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A B S T R A C T

Performance feedback during a speech-nonspeech discrimination task was used to investigate (neuro-)cognitive
processes underlying feedback processing under uncertainty. Sensory uncertainty was manipulated by creating
stimuli that were stepwise morphs of the German vowels /a/ and /a:/ (speech) and their spectrally rotated
counterparts (non-speech). The anterior N1 associated with early attentional modulation was largest following
negative feedback. Both negative and uninformative feedback showed larger FRN amplitudes, suggesting a
classification as worse than expected. Sensory uncertainty affected only the feedback-P3, in terms of larger
amplitudes for (1) stimuli with high uncertainty and (2) positive feedback. Confidence ratings revealed that
sensory uncertainty reduced the accuracy of stimulus categorization, but did not modulate participants’ response
confidence. Results suggest that feedback processing follows three distinct and successive stages, starting with
initial screening for behavioral relevance (anterior N1, enhanced for unexpected negative feedback), followed by
a binary valence distinction (FRN), and a more detailed analysis (P3).

1. Introduction

Performance feedback is critical for shaping future behavior, as the
probability of repeating a specific behavior increases after positive and
decreases after negative feedback (classical reinforcement theory, see
Sutton & Barto, 1998, for an overview). Miltner, Braun, and Coles
(1997) identified an event-related potential (ERP) component, the so-
called feedback-related negativity (FRN), which differentiates between
negative and positive feedback, and was used to investigate the neural
processes underlying feedback valence evaluation (e.g., Gehring &
Willoughby, 2002; Holroyd & Coles, 2002). Previous research mainly
reported two accounts for the mechanisms underlying the FRN. Ac-
cording to the classical reinforcement learning theory, negative feedback
results in a phasic decrease of dopamine in the basal ganglia that can be
measured on the scalp as a large negativity, whereas positive feedback
is related to a phasic increase of dopamine activity, as observable by
smaller FRN amplitudes on the scalp (e.g., Holroyd et al., 2004;
Nieuwenhuis et al., 2005). According to the more recently developed
expectancy deviation hypothesis, the FRN is elicited by an active mon-
itoring system whenever a mismatch is detected between the expected
and the actual feedback (Oliveira, McDonald, & Goodman, 2007). In
line with this account, the time course and topography of the FRN

resemble the so-called error-related negativity associated with error
detection, as both share a common underlying mechanism (i.e., reward
prediction error, see Ullsperger, Fischer, Nigbur, & Endrass, 2014, for
review). In the present study, we also considered later stages of feed-
back processing as indexed by the feedback-P3, associated with more
detailed feedback analyses such as feedback magnitude (e.g., Yeung &
Sanfey, 2004; Xu et al., 2011; Padrón, Fernández-Rey, Acuña, & Pardo-
Vazquez, 2016), and early stages of feedback processing as indexed by
the anterior N1 (e.g., Martin & Potts, 2009), associated with top-down
modulation of attention.

So far, a variety of feedback stimuli have been used to examine
feedback processing; for instance, comparing the effects of receiving or
losing money in a gambling paradigm (e.g., Hajcak, Moser, Holroyd, &
Simons, 2007; Marco‐Pallares, Cucurell, Münte, Strien, &
Rodriguez‐Fornells, 2011; Peterburs, Suchan, & Bellebaum, 2013).
Notably, even providing purely informative performance feedback
without any tangible consequences has an affective as well as a cog-
nitive component and hence, comparable effects to actually receiving
monetary or social rewards or losses (see Ferdinand & Czernochowski,
2018, for a review). While the type of motivational intervention does
not appear to affect the mechanisms underlying feedback processing,
other factors introduced by the different paradigms employed so far
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may play a larger role for the cognitive processes underlying ex-
pectancy formation and hence the question whether the actual feedback
will be expected or not.

1.1. Factors underlying uncertainty

In order to investigate the role of subjective expectations for feed-
back processing, an element of surprise is typically introduced to
compare expected and unexpected events. In paradigms used to eval-
uate feedback processing, several aspects can introduce uncertainty (see
Bach & Dolan, 2012): For instance, participants can be uncertain how to
classify a stimulus based on its perceptual properties in a difficult dis-
crimination task, referred to as sensory uncertainty in the following.
Alternatively, participants can be uncertain about the criteria under-
lying feedback (i.e. rule uncertainty), for instance when response con-
tingencies are changed throughout the experiment (i.e., reversal
learning, Hauser et al., 2014). Finally, participants can be uncertain
about their individual response accuracy in a difficult task (i.e. outcome
uncertainty). Unfortunately, prior studies investigating feedback pro-
cessing have not distinguished between potential sources of uncertainty
by focusing on one specific type of uncertainty or directly comparing
these factors, hence it remains open whether feedback processing also
depends on the type of uncertainty underlying the expectancy violation.

One factor that is critical for forming expectations about the future
is the relative likelihood in which events occur. Rare events are parti-
cularly salient and often cause an orienting response. Notably, errors
typically occur less frequently than correct responses, hence negative
performance feedback is often associated with both negative valence
and an element of surprise for relatively infrequent events. Hence, in
order to investigate the underlying mechanism for the observed dif-
ference in FRN amplitude, the role of valence and surprise need to be
carefully disambiguated (for an overview on the role of salience, see
Alexander & Brown, 2011; see also Talmi, Atkinson, & El-Deredy,
2013). For this reason, Hauser et al. (2014) used a probabilistic reversal
learning task, in which participants selected one out of two geometrical
objects based on reward expectations accumulated from their experi-
ences in previous trials. As reward conditions changed repeatedly,
participants received approximately the same amount of positive and
negative feedback. However, when reward contingencies switch during
the task, two explanations for a mismatch between an expected and the
actual feedback are possible: Either the participant was surprised by the
feedback because it did not fit the expectation (here, according to Bach
& Dolan, 2012, referred to as outcome uncertainty), or because the
participant was uncertain about which feedback to expect (here re-
ferred to as rule uncertainty), potentially not forming explicit expecta-
tions at all. Both types of uncertainty would lead to a mismatch between
the expected and the actual outcome, however, based on different un-
derlying mechanisms. Kogler, Sailer, Derntl, and Pfabigan (2017) dis-
tinguished between uncertainty, based on weak action-outcome rela-
tions, here referred to as rule uncertainty, and surprise, based on the
violation of strong action-outcome relations. More precisely, if parti-
cipants have already formed an explicit expectation for a task-specific
response-outcome relationship, which is not fulfilled, they will be sur-
prised that the response did not result in the expected outcome. If, by
contrast, participants did not yet build a task-specific relation between
their response and the outcome, i.e. positive or negative feedback, they
will be uncertain about what to respond (here referred to as outcome
uncertainty).

