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The present study investigated adjustments of selective attention following errors and their relation to the
error-related negativity (Ne/ERN), a correlate of errors in event-related potentials. We hypothesized that, if
post-error adjustments reflect an adaptive mechanism that should prevent the occurrence of further errors,
then adjustments of attentional selectivity should be observed only following errors due to insufficient
selective attention. To test this, a four-choice flanker taskwas used inwhich errors due to insufficient selective
attention (flanker errors) and other errors (nonflanker errors) could be distinguished. We found strong
adjustments of selective attention following flanker errors but not following nonflanker errors. Moreover, the
Ne/ERN amplitude was correlated with adjustments of selective attention on a trial-by-trial basis. The results
provide support for the notion that the Ne/ERN is a correlate of adaptive adjustments following errors.
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Introduction

Efficient task performance requires an internal performance mon-
itoring system, which detects errors and initiates behavioral adjust-
ments in order to optimize performance. Evidence for such a system
comes from studies investigating the error negativity or error-related
negativity (Ne/ERN), a negative deflection in the event-relatedpotential
(ERP) following errors (Falkenstein et al., 1990; Gehring et al., 1993),
which is presumably generated in the anterior cingulate cortex (ACC,
Carter et al., 1998; Dehaene et al., 1994; Ullsperger and von Cramon,
2001; van Veen and Carter, 2002). Several theories have been proposed
that assume the Ne/ERN to be related to behavioral adjustments that
should prevent the occurrence of further errors (Botvinick et al., 2001;
Holroyd and Coles, 2002). Evidence for this notion comes from studies
showing that Ne/ERN amplitudes are correlated with the amount of
post-error slowing, which refers to the typically obtained response time
increase following errors (e.g., Debener et al., 2005; Gehring et al., 1993;
Holroyd et al., 2005).

The present study aimed to investigate whether errors in a
selective attention task lead to adaptive adjustments of attentional
selectivity, and whether these adjustments are also related to the Ne/
ERN. To achieve this, we considered performance in the flanker task,
which is a standard paradigm to investigate visual selective attention
(Eriksen and Eriksen, 1974; Miller, 1991). The task requires
participants to classify a target stimulus while ignoring simultaneous-
ly presented flanker stimuli that are associated with the same
(congruent) or a different (incongruent) response than the target.
The so-called congruency effect refers to the impaired performance
for incongruent relative to congruent stimuli. Because the congruency
effect indicates the influence of the irrelevant flanker stimulus, it can
serve as an index of attentional selectivity. Computational models of
the flanker task assume that the congruency effect reflects the
efficiency by which selective attention enhances target processing
and simultaneously suppresses flanker processing (Hübner et al.,
2010; Servan-Schreiber et al., 1998). These models further imply that
a large portion of errors on incongruent trials occur because selective
attention fails and the flanker stimulus is processed more strongly
than the target stimulus. Because these errors can be prevented by
increasing the efficiency of selective attention, we hypothesize that
detecting an error implies that attentional selectivity is adjusted on
the subsequent trial in order to prevent further errors.

Indeed, post-error adjustments of selective attention are directly
predicted by a major theory on performance monitoring. Conflict
monitoring theory (Botvinick et al., 2001; Yeung et al., 2004) assumes
that adjustments of selective attention are initiated whenever
response conflict is detected in a flanker task. In this way, the theory
can account for so-called conflict adaptation effects, that is, the
increase of attentional selectivity following trials on which the
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stimulus induced high response conflict (Botvinick et al., 2001). This
theory further assumes that the Ne/ERN reflects response conflict
following errors, which emerges because an upcoming error correc-
tion elicits conflict with the still-activated error response. According-
ly, if response conflict implies that selective attention is adjusted and
errors produce response conflict, then errors should also lead to
adjustments of selective attention.

In accordance with this prediction, adjustments of selective
attention following errors have been found in studies using the
Simon task, another conflict paradigm in which stimulus position
serves as task-irrelevant distractor feature (Burle et al., 2002; King
et al., 2010; Ridderinkhof et al., 2002). In contrast, other paradigms,
like the flanker task, have not shown this effect consistently (e.g.,
Ullsperger and von Cramon, 2006; see, Ridderinkhof et al., 2002 for an
exception). Thus, it is unclear whether adjustments of selective
attention following errors are a general phenomenon.

The goal of the present study was to clarify this issue by
considering a possible explanation for the difficulty to find adjust-
ments of selective attention following errors in the flanker task. We
propose that adjustments of selective attention are difficult to observe
because they occur only on a proportion of error trials. If adjustments
of selective attention serve to prevent errors due to insufficient
attentional selectivity, they should be initiated only following errors
of this type. In contrast, errors resulting from other sources (like
premature responding or motor failure) should not lead to adjust-
ments of selective attention. If this assumption turned out to be valid,
it would have two implications: On the one hand, it would imply that
performance monitoring involves an evaluation of the error source.
On the other hand, it would imply that adjustments of selective
attention following errors are difficult to detect because errors due to
insufficient attention cannot be isolated in conventional conflict
paradigms.

