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Abstract
Event-related potentials (ERPs) were used to investigate the cognitive and neural substrates of immediate and 1-week delayed error
correction in a semantic retrieval task. In particular, we pursued the basis for the ‘hypercorrection’ effect, the finding that erroneous
responses endorsed as correct with high confidence are more likely than low-confidence errors to be corrected at retest. Presentation of
negative, but not positive feedback about the accuracy of one’s response elicited a fronto-central negativity, similar to the ERN, which
was somewhat sensitive to the degree to which negative feedback violated expectation. A fronto-central positivity, similar to the
novelty-P3 / P3a, more generally indexed detection of a metamemory error, given that it was larger in conditions of high metamemory
mismatch than in conditions of low metamemory mismatch, irrespective of absolute task accuracy. For errors, amplitude of the
fronto-central positivity, but not the preceding negativity, was correlated with correction on an immediate retest. Thus, to the extent that
the fronto-central positivity indexes an orienting response, this response appears to facilitate initial encoding processes, but does not play a
key role in memory consolidation. In contrast, a broad, inferior-temporal negativity occurring 300–600 ms after presentation of the correct
answer was sensitive to subsequent memory performance at both immediate and delayed retests, but only for answers containing familiar
semantic information. This negativity may reflect processes involved in the formation of an association between the question and
pre-existing semantic information.
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Overview
Errors are common in all realms of human cognition.
Within the domain of memory, errors include failures of
information retrieval (misses), as well as the erroneous
retrieval and endorsement of false information (intrusions
and false alarms). Over the past 20 years, much research
has been dedicated to characterizing the conditions under
which these errors, particularly false alarms, are most
likely to occur (for reviews, see Refs. [52,56]). Only
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recently has the focus turned to how these errors can be
avoided or suppressed [16,30]. In the present studies, we
examine the cognitive and neural basis underlying how
errors in retrieval from semantic memory, once made, can
be subsequently corrected. In particular, we focus on the
relationship between the metamemory one has for the
predicted accuracy of their answer, reflected by response
confidence, and the likelihood that the corrective feedback
will be successful. For example, after one confidently
states that the capital of Canada is Toronto, how can this
misinformation be replaced with the correct response of
Ottawa?

1.2. Hypercorrection effect
Many models of memory would predict that an erroneous response to this type of question would be more
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difficult to correct if a subject had initially felt very
confident in the accuracy of his or her answer (e.g., Refs.
[1,35,59]). Given that confidence ratings are at least
partially based on retrieval fluency [3,45], and retrieval
fluency is at least partly related to the strength of association between the question and answer, we can infer that the
question–answer association would be stronger for the
incorrect answers that had been endorsed with high
confidence compared to incorrect answers that had been
endorsed with low confidence. As a result, one could
predict that it should be more difficult to displace these
high-confidence errors with the correct information.
In contrast to these predictions, a recent study by
Butterfield and Metcalfe [6] demonstrated that corrective
feedback is actually more effective in remediating errors
when those errors are initially endorsed with high, rather
than low, confidence. In that study, participants first
provided responses to trivia questions, then rated their
confidence in the accuracy of that response. They were
then given immediate feedback about the accuracy of their
response and informed of the correct response if they were
in error. Later, at a surprise retest, they were instructed to
list the first three responses that came to mind for a subset
of both initially correct and incorrect questions and indicated the response that they now believed was correct.
When a subject had been highly confident in the accuracy
of an erroneous response at the first test, the subject was
actually more, rather than less, likely to provide the
objectively correct answer in this list and endorse that
answer as correct at retest. The learning benefit associated
with making a more egregious error was termed ‘hypercorrection.’
The erroneous information had not been forgotten,
however. High-confidence errors were more likely than
low-confidence errors to be given as one of the three retest
responses, indicating that the erroneous information was
still readily accessible. Yet, there is little evidence that
hypercorrection was simply the result of direct mediation,
in which participants learn the correct answer by associating it with the incorrect answer. The presence of the error
did not predict the presence of the correct answer in the list
of three responses. Next, we present two additional hypotheses to explain the superior learning arising from
high-confidence errors: ‘metamemory mismatch’ and ‘domain familiarity.’ Note that these explanations are not
mutually exclusive.

1.2.1. Metamemory mismatch
Metamemory refers to beliefs concerning one’s memory
capabilities [63], and can reflect self-assessment of the
results of a specific retrieval attempt, as well as an
evaluation of one’s overall memory strengths, weaknesses
and available strategies. In the present studies, a confidence judgment is used to indicate a subject’s metamemorial expectations about the accuracy of his / her response, which is then validated, or not, by the feedback. A

judgment of high confidence means that the subject
predicts that their answer is correct, whereas a judgment of
low confidence means that the subject predicts that his / her
answer is incorrect. Although all error feedback signals a
conflict between a subject’s response and task demands, in
the case of high-confidence errors there is an additional
conflict between these metamemorial expectations and the
actual outcome—a conflict which we term ‘metamemory
mismatch.’ This additional conflict may result in a stronger
or more effective trigger to control processes that are
capable of initiating remedial actions, such as increased
attention to the correct answer and inhibition of the
incorrect answer (e.g., Ref. [5]). Thus, the metamemory
mismatch bears similarity to the influential animal model
of associative learning formulated by Rescorla and Wagner
[74], in which learning is fastest when deviation between
actual outcome and the subjective likelihood of that
outcome is greatest.
The attentional effect of this conflict receives further
support from a series of two dual-task experiments by
Butterfield and Metcalfe [7]. They added a tone-detection
task to a general information question task highly similar
to the one employed in the present experiments. It was
found that, when quiet tones were played during the
presentation of feedback, participants were less likely to
report hearing a tone presented during metamemory-mismatch feedback (i.e., feedback to high-confidence errors or
low-confidence corrects) than during metamemory-match
feedback (low-confidence errors or high-confidence corrects). This result was interpreted to be due to the capture
of attention by the high metamemory mismatch, leaving
less attention available for tone detection. For errors,
failure to detect a tone was also associated with improved
memory for the feedback at retest.

1.2.2. Domain familiarity
An alternative hypothesis for the hypercorrection effect
focuses on the semantic landscape surrounding high- and
low-confidence responses. Specifically, confidence ratings
may be influenced by how much domain-relevant information a question activates, and / or how much a participant feels s / he knows about the topic of the question.
In the case of errors, familiarity with a given question’s
domain (e.g., Canadian geography for the question above)
might increase the likelihood that the erroneous response is
endorsed with high confidence. High domain familiarity
increases the likelihood that the correct information is
already stored in semantic memory, even if it were not
associated with the question strongly enough to be given as
the response at first test. Learning to associate pre-existing
information in semantic memory would be easier than
encoding completely novel information. For example,
according to Thorndike’s [85] conceptualization of learning, associating a response one has never heard of before
with a question would require two stages of learning: first
learning the response as an entity in and of itself and then

B. Butterfield, J. A. Mangels / Cognitive Brain Research 17 (2003) 793–817

associating the response with the question. If one were
already familiar with the correct response, however, only
the second, easier stage of learning would be required.

1.3. Electrophysiological correlates
In the present studies, we explore the neural correlates
associated with these proposed components of error correction by measuring event-related potentials (ERPs) elicited
when subjects are given feedback regarding their response
to trivia questions. This feedback informed subjects not
only about the accuracy of their response, but also the
correct answer, either simultaneously (Experiment 1) or
successively (Experiment 2). ERPs provide a means of
non-invasively tracking, with millisecond-level resolution,
fluctuations in the activity of neuronal populations that are
consistently time-locked to the onset of stimulus (or
response) processing. As such, ERPs have been a method
of choice in studying the sequence of rapid neurocognitive
processes that characterize the detection of errors and
conflict. In addition, ERPs can be selectively averaged
according to an individual’s performance, a feature that has
been exploited in many studies investigating processes
associated with successful memory encoding. To isolate
such processes, the electrophysiological activity recorded
during a study phase is selectively averaged according to
the retrieval outcome. ERPs to items later retrieved are
then compared to ERPs of items later forgotten, and any
differences between them are interpreted as indicating
specific aspects of stimulus processing that are predictive
of encoding success. We use this method of selective
averaging to examine what aspects of the neurocognitive
response to the accuracy and corrective (correct answer)
feedback are related to successful correction of errors
when retested immediately (Experiment 1) and after a
1-week delay (Experiments 1 and 2).

1.3.1. Metamemory mismatch: ERPs associated with
error and novelty detection
The metamemory mismatch hypothesis of hypercorrection focuses on the ability of the accuracy feedback to
engage error detection processes. These error detection
processes may serve to activate control processes designed
to facilitate error correction, which for the purposes of this
task, involves successful encoding of the correct answer.
Thus, our investigation of the neural correlates associated
with metamemory mismatch focused on ERPs previously
shown to demonstrate sensitivity to the detection of error
or distinctive events and have been linked to cognitive
control.
The error-related negativity (ERN [32], also called the
N E [22]) satisfies both of these criteria [5]. This frontocentrally maximal deflection appears to be elicited when a
generic error evaluation system first detects a mismatch
between one’s response and the internalized goals of the
task [10,39]. Whether the ERN is larger to the erroneous
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response itself or to feedback signaling response accuracy
depends on the nature of the task’s stimulus–response
mapping. If the stimulus–response mapping is unambiguous, as is the case in many choice reaction time (RT) or
go / no-go tasks, errors more likely result from premature
responding rather than response uncertainty. Under these
conditions, a large ERN is observed approximately 80–100
ms after the erroneous response (100–150 ms after the
EMG onset) [23,32], but only a very small ERN is found
to any subsequent feedback regarding response accuracy
[39,66]. This is because errors can be determined during
response execution by internal evaluation of an ‘efferent
response copy,’ and, therefore, explicit performance feedback is redundant. In contrast, if the mapping of the correct
response is less certain, as in the case of time estimation
[61], the early stages of trial-and-error learning [39,66], or
situations where the stimulus–response mapping is apparently random [39,66,75], little or no ERN is elicited by
erroneous responses, but a large ERN is elicited when the
error is signaled by accuracy feedback. In these situations,
the subject is dependent on the feedback to determine
whether an error has occurred. Such is the case in the
present studies, in which subjects must wait for feedback
to validate the accuracy of their answers to the trivia
questions, regardless of whether they endorse their responses with low or high confidence. Only when subjects
fail to provide any plausible answer (i.e., ‘omit responses’)
is the outcome certain before feedback is presented. Thus,
we would expect all errors to elicit a feedback-locked
ERN, with the possible exception of omit responses.
Of particular interest is the extent to which an ERN
elicited by error detection would be amplitude-modulated
by the subject’s expectations regarding performance outcome (i.e., metamemory), and, furthermore, whether any
observed modulation would be related to the success of
correcting the error at retest. The most compelling evidence for a relationship between subjective expectation
and the ERN comes from a series of studies in which
probability of stimulus–response mapping was manipulated [39]. Specifically, in a version of the probabilistic
classification task used by Nieuwenhuis et al. [66],
stimulus–response mappings were consistent 100, 80, or
50% of the time, and both response-locked and feedbacklocked ERNs were measured. Critically, the amplitude of
the ERN to the feedback was largest in the 80% ‘invalid’
condition—a condition in which a particular stimulus–
response association that had been rewarded 80% of the
time was not rewarded. Although confidence ratings were
not taken after responses in this task, it is likely that
subjects in the 80% condition would have approached the
feedback fairly confident that their answer was correct. In
the 50% consistent condition, however, it is likely that
subjects would have difficulty generating strong expectations of any kind. Correspondingly, the 50% condition
elicited a smaller feedback-locked ERN than the 80%
invalid condition. The 100% consistent condition elicited
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the smallest ERN, presumably because, in this condition,
subjects would already be aware of their error by the time
feedback was presented, a hypothesis supported by the
large response-locked ERN in this condition. Together,
these results support a recent general model of the ERN
proposed by Holroyd and Coles [39], in which the ERN is
hypothesized to reflect an error in reward prediction
signaled by input from the mesencephalic dopamine
system to the anterior cingulate cortex (ACC). In this
model, larger discrepancies in predicted and actual reward
elicit a larger negative-reinforcement learning signal by the
mesencephalic dopamine system (see also Refs. [26,79])
and, in response, a larger ERN is generated by the ACC.
In the present studies, however, expectation is defined
by a subject’s metamemory—a conscious evaluation of the
veridicality of his / her memory, rather than by stimulus–
response probabilities. It is not clear whether the ERN
would be equally sensitive to this type of expectation given
that, in at least one study, the ERN was not modulated by
subjective awareness. Specifically, Nieuwenhuis et al. [65],
using an anti-saccade task, found that the amplitude of the
response-locked ERN was uninfluenced by subjective
awareness of an error (see also Ref. [57]). Both perceived
and unperceived saccade errors generated equivalent
ERNs, thus conscious evaluation processes such as
metacognition might have little influence on the error
monitoring processes indexed by this component. Conscious awareness of an error may be indexed, instead, by
the amplitude of a positivity immediately following the
ERN, termed the PE , which was only observed for perceived saccade errors in that task. Although less work has
been done to establish the functional significance of the PE ,
others have noted that the longer latency of the PE is more
consistent with a process that occurs either coincident
with, or following, conscious response proprioception or
stimulus evaluation [22,23,43,88]. Thus, to the extent that
registration of metamemory mismatch relies on conscious
evaluation of the error, confidence in the error may
modulate the PE in addition to, or instead of, the ERN.
The PE has been defined primarily in relationship to
commission a response error rather than perception of
negative feedback, however some researchers have noted
its similarity to a P3-like stimulus evaluation component
[14,22,23,57]. In addition, previous studies of ERPs elicited by performance feedback have noted a vertex-maximal P3 that was larger for high-confidence errors than for
low-confidence errors [15,40]. Although these studies used
a relatively limited number of electrodes, the P3 in those
studies bears similarity to the posterior P3b, or ‘classic
P3,’ evoked by rare target stimuli in the auditory ‘oddball’
paradigm [51,70]. The extensively studied P3b component
is thought to index processes associated with detection of a
rare, task-relevant stimulus, such as stimulus categorization
[51] and the updating of information in working memory
[18]. Like rare target stimuli, high-confidence errors
(metamemory mismatches) occur relatively infrequently

