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Stellinge n n 

Mett het begrip inhibitie worden zeer verschillende processen aangeduid die niet allemaal 
onderr één hoed te vangen zijn (bijv. neurologische inhibitie, reactieve inhibitie, gecon-
troleerdee inhibitie, inhibitie als observeerbaar in gedrag, etc.)- Het zou dan ook aanbevel-
ingg verdienen om deze processen in specifieke zin aan te duiden om conceptuele verwar-
ringg te vermijden. 

Dee homunculus verfrist zich nog even in een dopamine-badje alvorens straks grijnzend 
naarr buiten te komen. 

Hett is ongeloofwaardig dat ons brein een toegewijd foutendetectie-mechanisme herbergt; 
foutendetectiee is waarschijnlijk een emergente functie van een ander, lagere-orde mecha-
nisme. . 

Hett feit dat een fout gecorrigeerd wordt, bewijst nog niet dat de fout ook als zodanig gede-
tecteerdtecteerd is. 

Haastigg gebruik van interessante, nieuwe paradigma's in toegepaste onderzoeksvelden 
zoalss de verouderingspsychologie en neuropsychologie kan makkelijk leiden tot misvat-
tingenn over de cognitieve deficiënties van de betreffende onderzoeksgroep. 

Hett gegeven dat Nederlandse ouderen ook in het laboratorium een weerzin hebben tegen 
hett maken van fouten (zelfs wanneer dit voor het onderzoek wenselijk is) weerspiegelt hun 
calvinistischee aard. 

Omm lichamelijke klachten ten gevolge van overmatig computergebruik terug te dringen 
zouu een cardio-fïtnesszaal ingericht moeten worden op ieder universiteitscomplex. 

Dee huidige mode om Rotterdam op te hemelen en Amsterdam te bekritiseren hangt samen 
mett de neiging van mensen om eenmaal bereikte harmonie weer te verstoren. 

Dee hedendaagse drang om te moeten genieten levert meer stress op dan geluk. 

Smakenn verschillen, dat klopt, maar de ene smaak is ook beter dan de andere. 
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Chapterr  1 

Introductio n n 

1.1.. Cognitive control 

1.1.1.. What is cognitive control? Research paradigms 

Well,Well, then, what is it? 
Cognitivee control refers to a set of cognitive processes that "organize" and "over-

see""  the operation of more specialized cognitive processes. Here, "organization" refers to 
thee ability of our cognitive system to configure itself for the performance of specific tasks 
throughh adjustments in perceptual selection, biasing of response selection, and the mainte-
nancee of contextual information over temporally extended periods. The idea that special-
izedd "lower-level" processes can only function in accordance with behavioral goals when 
underr control of "executive" control processes has been very influential in psychology. A 
numberr of theoretical accounts has been proposed that try to specify the nature of the in-
fluencee that control processes exert, and that try to characterize the situations in which 
controll  processes are called into play (e.g., Baddeley, 1986; Cohen, Dunbar, & 
McClelland,, 1990; Meyer & Kieras, 1997; Norman & Shallice, 1986; for a review, see 
Monsell,, 1996). Among others, these are situations in which the task is novel, in which 
multiplee tasks need to be managed at the same time, or in which information in the envi-
ronmentt threatens to trigger an inappropriate action. 

"Overseeing""  refers to the ability of the cognitive system to monitor the internal 
andd external environment for signals that indicate the demand for increased executive con-
trol.. For example, upon detecting competing response tendencies, the system may bias 
goal-relevantt "response pathways" in order to minimize such conflicts on subsequent oc-
casions.. Monitoring of external feedback signals may also lead to adaptive changes in con-
troll  settings, such that the system learns to select the appropriate information or actions 
throughh interaction with the external environment. Detailed accounts of how the interven-
tionn of executive control processes is triggered by the outcome of such monitoring proc-
essess are relatively new (e.g., Botvinick, Braver, Barch, Carter, & Cohen, 2001; Braver & 
Cohen,, 2000; see also Schneider & Detweiler, 1987). 

Executivee and evaluative control functions, such as error monitoring, interference 
control,, task-set reconfiguration, or context updating, should not necessarily be considered 
ass basic mental functions, supported by specific dedicated neural circuits. They might well 
bee conceived of as emergent functions, being established by the configuration and tailoring 
off  existing subordinate processes in such a fashion that a 'new', unique function emerges. 
Forr instance, it has been demonstrated that monitoring for response conflicts might pro-
videe a computationally simple approximation to error detection (Yeung, Botvinick, & 
Cohen,, submitted). Thus, error detection might be achieved by the cognitive system with-
outt a dedicated error detection function. Likewise, interference control might be accom-
plishedd by combining mechanisms of selective attention with the active maintenance of 
memoryy representations (Braver & Cohen, 2000). And endogenous task-set reconfigura-
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tionn (see Chapter 4) might be an emergent property of instruction-driven activation and 
automaticc decay of task sets in memory (Altmann, & Gray, in press). An important task for 
theoriess of cognitive control is to identify the basic functional (and neural) mechanisms 
neededd to carry out higher-order control functions and to describe how these basis mecha-
nismss give rise to complex control functions. 

Neuropsychology.Neuropsychology. Frontal lobes and control 
Thee existence of control processes which are dissociable from other, more spe-

cialized,, cognitive processes has perhaps first been inferred from the pathological failures 
off  control resulting from damage to the frontal lobes. Frontal lesions often result in fail-
uress to prevent inappropriate actions, particularly when a task requires the patient to over-
ridee a habitual response. For instance, some frontal patients are impaired at looking away 
from,, rather than towards, a target stimulus, as is required in the antisaccade task (Fischer 
&&  Everling, 1998). A special case of failures to prevent inappropriate actions constitutes a 
behaviorall  phenomenon commonly known as "utilization behavior": the inability, often 
associatedd with frontal lobe damage, to inhibit action patterns from being triggered by the 
sightt of the object with which they are habitually associated. Other behavioral deficits (see 
alsoo Monsell, 1996) include the tendency to perseverate, which is manifest in the patient 
persistingpersisting in a now-inappropriate response pattern; failures to voluntarily initiate an ap-
propriatee action; distractibility, an impairment in the control of attention; and failures to 
carryy out a specific action despite repeated verbal acknowledgement of the intention to act. 
Thesee behavioral deficits indicate that damage to the frontal lobes may result in selective 
impairmentss not in any specific cognitive or behavioral domain, but rather in the organiza-
tionn and monitoring of a whole range of cognitive skills (see reviews by Duncan, 1986; 
Shallice,, 1988). However, for all the efforts to characterize the behavioral deficits thought 
too be attributable to "executive dysfunction" in frontal lobe patients, the search for a spe-
cificc test that is uniquely sensitive to frontal lobe damage has generally been unrewarding 
(Deliaa Sala, Gray, Spinnler, & Trivelli , 1998); many of the tests often referred to as "fron-
tal""  tests appear also sensitive to damage in other areas in the brain. 

ExperimentalExperimental psychology. Construct validity 
AA likely reason for the poor discriminant validity of many "frontal" tests is that 

theyy tap executive functions as well as multiple non-executive functions, such that task 
performancee may be disrupted in many ways (see Burgess, 1997; Pennington, Bennetto, 
McAleer,, & Roberts, 1996). To arrive at a relatively pure measure of executive function, 
onee can attempt to eliminate the contribution of construct-irrelevant influences through 
taskk manipulations and various types of experimental control. Using this isolation ap-
proach,, experimental psychologists have developed several tasks with the aim of measur-
ingg executive processes. For example, many measures have been claimed to measure the 
abilityy to inhibit processing of perceptual items and production of responses that are ir-
relevantt to the current goal. These measures include the number of intrusions from exter-
nall  items in free recall, the amount of interference from previously ignored items, the per-
formancee cost in detecting targets at a recently attended location, and the famous Stroop 
effect.. However, Rabbitt (1997; 2001) and others have pointed out that the "inhibition" 
conceptt has been overextended to cover an implausibly wide range of functions or meas-
ures.. That is, according to Rabbitt (2001), "... imprecision of the common-language use of 
thee word "inhibition" has encouraged misleading analogies between quite disparate func-
tionall  processes" (pp. 7; see also McDowd, 1997). Some of these effects may actually 
arisee as a result of a reflexive (or reactive, cf. Logan, 1994) rather than executive, type of 
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inhibition,, by which we mean a non-intended side effect or residual effect of executing 
somee process that must be overcome by concurrent or subsequent processes. However, 
evenn some skills that at a phenomenological level appear to require the intentional, top-
downn suppression of perceptual information or habitual responses, such as the ability to 
minimizee Stroop interference and the ability to generate saccades away from a sudden on-
set,, can be formally modeled without incorporation of any process that resembles "top-
downn inhibition" (e.g., Cohen et al., 1990; Kimberg & Farah, 1993; Trappenberg, Dorris, 
Munoz,, & Klein, 2001). This raises questions about the construct validity of a construct 
suchh as "top-down inhibition". On the other hand, top-down inhibition may be a valid con-
structt in specific cases, such as the "stop-signal inhibition" process proposed to play a cru-
ciall  role in witholding a response when necessary (Logan, 1994). 

Anotherr aspect of the construct validity of measures of executive processes is 
addressedd by examining the intercorrelations between performance scores on tasks de-
signedd to measure the same executive process. Construct validity would be established if 
differentt variables constructed to measure the same executive process would correlate sig-
nificantlyy with each other but not with variables hypothesized to measure other constructs. 
Unfortunately,, there is not much evidence for this type of construct validity for measures 
off  executive processes, since the correlations among these measures are predominantly 
loww and usually not higher than the correlations with variables hypothesized to measure 
otherr types of processes (e.g., Duncan, Johnson, Swales, & Freer, 1997; Rabbitt, 1997). 
Thiss may even be true for correlations between scores on different versions of the same 
task.. For instance, as described in more detail below, Shilling, Chetwynd, and Rabbitt (in 
press)) gave four different versions of the Stroop task to a group of older participants and 
foundd no evidence that a specific participant's amount of Stroop interference in one task 
versionn was predictive of this participant's Stroop interference in another task version. 

Thus,, even with the controlled procedures available to experimental psycholo-
gists,, it turns out to be difficult to develop a specific task that yields a relatively pure 
measuree of inhibition or other executive processes. Despite many valuable contributions, 
thee neuroscientific approach to the study of executive processes (i.e., studying brain acti-
vationn patterns as a function of experimental manipulations) is often subject to very similar 
limitations.. As is the case for behavioral measures, differential patterns of brain activity 
aree often directly interpreted in terms of the cognitive processes reflected by these pat-
terns.. Nonetheless, the nature of these processes is not rarely inferred on the basis of a 
ratherr superficial task analysis, rather than on the basis of a detailed, mechanistic model of 
processingg in that particular task. Without the support of a process model, it is also diffi -
cultt to draw firm conclusions about whether a brain area activated in an "executive task" 
implementss the actor of executive control or is a target of the effects of control, which is 
itselff  exerted elsewhere (see, e.g., Cohen, Botvinick, & Carter, 2000). 

Twoo potential solutions to these methodological and conceptual problems are (1) 
thee development of formal models of executive processes, in which processing principles 
aree made computationally explicit; and (2) the consideration of the possibility -
representingg a recurrent theme in this thesis- that executive processes do not become 
manifestt as a systematic pattern of purported absolute limitations -as measured by average 
performancee on specific "executive tasks"--, but rather as within-task or between-task 
variabilityy of performance due to repeated failures of control initiation. These two topics 
wil ll  be discussed next. 
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1.1.2.. Models of cognitive control 

VerbalVerbal models of cognitive control 
Thee first models of cognitive control were rather descriptive by nature; they pri-

marilyy identified the need for a control mechanism and tried to characterize the situations 
inn which control is recruited (e.g., Baddeley, 1986; Norman & Shallice, 1986; Shiffrin & 
Schneider,, 1977). For instance, Norman and Shallice (1986) proposed a model of execu-
tivee control based on the production-system architecture. The to-be-controlled entities in 
thiss model are called "thought and action schemata", specialized routines for performing 
individuall  tasks that can be triggered into action by the presence of appropriate conditions 
ass defined in a database with if-then statements. Multiple schemata may be activated si-
multaneouslyy by different trigger conditions, suggesting the need for a mechanism to pre-
ventt response conflict and errors. Norman and Shallice's model uses a "contention-
scheduling""  mechanism to help prevent such conflicts. This mechanism operates by means 
off  lateral inhibition between competing schemata, as a result of which the strongest acti-
vatedd schema takes control in a winner-takes-it-all fashion. However, to enable the system 
too react flexibly, that is in ways other than those defined in the if-then trigger database, 
Normann and Shallice propose a second, higher-order, level of control called the Supervi-
soryy Attentional System (SAS). The SAS has access to the overall goals of a person, and, 
inn novel, dangerous, or highly competitive situations, may intervene by inhibiting or acti-
vatingg the appropriate schemata. In other words, executive control of the SAS is necessary 
inn situations in which the automatic processes of the contention-scheduling mechanism are 
inadequatee with respect to goal-directed behavior. 

ComputationalComputational models of control. Getting rid of the "homunculus" 
Althoughh conceptions of cognitive control as the SAS or other powerful unitary 

controll  mechanisms as the Central Executive (Baddeley, 1986) have strongly influenced 
thee way of thinking about information processing in general, they do not provide very de-
tailedd accounts of the mechanisms by which control processes exert their influence over 
informationn processing and the mechanisms by which control is recruited. At a certain cost 
off  generality, some more recent models of control manage to be much more computation-
allyy explicit about the principles of control recruitment and intervention. These models are 
oftenn constructed to account for performance characteristics in a specific task (i.e., rather 
thann in the whole domain of tasks requiring executive processes), although some of these 
modelss can, with a minimal amount of adjustments, account for performance across a 
rangee of seemingly different tasks (see for example Kimberg & Farah, 1993). Naturally, a 
detailedd discussion of many computational models of control is beyond the scope of this 
chapter,, so below I discuss a few models which illustrate some important computational 
principles. . 

AA particularly illustrative model for understanding cognitive control in conflict 
situationss is Cohen, Dunbar and Servan-Schreiber's (1990) connectionist model of the 
Stroopp task. The model consists of two partially overlapping, feedforward processing 
pathways:: one for processing color information, and one for processing word information. 
Thee two pathways, each modeling one set of S-R mappings, have separate input and in-
termediatee units but converge on the same response units. A stimulus is modeled as a pat-
ternn of activation across the input units, which then propagates forwards through the net-
workk as a function of the connection weights. A response occurs when the activation of 
onee of the response units reaches a pre-set threshold. The relative strength of the S-R 



Introduction Introduction 9 9 

mappingss (i.e., word reading is a habitual response to a presented word whereas naming its 
inkk color is not) is modeled by stronger connection weights in the word-reading pathway. 
Thus,, in the absence of modulatory output, the model responds preferentially to the word 
input.. However, to overcome this tendency in the crititical condition of a Stroop experi-
ment,, the model incorporates a set of "task demand" units, which are connected to the hid-
denn units in both pathways, and whose contribution is to add additional activation to the 
relevantt (i.e., color naming) pathway. As a result, a signal presented to the color-naming 
pathwayy is able to overcome the otherwise dominant response mediated by the word-
namingg pathway. Moreover, the degree of modulatory input from the task demand units is 
modeledd in a way to ensure that the relative strength of the word-naming pathway is still 
suchh that there will be substantial interference at the response unit level — resulting in the 
Stroopp effect. 

Inn Cohen et al.'s (1990) Stroop model, control is exerted by a module which 
somehoww knows what the relevant task is, and which biases the usual flow of information 
processing.. Note that these are some of the properties of the SAS in Norman and Shallice's 
(1986)) model. However, the specific benefit of Cohen et al.'s computational model is that 
itt can quite accurately simulate a host of benchmark phenomena from the Stroop literature 
includingg the well-known pattern of asymmetrical interference and the effect of practice. 
Anotherr attractive feature of the model is that contextual information (i.e., about the rele-
vantt task) is represented in the same way as other information, namely as a pattern of acti-
vationn across a set of units. Likewise, modulation of processing by this contextual informa-
tionn and other information processing is all accomplished via the same type of pathways. 
Inn other words, the "control module" has no special status in the model. Importantly, mod-
elss with essentially the same computational principles have been successful in simulating 
performancee in other cognitive control tasks such as the Eriksen flanker task (Cohen, Ser-
van-Schreiber,, & McClelland, 1992). 

Kimbergg and Farah (1993) simulated the Stroop effect using a production-system 
model.. Their simulation consisted of two production rules, one for color naming and one 
forr word naming. If, as in the case of a Stroop stimulus, both production rules are activated 
(ass is likely since the two stimulus attributes match with conditions in each of the produc-
tionn rules), the most active production rule is executed. The activation of each production 
rulee is partly determined by its baseline activation, which is set higher for the rule associ-
atedd with the highly practiced task of word naming, so that in the absence of control input 
thee word-naming rule is always executed. In addition, activation is added from working-
memoryy elements that match with conditions specified in the production rules. These 
working-memoryy elements, which themselves gain more activation through their connec-
tionn with other working-memory elements, consist of stimulus-attribute elements (i.e., the 
stimulusstimulus is in red ink) and goal elements (i.e., name the color attribute). In the critical 
Stroopp condition, control is exerted by strengthening the connection between the relevant 
stimulus-attributee elements and goal elements. As a result of the strenghtened connection, 
thee goal element of word naming will receive more activation from activation of the color-
attributee element, and this increase in activation will tend to sufficiently prime the word-
namingg production rule. Although this model is much simpler and less powerful than the 
connectionistt model discussed above, there is a striking similarity in the conceptual logic 
off  the two models. Furthermore, the simplicity of the production-system model allows it to 
bee easily adjusted for the simulation of a wide range of "executive" tasks (Kimberg & 
Farah,, 1993). 

Thee two models discussed above, and in fact most computational models of con-
trol,, focus on the nature of the influence exterted by control. They are not explicit about 
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thee way in which control is recruited; the model somehow "knows" that control is re-
quired,, as for instance on incongruent trials in thee Stroop task and Eriksen flanker task. As 
Botvinickk et al. (2001; see also Braver & Cohen, 2000) have argued, the lack of an acount 
off  how the intervention of control is brought about is problematic, for it implies a "ho-
munculus""  ~ a littl e person, residing in the brain, that does all the important decision-
making.. In order to deal with this homunculus problem, Botvinick et al. have proposed 
thatt the cognitive system determines the need for control, at least in part, through monitor-
ingg for conflicts in information processing. Such conflicts occur, for instance, when a 
stimuluss affords two competing response tendencies. It is important to note that conflict is 
nott detected by a new homunculus but is instead computed as a simple, multiplicative 
functionn of the activation in competing response pathways (see for a more detailed discus-
sionn the section 'Error detection or conflict monitoring?' below). Botvinick et al. report a 
numberr of simulations in which the conflict signal is utilized by the cognitive system in 
orderr to guide the allocation of executive control. For instance, if in the Eriksen flanker 
taskk (see Chapter 6 for a description of this task) attention is not sufficiently focused on 
thee central stimulus element, then incongruent flanker elements will tend to activate the 
incorrectt response. If this results in the concurrent activation of two competing responses, 
thee resulting conflict signal will be used to intensify the focus of attention on the subse-
quentt trial. This mechanism —conflict leads to increased control which in turn leads to 
reducedd conflict— accounts for systematic variations in control, such as the finding that 
interferencee effects tend to be smaller on trials following incongruent trials, and the trial-
typee frequency effect in the Stroop task, that is, the finding that the Stroop effect is re-
ducedd if incongruent trials are frequent relative to congruent trials. 

1.1.3.. Control failures 

AbsoluteAbsolute vs. probabilistic control limitations. An illustration 
Dee Jong, Berendsen, and Cools (1999) have suggested that many "interference 

effects""  (i.e., the performance cost associated with conflict between competing response 
tendenciess or task sets) that have traditionally been interpreted in terms of absolute limita-
tionss to what cognitive control can achieve, may actually be caused by failures to consis-
tentlyy utilize cognitive control when it is needed. I will refer to this theoretical distinction 
ass absolute vs probabilistic control limitations. An interesting illustration of the relevance 
off  this distinction can be taken from the task-switching literature. In the typical version of 
thee task-switching paradigm, subjects switch back and forth between two tasks afforded by 
thee same stimulus. For instance, subjects may be required to alternate between responding 
too the ink color and word identity of a classical Stroop stimulus (Allport, Styles, & Hsieh, 
1994).. The robust performance cost that is associated with a change of task, compared to a 
taskk repetition, is called the "switch cost". The switch cost is reduced by the opportunity to 
preparee for the change of task in advance of the task stimulus (Meiran, 1996), but there 
remainss a "residual cost" that resists reduction by further opportunity for preparation 
(Rogerss & Monsell, 1995). 

Att first sight, this stubborn interference effect of having recently performed a 
competingg task, seems to demonstrate an absolute limitation to the ability to achieve a 
preparedd state by fully endogenous means. Indeed, Rogers and Monsell (1995) have at-
tributedd the residual cost to a component of the preparatory control process that can only 
bee inititated by exogenous means (i.e., when triggered by the stimulus). However, on the 
basiss of properties of the RT distribution of trials thought to be associated with a consis-
tentt residual cost, De Jong (2000) has proposed a fundamentally different explanation. 
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Accordingg to De Jong, these distribution properties suggest that people do not prepare on 
aa considerable proportion of the trials. Obviously, this hampers performance. But //they 
preparee and have sufficient time to do so —that is, on the remaining proportion of the tri-
als-- RTs are no different than those obtained on task-repetition trials. Thus, according to 
Dee Jong, the residual switch cost does not reflect an absolute preparatory limitation, but 
ratherr the (probabilistic) contribution of trials on which people do not initiate the prepara-
toryy control process1. For modeling and empirical results that support De Jong's claim, I 
referr to De Jong (2000; see also Nieuwenhuis & Monsell, in press; see Chapter 4). Other 
interferencee effects that have been attributed, at least in part, to probabilistic control limi-
tationss include the Stroop effect (De Jong et al., 1999) and the increased latency of an-
tisaccadess (Nieuwenhuis, Ridderinkhof, De Jong, Kok, & Van der Molen, 2000; see Chap-
terr 2). 

IntentionIntention activation, goal activation 
Followingg Duncan and colleagues (Duncan, 1995; Duncan, Emslie, Williams, 

Johnson,, & Freer, 1996), De Jong et al. (1999) proposed an intention-activation account of 
probabilisticc control limitations. According to this account, effective recruitment of cogni-
tivee control requires an explicit goal or intention (i.e., to exert control) to be added to the 
basicc goal structure that governs task performance (Duncan, 1995), and retrieval and the 
carryingg out of this intention at the proper time. Failures of this process, which is here re-
ferredd to as intention activation (Chapter 2) or goal activation (Chapter 3), may result in a 
behaviorall  phenomenon called goal neglect, defined by Duncan et al. (1996) as disregard 
off  a task requirement even though it has been understood and remembered. This phe-
nomenonn is characteristic of patients with frontal lobe damage, but can, as is argued in 
Chapterr 3 (see also Duncan et al., 1996), also be observed in the normal population. Goal 
activationn failures may also explain performance problems in prospective-memory tasks 
(Brandimonte,, Einstein, & McDaniel, 1996; Duncan et al., 1996), in which subjects are 
explicitlyy required to cany out previously formed intentions at a later time. 

Iff  probabilistic control limitations are due to failures of a single goal-activation 
process,, we may ask whether it is possible to stimulate this process, for instance by in-
creasingg the benefits and reducing the cognitive effort associated with goal activation and 
maintenance.. The answer seems to be 'yes'. In the task-switching paradigm, the estimated 
probabilityy of failures to engage in advance preparation is reduced by conditions that 
shouldd minimize cumulative fatigue (De Jong, 2000), and by performance-related incen-
tivestives (Nieuwenhuis & Monsell, in press; see Chapter 4). The degree of probabilistic con-
troll  limitations is also reduced substantially by the use of an explicit response deadline 
(Eenshuistra,, Wagenmakers, & De Jong, 1999), explicit prompts (Duncan et al., 1996), 
andd instructions (Nieuwenhuis, Broerse, Nielen, & De Jong, submitted; see Chapter 3). 
Thiss suggests that the purported goal-activation process can also be stimulated by external 
feedbackk implicitly or explicitly stressing its importance. These and other factors that may 
influencee goal activation are extensively reviewed and discussed in Chapter 3. For now, it 
sufficess to note that according to the goal-activation account, executive (dys)function 
shouldd be most apparent in the form of variability of task performance both within and 
betweenn experimental tasks or task conditions. Within-task variability may arise as a result 
off  occasional goal activation failures. Between-task variability -even between seemingly 
highlyy similar tasks- may arise because of task differences in factors influencing goal ac-

11 Note that De Jong (2000) refers to probabilistic control limitations as "failures to engage" [in ad-
vancee preparation for a switch of task]. 



12 2 ChapterChapter 1 

tivation,, such as feedback, instruction and other easily neglected procedural and design 
features. . 

1.2.. Error processing 

1.2.1.. Types of errors 

Thee importance of cognitive control becomes especially apparent in those in-
stancess when performance breaks down. Reason (1990) made a useful distinction between 
twoo types of errors: mistakes and slips. That is, people commit errors either because they 
aree not sufficiently aware of the right action to perform (mistake), in which case they may 
realizee that they have made an error only through interaction with the environment; or they 
committ errors because for some reason they fail to carry out the intended action and in-
steadd carry out a wrong action (slip). In case of a mistake, efficient feedback may enable 
onee to learn from one's error and to prevent similar errors in the future. But, of course, 
evenn after a long period of learning one may still occasionally experience a "slip of action" 
(e.g.,, a "slip of the tongue" despite knowledge of how to pronounce the word or phrase). 
Experimentt 2 in Chapter 6 can be taken as an illustration of the dynamical trade-off be-
tweenn mistakes and slips in the course of learning. Another useful distinction can be made 
betweenn (1) slips as a result of lapses of attention or intention. (As discussed above, this 
typee of slips is associated with failures of goal activation); and (2) slips as a result of sys-
temtem limitations2. One way of evoking such slips is by asking subjects in a choice RT task 
too respond as quickly as possible. Whereas under normal circumstances, subjects would 
havee had no problems to choose the correct response on each trial, the speed regime re-
quiress the subject to respond before his cognitive system has accumulated sufficient in-
formationn about the presented stimulus and/or required response. It is this type of action 
slipp that constitutes the focus of Chapter 5 and 6 and of most of the research reviewed in 
thee present section. 

1.2.2.. Theory and database before the error-related negativity was discovered 

Thee existence of an error-monitoring mechanism in the brain has often been as-
sumed,, either implicitly or explicitly, in theories of cognition (e.g., Cooke & Diggles, 
1984,, Levelt, 1989; Norman & Shallice, 1986; Rumelhart, Hinton, & Williams, 1986). 
However,, until the 1990s there was very littl e evidence for the existence of an error-
detectionn or error-correction mechanism in the brain. The existence of such mechanisms 
wass primarily inferred from the demonstration of rapid error correction following errors of 
choicee in a RT task (e.g., Rabbitt, 1966) and from apparently compensatory behavior fol-
lowingg errors, such as a slowing of response RT immediately after an error (Rabbitt, 
1966).. However, the fact that we are able to correct our errors rather quickly, and are able 
too adjust our subsequent behavior in an appropriate manner does not necessarily entail the 
existencee of a specific error-detection mechanism. As Gehring and colleagues (Gehring, 
Goss,, Coles, Meyer, & Donchin, 1993) have pointed out, this error-related behavior could 
occurr without the presence of a specialized error-processing system: "The apparent correc-

22 It is important to note that the two categories of slips are not mutually exclusive; system limitations 
mayy be encountered earlier if attention is not focused or the intended action not sufficiently activated. 
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tionn could simply be a correct response produced in parallel with, but more slowly than the 
error.. Furthermore, a response on a trial after an error could be slow because of a persis-
tencee of the processing problem that caused the error" (pp. 385). 

1.2.3.. The error-related negativity (ERN) 

WhatWhat is it? Phenomenology 
Thee interest in the existence of a specialized error-monitoring system was highly 

stimulatedd by the discovery of a scalp potential that is elicited when human subjects com-
mitt errors in choice RT tasks (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991; Ge-
hringg et al., 1993). This EEG potential is especially evident in the ERP waveform, derived 
byy averaging EEG epochs that are time-locked to the erroneous response. It was labeled 
"error-relatedd negativity" (ERN) by Gehring, Coles, Scheffers, and colleagues (the Illinoi s 
group)) and "error negativity" (Ne) by Falkenstein and colleagues (the Dortmund group). 
Thee ERN is a rather sharp negative potential with maximum amplitude over fronto-central 
recordingg sites. Its peak amplitude is reached about 100 ms following the onset of EMG 
activityy leading to an erroneous overt response, but its onset may coincide with the first 
incorrectt EMG activity (Gehring et al., 1993). An ERN may also be observed after partial 
errors,, that is, erroneous response activation that is corrected before it leads to an overt 
errorr (e.g., Vidal, Hasbroucq, Grapperon, & Bonnet, 2000). An ERN-like wave may even 
bee observed on correct trials, but Coles et al. (2001) have argued that this "CRN" either 
representss the influence of stimulus-evoked components in the response-locked ERP, or 
cann be attributed to error processing on correct trials (e.g., when subjects have an incorrect 
representationn of the correct response). Interestingly, an ERN-like negativity has also been 
reportedd after feedback signaling that an error was made (Holroyd & Coles, submitted; 
Miltner,, Braun, & Coles, 1997; Nieuwenhuis et al., submitted; see Chapter 6). This feed-
back-lockedd ERN peaks around 200-300 ms after the onset of the negative feedback 
stimulus.. Using source localization techniques, several researchers (e.g., Dehaene, Posner, 
&&  Tucker, 1994; Holroyd, Dien, & Coles, 1998) have localized the source of the ERN 
(response-lockedd and feedback-locked) in or very near the anterior cingulate cortex 
(ACC),, which is part of the brain's limbic system. Neuroimaging studies (Carter et al., 
1998;; Kiehl, Liddle, & Hopfinger, 2000) and single-cell recordings in behaving monkeys 
(Gemba,, Sasaki, & Brooks, 1986) have provided corroborating evidence for the activation 
off  the ACC in association with errors. 

TheThe ERN: Antecedent conditions 
Thee ERN is elicited after errors irrespective of response modality (Holroyd, Dien, 

&&  Coles, 1998; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001; see Chapter 5) 
andd occurs after both errors of choice (e.g., incorrect response button) and errors of action 
(i.e.,, respond when you're not supposed to; Scheffers, Coles, Bernstein, Gehring, & Don-
chin,, 1996). ERN amplitude varies with the person's awareness of the required response 
(Schefferss & Coles, 2000), but appears to be unaffected by the degree of awareness of the 
actuall  erroneous response (Nieuwenhuis et al., in 2001). There is also evidence that the 
amplitudee increases with increasing muscle activity in the incorrect response hand (Schef-
ferss et al., 1996; but see Gehring et al., 1993), and with increasing number of incorrectly 
chosenchosen response parameters (Bernstein, Scheffers, & Coles, 1995). The Illinoi s group 
(e.g.,, Coles, Scheffers, & Holroyd, 2001) claims that the size of the ERN is positively cor-
relatedd with the degree of "remedial action" as evident in post-error slowing and immedi-
atee error correction, but the evidence for this claim seems to be somewhat limited (Ge-
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hringg et al., 1993; a trend in post-error RT in Scheffers et al., 1996), and discounted by 
conflictingg evidence (e.g., Gehring & Knight, 2000; Nieuwenhuis et al., 2001). 

Luu,, Collins, and Tucker (2000) have found that ERN amplitude also correlates 
withh certain affective personality measures. At the initial stage of their experiment, ERN 
amplitudess were larger in subjects who scored high on measures of negative-emotionality 
andd affect, suggesting that ERN amplitude may be related to the degree of distress experi-
encedd during error detection. The finding that ERN amplitude is higher in conditions in 
whichh instruction emphasizes accuracy over speed (Gehring et al., 1993) could also be 
takenn as evidence for an affective dimension of the ERN (see Luu, Collins et al., 2000), 
butt as will be explained below, there are at least two different, "cognitive" explanations for 
thiss finding (Coles et al., 2001; Yeung, Botvinick, & Cohen, submitted). Finally, abnormal 
ERNN amplitudes have been observed in several psychiatric patient groups: higher ERN 
amplitudess in patients with obsessive-compulsive disorder (Gehring, Himle, & Nisenson, 
2000),, and lower amplitudes in Parkinson (Falkenstein, Hielscher et al., 2001) and schizo-
phreniaa (Ford, 1999) patients. Schizophrenia patients also show a substantial ERN on cor-
rectt trials. Decreased ERN amplitudes in the context of a substantial "CRN" have also 
beenn reported for patients with frontal lesions (Gehring & Knight, 2000) and, but to a 
lesserr extent, for healthy individuals in older age (Band & Kok, 2000; Gehring & Knight, 
2000). . 

VerbalVerbal and computational "mismatch" accounts of the ERN 
Itt has been argued (e.g., Bernstein et al., 1995; Coles et al., 2001; Falkenstein et 

al.,, 1991) that the ERN reflects a process that compares a representation of a correct re-
sponsee with the actual response. The ERN amplitude reflects the degree of mismatch be-
tweenn these representations. This type of account is usually referred to as the "mismatch" 
accountt of the ERN. The representation of the actual response is likely to derive from a 
centrall  feedback system, since latencies of the ERN onset are too short to allow for exter-
nall  feedback. Obviously, we do not always wait with responding until all possible informa-
tionn about the appropriate response is available; in order to obey speed instructions, we 
usee whatever information is available at the time of the response. However, the mismatch 
detectorr makes use of the fact that continued stimulus processing tends to lead to an in-
creasinglyy reliable representation of the correct response. Motor commands leading to 
subthresholdd incorrect response activation (followed by the correct overt response) may 
alsoo be "efference copied" to the mismatch detector. This is one of the explanations for the 
occasionall  observation of an ERN on correct trials. Furthermore, Coles et al. (2001) as-
sumee that the representation of the correct response may also include temporal parameters 
off  the response, for instance when very fast responses are required. This assumption is 
neededd to account for the finding that correct responses that exceed a response deadline 
aree also followed by an ERN-like component in the EEG (e.g., Luu, Flaisch, & Tucker, 
2000).. Finally, the mismatch signal is hypothesized to form the input to a remedial action 
mechanism,, which is responsible for immediate error correction and strategic adjustments 
thatt reduce the likelihood of further errors. 

Ass mentioned above, this (verbal) mismatch account explains why an ERN oc-
curss on incorrect trials but also sometimes on correct trials. It also offers an explanation of 
thee correlation between size of the error and ERN amplitude. The generic nature of the 
proposedd mismatch detector explains why the ERN occurs for several response modalities 
andd types of errors. The relation between ERN amplitude and various other variables (e.g., 
fatigue,, speed-accuracy regime, stimulus degradation) is explained in terms of the effect of 
thesee variables on the quality of the representation of the correct response. 
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AA considerably more developed and refined version of the mismatch theory of the 
ERNN has recently been proposed by Holroyd and Coles (submitted). Importantly, their 
theoryy provides an integrated account of both response-related and feedback-related 
ERNs.. According to Holroyd and Coles' theory, the basal ganglia learns to predict the ex-
pectedd outcome —in terms of reward and punishment-- associated with various events (e.g., 
stimuli,, responses, or stimulus-response ensembles) on the basis of past experience with 
thosee events. Violations of these predictions lead to a phasic alteration in firing rate in the 
mesencephalicc dopamine system: a phasic increase if ongoing events are better than pre-
dicted,, and a decrease if they are worse than predicted. These error signals serve as a rein-
forcementt learning signal that is used by the basal ganglia to improve the quality of its 
predictions.. It does so according to the "temporal difference learning" rule (cf. Braver & 
Cohen,, 2000; Sutton & Barto, 1998; see Chapter 6), a heuristic rule for learning the earli-
estt predictors of future reward or punishment. However, the dopaminergic error signal is 
alsoo transmitted to the ACC and other brain areas, where it is used to reinforce response 
settingss and stimulus-response mappings. 

Thee ERN is assumed to be associated with the arrival of a "negative" dopaminer-
gicc error signal at the ACC. The larger the violation of the prediction, the larger the signal, 
thee larger the ERN. Thus, according to this view, if ongoing events are suddenly worse 
thann expected (e.g., because you emit an incorrect response to a stimulus that usually elic-
itss the correct response), the mesencephalic dopamine system carries a negative error sig-
nall  -reflecting the size of the error- to the ACC, where it elicits the ERN. In a choice-
responsee task with trial-to-trial feedback, feedback-locked ERNs can be observed after 
negativee feedback when a person does not know the stimulus-response mappings and 
hencee cannot predict the negative feedback on the basis of the response. However, as the 
personn learns the mappings (i.e., knows what response to give to each stimulus in order to 
obtainn positive feedback) the system transmits the negative error signal as soon as it de-
tectss that the wrong response has been selected. Holroyd and Coles have formalized their 
theoryy in a neural network model which can account for the pattern of human response-
andd feedback-related ERN amplitudes in a probabilistic learning task and in the Eriksen 
flankerr task (see Chapter 6 for a description of these tasks). Chapter 6 reports a replication 
off  many of these results in younger adults and an application of the model to age differ-
encess in ERN amplitudes. 

ErrorError  detection or conflict monitoring? 
Itt should be emphasized that error detection is not regarded as a function outside 

thee scope of cognitive control — nor in this thesis nor in the many publications on the 
ERN.. In contrast, it is treated as a special form of monitoring the demand for executive 
control,, and probably the single most important reason why it has received so much atten-
tionn is the discovery of the ERN. However, not all cognitive control researchers believe 
thatt the ERN reflects error detection per se (e.g., Botvinick et al., 2001). Indeed, there is 
evenn doubt as to whether the brain houses a specialized system for detecting errors at all! 

Cohenn and co-workers (Botvinick et al., 2001; Yeung et al., submitted) have re-
centlyy proposed an alternative theory of the ERN, according to which the ERN is a psy-
chophysiologicall  marker of response conflict. Using a simple connectionist network model 
off  the Eriksen flanker task, Yeung et al. argue that errors are usually associated with con-
flictt in the period following the erroneous response, the time window of the ERN. More 
specifically,, incorrect responses are characterized by the initial activation —as a result of 
noisee or input from flanker stimulus units in incongruent trials— of the response unit asso-
ciatedd with the incorrect response. This initial incorrect activation, which leads to the erro-
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neouss response, is followed by the activation of the correct response unit due to continued 
processingg of the stimulus. Importantly, in the model there is usually a brief period follow-
ingg erroneous responses during which both the correct and the incorrect response units are 
quitee strongly activated. During this period, response conflict, which is defined as the 
scaledd product of the activation of the two response units, is high, resulting in a large con-
flictt signal. This post-error conflict signal is the proposed account of the ERN. Finally, the 
conflictt signal (giving rise to the ERN) is computed in the ACC, an assumption that is 
consistentt with source modeling of the ERN and with a large neuroimaging database sup-
portingg the ACC's involvement in evaluating conflict situations (Botvinick et al., 2001). 

Yeungg et al.'s (submitted) conflict-monitoring model can account for several em-
piricall  results, including the relation between the ERN amplitude and speed-accuracy in-
struction,, and the finding that the ERN tends to be larger on congruent than on incongruent 
flankerr trials (Scheffers & Coles, 2000; see also Chapter 6). For instance, a greater empha-
siss on accuracy is modeled as an increase in the response threshold of the response units 
andd a relative increase in the activation of the input unit associated with central stimulus 
elementt (reflecting greater attentional focus). Simulations show that a greater attentional 
focuss leads to more rapid post-error build-up of activity in the correct response unit and 
hencee a larger ERN (consistent with Gehring et al., 1993). Despite the success in re-
evaluatingg the corpus of response-related ERN research in the context of the conflict-
monitoringg model, a major limitation of the conflict-monitoring model is that it does not 
explainn the feedback-related ERN. 

