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Chapte rr  5 

Error-Relate dd Brai n Potential s are Differentiall y Related to 
Awarenes ss of Respons e Errors : Evidenc e fro m an Antisaccad e Task 

TheThe error negativity (Ne/ERN) and error positivity (Pe) are two components of the event-
relatedrelated brain potential (ERP) that are associated with action monitoring and error detec-
tion.tion. To investigate the relation between error processing and conscious self-monitoring 
ofof behavior, the present experiment examined whether an Ne and Pe are observed after 
responseresponse errors of which participants are unaware. Ne and Pe measures, behavioral ac-
curacy,curacy, and trial-to-trial  subjective accuracy judgments were obtained from participants 
performingperforming an antisaccade task, which elicits many unperceived, incorrect reflex-like sac-
cades.cades. Consistent with previous research, subjectively unperceived saccade errors were 
almostalmost always immediately corrected, and were associated with faster correction times 
andand smaller saccade sizes than perceived errors. Importantly, irrespective of whether the 
participantparticipant was aware of the error or not, erroneous saccades were followed by a sizable 
Ne.Ne. In contrast, the Pe was much more pronounced for perceived than for unperceived 
errors.errors. Unperceived errors were characterized by the absence ofposterror slowing. These 
andand other results are consistent with the view that the Ne and Pe reflect the activity of two 
separateseparate error monitoring processes, of which only the later process, reflected by the Pe, 
isis associated with conscious error recognition and remedial action. 

5.1.. Introductio n 

Too adjust performance appropriately to varying task demands, it is important to 
monitorr ongoing action and associated feedback for possible errors. As has already been 
notedd by Rabbitt (e.g., 1967), error processing, at least in the context of reaction time 
tasks,, must involve an error detection mechanism and a set of remedial action mechanisms. 
Thee latter mechanisms are responsible for immediate error correction and for adjustments 
too response settings to prevent errors from recurring in the future. Recent neuroimaging 
studiess and neuropsychological studies suggest that at least some of these error processing 
mechanismss may be implemented in a brain circuit involving the anterior cingulate cortex 
andd lateral prefrontal cortex (Carter et al., 1998; Gehring & Knight, 2000; Kiehl, Liddle, 
&&  Hopfinger, 2000). Progress on identifying the functional characteristics of the error 
monitorr system has been made primarily through the study of two psychophysiological 
indicess thought to be specifically associated with error processing: (1) the error negativity 
(Ne;; Falkenstein, Hohnsbein, & Hoormann, 1991), or error-related negativity (ERN; Ge-
hring,, Goss, Coles, Meyer, & Donchin, 1993). This is a sharp negative deflection in the 
event-relatedd brain potential with a frontocentral distribution and peak approximately 80 
mss after an incorrect response. The onset of the Ne can be as early as the first EMG activ-
ityy leading to the incorrect response (Gehring et al., 1993); (2) the error positivity (Pe; 
Falkensteinn et al., 1991; Falkenstein, Hohnsbein, & Hoormann, 1995). This is a slow posi-
tivee wave with centroparietal distribution, which often but not necessarily follows the Ne 
onn incorrect trials. Although most investigators in the field have focused on validating the 
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Nee and not the Pe, most authors appear to agree that the two indices represent different 
aspectss of error processing (see Falkenstein, Hoormann, Christ, & Hohnsbein, 2000). 

Thee objective of the present research was to further our understanding of the psy-
chologicall  processes manifested by the Ne and Pe by examining the relationship between 
thesee psychophysiological indices and the presence or absence of awareness that a re-
sponsee error has occurred. It is likely that the Ne and Pe reflect the activity of two separate 
errorr monitoring processes. The early onset latency of the Ne with respect to the response 
(e.g.,, Gehring et al., 1993) is suggestive of an internal error monitoring system, acting rap-
idlyy on information from central (as opposed to peripheral) sources. Sensory or proprio-
ceptivee information signalling an erroneous response could not be available until after the 
responsee has been initiated. In contrast, the timing of the Pe allows for the possibility of a 
secondd error monitoring process, which is informed by peripheral (e.g., proprioceptive or 
reafferent)) information indicating that an error has occurred. Note that a distinction be-
tweenn an "internal" and "external" error monitoring loop has often been made in models of 
motorr control (e.g., Cooke & Diggles, 1984). Partly because of their timing with respect to 
thee response, it is well-conceivable that the two error monitoring processes are differen-
tiallyy related to subjective awareness of response errors. For instance, Falkenstein et al. 
(1991)) have proposed that the early error-related ERP component, the Ne, "reflects a (per-
hapshaps unconscious) mismatch between response selection and ... response execution, 
whereass the slow wave [i.e., the Pe] reflects the conscious evaluation of the error" (p. 
454).. As we will argue below, there is already some indirect evidence in support of this 
proposal.. In our experiment, the hypothesis that the processes leading to awareness of a 
responsee error are associated with the processes manifested by the Pe, but not with those 
underlyingg the Ne, was further tested. 

Thuss far there have been no studies of error-related brain activity that have ex-
plicitlyy distinguished between subjectively perceived and unperceived erroneous re-
sponses.. The likely reason for this is that in almost all studies of the Ne and Pe, overt re-
sponsee errors have been defined by an inappropriate button press, and participants are 
typicallyy aware of this type of error. Here we report an experiment in which we obtained 
error-relatedd ERP components, behavioral accuracy data, and trial-to-trial subjective accu-
racyy judgments from participants performing an antisaccade task. Performance in this type 
off  task shows many inappropriate, reflex-like saccades which are not perceived by the 
participant,, even though they are immediately corrected (Kramer, Harm, Irwin, & Theeu-
wes,, 2000; Mokler & Fischer, 1999; Theeuwes, Kramer, Hahn, & Irwin, 1998). In the 
remainderr of the introduction, we provide a selective review of empirical data and theory 
regardingg the Ne and Pe (for an extensive review of both components, see Falkenstein et 
al.,, 2000). Then, we will discuss the antisaccade task and how it can be employed to inves-
tigatee awareness of response errors. 