(comprising only 5% of all errors in Ref. [6]), thus we
might also expect categorization of feedback to these
errors to modulate the amplitude of a posterior positive
waveform similar to the P3b. More recently, however, a
study that used motivational factors to increase the emotional salience of the error, such as social comparison and
a monetary penalty for errors (but no gain for corrects),
found that a PE peaking 280 ms after response onset had a
more anterior distribution than the typical parietal P3b
[57]. Spatiotemporally, this PE was more similar to the
novelty-P3 / P3a, a frontally-maximal waveform occurring
just prior to the P3b that is also elicited by rare target
stimuli, but unlike the P3b is also large following rare
nontargets (not requiring a response) and other events that
are novel in a given context (e.g., Refs.
[11,13,36,47,49,81]).1 This waveform is hypothesized to
index detection of and / or involuntary switching of attention to a deviant event [27]. Given that in Butterfield and
Metcalfe [6] high-confidence errors were not only rare, but
also reported as more embarrassing and emotionally
arousing than other types of errors, we may find that
subjective expectation also modulates a feedback-locked
positivity that has a more anterior distribution.
In order for metamemory mismatch to serve as a
plausible explanation for the hypercorrection effect, however, the ERP component sensitive to this process must
also be predictive of error correction. Although some
studies have found the amplitude of the response-locked
ERN in a choice RT task to be positively related to
post-error slowing [32,57], a type of remedial action (see
Ref. [73]), many others have not [31,33,61,65,78]. The
relationship of the PE to error correction is also unclear.
Nieuwenhuis et al. [65] found that post-error slowing only
occurred after perceived errors, and concluded that the PE ,
which also was only found for perceived errors, indexed
error-monitoring processes that were associated with error
correction. However, the ability to draw further predictions
from this data to the present task is limited by the fact that
nearly all these studies examined response-locked error
potentials, rather than feedback-locked potentials, and
examined these potentials in relation to immediate motor
slowing rather than to long-term learning. The one study
that examined the relationship of a feedback-locked error
potential to subsequent error correction only measured the
ERN, even though a PE was also apparent [61]. On the
other hand, previous studies of learning in which the P3
was modulated by metamemory mismatch did not test
whether the amplitude of this positivity was related to later

1

Strictly speaking, the P3a refers to a frontally-maximal positivity elicited
by rare, but expected stimuli in a traditional, two-stimulus oddball task,
whereas the novelty-P3 refers to a positivity of similar latency and
topography elicited by rare and unexpected stimuli inserted into a twostimulus oddball task. Increasingly, these terms have been used interchangeably and recent research indicates that they are indistinguishable
[80,82].
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error correction [15,40]. However, a P3 with a posterior
maximum and a longer latency has been related to longterm memory encoding in many other studies (Refs.
[20,76], but see Ref. [58]). Thus, to the extent that errorrelated potentials are observed in the present studies, our
results will provide further information about the relationship of error-related potentials to error correction in
general.

1.3.2. Domain familiarity: ERPs associated with
semantic processing
This hypothesis of hypercorrection suggests that the
amount of knowledge an individual possesses on a particular topic influences both the level of confidence with
which they will endorse incorrect answers to questions in
that domain, and the likelihood they will find themselves
familiar with the correct answer. Pre-existing familiarity
with the correct answer means that subjects need only to
strengthen the association between the question and answer
in order to correct their error, rather than store novel
information.
Given that obtaining a neural correlate of general
domain familiarity would be difficult, we looked instead
for a neural response that was modulated by the individual’s familiarity with the correct answer, which was
assessed for errors only, after presentation of the correct
answer. In addition, because we predicted that familiarity
would facilitate encoding, we were particularly attuned to
the presence of ERPs that were sensitive to both familiarity
and subsequent memory performance. Scalp-recorded ERP
negative waves with latencies between 300 and 500 ms
post-stimulus have been studied extensively in relation to
lexical and semantic processing [53,54]. However, the
most well studied of these waves—the classic N400 wave
elicited over parietal regions by semantically incongruous
stimuli [55]—does not appear to be predictive of later
memory [64]. Moreover, for individuals who are familiar
with a particular domain, familiar correct answers should
be even more highly congruent with their preceding
semantic context than unfamiliar answers, and would not
be expected to elicit a large N400.
Therefore, rather than focusing on the classic N400, we
turned our attention to a family of early negative
waveforms, maximally recorded over left fronto-temporal
sites, which have demonstrated positive relationships with
both semantic processing and verbal memory
[19,37,53,67,68]. For example, Nobre and McCarthy [67]
found an early left fronto-temporal negativity (N316) timelocked to word processing that was enhanced when the
preceding item was semantically related, suggesting that
activity in this region may be modulated by the fluency of
access to information in semantic memory. Fluency of
semantic access is often used by subjects as an index of
familiarity (e.g., Ref. [42]). A negative waveform similar
in spatial distribution, but peaking slightly later (N340)
also was found to predict subsequent episodic memory for
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words [58]. Based on its similarity to other waveforms
associated with semantic processing, as well as cerebral
blood flow demonstrating activation of left inferior frontal
and left middle temporal cortex during retrieval from
semantic memory (e.g., Refs. [28,90]), Mangels and
colleagues interpreted the N340 as representing the initial,
item-specific semantic processing of verbal information, a
necessary condition of successful episodic encoding. Together, these results suggest that early negative-going
waveforms in this region not only may provide an index of
a subject’s familiarity with the correct answer, but also the
extent to which that familiarity facilitates the ability to
produce that answer on a subsequent retest.

1.4. Summary
Investigation of the ERP correlates of error detection
and domain familiarity, and the relationship of these
correlates to error correction were addressed across two
experiments employing trivia questions from a wide range
of topics. In both experiments, subjects provided an answer
to the question and then indicated their level of confidence
in that answer’s accuracy. Subjects were then given
feedback about their performance. In Experiment 1, this
feedback simultaneously informed subjects about their
accuracy and the correct answer. If the subject had made
an error, we then assessed whether the subject was familiar
with the correct answer. The success of error correction
was based on subjects’ performance on a surprise retest for
items missed at the first test that was given a few minutes
after completion of the first test. In Experiment 2, we
presented the accuracy feedback and correct answer sequentially in order to better isolate the neural components
associated with metamemory mismatch and familiarity. We
also added a 1-week delayed retest in order to determine
whether the relative contributions of these processes to
error correction differed as a function of study-test delay.

2. Experiment 1

2.1. Method
2.1.1. Participants
Twenty-five participants (14 females, mean age 21
years) were tested with ERPs. ERP data from five participants were lost or excluded due to computer problems,
insufficient trial counts, or excessive noise. Participants
were native speakers of English, had corrected-to-normal
vision and had no history of neurological or psychological
disorder. Prior to ERP testing, participants were screened
for their knowledge of trivia using a pretest consisting of
five easy, medium, and difficult questions that were not
repeated during the actual test. They were excluded from
ERP testing if they answered fewer than five or more than
12 questions correctly on this pretest. All participants gave
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informed consent and were compensated at a rate of $10 / h
for their participation.

2.1.2. Materials
The stimuli were 220 trivia questions from a variety of
knowledge domains. All questions had answers that were
single words three to eight letters in length (e.g., Q: ‘‘What
poison did Socrates take at his execution?’’ A: ‘‘Hemlock’’). These questions were adapted from the Nelson and
Narens [62] norms, and were similar to those used in
Butterfield and Metcalfe [6].
2.1.3. Procedure
2.1.3.1. Trivia question task. The experiment consisted of
two phases, a test and a surprise retest. EEG was recorded
during the first test phase only. Trivia questions were
presented in the center of the computer screen and
participants were given an unlimited amount of time to
type a response on the computer keyboard. If participants
were not certain about the answer, they were encouraged to
make an educated guess. However, if they felt that they
could not come up with even a remotely plausible answer,
they were told to type ‘xxx.’ These responses were
classified as ‘omit’ responses. For all responses except
omits, participants then rated their confidence in their
response on a scale ranging from 1 (sure incorrect) to 4
(not sure if correct or incorrect) to 7 (sure correct).
Participants were encouraged to use the entire scale.
Immediately following the confidence rating or ‘xxx’
response, a central fixation point appeared for 1 s. Feedback was then provided for 2.5 s in the form of the correct
answer presented in green if it matched the participants’
response or in red if it did not. Subjects were instructed to
avoid blinking or moving during the feedback period. The
program used a letter-matching algorithm to score the
response as a match (75 / 100 or greater), non-match (less
than 70 / 100), or borderline (greater than 70 / 100 and less
than 75 / 100; pilot work determined that these responses
were sometimes incorrect responses, and other times badly
misspelled correct responses). Feedback to ‘xxx’ (omit)
responses was always presented in red. Feedback to
responses of borderline accuracy was also presented in red,
but these trials were not included in any analyses. Following corrective feedback (i.e., the correct answer presented
in red), participants indicated their familiarity with the
correct answer (15familiar, 25not familiar). We emphasized to participants that they should only give a rating of
‘familiar’ if they were familiar with that specific person,
place, or thing that the question was referring to, rather
than simply familiar with the word in general.
Participants were given short breaks after each block of
55 questions. At completion of the first test, the recording
electrodes were removed and the subject was allowed to
wash off the gel. Approximately 8 min after the first test,
the participant then began the retest phase, which consisted

of a surprise retest for those questions that were incorrectly
answered at first test. The sequence of trial events in the
retest phase was the same as during first test with the
exception that familiarity was not assessed.

