4: difference of 25.92 ± 2.38%, P = 1.63 ×  
10−24; run 5: difference of 26.06 ± 2.38%, P = 9.04 × 10−25; 
run 6: difference of 28.76 ± 2.42%, P = 1.29 ×10−28; run 7: 
difference of 25.71 ± 2.42%, P = 2.66 × 10−23), with error 
rates in the second run also higher than those in the sixth 
run (difference of 9.10 ± 2.43%, P = 0.004). Regarding in
struction type, fewer errors occurred following the happy 
green cue compared to the remaining instructions (happy 
red: difference of 5.12 ± 1.82%, P = 0.030; sad green: differ
ence of 5.33 ± 1.82%, P = 0.021; sad red: difference of 
12.24 ± 1.82%, P = 1.97 × 10−10). Additionally, the happy 
red and sad green cues yielded fewer errors than the sad red 
cue (sad green: difference of 6.91 ± 1.81%, P = 8.76 × 10−4; 
happy red: difference of 7.12 ± 1.81%, P = 5.51 × 10−4). 
Detailed results are provided in Supplementary Table 3.

Given the high error rates in the autistic group, we per
formed a Wilcoxon Signed-Rank test to assess whether the 
average accuracy in this group (across all experimental 
runs) was significantly above chance level (25%, based on 
four possible response options). The result supported this 
(Z = 1.90, P = 0.029), suggesting that the autistic partici
pants perceived the task. In addition, binomial tests revealed 
that autistic participants performed above chance in all runs 
except the first, whereas non-autistic participants exceeded 
chance level in every run (P < 0.05).

Concerning participants’ perceptions of task difficulty, 
92.31% of non-autistic and 90.00% of autistic participants 
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rated the sad cue as more difficult than the happy cue. 
Besides, 69.23% of non-autistic and 70.00% of autistic indi
viduals considered the red cue more challenging than the 
green cue.

Lastly, to compare task engagement and attention across 
groups, we analysed eye-tracking data recorded during the 
instruction phase. We found no group differences in pupil 
dilation (non-autistic group: 1.97 ± 0.70, autistic group: 
1.63 ± 0.28; Mann–Whitney U test, Z = −1.31, P = 0.191) 
or the proportion of gaze points falling within a rectangle 
containing the facial expression and frame (non-autistic 
group: 94.25 ± 7.00%, autistic group: 93.25 ± 4.87%; 
Mann–Whitney U test, Z = −1.10, P = 0.272).

Neurophysiological results
Brain activity modulation by error monitoring and 
learning: whole-brain analysis
We first examined whether regions implicated in error mon
itoring and learning were recruited by the participants. We 
generated whole-brain group activation maps for the con
trasts between correct responses and errors, and between ini
tial and late learning periods, considering all participants 
(non-autistic and autistic). Errors elicited significantly great
er activity than correct responses in the dACC and anterior 
insula, as well as in other error monitoring regions, including 
the pre-supplementary motor area (pre-SMA) and inferior 
frontal gyrus (IFG),2,26,43,69,70 similar to our previous 
study.41 Moreover, the primary visual cortex (V1) and cu
neus also showed increased activity following errors com
pared to correct responses (Fig. 3A). For the contrast 

between the initial and late learning periods, we found a sig
nificant cluster in the left putamen (Fig. 3B), as revealed by 
our previous study.41 The statistical results are detailed in 
Supplementary Table 4.