ErrorError  negativity 
Thee Ne can be observed in both auditory tasks and visual tasks (e.g., Falkenstein 

ett al., 1991), and has been reported after both hand and foot errors (Holroyd, Dien, & 
Coles,, 1998), and after failures to inhibit eye movements in a saccade variant of the Go-
Nogoo paradigm (Van 't Ent & Apkarian, 1999). Although there is some evidence that the 
amplitudee of the Ne is related to more conservative response behavior on trials following 
ann error (Gehring et al., 1993), the process reflected by the Ne does not seem to be in-
volvedd in error correction (e.g., Scheffers, Coles, Bernstein, Gehring, & Donchin, 1996). 
Indeed,, an Ne-like component has also been observed after failures to reach a response 
deadlinee (Luu, Flaisch, & Tucker, 2000), which allows no immediate error correction. 
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Thee available evidence of the Ne is generally consistent with the proposal (e.g., 
Bernstein,, Scheffers, & Coles, 1995; Falkenstein et al., 1991; Scheffers et al., 1996) that 
thee negativity following errors reflects the manifestation of an error detection system that 
checkss actual behavior against an internal goal standard. The output of this error detection 
systemm may reflect both the cognitive and emotional significance of a deviation from the 
anticipatedd result (see, e.g., Gehring et al., 1993; Kiehl et al., 2000). In choice RT tasks, a 
representationn of the actual response may be formed on the basis of some "efference copy" 
off  the motor commands sent to the response effectors (see Gehring et al., 1993). A repre-
sentationn of the task-appropriate (goal-directed) response may become available through 
furtherr processing of the imperative stimulus, beyond that which is used to guide the actual 
response.. These two representations provide the input to the error detection system, whose 
outputt signal is some unspecified increasing function of the degree of mismatch between 
thee two representations. 

Twoo lines of evidence have been put forward in support of the proposal that the 
Nee reflects a mismatch measure as described above. First, there are several studies indicat-
ingg a positive relation between Ne amplitude and the degree of error. Here, the degree of 
errorr refers to the difference between the correct and the incorrect response in terms of 
temporall  (Luu, Flaisch, et al., 2000) or spatial parameters (Bernstein et al., 1995; Schef-
ferss et al., 1996; Van 't Ent & Apkarian, 1999; but see Gehring et al., 1993). The second 
typee of evidence comes from studies showing that the Ne amplitude is smaller under cir-
cumstancess that may be expected to affect the quality of perceptual processing. These cir-
cumstancess include experimental settings in which participants have to respond under time 
pressuree (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1990; see also Falkenstein et al., 
2000),, have been deprived of sleep (Scheffers, Humphrey, Stanny, Kramer, & Coles, 
1999),, or are presented with degraded stimuli (Scheffers & Coles, 2000). The argument is 
thatt under these circumstances participants are likely to have a compromised representa-
tionn of the response required by the stimulus. This, in turn, reduces the mismatch with the 
representationn of the actual response in case of an error. 

Onee previous study has paid attention to the relation between the Ne and partici-
pants'' confidence in the accuracy of their response (Scheffers & Coles, 2000). In this 
study,, participants performed an Eriksen flankers task in which they were required to re-
spondd to the identity of one of two briefly presented target letters (H or S). The target let-
terr was surrounded by either four compatible flankers (e.g., SSSSS) or four incompatible 
flankerss (i.e., letters associated with the response of the other hand, e.g., HHSHH). Impor-
tantly,, the contrast between stimuli and background was reduced in order to induce uncer-
taintyy in participants about the presented target. At the end of each trial, participants rated 
thee accuracy of their response on a five-point scale ranging from sure incorrect to sure 
correct.correct. The results showed that Ne amplitude varied with the subjectively perceived accu-
racyy of the response, irrespective of its objective accuracy. For example, on a small pro-
portionn of correct trials the response was judged to be sure incorrect by the participant, 
suggestingg that the stimulus was misperceived and the given response was not consistent 
withh the incorrect stimulus information. These trials were associated with a large Ne. 
Likewise,, after incorrect responses judged to be sure correct, only a small Ne was ob-
served. . 

Althoughh these results highlight the consequences of an inaccurate representation 
off  the correct response for the computation of the Ne, it is perhaps not surprising that Ne 
amplitudee was so strictly tied to participants' awareness of response accuracy. Note that 
bothh the subjective accuracy ratings and Ne amplitude behaved precisely as what would be 
predictedd from the degree of mismatch between the stimulus information extracted from 
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thee actual stimulus display, and the emitted response. The observation rather emphasizes 
thee notion that the Ne system does not react to errors if the information necessary to iden-
tifyy the error is lacking. A related argument applies to the observation by Dehaene, Posner, 
andd Tucker (1994) that an Ne occurs after the incorrect execution of an appropriate motor 
schemaa (i.e., a slip), but not after the correct execution of an inappropriate schema due to 
failuress to retrieve the correct schema (i.e., a mistake). Here the missing information, nec-
essaryy to identify the error, concerns the correct schema. If we want to examine the rela-
tionn between error-related brain activity and the awareness of slips -the type of error that 
hass been the focus of psychophysiological research on error processing— we need a para-
digmm in which the Ne system can easily derive a representation of the correct response, but 
participantss are not (always) aware of errors in the execution of this response. Before de-
scribingg our choice of paradigm, we briefly review the empirical evidence and theoretical 
notionss regarding the Pe. 

ErrorError  positivity 
Thee morphology, polarity, and scalp topography of the Pe are similar to those of 

thee P3, a positive slow wave in the stimulus-evoked ERP, which is maximal at centroparie-
tall  recording sites and peaks at 300 ms or more after task-relevant stimuli. Because of this 
similarity,, Falkenstein et al. (1991; see also Falkenstein et al., 2000; Leuthold & Sommer, 
1999)) interpreted the Pe as representing a second P3, elicited by the evaluation of the in-
correctt response. Thus, according to this interpretation, error trials are characterized by 
twoo successive P3 components, the first of which is sensitive to stimulus evaluation and 
thee second of which is sensitive to the evaluation of the incorrect response (which is usu-
allyy a highly task-relevant event). 