In order to investigate under which conditions subjective expecta-
tions are built, in some other previous studies a gambling paradigm was
used, with cues that were related to high or low positive outcome rates
(certain condition) versus cues at chance level of positive or negative
outcome (uncertain condition, i.e. rule uncertainty; Kogler et al., 2017;
Xu et al., 2011; Yu, Zhou, & Zhou, 2011). For example, Kogler et al.
(2017) assigned a positive outcome in the certain condition to one cue
in 80% of the trials, associated with a predefined button press, to

another cue in only 20% of trials, associated with an alternate button
press, and in the uncertain condition, to a third cue in 50% of trials,
irrespective of the specific response. However, in this paradigm, par-
ticipants may be surprised even in the certain condition (e.g., when
obtaining a negative feedback even though a positive one was ex-
pected), because they cannot rely entirely on the cue-outcome re-
lationship (due to the maximum of 80% cue correspondence). In other
words, in this paradigm no cue is reliably associated with only one
outcome.

1.2. Implementation of reliable cue-outcome relations in a learning task

To the best of our knowledge, none of the prior studies investigated
the effect of uncertainty with a reliable cue-outcome relation, since
reward contingency switches in probabilistic reversal learning para-
digms (e.g., Chase, Swainson, Durham, Benham, & Cools, 2011; Gu
et al., 2011; Magosso, Forcelli, Garofalo, Di Pellegrino, & Ursino, 2015).
Other studies relied on gambling paradigms which inherently involve
unpredictable outcomes (e.g., Bismark, Hajcak, Whitworth, & Allen,
2013; Carlson, Foti, Mujica-Parodi, Harmon-Jones, & Hajcak, 2011;
Cooper, Duke, Pickering, & Smillie, 2014). Therefore, we designed a
stimulus classification task with a stable cue-outcome relation.

In the present investigation, participants were asked to categorize
auditory stimuli as speech or nonspeech. This task represents a simple
every-day demand, in contrast to tasks used in previous studies, such as
gambling (e.g., Carlson et al., 2011; Goyer, Woldorff, & Huettel, 2008;
Peterburs et al., 2013) or time estimation (e.g., Becker, Nitsch, Miltner,
& Straube, 2014; Ferdinand, Mecklinger, Kray, & Gehring, 2012;
Ferdinand, Mecklinger, & Opitz, 2015). The German vowel /a/ was
chosen as speech sound. Since the German vowels differ in length, we
decided to use both the short /a/ (75ms) and the long /a:/ (145ms), as
originally introduced in a study by Groth, Lachmann, Riecker,
Muthmann, and Steinbrink, (2011). The spectral rotated versions of the
sounds were used as nonspeech variants to ensure a similar level of
complexity between the stimuli of both categories (cf. Christmann,
Berti, Steinbrink, & Lachmann, 2014). In addition to the original
sounds, we gradually morphed both categories. The resulting stimuli
were either simple to categorize, since they contained obviously more
speech or more nonspeech sound, or difficult to categorize, since they
contained similar or equal amounts of both sounds. Accordingly, sen-
sory uncertainty (cf. Bach & Dolan, 2012) regarding the stimulus clas-
sification is higher for ambiguous stimuli with a similar proportion of
speech and nonspeech sounds, resulting in more incorrect responses
and, consequently, in more negative feedback. Employing these stimuli
allowed to examine the effects of sensory uncertainty while keeping a
stable cue-outcome pairing, i.e. there is no rule uncertainty. In other
words, the same feedback was given for the same stimulus-response
pairing throughout the course of the experiment.

1.3. How do feedback valence and uncertainty influence the FRN, P3 and
N1?

The FRN peaks around 250ms following feedback onset at frontal
midline electrode sites and shows larger amplitudes following negative
compared to positive feedback (e.g., Holroyd & Coles, 2002;
Nieuwenhuis, Holroyd, Mol, & Coles, 2004; Pfabigan, Alexopoulos,
Bauer, & Sailer, 2011). In a number of prior studies (e.g., Balconi &
Canavesio, 2015; Flores, Münte, & Doñamayor, 2015; Frömer, Stürmer,
& Sommer, 2016), FRN differences were observed between positive and
negative feedback (indicating correct and incorrect responses, respec-
tively). In the present study, we investigated whether this feedback
valence effect would also be observed during a stimulus classification
paradigm.

By contrast, the role of uninformative feedback remains less clear so
far. Previous studies detected similar FRN amplitudes for uninformative
and negative feedback (e.g., Holroyd, Hajcak, & Larsen, 2006;
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Ferdinand et al., 2012; Becker et al., 2014; Pfabigan, Sailer, & Lamm,
2015; Pfabigan, Seidel et al., 2015). However, uninformative feedback
has been shown to be context-dependent: Receiving 0 € in a monetary
rewarded learning task can be either favorable, if the other condition
involves losing money, or unfavorable, if the other condition involves
receiving a monetary reward (e.g., Weis, Puschmann, Brechmann, &
Thiel, 2013). Hence, the absolute reward value is less important than
the subjective value based on the alternate reward option(s). Because of
this context sensitivity, the precise effects of uninformative feedback
might also depend on participants’ expectations. In the present study,
uninformative feedback was randomly distributed across 20% of all
trials. Hence, participants could not anticipate uninformative feedback.
Therefore, the present study sought to clarify whether ERPs associated
with uninformative feedback in the present paradigm also resemble
negative feedback as observed previously. If so, this would suggest a
subjective classification as worse outcome than expected for both
neutral and negative feedback.

The second factor under investigation is the role of outcome un-
certainty. For instance, Kogler et al. (2017) reported more negative FRN
amplitudes following uncertain compared to relatively certain condi-
tions in a gambling task (i.e. rule uncertainty). In this study, we ex-
pected to replicate this finding of larger FRN amplitudes for sensory
ambiguous compared to unambiguous stimuli, as feedback is most in-
formative in uncertain situations.