2.1.3.2. ERP recording. Continuous EEG was recorded
during the first test only using a 64-electrode Quick-Cap
(Compumedics Inc.). EEG was amplified with Neuroscan
SYNAMPS, and digitized at a rate of 500 Hz with a
bandpass of 0.15–50 Hz. Inter-electrode impedance was
kept below 11 kV. Eye movements and blinks were
recorded from electrodes 1 cm lateral to the outer canthi
(LO1 / LO2) and over the infra-orbital ridge (IO1 / IO2).
The EEG was initially referenced to Cz, and then converted to an average reference, as suggested by the
recording and analysis guidelines outlined by the Society
for Psychophysiological Research [71]. We corrected ocular artifacts using two to four BESA components derived
from a series of horizontal, vertical and blink eye-movements recorded prior to the trivia test [4]. This correction
procedure involved a reduction in resolution from 2 to 4
ms.
2.1.3.3. ERP analysis. Off-line, the EEG was cut into 2 s
epochs that were time-locked to presentation of feedback
and baseline corrected using the 100 ms pre-feedback
interval. Out of a total of 4400 epochs (220320 subjects),
43 (,1%) were rejected because of a behavioral response
of borderline accuracy at either first test or retest. Of the
remaining 4357 trials, 272 (,7%) were rejected due to
excessive noise (i.e., activity greater than 6250 mV for 18
participants and greater than 6350 mV for two subjects
who consistently exhibited eye movements exceeding
6250 mV).
To achieve sufficient trial counts for the ERP analyses
we collapsed the seven-point confidence scale into low
(1–3), medium (4), and high (5–7) confidence categories.
All conditions had an average of at least 10 trials per
participant, except for the low-confidence corrects (mean,
6.2 trials; range, 1–28 trials), medium-confidence corrects
(mean, 9.0 trials; range, 2–17 trials), and medium-confidence errors (mean, 9.5 trials; range, 3–20 trials). Despite
these low trial counts, we chose to evaluate medium
confidence trials separately given that medium confidence
trials are instances in which the subject believed an
outcome of correct or incorrect to be equiprobable. Thus, it
is likely that this condition was qualitatively different from
either the high- or low-confidence conditions, in which
subjects thought it was more probable that their answers
were correct or incorrect, respectively.
Our ERP analyses focused on waveforms that have been
modulated by error, conflict, or familiarity in previous
studies and were consistent with the spatio-temporal
distribution of prominent waveforms in the grand means
(see Figs. 1, 2 and 4). These waveforms included a
fronto-central negative deflection similar to the feedback-
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Fig. 1. Grand-mean waveforms at selected electrodes elicited by positive feedback (feedback following responses correct at first test) in Experiment 1,
sorted by first test confidence. Data in this and all subsequent figures were low-pass filtered at 15 Hz.

elicited ERN [39,66] and a positive deflection immediately
following that may be homologous to the novelty-P3 / P3a
[80]. Consistent with the typical distribution of the more
anterior P3a, this positivity appeared to be attenuated at
posterior sites. However, over posterior sites there was
evidence of a distinct later and broader component that
may be more homologous to the P3b [51]. Although we
cannot be absolutely certain that the waveforms observed
in this study are functionally equivalent to these positive
components, which have been described mainly in the
context of oddball stimulus-detection paradigms, for the
purpose of clarity, in our description of the results we will
refer to the fronto-central deflection following the ERN as
the P3a and the later, broader and more posterior positivity
as the P3b. We will consider more fully the proposed
relationship of these components to the previous literature
on the PE , P3a and P3b in the discussion.
During the latency at which the P3a was maximal, and
extending into the epoch at which the P3b was evident, a
broader negative waveform could be observed at lateral
sites that extended from fronto-temporal to more posterior
regions along both hemispheres. Although this negativity
may represent, in part, the inverse of the dipoles generating
either or both P3 components, its differential sensitivity to

the variables of interest in a previous study [58] suggests
that it may also index activity from other sources. Therefore, we analyzed this waveform separately.
The waveforms of interest were preceded by a series of
positive and negative deflections (i.e., P1, N1, P2) that
represent the early stages of stimulus evaluation. We will
not discuss these waveforms further except to note that the
peak latency of the P2 was not found to be affected
significantly by accuracy, confidence or their interaction
(all P.0.13), supporting the view that the presence of the
ERN in negative feedback trials is not simply an artifact of
a latency shift in the positive deflections that flanked it.
Given that the ERN and P3a were present as consecutive
deflections with a narrow temporal window, we analyzed
these components by taking the mean amplitude of a 50 ms
window centered on the peak latency of each deflection at
FCz, where these deflections appeared to be maximal.
Rather than simply taking the peak latency from the grand
mean, however, we first determined whether there were
any significant latency differences as a function of accuracy and / or confidence by measuring the peak of these two
deflections at FCz in the six relevant conditions for each
subject. There were no significant latency differences (all
P.0.12) so the conditions were averaged to calculate
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Fig. 2. Grand-mean waveforms at selected electrodes elicited by negative feedback (feedback following responses incorrect at first test) in Experiment 1,
sorted by first test confidence.

mean peak latency for each of these waveforms. The mean
peak latencies of the ERN and P3a were 276 and 352 ms,
respectively, from which the 50 ms windows for calculating mean amplitude were centered. Because the P3a also
has been described as having functionally dissociable
frontal and posterior aspects in ‘novelty oddball’
paradigms [29] (for review, see Ref. [27]), we compared
amplitudes at FCz and Pz measured during the P3a time
window. These two electrodes were selected because they
appeared to provide maximal distinction (minimal overlap)
between frontal and posterior aspects. We also compared
amplitudes at FCz and Pz in our analysis of the later P3b,
which because it was broader in morphology, was measured as the mean amplitude from 450 to 650 ms. The
mean amplitude of the inferior temporal negativity was
analyzed in a broad window consistent with the morphology of this waveform (300–600 ms) at three pairs of
electrodes running anterior–posterior along the inferior
scalp (FT9 / FT10, TP9 / TP10, Cb1 / Cb2).
All effects were analyzed with ANOVAs using the mean
amplitude within the time windows specified above as the
dependent variable. Greenhouse–Geiser corrections [41]
were applied where appropriate. Epsilon values will be
reported alongside uncorrected degrees of freedom. Sig-

nificant main effects and interactions were followed by
Tukey’s HSD post-hoc comparisons and only significant
comparisons are reported. The alpha level for all analyses
was 0.05.

2.2. Results
2.2.1. Behavioral results
Subjects answered an average of less than half of the
questions correctly at first test (M50.42, S.D.50.13), but
were able to correct about half of these errors at retest
(M50.52, S.D.50.16). To assess whether subjects were
hyper-correcting those questions initially answered incorrectly with high confidence, as well as the relationship of
familiarity with the correct answer to retest correction, a
series of within-subjects ANOVAs were computed. These
ANOVAs are based on probabilities of responses being
endorsed with each confidence level, correct at first test
and retest, and unfamiliar or familiar, as shown in Table 1.
First, we found that participants’ confidence ratings were
reliable indicators of first-test accuracy, F(2,38)5195.1,
P,0.001. Post-hoc comparisons indicated that high-confidence responses were more likely to be correct at first test
than low or medium confidence responses. There was also
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Table 1
Conditional probabilities (with S.E.M.) of responses in Experiment 1
P(response
confidence)

Given
resp.
conf.

P(correct
at first test)

Given incorrect at
first test and
response confidence

P(correct
at retest)

P(correct
answer
was familiar)

Omit
Low
Med
High

– (–)
0.19 (0.03)
0.48 (0.04)
0.87 (0.01)

Omit
Low
Med
High

0.41 (0.04)
0.63 (0.04)
0.65 (0.05)
0.79 (0.04)

0.51
0.68
0.77
0.82

Given incorrect at first test,
familiar with correct answer,
and response confidence

P(correct
at retest)

Given incorrect at first test,
unfamiliar with correct answer,
and response confidence

P(correct
at retest)

Omit
Low
Med
High

0.63
0.79
0.78
0.90

Omit
Low
Med
High

0.16 a
0.31 a
0.25 a
0.41 a

Omit
Low
Med
High

a

0.35 (0.03)
0.17 (0.02)
0.09 (0.008)
0.40 (0.03)

(0.04)
(0.03)
(0.05)
(0.03)

(0.03)
(0.04)
(0.04)
(0.03)

(0.05)
(0.08)
(0.07)
(0.12)

Mean of the 12 subjects with data in all cells.

a significant relationship between first test confidence and
the retest accuracy, regardless of whether omit trials were
included as the lowest confidence level, F(3,57)528.8,
P,0.001, or not, F(2,38)57.3, P,0.005. Omit trials were
less likely to be corrected at retest than were all other error
types. In contrast, high-confidence errors were more likely
to be corrected at retest than all other error types,
replicating the hypercorrection effect [6].
Although subjects were on average familiar with more
than half of the correct answers overall, M50.60, S.D.5
0.12, familiarity also differed as a function of first test
response confidence, regardless of whether the omit trials
were included in this analysis, F(3,57)531.9, P,0.001, or
not, F(2,38)57.5, P,0.005. Specifically, for items incorrect at first test, higher confidence ratings were more likely
to be followed by answer feedback subjects rated as
familiar, than were lower confidence ratings. Familiarity
with the correct answer also made a significant contribution to error correction in general (familiar corrected,
M50.72, S.D.50.16; unfamiliar corrected, M50.22,
S.D.50.16; t(19)529.6, P,0.001). Because high-confidence errors were more likely to be followed by familiar
feedback than were low-confidence errors, it is logical to
infer that familiarity contributed to the hypercorrection of
high-confidence errors.
Nonetheless, familiarity could not fully account for the
hypercorrection effect. A significant relationship between
response confidence and retest accuracy was found even
when we limited this analysis to familiar correct answers
(see Table 1), regardless of whether omit trials were
included, F(3,57)513.5, P,0.001, or not, F(2,38)54.7,
P,0.05. Specifically, in accordance with the hypercorrection effect, post-hoc comparisons demonstrated that these
high-confidence errors were more likely to be corrected
than all other error types. A similar analysis including only
unfamiliar correct answers was also conducted, although
only 12 participants had data in all four cells for unfamiliar
trials (because high-confidence errors were rare in general,

and rarely were followed by unfamiliar feedback). An
ANOVA performed on data from these 12 participants
found a marginal effect of confidence among unfamiliar
items when omit trials were included, F(3,33)52.8, P5
0.05, stemming largely from a difference between omits
and low- and high-confidence categories. No overall effect
of confidence was found when omit trials were excluded,
F(2,22)51.3, P50.29.

