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A B S T R A C T

Metacognition plays a crucial role in learning and decision-making across the life span. However, the neuro
physiological substrates of metacognitive processes remain poorly understood. Recent evidence suggests that 
activity in the locus coeruleus-noradrenaline system may subserve post-response monitoring processes. In the 
present study we investigated whether pupil dilation, as an indirect and non-exclusive measure of noradrenergic 
activation, allows for characterizing metacognitive monitoring across different tasks and cognitive domains. 
Sixty young adults performed multiple experimental tasks during eye-tracking recordings. A battery of tasks 
testing mental rotation, visual perception and working memory was employed to test the association between 
pupil dilation and confidence judgments across multiple cognitive domains. In addition, an adapted version of 
the error awareness task was used to replicate the findings on the relationship between pupil size and error 
awareness. Pupil dilation measured during confidence judgments was found to be greater for high confidence 
judgments in mental rotation, visual perception and working memory tasks. In line with previous evidence, it 
was found that pupil size was larger after aware errors as compared to unaware errors. The study findings suggest 
that pupil dilation can be used as a robust marker of metacognitive processes and that noradrenergic function 
may contribute to metacognition in a domain-general fashion.

1. Introduction

Metacognition, commonly defined as “thinking about thinking,” re
fers to the ability to monitor and regulate one's own cognitive processes 
and plays a central role in optimizing decision-making and goal-directed 
behavior (Flavell, 1979; Dunlosky and Metcalfe, 2009; Fleming, Dolan, 
& Frith, 2012). From early in life, successful metacognition is important 
for educational and academic achievements (Roebers, Krebs, & Roderer, 
2014; Bryce, Whitebread, & Szűcs, 2015). Moreover, poor meta
cognitive abilities are linked to maladaptive behaviors in adolescence 
(Weil et al. (2013); Laghi et al. (2020); Efrati, Kolubinski, Marino, & 
Spada, 2021). Furthermore, in neurological conditions metacognitive 
impairments are associated with reduced motivation for treatment, 
increased caregiver burden, worse prognosis, and a higher risk of 
dangerous behaviors (Bergquist and Jackets, 1993; Sherer et al. (1998); 
Orfei et al. (2007); Starkstein et al. (2007); Spalletta et al. (2014); 
Starkstein, 2014; Robertson and Schmitter-Edgecombe, 2015; Lenzoni, 

Baker, Sumich and Mograbi (2022); Lenzoni, Morris and Mograbi 
(2020)). Given its broad impact and clinical relevance, there is a 
growing need to investigate the underlying neurophysiological pro
cesses and to identify reliable biomarkers of metacognition.

Metacognitive processes include confidence ratings, as well as per
formance monitoring processes such as error detection, post-response 
monitoring, and behavioral adjustments resulting from these evalua
tive processes. These metacognitive processes have been investigated 
using several methodological approaches. Behaviorally, metacognition 
is commonly measured through self-reported confidence ratings, which 
allow to investigate how subjective evaluations align with objective task 
performance (Rahnev, 2025). It is generally assumed that metacognitive 
awareness does not rely on a defined neurocognitive process, but rather 
emerges from the accumulation of evidence across multiple likely 
interconnected systems (Ullsperger, Harsay, Wessel, & Ridderinkhof, 
2010; Steinhauser and Yeung, 2012). At the computational level, 
influential reinforcement-learning models propose that midbrain 
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dopaminergic prediction error signals drive learning from errors via 
projections to anterior cingulate cortex (Holroyd and Coles, 2002; Joc
ham and Ullsperger, 2009). More broadly, computational models of 
metacognition propose that confidence and error detection are not 
driven by a single signal but instead arise from second-order inference 
that integrates multiple partially redundant information sources, 
including ongoing sensory evidence, decisional variables, and 
post-decisional signals (Fleming and Daw, 2017; Charles and Yeung, 
2019). Post-decisional accumulation models further suggest that evi
dence integration continues after a choice is made, contributing to both 
confidence judgments and error awareness (Steinhauser and Yeung, 
2012). Recently, Balcı and Öztel (2026) proposed a drift-diffusion 
model in which metacognitive processing operates concurrently with 
the primary behavior, generating prospective error signals in real time 
rather than retrospectively, suggesting that second-order representa
tions can actively regulate ongoing behavior. It has therefore been 
proposed that metacognitive awareness does not rely on a single dedi
cated mechanism but rather emerges from the integration of multiple 
interconnected signals (Ullsperger et al. 2010). This view was supported 
by evidence showing that error awareness is reflected in central 
event-related potentials, pupil dilation, and autonomic nervous system 
activity such as heart rate deceleration, suggesting that metacognitive 
evaluations arise from the simultaneous accumulation of central and 
peripheral evidence (Wessel, Danielmeier, & Ullsperger, 2011; Wessel, 
2012). At the central neural level, electrophysiological studies have 
identified event-related potentials during performance monitoring, such 
as the error-related negativity (Ne/ERN) and error positivity (Pe), 
thought to reflect distinct stages of unconscious error processing and 
error awareness, respectively (Falkenstein et al. (2001); Falkenstein, 
Hohnsbein, Hoormann and Blanke (1991); Gehring et al. (1993); 
Overbeek, Nieuwenhuis, & Ridderinkhof, 2005). Evidence from neuro
imaging research points to the medial prefrontal cortex (mPFC) as a 
central hub in the emergence of metacognition, and an important role of 
neuromodulatory signals originating in subcortical structures in medi
ating cortical metacognitive monitoring (Luu, Flaisch, & Tucker, 2000; 
Kerns, 2004; Ullsperger, Danielmeier, & Jocham, 2014; Fu et al. (2022)). 
Dopaminergic (DA) projections from the midbrain, in particular, have 
been extensively linked to reward-based prediction error signals and 
belief updating as well as processes that shape confidence judgments 
and error monitoring (Jocham and Ullsperger, 2009; Glimcher, 2011; 
Ullsperger et al. 2014; Schultz, 2016; Lak et al. (2017); Fleming, 2025). 
Moreover, an involvement of the locus coeruleus noradrenergic (NA) 
system in metacognition has been suggested based on its connectivity 
with structures within the salience network, assumed to support error 
awareness by functional neuroimaging studies (Ullsperger et al. 2010; 
Harsay et al. (2018); Harsay, Spaan, Wijnen and Richard Ridderinkhof 
(2012)). In animal studies, the LC has been shown to regulate arousal 
and adaptive gain and to vary in activation with internal evaluations of 
performance difficulty (Bornert and Bouret, 2021). While the direction 
of action is not yet clearly established, recent pharmacological studies 
confirm that both dopamine and noradrenaline are implicated in 
modulating metacognitive processes. For example, Hauser, Allen, and 
Purg (2017) found that β-adrenoceptor blockade with propanolol 
enhanced metacognitive efficiency in a motion-discrimination task 
without affecting accuracy. In contrast, another study found that prop
anolohl decreased metacognition (Ershadmanesh, Rajabi, & Rostami, 
2025). Evidence from studies manipulating dopaminergic signaling 
also presents mixed results. Clos, Bunzeck, and Sommer (2018) reported 
impaired recognition-memory metacognition after haloperidol, a 
dopamine antagonist, despite improved task performance, while other 
pharmacological manipulations of dopamine levels using D₂/₃ antago
nism (Hauser et al. 2017) and L-dopa, assumed to support DA function, 
(Ershadmanesh et al. 2025) had no effect on metacognition. Nuiten et al. 
(2024) administered atomoxetine, a noradrenaline reuptake inhibitor, 
that also increases cortical dopamine, and donepezil, a cholinesterase 
inhibitor, during a Gabor-orientation discrimination task. No 

drug-related changes in metacognitive efficiency were found but done
pezil improved perceptual performance. Therefore, NA/DA modulation 
of metacognition appears complex and may be context- or task-specific. 
Although contradictory, the findings indicate that neuromodulators, 
specifically catecholamines, likely contribute to metacognitive 
processes.