Inn contrast, there has been some debate (e.g., Falkenstein et al., 1995) as to 
whetherr the Pe might reflect a delayed (component of the) stimulus-evoked P3 complex 
contributingg to the response-locked ERP. However, there are several arguments favoring 
thee hypothesis of an additional P3-like positivity over this latter possibility. First, although 
thee P3 latency may be delayed to some extent on error trials (Donchin, Gratton, Dupree, & 
Coles,, 1988), various reports of Pe latency would imply implausibly large latency shifts of 
thee P3 on these trials (Falkenstein et al., 1991; Kaiser, Barker, Haenschel, Baldeweg, & 
Gruzelier,, 1997; Leuthold & Sommer, 1999). Second, sometimes two positive peaks can 
bee discerned in the stimulus-locked ERP associated with incorrect responses: one in the 
latencyy range of the classic, stimulus-evoked P3, and one after the incorrect response (Fal-
kensteinn et al., 1991; Leuthold & Sommer, 1999). A particularly convincing demonstration 
off  two successive P3-like positive components on error trials can be found in Luu, Collins, 
andd Tucker (2000). Using grand-average voltage maps of the scalp, these authors show 
thatt the second, error-related positivity has a slightly more anterior distribution than the 
firstt positivity, which at the same latency is also present on correct trials, and which is 
presumablyy the stimulus-evoked P3. Note that, if the Pe reflects a second P3, it will usu-
allyy overlap to some extent with the stimulus-evoked P3, certainly if the average reaction 
timee of errors is fast, as is the case in many Ne/Pe studies. Third, the Pe appears to be 
moree pronounced in response-locked averages than in stimulus-locked averages (e.g., Fal-
kensteinn et al., 1991; Leuthold & Sommer, 1999), suggesting that it is related to the re-
sponsee rather than the stimulus. And fourth, it appears that the Pe and P3 are differentially 
affectedd by several empirical conditions (see Falkenstein et al., 1991, 2000; Leuthold & 
Sommer,, 1999). However, it is not clear to what extent this can be attributed to variable 
contributionss of the stimulus-locked components to the response-locked ERP, due to dif-
ferencess in RT distribution between the empirical conditions. To summarize, the available 
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evidencee suggests that an additional, response-related positivity, the Pe, is present on in-
correctt response trials. Several characteristics of the Pe suggest that it is a P3-like wave, 
whichh is elicited by the error event. 

Nott much work has been done to establish the functional significance of the Pe. 
Thee Pe has been observed on corrected and uncorrected error trials, as well as on false 
alarmm trials (see Falkenstein et al., 2000). Hence, it has been argued that the Pe cannot be a 
correlatee of an error correction process (Falkenstein et al., 2000). As noted above, an al-
ternativee interpretation of the Pe is that it reflects the conscious processing of the error 
eventt (Falkenstein et al., 1991, 2000). As such, it may be directly related to the controlled 
adjustmentt of response strategies following the recognition of an error, or it may reflect 
thee conscious recognition of the error itself. To our knowledge, the relation between the Pe 
andd indices of response strategy adjustments (e.g., posterror slowing; Rabbitt, 1966) re-
mainss to be empirically investigated. However, some evidence suggests a relation between 
thee Pe and conscious error recognition. First, Vidal, Hasbroucq, Grapperon, and Bonnet 
(2000)) have reported that in a two-choice manual response task overt motor errors are 
followedd by an Ne and a Pe. In contrast, trials that were characterized by subthreshold 
musclee activation of the incorrect hand followed by the appropriate overt response showed 
aa clear Ne but no Pe. It can be argued that a Pe was missing in these trials because sub-
thresholdd errors may be less likely to reach awareness, especially if they are followed by a 
correctt button press. Second, Kaiser et al. (1997) examined to what extent the Ne and Pe 
weree sensitive to the effects of hypnosis. Their study focused on errors that were commit-
tedd by participants performing a simple S-R compatibility task. In a group of participants 
characterizedd as highly susceptible to hypnosis, the Pe was essentially abolished under 
hypnosiss as compared to a prehypnosis baseline that showed a clear Pe. Importantly, the 
Nee was fully unaffected in the hypnosis condition. To the extent that hypnosis can be re-
gardedd as a state of altered or lacking consciousness, this result appears nicely compatible 
withh the hypothesis that the Pe is related to the conscious recognition of errors whereas the 
Nee is not. 

TheThe antisaccade paradigm 
Thee antisaccade task (e.g., Hallet, 1978; Nieuwenhuis, Ridderinkhof, De Jong, 

Kok,, & Van der Molen, 2000; Roberts, Hager, & Heron, 1994) provides a suitable labora-
toryy paradigm for the study of overt motor responses that do not reach awareness. In this 
task,, participants are instructed to generate a saccade to the opposite side of a peripheral 
abruptt onset cue (i.e., an antisaccade). Because abrupt onset stimuli are well known to 
capturee the eyes in an automatic fashion (e.g., Theeuwes et al., 1998), correct antisaccade 
performancee requires controlled inhibition of the reflexive saccade towards the abrupt 
onsett cue. A direction error is defined by a saccade in the direction of the cue, even if the 
eyess are immediately redirected to the opposite location. Despite the task instructions, 
participantss typically make many direction errors in the antisaccade task. 