To test this assumption, it is necessary to empirically isolate errors
due to insufficient attentional selectivity. This can be achievedbyusing a
modified flanker task that we recently used to investigate the relation
between the Ne/ERN and error detection (Maier et al., 2008). By using
four response alternatives, two types of errors could be distinguished
(see, Fig. 1):When target and flankers required different responses (i.e.,
incongruent stimuli), errors could occur either because the response
associated with the flankers was produced (i.e., a flanker error) or
because a response not associated with any element on the display was
produced (i.e., a nonflanker error). These error types should differ with
respect to the underlying error source. Basically, errors in the flanker
Fig. 1. Stimulus response mappings and classification of responses in the four-choice
flanker task. Each of the four response fingers (fourth line) were associated with two
target letters (third line). Given a specific stimulus, each response was classified as
either a correct response, a flanker error, or a nonflanker error (second line). In the
present example, the stimulus consists of the target letter ‘M’ and the flanker letters ‘R’
(first line). Given this stimulus, a response with the right index finger would be
classified as a correct response, a response with the left index finger would be classified
as a flanker error, and a response with the remaining fingers would be classified as a
nonflanker error.
task result because of speed pressure or unspecific noise (Ratcliff and
Rouder, 1998), or becauseof insufficientattentional selectivity resulting,
e.g., from random fluctuations or from maladaptation (Eichele et al.,
2010, 2008). Crucially, whereasflanker errors and nonflanker errors can
bothbedue to speedpressureor unspecific noise, onlyflanker errors can
be due to insufficient selective attention. Accordingly, errors due to
insufficient attentional selectivity should be more frequent among
flanker errors than among nonflanker errors.

The validity of this assumption can be tested by considering the
relative frequency of flanker errors in the modified flanker task. If all
errors in this task were due to speed pressure or unspecific noise, the
relative frequency of flanker errors should be 33%, because only one of
the three possible incorrect responses corresponds to a flanker error.
This results because, due to the four response alternatives, unspecific
noise should elicit each of the three incorrect responses with an equal
probability. However, if there were additional errors due to
insufficient selective attention, these errors should mainly be flanker
errors. Accordingly, a relative frequency of flanker errors exceeding
33% would provide evidence that a portion of flanker errors is due to
insufficient selective attention. Consistent with this prediction, we
found relative frequencies of flanker errors that robustly exceeded
33% in our earlier study (Experiment 1: 43.4%, Experiment 2: 53.6%;
Maier et al., 2008). Moreover, the analysis of error-related brain
activity in these experiments showed that Ne/ERN amplitudes were
increased for flanker errors relative to nonflanker errors (Maier et al.,
2008), which suggests that the two error types are processed
differentially by the performance monitoring system.

These findings suggest that the modified flanker task by Maier
et al. (2008) is well-suited for isolating errors due to insufficient
selective attention. In the following, we report an experiment in
which we used this task to investigate whether adjustments of
selective attention are only initiated when an error occurs due to
insufficient selective attention, and whether these adjustments are
related to the amplitude of the Ne/ERN. We hypothesized that
attentional selectivity is increased on trials following flanker errors as
compared to trials following nonflanker errors. This would imply that
the performance monitoring system initiates adaptive behavioral
adjustments after evaluating the source of an error. Moreover, it
might explain the failure to find evidence of adjustments of selective
attention following errors in those studies in which errors due to
insufficient attentional selectivity could not be isolated. In a second
step, we examined whether stronger adjustments of selective
attention are obtained following trials with large Ne/ERN amplitudes
than following trials with small Ne/ERN amplitudes. To analyze this,
we applied a linear integration method to determine single-trial
amplitudes for the Ne/ERN (Parra et al., 2002, 2005). Finding such a
relationship would imply that the Ne/ERN is indeed related to
adaptive behavioral adjustments.
Materials and methods

Participants

20 participants (17 female) between 19 and 45 years of age (mean
23.2) with normal or corrected-to-normal vision participated in the
study. They were recruited at the University of Konstanz and received
5 Euro per hour. The study was conducted in accordance with
institutional guidelines and informed consent was acquired from all
participants.
Apparatus

Stimuli were presented on a 19-inch color monitor, and a PC
controlled stimulus presentation and response registration.
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Stimuli

Stimuli were composed of the letters B, K, P, R, M, V,W, or X, and of
the neutral symbols §, $,%, &, #, or ? taken from the Arial font. Each
character was resized to a visual angle of 0.80° height and 0.56° width,
at a viewing distance of 72 cm. Each stimulus array consisted of a
central target letter flanked by three identical flankers on each side.
The whole array subtended a visual angle of 4.1° width. Four letter
pairs (B and K, P and R, M and V, W and X) were each assigned to one
of four possible responses. For each of the eight possible target letters,
six incongruent stimuli were constructed by combining the respective
target letter with one of the six letters that were assigned to a
different response than the target. Furthermore, for each of the eight
possible target letters, six neutral stimuli were constructed by
combining the respective target letter with one of the six neutral
symbols. Together, this resulted in 48 incongruent stimuli and 48
neutral stimuli.

In the standard version of the flanker task, congruent stimuli are
used in which flankers are associated with the correct response. In our
modified flanker task, we used neutral stimuli in which flankers are
associated with no response. This was done because in a four-choice
flanker task with eight letters, the number of possible incongruent
stimuli is 48 whereas the number of possible congruent stimuli is only
16. This would have implied that congruent stimuli had to be
presented more frequently than incongruent stimuli, which would
have biased the flanker effect. Using neutral stimuli does not only
avoid this problem but also preserves the ability to measure
attentional selectivity because response times and error rates in
neutral stimuli are typically closer to those of congruent stimuli than
to those of incongruent stimuli (e.g., Spieler et al., 2000).