Relationship between error monitoring and learning: 
ROI-based analysis
We investigated the impact of group, performance, learning 
period (run number) and task difficulty (assessed by instruc
tion type) on the responses of the dACC, rACC, anterior in
sula, and putamen. For the dACC, activity was significantly 
influenced by participants’ performance (F(1, 7615.63) =  
32.13, P-corr. = 5.97 × 10−8) and learning period (F(6, 
7809.29) = 2.89, P-corr. = 0.032). Significant interactions 
were observed between group and performance (F(2, 
53.23) = 9.68, P-corr. = 0.001), and between learning peri
od and performance (F(6, 7810.71) = 6.32, P-corr. =  
4.00 × 10−6). Given these significant interactions, we com
pared the dACC activity for correct versus erroneous re
sponses separately for each group and learning period. 
dACC activity was greater for errors than correct responses, 
but only in the non-autistic group (Fig. 4; difference of 0.54  
± 0.08, P-corr. = 1.24 × 10−10). Moreover, this difference 
reached significance from the third to the sixth run (Fig. 4; 
run 3: difference of 0.48 ± 0.12, P-corr. = 1.48 × 10−4; run 
4: difference of 0.42 ± 0.12, P-corr. = 0.002; run 5: differ
ence of 0.67 ± 0.12, P-corr. = 5.80 × 10−8; run 6: difference 
of 0.44 ± 0.13, P-corr. = 0.003). Statistical details are pro
vided in Supplementary Table 5.

The mixed-effects analyses also revealed that the difficulty 
level had a significant influence on rACC activity (F(3, 

Figure 2 Behavioural results. Estimated marginal means of participants’ error rates, shown separately for the non-autistic and autistic groups 
(N = 15 per group): (A) across experimental runs (runs 1 to 7—here represented as R1 to R7), averaged over all instruction types; and (B) by 
instruction type (happy green, happy red, sad green, and sad red), averaged across all runs. These factors—experimental run/learning period, 
instruction/difficulty level, and group—were shown to significantly influence error rates using a linear mixed-effects model. Post-hoc comparisons 
showed that error rates were higher in the autistic group, decreased across runs, and differed between instruction types. Significant differences 
(P < 0.05, Bonferroni-corrected) are signalized by asterisks, and error bars represent the standard error of the mean (SEM). In panel (A), the 
dashed red line indicates the chance error rate (75%). Binomial tests indicated that autistic participants performed above chance in all runs except 
the first, and non-autistic participants performed above chance in all runs (P < 0.05).
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7807.65) = 10.74, P-corr. = 1.93 × 10−6). Results showed an 
increase in rACC following the happy green cue compared 
to the happy red (difference of 0.28 ± 0.06, P-corr. = 0.02) 
and sad red instructions (difference of 0.31 ± 0.06, P-corr.  
= 8.00 × 10−6). Besides, we found a significant interaction be
tween the learning period and performance (F(13, 7771.34) =  
2.76, P-corr. = 0.003). The difference in the rACC activity be
tween correct trials and errors was significant only in the first 
run (Fig. 4), in which errors had a decreased activation (differ
ence of 0.35 ± 0.12, P-corr. = 0.012).

Regarding the bilateral anterior insula, activity was 
significantly influenced by learning period (F(6, 7809.05) =  
5.30, P-corr. = 7.60 × 10−5) and performance (F(1, 
7690.18) = 61.97, P-corr. = 1.59 × 10−14). Significant inter
actions were observed between group and performance 
(F(2, 54.21) = 25.48, P-corr. = 6.32 × 10−8) and between 
learning period and performance (F(6, 7810.24) = 7.83, 

P-corr. = 8.12 × 10−8). Differences in activity between errors 
and correct responses were significant for the non-autistic 
group only (Fig. 4; difference of 0.71 ± 0.07, P-corr. =  
2.13 × 10−22), and in all runs except the first two (Fig. 4; 
run 3: difference of 0.52 ± 0.10, P-corr. = 3.10 × 10−6; run 
4: difference of 0.55 ± 0.11, P-corr. = 5.76 × 10−7; run 5: 
difference of 0.72 ± 0.11, P-corr. = 4.04 × 10−11; run 6: dif
ference of 0.39 ± 0.12, P-corr. = 0.003; run 7: difference of 
0.38 ± 0.12, P-corr. = 0.004).