Recently,, several authors have reported that participants performing an antisac-
cadee task are often not aware of their direction errors when asked immediately after a trial 
(Deubel,(Deubel, Mokler, Fischer, & Schneider, 1999; Mokler & Fischer, 1999; for related evi-
dencee see Kramer et al., 2000; Theeuwes et al., 1998). This finding is especially surprising 
becausee the unperceived direction errors, just as their perceived counterparts, are typically 
followedd by a corrective saccade of approximately twice the size of the initial error. In 
Moklerr and Fischer, for instance, participants were instructed to look to the opposite side 
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FigureFigure 5.1. A: Example of stimulus displays in the present experiment. See text for actual 
size.size. B: Relative timing and presentation duration of stimulus events in the present ex-
periment.periment. Time t = 0 ms corresponds to the moment of cue onset. Note that the probability 
ofof a precue being presented was 50%. 

off  an abrupt onset cue that was presented 4 deg either to the left or to the right from a cen-
trall  fixation point. At the end of each trial, they were to indicate, by means of a button 
press,, whether they believed they had made a direction error. The average percentage of 
directionn errors was 19%, and almost all of them were immediately followed by a large 
correctivee saccade, necessary to redirect the eyes towards the target location. Importantly, 
off  all the direction errors only 50% were perceived by the participants as such. 

Iff  most saccade direction errors are followed by a corrective saccade, why then 
aree they so often not consciously recognized by participants as errors? At this point, it 
seemss reasonable to recall that participants in the studies mentioned above were asked to 
givee their awareness judgments at the end of each trial. Thus, in the case of an unper-
ceivedd error, we cannot be completely certain whether the participant was in fact briefly 
awaree of the error while it was happening. Awareness of an event is used here in a prag-
maticc sense, that is, in terms of whether information about the event is available for report 
brieflyy after it has taken place (Scheffers & Coles, 2000, refer to this as "perceived accu-
racy").. The question, then, is why participants fail to report so many of their errors. From a 
neurophysiologicall  perspective, it has been argued (see Mokler & Fischer, 1999) that sac-
cadee direction errors have a significant chance of remaining unrecognized, because they 
aree generated mostly subcortically (Schiller, 1998). The increased size of the required cor-
rectivee antisaccade (compared to a direct antisaccade) probably remains unnoticed be-
causee voluntary saccades are specified in terms of the desired end position of the eye in the 
orbitt (Mays & Sparks, 1980; Schiller, 1998), which is the same in either case. Another 
interestingg explanation, at the psychological level, is offered in the Discussion. 
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Ass in Mokler and Fischer (1999), participants in the present experiment were to 
judgee their antisaccade performance at the end of each trial. The stimulus events and their 
relativerelative timing are illustrated in Figure 5.1. Participants were instructed to suppress a re-
flexivee saccade, and to generate a direct antisaccade away from the abrupt onset cue as fast 
ass they could. One second after cue onset, a cross was presented at the target location. At 
thiss point, participants were to push a response button if and only if they thought they had 
movedd their eyes in the direction of the cue. To increase the proportion of direction errors, 
thee task design included the following features. First, saccades were required in both the 
horizontall  and the vertical dimension. Increasing the number of possible cue locations 
fromfrom two to four decreases antisaccade performance when locations are positioned along 
twoo orthogonal axes (Delaney & Roberts, 1999). Second, a gap of 200 ms was introduced 
betweenn fixation point offset and cue onset. This feature is well known to increase error 
ratess in the antisaccade task (e.g., Munoz, Broughton, Goldring, & Armstrong, 1998). A 
thirdd feature included to increase the error rates was the use of a precue (in approximately 
50%% of the trials, to prevent habituation; e.g., Fischer & Weber, 1996), validly indicating 
thee target location on each presentation1. 

Thus,, the antisaccade paradigm permitted the study of error-related brain activity 
inn an experimental setting in which (a) participants were always aware of the required re-
sponse,, as indicated by the rapid correction of both perceived and unperceived direction 
errors;; (b) at some level in the participants' information processing system there was in-
formationn about the actual incorrect response. (This seems trivial because the system pro-
ducess that response itself.); and (c) participants were often not aware of response errors. If 
thee monitoring processes manifested by the Ne and Pe are related to the processes associ-
atedd with participants' subjective identification of errors, then the associated components 
shouldd be substantially affected after saccade direction errors that were not recognized by 
participantss as such. More specifically, in line with previous empirical (Kaiser et al., 1997; 
Vidall  et al., 2000) and theoretical (Falkenstein et al., 1991; 2000) contributions to the lit-
erature,, we expected that awareness of response errors would significantly correlate with 
Pee measures but not with Ne measures. 

5.2.. Method 

Participants Participants 
Fifteenn undergraduate students (12 women) from the University of Amsterdam 

participatedd in this experiment. The participants, ranging in age from 18 to 23 years, re-
ceivedd course credit for their participation. Three participants were replaced because their 
proportionn of perceived or unperceived errors in the relevant (horizontal; see Data Analy-
siss section) dimension was smaller than 2.5%. 

Stimuli Stimuli 
Stimulii  were presented on a black computer screen (see Figure 5.1 A). The fixa-

tionn display consisted of a white fixation dot, subtending 0.6 deg, surrounded by four yel-
loww square outlines, each subtending 3.4 deg, that were symmetrically positioned above, 

11 The exact mechanism by which valid precues increase error rates is as yet unknown. Fischer and 
Weberr (1996) propose that the orienting mechanism has an automatic tendency to orient away from stimuli 
whenn trained in an antisaccade setting. This automatic tendency is detrimental to performance when a valid 
precuee is presented. 
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below,, to the left and right of fixation. The visual angle between fixation and the center of 
eachh square was 10 deg. The precue consisted of the brief thickening of one of the out-
lines.. The cue consisted of a white circle, subtending 1.2 deg, and was presented in the 
centerr of a square. The "target" consisted of a white cross fillin g one of the squares. 

DesignDesign and Procedure 
Thee experiment involved one session that lasted approximately 1.5 hr. After hav-

ingg received 50 trials of practice with the task, participants entered the experimental phase, 
whichh consisted of eight blocks of 100 trials. The order of cue locations was randomly 
determinedd for each new block. Cue location could be either above, below, to the left or to 
thee right of fixation (10, 10, 40, 40 trials per block, respectively; see below for a justifica-
tion).. The probability of a precue being presented was 50% on each trial. 