Pupil dilation can be used as a non-invasive and non-exclusive 
autonomic marker of the activity of the LC (Aston-Jones and Cohen, 
2005; Murphy et al. (2014); Murphy et al. (2012); Joshi and Gold, 
2020). In line with this, pupil diameter is generally found to be increased 
during cognitive processes known to engage the LC salience network 
such as when higher attentional focus or more cognitive effort is 
required as well as in response to salient or task-relevant stimuli 
(Kahneman and Beatty, 1966; Berridge and Waterhouse, 2003; 
Aston-Jones and Cohen, 2005; Sara, 2009; Kang, Huffer, & Wheatley, 
2014; van der Wel and van Steenbergen, 2018; Fietz, Pöhlchen, & 
Binder, 2022). Pupil responses have also been shown to be relevant for 
memory, with pupil size at encoding predicting subsequent recognition 
across a range of paradigms (Kafkas and Montaldi, 2011; Papesh, 
Goldinger, & Hout, 2011; Cronin, Lipp, & Marinovic, 2023). Notably, 
Papesh et al. (2011) found that pupil responses during recognition 
memory tracked both memory strength and the match between encod
ing and retrieval conditions, with larger pupils accompanying 
higher-confidence recognition judgments thus suggesting that pupil 
dilation is sensitive to the quality and specificity of retrieved memory 
representations rather than effort or load alone. Interestingly, this 
sensitivity of pupil responses to specific internal representational states 
was also suggested by De Gee, Knapen, and Donner (2014) findings, 
demonstrating that decision-related pupil dilation during a visual 
detection task reflected the content of the upcoming decision and par
ticipants' individual response biases rather than merely the intensity of 
cognitive engagement. More recently, Laurino and Kaczer (2025) found 
that pupil dilation during word processing was reduced when global 
context facilitated meaning access, with this effect amplified for more 
ambiguous words, thus supporting the idea that pupil responses may 
reflect the depth and specificity of internal cognitive processing. Taken 
together, these findings suggest that pupil dilation reflects not only the 
degree of cognitive engagement but also the content and quality of 
specific internal representational states.

As pupillometry is a less expensive physiological measure than MRI 
or EEG, which can be acquired with lower participant burden, investi
gating the suitability of pupil dilations as a marker for metacognitive 
processes has started to attract interest. A recent study observed larger 
pupil dilations before task-related responses in an auditory decision- 
making task on trials with lower confidence ratings independent of 
task difficulty, suggesting that increased pupil dilations during decision 
making can reflect cognitive processes related to lower confidence de
cisions (Lempert, Chen, & Fleming, 2015). Moreover, individuals with 
more accurate performance assessments showed a stronger effect of 
increased pupils on low confidence correct trials, suggesting that pupil 
dilations on confidence judgment tasks are capturing processes relevant 
for informing interindividual differences in performance monitoring 
abilities. Similarly, Wessel, Dolan, and Hollingworth (2018) demon
strated that pupil dilation during an antisaccade task is increased during 
conscious error monitoring. Specifically, aware errors elicited larger 
pupil dilations than unaware errors, and phasic pupil responses were 
reduced in older adults, possibly reflecting diminished error awareness. 
Moreover, higher certainty of error commission for reported errors was 
associated with greater pupil dilation. Hence, the evidence, although 
limited, indicates that pupil dilation may reflect processes contributing 
to metacognitive evaluations. However, existing evidence is based on 
isolated experimental paradigms, and it remains unclear whether pupil 
responses to metacognitive processes generalize consistently across 
different cognitive domains and facets of metacognition. The present 
study addresses this gap by examining the relation between pupil dila
tion and two facets of metacognition, confidence judgments and error 
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awareness, within the same sample and across multiple cognitive do
mains (mental rotation, perceptual decision making and working 
memory). A novel aspect of the current study is investigating pupil re
sponses during confidence judgments. This aligns with neuroimaging 
research investigating neural correlates of metacognition, which has 
previously focused on brain function during the confidence rating period 
(Morales, Lau, & Fleming, 2018). Based on task-related decision-making 
findings (Lempert et al. 2015), we expected lower confidence ratings to 
be associated with higher pupil dilation. For the error awareness 
component, we adapted the Error Awareness Task (EAT; Hester, Foxe, & 
Molholm, 2005), which has been widely used in aging research to assess 
clinically relevant impairments in self-monitoring of everyday func
tioning (Hester et al. 2005; Murphy, Robertson, & Allen, 2012; Orr and 
Hester, 2012; Harty, O’Connell, Hester, & Robertson, 2013; Sim, Brown, 
O’Connell, & Hester, 2020). This allowed us to examine in the same 
sample whether pupil responses associated with conscious error detec
tion replicate previous findings. Based on prior work, we expected 
higher pupil dilation for aware compared to unaware errors (Wessel 
et al. 2018).

2. Methods

2.1. Participants

Sixty-six participants were recruited through email invitations, an
nouncements in student group forums, and flyer distribution. Four 
participants were excluded due to technical issues during data acquisi
tion, and 2 additional participants were excluded due to incomplete data 
acquisition. Consequently, the final sample comprised 60 participants 
with complete behavioral and eye-tracking data (age M = 23.12, SD =
2.64; age range: 19–30 years; 35 females, 25 males). All participants 
were screened to ensure normal or corrected-to-normal vision and the 
absence of any history of neurological or psychiatric disorders. All 
participants were proficient in the German language. Participants did 
not receive financial compensation or any other material reward for 
their participation. Written informed consent was obtained from all 
participants prior to the study, and their data were collected and stored 
anonymously. The study was conducted in accordance with the Decla
ration of Helsinki and all procedures were approved by the ethics 
committee of the University of Innsbruck.

2.2. Apparatus

Stimuli were presented on a 25-inch LCD monitor (1920 × 1080 
resolution, 60 Hz refresh rate). Participants were seated on a height- 
adjustable chair with their head supported by a chin rest at a viewing 
distance of approximately 60 cm from the screen. Pupil diameter was 
recorded using an EyeLink Plus 1000 eye tracker (SR Research, Ottawa, 
Canada) at a sampling rate of 1000 Hz. The experiment was conducted 
in a dimly lit testing room with ambient lighting kept constant across all 
participants and sessions.

2.3. Procedure

Participants were sent an online survey by email, which was gener
ated using SoSci survey (version 3.21) to record demographic informa
tion and questionnaire data and were invited to the lab where they 
underwent a vision check, completed the series of experimental tasks 
during eye-tracking data acquisition and were finally debriefed. The 
total experiment duration was about 1 h 30 min including breaks.

2.4. Experimental tasks

Participants completed an experimental block with three confidence 
judgment tasks, intermixed across cognitive domains, as well as an 
experimental block with the Error-Awareness-Task (EAT). The order of 

the two experimental blocks was counterbalanced across participants.

