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Introduction

The concepts of “attention to actior” (Norman & Shalli ce, 1989 and“ sdectionfor action” (All port,
1987 refer to haw particular cogritive intentions and sensory inputs are sdected and coupled with the df ector
system for the cortrol of action production A central role in this processhas been attributed to the anterior
cingulate cortex (ACC) (Posner, Petersen, Fox, & Raichle, 1988 seeaso Mesalum, 1981, Posner & Dehaene,
1994 Posner & DiGirolamo, 1998 Posner & Petersen, 1990. Acoording to this view, the ACC cortributes to
executive or strategic aspects of motor cortrol by allowing ony particular sources of information acoessto the
output system. More specifically, the ACC appears to beinvdved in sdecting actions or action plans that are
corsistent with task gaals, that is, to transform intentions into actiors. This proposition has bean supported by
converging evidence from a broad array of empirical techriques, including functional neuroimaging,
neuroanatomical, neurophysiological, intracranial stimulation, and lesion studies in humans and animals (Bush,
Luu, & Pasner, 200Q Devinsky, Morrdl, & Vodt, 1995 Dum & Strick, 1993 Goldberg, 1992 Paus, 2001,
Picard & Strick, 1996. This research hes indcated that a caudal/darsal area of the ACC appearsto be
invdved in the cogritive cortral of motor behavior.

Consigtent with thisrole, the ACCis also thought to beinvdved in error processng (Holroyd &
Coles, 2002 cf. Botvinick, Braver, Barch, Carter, & Cohen, 2001). This position hdds that the ACC is
sengitive to incorrect or inappropriate behaviors, and suggests that one aspect of the ACC cortral function
invdves bringing erroneous behaviors in line with desired gaals. The motivation for this proposal is due
primarily to doservatiors of the eror-rdated regativity (ERN), a component of the event-rdated brain potential
(ERP) associated with error commisson, which appears to be generated in the ACC. In this chapter, we review
these ERN studies and dscusswhat insights they have provided into ACC function We begin by describing
theinitial investigations that demonstrated that ERN is produced by an error processng system. Then, we

review studies that suggested that the ERN is generated in the ACC and, thus, that the ACC isinvdved in error
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processng We next present a recent theory that hdds that the ERN is produced by the impact of reinforcement
learning sigrals conveyed by the mesencephali c dopamine system onthe ACC, and that the ACC uses that
informationto improve performance onthetask at hand Lastly, we provide enpirical support for this theory.

The ERN and Error Processing

The ERN is a negative deflectionin the ERP that peaks about 80 ms after subjects make an incorrect
response in speeaded resporse-time tasks (Figure 1a). Although a similar component can be seen in the reports
of several studies appearingin the aghties (eg., McCarthy, 1984 Renault, Ragat, & Lesevre, 1980, a paper
by Falkenstein and his colleagues in Dortmund (Falkenstein, Hohrebein, Hoarmann, & Blanke, 1990 seamsto
have acted as a stimulus for a recent surge of interest in brain potentials associated with errors. The report from
Dortmund was followed by abservations from laboratories at |lli nas (Gehring, Goss Coles, Meyer, &
Donchin, 1993 and Oregon(Dehaene, Pasner, & Tucker, 1994. Onethingthat intrigued these exly
investigators was that the orsat of this negative potential preceded the overt erroneous resporse, suggesting that
the cogritive system “knew” about the eror as it was being made.

These arly reports were followed by studies of the influence of various factors on the amplitude and
latency of the component, and d the rdatiorship betwean the component and remedial actions that appeared to
be corsequences of erroneous behavior (seeFalkenstein, Hohreben, & Hoarmann, 1995 Gehring, Coles,
Meyer, & Donchin, 1995. The amplitude of the ERN increases with the importance of errors (Falkenstein &
al., 1995 Gehring & al., 1993 ddiined by spead versus acauracy instructions, and with the degreeof error,
defined by the number of movement parameters that differ between incorrect and correct responses (Bernsten,
Scheffers, & Coales, 1995 Fakenstein et al., 1995. The ERN is present when errors cannd be corrected by a
second motor resporee, as in a Go/NoGo task (Scheffers, Coles, Bernstein, Gehring, & Donchin, 1996, andit
decreases as the quality of performance decli nes with fatigue (Scheffers, Humphrey, Stanny, Kramer, & Coles,

