
UvA-DARE is a service provided by the library of the University of Amsterdam (http://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Perspectives on stopping behavior : process analyses of stop-signal inhibition

van den Wildenberg, W.P.M.

Link to publication

Citation for published version (APA):
van den Wildenberg, W. P. M. (2003). Perspectives on stopping behavior : process analyses of stop-signal
inhibition.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or copyright holder(s),
other than for strictly personal, individual use, unless the work is under an open content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please let the Library know, stating
your reasons. In case of a legitimate complaint, the Library will make the material inaccessible and/or remove it from the website. Please Ask
the Library: https://uba.uva.nl/en/contact, or a letter to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam,
The Netherlands. You will be contacted as soon as possible.

Download date: 20 Apr 2020

https://dare.uva.nl/personal/pure/en/publications/perspectives-on-stopping-behavior--process-analyses-of-stopsignal-inhibition(d59c3c16-2743-44db-9a62-d3ee6bed9471).html


II Perspectives on I 
Stoppingg Behavior 
Processs analyses of stop-signal Inhibition 

\ \ 

WeryWery van den Wildenberg 



Perspectivess on Stopping Behavior 
Processs analyses of stop-signal inhibition 

Weryy van den Wildenberg 



Thee research presented in this thesis was supported by grants # 575-63-082C / 575-25-005 from 

thee Netherlands Organization for Scientific Research (NWO), and the Psychology Research 

Institute,, Universiteit van Amsterdam. 

ISBNN 90 5470-102-1 

Printedd by PrintPartners Ipskamp B.V., Enschede 

Cover:: Racing horses of Marlies van den Wildenberg & Edwin van Gansewinkel (photo: wvdw) 

Copyrightt '  2003 by Wery van den Wildenberg 

Alll rights reserved 



Perspectivess on Stopping Behavior 

Processs analyses of stop-signal inhibition 

ACADEMISCHH PROEFSCHRIFT 

terr verkrijging van de graad van doctor 
aann de Universiteit van Amsterdam 
opp gezag van de Rector Magnificus 

prof.. mr. P. F. van der Heijden 
tenn overstaan van een door het college voor promoties ingestelde 

commissie,, in het openbaar te verdedigen in de Aula der Universiteit 
opp donderdag 17 april 2003, te 12:00 uur 

door r 

Wilhelmuss Petrus Maria van den Wildenberg 

geborenn te Maarheeze 



Promotiecommissie: : 

Promotor:: prof. dr. M. W. van der Molen 

Co-promotor:: prof. dr. K. R. Ridderinkhof 

Overigee leden : prof. dr. C. H. M. Brunia 

prof.. dr. A. Kok 

prof.. dr. G. D. Logan 

prof.. dr. P. C. M. Molenaar 

prof.. dr. H. L J. van der Maas 

Faculteitt der Maatschappij- en Gedragswetenschappen (FMG) 
Universiteitt van Amsterdam 
Afdelingg Psychologie 



voorr mijn ouders 





Voorwoord d 

’Hora’Hora es f klinkt aan het einde van een lange weg. Die weg leg je niet alleen af, maar ga je 
samenn met anderen. Dit is de plek om die mensen te bedanken. 

Allereerstt bedank ik oprecht mijn gewaardeerde promotor Maurits van der Molen 
voorr zijn vakkennis, visie en vertrouwen. Hij stippelde de geplaveide route uit en manoeu›
vreerdee me didactisch verantwoord in de goede richting als ik afdwaalde naar zijpaadjes of 
eenn doodlopende weg insloeg. Maurits, je nauwe betrokkenheid en oprechte interesse 
droegenn bij aan de uitstekende onderlinge verstandhouding, waarbij een wenkbrauw meer 
zegtt dan duizend woorden. 

