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Abstract

We have recently provided evidence that an error-related negativity (ERN), an ERP component generated within

medial-frontal cortex, is elicited by errors made during the performance of a continuous tracking task (O.E. Krigolson

& C.B. Holroyd, 2006). In the present study we conducted two experiments to investigate the ability of the medial-

frontal error system to evaluate predictive error information. In two experiments participants used a joystick to

perform a computer-based continuous tracking task in which some tracking errors were inevitable. In both exper-

iments, half of these errors were preceded by a predictive cue. The results of both experiments indicated that an ERN-

like waveformwas elicited by tracking errors. Furthermore, in both experiments the predicted error waveforms had an

earlier peak latency than the unpredicted error waveforms. These results demonstrate that the medial-frontal error

system can evaluate predictive error information.

Descriptors: Error processing, ERN, ERP, Forward model, Reinforcement learning

Our ability to evaluate predictive information helps us to avoid

making errors. For example, it is often necessary to correct for

errors in motor execution while an action is in progress (i.e.,

trajectory adjustments; Chua & Elliott, 1993; Elliott, Helsen, &

Chua, 2001; Goodale, Pelisson, & Prablanc, 1986; Khan, Law-

rence, Franks, & Buckholz, 2004;Woodworth, 1899). The delays

inherent in feedback processing (Desmurget & Grafton, 2000;

Jeannerod, 1988; Paillard, 1996) suggest than such rapid online

motor control mechanisms may operate in a predictive manner

(i.e., a forward model; Desmurget & Grafton, 2000; Wolpert &

Ghahramani, 2000). In these models, it is thought that the motor

system utilizes sensory feedback and a copy of the current motor

command to anticipate the future position of the limb. Thus,

feedback processing delays are avoided by adjusting the move-

ment according to the predicted position of the limb. Several lines

of research suggest that the sensorimotor transformations nec-

essary for this type of online motor control depend on posterior

parietal cortex (PPC; Desmurget & Grafton, 2000; Desmurget

et al., 1999, 2001; Grea et al., 2002) and the cerebellum (Blake-

more, Frith, &Wolpert, 2001; Miall, Reckess, & Imamizu, 2001;

Miall, Weir, & Stein, 1993).

In addition to this posterior error system, a second error

processing system involving medial-frontal cortex appears to

detect violations of ‘‘high level’’ system goals. Converging re-

search has demonstrated that response errors (Falkenstein,

Hohnsbein, Hoormann, & Blanke, 1991; Gehring, Goss, Coles,

Meyer, & Donchin, 1993) and negative feedback (Holroyd &

Coles, 2002; Miltner, Braun, & Coles, 1997; Nieuwenhuis,

Holroyd, Mol, & Coles, 2004) elicit a negative deflection in the

event-related brain potential (ERP). Termed the error-related

negativity (ERN), this ERP component is thought to reflect the

activity of a generic error-processing system (Holroyd & Coles,

2002; Holroyd, Yeung, Coles, & Cohen, 2005) involving anterior

cingulate cortex (ACC; Brown & Braver, 2005; Holroyd &

Coles, 2002; Holroyd, Nieuwenhuis, Mars, & Coles, 2004; but

see Nieuwenhuis, Slagter, Alting von Geusau, Heslenfeld, &

Holroyd, 2005). The reinforcement learning theory of the ERN

(RL-ERN theory) proposes that the ERN amplitude is deter-

mined by the impact on ACC of an error signal carried by the

midbrain dopamine system from the basal ganglia that indicates

that ongoing events are worse than anticipated (Holroyd &

Coles, 2002; for a review, see Holroyd et al., 2004).

We have recently provided evidence that the medial-frontal

system is also sensitive to errors made during a continuous

tracking task (Krigolson & Holroyd, 2006). Importantly, our

results suggest that different levels of motor errors are processed

by different brain systems. Specifically, we have proposed that

‘‘low-level’’ motor errors (i.e., trajectory discrepancies) are eval-

uated by posterior error systems whereas high-level motor errors

(i.e., violations of a system goal) are evaluated by the medial-

frontal system. In the present study we conducted two experi-

ments to examine the predictive capabilities of the medial-frontal
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error system in a continuous motor task. Here, we show that, in

addition to being sensitive to high-level motor errors, the medial-

frontal system is also sensitive to internal and external informa-

tion predicting a high-level error.

EXPERIMENT 1

The goal of Experiment 1 was to demonstrate that the medial-

frontal system can process information predicting future perfor-

mance during a continuous motor task. Specifically, we asked

whether external information that explicitly predicted an up-

coming error would elicit an ERN-like waveform in the context

of a continuous tracking task. Participants performed a com-

puter-based tracking task in which they used a joystick to main-

tain a cursor centered between two moving barriers that moved

slowly through a base pattern (cf. Krigolson & Holroyd, 2006).

As in our previous study, at random times during the base pat-

tern the barriers moved unpredictably and rapidly to the left or

right causing an unpredicted error. However, in the present ex-

periment the unpredicted tracking errors were counterbalanced

with an equivalent number of tracking errors that were predicted

by the appearance of a visual cue. Based on our previous find-

ings, we predicted that an ERN would be elicited by the unpre-

dicted tracking errors. Furthermore, we predicted that an ERN

with an earlier onset and peak latency would be elicited by the

visual cue predicting an upcoming tracking error.