For the bilateral putamen, actvitiy was significantly af
fected by learning period (F(6, 7808.60) = 34.33, P-corr. =  
1.44 × 10−40) and performance (F(1, 7731.38) = 24.32, 
P-corr. = 3.33 × 10−6). We found significant interactions be
tween group and learning period (F(6, 7808.01) = 6.84, 
P-corr. = 1.20 × 10−6) and between learning period and per
formance (F(6, 7810.18) = 4.84, P-corr. = 2.44 × 10−4). The 
putamen activity differed between groups (it was increased 
in the autistic group) in the first and third runs (Fig. 5; run 
1: difference of 1.37 ± 0.31, P-corr. = 3.52 × 10−4; run 3: 
difference of 0.82 ± 0.31, P-corr. = 0.048). Decreased activ
ity was found for errors in the first, second, and last runs 
(Fig. 5; run 1: difference of 0.91 ± 0.14, P-corr. = 3.12 ×  
10−10; run 2: difference of 0.43 ± 0.14, P-corr. = 0.012; 
run 7: difference of 0.44 ± 0.17, P-corr. = 0.044). Detailed 
results are given in Supplementary Table 6.

Functional connectivity results
To investigate the neural dynamics underlying the evolution of 
error monitoring processes during learning and potential al
terations in autism, we performed seed-to-voxel analyses to 
compare changes in error-related functional connectivity be
tween groups throughout learning. Specifically, we used the 
contrast (difflate − diffinitial)non−autistic > (difflate − diffinitial)autistic 

with diff = error − correct. The seed regions included the 
dACC, rACC, anterior insula, and putamen. The results are 
displayed in Fig. 6 and details regarding the peak voxel, cluster 
size, and statistical data are provided in Supplementary Table 7. 
These analyses revealed smaller differences in functional con
nectivity throughout learning in autism. Additionally, the mag
nitude of the difference in connectivity between correct 
responses and errors was reduced in the autistic group. 
Significant clusters were identified between (1) the dACC and 
the central opercular cortex, (2) the dACC and the paracingu
late gyrus, (3) the rACC and the paracingulate gyrus, and (4) 
the anterior insula and the precentral gyrus. There were no sig
nificant results for the putamen.

Link between performance, neural 
response to errors, and autistic traits
We ran partial Spearman correlations between error rate and 
our main neurophysiological results, and found significant 
correlations between error rate and the mean difference in 
dACC activity between correct responses and errors (r(27)  
= −0.55, P = 0.023, Fig. 7A), and between error rate and 
the mean difference in anterior insula between correct re
sponses and errors (r(27) = −0.57, P = 0.015, Fig. 7B).

Figure 3 Activation maps. Statistical t-maps from a GLM 
contrasting (A) correct versus erroneous responses (error >  
correct) and (B) the initial versus late learning periods (late learning 
period > initial learning period), considering all participants (N = 30). 
We set the peak voxel threshold at P < 0.001 and the cluster 
threshold at P < 0.05, FWE-corrected for multiple comparisons. 
The resulting clusters included our ROIs (the dACC, anterior 
insula, and putamen), as well as additional areas known to be 
involved in error monitoring (pre-SMA and IFG), and visual areas 
(V1 and cuneus). The colorbar scales represent the t-values for the 
contrasts.
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We also conducted partial Spearman correlations between 
our main findings and autistic traits, and found a significant 
correlation between ADOS and the mean difference in 
dACC activity between correct responses and errors (r(11)  
= −0.82, P = 0.018, Fig. 7C). Furthermore, AQ scores were 
negatively correlated with functional connectivity between 
dACC and central opercular cortex for the contrast 

(difflate − diffinitial)non−autistic > (difflate − diffinitial)autistic with 
diff = error − correct (Fig. 7D; r(22) = −0.58, P = 0.035).

Besides, to confirm that differences between groups were 
not due to alterations in face processing, we performed cor
relations between the fusiform gyrus and posterior superior 
temporal sulcus activity and our main results. We did not 
find significant correlations.

