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ABSTRACT

In recent years, neuroscience research spent much effort in revealing brain activity related to meta-
cognition. Despite this endeavor, it remains unclear exactly when metacognitive experiences develop
during task performance. To investigate this, the current study used EEG to temporally and spatially
dissociate task-related activity from metacognitive activity. In a masked priming paradigm, metacogni-
tive experiences of difficulty were induced by manipulating congruency between prime and target. As
expected, participants more frequently rated incongruent trials as difficult and congruent trials as easy,
while being completely unable to perceive the masked primes. Results showed that both the N2 and the
P3 ERP components were modulated by congruency, but that only the P3 modulation interacted with
metacognitive experiences. Single-trial analysis additionally showed that the magnitude of the P3
modulation by congruency accurately predicted the metacognitive response. Source localization in-
dicated that the N2 task-related activity originated in the ACC, whereas the P3-interplay between task-
related activation and metacognitive experiences originated from the precuneus. We conclude that task-

related activity can be dissociated from later metacognitive processing.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

When acting upon stimuli in the environment, our actions are
accompanied by metacognitive experiences. For example, when
typing on a foreign keyboard, you will clearly experience that your
actions do not proceed very fluently. While the neurocognitive
underpinnings of metacognition have recently received a lot of
attention (Fleming et al., 2014, 2010; McCurdy et al., 2013), it re-
mains unclear how these metacognitive experiences develop in
time. For example, it is highly debated whether metacognitive
experiences associated with our actions are created at the same
time of the decision to act, or whether they also depend on new
information arriving beyond this decision point (Yeung and Sum-
merfield, 2012). More generally, it is unknown at which point in
time specific neural processes contribute to the creation of meta-
cognitive experiences.

Metacognition, a general term used to describe the subjective
experiences associated with our actions, has been studied in a
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variety of research fields. In the meta-memory literature, re-
searchers have extensively investigated subjective experiences
associated with memory formation, such as judgments-of-learning
during acquisition (Metcalfe and Finn, 2008), and feeling-of-
knowing during recall (e.g., Diaz et al., 2007). In the neurocogni-
tive literature, most studies use low-level perceptual decision
tasks, and examine the degree of confidence associated with de-
cisions (de Gardelle and Mamassian, 2014; Fleming and Lau, 2014;
Fleming et al., 2010) or the awareness of having made an error in
the decision process (Boldt and Yeung, 2015; Steinhauser and
Yeung, 2010). In the current study, we focus on one particular class
of metacognitive experiences, namely the experience of fluency in
action-selection. Several recent studies already demonstrated that
participants can reliably introspect on the fluency of their action-
selection, even when they are unaware of the stimuli manipulating
the fluency of selection. For example, Charles et al. (2013) showed
that participants could differentiate between correct and incorrect
judgments in a simple decision task, even though they did not
perceive the stimulus they had to decide on. In a similar vein,
studies have used subliminal priming to create a conflict between
two responses, and observed that task performance and perceived
difficulty were jointly influenced, without participants being
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aware of the visual stimuli driving these changes (Chambon and
Haggard, 2012; Desender et al., 2014; Wenke et al., 2010). That is,
even though participants are completely unaware of the presence
of the subliminal stimuli creating the response conflict, they
nevertheless have the metacognitive experience that responding
was more difficult on those trials where the subliminal stimulus
interfered with response selection. A major benefit of these con-
flict paradigms is that a large body of research has already docu-
mented the neural components associated with the processing of
response conflicts. However, while it was recently demonstrated
that metacognitive experiences are critically involved in conflict
processing (Desender et al., 2014), the role of metacognitive ex-
periences in relation to these components has not been studied.

Conflict tasks are known to reliably modulate two important
event-related components (ERPs) in the EEG waveform (Ullsperger
et al, 2014). First, a fronto-central N2 component around 200-
300 ms post-stimulus is observed, which is believed to reflect a
sensitivity of the anterior cingulate cortex (ACC) to the activation of
incompatible responses (Van Veen and Carter, 2002). Later in time,
a central-parietal P3 component around 300-400 ms post-stimulus
emerges, whose functional role is still a matter of debate. Some
consider it to be an index of stimulus evaluation (Coles et al., 1985;
Purmann et al., 2011), whereas others assume that the P3 reflects
the engagement of attentional resources needed for improved
control (Clayson and Larson, 2011; West, 2003). Interestingly, the P3
component is also considered as a signature for conscious access
(Del Cul et al., 2007; Kouider et al., 2013), making it a likely neural
correlate of metacognitive awareness in conflict tasks.

Based on existing evidence, both the N2 and P3 could be in-
volved in metacognition. First, noting that activity in the ACC is
related to both cognitive (e.g., response conflict, errors) and af-
fective (e.g., pain) factors, Spunt et al. (2012) showed that the ACC
tracks changes in subjective experience, such as frustration and
negative affect (for theoretical perspectives, see e.g., Hillman
and Bilkey (2013) and Shackman et al. (2011)). Therefore, meta-
cognition could be related to activity in the ACC, reflected by the
N2 component. Second, research on error processing revealed that
awareness of one's own errors selectively modulates the error
positivity (Pe) around 300 ms post-response (Hughes and Yeung,
2011; Nieuwenhuis et al., 2001), whereas the earlier error related
negativity (ERN; originating from the ACC; Yeung et al., 2004) is
only modulated by objective accuracy (although this latter claim
has been contested, see e.g., Scheffers and Coles, (2000), Shalgi
and Deouell, (2012) and Wessel, (2012)). Given that the Pe is
considered to be the error-related homolog of the P3 (Ridder-
inkhof et al., 2009), metacognition should be expressed in the P3
component only.

