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VIDENCE FOR HIERARCHICAL ERROR PROCESSING IN THE

UMAN BRAIN
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bstract—Human goal-directed behavior depends on multi-
le neural systems that monitor and correct for different
ypes of errors. For example, tracking errors in continuous
otor tasks appear to be processed by a system involving
osterior parietal cortex, whereas errors in speeded re-
ponse and trial-and-error learning tasks appear to be pro-
essed by a system involving frontal–medial cortex. To date,
t is unknown whether there is a functional relationship be-
ween the posterior and frontal error systems. We recorded
he event-related brain potential from participants engaged in

tracking task to investigate the role of the frontal system
n continuous motor control. Our results demonstrate that
racking errors elicit temporally distinct error-related event-
elated brain potentials over frontal and posterior regions of
he scalp, suggesting an interaction between the subcompo-
ents of a hierarchically organized system for error process-

ng. Specifically, we propose that the frontal error system
ssesses high-level errors (i.e. goal attainment) whereas the
osterior error system is responsible for evaluating low-level
rrors (i.e. trajectory deviations during motor control). © 2005
ublished by Elsevier Ltd on behalf of IBRO.

ey words: learning, reinforcement learning, ERN, ERP, mo-
or control, anterior cingulate cortex.

rrors differ in magnitude. A person driving a car, for
xample, is continually correcting small errors in the car’s
rajectory to accommodate the uneven surface of the road.
owever, a more serious error may occur when the person
riving the car turns left at a street corner where they had

ntended to turn right. Studies in the cognitive neuro-
cience of motor control have indicated that such errors
re processed by different neural systems (Kawato, 1999;
hadmehr and Wise, 2005; Wolpert and Ghahramani,
000). Much of this work has focused on the role that
osterior parietal cortex (PPC) plays in the online control of
ovement. This brain area is thought to estimate hand

ocation in real-time and to compute motor errors (Desmur-
et et al., 2001) by predicting and evaluating peripheral
eedback and/or an efference copy of the motor command
Desmurget and Grafton, 2000). In this manner the pos-
erior error system can continuously modify motor output
o adjust for “low-level” errors, such as updating a vehi-
le’s trajectory to accommodate unexpected perturba-

Corresponding author. Tel: �1-250-472-5393; fax: �1-250-721-6601.
-mail address: olav@uvic.ca (O. Krigolson).
bbreviations: ACC, anterior cingulate cortex; ERN, error-related neg-
p
tivity; ERP, event-related brain potential; PCA, principal component
nalysis; PPC, posterior parietal cortex.
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ions. Thus impairments to this system disrupt the ability to
ake online motor adjustments while a movement is in
rogress (Desmurget et al., 1999; Grea et al., 2002). By
ontrast, frontal parts of the brain appear to detect and
orrect errors that violate “high-level” goals of the system,
uch as taking a wrong turn while driving. In particular,
tudies of the error-related negativity (ERN), a component
f the event-related brain potential (ERP) sensitive to error
ommission, suggest that the anterior cingulate cortex
ACC) may comprise part of a generic error processing
ystem for reinforcement learning (Brown and Braver,
005; Holroyd and Coles, 2002; Holroyd et al., 2004,
005). These studies have revealed that a “response ERN”

s elicited when participants press the incorrect button in
peeded response time tasks (Gehring et al., 1993; Hol-
oyd and Coles, 2002; Holroyd et al., 2004, 2005), and that

“feedback ERN” is elicited when people experience an
utcome that is worse than anticipated (Holroyd and
oles, 2002; Holroyd et al., 2005; Miltner et al., 1997;
ieuwenhuis et al., 2004). Both the response ERN and

eedback ERN are thought to reflect error signals that
ndicate a violation of a “high-level” goal and that are
tilized for the adaptive modification of behavior.

An important unresolved question concerns whether
hese different neural systems can process errors in par-
llel and, if so, how the systems interact. Here we demon-
trate that the frontal system contributes to continuous
otor control by showing that tracking errors elicit an ERN.
urther, we show that these errors also elicit a subsequent
egative deflection in the ERP over PPC. These results
uggest a hierarchical interaction between the frontal
nd posterior elements of a general system for error pro-
essing.