Itt turns out to be difficult to devise a method for testing between the conflict-
monitoringg hypothesis and the mismatch hypothesis of the response-locked ERN. The 
mismatchh hypothesis has to assume that the system "knows" that one of the responses is 
correct,, while the conflict-monitoring hypothesis does not require such an assumption, and 
thuss is in a sense more parsimonious. But apart from that, the predictions of the two hy-
pothesess seem very similar. Importantly, proponents of the mismatch hypothesis reason 
thatt if there is conflict, then there is activation of the incorrect response, and hence you 
shouldd observe an ERN. Also, because, unlike the conflict-monitoring account, the mis-
matchh account has not been formalized in its original form, it is hard to determine exact 
predictionss regarding the occurence, size, and latency of the ERN under various circum-
stances.. But Coles et al. (2001) have proposed a critical test between the two hypotheses. 
Thiss test involves creating two categories of trials that are equal in the amount of conflict, 
definedd as the product of EMG activation in the two response hands, but different with 
respectt to the correctness of the response. The conflict-monitoring hypothesis would ap-
pearr to predict that there should be a similar ERN in both categories of trials, but Coles et 
al.. report data showing a larger ERN after incorrect responses, suggesting a special status 
forr errors. However, this argument is based on the nontrivial assumption that EMG is an 
acceptablee single-trial measure of response activation, as featuring in the conflict-
monitoringg model. 

1.2.4.. The error positivity (Pe) 

Thee ERN is often followed by a slow positive potential with a centro-parietal 
scalpp distribution. This potential has been labeled "error positivity" and usually extends 
fromm around 200-500 ms after the response (e.g., Falkenstein et al., 1991). The Pe has 
receivedd much less attention than the ERN/Ne, probably because there has been some de-
batee as to whether the Pe may in fact be a delayed stimulus-related P3 visible in the re-
sponse-lockedd ERP (see Falkenstein, Hohnsbein, & Hoormann, 1995). If average response 
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latenciess are short (as is the case in many RT experiments), and a stimulus-related positiv-
ityy is indeed extended on incorrect trials (see Donchin, Gratton, Dupree, & Coles, 1988, 
forr some evidence), then the extended part of the P3 may indeed appear as a positivite 
wavee in the response-locked ERP. However, Nieuwenhuis et al. (2001; see Chapter 5) 
havee argued that there is sufficient evidence indicating that the P3 and Pe represent two 
separatee components. Yet, the scalp distribution, timing with respect to a significant event 
(i.e.,, an error), and morphology of the Pe are closely similar to those of the P3. This simi-
larityy has led several researchers to propose that the Pe and P3 may reflect the same func-
tionall  and biological process, but one is a reaction to a significant stimulus and the other a 
reactionn to a significant response event (e.g., Falkenstein, Hoormann, Christ, & Hohns-
bein,, 2000; Leuthold & Sommer, 1999). 

Nott much is known about the functional significance of the Pe. It is not related to 
immediatee remedial action, because it is visible on corrected and uncorrected error trials 
(Falkensteinn et al., 2000). However, as Falkenstein et al. (1991) have originally hypothe-
sized,, the Pe seems somehow related to awareness of an error having been made. Initial, 
indirectt support for this hypothesis comes from studies showing that the Pe (but not the 
ERN)) is absent in subjects who are under hypnosis (Kaiser, Barker, Haenschel, Baldeweg, 
&&  Gruzelier, 1997), and is strongly reduced following subthreshold (i.e., partial or EMG) 
errorss (Vidal et al., 2000). Nieuwenhuis et al. (2001; see Chapter 5) have more directly 
confirmedd the "awareness hypothesis" by showing that the Pe (but again not the ERN) is 
reducedd or absent after subjectively unrecognized response errors. Interestingly, Nieuwen-
huiss et al. also found that --like the Pe-- a consistent degree of post-error slowing is pre-
sentt after recognized errors but absent after unrecognized errors. This between-conditions 
correlationn between the presence or absence of the Pe and the presence or absence of post-
errorr slowing led us to suggest that the processes reflected in the Pe, but not the ERN, may 
bee causally related to the activity of a remedial action system. 

1.3.. Control failures, error processing, and cognitive aging 

1.3.1.. "Complexity effects" in cognitive aging research 

Theree are specific problems with the interpretation of results from between-group 
comparisons,, such as the comparison between a group of younger and older adults. I will 
brieflyy discuss one of these problems before turning to studies of cognitive control in older 
age. . 

Agingg is associated with a slowing of mean response times and an increase in the 
variabilityy of mean response times (e.g., Rabbitt, 1993). An increase in task difficulty or 
complexityy due to experimental manipulation increases response times more for older 
adultss than for younger adults. This effect can be nicely demonstrated by means of a 
Brinleyy plot, a scatter plot showing mean response time for older adults against mean re-
sponsee time for younger adults for a range of tasks or task conditions which differ in com-
plexityy (Brinley, 1965; Ratcliff, Spieler, & McKoon, 2000). Across a wide range of condi-
tions,, the mean response times for younger and older adults are generally linearly related, 
andd the function relating the two has a slope around 1.5 and a negative intercept. A slope 
greaterr than 1 indicates that each next level of difficulty slows older adults' response times 
moree than it does younger adults' response times, and thus reflects an age-related increase 
inn variability of mean response times (Ratcliff et al., 2000). Furthermore, such Brinley 
plotss indicate that mean response time for older adults can be accurately predicted from 
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meann response time for younger adults without reference to the specific processes in-
volvedd in any individual task. Indeed, the finding that response time pairs can often be 
nicelyy fitted by a simple one-parameter function has led some researchers to suggest that 
nearlyy all of the age differences in response times are attributable to the operation of a 
singlee "global slowing" factor (or "generalized slowing" factor; Cerella, 1985; Myerson, 
Hale,, Wagstaff, Poon, & Smith, 1990; see Ratcliff et al., 2000, for a critique) 

Thee Age X Complexity interaction illustrated by Brinley plots has important con-
sequencess for the interpretation of age differences in performance on most tasks designed 
too measure cognitive control functions. To take up the example of "inhibition tasks" once 
more,, in such tasks it is usually expected that older adults display a larger interference 
(e.g.,, Stroop) effect than do younger adults. However, the nature of the Age X Complexity 
interactionn will ensure that age will always increase response times in the (more difficult) 
interferencee condition more than it will increase response times in the (easier) baseline 
condition.. Thus, across many paradigms used to measure cognitive control functions, evi-
dencee for a control deficit is also qualitatively consistent with global slowing (cf. Spieler, 
2001).. This problem is often dealt with by using parameters of the Brinley function as es-
timatee of global slowing, and then testing whether performance of older adults on individ-
uall  (e.g., control-related) variables deviates significantly from these parameters. In other 
words,, the Brinley function is taken as null-hypothesis. Although this approach may in 
manyy cases be reasonably appropriate and conservative, there are several ifs and buts. For 
instance,, some researchers (e.g., Meyerson et al., 1990) have suggested that the Age X 
Complexityy interaction may be best described by a power function rather than a linear 
function.. To the extent that this is the case, taking a linear function as null-hypothesis will 
increasee the probability of accepting the alternative hypothesis (i.e., disproportial slowing 
off  older adults), especially for tasks with high-difficulty levels. Furthermore, the power of 
takingg the Brinley plot to derive a conservative null-hypothesis is dependent on the quality 
off  the fit of a linear function and of the number of variables on which the fit is based (see 
Perfect,, 1994). 

Inn Chapter 2, an approach is used that circumvents many of these limitations. 
Usingg hierarchical regression analysis, the proportion of age-related variance in our vari-
ablee of interest that is not shared by age-related variance in a variable hypothesized to 
measuree basic speed of processing is examined. As the use of proportional response times, 
thiss approach serves to control for global slowing of older adults' response times, but in a 
wayy that is more theory-neutral. In Chapter 2, the technique is described in more detail. 
Forr an extensive comparison of techniques such as hierarchichal regression analysis and 
structurall  equation modeling in the context of developmental and aging research, the 
readerr is referred to Span, Ridderinkhof, and Van der Molen (submitted). 

1.3.2.. Aging and cognitive control. Issues in interpreting experimental data 

Inn this section, I briefly discuss three (of many) theoretical issues that are of rele-
vancee to the interpretation of experimental data regarding age differences in cognitive con-
trol. . 

SpecificSpecific control deficits versus global slowing 
Givenn the nature of the Age X Complexity effects discussed above, an important 

questionquestion is whether the increased interference effects reported for older adults are the con-
sequencee of specific control deficits or should be largely attributed to global slowing. For 
instance,, Salthouse and Meinz (1995) found that age-related variance in the Stroop effect 
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largelyy overlapped the variance associated with measures of processing speed, suggesting 
thatt age-related decline in Stroop performance may not reflect decline of inhibitory control 
mechanismss but rather of basic processing speed. Verhaeghen and De Meersman (1998) 
reachedd a similar conclusion in a meta-analytic study of the Stroop effect in aging. Using 
dataa from 20 relevant Stroop studies, Verhaeghen and De Meersman found no age differ-
encess in the Stroop effect expressed as mean standardized difference. Several other studies 
havee nevertheless reported evidence in favour of a specific-deficit account of age differ-
encess in Stroop performance (e.g., Hartley, 1993). The critical issue seems to be the 
methodd that is used to assess the source of age differences (see for a discussion McDowd 
&&  Shaw, 1999). Brinley analyses, hierarchical regression analyses, and other methods each 
leadd to different conclusions, suggesting that the primary need is for theorists to identify 
thee method that is most suited to study the issue of global slowing versus "local" slowing. 
Forr other task domains, there is similar confusion as to whether older adults' performance 
deficitss are most adequately characterized as originating from specific or general cognitive 
deficitss (see, e.g., McDowd & Shaw, 1999). Of course, the truth may lie somewhere in 
betweenn with variation in a single cognitive factor being responsible for most of the age-
relatedd variance in executive function measures, but age-related variability in other, more 
specificc factors responsible for the remaining "unique" age-related variance — provided 
thatt methods are sufficiently sensitive. 

GeneralGeneral intelligence (g) as mediator of age effects 
Apartt from basic processing speed, general intelligence or g has also been pro-

posedd as an important mediator of age-related changes in executive task performance. For 
instance,, Rabbitt (1997) reports a study in which a group of more than 600 adults, aged 
60-86,, was tested on a battery of tests of executive function. The significant though mod-
estt (i.e. r = .3 to .45) correlations between scores on logically similar tests were almost all 
reducedd to non-significance after variances associated on intelligence tests, such as the 
Culturee Fair Test, were partialled out. Thus, in this group of healthy, independent older 
adults,, associations between scores on executive tests could be almost entirely accounted 
forr in terms of their common loadings on intelligence test scores or with their common 
loadingss on Spearman's g-factor (see Duncan, 1995). Similarly, Shilling et al. (in press), 
ass mentioned above, evaluated younger and older adults' performance on four different 
versionss of the Stroop task. They found that if individuals were grouped in terms of intel-
ligencee test scores, then a particular group's performance on one of the Stroop task ver-
sionss was predictive of this group's performance on the other Stroop task versions. This 
wass not true if individuals were grouped in terms of their biological age. Importantly, in-
telligence-testt scores are also a powerful mediator of age effects on simple tests of mem-
oryy and information-processing speed (see Rabbitt, 1993). This suggests that a large part 
off  the age-related variance in performance on any cognitive task may be explained in 
termss of a single cognitive factor - a factor that is significantly associated with successful 
performancee on general intelligence tests (see Duncan et al., 2000). 

GoalGoal activation 
Duncann and colleagues (Duncan et al., 1996; 1997) reported that individual dif-

ferencess in g could well account for interindividual variation in a measure of goal neglect 
obtainedd in a prospective memory task. On the basis of this finding, they proposed that g 
mayy be closely associated with the efficiency of the goal-activation function discussed 
above.. If this is the case, then the finding that general intelligence scores pick up most of 
thee age-related variance in performance on a wide variety of cognitive tasks supports the 
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hypothesiss --central in this thesis- that the goal activation concept is crucial to understand-
ingg age differences in cognitive function (see also De Jong, 2001). The evidence in favor 
off  this hypothesis, suggesting that age differences on many executive tasks are due to 
probabilisticc control limitations that can, in principle, be overcome, will be reviewed ex-
tensivelyy in Chapter 3. 

1.3.3.. Aging and cognitive control. Neurobiological models 

Inn this section, I briefly discuss two, related, neurobiological models of cognitive 
agingg that are especially relevant to the development of cognitive control processes in 
olderr age. 

TheThe frontal cortex model of cognitive aging 
Particularr parts of the brain "age" faster than others. The clearest evidence for 

thiss relates to age-related changes in the frontal cortex (see for reviews Raz, 2000, Van der 
Molenn & Ridderinkhof, 1998; West, 1996). In older adults, prefrontal cortex shows a 
greaterr loss of cortical volume and greater cell loss than other brain areas. These losses 
havee been attributed to either neuronal shrinkage or reduction in synaptic density. In addi-
tion,, the older brain shows more pronounced decreases in blood flow in prefrontal cortex 
thann in posterior regions of the cortex, as measured with brain-imaging techniques. For 
example,, reduced prefrontal activation has been observed in working-memory tasks and 
attentionn tasks. This type of neurobiological evidence has often been cited to support be-
haviorall  results of older adults that suggest more pronounced processing impairments on 
testss thought to rely on the integrity of the frontal lobes (see West, 1996). But we should 
bee wary about this kind of theorizing. First, as discussed above, the construct and dis-
criminantt validity of many of these so-called "frontal" tasks is unclear (e.g., Nieuwenhuis 
ett al., submitted; see Chapter 3; Rabbitt, 1997), leaving the possibility that the age differ-
encess should be (partly) ascribed to aging of other brain areas. Second, gradually a more 
sophisticatedd and differentiated picture of frontal lobe structure and function is emerging 
inn the literature. It may well be that aging affects some frontal structures and functions 
moree than others (see, e.g., Phillips & Delia Sala, 1996). And third, there are also many 
exampless of neuroimaging experiments that indicate age-related reductions in frontal-lobe 
activationn that are not more frequent or severe than age-related reductions in activation 
elsewheree in the brain (for review, see Grady, 2000). Indeed, there are also reports of 
greatergreater activation in frontal cortex in older than in younger adults. These age-related in-
creasess in frontal activation in some (mostly working-memory) tasks have been attributed 
too increased recruitment of executive control functions to compensate for an age-related 
losss of efficiency of other cognitive functions (such as memory storage; see, e.g., Reuter-
Lorenzz et al., 2001). Thus, although the frontal cortex model of cognitive aging is well-
supportedd by several lines of evidence and will continue to play a dominant role in cogni-
tivee aging research, the reality is likely to be more complex than is often thought, with 
differentiall  reductions in older adults' brain activity dependent on the type of task and on 
otherr brain areas interacting with frontal cortex. 

AA dopamine model of cognitive aging 
Normal,, healthy aging is associated with changes in a variety of neurotransmitter 

systems,, including dopaminergic, cholinergic, and serotinergic systems. The age-related 
declinee in dopaminergic function seems to be best-documented. For instance, Backman et 
al.. (2000) found an age-related deterioration of dopaminergic receptor binding in striatal 
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structures.. Importantly, statistical control of this variable eliminated the age-related varia-
tionn in performance of a number of cognitive tasks, suggesting that dopaminergic trans-
missionn is an important factor in age-related cognitive decline. Furthermore, Kaasinen et 
al.. (2000) reported significant age-related loss of dopamine receptors in various brain ar-
eas,, especially in the frontal cortex. In monkeys, age-related decreases in neurotransmitter 
concentrationn are most pronounced for dopamine in the prefrontal cortex (see Goldman-
Rakicc & Brown, 1981). Thus, the decline with age in functional efficiency of prefrontal 
cortexx may be partly mediated by reduced efficiency of the dopaminergic system, in pre-
frontall  cortex and in brain areas that interact with prefrontal cortex. 

Givenn the important role of dopamine in cognitive control processes (see, e.g., 
Braverr & Cohen, 2000; Cohen & Servan-Schreiber, 1992), it is not surprising that recently 
theree have been some attempts to relate cognitive-control inefficiency in older adults to 
changess in dopaminergic function. For instance, Braver et al. (in press) used the Braver 
andd Cohen model of the AX-CPT task to generate predictions about the performance of 
olderr adults in this task. The results were consistent with a theory posing that older adults 
aree impaired at the updating and active maintenance of context information. In the Braver 
andd Cohen model, these processes are driven by dopaminergic reinforcement learning sig-
nals,, and in similar models (Cohen & Servan-Schreiber, 1992) degradation of context rep-
resentationss has been modeled by a model parameter corresponding to the neuromodula-
toryy effects of dopamine in prefrontal cortex. Also, Nieuwenhuis et al. (submitted; see 
Chapterr 6) have recently shown that the age-related decline in learning rate, and in re-
sponse-- and feedback-related ERN amplitudes in a probabilistic learning task can be mod-
eledd by manipulation of a single parameter in Holroyd and Coles' (submitted) model of 
errorr processing. This parameter corresponds to a weakening of the dopaminergic rein-
forcementt learning signal which is used to select and reinforce adaptive behaviors. Finally, 
Lii  and Lindenberger (1999) have reported a set of computational simulations that relate 
aging-inducedd deterioration of catecholinergic systems (among which the dopaminergic 
system)) to several benchmark phenomena of aging, such as increases in mean response 
timee and interindividual variability of response times, and the dedifferentiation of ability 
structuress (see Li and Lindenberger, 1999). 

Becausee dopamine theories are relatively new in cognitive aging research, it re-
mainss to be seen to what extent these theories will become subject to similar criticisms as 
frontal-lobee theories of cognitive aging. However, a virtue of dopamine theories is that 
theyy do not focus on a single structure in the brain, but instead place emphasis on the in-
teraction,, via dopaminergic pathways, between brain structures. Furthermore, although the 
neuromodulatoryy effects of dopamine may be similar in different parts of the brain, the 
functionall  consequences of such effects may be quite different in each context. If it turns 
outt that many cognitive aging phenomena can be explained by a single neurobiological 
system,, it seems feasible that such a system will , like the dopamine system, be complex 
bothh in structure and function. 

1.3.4.. Aging and error detection 

Virtuallyy nothing is known about possible age differences in error-related proc-
essing.. In choice-reponse tasks and other rather simple tasks such as the Eriksen flanker 
task,, older adults detect and correct as many of their errors as young adults (Falkenstein, 
Hoormann,, & Hohnsbein, 2001; Rabbitt, 1979). Despite the absence of age differences at 
thee behavioral level, several studies have reported reduced response-related ERN ampli-
tudess for older adults (Band & Kok, 2000; Falkenstein, Hoormann et al., 2001; Gehring & 
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Knight,, 2000). Falkenstein, Hoormann et al. (2001) emphasized that older adults' other 
ERPP components generally showed no reduction in amplitude (see also Chapter 6). Fur-
thermore,, an analysis of ERN measures in single-trial epochs, led these authors to con-
cludee that "the [Ne] amplitude effect [of age] may be slightly enhanced by a larger latency 
variancee in the elderly, but it is certainly not due to or enhanced by the absence of the Ne 
inn the elderly in some of the trials, since the amplitude variance was lower in the elderly 
thann in the young" (pp. 261). For lack of a real explanation of the ERN amplitude effects, 
Falkensteinn and colleagues conclude that their data suggest an alteration of error detection 
inn the elderly. Likewise, Band and Kok conclude that older adults discerned a smaller pro-
portionn of their errors than younger adults. However, the relation between ERN amplitude 
andd subjective recognition of an error may not be as straightforward as is often assumed. 
Chapterr 6 offers a "neurocomputational" explanation for age differences in response- and 
feedback-relatedd ERN amplitudes. As mentioned above, it is proposed that dopaminergic 
reinforcementt learning signals, corresponding to a phasic alteration in firing rate of the 
mesencephalicc dopamine system and generating the ERN at their arrival in the ACC, are 
weakenedd in older age. 

1.4.. Outline of thesis. Publications and co-authors 

Apartt from this introduction (Chapter 1) and a short summary (Chapter 7), this 
thesiss consists of five chapters reporting empirical and modeling work (Chapter 2-6). 
Chapterss 2, 3, and 4 focus on executive control processes and probabilistic limitations of 
control.. Chapter 2 reports a study of age differences in antisaccade task performance and 
providess an initial attempt to distinguish between absolute "inhibitory" limitations and 
failuress of intention activation in healthy older adults. In Chapter 3, these results are re-
viewedd together with other aging studies in the field of oculomotor control. This review 
servess as illustration for the explanatory power of the concept of goal activation in the 
studyy of executive function. The "goal activation" theoretical framework is further evalu-
atedd on the basis of antisaccade performance results from two DSM-IV groups: first-order 
schizophreniaa patients and patients with obsessive-compulsive disorder. Using modeling 
off  data from two task-switching experiments, Chapter 4 tests an hypothesis regarding 
probabilisticc limitations to the endogenous configuration for a switch of task. Each of 
thesee three empirical chapters focuses on one or several experimental factors that may 
influencee the proportion of goal activation failures. 

Chapterss 5 and 6 deal with the evaluative side of cognitive control and in particu-
larr with the monitoring and processing of errors. Chapter 5 tries to further our understand-
ingg of the functional significance of the error-related negativity and error positivity by ex-
aminingg how these ERP components are related to awareness that an error was made. The 
relationn between these error-related components and adjustments in response behavior 
afterr errors is also discussed. Chapter 6 is concerned with age differences in error process-
ing.. On the basis of results from two ERP experiments and simulations using a computa-
tionall  model of error processing, an explanation of age differences in ERN/Ne amplitude 
iss proposed. 

Thee five empirical chapters have each been submitted to or accepted in interna-
tionall  psychological journals. They have been inserted in this thesis in their original, sub-
mittedd or accepted form. In particular to acknowledge the important contributions of sev-
erall  co-authors to each of these articles, I present here a list of references. 
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Chapterr 2: Nieuwenhuis, S., Ridderinkhof, K.R., De Jong, R., Kok, A., & Van der Molen, 
M.W.. (2000). Inhibitory inefficiency and failures of intention activation: Age-related de-
clinee in the control of saccadic eye movements. Psychology and Aging, 15, 635-647. 

Chapterr 3: Nieuwenhuis, S., Broerse, A., Nielen, M.M.A., & De Jong, R. (submitted to 
Cognitivee Psychology). A goal activation approach to the study of executive function: An 
applicationn to antisaccade tasks. 

Chapterr 4: Nieuwenhuis, S., & Monsell, S. (in press). Residual costs in task-switching: 
Testingg the failure-to-engage hypothesis. Psychonomie Bulletin & Review. 

Chapterr 5: Nieuwenhuis, S., Ridderinkhof, K.R., Blom, J., Band, G.P.H., & Kok (2001). 
Error-relatedd brain potentials are differentially related to awareness of response errors: 
Evidencee from an antisaccade task. Psychophysiology, 38, 752-760. 

Chapterr 6: Nieuwenhuis, S., Ridderinkhof, K.R., Talsma, D., Coles, M.G.H., Holroyd, C, 
Kok,, A., & Van der Molen, M.W. (submitted to Cognitive, Affective, & Behavioral Neu-
roscience).. A computational account of altered error processing in older age: Dopamine 
andd the error-related negativity 
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Chapte rr  2 

Inhibitor yy Inefficienc y and Failure s of Intentio n Activation : 
Age-Relate dd Declin e in the Contro l of Saccadi c Eye Movement s 

YoungYoung and older adults' control of saccadic eye movements was compared using an an-
tisaccadetisaccade task, which requires the inhibition of a reflexive saccade toward a peripheral 
onsetonset cue followed by an intentional saccade in the opposite direction. In 2 experiments, 
anan age-related decline was found in the suppression of reflexive eye movements, as indi-
catedcated by an increased proportion ofsaccades toward the cue, and a longer time needed to 
initiateinitiate correct antisaccades. The results from Experiment 2 suggested that older adults' 
slowerslower antisaccades may be explained partly in terms of increased failures to maintain the 
cue-actioncue-action representation at a sufficient activation level. The results suggest that the no-
tiontion of selective preservation with age of the ability to inhibit spatial responses does not 
applyapply to the active inhibition of prepotent spatial responses. 

2.1.. Introductio n 

Ann increasingly dominant view of the mechanisms responsible for the attentional 
processingg deficits that become apparent with advancing age concerns the decrease in in-
hibitoryy efficiency. The inhibitory deficit hypothesis of aging holds that the well-
documentedd age-related decrease in performance on a range of cognitive tasks can be ac-
countedd for by failures to suppress responses to irrelevant information (see, e.g., Hasher & 
Zacks,, 1988; Roberts, Hager, & Heron, 1994; West, 1996). Although the inhibitory deficit 
hypothesiss can accommodate a large body of data (see, e.g., Zacks & Hasher, 1997), some 
authorss have expressed the need for more precise specification of the inhibition concept 
(e.g.,, Burke, 1997; Kramer, Humphrey, Larish, Logan, & Strayer, 1994; McDowd, 1997). 
Theree is, for example, a growing amount of evidence of age equivalence on tasks thought 
too involve inhibitory demands (Kramer et al., 1994; McDowd, 1997). This suggests that 
insteadd of one general inhibitory mechanism there may be multiple, distinct inhibitory 
mechanismss which are differentially vulnerable to aging. 

Ann important proposal for the selective preservation of inhibitory function during 
agingg refers to the growing body of literature suggesting that age-related deficits in inhibi-
toryy function are limited to tasks requiring the processing of nonspatial information, 
whereass inhibition mechanisms involved in spatial orienting are spared (e.g., Connelly & 
Hasher,, 1993; Hartley, 1993; Pratt, Abrams, & Chasteen, 1997). For instance, compared 
withh younger adults, older adults exhibit reduced negative priming of the identity of dis-
tractorr stimuli, as measured by the cost in reaction time if the distractor becomes a target 
onn a following trial. This finding has been taken to suggest that older adults are less effi-
cientt in suppressing irrelevant identity information. In contrast, younger and older adults 
showw similar negative priming when required to respond to the location of a stimulus if 
thiss location was occupied by a distractor on the previous trial (see, for reviews, Connelly 
&&  Hasher, 1993; Kramer et al., 1994). Inhibition of return, the phenomenon that it is more 
difficultt to direct attention to a recently visited location than to an unvisited location, has 
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alsoo been associated with similar or even larger inhibition effects for older adults (see, 
e.g.,, Hartley & Kieley, 1995). 

Inn accordance with findings of age-related similarities in the inhibition of covert 
spatiall  attention shifts, there is evidence that older and younger adults are equally efficient 
att inhibiting eye movements (e.g., Kramer, Hahn, Irwin, & Theeuwes, 1999; Pratt et al., 
1997).. There is ample evidence that humans and other organisms have an automatic re-
sponsee tendency to direct both their attention (see for a review, Yantis, 1998) and their 
eyess (Roberts et al., 1994; Theeuwes, Kramer, Hahn, & Irwin, 1998) toward abrupt visual 
onsets.. Kramer et al. (1999) examined the effect of abrupt onset distractors on goal-
directedd eye movements in a visual search task. Younger and older adults misdirected their 
eyess to the distractor onset on an equally large portion of the trials before moving their 
eyess to the target. Also, compared with a control condition without distractors, search re-
actionn time was lengthened by an equal amount in younger and older adults. Kramer and 
colleaguess concluded that the older adults were as efficient inhibiting saccades toward 
task-irrelevantt abrupt onsets as were the younger adults. 

Inn this article we argue that the absence of age differences in inhibition measures 
obtainedd in spatial attention tasks should not be explained in terms of the spatial character-
isticss of the task. We report the results of two overt spatial attention experiments that dem-
onstratee clear effects of aging on the efficiency of inhibition. We propose that our results 
andd the failure to find age differences in other spatial inhibition tasks can be accommo-
datedd by the inhibition of prepotent responses hypothesis (IPR) of aging, which will be 
outlinedd in the next section. 

AgingAging and the inhibition of prepotent responses 
Failuress to inhibit prepotent response tendencies, either elicited by task-relevant 

stimulii  or established by practice, have consistently been found to be a major source of 
disruptionn in older people's task performance (see, e.g., Hasher, Zacks, & May, 1999; 
Kramerr et al, 1994; for a review, see West, 1996). Examples of tasks probing such prepo-
tentt response tendencies are the Wisconsin Card Sorting Task, in which people are re-
quiredd to suppress a sorting rule, which has become prepotent by means of prior experi-
mentall  practice, and the Stroop task, in which people have to actively inhibit the naturally 
practicedd task of word naming (see Roberts et al., 1994, for more examples). One key as-
pectt that these tasks have in common is that they require the intentionally controlled or 
activee inhibition of an inappropriate response tendency to prevent it from gaining control 
overr action. A second important shared aspect is that the inappropriate response has be-
comee highly salient through prior experience. The IPR hypothesis of aging holds that a 
taskk will show age deficits to the extent that it embodies these two characteristics. 

Inn our view, most spatial inhibition tasks'that are reviewed in the context of the 
distinctionn between spatial and nonspatial inhibition do not match these characteristics. 
Rather,, they involve a reflexive form of inhibition, in the sense that the inhibition is not 
underr intentional control, as in the case of negative priming and inhibition of return (see 
Rafall  & Henik, 1994). In other tasks, although it may be evident that spatial distractors 
hamperr performance and may, in principle, be under intentional control, participants are 
oftenn not explicitly instructed to suppress the evoked covert or overt attention shifts. 
Moreover,, participants may not be aware of the distractors, as has been reported by 
Kramerr et al. (1999). Kramer et al. failed to find age differences in the disrupting effect of 
aa task-irrelevant abrupt onset on overt visual search performance. Reports from their par-
ticipants,, indicating that they were generally unaware of the appearance of the distractor, 
ledd Kramer et al. to note that "... it would appear conceivable that the degree to which 
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age-relatedd differences in attentional capture are observed might be a function of subjects' 
levell  of awareness of the attention capturing stimuli" (p. 152). Indeed, this hypothesis has 
recentlyy been confirmed by Kramer, Hahn, Irwin and Theeuwes (2000). We argue, there-
fore,, that differences in the spatial nature of task requirements are usually confounded with 
thee need to actively inhibit a prepotent response tendency. 

Inn this article, we advocate a classification of inhibition paradigms according to 
thee need to actively suppress a prepotent response tendency, rather than in terms of the 
distinctionn between spatial and nonspatial attention. Strong evidence for this view would 
bee obtained if the IPR hypothesis of aging were found to generalize to prepotent shifts of 
spatiall  attention and eye movements. The main goal of the present research was to clarify 
thiss issue experimentally. To this end, we investigated age differences in the antisaccade 
task,task, a spatial inhibition task that requires the regulation of conflict between reflexive eye 
movementss in response to task-relevant abrupt onset cues on the one hand, and controlled 
eyee movements toward a target location on the other hand. A major benefit of focusing on 
eyee movements instead of covert attention shifts is that it allows one to distinguish be-
tweenn several performance indexes such as the time to initiate eye movements, the number 
off  incorrect, prepotent eye movements, and the time needed to correct them. 

TheThe antisaccade task. 
Inn the antisaccade task (Hallet, 1978), participants are required to suppress a re-

flexivee saccade toward a peripherally presented, abrupt onset cue and instead produce a 
controlledd antisaccade in the opposite direction. In the version of the task that we used, 
thee cue is subsequently replaced by a briefly presented target in the diametrically opposed 
location,, and the additional instruction is to perform a manual two-choice discrimination 
responsee on the basis of the target identity (see, e.g., Guitton, Buchtel, & Douglas, 1985; 
Robertss et al., 1994). Importantly, the cue serves as a reliable indicator of the target loca-
tion,, prompting participants to produce fast antisaccades to optimize choice performance. 
Thee prosaccade task, in which the target follows the cue in the same location, has pro-
videdd an elegant control condition, requiring people to make a simple visually guided sac-
cade.. The use of this control condition allows the exclusion of an interpretation of age 
differencess in terms of differences in peripheral acuity, because the cue has equal percep-
tuall  qualities in the experimental and control condition. 

Thee basic findings with the prosaccade and the antisaccade task are straightfor-
ward.. First, the prevalence of reflexive direction errors in the antisaccade task is relatively 
high,, whereas in the prosaccade task participants rarely make errors. Second, the saccadic 
reactionn time (SRT) of correct antisaccades is slower than the SRT of correct prosaccades. 
Thesee findings are invariant across different participant populations and experimental de-
signss (see, e.g., Everling & Fischer, 1998) and are thought to reflect (a) the difficulty in 
overcomingg the tendency to make a reflexive eye movement toward the abrupt onset 
(Robertss et al., 1994), and (b) the increased time needed to generate a voluntary saccade 
(i.e.,, to an empty location) compared to a visually guided saccade (Guitton et al., 1985). 
Wee turn now to a review of the literature on aging and the antisaccade task before describ-
ingg our experiments. 

AgingAging and the antisaccade task 
Itt has been known for a long time that, consistent with performance on other mo-

torr tasks, older adults show longer reaction times than younger adults when asked to direct 
theirr eyes toward visual signals (e.g., Carter, Obler, Woodward, & Albert, 1983; Fischer, 
Biscaldi,, & Gezeck, 1997). However, investigation of age-related performance on antisac-
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cadee tasks has started only recently. Surprisingly, these few studies have revealed only 
modestt evidence of age-related differences. Olincy, Ross, Youngd, and Freedman (1997) 
reportedd an age-related decline, specific to antisaccades, in both SRTs and accuracy of 
saccadee direction across the adult life span. However, caution should be taken with the 
interpretationn of these results because the participants in their experiment were tested for 
onlyy a few minutes without prior practice. In studies in which participants were tested and 
practicedd more extensively, younger and older adults showed comparable performance in 
termss of the percentage of reflexive direction errors in the antisaccade task (Munoz, 
Broughton,, Goldring, & Armstrong, 1998) and the extra time needed to initiate correct 
antisaccadess compared to prosaccades (Fischer et al., 1997; Munoz et al., 1998). 

Arguingg that cognitive limitations arise most clearly when the system is put to the 
test,, Butler, Zacks, and Henderson (1999) included a secondary target identification task 
inn order to force participants to generate rapid saccades, and compared a group of young 
adultss with a group of older adults aged 65-80. The secondary task consisted of a briefly 
presentedd target stimulus, presented 400 ms after cue onset at the cue location (prosaccade 
task)) or the opposite location (antisaccade task), requiring a nonspeeded manual response 
too its identity. With this version of the task, Butler et al. obtained evidence for an age-
relatedd deficit in suppressing reflexive eye movements, as measured by the percentage of 
eyee movements in the direction of the cue. However, as in the studies of Fischer et al. 
(1997)) and Munoz et al. (1998), the delay in initiating antisaccades compared to prosac-
cadess did not differ between age groups. Thus, Butler et al. concluded that the mechanisms 
neededd to generate a correct antisaccade may be preserved in older age1. 

However,, this account leaves unanswered the question why the increased diffi -
cultyy in suppressing a reflexive saccade was not expressed in an increased reaction time on 
trialss where the tendency was succesfully suppressed. The observed age equivalence in the 
additionall  time needed to produce an antisaccade may, however, be an outcome specific to 
thee procedure used by Butler et al. (1999). The target stimulus itself may have elicited a 
fastt reflexive saccade, thus reducing the overall average latency of antisaccades. If older 
adultss are more sensitive to reflexive eye movements (in this case toward the target stimu-
lus),, then they may have benefitted more than younger adults from this feature. This would 
havee led to an underestimation of older adults' antisaccade SRTs and consequently to an 
underestimationn of age differences in antisaccade speed. Importantly, an increased de-
pendencyy of antisaccade initiation on the exogenous support of the target, has been re-
portedd by Guitton et al. (1985) in frontal patients, and by Roberts et al. (1994) in young 
adultss under conditions of high cognitive load. We propose that a more accurate estimate 
off  antisaccade SRT may be obtained through the use of long intervals between cue and 
target,, which prevents visual guidance of the target stimulus. Thus, if older adults' initia-
tionn of antisaccades is somehow dependent on the exogenous support of the target, then a 
delayedd presentation of the target should result in delayed antisaccades. Therefore, we 
expectt that possible age differences in antisaccade speed —crucial to the controversy be-
tweenn the IPR hypothesis and the spatial-nonspatial hypothesis-- will become most appar-
entt under conditions of littl e exogenous support of the target, that is, at long cue-targets 
intervals. . 

Althoughh it may be that older adults sacrificed direction accuracy in order to produce faster an-
tisaccades,, such a speed-accuracy trade-off was deemed unlikely on the basis of the prosaccade data, which 
showedd equal error rates for younger and older adults. 
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TheThe present paradigm 
Inn our experiments, we studied horizontal and vertical pro- and antisaccades in a 

groupp of university students and in a group of healthy older adults. The paradigm is illus-
tratedd in Figure 2.1. Participants were instructed to maintain fixation until a salient cue (a 
procuee or anticue) briefly flashed in one of four locations. At cue onset, participants were 
too move their eyes as fast as possible either to the cued location or to the opposite location, 
dependingg on the instruction. After a variable stimulus onset asynchrony (SOA), a target 
wass presented in the target location for a very brief time, and participants were required to 
givee a nonspeeded manual two-choice response with respect to the identity of the target. 
SOAA was varied between 100 and 1,500 ms for two reasons. First, we intended to extend 
thee study of Butler et al. (1999), by examining the speed of older adults' antisaccades in 
bothh the presence and absence of support of the exogenous qualities of the target. If the 
olderr adults would be dependent on the exogenous triggering of the target in a similar 
fashionn as the frontal patients reported by Guitton et al., then their antisaccade perform-
ancee should be found to decrease with increasing time between the cue and the target. 
Shortt SOAs were also included in order to provide a motivation for participants to opti-
mizee their saccade speed (cf. Fischer et al., 1997; Munoz et al., 1998). 

Thee second reason for varying SOA was to obtain an index of the speed of shift-
ingg attention to the target location in response to procues and anticues. The rationale of 
thiss approach was that the time needed to direct attention to a certain location can be in-
ferredd from the accuracy of identifying targets at that location at various points in time 
(e.g.,, Gottlob & Madden, 1998). For example, fast shifts of attention should be evident in 
relativelyy high levels of target identification accuracy at short SOAs. Likewise, the time 
neededd to overcome the tendency to attend to anticues should manifest itself in relatively 
loww accuracy levels at the short SOAs. Following a method introduced by Zacks and 
Zackss (1993; Gottlob & Madden, 1998), we ensured that baseline accuracy of target detec-
tionn in an additional, neutral cue condition (i.e., in which the cue was not predictive of the 
targett location) was equalized across groups. This was accomplished by adjusting the tar-
gett duration on an individual level in the practice phase and taking the resulting duration 
ass initial duration in the experimental cue conditions. Under the assumption that the neu-
trall  and experimental cue conditions differed only in the possibility to shift attention in 
advancee of the target, this method enabled us to investigate age differences in the speed of 
attentionn shifts and the time course of inhibition thereof, while controlling for sensory and 
motorr differences that usually contribute to main effects of age. 

Iff  we were able to demonstrate that potential age-related difficulties in inhibiting 
thee tendency to attend to abrupt onsets are not confined to a specific effector system (i.e., 
thee oculomotor system), but do also apply to shifts of attention, this would promote the 
generalizationn of our results to other output modalities. This demonstration may seem triv-
iall  since studies that have examined the relationship between visuospatial attention and eye 
movementss have often found an intimate coupling between the programming of saccades 
andd shifts of visual attention (e.g., Hoffman & Subramaniam, 1995; Rizzolatti, Riggio, & 
Sheliga,, 1994). However, recent research with the antisaccade task suggests that attention 
mayy often move in the intended direction even though concurrently a reflexive eye move-
mentt is being made in the wrong direction (Mokler & Fischer, 1999; Deubel, Mokler, 
Fischer,, & Schneider, 1999). 



30 0 ChapterChapter 2 

Targett display Masking display 

Fixationn display 

D D 

k k 
t imee W 

Cuee display 

D D 
DD a 

D D 

A A 

Fixationn display 

D D 
D G D D 

B B 

D D 

0 0 

D D 
BB D 

D D 

FigureFigure 2.1. Example of sequence of events for an anticue trial in Experiment 1 (A) and 
ExperimentExperiment 2 (B). See text for actual size. Participants fixated on the central cross. A cue 
thenthen appeared for 67 ms. After a variable stimulus onset asynchrony, starting at cue on-
set,set, the target appeared for a variable duration before being masked. 

2.2.. Experiment 1 

2.2.1.. Method 

Participants Participants 
Eighteenn young (10 women and 8 men) and 18 older (10 women and 8 men) 

adultss participated in this experiment. The young participants, ranging in age from 18 to 
255 years (Mage = 20.3, SD = 1.8), were undergraduate students at the University of Am-
sterdamm and received course credits for their participation. The older participants ranged 
inn age from 59 to 80 years (Mage = 68.9, SD = 6.2) and were paid for their participation. 
AA standard health questionnaire revealed that none of the older participants had serious 
healthh problems or were using psychoactive medication. Also, all older participants were 
relativelyy healthy and alert according to self-report and were living independently in their 
ownn homes. Their mean years of education was 10.7. 