Thee temporal order of stimulus events is illustrated in Figure 5.IB. Participants 
receivedd instructions to direct their eyes at fixation at the start of each trial. After a random 
durationn of 1,000-1,400 ms the fixation point disappeared and, after a gap period of 200 
ms,, the cue was presented for 117 ms. In case a precue was presented, the outline opposite 
too the cue was brightened for 50 ms, starting 100 ms before cue onset. Participants were 
instructedd to move their eyes to the target location as soon as possible after cue onset. Af-
terr an interval of 1,000 ms, starting at cue onset, the cross was displayed until the space 
barr was pressed (indicating a perceived error), with a minimum of 400 ms (because of the 
feedbackk function of the cross ~ "this is where your eyes should be now") and a maximum 
off  1,250 ms (in case of no key press), after which the next trial began. Participants were 
instructedd to press the space bar if, and only if, they thought they had moved their eyes in 
thee direction of the cue. To prevent hand movements during the cue-target interval, it was 
emphasizedd that possible key presses had to be made while the cross was visible. Finally, a 
restt break of 10 min was allowed halfway through the experiment. 

PsychophysiologicalPsychophysiological recording 
Recordingss of the electroencephalogram (EEG) were made from Fz, Cz, and Pz, 

usingg an ECI electrocap, and were referenced to the activity recorded at an electrode on 
thee left earlobe. The electro-oculogram (EOG) was recorded from tin electrodes placed 
abovee and below the left eye (vertical EOG) and from electrodes lateral to each eye (hori-
zontall  EOG). A ground electrode was positioned on the forehead. All electrode imped-
ancess were below 10 kQ. The EEG and EOG signals were amplified using a Nihon-
Kohdenn system with a time constant set to 5 s and a low-pass filter of 35 Hz. The signals 
weree digitized with a sample rate of 500 Hz. Single trial epochs with a duration of 2,048 
mss (including a 250-ms prestimulus baseline) were extracted off-line. 

Eyee movements were recorded with an infrared-based iView eye tracker (SMI) 
withh 50-Hz temporal resolution and a <0.1 deg spatial resolution. The head was stabilized 
byy means of a chin rest, which was located 48 cm from the monitor. Before the start of 
eachh experimental block, participants fixated three series of five calibration targets that 
weree presented on the screen, one at a time and in the shape of a plus symbol. The iView 
systemm was calibrated using standard techniques involving the computation of the linear 
regressionn of target location on the average eye position signal. 

DataData analysis 
Thee single trial EEG signals were corrected for vertical EOG artifacts, using the 

algorithmm described by Woestenburg, Verbaten and Slangen (1983). The method for deal-
ingg with horizontal EOG artifacts is described in a subsequent section. Then, for each par-
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ticipantt and each condition, the EEG epochs were averaged in order to obtain event-
relatedd potential waveforms that were time-locked with respect to the eye movement onset 
onn each trial. Measures of the Ne amplitude and Pe amplitude were derived from the aver-
agee individual difference waveforms (perceived errors minus correct, and unperceived 
errorss minus correct). The Ne amplitude was defined as the difference between the most 
negativee peak of the difference signal from 0 to 150 ms after saccade onset and the most 
positivee peak in the 150 ms preceding saccade onset. The Pe amplitude was defined as the 
averagee amplitude of the difference signal in a window from 200 to 400 ms after saccade 
onset,, relative to the average amplitude in a window from 100 to 60 ms preceding saccade 
onset.. The latter window was chosen to ensure that it preceded the first saccade-related 
activity,, as recorded at the horizontal EOG electrodes. 

Fromm the eye movement data, several dependent measures were determined off-
line.. A saccade onset was detected if the velocity signal exceeded 25 deg/s. Saccadic reac-
tionn times (SRTs) were defined as the time between the onset of the cue and the detected 
saccadee onset. Direction errors were limited to those trials in which the first saccade was 
inn the direction of the cue. Corrective saccades were defined as those saccades that fol-
lowedd a direction error and were opposite in sign from the erratic saccade. Finally, sac-
cadicc correction time was defined as the time between the onset of the direction error and 
thee onset of the corrective saccade (using the same velocity criterion for the corrective 
saccade).. If a key press by the participant was recorded after a direction error, the trial was 
classifiedd as a perceived error. The other direction errors were classified as unperceived. A 
correctt eye movement followed by a key press was classified as false alarm. 

Thee following trials were not included in the analyses: (a) Trials that required a 
saccadee in the vertical dimension (one-fifth of all trials). Note that the vertical saccade 
dimensionn was only included in the design in order to increase the overall error rate. These 
trialss were discarded from the analyses because the EOG activity associated with vertical 
eyee movements produces too much artifact in the EEG signals, (b) Trials on which the 
initiall  saccade was erroneously in the vertical dimension, (c) Trials on which no eye 
movementt was detected, (d) Trials with SRTs shorter than 80 ms (anticipations) or with 
SRTss longer than 600 ms. Trials with long SRTs could not be used because an epoch of 
4000 ms after the response was needed for the computation of the Ne and the Pe. (e) Trials 
withh recording artifacts. For reasons b~e, roughly 10% of the experimental trials (those 
requiringg a horizontal saccade) were discarded. 

Analysiss of variance (ANOVA) with repeated measures was employed to assess 
thee experimental effects on SRT, saccade size, saccadic correction time (after direction 
errors),, Ne amplitude, and Pe amplitude. The variables in the ANOVA design were elec-
trodee site (for the psychophysiological measures), and trial type (correct, perceived error, 
unperceivedd error). 