Methods

Participants

Fifteen right-handed undergraduate students (6 male, 9 female)

with no known neurological impairments and with normal or

corrected-to-normal vision participated in the experiment. All of

the participants were volunteers who received extra credit in a

first-year psychology course for their participation in addition to

a monetary bonus associated with their performance of the ex-

perimental task (see below). The participants provided informed

consent approved by the Office of the Vice-President, Research,

University of Victoria, and the study was conducted in accor-

dance with the ethical standards prescribed in the 1964 Decla-

ration of Helsinki.

Apparatus and Procedure

The participants were seated comfortably in front of a 17-in. flat

screen computer monitor (1024 � 768 pixel display, 75 Hz re-

fresh rate, LG L1732TX-S) in an electromagnetically shielded,

soundproof booth and used a standard USB joystick to perform

a computerized tracking task (cf. Krigolson & Holroyd, 2006)

(written inMATLAB [Version 7.1, Mathworks, Natick, U.S.A.]

using the Psychophysics Toolbox extension [Brainard, 1997]; the

computer code can be downloaded from the Web site (http://

web.uvic.ca/psyc/braincoglab/lab_research.html) of the Brain

and Cognition Laboratory at the University of Victoria, Victo-

ria, Canada). The display consisted of a red cursor (20 pixels �
20 pixels) initially positioned between two white barriers (60

pixels � 20 pixels) presented on a high contrast black back-

ground. The base tracking pattern consisted of back-and-forth

barrier movement along a horizontal axis positioned two thirds

of the way down the vertical axis of the monitor at a speed of 0.4

pixels/ms (henceforth p/ms). During the base tracking pattern

the barriers paused for 500 ms when they passed through the

middle of the screen and when they reversed direction as they

approached the edges of the screen. Using their right hand, par-

ticipants moved the cursor to the left and right with correspond-

ing left and right displacements of the joystick in order to keep

their cursor centered between the barriers. Joystick control in

each direction was segmented such that four cursor speeds to the

left and right were possible (0.0 p/ms, 0.4 p/ms, 0.8 p/ms, 1.2 p/

ms), depending on the degree of joystick displacement in either

direction.

As mentioned above, the participants’ task entailed prevent-

ing the cursor from contacting the two barriers. An error was

defined as contact between the cursor and either of the barriers,

both of which turned red during the period of contact. During

most of the experiment, participants navigated the base tracking

pattern. In addition, participants also encountered rapid barrier

movements that occurred during a randomly selected subset of

the middle pauses of the base tracking pattern (see below). One

half of the rapid barrier movements were unpredicted such that

the barriers moved rapidly and randomly either to the right or to

the left of the screen. The rapid barrier speed (2.0 p/ms), together

with the unpredictable occurrence and direction of these move-

ments, ensured that participants always contacted one of the

barriers during these events. As such, these events constituted

unpredicted error trials. For comparison purposes, participants

also encountered an equivalent number of rapid barrier move-

ments during which the computer program maintained the po-

sition of the cursor between the barriers for the duration of the

event. These events thus constituted unpredicted correct trials (see

Figures S1A and S1B). The duration of each unpredicted correct

trial was identical to the duration of the last encountered unpre-

dicted error trial. Note that if the first event encountered was

randomly determined to be an unpredicted correct trial, then a

duration of 200 ms was assigned (as derived from the average

time to barrier contact from pilot research and a previous study

utilizing this paradigm).

To provide participants with predictive information about the

upcoming events, half of the rapid barrier movements were pre-

ceded by a color-coded stimulus. Specifically, in these instances

the rapid barriermovements were preceded for 500ms by a visual

stimulus that indicated the occurrence and type of the subsequent

barrier movement. Because of this manipulation, the subsequent

events constituted predicted error trials and predicted correct tri-

als. Each predictive stimulus consisted of a blue or green square

(50 � 50 pixels) centered horizontally and presented above the

barriers on the computer monitor (150 pixels above the cursor

movement axis: 61 of angle; see Figures S1A and S1B). The

predictive stimulus colors associated with a particular condition

were randomly counterbalanced between participants. In all

other respects the unpredicted and predicted trials were identical.

The durations of the predicted correct trials were timematched in

duration to the predicted error trials in the samemanner outlined

above for the unpredicted error and correct trials.

In total, participants experienced four types of rapid barrier

movements, two of which were predicted (predicted error and

predicted correct trials) and two of which were unpredicted (un-

predicted error and unpredicted correct trials). The frequency of

the rapid barrier movements (40% of the middle pauses) was

such that participants encountered six rapid barrier movements

per minute on average (1.5 unpredicted errors, 1.5 unpredicted

corrects, 1.5 predicted errors, 1.5 predicted corrects). In total,

participants encountered approximately 360 events during the

experiment (90 events per condition on average). Importantly,
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participants were not instructed as to the meaning of the predic-

tive cues. Instead, there were told that at some points in the

tracking pattern they would see signs appear above the barriers,

and that these signs might provide some useful information to

help with tracking performance. Thus, to utilize the predictive

information they had first to learn the color–event relationship

during the course of the experiment. At the end of the experiment

participants were tested to ensure that they had learned the

mappings of the signs.

The experimental phase consisted of 15 four-minute blocks,

between which participants relaxed during self-paced rest peri-

ods. The tracking task was explained to participants before the

experiment began and participants were given 1 four-minute

practice block that did not contain any rapid barrier movements

to practice the base tracking task. As motivation, participants

began the experiment with a $15.00 CAN performance bonus

and were instructed that each time they committed a tracking

error they would lose $0.10. During each rest block participants

were told of the current balance of their performance bonus and

at the end of the experiment were given the amount of money

owed to them.