2.4.1. Confidence judgment tasks
To measure metacognitive judgments across different cognitive do

mains, three experimental tasks were used focusing on mental rotation, 
perceptual decision making and working memory. To avoid biases due 
to stimulus-specific processes, all domains included cube-like stimuli 
(Fig. 1). The shapes used in the three experimental tasks were generated 
using the R programming language and the "MRlibrary" package, based 
on functions from the module "petersBattistaModels" Jost and Jansen 
(2020). This package was designed to produce 3D models based on 
the parameters outlined in Peters and Battista (2008). Each shape was 
constructed by defining the coordinates of individual cubes within a 
three-dimensional space to ensure precise control over the structure and 
dimensions of the generated models. This automated approach facili
tated the creation of stimuli with varying numbers of cubes, orienta
tions, and structural complexity, which were subsequently used across 
all experimental tasks. To control for effects of fatigue and attention that 
could affect physiological recordings, 8 runs, each containing 3 mini
blocks (one miniblock for each task domain) were created, resulting in 
24 miniblocks in total. The order of tasks within and between runs was 
counterbalanced and randomised across participants. Participants took 
around 45 min to complete the confidence judgment experimental 
block. In the following, the three confidence-based tasks will be 
described in more detail. Stimulus colors were luminance-normalized 
using an in-house MATLAB script applying a log-based adjustment to 
the RGB channels. Specifically, the geometric mean luminance of each 
color channel was scaled to a target value of 0.5, while background 
pixels were explicitly excluded from the adjustment. This procedure 
ensured comparable mean luminance across all stimulus colors and 
consistent luminance contrast relative to the background.

2.4.1.1. Mental rotation. The mental rotation task consisted of 108 tri
als. In each trial, participants were presented with one cube structure at 
the top (cue) and two cube structures at the bottom; one was a rotated 
version of the top shape (target), and the other was a mirror image of the 
top shape (distractor), rotated to the same angle. Participants were 
asked to identify which structure at the bottom corresponded to the one 
on the top. The target image was the same structure rotated along the x, 
y or z axis and the distractor was its mirrored version (i.e., impossible to 
obtain when attempting to rotate the cue image). Participants responded 
using a button box. Three conditions for task difficulty were obtained by 
manipulating the rotation angle, 45◦ for easy, 105◦ for medium, and 
150◦ for difficult trials, with each rotation angle appearing in 36 trials. 
We further controlled for cube size and rotation axis. The number of 
cubes in each structure varied across four levels (6, 7, 8, and 9 cubes), 
with each level appearing in 27 trials. The rotation axis was manipulated 
across three dimensions (x, y, and z), with each axis appearing in 36 
trials. The stimuli were displayed for 4 s. After response, the stimuli 
stayed on screen until end of presentation time, followed by a fixation 
cross for 2 s. Then, the confidence scale appeared based on a 4-point 
rating scale (1 = not confident at all, 4 = very confident). There was 
no time limit to respond to the confidence scale. The ITI was 3 s long. An 
example trial is displayed in Fig. 2A. There were 108 trials in total and 
13 (for blocks 5–8) to 14 trials (for blocks 1–4) in each miniblock.

2.4.1.2. Working memory. The Working Memory task included two 
phases for each miniblock: encoding and recognition. In the encoding 
phase, participants were shown a list of cube structures, each displayed 
for 2 s, and were instructed to memorize them. In the recognition phase, 
they were presented with one pair of cube structures at a time, each pair 
displayed for 3 s. Participants were asked to identify which structure in 
each pair matched one of the memorized structures. After response, the 
stimuli stayed on screen until end of presentation time, followed by a 
fixation cross for 2 s. Task difficulty was determined by the number of 
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cubes to be memorized in the encoding phase: 3,4,5,6. Within each trial, 
we controlled for the number of cubes in each structure and axis of 
rotation as well as cube numbers as described above. In the recognition 
phase, each structure pair was displayed for 3 s. The ITI was 3 s long. 
Confidence ratings were carried out as described above. Sample trials 
are displayed in Fig. 2B. There were 96 trials in total and 12 in each 
miniblock.

2.4.1.3. Perceptual decision. Similar to the mental rotation task, par
ticipants were presented with three cube structures, one at the top and 
two at the bottom of the screen. They were asked to identify which of the 
two bottom structures (target and distractor) matched the top structure 
(cue) in size (number of cubes). Task difficulty was determined by the 
difference in the number of cubes between target and distractor struc
ture: 3 for the easy, 2 for moderate, 1 for difficult condition). To control 
for angle rotation and rotation axis, in each trial, all images were 
generated by rotating the structure of the same angle and along the same 
axis; with 36 trials for each angle (90◦, 195◦ and 240◦) and 36 trials for 
each axis (x, y, and z) in the task overall. The stimuli were displayed for 
3 s. After response, the stimuli stayed on screen until end of presentation 
time, followed by a fixation cross for 2 s. Then, the confidence scale 
appeared. Confidence ratings were carried out as described above. The 
ITI was 3 s long. An example trial is displayed in Fig. 2C. There were 108 

trials in total and 13 (for blocks 5–8) to 14 trials (for blocks 1–4) in each 
miniblock.

2.4.2. EAT
The EAT paradigm utilizes Stroop-like stimuli, in which color words 

are written in a congruent color (e.g., word “pink” in pink ink) or 
incongruent color (e.g., word “green” written in pink ink). Example 
trials are displayed in Fig. 2. Participants were presented with one word 
at a time and were asked to press a button whether the stimulus is 
congruent (“Congruent Go”; Fig. 2A) and withhold the response if the 
stimulus was incongruent (“Incongruent No-Go”; Fig. 2B) or when the 
same congruent stimulus was presented on the previous trial (“Repeat 
No-Go”; Fig. 2C). To measure error awareness, following each trial, 
participants were asked whether they committed an error or not 
(Fig. 2D).

The EAT was adapted for use in eye tracking research. Specifically, 
words were presented on a mid-grey background (RGB =

[129,129,129]; 0.50 in normalized RGB space). Stimulus colors were 
luminance-normalized using an in-house MATLAB script applying a log- 
based adjustment to the RGB channels. Specifically, the geometric mean 
luminance of each color channel was scaled to a target value of 0.5, 
while background pixels were explicitly excluded from the adjustment. 
This procedure ensured comparable mean luminance across all stimulus 

Fig. 1. Trial example for confidence-based tasks. A) Mental Rotation; B) Working Memory; C) Perceptual Decision. ITI, inter-trial interval.
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colors and consistent luminance contrast relative to the background. 
This resulted in four colors: pink, green, yellow and blue. Each word was 
presented for 0.5 s, participants were given 1.5 s to respond, followed by 
2.5 s interval with a fixation cross. Responses on error awareness were 
self-paced. The Intertrial interval (ITI) lasted 1 s. Participants completed 
6 practice trials. The total number of trials was 368, divided in 4 blocks, 
each including 92 trials. Each block consisted of 68 Congruent Go trials, 
12 Incongruent No-Go trials, 12 Repeat No-Go trials. The order of the 
trials was determined a priori, to ensure that No-Go trials were infre
quent and similarly spread through one block (i.e., not all at the 
beginning or at the end). Each block lasted approximately 8 min.

2.5. Data analysis

2.5.1. Behavioral data
For the confidence judgment tasks, accuracy was calculated as the 

percentage of correct responses, relative to the total number of trials. For 
the EAT, accuracy was calculated as the percentage of correct responses 
relative to the total number of trials. Error awareness was calculated as 
the percentage of aware errors (i.e., responses that were correctly 
indicated as errors), over the total number of errors. Reaction times 
(RTs) were calculated for Go responses in the EAT and for all trials in the 
confidence-based tasks.