2.2.2. ERP results
2.2.2.1. Relationship between first test accuracy and
confidence. Grand mean waveforms at the time of feedback, averaged as a function of confidence, are shown for
correct responses in Fig. 1, and for incorrect responses in
Fig. 2.
A 3 (confidence: low, medium, high)32 (accuracy:
correct, incorrect) ANOVA revealed main effects of both
accuracy, F(1,19)515.8, P50.001, and confidence,
F(2,38)54.0, P,0.05, ´ 5 1.0. The ERN was significantly
more negative for incorrect feedback than for correct
feedback and for high-confidence responses than for lowand medium-confidence responses regardless of accuracy.
Although the interaction between accuracy and confidence
was not significant, F(2,38)51.19, P50.32, the confidence effect in this epoch appeared to be driven more by
variation in the response to correct feedback, which
evidenced little or no ERN. A single-factor ANOVA
limited to correct feedback indicated a main effect of
confidence, F(2,38)54.24, P,0.05, which resulted from
an attenuation in amplitude of the ERN associated with
high-confidence correct responses that was present from
200 to 500 ms. In contrast, a single-factor ANOVA limited
to incorrect feedback found no main effect of confidence,
regardless of whether omit responses were included as the
lowest confidence level or not (all F ,1).
Nonetheless, given that the effect of confidence observed for correct responses appeared to reflect the strong
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influence of the subsequent positive component, the putative P3a, we considered the possibility that the null effect
of confidence of the ERN to incorrect feedback may also
have resulted from the influence of the P3a. In an attempt
to minimize this influence, we calculated difference waves
between incorrect and correct conditions that had similar
stimulus probability and had elicited P3as of a similar size.
Specifically, we subtracted low-confidence corrects from
high-confidence errors (conditions featuring high
metamemory mismatch and a large P3a) and subtracted
high-confidence corrects from low-confidence errors (conditions featuring low metamemory mismatch and smaller
P3a). These difference waves are shown in Fig. 3. The
amplitude of these two difference waves was measured in
the same 50 ms epoch in which we had assessed the ‘raw’
ERNs. Although the ERN difference waves appear numerically different, due to individual variability these values
did not differ significantly, F(1,19)51.6, P50.23. The
small negativity apparent between the P2 and P3a in the
low-confidence correct responses also may have slightly
reduced the amplitude of the difference wave for unexpected errors (high-confidence errors2low-confidence
corrects).
Analysis of the P3a revealed a significant three-way
interaction between site, accuracy, and confidence,
F(2,38)54.9, P,0.05. To explore this interaction, frontal
and parietal sites were analyzed separately. At FCz, the
P3a did not demonstrate significant main effects of either
subjects’ response accuracy or confidence (all F ,1).
However, we found a significant accuracy3confidence
interaction, F(2,38)511.9, P,0.001, ´ 5 0.95. To further
assess this interaction, a single-factor ANOVA limited to
incorrect feedback found that this waveform was largest
following high-confidence responses regardless of whether
omits were included in the analysis, F(3,57)514.3, P,
0.001, ´ 5 0.76, or not, F(2,38)56.8, P,0.005, ´ 5 0.94.
In contrast, a similar analysis limited to correct feedback
found that it was larger following low- and medium-

confidence than high-confidence responses, F(2,38)57.5,
P,0.005, ´ 5 0.84. At Pz, no significant effects of accuracy, F(1,19)52.8, P50.15, confidence, F(2,38)52.6, P5
0.08, or accuracy3confidence interaction, F 51.0, were
found.
The broader P3b evidenced a significant site3accuracy
interaction, F(1,19)513.7, P,0.005, ´ 5 0.97, which we
explored by analyzing the effect of accuracy at each site
separately. Incorrect feedback elicited greater positivity
than correct feedback at Pz, F(1,19)517.0, P50.001, but
there was no significant accuracy effect at FCz, F(1,19)5
2.0, P50.18.
The prominent negativity that was found over inferior
temporal sites was also analyzed for the effects of accuracy
and confidence. A 3 (electrode)32 (hemisphere)32
(accuracy)33 (confidence) ANOVA found a significant
accuracy by confidence interaction, F(2,38)55.2, P50.01,
´ 5 0.84. This interaction was driven by low- and mediumconfidence corrects eliciting larger negative potentials than
high-confidence corrects, whereas for incorrect responses
there were no differences as a function of confidence. A
single-factor ANOVA on incorrect responses that included
omit trials found an effect of confidence, F(3,57)56.9,
P,0.001, ´ 5 0.79, such that feedback to omit trials
elicited less negativity than did feedback to other types of
errors. The overall analysis also found main effects of
hemisphere, F(1,19)55.1, P,0.05, such that the negativity was larger on the left side, and site, F(2,38)54.7,
P,0.05, ´ 5 0.88, such that the negativity was larger at
TP9 / TP10 and CB1 / CB2 than at FT9 / FT10.

2.2.2.2. Relationship between familiarity with the correct
answer and error correction at retest. To assess the effect
of domain familiarity on subsequent error correction, we
analyzed the relationship between familiarity with the
correct answer (at first test) and retest accuracy, which is
illustrated by the grand means in Fig. 4. The ERN
(measured from the raw waveform) did not exhibit signifi-

Fig. 3. Left: the ERN difference waveforms for high-confidence errors minus low-confidence corrects (HCE2LCC) and low-confidence errors minus
high-confidence corrects (LCE2HCC). Right: bar graphs of the mean amplitude (during the 50 ms centered on the ERN peak-pick latency) for each
difference wave with inter-subject S.E.M. bars.
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Fig. 4. Grand-mean waveforms at selected electrodes elicited by negative feedback (feedback following responses incorrect at first test) in Experiment 1,
sorted by subjects’ rating of familiarity with the correct response and subsequent retest accuracy.

cant effects of familiarity (F ,1), error correction,
F(1,19)51.9, P50.18, or their interaction (F ,1).
In contrast, the P3a was largest when the subject was
familiar with the correct answer, F(1,19)56.9, P,0.05,
and reliably predicted error correction on the subsequent
retest, F(1,19)55.4, P,0.05. There was a marginal main
effect of site, F(1,19)54.1, P50.06, suggesting that the
waveform was larger at the posterior (Pz) site. No interactions between site, familiarity, and error correction were
found (all F ,1.7). Although it may seem unusual that the
P3a was not significantly larger at FCz, the omit and
low-confidence trials, which evidenced a smaller P3a at
frontal sites than high- or medium-confidence trials, made
a substantial contribution to each of the error correction
conditions, particularly those associated with unfamiliar
answers. Analysis of the P3b also found a marginal effect
of site, F(1,19)53.5, P50.08, also in the direction of
greater amplitude at the posterior (Pz) site. Memory effects
in this epoch were marginally significant [subsequent
memory, F(1,19)53.9, P50.06; site3subsequent memory
interaction, F(1,19)52.4, P50.13]. No other effects were
significant (all F ,1).
A strong and long-lasting relationship between familiari-

ty and subsequent memory was found at the inferior
temporal sites, however. The negative-going activity in this
region was larger for familiar feedback, F(1,19)510.9,
P,0.005, and as indicated by a significant three-way
interaction between hemisphere, subsequent memory and
familiarity, F(1,19)510.0, P50.005, larger still over the
left hemisphere for items that were corrected at retest. The
negativity was also significantly modulated by the fourway interaction of hemisphere, electrode, familiarity, and
subsequent memory, F(2,38)56.3, P50.01, ´ 5 0.72.
Post-hoc comparisons revealed that the three-way hemisphere, familiarity, and memory interaction was stronger as
electrode site moved more anteriorly (i.e., it was stronger
at FT9 / FT10 than at TP9 / TP10, and stronger at TP9 /
TP10 than at CB1 / CB2). Reassuringly, we also replicated
these results when the analysis was restricted to omit trials,
F(1,18)57.0, P,0.05 (three-way interaction, one subject
who lacked sufficient omit trials, one of the four critical
conditions, was excluded from analysis). Thus indicating
that the relationship of the inferior temporal negativity to
familiarity and subsequent memory correction persists
even when the contribution of metamemory mismatch is
minimized. In contrast, the P3a did not demonstrate a
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reliable effect of familiarity, F(1,18)54.1, P50.06, or
memory, F(1,18)52.8, P50.11, when analysis was restricted to omit responses.

2.3. Discussion
The behavioral findings were consistent with those of
Butterfield and Metcalfe [6] in that higher confidence
errors were more likely to be corrected at retest than were
lower confidence errors (i.e., hypercorrection effect). The
hypothesized role of familiarity in the hypercorrection
effect also was supported. Questions eliciting higher
confidence errors were more likely to have familiar correct
answers than questions eliciting lower confidence errors,
and these familiar correct answers were more likely to be
generated at retest than were unfamiliar answers. However,
the finding that hypercorrection could be observed even
when familiarity was held constant across levels of confidence leaves open the possibility that other factor(s) are
underlying this effect. We propose that one such factor is
‘metamemory mismatch’—the mismatch between expected
and actual performance outcome that is associated with
feedback to those erroneous responses that are endorsed as
correct with high confidence—and the modulation of
arousal and conflict resolution processes associated with
detection of that mismatch.
A positive deflection that peaked approximately 350 ms
post-stimulus over fronto-central sites behaved as an
electrophysiological correlate of metamemory mismatch,
as it was largest under conditions in which this mismatch
was greatest (i.e., high-confidence errors and low-confidence corrects) and was smallest when mismatch was
smallest (i.e., low-confidence errors and high-confidence
corrects). Although a positive waveform was also observed
over parietal sites at this time, this positivity did not appear
to be affected by metamemory mismatch. Notably, frontocentral positivity, which we descriptively term the P3a
because of its earlier latency and more frontal distribution
than the P3b, differs from the PE in that it is not elicited
exclusively by errors in task performance, but also by
errors in the subjective assessment of performance accuracy. It is interesting that the P3b in this study did not appear
to be sensitive to metamemory mismatch, even though
mismatches were less probable events than metamemory
matches. The P3b was larger for errors overall, however,
perhaps reflecting a greater need for updating of stimulus
information in working memory following negative feedback than positive feedback, regardless of metamemorial
expectation.
The P3a was not specific to task errors, but was related
to error correction in that it was larger for items later
generated at retest than items later missed, regardless of
familiarity with the correct answer. Thus, to the extent that
the P3a indexes the orienting of attention, this orienting
appears to facilitate error correction. Furthermore, we can
infer that this orienting response was particularly strong for