Behavioral Analysis

The tracking program recorded the start time of each of the rapid

barrier movements and the time of the barrier contact for error

trials. Participants completed a short questionnaire upon com-

pletion of the experiment.

Data Acquisition

The electroencephalogram (EEG) was recorded from 37 elec-

trode locations using BrainVision Recorder software (Version

1.3, Brainproducts, GmbH, Munich, Germany). The electrodes

were mounted in a fitted cap with a standard 10-20 layout and

were referenced to a common ground. The vertical and horizon-

tal electrooculograms were recorded from electrodes placed

above and below the right eye and on the outer canthi of the left

and right eyes, respectively. Electrode impedances were kept be-

low 20 kO. The EEG data were sampled at 250 Hz in addition to

being amplified (Quick Amp, Brainproducts, GmbH, Munich,

Germany) and filtered through a passband of 0.017–67.5 Hz (90

dB octave roll off ).

Data Analysis

The EEG data were filtered through a (0.1–20 Hz passband)

phase-shift-free Butterworth filter and re-referenced to linked

mastoids. Ocular artifacts were removed using the algorithm de-

scribed by Gratton, Coles, and Donchin (1983). Trials in which

the change in voltage at any channel exceeded 50 mVper sampling

point were also discarded. In total, less than 5% of the data were

discarded.

For each rapid barrier movement (both unpredicted and pre-

dicted), a 1000-ms epoch of data was extracted from the con-

tinuous EEG, extending from 700 ms before barrier contact on

error trials, and from the equivalent matched point in time on

correct trials, to 300 ms after the event. The data were baseline

corrected by subtracting from each sample the average activity

recorded at that electrode during a� 700 to � 500-ms window at

the start of the epoch. ERPs were created by averaging the EEG

data by condition (unpredicted errors, unpredicted corrects, pre-

dicted errors, predicted corrects) for each electrode and partic-

ipant. Difference waves were then created by subtracting the

correct trial ERPs from the corresponding error trial ERPs for

both the unpredicted and predicted conditions for each electrode

and participant. The amplitude and latency of each difference

wave was obtained by identifying its maximum deflection within

a 600-ms window ( � 300 ms around barrier contact). The peak

positive and negative amplitudes of this deflection were statis-

tically tested against zero using a one-sample t test and an alpha

of .05. The onset of the difference waves was obtained using a

stepwise procedure in which a 40-ms window of data was aver-

aged for each sample (i.e., � 20 ms), with the resulting values

subjected to a series of one-tailed t tests against zero (Rodriguez-

Fornells, Kurzbach, & Munte, 2002). The onset latency of the

difference wave was defined as the first time point at which five

consecutive t tests showed a significant difference ( po.05). Note

that the rationale behind creating difference waves was to remove

any effects induced purely by the sudden barrier movements and/

or the appearance of the predictive cues.

Spatiotemporal Principal Component Analysis

The ERP data were submitted to a spatiotemporal principal

component analysis (PCA) to identify electrophysiological ac-

tivity that covaried across electrodes and time (analyzed using the

MATLAB PCA toolbox; Dien, 2002; Dien, Spencer, & Don-

chin, 2003; cf. Krigolson & Holroyd, 2006). First, spatial factor

loadings were obtained by submitting to a PCA the observations

(500 ERP samples: 250 time points � 2 difference waves) for

each participant and electrode (Varimax rotation, no Kaiser cor-

rection), for both the predicted and unpredicted conditions.

Next, the spatial factor scores associated with the resulting first

and second spatial factors were submitted separately to temporal

PCAs. For display purposes, the spatial factor loadings were

plotted using custom Matlab scripts built on the open source

EEGLAB toolbox (Delorme & Makeig, 2004; http://sccn.

ucsd.edu/eeglab).

Results

Behavioral Results

The unpredicted error and correct trials had similar mean du-

rations, 179 ms and 180 ms, respectively. The mean durations of

the predicted error and correct trials were also similar (677 ms,

678 ms). Note that the durations of the predicted trials were

greater than that of the unpredicted trials because they included

the 500 ms associated with the appearance of the predictive cue.

Electrophysiological Results

First, we conducted a spatial PCA on the ERP data (see

Figure 1A,B) to identify patterns of data that covaried spatially.

The first factor yielded by this analysis exhibited loadings that

were maximal over frontal-central regions of the scalp (for chan-

nels FCz, FC1, FC2, all loadings were over .96) and accounted

for 54.3% of the total variance (see Figure 1C). Importantly, this

distribution is consistent with that of the ERN (Gehring et al.,

1993; Holroyd et al., 2004; Miltner et al., 1997; cf. Krigolson &

Holroyd, 2006). To investigate the dynamics of this factor we

conducted a temporal PCA on the associated factor scores. This

analysis yielded two primary epochs, the first occurring from 60

ms to 152 ms following barrier contact (accounting for 49.8% of

the variance) and the second occurring from� 140 ms to� 44 ms

preceding barrier contact (accounting for 20.2%of the variance).