2.5.2. Eye-tracking data
The eye tracking data were converted into ASCII format using SR 

Research’s EDF2ASC tool. At the beginning of each block, the eye 
tracker was calibrated and validated. For the preprocessing of the pupil 
data, we used custom MATLAB 2023a scripts (MATLAB version: 9.14.0) 
with the Fieldtrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 
2011). First, we segmented the events with an interval ranging from 
200 ms before confidence scale onset to 2500 ms after onset (confidence 
judgment tasks) or after the response (EAT). Segmented data were 
pre-processed according to guidelines laid out in Mathôt and Vilotijević 
(2023) and screened for missing data due to blinks or hardware errors 
such as lost camera focus. Data were identified as artefactual if the pupil 
signal was zero or showed implausibly steep changes (a derivative 
outside ±3 a.u./sample); contiguous artifact segments were padded by 

±20 samples on both sides and then linearly interpolated. If more than 
30% of the data in a trial segmentation were missing due to hardware 
errors or excessive blinking, the trial was removed, otherwise the 
missing data were linearly interpolated. Pupil data were subsequently 
z-scored within each trial epoch and baseline-corrected by subtracting 
the mean pupil size in the 200 ms baseline from the segmented data. For 
the confidence judgment tasks, the pupil waveform time-locked to the 
onset of the confidence scale showed a pre-dilation which varied by 
confidence level and task, followed by a dilation peak. To best quantify 
the dilation, pupil size was quantified using a peak-to-peak approach: 
maximum pupil size in the dilation interval (0.7–1.7 s) minus the min
imum in the preceding interval (0.4–0.7 s). These time windows were 
selected based on the grand-average waveform across participants and 
were consistent across all three confidence tasks. For the EAT, pupil size 
was quantified as the mean value in a response-locked window around 
the peak (0.5–1.5 s) for correct responses, aware errors, and unaware 
errors.

2.5.3. Statistical analyses
All statistical analyses were performed using R (version 4.4.2). 

Repeated-measures ANOVA (confidence, task) was used to assess 
whether the number of trials assigned to each confidence level varied by 
task and task difference in confidence ratings. Where sphericity was 
violated, Greenhouse-Geisser correction was applied (original degrees of 
freedom, corrected p-values, and epsilon values are reported). For each 
participant, behavioral (accuracy and RTs) and pupil data were 
computed for each trial and averaged within each task by confidence 
level (Low, Mid-Low, Mid-High, High). Behavioral performance and 
pupil size data were analysed at the Participant × Task × Confidence 
level using linear mixed-effects models using the lme4 package. All 
models included a random intercept for participant. Fixed effects 
included task, confidence, and their interaction. Prior to the mixed- 
effects analyses, we examined the distribution of responded trials 
across confidence levels using repeated-measures analyses to assess 
whether trial frequency differed systematically by task and confidence. 
These analyses revealed substantial differences in the number of trials 
across confidence levels, motivating the inclusion of trial count as a 
covariate in subsequent models. Accordingly, to assess whether 

Fig. 2. Example of trials. A) Congruent Go; B) Incongruent No-Go; C) Repeat No-Go; Error commission judgment presented at the end of each trial. ITI, inter- 
trial interval.
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confidence effects were driven by unequal trial frequencies, the number 
of responded trials per Participant × Task × Confidence cell was 
included as a mean-centered covariate. Models were fitted using 
maximum likelihood. Type-III tests with Satterthwaite degrees of 
freedom were used for fixed-effect inference, and nested models were 
compared using likelihood-ratio tests. Significant effects were followed 
up using post-hoc pairwise comparisons with Tukey’s correction for 
multiple comparisons (emmeans). Task-specific mixed-effects models 
including task difficulty and its interaction with confidence were used to 
assess whether the association between confidence and behavioral as 
well as pupil data were independent of task difficulty (Supplementary 
Table S4). Pearson’s correlations were used to investigate inter- 
individual differences by examining the relationship between behav
ioral performance and pupil size. To assess the consistency of pupil re
sponses across task domains, cross-task correlational analyses were 
conducted separately for each confidence level. Additionally, for each 
participant, mean pupil dilation values were extracted for each task and 
confidence level, and Pearson correlations were performed between 
different task domains. False discovery rate (FDR) correction was 
applied to control for multiple comparisons. Exploratory correlations 
between confidence-related pupil responses and pupil responses during 
an independent EAT were performed. For each task (perceptual deci
sion, working memory, and mental rotation), mean pupil dilation was 
computed separately for each confidence level (Low, Mid-Low, Mid- 
High, High). Pupil responses at individual confidence levels were 
correlated with mean pupil dilation during the EAT for correct trials, 
aware errors, and unaware errors. This analysis tested whether in
dividuals showing larger pupil responses under putatively uncertain 
confidence states also showed larger pupil responses during error pro
cessing. Pearson’s correlations were used and FDR correction was 
applied within tasks to control for multiple comparisons.

3. Results

3.1. Confidence judgment tasks

Distributions of trials across confidence levels differed across task 
domains. Descriptive statistics for the mean number and percentage of 
trials per confidence level and task are reported in Table 1. The number 
of trials assigned to each confidence level was analysed using a repeated- 
measures ANOVA with within-subject factors Task (Mental Rotation, 
Working Memory, Perceptual Decision) and Confidence (Low, Mid-Low, 
Mid-High, High). The analysis revealed a significant main effect of task, 
F(2, 118) = 1031.38, p < .001, ηp² = .946, ε = .97, which reflected 
differences in the distribution of trials between tasks. There was also a 
significant main effect of confidence, F(3, 177) = 131.58, p < .001, ηp² 
= .690, ε = .45, with increasing number of trials from Low to High 
confidence ratings. The main effects were qualified by the Task 
× Confidence interaction, F(6, 354) = 38.39, p < .001, ηp² = .394, ε 

= .51. Follow-up analyses showed that in both mental rotation and 
working memory tasks, trial count increased with confidence, with a 
monotonic increase in working memory while in mental rotation there 
was no difference between Low and Mid-Low confidence trial count. In 
contrast, the perceptual decision task showed an increase from Low to 
Mid confidence levels, but no difference between Mid-High and High 
confidence. Additionally, the mental rotation task was associated with 
more Low confidence trials, whereas perceptual decision showed more 
Mid-Low and Mid-High confidence trials. At High confidence, mental 
rotation and working memory did not differ from each other but both 
had higher trial count than perceptual decision. Detailed post-hoc sta
tistics are reported in the Supplementary Materials (S3).

A summary of overall behavioral performance, confidence, and pupil 
size across the three confidence-based tasks is presented in Table 2. 
Commission error rates, calculated as the proportion of incorrect re
sponses among responded trials excluding omissions, were 18% (± 8%) 
in mental rotation, 10% (± 8%) in working memory, and 22% (± 5%) in 
perceptual decision. A repeated measures ANOVA was performed to 
examine differences in confidence judgments across tasks. The main 
effect of task was statistically significant, F(2, 118) = 23.91, p < .001, 
ηp² = .290, ε = .88. Post-hoc comparisons showed that confidence was 
higher in the working memory task compared to the mental rotation task 
(p = .001) as well as the perceptual decision task (p < .001). Moreover, 
confidence was higher in the mental rotation task compared to 
perceptual decision (p = .006).