In short, while both the N2 and the P3 could theoretically be
linked to metacognitive experiences, this has not been tested be-
fore. The aim of the current study is to investigate this and to
dissociate task-related activity from activity related to metacog-
nitive experiences.

2. Materials and methods
2.1. Participants

Thirty-one participants, 17 female and 14 male, participated in
return for a monetary compensation (£15). Mean age of the sam-
ple was 24.3 years (SD=5.2, range 19-42). All participants were
right-handed, had normal or corrected-to-normal vision, had no
history of epilepsy and were not taking psychoactive drugs. The
study was approved by the Ethics Committee of the University of
Essex and written informed consent was obtained from each
participant prior to the experimental session. Because of intense

sweating, caused by extreme hot weather conditions, and resulting
noise on the EEG recordings, the data of six participants were unfit
for analyses. The data of one additional participant were excluded
because of technical problems with the EEG recording.

2.2. Experimental procedure

Participants were seated in a dimly lit room for the duration of
the experimental session. Participants completed a masked
priming experiment in which they additionally were asked to re-
port about the metacognitive experience associated with their
response (see Fig. 1). Each experimental trial started with a fixa-
tion cross for 1000 ms. Subsequently, a prime arrow (1.5° wide and
0.7° high) pointing to the left or right was presented for 34 ms
followed by a blank screen for 34 ms. Then, a target arrow (3.3°
wide and 1.4° high) pointing to the left or right was presented for
116 ms followed by a blank screen. Because the prime arrows fit-
ted perfectly within the contours of the target arrow (i.e., meta-
contrast masking; Vorberg et al., 2003), primes were rendered
invisible. This has the major advantage that task performance and
metacognitive experiences are influenced without participants
being aware of the visual stimuli driving these changes (Chambon
and Haggard, 2012; Desender et al., 2014; Wenke et al., 2010).
Participants were asked to respond as fast and accurate as possible
to the direction of the target. They were instructed to press “d” in
response to a left pointing target arrow and “k” in response to a
right pointing target arrow with the middle finger of each hand on
a qwerty keyboard. If a response to the target was registered
within 3000 ms, a blank screen was presented for 516 ms, fol-
lowed by a screen asking participants a metacognitive question:
“How much difficulty did you experience when responding to the
arrow?”. They could answer either by pressing the “0” key with
the ring finger of their right hand (“Rather more difficulty”) or by
pressing the “m” key with the index finger of their right hand
(“Rather less difficulty”). The wordings ‘rather more’ and ‘rather
less’ were used in order to stress that the difference between both
metacognitive experiences is small, a subtlety that is potentially
lost when using the terms ‘easy’ versus ‘difficult’. There was no
time limit to answer this question. The inter-trial interval was
800 ms.

Each participant started with 20 practice trials in which the
metacognitive question was omitted. Subsequently, the experi-
menter explained that participants had to rate their experience
associated with a trial after each response. The experimenter
motivated participants to use all information available to them
(i.e., difficulty, error-tendency, response fluency) to answer this
question. Participants were informed that there would be an equal
amount of “more difficult” and “less difficult” trials, and they were
motivated to keep a balance between these responses. Participants
received 20 additional practice trials with the metacognitive
question. After these two training phases, each participant per-
formed eight blocks of 80 trials each. In each block, half of the
trials were congruent (i.e., prime and target pointing in the same
direction), and half were incongruent (i.e., prime and target
pointing in opposite directions) creating a response conflict.

Only after the main experiment, participants were informed
about the presence of the primes, and participated in a subsequent
detection task. In this task, participants were instructed to cate-
gorize the direction of the prime arrows, instead of the target ar-
rows. During the detection task, targets were neutral with heads
pointing in both directions to ensure that participants were not
accidentally responding to the target. The detection task com-
prised of 100 trials.
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Fig. 1. Example of a trial sequence in the main task (left) and in the detection task (right). Because primes fitted perfectly into the counters of the target, they were visually

imperceptible.
2.3. EEG recording and data pre-processing

EEG data were recorded from 64 scalp locations (actiCHamp,
Brain Products GmbH, Germany) with a sample rate of 500 Hz.
Data were segmented from —500 ms to 2000 ms relative to target
onset. First, segments containing artefacts were identified by vi-
sual inspection and removed. Next, eyeblinks were removed using
Independent Component Analysis (ICA), removing 1.47 compo-
nents on average (range 1-2), and segments containing values
+ 200 uV were excluded using extreme value rejection. Bad (noi-
sy) channels were replaced by an interpolated weighted average
from surrounding electrodes using the EEGLAB toolbox (Delorme
and Makeig, 2004) in Matlab. Finally, segments containing further
artefacts, identified by visual inspection, were removed prior to
averaging. For plotting purposes only, data were filtered using a
20 Hz low pass filter.