Another ERP component that was more recently suggested to be
sensitive to performance outcome is the P3 (or P300), starting at
around 300ms following feedback presentation at centro-parietal
electrode sites (e.g., Bellebaum & Daum, 2008; Forbes & Leitner, 2014;
Pfabigan, Sailer et al., 2015; Pfabigan, Seidel et al., 2015). In a variety
of cognitive tasks, the P3 has been connected to attention allocation and
memory processing, specifically to the updating of the currently re-
levant context (see Polich, 2007, for an overview). During feedback
processing, various feedback-P3 effects were reported in the literature,
for instance with respect to feedback valence (e.g., Hajcak, Holroyd,
Moser, & Simons, 2005, 2007; Yeung & Sanfey, 2004), or to expectancy
in a gambling task (Yeung & Sanfey, 2004). For instance, Kogler et al.
(2017) reported modulations of the feedback-P3 induced by both
feedback valence and uncertainty, with larger feedback-P3 amplitudes
following the uncertain compared to the certain condition; however, a
reversed pattern was found following negative feedback. Xu et al.
(2011) used a gambling paradigm and reported a more prominent
feedback-P3 after uncertain cues, irrespective of their valence. Here, we
introduced outcome uncertainty in an auditory discrimination para-
digm for the first time and expected similar results for the feedback-P3.

In line with findings for the FRN and the feedback-P3, feedback
valence also influences the earlier appearing ERP component anterior
N1 (Gao et al., 2016; Luque, Morís, Rushby, & Le Pelley, 2015; Martin &
Potts, 2009). This component peaks around 120ms following feedback
onset, reaching its maximum at frontal electrode sites and appears to
represent the influence of attention and motivation on visual proces-
sing, i.e. top-down processing (Barcelo, Suwazono, & Knight, 2000;
Luck, Heinze, Mangun, & Hillyard, 1990; Martin & Potts, 2009). So far,
only a few studies considered this ERP component with respect to
feedback processing. For instance, Martin and Potts (2009) investigated
impulsivity in a two-card choice task reporting a decreased anterior N1
for impulsive individuals. One reason might be that most studies em-
ployed rather complex tasks, such as gambling or learning paradigms,
in which several other processes may overlap with the processes un-
derlying the anterior N1. By contrast, smaller ERP components such as
the anterior N1 can be examined during a speech-nonspeech dis-
crimination task.

2. Experiment 1

The aim of the present study was to investigate the role of valence
and sensory uncertainty during feedback processing as reflected in the

anterior N1, FRN and feedback-P3. Participants categorized auditory
stimuli, which were more or less ambiguous in terms of sensory prop-
erties, whereas classification rules did not change over the course of the
experiment. A difficult sensory discrimination task was chosen to pro-
mote erroneous responses, thus increasing the relative incidence of
negative feedback to avoid saliency effects. Our speech-nonspeech
discrimination paradigm combined with positive, negative and unin-
formative feedback allowed us to differentiate between the effects of
sensory uncertainty and feedback valence. Both factors were expected
to influence ERP correlates of feedback processing: We predicted larger
FRN amplitudes for ambiguous compared to unambiguous stimuli, and
for negative as compared to positive feedback valence. ERP waveforms
associated with uninformative feedback were expected to resemble
negative feedback. Feedback-P3 amplitudes were predicted to vary
between uncertain and certain stimuli, and feedback valence might also
influence this component. At the same time, we also explored potential
differences of the anterior N1 during feedback processing.

3. Methods

3.1. Participants

Twenty-five (12 females, mean age: 24.8 ± 2.8 years) healthy
German native speakers volunteered in this experiment approved by the
local ethics committee. All participants were right-handed as indexed
by the Edinburgh handedness-questionnaire (Oldfield, 1971: LQ =
+80, Decile R.5) and reported to have normal or corrected-to-normal
vision and normal hearing. After receiving information about the EEG
procedure, the participants provided written informed consent. One
participant was excluded from data analysis due to low performance
(amount of incorrect responses differed more than 3 STD from the
group mean).

3.2. Auditory stimuli

A subset of stimuli from a study by Christmann et al. (2014) was
used. We chose the two German vowels /a/ and /a:/ naturally spoken in
isolation by a female German native speaker as speech sounds, and the
spectrally rotated equivalents of the two speech sounds as nonspeech
sounds. These spectrally rotated versions were created by Christmann
et al. (2014) using a Matlab (Version: R2011a, Mathworks, Ismaning,
Germany) script provided by Scott, Blank, Rosen, and Wise (2000). The
frequency spectrum below 4 kHz was rotated along an axis at 2 kHz.
Hereby, the sound intelligibility is impaired, but the spectro-temporal
properties stay the same as in the original speech sound (see
Christmann et al., 2014). The duration of the stimuli was adjusted to
75ms for the short (/a/) or 145ms for the long (/a:/) stimuli. Fur-
thermore, a fade-in and fade-out time of five ms was attached prior and
after each stimulus.

Each of the two speech stimuli was morphed with its spectrally
rotated counterpart in 10% steps; towards the middle of the continuum
5%-steps were used (45%, 50% 55%). Morphing was performed using
fast Fourier transformation: the amplitudes of each frequency were
multiplied with the corresponding ratio of either speech or nonspeech
and then transformed back into the time domain. Thus, each stimulus
contained different amounts of speech and nonspeech stimuli. This
procedure leads to stimuli that are either easier or more difficult to
categorize as speech or nonspeech. For example, one stimulus consisted
of 20% speech and 80% nonspeech sounds. This procedure resulted in a
set of 13 different stimuli for both of the vowels /a/ and /a:/, respec-
tively (the first number indicating the proportion of speech: 100-0,
original speech; 90–10; 80–20; 70–30; 60–40; 55–45; 50–50; 45–55;
40–60; 30–70; 20–80; 10–90; 0–100, spectral rotated version=pure
nonspeech). Stimuli containing approximately similar amounts of
speech and nonspeech sounds were categorized as ambiguous (un-
certain condition: 40–60; 45–55; 55–45; 60–40), whereas stimuli
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containing considerably more speech or nonspeech were summarized as
unambiguous (certain condition: 100–0; 90–10; 80–20; 20–80; 10–90;
0–100).

3.3. Task

The task was administered on a laptop computer using Presentation
(Neurobehavioral Systems, Berkeley, CA) to control stimulus pre-
sentation and timing (see Fig. 1). At the beginning of each trial, one of
the 26 stimuli was presented via loudspeakers. Participants categorized
each stimulus as speech or nonspeech by pressing left or right arrow
keys on the computer keyboard. Finger assignment to the index and
middle finger of the right hand for each of the two categories was
counterbalanced across participants. Inter-stimulus-interval (ISI) was
randomized between a minimum of one and a maximum of two seconds
following stimulus onset, after which participants received feedback
according to their performance, presented in the middle of the screen
for 500ms. A green, happy emoji indicated a correct stimulus cate-
gorization, while a red, angry emoji indicated an incorrect or exceed-
ingly slow response. Yellow uninformative emojis were randomly pre-
sented in 20% of all trials, and for all non-classifiable stimuli (50–50).
This color assignment to the conditions was not counterbalanced be-
cause of its implicit and persistent association (Anderson, Laurent, &
Yantis, 2011). In addition, the feedback redundantly contained emojis
with a happy, sad or neutral face, similar to prior research (Chase et al.,
2011; Flores et al., 2015; Frank, Woroch, & Curran, 2005; Luque, Lopez,
Marco-Pallares, Camara, & Rodriguez- Fornells, 2012).