1999 or with degraded stimuli (Scheffers & Coles, 2000. Finally, the amplitude of the ERN appears to be



rdated to remedial actions that compensate for the fact that an error is or has been made. These remedia
actiors include eror correction, error force, and an increasein reactiontime ontrials following an error
(Gehringet al., 1993.

A secondline of research was gimulated by the observation that a similar brain response occurs when
subjects receive feadback indcating that they have just made an erroneous response. Miltner, Braun, and Coles
(1997 observed ERN-like activity in a time-estimation task when subjects receved feadback that their previous
time estimate was incorrect (seealso Badgaiyan & Posner, 1998. This phenamenon fas been called the
“feadback ERN” to dstinguish it from its counterpart, the “response ERN” (Figure 1b). Importantly, the
discovery of the feadback ERN seamed to indcate that ERN production daes nat depend drectly onmotor
processes asociated with error commisson (such as remedial actions thet follow the aror), but rather on
processes that can acaur subsequent to the aror, such as the detection d the eror or learning from the aror.
Also important was the observation that the feadback ERN was produced indegpendently of whether the
fealback was ddivered in the auditory, somatosensory, or visual modalities (Miltner e al., 1997. Inlike
fashion, subsequent research demorstrated that the response ERN was produced by errors committed nd orly
with the hands, but also with the fed (Holroyd, Dien, & Coales, 1998, the g/es (Nieuwenhuis, Ridderinkhd,
Blom, Band, & Kok, 2002, Van ‘t Ent & Apkarian, 1999, and the voice (Masaki, Tanaka, Takasawa, &
Yamazaki, 2007), aswel as by dow (but correct) responses in tasks in which spedl is of the essence (Johrson,
Otten, Boeck, & Coles, 1997 Luu, Flaisch, & Tucker, 2000. These findngs indcate that the system that
produces the ERN is invdved in a “generic” form of error processngthat is sngitive to error information
regardlessof its type or source.

Taken together, these results motivated the theory that the ERN is dicited either by a processof error
detection a by a processthat is engaged following the detection d the aror (Falkenstein & al., 1991, Gehring

e al., 1993. Asarticulated by Coles, Scheffers, and Holroyd (2001), the theory propases that error-detection
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invdves a comparison betwean two response representations: (a) a representation d the response that is being
executed, derived from eff erence copy; and (b) a representation d the resporse that shauld be executed, derived
from further stimulus processng, and application d the appropriate stimulus—esponse mapping rule. (In most
cases, the ERN has bean investigated in situations where arors ocaur as the result of impulsive action, such
that further processng d the stimulus can lead to a representation d the correct response) When the
comparison processdetects a mismatch between these two representations, or when error feadback is provided,
an error-signal is generated. The sigral provides an input to the remedial action system whose functionis to
deal with the fact that an error is being made, or has been made.

The ERN andthe ACC

Coincident with the df ort to understand the function d the system that produces the ERN was a
search to identify where in the brain the ERN is produced. Early studies suggested that the ERN was generated
inthe ACC. This inference was based onthe component’s frortal-central scalp distribution, which suggested
that the ERN was generated by "a system invdving the anterior cingulate cortex and supdementary motor
areas' (Gehringet al., 1993 p. 389, but also onthe results of primate studies that reported that neurors in the
ACC were activated by errors (eg., Gemba, Sasaki, & Brooks, 1986 and by the absence of expected rewards
(Niki & Watanabe, 1979. A recent study hes further indicated that some ACC neurors are sensitive to both
error resporses and error feadback (Ito, Stupharn, Brown, & Schall, in press. Source locali zation studies of
the ERN were also corsistent with this hypothesis, with dpole modding d the difference in activity between
correct and incorrect resporses yidding a singe source located in the inferior ACC (Dehaene, et al., 1994).
Foll ow-up studies howved ACC sources irrespective of whether the erors were made with hands or fed
(Hdroyd & d., 1998, and studies using MEG yidded similar results (eg. Miltner, & al., in pres9. Analyses of

the feadback ERN also showed an ACC source, irrespective of whether the feadback was presented in the



visual, the auditory, or the somatasensory modality (Miltner et al., 1997; see also Gehring & Willoughby,
2002).