ApparatusApparatus and stimuli 
Stimulii  were presented on a black computer screen. The fixation display con-

sistedd of a central fixation cross, subtending 0.7°, surrounded by four boxes that were 
symmetricallyy positioned above, below, to the left and right of the cross. The boxes each 
subtendedd 4.3°, both horizontally and vertically, and the visual angle between fixation and 
thee center of each box was 9.0°. Cues were yellow circles, subtending 1.5°, and were pre-
sentedd in the center of a box. The target consisted of a schematic face in the shape of a 
circlee with a diameter equal to the length of the side of a box. The mouth, which differen-
tiatedd between a happy and a sad face, subtended 1.5 X 0.5°. Eye movements were re-
cordedd with an infrared-based iView eye tracker (SMI, Berlin, Germany) with 50 Hz tem-
porall  resolution and a < 0.1 degree spatial resolution. The head was stabilized by means of 
aa chin rest, which was located 40 cm from the monitor. 
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Design Design 
Theree were two experimental cue conditions: (a) the procue condition in which 

thee face appeared in the cued box, and (b) the anticue condition in which the face appeared 
inn the box opposite from the cued box. In addition, there was a neutral control condition in 
whichh each of the boxes was cued at the same time, and accordingly, participants received 
noo information about the location of the target. After having received practice with each of 
thee conditions, participants entered the experimental phase, which consisted of four sets of 
fourr blocks. Cue condition (procue or anticue) was held constant within each set and was 
variedd across sets according to an ABBA design with half of the participants starting in the 
procuee condition. One third of the trials in each block was in the neutral condition. These 
trialss were randomly intermixed with the experimental trials. The first of every four blocks 
consistedd of 24 trials, all of which were discarded because of carry-over effects from the 
otherr cue condition. The other three blocks consisted of 60 experimental trials each. Five 
SOAss (100, 300, 600, 1000, or 1,500 ms) were used. On the basis of pilot work, these 
weree thought sufficient to capture the dynamics of the visual attention shifts. SOA was 
randomlyy varied within blocks, but the percentage of trials with each SOA was controlled 
too yield approximately 27% trials with each of the two shortest SOAs, 20% with the inter-
mediatee SOA, and 13% with each of the two longest SOAs2. Cue location was randomly 
determinedd on each trial. 

Procedure Procedure 
Thee experiment involved one session, which lasted approximately 2 hr. Before 

thee start of each experimental set, participants fixated three series of five calibration tar-
getss that were presented on the screen, one at a time and in the shape of a plus symbol. 
Thee i View system was calibrated by computing the linear regression of target location on 
thee average eye-position signal. Following calibration, participants received a practice set 
off  4 blocks, each of 90 trials, before entering the experimental phase. In the second and 
thirdd block, they received practice with the procue and anticue condition, respectively. The 
firstt and the fourth block consisted of only neutral condition trials. 

Beforee the experiment, participants received written instructions to direct their 
eyess at fixation at the start of each trial. After a fixed duration of 1300 ms, the fixation 
pointt disappeared and, after a gap period of 200 ms, the cue was briefly presented for 67 
ms.. This gap between fixation point and cue allows for faster prosaccadic reaction times 
(whichh is generally referred to as the gap effect) and results in more reflexive direction 
errorss in the antisaccade task (Fischer & Weber, 1993). Participants were instructed to 
movee their eyes to the target location as soon as possible in order to improve their accu-
racyy scores. After a variable SOA, starting at cue onset, the face was displayed until a 
(nonspeeded)) response was registered by the computer keyboard. Response keys, "v" for 
happyy and "n" for sad, were operated by the left and right index fingers. Importantly, the 
discriminativee feature of the face, the mouth, was masked after an individually calibrated 
duration.. The practice phase was used to determine the time that the mouth should be dis-
played,, before being masked, in order to yield 67% correct responses with the neutral cue 
forr that particular participant. This was done by means of a staircase tracking algorithm. 
Thee resulting target duration was used as initial duration in the experimental phase, but, if 

Thee estimated variance of the proportion of correct manual responses for each SOA was 
(p(p * (1-p)) /«, where p is the probability of a correct response, and n is the number of trials. Because/? increased 
withh SOA, we needed fewer trials at the long SOAs than at the short SOAs in order to obtain a similarly reliable 
estimatee of the percentage of correct responses. 
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necessary,, target duration was adjusted at the start of a new experimental set with the aim 
off  maintaining participants at a 67% accuracy level in the neutral cue condition. Mean 
targett duration differed between age groups [123 ms for the young and 213 ms for the 
olderr adults, F(l,34) = 18.3, p < .001]. Before the start of each block, participants were 
informedd about the upcoming cue condition. At the end of each block, feedback about 
manuall  response accuracy was presented on the computer screen. Finally, a rest break of 
100 min was allowed after the training phase and after the second experimental set for 
youngg adults. Older adults had a rest break after each experimental set. 

2.2.2.. Results 

Inn both experiments, p values were corrected using the Greenhouse-Geisser ad-
justmentt of degrees of freedom when necessary. 

ManualManual response accuracy 
Thee analysis of the manual response data included all experimental trials. Table 

2.11 shows the response accuracy data for both groups as a function of cue condition and 
SOA.. For young adults, accuracy in both cue conditions quickly approached a high asymp-
toticc level, although the cuing effect, the difference between prosaccade and antisaccade 
accuracy,, appeared to persist for about half a second. A comparison with the two functions 
off  the older adults revealed clear age deficits, both in the steepness and in the asymptotic 
levell  of the functions. This was especially evident for the anticue condition, causing the 
cuingg effect of older adults to persist for more than 1 s. Indeed, unlike for young adults, 
thee anticue function for older adults remained at the neutral control level for at least 300 
ms,, suggesting a much stronger tendency for the cue to pull attention to the wrong loca-
tion. . 

TableTable 2.1: Manual Accuracy (in Percentages) for Younger and Older Adults as a Func-
tiontion of Cue Condition and SOA (in ms) in Experiment 1 

%% correct 

SOA A Neu u 

Young g 

Proo Anti Effectt Neu 

Old d 

Proo Anti Effect t 

100 0 
300 0 
600 0 

1000 0 
1500 0 

58 8 
68 8 
68 8 
61 1 
68 8 

69 9 
89 9 
97 7 
96 6 
97 7 

60 0 
78 8 
95 5 
97 7 
97 7 

9 9 
11 1 
2 2 
-1 1 
0 0 

61 1 
65 5 
68 8 
66 6 
66 6 

74 4 
83 3 
91 1 
94 4 
92 2 

60 0 
65 5 
81 1 
88 8 
91 1 

14 4 
18 8 
10 0 
6 6 
1 1 

Note:Note: SOA = stimulus onset asynchrony; Neu = neutral cue condition; pro = procue 
condition;condition; Anti = anticue condition; Effect = cuing effect (pro-anti). Standard errors in 
thethe experimental cue conditions ranged between 0.6-2.0 (Mdn = 1.1) for younger adults 
andand between 1.2-2.4 (Mdn = 1.9) for older adults. 
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Trialss from the neutral cue condition were analyzed separately using a two-way 
ANOVAA with age as between-subjects factor and SOA as within-subjects factor. The 
staircasee tracking procedure was successful in equating both age groups in the neutral 
condition,, as indicated by a nonsignificant main effect of age, F(l,34) < 1. The main effect 
off  SOA was significant, F(4,136) = 9.6, MSE = 45.89, p < .001, but the performance pat-
ternn across SOA was similar for both age groups, F(4,136) = 2.1, MSE = 45.89, p > .05. 
Thee effect of SOA was due mainly to the relatively low accuracy at the shortest SOA. We 
believee that this is an instance of forward masking by light (see, e.g., Kahneman, 1968), in 
thiss case of the highly illuminant cue. Note that this masking effect might have caused an 
underestimationn of the cuing effect for both age groups at the shortest SOA, because it 
hamperss target detection in the procue condition where the target replaces the cue but not 
inn the anticue condition where cue and target appear in different locations. 

Forr the main analysis of manual response accuracy, the data were submitted to a 
three-wayy ANOVA with age as between subjects factor and SOA and cue condition as 
within-subjectss factors. All three main effects and all three two-way interactions were 
highlyy significant, p < .001. Taken across the two cue conditions, the young adults (M = 
87%)) were more accurate than the older adults (M= 82%), F(l,34) = 20.7, MSE = 128.97, 
indicatingg that the former group shifted their attention more efficiently in response to in-
formativee cues. As expected, accuracy was significantly lower in the anticue condition (M 
==  81%>) than in the procue condition (M = 87%), F(l,34) = 95.3, MSE = 45.22, and, im-
portantly,, this cuing effect was more pronounced for the older adults (Ms = 77% vs. 87%) 
thann for the young adults (Ms = 85% vs. 89%), F(l,34) = 14.8, MSE = 45.22. The factor 
SOAA showed a significant main effect, F(4,136) = 290.5, MSE = 38.37,/? < .001, and en-
teredd in a reliable interaction with cue condition, F(4,136) = 21.0, MSE = 30.74, reflecting 
aa slower rise in accuracy in the anticue condition. The three-way interaction, indicating 
howw the development of the cuing effect over time differs between age groups, failed to 
confirmm the impression that older adults needed longer SOAs than younger adults to attain 
asymptotee accuracy in the anticue condition, F(4,136) = 1.2, MSE = 30.74, p = .3, ob-
servedd power = .30. 

EyeEye movement indexes 
Fromm the eye movement data, several dependent measures were determined off-

line.. Saccadic reaction times (SRTs) were defined as the time, relative to the onset of the 
cue,, at which the velocity signal exceeded 257sec and the position signal exceeded 2.5°. 
Thee definition of direction errors was limited to those trials in which the first saccade was 
inn the opposite direction from the target stimulus. Corrective saccades were defined as 
thosee saccades that followed a direction error and were opposite in sign from the erratic 
saccade.. Finally, saccadic correction time (SCT) was defined as the time between the on-
sett of the direction error and the onset of the corrective saccade. Initial analyses showed 
thatt horizontal saccades were faster and more error prone than vertical saccades. However, 
unlesss explicitly mentioned, saccade dimension (i.e., horizontal or vertical) did not interact 
withh any of the main independent variables and was therefore excluded as factor in follow-
upp ANOVAs. 

DiscardedDiscarded data 
Trialss from the neutral cue condition were not included in the eye movement 

analyses.. Further, for various reasons, some trials from the experimental cue conditions 
weree discarded. First, trials were discarded if no saccade was made after cue onset. This 
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ledd to a data loss of 1.5% and 1.9% for the young and older adults, respectively. Second, 
trialss with SRTs less than 80 ms were classified as anticipations (e.g., Fischer et al., 1997) 
andd were also excluded. This resulted in a loss of 2.9% and 7.1% for the young and older 
adults,, respectively. Third, trials were discarded in which the primary or secondary sac-
cadee moved along the irrelevant dimension. This led to a data loss of 5.6% and 14.7% for 
thee young and older adults, respectively. An ANOVA revealed that the remaining subset 
off  the experimental trials showed no systematic differences in behavioral measures with 
thee overall dataset. One older and one younger participant were excluded from the analysis 
off  error SRTs and SCTs because they made too few errors to obtain reliable averages. 
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FigureFigure 2.2. Eye movement indexes for younger and older adults as a function of cue con-
ditiondition and stimulus onset asynchrony in Experiment 1. (A) Correct saccadic reaction 
timestimes (SRTs). (B) Percentage of direction errors. (C) SRTs of direction errors. (D) Sac-
cadiccadic correction times (SCTs). 

SaccadicSaccadic reaction times 
Thee upper left panel of Figure 2.2 presents mean correct SRT for the two age 

groupss in both cue conditions. Two findings seem especially noteworthy. First, the age-
relatedd slowing of SRTs manifest in prosaccades was more pronounced in antisaccades. 
Second,, the antisaccades of the older group exhibited a marked increase in SRT with 
SOA,, suggesting that older adults' antisaccade performance was somehow supported by 
thee onset of the target. 
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Ann ANOVA produced significant main effects of age (young, M = 277 ms; older, 
MM = 478 ms), F(l,34) = 43.6, MSE = 83,330.95, cue condition (pro, M = 301 ms; anti, M 
==  455 ms), F(l,34) = 169.7, MSE = 12,632.66; and SOA, F(4,136) = 23.7, MSE = 
9,571,23,, allps < .001. The main effect of SOA was qualified by the interaction with age, 
F(4,136)) = 10.6, MSE = 9,571.23, p< .001, and cue condition, F(4,136) = 7.9, MSE = 
4,669.99,, p < .001. These interactions and the significant three-way interaction, F(4,136) 
== 6.9, MSE = 4,669.99, p < .001, support the view that the SOA effect was due mainly to 
thee slowing with SOA of older adults' antisaccades. Finally, there was a reliable interac-
tionn between age and cue condition, F(l,34) = 20.1, MSE = 12,632.66, p < .001, confirm-
ingg the impression that the amount of age-related slowing was more evident for antisac-
cadess (Ms = 328 ms vs. 582 ms) than for prosaccades (Ms = 227 ms vs. 375 ms). 

Ann important question refers to the extent to which age-related effects on antisac-
cadee performance are unique to the speed of antisaccades. There is an impressive literature 
suggestingg that age-related differences in a variety of cognitive measures are mediated by 
agee differences in such general factors as working-memory capacity or simple processing 
speedd (see, e.g., Salthouse, 1996). To investigate to what extent the slowing of antisac-
cadess in the older age group could be explained by an age-related decline in simple proc-
essingg speed, we took the following steps. The additional time consumed by the control 
processess engaged in the generation of antisaccades vis-a-vis prosaccades is reflected most 
directlyy in the difference between antisaccade SRT and prosaccade SRT, because this dif-
ferencee measure does not include overhead factors such as saccade initiation and move-
mentt time. If age has a deteriorating effect on the speed of these control processes that 
exceedss the global effect of age on the speed of all cognitive operations, then an age effect 
onn the difference measure should remain present after partialing out the age effects on ba-
sicc processing speed. The most direct measure of basic processing speed in the present 
contextt is prosaccade SRT. Thus, we computed the total variance in the difference meas-
uree as explained by age, and then determined what proportion of this total age-related 
variancee was explained uniquely by age after partialing out the age-related variance in 
basicc processing speed (following the statistical control procedures suggested by 
Salthouse,, 1996). In this experiment, this proportion (.67) was considerably greater than 
zero,, thus justifying an interpretation of the observed age effects in terms of the control 
processess of interest, rather than in terms of global slowing. 

DirectionDirection errors 
Thee upper right panel of Figure 2.2 shows the percentage of direction errors for 

bothh age groups as a function of age group. As expected, participants made virtually no 
directionn errors in the procue condition. We analyzed only the trials from the anticue con-
dition.. The main effect of SOA was significant, F(4,136) = 5.3, MSE = 161.33, p < .005, 
ass was the interaction among SOA and age, F(4,136) = 2.6, MSE = 161.33, p = .05, indi-
catingg a steady rise with SOA of the percentage of direction errors for older adults. Similar 
too the increase in correct antisaccade RT with SOA, this seems to suggest that the initia-
tionn of some potential errors was cancelled in time by the onset of the stimulus in the tar-
gett location. Together, this resulted in a nonsignificant main effect of age, F(l,34) = J,p 
>>  .4. As already mentioned, horizontal saccades were more error prone than vertical sac-
cades,, F(l,34) = 13.9, MSE = 206.89, p < .001. To our surprise, the dimension factor 
showedd an interaction with age group, ^(1,34) = 26.2, MSE = 206,89,/? < .001: Whereas 
comparedd with the young group, the older adults made far more horizontal direction er-
rors,, the vertical errors showed virtually no trace of such an age effect. 
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Thee lower left panel of Figure 2.2 presents SRTs of direction errors, which, as expected, 
weree much faster than the SRTs of correct saccades, as confirmed by a separate t test, 
/(1,35)) = 6.7, p < .001. An ANOVA showed that the main effect of age was again signifi-
cant,, F(l,32) - 10.9, MSE = 18,677.00, p < .005, indicating slower error SRTs for the 
olderr group. The main effect of SOA was also highly significant, F(4,128) = 6.5, MSE = 
5,626.89,, p < .001, and although, again, the older adults showed a more notable effect of 
targett onset time, the interaction with age was not significant, F(4,128) = 1.3, p = .28. 

Finally,, mean saccadic correction times are depicted in the lower right panel of 
Figuree 2.2. Most notably, the older group showed a dramatic increase in SCT with SOA. 
Wee found main effects of both age, F(l,32) = 18.2, MSE= 64,489.34,/? < .001, and SOA, 
F(4,128)) = 11.9, MSE = 29,459.96, p < .001, the latter effect suggesting that the correction 
off  direction errors was quickened by the appearance of the target stimulus. Indeed, as was 
thee case with most of the dependent measures, the effect of SOA was qualified by a mar-
ginal,, interaction with age, F(4,128) = 2.6, MSE = 29,459.96, p = .07, indicating that older 
adultss benefited the most from the exogenous triggering qualities of the target. To investi-
gatee whether older adults' sizeable SCTs at the longer SOAs were a mixture of relatively 
fast,, voluntary corrections and slow corrections triggered by the onset of the target, we 
computedd for both groups the percentage of voluntary corrective saccades at each SOA. 
Assumingg that onsets faster than 80 ms after target onset could be considered voluntary, 
wee found percentages of 0%, 81%, 97%, 96% and 95% with increasing SOA for the young 
adults,, and percentages of 0%, 38%, 77%, 92% and 100% for the older adults. Clearly, 
thesee percentages reject the mixture hypothesis raised above. Moreover, although older 
adultss produced more visually guided corrections at the intermediate SOAs than younger 
adults,, this may be explained at least in part by their increased error SRT. 

2.2.3.. Discussion 

Thee results of Experiment 1 confirm the basic findings usually obtained in the an-
tisaccadee paradigm. First, anticues were effective at inducing a prepotent response ten-
dency,, as indicated by a substantial amount of direction errors for both younger and older 
adults.. In contrast, performance in the procue condition posed no problems for either 
groupp of participants. Second, it took participants longer to initiate antisaccades than 
prosaccadess and corrective saccades. This result is consistent with the idea that it takes 
somee time to override the reflexive pull of the cue. Finally, latencies of direction errors in 
thee antisaccade task were faster than latencies of correct prosaccades, suggesting that at 
leastt some portion of these for eye movements were emitted in a purely reflexive fashion. 

Thee main purpose of Experiment 1 was to examine age-related differences in an-
tisaccadee task performance in order to investigate whether the IPR hypothesis of aging 
extendss to tasks requiring the active suppression of a spatial response. We found that, at 
leastt in the absence of immediate support of the exogenous qualities of the target (i.e., at 
longerr SOAs), older adults appeared to have more difficulties than younger adults sup-
pressingg saccades toward the abrupt onset cue. This was evident in the percentage of direc-
tionn errors, which was higher for older adults than for younger adults. In addition, and in 
contrastcontrast to previous research (e.g., Butler et al., 1999), we found that the control processes 
specificc to antisaccade task performance were prolonged in older age. Importantly, only a 
minorr part of the age-related variance in the duration of these processes could be ex-
plainedd in terms of generalized slowing. We argue that the slowing of antisaccades reflects 
inn part the increased problems that older people experience at inhibiting the prepotent re-
sponse.. Note, however, that the requirement to inhibit the reflexive eye movement in the 
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antisaccadee task is confounded with the necessity to generate a voluntary eye movement, 
whichh may also show an impairment with age. Indeed, this is suggested by our finding that 
olderr participants showed dramatically increased saccadic correction times at the longer 
SOAs,, almost all of which were voluntary, that is, in advance of the target. 

Thee present results provide a demonstration that the notion of selective age-
relatedd sparing of spatial inhibition is not generally valid. Rather, it appears that the well-
documentedd age deficit in the inhibition of prepotent responses also applies to the active 
inhibitionn of spatial responses. Importantly, this finding does not seem to be restricted to 
thee inhibition of the oculomotor system. In general, the eye movement results paralleled 
agee differences in the speed of spatial attention shifts, as measured by the accuracy of tar-
gett detection. The cuing effect, defined as the difference between manual response accu-
racyy in the antisaccade task and the prosaccade task, was larger for older than for younger 
adults.. Presumably, older adults were less capable of overriding the automatic orienting 
responsee with a voluntary attention shift away from the cue. 

Onee remaining issue that we discuss concerns the finding that antisaccade per-
formancee of older adults became progressively worse with increasing intervals between 
cuee and target. If the target appeared almost immediately after the cue, then older adults 
displayedd faster antisaccades and fewer direction errors than if the SOA were relatively 
long.. Apparently, their antisaccade performance was dependent on the support of the tar-
get,, which by definition indicated the destination of the required eye movement. Only 
whenn given ample time (i.e., at the longest SOAs) did older adults manage to initiate many 
off  their antisaccades before target onset. Importantly, our finding supports the notion that 
thee reported age equivalence in antisaccade SRT in Butler et al.'s (1999) study may be due 
too the use of a relatively short and fixed SOA. Moreover, a related finding was reported by 
Guittonn et al. (1985), who studied the performance of frontal lobe patients in the antisac-
cadee task. Compared with age-matched controls, these patients' direct antisaccades as well 
ass their corrective saccades after direction errors were more often triggered by the appear-
ancee of the target, suggesting that they experienced problems at initiating saccades toward 
ann empty location. Indeed, the need for strong retrieval cues to guide behavior has been 
associatedd with both healthy aging and frontal lobe pathology (e.g., Duncan, Emslie, Wil-
liams,, Johnson, & Freer, 1996; Maylor, 1996). It could be argued, then, that the true age 
deficitt in antisaccade performance -thought to reflect older adults' inherent limitations in 
thee ability to reconcile the conflict between a prepotent response and a desired, voluntary 
response—— is only visible at long SOAs (cf. Butler et al., 1999). 

Theree is, however, an alternative interpretation of the SOA pattern obtained for 
thee older adults in our experiment. It is possible that even if older adults were, in principle, 
capablee of using the cue to produce fast and accurate antisaccades, they might not always 
usee this ability. For reasons discussed below, we label this possibility the intention-
activationactivation hypothesis (cf. De Jong, Berendsen, & Cools, 1999). Note that effective use of 
thee opportunity to shift the eyes in advance of the target was optional, because the present 
designn allowed saccades to be visually guided by the target, which in most instances ap-
pearedd very soon after the cue. Such a passive performance mode would explain the strong 
correlationn between older adults' antisaccade speed and SOA. If, by neutralizing the trig-
geringg effect of the target, older adults were forced to move their eyes on the basis of the 
cue,, they might become faster in the anticue condition. Assuming that the intention-
activationn hypothesis does not apply to younger adults, such a speed-up of older adults' 
performancee in the anticue condition would be apparent in reduced age differences in the 
speedd of direct antisaccades, corrective saccades, and in thee size of the cuing effect. This is 
whatt we set out to investigate in Experiment 2. 
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2.3.. Experimen t 2 

Thee primary objective of Experiment 2 was to evaluate the above raised inten-
tion-activationn hypothesis of the results of the older adults in Experiment 1. To attain this 
goal,, we chose a design that was identical to Experiment 1 with one exception. To neutral-
izee the unique exogenous qualities of the target, we presented three distractors in the target 
display.. These distractors were similar to the target, except that they lacked a distinguish-
ingg feature (i.e., the mouth), and they were presented at the same time as the target in the 
threee remaining possible target locations. The manipulation of the target display necessi-
tatedd the use of the cue in order to produce task-relevant eye movements and thus to per-
formm above chance level in the target detection task. This allowed us to examine age dif-
ferencess in the initiation of purely voluntary antisaccades. The general prediction derived 
fromm the intention-activation hypothesis was that in Experiment 2 older adults would 
choosee a different performance mode and would more often use the cue, compared with 
thee older adults in Experiment 1. The performance benefit associated with this change in 
performancee mode should be apparent in smaller age differences in the speed of voluntary 
eyee movements (i.e., direct antisaccades and corrective saccades) and attention shifts (i.e., 
thee cuing effect). 

2.3.1.. Method 

Participants Participants 
Sixteenn young (12 women and 4 men) and 16 older (12 women and 4 men) adults 

participatedd in this experiment. None of them had participated in Experiment 1. The young 
participants,, ranging in age from 18 to 25 years (M age = 21.1, SD = 1.9), were under-
graduatee students at the University of Amsterdam and received course credits for their 
participation.. The older participants ranged in age from 61 to 79 years (Mage = 68.6, SD 
== 5.3) and were paid for their participation. The data from one older participant were dis-
cardedd because she was not able to fixate at the start of a trial. The data from another old 
participantt were discarded because he was unable to respond above chance level in the 
experimentall  conditions. Both participants were replaced. A standard health questionnaire 
revealedd that none of the older participants had serious health problems or were using psy-
choactivee medication. Also, all older participants were relatively healthy and alert accord-
ingg to self-report and were living independently in their own homes. Their mean years of 
educationn was 12.1. All of the young and older participants had far and near visual acuities 
off  at least 0.5 as measured by Snellen charts. 

ApparatusApparatus and stimuli 
Apparatuss and stimuli were the same as in Experiment 1. The distractors were 

faces,, identical to the target, but without a mouth (see Figure 2.1). 

DesignDesign and procedure 
Designn and procedure were the same as in Experiment 1 with the following ex-

ceptions.. The distractors were presented and masked at the same time as the target face. 
Noo distractors were presented on neutral cue trials. Participants received the same amount 
off  practice as in Experiment 1, initially without distractors in order to gradually build up 
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taskk complexity. Mean target duration was 133 ms for the young and 215 ms for the older 
adults,, F( 1,30)= 15.2,p < .001. 

2.3.2.. Results 

ManualManual response accuracy 
Thee analysis of the manual response data included all experimental trials. Table 

2.22 shows the response accuracy data for both groups as a function of cue condition and 
SOA. . 

Thee data from the neutral cue condition were analyzed separately. The staircase 
trackingg procedure was successful at equating both age groups in the neutral condition, as 
indicatedd by the lack of an effect of age, F(l,30) < 1. The main effect of SOA was signifi-
cant,, F(4,120) = 7.4, MSE = 52.57,p < .001. This was again due to the low accuracy at the 
shortestt SOA, probably reflecting forward masking of the cue. As in Experiment 1, this 
performancee pattern across SOA was similar for both age groups, F(4,120) = 2.1, MSE = 
52.57,, /?>. !. 

TableTable 2.2: Manual Accuracy (in Percentages) for Younger and Older Adults as a Func-
tiontion of Cue Condition and SOA (in ms) in Experiment 2 

%% correct 

SOA A Neu u 

Young g 

Proo Anti Effectt Neu 

Old d 

Proo Anti Effect t 

100 0 
300 0 
600 0 
1000 0 
1500 0 

57 7 
66 6 
70 0 
69 9 
68 8 

61 1 
82 2 
93 3 
95 5 
96 6 

55 5 
68 8 
91 1 
95 5 
95 5 

6 6 
14 4 
2 2 
0 0 
1 1 

64 4 
68 8 
68 8 
67 7 
69 9 

61 1 
75 5 
87 7 
89 9 
92 2 

54 4 
63 3 
82 2 
91 1 
91 1 

7 7 
12 2 
5 5 
-2 2 
1 1 

Note:Note: SOA = stimulus onset asynchrony; Neu = neutral cue condition; pro = 
procueprocue condition; anti = anticue condition; Effect = cuing effect (pro-anti). Standard 
errorserrors in the experimental cue conditions ranged between 1.1 - 2.4 (Mdn = 1.6) for 
youngeryounger adults and between 1.3-3.5 (Mdn = 2.5) for older adults. 

Thee data from the experimental cue conditions showed two important departures 
fromm Experiment 1. First, in the absence of support from the exogenous qualities of the 
target,, both age groups showed decreased manual accuracy levels at the two shortest SO As 
comparedd to Experiment 1. Second, in constrast to the younger adults who showed similar 
cuingg effects as in Experiment 1, the older adults revealed a marked reduction in the size 
off  the cuing effect. This finding was supported by the absence of an interaction between 
agee group and cue condition, F(l,30) = .01, MSE = 124.50,/? > .9. The other main effects 
andd interactions were similar to Experiment 1. We will suffice here with a list of the statis-
ticss of these effects: age group (young, M= 83%; older, M = 79%), F(l,30) = 7.0, MSE = 
244.53,, p < .05; Cue condition (pro, M= 83%; anti, M = 79%), F(l,30) = 13.0, MSE = 
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124.50,, p < .005; SOA, F(4,120) - 229.0, MSE = 67.54, p<.00\; Cue Condition X SOA, 
F(4,120)) = 14.2, MSE = 29.26, p < .001; three-way interaction, F(4,120) - .5, MSE = 
29.26,, p = .7. The effect of the target-display manipulation on the age difference in the 
sizee of the cuing effect was further confirmed by an additional between-experiments analy-
sis,, which showed a significant Experiment X Age Group X Cue Condition interaction, 
F(l,F(l, 64) = 4.1, MSE = 82.38,p < .05. 

DiscardedDiscarded data 
Forr various reasons, some trials from the experimental cue conditions were dis-

carded.. First, trials were discarded if no saccade was made after cue onset. This led to a 
dataa loss of 0.2% and 0.8% for the young and older adults, respectively. Second, trials 
withh SRTs less than 80 ms were classified as anticipations and were also excluded. This 
resultedd in a loss of 2.9% and 4.8% for the young and older adults, respectively. Third, 
trialss were discarded in which the primary or secondary saccade moved along the irrele-
vantt dimension. This led to a data loss of 9.7% and 16.6% for the young and older adults, 
respectively.. An ANOVA revealed that the remaining subset of the experimental trials 
showedd no systematic differences in behavioral measures with the overall dataset. Finally, 
onee older and one younger participant were excluded from the analysis of error SRTs and 
SCTss because they made too few errors to obtain reliable averages. 

SaccadicSaccadic reaction times 
Thee presentation of distractors in the target display in Experiment 2 noticeably 

reducedd the SOA effect on older adults' antisaccade reaction times (see upper left panel of 
Figuree 2.3). This supports our notion that the older group in Experiment 1 made heavy use 
off  the triggering qualities of the target onset. In the present experiment the main effect of 
SOAA was still significant, F(4,120) = 2.2, MSE = 67.54, p < .001. This probably reflects 
ann aspecific alerting effect of the onset of the target display. In contrast to Experiment 1, 
however,, the two age groups did not statistically differ in the effect of SOA, F(4,120) = 
2.2,, MSE = 4797.73, p = . 13, observed power = . 38; or the interaction between cue condi-
tionn and SOA, F(4,120) = .9, MSE= 2156.12,/? - .45, observed power = .24. 

Interestingly,, the manipulation of the target display also seemed to have a disrupt-
ingg effect on the time to initiate saccades. This was especially evident for the younger 
adultss whose SRTs were slowed substantially compared with the young participants in 
Experimentt 1. The effect of age group on SRTs (Young: M= 409 ms; Older: M = 523 ms) 
wass nevertheless reliable, F(l,30) =13.1, MSE = 244.53, p < .005. Also, and most impor-
tant,, the effect of cue condition, F(l,30) - 64.2, MSE = 21255.83, p < .001, was more 
manifestt for the older (Ms = 432 ms vs. 615 ms) than for the younger adults (Ms = 370 ms 
vs.. 448 ms), F(l,30) = 10.1, MSE = 21255.83,p < .005, thereby replicating Experiment 1. 
Interpretationn of this age difference in terms of global slowing was not possible, because 
theree was virtually no correlation between basic processing speed and effect size (.08). A 
between-experimentss test yielded a nonsignificant interaction of Experiment X Age Group 
XX Cue Condition, F(l,64) < 1, indicating that the decrease in age effects on correct SRTs, 
ass observed in Experiment 2 (Experiment X Age Group: F(l,64) = 3.8, MSE = 81808.72, 
pp = .05), was similar for prosaccades and antisaccades. 
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DirectionDirection errors 
Thee upper right panel of Figure 2.3 shows the percentage of direction errors for 

bothh age groups as a function of SOA. As expected, participants made virtually no direc-
tionn errors in the procue condition. We analyzed only the trials from the anticue condition. 
Inn contrast to the previous experiment, there was no reliable difference between the per-
centagee of horizontal and vertical direction errors, F < \,p> .3. Nor was there a reliable 
interactionn between age group and dimension, F < 1, p > .4. As Figure 2.3 illustrates, Ex-
perimentt 2 succeeded in preventing visually guided support of the target at the short 
SOAs.. This was reflected by the lack of a main effect of SOA, F(4,120) = 1.3, p > .2 and 
thee absence of an interaction of age group and SOA, f(4,120) = 1.9, p > .1. Most impor-
tantly,, this resulted in a significant main effect of age group, F(\,30) = 7.9, MSE = 
2363.46,, p < .01, indicating that older adults were impaired at suppressing reflexive eye 
movementss toward the cue. 
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FigureFigure 2.3. Eye movement indexes for younger and older adults as a function of cue con-
ditiondition and stimulus onset asynchrony in Experiment 2. (A) Correct saccadic reaction 
timestimes (SRTs). (B) Percentage of direction errors. (C) SRTs of direction errors. (D) Sac-
cadiccadic correction times (SCTs). 

Thee lower left panel of Figure 2.3 presents SRTs of direction errors in the an-
tisaccadee task. Interestingly, SRTs of these direction errors were approximately twice as 
sloww as those observed in Experiment 1. Also, there was age equivalence in the SRTs of 
reflexivee errors, as confirmed by the lack of a main effect of age group, F(l,28) = A,p > 
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.5.. In line with other eye movement indices, the effect of SOA was not significant, 
F(4,112)) = 2.0,/?>.1 

Thee lower right panel of Figure 2.3 shows saccadic correction times after direc-
tionn errors in the antisaccade task. Note that the SCTs of older adults exhibit an entirely 
differentt pattern than in the previous experiment. Although the SCTs of the older group 
weree significantly slower than those of the young group, F( 1,28) = 13.1, MSE = 34559.51, 
pp < .05, this relatively small age difference did not grow larger with increasing SOA as in 
Experimentt 1. This observation, supported by the lack of an interaction between age group 
andd SOA, F(4,l 12) = .5, p > .6, is compatible with the intention-activation hypothesis of 
thee results of older adults in Experiment 1. A significant main effect of SOA, F(4,l 12) = 
2.2,, MSE = 16974.42, p < .05, indicated that SRTs were somewhat slower at the shortest 
SOO As. Finally, in line with the observed reduction of older adults' SCTs in Experiment 2, a 
between-experimentss analysis revealed a marginally significant interaction effect of ex-
perimentt and age group, F(l,64) = 3.2, MSE = 52569.71, p = .08, observed power = .42. 

2.3.3.. Discussion 

Thee results of Experiment 2 are consistent with the notion that older adults are 
lesss capable than younger adults of actively suppressing an unintended saccade toward a 
highlyy salient abrupt onset. As in the previous experiment, older adults misdirected their 
eyess to the abrupt onset more often and were slower at initiating correct antisaccades than 
youngerr adults. Unlike in Experiment 1, age differences in the percentage of direction er-
rorss were also present at short SOAs, reflecting the effect of the target display manipula-
tion,, which neutralized the exogenous quality of the target, and for saccades in the vertical 
dimension,, emphasizing the central nature of the inhibitory age deficit. Like in Experiment 
1,, older adults also displayed elevated SCTs, suggesting that they were impaired at the 
initiationn of voluntary antisaccades after an error. These results emphasize the robustness 
off  our findings in Experiment 1 and thus provide evidence in favor of the IPR hypothesis 
andd against the generality of the spatial-nonspatial hypothesis of inhibitory decline in older 
age. . 

Thee principal aim of Experiment 2 was to evaluate the intention-activation hy-
pothesiss by means of a between-experiments comparison of the target display manipula-
tion.. Although one should be aware of sampling error in comparing different groups of 
participants,, it seems unlikely that this caused the notable differences between Experiment 
11 and 2. Note that the intention-activation hypothesis predicted smaller age differences in 
thee present experiment compared to Experiment 1, Two performance indices in particular 
supportedd this prediction. First, in Experiment 2, the age difference in the speed of genera-
tionn of corrective saccades was substantially smaller than in Experiment 1. A similar trend 
wass present for direct antisaccades, but the interpretation of this finding was complicated 
byy the finding of an equivalent decrease in age differences in prosaccade speed. Second, in 
contrastcontrast to Experiment 1, both age groups showed similar attention cuing effects in Ex-
perimentt 2, suggesting age equivalence in the extra amount of time needed to overcome 
thee pull of an anticue and shift attention to the other side. 

Inn contrast with these speed measures, the display manipulation seemed, if any-
thing,, to increase the age difference in the number of direction errors in the antisaccade 
task.. Apparently, forced use of the cue speeded up older people's voluntary eye move-
mentss and attention shifts, but did not reduce their susceptibility to move their eyes toward 
it.. The notion that aging affects the time needed to activate relevant cue-action schemas 
butt not the sensitivity to the cue (as measured by a change in performance elicited by the 
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cue)) gains support by analogy to recent research on age differences in prospective mem-
ory.. Prospective memory is defined as the memory of future intentions and the ability to 
retrievee them and carry them out at the proper time. In laboratory studies of prospective 
memory,, the appropriate time is usually indicated by a cue signal prompting people to 
allocatee attention from an ongoing primary task to the carrying out of the memorized in-
tention.. In a typical prospective memory task, West and Craik (1999) found preserved cue 
sensitivityy in older age, as defined by the difference in primary task performance between 
trialss on which the cue failed to elicit the execution of a cue-action schema, and trials on 
whichh no cue was presented at all. In contrast, while being only minimally slowed in pri-
maryy task performance, older adults were much slower than younger adults in the initiation 
off  prospective responses. 

Thee broader implication of these results would seem to be that older adults more 
frequentlyy fail to maintain an intention to react to discrete imperative signals. In the an-
tisaccadee task this means that increasing age results in less efficient use of the opportuny 
too optimize task performance by means of a voluntary eye movement in response to the 
cue.. Indeed, the importance of intention-activation in the antisaccade task has been 
stressedd by Roberts et al. (1994) who noted that "... successful [antisaccade] performance 
seemss dependent on maintaining a high enough level of activation of the relevant self-
instructionss to make an eye movement to the opposite side at the moment the cue is pre-
sented""  (p. 391). Interestingly, our results show that failures in intention activation can be 
overcomee under conditions when cue use is mandatory. 

2.4.. General Discussio n 

Thee present study focused on the influence of normal aging on the ability to sup-
presss automatic eye movements toward task-relevant, highly salient visual onsets. Accord-
ingg to the IPR hypothesis, this ability, as measured in the antisaccade task, should be vul-
nerablee to aging because it involves the active inhibition of an inappropriate, prepotent 
responsee tendency in favor of a task-relevant action (Roberts et al., 1994; West, 1996). 
Givenn that in the antisaccade task the cue is completely predictable and never primes the 
targett location, participants in this task are required to actively control their looking 
behaviorr and avoid shifting their eyes toward the cue. Furthermore, abrupt onset cues, as 
usedd in our study, are known to capture covert and overt attention in an automatic way 
(Theeuwes,, Atchley, & Kramer, 2000; Yantis, 1998), thus evoking a prepotent response 
tendency.. The tendency to foveate the cue is even more augmented by the relevance of cue 
locationn for proper task performance. 

Thee results were consistent with the IPR hypothesis of aging. Older adults were 
impairedd at actively suppressing prepotent eye movements toward task-relevant abrupt 
onsets,, as indicated by an increased percentage of inappropriate, reflexive saccades, and 
byy a task-specific slowing of antisaccade generation. Furthermore, the target-detection 
accuracyy results, reflecting the degree to which attention was focused on the target, were 
nicelyy in line with these eye movement findings. The age difference in the size of the cuing 
effectt indicated that older adults were less successful at preventing or overcoming the re-
flexivee pulling of attention by the peripheral cue. This suggests that the inhibitory prob-
lemss of older adults were not confined to eye movements but also applied to shifts of at-
tention,, which is in agreement with the notion that spatial attention usually accompanies 
eyee movements (e.g., Hoffman & Subramaniam, 1995; Rizzolatti et al., 1994). It should be 
noted,, however, that in our experiments attention shifts were always made in the presence 
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off  oculomotor activation. It remains an empirical question to what extent these findings 
generalizee to a setting where the deliberate control of strictly covert attention shifts is re-
quired.. Importantly, our results regarding eye movements and the associated attention 
shiftss are in clear contrast with previous studies suggesting age equivalence in the inhibi-
tionn of spatial orienting, and thus they provide evidence against the distinction between 
inhibitionn of spatial and nonspatial orienting as the crucial determinant of age-related dif-
ferencess in inhibitory function (Connelly & Hasher, 1993; Hartley, 1993; Pratt et al., 
1997).. Instead, they are consistent with the distinction between reflexively and actively 
controlledd inhibition as important predictor of age-related decline. 