Onderwegg toonde copromotor Richard Ridderinkhof zich naast een behulpzame 
gidss ook een aangename compagnon. Als ik het spoor bijster was en alles leek wazig of ver 
weg,, dan draaide Richard de vogelkijker in de juiste stand (of gewoon om) en bood me zo 
eenn scherpe blik vanuit een breder perspectief. Richard, bedankt voor je theoretische en 
praktischee hulp; ik heb veel van je geleerd. 

Helemaall aan de start van het traject, in Tilburg, staat Geert van Boxtel. Een betere 
leermeesterr voor beginnende onderzoekers kon ik me niet wensen. Geert, bedankt voor het 
stevigee marstempo, de onuitputtelijke bagage die je me meegaf en voor de echo’s van je 
klankbordd die tot in Amsterdam reiken. 

Also,, I express my gratitude towards the esteemed members of the promotion 
committee:: Kees Brunia, Albert Kok, Gordon Logan, Peter Molenaar, and Han van der 
Maas.. Thank you for the time and effort put in evaluating the manuscript and for providing 
yourr ’go signals’ with such short latencies, despite holiday season. Dear Gordon, thank you 
forr our stimulating discussions on stopping data and your significant co-authorship. Kees, 
dankk voor zowel de theorie als je aandeel in het verzamelen van de data (al is dat laatste 
werkelijkk de omgekeerde wereld). 

All dan niet toevallig kruiste mijn pad dat van anderen en velen hielpen me vooruit. 
Bertt van Beek bleek onmisbaar. Zonder zijn ingenieuze op maat gesneden computerpro›
gramma’ss viel er niets te meten. Verder ben ik Raoul en Han R-ng dankbaar voor het 
simulerenn van een slechte klok. Alle (OP-) studenten, patiºnten , en leerlingen van de basis›
schooll de Kraal, St. Joan en de St. Petrus en Paulusschool ben ik bijzonder erkentelijk voor 
hunn tienduizenden reactietijden. ChŁr Boris, je suis tres content de tout ce que j’ai appris de 
toii et je me rØjoue de continuer sous peu notre collaboration fØconde et agrØable a Marseil›
le.. En Sander, dank voor het herfstproject met relatief hoge go-probabiliteit. Dr. Hans 
Speelmann en Rianne Esselink van het AMC wil ik danken voor de prettige samenwerking 
enn hun investering in het werven van deelnemers aan het stimulatieonderzoek en prof. 
Henkk Groenewegen van de VU voor verhelderende discussies over de functie van de STN 
enn het onder de aandacht brengen van bijzonder relevante literatuur. 

Mercii kamergenoten: Mark voor je tegen voeten, Rena voor je spreekvaardigheid, 
Richardd voor je Mokumse kwinkslagen (auw!), Hans voor je relativerende diepgang, 
Annemiee voor je evenwichtige balans, en natuurlijk Lourens en Raoul. Jullie twee waren 
dee afgelopen jaren een onuitputtelijke dipoolbron van genuanceerde standpunten en 
geanimeerdee discussies met een fileermes over wetenschap en het echte leven. Allen veel 
dankk ook voor jullie begrip als ik me weer eens behoeftig baadde in Bach. 



VOORWOORD D 

Evelinee en Mariºtte , jullie zijn meer dan goede collega’s en maken het sprankelend 
verschill (deze zin dient dan ook te worden gelezen met een korte maar gedecideerde 
adempauzee na "meer"). Ondanks jullie aanlokkelijk verzoek zou het, met het oog op onze 
epos-voortgangsverslagen,, niet verstandig zijn geweest als ik naar 1006 was verhuisd. Erg 
aardigg dat jullie ervoor gezorgd hebben dat stelling 7 een stelling is. 