Given that the factor loadings for the first spatial factor

were maximal at channel FCz, we focused our analysis on the
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difference waveforms (see above) associated with unpredicted

and predicted tracking errors (Figure 1D). For the unpredicted

trials, a negative deflection in the difference-wave reached max-

imum amplitude 100 ms following barrier contact,

t(14)5 � 7.68, po.001. For the predicted trials, a negative de-

flection in the difference wave reached maximum amplitude 66

ms following barrier contact, t(14)5 � 9.04, po.001. A com-

parison of the latencies of these deflections indicated that the

peak difference associatedwith the predicted trials occurred prior

to that of the unpredicted trials (66 ms vs. 100 ms), t(14)5 3.32,

po.01. Unexpectedly, the deflection associated with the predict-

ed trials was significantly larger than that of the unpredicted

trials,� 14.1 mV versus� 8.7 mV, t(14)5 4.93, po.001 (Figure

1D). In addition, we conducted an onset analysis on the differ-

ence waves. This analysis revealed that the onset of the deflection

associated with the unpredicted trials occurred 12 ms prior to

barrier contact, whereas the onset of the deflection associated

with the predicted trials occurred 192 ms preceding barrier con-

tact. Importantly, the latencies and onsets of the predicted and

unpredicted deflections coincide with the epochs identified by the

temporal PCA for the first spatial factor. Specifically, the first

epoch (occurring from 60ms to 152ms following barrier contact)

includes the peaks of both the unpredicted and predicted differ-

ence waves whereas the second epoch (occurring from� 140 ms

to� 44 ms before barrier contact) appears to be associated with

the onset of the predicted difference wave.

Recall that participants were not told the meaning of the

predictive visual cues. As such, we anticipated that as partici-

pants inferred the meaning of the cues during the experiment, the

latency of the predicted difference wave would occur sooner on

trials later in the experiment than on trials earlier in the exper-

iment, whereas the latency of the difference wave on unpredicted

trials would not change. To test this prediction we created 30

running averages (20 trials per average) for both the unpredicted

and predicted difference waves (cf. Holroyd & Coles, 2002). Vi-

sual inspection of the data (Figure 2, top panel) suggests back-

ward propagation of the latency of the difference wave over the

course of the experiment for predicted trials but not for unpre-

dicted trials. In line with this observation, a linear trend analysis

conducted on the peak latencies of the predicted difference wave

confirmed that the peak latencies back propagated in time during

the experiment, F(1,14)5 11.05, po.01. Conversely, there was

no significant trend in the peak latencies for the unpredicted

difference wave, F(1,14)5 2.19, p4.05.

The spatiotemporal PCA also yielded a second spatial factor

with maximal loadings distributed over channels PO7, PO8, and

Oz (loadings of .90, .93, and .93, respectively) that accounted for

21.7% of the spatial variance. A temporal PCA on the factor
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Figure 1. Experiment 1. A: Averaged ERP waveforms recorded at channel FCz for unpredicted error and correct trials. B:

Averaged ERP waveforms recorded at channel FCz for predicted error and correct trials. C: Spatial PCA factor loadings projected

onto the surface of the human head for the frontal-central factor, accounting for 54.3% of the total variance. D: Averaged ERP

difference waves associated with channel FCz for the unpredicted and predicted errors. Zeromilliseconds corresponds to the time of

barrier contact on error trials and to a matched point in time on correct trials. Note that negative voltages are plotted up by

convention.



scores associated with this factor yielded three temporal factors,

one from 24 ms to 144 ms following barrier contact (accounting

for 36.0% of the total variance), one from 188 ms to 296 ms

following barrier contact (accounting for 30.3% of the total

variance), and one from� 320 to� 156 ms preceding barrier

contact (accounting for 12%of the total variance). To investigate

this finding further, the unpredicted and predicted difference

waves associated with channel Oz were submitted to a peak

analysis (Figure 3). The results of this analysis indicated that

both the unpredicted (� 6.2 mV) and predicted (� 6.2 mV) neg-
ative peaks and their latencies (130 ms, 166 ms) were similar

(peak analysis: t[14]5 0.01, p4.05, latency analysis:

t[14]5 1.54, p4.05). In a previous study we found that the

ERN associated with unpredicted tracking errors was followed

by a posterior negativity (cf. Krigolson & Holroyd, 2006). For

this reason, in the present study we compared the latencies of the

posterior negativities for the unpredicted and predicted difficult

corners with their respective frontal counterparts. This analysis

indicated that in both cases, the frontal negativity occurred ear-

lier than the posterior negativity (unpredicted: t[14]5 2.44,

po.05, 100 ms vs. 130 ms; predicted: t[14]5 4.9, po.001, 66 ms

vs. 166 ms; Figure 3).

EXPERIMENT 2

As in Experiment 1, the goal of Experiment 2 was to show that

the medial-frontal system can evaluate predictive information

within the context of a continuous tracking task. However,

whereas in Experiment 1 the predictive information was explicit

in nature (a visual cue), in Experiment 2 the predictive informa-

tion resulted from a comparison between an internal motor

command and its behavioral consequence. In Experiment 2,

participants performed a continuous tracking task in which the

base tracking pattern and the unpredicted error and correct trials

were identical to Experiment 1. However, in contrast to Exper-

iment 1, the predicted errors in Experiment 2 consisted of trials of

the regular tracking pattern during which the control of the joy-

stick was greatly reduced. In these instances, participants were

unable to maintain the cursor positioned between the barriers

and inevitably an error occurred. For comparison purposes, we

sampled equivalent durations of the regular tracking pattern

when participants did not make an error. Given the results of

Experiment 1 and our previous work, we again predicted that the

unpredicted tracking errors would elicit an ERN. Additionally,

we predicted that the reductions in joystick control would elicit

an ERN with an earlier latency and onset than that of the un-

predicted errors.