Theree is some neurophysiological evidence for the existence of separate neural 
pathwayss supporting reflexively and actively controlled inhibition of spatial responses 
(see,, e.g., Rafal & Henik, 1994). Reflexive inhibition of spatial orienting is dependent on a 
primarilyy subcortical pathway through the superior colliculus. For instance, the superior 
colliculuss is well known to be intimately involved in generating inhibition of return (Pos-
ner,, Rafal, Choate, & Vaughan, 1985), inhibition of spatial location in covert (Posner & 
Petersen,, 1990) and overt (see Rizzolatti et a l, 1994) orienting toward peripheral stimuli, 
andd the maintenance of fixation (Munoz & Wurtz, 1992; Pratt et al., 1997), all of which 
havee been found to be resistant to normal aging. It may well be possible, then, that the 
subcorticall  brain structures involved in these reflexively controlled forms of inhibition are 
relativelyy less affected by the neuronal degeneration usually associated with older age. 
Indeed,, in contrast to most other brain structures the volume of the tectum (i.e., the part of 
thee midbrain that includes the superior colliculus) has been reported to shrink only slightly 
withh increasing age (for review, see Raz, 1996; Raz, 2000). 

Activee inhibition of responses, in general, is thought to be mediated by prefrontal 
structuress exerting control over subcortical reflexes (Roberts et al., 1994; West, 1996). 
Givenn that the neurological changes that accompany aging are known to occur earlier and 
too be more pronounced in the frontal lobes than in other regions of the brain (see, e.g., Van 
derr Molen & Ridderinkhof, 1998; West, 1996), it should perhaps not be surprising that 
olderr adults perform more poorly on frontal tasks than do younger adults (Kramer et al., 
1994;; West, 1996). Conversely, although there is abundant evidence for the existence in 
thee brain of two separate attention systems, an occipital-temporal pathway for the process-
ingg of identity information and an occipital-parietal pathway for the processing of or acting 
onn spatial information (see, for review, Milner & Goodale, 1995), we know of no neuro-
anatomicall  or neurophysiological studies indicating that these systems are differentially 
susceptiblee to aging. 

Thee distinction between two neural pathways, one for active and one for reflexive 
control,, is particularly relevant to eye movement tasks as those used in the present study. 
Replicatingg previous studies (Fischer et al., 1997; Munoz et al., 1998), we found relatively 
similarr reaction times of direction errors in the antisaccade task. Other researchers (Pratt et 
al.,, 1997) have reported age equivalence in the size of the gap effect, which is probably 
indicativee of an intact fixation system in older adults. Importantly, both the maintenance of 
fixationn and the control of rapid, reflexive eye movements, are known to be mediated by a 
subcorticall  pathway involving the superior colliculus (e.g., Schiller, 1998). In contrast, 
corticall  regions, including the frontal eye fields, supplementary eye fields, and dorsolateral 
prefrontall  cortex, subserve the generation of voluntary eye movements and the active inhi-
bitionn of reflexive eye movements, presumably by controlling the superior colliculus 
throughh the basal ganglia (see, for review, Everling & Fischer, 1998). Clearly, both of 
thesee purportedly frontal functions were found to be affected in our older adults. 
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Inn sum, in line with other eye movement studies our results support the notion of 
twoo parallel oculomotor pathways in the brain: One pathway that is reponsible for the cor-
ticallyy exerted top-down control of the superior colliculus and the initiation of voluntary 
eyee movements, which loses efficiency in older age. And another, primarily subcortical 
pathwayy for the control of rapid, reflexive eye movements, which appears age insensitive 
(seee Fischer et al., 1997, for a similar view). 

Contraryy to the expectation, on the basis of generalized slowing theory (e.g., 
Salthouse,, 1996), that the increased task complexity of Experiment 2 would add to the 
alreadyy existing age differences in Experiment 1, we found that when forced to use the cue 
(Experimentt 2), older adults' antisaccades and associated attention shifts were less slowed 
relativerelative to younger adults than when use of the cue was not mandatory (Experiment 1). 
Thee combined results from the two experiments are consistent with the hypothesis that the 
olderr adults in Experiment 1 had problems maintaining a sufficiently high level of inten-
tionn activation during the experiment. Experiment 2 indicated that these problems can, in 
principle,, be overcome. This intention-activation account is consistent with the growing 
bodyy of literature reporting age-related decline in a variety of prospective memory tasks 
(e.g.,, Duncan et al., 1996, Experiment 2; West & Craik, 1999), indicating that older adults 
havee a harder time keeping intentions sufficiently activated over time. Importantly, several 
authorss have emphasized the role of the frontal lobes in tasks requiring the active mainte-
nancee of future goals (Duncan, 1995; see also West, 1996). Hence, the reported age deficit 
inn intention activation appears to provide additional support for frontal lobe theories of 
agingg (West, 1996). 

Duncann and associates (Duncan, 1995; Duncan et al., 1996) have functionally in-
terpretedd this frontal deficit in terms of goal neglect, which they defined as a disregard of a 
taskk requirement even though it has been fully understood (see also De Jong et al., 1999). 
Duncann (1995) specified a number of conditions under which goal neglect is likely to oc-
cur.. One condition is the need to satisfy multiple task requirements at the same time. Inter-
estingly,, this might be an explanation for the absence of a specific slowing of antisaccades 
inn older adults in two previous aging studies (Fischer et al., 1997; Munoz et al., 1998). In 
thesee studies, the cue was not followed by a target stimulus. Hence, because the generation 
off  fast antisaccades in response to the cue was the sole objective for participants, older 
adultss could focus entirely on this task. In contrast, in the present study the task of produc-
ingg fast saccades was instrumental with respect to optimal performance in thee target detec-
tionn task. Weak environmental support is another important condition that can give rise to 
goall  neglect. Accordingly, we argued that in this study the more stringent task environ-
mentt of Experiment 2 served as a form of external support to overcome problems of inten-
tionn activation in older adults. Other researchers have also emphasized the importance of 
externall  support in the form of verbal prompts (Duncan et al.) and explicit task instruc-
tionss (Eenshuistra, Wagenmakers, & De Jong, 1999) in intention activation in older adults 
andd frontal patients (see also Maylor, 1996). 

Itt remains an open question whether problems with the active maintenance of in-
tentionss and a reduced ability to suppress prepotent responses are the result of separable 
frontalfrontal functions or do both reflect the decrement of a more general frontal function such 
ass working memory (Roberts et al., 1994). An important message of the present study and 
thee other studies mentioned in this section is that age effects in executive control tasks 
mightt reflect real limitations in inhibitory capabilities, failures to fully or consistently util-
izee such capabilities, or some combination of these factors (De Jong et al., 1999). There-
fore,, future research should focus on both structural, cognitive limitations and failures in 
intentionn activation as determinants of age-related decline in inhibition tasks. 
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Chapterr  3 

AA Goal Activatio n Approac h to the Study of Executiv e Function : 
Ann Applicatio n to Antisaccad e Tasks 

WeWe argue that a general control process, responsible for the activation and maintenance 
ofof task goals, is central to the concept of executive function. Failures of this process can 
becomebecome manifest as goal neglect: disregard of a task requirement even though it has been 
understoodunderstood (Duncan, 1995). We designed several experiments using various versions of 
thethe antisaccade task in order to investigate the circumstances under which goal neglect is 
likelylikely to occur. Potentially conflicting results in the literature on adaptive control of sac-
cadiccadic eye movements were shown to be attributable to the extent to which different task 
versionsversions elicit goal neglect. The results indicated increased susceptibility to goal neglect 
inin high-functioning older adults (Experiment 1) and first-episode schizophrenia patients 
(Experiment(Experiment 2), but not in patients with obsessive-compulsive disorder (Experiment 3). 
However,However, the degree to which such differences in susceptibility became manifest in task 
performance,performance, was shown to be strongly influenced by manipulations of relative saliency of 
tasktask requirements. Theoretical and methodological implications for the study of executive 
functionfunction are discussed. 

3.1.. Introductio n 

Muchh work in cognitive neuropsychology has been guided by the intuition that 
somewheree in the cognitive processing system resides a control mechanism, which imple-
mentss functions such as "planning", "monitoring", and "inhibition". These functions are 
commonlyy referred to as executive functions (Monsell, 1996) and are thought to rely heav-
ilyy on the frontal lobes. The assumption of a functional and anatomical distinction between 
aa control mechanism and a set of controlled mechanisms (e.g., memory) has in particular 
beenn reinforced by neuropsychological reports describing patient populations with frontal 
lobee damage, who may show severe executive deficits in the context of intact crystallized 
intelligencee (e.g., Shallice & Burgess, 1991). A range of neuropsychological tests have 
beenn designed with the aim of tapping the cognitive deficits underlying the general distur-
bancess of behavior often seen in these patients. However, it has become clear that most 
classicall  "executive" tasks, such as the Wisconsin Card Sorting Task and the Tower of 
Hanoi,, are unreliable at discriminating patients with frontal lobe lesions from patients with 
moree posterior lesions (for critical reviews, see Reitan & Wolfson, 1994; Tranel, Ander-
son,, & Benton, 1994). A likely reason for the poor discriminant validity of many of these 
taskss is that they tap executive functions as well as multiple non-executive functions, such 
thatt task performance may be disrupted in many ways (see Burgess, 1997; Pennington, 
Bennetto,, McAleer, & Roberts, 1996). 

Another,, more fundamental concern is the questionable construct validity of the 
hypotheticall  constructs that conventional executive tasks aim to measure. For instance, 
Rabbittt (1997) has pointed out that popular constructs such as "inhibition" are often opera-
tionalizedd in terms of a set of exemplary tasks (e.g., Stroop task, A-not-B task), which are 
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typicallyy not validated against each other or against an independent standard. As a result, it 
iss well possible that despite the apparent face validity of most of these tasks, their per-
formancee outcomes may tell us littl e about the functional processes underlying perform-
ance.. Indeed, a number of studies have addressed the construct validity of conventional 
executivee tasks by examining the intercorrelations of performance scores on batteries of 
executivee and other tasks administered to large groups of people. The standard finding is a 
matrixx of positive but predominantly low correlations with littl e or no substantial cluster-
ingss of executive tasks or subsets of seemingly similar executive tasks (e.g., Duncan, John-
son,, Swales, & Freer, 1997; Kopelman, 1991; Miyake et al., 2000; Rabbitt, 1997). This 
suggestss that many conventional executive tasks have as littl e in common between them as 
theyy have in common with other, presumably non-executive tasks. Thus, if there exists 
indeedd a distinct executive control mechanism1, then variation in its efficiency does not 
reveall  itself as a systematic, replicable pattern of associations between mean performance 
scoress on current neuropsychological tasks. The increasingly recognized difficulty of find-
ingg a reliable measure of executive deficit (for a more detailed discussion, see Burgess, 
1997;; Miyake et al., 2000; Rabbitt, 1997) seems to suggest the need for a different, com-
plementaryy approach to the study of executive function. 

Inn this article, we advocate the view that when comparing groups with known or 
suspectedd frontal lobe dysfunctioning with control groups, differences in the variability of 
theirr task performance can be at least as informative about executive dysfunction as the 
meree shift in average level of performance. More specifically, we propose that perform-
ancee variability within tasks may arise from failures to fully or consistently focus attention 
onn task requirements. Such failures have recently been interpreted using the concept of 
goalgoal neglect (e.g., De Jong, Berendsen, & Cools, 1999; Duncan, 1995; Duncan, Emslie, 
Williams,, Johnson, & Freer, 1996): Although task requirements may be understood and 
remembered,, they are not turned into active goals or adequately maintained as such, so 
thatt control over behavior is lost. As will be discussed below, there is good evidence that 
goall  activation is central to the concept of executive function. Performance variability be-
tweentween tasks from the same task domain, though usually ignored, can often be attributed to 
onee of several factors (differentiating seemingly functionally identical task versions), 
whichh have been proposed to stimulate the process of goal activation through their poten-
tiall  to have people focus their attention more tightly on demanding task requirements. 

Inn order to illustrate the importance of such factors and their influence on the 
hypothesizedd goal activation process, we review a set of new and some already published 
experimentss using several versions of the antisaccade task. We demonstrate that between-
taskk variability of performance on these task versions is considerable in two subject groups 
oftenn associated with executive dysfunctioning (individuals at older age and first-episode 
schizophreniaa patients). We argue that the factors underlying this between-task variability 
suggestt that these groups tend to exhibit excessive goal neglect. Finally, we contrast these 
groupss with a group of patients with obsessive-compulsive disorder, who display no evi-
dencee of goal neglect. However, we first elaborate the relation between goal activation and 
executivee functions, and discuss the experimental paradigms in which and circumstances 
underr which goal neglect tends to occur. 

11 Although the typical pattern of correlations between conventional executive tasks can be taken to 
inferr the existence of multiple control mechanisms, each implementing a distinct executive function, Delia Sala, 
Gray,, Spinnler and Trivelli (1998) have pointed out that such a conclusion is impeded by the theoretical and 
methodologicall  limitations of the correlational and associated factor-analytic approach. 
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GoalGoal neglect 
Thee positive correlation between performance measures of almost any pair of 

cognitivee tasks has been accounted for in terms of one general ability factor, Spearman's g 
(Spearman,, 1927), which contributes to successful performance on a large number of very 
differentt cognitive tasks. Indeed, although such a factor may manifest itself in a wide 
rangee of cognitive activities, the only unique aspect of these cognitive activities might be 
thee involvement of that factor (Burgess, 1997). Duncan and colleagues (Duncan, 1995; 
Duncann et al., 1996) have proposed that the g factor may reflect the efficiency of a general 
goall  activation process, which is involved in "constructing an efficient task plan by activa-
tionn of appropriate goals or action requirements" (Duncan et al., 1997, pp. 716). Ineffi-
ciencyy of this process is revealed by a phenomenon called goal neglect, operationalized by 
Duncann (1995) as disregard of a task requirement even though it has been understood and 
remembered.. Several examples of goal neglect in laboratory tasks will be given below. 
Althoughh performance on almost any task may depend, to some extent, on a common goal 
activationn process, other "executive" functions involved in task performance (e.g., those 
responsiblee for inhibiting motor reflexes, or those involved in planning an action se-
quence)) may be extremely domain-specific (e.g., Rabbitt, 1997). This might explain why 
correlationss between most cognitive performance scores are so low. 

Consistentt with the hypothesis that g reflects the efficiency of a general goal acti-
vationn process, Duncan and colleagues (Duncan et al., 1996; 1997) showed that individual 
differencess in g could well account for interindividual variation in a measure of goal ne-
glectt obtained in a prospective memory task. Indeed, goal neglect is strongly characteristic 
off  individuals with frontal lobe damage (e.g., Duncan et al., 1996; Milner, 1963), who also 
tendd to show poor performance on standard tests of fluid intelligence (Duncan, Burgess, & 
Emslie),, which, in general, have high g correlations. The existence of a general goal acti-
vationn process, which contributes to successful performance on a wide range of tasks, is 
consistentt with the observation that individuals with frontal lobe damage routinely demon-
stratee generalized neuropsychological impairment in the absence of any specific deficits 
(Reitann & Wolfson, 1994). However, it should be emphasized that problems with the con-
sistencyy of goal activation are, to some extent, also visible in the normal population, as 
illustratedd below. 

Twoo experimental task domains, in particular, have inspired the systematic study 
off  goal neglect and the factors influencing its probability of occurrence. First, in prospec-
tivee memory tasks, subjects are required to place a task on hold and to resume it only when 
somee memorized trigger condition is fulfilled. This "prospective" task is typically embed-
dedd in another, ongoing ("primary") task meant to direct the focus of attention away from 
thee intention to react to the prospective trigger. For instance, in the experiments reported 
byy Duncan et al. (1996), subjects' primary task was to monitor two streams of random let-
terss and digits and to repeat out loud any letters that appeared on one side. The prospective 
taskk was to respond to an occasionally presented central, symbolic cue ("+" for right, "-" 
forr left), indicating subjects on what side to continue reading. Even though virtually every 
subjectt was able to recall this rule correctly when prompted, goal neglect, evident as a 
failuree to switch sides if required, was not uncommon among young and healthy subjects. 
However,, the severity of goal neglect was markedly increased in individuals with frontal 
lesions,, and, to a lesser extent, in older adults. Patients with parietal lesions did not exhibit 
moree goal neglect than matched controls. As mentioned above, initial performance on the 
letter-monitoringg task was well predicted by subjects' estimates of g (see also Duncan et 
al.,, 1997) which, according to those researchers, suggests that the task may be a relatively 
puree measure of executive function. Goal neglect was especially apparent in early phases 
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off  the experiment (i.e., when the task was still novel), and when a second prospective task 
wass added. Furthermore, if subjects displayed neglect of the switching rule, this almost 
alwayss disappeared immediately after verbal prompts drawing attention to the task re-
quirements. . 

Comparedd with the study by Duncan et al. (1996), most prospective memory 
studiess have incorporated a longer delay between the instruction phase and the moment to 
carryy out the memorized intention (see Brandimonte, Einstein, & McDaniel, 1996). These 
studiess have confirmed that the prospective component of performance depends on the 
activationn level of this representation (Mantyla, 1996), as well as on the salience of envi-
ronmentall  prompts (Einstein & McDaniel, 1996). For instance, the effect of age on pro-
spectivee memory performance is particularly evident in task versions where the resumption 
off  the prospective task is signaled by a time marker (e.g., a specific time of the day), as 
comparedd to some external event (Maylor, 1996). Obviously, in the former case the envi-
ronmentall  support is low, whereas in the latter case the event may be a powerful trigger of 
thee cue-action schema. As noted above, Duncan et al. emphasized novelty as another fac-
torr giving rise to goal neglect. However, their finding that goal neglect was restricted to 
behaviorr before the first correct trial has not been replicated in subsequent prospective 
memoryy studies (e.g., Maylor, 1998). Finally, it is important to note that most studies have 
managedd to exclude retrospective memory problems as factor responsible for neglect (e.g., 
Brandimontee et al., 1996). Thus, an important part of the trial-to-trial performance vari-
abilityy in prospective memory tasks may be attributed to failures to act upon the instruc-
tionss at the appropriate moment, rather than to mere forgetting of the task instructions. The 
probabilityy of such goal neglect can be influenced by environmental prompts, the number 
off  concurrent task requirements, and, possibly, novelty. 

AA second class of experimental tasks that can yield a relatively pure manifestation 
off  goal neglect are conflict tasks, which require responding to one set of stimuli or rules, 
evenn when more compelling stimuli or rules are available. A classical example of goal 
neglectt in conflict situations was reported by Milner (1963) using the Wisconsin Card 
Sortingg Task, in which card stimuli must be sorted according to a sequence of conflicting 
rules.. Milner noted that frontal patients may continue to sort according to a set of recently 
activatedd but now inappropriate rules, even though they verbally acknowledge that the old 
ruless should be abandoned. A similarly striking dissociation between what is known of 
taskk requirements and what is actually attempted in behavior has been noted by Zelazo, 
Fryee and Rupus (1996) in 3-year old children performing a card-sorting task. After a ver-
ballyy announced switch of rules, many of the children continued to use the preswitch rules 
despitee correctly answering questions about the new, postswitch rules. These results point 
att an inability to turn explicit knowledge of task requirements into an active goal, neces-
saryy to guide behavior. 

Recentt evidence suggests that Stroop-type conflict effects may also stem from 
goall  neglect, rather than from fundamental inhibitory limitations as is commonly believed 
(seee De Jong et al., 1999). In the original Stroop task, subjects are instructed to name the 
inkk color of a color word (e.g., the word red printed in blue) and to ignore the meaning of 
thee word. The Stroop effect refers to the cost in speed and accuracy of color naming when 
thee ink color and word name do not correspond, as compared to a situation where they 
correspond.. West (1999) observed that color-naming errors tend to occur during periods 
off  slowed responding, and hypothesized that during these periods attention is not suffi-
cientlyy focused on the color naming task requirement. According to this hypothesis, task 
conditionss that promote the effective mobilization of attention should be associated with a 
reducedd Stroop effect. At least two types of evidence have confirmed this prediction. First, 
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itt has been demonstrated that increasing the relative frequency of demanding, noncorre-
spondingg trials in a mixed trial block decreases the magnitude of the Stroop effect (e.g., 
Logann & Zbrodoff, 1979), and even more so for older adults (West, 1999). A second type 
off  evidence was presented by De Jong et al. (1999), who manipulated the time interval 
betweenn subsequent Stroop stimuli. De Jong et al. reasoned that a fast pace of stimulus 
presentationn might help subjects to remain well-focused on the task, whereas a slower pace 
mightt give rise to attention fluctuations. Indeed, the Stroop effect was notably reduced in 
thee fast pace condition. These findings show that one should be cautious in attributing the 
Stroopp effect and, possibly, other conflict effects to an absolute inability to respond very 
quicklyy and accurately on conflict trials. The finding that these effects can be largely 
eliminatedd when task demands increase the necessity to fully focus attention on the task 
requirements,, suggests that goal activation failures may be an important underlying cause 
off  suboptimal performance in conflict situations. 

Wee now turn to the antisaccade task domain, which serves as illustration for the 
presentt purposes. Being a prominent example of a conflict task because it involves the 
competitionn between an endogenously generated and an inappropriate, reflexive eye 
movement,, it is currently a popular tool for measuring "inhibitory deficits" in clinical neu-
ropsychologyy and related fields (see Everling & Fischer,, 1998, for a review). 

AntisaccadeAntisaccade task 
Inn the antisaccade task (e.g., Hallet, 1978, Roberts, Hager, & Heron, 1994), sub-

jectss are confronted with a series of peripherally presented abrupt onset stimuli. The basic 
taskk requirement is to suppress the prepotent tendency (e.g., Kramer, Hahn, Irwin, & 
Theeuwes,, 1999) to look toward the stimulus (henceforth: the cue), and instead move the 
eyess to the diametrically opposed location as quickly as possible. In a frequently employed 
versionn of the task (see Figure 3.1), a target is then very briefly presented at this location, 
andd subjects receive the additional instruction to give a nonspeeded two-choice response 
onn the basis of the target identity. Thus, the cue serves as a fully reliable indicator of the 
targett location, prompting subjects to produce fast antisaccades in order to optimize choice 
performance.. An elegant control condition is provided by the prosaccade task, in which 
thee target appears at the same side as the cue. Here, subjects are required to make a sim-
ple,, visually-guided saccade toward the cue. The difficulty of overriding the prepotent 
responsee in the antisaccade task is generally expressed in increased saccade onset latencies 
iff  the eyes move directly in the correct direction. In addition, reflexive glances in the di-
rectionn of the cue (i.e., antisaccade errors) are highly prevalent, whereas in the prosaccade 
taskk subjects rarely make errors. 
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FigureFigure 3.1: Example of sequence of events for an anticue trial. See text for actual size. 
SubjectsSubjects fixated on the central cross. One of the boxes was then turned off for 67 ms and 
thenthen turned on again, providing a spatial cue and prompt to generate a saccade. After a 
variablevariable stimulus onset asynchrony the target appeared for a variable duration before 
beingbeing masked. 
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Becausee we were primarily interested in the effect of factors affecting goal activa-
tionn on overall pro- and antisaccade performance, it was convenient for the present pur-
posess to obtain a single, overall performance measure. We have recently shown (Nieu-
wenhuis,, Ridderinkhof, De Jong, Kok, & Van der Molen, 2000) that the various oculomo-
torr performance indices of pro- and antisaccade performance can be adequately summa-
rizedd by one compound measure: the accuracy of target identification associated with the 
additionall  choice response task. The value of this measure is based on the rationale that, if 
thee stimulus onset asynchrony (SOA) between cue and target is systematically manipu-
lated,, then the time needed to (overtly) attend to a certain location can be inferred from the 
accuracyy of identifying targets at that location at various points in time (e.g., Gottlob & 
Madden,, 1998). For example, slow saccade onset latencies and frequent saccade errors in 
thee antisaccade task will manifest as relatively poor target identification at short SOAs, 
becausee the eyes arrive too late to foveate the target. Alternatively, long SOAs (e.g., 1.5 s) 
shouldd maximize the probability of correct identification, for instance because they allow 
potentiall  saccade errors to be corrected in time. Importantly, we ensured that baseline ac-
curacyy of target identification in an additional, neutral cue condition (i.e., in which the cue 
wass not predictive of the target location) was equalized across the tested groups. This was 
accomplishedd by adjusting the presentation duration of the target on an individual level in 
thee practice phase, and taking the resulting duration as outset in the experimental phase. 
Underr the assumption that the neutral and experimental cue conditions differed only in the 
possibilityy to move the eyes to the target location in advance, this method enabled us to 
controll  for group differences in sensory and oculomotor speed. 

3.2.. Experiment 1: Cognitive aging 

Above,, we have reviewed evidence in support of the view that performance on 
manyy psychological tasks is dependent on a common process of goal activation: turning a 
taskk requirement into an appropriate goal and maintaining this goal over time, and in the 
facee of competing response tendencies. Goal neglect, a repeated failure of this process, has 
beenn proposed to be a central element of executive dysfunction, and is revealed as a sensi-
tivityy to variations in the degree to which attention is focused on the instructed task. As we 
havee seen, three factors that can induce such variability are the availability of environ-
mentall  prompts, the necessity of tightly focused attention as dictated by specific task fea-
tures,, and the number of concurrent task requirements. In order to demonstrate how these 
factorss can affect antisaccade performance, we first present a set of data collected with the 
previouslyy described version of the antisaccade task (i.e., with a secondary, target identifi-
cationn task). These data, described in Experiment 1, provide a good starting point from 
whichh to develop our argument. The experiment involved a comparison between a group 
off  younger and older, healthy and highly educated adults, and was originally conducted to 
investigatee the manner in which and degree to which inhibition of prepotent responses is 
compromisedd in older age. 

3.2.1.. Method 

Subjects Subjects 
Sixteenn young (8 women) and 16 older (3 women) adults participated in this ex-

periment.. The young subjects (Mage = 22.3, range 20-27) were undergraduate students at 
thee University of Groningen. The older subjects (M age = 72.4, range 65-82) were all re-
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tiredd university professors, non-institutionalized, and relatively healthy and alert according 
too self-report. The experiment lasted approximately 1.5 hours. All subjects were paid fl. 
10,-- per hour for their participation. 

Stimuli Stimuli 
Stimulii  (see Figure 3.1) were presented in white on a black computer screen. 

Subjectss were facing the screen at a distance of 40 cm. The fixation display consisted of a 
centrall  fixation cross, subtending 0.7°, surrounded by four boxes that were symmetrically 
positionedd above, below, to the left and right of the cross. The boxes each subtended 3.2°, 
bothh horizontally and vertically, and the visual angle between fixation and the center of 
eachh box was 4.0°. The target consisted of a schematic face in the shape of a circle with a 
diameterr equal to the length of the side of a box. The mouth, which differentiated between 
aa happy and a sad face, subtended 1.5° X 0.5°. 

Design Design 
Theree were two experimental cue conditions: (1) the procue condition in which 

thee face appeared in the cued box (i.e., a prosaccade task). (2) the anticue condition in 
whichh the face appeared in the box opposite from the cued box (i.e., an antisaccade task). 
Inn addition, there was a neutral control condition in which each of the boxes was cued at 
thee same time, thus providing no information about the location of the target. After having 
receivedd 210 practice trials with the neutral condition, subjects entered the experimental 
phasee which consisted of four sets of four blocks. Cue condition (procue or anticue) was 
heldd constant within each set and was varied across sets according to an ABBA design 
withh half of the subjects starting in the procue condition. One third of the trials in each 
blockk were neutral. These were randomly intermixed with the experimental trials. The first 
off  every four blocks consisted of 24 trials, all of which were discarded because of carry-
overr effects from the other cue condition. The other three blocks consisted of 96 experi-
mentall  trials each. SOA (100, 200, 300, 400, 600, 800, 1000, or 1500 ms) was randomly 
variedvaried within blocks, but the percentage of trials with each SOA was controlled in order to 
yieldd approximately 17% trials with the four shortest SO As and 8% with the four longest 
SOAss . Cue location was randomly determined on each trial. 

Procedure Procedure 
Eachh trial started with the presentation of the fixation display. After a fixed dura-

tionn of 750 ms, one of the boxes was turned off for 67 ms and then turned on again, pro-
vidingg a clearly perceptible spatial cue. After a variable SOA, starting at cue offset, the 
facee was displayed until a (non-speeded) response was registered by the computer key-
board.. Response keys, "v" for happy and "n" for sad, were operated by the left and right 
indexx fingers. Importantly, the discriminative feature of the face, the mouth, was masked 
afterr an individually-based duration. The practice phase was used to determine the time 
thatt the mouth should be displayed, before being masked, in order to yield 67% correct 
responsess with the neutral cue for that particular subject. This was done by means of a 
staircase-trackingg algorithm. The resulting target duration was used as initial duration in 
thee experimental phase, but, if necessary, target duration was adjusted at the start of a new 
experimentall  set with the aim of maintaining subjects at a 67% percent accuracy level in 

22 The estimated variance of the proportion of correct manual responses for each SOA was (p * {1 -p)) 
// n, where p is the probability of a correct response, and n is the number of trials. Because p increased with SOA 
wee needed fewer trials at the long SOAs than at the short SOAs in order to obtain a similarly reliable estimate of 
thee percentage correct responses. 
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thee neutral cue condition. Mean target duration was 111 ms for the young and 158 ms for 
thee older adults, F(l, 30) = 11.21,p < .005. 

Importantly,, subjects were neither instructed to make eye movements nor to keep 
fixation.. However, they were explicitly informed about the informative value of procues 
andd anticues, and they were instructed to make active use of any informative cue to im-
provee choice performance. Possible eye movements were not recorded, but pilot work 
establishedd that if subjects were told to keep fixation, their discrimination accuracy hardly 
exceededd chance levels. Alternatively, if they received no eye movement instructions, an 
eyee movement was almost always observed. Before the start of each block, subjects were 
informedd about the upcoming cue condition. At the end of each block, feedback about 
manuall  response accuracy was presented on the computer screen. Subjects were allowed a 
100 min rest break after each experimental set. 
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FigureFigure 3.2: Discrimination accuracy (%) as a function of cue condition and SOA for the 
youngeryounger and older age group in Experiment 1. 

3.2.2.. Results 

Thee analysis of the discrimination accuracy data included all experimental trials 
exceptt the first trial of each block. The results are shown in Figure 3.2. Accuracy in the 
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procuee condition quickly rose to a high asymptote as a function of SOA for both age 
groups.. In contrast, the function for the anticue condition revealed marked age-related 
differences.. For young adults, the function briefly dipped below the control level for the 
neutrall  cue but then rose quickly to the same asymptotic level as that reached with pro-
cues.. For the older adults, however, accuracy in the anticue condition remained well below 
thee neutral control level for at least 300 ms, suggesting a much stronger tendency for the 
cuee to pull attention to the wrong location. Also, unlike for young adults, the asymptotic 
levell  of accuracy for anticues remained well below that for procues, indicating that the 
olderr adults failed to redirect their attention to the opposite location even when given am-
plee time to do so. 

Inn order to increase the reliability of the factorial cell means, we reduced the sub-
stantiall  error variance by pooling the two shortest SOAs, the two next shortest SOAs etc, 
soo that the factor SOA was entered into the statistical analyses with four levels. The data 
fromfrom the neutral cue condition were analyzed separately by means of a two-way ANOVA 
withh age group as between subjects factor and SOA as within subjects factor. The stair-
case-trackingg procedure was successful at equating both age groups in the neutral cue con-
dition,, as indicated by a non-significant main effect of age group, F(l, 30) < 1. The slight 
increasee in accuracy across SOAs was not significant, F(3, 90) = 1.4, p > 2. 

Thee main analysis of the discrimination accuracy data included accuracy scores in 
thee procue and the anticue condition. The data from these conditions were submitted to a 
three-wayy ANOVA with age group as between subjects factor and SOA and cue condition 
ass within subjects factors. Taken across the two cue conditions the young adults were more 
accuratee than the older adults, F( l, 30) = 21.1, p < .001, indicating that the former group 
shiftedd their attention more efficiently in response to informative cues. As expected, accu-
racyy was significantly lower in the anticue condition than in the procue condition, F(l, 30) 
== 75.1, p < .001, and, importantly, this effect of cue condition was more pronounced for 
thee older adults than for the young adults, F(l, 30) = 9.9, p < .005. The factor SOA 
showedd a significant main effect, F(3, 90) = 103.4, p < .001, and entered in a reliable in-
teractionn with cue condition, F(3, 90) = 20.1,/? < .001, reflecting a slower rise in accuracy 
inn the anticue condition. Indeed, the initial drop and modest increase of the anticue func-
tionn of older adults resulted in a significant three-way interaction, F(3, 90) = 3.6,/? < .03. 

3.2.3.. Discussion 

Thee results from Experiment 1 suggest a close relationship between age and an-
tisaccadee performance. Compared to the younger adults, the group of healthy, highly edu-
cated,, older adults needed considerably more time to override the prepotent response acti-
vatedd by the cue. Interestingly, even when the SOA was increased up to 1.5 s, there re-
mainedd a substantial asymptotic cost, suggesting that the older adults failed to initiate a 
voluntaryy (corrective) antisaccade on some proportion of the trials. What would cause 
suchh failures to anticipate the target? 

Att this point, we are confronted with an important discrepancy between the pre-
sentt results and results from two cross-sectional lifespan studies of pro- and antisaccade 
performancee (Fischer, Biscaldi, & Gezeck, 1997; Munoz, Broughton, Goldring, & Arm-
strong,, 1998). Both of these studies found an approximately linear increase of antisaccade 
latenciess between the age of 20 and 75. However, a similar increase was reported for 
prosaccadee latencies, suggesting that the age differences in antisaccade latencies should be 
attributedd to aspecific perceptuomotor deficits rather than to a compromised ability to 
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handlee conflict3. The antisaccade error rates confirm this notion. In Munoz et al., the error 
ratess were the same across the adult lifespan. The data from Fischer et al. show a modest, 
positivee correlation between adult age and proportion of antisaccade errors, but the oldest 
groupp (age 55-75, N=15) deviated from this pattern and performed much like the youngest 
adults.. In neither study can this age invariance be attributed to a floor effect. Moreover, it 
iss unlikely that the discrepancy between our results and these previous studies is related to 
ourr choice of subjects. All of our subjects were highly educated, and their mean age corre-
spondedd with that of the oldest subject groups in Fischer et al. and Munoz et al. Lack of 
motivationn can also be ruled out as an alternative interpretation for the poor antisaccade 
performancee of our group of older adults. Apart from the fact that, as usual, the older 
adultss made the impression of being highly motivated, the finding that their prosaccade 
performancee matched that of the younger adults is incompatible with motivational prob-
lems. . 

Althoughh the paradigm used by Fischer et al. (1997) and Munoz et al. (1998) and 
ourr antisaccade paradigm are usually treated as logically and functionally isomorphous, we 
believee that differences in task design and instructions may well account for the variability 
inn findings. The most salient difference in task design between our study and the studies by 
Fischerr et al. and Munoz et al. is that their design did not include a target identification 
task.. That is, instead of being replaced by a target stimulus, the cue remained visible for 1 
s,, after which the trial ended. Subjects were simply required to respond to the cue with a 
prosaccadee or antisaccade. Importantly, because this was their only task goal, subjects 
weree explicitly instructed to produce a fast and accurate saccade on each trial. Note that in 
ourr experiment, subjects were not explicitly instructed to do so. The requirement to make 
saccadess was strictly implicit in the instruction to make active use of any informative cue 
too improve choice performance. Above, we have reviewed evidence suggesting that ex-
plicitt prompts (including instruction) may be beneficial to the triggering of intended be-
haviorss (e.g., Duncan et al., 1996). Therefore, it is possible that the use of explicit instruc-
tionss is one of the factors responsible for the absence of age differences in previous an-
tisaccadetisaccade studies. 

Evidencee for the importance of explicit instructions was obtained through com-
parisonn of the present results with the results from an experiment published elsewhere 
(Nieuwenhuiss et al., 2000, Experiment 1). This experiment used virtually the same design 
andd procedure but now the younger and older subjects were explicitly told to make active 
usee of the cue by means of a saccade toward the target location. In addition, to increase the 
perceivedd necessity to make eye movements, the visual angle between fixation and each 
possiblee target location was increased to approximately 10° (compared with 4° in the pre-
sentt experiment). Figure 3.3A shows the discrimination accuracy data from Nieuwenhuis 
ett al. The results were very similar to those of the present experiment, with one important 
exception:: The substantial difference between asymptotic levels of accuracy in the procue 
andd anticue condition that was found for older adults in the present experiment, was now 
entirelyy absent. Thus, explicitly prompting subjects to make saccades was successful in the 
sensee that it remedied the purported occasional failures by the older adults to initiate an 
endogenouss antisaccade, but it did not seem to have affected the speed with which older 
adultss were able to initiate antisaccades. 

speed. . 
Recalll  that our experimental measures are not contaminated by age differences in perceptuomotor 
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Inspectionn of the eye movement recordings reported by Nieuwenhuis et al. (2000, 
Experimentt 1) suggested a reason for the age differences in the speed of initiating antisac-
cades.. For many older adults, there was a strong relation between SOA and the onset la-
tencyy of antisaccades, such that longer SOAs were associated with slower antisaccades. A 
similarr relation was not observed in the procue condition. It seems that in the anticue con-
dition,, many older subjects adopted a strategy in which they attempted to exploit the onset 
off  the target stimulus itself to trigger the antisaccade, and reserved endogenous initiation 
onlyy for those instances in which the target did not appear promptly after the cue. Impor-
tantly,, none of the younger subjects showed evidence of such a strategy. 

Att first sight, this strategy would seem counterproductive; In order to maximize 
theirr chances of correctly perceiving the facial expression, subjects should initiate the req-
uisitee saccade without delay. However, the perceptual impression of the facial expression 
att short SOAs, and especially in the anticue condition, was quite dim at best, resulting in 
thee subjective experience of having to guess. Subjectively, therefore, the deleterious ef-
fectss on the quality of perceptual judgment of briefly delaying the endogenous initiation of 
thee antisaccade in wait of the face stimulus may not have been obvious. With respect to the 
other,, and in this experiment also prominent, goal, of making a correct antisaccade, the 
strategyy must be deemed adaptive and clever, with older subjects apparently exploiting the 
externall  support provided by the triggering properties of the face stimulus itself to help 
themm achieve that goal with greatly reduced effort. 
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FigureFigure 3.3: Discrimination accuracy (%) as a function of cue condition and SOA for the 
youngeryounger and older age groups in Nieuwenhuis, Ridderinkhof De Jong, Kok and Van der 
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OlderOlder adults, N = 18, Mage = 68.9, range 59-80. (B) Experiment 2. Younger adults, N = 
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Ann experiment (Nieuwenhuis et al., 2000, Experiment 2) was devised to test these 
conjectures.. The experiment was identical to Experiment 1 from that study, with one im-
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portantt exception. To neutralize the unique exogenous qualities of the target stimulus, the 
targett was now accompanied by three distractors (identical to the target face, but without a 
mouth)) that were presented in the three remaining possible locations. This adjustment of 
thee target display necessitated fully endogenous initiation of the required saccade. The 
meann discrimination accuracy data from this experiment are shown in Figure 3.3B. The 
resultss show that, in contrast to Experiment 1 from the present study and the first experi-
mentt from Nieuwenhuis et al. (2000), age differences in the antisaccade condition were 
ratherr small and not any larger than age differences in the prosaccade condition. The eye-
movementt recordings indicated that this reduction of age differences in discrimination 
accuracyy was caused by markedly decreased age differences in antisaccade speed, espe-
ciallyy at the longer SOAs. Thus, endogenous control of the oculomotor system in the an-
tisaccadetisaccade task seems to be littl e affected by age, because when the possibility of antisac-
cadess being exogenously controlled was minimized, similar age effects on discrimination 
accuracyy were obtained for prosaccades and antisaccades. This finding illustrates the pre-
viouslyy forwarded view (De Jong et al., 1999) that in conflict tasks a purported bias 
againstt strict focusing of attention may only be overcome when such focusing is necessary 
inn order to attain and maintain adequate task performance. 