Procedure

Participants were instructed to respond to the identity of the target
and to ignore the flankers. Responses had to be given by pressing the
‘W’, ‘S’, ‘L’, and ‘P’ keys of a standard computer keyboard with the left
middle finger, the left index finger, the right index finger, and the right
middle finger, respectively. Each trial started with the presentation of
a fixation cross for 250 ms. The stimulus array was then presented for
150 ms followed by a blank screen.When a responsewas given, a new
trial started after a response–stimulus interval of 1200 ms. This
interval was restarted if further responses (e.g., spontaneous error
corrections) occurred during this time.

Each block consisted of 96 trials, one for each possible stimulus,
presented in randomized order. 18 test blocks totaling 1728 trials
were administered and were distributed over two test sessions of
approximately 1 h each. In a preliminary practice session, participants
had to perform nine practice blocks to practice the stimulus–response
mapping. Whenever the average error rate in these blocks fell below
15%, participants were instructed to respond faster at the beginning of
the next block.

Psychophysiological recording

Participants were seated comfortably in a dimly lit, electrically
shielded room. The electroencephalogram (EEG) was recorded with
Ag/AgCl electrodes (BIOSEMI Active-Two electrodes, Amsterdam)
from 32 electrode sites (Fp1, AF3, F3, F7, FC1, FC6, C3, T7, CP1, CP5, P3,
P7, PO3, O1, Fz, FCz, Cz, Pz, Fp2, AF4, F4, F8, FC2, FC6, C4, T8, CP2, CP6,
P4, P8, PO4, and O2) as well as from both mastoids. The CMS
(Common Mode Sense) and DRL (Driven Right Leg) electrodes were
used as reference and ground electrodes. All electrodes were off-line
re-referenced to the average from both mastoids. Vertical and
horizontal electrooculogram (EOG) was recorded from above and
below the left eye and from the outer canthi of both eyes. EEG and
EOGwere continuously recorded at a sampling rate of 512 Hz, off-line
down-sampled to 256 Hz and filtered with a 1–30 Hz band-pass filter.

Data analyses

In a first step, errors were classified as flanker errors if the error
response corresponded to the response required for the flanker letter.
Otherwise, errors were classified as nonflanker errors. Response time
was defined as the time interval between the onset of the stimulus
and the subsequent button press. To control for outliers, trials were
excluded on which the response time of the choice response was 3.5
standard deviations above or below the condition mean (b1%).
Furthermore, trials were excluded on which a spontaneous error
correction occurred (total: 16.5% of all errors), because the occurrence
of error correction responses can interfere with response selection on
subsequent trials (Rabbitt and Rodgers, 1977). Similar correction rates
have been found in studies using two-choice (Fiehler et al., 2005) and
three-choice flanker tasks (Steinhauser et al., 2008). This suggests a
strong tendency to correct errors spontaneously, which has also been
demonstrated by studies considering correlates of motor preparation
in these tasks (cf., Gehring et al., 1993; Hughes and Yeung, 2011;
Rodriguez-Fornells et al., 2002). Frequency data were arcsine
transformed (Winer et al., 1991). The congruency effect (i.e., the
difference in response times and error rates between incongruent and
neutral trials) was used as a measure for attentional selectivity. Note
that neutral and incongruent trials occurred with an equal frequency,
and this frequency was independent of the error type on the previous
trial.

ERP data were analyzed using custom routines in MatLab 7.0.4
(The Mathworks, Natic, MA, USA) as well as EEGLAB 5.03 (Delorme
and Makeig, 2004), an open source toolbox for EEG data analysis
(EEGLAB toolbox for single-trial EEG data analysis, Swartz Center for
Computational Neurosciences, La Jolla, CA; http://www.sccn.ucsd.
edu/eeglab). Segments of 200 ms before and 800 ms after the
response were extracted from the continuous EEG. The baseline
window ran from −200 ms to 0 ms relative to the button press.
Epochs contaminated with large artifacts were identified using three
methods from the EEGLAB toolbox (Delorme et al., 2007). An epoch
was excluded (1) whenever the voltage on an EOG channel exceeded
300 μV to remove epochs with large EOG peaks, (2) whenever the
joint probability of a trial exceeded five standard deviations to remove
epochs with improbable data, and (3) whenever the kurtosis
exceeded five standard deviations to remove epochs with unusually
distributed data. The mean percentage of trials excluded was 20.2%.
Remaining horizontal and vertical EOG artifacts were corrected by an
eye movement correction procedure (Automatic Artifact Removal
Toolbox Version 1.3; http://www.cs.tut.fi/~gomezher/projects/eeg/
aar.htm) based on a linear regressionmethod (Gratton et al., 1983). As
a result, an average of 557 correct incongruent trials, 57 flanker errors,
and 64 nonflanker errors were subjected to statistical analyses of ERP
data. These epochs were averaged separately for each participant and
each condition. The Ne/ERN amplitude on error trials was quantified
using a peak-to-peak measure. We took the difference between the
most positive peak in a time window of 100 ms preceding the
response and the most negative peak in a time window of 120 ms
following the response. Because this measure reached a maximum at
channel FCz, data from this channel were analyzed statistically.

Finally, we investigated the relation between Ne/ERN amplitudes
and behavioral adjustments. Recent studies achieved this by corre-
lating single-trial Ne/ERN amplitudes with response times on
subsequent trials (e.g., Debener et al., 2005). Here, we aimed at
investigating the relation between the Ne/ERN amplitude and the
congruency effect on subsequent trials. Because the congruency effect
is a difference measure, it cannot be determined for single trials
making a correlation approach difficult to apply. For this reason, we
chose a simpler method and compared behavioral adjustment
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Fig. 2. Error rates (A) and response times (B) for neutral and incongruent trials
following correct incongruent responses (n−1 C), nonflanker errors (n−1 NFE), and
flanker errors (n−1 FE). Error bars represent standard errors of the mean.
ms=milliseconds.
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following trials with large and small Ne/ERN amplitudes separately
for flanker errors and nonflanker errors.