Methods

Participants

Fifteen right-handed undergraduate students (4 male, 11 female)

with no known neurological impairments and with normal or

corrected-to-normal vision participated in Experiment 2. All of

the participants were volunteers who received extra credit in a

first-year psychology course for their participation in addition to

a monetary bonus associated with their performance of the ex-

perimental task (see below). The participants provided informed

consent approved by the Office of the Vice-President, Research,

University of Victoria, and the study was conducted in accor-

dance with the ethical standards prescribed in the 1964 Decla-

ration of Helsinki.

Apparatus and Procedure

The same apparatus and base tracking pattern that was used in

Experiment 1 was used in Experiment 2. As in Experiment 1, on

40% of the middle pauses during the base tracking pattern par-

ticipants encountered either an unpredicted error, unpredicted

correct, predicted error, or predicted correct trial (see below) with

half of these trials consisting of rapid barrier movements (un-

predicted error and unpredicted correct trials; see above, equal
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Figure 2. Top panel: Running averages for both the unpredicted and

predicted ERN difference wave latencies in Experiment 1. Bottom panel:

Running averages for both the unpredicted and predicted ERNdifference

wave latencies in Experiment 2. Running average bin size5 20 trials.

Figure 3. Experiment 1. Averaged ERP difference waves associated with

channels FCz and Oz for unpredicted and predicted errors. Zero

milliseconds corresponds to the time of barrier contact on error trials and

to a matched point in time on correct trials. Note that negative voltages

are plotted up by convention.



probability of each) and the other half of the trials split equally

between predicted error trials and predicted correct trials. In

Experiment 2, predicted error trials occurred during the base

tracking pattern when the responsiveness of the joystick was

suddenly reduced by 90%, such that the cursor always drifted

slowly into one of the barriers. Thus, the speed of the cursor and

the duration of these reduced control trials ensured that these

events always resulted in predicted errors. For comparison pur-

poses, an equivalent number of trials of the regular tracking

pattern (matched in duration to the predicted error trials) were

sampled. Given that participants made a minimal number of

errors during the base tracking pattern, these trials constituted

predicted correct trials (see Figure S2). Segments were only in-

cluded as predicted correct trials if the participant did not commit

a tracking error in the preceding period before the segment (1000

ms), during the segment, or in the preceding period after the

segment (1000 ms). Note that the participants were not explicitly

told that reduced control of the joystick would lead to a tracking

error. Instead, participants were simply told that for brief ran-

dom durations during the experiment they would find that the

cursor did not respond to the joystick as it normally did. It was

left to participants to realize that an error always occurred when

joystick control was reduced. Participants encountered approx-

imately 360 events during Experiment 2 (90 unpredicted errors,

90 unpredicted corrects, 90 predicted errors, 90 predicted cor-

rects: 6 events per minute on average). In all other aspects Ex-

periment 2 was identical to Experiment 1.

Behavioral Analysis

As in Experiment 1, the tracking program recorded the start time

and the time of barrier contact for each of the unpredicted and

predicted error trials. For unpredicted and predicted correct tri-

als the start time of the trial was recorded. Participants completed

a short questionnaire upon completion of the experiment.

Data Acquisition and Analysis

Data acquisition and analysis were carried out in the same man-

ner as in Experiment 1.

Spatiotemporal Principal Component Analysis

A spatiotemporal PCA was conducted on the ERP data in the

same manner as in Experiment 1.

Results

Behavioral Results

The mean durations of the unpredicted error and correct trials

were similar (177 ms, 179 ms) as were the durations of the pre-

dicted error and correct trials (680 ms, 681 ms). By design, the

cursor speed associated with reduced control was set such that

the average duration of predicted error trials was equivalent to

the duration of these events in Experiment 1. For this reason, the

durations of the predicted trials were greater than those of the

unpredicted trials in Experiment 2 as they were in Experiment 1.

Electrophysiological Results

The analyses conducted in Experiment 2 paralleled those in Ex-

periment 1. First, we conducted a spatial PCA on the conditional

ERP waveforms (Figure 4A,B) to identify patterns of data that

covaried spatially. The first factor yielded by this analysis ex-

hibited loadings that were maximal over front-central regions

of the scalp (for channels FCz, FC1, and Cz all loadings were

over .95), accounting for 47.2%of the total variance (Figure 4C).

This result is consistent with the scalp distribution of the ERN

(Holroyd et al., 2004; Krigolson & Holroyd, 2006). To examine

the timing of this spatial factor, a temporal PCA was conducted

on the factor scores associated with the first spatial factor. The

temporal PCA identified two epochs, one from � 264 to � 16ms

(31.0% of the total variance) and one from 56 to 152 ms (26.3%

of the total variance).