Thee experiments of Nieuwenhuis et al. (2000) seem to bridge most but not all of 
thee gap between the findings reported in Experiment 1 and the studies by Fischer et al. 
(1997)) and Munoz et al. (1998): Unlike Fischer et al. and Munoz et al., Nieuwenhuis et al. 
(Experimentt 2) found significant specific age differences in the proportion of direction 
errorss and in the antisaccade SRTs. This suggests that oculomotor performance may be 
somewhatt more sensitive to effects of age and goal neglect than discrimination accuracy. 
Inn the Fischer/Munoz paradigm, the explicit and only goal is to make a fast and correct 
saccade.. In contrast, in the Nieuwenhuis paradigm, the main goal is to correctly identify 
thee target and the generation of anticipatory saccades is only instrumental in enhancing the 
likelihoodd of achieving that goal. Put differently, the goal to make a saccade is the primary 
goall  in the Fisher/Munoz paradigm, but only a subordinate goal in the Nieuwenhuis para-
digm.. Importantly, there is some evidence suggesting that goal activation failures are most 
likelyy when attention must be allocated in the service of multiple task demands (Duncan et 
al.,, 1996; Roberts et al., 1994; see also Baddeley, Delia Sala, Papagno, & Spinnler, 1997). 
Further,, it seems plausible to assume that goal neglect should first affect the subordinate 
requirementt to make a swift saccade, especially since, as discussed above, the deleterious 
effectss of neglecting this requirement on discrimination accuracy may not have been very 
obviouss to subjects. Therefore, we propose that the need to meet multiple task demands 
mayy be an important determinant of between-task variability in the antisaccade task do-
main.. Interestingly, the only other study investigating age-related effects on antisaccade 
performancee that also included a target identification task, found clear age differences in 
thee proportion of direction errors (Butler, Zacks, & Henderson, 1999)4. Furthermore, as 
thee present results suggest, the capability to keep multiple goals active is positively influ-
encedd by enhancing the saliency of actions associated with subordinate goals by means of 
instructionss or manipulations of the necessity of such actions. 

Too summarize the results, we have demonstrated the effects on oculomotor per-
formancee of various factors that have previously been identified as mediating goal neglect 

44 Butler et al. (1999) reported the absence of a specific age difference in the onset latency of antisac-
cades.. However, this finding is likely to be an artifact of their task design (see Nieuwenhuis et al., 2000, for a 
discussion). . 
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inn other task domains. Manipulation of these factors was argued to give rise to a contin-
uumm of antisaccade tasks that differ with respect to the saliency or prominence of the re-
quirementt to make a fast and accurate instrumental saccade. Interestingly, such manipula-
tionss had littl e effect on oculomotor performance in young adults; in contrast, they consid-
erablyy affected such performance in older high-functioning adults. Thus, the present re-
sultss would seem to indicate a marked degree of goal neglect in older adults, consistent 
withh previously reported results from other task domains (e.g., Duncan et al., 1996; West, 
1999).. Importantly, our results also highlight several factors that may be employed in or-
derr to ameliorate such goal neglect in older adults. 

Givenn the close link between goal neglect, g, and frontal lobe functioning (Dun-
can,, 1995), it is perhaps not surprising that older adults display goal neglect. First, for 
manyy tasks there is littl e effect of age on performance once age-related changes in fluid 
intelligencee (i.e., g) have been partialed out (see, e.g., Rabbitt, 1993). Recall that Duncan 
andd colleagues have proposed that g may in large part reflect the efficiency of a general 
goall  activation process. And second, it has often been suggested that frontal dysfunction 
contributess substantially to the cognitive deficits of the elderly (e.g., West, 1996). Given 
thee central role assigned to the frontal lobes in goal activation and goal maintenance (Dun-
can,, 1995), it is possible, and consistent with the evidence presented here, that most of this 
contributionn is mediated by goal neglect. 

Inn the next sections of this paper, we will build upon the initial insights gained 
fromm these studies of goal neglect in normal aging and demonstrate how they can be ex-
tendedd in a straightforward manner to account for the distinctive pattern of executive ca-
pabilitiess and deficits in schizophrenia and obsessive-compulsive disorder. 

3.3.. Experiment 2: Schizophrenia 

Thee general observation that persons with frontal lobe dysfunctioning may dem-
onstratee generalized neuropsychological impairment without any clear selective executive 
deficitt is perhaps best illustrated by schizophrenia patients, although it must be stressed 
thatt brain dysfunction in these patients is not confined to the frontal lobes (Buchsbaum, 
1994).. A recent, comprehensive review (Heinrichs & Zakzanis, 1998) of schizophrenic 
performancee on a wide range of neuropsychological tests including those thought to meas-
uree executive function concluded that '...the evidence suggests that any selective deficits in 
functions...aree relative and exist against a background of general dysfunction" (pp. 437). 
Wee know of no specific attempts to establish empirically whether this general dysfunction 
mayy be attributed to a broad goal activation deficit. However, a possible relation is sug-
gestedd by Cohen and Servan-Schreiber's (1992) influential theoretical account of cognitive 
andd biological disturbances in schizophrenia. These authors presented a set of formally 
relatedd connectionist models that simulate normal and schizophrenic performance in three 
seeminglyy very different tasks. Model simulations showed that behavioral deficits of 
schizophrenicss in each of these tasks can be modeled through the adjustment of one and 
thee same model parameter in a model component corresponding to prefrontal cortex. Im-
portantly,, this adjustment was functionally interpreted as a degradation of the internal rep-
resentationn of contextual information, of which task requirements were proposed to be an 
importantt example. In each of the tasks this led to an increased probability of dominant but 
inappropriatee response tendencies taking control over action. The possibility of interpret-
ingg goal activation and goal neglect within the connectionist approach of Cohen and Ser-
van-Schreiberr is further discussed in the General Discussion. 
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Inn line with the notion of generalized neuropsychological impairments in schizo-
phrenia,, the many studies that have examined schizophrenic performance on the antisac-
cadee task have consistently reported an increased proportion of antisaccade errors in pa-
tientss compared with controls (see for reviews Broerse, Crawford, & Den Boer, 2001; 
Everlingg & Fischer, 1998). In addition, most studies have reported patients to exhibit in-
creasedd antisaccade onset latencies in the context of normal prosaccade performance (Bro-
ersee et al., 2001), indicating that impairments in antisaccade performance are not due to a 
generall  oculomotor deficit. Importantly, with no exception these studies have used the 
mostt basic version of the antisaccade task, that is, the version in which making a swift sac-
cadee is the primary and only task. Thus, unlike older adults, schizophrenia patients experi-
encee difficulties even when the task provides the opportunity to fully focus on the re-
quirementt to make an antisaccade. From the above outlined goal activation perspective on 
antisaccadee tasks, we reasoned that if schizophrenia is characterized by a severely defi-
cientt goal activation function, then schizophrenic performance should be extremely im-
pairedd in the version of the antisaccade task used in Experiment 1, in which instructions 
onlyy mention the target discrimination task and do not explicitly refer to the need for mak-
ingg instrumental saccades. Put differently, severe goal neglect in schizophrenia should 
havee particularly detrimental effects on oculomotor performance when the goal of making 
aa saccade is only a subordinate goal. This issue was addressed in Experiment 2. Knowing 
thatt abnormalities in antisaccade performance are already present at the onset of schizo-
phreniaa (Hutton et al., 1998), we compared a group of first-episode schizophrenia patients 
withh a group of healthy control subjects on the task used in Experiment 1. 

3.3.1.. Method 

Subjects Subjects 
Thiss experiment included 12 patients (5 women, M age = 28.1, SD = 8.5, range 

20-48),, who had recently experienced a first psychotic episode according to DSM-IV cri-
teriaa (American Psychiatric Association, 1994). The diagnose was based on a structured 
intervieww (SCAN, Wing et al., 1990). All patients were treated with novel antipsychotics 
(eitherr olanzapine, risperidone or quetiapine), which were administered in a dose within 
thee common therapeutical range. Treatment duration was at least six weeks. Exclusion 
criteriaa were (i) severe mental retardation; (ii) systemic or neurological illness; (iii ) head 
injury;; (iv) medication treatment other than antipsychotics; (v) severe tardive dyskinesia; 
(vi)) alcohol or substance abuse. Average education was at high school level. Since the 
Dutchh educational system differentiates already after primary school, a coding system 
otherr than years of education was chosen. We coded the level of education ranging from 1 
(primaryy school) to 5 (university or graduate school). The mean of the patient group was 
3.77 (SD = .9). A control group of 24 healthy volunteers (16 women, Mage = 29.0, SD = 
7.5,, range 18-44) were recruited from the local community and were matched to the pa-
tientt group according to age and education. Exclusion criteria were (i) first degree rela-
tivestives with severe psychiatric disease; (ii) severe mental retardation; (iii ) systemic or neuro-
logicall  illness; (iv) head injury; (v) alcohol or substance abuse. Average education was at 
highh school level (M= 3.6, SD = .7). All subjects provided informed consent. 

Stimuli,Stimuli, Design, and Procedure 
Stimuli,, design, and procedure were the same as in Experiment 1 with the follow-

ingg exceptions. Subjects received 144 practice trials before entering the experimental 
phase.. Each set in thee ABBA design included three blocks of trials. The first of every three 
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blockss consisted of 18 trials, all of which were discarded, as in Experiment 1. The second 
andd third block consisted of 54 trials each. The number of SOAs was reduced to three 
(200,, 600, or 1400 ms, 18 trials per block with each SOA), which we expected would be 
sufficientt to capture the dynamics of the function relating SOA to discrimination accuracy. 
Meann target duration was 165 ms for the schizophrenia group and 118 ms for the control 
group,, F(l, 34) = 7.6, p < .01. The experiment involved one session of approximately 45 
min. . 
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FigureFigure 3.4: Discrimination accuracy (%) as a function of cue condition and SOA for the 
schizophreniaschizophrenia group and control group in Experiment 2. 

3.3.2.. Results and Discussion 

Figuree 3.4 shows mean discrimination accuracy data for patients and their 
matchedd controls. The data can be summarized as follows. First, the two subject groups 
showedd very similar performance at the 200-ms SOA in both experimental cue conditions. 
Becausee this SOA is too short to allow for a substantial contribution to choice perform-
ancee of voluntarily controlled eye movements, any cuing effect is most likely due to auto-
maticc capture of the eyes by the abrupt onset cue (e.g., Kramer et al, 1999). The results 
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suggestt that this tendency is preserved in our schizophrenia patients. Second, even when 
givenn ample time, the patients hardly took benefit from the opportunity to improve their 
performancee through use of the cue, despite being carefully instructed to do so. The simi-
larr slope of the patients' procue and anticue functions suggests that failures to use the cue 
too anticipate the target location were equally distributed across the pro- and anticue condi-
tions.. In contrast, the controls performed much like the young adults in Experiment 1 and 
managedd to attain near-ceiling performance in both conditions within 1.5 s. 

Thee same statistical analyses were performed as in Experiment 1. The staircase 
trackingg procedure was successful at equating both subject groups in the neutral condition, 
ass indicated by a non-significant main effect of subject group, F < 1. The main analysis, 
involvingg the procue and anticue condition, confirmed that the effects of cue condition and 
SOA,, and their interaction, were all highly significant,/? < .001. Overall, the controls per-
formedd more accurately than the patients, F(l, 34) = 12.2, p = .001, and showed a greater 
increasee of accuracy with increasing SOA, F(2, 68) = 20.4, p < .001. The greater SOA 
effectt for controls was more evident in the anticue condition than in the procue condition, 
ass indicated by a significant three-way interaction, F(2, 68) = 3.8, p < .05. The interaction 
off  subject group and cue condition was not significant, F(\, 34) = 2.1, p - . 16. 

Experimentt 2 shows that, at least in the context of antisaccade tasks, excessive 
goall  neglect can be witnessed at the onset of the clinical manifestations of schizophrenia. 
Althoughh schizophrenia patients, despite being severely impaired on the antisaccade task, 
showw normal performance on the "easy" version of the prosaccade task, in which saccades 
aree explicitly required, this was not the case in the present, "difficult " task version, in 
whichh the goal to make saccades was subordinate to the discrimination of targets. In fact, 
thee patients' data suggest that the voluntary component of their prosaccade performance 
wass similarly impaired as the voluntary component of their antisaccade performance, as 
indicatedd by a rather weak improvement of target discrimination accuracy with SOA. This 
relativee inability to incorporate the generation of anticipatory saccades within the overall 
taskk plan of optimizing choice performance can, in all probability, be attributed to the 
combinedd effects of the factors that distinguish the "difficult " version of the pro- and an-
tisaccadee task from the "easy" version: the absence of explicit instructions, the possibility 
off  adopting a suboptimal performance mode as enabled by the support from the exogenous 
targett onset, and the subordinate nature of the saccade component of the task. 

Above,, we have assumed that goal neglect affects the endogenous saccade com-
ponentt rather than the visual discrimination component of the tasks. This assumption 
seemss justified, because our finding that the two groups reached equivalent accuracy levels 
att the shortest SOA is hard to reconcile with the notion of goal neglect affecting visual 
discrimination.. Accordingly, Duncan et al. (1996, Experiment 3) found that the order in 
whichh task requirements were specified to the subject at the start of the experimental ses-
sion,, had a clear impact on which task component tended to be neglected. More specifi-
cally,, a task requirement was more likely to be neglected when several other requirements 
hadd already been specified and activated. Note that in our experiments, subjects first re-
ceivedd extensive practice with the neutral condition. Only after the practice phase were 
subjectss instructed about and exposed to the requirement to generate anticipatory saccades 
inn response to the cue. It would be interesting to know to what extent the saccade compo-
nentt and visual discrimination component would be neglected if subjects first received 
practicee with a pure saccade task (i.e., without a discrimination component), and were only 
thenn instructed about the need to discriminate stimuli at the target location. 
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3.4.. Experimen t 3: Obsessive-compulsiv e disorde r 

Experimentt 1 and 2 demonstrated clear evidence of goal neglect in older, high-
functioningg adults and in first-episode schizophrenia patients. At the level of the frontal 
lobes,, both aging (Phillips & Delia Sala, 1996) and schizophrenia (e.g., Goldman-Rakic, 
1994)) have often been characterized by biological disturbances of lateral prefrontal cortex. 
Inn a recent review of functional neuroimaging studies, Duncan and Owen (2000) showed 
thatt lateral prefrontal cortex and dorsal anterior cingulate cortex are consistently recruited 
byy a wide range of different cognitive demands, whereas most of medial and orbital pre-
frontall  cortex are largely insensitive to these demands. These and other results (Duncan et 
al.,, 2000) suggest that g may reflect the efficiency of a relatively specific frontal circuit, 
andd raise the possibility that severe goal activation deficits may be restricted to popula-
tionss with dysfunction in lateral prefrontal cortex. 

Too assess this hypothesis, Experiment 3 examined a group of patients with obses-
sive-compulsivee disorder (OCD). OCD is characterized by severe and recurrent obses-
sionall  thoughts and compulsive behaviors, even though these thoughts and behaviors are 
regardedd as inappropriate by the patient. OCD patients have been shown to be impaired on 
measuress of visuospatial memory, cognitive set shifting and other, though predominantly 
nonverball  cognitive functions (for a review, see Wilson, 1998). Importantly, their neuro-
pathologyy is well known to involve orbitomedial regions of the prefrontal cortex along 
withh several subcortical areas (e.g., Swedo et al., 1994). Therefore, we predicted littl e or 
noo impairment in the "difficult " version of the antisaccade task. 

3.4.1.. Method 

Subjects Subjects 
Thiss experiment included 23 patients (16 women, M age = 32.3, SD = 9.3, range 

19-52)) with obsessive-compulsive disorder meeting the DSM-IV criteria (American Psy-
chiatricc Association, 1994) for the disorder. OCD symptoms were assessed with the Yale 
Brownn Obsessive Compulsive Scale (Y-BOCS, Goodman et al., 1989; M= 24.0, SD = 
5.7).. Patients were drug-free for at least 4 weeks prior to testing. Exclusion criteria were 
(i)) severe mental retardation; (ii) major depression and/or anxiety disorders; (iii ) history of 
aa psychotic episode; (iv) systemic or neurological illness; (v) head injury; (vi) alcohol or 
substancee abuse. Average education was at high school level (M= 3.2, SD = .9). The OCD 
patientss were compared with the same control group as in Experiment 2 and were matched 
too this group according to age, sex, and education. In addition, both groups were adminis-
teredd the Raven Standard Progressive Matrices test as a measure of fluid intelligence. No 
differencee in estimated intelligence levels was found between groups (OCD, M= 112.5, 
SDSD = 10.9; controls, M= 116.0, SD = 13.5; / = 9.6, p = .35). Other characteristics of the 
controll  group are described in the 'subjects' section of experiment 2. All subjects provided 
informedd consent. 

Stimuli,Stimuli, Design, and Procedure 
Stimuli,, design, and procedure were the same as in Experiment 2. Mean target 

durationn was 128 ms for the OCD group and 118 ms for the control group, F{\, 45) = 1.2, 
pp = 21. 



64 4 ChapterChapter 3 

3.4.2.. Results and Discussion 

Figuree 3.5 shows mean discrimination accuracy data for the OCD patients and the 
controll  group. It is immediately clear that the two groups displayed strikingly similar per-
formancee in all conditions. The OCD patients were a bit less accurate at the longest SOA, 
butt this was the case in both the procue and anticue condition. Though speculatively, it is 
possiblee that the increased tendency to doubt and control the outcome of their actions, here 
inducedd by a relatively long interval of nothing happening on the screen, occasionally led 
OCDD patients to check whether the target had already appeared in one of the three non-
selectedd locations. If, on these occasions, the target appeared in the initially attended loca-
tionn after all, this would hamper target identification. 

Thee same statistical analyses were performed as in the previous experiments. The 
staircasee tracking procedure was successful at equating both subject groups in the neutral 
condition,, as indicated by a non-significant main effect of subject group, F < 1. The main 
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analysiss confirmed that, as in the previous experiments, the effects of cue condition and 
SOA,, and their interaction, were all highly significant, p < .001. Most importantly, the 
mainn effect of subject group and the interaction terms including this between subjects fac-
torr were all far from significant: subject group, F(l, 45) = .2,p = .70; subject group X cue 
condition,, F(l, 45) = .003, p = .96; subject group X SOA, F(2, 90) = .7, p = .47; three-
wayy interaction, F(2, 90) = A,p = .88. 

Thee data showed fully intact performance of OCD patients on the "difficult " ver-
sionn of the antisaccade task. From our goal activation perspective on antisaccade tasks, it 
followss that OCD patients should also demonstrate normal performance on the "easy" ver-
sionn of the antisaccade task. To our knowledge, there are four published studies reporting 
OCDD performance on antisaccade tasks, all of which have used the "easy" task version. 
Twoo of these studies (Maruff, Purcell, Tyler, Pantelis, & Curry, 1999; McDowell & 
Clementz,, 1997) report equivalent error rates in the antisaccade condition for OCD pa-
tientss and controls. Furthermore, Maruff et al. (1999) report a reliable but relatively small 
(approximatelyy 35 ms) reduction in antisaccade speed in OCD patients, whereas prosac-
cadee speed is fully unaffected. McDowell & Clementz did not include a prosaccade con-
troll  condition, which prevents interpretation of group differences in antisaccade speed. 

TwoTwo other studies (Rosenberg, Dick, O'Hearn, & Sweeney, 1997; Tien, Pearlson, 
Machlin,Machlin, Bylsma, & Hoehnsaric, 1992) report an overall impairment in antisaccade per-
formancee in OCD patients, but these studies suffer from important methodological short-
comings,, which (as discussed in Maruff et al., and as briefly mentioned in McDowd & 
Clementz)) cast serious doubt on the validity of their findings. Thus, although the evidence 
iss scant, OCD patients' performance on the "easy" version of the antisaccade seems in-
deed,, to a large extent, unimpaired. Together, these findings are consistent with the hy-
pothesiss that severe goal neglect is specifically characteristic of neuropsychological popu-
lationss with dysfunction of lateral prefrontal cortex. 

3.5.. General Discussion 

Wee have presented a relatively new theoretical perspective (De Jong et al., 1999; 
Duncan,, 1995; Duncan et al., 1996), according to which executive dysfunction is charac-
terizedd not as a consistent and replicable pattern of cognitive limitations, but rather as fail-
uress to fully or consistently focus attention on task demands, even though these demands 
can,, in principle, be met. Evidence for such disregard of task demands, or goal neglect, 
cann be obtained through examination of the effects of variations in attentional focus. We 
havee illustrated this approach for the antisaccade task, which, as other conflict tasks (De 
Jongg et al., 1999), is highly sensitive to goal activation failures. As stated by Roberts et al. 
(1994):: "..successful [antisaccade] performance seems dependent on maintaining a high 
enoughh level of activation of the relevant self-instructions to make an eye movement to the 
oppositee side at the moment the cue is presented" (p. 391)". The present experiments 
demonstratee that the goal activation process is mediated by instructions, environmental 
structure,, and concurrent task requirements, all of which induce systematic variation in 
attentionall  focus. The importance of such factors has previously been emphasized in the 
contextt of prospective memory tasks (e.g., Duncan et al., 1996), and in other conflict tasks 
(Dee Jong et al., 1999; De Jong, 2001). Evidence was found for goal neglect in high-
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functioning,, older adults and, to a greater extent, in first-episode schizophrenia patients, 
butt not in individuals with OCD. 

Althoughh we belief that goal neglect is a central element of executive dysfunction 
inn the antisaccade task and other conflict tasks, individuals' performance may well suffer 
fromm other types of limitations. For instance, one may ask whether the poor performance 
off  schizophrenia patients on the "easy" version of the antisaccade task (Broerse et al., 
2001;; Everling & Fischer, 1998) is diagnostic of a catastrophous goal activation deficit 
(i.e.,, pertaining even to situations that promote effective mobilization of attention), or 
ratherr due to additional, cognitive limitations. A coarse task analysis suggests that, com-
paredd to the prosaccade task, performance on the antisaccade task must require the opera-
tionn of several additional component processes, each of which might be disrupted. Defi-
cientt top-down inhibition of reflexive eye movements is a particular prominent feature in 
verball  models trying to account for antisaccade performance deficits. However, simple, 
neurallyy inspired network models of saccade initiation can account for many oculomotor 
phenomena,, including the specific slowing of antisaccades, without incorporating top-
downn inhibitory connections (e.g., Trappenberg, Dorris, Munoz, & Klein, 2001). Perform-
ancee in other conflict tasks, such as the Stroop task, can also be adequately modeled with-
outt explicit top-down inhibition of the prepotent response (Cohen, Dunbar, & McClelland, 
1990),, raising the question whether, at a structural or functional level, "top-down inhibi-
tion""  has much construct validity. More pertinently, we have recently obtained suggestive 
evidencee that schizophrenic patients benefit markedly from an increase in stimulus-
presentationn rate in Go/Nogo performance. Thus, patients committed many commission 
errorss at a slow rate of presentation whereas they made no more commission errors than 
healthyy controls at high presentation rates. This strongly suggests that they did not suffer 
fromfrom a fundamental inhibitory deficit —in which case commission errors should be ex-
pectedd to be exacerbated by high presentation rates— but rather from goal activation fail-
ures.. These failures were countermanded by high presentation rates, which helped patients 
too remain well focused on the task (De Jong et al., 1999). 

MethodologicalMethodological implications 
Ourr studies and literature review illustrate the potential problems with the com-

monn approach of selecting a specific task, or version of a task, as an operationalization of 
aa theoretical construct or mental ability, such as when a task is thought to measure inhibi-
toryy ability (McDowd, 1997; Rabbitt, 1997). For instance, some authors have reported 
clearr age differences in the control of antisaccades (Butler et al., 1999; Experiment 1 from 
thiss study), whereas others (Fischer et al., 1997; Munoz et al., 1998), using slightly differ-
entt task versions, have reported no such differences. Obviously, as relevant conclusions in 
thiss example would be critically dependent on which specific task version has been em-
ployed,, the choice of task becomes a major issue that should be decided on principled 
groundss and not based on incidental preferences of investigators. We suggest a different, 
moree principled approach. In this approach, several task versions are employed. The dif-
ferentt versions share a subset of goals —with each goal corresponding to a distinct aspect 
off  overall task performance— but differ in the nature of the overall goal network and, more 
specifically,, in the prominence of the shared subset of goals in this network. In this paper, 
wee have manipulated the saliency of the requirement to execute saccades, hypothesizing 
thatt enhancing this saliency would promote goal activation and goal maintenance and thus 
helpp prevent goal neglect. The results for age effects on saccadic performance nicely con-
firmedd this hypothesis. It is important to point out that our procedures to enhance the sali-
encyy of the requirement to execute instrumental saccades (i.e., presenting the target at a 
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moree peripheral position, and the use of distractors accompanying the target) also en-
hancedd the objective difficulty of the primary discrimination task. From a limited-
inhibitoryy capacity perspective, one should therefore expect that these manipulations 
wouldd enhance purported manifestations of inhibitory failure, instead of reducing or elimi-
natingg such manifestations as the present results indicate. 

AA major benefit of this methodological approach can be appreciated by consider-
ingg the different profiles of success and failure across the various task versions for the dif-
ferentt groups examined in this study. For instance, only performance in the antisaccade 
conditionn in the "difficult " version of the task was found to discriminate between healthy 
olderr adults and OCD patients. Also, prosaccade performance in the "easy" version of the 
taskk does not discriminate between patients with schizophrenia and other groups such as 
healthyy older adults and OCD patients, whereas prosaccade performance in the "difficult " 
versionn clearly distinguished between these groups. In general, then, the ability or power 
too distinguish between different populations with known or suspected frontal-lobe dys-
functioningg may well be critically dependent on having available profiles of performance 
acrosss task versions. 

AA central assumption underlying this approach is that people's strategies for goal 
settingg and goal maintenance can be influenced by manipulations of the saliency of task 
requirements.. It is important to emphasize the methodological point that such manipula-
tionss should be applied preferrably at a between-subjects level. Several previous studies 
usingg a within-subjects design have found a marked lack of flexibilit y in adjusting strate-
giess in response to changing instructions or task requirements that other studies, using a 
between-subjectss design, have generally found to result in robust changes in strategy (De 
Jong,, 2000; Los, 1996; Strayer and Kramer, 1994). These findings suggest that differences 
inn performance between various task versions, that differ with respect to saliency of task 
requirements,, may be greatly reduced in the context of within-subjects design. This impor-
tantt methodological point deserves further examination. 

LinksLinks with neuroscience and computational modeling 
Neuroimagingg reviews suggest that there exists a specific frontal circuit, involv-

ingg lateral prefrontal cortex and dorsal anterior cingulate cortex, which is necessary for 
dealingg with a wide range of task demands (Duncan et al., 2000; Duncan & Owen, 2000). 
Althoughh more direct evidence is needed, it may prove useful to conceive of this frontal 
circuitt as implementing a general goal activation function. According to this conception, 
severee goal activation failures should be specifically characteristic of populations with 
damagee or dysfunction in this frontal circuit. This perspective receives compelling support 
fromm our observation of goal neglect in older age and schizophrenia, both of which are 
characterizedd by dysfunction of lateral prefrontal cortex. In contrast, patients with OCD, 
whichh involves other frontal regions, and patients with parietal lesions (Duncan et al., 
1996)) show no evidence of goal neglect. Interestingly, although many cortical regions are 
involvedd in antisaccade task performance, an increased number of antisaccade errors is 
specificallyy seen after lesions of dorsolateral prefrontal cortex or anterior cingulate cortex, 
butt not after lesions of the supplementary eye fields, frontal eye fields, posterior or tempo-
rall  cortex (for review, see Everling & Fischer, 1998). As noted by Duncan and colleagues 
(e.g.,, Duncan et al., 1997), other regions of prefrontal cortex appear to have rather do-
main-specificc functions that are considered not to be characteristically "executive" in na-
ture. . 

Goall  activation and goal neglect are still rather poorly defined concepts. There-
fore,, in order to establish their construct validity, we need not only develop new and refine 
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existingg empirical techniques for uncovering the phenomena that these concepts refer to; 
ultimately,, we need to formalize the concept of goal activation and describe in more detail 
howw goal neglect can arise. For instance, how can we account for the fluctuations in fo-
cusedd attention that underlie manifestations of goal neglect in conflict tasks? An intriguing 
possibilityy is offered by a recent theoretical study (Botvinick, Braver, Barch, Carter, & 
Cohen,, 2001), building forth on the connectionist work by Cohen and colleagues (e.g., 
Cohenn et al., 1990; Cohen & Servan-Schreiber, 1992). Botvinick et al. propose that mobi-
lizationn of control processes may be accomplished in part through monitoring for response 
conflictss in information processing. When conflict, characterized by the concurrent activa-
tionn of mutually incompatible response channels, is detected by the conflict monitoring 
system,, attention is more tightly focused on the relevant stimuli or stimulus-response map-
pingss to reduce conflict on future occasions. Using connectionist simulations, Botvinick et 
al.. show that a direct feedback loop connecting a conflict monitoring system with an atten-
tionall  control system provides a unifying explanation for the effect of the relative propor-
tionn of noncorresponding trials on the Stroop effect (e.g., Logan & Zbrodoff, 1979), and a 
sett of other, seemingly different "strategic" behavioral phenomena. Botvinick et al.'s work 
alsoo illustrates that, in the context of conflict tasks5, problems with the consistency of con-
troll  allocation may originate in dysfunction of either one of these systems or their connec-
tion. . 

Interestingly,, on the basis of neuroimaging studies Cohen and colleagues (e.g., 
Botvinickk et al., 2001) have proposed that conflict monitoring and attentional control are 
performedd by the anterior cingulate cortex and prefrontal cortex, respectively. Note that 
thesee two regions correspond with those regions identified by Duncan and colleagues 
(Duncann et al., 2000; Duncan & Owen, 2000) as consistently recruited to solve a wide 
rangee of cognitive problems. Furthermore, a psychophysiological marker of activity in this 
monitoring-controll  loop (the error-related negativity; see for review Falkenstein, Hoor-
mann,, Christ, & Hohnsbein, 2000) has been found to be less pronounced in subject popu-
lationss associated with a deficient goal activation function: frontal patients (Gehring & 
Knight,, 2000), schizophrenia patients (Ford, 1999), and older adults (e.g., Nieuwenhuis et 
al.,, submitted). In contrast, OCD patients have a larger error-related negativity than 
healthyy controls (Gehring, Himle, & Nisenson, 2000). These findings suggest that the in-
tegrationn of computational modeling, cognitive psychology, and neuroscience may eventu-
allyy lead to a more precise understanding of goal activation failures. 

55 For suggestions how similar principles may be applied to prospective memory failures, see Cohen 
andd O'Reilly (1996). 
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Chapte rr  4 

Residua ll  Costs in Task-Switching : 
Testin gg the Failure-To-Engag e Hypothesi s 

ReactionReaction time is typically longer on trials on which the task changes. This "switch cost" is 
reducedreduced by the opportunity to prepare for the change before the stimulus onset, but there 
remainsremains a "residual cost" that resists reduction by further opportunity for preparation. 
DeDe Jong (2000) proposed a model for evaluating the contribution to the residual cost of: 
(1)(1) failure to achieve endogenous task-set reconfiguration on a proportion of trials; and 
(2)(2) limitations to the completeness of reconfiguration attainable by endogenous means. 
WeWe report good fits of the model to the data from one previous and one new task-
switchingswitching experiment, suggesting that the residual switch cost may indeed be attributable 
toto a probabilistic failure to complete advance preparation. But strong incentives for 
preparationpreparation only marginally increased the estimated preparation probability, suggesting 
somesome intrinsic limitation to the ability to achieve endogenous preparation for a task 
switchswitch on every trial. 

4.1.. Introduction 

Task-switchingg has recently become a popular paradigm for studying executive 
control.. Participants are required to switch back and forth between two choice reaction 
timee (RT) tasks afforded by the same class of stimulus. For example, participants might 
havee to switch between classifying colored shapes by color or by shape, or between classi-
fyingg digits as odd/even or high/low. The task to be performed on a given trial can be de-
terminedd either by a prespecified schedule (e.g. AABBAABB) , or by an explicit cue pre-
sentedd prior to each stimulus. The response-stimulus interval (RSI) in the former case, and 
thee cue-stimulus interval in the latter case, can provide a preparation interval during 
which,, on a switch trial, we might expect participants to attempt to reconfigure their cogni-
tivee processes for the changed task. The most basic observation is that changing tasks in-
curss a switch cost: mean RT is longer (and error rate usually greater) when the task 
changess than when the same task is performed as on the previous trial. 

Off  particular interest here is the effect of the preparation interval on the switch 
cost.. This is illustrated in Figure 4.1 (left panels) with data from Rogers and Monsell 
(1995,, Exp. 3) — henceforward referred to as R&M — in which participants were pre-
sentedd on each trial with a character pair, and responded manually to classify either the 
digitt (odd or even) or the letter (vowel or consonant). The task was predictable according 
too an AABB task sequence and was also indicated by the position in which the character 
stringg was displayed (see Method). In different blocks the RSI varied between 150 and 
12000 ms. As this preparation interval increased up to about half a second, there was a sub-
stantiall  reduction in switch cost from over 200 ms to about half that value ~ a "preparation 
effect".. A further increase in preparation interval did not reduce the RT cost of a switch 
further.. We may say there is a "residual" cost immune to elimination by further lengthen-
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ingg of the preparation interval (see De Jong, 2000, Rogers & Monsell, 1995; Meiran, 1996 
forr other examples)— even to as much as two or three seconds in some experiments. 

Thee preparation effect, although unsurprising, is potentially important as an index 
off  an endogenously-triggered control process of task-set reconfiguration carried out by the 
participantt prior to the stimulus onset. That the preparation effect indexes an active and 
optionall  process, rather than mere passive decay of interference from the previous task set, 
iss demonstrated by the observation that the preparation effect can be prevented by condi-
tionss which should not prevent passive decay. For example, Rogers and Monsell (1995, 
Exp.. 2) found no preparation effect when they varied the RSI randomly from trial to trial, 
andd Goschke (2000) found that articulating an irrelevant word during the preparation in-
tervall  eliminated the benefits of preparation. Also, the preparation effect is observed in the 
cueingg paradigm when the RSI is held constant but the cue-to-stimulus interval is varied 
(Meiran,, 1996). 

Thee residual cost seems more surprising. Why cannot participants, given ample 
timee to prepare, get as ready to perform the changed task as if they had performed it on the 
previouss trial — even where there is no repetition of stimulus or response? Three classes 
off  explanation have been offered. According to Allport, Styles and Hsieh's (1994) "task-
sett inertia" (TSI) theory, competing task-sets vary in their degree of activation, which per-
sistss from one trial to the next. The residual switch cost is attributed to response selection 
onn the post-switch trial being prolonged by interference due to positive priming of the 
now-inappropriatee task-set, and by negative priming due to the persistence of inhibition 
appliedd to the now-appropriate task set on the pre-switch trial (Meuter & Allport, 1999). 
(Seee Mayr & Keele, 2000, for a variant of the idea of persisting task-set inhibition, and 
Allportt & Wylie, 2000; and Wylie & Allport, 2000 for a version of the TSI theory in 
whichh positive or negative priming is retrieved rather than persistent.) 

AA second class of theory (Rogers & Monsell, 1995; Rubinstein, Meyer & Evans, 
2001)) attributes the preparation effect and the residual cost to distinct components of the 
controll  process of task-set reconfiguration. As well as the endogenous component, which, 
ass described above, can be carried out before the stimulus onset if the opportunity is avail-
able,, Roger and Monsell posited an "exogenous" component — that is, one that requires 
thee presence of the stimulus to initiate or complete, and whose duration is responsible for 
thee residual cost. Rubinstein et al. (2001) distinguish a goal-shifting process, which can be 
donee before the stimulus, and a rule-activation process, which cannot. It is of course pos-
siblee that both task-set inertia and a post-stimulus control process contribute to the residual 
switchh cost (Monsell, Yeung & Azuma, 2000). 

Likee the second class of theories, De Jong (2000) attributes the residual switch 
costt to the duration of a post-stimulus control process. But De Jong makes no distinction 
betweenn endogenous and exogenous components of reconfiguration, instead positing a 
singlee preparation process, "intention-activation"; that sometimes happens before the 
stimuluss and sometimes after. That is, he rejects the assumption that the residual cost 
arisess from some intrinsic limitation to the achievement of asymptotic pre-stimulus readi-
nesss on every switch trial (whether due to task-set inertia, or the need for an exogenous 
controll  process, or both). Instead he claims that, given a preparation interval, and the in-
tentionn to prepare, participants succeed on only a proportion of the trials in completing the 
intention-activationn process before the stimulus arrives, in which case they are in the pre-
paredpared state, and performance is no different to that on a task repetition trial. On other tri-
als,, however, participants "fail to engage" intention-activation before the stimulus onset, 
andd are in the unprepared state when it arrives, in which case intention-activation must be 
accomplishedd after the onset to allow task-specific processes such as response selection to 
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proceed,, thus prolonging reaction time. The residual cost in the mean RT is thus the result 
off  a mixture, in some proportion, of prepared (no time cost) and unprepared switch trials 
(withh a time cost due to post-stimulus intention-activation). 

AA mixture model of this kind makes predictions about RT distributions. To de-
terminee the relative contributions to the residual switch cost of a probabilistic failure to 
engagee in advance preparation and other factors, De Jong (2000) describes a formal two-
statee mixture model for the prepared switch trials, and uses two other conditions to provide 
empiricall  estimates of the RT distributions for the "basis" states that contribute to the mix-
ture.. In our case the distribution of RTs from the nonswitch trials with a 1200 ms RSI — 
thee long/nonswitch condition — is taken to provide a reasonable empirical estimate of the 
preparedd state. The distribution of RTs from the switch condition with a 150 ms RSI — 
thee short/switch condition — serves as the empirical estimate of the unprepared state, be-
causee in this condition participants have littl e or no time to configure the system for the 
upcomingg task. The model thus posits the following relation between the cumulative den-
sityy function (CDF) for RT in the long/switch condition — the alleged mixture distribution 
—— and the CDFs for the two basis states: 

*""  long/switch ( t) = Ct r long/nonswitch ( t "0) " ( 1 "Ot) r short/switchVU 

aa is the probability that advance reconfiguration is carried out during the long RSI — the 
preparationpreparation probability. 8 is included to allow for the possible contribution to the residual 
switchh cost of any influence that is approximately constant over switch trials — perhaps 
task-sett inertia or the duration of an exogenous control process — whose effect is to shift 
thee prepared CDF along the time axis. De Jong's failure-to-engage (FTE) hypothesis is 
thatt the zero-cost or reduced model, which is the special case of the above equation where 
66 = 0 ms, is an adequate characterization of the residual switch costs found for young 
adults,, with a variety of task-pairs. 