3.1.1. Accuracy
Accuracy and reaction times were analysed using linear mixed- 

effects models with participant as a random intercept. In the base 
mixed-effects model including task and confidence as predictors, there 
was a main effect of task indicating that accuracy differed significantly 
across tasks (F(2, 644) = 15.32, p < .001) and a main effect of confi
dence, showing that accuracy increased with confidence (F(3, 646) 
= 303.48, p < .001). The Task × Confidence interaction was not sta
tistically significant (F(6, 644) = 0.84, p = .54). Including trial count 
significantly improved model fit (likelihood-ratio test: χ²(1) = 7.70, 
p = .006). Trial count itself was a significant predictor of accuracy (F(1, 
654) = 7.76, p = .006). Importantly, confidence remained a highly 
significant predictor after accounting for trial count (F(3, 647) 
= 131.86, p < .001), and the Task × Confidence interaction was not 
statistically significant (F(6, 644) = 1.28, p = .26), as in the base model. 
Post-hoc comparisons on the adjusted model showed the expected 
monotonic increase in accuracy across confidence levels (all pairwise 
contrasts p < .010). Accuracy was significantly lower for Low confi
dence than for Mid-Low, Mid-High, and High confidence (all p < .001). 
Significant differences were also observed between all successive con
fidence levels (all p < .001). Additionally, accuracy was higher in the 
working memory task than in both the mental rotation task (p < .001) as 
well as the perceptual decision task (p < .001). Accuracy did not differ 
between the mental rotation and perceptual decision tasks (p = .73). 
Overall, confidence reliably tracked accuracy in all tasks, with higher 
confidence associated with higher accuracy (see Fig. 3).

Table 1 
Mean (± SD) number of trials (N) and percentage of trials (%) assigned to each 
confidence level (Low, Mid-Low, Mid-High, High) for each task (Mental Rota
tion, Working Memory, Perceptual Decision).

Confidence N (M ±SD) % (M ±SD)

Mental Rotation Low 12.3 ± 9.2 11.6% ± 8.7
​ Mid-Low 13.6 ± 9.5 12.8% ± 8.9
​ Mid-High 20.7 ± 12.9 19.5% ± 12.2
​ High 59.5 ± 20.3 56.1% ± 19
Working Memory Low 6.7 ± 5.7 7.1% ± 6.1
​ Mid-Low 11.4 ± 8.8 12.1% ± 9.2
​ Mid-High 16.3 ± 13.1 17.2% ± 13.8
​ High 60 ± 21.1 63.6% ± 22.3
Perceptual Decision Low 7.1 ± 6 6.6% ± 5.7
​ Mid-Low 19.7 ± 10.8 18.6% ± 10.1
​ Mid-High 35.2 ± 13.6 33.2% ± 12.9
​ High 44.1 ± 22.2 41.6% ± 20.9

Table 2 
Overview of behavioral performance, confidence, and pupil size across task 
domains. Accuracy, reaction times (RTs), confidence, and mean pupil size are 
reported as mean ± SD.

Accuracy (M 
±SD)

RTs 
(M±SD)

Confidence 
(M±SD)

Pupil size 
(M±SD)

Mental Rotation 0.8 ± 0.08 2.21 
± 0.28

3.2 ± 0.36 1.86 
± 0.57

Working Memory 0.88 ± 0.08 1.38 
± 0.18

3.37 
± 0.37

2.21 
± 0.44

Perceptual 
Decision

0.77 ± 0.05 1.65 
± 0.24

3.1 ± 0.37 1.87 
± 0.56
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Fig. 3. Left: accuracy (proportion correct) is shown as a function of confidence level for each task. Points represent model-estimated means from linear mixed-effects 
models; error bars denote 95% confidence intervals. Models included participant as a random intercept and controlled for the number of responded trials per 
confidence level. Right: mean RTs during the tasks are shown as a function of confidence level for each task. Points represent model-estimated means from linear 
mixed-effects models; error bars denote 95% confidence intervals. Models included participant as a random intercept and controlled for the number of responded 
trials per confidence level. RTs decreased with increasing confidence, with the largest effect observed in the working memory task.

Fig. 4. Top: pupil size over time during confidence judgments across experimental tasks. Statistical analyses are based on the differences of the maximum value in 
the peak interval (0.7s− 1.7 s) minus the minimum value in the interval preceding the peak interval (0.4s− 0.7 s) (cf. Fig. 6 for a summary plot). Shaded regions 
indicate one standard error. Bottom: Estimated marginal means of pupil size (locked to confidence scale onset) are shown by confidence level and by task. Error bars 
indicate 95% confidence intervals derived from the linear mixed-effects model including task, confidence, and their interaction, with participant as a random 
intercept and trial count included as a covariate. Pupil size increased with confidence, with the largest size observed in the working memory task.
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3.1.2. Reaction times during the task
In the base model, there were main effects of task (F(2, 644) 

= 519.38, p < .001), indicating that responses were slower in the mental 
rotation task, and a main effect of confidence (F(3, 645) = 154.07, 
p < .001), with slower responses for Low confidence trials. These effects 
were qualified by the Task × Confidence interaction (F(6, 644) = 8.38, 
p < .001). Including trial count significantly improved model fit (χ²(1) 
= 28.88, p < .001). Trial count was a significant predictor of RTs (F(1, 
648) = 29.50, p < .001), with higher trial counts associated with faster 
responses. Critically, confidence remained a significant predictor of RTs 
after accounting for trial count (F(3, 645) = 29.58, p < .001), and the 
Task × Confidence interaction also remained statistically significant (F 
(6, 644) = 6.83, p < .001), indicating that confidence and task effects on 
RTs were not driven by unequal trial frequencies. Post-hoc comparisons 
decomposing the Task × Confidence interaction revealed consistent 
patterns across tasks. In the mental rotation task, RTs were significantly 
faster at High confidence than at all other confidence levels (all 
ps ≤ .001), while differences among Low, Mid-Low, and Mid-High 
confidence were not statistically significant. In the working memory 
task, a more graded pattern emerged. RTs at Mid-High confidence were 
faster than at Low and Mid-Low confidence (ps < .001), and RTs at High 
confidence were faster than at all other levels (Low and Mid-Low: 
p < .001; Mid-High: p = .001). Low and Mid-Low confidence did not 
differ significantly. In the perceptual decision task, the pattern resem
bled mental rotation: RTs at High confidence were faster than at Low 
(p < .001), Mid-Low (p < .001), and Mid-High (p = .002) confidence, 
while other pairwise contrasts were not significant. Across tasks, re
sponses were faster in working memory and perceptual decision than in 
mental rotation at all confidence levels (all ps < .001). Working memory 
was faster than perceptual decision at Mid-High (p = .009) and High 
(p < .001) confidence. Overall, the working memory task showed the 
most pronounced monotonic decrease in RTs with increasing confi
dence, while mental rotation and perceptual decision were primarily 
characterised by a faster responses at the High confidence level (see 
Fig. 3). In order to assess whether confidence predicts performance 
independently of task difficulty, linear mixed-effects models were fitted 
for each task with difficulty and confidence entered as fixed effects and 
participant as a random intercept (Supplementary Table S1). The effect 
of confidence remained significant after adding difficulty to the models.