We also examined the difference waves associated with un-

predicted and predicted tracking errors at channel FCz (Figure

4D), where the first spatial factor loadings weremaximal. A peak

analysis indicated that the predicted errors associated with

reduced joystick control resulted in a negative deflection with an

earlier latency (� 32 ms) than that of the unpredicted errors (103

ms), t(14)5 5.08, po.001. These latencies are consistent with the

first two factors yielded by the temporal PCA of the factor scores

associated with the first spatial factor. The peak analysis of the

difference waveforms also indicated that the negative deflection

of the predicted error difference wave (� 7.7 mV) was larger than
that of the unpredicted error difference wave (� 5.5 mV),
t(14)5 � 7.30, po.001 (Figure 4D). Finally, an onset analysis

conducted on the two difference waves indicated that the onset of

the negative deflection for predicted errors was earlier than

that of the negative deflection for unpredicted errors (� 436 ms

vs. 16 ms).

As in Experiment 1, participants were not instructed that the

predictive information inevitably led to a tracking error. As such,

participants had to learn this for themselves, and we predicted

that the latency of the difference wave associated with the pre-

dictive errors would occur earlier as the experiment progressed.

As in Experiment 1, we created 30 running averages (20 trials per

average) for both the unpredicted and predicted difference waves

(cf. Holroyd & Coles, 2002). Visual inspection of these running

averages suggests that the latency of the negativity occurred ear-

lier at the end of the experiment compared to the beginning of the

experiment for the predicted, but not for the unpredicted, trials

(Figure 2, bottom panel). This impression was confirmed by a

linear trend analysis on the latencies of the predicted difference

wave, which indicated that the peak latency of the predicted

difference wave propagated backward in time during the exper-

iment, F(1,14)5 12.75, po.01. As with the first experiment, a

trend analysis on the peak latencies for the unpredicted difference

waves indicated that they did not change throughout the exper-

iment, F(1,14)5 4.17, p4.05.

The second spatial factor identified by the spatial PCA ac-

counted for 22.8% of the total variance and was distributed over

posterior regions of the scalp (maximal loadings greater than .90

over channels P8, PO7, PO8, and Oz). A temporal PCA con-

ducted on the factor scores associated with this spatial factor

yielded epochs from 220 to 300 ms (28.6% of the total variance),

28 to 136 ms (26.8% of the total variance) and� 348 to� 88 ms

(18.2% of the total variance). To investigate these results further,

we conducted a peak analysis on the difference waves (both un-

predicted and predicted) associated with channel Oz. This

analysis indicated that the negative deflection associated with

channel Oz was significantly larger in amplitude, t(14)5 3.15,

po.01,� 7.4 mV versus� 4.6 mV, and later in latency,

t(14)5 4.86, po.001, 159 ms versus� 118 ms, for unpredicted

errors relative to predicted errors. As in Experiment 1, we com-

pared the latencies of the frontal and posterior negativities for the

unpredicted and predicted errors. For the unpredicted errors the

posterior negativity occurred significantly later than the frontal

Predictive information and error processing 591



negativity, t(14)5 3.72, po.001, 103 ms versus 159 ms. Inter-

estingly, the reverse was true for the predicted errors, with the

posterior negativity occurring before the frontal negativity,

t(14)5 5.48, po.001,� 347 ms versus� 32 ms (Figure 5).

Discussion

The results of the present experiments demonstrate that external

predictive visual information and predictive error comparisons

between an internal motor command and related behavior elicit

an ERN-like waveform. Specifically, in both experiments we

found that predicted errors elicited an ERN-like waveform with

an earlier latency and onset than unpredicted errors. These find-

ings demonstrate that the medial-frontal system can process ex-

ternal and internal predictive cues related to subsequent motor

performance. Our results also replicate our previous observation

that unpredicted errors made during a continuous tracking task

elicit an ERN-like waveform (cf. Krigolson & Holroyd, 2006).

The results of the present experiment are consistent with the RL-

ERN theory (Holroyd & Coles, 2002) and also support our hy-

pothesis thatmotor errors are processed by a hierarchical system.

Previous research has demonstrated that the ERN is elicited

by information indicating an upcoming undesired outcome in a

trial-and-error learning task (Holroyd & Coles, 2002). Holroyd

and Coles found that when stimulus–response mappings could

be learned, response errors elicited the ERN. Conversely, when

stimulus–response mappings could not be learned (because the

feedback stimuli occurred at random), error feedback elicited the

ERN. In other words, on trials with fixed stimulus–response

mappings the system could predict the outcome of the trial at the

time of error commission, whereas on the trials with random

stimulus–response mappings the system relied on feedback stim-

uli to determine the outcome of the trial. In the present study we

also found that predictive information indicating that an error

was about to occurFderived from an external ‘‘sign’’ in Exper-

iment 1 and from a comparison between an internal motor com-

mand and its consequence in Experiment 2Felicited an ERN-

like waveform with an earlier latency and onset than unpredicted

errors. However, in contrast to the trial-and-error learning

taskFin which the response ERN peaked within 100 ms fol-

lowing the errorFin the present study the ERN-like waveform

peaked much later (�500 ms) following the occurrence of the

predictive information.
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Figure 4. Experiment 2: A: Averaged ERP waveforms recorded at channel FCz for unpredicted error and correct trials.

B: Averaged ERP waveforms recorded at channel FCz for predicted error and correct trials. C: Spatial PCA factor loadings

projected onto the surface of the human head for the frontal-central factor, accounting for 54.3% of the total variance. D: Averaged

ERP difference waves associated with channel FCz for the unpredicted and predicted errors. Zero milliseconds corresponds to the

time of barrier contact on error trials and to a matched point in time on correct trials. Note that negative voltages are plotted up by

convention.