Wee computed the mixture model's fit  to the correct RT data from R&M's Ex-
perimentt 3, in which there was a mean residual time cost of 115 ms (Figure 4.1, left 
panel).. The basic procedure is, for each participant, to partition the RT distributions, for 
thee two basis conditions and the alleged mixture condition, into five aligned bins. The 
multinomiall  maximum-likelihood method (MMLM ) of Yantis, Meyer and Smith (1991) is 
thenn used to determine the proportion a with which RTs can be sampled from the two ba-
siss distributions (those for the switch/short condition and those for the nonswitch/long 
condition)) so as to maximize the goodness of fit  with the observed proportions in the same 
55 bins in the switch/long condition, by minimizing the likelihood-ratio statistic G2, which 
iss chi-square distributed for a valid reduced mixture hypothesis (8 = 0)1. Figure 4.2 (upper 
panel)) shows the average, observed CDFs for the two basis conditions and the hypothe-
sizedd mixture condition, together with the fit  of the reduced mixture model, as obtained by 

11 Each of the three empirical RT distributions used for this process was obtained by averaging the six 
CDFss for the combinations of day of testing (2 levels) x irrelevant character type (congruent, incongruent, neu-
tral)) for each participant, so as to exclude systematic variance associated with these variables from the CDFs 
usedd in the test of the mixture model. Ideally we would estimate and average separate CDFs for other possible 
subcategorisationss known to affect RT and/or switch costs, such as response repetition. However, to obtain 
adequatee estimates of CDFs, it is necessary to pool over at least 25 trials. Response repetition has a smaller 
effectt than congruence or day, and while it interacts with switch costs, there is relatively littl e interaction be-
tweenn response repetition and RSI on switch trials (Rogers & Monsell, 1995, Figure 6). Only in the presence of 
aa systematic interaction of this type would the pooling procedure compromise the mixture model fit. In other 
respects,, including the choice of bins, we exactly followed the procedure of De Jong (2000). 
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substitutingg the average estimate of a associated with the reduced model into the mixture 
modell  equation. It is clear that the reduced mixture model gives a reasonably good ap-
proximationn to the switch-1200 CDF. The goodness of fit statistic indicates no significant 
differencee between observed and fitted CDFs, G2(30) = 29.4, p = .50. We cannot estimate 
thee power of the test without specifying an alternative quantitative hypothesis. However, 
wee can at least say that the full mixture model, in which 5 was allowed to vary freely, 
showedd no significant improvement in fit compared to the reduced mixture model, p > .5: 
88 had a mean of -8 ms (SE = 12 ms). That is, we can confidently (p < .05) reject a con-
stant-durationn post-stimulus reconfiguration process longer than 20 ms, if coupled with a 
probabilisticc post-stimulus process on some switch trials. These modelling results suggest 
thatt the mean residual costs reported by Rogers and Monsell could in principle be attrib-
utedd to probabilistic failures to engage in advance preparation. The mean estimated a was 
.499 (SE = .08), which would imply that participants succeeded in advance preparation on 
onlyy about half the switch trials at the longest RSI. 

Lett us for the moment take the good fit to indicate that the FTE hypothesis pro-
videss a correct account of the origin of residual switch costs. What determines a, the 
probabilityy that a participant will succeed in effective "intention-activation" before the 
stimulus?? Why did the average participant in R&M's experiment do this on only half the 
trials?? According to De Jong (2000), intention-activation in advance of the stimulus is 
effortful.. Participants will engage in it only if they both understand that it will reduce RT 
andd wish to achieve that goal. Given such understanding, failures to engage should be less 
prevalentt when response speed is assigned a high priority through incentive. Although 
R&M'ss participants were given standard RT instructions, encouraged to prepare during the 
preparationn interval, and provided with end-of-block feedback on their mean RT, it is pos-
siblee that either this incentive or their understanding of the benefits of preparation was 
insufficient.. Furthermore, recent results (De Jong, 2000) indicate that the estimated prepa-
rationn probability may increase as a function of the number of trials in a block, consistent 
withh the idea that it is especially effortful to engage in advance preparation or to maintain 
thee intention to do so over long sequences of trials. The aim of the present experiment was 
too try to raise the estimated preparation probability a to near unity, and hence eliminate 
thee residual switch costs, by taking these considerations into account. 

Wee therefore replicated the essential features of the R&M Experiment 3 — 
whosee substantial residual cost affords a considerable margin for reduction — making two 
cruciall  adjustments to the original design to emphasize to the participants the benefits of 
advancee preparation and ameliorate the effort involved. First, we used a payoff system in 
combinationn with extensive feedback to motivate participants to the fullest to minimize 
RT.. Pilot work established that this was effective in emphasizing speed over accuracy, 
therebyy encouraging people to make effective use of the longer preparation intervals. Sec-
ond,, while using the same overall number of trials as Rogers and Monsell, we decreased 
thee number in each block to 16 (compared to 48 in Rogers and Monsell) to minimize fa-
tigue-inducedd deterioration in effort from the beginning to the end of a block. 

Thee FTE account suggests that maximizing our young and bright participants' 
motivationn to push their RT performance to the limit, and minimizing cumulative fatigue, 
shouldd substantially increase their estimated probability of preparation a, and substantially 
reducee their mean residual switch costs, relative to R&M's participants (who were sampled 
fromm the same population2). These predictions were further motivated by the finding, cited 

22 A within-experiment comparison would have been ideal. However, given an effective replication of 
R&M'ss conditions and selection of subjects from the same population, this comes close. We note that a within-
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inn De Jong (2000), of a strong negative correlation between single-task RT and a for indi-
viduall  participants. 

4.2.. Method 

Participants Participants 
Participantss were 12 students (7 women) from the University of Cambridge. They 

weree paid £6 as a basic salary, plus a performance-related incentive bonus, as described 
below. . 

StimuliStimuli and tasks 
Throughoutt each block, a 10-cm square divided into four quadrants was dis-

playedd on the screen. On each trial, a character pair was presented in a white uppercase 
Triplexx font in the center of one quadrant. Each pair subtended a visual angle of 1.4 de-
greess both horizontally and vertically. The next stimulus was displayed in the next quad-
rantt clockwise. One pair of adjacent display positions was assigned to the letter task and 
thee other pair to the digit task, so that the display location served as a task cue, and the 
taskk changed predictably every second trial. 

Dependingg on the task, the relevant character was either a letter or a digit. The 
secondd and irrelevant character was either a member of the other category, so that the re-
sponsee afforded by this character was either congruent or incongruent with the task-
relevantt response, or was drawn from a set of neutral characters. Consonants were sampled 
randomlyy from the set <G, K, M, R>, vowels from the set <A, E, I, U>, even digits from 
thee set <2, 4, 6, 8>, odd digits from the set <3, 5, 7, 9>, and neutral characters from the set 
<#,?,*,%>,, with the restriction that a character could not be repeated on successive trials. 
Thee position of the task-relevant character within a pair was randomly determined on each 
trial.. Participants responded with their left index finger (on the 'C' key) to indicate 'even' 
orr 'consonant' and their right index finger (on the 'M' key) to indicate 'odd' or 'vowel'. 

Design Design 
Participantss were tested on two consecutive days. The first started with 8 single-

taskk training blocks of 24 trials for each task, with the irrelevant character always neutral 
andd an RSI of 150 ms. On both days participants received a practice set of 9 switch blocks, 
eachh of 16 trials and with a 150 ms RSI, before entering the experimental phase. This con-
sistedd of four sets of 15 blocks, one set for each RSI, each block consisting of 16 trials. 
RSII  was held constant within each set. The order of the RSIs was counterbalanced over 
participantss by means of a Latin square, with the order on the second day reversing that on 
thee first. The irrelevant character was drawn from the neutral set on one third of the trials, 
fromm the set associated with the congruent response on one third and with the incongruent 
responsee on the remaining third. Four warm-up trials at the beginning of each block were 
excludedd from the data analyses. The remaining 12 experimental trials had one of each 
irrelevantt character type (congruent, incongruent or neutral) for each combination of task 
(letter,, digit) and trial-type (switch, nonswitch). 

subjectt contrast of incentive and non-incentive conditions would not be desirable because of the likelihood of 
asymmetricall  transfer effects. 
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Procedure Procedure 
Thee RSI was 150, 300, 600 or 1200 ms, and remained constant for a set. The 

stimuluss was displayed until a response was registered. Detailed feedback was provided 
afterr each block to encourage participants to strive continuously to improve their perform-
ance.. Performance on each block completed that day was plotted on the screen with mean 
RTT (Tj for the rth block) on the abscissa, and number of errors (E,) on the ordinate, with 
thee point for the block just completed («) highlighted. The diagonal, (Tc - Tn) / 20 - En = 0, 
wass also displayed, where Tc = mean RT for the last 4 blocks + 30 ms. Participants were 
encouragedd to try constantly to 'move their performance' towards the origin so as to keep 
itt under the diagonal. After each block a bonus, (Tc -Tn) / 20 - En pence, was awarded 
(subjectt to a maximum of 5p and a minimum of Op). If the bonus was positive (i.e., per-
formancee fell under the diagonal), it was displayed on the screen to the accompaniment of 
aa musical tune, and the height of a cumulative 'bonus meter' at the side of the display in-
creased. . 

Participantss were instructed to respond as fast as they could, while avoiding er-
rors.. After an error or a late response (RT > 5000 ms) a beep sounded for 1 s, followed by 
anotherr 1 s recovery period before the onset of the next stimulus. After a block in which 
moree than 2 errors were made, the message 'You have made too many errors. Please try to 
bee more accurate' was displayed on the screen for 2 s. Participants were also carefully 
instructedd to use the RSI to get ready for the next task. 

4.3,, Results 

Trialss with RTs less than 200 ms were excluded from the analyses, as were trials 
immediatelyy following an error. One participant from the present study was excluded from 
thee analyses described below. (Unlike any other participant in the present study or R&M's, 
thiss participant's empirical 'mixture' distribution was slower than the slow basis distribu-
tionn — an anomaly for which neither the mixture model nor any other model of task-
switchingg or preparatory control can account). 

RTRT and errors 
Thee right panel of Figure 4.1 presents mean RTs and error rates as a function of 

trial-typee and RSI for the present experiment. The time costs of a task switch were reliably 
greaterr than zero, F(l,10) = 42.1, p < .001, as were the error costs, F(\,10) = 39J, p < 
.001.. The time costs decreased from 146 ms at the shortest RSI to 69 ms at the longest 
RSI.. This effect of RSI was significant, F(3,30) = 7.4, p < .005, the simple effect of RSI 
onn RT being reliable only for switch trials, F(3,30) = 6.1,/? < .005. The residual time costs 
off  69 ms (SE = 10 ms) at RSI = 1200 were highly significant, p < .001. The decrease of 
thee error costs with RSI was not reliable, F(3, 30) = 1.8, p = . 19. The simple main effect of 
RSII  on error rate was significant for nonswitch trials, F(3, 30) = 5.9, p < .01, but not for 
switchh trials, F < l3. Finally, the effects of task, practice (day of testing) and irrelevant 
characterr type were not appreciably different from those of R&M's Experiment 3. 

33 The stability of the nonswitch RT over RSI is important for the logic of using the short/switch and 
long/nonswitchh conditions as the basis distributions. However, the increase in error rate with RSI on nonswitch 
trialss might suggest an RSI effect that compromises this logic. There seem to be three possibilities. (1) This 
trendd reflects a process restricted to error generation (e.g., occasional "lapses" of concentration); the logic of any 
testt applied to RT distributions is unaffected. (2) The mechanism of this RSI effect applies both to nonswitch 
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FigureFigure 4.1: Mean correct reaction time (RT) and error rate as a function of trial-type and 
RSIRSI for Rogers and Monsell (1995, Experiment 3) (left panels) and the present data (right 
panels). panels). 

RTRT distributions and modeling results 
Figuree 4.2 (lower panel) presents the reduced mixture model fit  for the data from 

thee present experiment. The obtained fit was again excellent, G2(33) = 25.5, p = .68. 
Acrosss participants, the mean estimate of a was now .64 (SE = .04). The full mixture 
modell  showed no significant improvement in fit  compared to the reduced mixture model, p 
>>  .5. This finding was supported by a very small average estimate of 8 (-6 ms, SE = 12 
ms),, which did not differ significantly from zero,/? > .5. 

trials,, and to prepared switch trials, in which case the logic of the mixture test is unaffected. (3) A long RSI 
causess a loss of arousal or readiness on the nonswitch trials only (because the subject has nothing to do but 
"maintain""  the previous task-set), but there is also a compensating shift of speed/accuracy trade-off which coun-
teractss the effect of RSI on RT. Since these two effects cancel out to leave at least the mean of the RT distribu-
tionn where it ought to be, there is littl e impact on the logic of the mixture test. Moreover, there is a similar 
(thoughh admittedly less pronounced) RSI effect on the nonswitch error rate in the R&M data (Figure 1, bottom 
leftt panel). Thus, even if this effect reflects something that causes both experiments slightly to mis-estimate a, 
thee important effect of experiment on a should remain relatively unaffected. 
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ComparisonComparison with Rogers and Monsell (1995, Experiment 3) 
Thee average residual time costs in the present experiment were 69 ms, compared 

too 115 ms in R&M. This difference just reached significance, /(19) = 1.7, p = .05. The 
averagee estimate of a in the present experiment was .64 as compared to .49 in R&M's ex-
periment.. This difference also just reached significance, /(19) = 1.7, p = .05. However, the 
overalll  pattern in the present experiment is very similar to that of R&M, with both overall 
RTT and switch costs reduced. 

 non-switch, 1200 o switch, 150 

»» switch, 1200 * model fit 

4000 60 0 80 0 100 0 120 0 140 0 
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FigureFigure 4.2: Empirical cumulative distribution functions for Rogers and Monsell (1995, 
ExperimentExperiment 3) (upper panel) and the present experiment (lower panel) for the short/switch, 
long/nonswitchlong/nonswitch and long/switch conditions and the best fitting CDF for the long/switch 
conditioncondition derived using the average estimated mixture parameters associated with the 
reducedreduced mixture model. 
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4.4.. Discussion 

Thee zero-cost or reduced mixture model (De Jong, 2000) provides a good ac-
countt of the data from the present experiment and from R&M*s Experiment 3. Compared 
too the more parsimonious zero-cost model (5 = 0), there was no significant improvement 
off  fit  of the full model which incorporated a systematic (albeit constant) post-stimulus 
componentt of reconfiguration, as represented by 8. Thus, in line with the study of De Jong 
(2000),, our results are compatible with the FTE hypothesis, suggesting that residual switch 
costss may be due to failures to engage in advance preparation despite ample opportunity to 
doo so. Why "intention-activation" should have this probabilistic character is unclear. Mayr 
andd Kliegl (2000) have argued that an important and vulnerable component of task-set 
preparationn is the retrieval of the relevant stimulus-response associations from long-term 
memory.. On this account, preparation failures reflect retrieval failures. 

Iff  the claim is correct that under the conditions explored here, there is actually no 
residuall  cost on a substantial proportion of trials, this would seem troublesome for a task-
sett inertia account of the observed switch costs (like that of Allport and colleagues, 1994) 
—— unless of course it were amended so that positive or negative priming from a previously 
relevantt task set became all-or-none and probabilistic. But this would constitute a marked 
departuree from conceptions of TSI prevailing hitherto. Perhaps Allport and Wylie's (2000) 
proposall  that task-sets and inhibition of task-set are retrieved by stimuli with which they 
aree associated could incorporate such an amendment. Alternatively, it might be argued that 
TSII  contributes to switch costs only under limited conditions which are not in play here, 
suchh as switching between tasks of very unequal strength (see Monsell, Yeung & Azuma, 
2000). . 

Thee apparently good fit to our data of the 8 = 0 reduced model, along with the 
resultss of De Jong (2000) also challenge the assumption of a task-set reconfiguration proc-
esss with a post-stimulus exogenous component (Rogers and Monsell, 1995) or rule-
activationn stage (Rubinstein et al., 2001) on every task-switch trial, at least under the pre-
sentt conditions. Exogenous driving cannot be essential to complete task-set reconfigura-
tionn if, on a substantial proportion of trials, performance on switch trials is as efficient as if 
theree were no task-switch. However, quantitative models of these and other conceptions of 
task-switchingg need to be developed in order to examine whether they can provide alterna-
tivee accounts of the specific properties of the RT distribution associated with the "pre-
paredd switch" condition. Furthermore, there is at least one published case (De Jong, 2001) 
where,, with older adults, the best fitting model is one with a substantial 8 (84 ms, with a = 
.33). . 

Takingg Rogers and Monsell's (1995) Experiment 3 as a starting point, the present 
experimentt sought to maximize the preparation probability, and hence substantially lower 
thee residual cost, using strong incentives to minimize RT, and short trial blocks to mini-
mizee the effort needed to sustain advance preparation over many trials. In one sense, these 
manipulationss appear to have had the intended effect: relative to R&M's experiment, mean 
RTss were reduced by more than 100 ms without a concomitant increase in errors. Several 
participantss commented that they felt very challenged by the bonus system and did every-
thingg they could to beat the criterion. 

Notably,, however, although these manipulations had effects on residual switch 
costss and a in the direction predicted by the FTE hypothesis, they did not eliminate the 
residuall  switch cost, which was still a robust 69 ms. The estimated mean preparation prob-
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abilityy was only .15 greater than that estimated for R&M's experiment, and the spread of 
estimatess does not suggest that some participants were successfully preparing all the time, 
andd others rarely. Thus, according to the FTE model, our carefully instructed, highly moti-
vated,, young, bright, and non-fatigued participants, were still failing to engage "intention-
activation""  on more than one third of the task-switch trials. Hence there does seem to be a 
moree than merely motivational limitation on participants' ability to get themselves into the 
preparedd state, albeit probabilistic rather than absolute. It is interesting to speculate what 
onee could do to increase the probability of preparation further. One possibility is that the 
informationn in the cue is critical. For example, De Jong et al. (2000) mentions obtaining a 
zeroo residual switch cost in a cueing experiment in which an explicit cue was used (e.g., 
thee cue contained both red and blue when the next stimulus had to be classified red or 
blue).. But this suggests that exogenous driving may be necessary to achieve intention-
activationn in advance of the stimulus on 100% of the trials - an idea not so different from 
Rogerss and Monsell's (1995) proposal of an exogenous substage of task-set reconfigura-
tion!!  Further work is needed to explore this and other factors that may reduce the probabil-
ityy of failures to engage in advance preparation — if such failures are indeed implied by 
thee good fit of the mixture model to our data. 
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Chapte rr  5 

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

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

5.1.. Introductio n 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5.2.. Method 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5.3.. Result s 

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

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

Triall  type 

Correct t 
M M 
SD SD 

Perceivedd Errors 
M M 
SD D 

Unperceivedd Errors 
M M 
SD D 

%% Trials 

79.9 9 
(9.5) ) 

7.4 4 
(3.3) ) 

11.2 2 
(7.1) ) 

Size e 
(degg visual angle) 

9.8 8 
(0.8) ) 

8.7 7 
(0.7) ) 

7.8 8 
(0.7) ) 

SRT T 
(ms) ) 

323 3 
(52) ) 

194 4 
(54) ) 

200 0 
(46) ) 

Correctionn Time 
(ms) ) 

N/A A 
N/A A 

314 4 
(86) ) 

200 200 
(64) ) 

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

perceivedd errors 
1200--

1000--

800 0 

600 0 

400 0 

200 0 

0 0 
55 1 0 1 5 siz e (deg ) 

unperceivedd errors 

55 size (deg) 

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

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

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

errorr and the error-related ERP components consisted of several steps. First, before deriv-
ingg individual response-locked waveforms in each of the conditions, we selected a subset 
off  the correct trials with SRTs matching the SRTs of the incorrect trials. Otherwise, any 
differencess between response-locked waveforms of correct and error trials could be attrib-
utedd to different contributions of the stimulus-related ERP activity overlapping the re-
sponse-lockedd ERP activity (see, e.g., Gehring et al., 1993; Scheffers et al., 1996). Thus, 
too equalize the mean RT of the correct and incorrect trials, correct trials were selected if 
theirr SRT was equal to or faster than the SRT associated with the 10th fastest percentile of 
thee SRT distribution. Averaged across participants, the resulting subset of correct trials 
wass comparable with the two types of error trials with respect to both SRT (M = 214 ms, 
SDSD = 50 ms) and number of trials (10.6% of the overall set of included trials). In a second 
step,, we computed the response-locked waveforms in each of the conditions of interest for 
leftwardd and rightward saccades separately. Figure 5.3 depicts the grand-average horizon-
tall  EOG waveforms associated with leftward and rightward saccades. Note that the EOG 
patternss reflect the differences between the three trial types in correction time, as reported 
above.. Subsequently, we averaged each of the response-locked waveforms across saccade 
direction.. Importantly, as can be inferred from Figure 5.3, the resulting EOG waveforms 
weree essentially flat. Hence, their contribution to the newly obtained response-locked 
waveformss (averaged across saccade direction) must be negligible. Indeed, within the plot-
tedd time interval [-200 ms, 400 ms] all three EOG waveforms remained within the 
rangee [-25 \iV, 25 uV]. 



90 0 ChapterChapter 5 

Figuree 5.4A presents grand-average response-locked ERPs associated with the 
threee midline electrodes for SRT-matched correct trials, perceived errors, and unperceived 
errors.. Figure 5.4B presents the grand-average difference waveforms (perceived errors-
correct)) and (unperceived errors-correct). Importantly, as is evident from Figures 5.4A and 
5.4B,, a clear negative deflection is elicited on both perceived and unperceived error trials. 
Thesee deflections appear to start at approximately the time of onset of the "incorrect" 
EOGG activity (cf. Gehring et al., 1993) and peak about 80 ms later. The morphology and 
latencyy of these negative waves correspond to those of the Ne reported in previous studies 
(e.g.,, Scheffers & Coles, 2000; Van 't Ent & Apkarian, 1999). An ANOVA on the Ne am-
plitudess of the individual difference waveforms2 revealed a highly significant Ne following 
errors,, F(l, 14) = 72.6, p < .001, which did not differ across electrode site, F < 1. Impor-
tantly,, there was no reliable difference between the Ne amplitudes for perceived and un-
perceivedd errors, F(l, 14) = 1.3,p = .28. Also, the interaction between trial type and elec-
trodee site was not significant, F < 1. 

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

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

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

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

5.4.. Discussio n 

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

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

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

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

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

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

Wee conclude that our results support the existence of two error monitoring proc-
esses.. At a very early stage, which is reflected by the Ne, incorrect motor commands gen-
eratedd at both the cortical level and subcortical level are detected via a central processing 
pathway.. This error detection process operates independently of conscious error percep-
tion,, and is not directly involved in remedial action. A later error monitoring process, re-
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fleetedd by the Pe, is strongly associated with awareness of the occurrence of the actual 
(erroneous)) response. We hypothesize that the input to the system operating at this stage 
mayy be formed by peripheral (e.g., proprioceptive or reafferent) feedback about the re-
sponse.. The present results also suggest that the system underlying the Pe may be related 
too or may implement itself a remedial action mechanism. Of course, if the view that the Pe 
andd stimulus-evoked P3 are different manifestations of the same biological and/or func-
tionall  system turns out to be true, then the Pe will eventually have to be interpreted in 
termss of a broader theory of P3-related brain activity. Importantly, the present view can 
explainn why an intact Ne but no Pe was observed after subthreshold motor errors by Vidal 
ett al. (2000). Depending on one's theory of hypnosis, it also presents a possible explana-
tionn for the results reported by Kaiser et al. (1997), showing that under conditions of hyp-
nosiss highly susceptible participants showed a clearly reduced Pe but no change in Ne. 
Finally,, although the present conclusions seem at least valid for the current paradigm and 
oculomotorr response modality, an interesting question for future research is whether the 
presentt results generalize to other response modalities and experimental settings. 
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Chapte rr  6 

AA Computationa l Accoun t of Altere d Erro r Processin g in Older Age: 
Dopamin ee and the Error-Relate d Negativit y 

WhenWhen subjects commit errors or receive feedback signaling that they have made an error, 
aa negative brain potential is elicited. According to Holroyd and Coles' (submitted) neuro-
computationalcomputational model of error processing, this "error-related negativity" (ERN) is elicited 
whenwhen the brain first detects that the consequences of an action are going to be worse than 
expected.expected. To study age-related changes in error processing, we obtained performance 
andand ERN measures of younger and high-functioning older adults. Experiment 1 demon-
stratedstrated reduced ERN amplitudes in older adults in the context of otherwise intact brain 
potentials.potentials. This result could not be attributed to uncertainty about the required response 
inin older adults. Experiment 2 found impaired performance and reduced response- and 
feedback-relatedfeedback-related ERNs of older adults in a probabilistic learning task. Model simulations 
indicatedindicated that these age changes could be simulated by manipulation of a single parame-
ter,ter, corresponding to a weakened phasic activity of the mesencephalic dopamine system. 

6.1.. Introductio n 

Overr the past ten years, several researchers have tried to clarify the mechanisms 
byy which error processing, at both the functional and structural level, is realized in our 
brainss (for reviews, see Coles, Scheffers, & Holroyd, 1998; Falkenstein, Hoormann, 
Christ,, & Hohnsbein, 2000). Much of this research has been stimulated by the discovery of 
ann electrophysiological marker of error detection, the error-related negativity (ERN, Ge-
hring,, Goss, Coles, Meyer, & Donchin, 1993; or Ne, Falkenstein, Hohnsbein, Hoormann, 
&&  Blanke, 1991). When subjects commit errors in reaction time tasks or receive feedback 
signalingg that they made an error, the ERN appears as a negative deflection in the electro-
encephalogramm (EEG). It is believed that the signal giving rise to the ERN serves an 
evaluativee control function, in the sense that it can be used to learn adaptive behaviors or 
too determine the need for adjustments of control settings in other parts of the cognitive 
systemm (e.g., Botvinick, Braver, Carter, Barch, & Cohen, 2001; Holroyd & Coles, submit-
ted;; Gehring et al., 1993). 

Recently,, the ERN has also been employed as a tool for studying error processing 
inn various neuropsychologically impaired populations. These include patients with Parkin-
son'ss disease (Falkenstein, Hielscher et al., 2001; but see Holroyd, Praamstra, Plat, & 
Coles,, submitted), schizophrenia (Ford, 1999; Kopp & Rist, 1999), obsessive-compulsive 
disorderr (Gehring, Himle, & Nisenson, 2000), and patients with lateral prefrontal damage 
(Gehringg & Knight, 2000), all of which have been reported to show abnormal ERNs. The 
generall  notion is that the study of the ERN and error-related behavior in such populations 
mayy be informative about the functional deficit underlying the specific cognitive and be-
haviorall  manifestations associated with each population. In addition, such studies, in com-
binationn with existing knowledge of the dysfunctioning brain circuits in specific patient 
groups,, may help to further establish the source of the ERN signal and the areas to which 
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thee signal is projected. In particular when complemented with a formal model of ERN 
function,, this type of research may also contribute to the functional validation of the ERN 
andd to theories of error processing. 

Inn this paper, we will apply this research logic to the study of error processing in 
healthyy older adults, a group which has been extensively documented as having an execu-
tivee control deficit (for reviews, see Moscovitch & Winocur, 1995; Phillips & Delia Sala, 
1996;; Van der Molen & Ridderinkhof, 1998). It is as yet unknown whether this executive 
controll  deficit may, at least in part, arise as a result of deficient monitoring functions such 
ass the error-detection function associated with the ERN signal. On the basis of two ex-
perimentss we attempted to address this important general issue by investigating why the 
ERNN is smaller in older adults (Band & Kok, 2000; Falkenstein, Hoormann, & Hohnsbein, 
2001),, and what this tells us about changes in error processing occurring in older age. But 
beforee we turn to these questions, we briefly review the characteristics and existing theory 
off  the ERN. 

TheThe error-related negativity 
Thee ERN can be seen in the event-related brain potential (ERP) waveform, de-

rivedd by averaging EEG epochs that are time-locked to the incorrect response. The ERN is 
aa negative component with maximum amplitude over fronto-central recording sites. Its 
peakk amplitude is reached about 80 ms following an incorrect overt response, but its onset 
mayy coincide with the first incorrect EMG activity leading to the erroneous response (Ge-
hringg et al., 1993). Using source localization techniques, several researchers (e.g., 
Dehaene,, Posner, & Tucker, 1994; Holroyd, Dien, & Coles, 1998) have localized the 
sourcee of the ERN in or very near the anterior cingulate cortex (ACC), which is part of the 
brain'ss limbic system. Neuroimaging studies (e.g., Carter et al., 1998; Kiehl, Liddle, & 
Hopfinger,, 2000) have provided corroborating evidence for the activation of the ACC in 
associationn with errors. 

Thee ERN is elicited after errors irrespective of response modality (Holroyd et al., 
1998;; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001) and occurs after both errors 
off  choice (e.g., incorrect response button) and errors of action (i.e., respond when you're 
nott supposed to; Scheffers, Coles, Bernstein, Gehring, & Donchin, 1996). Subthreshold 
activationn of the incorrect response (as measured by EMG) accompanied by the correct 
overtt response can also elicit an ERN (e.g., Coles, Scheffers, & Holroyd, 2001). ERN am-
plitudee varies with error awareness when the degree of certainty about the required re-
sponsee varies due to data limitations (Scheffers & Coles, 2000), but appears to be unaf-
fectedd by the level of awareness when there is uncertainly about the actual erroneous re-
sponsee (Nieuwenhuis et al., in 2001). All of these and other results are consistent with the 
notionn that the ERN reflects the activity of a generic error-detection system, which has 
accesss to information that is not necessarily available to conscious error monitoring. There 
iss also evidence that the amplitude of the ERN increases with increasing muscle activity in 
thee incorrect response hand (Scheffers et al., 1996; but see Gehring et al., 1993), and with 
increasingg number of incorrectly chosen response parameters (Bernstein, Scheffers, & 
Coles,, 1995). This type of result suggests that the ERN amplitude may be sensitive to the 
sizee of the error or degree of incorrect response activation. 

Theoriess of the functional significance of the ERN have, at least until recently, 
centeredd around the notion that the ERN reflects a process that compares a representation 
off  a correct response with a representation of the actual response (e.g., Bernstein et al., 
1995;; Coles et al, 2001; Falkenstein et al., 1991; Scheffers & Coles, 2000). The ERN 
amplitudee reflects the degree of mismatch between these representations. This type of ac-
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countt is referred to as the "mismatch theory" of the ERN. The representation of the actual 
responsee is likely to derive from a central feedback system, since latencies of the ERN 
onsett are too short to allow for external feedback. Obviously, to obey speed instructions, a 
personn does not always wait to respond until all possible information about the appropriate 
responsee is available, but rather uses whatever information is available at the time of the 
response.. However, the comparator system makes use of the fact that continued stimulus 
processingg after the actual response tends to lead to an increasingly reliable representation 
off  the correct response. Finally, the mismatch signal -generated when the comparator de-
tectss a mismatch between the appropriate and actual response- is hypothesized to form the 
inputt to a remedial action mechanism, which is responsible for immediate error correction 
andd strategic adjustments that reduce the likelihood of further errors (e.g., Coles et al., 
2001;Gehringetal.,, 1993). 

AA more refined theory of the ERN, combining elements of mismatch theory with 
reinforcementt learning principles, has recently been proposed by Holroyd and Coles 
(submitted;; Holroyd, Reichler, & Coles, 1999). According to this theory, the ERN is gen-
eratedd when a negative reinforcement-learning signal is conveyed to ACC via the mesen-
cephalicc dopamine system. This signal is utilized by the ACC to modify performance on 
thee task at hand. A further sketch of Holroyd and Coles' theory and of a formal model im-
plementingg this theory is given in the introduction to Experiment 2, in which the model 
wass used to simulate behavioral data and ERN amplitudes of young and older adults. 

AA final general issue of importance for the present study is the finding of an ERN-
likee negativity after feedback when such feedback indicates that an error was made (i.e., 
negativenegative feedback; Holroyd & Coles, submitted; Miltner, Braun, & Coles, 1997). For in-
stance,, in the ERP study of Miltner et al., participants were required to estimate a one-
secondd interval. Participants received visual, auditory, or somatosensory feedback that 
indicatedd whether the interval they had produced was correct (where "correct" was defined 
inn terms of a time window around one second). Following negative feedback, a negative 
componentt occurred, which peaked around 200-300 ms after the onset of the negative 
feedbackk stimulus. Its phenomenology corresponded closely to that of the response-related 
ERNN and source localization analyses suggested that, for all three modalities, the scalp 
distributionn of the negative potential was consistent with a source in or very near the ACC 
—— the same locus as that reported for the response-related ERN. Miltner et al. concluded 
thatt the response-related and feedback-related ERN (henceforth: response ERN and feed-
backk ERN) are manifestations of the same, generic error-detection system. 

AgingAging and error processing 
Twoo previous studies have investigated the effect of aging on the response ERN 

(Bandd & Kok, 2000; Falkenstein, Hoormann et al., 2001). Band and Kok reported younger 
(18-288 years old) and older (60-76 years old) adults' error-related ERPs in a mental rota-
tionn task, which required speeded responding to the identity (G or R) and parity (mirrored 
orr normal) of a rotated (45° or 135°) stimulus. Older adults made many more errors than 
youngerr adults but only in the more difficult (135°) rotation condition. For the analysis of 
thee ERN, all conditions were pooled so that the average ERNs were largely determined by 
thee ERNs in the difficult rotation condition. The ERNs for older adults were significantly 
smallerr than for younger adults. Importantly, the pattern of immediate error corrections ~ 
comparedd to younger adults, older adults corrected more of their errors in the easy rotation 
conditionn but fewer in the difficult rotation condition- led Band and Kok to suggest that 
olderr adults' smaller ERN might have been caused by their uncertainty about the required 
responsee in the difficult rotation condition. This raises the possibility that older adults only 
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showw a smaller ERN in tasks in which the representation of the correct response is easily 
compromised. . 

Thiss possibility can be tested by looking at age effects on the ERN in a basic 
choicee RT task with simple stimulus-response mappings and minimal data limitations. 
Fromm such choice RT tasks, it is known that when participants are asked to immediately 
correctt their errors, or to signal any recognized errors by some arbitrary, other response, 
olderr adults correct and signal as many of their errors as do young adults (Rabbitt, 1979). 
Interestingly,, Falkenstein, Hoormann et al. (2001) compared error-related ERPs --
associatedd with performance in such a 4-choice RT task- of a group of younger (19-25 
yearss old) and older (54-65 years old) adults. Despite the absence of age differences in 
errorr rates or error correction rates, older adults' ERN amplitudes were significantly 
smaller.. This pattern of results - much smaller ERNs in older adults in the context of sta-
tisticallyy similar error rates and correction rates ~ was replicated in a second experiment, 
usingg the arrow version of the Eriksen flanker task, in which distractor stimuli tend to acti-
vatee the incorrect response. Thus, it seems that the decrease in ERN amplitude with aging 
iss not necessarily related to a weakened representation of the correct response. 

Onn the basis of our Experiment 2, we will offer a neurocomputational explanation 
off  the reduced ERN in older adults, using an instantiation of Holroyd and Coles' model of 
thee ERN. But first, in Experiment 1, we intended to replicate the basic phenomenon --
reducedd ERNs in older adults- in a task often used to study error-related processing. This 
experimentt also enabled us to further discount two alternative explanations of this phe-
nomenon:: the possibility, already discussed above, that the reduced ERN is due to a com-
promisedd representation of the correct response for older adults; and the possibility that 
thee reduction in ERN amplitude is accompanied by a general decrease in ERP component 
amplitudess in older adults, and might therefore have a nonspecific cause. 

6.2.. Experimen t 1 

Inn Experiment 1, a group of younger adults and a group of healthy, high-
functioning,, older adults performed a letter version of the Eriksen flanker task (cf. Coles, 
Gratton,, Bashore, Eriksen, & Donchin, 1985; Eriksen & Eriksen, 1974). This is a choice 
RTT task in which the target letter is flanked by distractor letters. These flankers can be 
associatedd with either the same (i.e., congruent) response as the target or with the opposite 
(i.e.,, incongruent) response. It is well known that when participants respond quickly to 
suchh incongruent stimulus arrays, they tend to make many errors (e.g., Coles et al., 1985; 
Gratton,, Coles, Sirevaag, Eriksen, & Donchin, 1988). Thus, we pressed our participants to 
respondd very quickly. 

6.2.1.. Method 

Participants Participants 
Sixteenn young (8 women) and 16 older (8 women) adults participated in this ex-

periment.. The young participants, ranging in age from 18 to 23 years (M age = 20.4, SD = 
1.6),, were undergraduate students at the University of Amsterdam and received course 
creditss for their participation. The older participants were recruited by advertisements in a 
weeklyy political journal. They ranged in age from 60 to 80 years (M age = 69.6, SD = 6.0) 
andd received a fixed payment for their participation. All older adults were healthy and alert 
accordingg to self-report, free of psychoactive medication, and living independently in their 
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ownn homes. A standard health questionnaire was used to select participants with no history 
off  perceptual, motor, or neurological disorder. Twelve older participants received higher 
education.. A computerized Raven Standard Progressive Matrices test (Raven, Court, & 
Raven,, 1988) was administered to compare the two age groups with respect to fluid intel-
ligence.. Raw Raven scores were 51.6 items out of 60 (SD = 4.3) for the younger adults 
andd 46.7 items out of 60 (SD - 6.1) for the older adults. All of the young and older par-
ticipantss had far and near visual acuities of at least 0.4 as measured by Snellen charts. 

Stimuli Stimuli 
Stimulii  were presented in black against a white background on a computer screen 

placedd at a distance of 60 cm from the participant. Each trial started with the onset of a 
centrallyy presented fixation dot, subtending 0.3°, which remained on the screen until the 
participant'ss response was registered. Five hundred ms after fixation onset, a five-letter 
arrayy (HHHHH, SSSSS, HHSHH, or SSHSS) was presented for 100 ms, such that the cen-
trall  letter of the array was placed approximately 0.7° below the fixation dot. The angle 
subtendedd by the whole array was approximately 2.8° X 0.6°. The response was followed 
byy a blank screen for 500 ms, after which a new trial was initiated. 

DesignDesign and Procedure 
Participantss received 100 practice trials before entering the experimental phase, 

whichh consisted of eight blocks of 100 trials each. Each block contained 25 trials with 
eachh of the four possible stimulus arrays. Presentation order of the stimulus arrays was 
randomized.. Participants were instructed to respond to one of the two target letters (central 
HH or S) with one hand and to the other target letter with the other hand. The assignment of 
respondingg hand to target letter was consistent for each participant and counterbalanced 
acrosss participants. A distinction was made between congruent (i.e., the target letter and 
flankerss are associated with the same response, e.g., HHHHH) and incongruent (i.e., the 
targett letter and flankers are associated with different responses, e.g., HHSHH) stimulus 
arrays.. Participants were instructed to maintain an average level of accuracy of 80%-85%. 
Iff  necessary, participants were verbally encouraged at the end of each block to increase or 
decreasee their speed of responding. There were short breaks between successive blocks. 

PsychophysiologicalPsychophysiological recording 
EEGG recordings were taken from Fz, Cz, Pz, C3', and C4' using an ECI electro-

cap,, and were referenced to the activity recorded at an electrode on the left earlobe. The 
electro-oculogramm (EOG) was recorded from tin electrodes placed above and below the 
leftt eye (vertical EOG) and from electrodes lateral to each eye (horizontal EOG). A 
groundd electrode was positioned on the forehead. All electrode impedances were below 8 
Id !!  The EEG and EOG signals were amplified using a Nihon-Kohden system with a time 
constantt set to 5 s and a low-pass filter of 35 Hz. The signals were digitized with a sample 
ratee of 250 Hz. Single trial epochs with a duration of 2048 ms (including a 200-ms pres-
timuluss baseline) were extracted offline. 

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

rithmm described by Woestenburg, Verbaten and Slangen (1983), and filtered with a band-
passs of 1-10 Hz. A baseline, computed as the average signal activity across the 200 ms 
priorr to stimulus onset, was subtracted for all single trials. Then, for each participant and 
eachh condition, the EEG epochs were averaged both with respect to stimulus onset and 
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responsee onset to obtain stimulus-locked and response-locked ERPs. The amplitude of the 
ERNN was defined as the difference between the most negative value in a window of 0-150 
mss following the incorrect response and the mean value of the signal in a window of200-
1000 ms preceding the response (i.e., the pre-response baseline) in the response-locked 
ERPs.. Trials with RTs < 150 ms and trials with recording artifacts were not included in the 
analysess (young adults: 2.8%; older adults: 0.9%). Performance measures (accuracy and 
correctt RT) for each participant were submitted to a 2 (age group) x 2 (congruency) mixed 
ANOVA.. ERN amplitudes for each participant were submitted to a 2 (age group) x 2 
(congruency)) x 3 (electrode site: Fz, Cz, Pz) mixed ANOVA. 

6.2.2.. Results 

BehavioralBehavioral results 
Averagedd across the two congruency conditions, error rates were 17.8% for the 

youngg adults and 14.8% for the older adults, a difference that was significant, F(l, 30) = 
6.0,, p < .05. As expected, error rates were larger in the incongruent (24.4%) than in the 
congruentt (8.1%) condition, F(l, 30) = 226.0, p < .001. The effect of congruency was 
similarr for the two age groups: 9.0% vs. 26.5% for the young adults and 7.1% vs. 22.3% 
forr the older adults, F( 1, 30) = 1.1, p = .29. 