high-confidence errors, thereby exerting a significant influence on their hypercorrection. The relationship of the
P3a to error detection and correction contrasts with that of
the immediately preceding negative deflection. This
negativity was sensitive to task error, as we would expect
if it were homologous to the ERN. However, in contrast to
predictions of the Holroyd and Coles model [39], it did not
appear to be modulated by the confidence with which the
erroneous response had been endorsed. Failure to obtain a
significant relationship between the ERN and confidence
may have been due to the fact that the overlapping P3a
evidenced a confidence effect in the opposite (positive)
direction, yet our analysis of the difference waves designed
to reduce the influence of the P3a did not reveal a
significant effect either. The ERN also was not predictive
of subsequent error correction. Taken together, these
results suggest that the ERN indexed a fast error detection
process, while the positivity that immediately followed it
indexed the actual mobilization of processes that could
serve to correct that error.
The influence of familiarity on the hypercorrection of
high-confidence errors also was supported. The amplitude
of the broad negative-going waveform over inferior temporal sites was larger for familiar than unfamiliar items, and
particularly enhanced for those familiar items that could
also be successfully generated at retest. This suggests that
the processes indexed by this waveform are involved in the
activation of pre-existing information in semantic memory
and / or processes involved in strengthening or creating an
association between the question and the familiar answer.
The finding that this waveform was larger overall to
feedback following correct as compared to incorrect
responses supports this interpretation. All the correct
responses produced by the subject would be familiar
already, whereas feedback to incorrect responses includes
both familiar and unfamiliar correct answers. In addition,
in the case of correct responses, the correct answer was
recently activated in semantic memory, which would
further increase its familiarity. Interestingly, for correct
responses, but not incorrect responses, the inferior temporal negativity was modulated by confidence, in that it was
larger for low-confidence trials than for high-confidence
trials. This pattern could also be viewed as consistent with
the idea that this waveform indexes a process that integrates associations between familiar elements, either for
the purpose of establishing a new question–answer association, as was necessary in the case of all error types, or
for strengthening an extant but weak association, as was
the case only for low-confidence corrects.
The finding that the inferior temporal negativity was
significantly smaller to feedback following omit responses
than non-omit errors provides a potential caveat to this
interpretation, however. The reduced amplitude of the
inferior negativity to omit trials may be due, in part, to the
fact these trials were the least likely error type to be
associated with a familiar correct answer (51% familiar),
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as well as error type least likely to be corrected (41%
corrected). However, it is unlikely that this explanation is
sufficient, as the difference in familiarity and error correction between omits and low-confidence errors (68% familiar, 63% corrected) was comparable to the difference
between low-confidence errors and high-confidence errors
(79% familiar, 82% corrected), and these latter error types
did not differ from each other at this waveform. Thus,
there may be another contributor to this difference. This
factor may be attention.
Again, to the extent that the P3a indexes an orienting
response, its attenuation following omit responses suggests
participants did not orient a great deal of attention to
feedback in this condition, or at least oriented less than
when they had attempted an answer. Similarly, attenuation
of this inferior temporal negativity for omit responses may
reflect reduced attention to semantic processing of the
correct answer (see also Ref. [58]), perhaps because
participants were less invested in learning the correct
answer to questions where they had opted to make an omit
response. Indeed, the finding that participants succeeded in
correcting fewer items in the ‘familiar’ omit condition than
for other levels of confidence suggests that even when the
correct answer was recognized as familiar, the association
between that familiar answer and the question was less
likely to be successfully strengthened. This failure may be
the result of reduced attention to this process.
In addition to the differential effects of confidence on
the P3a and inferior temporal negativity, there are other
differences between these waveforms that support the view
that the inferior temporal negativity indexes processes
associated with familiarity and subsequent memory that are
independent of any potential overlap with the inverse of
the dipole responsible for the P3a. First, although the
inferiority temporal negativity and P3a were modulated by
subsequent memory, the subsequent memory effect found
over inferior temporal regions appeared to extend longer
into the epoch (600 ms) than the P3a (475 ms). More
compelling perhaps was the functional discussion found
when we limited our analysis to omit responses. In this
case, the inferior temporal negativity remained significantly larger for corrected than for uncorrected items, but
these effects were no longer robust for the P3a. It is also
unlikely that the inferior negativity simply represents the
inverse of the posterior P3b, despite the similarity of their
time courses and the sensitivity of similar P3 waveforms to
memory in other studies (e.g., Ref. [20]). In this study, the
P3b only demonstrated at best a weak relationship to either
subsequent memory or familiarity (see also Ref. [58]).
Nonetheless, because presentation of the accuracy feedback (color) and the correct answer feedback (word) were
simultaneous, there are methodological and theoretical
difficulties in fully isolating the cognitive constructs
associated with the inferior temporal negativity and the
two overlapping positive waveforms. In addition to the
issues described above, it is difficult to compare the extent
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to which the P3a was sensitive to metamemory mismatch
versus familiarity because familiarity and confidence in an
error were positively correlated. Moreover, the process
indexed by the ERN also is somewhat ambiguous, given
that the ERN could be indexing either error detection
and / or the conflict between the participant-generated
incorrect response and the presented correct response. We
attempted to address these issues in Experiment 2 by
separating the feedback into an accuracy component (color
and tone) and a correct answer component (correct answer
presented in white). In this way, we could potentially
separate processes associated with error detection and
metamemory mismatch (i.e., neural response to accuracy
feedback), from processes associated with familiarity,
semantic association and response conflict (i.e., neural
response to correct answer).
Experiment 2 also attempted to address the issue of
encoding versus consolidation. Given that the retest in
Experiment 1 took place after a relatively short delay, we
cannot say whether the associations between these corrected answers and their question context have been (or
will be) permanently integrated into long-term declarative
memory and exhibit characteristics of a stable semantic or
episodic memory. Furthermore, although this study replicates the hypercorrection of high-confidence errors at an
immediate retest, it is not clear whether this effect would
be reduced or enhanced by a longer study-test delay.
Indeed, it is possible that the difference between correction
of high- and low-confidence errors would be even greater
after a delay than at immediate test. Specifically, negative
feedback to high-confidence errors may elicit greater
emotional arousal than other errors because of the embarrassment associated with metamemory mismatch, and,
therefore, may activate the amygdala, which may facilitate
consolidation of episodic memory for the corrective information and the likelihood that this information will be
recalled even after an extended delay (e.g., Refs. [8,9,38]).
Thus, in Experiment 2, we included a week-delayed retest
to see if the hypercorrection of high-confidence errors, and
its relation with the ERP components described above,
persists over time.

3. Experiment 2

3.1. Method
3.1.1. Participants
Twenty-three participants (12 females, mean age 20
years) were tested who were screened for first language,
sensory, neurological and / or psychological disorder and
trivia knowledge in the same way as in Experiment 1. Data
from three participants were lost or excluded due to
computer problems or excessive noise. All participants
gave informed consent and were compensated at a rate of
$10 / h for their participation.
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3.1.2. Materials
The stimuli were 680 trivia questions from a variety of
knowledge domains. As in Experiment 1, questions had
answers that were single words three to eight letters in
length. These questions included the questions from Experiment 1 as well as 460 taken from various Internet trivia
sites and trivia board games. Each participant, however,
was presented with only 350 of these questions.
3.1.3. Procedure
3.1.3.1. Trivia question task. The experiment consisted of
three phases: a test, a surprise retest, and a week-delayed
retest. EEG was recorded during the first test phase only.
Trivia questions were presented in the center of the
computer screen and the participant was given an unlimited amount of time to type his / her response on the
computer keyboard. To increase the likelihood that a given
participant would have a large number of trials in our
conditions of interest, trivia questions selection was accomplished on-line with an adaptive algorithm by which
normatively more difficult questions were more likely to
be presented if the participant’s current performance was
above 40% correct, and normatively less difficult questions
were more likely to be presented if the participant’s current
performance was below 40% correct. The details of this
algorithm can be found in Appendix A. Participants were
instructed to provide responses and rate their confidence in
the accuracy of their responses the same way as in
Experiment 1.
Immediately following the confidence rating or ‘xxx’
(omit) response, a central fixation point appeared for 1.5 s.
The first feedback was then provided for 1 s in the form of
a cross and a tone. The cross was presented in green with a
high-pitched tone if the participant’s response was correct,
and in red with a low-pitched tone if it was incorrect. A
second fixation cue was then presented for 1.5 s, followed
by feedback in the form of the correct answer presented for
2.5 s. Participants were instructed to avoid blinking or
moving during both feedback periods. The first feedback to
‘xxx’ responses was always a red cross with a low tone, as
was the feedback to borderline responses, however these
latter trials were not included in any analyses. Following
the second feedback (i.e., the correct answer) after incorrect or borderline trials, participants indicated their
familiarity with the correct answer. Participants could
respond that it was unfamiliar or familiar, as in Experiment
1, or whether they ‘knew it,’ meaning that at the time they
received the negative feedback signal, they had realized
immediately what the correct answer was and presentation
of this answer merely confirmed their prediction. In
contrast, a response of ‘familiar’ simply meant that the
correct answer was familiar, but that they had not predicted
it at the time of the accuracy feedback. Participants were
given short breaks after the 87th, 175th, and 262nd trial.
There was a delay of approximately 8 min after the first

test, during which time the recording electrodes were
removed. Participants then began the first retest phase,
which consisted of a surprise retest for a random half of
the questions answered incorrectly in the first test phase. A
week later, participants returned and completed the second
retest phase, which consisted of the other half of the
questions answered incorrectly in the first test phase. To
ensure that the number and type of items retested immediately and at the week-delayed retest were roughly equal,
questions that were incorrect at first test were sorted first
by familiarity rating (‘knew it,’ familiar, and then unfamiliar) and then by confidence. Items in each successive pair
of items in this list was randomly assigned to the immediate or week-delayed retest. If there were an odd number of
incorrect trials, the remaining item was randomly designated as an immediate or week-delayed retest item. In both
the immediate and the week-delayed retest, the sequence of
trial events in the retest phase was the same as during the
first test, with the exceptions that neither response confidence nor familiarity were assessed, and feedback was in
the form of the correct answer in green (if correct) or red
(if incorrect or borderline).

3.1.3.2. Electrophysiological recording. The ERP recording method was the same as in Experiment 1.
3.1.3.3. ERP analysis. ERPs were time-locked to the first
feedback (color and tone) and the second feedback (correct
answer). Out of a total of 7000 epochs (350320 participants), 28 (,1%) were rejected because of a behavioral
response of borderline accuracy either at first test or either
retest. Of the remaining 6972 trials, 515 (,8%) were
rejected due to excessive noise.
As in Experiment 1, we collapsed the seven-point
confidence scale into low (1–3), medium (4), and high
(5–7) confidence categories. Due to the greater number of
first-test trials, all levels of confidence now had an average
of at least 10 trials per participant. However, we were
forced to limit our error correction analysis to familiar
items because relatively few items were rated as unfamiliar
(M526%), and those that were rated unfamiliar were
rarely recalled at the week-delayed retest (M59.8%).
Indeed, five participants failed to correctly generate any
correct unfamiliar trials at this delay. All averages excluded items where the participant claimed to ‘know’ the
correct answer as soon as the accuracy feedback was
presented. These items represented a categorically different
type of response than either familiar or unfamiliar items,
were relatively rare (M511.2%), and could have been
contaminated by hindsight bias.
All effects were analyzed with ANOVAs using the mean
amplitude as the dependent variable. Mean amplitude
windows were centered on the peak latency. At FCz, the
mean latency of the ERN to the accuracy feedback was
262 ms. When ERN latency was subjected to a 2
(experiment)32 (accuracy)33 (confidence) mixed
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ANOVA, it was found to be marginally earlier than the
ERN observed in Experiment 1, which had peaked at 276
ms, F(1,38)53.4, P50.07). Therefore, in the present
experiment, we analyzed the ERN at FCz using the mean
amplitude from 236 to 284 ms. Similarly, the P3a to
accuracy feedback also peaked earlier at FCz (320 ms)
than in Experiment 1, F(1,38)517.6, P,0.001. Therefore,
we analyzed this waveform using the mean amplitude
between 296 and 344 ms. For analysis of the P3b, we used
the mean amplitude within broader windows based on
when this waveform appeared maximal in the grand
means; 400–600 ms for the accuracy feedback, and 500–
700 ms for the answer feedback. As in Experiment 1, P3a
and P3b waveforms were analyzed at both FCz and Pz.
The inferior temporal negativity was also analyzed in
different portions of the epoch for accuracy and answer
feedback, based on when this effect was maximal in the
grand means; accuracy feedback: 296–244 ms (same as the
P3a), answer feedback: 300–600 ms. It was analyzed at the
same electrode pairs as in Experiment 1.
Greenhouse–Geiser corrections [41] were applied where
appropriate. Epsilon values will be reported alongside
uncorrected degrees of freedom. Significant effects were
investigated with Tukey’s HSD post-hoc comparisons. The
alpha level for all analyses was 0.05.