Figure 4 Neural response to errors depending on the group and learning period. Linear mixed-effects models were performed to 
study the effects of group (N = 15 per group), learning period/run, performance, and difficulty level on the activity of dACC, rACC, and anterior 
insula. Fixed effects were tested with F-tests. These revealed significant interactions between group and performance for dACC and anterior 
insula, and between learning period/run and performance in all these regions. Therefore, we ran post-hoc pairwise comparisons (two-sided t-tests) 
to compare neural activity between correct and erroneous responses within (A) each group, and (B) each learning period/run (runs 1–7, 
represented as R1 to R7), considering all participants. The plots illustrate estimated marginal means of per cent signal change, and error bars 
represent the SEM. Significant differences (P < 0.05, Bonferroni-corrected for multiple comparisons) are signalled with an asterisk.
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Discussion
In this study, we sought to understand the evolution of error- 
related neural processes over the course of learning in autism 
and its relation to autistic traits. We found a similar learning 
curve, but increased error rate, in autism when compared to 
non-autistic individuals. Besides, the progression of error- 
related neural activity throughout learning was identical 
in autistic and non-autistic groups for error monitoring 
key regions (dACC and anterior insula). Importantly, the 
distinction between correct and erroneous responses was at
tenuated in autism and inversely correlated to error rate and 
autistic traits. We also found reduced changes in putamen 
activity over learning in autism. Lastly, smaller functional 
connectivity modulation by error over the learning progress 
was identified for the autistic group and found to be linked to 
autistic traits.

Similar learning behaviour to the 
non-autistic individuals, but higher 
error rate in autism
Both groups, autistic and non-autistic, learned the task, as 
the error rate significantly decreased from the beginning 
to the end of the session, with similar learning rates. 
However, during the entire task, the autistic group had lower 
performance than the non-autistic group, in line with previ
ous literature.7,20-22 The error rate in the autistic group never 
dropped below approximately 50%. Nevertheless, autistic 
accuracy was significantly above chance level, which was 
25% given the four possible response options (looking right, 
looking left, pressing the right button, and pressing the left 
button), indicating that they did understand the task and 
were engaged.

Moreover, distinct error rates were revealed for different 
conditions regardless of the group, verifying the presence 
of varying difficulty levels, consistent with participants’ re
ports and our previous study.41 Given that both the autistic 
and non-autistic groups learned the task and noted distinct 
difficulty levels, this task revealed to be adequate for investi
gating the link between error monitoring and learning in aut
ism while controlling for potential difficulty effects.

Neural responses to errors are 
attenuated in autism, but their 
progress with learning is maintained
The dACC and anterior insula, key regions within the error 
monitoring circuitry,26-31 revealed increased BOLD activity 
during errors compared to correct responses, but only in 
the non-autistic group. However, the progression of activity 
in these regions throughout learning was similar between 
groups. Their activation was similar for correct and errone
ous responses at the start of the session but, over time, the 
neural activity decreased following correct events and in
creased for errors, as also reported in our previous study.41

This happened in both groups, but the distinction between 
correct and erroneous responses became more pronounced 
(and significant) in the non-autistic group. In other words, 
while the trajectory of error-related neural activity (and be
havioural performance) was similar across groups, the mag
nitude of differentiation between correct and error trials was 
reduced in the autistic group.

The dACC has been consistently proposed to signal the 
need for additional cognitive control resources27,28 and it 
has been estimated as the neural source of the ERN.2,26 A 
great number of authors who studied ERN alterations in aut
ism demonstrated a decreased ERN amplitude in this popu
lation,5-7,11,19-21,32 which is in line with the lack of 
significant differences between correct and erroneous re
sponses found in the autistic group. Besides, Thakkar 
et al.22 also found a diminished distinction between correct 
and erroneous responses in the ACC (mainly in the rACC, 
but extending into the dACC) in autistic individuals.