To achieve this, we first had to classify error trials according to the
size of Ne/ERN amplitudes. Because single-trial amplitudes are
typically noisy, classification validity was improved by applying the
linear integration method (Parra et al., 2002, 2005), which has
previously been applied to extract single-trial amplitudes of the Ne/
ERN (Parra et al., 2002; Steinhauser and Yeung, 2010) and other
components (Philiastides et al., 2010, 2006; Ratcliff et al., 2009). This
method extracts a spatial component of the ERP by constructing a
classifier that maximally discriminates between two conditions
differing in this component. Specifically, a logistic regression is used
to compute a spatial weighting coefficient v such that the component

y tð Þ = vTx tð Þ

maximally discriminates between two conditions occurring at
different times t, with x(t) being the vector of electrode activity at
time t. This component can be used as an estimator of a single-trial
amplitude.

For the present purpose, classifiers were constructed that
discriminated between correct and error trials (independent of
error type) in the time window of the Ne/ERN (20 ms to 60 ms
relative to the button press). The influence of noise was further
reduced by applying a leave-one-out procedure (Stanislaw and
Todorov, 1999). The amplitude for each trial k (from N trials) was
estimated using a coefficient vk that was determined from the
remaining N−1 trials. For determining a coefficient vk, T samples
from each of N−1 baseline-corrected ERP epochs served as input,
resulting in a training set of size (N−1)T. After finding the optimal vk,
we estimated the error signal, yk, on each trial k by averaging across
the T samples from each trial. This value, ranging between 0 and 1,
was used as an estimator of the single-trial Ne/ERN amplitude. Error
trials were classified as small Ne/ERN trials and large Ne/ERN trials
based on a median split that was done separately for each error type.

The spatial distribution of the discriminating component was
visualized by computing the coupling coefficient vector,

a =
Xy
yTy

;

with time t being a dimension of the matrix X and the vector y.
Coupling coefficients represent the activity at each electrode site that
correlates with the discriminating component, and can thus be
interpreted as the “sensor projection” of that component.

To evaluate discrimination performance of the classifiers, we
computed the classifier sensitivity in terms of an Az score. The Az
corresponds to the area under the Receiver Operating Characteristic
curve and ranges between 0.5 (chance-level discrimination) and 1
(perfect discrimination). One value was calculated for each training
set, and was averaged to obtain an Az score for each participant. A
permutation test was applied to test whether the mean Az score
exceeded chance level with a significance level of 0.01 (for details, see
Philiastides et al., 2010; Steinhauser and Yeung, 2010).

Results

Behavioral data

We first analyzed response times and error rates for congruent and
incongruent stimuli. As expected, mean response times of correct
responses were higher on incongruent trials (553 ms) than on neutral
trials (542 ms), F(1,19)=32.2, pb0.001. Moreover, errors were more
frequent on incongruent trials (19.0%) than on neutral trials (15.4%), F
(1,19)=36.4, pb0.001. The error rate on neutral trials was higher
than that typically observed for congruent trials in other versions of
the flanker task (e.g., Danielmeier et al., 2009) but was comparable to
what we obtained with a similar paradigm in previous studies (Maier
et al., 2008, 2010). Thismight reflect high task difficulty resulting from
the 8:4 stimulus–response mapping as well as the fact that
insufficient selective attention can lead to errors for neutral stimuli
but not for congruent stimuli.

Most important, however, was the analysis of error types for
incongruent stimuli. 46.6% of errors in the incongruent conditionwere
flanker errors, which approximately replicates the results of Maier
et al. (2008). This demonstrates that a portion of flanker errors is
indeed due to insufficient selective attention. If the flankers had no
influence on the type of error response and all errors were due to
speed pressure or unspecific noise, each possible incorrect response
should have occurred with an equal frequency of 33%. A frequency of
46.6% for flanker errors (and, accordingly, a frequency of 26.7% for
each of the two remaining responses) suggests that flanker errors are
at least partly due to responses to the flanker stimuli, and thus, due to
insufficient selective attention.

To investigate behavioral adjustments following errors, only trials
following incongruent trials were considered, because flanker errors
and nonflanker errors can be distinguished only in the incongruent
condition. Furthermore, only effects involving the variable previous trial
type are reported. The data are presented in Fig. 2. First, we tested
whether adjustments of selective attention are observable without
distinguishing flanker errors and nonflanker errors. To this end, error
rates and response times of correct responses were subjected to two-
way ANOVAs with repeated measurement on the variables congruency
on trial n (neutral, incongruent) and response on trial n−1 (error,
correct response). The error rates showed amarginally significant effect
of response on trial n−1, F(1,19)=4.28, pb0.10, indicating a trend
towards lower error rates on trials following errors (15.9%) than on
trials following correct responses (17.6%). Importantly, however, there
was no interaction involving congruency on trial n and response on trial
n−1 (Fb1). Response times were longer on trials following errors
(561 ms) than on trials following correct responses (545 ms), F(1,19)=
14.6, pb0.001, indicating post-error slowing. But again, there was no
significant interaction of congruency on trial n and response on trial
n−1 (Fb1). These analyses demonstrate that without distinguishing
flanker errors and nonflanker errors, no substantial adjustments of
selective attention following errors were obtained.