3.2. Results
3.2.1. Behavioral results
Our adaptive algorithm for selecting question difficulty
proved successful in maintaining participants’ first test
accuracy at around 40%, M50.36, S.D.50.07. Moreover,
as shown in the first column of Table 2, participants’
confidence ratings continued to be reliable indicators of
first-test accuracy, F(2,38)5580.2, P,0.001. Table 2 also
illustrates the probabilities of responses at each confidence
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level as a function of accuracy at first test and each retest,
being associated with familiar or ‘known’ correct answers,
and being correct at retest as a function of answer
familiarity.
To assess the relationship between first-test confidence
and retest accuracy, we conducted an ANOVA analyzing
accuracy at immediate and delayed retest as a function of
confidence at first test. A main effect of confidence was
found regardless of whether omits were included,
F(1,19)586.0, P,0.001, or not, F(1,19)515.8, P,
0.001. Post-hoc comparisons indicated this main effect was
due to the hypercorrection of high-confidence errors
relative to all other response categories. A main effect of
retest delay also was found whether omits were included,
F(1,19)5138.9, P,0.001, or not, F(1,19)5102.8, P,
0.001, such that more errors were corrected at immediate
retest than week-delayed retest. However, hypercorrection
did not differ as a function of retest delay, as there was no
interaction between confidence and retest delay, F ,1.
For items incorrect at first test, there was a significant
relationship between response confidence and the likelihood that the correct answer was familiar when omits were
included in the analysis, F(3,57)524.7, P,0.001, but not
when they were not included, F(2,38)51.7, P50.20. The
lack of an effect when omits were not included in the
analysis appeared to be due to an increasing number of
items being rated as ‘known’ at higher confidence levels.
Indeed, when the analysis was computed on the probability
of the feedback being familiar or known a significant effect
was obtained, F(2,38)521.7, P,0.001. Pairwise comparisons found the likelihood of feedback familiarity was
greater for high- and medium-confidence errors than for
low-confidence errors.
Familiarity also made a significant contribution to error
correction. Overall, participants were more likely to correct
their answer when that answer was already familiar (not

Table 2
Conditional probabilities (with S.E.M.) of responses in Experiment 2
P(response
confidence)

Omit
Low
Med
High

0.21 (0.03)
0.31 (0.02)
0.15 (0.02)
0.33 (0.02)

Given
resp.
conf.

P(correct at
first test)

Given wrong
at first test
and resp. conf.

P(correct
at immed.
test)

P(correct
at delayed
test)

P(correct answer)
Familiar

Known

Omit
Low
Med
High

– (–)
0.17 (0.02)
0.36 (0.03)
0.78 (0.02)

Omit
Low
Med
High

0.56 (0.03)
0.76 (0.02)
0.88 (0.03)
0.87 (0.02)

0.28 (0.02)
0.49 (0.03)
0.58 (0.04)
0.61 (0.04)

0.54
0.72
0.77
0.74

0.04
0.08
0.14
0.16

P(correct at
delayed test)

Given incorrect at
first test, unfamiliar
with correct answer,
and response confidence

P(correct at
immed. test)

P(correct at
delayed test)

Omit
Low
Med
High

0.25 a
0.37 a
0.58 a
0.37 a

0.07 b
0.15 b
0.20 b
0.15 b

Given incorrect at first test,
familiar with correct answer,
and response confidence

P(correct at
immed. test)

Omit
Low
Med
High

0.78
0.84
0.93
0.90

a
b

(0.03)
(0.02)
(0.02)
(0.02)

Mean of the seven subjects with data in all cells.
Mean of the nine subjects with data in all cells.

0.40
0.55
0.60
0.59

(0.04)
(0.03)
(0.04)
(0.06)

(0.03)
(0.03)
(0.03)
(0.03)

(0.05)
(0.10)
(0.16)
(0.15)

(0.01)
(0.01)
(0.02)
(0.03)

(0.02)
(0.06)
(0.11)
(0.11)
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including known) than when it was unfamiliar at both
immediate retest [M50.83 (S.D.50.08) vs. M50.31
(S.D.50.17), t(19)517.5, P,0.001] and week-delayed
retest [M50.53 (S.D.50.13) vs. M50.10 (S.D.50.10),
t(19)515.4, P,0.001]. A retest delay3confidence
ANOVA limited to familiar items (see Table 2) found a
main effect of confidence regardless of whether omits were
included in the analysis, F(3,57)518.4, P,0.001, or not,
F(2,38)54.6, P,0.05. This analysis also found a main
effect of retest delay, such that more errors were corrected
at immediate retest than at delayed retest, with omit trials
F(1,19)5141.4, P,0.001, or without omit trials,
F(1,19)583.6, P,0.001. There was no interaction of
retest delay with confidence (F ,1). We chose not to
conduct a similar analysis of unfamiliar items because of
low power due to the highly reduced number of subjects
providing any trials in these conditions, as well as the
small numbers of trials that these few subjects did provide.
Nonetheless, we show the mean data for this group in
Table 2 for descriptive purposes.

3.2.2. ERP results, accuracy feedback
3.2.2.1. Relationship between first-test accuracy and
confidence. Fig. 5 illustrates the grand mean waveforms
averaged as a function of confidence at electrodes selected

Fig. 5. Grand-mean waveforms for the accuracy feedback to responses in
Experiment 2, sorted by first test accuracy and confidence. Data is shown
at sites (A) FCz, (B) Pz, and (C) FT9.

to highlight the effects of interest. A 3 (confidence: low,
medium, high)32 (first-test accuracy: correct, incorrect)
ANOVA indicated that the ERN was significantly more
negative following negative feedback (incorrect responses)
than following positive feedback (correct responses),
F(1,19)529.4, P,0.001. It was also larger overall for
high-confidence responses than for low- and mediumconfidence responses, F(2,38)53.5, P,0.05, ´ 5 0.85,
however this finding is qualified by a significant interaction
between accuracy and confidence, F 56.8, P,0.005, ´ 5
0.85. Single-factor ANOVAs confirmed that this confidence effect occurred only for correct responses, which
evidenced little or no ERN, F(2,38)57.9, P50.005, ´ 5
0.69. As in Experiment 1, this confidence effect appeared
to result from an overall reduction in positivity for highconfidence correct items that started as early as 200 ms and
extending through to 500 ms. Also replicating the results
of Experiment 1, we found no effect of confidence on the
ERN to incorrect responses, F(2,38)51.4, P50.27, ´ 5
0.69. Yet, when we analyzed the ERN using difference
waves designed to minimize the effects of the leading edge
of the P3a (see Experiment 1), significant results were
obtained. Specifically, the difference wave for high-confidence errors minus low-confidence corrects was significantly larger than the difference wave for low-confidence
errors minus high-confidence corrects, F(1,19)55.4, P,
0.05 (see Fig. 6).
The P3a evidenced a main effect of site, F(1,19)57.7,
P,0.05, interaction between accuracy and confidence,
F(2,38)59.5, P,0.001, ´ 5 0.83, and interaction between
site, accuracy, and confidence, F(2,38)57.9, P50.001,
´ 5 0.83. The site3accuracy interaction did not reach
significance, F(1,19)51.9, P50.18. Therefore, we pursued the three-way interaction by analyzing the effects of
accuracy and confidence at FCz and Pz separately. At FCz,
the P3a was not modulated by either accuracy or confidence (F ,1), but was strongly modulated by their interaction, F(2,38)519.0, P,0.001, ´ 5 0.83. Single factor
ANOVAs confirmed that negative accuracy feedback elicited a larger P3a following higher-confidence responses
than following lower-confidence responses, regardless of
whether omits were included, F(3,57)519.9, P,0.001,
´ 5 0.53, or not, F(2,38)512.0, P50.001, ´ 5 0.69,
whereas for positive accuracy feedback, lower-confidence
responses elicited a larger P3a than did higher-confidence
responses, F(2,38)513.5, P,0.001, ´ 5 0.78. Activity at
Pz was reliably modulated by confidence overall,
F(2,38)53.5, P,0.05, ´ 5 0.97, although post-hoc comparisons (which corrected for multiple comparisons) did
not find any significant pairwise differences. There were no
significant main effects of accuracy or interaction of
accuracy3confidence at this site (F ,1.4).
A similar analysis of the broader P3b found that this
waveform was larger at Pz than at FCz, F(1,19)56.1,
P,0.05. There was a weak effect of confidence, F(2,38)5
2.1, P50.13, and a marginal interaction of site3accuracy,
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Fig. 6. Left: the ERN difference waveforms for high-confidence errors minus low-confidence corrects (HCE2LCC) and low-confidence errors minus
high-confidence corrects (LCE2HCC). Right: bar graphs of the mean amplitude (during the 50 ms centered on the ERN peak-pick latency) for each
difference wave with inter-subject S.E.M. bars.

F(1,19)53.6, P50.07. No other effects were even marginally significant (F ,1.6). In particular, we failed to
observe an accuracy3confidence interaction at Pz in either
this experiment or Experiment 1 despite the fact that a
similar waveform has been shown to be sensitive to
stimulus probability in previous studies [18]. To investigate the possibility that the sensitivity of our P3b measurement (i.e., a mean epoch) was reduced by latency jitter, we
used a Woody’s filter to lock averaging onto the onset of
this waveform on a trial-by-trial basis [93].2 Regardless of
whether we used a fixed-size half-sinusoid template or a
flexible template that maximized the cross-correlation ‘fit’
trial by trial, we observed no significant accuracy3
confidence interaction at Pz (F ,1.5).
A negative waveform over inferior temporal electrodes
was affected in an identical manner to the P3a at FCz with
regard to the accuracy by confidence interaction, F(2,38)5
30.8, P,0.001, ´ 5 0.83 (see Fig. 5). This interaction was
more evident at posterior electrodes (TP9 / TP10, Cb1 /
Cb2) than at frontal electrodes (FT9 / FT10), F(4,76)5
11.0, P,0.001, ´ 5 0.52.

3.2.2.2. Error correction at retest for familiar items. To
assess the relation of these waveforms to subsequent error
correction, we averaged the ERPs elicited by the accuracy
feedback according to retest accuracy and retest delay. The
2

The algorithm searched for the highest cross-correlation within the
200–600 ms post-feedback epoch. The fixed template was a half-sinusoid
200 ms wide and 4 mV in amplitude. The flexible template was between
150 and 250 ms wide, in 25 ms increments, and between 3 and 9 mV
high, in 1.5 mV increments. Thus, the algorithm cross-correlated all 35
possible templates across the epoch and time-locked each epoch at the
beginning of the template that achieved the best correlation, where it
achieved it. The average ERP was then calculated for each condition and
each subject with these onset-adjusted epochs. Both methods achieved a
‘humped’ distribution of where they found the P3s to begin.

grand means of these averages are shown at selected
electrodes in the left panel of Fig. 8.
The ERN did not exhibit reliable effects of error
correction (F ,1), retest delay, F 53.0, P50.10, or their
interaction, F(1,19)53.7, P50.07. The P3a demonstrated
a main effect of site F(1,19)512.6, P,0.005, but as in
Experiment 1, was actually more positive overall at Pz
than at FCz. In addition, this waveform demonstrated an
overall effect of delay, F(1,19)54.9, P,0.05, such that
items retested immediately elicited a smaller P3a. There
were no effects of error correction, site3delay, or site3
error correction interactions (all F ,1.7). A trend toward
interaction of retest delay3error correction, F(1,19)52.9,
P50.10, was qualified further by a marginal interaction
between site, delay and error correction, F(1,19)53.6,
P50.07. We tentatively went forward and addressed the
three-way interaction by analyzing the effects of delay and
error correction interaction at FCz and Pz electrodes
separately. At Pz, there were no significant effects (all
F ,1.4). At FCz, however, the P3a was marginally related
to error correction, F(1,19)53.0, P50.10, but robustly
sensitive to retest delay, F(1,19)55.8, P,0.05, and the
interaction of error correction and delay, F(1,19)57.9,
P,0.05. This interaction was driven by the reduced
amplitude of the P3a associated with errors not corrected at
immediate retest, which was reliably smaller than the P3a
to the other three conditions. The P3b demonstrated only a
main effect of site, such that it was larger at Pz, F(1,19)5
8.3, P,0.01. No other effects were significant (F ,1.6).
Single-trial analysis of the P3b using a Woody’s filter
identical to the one used above also found no significant
effects at Pz (F ,1.7).
Analysis of the negativity at inferior temporal sites
found that it was significantly smaller for items missed at
immediate retest than it was for all other types of items,
and that this effect was larger over the left hemisphere.
This was evidenced by a three-way hemisphere3delay3
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error correction interaction, F(1,19)54.9, P,0.05. The
negativity was also larger in general at TP9 / 10 and CB1 / 2
than it was at FT9 / 10, F(2,38)56.9, P,0.01, ´ 5 0.70.