2.4. Statistical approach

In order to perform reliable analyses on our EEG data, a mini-
mum number of 20 trials in each cell of the 2 by 2 interaction
between congruency and metacognition was required. Due to the
nature of our metacognitive measure, the data of nine participants
contained less than 20 observations in at least one of these four
cells (M=6, range=0-15). For seven of them, this was caused by
very high metacognitive performance (on average 79% correct
classifications) leaving too few incorrect metacognitive responses.
The other two participants showed a strong response bias, using
almost exclusively the ‘easy’ option. Due to this unequal dis-
tribution, these participants were excluded from further analysis,
leaving 15 participants in the final sample (five males, M,ge=24.5
years, SD=6.7, range 19-42). Although the final sample size is
sufficiently large to perform reliable analyses, one should keep in
mind that this drop in sample size could potentially obscure some
effects. To deal with this potential worry, we qualified our main

ERP findings by additionally computing the BayesFactor (BF) as-
sociated with each effect, using the default priors in the Bayes-
Factor package (Morey and Rouder, 2014). Compared to classical p-
values, a BF has the advantage that it can dissociate between data
in favor of the null hypothesis (BF < 1/3), data in favor of the al-
ternative hypothesis (BF>3) and data that is not informative
(BF ~ 1), (by Jeffreys's (1961), convention). As can be found below,
our BF results showed that for all non-significant p-values there
was evidence in favor of the null, whereas for all significant p-
values there was evidence for the alternative hypothesis. The only
exception was the main effect of metacognition in the P3 time
window (p=.08, BF=1.10), where the BF suggested that the data is
not informative. To examine whether metacognitive experiences
are related to the N2 and/or the P3, we first examined standard
ERPs. To complement this approach, a more data-driven strategy
was used in which a classifier was trained to predict the con-
gruency status of individual trials, and subsequently it was tested
if this classifier contained information about the metacognitive
experience associated with each trial. Above and beyond the
standard ERPs, this approach allows us to examine whether con-
gruency information in the N2 and P3 is related to metacognitive
experiences. Finally, source localization was used to confirm the
relation between the ACC and the N2, and to investigate the neural
origin of the P3.

2.4.1. ERP analyses

Our main analysis of averaged ERPs focused on the N2 and P3,
which are successive deflections in the stimulus-locked ERP wa-
veforms. Baseline activity was removed by subtracting the average
voltage from —168 to —68 prior to target presentation (i.e.,
100 ms period prior to prime onset). The time windows and spa-
tial topography for the analysis of all ERP components were cho-
sen based on a grand-average difference plot of congruency (in-
congruent-congruent), without taking metacognitive experience
into account. As expected, this grand average showed a clear N2
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and P3 component. The N2 was computed across electrodes FCz
and Cz in the 32 ms period around the peak of the component as
measured in the grand average ERP (Clayson and Larson, 2011).
This resulted in a time window between 246 ms and 278 ms. The
P3 was computed on electrodes CPz, Cz and FCz, in the 100 ms
period around the moment where the congruency effect in the
grand average ERP had its largest difference. This resulted in a time
window between 360 ms and 460 ms. Subsequently, mean am-
plitude was extracted from the specified time windows and the
associated electrodes, separately for congruency (congruent versus
incongruent) and metacognitive experience (easy versus difficult).
These mean amplitudes were then submitted to two separate re-
peated measures ANOVAs (one for each time window), with
congruency and metacognitive experience as within-subjects
factors.

2.4.2. Single-trial analysis

To complement the standard ERP analysis, we also analyzed the
data using a more data-driven approach. Based on the results from
the ERP analysis (i.e., the interaction between congruency and
metacognition in the P3; see below), we examined whether in-
formation about congruency on the single-trial level would predict
the associated metacognitive experience. To achieve this, we used
single-trial analyses and examined whether a classifier trained on
congruency also contains information about metacognition. More
specifically, the N2 and P3 components were analyzed on in-
dividual trials using the logistic-regression based linear derivation
method introduced by Parra et al. (2005). An important advantage
of this method is that it does not specify the spatial topography of
the effects beforehand. This approach identifies the spatial dis-
tribution of scalp EEG activity in a given time window that
maximally distinguishes two conditions (e.g., congruent versus
incongruent) to deliver a scalar estimate of component amplitude
on each trial. The derived estimates have a high signal-to-noise
ratio because the discriminating component acts as a spatial filter,
estimating component amplitude as a spatially weighted average
across electrodes for each trial. The single-trial analysis was con-
ducted separately for each participant by training a logistic re-
gression classifier to discriminate congruency in either the N2 or
the P3 time window. In a first step, the reliability of the classifi-
cation was tested using a 10-fold cross validation approach in
which the classifier was trained on 90% of the trials and tested on
the remaining 10%. This procedure was repeated 10 times, on each
occasion keeping a different 10% of the trials for testing. For each
participant, we quantified our ability to successfully classify in-
dividual trials by calculating the Az score, which gives the area
under the receiver operating characteristic (ROC) curve, derived
from signal detection theory (e.g., Stanislaw and Todorov, 1999). To
test for the significance of the single-trial classification, the dis-
tribution of this Az score was calculated by running 100 permu-
tations of our classifier. This distribution was then compared to
100 permutations of Az scores using randomized condition labels,
to provide an estimate of the null classification. A different ran-
domization of the condition labels was carried out at each per-
mutation. Group level analyses were performed by computing an
average per subject over the permutations, and contrasting clas-
sifications made with true and random labels using a paired t-test.
In a second step, the classifier was trained to predict congruency
using all trials, and the resulting estimates were applied to all
trials. Although this approach over-fits the data for congruency, it
allows us to examine whether a classifier trained on predicting
congruency on individual trials contains information about the
metacognitive response.