Because we did not tell participants the meaning of the pre-

dictive cues until after the experiment was completed, one

possible explanation for this result was that the learning process

was incomplete at the time the experiment ended. Thus, in

Experiment 1 participants were required to learn that one of the

two ‘‘signs’’ predicted an upcoming (and inevitable) error, and in

Experiment 2 they were required to learn that joystick failure

inevitably led to an error. If they failed to learn these relation-

ships completely by the end of the experiment, then the error

signal underlying the ERN-like waveform would not have fully

‘‘propagated back in time’’ from the time of barrier contact to the

time of the predictive event. In support of this argument, we

found that the peak ERN-like waveform latency in both exper-

iments propagated backward in time during the course of the

experiment (Figures 2 and S3). Also consistent with this position,

a recent experiment demonstrated that predictive cues can elicit a

feedback ERN when the meanings of the cues are explicitly told

to the participants at the start of the task (Baker & Holroyd,

2006). Furthermore, the onset analyses in the present study

revealed that the onset of the ERN-like waveform preceded the

trial events, indicating that the medial-frontal system began to

process the predictive informationwell in advance of the tracking

errors.

It might be suggested that the frontal-central ERP component

elicited by predictive error information is a contingent negative

variation (CNV) rather than an ERN. The CNV is a slow neg-

ative-going ERP component thought to reflect a combination of

motor preparation and stimulus expectancy (Bennett, Golob, &

Starr, 2004; Brunia, 1999). However, we believe that the ERP

component observed in the present experiment is not a CNV for

several reasons. First, for the predicted events in both experi-

ments, the peak of this ERP component varied highly in latency

across individual subjects (Figure S4), perhaps because partic-

ipants learned the meaning of the predictive information at dif-

ferent rates. When averaged across subjects, this latency jitter

resulted in the ERP component’s apparently slow development

in the grand average. Second, the running average analysis con-

ducted in the present experiment suggests that the ERN-like

waveform to predictive information occurred earlier as the ex-

periment progressed, which is inconsistent with a CNV that

peaks immediately before the event. Rather, the slow propaga-

tion of the predicted ERN-like negativity seems to have resulted

in a waveform that only appears like a CNV in the grand average

(see also Figure S3). Third, by creating difference waves we

sought to remove any anticipatory effects that were independent

of the valence of the predictive information, a manipulation that

theoretically would remove the CNV from the data; although

there is some evidence that a CNV can be elicited by predictive

cues (e.g., Brunia, 1999; Falkenstein, Hoormann, Hohnsbein, &

Kleinsorge, 2003; Van Boxtel & Brunia, 1994), it is not clear why

the CNV would be larger for cues that predict upcoming errors

compared to cues that predict upcoming correct responses. With

these considerations in mind, we believe that the ERN-like

waveform elicited by the predictive cues in the present exper-

iments is an ERN. Furthermore, even if the waveforms were a

CNVand not an ERN, the results nevertheless demonstrate that

the frontal system is sensitive to information that predicts

upcoming errors.

One may also ask why the amplitudes of the predicted dif-

ference waveforms were greater than that of the unpredicted

difference waveforms. In both cases, information indicative of

upcoming error feedback elicited a larger ERN-like waveform

than did the error feedback itself. This result is consistent with

previous studies that showed that, all other things being equal,

the amplitude of the response ERN is bigger than the amplitude

of the feedback ERN (Holroyd & Coles, 2002; Nieuwenhuis

et al., 2002). One possibility is that the ERN is larger when the

motor action is still in progress, compared to when the action

terminates. It is also possible that the present ERN-like wave-

forms reflect the summation of a phasic ERNwith a slower CNV

that is larger for predicted errors than for predicted corrects.

Further research is needed to clarify this issue.

The Role of the Medial-Frontal System in Motor Control

A large body of literature suggests that motor errors are pro-

cessed exclusively by posterior parts of the brain, especially by

PPC (Desmurget &Grafton, 2000; Desmurget et al., 1999, 2001;

Grea et al., 2002; Milner & Goodale, 1993) and the cerebellum

(Blakemore et al., 2001; Miall et al., 2001). These regions are

thought to adjust for motor errors ‘‘on the fly’’ by integrating

sensory feedback with internal sensorimotor information to gen-

erate correctivemovements (Andersen, Snyder, Bradley, &Xing,

1997; Desmurget et al., 1999, 2001; Grafton, Mazziotta, Woods,

& Phelps, 1992; McKay, 1992; Pisella et al., 2000; Rushworth,

Johansen-Berg, & Young, 1998). In contrast to this position, we

have previously suggested that motor errors are processed by a

hierarchical system: High-level errors (that indicate a system goal

has been violated) are processed by the medial-frontal system,

whereas low-level errors (that can be corrected without violating

the system goal) are processed by PPC (Krigolson & Holroyd,

2006). Our proposal was motivated by the observation that er-

rors in a continuous tracking task generate an ERN-like wave-

form, an electrophysiological signal associated with error

commission. According to the RL-ERN theory (Holroyd &

Coles, 2002), the ERN is elicited by the first indication that on-

going events are worse than expected by the frontal monitoring

system.

The role of the medial-frontal system with regard to the

modification of motor behavior remains unclear. For instance, if

the error-related process reflected by the ERN is used to modify

subsequent behavior, it has yet to be demonstrated how these

changes are implemented in the brain. A clue to this question can

be found in research involving people with Parkinson’s disease.