EXPERIMENTAL PROCEDURES

ifteen undergraduate participants (six male, nine female) per-
ormed a computer tracking task by manipulating a joystick to
eep a cursor centered between two moving barriers. The barriers
oved in unison according to a predictable sequence of alternat-

ng left and right movements separated by brief stationary periods
n the middle of the screen (straightaway sections). A tracking
rror was defined as a contact between the cursor and one of the
arriers. Successful performance consisted of the participant
aintaining the cursor in a central location between the two bar-

iers (on target). In addition, on a randomly-selected subset of the
traightaway sections (20%) participants encountered a difficult
orner. At these times the barriers moved rapidly and unpredict-
bly to the left or to the right, with an equal probability of moving

n either direction. Further, on half of the difficult corners the
articipant maintained full control of the cursor (unlocked difficult
orners). The speed of these barrier movements ensured that

articipants always made an error whenever the unlocked diffi-
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ult corners occurred. By contrast, on the other half of the difficult
orners the computer program moved the cursor with the barriers
locked difficult corners) so a tracking error did not occur. For
he locked corners the period of time the computer controlled the
articipant’s cursor was matched on a trial to trial basis with the
uration to barrier contact associated with the preceding unlocked
ifficult corner. The locked and unlocked difficult corners were

dentical in all other respects. Importantly, these conditions al-
owed a comparison of the ERPs associated with correct trials and
rror trials while controlling for a general effect of surprise induced
y the sudden barrier movement (Holroyd, 2004). Electroenceph-
logram data were recorded from 38 electrodes using a 10–20

ayout and were analyzed using standard techniques (see online
upplementary material for more detail). For the error trials, the
RP data were averaged according to the time of the barrier
ontact. For the correct trials, the ERP data were averaged ac-
ording to times that were matched with the barrier contact times
n the error trials. Additionally, ERP data were averaged for the
ccasional tracking errors that occurred during the regular perfor-
ance of the task, independent of the unlocked difficult corners

regular tracking errors).

RESULTS

articipants on average experienced 79 unlocked difficult
orners, 80 locked difficult corners, and made 108 regular
racking errors throughout the course of the experiment.
he ERP associated with the unlocked trials was more
egative than the ERP associated with the locked trials
rom 26 ms before to 150 ms after the tracking error
ccurred. This difference was maximal at channel FCz, a
nding that is consistent with previous observations of the
RN (Gehring et al., 1993; Holroyd and Coles, 2004; Hol-

oyd et al., 2004a,b, 2005; Miltner et al., 1997) (Fig. 1a). A
eak analysis of the unlocked–locked difference wave at
hannel FCz (Fig. 1d) demonstrated that tracking errors
esulted in a significantly greater negativity than on-target
erformance [t(14)��6.51, P�0.001, �3.61 �V differ-
nce 73 ms after the barrier contact]. Furthermore, an
nset analysis (Rodriguez-Fornells et al., 2002) conducted
n the difference wave indicated that this negative deflec-
ion began approximately 26 ms before the barrier contact.
hese findings were confirmed by the results of a spatio-

emporal principal component analysis (PCA) (Dien et al.,
003) of the ERP data, which yielded 11 spatial factors that
ccounted for 95.6% of the total variance. The first of these
patial factors exhibited loadings with a frontal–central
calp distribution (Fig. 2a; 0.93, 0.93, 0.95 loadings over
hannels FC1, FCz, and FC2, respectively). A temporal
CA on the scores associated with the first spatial factor
ielded a temporal factor (accounting for 34.4% of the total
ariance) with maximal loadings (�0.9) from 70 to 122 ms
fter the barrier contact. This epoch corresponded to the
ime of the negative peak difference recorded at channel
Cz. Finally, a comparison was made between the track-

ng errors made during the normal tracking pattern and the
ocked and unlocked corners. This analysis revealed that
he negativity elicited by the regular tracking errors was
bout the same amplitude as that of the unlocked corners
t(14)�0.34, P�0.05], but was significantly larger than that

f the locked corners [t(14)�3.85, P�0.001] (see Fig. 1b). P
The spatiotemporal PCA also revealed a second spa-
ial factor with loadings that were maximal over posterior
reas of the scalp (Fig. 2b; 0.96 and 0.89 loadings over
hannels POz and Oz, respectively). A temporal PCA on
he scores associated with the second spatial factor
ielded a temporal factor (accounting for 35.0% of the total
ariance) with maximal loadings (�0.9) from 146 to 166
s after the barrier contact. To explore this finding further,
e conducted a peak analysis of the locked-unlocked dif-

erence wave associated with channel POz. This analysis
evealed a negativity after tracking errors that peaked 82
s later than the frontal negativity recorded at channel
Cz [t(14)��4.29, P�0.001, �4.40 �V difference] (see
ig. 1c, 1d for more detail).