The anterior insula has been related to error aware
ness.29,31,71 Therefore, a smaller differentiation in anterior 
insula activation between correct and erroneous responses 
may suggest that autistic individuals are less aware of their 
mistakes than non-autistic participants, in line with 
Doenyas et al.16 Anterior insula activity has been shown to 
be altered in autism,3,23,72-74 including in error monitoring 
studies.3,23,74 However, while some studies showed de
creased neural response to errors,23 others demonstrated 
the opposite.3,74 Even so, a previous meta-analysis reported 
anterior insula hypoactivation in autism during reward pro
cessing.72 Further research is required to clarify the altera
tions in anterior insula activity in autism in contexts of 
error monitoring and learning.

We also observed that dACC and anterior insula activity 
was not affected by participants’ performance during the 
initial learning period, but gradually diverged between 
correct responses and errors as learning progressed. 
Specifically, over learning, activity decreased following 
correct responses and increased following errors (in the 
end, this distinction may have decreased due to fatigue). In 
a previous study,41 we argued that the decrease in activity 
following correct responses may be linked to increased neur
al efficiency.39,40,75,76 With learning, the same behavioural 
performance might be accomplished with fewer mental re
sources.39 Additionally, the error-related activity increase 
by learning may be related to decreased expectation for er
rors: at the beginning, erroneous responses are unsurprising, 
but as participants become proficient, errors become unex
pected. This result is compatible with reinforcement learning 
theories proposing that the dACC encodes prediction er
rors,77,78 which are signals reflecting discrepancies between 
expected and actual outcomes. These changes in activity 
throughout learning were attenuated in autism, which is in 
accordance with prior studies. Schipul et al.39,40 also showed 
smaller activation changes with learning in autism compared 
to non-autistic individuals.

Additionally, we found no evidence for an impact of task 
difficulty on dACC and anterior insula activity. Nonetheless, 
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the rACC was modulated by this factor, regardless of the 
group: its activity decreased with the increase in task diffi
culty. The rACC has been linked to the regulation of behav
ioural and autonomic responses to stressful and emotional 
stimuli,79 and increased difficulty may induce stress. We 
found no differences between groups or error-related in
creases in rACC activation compared to correct responses.

The evolution of putamen activity 
throughout learning is altered in 
autism
The changes in putamen activity over learning were distinct 
between the autistic and non-autistic groups. In line with the 
literature, the non-autistic group showed increasing puta
men response throughout learning.40,41,80-82 In the first 
learning period, putamen activity was higher in autism, 
and then a smaller putamen variation was recorded with 
learning in this group, aligning with the findings reported 
by Scott-Van Zeeland et al.83

The putamen has been consistently implicated in process
ing prediction errors2,44,84,85 and habit learning.82,86-95 In a 
previous study,41 we proposed that the putamen activity is 

modulated differently across two learning phases. In the ini
tial phase, habits are formed through trial-and-error learn
ing, and putamen activity is influenced by participants’ 
performance. Its activation increases with learning, and dur
ing the second learning phase, actions become more auto
matic and insensitive to changes in outcome value. Here, 
we also observed a distinction between correct and errone
ous responses at the end of the task, possibly related to 
fatigue.

Previous studies have reported altered neural responses to 
prediction errors in autism, but no differences were found in 
the putamen.74,96 These studies differ from ours in that they 
did not assess the evolution of putamen activity throughout 
learning. In our study, we found a distinct progression of pu
tamen activity over the course of learning in the non-autistic 
and autistic groups.