2.4.3. Source localization
Based on the scalp-recorded electric potential distribution, the

standardized low resolution brain electromagnetic tomography
(SLORETA) software (http://www.uzh.ch/keyinst/loreta.htm) was
used to compute the cortical three-dimensional distribution of
current density (Fuchs et al., 2002; Pascual-Marqui et al., 2002).
This method is based on the neurophysiological assumption of
coherent co-activation of neighboring cortical areas, and computes
the smoothest of all possible activity distributions (i.e., no a priori
assumption is made on the number and locations of the sources).
Note that, although there is a specific prediction that the N2 ori-
ginates from the anterior cingulate cortex (Jiang et al., 2015; Van
Veen and Carter, 2002), results from these analyses should be
treated with caution given the limited spatial precision of EEG.
This is especially the case for the P3, for which the a priori pre-
diction is unclear. We conducted this method once on a difference
wave of the N2 time window measuring congruency (i.e., Incon-
gruent-Congruent), and once on a difference wave in the P3 time
window measuring the interaction in the P3 (Easy(ncongruent—con-
gruenty~Difficultincongruent-congruent): T analyze these difference
waves, we used a paired-groups analysis, and tested the N2 and P3
time windows in the corresponding difference waves, using t-
statistics with the variance smoothing parameter set to zero. Fi-
nally, 5000 permutations were performed to compute correct
thresholds for t values in order to test for significance at an alpha
level of .05. These computations are performed in a realistic head
model using the MNI152 template, with the three-dimensional
solution space restricted to cortical gray matter. The intracerebral
volume is partitioned in 6239 voxels at 5 mm spatial resolution.

3. Results
3.1. Behavioral results

3.1.1. Metacognitive experience of difficulty

Because performance in responding to the target arrow was at
ceiling level (96.7%) and metacognitive responses to incorrect
trials are quite trivial, we deleted error trials (3.3%), trials follow-
ing an error (3.1%) and the first trial of each block (1.2%) from all
following analyses. Then, it was examined whether participants’
metacognitive experiences (i.e., whether a trial was as experienced
as easy or difficult), coincided with the actual congruency, which
would show evidence of above chance-level metacognitive per-
formance. Note that one should be careful not to confuse basic task
performance (which was at ceiling level) and this measure of
metacognitive performance. We used the data of the main ex-
periment to calculate a d’ based on signal detection theory (hen-
ceforth called conflict-d), which provides a measure of metacog-
nitive performance while controlling for response bias (Green and
Swets, 1966). Incongruent trials were treated as signal, and con-
gruent trials were treated as noise. The “difficult” response was
considered a hit on incongruent trials and a false alarm on con-
gruent trials. Hit proportions were computed by dividing the total
number of hits by the number of signals, and false alarm propor-
tions were computed by dividing the total number of false alarms
by the number of trials where no signal was present. Mean con-
flict-d was 0.54, showing significant above chance level metacog-
nitive performance, t(14)=3.01, p=.009. Participants correctly
classified congruent trials as easy and incongruent trials as diffi-
cult in 59% of the trials. Trials judged to be easy were more fre-
quently congruent (36.9%) than incongruent (26.9%), whereas
trials judged to be difficult were more frequently incongruent
(22.4%) than congruent (13.8%). Next, to test if metacognitive ac-
curacy is based on participants' capacity to introspect on their own
RTs (Marti et al., 2010), a subset of the data was selected in which
RTs for congruent and incongruent trials were matched. For each
congruent trial, an incongruent trial was randomly selected whose
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Fig. 2. A. Grand average of stimulus locked ERPs for fronto-central electrodes (FCz, Fz). The gray bar reflects the N2 time window (246 ms to 278 ms). B. Voltage plot for the
N2 congruency effect. C. Grand average of stimulus locked ERPs for centro-parietal electrodes (CPz, Cz, FCz). The gray bar reflects the P3 time window (360 ms to 460 ms). D.

Voltage plot for the P3 congruency effect.

RT deviated 5 ms maximally. Trials that could not be matched
across conditions were discarded. In this RT-matched set, meta-
cognitive performance was still reliably above chance level, con-
flict-d=.45, t(14)=2.56, p=.023, with participants classifying 57%
of the trials correctly. This finding shows that participants were
able to introspect on the presence of response conflict, even in the
absence of differences in response time.’