DISCUSSION

he ERP component observed immediately following
racking errors in the present study is consistent with pre-
ious observations of the response-ERN (Gehring et al.,
993; Holroyd and Coles, 2002; Holroyd et al., 2005) and
he feedback-ERN (Holroyd and Coles, 2002; Holroyd et
l., 2004; Miltner et al., 1997). Specifically, we observed
uring sudden barrier movements a negativity that peaked
3 ms following tracking errors but that was reduced or
bsent when participants remained on target. The frontal–
entral spatial distribution of this component is consistent
ith previous reports that the ERN is generated in frontal–
edial cortex, probably in the ACC (Holroyd, 2004; Hol-

oyd and Coles, 2002; Holroyd et al., 2004a,b). Neverthe-
ess, the timing of this negativity is different from that of the
esponse ERN and the feedback ERN, presumably be-
ause the error information associated with tracking errors
ecomes available to the system at a different time. Note
hat the onset analysis of the ERN waveform revealed that
he frontal–medial system began to detect the error in
dvance of the actual barrier contact, rather than subse-
uent to the barrier contact, in which case it would have
een expected to elicit a classic feedback ERN peaking
bout 250 ms following the error. This negativity also does
ot appear to depend on an efference copy of the motor
ommand, as is the case with the response ERN (Allain et
l., 2004). Rather, it appears that the frontal system can
etect these errors by adopting a predictive mode of con-
rol (Desmurget and Grafton, 2000; Holroyd and Coles,
002; Holroyd et al., 2005). Although commonly thought to
e processed by posterior parts of the brain (Desmurget
nd Grafton, 2000; Desmurget et al., 1999, 2001; Grea at
l., 2002; Kawato, 1999), these results suggest that the
rontal system is sensitive to “high-level” tracking errors
i.e. barrier crossings) in a continuous motor task.

If the tracking errors in the present study are indeed
valuated by the frontal system, what then is the role of the
osterior system? Previous research has demonstrated
hat “low-level” motor errors (i.e. trajectory modifications)
re evaluated by PPC (Desmurget and Grafton, 2000;
esmurget et al., 1999, 2001; Grea at al., 2002). It has
een suggested that the posterior error system residing in

PC either operates using a forward model of control
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ig. 1. (a) Averaged ERP waveforms recorded at channel FCz for unlocked tracking errors, regular tracking errors, and locked on-target events. (b)
veraged ERP waveforms recorded at channel POz for both unlocked tracking errors, regular tracking errors, and locked on-target events. (c)
veraged ERP difference waves associated with channels FCz and POz. Zero milliseconds corresponds to the time of barrier contact on error trials
nd to a matched point in time on correct trials (see Online Supplementary Experimental Procedures). Note that negative voltages are plotted up by

onvention.
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Desmurget and Grafton, 2000; Wolpert and Ghahramani,
000) or in an online manner using visual feedback (Elliott
t al., 2001; Goodale et al., 1986, 2004). Interestingly, the
esults of the present study revealed a negative deflection
n the ERP that was distributed over occipital–parietal re-
ions of the scalp and that peaked about 82 ms after the
RN. To our knowledge these data comprise the first ERP
vidence of a posterior error system.

One may ask why posterior activity was not revealed in
he ERP during the period before the tracking error oc-
urred. In the present study the errors elicited by the
nlocked difficult corners occurred very rapidly (on aver-
ge about 218 ms following the onset of the corner) and
npredictably. Although the posterior system may have
ttempted to prevent a tracking error from occurring, the
peed and the unpredictability of the unlocked difficult
orners may have been beyond its capacity to correct. This

nference is in line with models that suggest the posterior
otor control system depends on visual feedback during a
ovement (i.e. Goodale et al., 2004) and is supported by

he results of goal-directed reaching experiments that have
emonstrated that participants are not able to adjust move-
ent trajectories during very rapid movements (Carlton,
981; Desmurget et al., 1999). Furthermore, the unpredict-
ble nature of the unlocked difficult corners may have
egated the ability of a predictive error system to utilize a
orward model of control. Instead, in the present study the
rontal–medial system appears to have determined that
hese tracking errors violated a high-level goal of the sys-
em, namely, to avoid crossing the barriers. It seems likely
hat an optimal movement control strategy would most
ikely involve both frontal and posterior systems operating
n both feedback and feedforward manners (Desmurget

ig. 2. Spatial PCA factor loadings projected onto the surface of the
ariance) and second (b, posterior, accounting for 32.0% of the total
nd Grafton, 2000; Holroyd and Coles, 2002; Seidler et al.,
004). As such, one possible explanation for timing of the
rontal–central and posterior ERP components in the
resent study may be that the high-level error information,
nce evaluated by the frontal system, was then communi-
ated to the posterior system for the adaptive modification
f behavior.

CONCLUSION

n summary, we have observed for the first time that track-
ng errors in a continuous movement task elicit both an
RN and a subsequent ERP component that is distributed
ver posterior regions of the scalp. These results indicate
hat the frontal–medial system is sensitive to errors in a
omputational domain normally associated with posterior
arts of the brain, and suggest an interaction between the
rontal and posterior elements of a hierarchically organized
ystem for error processing.
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