5.3.. Result s 

PerformancePerformance data 
Tablee 5.1 shows mean values of the eye movement indices for correct antisac-

cades,, perceived errors, and unperceived to errors. No systematic differences were found 
betweenn leftward and rightward saccades, so these were pooled together. The main statis-
ticall  analyses yielded the following results. First, the percentage of unperceived errors was 
reliablyy larger than the percentage of perceived errors, F(\, 14) = 5.2, p < .05. The major-
ityy of the perceived errors (M = 85%, SE = 4%) and of the unperceived errors (M= 79%, 
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TableTable 5.1: Summaiy of Performance Data: Percentage of Trials, Saccade Size, Saccadic 
ReactionReaction Time (SRT), and Saccadic Correction Time as a Function of Trial Type 

Triall  type 

Correct t 
M M 
SD SD 

Perceivedd Errors 
M M 
SD D 

Unperceivedd Errors 
M M 
SD D 

%% Trials 

79.9 9 
(9.5) ) 

7.4 4 
(3.3) ) 

11.2 2 
(7.1) ) 

Size e 
(degg visual angle) 

9.8 8 
(0.8) ) 

8.7 7 
(0.7) ) 

7.8 8 
(0.7) ) 

SRT T 
(ms) ) 

323 3 
(52) ) 

194 4 
(54) ) 

200 0 
(46) ) 

Correctionn Time 
(ms) ) 

N/A A 
N/A A 

314 4 
(86) ) 

200 200 
(64) ) 

Note:Note: 1.5% of the trials were categorized as false alarms. 

perceivedd errors 
1200--

1000--

800 0 

600 0 

400 0 

200 0 

0 0 
55 10 15 size (deg) 

unperceivedd errors 

55 size (deg) 

FigureFigure 5.2. Scatterplots including all observations of correction time (i.e., the time be-
tweentween the onsets of the direction error and the corrective saccade) versus saccade size for 
perceivedperceived direction errors (upper panel) and unperceived direction errors (lower panel). 
NoteNote that the cue was presented at 10 deg from fixation. 
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SESE = 3%) were made on trials with a precue. Because for many participants there were not 
sufficientt errors on trials without a precue to compute reliable averages of behavioral and 
electrophysiologicall  data, the factor Precue (present / absent) was not included in any of 
thee statistical analyses. Second, correct antisaccades and the two types of errors reliably 
differedd with respect to the size of the saccade, F(2, 28) = 86.8, p < .001. Pairwise com-
parisonss indicated that the correct antisaccades were reliably larger than the two types of 
errorr saccades, bothy's < .001, and that perceived error saccades were larger than unper-
ceivedd error saccades, p < .001. Third, the main effect of trial type on SRT was reliable, 
F(2,F(2, 28) = 162.3, p < .001. Perceived and unperceived errors were associated with essen-
tiallyy equal SRTs, and were initiated much faster than correct antisaccades. Finally, virtu-
allyally all errors (approximately 97%) were followed by a corrective saccade. However, un-
perceivedd errors were corrected reliably faster than perceived errors, F(\, 14) = 29.3, p < 
.001.. Importantly, the mean percentage of false alarms (1.5%) was very small, indicating 
thatt participants very rarely reported an error when in fact they had made a correct an-
tisaccade. . 

Figuree 5.2 presents the scatterplots of the correction times versus the error size 
forr perceived and unperceived errors separately. Note that the saccade size and correction 
timee values associated with the two types of errors show a large overlap in terms of their 
distributions.. The finding that perceived errors are, on average, corrected more slowly is 
duee to a relatively more pronounced slow tail of the distribution. Likewise, the finding that 
unperceivedd errors are, on average, smaller in size is due to a relatively high number of 
saccadess of very small size. 

PsychophysiologicalPsychophysiological data 
Thee analysis needed to evaluate the relationship between awareness of a response 

errorr and the error-related ERP components consisted of several steps. First, before deriv-
ingg individual response-locked waveforms in each of the conditions, we selected a subset 
off  the correct trials with SRTs matching the SRTs of the incorrect trials. Otherwise, any 
differencess between response-locked waveforms of correct and error trials could be attrib-
utedd to different contributions of the stimulus-related ERP activity overlapping the re-
sponse-lockedd ERP activity (see, e.g., Gehring et al., 1993; Scheffers et al., 1996). Thus, 
too equalize the mean RT of the correct and incorrect trials, correct trials were selected if 
theirr SRT was equal to or faster than the SRT associated with the 10th fastest percentile of 
thee SRT distribution. Averaged across participants, the resulting subset of correct trials 
wass comparable with the two types of error trials with respect to both SRT (M = 214 ms, 
SDSD = 50 ms) and number of trials (10.6% of the overall set of included trials). In a second 
step,, we computed the response-locked waveforms in each of the conditions of interest for 
leftwardd and rightward saccades separately. Figure 5.3 depicts the grand-average horizon-
tall  EOG waveforms associated with leftward and rightward saccades. Note that the EOG 
patternss reflect the differences between the three trial types in correction time, as reported 
above.. Subsequently, we averaged each of the response-locked waveforms across saccade 
direction.. Importantly, as can be inferred from Figure 5.3, the resulting EOG waveforms 
weree essentially flat. Hence, their contribution to the newly obtained response-locked 
waveformss (averaged across saccade direction) must be negligible. Indeed, within the plot-
tedd time interval [-200 ms, 400 ms] all three EOG waveforms remained within the 
rangee [-25 \iV, 25 uV]. 
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Figuree 5.4A presents grand-average response-locked ERPs associated with the 
threee midline electrodes for SRT-matched correct trials, perceived errors, and unperceived 
errors.. Figure 5.4B presents the grand-average difference waveforms (perceived errors-
correct)) and (unperceived errors-correct). Importantly, as is evident from Figures 5.4A and 
5.4B,, a clear negative deflection is elicited on both perceived and unperceived error trials. 
Thesee deflections appear to start at approximately the time of onset of the "incorrect" 
EOGG activity (cf. Gehring et al., 1993) and peak about 80 ms later. The morphology and 
latencyy of these negative waves correspond to those of the Ne reported in previous studies 
(e.g.,, Scheffers & Coles, 2000; Van 't Ent & Apkarian, 1999). An ANOVA on the Ne am-
plitudess of the individual difference waveforms2 revealed a highly significant Ne following 
errors,, F(l, 14) = 72.6, p < .001, which did not differ across electrode site, F < 1. Impor-
tantly,, there was no reliable difference between the Ne amplitudes for perceived and un-
perceivedd errors, F(l, 14) = 1.3,p = .28. Also, the interaction between trial type and elec-
trodee site was not significant, F < 1. 