People with Parkinson’s disease are impaired at generating in-

ternally driven ballistic actions (Flowers, 1976, 1978a, 1978b;
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Figure 5. Experiment 2. Averaged ERP difference waves associated with

channels FCz and Oz for unpredicted and predicted errors. Zero

milliseconds corresponds to the time of barrier contact on error trials and

to a matched point in time on correct trials. Note that negative voltages

are plotted up by convention.



Sheridan, Flowers, & Hurrell, 1987) and at utilizing efference

copy to detect their errors (Demirci, Grill, McShane, & Hallett,

1997; Klockgether & Dichgans, 1994; Moore, 1987; Rickards &

Cody, 1997; Stern, Mayeux, Rosen, & Ilson, 1983; see also Hol-

royd, Praamstra, Plat, Coles, 2002), but are relatively unim-

paired at responding to external cues. One possibility is that

damage to the midbrain dopamine system impairs the ability to

learn new internally driven ballistic movements. Given that the

midbrain dopamine system appears to carry a predictive error

signal for reinforcement learning (Schultz, 1998; Schultz, Dayan,

& Montague, 1997) and that the ERN has been suggested to be

elicited by the impact of this signal on anterior-cingulate cortex

(Holroyd & Coles, 2002), it seems plausible that the ERN may

reflect a training signal. In principle, high-level error signals that

indicate that a goal has been violated can be used to train internal

models for motor control (Wolpert & Ghahramani, 2000). In-

terestingly, a recent computational model has demonstrated how

a dopamine-like reinforcement learning signal could be used to

train an internal model implemented by PPC (Branning, Watz,

Aisa, & O’Reilly, 2005). In light of these observations, we spec-

ulate that not only is the medial-frontal system responsible for

evaluating predictive information during motor control, it may

also be responsible for developing the internal models utilized by

PPC.

The Posterior Error System

In both experiments the ERN-like waveform associated with

unpredicted errors was followed by a negative deflection of the

difference wave distributed over posterior regions of the scalp.

This finding is consistent with the results of a previous study, in

which we speculated that the activity reflected the adaptive mod-

ification of a posterior error-processing system (Krigolson &

Holroyd, 2006; but see also Hill & Raab, 2005), perhaps located

within PPC (Desmurget et al., 1999, 2001). Further, in Exper-

iment 1 the ERN-like waveform associated with predicted errors

was also followed by a small posterior negativity. Although one

might speculate that in this case the posterior system would have

been active before the medial-frontal system in an attempt to

avoid the upcoming error, the predictive stimulus did not actually

provide information about the direction of the barrier move-

ment. As such the posterior system would not have been able to

use the predictive information to prevent the error. In contrast, in

Experiment 2 there was a very small negative posterior waveform

that peaked before the ERN-like waveform did. Here partici-

pants had enough time (because the predicted tracking errors

occurred slowly) and information (because the participants could

see the direction of the barriermovements) to avoid the error, but

the reduced control of the joystick negated the usefulness of the

predictive information (i.e., the loss of joystick control). In spite

of this, the posterior systemmay have still attempted to avoid the

upcoming error, eliciting the posterior activity seen in the ERP.

Note that the posterior components associated with both of the

predictive waveforms were very small, and we are unsure about

their meaning. Further research is needed to investigate this pos-

terior ERP component.

In conclusion, the results of the two experiments presented

here suggest that, during the performance of a continuous motor

task, predictive information about high-level errors is processed

and evaluated within medial-frontal cortex and provide further

support for the argument that human error processing is hier-

archical in nature (Krigolson &Holroyd, 2006). The findings are

also consistent with the RL-ERN theory, which predicts that the

ERN will be elicited by the first indication that ongoing events

are worse than expected.
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SUPPLEMENTARY MATERIAL

The following supplementary material is available for this article

(all Figures provided in JPG format):

Figure S1A. Experiment One Diagram of the experimental pro-

cedure. Note that the yellow arrow did not appear on the par-

ticipants screen during rapid barrier movements.

Figure S1B. Experiment Two Diagram of the experimental pro-

cedure. Note that the yellow arrow did not appear on the par-

ticipants screen during rapid barrier movements.

Figure S2. Top Panel: Difference waveforms for unpredicted and

predicted errors for the first and last running average bins in

Experiment One. Bottom Panel: Difference waveforms for un-

predicted and predicted errors for the first and last running av-

erage bins in Experiment Two.

Figure S3. Top Panel: Individual participant difference wave-

forms for predicted errors in Experiment One. Bottom Panel:

Individual participant difference waveforms for predicted errors

in Experiment Two.

Figure S4. Top Panel: Averaged ERP waveforms recorded at

channel FCz for unpredicted (left) and predicted (right) tracking

errors locked to the onset of the rapid barrier movement or the

predictive cue for Experiment One. Bottom Panel: Averaged ERP

waveforms recorded at channel FCz for unpredicted (left) and

predicted (right) tracking errors locked to the onset of the rapid

barrier movement or the predictive cue for Experiment Two.

This material is available as part of the online article from: http://

www.blackwell-synergy.com/doi/abs/10.1111/j.1469-8986.2007.

00523.x (This link will take you to the article abstract).

Please note: Blackwell Publishing is not responsible for the

content or functionality of any supplementary materials supplied

by the authors. Any queries (other thanmissing material) should

be directed to the corresponding author for the article.
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