Given the role of the putamen in habit learning,89,97 these 
alterations may indicate an imbalance between habitual and 
goal-directed behaviours, as previously proposed by Alvares 
et al.98 A greater reliance on habitual responses may contrib
ute to the development of repetitive and restricted beha
viours.99 In line with this, reduced functional connectivity 
between prefrontal and striatal regions—crucial for goal- 
directed behaviour—has been previously observed in 

Figure 5 Putamen modulation by learning depending on group. A linear mixed-effects model was performed to study the impact of 
group (N = 15 per group), learning period/run, performance, and difficulty level on putamen activity. Fixed effects were tested with F-tests. These 
revealed significant interactions between the learning period and group, as well as between the learning period and performance. Therefore, we 
ran post-hoc pairwise comparisons (two-sided t-tests) to compare putamen activity within each learning period/run (runs 1–7, represented as R1 
to R7) between (A) groups and (B) correct and erroneous responses (considering all participants). The plots illustrate estimated marginal means 
of per cent signal change, and error bars represent the SEM. Significant differences (P < 0.05, Bonferroni-corrected for multiple comparisons) are 
signalled with an asterisk.

12 | BRAIN COMMUNICATIONS 2025, fcaf414                                                                                                                        C. Dias et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/7/6/fcaf414/8369254 by guest on 09 M

arch 2026



children with complex motor stereotypies.100 However, in 
our study, we did not observe a significant correlation be
tween changes in putamen activity through learning and aut
istic traits, as measured by ADOS scores. While ADOS 
includes some items related to repetitive and restricted beha
viours, its overall score may not fully capture their intensity. 
Future research should assess the relationship between the 
evolution of putamen activity throughout learning and re
petitive and restricted behaviours using questionnaires fo
cusing on these behaviours.

Smaller differences in functional 
connectivity throughout learning in 
autism
Our functional connectivity analyses revealed smaller con
nectivity modulation by learning in autism. Similarly, 

Schipul et al.39,40 showed diminished functional connectivity 
within task-related neural regions in autism, with less vari
ation over the course of learning compared to non-autistic 
individuals. They also revealed smaller differences in neural 
activity throughout learning and proposed that compro
mised communication between brain areas may contribute 
to altered brain activity in autism.

Here, we found diminished differences in error- 
related connectivity between our ROIs and other error 
monitoring regions throughout learning, such as the cen
tral opercular cortex,2,26 the paracingulate gyrus (adja
cent to the dACC), and the precentral gyrus.26,29,101

This reduction was due to a smaller difference in con
nectivity between correct and erroneous responses in 
the autistic group. Consistent with our findings, previ
ous works have suggested diminished functional con
nectivity in some error monitoring regions in autism, 
such as the ACC102-104 and insula.102-106

Figure 6 Functional connectivity results. Results from the seed-to-voxel gPPI analyses, using the (A) dACC, (B) rACC, and (C) anterior 
insula as seed regions, showing areas of increased distinction in functional connectivity between correct and erroneous responses in late learning 
periods compared to initial learning periods between groups ((difflate − diffinitial)non−autistic > (difflate − diffinitial)autistic with diff = error − correct and 
N = 15 per group). A voxel threshold of P < 0.001 (uncorrected) was used with a cluster threshold of P < 0.05 FDR-corrected for multiple 
comparisons. The colorbar scales represent the contrast t-values.
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Learning and error-related neural 
findings relate to autistic traits
Our results showed a negative correlation between error rate 
and the dACC and anterior insula activity modulation by er
rors. Moreover, increased ADOS scores were related to smal
ler differences in dACC activity between correct responses 
and errors. Similarly, Santesso et al.5 demonstrated that lar
ger autistic traits were linked to reduced ERN amplitudes. 
We also found that the changes in error-related connectivity 
between dACC and central opercular cortex with learning 
were inversely correlated with AQ values. In accordance 
with this, Schipul et al.39,40 demonstrated reduced neural 
adaptations—namely in terms of functional connectivity— 
throughout learning in autism, linked to enhanced autistic 
traits. Thakkar et al.22 proposed that a diminished discrimin
ation between correct and erroneous responses in autism 
may inhibit the reinforcement of actions that optimize out
comes. Our results might thus suggest, on the one hand, 

that autistic traits contribute to difficulties in error aware
ness, processing, and signalling, which in turn can lead to di
minished adaptations to errors and increased error rates. On 
the other hand, error monitoring difficulties may also con
tribute to autistic traits—difficulties in adjusting suboptimal 
actions may lead to less flexible and repetitive behaviour.