To confirm that this above chance-level categorization is not
caused by prime perception, prime visibility was assessed using
the data of the detection task. A d’ measure (treating left pointing
primes as signal) was calculated and this measure did not deviate
from chance level (i.e., zero), d’=—0.019, t(14)=-0.25, p=.81,
indicating that participants were completely unable to dissociate
left from right pointing primes. Furthermore, no correlation was
found between conflict-d and prime visibility, f;=-0.361, t
(14)= —0.57, p=.57, showing that participants’ metacognitive ca-
pacity was independent from prime visibility. A positive significant
intercept, fo=.53, t(14)=2.89, p=.013, was observed,

1 When analyzing the complete sample (N=31), these behavioral results were
similar. Metacognitive performance was above chance level (64% correct), conflict-
d=.92, t(30)=4.79, p <.001. This was also the case when congruent and incon-
gruent trials were matched for response time (61% correct, conflict-d=.79, (30)=
4.40, p <.001). Finally, RTs still showed both the main effect of congruency, F
(1,30)=56.84, p <.001 and of metacognitive response, F(1,30)=27.01, p <.001.

demonstrating that even when prime visibility was statistically
zero, we still observed above chance level metacognitive perfor-
mance (Greenwald et al., 1995).

3.1.2. Target responses

To analyze the responses to the target arrow, median RTs were
submitted to a 2 (congruency: congruent or incongruent)x 2
(metacognitive response: easy or difficult) repeated measures
ANOVA. A main effect of congruency was observed, F(1,14)=18.46,
p <.001: RTs were faster on congruent (445 ms) than incongruent
trials (486 ms). There was also a significant main effect of meta-
cognitive response, F(1,14)=12.28, p=.004, indicating that trials
labeled as difficult were responded to slower (521 ms) than trials
labeled as easy (465 ms). The interaction between both factors was
not significant, F < 1,2

3.2. Electrophysiological results

3.2.1. Stimulus locked ERPs
Fig. 2A and C present the grand average stimulus-locked ERPs

2 This same analysis on the error rates yielded no significant effect of con-
gruency, F(1,14)=3.11, p=.10, a trivial main effect of metacognition, F(1,14)=12.56,
p=.003, and no interaction, p >.27.
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for fronto-central and centro-parietal electrodes, respectively, de-
pendent on congruency and metacognitive experience. We ob-
served an N2 in a time window between 246 ms and 278 ms post-
stimulus, located at fronto-central electrodes (FCz, Fz; see Fig. 2B),
followed by a P3 in a time window between 360 ms and 460 ms
post-stimulus, located around central electrodes (CPz, Cz, FCz; see
Fig. 2D).

A repeated measures ANOVA with the factors congruency
(congruent or incongruent) and metacognitive experience (easy or
difficult) on the mean average voltage during the N2 time window
across electrodes FCz and Fz indeed showed a main effect of
congruency, F(1,14)=10.47, p=.005, BF=8.52. The amplitude of
incongruent trials was more negative than that of congruent trials.
Crucially, there was no main effect of metacognition, F < 1,
BF=0.29, nor an interaction between both factors, F < 1, BF=0.28.
A post-hoc t-test showed that even the small difference between
incongruent trials judged to be easy and incongruent trials judged
to be difficult that can be seen in Fig. 2A was far from significant,
p > .80, BF=0.27. Exactly the same results were found when the
procedure described above to control for differences in RTs was
applied.

The same repeated measure ANOVA on the P3 time window on
the average of the CPz, Cz and FCz similarly showed a main effect
of congruency, F(1,14)=35.25, p <.001, BF=702.17. The amplitude
of incongruent trials was more positive than that of congruent
trials. The main effect of metacognition was close to significance, F
(1,14)=3.63, p=.08, BF=1.10. Crucially, there was a significant
interaction between both factors, F(1,14)=8.01, p=.013, BF=4.40,
showing that the effect of metacognition on the P3 was limited to
incongruent trials. Post-hoc t-tests showed that incongruent trials
judged to be difficult and incongruent trials judged to be easy
differed both from each other and from all other trial types (all
p's <.018, all BF's >3.42). Only the difference between easy and
difficult congruent trials was not significant (p=.65, BF=0.29).
Again, the same pattern of results was observed in an RT-matched
subset of the data, indicating that our results reflect metacognitive
experiences associated with response fluency, and not just a mere
read-out of reaction times.’

3 Note that our results can also not be explained by a difference in signal-to-
noise ratio between the four conditions. When randomly selecting trials from each
condition until the number of observations was matched, (separately for each
participant), exactly the same pattern of results was obtained.

3.2.2. Single-trial analysis

First, to get an indication of the robustness of our classifier, we
examined the classification (Az) scores for each participant when
predicting congruency based on the N2 (Fig. 3A) and the P3
(Fig. 3B) time-window. On the individual level, we were able to
classify significantly better compared to random classification for
8 of 15 participants when predicting the N2, and for 9 of 15 par-
ticipants when predicting the P3. On a group level, both predic-
tions for the N2, t(14)=3.08, p=.008, and the P3, £(14)=3.25,
p=.005, were significantly better than random classification. As
can be seen in Fig. 3, this data-driven approach gives a topography
that is highly consistent with the ERP analysis. Hence, this single-
trial analysis provides us with reliable classification performance.