Ingmar,, Brenda en Mark, aardig dat ik van jullie heb mogen afkijken hoe je een 
proefschriftt maakt. Mensen van de 10e: Ad, Annematt, Atie, Cor, Hilde, Jan, Jasper, Louis, 
Maartje,, Margot, Riek, Silvan, en Trudy, mensen van de 6e: Robert en Ingrid, en mensen 
vann de 5e: Conor (also many thanks for your eloquent English style and content), Ellen, 
Grotee Peter en Kleine Peter; dank allemaal voor een groet onderweg, een kop koffie tussen 
dee etappes door, een spannend verhaal en het consequent terugbrengen van mijn schaar. 

Jeroenn en Stefan, jullie lopen al een tijdje mee. Ik ben jullie erg dankbaar voor onze 
(vertr)ouwdee vriendschap, ook al heb ik niets met auto’s. En Susan, voor nabij terwijl ver 
weg. . 

Paranimfenn Annemie en Raoul, fijn dat jullie me bijstaan op Witte Donderdag. 
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1 1 Introduction n 

1.11 Defining response inhibition as stopping behavior 

Thee other day, I was stirring my macaroni with my right hand, while a kitchen towel kept me 
fromm burning my left hand on the hot handle. Suddenly, the towel caught fire as it contacted 
thee gas flame. From there, it all went very quickly; I immediately let go of the spoon, waved 
thee burning towel about before throwing it into the sink and soaking it with water. The whole 
scenee was over in about 3 seconds. This example illustrates the importance in every day life of 
thee ability to stop actions quickly. The stopping of ongoing behavior is the first step towards 
neww courses of action. In the kitchen example, the stirring of the macaroni was abandoned 
rapidlyy and replaced by more appropriate behavior aimed at extinguishing the burning towel. 
Inhibitoryy control is a prerequisite for ’top-down’ cognitive control. Goal-directed behavior 
wouldd be impossible without the ability to dynamically adjust one’s actions to the ever-
changingg environmental demands. 

Thiss thesis is concerned with the analysis of the mental processes involved in inhibi›
toryy motor control, the ability in humans to abort ongoing actions. It investigates the cognitive 
processess involved in stopping and how these processes relate to environmental demands. 
Responsee inhibition can be interpreted as an internally generated form of extreme executive 
controll that can either be triggered by external demanding signals from the environment but 
cann also be initiated voluntarily. For instance, you can stop reading this introduction once you 
decidee that other things deserve priority. In the interest of clarity, I cite an unambiguous defi›
nitionn of inhibition to set the stage. 

"Byy inhibition we mean the arrest of the functions of a structure or organ, by the 
actionn upon it of another, while its power to execute those functions is still re›
tained,, and can be manifested as soon as the restraining power is removed." 
LauderLauder T. Burton, On the Nature of Inhibition (cited in Smith, 1992). 

Whenn trying to grasp the processing properties of stopping, the empirical investigator is con›
frontedd with the obvious problem that there is nothing to observe when stopping was success›
ful.. We can, for example, time the latency of a button-press response, but how could we de›
terminee the speed of stopping a button-press response? To broaden understanding of inhibitory 
motorr control in the natural environment, investigators have developed a controlled artificial 
environment:: the stop-signal paradigm. The stop-signal paradigm provides a useful tool to 
investigatee the covert cognitive processes that constitute inhibitory motor control (Logan & 
Cowan,, 1984; for the standard work on stop-signal inhibition, see Logan, 1994: On the ability 
too inhibit thought and action; A users’ guide to the stop-signal paradigm). I will first describe 
thee stop-signal paradigm; one of the tools used by experimental psychologists to measure 
inhibitoryy control. I present a selective overview of the literature on stopping, summarize the 
dataa obtained with the stop-signal task, and explain the implications and predictions of the 
racee model, which is commonly used to describe behavior in the stop-signal paradigm. Fi›
nally,, I will formulate some questions that remain unanswered and conclude this general 
introductionn with a broad outline of this thesis. 
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11 INTRODUCTION 