Next, we investigated whether adjustments of selective attention
were different for trials following flanker errors and nonflanker errors.

image of Fig.�2


Fig. 4. Top: averaged response-locked ERP waveforms for correct incongruent trials and
for flanker errors, and nonflanker errors with small Ne/ERN amplitudes and large Ne/
ERN amplitudes. Bottom: scalp topographies of single trial classifiers averaged in a time
window of 20 to 60 ms post-response for all error trials in the incongruent condition of
the flanker task. ms=milliseconds; μV=microVolt.
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To this end, error rates and response times of correct responses from
trials following incongruent trials were subjected to a two-way
ANOVA with repeated measurement on the variables congruency on
trial n (neutral, incongruent) and response type on trial n−1 (correct
response, flanker error, nonflanker error). For the error rates, an
interaction between the variables congruency on trial n and response
type on trial n−1 type was revealed, F(1,19)=3.83, pb0.05,
indicating that congruency effects were influenced by the type of
response on the previous trial. Post-hoc tests showed substantial
congruency effects both on trials following correct responses (4.2%), F
(1,19)=12.4, pb0.01, and on trials following nonflanker errors
(6.6%), F(1,19)=34.1, pb0.001, but no reliable congruency effect on
trials following flanker errors (0.3%, see Fig. 2), F(1,19)=1.13, pN0.30.
Thus, attentional selectivity was stronger on trials following flanker
errors than on trials following nonflanker errors or trials following
correct responses, respectively. This demonstrates that adjustments of
selective attention were stronger following flanker errors than
following nonflanker errors.

For the response times, a main effect of response type on trial n−1
was revealed, F(1,19)=6.76, pb0.05. Post-hoc tests showed that
response times were faster on trials following correct responses
(545 ms) than on trials following both error types (flanker errors:
564 ms, F(1,19)=11.0, pb0.01; nonflanker errors: 566 ms, F(1,19)=
215.0, pb0.01) indicating post-error slowing. However, no interaction
between the variables congruency on trial n and response type on trial
n−1 type was revealed (Fb1).

For completeness, we also compared adjustments of selective
attention following flanker errors and nonflanker errors with those
following errors on neutral trials. To this end, we computed two-way
ANOVAs with repeated measurement on the variables congruency on
trial n (neutral, incongruent) and error type on trial n−1 (neutral
error, flanker error, nonflanker error). The interaction of congruency
on trial n and error type on trial n−1 was significant, F(1,19)=3.88,
pb0.05. Post-hoc tests showed substantial congruency effects both on
trials following neutral errors (3.16%), F(1,19)=4.90, pb0.05, and on
trials following nonflanker errors (6.60%), F(1,19)=34.1, pb0.001,
but no reliable congruency effect on trials following flanker errors
(0.30%, see Fig. 2), F(1,19)=1.13, pN0.30. This demonstrates that
adjustments of selective attention were stronger on trials following
flanker errors than on trials following nonflanker errors and on trials
following neutral errors, respectively. For the response times, no
significant effects were obtained.

Taken together, analyses of behavioral data confirmed the
prediction that only flanker errors trigger adjustments of selective
Fig. 3. Top: averaged response-locked ERP waveforms for correct incongruent trials,
flanker error trials, and nonflanker error trials at electrode FCz. Bottom: scalp
topographies of response-locked ERPs averaged in a time window of 20 to 60 ms
post-response for flanker errors and for nonflanker errors. ms=milliseconds;
μV=microVolt.
attention. Following flanker errors, the influence of the flanker letter
on performance was virtually eliminated suggesting a strong increase
of attentional selectivity. In contrast, post-error slowing was found for
all errors.

ERP data

Inspection of Fig. 3 reveals that the Ne/ERN was larger for flanker
errors than for nonflanker errors, confirming recent results by Maier
et al. (2008). Scalp topographies show that the Ne/ERN of both flanker
errors and nonflanker errors was centered on electrode FCz. To test
the difference in the Ne/ERN for flanker errors and nonflanker errors,
peak-to-peak Ne/ERN amplitudes from this electrode were subjected
to a one-way ANOVA with repeated measurement on the variable
error type (flanker error, nonflanker error). The results confirmed that
Ne/ERN amplitudes were larger for flanker errors (7.90 μV) than for
nonflanker errors (6.24 μV), F(1,19)=10.1, pb0.01.

To investigate whether the Ne/ERN amplitude on a given error trial
is related to adjustments of selective attention on the next trial,
flanker errors and nonflanker errors were classified according to their
single-trial Ne/ERN amplitude as described above. The classifier
successfully discriminated between trials with small and large Ne/
ERN amplitudes, as indicated by a significant mean Az score of 0.76,
pb0.01 (with a critical value of 0.57 as determined by the permutation
test). Average waveforms for the conditions with small and large Ne/
ERNs from each error type are depicted in Fig. 4.1

Most important, however, Fig. 5 shows that adjustments of
selective attention were different following errors with small and
large Ne/ERN amplitudes.2 To test this, error rates and response times
were subjected to ANOVAs with repeated measurement on the
1 We also investigated whether reasonable estimates of single-trial amplitudes can
be obtained by using raw amplitudes. However, the resulting average waveforms for
small and large Ne/ERNs differed not only in the time range of the Ne/ERN but also in
other time periods before and after the Ne/ERN. This might reflect that raw voltages
are strongly influenced by noise, and therefore mainly estimate the strength of noise
associated with a single trial. This implies that raw voltages are a poor estimator for
single-trial amplitudes of a specific component (for a direct comparison between raw
voltages and single-trial amplitudes derived by linear integration method, see,
Steinhauser and Yeung, 2010).