In the first block of the experiment, participants were asked to re-
spond within the first 800ms after auditory stimulus onset. Afterwards,
reaction times (RTs) of the first block were sorted and the .8 quantile
was used as new time interval to respond. If participants did not re-
spond during this interval, they received a red, angry emoji with a “Zu
Langsam” (“too slow” in German) annotation below. Applying this in-
dividual RT adjustment to the task, we ensured obtaining a sufficient
amount of trials for each condition to perform EEG analysis.

The ISI and the inter-trial-interval (ITI) were randomly selected
between one and two seconds. All 26 stimuli were randomly presented
four times in each of the five blocks with a minimum of 1min breaks in
between blocks, resulting in a total amount of 520 trials. The complete
experiment lasted approximately 35min.

3.4. Behavioral data analysis

Performance was analyzed by comparing the amount of correct and
incorrect trials. We further divided the amount of correct and incorrect
trials according to the respective Uncertainty (ambiguous vs.

unambiguous). Furthermore, the mean amount of feedback was ana-
lyzed for each condition: green, red, yellow, “too slow”, and 50–50
yellow emojis.

RTs, defined as the time window from the onset of the auditory
stimulus until the participant’s response, and performance were re-
corded and analyzed for each participant. Trials with RTs below 200ms
were excluded from analysis, as a correct stimulus processing of the
participant cannot be assured. Further, 50–50 stimuli were also not
taken into account, as they cannot be correctly categorized. A 2×2 x 2
repeated measures analysis of variance (ANOVA) was calculated with
the following within-subject factors: Length (short vs. long), Uncertainty
(sensory ambiguous vs. unambiguous) and Correctness (correct vs. in-
correct) using SPSS 23 (IBM Corporation, Armonk, NY). Post-hoc tests
were used to follow up interactions.

3.5. EEG data acquisition

A 32-channel system EEG-actiCap® (Brain Products, Gilching,
Germany) was used for EEG acquisition. Scalp voltages were recorded
in the extended 10–20 system on positions Fp1, Fp2, F3, F4, F7, F8, Fz,
FC1, FC2, FC5, FC6, C3, C4, Cz, CP1, CP2, CP5, CP6, P3, P4, P7, P8, Pz,
T7, T8, Oz, M1, M2 with a reference electrode on position FCz and a
ground electrode on position AFz. To monitor blinks and eye move-
ment, an electrooculogram (EOG) was recorded above and below the
right eye and outside the outer canthi of the eyes to allow offline re-
jection of ocular artifacts. The impedance was kept below 5 kΩ. A
BrainAmp Standard amplifier (Brain Products GmbH, Gilching,
Germany) was used with 16bit A/D conversion at a sampling rate of
500 Hz. The amplified scalp voltage was recorded with the software
Brain Vision Recorder (Brain Products GmbH, Gilching, Germany).

EEG data processing and analysis was performed using Brain Vision
Analyzer 2.1 (Brain Products GmbH, Gilching, Germany). Electrodes
with low signal-to-noise ratio that could not be corrected otherwise
were interpolated by using the spherical spline interpolation of Perrin
et al. (1989). After referencing to an average mastoid reference (M1/
M2), the reference electrode FCz was restored and a 0.5–30 Hz (12 dB/
oct) bandpass-filter (Butterworth) was applied. Trials containing large
muscle artifacts were rejected based on visual inspection, whereas eye
movements and blinks were corrected by using the Independent Com-
ponent Analysis (ICA) based correction, implemented into the Brain
Vision Analyzer 2.1. Feedback-locked ERPs were computed with epochs
starting 200ms prior to the feedback and lasting 800ms afterwards.
Further, ERPs were baseline corrected with respect to the first 200ms of
the epoch. Artifacts were detected and rejected manually after visual
inspection.

Fig. 1. Schematic trial procedure of the auditory discrimination task with performance feedback. Participants were asked to categorize each auditory stimulus as
speech or nonspeech while a fixation cross was presented on the screen. Afterwards, a visual feedback cue indicated response accuracy.
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3.6. EEG data analysis

Artifact-free segments were averaged for each participant and con-
dition. Data were grouped into the following six conditions with the
factors Feedback (positive, negative, and uninformative) and Uncertainty
(sensory ambiguous and unambiguous). The unambiguous speech
(0–100, 10–90; 20–80) and the unambiguous nonspeech conditions
(80–20; 90–10; 100–0) were collapsed into one condition after visual
inspection of the grand averages to increase the signal-to-noise ratio
due to a low number of trials (< 7) in the unambiguous nonspeech
condition with negative feedback. Analyzed ERP components included
anterior N1, FRN and P3. We did not include stimulus length in these
feedback-locked ERP analyses since it was not expected to influence the
feedback-related data due to the temporal delay between stimulus
presentation and feedback processing.

The anterior N1 and FRN were evaluated in a region of interest
consisting of three fronto-central channels (Fz, FCz and Cz, according to
Pfabigan, Sailer et al., 2015; Martin & Potts, 2009; Pfabigan, Seidel
et al., 2015). In line with prior studies, the mean amplitudes of the ERPs
were exported for analysis for a time window from 110 to 160ms for
the anterior N1 and 230–330ms for the FRN following feedback onset
(Ferdinand et al., 2012; Peterburs et al., 2013). The P3 was analyzed as
the mean amplitude over two centro-parietal channels (Cz and Pz) in a
time window from 300 to 450ms following feedback onset (Pfabigan,
Sailer et al., 2015; Pfabigan, Seidel et al., 2015; Martin & Potts, 2009).

Mean amplitudes of the different ERP components were subjected to
a 3× 2 repeated measures ANOVA with the factors Feedback (positive,

negative and uninformative feedback) and Uncertainty (sensory am-
biguous and unambiguous). Greenhouse-Geisser correction was applied
if the assumption of sphericity (Mauchly’s test) was violated. For
anterior N1 and FRN, repeated within-subject contrasts were employed
to investigate different levels of main effects (negative vs. positive and
negative vs. uninformative feedback) based on the results of previous
studies. To compare all three feedback types without pre-specified di-
rectional hypotheses due to a lack of prior studies investigating this
question, for the P3, Bonferroni corrected post-hoc t-tests were per-
formed.