1.22 Investigating stopping with the stop-signal paradigm 

Inn the stop-signal paradigm, the participant usually performs a computerized choice reaction 
timee (RT) task that requires him or her to discriminate between two visual stimuli. For exam›
ple,, subjects may be instructed to press a response button with the left index finger to the 
presentationn of an ’X’ and to press another button with the right index finger to an ’O’ stimu›
lus.. This primary RT task is referred to as the go task and ’X’ and ’O’ stimuli are referred to 
ass go signals. During the execution of the go task, a stop signal (usually a brief tone) is pre›
sentedd occasionally and unpredictably in a proportion, say 25%, of the trials. These trials are 
calledd stop-signal trials. The subject is instructed to put an effort into canceling his or her 
pendingg button-press response to the go stimulus when faced with a stop signal. The stop-
signall delay, that is the interval between the presentation of the go signal and the onset of the 
stopp signal, is under experimental control. If the interval between the go-signal and the stop-
signall is consistently short, say 10 ms, then subjects will inhibit all the time. Similarly, if stop-
signall delay is relatively long, subjects will respond to a large proportion of the stop-signal 
trials.. Presenting subjects with only one fixed stop-signal delay on stop-signal trials would 
havee the obvious drawback that subjects could postpone their response to the go signal, await›
ingg a possible stop signal (Lappin & Eriksen, 1966; Logan, 1981). So, in order to avoid sub›
jectss adopting undesirable strategies, stop-signal delays should be sufficiently variable to be 
unpredictablee for the subject. 

AA useful tool to achieve 50% successful inhibits is the staircase-tracking algorithm 
(Levitt,, 1971; Logan, Schachar, & Tannock, 1997; Osman, Kornblum, & Meyer, 1986). This 
algorithmm adaptively adjusts the timing of the stop-signal, depending on the subject’s behavior 
onn the previous stop trial. After a successfully inhibited stop trial, stop-signal delay in the next 
stop-signall trial is increased, thus biasing the chances of responding. Conversely, stop-signal 
delayy is decreased in the next stop-signal trial if the subject responded, thus increasing the 
chancess of successful inhibition. Application of this procedure should theoretically result in 
stoppingg delays that are distributed around the median of the go distribution. A clear advan›
tagee of this tracking procedure is that it takes into account inter- as well as intra-individual 
differencess in reaction time to go signals. Simulation results indicate that tracking algorithms 
targetingg at inhibition ratios of about 50% have clear advantages over other tracking proce›
duress (Band, van der Molen, & Logan, 2003). 

1.33 The horse-race model and its assumptions 

Behaviorr in the stop-signal task has been conceptualized as depending on the outcome of a 
racee between go and stopping processes (Lappin & Eriksen, 1966; Logan, 1981; Oilman, 
1973;; Osman et al., 1986; Vince, 1948). The processes involved in the go task include stimu›
luss recognition (’X’ or ’O’?), response choice (’left’ or ’right’?), and the preparation and 
actuall execution of the button-press response. The stop process includes the detection of the 
stopp signal and the abortion of the response. If the go process wins this race, then the go re›
sponsee will be executed despite the occurrence of a stop signal. Alternatively, if the stopping 
processess finish first, then the go response will be successfully withheld. The horse-race 
modelmodel provides an accurate description of the behavioral data observed in the stop task. One of 
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11 INTRODUCTION 

thee virtues of the race model, as formulated by Logan and Cowan (1984), is that, based on few 
formall assumptions, it allows for calculating the latency of the stop processes, that is, the 
covertt stop-signal reaction time (SSRT). Before I go into the actual procedure to estimate 
SSRTT in the stop task, I will first describe the assumptions that underlie the horse-race model. 