Next, it was examined whether a classifier trained on all data to
predict congruency on individual trials contains information about
the metacognitive response. As such, we extracted congruency
probabilities associated with each trial from the classifier, and
submitted these to a repeated measures ANOVA, with the factors
congruency and metacognitive response as within-subject factors.
For the P3 time window, this analysis showed the trivial main
effect of congruency, F(1,14)=329.06, p < .001, and importantly, an
interaction with metacognitive response, F(1,14)=5.64, p=.032.
For incongruent trials, the probability scores significantly differ-
entiated between easy and difficult trials, (14)=3.25, p=.005,
whereas this was not the case for congruent trials, p > .60. For the
N2 time window, this analysis showed only the trivial main effect
of congruency, F(1,14)=236.87, p <.001, but no interaction with
metacognitive report, p >.19. Hence, congruency information on
the individual trial level in the N2 time window does not contain
information with regard to the metacognitive response (see Fig. 4).

3.2.3. Source localization

Our ERP results make a strong case for the P3, but not the N2,
being significantly modulated by metacognitive experience. Next,
we examined whether we could link particular brain areas to
these components. First, we examined the neural generator of the
congruency effect in the N2. Given numerous previous reports that
this component reflects a sensitivity of the anterior cingulate
cortex (ACC) to competing response demands (Carter and van
Veen, 2007), we first wanted to replicate this finding. In Fig. 5A, it
can be seen that this prediction is confirmed by the data. A cluster
of voxels in the ACC is more responsive to incongruent compared
to congruent trials. Note, however, that only the maximum peak of
activation in this contrast was significant at the .05 level
(MNI coordinates (x, y, z): 10, 25, 35).
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Fig. 5. Source localization results. (A) The congruency effect in the N2 component showed a peak maximum in the ACC. (B) The interaction between congruency and

metacognition in the P3 component showed a peak maximum in the left precuneus.

Second, we examined the neural correlates of the meta-
cognitive experiences on the P3 component. Because our ERP
analysis showed that the effect of metacognition was restricted
to incongruent trials, we computed a single difference wave-
form representing this interaction (Difficultncongruent—congruent)—
EasY(incongruent—Congruent))- IN Fig. 5B, it can be seen that the peak
activation of this contrast is in the left precuneus (MNI coordinates
(x,y,z): —20, —70, 20). Apart from this peak, several other voxels
also reached significance at the .05 level (see Table 1). Note that
the extent of these significant areas was quite small, calling for
extra caution when interpreting these results. Therefore, we only
tentatively conclude that the interaction between congruency and
metacognitive experience is correlated with activity in the (left)
precuneus.

3.3. Link between behavioral and electrophysiological results

Based on our results, we can conclude that the P3 component is

crucially linked to metacognitive experiences. If this is the case, a
relation between behavioral performance in the metacognitive
task (as indexed by conflict-d) and the magnitude of the interac-
tion in the P3 component (reflecting that the effect of metacog-
nition was restricted to incongruent trials) should be expected. A
correlational analysis confirmed this, R>=.32, =1.247, t(14)=
2.47, p=.028, see Fig. 6. The better participants were able to be-
haviorally dissociate easy from difficult trials, the larger the in-
teraction between congruency and metacognition on the P3
component (p3(congruency*metacognition) = Easy(lncongruent—Congruent)_
Difficult(ncongruent-congruent)). Note that the size of the standard
conflict-P3 component (P3(incongruent-congruent)) Was not predictive
of metacognitive performance, p=.56.

4. Discussion

The current study is the first report on the temporal dynamics
underlying metacognition. In a masked priming paradigm, we
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Table 1
Voxels showing a significant activation at the .05 level (t > 4.078) for the interac-
tion between congruency and metacognition in the P3.

MNI coordinates t Value Anatomical region
X Y z
—-20 -70 20 4.93 Precuneus
-20 -75 20 4.86 Precuneus
-20 -80 20 4,58 Cuneus
40 -20 45 4.40 Precentral Gyrus
-5 30 60 4.37 Superior Frontal Gyrus
-20 —80 15 4.36 Cuneus
40 -20 50 429 Precentral Gyrus
5 55 40 4.23 Medial Frontal Gyrus
-20 5 —40 423 Uncus
40 -20 65 421 Precentral Gyrus
55 -25 35 420 Postcentral Gyrus
-20 10 -35 419 Superior Temporal Gyrus
45 -20 65 4.18 Postcentral Gyrus
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Fig. 6. Relation between metacognitive performance (conflict-d) and the size of the
modulation between congruency and metacognitive response in the P3
component.

induced metacognitive experiences of difficulty by subliminally
priming the correct or incorrect response. Because primes were
imperceptible, metacognitive experiences do not reflect meta-
cognition about visual perception, but rather introspection on
subtle differences in task performance. As expected, participants
were able to reliably dissociate easy (i.e., congruent) from difficult
(i.e., incongruent) trials. Our ERPs showed that congruency
modulated both the N2 and the P3 component. Crucially, only in
the P3, congruency was modulated by the metacognitive experi-
ence of difficulty. Complementing this finding, using single-trial
analysis, we showed that the magnitude of the P3 modulation by
congruency on individual trials was predictive of the metacogni-
tive response. Source localization pointed to the precuneus as the
neural generator of metacognitive experiences, although this
finding should be treated with caution given the limited spatial
precision of EEG. In the remainder, we will discuss the inter-
pretation and significance of our results.