Imaging studies using rapid event-rdated fMRI confirmed the dipole modds, reporting activation in
the ACC (BA 24/32) in responseto errors (Carter et al., 1998). A number of studies have indicated that the
rostral-caudal extent of the ACC is activated moreto errors than to correct responses (eg., Kiehl, Liddle, &
Hopfinger, 2000; Menon, Adleman, White, Glover, & Reiss, 2001; Ullsperger & Von Cramon, 2001). Initial
investigations aimed at identifying the locus of feedback-rdated error activity were less successful (eg., Van
Veen, Holroyd, Cohen, Stenger, & Carter, 2002), but recent imaging studies have found that a dorsal region of
the ACC is activated by error feedback (Ullsperger & Von Cramon, 2003) and by unexpected decreasesin
rewards (e.g., Bush & al., 2002). Furthermore, a recent study showed that a single area in caudal and dorsal
ACC is activated by both error responses and by error feedback (Holroyd, Nieuwenhuis, e a, 2003). These
results indicate that this region of the ACC comprises part of a generic error processing system that is sengitive
to both internal and external sources of error information, and are consistent with the hypothesis that this brain
region produces both the response ERN and the feadback ERN.

The suggestion that the ACC produces the ERN was corroborated by findings in patients with focal
brain lesions. Stemmer, Segalowitz, Witzke, and Schoenle (in press) studied patients with a ruptured aneurysm
of the anterior communicating artery, resulting in damage to the ACC and adjacent regions. They reported that
these patients, although showing error rates comparable to normal control subjects, did not produce ERNs
following error responses. A similar result was obtained by Swick and Turken (2002), who studied a patient
with a rostral-to-middorsal ACC lesion. Gehring and Knight (2000) showed that patients with lateral prefrontal
damage produced an ERN following incorrect trials, but also following correct trials. In contrast, Ullsperger

and colleagues found a reduced ERN in people with lateral prefrontal lesions (Ullsperger, Von Cramon, &



Miller, 2002. Although these two results are in dsagreement, they both suggest an interaction between the
ACC andthe prefrontal cortex in error processng.

Finally, invdvement of the ACC in ERN production hes been suggested by studies of clinical
populations. Key amongthese populations are people with dosessve-compulsive disorder and people with
Gill es de la Tourette syndrome, who have been shown to produce abnarmally large ERNs (Gehring, Himle, &
Nisenson, 200Q Hajcak & Simons, 2002 Johannes, Wieringa, Mller-Vahl, Dender, & Minte, 2002. These
disorders disrupt high-leve error processng and mator cortrol functions, and are believed to aff ect a neural
network invdving the ACC and the basal gandlia (Devinsky & al., 1995 Wise & Rapoport, 1991J).

Reinforcement Learning Theory of the ERN

Although these studies etablished a role for the ACC in error processng and in the production d the
ERN, they wereless pecific about the detail s of that role. In cortrast, a recent theory has formalized these
ideas in a computational modd that makes explicit the functional sigrificance and reural implementation d the
error processng system that gives riseto the ERN (Holroyd & Coales, 2002 for a cortragting view see
Botvinick et al., 2002, Yeung, Botvinick & Cohen, 2003. Thetheory is basad onprevious research that
indcates that the basal gandia monitor ongang events and cortinuoudly predict whether the outcomes of those
events will end favorably or unfavorably (Barto, 1995 Houk, Adams, & Barto, 1995 Mortague, Dayan, &
Sgnowski, 1996. According to this pasition, when the basal gandia revise their predictiors for theworse
(indicating that ongang events are “worse than expected”), they produce a negetive eror sigral. Conversdy,
when the basal gandia revise ther predictiors for the better (indicating that ongang events are “ better than
expected”), they produce a positive eror sigral. These negative and positive @ror sigrals are conveyed from
the basal gandia & phasic decreases and increases, respectively, of the toric activity of the mesencephalic

dopamine system. In turn, the dopamine system conweys the sigrals back to the basal gandia, where they are



used to improve the predictions, andto frontal cortex (for reviews of this phasic activity, seeSchultz, 1998
2002.