AA major proposition of the race model holds that the go and stop processes are inde›
pendentt (Logan, 1994; Logan & Cowan, 1984). The assumptions of independence concern 
contextt independence and stochastic independence. Context independence means that the 
latencyy of primary-task processing is not affected by the presence of stop processes, and vice 
versa.. Stochastic independence implies that the latencies of go and stopping processes are not 
correlated.. It is argued that if both these aspects of independence are met, the distribution of 
RTss on go trials represents the distribution of latencies of go processes on trials with a stop 
signal.. Mean reaction times on stop-signal trials that escape inhibition (i.e., signal-respond 
RTs)RTs) can be predicted from the proportion of signal-respond trials and the go-signal reaction 
timee distribution (see procedure described in estimating stop-signal reaction time). 

Violationss of stochastic independence, such as a positive correlation between go RT 
andd SSRT, are thought to increase the difference between observed RT and predicted RT on 
stop-signall trials (De Jong, Coles, Logan, & Gratton, 1990; Jennings, van der Molen, Brock, 
&& Somsen, 1992; Logan & Cowan, 1984). Large discrepancies between observed and pre›
dictedd signal-respond RTs have been taken to suggest a poor fit of the horse-race model due to 
violationss of the assumption of independence between go and stopping processes. However, 
extensivee simulations by Band and colleagues (Band et al., 2003) have indicated that a mis›
matchh between observed and predicted signal-respond RT is not a valid test of the independ›
encee assumption. Their results showed that SSRT estimates were relatively accurate despite 
violationss of the independence assumption, provided that certain conditions were met (such as 
thee use of a stop-signal tracking algorithm, which will be described later). 

Thee assumption that the latency of the stop process is constant is another proposition 
off the race model. The notion of an invariant stop latency facilitates the estimation procedure 
off SSRT. However, as for probably any other mental process, it is quite unlikely that SSRT 
hass a variance of zero. The method presented by Logan and Cowan (1984) that treats the 
inhibitionn function as a distribution does not require assuming constant SSRT. Also, the 
methodd used by Logan et al. (1997), and Williams, Ponesse, Schachar, Logan, and Tannock 
(1999),, that involves using the tracking algorithm to find the delay at which subjects inhibit 
50%% of the time and then subtracting mean delay from mean go RT does not assume that 
SSRTT is a constant. Band et al. (2003) showed that violations of the proposition of invariant 
stoppingg latency increase the difference between observed and predicted signal-respond RTs, 
evenn when the go and stop processes were stochastically independent. The simulation studies 
furtherr indicate that estimates of mean SSRT are not compromised when stopping latencies 
aree variable. 

Takenn together, the race model is quite robust to violations of assumptions of inde›
pendencee and constant stopping latency. Minor violations of these assumptions do not neces›
sarilyy result in unreliable estimates of SSRT (see Band et al. (2003) for extensive stimulation 
off the stop-signal paradigm). 
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11 INTRODUCTION 

1.44 Estimating stop-signal reaction time (SSRT) 

Onee of the merits of the horse-race model is that it allows the estimation of the internal re›
sponsee to the stop signal; SSRT (Logan & Cowan, 1984; Logan, 1994). Following the horse›
racee model’s assumptions outlined above, the RT distribution of the go process is the same 
whetherr or not a stop signal is presented. This implies that the left side of the distribution of 
RTsRTs on go-signal trials, representing fast RTs, matches the distribution of RTs on stop-signal 
trialss that escape inhibition (i.e., signal-respond trials). A graphical representation of a hypo›
theticall distribution of go-signal RTs is presented in Figure 1.1. 

P(inhibit) ) 
slowslow RTs 

0 0 

t t 
Go o 
Signal l 

XorO O 

100 0 200 0 

Stop p 
Signal l 

3000 400 

Timee (in ms) 

500 0 

Figuree 1.1: Diagram of the horse-race model. Stop-signal reaction time (SSRT) is 
inferredd from the distribution of go-signal RTs (i.e., trials without a stop signal), 
thee probability of inhibition, /^inhibit), and stop-signal delay. 