Thee two groups differed from each other in mean correct RT. Mean RT was 353 
mss for the young adults and 419 ms for the older adults, F(l, 30) = 24.7, p < .001. RTs 
weree shorter on congruent (364 ms) than on incongruent trials (408 ms), F(l, 30) = 152.3, 
pp < .001. This congruency effect was of similar size for young (334 ms vs. 373 ms) and for 
olderr adults (395 ms vs. 444 ms), F(l, 30) = IJ, p = .21. 

ERNERN amplitude 
Thee number of errors on congruent trials was too small to obtain reliable ERPs 

forr three of the older participants. Therefore, these participants were excluded from the 
followingg psychophysiological analyses. 

Figuree 6.1 shows response-locked ERPs at Fz, Cz, and Pz for congruent and in-
congruentt trials for the two age groups. As is clearly visible, the young and older adults 
showedd a negative deflection -the ERN- around the time of the incorrect response. The 
mainn effect of electrode site was significant, F(2, 54) - 48.3,/? < .001, indicating that the 
ERNN had a frontocentral scalp distribution. Because the ERN overlapped the leading slope 
off  the P300 -as is most evident at Pz- the pre-response baseline correction contributed to 
positivee ERN amplitudes in some conditions. Importantly, as in previous studies, ERN 
amplitudee -averaged across the two congruency conditions- was smaller for older adults 
(.33 îV) than for young adults (-2.4 (iV), as confirmed by a significant main effect of age 
group,, F(\, 27) = 7.4, p = .011. The ERN was somewhat more pronounced after congruent 
errorss (-1.3 (J.V) than after incongruent errors (-.8 (iV), but this difference was not signifi-
cant,, F(l, 27) = 2.5, p = .121, nor was the interaction between age group and congruency, 
pp > .8. None of the interactions involving the factor electrode site were significant. 

11 The numerical effect of congruency on ERN amplitude is probably the result of differential contri-
butionss of stimulus-related components to the response-locked waveform for each of the two conditions, rather 
thann to "real" differences between the ERN on congruent and incongruent trials (for a discussion, see Coles et 
al.,, 2001). When the trials in the two categories were matched with respect to reaction time, using the procedure 
describedd by Bernstein, Scheffers, and Coles (1995), ERN amplitude was -1.3 uV for both congruent and in-
congruentt errors. 
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FigureFigure 6.1: Response-locked, grand-average ERP waveforms from Experiment 1 as a 
functionfunction of accuracy and congruency for younger adults (left panel) and older adults 
(right(right panel). Time = 0 ms indicates the timing of the response. 

Followingg Falkenstein, Hoormann et al. (2001), we also tried to measure the ERN 
att the single-trial level. Obtaining single-trial measures of the ERN would allow a test of 
thee possibility that older adults' reduced individual ERN amplitudes in the ERP waveform 
weree due to a larger latency jitter of the ERN across single-trial epochs. Thus, the ERN in 
thee average ERP waveform might be smaller, whereas the true ERN amplitude might not 
bee reduced in older adults. We selected all incongruent, incorrect trials and subjected them 
too the same algorithm as that used for determining the ERN in the individual ERP wave-
forms.. For young and old groups, the distributions of the latencies associated with the 
"ERN"" peak amplitudes selected by the algorithm suggested that the algorithm was unsuc-
cessful.. For both age groups, the algorithm selected many "ERNs" at the extreme ends of 
thee specified time window. One reason for this may be that the ERN was often superim-
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posedd on the leading or trailing slope of the P3, which biases the most negative signal 
valuee in the specified time window toward one end of the window. Apart from these 
boundaryy selections, the distribution of younger adults was fairly humped with a mode 
aroundd 75 ms following the response. However, the distribution of the latencies for older 
adultss was essentially flat, suggesting that for older adults the ERN did generally not ex-
ceedd the random background EEG fluctuations, causing the algorithm to select noise. We 
concludee that, at least with the present type of algorithm and our data set, it is not possible 
too reliably measure the ERN in the single-trial epochs recorded from older adults. 

Figuree 6.2 shows stimulus-locked ERP waveforms at Fz, Cz, and Pz for both age 
groupss as a function of congruency, for trials when the response was correct. Both age 
groupss exhibit a rather standard stimulus-locked ERP waveform, with clearly recognizable 
Nl ,, PI, N2, and P3 components. Visual inspection of the waveforms for young and old 
indicatess that age differences in the early ERP components (Nl, PI, and N2) were small or 
absent.. Furthermore, the P3 component showed a more diffuse midline distribution for 
olderr adults than for younger adults, with older adults' P3 being relatively smaller at Pz 
andd relatively larger at Fz (cf. Kok, 2000). 

6.2.3.. Discussion 

Experimentt 1 yielded three important results. First, we managed to replicate the 
empiricall  phenomenon of interest: reduced response-ERN amplitudes in older adults 
(Bandd & Kok, 2000; Falkenstein, Hoormann et al., 2001). 

Second,, Experiment 1 allowed us to exclude the possibility that the smaller ERN 
inn our older adults was related to an impaired representation of the desired response, for 
instancee because of uncertainty about the presented stimulus (see Band & Kok, 2000). 
Schefferss and Coles (2000) have shown that ERN amplitude is positively related to the 
degreee of certainty about the required response. Thus, the smaller ERN of older adults in 
thee incongruent flanker condition could, in principle, be due to uncertainty about the target 
letter,, invoked by the presence of the distracting, incongruent flanker letters. However, in 
contrastt to the results from two previous aging studies using the letter version of the Erik-
senn flanker task (Zeef & Kok, 1993; Zeef, Sonke, Kok, Buiten, & Kenemans, 1996), our 
olderr adults did not show larger interference effects (on RT and error rate) of incongruent 
flankerss than our younger adults. Note that if older adults were more sensitive to the data 
limitationss associated with the incongruent condition than younger adults, this should, pre-
sumably,, have led to increased interference effects for older adults. Perhaps even more 
convincingg is the finding of a similar reduction with age of the ERN amplitude in the con-
gruentt condition, in which confusion about the presented target is unlikely since target and 
flankerss were identical. These results and those of Falkenstein, Hoormann et al. (2001) 
suggestt that smaller ERNs in older adults, at least in regular reaction time tasks, are not 
relatedd to a decreased certainty about the required response. 
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FigureFigure 6.2: Stimulus-locked, grand-average ERP waveforms from Experiment 1 as a 
functionfunction of congruency for younger adults (left panel) and older adults (right panel). Time 
==  0 ms indicates the timing of the stimulus onset. 

Third,, consideration of the average stimulus-evoked ERP waveforms suggests 
thatt the smaller ERN of older adults stands out as a fairly specific age-related effect on 
ERPP component amplitudes. That is, the reduction in ERN amplitude was not accompa-
niedd by a general age-related amplitude reduction of other ERP components. Falkenstein, 
Hoormannn et al. (2001) reported a similar finding but presented no stimulus-locked ERPs. 
Ourr findings are also consistent with the psychophysiological aging literature. On the basis 
off  a review of this literature, Kok (2000), for instance, noted that P1 and N1 components 
too stimuli presented in the auditory, visual, and somatosensory modalities are consistently 
largerr in old than in young subjects. In line with our data, Kok also observed that P3s tend 
too have a more diffuse or equipotential midline distribution in old than in young subjects. 
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Thee absence of a general decrease in older adults' ERP component amplitudes reinforces 
thee notion that their smaller ERN has a specific cause. Experiment 2 was designed to in-
vestigatee this specific cause. 

6.3.. Experiment 2 

Experimentt 2 was conducted to test two hypotheses of why the response ERN is 
smallerr in older adults. These two hypotheses, inspired by Holroyd and Coles' (submitted; 
seee also Holroyd et al., 1999) neurobiological theory of error processing, were tested using 
aa slightly changed version of the probabilistic learning task designed by Holroyd and 
Coles.. In this task, participants were required to press one of two buttons in response to 
eachh of a series of stimuli. The participants were told to infer the stimulus-response map-
pingss by trial-and-error, using the information provided by a positive or negative feedback 
stimuluss presented at the end of each trial. A critical aspect of the task was that the six 
possiblee stimuli differed in the degree to which the response was predictive of the value of 
thee feedback (50%, 80%, or 100%). Thus, for some stimuli the value of the feedback was 
uncorrectedd with the selected response, whereas for other stimuli the participant could, to 
varyingg degrees, learn to control the value of the feedback by acquiring the stimulus-
responsee mapping. Holroyd and Coles formalized their theory in a process model of per-
formancee in this task. By using this model, which simulates performance accuracy and 
bothh response-ERN and feedback-ERN amplitudes in the probabilistic learning task, we 
weree able to test specific predictions derived from our two hypotheses. Before we discuss 
thesee hypotheses and their predictions, we introduce Holroyd and Coles' theory. 

Accordingg to Holroyd and Coles' (submitted) theory, the basal ganglia learns to 
predictt the expected outcome —in terms of reward and punishment— associated with vari-
ouss events (e.g., stimuli, responses, or stimulus-response ensembles) on the basis of past 
experiencee with those events. Violations of these predictions lead to a phasic alteration in 
firingg rate in the mesencephalic dopamine system: a phasic increase if ongoing events are 
betterr than predicted, and a decrease if they are worse than predicted. This dopaminergic 
errorr signal serves as a reinforcement-learning signal that is used by the basal ganglia to 
improvee the quality of its predictions. It does so according to the "temporal difference 
learning""  algorithm (Sutton & Barto, 1998), a reinforcement learning rule for learning the 
earliestt predictors of future reward or punishment. However, the dopaminergic error signal 
iss also projected to the ACC, which acts as a motor control filter, enabling one of several 
neurall  command structures (e.g., dorsolateral prefrontal cortex, orbitofrontal cortex, basal 
ganglia)) projecting to ACC to take command over the motor system. The error signal is 
usedd to train the ACC to recognize the command structure that is best suited to take con-
troll  over the task at hand. The various neural command structures themselves may also 
utilizee the signal to reinforce the appropriate response strategy associated with each stimu-
lus. . 

Thee ERN is assumed to be associated with the arrival of a negative dopaminergic 
errorr signal at the ACC. The larger the violation of the prediction, the larger the signal, 
andd the larger the ERN. Thus, if ongoing events are suddenly worse than expected (e.g., 
becausee you are giving an incorrect response to a stimulus that usually elicits the correct 
response),, the mesencephalic dopamine system carries a negative reinforcement-learning 
signall  -reflecting the size of the error— to the ACC, where it elicits the ERN. Feedback 
ERNss are elicited when the negative feedback stimulus itself is not (or only partly) pre-
dictedd by earlier events. This would be the case when the stimulus-response mappings 
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havee not yet been learned and hence the negative feedback cannot be predicted on the ba-
siss of the response. However, as the system gradually learns the mappings, the phasic 
dopaminergicc activity "propagates back in time", and is elicited as soon as an incorrect 
responsee is selected. 

Thee neural network model implementing this theory consists of several modules 
(Figuree 6.3): (i) an "adaptive critic", corresponding to the basal ganglia, which associates a 
valuee with the ongoing events and outputs a "temporal difference (TD) error", correspond-
ingg to a phasic alteration of activity in the mesencephalic dopamine system, when ongoing 
eventss are better or worse than expected. The adaptive critic uses the TD error to refine its 
futuree predictions; (ii) a set of "motor controllers", corresponding to various neural com-
mandd structures in the brain, which serve a response selection function and use the TD 
errorr signal to reinforce response selections that elicit reward; (iii ) a "control filter", corre-
spondingg to the ACC, which delegates control to one of the motor controllers, and is 
trainedd by the TD error signal to select the controller that maximizes reward; (iv) and fi-
nallyy a set of modules for representing stimulus input and feedback input, and for execut-
ingg the response. Details of the model are described in the Appendix (see also Holroyd and 
Coles,, submitted). 

Moto r r 
Controller s s 

feedbac k k 

FigureFigure 6.3: A schematic representation of Holroyd and Coles' (submitted) model. Arrows 
indicateindicate the flow of information between the various modules. TD = temporal difference 
error.error. A description of the model is provided in the text. 
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Wee generated two hypotheses of why the response ERN is smaller in older adults. 
Accordingg to the first hypothesis, older age is associated with a weakened mesencephalic 
dopaminee signal in response to negative (but also positive) violations of the basal ganglia's 
predictions.. When it arrives at the ACC, the weakened dopamine signal should result in a 
reducedd ERN amplitude, irrespective of whether the signal is elicited by negative feedback 
orr by an incorrect response. The smaller reinforcement-learning signal should also result 
inn reduced performance accuracy in the probabilistic learning task2, since actions that elicit 
rewardd (punishment) are positively (negatively) reinforced to a lesser extent. This "dopa-
minee hypothesis" can be simulated by a proportional decrease of the TD error at the time 
off  its computation, and is grounded in a substantial neurobiological literature documenting 
age-relatedd decreases in the efficiency of dopaminergic function (see General Discussion; 
seee also Braver et al., in press; Li & Lindenberger, 1999). 

Accordingg to the second hypothesis, the mesencephalic dopamine signal is intact, 
butt the rate of adjustments that the signal brings about through its reinforcing qualities is 
smallerr in older age. This slower learning rate should lead to reduced performance accu-
racy.. This, in turn, should influence the relative size of response-ERN and feedback-ERN 
amplitudes.. That is, in conditions in which participants can learn which response is predic-
tivee of reward, the younger adults will learn this relatively quickly, which will result in 
relativelyy small feedback ERNs and relatively large response ERNs, because the response 
iss the major predictor of reward. In contrast, because of their slower learning rate, the 
olderr adults are less able to predict reward on the basis of the response, resulting in rela-
tivelyy small response ERNs. Interestingly, because the feedback itself remains an impor-
tantt predictor of reward, the feedback ERN of older adults should be relatively large com-
paredd to that of younger adults. This "learning hypothesis" can be simulated by decreasing 
thee value of the learning rate parameters associated with the functions for TD-error-driven 
learningg in various modules of the model (see 'Model simulations' in the Results section). 
Thee learning hypothesis is grounded in an extensive literature reporting age deficits on 
testss that require the formation of new associations in memory (for a review, see Burke & 
MacKay,, 1997). 

Thus,, the two hypotheses make similar predictions with respect to age differences 
inn the response-ERN amplitude (reduced in older adults as found in Experiment 1 and pre-
viouss studies) and in performance accuracy (lower for older adults). The critical predic-
tionss concern the age difference in feedback-ERN amplitude. According to the dopamine 
hypothesis,, the older adults will have a smaller feedback ERN than younger adults, and 
accordingg to the learning hypothesis, the older adults will , in general, have a larger feed-
backk ERN than younger adults. Previous studies did not measure feedback ERNs in older 
adults,, so the primary purpose of Experiment 2 was to distinguish between the two hy-
pothesess by measuring performance and ERNs elicited by responses and feedback in the 
probabilisticc learning task. To yield further potential support for the hypotheses, we also 
fittedd "young" and "old" versions of the model to the data. Another purpose of Experiment 
22 was to evaluate whether we could replicate the pattern of results for younger adults re-
portedd in Holroyd and Coles (submitted, Experiment 1). Consistent with their theory, they 
observedd that the probability of a correct response in a specific condition was, in general, 

22 The reduced ERNs should affect the steepness of the learning curve but not its asymptote. If, as in 
Experimentt 2, accuracy is probed before asymptotic performance has been reached, then accuracy should be 
reducedd compared to a system with intact ERNs. 
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positivelyy related with response-ERN amplitude, and negatively related with feedback-
ERNN amplitude. 

6.3.1.. Method 

Participants Participants 
Thee participants were the same as in Experiment 1. In addition to a fixed payment 

(seee Experiment 1, Method), all participants received a performance-related bonus, as de-
scribedd below. 

Stimuli Stimuli 
Stimulii  were presented in color against a white background on a computer screen 

placedd at a distance of 60 cm from the participant. Each experimental block involved a 
neww set of six imperative stimuli. These stimuli were images of buildings, animals, musical 
instruments,, etc. Images of a head of lettuce and of a carrot served as feedback stimuli 
indicatingg to the participant that they were rewarded or penalized on that trial. The map-
pingss between reward/punishment and the feedback stimuli were counterbalanced across 
participantss and kept fixed across the experiment. A different feedback stimulus, an image 
off  a cherry, was presented in case a response deadline was missed. All stimuli were part of 
aa public Corel image library, and were scaled to a uniform size so that they subtended ap-
proximatelyy 9.5° X 9.5°. 

DesignDesign and Procedure 
Onn each trial, the stimulus events consisted of the presentation of an imperative 

stimuluss for 500 ms, followed by a blank screen for 500 ms, followed by the presentation 
off  a feedback stimulus for 500 ms, followed by a blank screen for 500 ms. Thus, the inter-
vall  between consecutive imperative stimuli was 2 s. Participants were required to make a 
two-choicee decision by pressing one of two buttons within 700 ms after the onset of the 
imperativee stimulus. The response deadline was introduced to make sure that participants 
madee some errors due to premature responding in the 100% mappings even after the map-
pingss had been learned. If a response exceeded the deadline, the cherry stimulus commu-
nicatedd to the participant that they were penalized 4 cents on that trial, providing motiva-
tionn for them to respond more quickly. Otherwise, the feedback stimulus indicated to the 
participantt that they had either earned or were penalized 2 cents of bonus money on that 
trial. . 

Participantss were not informed about the appropriate stimulus-response mappings 
butt were told to infer these mappings by trial and error and to respond in such a way as to 
increasee their bonus by as much as possible. In each block, one of the six stimuli was 
mappedd to the left button, so that participants were rewarded if they pressed the left button 
andd penalized if they pressed the right button. Another stimulus was mapped to the right 
buttonn in a similar fashion. Following Holroyd and Coles (submitted), we refer to these 
mappingss as the 100% mappings. For two other stimuli, feedback was delivered randomly, 
irrespectivee of the given response. As a result, participants were rewarded on 50% of the 
trialss and penalized on 50% of the trials, and these mappings are therefore called the 50% 
mappings.mappings. Following the same logic, the two remaining stimuli were associated with an 
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80%80% mapping3. That is, one stimulus required a left button press on 80% of the trials (re-
ferredd to as valid trials) and a right button press on 20% of the trials {invalid trials), and 
thee other stimulus required a right button press on 80% of the trials (valid) and a left but-
tonn press on 20% of the trials (invalid). Like Holroyd and Coles, we also examined how 
performancee and ERN amplitudes changed over the course of a block of trials. We ana-
lyzedd such learning effects by comparing the dependent variables in the first and second 
halff  of each block. 

Thee experiment involved five blocks of 300 trials each. Each of the six stimuli 
wass presented 50 times in a random order. Valid and invalid trials from the 80% mappings 
weree randomly intermixed, the only restriction being that the first 25 trials with each of the 
twoo stimuli contained five invalid trials. Before the experimental phase, participants re-
ceivedd written instructions and performed one practice block of 300 trials. Before each 
experimentall  block, participants were given the opportunity to study the six imperative 
stimulii  used in the upcoming block and to press a key to start the block when ready. At the 
endd of each block, participants were informed about the total amount of bonus money they 
hadd earned throughout the experiment. Participants began the experiment with a bonus of 
HFL2.50. . 

PsychophysiologicalPsychophysiological recording 
Detailss are the same as in Experiment 1. In this experiment, we also collected 

cardiovascularr measures from the young participants. These data will be reported else-
wheree (Van der Veen, Nieuwenhuis, Van der Molen, Crone, & Jennings, in preparation). 

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

rithmm described by Woestenburg et al. (1983), and filtered with a bandpass of 1-10 Hz. A 
baseline,, computed as the average signal activity across the 300 ms prior to stimulus onset, 
wass subtracted for all single trials. Then, for each participant and each condition, the EEG 
epochss were averaged with respect to response onset and feedback onset to obtain re-
sponse-lockedd and feedback-locked ERPs. The 100 ms preceding feedback onset served as 
aa baseline for the feedback-locked ERPs. Following Holroyd and Coles (submitted), dif-
ferencee waveforms were created by subtracting the signal elicited on trials with positive 
feedbackk from the signal elicited on trials with negative feedback. The amplitude of the 
responsee ERN was defined as the peak negativity of the difference waveform at electrode 
Czz in a window 0-150 ms following the response. The amplitude of the feedback ERN was 
definedd as the peak negativity of the difference waveform at electrode Cz in a window 
200-3500 ms (as chosen after visual inspection) following feedback onset. The following 
trialss were discarded from the reported analyses, (i) Trials with recording artifacts or RTs 
<< 150 ms: 1.7 % for younger adults and 2.5 % for older adults, (ii) Trials in which no re-
sponsee was generated before the 700-ms deadline: 5.5 % for younger adults and 8.2 % for 
olderr adults. Performance measures, response-ERN and feedback-ERN amplitudes for 
eachh participant were submitted to separate mixed ANOVAs with age group (young, old) 
ass between subject factor and condition (100%, 80% valid, 50%, and 80% invalid map-
pings)) and block half (trial 1-150, trial 151-300 of each block) as within subject factors. 

33 The 80% condition was not part of the design of Holroyd and Coles (submitted). Instead, these au-
thorss used an "always correct" condition and an "always incorrect" condition, in which the value of the feedback 
couldd be entirely predicted on the basis of the imperative stimulus. 
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6.3.2.. Results 

Wee first describe the empirical behavioral results and ERN amplitudes found for 
ourr younger and older participants. After that, we discuss the results of the simulations 
associatedd with the dopamine hypothesis and the learning hypothesis. 

BehavioralBehavioral results 
Figuree 6.4A shows behavioral accuracy for younger and older adults for each 

condition,, averaged across the first and second halves of each block. As can be seen, the 
youngerr adults displayed higher accuracy than older adults in the conditions in which per-
formancee could improve over the course of a block. The lower-than-chance performance 
inn the 80% invalid trials indicates that participants responded mostly according to the 
dominantt (but here incorrect) mapping. The main effects of age group and condition, and 
thee interaction between these two factors were all highly significant, all Fs > 17.5, p's < 
.001. . 

Ass expected, participants' accuracy performance in the second block half showed 
ann improvement compared to the first block half in both the 100% condition (young: 76%-
83%;; old: 60%-69%) and the 80% valid condition (young: 69%-77%; old: 56%-63%). 
Becausee participants gradually learned the dominant 80% mapping, performance accuracy 
inn the 80% invalid condition decreased as a function of block half (young: 27%-25%; old: 
42%-34%).. Evidently, accuracy in the 50% condition did not change with block half. The 
interactionn between condition and block halfwas highly significant, F(3, 90) = 26.5, p < 
.001,, but rather similar for both age groups (3-way interaction: F(3, 90) = 2.1,/? = .13). 

Probablyy as a result of the use of a response deadline, older adults' response 
timess —averaged across all conditions— were not much slower than younger adults' re-
sponsee times (young: 387 ms; old: 406 ms), as confirmed by a nonsignificant main effect 
off  age group, F{\, 30) = 2.9, p = .099. 

ERNERN amplitude 
Figuree 6.5 shows illustrative ERPs, associated with positive and negative feed-

back,, from two conditions in Experiment 2, for both age groups and averaged across par-
ticipantss and block halves. Figure 6.5A shows the ERNs elicited by the response in the 
100%% condition, the condition in which the response ERN is largest for both young and 
olderr adults. The ERN of younger adults is evident as a clear negativity peaking about 80 
mss after the response. Importantly, as in Experiment 1, the average older adults' response 
ERNN is substantially reduced. Figure 6.5B shows feedback ERNs in the 50% condition, 
thee only condition in which feedback is not dependent on the given response. In this condi-
tion,, the ERN is elicited primarily by the feedback. For younger adults, the ERN peaked 
roughlyy 270 ms after the presentation of a negative feedback stimulus (cf. Holroyd & 
Coles,, submitted; Miltner et al., 1997). The ERN of older adults peaked somewhat later, 
and,, importantly, was clearly smaller. 

Figuree 6.4B shows response-ERN amplitudes as a function of age group and con-
dition.. Note that valid and invalid trials from the 80% condition were pooled, because for 
thee participants these were not distinguishable until the presentation of the feedback stimu-
lus.. Response-ERN amplitudes were smaller for the older adults, F(l, 30) = 21.7, p < .001. 
Consistentt with Holroyd and Coles' theory, response-locked amplitudes increased with the 
probabilityy of a correct response in a certain condition, F(2, 60) = 53.3, p < .001, and this 
effectt of condition was more pronounced for young than for older adults, F(2, 60) = 16.3, 
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pp < .001. Note that the "true" response ERN in the 50% condition should be absent. The 
negativee values reported for this condition in Figure 6.4B reflect unsystematic fluctuations 
off  the ERPs associated with negative and positive feedback. 

Figuree 6.4C shows feedback-ERN amplitudes as a function of age group and 
condition.. Here, the difference between valid and invalid trials from the 80% condition is 
clearlyy important; as predicted by Holroyd and Coles' theory, the largest feedback ERNs, 
att least for younger adults, were observed in the 80% invalid condition in which a clear 
expectationn of positive feedback was violated by the actual feedback. Averaged across 
conditions,, feedback-ERN amplitudes were smaller for older adults, F(l, 30) = 9.9, p < 
.005.. The main effect of condition was also significant, F(3, 90) = 4.9, p < .03, but 
whereass younger adults showed a pronounced effect of condition in the predicted direction 
(i.e.,, an inverse relation between the ERN and the probability of giving a correct re-
sponse),, the older adults showed, if anything, a small trend in the opposite, unexpected 
direction.. This was expressed in a significant interaction of age group and condition, F(3, 
90)) = 8.4, p < .005. An additional analysis, including only the older participants, indicated 
thatt the surprising effect of condition for the older adults was not significant, F(3, 45) = 
1.5,, p = .25. Inspection of the older individuals' data patterns revealed that the absence of 
ann effect of condition in the expected direction was consistent across participants. 

Althoughh we did not explicitly model block half effects on ERN amplitudes, 
thesee effects were generally in line with Holroyd and Coles' (submitted) theory. A separate 
statisticall  analysis showed that response-ERN amplitudes increased with block half, F( l, 
30)) = 19.0, p < .001. This block-half effect increased with the probability of giving a cor-
rectt response in a particular condition, F(2, 60) = 13.2,/? < .001, and was somewhat larger 
forr younger adults than for older adults, F(\, 30) = 4.0, p = .056. As expected, feedback-
ERNN amplitudes decreased with block half in the conditions in which accuracy improved, 
andd increased in the 80% invalid condition, in which accuracy declined. However, the 
interactionn of condition and block half showed only a trend in this direction, F(3, 90) = 
17.7,, p = .096, probably reflecting the fact that the block half effects on feedback-ERN 
amplitudee were rather small. Age group did not enter in a reliable interaction with condi-
tionn and block half, F(3, 90) = 7.3, p = .40. 
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FigureFigure 6.4: Simulated (model) and empirical (exp) results in Experiment 2 as a function 
ofof condition for the younger adults / model (left panel) and older adults / model (right 
panel).panel). (A) Performance accuracy. (B) Response-locked and (C) feedback-locked ERN 
amplitudes.amplitudes. Amplitudes (in microvolts for the empirical results; in model output units for 
thethe simulated results) reflect the subtraction of amplitude magnitudes associated with 
negativenegative and positive feedback (see text for more detail). 80%v = 80% valid condition; 
80%i80%i = 80% invalid condition. 
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FigureFigure 6.5: Grand-average ERP waveforms for younger and older adults from two condi-
tionstions in Experiment 2. Waveforms were recorded from Cz. (A) The ERN elicited by the 
responseresponse in the 100% condition. Time = 0 ms indicates the timing of the response. (B) The 
ERNERN elicited by the feedback in the 50% condition. Time = 0 ms indicates the timing of 
thethe feedback onset. 

ModelModel simulations 
Too simulate the data from the sixteen younger and sixteen older human partici-

pants,, both the "young" and "old" model were run 16 times, with each run consisting of 
fivefive blocks of 300 trials. Like the empirical ERN, the model ERN was determined by sub-
tractingg the simulated ERN on trials with positive feedback from the simulated ERN on 
trialss with negative feedback. 

Becausee the smaller empirical feedback ERNs of older adults were in agreement 
withh the dopamine hypothesis, we first tried to simulate the empirical results of older 
adultss by weakening the TD error signal. On each time step in the simulated trials, we mul-
tipliedd the older adults' TD error by a factor 0.55 immediately after its computation and 
beforebefore it was used to adapt the network weights and compute the ERN. It is important to 
notee that this proportional decrease of the TD error was the only aspect in which the old 
modell  differed from the young model. Figure 6.4 shows the simulation results associated 
withh the dopamine hypothesis. Because the variance of the model data was relatively 
small,, all statistical terms in the ANOVAs were highly significant (p < .001) for each of 
thee measures, and we will report no further statistics. 

Ass was the case for the human participants, the model's performance accuracy 
(Figuree 6.4A) was relatively high in the two conditions that benefited from learning and 
loww in the 80% invalid condition, which suffered from learning. Overall accuracy and — 
moree important— the effects of condition were smaller for the old model than for the 
youngg model. The model's performance in the 100% condition (young: 62% and 85% in 
thee first and second block half; old: 57%-70%) and 80% valid condition (young: 59%-
82%;; old: 56%-67%) improved as the blocks progressed, and performance in the 80% 
invalidd condition (young: 42%-15%; old: 42%-34%) got worse over the course of a block 
off  trials. Although more pronounced, these learning effects were in the same direction as 
thosee in the empirical data. 
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Thee simulated pattern of response ERNs (Figure 6.4B) was also very similar to 
thee empirical data pattern. Response-ERN amplitudes showed a positive correlation with 
learningg and were smaller for the old than for the young model. The simulated pattern of 
feedbackk ERNs (Figure 6.4C) captured the important finding that feedback-related ERN 
amplitudess were considerably reduced in the older participants. The model also repro-
ducedd the negative correlation between feedback-ERN amplitude and learning portrayed 
byy the younger adults, but the model did not (and cannot!) account for the absence of such 
aa negative correlation in the older adults' data. In the Discussion, we will offer a possible 
explanationn for this discrepancy. 

Too evaluate our claim that the learning hypothesis can also account for reduced 
performancee accuracy and smaller response ERNs but not for smaller feedback ERNs in 
olderr adults, we tried to simulate the empirical accuracy results and response ERNs by 
decreasingg the value of the learning rate parameters associated with the network weights 
updatingg functions. To reach a satisfying correspondence between empirical and simulated 
data,, we needed to change at least two of the three learning rate parameters of the older 
model.. Note that this implies a less parsimonious account than the dopamine hypothesis. 
Decreasingg the learning rate parameter value associated with the value layer weights up-
datingg function (from 0.1 to 0.025) was necessary. In addition, either one of the parame-
terss associated with the functions for updating the input layer - controller weights (from 
0.55 to 0.2) and the controller - filter weights (from 0.2 to 0.1) needed to be changed. Both 
choicess of parameters led to a very adequate correspondence between the empirical and 
simulatedd data (essentially similar to that associated with the dopamine model; simulation 
dataa not plotted) as far as accuracy and response ERNs were concerned. Importantly, the 
feedback-ERNN amplitudes produced by these two learning models were approximately -
.633 (100% condition), -.70 (80% condition), -.83 (50% condition), and -.97 (80% invalid 
condition),, a substantial overestimation of the empirical feedback-ERN amplitudes of 
olderr adults. 

6.3.3.. Discussion 

Thee general pattern of results in Experiment 2 was consistent with the dopamine 
hypothesiss of altered error processing in older adults. Through manipulation of a single 
modell  parameter, corresponding to a weakening of dopaminergic error signals, we man-
agedd to attain a considerable correspondence between the simulated and empirical age 
differences:: decreased performance accuracy, and smaller response and feedback ERNs in 
olderr adults. Because the model proposes that ERN amplitude is an increasing function of 
thee size of the dopaminergic error signal, the smaller response and feedback ERNs of the 
olderr adults are consistent with the dopamine hypothesis. In addition, because the signal 
servess a reinforcement learning function, the reduced signal in older adults led to impaired 
performancee in situations in which learning was important. The empirical results were 
inconsistentt with the learning hypothesis, according to which older adults' dopaminergic 
errorr signal is intact but is not efficiently used for learning. Although, like the dopamine 
hypothesis,, this hypothesis was able to account for the reduced response ERNs and lower 
accuracyy in our older adults (though in a less parsimonious fashion), it predicted that older 
adultss should have larger feedback ERNs than younger adults. This was evidently not the 
casee in our data. 

Ann unexpected, and robust aspect of the older adults' data was the absence of a 
conditionn effect on the feedback-ERN amplitude. That is, instead of an increase with the 
probabilityy of an incorrect response in a condition, the feedback-ERN amplitudes showed 
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aa nonsignificant trend in the opposite direction. The lower-order error-processing mecha-
nismm employed by the model cannot account for such a pattern. This suggests that an addi-
tionall  cognitive process must have been operating in the older participant's system. One 
possibilityy is that the amount of attention that older adults paid to the feedback stimulus 
wass dependent on the subjective probability of an error. That is, when older adults were 
relativelyy sure that they had made an error -as would be the case after errors in the 100% 
andd 80% valid condition-, then they may have wished to confirm this supposition and 
havee paid relatively more attention to the feedback stimulus, thereby increasing its impact 
onn the error-processing system. In contrast, attention for feedback in the 80% invalid con-
ditionn may have been rather weak on error trials, since on these trials the participant re-
spondedd according to the dominant (i.e., probably correct) stimulus-response mapping, 
leadingg older participants to ignore the feedback. Interestingly, in the 50% condition, in 
whichh participants may be expected to have had few expectations about the feedback and 
hencee the additional cognitive process may not have been operating, the model gave an 
excellentt fit  of the data. 

Thee pattern of results of younger adults in Experiment 2 replicated that reported 
byy Holroyd and Coles (submitted). Response-ERN amplitude was positively correlated 
withh the probability of giving a correct response. That is, the response ERN was larger in 
conditionss in which participants could learn to control the value of the feedback by learn-
ingg the correct response, and it was larger in the second half of a block, that is, after some 
degreee of learning had taken place. In line with these findings, Experiment 2 also showed 
thatt the response ERN was largest in the participant group that learned more efficiently. 
Thee opposite pattern, a negative correlation between amplitude and the probability of a 
correctt response, was observed for the feedback ERN. This trade-off between response 
ERNN and feedback ERN amplitude is a central issue in Holroyd and Coles' theory. The 
youngerr adults' data in the 80% condition (a condition not examined by Holroyd and 
Coles)) also supported Holroyd and Coles' theory of error processing. First, as predicted by 
thiss theory, the amplitudes of the response ERN and feedback ERN in the 80% valid con-
ditionn were intermediate between the ERN amplitudes in the 50% and 100% condition. 
Andd second, the 80% invalid condition, which was characterized by the largest mismatch 
betweenn expected and actual feedback, was associated with the largest feedback ERN. 

6.4.. General Discussion 

Thee current study was motivated by a recently proposed theory of the functional 
mechanismss and neural basis of error processing (Holroyd & Coles, submitted). According 
too this theory, the ERN, a psychophysiological marker of error processing, is associated 
withh the arrival of a negative dopaminergic reinforcement learning signal in the ACC. This 
dopaminergicc error signal is elicited when the brain first detects that ongoing events are 
worsee than expected and is used to adjust the cognitive system for the task at hand. Previ-
ouss studies (Band & Kok, 2000; Falkenstein, Hoormann et al., 2001) have reported an 
age-relatedd reduction in ERN amplitude following incorrect responses in choice reaction 
timee tasks. In the current study, we have replicated this result and, more importantly, have 
proposedd a dopamine account, based on Holroyd and Coles' theory, of why the response 
ERNN is reduced in older adults. According to this account, the dopaminergic signals 
thoughtt to play a role in error processing and reinforcement learning are weakened in the 
olderr brain. This leads to reduced ERNs in response to errors and negative feedback, and 
too slower reward-based learning in older adults. 
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Inn Experiment 1, we showed that the reduced response ERN of older adults can-
nott be understood as a reflection of a general attenuation of ERP components in older 
adults.. Furthermore, Experiment 1 demonstrated that an age-related reduction in ERN am-
plitudee can also be observed in situations that mimimize data limitations (cf. Falkenstein, 
Hoormann,, et al., 2001). This indicates that a reduced response ERN is not necessarily 
relatedd to reduced certainty about the required response in older adults (see Band & Kok, 
2000).. On the basis of Experiment 2, we were able to reject the hypothesis, implemented 
inn the model proposed by Holroyd and Coles' (submitted), that the reduced response ERN 
inn older adults is due to inefficient reinforcement learning per se. That is, Holroyd and 
Coless have demonstrated that the degree of learning of stimulus-response associations 
correlatess positively with response-ERN amplitude and negatively with the amplitude of 
thee ERN elicited by negative feedback. Thus, as confirmed by our computer simulations, 
inefficientt reinforcement learning should result in large feedback ERNs. However, in Ex-
perimentt 2 we found that the older adults' empirical feedback-ERNs were reduced com-
paredd to those for younger adults. In contrast, the older adults' pattern of results in the 
probabilisticc learning task —reduced performance and smaller ERNs following response 
errorss and negative feedback— was predicted by the dopamine hypothesis, as confirmed by 
modell  simulations. These simulations indicated that the pattern of age changes could be 
adequatelyy simulated by manipulation of a single parameter, corresponding to weakened 
phasicc activity in the mesencephalic dopamine system. 

Thee dopamine hypothesis could not account for the finding that the older adults' 
feedback-ERNN amplitudes showed no sensitivity to the degree to which the feedback in a 
particularr experimental condition was uniquely predictive of reward. It is important to note 
thatt this finding is inconsistent with any model derived from Holroyd and Coles' (submit-
ted)) theory. Thus, we proposed that an additional, higher-order cognitive process, masking 
thee effects of the theorized lower-order mechanism, must have been at work in the older 
adults'' brains. We hypothesized that the amount of attention that older adults paid to the 
feedbackk stimulus may have been greater for conditions in which the subjective expecta-
tionn of negative feedback was higher. As a result, the impact of negative feedback on the 
error-processingg system, and hence on the feedback ERN, should be largest in conditions 
inn which participants learned to recognize an incorrect response most adequately (i.e., the 
100%% condition and, to a lesser extent, the 80% condition). Future work is needed to test 
thiss hypothesis. 

Iff  older adults have a deficient error-processing system, this may have implica-
tionss for the general issue of an executive control deficit in older age (for reviews, see 
Moscovitchh & Winocur, 1995; Phillips & Delia Sala, 1996; Van der Molen & Ridderink-
hof,, 1998). Several authors (Botvinick et al, 2001; Coles et al., 2001; Gehring et al., 
1993)) have proposed that the activity giving rise to the ERN may signal the demand for 
increasedd control (e.g, increased focus of attention or more conservative response settings) 
too other brain systems. Thus, to the extent that older adults show impaired performance in 
taskss requiring executive control processes, it may be unclear whether such performance 
deficitss are due to inefficiency of the executive control processes (as is usually concluded), 
thee monitoring processes necessary to recognize the need for executive control, or both. 
Thiss issue deserves more attention in future research. 

DopamineDopamine dysfunction in healthy aging 
Ourr proposal of weakened dopaminergic error signals in older adults is consistent 

withh various reports of age-related disturbances in dopamine function. For instance, using 
positronn emission tomography (PET), Backman et al. (2000; see also Volkow et al., 1998) 
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foundd a gradual age-related deterioration of dopaminergic receptor binding in striatal 
structures.. Importantly, statistical control of this variable eliminated the age-related varia-
tionn in performance of a number of cognitive tasks, suggesting that dopaminergic trans-
missionn is an important factor in age-related cognitive decline. On the basis of another 
PETT study, Kaasinen et al. (2000) reported a significant age-related loss of dopamine re-
ceptorss in various brain areas, and especially in the frontal cortex. Furthermore, it has been 
shownn that in monkeys, age-related decreases in neurotransmitter concentration are most 
pronouncedd for dopamine in the prefrontal cortex (see Goldman-Rakic & Brown, 1981). 
Andd Arnsten and colleagues (e.g., Arnsten, 1993; Arnsten & Goldman-Rakic, 1985) have 
shownn that working memory deficits of aged monkeys can be alleviated by pharmacologi-
call  agents enhancing the function of their dopamine system. Our simulations suggest that 
thee dopaminergic error signal is weakened at the time of its generation -presumably in the 
basall  ganglia- or between the time of its generation and its impact on other brain systems; 
inn its present form, our model cannot be used to discriminate between these possibilities, 
orr to determine the neurophysiological mechanism through which the signal is weakened. 
Irrespectivee of exactly how and when the signal is weakened, an implication of the dopa-
minee hypothesis seems to be that increasing the concentration of dopamine in older adults 
shouldd lead to a reduction of age-related differences in ERN amplitudes and reinforcement 
learningg abilities. However, as noted by Braver et al. (in press), this prediction is compli-
catedd by the notion that older adults have reduced dopamine receptor concentrations in 
variouss brain areas, which may prevent pharmacologic manipulations of dopamine levels 
fromm being fully effective. 