2 Note that the data in Fig. 2 does not exactly correspond to the data in Fig. 5
averaged across Ne/ERN amplitudes on the previous trial. Fig. 2 includes all trials
whereas Fig. 5 includes only trials that were used in the analysis of ERP data, i.e., data
that were not contaminated with artifacts. However, the initial analysis of behavioral
data leads to the same results for both sets of trials.
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Fig. 5. Error rates (A, B) and response times (C, D) for neutral and incongruent trials
following nonflanker errors (A, C) and flanker errors (B, D) with small Ne/ERN
amplitudes and large Ne/ERN amplitudes. Error bars represent standard errors of the
mean. ms=milliseconds.

3 The data pattern in Fig. 2A seems to suggest that adjustments of selective attention
were not only due to reduced error rates for incongruent trials but also due to changes
on neutral trials. On the one hand, neutral trials following flanker errors showed a
slightly increased error rate relative to neutral trials following correct responses. On
the other hand, neutral trials following nonflanker errors showed a reduced error rate
relative to correct responses. Such an outcome is frequently obtained in studies on
conflict adaptation, in which adjustments of selective attention following conflict are
examined (e.g., Freitas et al., 2007; Ullsperger et al., 2005). It presumably reflects the
net effect resulting from simultaneously occurring adjustments of selective attention
and absolute shifts of error rates and response times (Lamers and Roelofs, 2010).
Because absolute shifts of error rates and response times also influence the neutral
baseline, one should exclusively consider performance differences between incon-
gruent and neutral trials when interpreting adjustments of selective attention.
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variables error type on trial n−1 (flanker error, nonflanker error), Ne/
ERN amplitude on trial n−1 (small, large), and congruency on trial n
(neutral, incongruent). Only effects involving the new variable Ne/
ERN amplitude on trial n−1 are reported. The ANOVA on the error
rates revealed a significant three-way interaction, F(1,19)=12.6,
pb0.01. To further specify this effect, two-way ANOVAs on the
variables Ne/ERN amplitude on trial n−1 (small, large), and
congruency on trial n (neutral, incongruent) were calculated
separately for each error type. For nonflanker errors, the interaction
between Ne/ERN amplitude on trial n−1 and congruency on trial n
was significant, F(1,19)=9.15, pb0.01, indicating a strong congru-
ency effect on trials following small Ne/ERN amplitudes (9.95%) and a
slightly reversed congruency effect on trials following large Ne/ERN
amplitudes (−1.11%). For flanker errors, no significant effects were
obtained (all Fsb1). This pattern suggests that at least for nonflanker
errors, the Ne/ERN amplitude is related to adjustments of selective
attention on subsequent trials. In contrast, for flanker errors,
congruency effects were absent irrespective of whether the Ne/ERN
amplitude was small or large. The same ANOVAs for the response
times revealed no significant effect involving Ne/ERN amplitude on
trial n−1. Contradicting earlier studies, this indicates that post-error
slowing was not related to the size of the Ne/ERN amplitude.

For completeness, we also investigated whether adjustments of
selective attention following errors on neutral trials were affected by
the size of the Ne/ERN. First of all, neutral errors showed larger Ne/
ERNs (7.67 μV) than incongruent errors (6.35 μV), F(1,19)=10.7,
pb0.01. However, congruency effects following errors on neutral
trials were not significantly affected by Ne/ERN amplitude (all Fsb1),
although there was a numerical effect in the expected direction for
error rates (small: 5.61%; large: 4.70%) and response times (small:
22 ms; large: 18 ms).

Finally, we examined whether similar results are obtained for
other error-related EEG components. In addition to the Ne/ERN, errors
produce a positive deflection in the ERP approximately 200 to 400 ms
following the response with a more posterior distribution than the
Ne/ERN, the so-called error positivity (Pe; Falkenstein et al., 2000;
Steinhauser and Yeung, 2010). Some studies found that the Pe is also
related to behavioral adjustments like post-error slowing (e.g., Hajcak
et al., 2003; Nieuwenhuis et al., 2001). However, in the present data,
no such result was obtained. Pe amplitudes, measured as the average
amplitude 200–400 ms after the response at electrode CPz (Stein-
hauser and Yeung, 2010), did not differ for flanker errors and
nonflanker errors (Fb1). Moreover, single-trial analyses revealed no
significant influence of Pe amplitude on congruency effects of
subsequent trials (all Fsb1). This suggests that, at least in the present
data, the Pe amplitude is not related to adjustments of selective
attention following errors.

Discussion

The flanker task is a frequently used paradigm for investigating
processes of selective attention. Errors in this task can be due to time
pressure or because of insufficient selective attention (e.g., Eriksen
and Eriksen, 1974; Hübner et al., 2010). The goal of the present study
was to investigate whether adaptive adjustments of attentional
selectivity in the flanker task are specifically triggered by errors due
to insufficient selective attention, and whether the Ne/ERN is related
to these adjustments. To this end, a four-choice version of the flanker
task was used to distinguish between errors that occurred because the
response associated with the flankers was produced (flanker errors)
and remaining errors (nonflanker errors). We assumed that flanker
errors but not nonflanker errors were mainly caused by insufficient
selective attention to the target. Evidence for this claim comes from
the relative probabilities of flanker errors and nonflanker errors. A
four-choice task implies that there are three possible incorrect
responses on each trial with one response representing a flanker
error and two responses representing nonflanker errors. If all errors
were due to unspecific noise, flanker errors should occur with a
probability of 33%. However, consistent with previous research (Maier
et al., 2008), 46.6% of errors on incongruent trials were flanker errors,
which suggests that additional flanker errors occurred due to
insufficient selective attention.