3.2.3. ERP results, answer feedback
3.2.3.1. Relationship between first-test accuracy and
confidence. As shown in Fig. 7, a measurable ERN was
not present in the activity elicited by the correct answer
feedback. The P3a was also attenuated in comparison to
the waveform elicited by accuracy feedback, but could still
be measured in individual subjects. The mean latency of
the P3a to the answer feedback was 384 ms, which was
significantly later than both the P3a to the accuracy
feedback in the present experiment, F(1,38)569.8, P,
0.001, and the P3a to the combined feedback in Experiment 1, F(1,38)511.6, P,0.005. A 2 (site)33
(confidence)32 (accuracy) ANOVA on the P3a demonstrated a main effect of site, such that activity at Pz was
more positive, F(1,19)512.3, P,0.05, and accuracy,
F(1,19)57.6, P,0.05, such that correct answers showed
less positivity overall. There was also a marginal interaction of site3accuracy, F(1,19)52.9, P50.10. There
were no other significant effects (F #1.8). Similarly, the
P3b exhibited only an effect of site, such that it was larger
at Pz, F(1,19)515.6, P50.001. There was a weak trend

for an effect of accuracy, F(1,19)52.3, P50.15, but no
other significant effects (F ,1).
The correct answer elicited a larger negativity over
inferior temporal sites when subjects had initially produced
the incorrect response, especially over the right hemisphere, as indicated by post-hoc comparisons conducted to
interpret a significant accuracy3hemisphere interaction,
F(1,19)59.3, P,0.01. There was also a main effect of
electrode site, such that the negativity was larger at
posterior compared to anterior sites, F(2,38)56.1, P,
0.05, ´ 5 0.70.

3.2.3.2. Error correction at retest for familiar items. As
shown in the right panel of Fig. 8, the amplitude of the P3a
to the correct answer was larger at Pz than at FCz,
F(1,19)57.5, P,0.05, but was not significantly affected
by subsequent memory, retest delay, or their interaction
(F ,1.4). The P3b was also larger at Pz, F(1,19)522.3,
P,0.001, but evidenced no other significant effects (F ,
1), even when a single trial analysis was conducted.3
In contrast, the inferior-temporal negativity exhibited a
long-lasting effect of subsequent memory. From 300 to

Fig. 8. Grand-mean waveforms for the accuracy feedback and the answer
feedback following incorrect first-test responses in Experiment 2. Data is
shown at sites (A) FCz, (B) Pz, and (C) FT9.
3

Fig. 7. Grand-mean waveforms for the answer feedback to responses in
Experiment 2, sorted by first-test accuracy and confidence. Data is shown
at sites (A) FCz, (B) Pz, and (C) FT9.

This was identical to the other filter used, with the exception that the
‘eligible’ epoch was from 300 to 800 ms and the possible template widths
were 200 to 300 ms wide. The distribution of acquired onsets was
humped, but less so than it was for the accuracy feedback data, which
suggests that the parietal P3 may be less peaked and more sustained in the
answer feedback data than it is in the accuracy feedback data.
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600 ms, the activity within this region was significantly
more negative for familiar items corrected at retest than for
those missed at retest delay, F(1,19)57.2, P,0.05, yet
did not differ by retest delay or the interaction between
retest accuracy and retest delay (F ,1). Unlike in Experiment 1, however, this effect was not reliably more
pronounced over the left hemisphere (F ,1).

3.3. Discussion
Separating feedback into sequential accuracy and correct
answer components successfully disambiguated the relationship between the ERN, P3 waveforms, and inferior
temporal negativity, both in terms of their temporal
characteristics and their relationship to error detection and
correction processes. The P3a to the accuracy feedback
peaked earlier than the P3a to the answer feedback,
indicating that evaluation of the non-verbal accuracy
feedback proceeded more quickly than evaluation of the
answer feedback. More importantly, however, the P3a
elicited by the composite feedback in Experiment 1 peaked
between the accuracy and answer feedback in the present
experiment, supporting the hypothesis that in Experiment 1
the P3a represented a ‘smearing’ of the processes associated with the detection of a metamemory error (triggered
by the color of the word), and processes associated with
evaluation of familiarity and error correction (triggered by
the correct answer), as well as any interaction of mismatch
and familiarity that might have occurred when participants
realized that the correct answer they failed to produce was
already a part of their semantic repertoire. Similarly, the
sequential feedback allowed us to separate the aspect of
the inferior temporal negativity that appeared to be simply
the inverse of the P3a (i.e., inferior negativity following
accuracy feedback) from the aspect of this component that
was broader and functionally independent from the coincident positive components (i.e., inferior negativity
following answer feedback).
Both the ERN and fronto-central P3a were more prominent to feedback that conveyed information about the
accuracy of the response than to feedback specifying the
correct answer, suggesting that these components indexed
processes involved in the initial detection of the error.
Unlike in Experiment 1, however, there was some evidence that the ERN in the present experiment was sensitive
not only to detection of negative feedback, but also the
subject’s expectation regarding whether that negative
feedback was going to occur. Specifically, although no
effect of confidence was evident in analysis of the ‘raw’
waveforms, ERN difference waves that reduced the influence of the overlapping P3a found a larger ERN
associated with metamemory mismatch than metamemory
match. The anterior aspect of the P3a also was sensitive to
mismatch between expected and actual accuracy
(metamemory mismatch), but unlike the ERN, robustly
demonstrated this effect regardless of whether task feedback was positive or negative. In contrast to either fronto-
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central waveform, the later posterior P3b did not demonstrate sensitivity to either accuracy or the interaction
between accuracy and confidence.
Regarding the relationship of the P3a to subsequent
memory, the pattern of results found in this experiment
was somewhat complex, however it appeared that the
amplitude of the anterior aspect of the P3a to accuracy
feedback only differentiated whether the correct answer
that followed would be recalled or forgotten at the
immediate retest. These findings essentially replicate the
results of Experiment 1, which also found that the P3a
predicted subsequent memory at immediate retest. Thus,
the failure to correct errors after a relatively short delay
may be related to insufficient orienting of attention to
corrective information. Yet, the amplitude of this component did not differentiate successful recall at the 1-week
delay. Attention may be necessary, but not sufficient for
consolidating these items in the more permanent long-term
memory that was more likely to be tapped by the weekdelayed retest.
Successful error correction at both the immediate and
longer delay depended upon successful strengthening of
the semantic relationship between the question and the
correct answer, a process that was facilitated when the item
was already familiar. Unlike in Experiment 1, such processes could not be engaged until the correct answer was
presented, and therefore, should not have occurred concurrently with the detection of metamemory mismatch except
in the rare cases when subjects claimed to have ‘known’
the correct answer at the accuracy feedback (these items
were not included in the analysis). Indeed, although a small
P3a was observed following presentation of the correct
answer, this component was not predictive of subsequent
memory. Rather, the broad inferior temporal negativity,
which we hypothesize to index a semantic integration
process, was predictive of successful recall of familiar
answers at both the immediate and week-delayed retest.
Although this broad waveform overlapped temporally with
a measurable P3b to the answer feedback, there was no
evidence that this posterior positivity was predictive to
subsequent memory at either retest. Thus, these results
provide further support for the independence of the processes indexed by the P3 waveforms and the inferior
temporal negativity, and additionally, suggest that the
process indexed by inferior temporal negativity underlies
an aspect of memory formation that allows memories to
endure over time.

4. General discussion

4.1. Overview
In two experiments, we examined the sequence of
cognitive and neural events underlying the detection and
correction of errors in semantic knowledge. We focused in
particular on how these processes are modulated when
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errors in memory retrieval are accompanied by errors in
metamemory (i.e., when erroneous responses are endorsed
as correct with high confidence at first test). Such errors,
which violate subjects’ metamemorial expectations, are of
particular interest because they are also associated with
greater success in committing the correct answer to longterm memory—a ‘hypercorrection’ effect first observed by
Butterfield and Metcalfe [6].
With regard to error detection, we observed an early
fronto-central negative deflection that appeared to be
specific to negative feedback, similar to the ERN.4 The
relationship of this ERN-like waveform to the violation of
metamemorial expectation was less clear, however. No
effects of metamemory mismatch (i.e., expectancy) were
found when these ERN-like waveforms were analyzed
directly as a function of response confidence. Yet, a
significant modulation by expectancy was found in Experiment 2 when the overlapping effects of the large positive
waveform that followed this negativity were subtracted
out. Specifically, the magnitude of the ERN difference
wave associated with unexpected errors (high-confidence
errors2low-confidence corrects) was larger than the ERN
associated with errors that were expected (low-confidence
errors2high-confidence corrects). A similar pattern of
results was found in Experiment 1, but the difference
between conditions did not reach significance in that study.
A positive waveform subsequent to the ERN was more
robustly sensitive to the degree of mismatch between
expected and actual feedback, exhibiting this relationship
in both experiments. The spatial and temporal distribution
of positivity suggests that it is analogous to the frontocentral novelty-P3 / P3a typically elicited by unexpected
events in a three-stimulus (i.e., standard, target, novel)
oddball task [47–49,80,81], and therefore we referred to
this waveform as the P3a. Unlike the ERN, this positivity
clearly indexed metamemory mismatch regardless of
whether the actual outcome was positive or negative.
Although unexpected (high-confidence) errors were
associated with a larger P3a and were more likely to be
corrected at both immediate and delayed retest than lowconfidence errors or omit responses, the P3a was only

4

The specificity of this negative deflection to errors and its equivocal
relationship to stimulus probability appears to distinguish it from the
N200, a negative waveform with a fronto-central topography that
typically demonstrates a similar pattern of results to the P300 component
that it immediately precedes (e.g., Ref. [60]). Although previous studies
of the feedback-locked ERN have not examined the relationship of the
ERN and N200 in detail, at least one study of conflict has isolated a
conflict-specific negative deflection in stimulus-locked averages that
could be differentiated from the N200 [92]. Furthermore, some studies of
the response-locked ERN also suggest that this ERN can be differentiated
from the N200 [21,69]. Yet, others have modeled them as generated by a
common dipole [87]. Thus, although the relationship between the
feedback-locked ERN and N200 has not been definitively resolved, we
believe it is unlikely that the ERN-like negativity in the present study is
simply an N200.

significantly related to error correction on the immediate
retest. However, large behavioral effects of answer
familiarity were found at both immediate and delayed
tests, which were mirrored by a broad inferior temporal
negativity that was sensitive to the familiarity of the
correct answer and subsequent error correction, regardless
of whether all items or only omit responses were included
in the analysis, and regardless of retest delay.