Braverr et al. (in press) have recently argued that the decrease in several working 
memoryy functions that occurs with healthy aging is a direct consequence of disturbances in 
dopaminee function in dorsolateral prefrontal cortex. They based their theory on the em-
piricall  confirmation of several predictions regarding age effects in a continuous perform-
ancee test. The predictions were derived from a computational model of dopaminergic 
modulationn of prefrontal cortex (Braver & Cohen, 2000) that is similar in some important 
respectss to Holroyd and Coles' model of error processing. In Braver and Cohen's model, 
thee mesencephalic dopamine system carries a temporal difference error to frontal areas of 
thee brain. This phasic dopamine signal serves to regulate the access of information into 
andd out of working memory, and also has a reinforcement learning function that allows the 
systemm to learn what information is relevant for the task at hand. 

Apartt from the purported role of dopamine in cognitive control deficits in older 
age,, it has been hypothesized that disturbances in dopamine function may result in an 
overalll  noisier information processing system in older adults. Li and Lindenberger (1999) 
havee reported a set of computational simulations that relate aging-induced deterioration of 
catecholinergicc systems (among which the dopaminergic system) to several benchmark 
phenomenaa of aging, such as increases in mean response time and interindividual variabil-
ityy of response times. Such phenomena may occur as a result of a decreased responsivity 
off  neurons to incoming information due to a reduction in catecholamines, which are 
thoughtt to serve an important neuromodulatory role. 

AbnormalitiesAbnormalities in error processing 
Ann interesting question is to what extent the present findings and conclusions re-

gardingg error processing in older adults may generalize to other populations with abnormal 
ERNs.. In particular, reduced response-ERN amplitudes have been observed in patients 
withh Parkinson's disease (Falkenstein, Hielscher et al., 2001; but see Holroyd et al., sub-
mitted)) and patients with schizophrenia (Ford, 1999; Kopp & Rist, 1999). Parkinson's dis-
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easee is mainly characterized by cell loss in the substantia nigra leading to dopamine deple-
tionn in striatal and other brain structures. Schizophrenia has also been extensively docu-
mentedd as involving disturbances in dopamine function. This raises the possibility that, as 
wee have proposed for older adults, the smaller ERN in these populations may be caused by 
aa reduction in phasic dopaminergic error-related activity. The probabilistic learning task of 
Experimentt 2 would be well suited to test these hypotheses, because it allows the link be-
tweenn learning and the relative size of response and feedback ERNs, central in Holroyd 
andd Coles' theory, to be studied in detail. Other tasks, such as the flanker task in Experi-
mentt 1, are perhaps less appropriate to test specific hypotheses regarding error processing 
inn various populations, because in these tasks learning tends to reach asymptote fairly 
quickly.. As a result, any diagnostic correlational pattern of learning indices and ERN am-
plitudess is absent in data from such tasks. 

Bandd and Kok (2000) observed not only a reduction in the response-ERN ampli-
tudee of older adults but also a substantial ERN-like negativity following correct trials (i.e., 
aa CRN), similar to that observed in patients with frontal lesions (Gehring & Knight, 2000) 
andd in schizophrenia patients (Ford, 1999; but see Kopp & Rist, 1999). An ERN-like wave 
onn correct trials may also sometimes be observed for healthy younger adults, but Coles et 
al.. (2001) have argued that this "CRN" either represents the influence of stimulus-evoked 
componentss in the response-locked ERP, or can be attributed to error processing on cor-
rectt trials, for instance when subjects have an incorrect representation of the required re-
sponsee (see Scheffers & Coles, 2000). The behavioral results of the mental rotation task 
usedd by Band and Kok suggest that their older participants were often uncertain about the 
presentedd stimulus, and hence the required response. Therefore, it is likely that the CRN of 
Bandd and Kok's older adults can be attributed to a subset of the correct trials on which 
theyy wrongly perceived their response as incorrect. This notion is supported by the ab-
sencee of a CRN in the older adults in Experiment 1 of the current study and in the study by 
Falkenstein,, Hoormann et al. (2001), two studies in which data limitations were relatively 
small. . 

TheoriesTheories of the ERN 
Thee strength of the dopamine hypothesis hinges on the appropriateness of Hol-

roydd and Coles' (submitted) model, and on the proposed correspondence between ele-
mentss of the model and neurobiological structures. With respect to the former, it is impor-
tantt to note that the data of the younger adults in the probabilistic learning task replicated 
thosee found by Holroyd and Coles. These data indicated that learning of stimulus-response 
associationss (as affected by age group, block half, and condition) correlated positively 
withh response-ERN amplitude and negatively with feedback-ERN amplitude. The resulting 
trade-offf  between the response ERN and feedback ERN in the course of learning is central 
too Holroyd and Coles' claim that the ERN is elicited as soon as the expected consequences 
off  ongoing events are worse than expected. The results from a new condition (the 80% 
condition)) were also nicely in line with Holroyd and Coles' theory. In particular, these 
resultss showed that that the ERN was largest when negative feedback was highly unex-
pectedd (i.e., in the 80% invalid condition). Our study only indirectly addresses the issue of 
howw neurobiological structures map onto elements of the model. However, the idea that 
thee successful aging model (with a proportional decrease of the TD error) could easily be 
relatedd to the neurobiological literature on age-related dopamine disturbance, lends sup-
portt to the proposed link between TD errors and dopamine signals (for a discussion, see 
Holroydd and Coles, submitted). 
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Recently,, Yeung et al. (submitted; Botvinick et al., 2001) have proposed an alter-
nativee theory of the response ERN. Yeung et al. argue that errors are usually associated 
withh response conflict in the period following the erroneous response, the time window of 
thee ERN. Rather than indexing erroneous response activation per se, the ERN reflects the 
neurall  response of the ACC when it detects such response conflict, that is, the concurrent 
activationn of multiple conflicting responses. This signal is then used by other brain struc-
turess to reduce future conflict. Although the conflict-monitoring theory seems able to ac-
countt for many of the same phenomena that mismatch theories of the ERN can explain 
(seee Yeung et al., submitted), in its present form it does not incorporate a mechanism that 
cann account for the existence of an ERN following negative feedback. For this reason, it 
seemss fruitless (if not impossible) to try to interpret the current empirical results in terms 
off  conflict-monitoring theory. 

Too summarize, on the basis of computational simulations inspired by Holroyd 
andd Coles' (submitted) theory of error processing, we have proposed an account of age-
relatedd changes in error processing. According to this account, older age is associated with 
weakenedd dopaminergic reinforcement learning signals in response to errors and negative 
feedback,, leading to smaller ERN amplitudes and slower reward-based learning. This do-
paminee hypothesis is consistent with a substantial literature reporting age-related distur-
bancess in dopamine function. Several alternative hypotheses regarding the reduced re-
sponse-ERNN amplitudes found in older adults were disconfirmed. Our study may inspire 
similarr investigations of altered error processing in other populations. Also, it indicates the 
importancee of considering evaluative control function deficits as possible explanation for 
performancee deficits in tasks requiring executive control and reward-based learning. 

6.5.. Appendix : Model descriptio n 

Apartt from a few, explicitly specified exceptions, all details of the model were 
identicall  to those specified by Holroyd and Coles (submitted, Appendix A). Here, we pro-
videe a global description of the model (see Figure 6.3). On each simulated trial, an input 
layerr consisting of six units (one for each stimulus) encoded the presented stimulus. Re-
strictionss to the number and type of stimuli were the same as in the experiment. The acti-
vationn in the input layer was sent through modifiable feedforward connections to five mo-
torr controllers, each composed of two units, one for each response option (left vs. right 
hand).. Each motor controller selected, in a winner-takes-all fashion, one response accord-
ingg to a probabilistic function of the relative net inputs to its two units. However, the func-
tionn parameters were set so that one controller was best-suited to perform the task. Then, a 
controll  filter, connected to each of the motor controllers, selected one motor controller as 
aa probabilistic function of the (modifiable) connection weights. The output layer consisted 
off  two units (one for each response) and the control filter activated the output unit associ-
atedd with the response option selected by the chosen controller. Finally, following the re-
sponse,, one of two units in a feedback layer was activated (according to the same feedback 
schedulee as that used for the participants): one unit in case of reward and the other one in 
casee of punishment. 

Thee units in the input layer, output layer, and feedback layer were connected 
throughh feedforward weights to a value layer in the adaptive critic, which was composed 
off  22 units, representing the possible states of the network: units for representing activa-
tionn in each of the input (6), output (2), or feedback units (2), and one unit for each possi-
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blee conjunction of active input and output units ( 6 * 2 = 12). At any one time, no more 
thann one value unit was activated, and its activation was set equal to 1. The activation of 
thee value units was projected, through modifiable connection weights, to a summation unit, 

A A 

soo that at each time step within a trial, the value of this summation unit, V , was equal to 
thee weight associated with the activated value unit. At each time step t, the adaptive critic 
alsoo computed the TD error: 

AA A 

§ t== it + yV t - V M + err 

wheree r was the value of the feedback signal (+1 for reward and -1 for punishment), y was 
aa constant (i.e., a discount factor, fixed at 1.0), and err was a noise term. All modifiable 
weightss in the network were constantly adjusted as a function of the TD error, with a set of 
learningg rate parameters determining the rate of change. The weights between the value 
layerr and the summation unit were adjusted to improve the predictions of the adaptive 
critic;; those between the input layer and motor controllers to learn the appropriate re-
sponsee to each stimulus; and those between the control filter and the motor controllers to 
enablee the control filter to learn to select the most appropriate controller. Finally, the ERN 
amplitudee was defined as the TD error multiplied by the magnitude of an "eligibilit y 
trace",, that is, a decaying representation of the selected controller sent to the adaptive 
criticc (see Figure 6.3). This form of memory trace allows the system to maintain states 
(here:: the selected controller) eligible for learning (see Holroyd & Coles, submitted). 

Apartt from the parameter adjustments meant to simulate the effects of cognitive 
agingg (see Results section), we made one general adjustment to the parameter values used 
byy Holroyd and Coles (submitted). For both the young and old model, we slightly changed 
thee learning rate parameter value associated with the value layer weights updating function 
(fromm 0.2 to 0.1). We did this to improve the overall quality of the model fits. 
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Chapterr  7 

Summar y y 

Executivee control refers to the ability of our cognitive system to configure itself 
forr the performance of specific tasks through adjustments in perceptual selection, biasing 
off  response selection, and the maintenance of contextual information over temporally ex-
tendedd periods. Evaluative control refers to the ability of the cognitive system to monitor 
thee internal and external environment for signals that indicate the demand for increased 
executivee control. 

7.1.. Executiv e contro l 

Chapterss 2 -4 each dealt with an aspect of executive control or failures to initiate 
suchh control. Chapter 2 focused on the question of how the seemingly complex pattern of 
agee invariance and age deficits in performance across various tasks designed to measure 
inhibitoryy function should be understood. It was argued that these tasks can be classified 
alongg two separate dimensions. The first dimension is a spatial vs. nonspatial dimension. 
Thatt is, tasks vary in the degree to which the inhibited information or response has a spa-
tiall  component that separates it from goal-related information or behavior. It has been ar-
guedd that age invariance in "inhibition tasks" is mainly observed in tasks with a strong 
spatiall  component (Connelly & Hasher, 1993; Hartley, 1993). The second dimension is a 
controlledd (active) vs. reflexive (reactive) inhibition dimension. Logan (1994) has made a 
distinctionn between tasks in which inhibitory action is an explicit task goal (as defined in 
thee task instructions; i.e., controlled inhibition), and tasks in which inhibition is an unin-
tendedd byproduct of goal-related processing (reflexive inhibition). Because inhibition 
taskss with a spatial component are often associated with a reflexive form of inhibition, the 
spatial-nonspatiall  hypothesis of inhibitory age deficits may be confounded with the 
distinctionn between controlled and reflexive inhibition. To address this issue, Experiment 
11 investigated age differences in performance on an antisaccade task, a task with a clear 
spatiall  component but probing a controlled form of inhibition. Older adults were found to 
bee severely impaired at suppressing unwanted saccades in the direction of an abrupt onset 
cuee and producing rapid saccades in the opposite direction. This suggested that the spatial-
nonspatiall  distinction is not a crucial factor for the prediction of age differences in per-
formancee in inhibition tasks. Instead, it was argued that the existing literature is consistent 
withh the notion that age differences are restricted to tasks requiring active, top-down inhi-
bition. . 

Ann additional result of Experiment 1 was that older adults often let their antisac-
cadess be visually guided by the onset of a target stimulus appearing at the endpoint of the 
requiredd antisaccade. In Experiment 2, the task design was slightly changed to eliminate 
thee possibility of visually guided antisaccades. This experiment replicated the qualitative 
patternn of age differences in antisaccade performance found in Experiment 1, but the age 
differencess were much smaller in Experiment 2. Thus, when older adults, in order to attain 
reasonablyy adequate performance, were forced to initiate inhibitory control processes in an 
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endogenouss fashion, they turned out to be better at doing so than initially thought (i.e., on 
thee basis of Experiment 1). This finding was discussed in terms of failures of goal (inten-
tion)) activation in older adults. That is, effective recruitment of cognitive control requires 
ann explicit goal or intention (i.e., to exert control) to be added to the basic goal structure 
thatt governs task performance (Duncan, 1995), and retrieval and the carrying out of this 
intentionn at the proper time. Failures of this process, which is here referred to as goal acti-
vation,, are thought to occur more frequently in older adults. The necessity of endoge-
nouslyy initiating control processes to prevent performance from breaking down seems (as 
supportedd by Experiment 2) one of the factors under the experimenter's control that may 
reducee such probabilistic failures of control. 

Chapterr 3 extended the goal activation hypothesis put forward in Chapter 2 by 
proposingg a general goal activation approach to the study of executive control in older 
adultss and other "dysexecutive" populations. According to this approach, executive dys-
functionn is characterized not as a consistent and replicable pattern of cognitive limitations, 
butt rather as failures to fully or consistently focus attention on task demands, even though 
thesee demands can, in principle, be met. In keeping with recent ideas of Duncan and col-
leaguess (Duncan, 1995; Duncan, Emslie, Williams, Johnson, & Freer, 1996), it was argued 
thatt such instances of goal neglect occur as a result of probabilistic failures of a general 
goall  activation process that is responsible for the activation and maintenance of task goals. 
Onn the basis of a set of experiments (including Experiment 1) using versions of the pro-
andd antisaccade task, it was demonstrated that age-related differences in pro- and antisac-
cadee performance differ as a function of various factors that have previously been argued 
too mediate goal neglect: the nature of task instructions, the degree of external support of-
feredd by the structure of the task, and the number of concurrent task requirements. This 
suggestedd that the sensitivity of a particular task to executive dysfunction may be critically 
dependentt on which specific version of the task is employed. The goal activation approach 
too the study of executive function recommends that several task versions be employed, 
withh versions differing in terms of the factors -mentioned above- that mediate the fre-
quencyy of goal neglect. The central claim made in Chapter 3 is that executive dysfunction 
cann be largely revealed as a sensitivity of performance to variations in these factors. To 
illustratee the discriminant validity of this approach, it was shown that pro- and antisaccade 
performancee of schizophrenia patients was dramatically affected by factors that reduce the 
degreee to which attention is focused on the instructed task (Experiment 2). In contrast, 
patientss with obsessive-compulsive disorder performed as good as healthy control subjects 
onn any version of the task. In discussing these results, it was suggested that a frontal cir-
cuit,, including parts of the anterior cingulate cortex and prefrontal cortex, might imple-
mentt the purported goal activation function. 

Chapterr 4 further evaluated the explanatory power of the notion of probabilistic 
controll  failures by studying a specific phenomenon reported in the cognitive control litera-
ture:: residual switch costs. Switch costs refer to the costs in performance associated with a 
changee of task. Such switch costs are reduced by the opportunity to prepare for the change 
beforee the stimulus onset, but there remains a "residual cost" that resists reduction by fur-
therr opportunity for preparation. Several authors have interpreted residual switch costs in 
termss of an absolute limitation to the ability to get prepared for an upcoming change of 
taskk by fully endogenous means (e.g., Allport, Styles and Hsieh, 1994; Rogers & Monsell, 
1995).. In contrast, De Jong (2000) has proposed that residual switch costs are due to 
probabilisticc failures to engage in advance preparation for a task switch despite ample op-
portunityy to do so. That is, given a preparation interval, and the intention to prepare, par-
ticipantss succeed on only a proportion of the trials in completing the preparatory control 
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processs before the stimulus arrives, in which case they are in a prepared state, and per-
formancee is no different to that on a task repetition trial. On other trials, however, partici-
pantss "fail to engage" the preparatory control process before the stimulus onset, and are in 
ann unprepared state when it arrives, in which case the control process must be accom-
plishedd after the onset to allow task-specific processes such as response selection to pro-
ceed,, thus prolonging reaction time. The residual cost in the mean RT is thus the result of 
aa mixture, in some proportion, of prepared (no time cost) and unprepared switch trials 
(withh a time cost due to the post-stimulus control process). 

Dee Jong (2000) formalized his ideas in a two-state mixture model of residual 
switchh costs. In Chapter 4, it was shown that this mixture model provides a good account 
off  the data from one old (Rogers & Monsell, 1995, Experiment 3) and one new task-
switchingg experiment. Also, there was no significant improvement of fit of a model with 
onee extra parameter, simulating a systematic poststimulus component of the control proc-
esss (Allport et al., 1994; Rogers & Monsell, 1995). These results suggested that residual 
switchh costs might be due to failures to engage in task-switch preparation despite ample 
opportunityopportunity to do so. Taking the experiment by Rogers and Monsell as a starting point, the 
reportedd new experiment sought to minimize the probability of such control failures, and 
hencee substantially lower the residual switch costs, by adding strong incentives to mini-
mizee RT, and short trial blocks to minimize cumulative fatigue. It was hypothesized that 
maximizingg the participants' motivation to push their RT performance to the limit, and 
minimizingg cumulative fatigue, should substantially increase their probability of advance 
preparation,, and substantially reduce their residual switch costs. Interestingly, this hy-
pothesiss was only partly confirmed by the data; although the effects of the manipulations 
onn residual switch costs and the probability of advance preparation (expressed in one of 
thee model parameters) were significant and in the expected direction, the absolute effect 
sizess were small. Thus, it was concluded that there does seem to be a more than merely 
motivationall  limitation on participants*  ability to get themselves into a prepared state for a 
taskk switch, albeit probabilistic rather than absolute. 

Chapterss 2 - 4 demonstrate the importance of probabilistic control failures in ac-
countingg for impaired task performance in dysexecutive populations but also in healthy 
youngerr adults (Chapter 4). Whereas executive performance deficits are usually attributed 
too absolute limitations to the efficiency of control processes, this thesis emphasizes that it 
mayy prove insightful to consider probabilistic control failures as an alternative explanation 
forr such performance deficits. Note that it is not claimed that performance of dysexecutive 
populationss can be completely characterized in terms of probabilistic control failures; ab-
solutee limitations may well be present in many cases. Probabilistic control failures are re-
vealedd in the form of within-task performance variability, for instance as expressed by the 
mixturee model of residual switch costs (De Jong, 2000), but also in the form of variability 
off  performance across seemingly similar task versions, as extensively argued in Chapter 3. 
Researchh on executive control should explicitly take into account the factors that introduce 
suchh performance variability. At the same time, in order to establish their construct valid-
ity,, theoretical concepts (such as goal activation) used to interpret such performance vari-
abilityy need to be described with more precision in future research. 

7.2.. Evaluativ e contro l 

Chapterr 5 and 6 focused on error-related processing, which is thought to be a ma-
jorr aspect of evaluative control. Chapter 5 dealt with the functional aspects of two error-
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relatedd ERP components: the error-related negativity (ERN) and the error positivity (Pe). 
Thesee two components are thought to reflect the activity of a neural mechanism signaling 
thee need for increased executive control for updating of other system settings. However, 
theirr precise functional meaning is not yet understood. The specific question addressed in 
Chapterr 5 was how elicitation of the ERN and Pe is related to subjective awareness that an 
errorr was made. In particular, on the basis of some suggestions in the literature, it was hy-
pothesizedd (a) that conscious self monitoring does not necessarily have access to the same 
informationn as does the process indexed by the ERN; and (b) that the process reflected in 
thee Pe is related to the conscious recognition of an error. These hypotheses were assessed 
byy recording brain activity from participants performing an antisaccade task. Participants' 
performancee in this oculomotor task is characterized by many motor errors, many of which 
goo unnoticed despite their immediate correction. Participants were asked to rate the accu-
racyy of their responses on a trial-by-trial basis. This enabled the derivation of separate 
error-relatedd ERP waveforms for subjectively perceived and subjectively unperceived er-
rors.. These waveforms confirmed the hypotheses regarding the relation between the 
ERN/Pee and awareness of errors. A substantial ERN was observed for both perceived and 
unperceivedd errors, but the Pe was clearly reduced or even absent after unperceived errors. 
Anotherr important result concerned the degree of RT slowing on trials following an error. 
Suchh posterror slowing represents an important instance of remedial action and may possi-
blyy be triggered by the ERN signal (Botvinick, Braver, Carter, Barch, & Cohen, 2001; 
Gehring,, Goss, Coles, Meyer, & Donchin, 1993). However, the results indicated that pos-
terrorr slowing occurred only after subjectively perceived errors, and was thus uncorrected 
withh the ERN signal. The results left open the possibility that the Pe process is involved in 
thee triggering of remedial action following errors. Together, the results of Chapter 5 were 
takenn to reinforce the notion of two distinct functional evaluative control processes, one 
indexedd by the ERN and one indexed by the Pe. 

Chapterr 6 took a cognitive aging perspective on the issue of evaluative control. It 
wass investigated why the ERN elicited by response errors is smaller in older adults (Band 
&&  Kok, 2000; Falkenstein, Hoormann, & Hohnsbein, 2001) and what this reveals about 
errorr processing in older age. These questions bear on the notion of dysexecutive perform-
ancee of older adults. That is, if older adults have a deficient evaluative control system, as 
mightt be indicated by a smaller ERN, then executive control processes may not be suffi-
cientlyy recruited, leading to dysexecutive performance. In Experiment 1, it was shown that 
thee smaller ERN of older adults stands out as a fairly specific age effect, in the sense that 
otherr ERP components were of similar size in younger and older adults. Thus, the smaller 
ERNN of older adults cannot be understood as a reflection of a general age-related attenua-
tionn of ERP components. Furthermore, it was demonstrated that the reduction in ERN am-
plitudee is not necessarily related to uncertainty about the required response; the age effect 
wass also present under conditions with minimal data limitations and straightforward stimu-
lus-responsee mappings. 

Experimentt 2, a probabilistic learning experiment, was designed to discriminate 
betweenn two hypotheses regarding age-related effects in ERN amplitude. These hypothe-
sess were inspired by a recent neurobiological theory of error processing (Holroyd & Coles, 
submitted),, according to which the ERN is associated with the arrival at the ACC of a 
mesencephalicc dopamine signal, elicited when the brain first detects that ongoing events 
aree worse than expected, and used to adapt the cognitive system accordingly. Specific pre-
dictionss concerning the amplitudes of both response- and feedback-related ERNs and con-
cerningg performance of older adults were derived from a computational model of perform-
ancee in this task. The empirical results were consistent with a hypothesis according to 
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whichh older age is characterized by a weakening of dopaminergic reinforcement learning 
signals.. A model simulating these weakened dopamine signals by manipulation of a single 
parameterr could well account for various age differences. The dopamine hypothesis of the 
reportedd age effects was found to be consistent with a substantial literature reporting an 
age-relatedd disturbance in dopamine function. Finally, it was suggested that a similar 
mechanismm may account for the reduced ERN in schizophrenia patients and patients with 
Parkinson'ss disease, because both illnesses have long been known to involve dopamine 
dysfunction. . 

Althoughh Chapters 5 and 6 both started from the notion that the ERN reflects an 
aspectt of error processing, some caution is warranted. In recent work (Yeung, Botvinick, 
&&  Cohen, submitted), it has been cargued that the ERN is a manifestation of a conflict 
detectionn mechanism implemented in the ACC, conflict being defined in terms of the con-
currentt activation of two or more competing response channels. According to this view, 
errorss represent merely a specific situation in which conflict is present. Because continued 
stimuluss processing after an error tends to further activate the correct response channel 
(perhapss even leading to the correction of the error), response conflict reaches its maxi-
mumm after the erroneous response -at the time of the ERN peak. In correct trials, however, 
possiblee response conflict is -almost by definition- resolved before the response occurs. 
Interestingly,, Yeung et al. propose that the N2, an ERP component often preceding the 
responsee in situations in which an incorrect response option is primed, represents the acti-
vationn of the ACC in response to conflict on correct trials. Future work involves testing 
thiss hypothesis, for instance by investigating whether the N2 can be co-localized with the 
ERNN to the ACC (see Yeung et al., submitted). 

Somee of the conclusions of Chapter 5 can easily be translated in terms of the con-
flictt monitoring theory. First, the detection of post-response conflict on error trials does 
nott necessarily give rise to awareness of a response error. And second, the conflict signal, 
ass reflected by the ERN, is not sufficient to slow down the response system on a posterror 
trial,, because posterror slowing occurred only when the ERN was accompanied by error 
awareness.. The conflict monitoring theory does not account for the Pe. In general, this 
purportedd ERP correlate of evaluative control deserves more attention in future research. 
Finally,, unlike the error processing theory of Holroyd and Coles (submitted), as yet the 
conflictt monitoring theory does not offer an account of the findings reported in Chapter 6. 
Yet,, both theories have an important aspect in common. That is, in all models based on 
thesee theories, evaluative control signals are used to adapt the system to optimize perform-
ancee on the task at hand. This in turn reduces the degree and frequency of incorrect re-
sponsee activation on subsequent occasions. The positing of such a loop between evaluative 
controll  mechanisms and mechanisms responsible for modulating basic information proc-
essingg in accordance with task instructions is a crucial step towards getting rid of the infa-
mouss homunculus featuring in so many theories of cognitive control. 
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Samenvatting g 

Inn dit proefschrift is een hoofdrol weggelegd voor de volgende twee begrippen: 
executievee controle en evaluatieve controle. Executieve of uitvoerende controle verwijst 
naarr een verzameling van psychologische functies, gerealiseerd in ons brein, die ons in 
staatt stellen om intelligent gedrag te vertonen: het onderdrukken van reflexmatig en 
impulsieff  gedrag, het filteren van perceptuele informatie, het anticiperen op toekomstige 
gebeurtenissen,, het actief onthouden van taakinstructies, en andere belangrijke functies. 
Evaluatievee controle verwijst naar een verzameling van basale psychologische functies 
voorr het herkennen van situaties waarin executieve controle nodig is, en voor het 
alarmerenn van executieve controlemechanismes wanneer nodig. Vergelijk het met een 
thermostaatt en een verwarmingsketel. De thermostaat is opgebouwd uit kunststof en kwik 
(vgl.. hersencellen) en voert een evaluatieve controlefunctie uit: detecteren wanneer het te 
koudd is. Een thermostaat heeft zelf geen executieve controlefunctie, hij kan slechts een 
signaall  doorgeven aan een ander mechanisme, de verwarmingsketel. Dit ding (vgl. 
hersenstructuur)) heeft werkelijke executieve controle over de temperatuur. De hersenen 
zittenn waarschijnlijk vol met dit soort regelfuncties. 

Ditt proefschrift gaat ten dele over executieve controle (met name Hoofdstuk 2 -
4)4) en ten dele over evaluatieve controle (Hoofdstuk 5 en 6). Het grootste gedeelte van het 
inleidendee hoofdstuk (Hoofdstuk 1) behandelt de specifieke aspecten van executieve en 
evaluatievee controle die in de empirische hoofdstukken (Hoofdstuk 2 - 6) centraal staan. 
Watt betreft executieve controle gaat het met name om control failures, de momenten 
waaropp executieve controleprocessen het af laten weten, wat meestal leidt tot fouten of 
vertragingg in de uitvoering van een taak. Het idee achter veel psychologische 
experimentenn op dit vakgebied is om proefpersonen een moeilijke psychologische 
reactietijdtaakk uit te laten voeren, om vervolgens uit het patroon van reactietijden en 
foutenn informatie af te leiden over de mogelijkheden en beperkingen van het executieve 
controlesysteem.. Misschien wel het belangrijkste voorbeeld van zo'n psychologische taak 
iss de Stroop taak. Proefpersonen krijgen op het computerscherm een lange serie van 
kleurwoordenn te zien: bijvoorbeeld "geel" of "rood". De instructie is om zo snel mogelijk 
dee kleur te noemen waarin het woord afgedrukt is. Dit kan dezelfde kleur zijn als 
uitgedruktt in het woord (bijvoorbeeld het woord "rood" in rood afgedrukt) of een 
contrasterendee kleur (bijvoorbeeld het woord "groen" in geel afgedrukt). Proefpersonen 
zijnn bijna altijd langzamer en maken meer fouten bij het opnoemen van contrasterende dan 
bijj  het opnoemen van corresponderende stimuli. Dit effect heet het Stroop effect. 

Verklaringenn van het Stroop effect leggen vaak de nadruk op het structurele 
onvermogenn van ons executieve controlesysteem om irrelevante, verwarrende visuele 
informatiee (de naam van het woord) uit te filteren. Meer in het algemeen leggen theorieën 
overr executieve controlefenomenen zoals het Stroop effect veelal de nadruk op de 
absoluteabsolute beperkingen van executieve controleprocessen. Echter, een belangrijke algemene 
gevolgtrekkingg uit Hoofdstuk 2 - 4 van dit proefschrift is dat de onvolkomendheden van 
onss executieve controlesysteem beter gekenmerkt kunnen worden in termen van 
probabilistischeprobabilistische in plaats van absolute beperkingen. Het gaat dan om het fundamentele 
onderscheidd tussen "doet het wel maar kan het niet" (absolute beperkingen) en "kan het 
well  maar doet het niet altijd" (probabilistische beperkingen). Met andere woorden, er 
wordtt betoogd dat ons executieve controlesysteem maar weinig structurele tekortkomingen 
heeftt maar wel één heel belangrijke tekortkoming: af en toe (d.w.z., met een zekere kans 
off  probabiliteit) komt het systeem helemaal niet in actie wanneer dat wel nodig is. Het 
vindenn van bewijs voor deze stelling heeft ingrijpende gevolgen voor veel theorieën op het 
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gebiedd van executieve controle. Het proefschrift besteedt ook veel aandacht aan de 
factorenn die de kans verhogen dat het executieve controlesysteem wel in actie komt. 

Watt betreft evaluatieve controle gaat het inleidende hoofdstuk over error 
processing,processing, de manier waarop de hersenen met fouten omgaan. Het detecteren van fouten 
iss mogelijk een van de aanleidingen voor het evaluatieve controlesysteem om executieve 
controleprocessenn te mobiliseren. De veronderstelling dat onze hersenen een mechanisme 
herbergenn dat gevoelig is voor fouten, is gebaseerd op de ontdekking van een 
hersenpotentiaall  die optreedt vlak na een fout. Een hersenpotentiaal is een 
potentiaalverschill  -meetbaar aan de schedel met behulp van gevoelige elektrodes- ten 
gevolgee van de elektrische velden die worden teweeggebracht door de activiteit van de 
hersenen.. De fouten-specifieke hersenpotentiaal, de error-related negativity (ERN), treedt 
mett name op wanneer een werkelijk gemaakte respons (actie) in strijd is met een 
voorgenomenn respons. Bijvoorbeeld: je zit achter het stuur van je auto en stuurt naar links 
terwijll  je eigenlijk naar rechts wil. Het doel van Hoofdstuk 5 en 6 is om meer te weten te 
komenn over de betekenis van dit soort hersenpotentialen. Kunnen we er iets uit aflezen 
overr ons evaluatieve controlesysteem? 

Hett laatste gedeelte van het inleidende hoofdstuk richt zich op cognitive aging, 
dee effecten van veroudering op elementaire psychologische functies. Gezonde ouderen (60 
+)) vormen de groep proefpersonen die centraal staat in dit proefschrift. Een aantal 
hoofdstukkenn is erop gericht om meer te weten te komen over hoe executieve en 
evaluatievee controle verandert op hoge leeftijd. Zoals bij elk cognitief psychologisch 
onderzoekk is het ook nu belangrijk om iets te weten over de hersenen. Wat weten we over 
dee neurofysiologische veranderingen die zich afspelen in de ouder wordende hersenen? En 
gegevenn de intieme relatie tussen neurofysiologie en psychologie, wat voor wetenschap 
kunnenn we hieruit afleiden over de effecten van cognitieve veroudering op controle-
processen?? Hiermee besluit de inleiding. 

Zoalss gezegd richten Hoofdstuk 2 -4 zich op control failures. Hoofdstuk 2 en 3 
makenn gebruik van een specifieke taak die proefpersonen voorgeschoteld krijgen: de 
antisaccade-taak.. Een saccade is een oogsprong ergens naartoe en een antisaccade is een 
oogsprongg "ergens vandaan". Op het scherm van de proefpersonen verschijnt een reeks 
vann flitsen, links en rechts van het midden. Proefpersonen krijgen de instructie om de 
reflexmatigee saccade naar een flits te onderdrukken en in plaats daarvan precies de andere 
kantt op te kijken Deze taak vereist executieve controle omdat een reflexmatige actie 
onderdruktt moet worden en moet worden vervangen door een zelf geïnitieerde actie. 
Controll  failures in deze taak kenmerken zich met name door foutieve oogbewegingen in 
dee richting van een flits, maar ook door traag geïnitieerde antisaccades. 

Inn Hoofdstuk 2 en 3 wordt aan de hand van een serie experimenten met jongere 
enn oudere proefpersonen betoogd dat de verminderde prestatie van ouderen in de 
antisaccade-taakk ten dele toegeschreven moeten worden aan probabilistische control 
failuress in plaats van aan absolute tekortkomingen. Deze hoofdstukken identificeren ook 
eenn aantal factoren die de kans op dit soort failures in ouderen kunnen verminderen: 
explicietee instructies of feedback, het verminderen van het aantal secundaire taakeisen, en 
-verrassend-- het wegnemen van mogelijkheden tot externe steun. Dat wil zeggen, 
ouderenn hebben de neiging zich te laten leiden, ook wanneer dit tot suboptimale prestaties 
leidt,leidt, maar wanneer de omgeving geen steun biedt zijn ze vaak best goed in staat om zelf 
controlee uit te oefenen teneinde een desastreuse taakprestatie te voorkomen. In Hoofdstuk 
33 wordt een theoretisch raamwerk aangeboden voor het interpreteren van zulke 
probabilistischee control failures, en wordt gedemonstreerd hoe dit raamwerk hulp kan 
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biedenn bij het onderzoeken en interpreteren van executieve controleproblemen in andere 
populatiess zoals patiënten met schizofrenie en patiënten met obsessief-compulsief stoornis. 
Tenslottee wordt er een voorstel gedaan aangaande de hersengebieden die verantwoordelijk 
zijnn voor het constant en efficiënt initiëren van controleprocessen: een deel van de 
prefrontalee schors en een deel van de anterieure cingulate schors. 

Hoofdstukk 4 onderzoekt probabilistische control failures in gezonde jongere 
mensen.. In dit hoofdstuk staat het fenomeen residuele switchkosten centraal. Switchkosten 
hebbenn betrekking op de kosten in snelheid en accuratesse die gepaard gaan met het 
switchenswitchen naar een nieuwe taak. Deze kosten zijn lager wanneer proefpersonen zich langer 
voorr kunnen bereiden op de nieuwe taak, maar een deel van de kosten blijven bestaan, 
zelfss bij een lange voorbereidingstijd. In de vakliteratuur is er herhaaldelijk voorgesteld 
datt deze residuele (d.w.z., overgebleven) switchkosten moeten worden toegeschreven aan 
eenn structureel onvermogen van ons cognitief systeem (a) om zich volledig "los te maken" 
vann de oude taak, zodat niet langer relevante "instellingen" van het systeem interfereren 
mett de uitvoering van de nieuwe taak; en/of (b) om zich optimaal in te stellen op de 
nieuwee taak zonder eerst daadwerkelijk met die nieuwe taak in aanraking te zijn gekomen. 
Inn Hoofdstuk 4 wordt echter de hypothese getoetst dat ons systeem geen van deze 
structurelee tekortkomingen heeft, en dat residuele switchkosten voortkomen uit 
probabilistischee failures van het cognitief systeem om zich in te stellen op de nieuwe taak. 
Datt wil zeggen: soms stelt het systeem zich perfect in, soms stelt het zich helemaal niet in. 
Eenn wiskundig model dat deze hypothese op formele wijze beschrijft wordt toegepast op 
dee gegevens van twee experimenten. De precisie waarmee het model deze gegevens kan 
beschrijven,, lijk t aan te geven dat de hypothese correct is. Tenslotte wordt aan de hand 
vann een vergelijking tussen twee experimenten aangetoond dat het motiveren van 
proefpersonenn met behulp van financiële beloningen en het minimaliseren van hun mentale 
vermoeidheidd een significante maar desalniettemin verrassend kleine invloed heeft op het 
aantall  probabilistische control failures. 

Hoofdstukk 5 beschrijft een psychofysiologisch experiment dat is ontworpen om 
meerr te weten te komen over de betekenis van de ERN, een hersenpotentiaal die optreedt 
naa fouten, maar ook na feedback die aangeeft dat een fout is gemaakt. Een van de 
specifiekee vragen die dit experiment moest beantwoorden was de vraag in hoeverre de 
opwekkingg van het ERN signaal samenhangt met de werkelijke bewustwording van een 
fout.. In dit experiment werd weer gebruik gemaakt van de antisaccade-taak, want een van 
dee boeiende kenmerken van deze taak is dat proefpersonen hun fouten (oogbeweging naar 
dee flits) vaak niet bewust herkennen. Terwijl proefpersonen deze taak uitvoerden, werd 
hunn hersenactiviteit met behulp van electrodes aan de schedel gemeten. Ook moesten ze na 
elkee flit s aangeven of ze een correcte oogweging (antisaccade) of foute oogbeweging 
gemaaktt hadden. De resultaten geven aan dat de ERN gegenereerd wordt, onafhankelijk 
vann of de fout wel of niet door de proefpersonen wordt herkend. Blijkbaar "weten" de 
hersenenn meer dan waarvan de proefpersoon zich bewust is! Echter, een andere 
hersenpotentiaal,, de error positiviteit, die wat later in de tijd meetbaar is, bleek wel erg 
gevoeligg te zijn voor de mate van bewustzijn. Deze potentiaal weerspiegelt mogelijk de 
bewustwordingg van een fout. Deze en andere bevindingen die beschreven zijn in 
Hoofdstukk 5 ondersteunen het idee van twee grotendeels onafhankelijke 
foutenverwerkingsprocessenn in de hersenen. 

Hoofdstukk 6, tenslotte, richt zich op de vraag waarom de ERN-potentiaal kleiner 
iss in oudere mensen en wat dit zegt over de verandering van evaluatieve controleprocessen 
opp hoge leeftijd. Aan de hand van computersimulaties, gebaseerd op een neurofysiologisch 
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modell  van foutenverwerking, wordt de hypothese opgeworpen dat de afgezwakte ERN-
potentialenn in ouderen het gevolg zijn van een leeftijd-gerelateerde verstoring van een 
specifiekk neurotransmittersysteem, het dopaminesysteem. Het dopaminesysteem wordt 
actieff  en geeft een signaal af wanneer gebeurtenissen (bv. feedback, of een bepaalde actie) 
slechterr zijn dan verwacht. Dit dopaminesignaal, verantwoordelijk voor het aanpassen van 
instellingenn van het cognitief systeem teneinde de taak beter te leren, en meetbaar aan de 
schedell  als de ERN, is volgens Hoofdstuk 6 verzwakt in oudere mensen. Dit verzwakte 
evaluatievee controlesignaal kan een van de redenen zijn waarom ouderen minder efficiënt 
zijnn in het activeren van executieve controleprocessen. 
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