Limitations and future work
Some limitations of our work should be considered for future 
research. First, larger datasets and the inclusion of female 
participants would enhance the generalizability of findings. 
Additionally, although our eye-tracking data did not indicate 
differences in attention or task engagement, the observed 
group differences may still have been influenced by varia
tions in engagement. To address this, future research could 
incorporate self-report measures of engagement, motivation, 
and fatigue. Furthermore, although all analyses were con
trolled for IQ, group differences may still have been affected 

Figure 7 Link between performance, neural response to errors, and autistic traits. Relationship between the error rate and the mean 
difference in (A) dACC activity (N = 29) and (B) anterior insula between correct and erroneous responses (N = 29). (C) Relationship between 
mean difference in dACC activity between correct and erroneous responses and ADOS (N = 13). (D) Relationship between the functional 
connectivity between dACC and central opercular cortex for the contrast (difflate − diffinitial)non−autistic > (difflate − diffinitial)autistic with diff = error − 
correct and AQ (N = 24). To test the significance of these relationships, we conducted partial Spearman correlations, which were considered 
significant for P < 0.05 (Bonferroni-corrected for multiple comparisons). Sc = signal change; conn = connectivity.
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by IQ. The non-autistic group had above-average IQ scores, 
likely reflecting the convenience sampling of predominantly 
higher-education individuals.

Future studies could include other clinical groups that also 
exhibit autistic traits, such as individuals with ADHD107 and 
social anxiety.108 This would help determine whether the re
lationship between autistic traits and error-related neural ac
tivity—and its modulation throughout learning—is 
consistent across these conditions or differs between them. 
Reduced error-related neural activity has been previously re
ported in ADHD,109 while increased error-related signals 
have been observed in social anxiety.110 We would expect 
that, in both conditions, autistic traits would inversely correl
ate with error-related neural activity. However, we hypothe
size that individuals with ADHD would show reduced 
differentiation between errors and correct responses, whereas 
individuals with social anxiety would show enhanced differ
entiation, relative to neurotypical individuals.

Besides, many questions remain unanswered. What is the 
origin of the alterations in error monitoring processes? 
Which specific autistic traits are linked to these changes? 
Do these alterations contribute to autistic traits, or do autis
tic traits cause these difficulties? Additional research is 
needed to clarify these issues. Prior work has proposed that 
less efficient error monitoring may be related to difficulties 
in recognizing and adjusting suboptimal behaviour, contrib
uting to less flexible and repetitive conduct in autism.7 Our 
findings align with this hypothesis, as we observed reduced 
error monitoring mechanisms in autism linked to increased 
autistic traits. However, we did not specifically assess traits 
related to repetitive and restricted behaviours, and future re
search should examine the link between these behaviours 
and alterations in error monitoring and learning in autism.

Conclusion
In this study, we investigated how error-related neural pro
cesses evolve over the course of learning in autism. Our find
ings suggest a similar progress throughout learning between 
the non-autistic and autistic groups, but attenuated error- 
related neural response in autism in key error monitoring re
gions—anterior insula and dACC—and reduced modulation 
by learning in a key region linked to trial-and-error learning 
and habit formation—the putamen. We found evidence for a 
link between our results and autistic traits, which might sug
gest that these traits relate to altered error monitoring me
chanisms (in terms of error awareness, processing, and/or 
signalling), which in turn may lead to difficulties in adjusting 
suboptimal actions (and increased error rates), and subse
quently to less flexible and repetitive behaviour.

Supplementary material
Supplementary material is available at Brain Communications
online.
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