The ERN theory builds onthis theoretical framework by proposing that the ACC uses these dopamine
sigrals to improve performance onthe task at hand according to principles of renforcement learning (Holroyd
& Coales, 2002 seeaso Sutton & Barto, 1998. Acoording to the theory (Figure 2), the ACC receives motor
command information from multiple neural sources (called “ cortrollers’), including dasolateral prefrontal
cortex, orbitofrortal cortex, the amygdala, and aher aress. Because the commands from the diff erent systems
can sometimes corflict, the function d the ACCisto gve cortral over the motor system to the cortroller that is
best suited to carry out thetask. Thus, consistent with its putative role in sdectionfor action, the ACC actsas a
“cortrol filter” that decides which high-levd executive commands gain cortrol over the motor system. The
theory also hdds that the dopamine sigrals modulate and reinforce ACC activity such that the filtering function
is optimized, a positionthat is corsistent with the establi shed role played by dgpaminein reinforcement learning
(for reviews ®eSchultz 1998 2002, andwith dgaminergic modulation d ACC activity (eg., Cring,
Morrison, & Hof, 1993 Porrino, 1993 Richardson & Gratton, 1998 Vog, Vod, Nimchinsky, & Hof, 1997
Wilkinsonet a., 1998. Acoording to the theory, furthermore, the impact of the dopamine sigrels on the apical
dendrites of mator neurons in the ACC modulates the amplitude of the ERN, such that phasic decreases in
dopamine activity (indcating that ongang events are worse than expected) are associated with large ERNs, and
phasic increases in dgpamine (indcating that ongang events are better than expected) are associated with small
ERNSs. Thus, response ERNs and feadback ERNs are dicited, respectivey, by unpredicted error respornses and
error feadback.

This “reinforcement learning theory of the ERN” (RL-ERN theory) has inspired several empirical
studies of the feadback ERN (reviewed by Nieuwenhuis, Holroyd, Mal, & Coles, 2003. All of these studies

have enployed a pseudotrial-and-error learning paradigm in which, on each trial, subjects sect one of severa



response options and are then told the outcome of ther choice by means of a feedback stimulus. The first of
these studies tested a fundamental prediction of the theory, which is that the ERN should occur following the
first indication that ongoing events are worse than expected. Thus, if a negative feedback stimulus is not
predicted by prior events, then presentation of the feedback stimulus should dicit the ERN. On the other hand,
if the subject has learned a sa of stimulus-response mappings and the feedback merdy confirms the application
of an inappropriate mapping, then the ERN should occur at the time of the error response and not at the time of
feedback presentation. According to the theory, on trials when the system detects the error at the time of the
responsg, there is a negative prediction error and a large ERN. Therefore, when the feedback is presented the
system has already detected the error, and there is no changein prediction and no ERN associated with the
feedback. These predictions were confirmed in two recent experiments invalving a probabilistic learning task:
The response ERN was dicited on trials in which the feedback was fixed and the stimulus-response mappings
could be learned, and the feedback ERN was dicited on trials in which the feedback was random and the
stimulus-response mappings could not be learned (Holroyd & Coles, 2002; Nieuwenhuis & al., 2002).
Furthermore, in an event-rdated fMRI study that adopted a similar task design, a caudal and dorsal area of the
ACC was activated following errar responses on trials with fixed mappings and following error fesdback on
trials with random mappings, consistent with the ERN results (Holroyd, Nieuwenhuis, e al., 2003).