4.1. The P3 and metacognition

Conflict tasks are known to reliably modulate both the N2 and
the P3 component (Ullsperger et al., 2014). Interestingly, we did
not find any support for a role of the N2 in metacognitive ex-
periences. This suggests that the involvement of the ACC is con-
fined to task-related processes, whereas it is independent of later
metacognitive experiences. This finding can aid the interpretation
of ACC activation in studies examining the neural correlates of
metacognition (e.g., Fleming et al., 2012). This result also adds to
the lively debate on the role of awareness in the detection of re-
sponse conflicts and response errors, as reflected by the N2 and
ERN components, respectively. Some have argued that these
components cannot be observed when the presence of response
conflict (e.g., Dehaene et al, 2003) or response errors (e.g.,
Scheffers and Coles, 2000; Shalgi and Deouell, 2012) remains be-
low the threshold of awareness, whereas others have challenged
this claim (e.g., Nieuwenhuis et al., 2001; O'Connell et al., 2007).
As discussed by Wessel (2012), part of this discrepancy might stem
from methodological differences between studies. In particular,
studies on error awareness frequently make use of an extra
‘awareness-button’ that needs to be pressed in the case of an error,
which might not be sensitive enough to detect subtle differences
in error awareness. In the current work, participants rather rated
their metacognitive experience on each trial, which is a more
appropriate approach to measure metacognition. Nevertheless, we
found evidence that the N2 is sensitive to unconscious response
conflict, independent of participant’s metacognitive awareness
(e.g., Jiang et al., 2015).

As mentioned in the introduction, the P3 has already been
ascribed several different functions, such as stimulus evaluation
(Coles et al.,, 1985; Purmann et al., 2011) or the engagement of
attentional resources (Clayson and Larson, 2011; West, 2003).
However, because previous studies did not assess metacognitive
experiences, they were not able to determine whether the P3
varies as a function of stimulus characteristics, such as response
conflict, or as a function of subjective experience (but see Del Cul
et al. (2007)). Based on the current data, we can conclude that in
conflict tasks the P3 component is actually an expression of the
interplay between task-related parameters (such as response
conflict) and metacognitive experiences. Our analysis indicated
that even on individual trials, the size of the modulation of the P3
component by congruency was predictive of whether participants
experienced it as an easy or a difficult trial. This was especially the
case for incongruent trials, which is reasonable given that only on
incongruent trials there is consistent motor conflict of which
participants can become aware. Congruent trials, on the other
hand, do not (by definition) contain motor conflict, and hence
congruent trials that are experienced as difficult have to result
from other sources than response conflict. It could for example be
that being distracted during a congruent trial makes you label this
trial as “difficult”. While being distracted can lead to difficult re-
sponses on congruent trials, it can never lead to an easy response
on incongruent trials, hence it selectively affects congruent trials.
One obvious way to test this distraction hypothesis is to examine
whether RTs to the main target arrow were different on congruent
trials that were judged as easy compared to congruent trials that
were judged difficult. We observed that responses were indeed
reliably faster on congruent trials judged as easy (444 ms versus
503 ms), t(14)=2.79, p=.014, suggesting that response time serves
as a proxy for task difficulty (Kiani et al., 2014). This finding is
interesting because, as mentioned in the Section 3.2.1, the effect of
congruency on metacognitive experience was also present in a
subset of the data that was matched for RTs, suggesting that
congruency and RT are two independent sources affecting meta-
cognitive experiences, with only the former modulating the P3.
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Moreover, note that the EEG waveform associated with congruent
trials labeled as easy or difficult were not different from each other
at any other moment in the epoch (see Fig. 2C), strengthening our
hypothesis that some source of distraction can lead to “difficult”
judgments on congruent trials. As a final piece of evidence in
support of this suggestion, RTs to the metacognitive question were
indeed much slower to difficult congruent trials (M =528 ms post-
response) than to easy congruent trials (M=422 ms post-re-
sponse), p=.03, whereas this was not the case on incongruent
trials, p=.60. In sum, we conclude that our P3 modulation might
only reflect metacognitive awareness caused by response conflict,
but not by other sources such as distractions.

4.2. The neural correlate of metacognition

Interestingly, source localization pointed to the precuneus as
the neural generator of the modulation by metacognition in the
P3. Although source localization results of EEG with 64 electrodes
should be treated very cautiously, it is nevertheless interesting to
note that this finding fits well within current literature on meta-
cognition. Although initial functional MRI studies pointed to the
anterior PFC as neural correlate of visual metacognition (Fleming
et al., 2010; Yokoyama et al., 2010), recent studies have found the
precuneus to be related to metacognition in the memory domain
(Baird, Smallwood, Gorgolewski and Margulies, 2013; McCurdy
et al., 2013). Rather than stressing this difference in modality (i.e.,
visual versus memory), these findings can easily be integrated
with the current results by assuming that the functional role of the
precuneus is to focus attention on the target of metacognition. A
crucial aspect in our task was that metacognitive judgments were
about the experience of task difficulty. Thus, in order to accurately
detect which experience they had on each trial, participants nee-
ded to orient their attention internally, which has been linked to
activity in the precuneus (Vanhaudenhuyse et al., 2011). The me-
tacognitive experiences in our task might also be highly related to
self-consciousness and self-reflection (Cavanna and Trimble, 2006;
Vogt and Laureys, 2005). In line with this suggestion, a recent
study argued that the precuneus may contain common mechan-
isms for different types of metacognition (visual and memory;
McCurdy et al., 2013), a proposal which fits well with our sug-
gestion that the P3 component reflects the internal orientation of
attention. In order to provide more convincing support for our
claim linking metacognitive experiences and the precuneus, future
studies should aim to replicate this finding using more precise
brain imaging techniques, such as fMRL