4. Results

4.1. Behavioral data

Participants received positive feedback in 37% of trials, negative
feedback in 18% of trials contingent upon their performance, and an
uninformative feedback in 18% of trials. In an additional 21% of trials,
responses were not given in the predefined time window resulting in a
negative feedback with “too slow” connotation. In the remaining 6% of
trials a yellow feedback emoji was depicted associated with an un-
classifiable 50-50 stimulus.

With respect to classification accuracy, participants responded
correctly in 66% (receiving positive or uninformative feedback) and
incorrectly in 34% (receiving negative or uninformative feedback) of
trials. Accuracy rates revealed a main effect of Uncertainty, F(1,
23)= 104.46, p < .001, ηp2= .82, with 76% correct responses in the

Fig. 2. Grand-averaged ERP waveforms, time-locked to feedback onset according to Feedback valence and Uncertainty at the fronto-central ROI, at which FRN and
anterior N1 were analyzed (upper panel) and the centro-parietal ROI, at which the feedback-P3 was analyzed (lower panel). Grey bars indicate time windows used for
ERP comparisons of mean amplitude.
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unambiguous condition and only 55% correct responses in the sensory
ambiguous condition.

With respect to RTs, main effects were found for Correctness, F(1,
23)= 23.90, p < .001, ηp2= .51 and Length, F(1, 23)= 6.72, p< .05,
ηp

2= .23. Participants answered faster after listening to short stimuli
(M=419ms, SE=9.87) compared to long stimuli (M=425ms,
SE= 10.31). Furthermore, there was an interaction between the factors
Uncertainty * Correctness, F(1, 23)= 24.42, p < .001, ηp2= .52. In the
unambiguous condition, correct responses were slower (M=434ms,
SE= 9.22) compared to incorrect responses (M=408ms, SE= 11.07,
p < .001). In line with the lower performance in the ambiguous con-
dition, RTs for correct (M=425ms, SE= 10.59) and incorrect
(M=421ms, SE= 10.05) responses did not differ from each other
(p= .31). Conversely, correct responses in the unambiguous condition
(M = 434 ms, SE = 9.22) were slower compared to those in the am-
biguous condition (425 ms, p= .005), whereas this pattern reversed for
incorrect responses (unambiguous and incorrect: M=408ms,
SE= 11.07, ambiguous and incorrect: M=421ms, SE=10.05, p <
.0001). No further main effects or interactions were significant.

4.2. ERP data following feedback presentation

Only main effects were found for the factors Feedback and
Uncertainty in the ERP analysis following feedback onset. Therefore,
ERP waves were separated into two figures according to the factors: the
left panel of Fig. 2 depicts ERPs influenced by the factor Feedback
(positive, negative and uninformative) and the right panel depicts ERPs
influenced by the factor Uncertainty (sensory ambiguous and un-
ambiguous). FRN and anterior N1 were analyzed at a fronto-central
region of interest (ROI) comprising the electrodes Fz, FCz and Cz (as
illustrated in the upper panel of Fig. 2). Feedback-P3 was analyzed at a
centro-parietal ROI comprising the electrodes Cz and Pz (see lower
panel of Fig. 2). Furthermore, scalp topographies for N1, FRN and
feedback-P3 are depicted in Fig. 3 illustrating the differences between
negative-positive, negative-uninformative and uncertain-certain con-
ditions. Note that the anterior and the posterior N1 are temporally
overlapping, which is reflected in the scalp topography illustrating a
relatively posterior distribution of the difference waveform.

4.2.1. Feedback effects in FRN
To investigate the effects of Uncertainty and Feedback Type, mean

amplitudes in the time window of 230–330ms following feedback onset
were compared. As expected, a main effect of Feedback, F(2, 46)= 6.67,
p < .01, ηp2= .23, was observed at fronto-central scalp sites in the
FRN (peaking around 275ms following feedback onset), with more
positive amplitudes following positive (M=2.38 μV, SE=0.42) com-
pared to negative (M=1.59 μV, SE=0.42) or uninformative
(M=1.74 μV, SE= 0.45) feedback. As predicted, repeated within-
subjects contrasts revealed a difference between positive and negative
feedback, F(1, 23)= 4.92, p < .05, ηp2= .18, but not between nega-
tive and uninformative feedback. No main or interaction effect of
Uncertainty was observed.

4.2.2. Feedback and uncertainty effects in feedback-P3
The P3 peaking around 395ms following feedback onset was in-

vestigated at centro-parietal electrode sites from 300 to 450ms fol-
lowing feedback onset. Two main effects were observed: On the one
hand, the main effect of Feedback, F(2, 46)= 3.55, p < .05, ηp2= .13.
Bonferroni-corrected post-hoc tests for the different feedback condi-
tions further revealed significant differences (p < .05) between posi-
tive (M= 5.23 μV, SE = 0.50) and negative feedback (M= 4.29 μV, SE
= 0.35), F(1, 23)= 7.42, p < .05, ηp

2= .24, but not for negative
versus uninformative or positive versus uninformative feedback
(M=4.77 μV, SE=0.48). On the other hand, the main effect of
Uncertainty, F(1, 23)= 7.33, p < .05, ηp2= .24, was detected with
larger (more positive) mean amplitudes in the sensory ambiguous

(M=5.11 μV, SE=0.43) compared to the unambiguous condition
(M=4.42 μV, SE= 0.40) using repeated within-subjects contrasts.

4.2.3. Feedback effects in anterior N1
As predicted, the anterior N1 was observed in the time window of

110–160ms following feedback onset at frontal midline electrode sites,
peaking around 137ms following feedback onset. The main effect of
Feedback, F(2, 46)= 4.02, p < .05, ηp

2= .15, indicates that the
anterior N1, which was peaking around 137ms following feedback
onset, differed depending on the type of feedback. Repeated within-
subjects contrasts indicated differences between negative (M = - 1.24
μV, SE=0.22) and positive (M = - 0.82 μV, SE= 0.22) feedback, F(1,
23)= 4.92, p < .05, ηp2= .18, as well as between negative and un-
informative feedback (M = − 0.79 μV, SE= 0.27), F(1, 23)= 5.86,
p < .05, ηp2 = .20.