These studies also demonstrated that the changes in the predictions are not all-or-none: The rdative
size of the response ERN and feedback ERN is highly sengitive to the degree to which aresponseis predictive
of the value of the feedback (Nieuwenhuis et al., 2002), and even when the feedback is ddivered at random, the
amplitude of the feedback ERN tracks the size of the prediction error on a trial-by-tria basis (Holroyd &

Coles, 2002). Furthermore, in a study in which the global probability of rewards and punishments was varied

by condition, it was found that the amplitude of the feedback ERN was largest when the unfavorable outcomes
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wereinfrequent (andtherefore lesslikdy to be predicted) compared to when the unfavorable outcomes were
frequent (and therefore more likdy to be predicted) (Holroyd, Nieuwenhuis, Yeung, & Cohen, in press.

Other recent studies have investigated hav the monitoring system determines whether an autcomeis
good @ bad. In ore such study, feadback stimuli conveyed information alongtwo dff erent dimensiors. a
"gain/loss' dimension indcating whether the sulject's chaceled to again a lossof money, anda
"correct/error” dimension indcating whether the subject's chace was better or worse than the aternative chace
that the subject could have made (Nieuwenhuis, Yeung, Holroyd, Schurger, & Cohen, 2003. The results
demonstrated that the feadback ERN was sngitive to both the gairnvlossinformation and the correct/error
information conveyed by the feadback, depending onwhich dmension d the feadback was made most salient to
the subjects. Results from anather study are corsistent with this view (Gehring & Will ougby, 2002. These
findngs support the nationthat the ERN is sngtive to any performance-rdated feadback information
indcating favorable or unfavorable outcomes.

In these studies, the feadback indicated explicitly whether an autcome was favorable or unfavorable
(such as ared sguare of color indcating monetary lossand a green square of color indcating mongary gain).
However, the question arises as to how the monitoring system determines the favorablenessof an autcome
when that informationis nat made eplicit by the feadback. To addressthis question, Holroyd, Larsen, &
Cobhen (in presg varied the range of possble outcomes by condtion On each trial of a “win” condtion,
subjects either won ndhing, wona small reward, or won a large reward, and oneach trial of a “losg’ condtion,
subjects either lost nathing, lost a small reward, or lost alarge reward. It was found that winning ndhingin the
win condtion dicited alarge ERN whereas losing nahing in the lose condtion dd nd dicit an ERN, even
thaugh these two autcomes were identical (no changein total reward); and that small |osses in the lose
condtion and small winsin the win condtion dlicited ERNs of comparable amplitude, even thoughthese

outcomes were diff erent (wins versus losss). These results indicate that the monitoring system determines
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whether an autcomeis good @ bad rdative to the range of outcomes possble For example, a $500reward is
goodwhen the dternative is nathing, but a $500is bad when the dlterative is $1000(but seealso Mars, Bruijn,
Hulstijn, Miltner, & Coles, 2003. The results also dowdail with those of Yeung and Sanfey (2003, who
showed that ERN amplitudes dicited by large losss in the cortext of large gains and losses are about the same
size as ERN amplitudes dicited by small |osses in the cortext of small gains and losses.

Inall of these studies, the fealback stimuli indcated orly the outcome of each trial (eg., win \s. losg,
but na what should be dore to improve performance at thetask (eg., pressthe left button). Acoording to the
RL-ERN theory, the aror information carried by the mesencephali c dopamine system describes orly whether
an event was favorable or unfavorable, but nat how that information should be used.! By default, then, the
theory hdds that a diff erent neural system processes error informationthat indcates what a subject should do
to improve performance. To investigate thisissue, Mars e a. (2003 conducted a reinforcement learning
experiment that included two condtions, onein which the feadback indcated orly the outcome, and a secondin
which the feadback also indicated how performance shauld beimproved. They found that the feadback ERN
was gnaller in the secondcondtion, corsistent with the positionthat the associated error informationwas
processd by a different neural system.