3.1.3. Pupil size
Pupil responses time-locked to the onset of the confidence scale are 

displayed in Fig. 4. Pupil size was quantified as the difference between 
the maximum value in the peak interval (0.7s− 1.7 s after confidence 
scale onset) and the minimum value in the interval preceding the peak 
interval (0.4s− 0.7 s). Peak-to-peak pupil size was calculated at trial 
level and averaged across confidence (see Supplementary Table S2 for 
descriptive statistics). The number of trials assigned to each confidence 
level with usable pupil data were analysed as a function of task using a 
repeated-measures ANOVA with within-subject factors Task (Mental 
Rotation, Working Memory, Perceptual Decision) and Confidence (Low, 
Mid-Low, Mid-High, High). Descriptive statistics for the mean number 
and percentage of trials per confidence level and task are reported in 
Table 3. The analysis revealed a significant main effect of task, F(2, 118) 
= 17.68, p < .001, ηp² = .231, ε = .97, and a strong main effect of 
confidence, F(3, 177) = 108.78, p < .001, ηp² = .648, ε = .49. Impor
tantly, the Task × Confidence interaction was also significant, F(6, 354) 
= 33.19, p < .001, ηp² = .360, ε = .53. Post-hoc comparisons confirmed 
monotonic increases in usable trial counts with confidence within each 
task, with High confidence yielding the most trials and Low confidence 
the fewest (all within-task adjacent-level contrasts p < .010). Across 
tasks, perceptual decision yielded more usable trials than mental rota
tion and working memory at Mid-Low, Mid-High, and High confidence 
levels (all ps < .001), while mental rotation and working memory did 
not differ from each other. At Low confidence, mental rotation yielded 
more usable trials than both other tasks (p = .001 and p < .001 

respectively).
Pupil size was analysed using linear mixed-effects models to assess 

the effects of task and confidence while accounting for repeated mea
surements within participants. All models included a random intercept 
for participant and treated confidence as a categorical fixed effect. To 
assess whether confidence-related effects on pupil size were driven by 
unequal trial frequencies, the number of usable pupil trials per partici
pant within each task and confidence level was included as a grand- 
mean-centered covariate. In the base model, pupil size differed signifi
cantly across tasks (F(2, 632) = 41.26, p < .001) and confidence levels 
(F(3, 641) = 15.30, p < .001), whereas the Task × Confidence interac
tion was not significant (F(6, 630) = 0.65, p = .69). Including trial count 
did not significantly improve model fit (likelihood-ratio test: χ²(1) 
= 1.01, p = .31), and yielded no significant main effect of trial count (F 
(1, 665) = 0.48, p = .49), indicating that confidence effects on pupil size 
were not explained by unequal trial frequencies. Allowing the effect of 
trial count to vary across confidence levels yielded a small but signifi
cant Confidence × Trial-Count (F(3, 651) = 2.72, p = .044) and 
improved model fit (χ²(3) = 8.11, p = .044). Importantly, this did not 
alter the main effects of confidence or task, nor did it introduce a Task 
× Confidence interaction. Post-hoc comparisons based on the adjusted 
model showed that pupil size increased with confidence: pupil responses 
in High confidence trials were significantly larger than in Low 
(p < .001), Mid-Low (p < .001), and Mid-High (p = .001) confidence 
trials. Pupil responses in Mid-High confidence trials were larger than in 
Low and Mid-Low confidence trials (ps <.001). There was no difference 
in pupil size between Mid-Low and Low confidence trials (p = .97). 
Pupil responses were significantly larger in the working memory as 
compared to the perceptual decision task (p < .001) as well as mental 
rotation task (p < .001). Pupil size was also significantly larger in the 
perceptual decision task compared with the mental rotation task 
(p = .038). Overall, pupil size increased with confidence and differed 
across tasks, independently of trial frequency, with confidence effects 
remaining stable across task domains.

3.1.4. Relation between pupil size, confidence and behavior
Correlational analyses were conducted to investigate the relation 

between behavioral and pupil responses at the interindividual level. 
Fig. 5 shows correlation plots across all tasks. In the mental rotation 
task, individuals who were more confident showed greater accuracy (r 
(60) = .46, p = .001), as well as larger pupil sizes during confidence 
ratings (r(60) = .32, p = .041). In the working memory task, there were 
a significant negative association between accuracy and RTs (r(60) 
= − .39, p = .006) and a strong positive correlation between confidence 
and accuracy (r(60) = .66, p < .001), indicating that individuals who 
were more accurate tended to respond faster and to be more confident. 
The negative association between confidence and reaction times did not 
survive correction for multiple comparisons (r(60) = − .26, p = .09). In 
the perceptual decision task, the association between confidence and 

Table 3 
Mean (± SD) number (N) and percentage (%) of trials with usable pupil data 
assigned to each confidence level (Low, Mid-Low, Mid-High, High) for each task 
(Mental Rotation, Working Memory, Perceptual Decision).

Confidence N (M ± SD) % (M ± SD)

Mental Rotation Low 8.7 ± 8.5 10.7% ± 9.2
​ Mid-Low 10.1 ± 9.2 12.4% ± 9.5
​ Mid-High 15.2 ± 10 19.1% ± 12.7
​ High 46.6 ± 23 57.8% ± 19.6
Working Memory Low 5.3 ± 5.2 7.1% ± 6.7
​ Mid-Low 9.4 ± 8.8 11.9% ± 9.6
​ Mid-High 13.5 ± 11.8 17.2% ± 14
​ High 47.9 ± 21.2 63.7% ± 23.3
Perceptual Decision Low 5.4 ± 5.7 6.4% ± 6.1
​ Mid-Low 15.2 ± 10 18.3% ± 10.8
​ Mid-High 28 ± 15.2 32.7% ± 13.8
​ High 34.6 ± 19.9 42.6% ± 21.7
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pupil size did not remain significant after correction for multiple com
parisons (r(60) = .30, p = .11).

3.2. Error awareness task (EAT)

Because of technical issues during data acquisition (n = 3), incom
plete data (n = 3) and no unaware errors committed (n = 6), the total 
sample of the EAT included 48 participants (27 females, 21 males, age M 
= 23.94, SD = 2.84). On average, participants showed 90% correct re
sponses with 75% of the errors aware. Table 4 displays descriptive sta
tistics for accuracy, RTs and pupil dilation.

3.2.1. Behavioral performance
Reaction times (RTs) were analyzed using linear mixed-effects 

models with awareness condition (correct, aware error, unaware 
error) as a fixed effect and participant as a random intercept. To assess 
whether RT differences across awareness conditions were driven by 
unequal trial numbers, we compared a baseline model including 
awareness condition only with an extended model additionally 
including the number of trials per condition as a covariate. Including 

trial count did not improve model fit relative to the baseline model, 
likelihood-ratio test χ²(1) = 0.06, p = .80. Importantly, the main effect 
of awareness condition remained significant when trial count was 
included in the model, indicating that RT differences across awareness 
conditions were not driven by unequal trial frequencies. The baseline 

Fig. 5. Pearson’s correlation plots showing inter-individual relationships between accuracy, reaction time (RTs), confidence, and mean pupil size within each task.

Table 4 
Descriptive statistics of the Error Awareness Task (EAT). 
Response-locked pupil size was calculated as mean in the in
terval from 0.5 s to 1.5 s.

M±SD

Accuracy 0.90 ± 0.05
Aware Errors 0.75 ± 0.21
RT Aware Error 0.49 ± 0.10
RT Correct 0.57 ± 0.13
RT Unaware Error 0.59 ± 0.16
Pupil size Aware Error 1.36 ± 0.55
Pupil size Correct 0.12 ± 0.43
Pupil size Unaware Error 0.88 ± 0.84
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mixed-effects model revealed a significant main effect of awareness 
condition on reaction times, F(2, 93) = 29.55, p < .001, demonstrating 
reliable differences in response speed across correct responses, aware 
errors, and unaware errors. Pairwise comparisons showed that responses 
were faster for aware errors compared to correct responses and unaware 
errors (both ps < .001). There was no difference in RTs between correct 
responses and unaware errors (p = .29).