4.3. Discussion

In the present study, we investigated the neural basis of feedback
processing, differentiating between the effects of feedback valence and
sensory uncertainty. An auditory speech-nonspeech discrimination
paradigm with gradually changing stimuli was created to evaluate the
effects of sensory uncertainty while keeping rule contingencies con-
stant. Speed and accuracy of discrimination varied along with the de-
gree of sensory uncertainty. The associated ERP correlates suggest that
feedback processing affected early as well as later cognitive processing
stages examined in the present paradigm, but not to the same extent:
The anterior N1 associated with early attentional modulation was lar-
gest following negative feedback, whereas both negative and unin-
formative feedback showed larger FRN amplitudes. By contrast, later
processing stages as examined during the feedback-P3 were larger for
positive feedback on the one hand, and for ambiguous relative to sen-
sory unambiguous stimuli on the other hand. These findings will be
discussed and compared with prior results with a specific focus on the
question of whether feedback processing also depends on the type of
uncertainty underlying the expectancy violation.

4.4. Uncertainty affects behavioral data

As expected, the behavioral data revealed that participants were
able to categorize stimuli as either speech or nonspeech despite the
tight response deadline, as they responded correctly in almost 70% of
trials. Contingent upon their performance, they also received more
positive than negative or uninformative feedback. At the same time,
potentially confounding saliency effects for rare events were controlled
for by providing negative feedback along with the term “too slow” for
responses given after the defined deadline. With respect to general
speed of processing, we observed faster responses following short
compared to long stimuli, presumably because participants wait until
the end of the stimulus before preparing a response. Longer RTs were
found for correct as compared to incorrect responses, as observed ty-
pically during speeded tasks.

As predicted, sensory uncertainty had an effect on both accuracy
and RT. Participants responded more accurately and showed larger RT
differences between correct and incorrect responses for unambiguous
stimuli containing obviously more speech or nonspeech. By contrast, for
ambiguous stimuli containing approximately similar amounts of speech
and nonspeech, accuracy dropped about 20% and no significant RT
differences remained between correct and incorrect responses. These
results support the idea that gradually changing stimuli are feasible to
manipulate the degree of sensory uncertainty for feedback expectation.

4.5. Validity of task: replication of previous FRN results with respect to
feedback valence

Prior research investigated the effect of rule uncertainty on
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feedback processing by employing probability learning tasks (Kogler
et al., 2017; Xu et al., 2011; Yu et al., 2011). The present study is the
first investigating the effect of sensory uncertainty with a stable cue-
feedback relation using a speech-nonspeech discrimination task com-
bined with performance feedback. Therefore, we intended to confirm its
validity to assess the FRN by replicating results from previous studies
using positive, negative and uninformative feedback (e.g., Ferdinand
et al., 2012; Hajcak, Moser, Holroyd, & Simons, 2006; Holroyd et al.,
2006; Lackner, Santesso, Dywan, Wade, & Segalowitz, 2014). In terms
of electrophysiological correlates of feedback processing, we observed
larger FRN amplitudes following negative compared to positive feed-
back and similar for negative and uninformative feedback. These results
are in line with previous ERP studies (e.g., Hajcak et al., 2006; Holroyd
et al., 2006) proposing that the FRN is elicited by an evaluation system
categorizing the outcome of a trial as either subjectively positive or
negative. Replicating these results indicates that our task is suitable for
evaluating the FRN and its role during feedback processing. As unin-
formative feedback was randomly distributed across 20% of all trials,
participants could not anticipate uninformative feedback in the present
paradigm. Therefore, the present study sought to clarify whether ERPs
associated with uninformative feedback in the present paradigm also
resemble negative feedback as observed previously, suggesting a sub-
jective classification as worse outcome than expected for both neutral
and negative feedback. Notably, our results are also consistent with a
recent fMRI investigation reporting enhanced activity for unexpected
stimuli irrespective of feedback valence in the anterior cingulate cortex,
implicated in error processing and performance monitoring more

generally (Ferdinand & Opitz, 2014).
Compared to the present results, the FRN following positive feed-

back was shown to be less marked in prior literature (e.g., Holroyd
et al., 2006). More recent evidence suggests that an additional posi-
tivity might be attenuating the FRN after positive feedback (Baker &
Holroyd, 2011; Becker et al., 2014; Foti, Weinberg, Dien, & Hajcak,
2011). This reward-related positivity is thought to be reduced or even
absent following negative feedback, but has been suggested to con-
tribute to the reduced negativity following positive feedback (Holroyd,
Krigolson, & Lee, 2011). According to these authors, feedback analysis
as reflected by the FRN is hypothesized to be based on two independent
and contrasting, but temporal overlapping processes (Holroyd et al.,
2011). As we detected a somewhat smaller negative deflection fol-
lowing positive feedback, we propose that the underlying reward-re-
lated positivity may potentially differ along with task demands. For
instance, a reversal of reward contingencies and/or unstable cue-out-
come pairings are likely to reduce participants’ tendencies to form ex-
plicit outcome predictions, and in these instances, performance feed-
back presumably cannot be anticipated to the same extent as in the
present paradigm.

4.6. No uncertainty effects on FRN

The main aim of this study was to investigate the neural processes
underlying feedback evaluation under uncertainty. Kogler et al. (2017)
investigated the effect of expectation and certainty on feedback pro-
cessing in a gambling paradigm and found differences in the FRN

Fig. 3. Scalp topographies for anterior N1, FRN and feedback-P3 depicting the difference between negative - positive, negative - uninformative and uncertain -
certain conditions after feedback onset. The anterior N1 overlaps with the posterior N1, which was not investigated in the present study. Red rectangles depict ROIs
used for analysis (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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comparing certain and uncertain conditions. By contrast, our FRN re-
sults do not support this result, as ERPs associated with ambiguous and
unambiguous stimuli only started to diverge around 300ms in the
present paradigm. One major difference between the two paradigms is
the source of uncertainty used to examine subjective expectations:
Participants in our study could rely on stable cue-outcome relations
since we employed sensory uncertainty, whereas Kogler et al. (2017)
used a gambling paradigm in which a specified cue predicted an out-
come in either 80, 50 or 20% of trials. Hence, even in the so-called
certain condition, participants received unpredictable feedback in one
out of five trials, thus weakening the cue-outcome relations and pre-
sumably discouraging at least some participants to form explicit ex-
pectations at all. By contrast, reliable cue-outcome relations as em-
ployed in the present paradigm allow for a clearer distinction between
ambiguous and sensory unambiguous stimuli and can dissociate be-
tween the effects of sensory uncertainty and feedback valence.

4.7. Feedback valence and uncertainty affect the feedback-P3 separately

Since our goal was to investigate the effect of uncertainty during
feedback processing, we were further interested in later stages of cog-
nitive processing comprising the feedback-P3. Previous literature sug-
gests that this component to be sensitive to both feedback valence and
uncertainty (Bellebaum & Daum, 2008a,b; Kogler et al., 2017; Pfabigan
et al., 2011).