Most important, we predicted that flanker errors should lead to
stronger adjustments of attentional selectivity than nonflanker errors.
This results because post-error adjustments should serve to prevent
further errors, and flanker errors but not nonflanker errors are mainly
due to insufficient selective attention. In accordance with this
prediction, the congruency effect – an index of attentional selectivity
– was reduced on trials following flanker errors as compared to trials
following nonflanker errors.3 Furthermore, we found that these
adjustments of selective attention were closely related to the Ne/
ERN amplitude. On the one hand, replicating earlier findings by Maier
et al. (2008), the Ne/ERN amplitude was increased for flanker errors,
that is, for errors that led to stronger adjustments of selective
attention. On the other hand, adjustments of selective attention were
correlated with single-trial Ne/ERN amplitudes. Trials with larger Ne/
ERNs were associated with stronger adjustments of selective
attention.

The observation that flanker errors lead to stronger adjustments of
selective attention cannot be explained by the assumption that
participants were more aware of flanker errors. Maier et al. (2008)
found that, although flanker errors were associated with an increased
Ne/ERN, these errors were less likely to be consciously detected.
Moreover, in the present study, flanker errors and non-flanker errors
did not differ with respect to the Pe, a component that has previously
been shown to be closely related to error awareness (Hughes and
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Yeung, 2011; Nieuwenhuis et al., 2001; Steinhauser and Yeung, 2010;
see Ullsperger et al., 2010 for a review). Finally, adjustments of
selective attention in the present study were related to the Ne/ERN
but not to the Pe. Together, these findings speak against a role of error
awareness for adjustments of selective attention.

Our findings have several important implications for theories on
performance monitoring. First, our data show that the Ne/ERN is
related not only to unspecific post-error slowing (Debener et al.,
2005; Gehring et al., 1993) but also to specific adjustments of selective
attention. Recently, it was argued that post-error slowing is not
necessarily an adaptive adjustment to prevent further errors but
rather an orienting response (Notebaert et al., 2009). Accordingly, the
present findings might represent the first direct evidence that the Ne/
ERN is related to behavioral adjustments that are truly adaptive.

Second, if specific post-error adjustments are exclusively triggered
by specific error types, this has also important methodological
implications. It suggests that it is necessary to isolate specific error
types to reliably measure post-error adjustments. Collapsing across
different error types reduces the power to detect specific post-error
adjustments because different types of adjustments are mixed.
Together with the finding that even detected errors sometimes fail
to trigger post-error adjustments (Hajcak and Simons, 2008), this
would explain why particularly adjustments of selective attention
presumably remained undetected in many studies.

Finally, given that adjustments of selective attention are initiated
only following errors due to insufficient attention, it is plausible to
assume that performance monitoring not only implies that errors are
detected, but also that the source of these errors is evaluated. This
error source monitoring is an important precondition that adjust-
ments are truly adaptive because it allows for initiating adjustments
that can prevent further errors due to the same source. In the
following, we provide a tentative theoretical account of error
evaluation that can explain the complex data pattern obtained in
the present experiment.

A tentative two-stage account of error evaluation

Although our data clearly revealed a relationship between the Ne/
ERN and adjustments of selective attention, the exact data pattern
suggests that this relationship is rather complex. Following non-
flanker errors, there was an increase of attentional selectivity when
the error was associated with a large Ne/ERN amplitude as compared
to when it was associated with a small Ne/ERN amplitude (see
Fig. 5A). In contrast, following flanker errors, an equally strong
adjustment of selective attention resulted irrespective of whether the
error was associated with a large or a small Ne/ERN amplitude (see
Fig. 5B). This pattern is not in accord with the idea that adjustments of
selective attention depend exclusively on the Ne/ERN amplitude,
because flanker errors with small Ne/ERN amplitudes produced
Fig. 6. Tentative two-stage account of error evaluation. During task processing, an early e
insufficient selective attention) by monitoring the current state of system parameters. Upon
adjustments which is reflected by the Ne/ERN. After execution of a response, a late evaluat
responses and stimuli. By initiating further adjustments according to the estimated error so
similar adjustments as nonflanker errors with large Ne/ERN ampli-
tudes. Furthermore, this pattern is also not in accordwith the idea that
adjustments of selective attention depend exclusively on the
evaluation of error type, because even nonflanker errors led to an
increase of attentional selectivity provided that the Ne/ERN amplitude
was large. Rather, our data suggest that adjustments of selective
attention can be triggered either by the identification of a flanker
error, or by a large Ne/ERN amplitude.