Althoughh perceived and unperceived errors did not differ with respect to the Ne, 
Figuress 5.4A and 5.4B show that the subsequent positivity was notably different for the 
twoo types of errors. The perceived errors were associated with a prominent slow positive 
wave,, which, as can be seen in Figure 5.4 A, overlapped with the trailing slope of a preced-
ingg slow positive wave (probably the stimulus-evoked P3), and which we believe to be the 
Pe.. In contrast, on unperceived error trials this additional positivity was much smaller, and 
mostt clearly so on Fz and Cz. An ANOVA on the Pe amplitudes of the individual differ-
encee waveforms revealed a significant Pe when averaged across perceived and unper-
ceivedd errors, F(\, 14) = 19.2, p < .001. The main effect of electrode site was not signifi-
cant,, F(2, 28) =\A,p = .26. Importantly, the main effect of trial type was highly reliable, 
F(l,, 14) - 14.7, p < .003, indicating that the Pe was larger on perceived error trials. Al-
thoughh the effect of trial type appeared to differ substantially between the three electrode 
sites,, the interaction was only marginally significant, F(2, 28) = 4.1, p = .06. 

PosterrorPosterror slowing 
Too determine whether the Ne or Pe on incorrect trials was related to some form of 

remediall  action associated with the prevention of future errors, we performed an additional 
analysiss focusing on the degree of posterror slowing (e.g., Rabbitt, 1966; 1967) of correct 
SRTT after perceived and unperceived errors. This analysis involved a comparison between 
SRTT on correct trials immediately following perceived errors and correct trials immedi-
atelyy following unperceived errors. If, as has been hypothesized (Rabbitt, 1966), posterror 
slowingg is an intentionally controlled process, one would expect no slowing of SRT after 
unperceivedd errors. If indeed this were the case, and given that Ne amplitude was similar 
forr perceived and unperceived errors, this would argue against the involvement of the Ne 
systemm in this aspect of remedial action (cf. Gehring et al., 1993). The analysis showed 
that,, indeed, perceived errors were associated with substantial posterror slowing (SRT = 
3499 ms; recall that overall correct SRT was 323 ms), whereas there was no slowing on 

22 The reported statistical analyses of Ne and Pe amplitudes were performed on the difference waves 
ratherr than, as is usually recommendable, on the original waveforms, because the shape of the waveforms for 
correctt trials (see Figure 4A) did not allow the detection of a negative peak in the Ne latency range. Although 
underr some conditions difference waveforms may distort the spatial and temporal structure of the original wave-
forms,, an additional analysis on the original waveforms (perceived vs. unperceived for the Ne, all three trial 
typess for the Pe) yielded the same pattern of results as the analysis on the difference waveforms. In addition, 
pairwisee comparisons indicated that, though strongly reduced compared to perceived error trials, the Pe on un-
perceivedd error trials was nevertheless marginally significant compared to the positivity on correct trials, F( l, 
14)) = 4.7, p = .047. 
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FigureFigure 5.3. Response-locked horizontal EOG waveforms for leftward and rightward cor-
rectrect antisaccades, perceived direction errors, and unperceived direction errors. 
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FigureFigure 5.4. A: Original, grand-average response-locked ERP waveforms for each trial 
type.type. B: Grand-average response-locked ERP difference waveforms for (perceived errors 
minusminus correct) and (unperceived errors minus correct). 
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correctt trials following unperceived errors (SRT = 321 ms). An ANOVA revealed a sig-
nificantt effect of trial type (perceived vs. unperceived errors) on posterror SRT, F(l, 14) = 
11.9,/?? < .005. 

5.4.. Discussio n 

Thee present study examined the relation between error processing, as reflected by 
thee Ne and Pe, and conscious self-monitoring of behavior. To this end, we investigated 
error-relatedd brain activity using a variant of the antisaccade paradigm. As expected, par-
ticipantss made many reflex-like eye-movement errors, many of which remained unper-
ceived.. The eye-movement data showed the same patterns of results as those reported by 
Moklerr and Fischer (1999). On average, perceived and unperceived direction errors 
showedd similar onset latencies, but unperceived direction errors were smaller in size and 
weree corrected faster than perceived direction errors despite a large overlap in distribu-
tions.. A possible explanation for these results will be given below. Here, it suffices to note 
thatt apparently the two classes of errors differed in some aspects other than their accessi-
bilitybility  for subjective report. This, in combination with the low false alarm rate, suggests 
thatt participants identified errors according to some meaningful, physical criterion, al-
thoughthough it is not yet known what this criterion is3. 

Ourr psychophysiological results provide the first demonstration of an Ne and Pe 
afterr saccade direction errors or errors of choice in the oculomotor domain. In a recent 
study,, Van 't Ent and Apkarian (1999) already reported an Ne after No-Go saccade errors 
orr errors of action. These findings further emphasize the notion of a generic error-
processingg system that acts irrespective of response modality (Holroyd et al., 1998), and 
typee of error (Scheffers et al., 1996). Most importantly, we observed a substantial Ne after 
bothh perceived and unperceived errors. Indeed, if anything, the amplitude of the Ne on 
unperceivedd error trials was underestimated rather than overestimated, because error size 
(whichh was relatively smaller for unperceived error saccades) has previously been found to 
varyy positively with Ne amplitude (Bernstein et al., 1995; Scheffers et al., 1996; Van 't 
Entt & Apkarian, 1999; but see Gehring et al., 1993). In contrast, the Pe, though clearly 
presentt on perceived error trials, was remarkably reduced on unperceived error trials. In-
terestingly,, unperceived error trials were also characterized by the absence of posterror 
slowing,, which is an important manifestation of remedial action following errors (Rabbitt, 
1966,, 1967). 