4.2. Error detection: task error and metamemory error
The sensitivity of the earlier fronto-central negativity to
error feedback provides further support for the association
of the ERN to a ‘generic’ error-processing system that is
elicited in response to detection of a mismatch between a
subject’s response and the goals of the task [39,61,77].
Although the presence of a small ERN following positive
feedback to low-confidence correct responses (see Fig. 1)
could indicate that it represents an initial response checking process that simply is enhanced when an error is
detected, our results suggest that an ERN can be elicited
under conditions other than those of direct response
conflict. In Experiment 2, we found an ERN to accuracy
feedback alone, before the correct response was presented
to the subject and could have generated competition.
Notably, in previous studies of the feedback-locked ERN,
it was more difficult to disambiguate error detection and
response conflict because the response choices were binary, such that negative feedback automatically informed the
subject of the correct, alternative response [39,61,66].
Although the fronto-central negativity in our experiments was error-specific, we can be less certain of its
sensitivity to the magnitude of that error. A significant
effect of expectancy was observed in Experiment 2 when
we employed a subtraction analysis designed to minimize
the influence of the leading edge of the P3a. A similar
analysis in Experiment 1 also was suggestive of an
expectancy effect, however this analysis did not reach
conventional levels of significance, perhaps because of
greater inter-individual variability associated with processing the more complex ‘dual-feedback.’ The results from
Experiment 2, however, are consistent with the findings of
previous ERN studies by Holroyd and colleges [39,66] that
manipulated the expectancy of negative feedback. By
extension, these findings are also compatible with the
neural network model of Holroyd and Coles [39], which
proposes that the amplitude of the feedback-locked ERN
indexes a phasic alteration in mesencephalic dopaminergic
input to the ACC that is proportional to the degree to
which outcomes are worse than expected. Nonetheless, the
relationship between the ERN and the magnitude of error
is far from resolved. Other studies suggest that the
feedback-locked ERN may be elicited by a fast, automatic
detection system simply responding to the absence of
reward, prior to the complete evaluation of the magnitude
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of that loss or its consequences. For example, Gehring and
Willoughby [34] recently observed a feedback-locked
medial frontal negativity (MFN) in a gambling task that
was modulated only by whether the feedback signaled gain
or loss. Similar to the present findings, it was not sensitive
to the absolute magnitude of the loss (e.g., 5 vs. 25 US
cents), even though there were situations where both
response choices would have resulted in loss, and therefore, a lesser loss (e.g., 5) could be considered a ‘correct’
choice, whereas a greater loss (e.g., 25) could be considered an error. Thus, the feedback-locked ERN in the
present studies may have been less sensitive to confidence
than the P3a because it was elicited automatically by the
penalty implicit in the negative reinforcement stimulus,
prior to the conscious appreciation of any further violation
in metamemorial expectations [24,25].
Processing of the violation between expected and actual
outcome clearly modulated a prominent fronto-central
positivity, which may be analogous to the P3a. This
deflection peaked 60–75 ms after the ERN, supporting the
view that the performance outcome is processed first,
followed by the comparison of the outcome with expectations maintained in working memory. Notably, studies in
which the response-locked ERN was unrelated to conscious error detection found a significant effect of awareness on the positive deflection that followed (i.e., PE [65]).
Unfortunately, studies in which an expectancy effect was
found on the feedback-locked ERN did not examine the P3
[39,66]. In addition, although previous studies using
concept generation or paired-associated learning tasks
found a feedback-locked positivity that was sensitive to
discrepancies between response confidence and outcome
[15,40], this positivity appeared to have a more posterior
distribution than the P3 that was sensitive to metamemory
mismatch in the present studies. Interestingly, although a
posterior positivity (P3b) was observed in our studies, it
did not appear to be modulated by metamemory mismatch.
The novelty-P3 / P3a has been hypothesized to represent
activity associated with evaluating and / or orienting to
novel events for the purpose of subsequent action [27].
Among the putative generators for this component are
neural regions associated with working memory and
executive control, including the anterior cingulate cortex
(ACC) and prefrontal cortex [2,47], as well as regions
involved in the storage of long-term episodic memories,
including the hippocampus [48]. The location of these
generators suggests that this positivity may index a conflict
or mismatch between previous stimulus representations
stored in declarative memory and the information currently
in working memory. Events eliciting a P3a in the present
experiment represented a mismatch not only between the
expected and actual outcome of a single trial, but also with
the expectations built over the course of the experiment.
Subjects’ metamemory concerning their response accuracy
was very good overall, and thus, metamemory mismatches
rarely occurred.
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4.3. Error correction: the contribution of attention and
familiarity
As in many studies of the response-locked and feedbacklocked ERN, the amplitude of this waveform was not
predictive of error remediation [31,33,61,65,78]. Although
results from others suggest that the ERN may be tied to
processes that can serve to inhibit a response that has
received negative reinforcement [39,66], it does not appear
to directly facilitate processes involved in encoding the
correct response into episodic memory.
The P3a demonstrated a relationship to subsequent
memory, however this relationship was reliable only for
items retested after a relatively short delay. Indeed, the P3a
did not differentiate retrieval success at a 1-week delay,
when we would expect the effects of emotion-mediated
memory consolidation to have been more apparent [38].
This calls into question the hypothesis that the effects of
metamemory mismatch were mediated primarily through
emotional salience. Rather, these results suggest that this
component was an index of the general arousal and level
of attention oriented toward the stimulus as a function of
its novel or surprising nature. This interpretation would be
consistent with the finding that metamemory-mismatch
feedback appears to capture more attention, as measured
by impairment on a secondary tone-detection task, than
does metamemory-match feedback [7]. Increased attention
may have provided an additional ‘boost’ to immediate
hypercorrection, as failure to detect the tone also predicted
retest accuracy for non-omit errors in that study. If there
was such a boost, it seems plausible that it was in the form
of a more vivid episodic memory for the trial event, which
included the corrective information. ‘Remember’ responses
typically decline with increase in study-test delay, whereas
the percentage of ‘know’ responses stays the same or
increases [12,50], suggesting that vivid, self-referential
information is more susceptible to decay with time. Yet,
because the amplitude of the P3a was not enhanced for
items remembered at immediate retest as much as it was
attenuated for items forgotten at immediate retest, it is also
possible that the temporary memory benefit of metamemory mismatch may be due less to the ‘hyper-encoding’ of
items eliciting metamemory mismatch than to the failure
for some low metamemory mismatch items to capture even
a basic level of attention necessary to facilitate subsequent
semantic processing.
Familiarity had a pervasive effect on error correction
that was mirrored by a broad, negative-going waveform
following presentation of the correct answer. This waveform was larger for familiar than unfamiliar corrective
feedback, and was enhanced further when that information
was both familiar and successfully retained, at least up to a
delay of one week. Thus, it may index processes associated
with Thorndike’s [85] second stage of learning, in which
associations between pre-existing information in semantic
memory are formed or strengthened. Yet, the finding that
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presentation of the correct answer also elicited a larger
inferior posterior-temporal negativity when the participant
had just generated that answer themselves (i.e., correct
response) compared to when the participant had generated
a different, incorrect answer, suggests that its amplitude is
sensitive to the retrieval fluency of an individual item as
well. Presumably, recently generated items would carry
residual activation that would facilitate retrieval of conceptual information when that same item is provided
during feedback.
The relationship of the broad inferior temporal negativity to successful encoding of familiar information, as well
as its time course and spatial distribution, suggests that it is
similar to the inferior temporal N340 recorded by Mangels
and colleagues in a previous study of episodic memory
[58]. In that study, the amplitude of the N340 elicited
during the encoding of individual words predicted whether
that word would be successfully retrieved on a subsequent
recognition test, but did not distinguish whether the item
would be consciously recollected (i.e., ‘remembered’) or
judged as ‘old’ on the basis of familiarity (i.e., ‘known’).
Thus, these results converge with the present findings in
suggesting that inferior temporal activity from 300 to 600
ms represents an item-specific conceptual process that can
increase subsequent retrieval fluency, although it alone
does not appear to provide the contextual and self-referential associative processes that are necessary for a ‘remember’ response. The distribution of this waveform is
also consistent with findings from blood-flow studies
demonstrating increased activity within left inferior prefrontal and lateral temporal regions during successful
incidental encoding of verbal information (e.g., Refs.
[44,46]), as well as studies linking these regions to the
storage and retrieval of semantic knowledge (e.g., Refs.
[72,91]). Finally, although the inferior temporal negativity
in the present studies could be interpreted as indexing
either item-specific fluency and / or the strengthening of the
question–answer association, future studies in which individual items are made familiar through multiple presentations outside the context of the general information
task (e.g., in a lexical decision task) may allow us to
disambiguate what aspects are differentially modulated by
item-specific and relational processes.
If the inferior temporal negativity indexes a process
specific to the encoding of familiar correct answers into
long-term memory, then what neurocognitive processes
subserve memory for entirely novel information, such as
(for most people) remembering that gods in the Norse
creation myth reside in ‘Asgaard’? The answer is not clear
from the present data. Although unfamiliar correct answers
were more poorly remembered, particularly at the 1-week
delay, retrieval success at immediate retest was a moderate
0.22 in Experiment 1 and 0.31 in Experiment 2. Yet, the
waveforms for remembered and forgotten unfamiliar items
appeared identical across the scalp (see Fig. 4). It is
possible that a null effect resulted in part from variability
due to the relatively low trial counts of remembered

familiar items. In addition, we cannot rule out the possibility that the act of rating familiarity itself contributed to
these low trial counts by biasing attention and elaborative
processes toward familiar items, enhancing both the amplitude of the inferior temporal negativity and the likelihood that these familiar items would be remembered. Yet,
poor memory for unfamiliar answers also suggests that the
system underlying episodic encoding is fundamentally
more attuned to the novel combination of semantically
familiar elements (e.g., a familiar word in an usual context)
than entirely novel semantic information that might initially bear greater resemblance to a pseudoword (i.e., Asgaard). Although recent studies have shown that many of
the same neural regions that are sensitive to novelty are
also correlated with episodic encoding success (e.g., Refs.
[17,46,83,84,86,89]), these studies defined novelty by the
number of repetitions of an item with a pre-existing
representation in semantic memory or the novel juxtaposition of familiar elements. In contrast, words without preexisting semantic representations are most likely encoded
through phonological or lexical representations, and may
require extensive repetition in order to become integrated
into semantic memory. To the extent that this repetition
would have occurred outside of the 1.5 s epoch following
presentation of the word, it would not have been apparent
in our averages.

4.4. Conclusion
We often say that we learn best from our mistakes. The
present studies provides insight into the sequence of
cognitive and neural events underlying this learning process when the information to be learned is semantic
knowledge. Following feedback about the accuracy of
one’s response to a trivia question, subjects appear to first
engage in the detection of the negative outcome, as
indexed by a fronto-central ERN-like wave, possibly
through a fast, automatic system gated by the presence of
negative reinforcement stimuli that is also sensitive to the
degree to which that negative outcome is worse than
expected. They then orient attention to this information in
proportion to the degree to which the outcome deviates
from expectation, as indexed by the amplitude of a frontocentral positivity, putatively the P3a—an orienting response that also occurs in the presence of unexpected
positive outcomes. Correction of high-confidence errors
appeared to benefit from this orienting response to
metamemory mismatch, given that the amplitude of the
P3a was also related to error correction, at least when
performance was retested at a relatively short delay. In
addition, these high-confidence errors benefited from the
greater likelihood that their correct answers would be
familiar. Indeed, the familiarity of corrective information
facilitated error correction at both immediate and 1-week
delayed retest, an effect that was mirrored by a broad
inferior temporal negativity that may represent either item-
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specific fluency and / or the strengthening of the question–
answer association.
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Appendix A
The algorithm for question selection in Experiment 2
chose the question for each trial according to the level of
current performance: if the participant’s current proportion
of correct trials was 0.40 (rounded to two decimal places),
or if it was the first trial of the experiment, a question was
chosen randomly from the pool of remaining questions and
this question was presented to the participant. However, if
the current proportion correct was less than 0.40, a random
question was selected and a random number between 0 and
1 was generated. This question was presented if the
normative ease of the question (proportion of pilot subjects
who answered it correctly) was greater than the random
number. If it was not, a different question was selected and
a different random number was generated. This procedure
was iterated until a question was found that had a
normative rating higher than the random number, for a
maximum of four iterations. The net effect of this process
was that, when performance was less than 0.40, easier
questions were more likely to be presented, although any
remaining questions in the pool also had a chance of being
presented. The same basic process was used if the current
proportion correct was greater than 0.40, with the difference that the selected question was presented if its
normative ease was less than the random number. The net
effect of this process was that, when performance was
greater than 0.40, difficult questions were more likely to be
presented, although, again, any remaining questions also
had a chance of being presented.
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