To account for this complex pattern, we propose a tentative two-
stage account of error evaluation, which is depicted in Fig. 6. Our
account assumes that error evaluation occurs on an early stage
preceding the Ne/ERN and a late stage succeeding the Ne/ERN. The
early evaluation stage takes place during task processing and
continuously estimates the risk of specific error types by monitoring
the current state of system parameters. For instance, from observing
poor attentional selectivity this process infers an increased risk of an
error due to insufficient attentional selectivity. If the error detection
system then signals that an error has occurred, the early evaluation
process indicates that this error is due to insufficient attentional
selectivity, and initiates adjustments of selective attention reflected
by an increased Ne/ERN. However, because the early evaluation
process has to guess the type of upcoming error based on imprecise
evidence, it often produces false alarms (i.e., large Ne/ERNs and
adjustment of selective attention for nonflanker errors) and misses
(i.e., small Ne/ERNs and no adjustment of selective attention for
flanker errors). The assumption of this early evaluation stage can not
only explain why the Ne/ERN is larger for flanker errors than for
nonflanker errors, but also why, due to false alarms, even nonflanker
errors with large Ne/ERN amplitudes lead to adjustments of selective
attention.

After a response has been executed and the Ne/ERN has been
generated, a late evaluation stage is started, which evaluates the error
type based on more reliable information. For instance, this process
could infer an error due to insufficient selective attention from
matching memory traces of the response and the flanker stimuli. If
such an error is detected, adjustment of selective attention is initiated.
Crucially, the late process can identify errors due to insufficient
selective attention that were missed by the early process. This can
account for trials for which even small Ne/ERNs (triggered by the
early process) are accompanied by large adjustments of selective
attention (triggered by the late process), as observed for flanker errors
in our data.

The question which type of mechanism underlies adjustments of
selective attention emerges. Recent fMRI studies investigating post-
error adjustments in SR-compatibility tasks found that errors were
followed by the amplification of task-relevant activity and the
inhibition of task-irrelevant activity (Danielmeier et al., 2011; King
et al., 2010). In the flanker task, adjustments of selective attention can
occur by shifting spatial attention from the flankers to the target
valuation stage continuously estimates the risk for specific errors (e.g., errors due to
detection of an error by the error detection system, this process initiates appropriate

ion stage evaluates the error source by matching memory representations of executed
urce, this stage can compensate for misses by the early evaluation process.
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(Botvinick et al., 2001), or by strengthening late, categorical selection
processes (Hübner et al., 2010). Basically, however, it is conceivable
that the early and late evaluation stages even differ with respect to the
way selective attention is adjusted.

Our account is neutral regarding the exact mechanism reflected by
the Ne/ERN. Several theories assume a close relationship between the
Ne/ERN and behavioral adjustments. For instance, the reinforcement
learning theory (Holroyd and Coles, 2002) assumes that the Ne/ERN
represents deviations of actual from expected outcomes and indicates
that behavioral adjustments are necessary. From this perspective,
larger deviations of actual from expected outcomes should imply
larger Ne/ERN amplitudes and stronger behavioral adjustments. The
early evaluation stage postulated in our account could indeedwork on
the basis of such a mechanism provided that also internal parameters
like attentional settings are considered. For instance, in the flanker
task, the system could expect that selective attention to the target is
strong in addition to expecting a correct response. If this expectation
is not met, a large Ne/ERN is triggered which initiates strong
adjustments of selective attention. In contrast, the late evaluation
stage could operate in amore controlledway, e.g., based on evaluation
in working memory.

Another influential account of the Ne/ERN is the conflict
monitoring theory (Yeung et al., 2004), which assumes that the
Ne/ERN is related to response conflict immediately following an
erroneous response. If conflict immediately following a response is
detected, the performance monitoring system concludes that an error
has occurred and behavioral adjustments are necessary. This can
explain adjustments of selective attention following errors indepen-
dent of error type. However, in order to explain an increased Ne/ERN
and stronger adjustment following errors with insufficient attentional
selectivity, the conflict monitoring theory has to make additional
assumptions. For instance, one could assume that detecting the risk of
an error due to insufficient attentional selectivity implies that the
representation of response conflict in the ACC is amplified to trigger
stronger adjustments of selective attention or to increase the
sensitivity for detecting errors. This interpretation of the present
data is in accord with the general idea that ACC activity reflects the
need for adjustment indicated by conflict monitoring rather than the
adjustment itself (Botvinick et al., 1999; Carter et al., 2000).

The assumption that the Ne/ERN reflects the interplay of post-
error response conflict and the outcome of an early error source
monitoring process could also account for another result in our data.
The Ne/ERN amplitude obtained for neutral trials was rather similar to
that for flanker errors. This cannot be explained by assuming that the
Ne/ERN reflects the need for adjusting selective attention. Because
insufficient selective attention is less likely to induce errors on neutral
trials than on incongruent trials on which the flanker is associated
with an incongruent response, the Ne/ERN amplitude should be
smaller if it indicates exclusively the need for adjusting selective
attention. However, the conflict monitoring theory predicts that post-
error conflict (and thus the Ne/ERN amplitude) is larger for stimuli
that activate the correct response more strongly (Yeung et al., 2004).
Accordingly, the large Ne/ERN amplitudes on neutral trials could
reflect an already high level of post-error conflict on these trials
because neutral stimuli activate the correct response more strongly
than incongruent stimuli.

Conclusions

Taken together, the results of the present study demonstrate that
the Ne/ERN is related to adjustments of selective attention following
errors due to insufficient attentional selectivity. On the one hand, this
implies that to investigate adjustments of selective attention
following errors, one has to isolate errors due to insufficient selective
attention, e.g., by using a paradigm like that of Maier et al. (2008). On
the other hand, this suggests that the performance monitoring system
evaluates the source of errors in order to select the most appropriate
adjustment. To explain our results, we propose a tentative model
assuming that the evaluation of error source takes place at an early
stage preceding the Ne/ERN and late stage succeeding the Ne/ERN,
whereas each stage can initiate appropriate behavioral adjustments.
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