Withh regard to the Ne, the present results indicate that the processes that lead to 
thee Ne and those that lead to awareness of the error do not necessarily have access to the 
samee information (cf. Scheffers & Coles, 2000). More specifically, it appears that a repre-
sentationn of the actual response, needed for the computation of the Ne, can be derived 
fromm the subcortical structures that are involved in saccade programming (e.g., Schiller, 
1998),, but whose activity often escapes awareness. Note that previous Ne experiments, 
whichh have used manual responses, must have involved erroneous motor commands gen-

However,, we do not claim that the resulting classes of errors were necessarily homogenous in the 
sensee that one class consisted only of errors of which participants were fully aware, and the other class consisted 
onlyy of trials of which participants wets fully unaware. Because of its binary character, the required classifica-
tionn was rather too crude to capture possible subtleties in participants' confidence about the correctness of their 
response. . 
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eratedd at the level of the motor cortex. In addition, because the Ne was fully intact on un-
perceivedd error trials, the absence of posterror slowing after these errors argues against the 
involvementt of the Ne monitoring system in this manifestation of remedial action. A dis-
sociationn between Ne activity and some aspects of remedial action was also reported by 
Gehringg and Knight (2000), who studied the effects of lateral prefrontal damage on error 
monitoring.. It is not clear how Gehring et al.'s (1993) report of a significant, positive rela-
tionn between Ne amplitude and correct RT on the next trial can be reconciled with these 
results.. A plausible possibility is that the amount of remedial action and Ne amplitude are 
nott directly related, but were jointly influenced by a third, hidden variable in the study by 
GehringGehring and colleagues. 

Regardingg the Pe, the present findings are nicely in line with the idea that the 
errorr positivity manifests the conscious recognition of an error, and that this is reflected in 
aa P3-like wave elicited by the error event (see Falkenstein et al., 1991, 2000; Leuthold & 
Sommer,, 1999). That is, on those trials on which participants were not aware of a direction 
error,, the Pe was strongly reduced. The residual error-related positivity on these trials can 
bee argued to emanate from trials on which participants were only partially aware of an 
errorr but decided not to report it. Although the finding that posterror slowing and Pe am-
plitudee covaried in a meaningful way does not necessarily imply a causal relation between 
thee two, it is certainly consistent with another hypothesis raised by Falkenstein et al. 
(2000),, namely that the Pe reflects the adjustment of response settings after errors. One 
wayy to test this hypothesis more firmly would be to compute the within-subjects correla-
tionn between Pe amplitude and the degree of posterror slowing or the probability of an 
errorr on the subsequent trial. 

Givenn the finding that perceived and unperceived errors differed significantly 
withh respect to saccade size and correction time (see also Mokler & Fischer, 1999), one 
mayy ask whether the presence or absence of awareness was perhaps directly related to one 
off  these variables. More specifically, unperceived erroneous saccades may have remained 
unrecognizedd because of their short size, or, alternatively, because they were corrected so 
rapidly.. However, both of these explanations seem inadequate when the large overlap be-
tweenn the distributions of these variables of both types of errors is regarded (see Figure 
5.2).. This amount of overlap suggests that the presence or absence of awareness cannot be 
aa simple, deterministic function of size or correction time. Recently, some authors (Deubel 
ett al., 1999; Mokler & Fischer, 1999) have proposed that awareness depends on whether 
covertt attention accompanies the eyes to the incorrect location or moves to the correct 
locationn at once. If attention accompanies the eyes to the correct location, then the error is 
recognizedd as such. In contrast, if attention moves directly to the correct location while the 
eyess go in the opposite direction, then the subjects' phenomenal experience is that of a 
correctt saccade being made, whereas in reality the eyes arrive at the correct location with a 
relativelyy long delay. According to this view, the correction times of perceived errors are 
increasedd because it takes more time to redirect both the eyes and covert attention to the 
correctt location than it takes to redirect the eyes alone, as in the case of unperceived er-
rors.. It is not clear how this view explains the differences in saccade size between the two 
typess of errors. Interestingly, some initial evidence for this "attention hypothesis" has re-
centlyy been reported by Deubel et al. 

Wee conclude that our results support the existence of two error monitoring proc-
esses.. At a very early stage, which is reflected by the Ne, incorrect motor commands gen-
eratedd at both the cortical level and subcortical level are detected via a central processing 
pathway.. This error detection process operates independently of conscious error percep-
tion,, and is not directly involved in remedial action. A later error monitoring process, re-
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fleetedd by the Pe, is strongly associated with awareness of the occurrence of the actual 
(erroneous)) response. We hypothesize that the input to the system operating at this stage 
mayy be formed by peripheral (e.g., proprioceptive or reafferent) feedback about the re-
sponse.. The present results also suggest that the system underlying the Pe may be related 
too or may implement itself a remedial action mechanism. Of course, if the view that the Pe 
andd stimulus-evoked P3 are different manifestations of the same biological and/or func-
tionall  system turns out to be true, then the Pe will eventually have to be interpreted in 
termss of a broader theory of P3-related brain activity. Importantly, the present view can 
explainn why an intact Ne but no Pe was observed after subthreshold motor errors by Vidal 
ett al. (2000). Depending on one's theory of hypnosis, it also presents a possible explana-
tionn for the results reported by Kaiser et al. (1997), showing that under conditions of hyp-
nosiss highly susceptible participants showed a clearly reduced Pe but no change in Ne. 
Finally,, although the present conclusions seem at least valid for the current paradigm and 
oculomotorr response modality, an interesting question for future research is whether the 
presentt results generalize to other response modalities and experimental settings. 
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