With respect to feedback valence, we observed larger feedback-P3
amplitudes for positive compared to negative feedback in line with
prior research (e.g., Hajcak et al., 2005; Peterburs et al., 2013). ERPs
associated with uninformative feedback were located in between both;
however, visual inspection of the waveforms suggests a sustained po-
sitive modulation for about 200ms following the feedback-P3 peak, in
line with a temporally more variable and longer lasting stimulus eva-
luation for uninformative feedback. These results suggest that a binary
outcome evaluation holds for the FRN, but probably not for the P3. This
dissociation between the two components needs to be replicated and
further investigated in future studies, but is consistent with the notion
that the slower mechanisms underlying the feedback-P3 may determine
more precisely why the error occurred and whether the current re-
presentations in working memory need to be updated to support be-
havioral adjustments (Gehring & Fencsik, 2001; Goyer et al., 2008).

With respect to uncertainty, more pronounced feedback-P3 ampli-
tudes have been reported by Kogler et al. (2017) for the uncertain
compared to the so-called certain condition. Since they used a gambling
paradigm with unreliable cue-outcome pairings as detailed above, we
were interested whether these results also hold for our auditory dis-
crimination paradigm. In line with the theoretical account connecting
the P3 with the need to update current working memory content
(Polich, 2007) as well as with the extant empirical data by Kogler et al.
(2017), the present results revealed larger P3 amplitudes for sensory
ambiguous compared to unambiguous stimuli. Hence, similar cognitive
processes appear to underlie uncertainty evaluation as reflected by the
feedback-P3 during stimulus discrimination and gambling tasks. No-
tably, in the present paradigm uncertainty and feedback valence had
separable effects on the feedback-P3, in line with the notion that in
some prior studies at least certain aspects of both processes were not
clearly separable.

4.8. Feedback valence affects the anterior N1, but uncertainty does not

So far, only a few studies investigated the anterior N1 following
feedback onset (e.g., Gao et al., 2016; Martin & Potts, 2009). Prior
literature reported that the anterior N1 reflects the influence of atten-
tion and motivation on visual top-down processing (Barcelo et al.,
2000; Luck et al., 1990; Martin & Potts, 2009), and mostly examined
this component in the context of interindividual differences between
(groups of) participants. Martin and Potts (2009) found differences in

the anterior N1 related to impulsivity of participants and suggested that
the information content of the stimulus might explain these results. In
comparison to this, Gao et al. (2016) reported reduced N1 amplitudes in
adolescents with conduct disorder when compared to healthy controls,
concluding that feedback outcome is less engaging for patients with this
disorder. Both studies did not report main effects of feedback valence,
perhaps because both used a complex task, which may mask smaller
differences in components such as the anterior N1. The present study
revealed differences in anterior N1 amplitudes based on feedback va-
lence, with larger (i.e. more negative) N1 amplitudes following nega-
tive compared to positive or uninformative feedback. Hence, these re-
sults suggest that participants oriented their attention specifically to
negative feedback, already 100ms after feedback onset.

Critically, the pattern of results for the anterior N1 does not match
the findings for the FRN, suggesting at least partially distinct underlying
cognitive processes evident on the scalp in close temporal and spatial
proximity. Several factors could potentially contribute to the functional
relevance of this early attentional modulation. Since negative feedback
was always associated with a red feedback stimulus, we cannot rule out
that the implicit association of this color as a warning signal is re-
sponsible for the increased attention. As few studies so far examined the
anterior N1 in the context of feedback processing, early processing
differences between positive and negative feedback and the role of
specific feedback stimuli and their colors need to be explored in future
studies in more detail.

Another intriguing possibility for enhanced N1 amplitudes for the
negative condition only is that negative feedback may have been par-
ticularly informative for participants. Feedback processing ultimately
serves to optimize future performance by actively monitoring for ex-
ternal cues signaling that the current processing strategy needs to be
revised, for instance by recruiting additional or alternate control pro-
cesses (see also Ferdinand & Czernochowski, 2018). Thus, it is adaptive
to focus attentional resources on highly relevant stimuli that signal a
need to revise the current task approach. In this sense, negative feed-
back is more relevant than positive feedback. On the other hand, par-
ticipants do not exclusively rely on external feedback, and can antici-
pate a proportion of feedback stimuli by monitoring their own errors.
For instance, in the present paradigm, sensory uncertainty was higher
for ambiguous compared to unambiguous stimuli in order to compare
the effects of performance feedback that could be anticipated or not.
However, we did not directly evaluate participant’s decision con-
fidence. It is conceivable that it was also more difficult for participants
to anticipate negative as compared to positive feedback, matching their
decision. In this scenario, participants would be confident with their
decisions and be more surprised when faced with negative compared to
positive response feedback, even though the relative frequencies for
negative and positive feedback were controlled for. As decision con-
fidence may modulate participants’ expectations, in particular the
question whether they can reliably predict the actual performance
feedback to a comparable extent for all conditions, we included a be-
havioral follow-up study in which we specifically assessed response
confidence.

5. Experiment 2

The goal of the second experiment was to investigate whether
participants were more accurate in anticipating positive as compared to
negative performance feedback in the present paradigm. Based on the
enhanced N1 amplitudes for the negative conditions observed in
Experiment 1, we expected that negative performance feedback would
be more surprising. To this end, we assessed decision confidence in a
behavioral follow-up study. Participants in the second experiment rated
their confidence while categorizing stimuli as speech or nonspeech
using six response options (sure speech, rather speech, probably speech,
probably nonspeech, rather nonspeech, sure nonspeech) rather than
two response categories in Experiment 1.
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6. Methods

6.1. Participants and analysis

Thirty-nine (24 females, mean age: 24.3 ± 2.6 yrs) healthy German
native speakers matching the same criteria as in Experiment 1, parti-
cipated in Experiment 2. None of the participants took part in both
experiments. Three participants had to be excluded since they did not
follow task instructions to use the full range of response buttons. A
2× 4 x 2 repeated measures ANOVA was calculated for the ratings with
the following within-subject factors: Length (short vs. long), Material
(unambiguous speech, 100-0, 90-10, 80-20; ambiguous speech, 40-60,
45-55; ambiguous nonspeech, 55-45, 60-40; unambiguous nonspeech,
20-80, 10-90, 0-100) and Correctness (correct vs. incorrect). Accuracy
was investigated using a similar analysis but without the factor
Correctness. Greenhouse-Geisser correction was applied where appro-
priate.