3.2.2. Pupil size
Pupil size was analysed using linear mixed-effects models with 

awareness condition (correct, aware error, unaware error) as a fixed 
effect and participant as a random intercept. To assess whether pupil 
differences across awareness conditions could be explained by unequal 
trial numbers, a baseline model including awareness condition only was 
compared with an extended model additionally including the number of 
trials per condition as a covariate. Including trial count did not improve 
model fit relative to the baseline model, likelihood-ratio test χ²(1) 
= 2.00, p = .16. Importantly, the effect of awareness condition 
remained significant when trial count was included, indicating that 
pupil-size differences across conditions were not driven by unequal trial 
frequencies. The mixed-effects analysis revealed a robust main effect of 
awareness condition on pupil size, F(2, 92) = 56.61, p < .001. Pairwise 
comparisons of estimated marginal means revealed significant differ
ences between all awareness conditions (all p < .001), with pupil re
sponses largest for aware errors, smallest for unaware errors, and 
intermediate for correct responses (see Fig. 6). These findings indicate 
that pupil responses differentiate aware from unaware errors.

3.2.3. Relation between pupil size and behavior
Accuracy was positively associated with RTs across all trial types: 

across all trials (r(48) = .63, p < .001), during aware errors (r 
(48) = .63, p < .001), unaware errors (r(48) = .54, p < .001), and cor
rect responses (r(48) = .61, p < .001). These positive associations be
tween RTs and accuracy further suggest a speed–accuracy trade-off, 
where individuals with generally slower responses responded more 
correctly. Conversely, the proportion of aware errors was negatively 
correlated with RTs for all trials (r(48) = –.72, p < .001), for aware er
rors (r(48) = –.59, p < .001) and unaware errors (r(48) = –.46, 
p = .004) as well as during correct responses (r(48) = –.72, p < .001), 
thus indicating that individuals who responded more quickly were less 
likely to consciously recognise their errors. Positive correlations were 
observed between pupil size during aware errors and RTs across all trials 
(r(48) = .60, p < .001), aware errors (r(48) = .60, p < .001), correct 
responses (r(48) = .59, p < .001), and unaware errors (r(48) = .65, 
p < .001). Pupil dilation during aware errors was also positively 

correlated with accuracy (r(48) = .59, p < .001). Thus, individuals who 
showed larger pupil dilations during aware errors also tended to have 
slower reaction times and higher overall accuracy.

3.3. Exploratory cross-paradigm correlations

Cross-task correlations of pupil dilation were examined separately 
for each confidence level to assess the consistency of pupil responses 
across task domains (see Supplementary Table S5 for full statistical re
sults). Significant positive correlations were observed at all confidence 
levels, indicating significantly preserved interindividual differences in 
confidence-rating related pupil dilations across cognitive domains. At 
confidence level 1, pupil size in the working memory task and in the 
mental rotation as well as in the mental rotation and in the perceptual 
decision task were positively correlated (p < .001). At confidence level 
2, 3 and 4, all three task pairs showed significant correlations (all 
ps < .001). Together, these findings suggest that pupil dilation during 
confidence ratings can be understood as a domain-general indicator of 
confidence evaluations.

Furthermore, exploratory correlations between confidence-related 
pupil responses and pupil responses during the EAT were performed 
(see Supplementary Table S6 for full statistical results). Across tasks, 
only two correlations were statistically significant. In the mental rota
tion task, pupil dilation at confidence level 3 was positively correlated 
with pupil dilation during correct trials in the EAT (r(48) = .30, 
p = .038). In the working memory task, pupil dilation at confidence 
level 2 was negatively correlated with pupil dilation during aware errors 
in the EAT (r(48) = − .41, p = .006). These correlations did not survive 
correction for multiple comparisons. No other correlations between 
pupil responses at individual confidence levels and EAT pupil responses 
were significant, and no significant associations were observed in the 
perceptual decision task. Critically, the direction of these associations 
was not consistent with the idea that pupil dilation reflects uncertainty. 
These findings suggest that metacognitive processes modulating pupil 
dilation during confidence ratings and during error monitoring might 
differ.

4. Discussion

The present study investigated pupil size changes related to meta
cognitive processes, including confidence judgments in three cognitive 
domains (mental rotation, working memory, perceptual decision), as 
well as error awareness. Confidence ratings were aligned with behav
ioral performance, with higher confidence associated with greater ac
curacy and faster responses across all tasks. Contrary to our hypotheses, 

Fig. 6. A) Pupil size time-locked to responses across response types. Pupil size was calculated as mean around the peak (the interval from 0.5 s to 1.5 s). Shaded 
regions represent standard errors. B) Mean pupil dilation across response types. Error bars indicate standard errors.
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pupil dilation was larger when participants were more confident across 
all task domains. In line with our predictions, however, in the EAT, pupil 
dilation was largest for aware errors, intermediate for unaware errors, 
and smallest for correct responses, replicating the findings of Wessel 
et al. (2018). Overall, our results indicate that autonomic signals, 
possibly subserved by noradrenergic activity, contribute to meta
cognitive processes and indicate that pupil dilation may be a useful 
physiological marker to investigate metacognitive monitoring.

In all three tasks, confidence ratings were strongly aligned with 
behavioral performance, thus indicating the suitability of these experi
mental tasks for assessing metacognitive processes. Higher confidence 
consistently predicted greater accuracy and faster responses. Accuracy 
increased monotonically across confidence levels and reaction times 
decreased accordingly. This pattern indicates that participants could 
reliably monitor their own performance and that the tasks provided 
sensitive measures of metacognitive judgments, validating their use for 
linking confidence to physiological markers such as pupil dilation. 
Interestingly, while all tasks showed faster responses with higher con
fidence, the reduction in RTs from low to high confidence was most 
pronounced in the working memory task. This pattern may reflect dif
ferences in the cognitive demands of the tasks, with working memory 
requiring strategic monitoring and controlled retrieval processes that 
place greater emphasis on metacognitive evaluation, whereas percep
tual decision-making relies more on rapid evidence accumulation 
(Ratcliff and Rouder, 1998; O’Connell et al. 2012).

Indeed, our findings revealed specific task dynamics across cognitive 
domains. Working memory was characterized by the highest accuracy, 
fastest responses, highest confidence ratings, and largest pupil re
sponses. Notably, in the working memory task, faster responses were 
associated with higher accuracy, suggesting that response speed reflects 
retrieval efficiency rather than a speed-accuracy tradeoff. No relation
ship between accuracy and RTs was observed in the other tasks. 
Although the working memory task required active maintenance and 
updating of stimulus representations, it may have provided relatively 
stable internal evidence that supported both efficient performance and 
strong self-reported confidence. In contrast, mental rotation elicited the 
slowest RTs and the smallest pupil responses, consistent with the addi
tional time required for internally spatial rotation processes which may 
have resulted in greater effort and perceived difficulty. Perceptual de
cision showed the lowest overall accuracy but intermediate RTs and 
pupil responses, possibly reflecting greater sensory noise at the stimulus 
level despite more rapid perceptual judgments. Together, these results 
indicate that task differences in overall difficulty, cognitive demands, 
and confidence formation are also reflected in physiological responses. 
Importantly, prior work has suggested that metacognitive processes may 
rely on domain-specific neural processes (Chapman, Colvin, & Vuorre, 
2018; Vaccaro and Fleming, 2018; Valera-Bermejo, De Marco, & Mitolo, 
2020; Lenzoni, Sumich, & Mograbi, 2024). However, the extent to which 
metacognition is domain-general or domain-specific is still debated 
(Rouault, McWilliams, Allen, & Fleming, 2018; Seow, Rouault, Gillan, & 
Fleming, 2021; Lund, Corrêa, & Fardo, 2025; Mazancieux, Hat, & 
Rutiku, 2026).