Other studies have investigated the neural basis of thetheory - in particular, whether the
mesencephali c dogpamine system cortributes to ERN production Althaugh the results of these studies must be
viewed as only suggestive, many o thefindings are corsistent with the theory and provide some préeliminary
support for it. For example, ERN amplitudeis increased by administration d d-amphetamine, which reases
dopamine and inhibits its reuptake, suggestingthat dgpamine aff ects the mechanism that produces the ERN
(De Bruijn, Hulgtijn, Verkes, Ruigt, & Sabbe, 2003. Conwersdy, alcohd consumption reduces ERN
amplitude (Ridderinkhd e al., 2002, posshly because dopamine receptors may cortribute to the renforcing

aspects of alcohd addction (Holroyd & Yeung, 2003. Although Parkinson's disease disrupts the
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mesencephali c dopamine system, evidence of abnarmal ERNs in people with mild to moderate Parkinson's
disease has been mixed (Falkenstein et al., 2002, Holroyd, Praandtra, Plat, & Coles, 2002. On the other hand,
ERN amplitudeis smaller in dder adults, perhaps because of age-rdated changes of the dgpamine system
(Nieuwenhuis @ al., 2002. Moreover, dgpamine dysfunctionis thaught to be an important factor underlying
schizophrenia (eg., Dolan & al., 1995 for review seeDavis, Kahn, Ko, & Davidson, 1991, Harrison, 2000,
and peaple with schizophrenia evidence abnarmal ERNs (Bates, Kiehl, Laurens, & Lidde 2002 Kopp & Rig,
1999 Mathalonet al., 2002. Also suggestive is thefindng d abnarmally large ERNs in people with Gill es de
la Tourette syndrome (Johannes et al., 2003, because hyperactivity of the midbrain dgpamine system has been
proposad to be the main neurochemical abnarmality underlying this disorder (Devinsky, 1983 Singer, Butler,
Tune, Sefert, & Coyle 1982.

Corcluson

In arecent review of the ACC, Paus (2001, p. 423 concluded that “the ACC is a prime example of a
brain structure in which a regulatory network, composed o cdl's from the modulatory brainstem nucle,
interacts with an executive nework, compased o local-circuit neurons.... By virtue of ther action onACC
neurons, neuromodulators such as dogpamine ... arein a powerful positionto regulate the interaction between
cogrition and motor cortrol in rdationto changes in emational and mativatioral states.” In this view, the
sdectionfor action processmediated by the ACC is fine-tuned by the reward-rdated functions associated with
midbrain dgamine. Research into the ERN has provided insight into how such a processmight ocaur. In
particular, the RL-ERN theory has gecified hav the ERN may provide a window into this cortrol mechanism.
The principles underlying the theory are computatiorally robust and, in aher domains, have been used to teach
autonamous g/stems how to goerate in uncertain and variable eavironments (Sutton & Barto, 1998, including
how and whereto deploy attention (Ballard, 1991 Whitehead & Lin, 1995. These successss aff ord the hape

that the same principles can be used to understand the cortribution o the ACC to attention and action sdection
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Foanae
1. Themidbrain dgpamine system is ometimes said to convey a “scalar” sigral (one piece of informatiort good
vs. bad), asopposadtoa “vector” sigral (many pieces of information: good 6. bad and hav the behavior

shauld be modfied).
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Figures
Figure 1. The error-rdated negativity (ERN). a. The response ERN. b. The feedback ERN. Negativeis plotted
up by convention. Adapted from Nieuwenhuis et al. (2002).
Figure 2. Reinforcement learning theory of the ERN. Multiple controllers in the brain process sensory input
and produce motor commands. These commands are filtered by a control area in the anterior cingulate cortex,
such that a subsat of appropriate, non-conflicting commands are passed to the motor system. Simultaneoudly, a
monitor located in the basal ganglia processes sensory information from the external environment, fesdback
information (such as rewards and punishments), and efference copies of the response in progress. The monitor
produces error signals that are conveyed by the mesencephalic dopamine system to other parts of the brain,
including anterior cingulate cortex, where they renforce processes that contribute to optimal task performance
The amplitude of the ERN is determined by the impact of the error signals on the control area in the anterior

cingulate cortex.
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