6.2. Material and procedure

Participants categorized the same auditory stimuli as in Experiment
1 as speech or nonspeech on a 6-point scale including response con-
fidence. To analyze these data, we transposed confidence ratings into
numbers ranging from one to three, irrespective of classification as
speech or nonspeech (unambiguous speech=1, rather speech=2,
ambiguous speech=3, ambiguous nonspeech=3, rather non-
speech=2, unambiguous nonspeech=1). Since participants had more
response options, maximum RT was increased to 900ms for the first
block and the 0.8 quantile was used afterwards as new time interval to
respond, similar to Experiment 1. Finally, feedback stimuli were re-
placed in Experiment 2 by a green plus-sign indicating positive feed-
back, a red minus-sign indicating negative feedback and a blue circle
indicating uninformative feedback. All other features of design, mate-
rial and procedure were the same as in Experiment 1.

7. Results

In order to compare the accuracy of speech-nonspeech discrimina-
tion between experiments, in a first step we evaluated how accurate
participants were in categorizing auditory stimuli as speech or non-
speech irrespective of confidence level. As predicted, in Experiment 2 we
replicated the main effect of Uncertainty, F(1.66,57.98)= 44.23, p <
.001, ηp2= .56 (Greenhouse-Geisser corrected), with higher accuracy
following unambiguous stimuli (unambiguous speech: M=83%,
SE= 2.3%; unambiguous nonspeech: M=85%, SE= 2.6) and lower
accuracy following sensory ambiguous stimuli (unambiguous speech:
M=52%, SE=2.4; ambiguous nonspeech: M=85%, SE=2.6).
Bonferroni-corrected post-hoc t-test indicated differences between all
conditions, except for the unambiguous speech and nonspeech condi-
tion (p< .01). Furthermore, an interaction of Material and Length was
found, F(1.73,60.50)= 13.04, p < .001, ηp

2= .27 (Greenhouse-
Geisser corrected), see Fig. 4.

In addition, participants indicated their subjective confidence.
Participants with missing values for one or more conditions were ex-
cluded from this analysis (for a total of 30 participants). Data revealed
only a main effect of Correctness, F(1.00,29.00)= 24.50, p < .001,
ηp

2= .46 (Greenhouse-Geisser corrected), with slightly higher ratings
(i.e. more unambiguous) (M=1.77, SE= .06) for correct responses
than for incorrect responses (M=1.86, SE= .06) (see Fig. 4).

8. Discussion

Experiment 2 replicated and extended the behavioral findings of
Experiment 1 by adding a response confidence rating. The main finding
of decreased response accuracy with increasing stimulus ambiguity was
confirmed in Experiment 2. Confidence ratings indicated that

participants were more confident when giving a correct response
compared to incorrect responses, hence negative feedback stimuli were
indeed less anticipated than positive ones. Notably, unlike response
accuracy, decision confidence was not modulated by stimulus ambi-
guity. In other words, these results suggest that sensory uncertainty
increases the amount of incorrect responses, but regardless of their
accuracy, in the present paradigm participants gave all their responses
with relatively high confidence. Hence, feedback anticipation is not
necessarily symmetrical between positive and negative responses, and
negative feedback may be less reliably predicted than positive feed-
back. A recent fMRI study employing the same paradigm (Weis, Krick,
Reith, & Lachmann, 2018) further suggests that individual differences
in the ability to discriminate between these ambiguous stimuli may play
a previously underestimated role in modulating feedback anticipation.
Thus, future studies employing any kind of performance-based para-
digm to examine feedback processing under uncertainty need to con-
sider this novel issue, for instance by adding confidence judgements or
assessing individual metacognitive abilities to monitor for the occur-
rence of errors in the absence of or prior to external feedback.

8.1. General discussion and conclusion

In two experiments, we investigated feedback processing under
sensory uncertainty. In order to provide stable cue-outcome relations to
encourage feedback expectations, we created an auditory speech-non-
speech discrimination task with performance feedback, including a
proportion of trials in which uninformative feedback was provided. The
goal of Experiment 1 was to investigate the neural basis of feedback
processing in the anterior N1, FRN and P3. Distinct patterns of feedback
valence and uncertainty were identified for each of these components,
replicating and extending previous findings. Feedback processing af-
fected early as well as later cognitive processing stages, but not to the
same extent: The anterior N1 associated with early attentional mod-
ulation was largest following negative feedback, whereas both negative
and neutral feedback showed larger FRN amplitudes. Thus, sensory
uncertainty does not influence early ERP components such as N1 and
FRN, in line with the notion that feedback is initially categorized as
better or worse than expected. However, enhanced N1 amplitudes for
negative feedback stimuli may be related to enhanced attentional pro-
cessing of highly relevant and potentially less anticipated stimuli. By
contrast, sensory uncertainty and feedback valence affect later feedback
processing stages independently, as indexed by the feedback-P3. Thus,
until around 300ms, feedback is classified as either subjectively posi-
tive or negative and sensory uncertainty is only processed subsequently.

Taken together, the present ERP results suggest that three distinct
stages comprise feedback processing. Initially, information is screened
for potential relevance for future behavior and prioritized accordingly,
as indexed by enhanced anterior N1 amplitudes. This initial process of
attentional modulation may be more or less pronounced depending on
the ongoing task at hand and the available cognitive resources. The
following stage entails a comparison of the current feedback signal with
the expectations formed in previous trials, based on previous feedback
and response contingencies. During this comparison, negative feedback
is classified as worse than expected - as indexed by the FRN - and hence
signals the need to reconsider the present control strategy. Note that in
the present paradigm, unexpected neutral feedback is classified as
worse than expected as well, as only positive feedback allows to resume
the previously established control strategy (cf. Ferdinand &
Czernochowski, 2018). Finally, a more detailed analysis of the source of
the expectancy violation – as indexed by the feedback-P3 – ensues and
allows to adapt future behavior accordingly, which takes more atten-
tional resources for ambiguous stimuli. Our present data suggest that
positive feedback – which so far was not in the focus of attention - is
also assessed in more detail at this stage, in line with the notion that
participants tend to verify their control strategy even after receiving
positive feedback.
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The goal of Experiment 2 was to find out whether participants were
able to anticipate feedback stimuli to the same extent across conditions.
Confidence ratings revealed that stimulus ambiguity reduced the ac-
curacy of categorization as speech or nonspeech, but did not modulate
participants’ response confidence. Thus, negative feedback was less
expected than positive feedback, in line with the enhanced N1 ampli-
tudes for negative feedback observed in Experiment 1. Hence, when-
ever using performance-based paradigms, outcome uncertainty

specifically for negatively valenced feedback may still play a role in not
anticipating negative feedback, as long as participants do not monitor
their errors very accurately prior to the presentation of external feed-
back.
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