Nonetheless, the relation between higher pupil dilation and higher 
confidence ratings was consistent across cognitive domains. This sup
ports evidence implicating autonomic responses in metacognitive pro
cesses (Wessel et al. 2011; Steinhauser and Yeung, 2012). Notably, the 
positive association between pupil dilation and confidence differs from 
the inverse association reported by Lempert et al. (2015). One likely 
explanation is the temporal window of analysis: Lempert et al. (2015)
focused on early, stimulus-locked pupil responses that may reflect un
certainty or effort related to decision-making (Yu and Dayan, 2005; 
Nassar, Rumsey, & Wilson, 2012; Urai, Braun, & Donner, 2017). We 
instead measured dilation at the time of the confidence judgment, when 
metacognitive evaluation is explicitly occurring. The relevance of the 
temporal window of pupil size quantification has been shown by pre
vious work showing that the pupil dilation response contains two 

temporally dissociable components during recognition memory: an 
early amplitude reflecting involuntary orienting to unexpected content, 
and a later component associated with subjective difficulty or uncer
tainty (Mill, O’Connor, & Dobbins, 2016). It is thus conceivable that 
cognitive processes captured in pupil dilation related to confidence 
ratings differ between task and rating timepoints. For instance, during 
earlier processing stages, greater pupil dilation related to lower confi
dence during the task might reflect higher uncertainty and effort 
(Lempert et al. 2015), while pupil dilation modulation during the con
fidence rating period might reflect attentional processes related to the 
certainty of confidence evaluations, similar to the previously observed 
effect of stronger pupil dilations for more certain old/new ratings on 
memory recognition tests (Hämmerer, Hopkins, & Betts, 2017). Thus, it 
is possible that, during later confidence ratings, higher pupil dilation 
may reflect autonomic arousal linked to greater attentional focus as well 
as higher cognitive effort that possibly contribute to more confident 
evaluations about task performance. Notably, neuromodulatory signals, 
specifically noradrenergic activity, are believed to modulate these pro
cesses indexed by pupil dilation (Sara, 2009; Kang et al. 2014; Mathôt, 
2018; Bornert and Bouret, 2021; Fietz et al. 2022). It is possible that 
higher neuromodulatory activity, as indicated by larger pupil response, 
may simply reflect greater cognitive engagement rather than meta
cognitive monitoring. We cannot fully exclude this account with the 
current design. However, the dissociation between aware and unaware 
errors in the EAT suggests that pupil dilation is sensitive to the presence 
or absence of conscious error detection rather than cognitive effort 
alone, since unaware errors involve task processing without meta
cognitive recognition yet elicit smaller responses. Furthermore, De Gee 
et al. (2014) demonstrated that phasic pupil responses encode the con
tent of decisions rather than merely the intensity of the cognitive 
engagement per se, supporting the idea that pupil dilation may track 
metacognitive evaluations during confidence judgments. Future studies 
should try to further investigate the relative contribution of cognitive 
effort and confidence levels to pupil responses.

The EAT findings further reinforce a metacognitive role for pupil 
responses. Pupil dilation was largest for aware errors, intermediate for 
unaware errors, and smallest for correct responses, replicating Wessel 
et al. (2018). Although one could argue that this pattern reflects un
certainty, the fact that unaware errors, presumably associated with 
lower certainty, did not elicit the largest dilation suggests otherwise. 
Aware error detection may also carry greater emotional salience 
(Critchley, 2005; Ullsperger et al. 2010). This is in line with evidence 
from fMRI studies employing the EAT that found that salience network 
structures, including the anterior cingulate cortex and insular regions, 
show greater activation for aware as compared to unaware errors 
(Hester et al. 2005; Orr and Hester, 2012; Dali, Brosnan, & Tiego, 2022). 
Therefore, it could be argued that pupil responses to aware errors may 
reflect the integration of multiple processes, including performance 
monitoring, conflict and emotional salience.

Correlational analyses further support the association between pupil 
dilation and distinct processes of metacognitive evaluation. Across 
participants, higher mean confidence was associated with greater pupil 
dilation in the mental rotation and perceptual-decision tasks, indicating 
that individuals who were more confident of their performance also 
exhibited larger pupil responses. This relationship was not observed in 
the working memory task. Importantly, working memory performance 
can rely on diverse strategies and is strongly influenced by cognitive 
load, which itself modulates pupil dilation (Kahneman and Beatty, 1966; 
Van Gerven, Paas, Van Merriënboer, & Schmidt, 2004; Stolte, Gollan, & 
Ansorge, 2020). Elevated pupil size may therefore mask phasic changes 
related to our experimental manipulation of confidence levels. In the 
EAT, task performance revealed a speed-accuracy trade-off and pupil 
dilations during aware errors correlated positively with both RTs and 
accuracy, suggesting that individuals with more controlled and 
accuracy-oriented responses exhibit larger error monitoring responses in 
pupil dilations. This pattern mirrors effects observed in event-related 
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potentials which have been suggested to increase with the conflict be
tween correct and incorrect response tendencies on error trials, an effect 
known to be increased with stronger attentional focus on correct (Yeung 
and Cohen, 2006; Hämmerer, Müller, & Li, 2014). Cross-task correla
tions showed high interindividual consistency in confidence-related 
pupil responses during the three confidence rating tasks, but no 
consistent link between higher pupil dilation on the EAT task and the 
confidence rating tasks. This might be seen as supporting the notion that 
pupillometry is able to capture differential processes related to meta
cognitive evaluation across tasks. These findings suggest that autonomic 
neuromodulatory signals represent a domain-general component of 
metacognitive monitoring. While this does not directly address the 
broader debate on domain-generality of metacognitive performance, it 
contributes to the understanding of the neural mechanisms underlying 
metacognition, suggesting that noradrenergic signals may operate as 
domain-general components alongside domain-specific neural processes 
(Morales et al. 2018; Seow et al. 2021).

Several limitations of the present study should be considered. First, 
we were unable to compute formal signal-detection–theoretic measures 
of metacognitive efficiency (e.g., m-ratio) because the large number of 
conditions rendered two-alternative forced-choice (2AFC) estimates too 
noisy for reliable fitting. Second, the experimental protocol was lengthy, 
raising the possibility of fatigue effects despite our counterbalanced task 
order, frequent breaks and within-domain randomization. Third, the 
interpretation of LC-NA system involvement is indirect as we relied on 
pupil dilation which is a non-exclusive and indirect proxy of noradren
ergic function. Future work could combine the present experimental 
paradigms with neuromelanin-sensitive structural imaging and high- 
resolution brainstem functional magnetic resonance (MRI) sequences 
(Betts, Kirilina, & Otaduyet, 2019) in order to investigate whether LC 
activity changes as a function of metacognitive confidence. Fourth, our 
inferences regarding domain-generality of NA signalling are pre
liminary, as our sample included only healthy young adults. Larger and 
more diverse samples, including aging or clinical populations, will be 
essential to determine whether the observed relationships generalize 
and to identify potential physiological substrates of metacognitive 
impairments.

Despite these limitations, the present study provides convergent 
evidence that phasic pupil dilation reflects differential processes 
contributing to metacognitive evaluations across multiple domains and 
carries potential in identifying interindividual differences in meta
cognitive evaluation. Confidence ratings tracked task performance, and 
pupil responses were associated with confidence as well as error 
awareness, supporting the view that autonomic responses can contribute 
to metacognitive monitoring in a domain-independent fashion. By 
combining novel experimental tasks and well-established paradigms 
adapted with pupillometry, our protocol provides new tools for a sys
tematic investigation of the physiological bases of metacognition in 
healthy and clinical populations.
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