4.3. The functional role of the P3

Our data provide a compelling case for a role of the P3 in
metacognition, for which we see two potential explanations in
terms of its functional role. First, the most straightforward ex-
planation is that the P3 reflects a neural correlate of metacognitive
awareness. Support for this comes from several studies claiming
that the P3 is a neural correlate of conscious access (Del Cul et al.,
2007; Kouider et al., 2013), studies claiming that the Pe (which has
been linked to the P3; Ridderinkhof et al., 2009) reflects error
awareness (Nieuwenhuis et al., 2001), and a recent study linking
the experience of agency to the P3 component (Kiihn et al., 2011).
This latter observation seems of particular interest, given that our
methodological approach bears close resemblance to a line of re-
search on the sense of agency (Chambon and Haggard, 2012;
Wenke et al., 2010). Here, the same subliminal priming paradigm
is used, but responses are additionally followed by a stimulus,
whose color is entirely predicted by prime-target congruency.
Participants are found to experience a larger sense of agency over
colors that follow congruent trials compared to colors following

incongruent trials. Hence, response congruency influences the
subjective experience of agency. Given the resemblance between
this research line and ours, the involvement of the P3 component
in both our study and recent work on the sense of agency (Kiithn
et al., 2011), might point to a general role of the P3 in metacog-
nitive experiences.

Alternatively, it can also be that the modulation of the P3
component by metacognition is actually a precursor of metacog-
nition, providing input for metacognitive experiences. Evidence for
this possibility comes from a recent study on error awareness that
observed a relation between the magnitude of the Pe and the
criterion that participants had set to signal their errors (Stein-
hauser and Yeung, 2010). They found that a high criterion to signal
an error resulted in a larger magnitude of the Pe than a low cri-
terion. From this, the authors concluded that the Pe component
reflects an evidence accumulator sensitive to the amount of evi-
dence that an error was committed, rather than the neural un-
derpinning of error awareness itself. This is in line with the in-
terpretation of our source localization results, suggesting that the
modulation in the P3 reflects the focusing of attention on internal
information that enables metacognition. Note, however, that this
comparison should be treated with caution. Error rates in conflict
tasks are typically below 15% and are known to produce large
orienting behaviors (Notebaert et al. 2009; Jessup et al. 2010), so
simply generalizing the functional role of the Pe to that of the P3
might be too simplistic.

Finally, an open question for future research will be to examine
which specific processes, apart from congruency between prime
and target, determine whether a particular trial will be experi-
enced as either easy or difficult. We examined the possibility that
differences in response selection might underlie these metacog-
nitive experiences. Another interesting area for further examina-
tion is the role of expectancy in metacognitive experiences of
difficulty (e.g., Gratton et al., 1988). For example, expecting a
particular response (e.g., left) can lead to an ‘easy’ experience
when this expectation is met, and to a ‘difficult’ experience when
it is not met. Likewise, expecting a target stimulus at a given
moment in time can lead to an easy experience when this tem-
poral expectation is met, and to a difficult experience when the
stimulus is unexpectedly presented earlier or later in time. Inter-
estingly, it could be argued that the mechanism by which ex-
pectations influence metacognitive experiences is identical to that
examined in the current study. Expecting a particular response to
occur, can lead to pre-activation of this response. When this ex-
pectation is not met, there will be a response conflict between the
expected response and the correct response. This competition
between incompatible responses will influence both the perfor-
mance (i.e., better performance on expected responses) and the
metacognitive experience (i.e., ‘easy’ experience on a predicted
response). This very same mechanism can explain the results of
the current study. In our study, when an invisible prime triggers
the incorrect response, this creates the (unconscious) expectation
of the incorrect response (Chambon and Haggard, 2012), leading to
a response conflict between the primed and the correct response.
This competition between two incompatible responses will lead to
a reduction in performance and a ‘difficult’ metacognitive experi-
ence. Thus, despite the different origin of the response conflict, the
same mechanism of competition between conflicting responses
might underlie the modulation of performance and metacognition,
both when the conflict is induced by the expectation of a parti-
cular response, or when this is induced by means of a priming
procedure. Future studies could aim to consistently manipulate
expectancy, in order to examine whether the P3 can also be linked
to metacognition when using a different manipulation to influence
metacognitive experiences.
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5. Conclusion

In the current study, we used EEG to dissociate task-related
activity from later metacognitive processes. We observed that both
the N2 and P3 component were modulated by congruency, but
only in the P3 we observed an interaction with metacognition. We
conclude that the N2 component reflects only task-related acti-
vation, whereas the P3 component reflects an interplay between
task-related activation and metacognitive experiences.
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