Thee finish time of the stop process can be estimated from the observed go-signal RT distribu›
tionn and the rate of successful stopping. The finishing time is represented in Figure 1.1 as the 
RTT associated with the line that splits the RT distribution into a fast and a slow part. The go 
responsess in the slow part, P(inhibit), will be outrun by the stop process and will therefore 
loosee the race and get inhibited (signal-inhibit trials). Fast go responses, P(respond), will beat 
thee stop process and run till response completion (signal-respond trials). 

Ass can be seen in Figure 1.1, it turned out that subjects were able to inhibit their go 
responsess successfully on 27 of 60 stop trials. Response ratio is then 55%, so the finish time of 
thee stop process is on average equal to the go-RT value that goes with the 55-th percentile in 
thee distribution. This leaves us with the finish time of the stopping process bisecting the dis›
tributionn curve into fast signal-respond and slower signal-inhibit trials. The start of the stop 
processs is under experimental control by the stop-signal delay, the timing of the stop-signal 
vis-a-viss the go signal. Finally, mean stop-signal delay is subtracted from the finish RT to 
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11 INTRODUCTION 

obtainn an estimate of stopping latency (for a detailed exposition of alternative procedures to 
calculatee stopping latencies see Logan (1994) and Logan & Cowan (1984), see also Band et 
al.. (2003). 

1.55 A selective review of stop-signal studies 

Sincee its introduction, the stop-signal paradigm has served experimenters well and stop la›
tencyy has often been used as an index of inhibitory control. It has turned out that healthy 
youngg adults are able to stop whatever they are doing in about 200 to 250 ms, indicative of a 
veryy close control over their actions. Among the various responses whose stopping properties 
havee been investigated are manual responses (e.g., Logan, 1981), speech (Ladefoged, 
Silverstein,, & Papcun, 1973), typing (Logan, 1982; Long, 1976; Rabbit, 1978), foot move›
mentss (De Jong, Coles, & Logan, 1995), and eye movements (Hanes & Carpenter, 1999; 
Logann & Irwin, 2000). 

Likee most - if not all - cognitive operations, stopping abilities appear to be subject to 
age-relatedd changes across the life span. Administrating the stop task to children has indicated 
thatt stopping becomes faster with increasing age throughout childhood (Bedard et al., 2002; 
Christ,, White, Mandernach, & Keys, 2001; Ridderinkhof, Band, & Logan, 1999; Williams et 
al.,, 1999). Other developmental studies, however, failed to demonstrate systematic age-related 
changes,, which is most likely due to a lack of statistical power (e.g., Band, van der Molen, 
Overtoom,, & Verbaten, 2000; Jennings, van der Molen, Pelham, Brock, & Hoza, 1997; 
Oosterlaan,, 1996; Schachar & Logan, 1990; see also Williams et al., 1999). Indeed, those 
studiess that did report an age-related increase in the ability to inhibit used larger samples or 
basedd their estimates of stopping latencies on a larger number of trials (for recommendations 
regardingg optimizing the design of the stop-task, see Band et al., 2003). 

Studiess that have used a tracking algorithm for stop-signal presentation and have in›
cludedd adequate numbers of subjects and trials (according to the recommendations formulated 
byy Band et al., 2003) yield consistent stop results. Williams et al. (1999) for example reported 
aa significant age-related change in stopping speed in childhood and in older adulthood that 
wass distinct from the age-related change in response speed. The stopping latencies reported by 
Williamss decrease from 274 ms for 7-year-olds and 223 ms for 10-year-olds to 198 ms for 15-
yearr olds and 209 ms for young adults. The speed of stopping decreased from mid-adulthood 
(2100 ms) to 213 ms in older adulthood, and 230 ms in elderly (see also Kramer et al., 1994). 

Thee stop-signal paradigm has also proven to be useful for examining individual differ›
encess in the ability to inhibit and inhibitory deficits. Adults that were characterized as impul›
sivee on the basis of their scores on an impulsivity questionnaire (i.e., the Eysenck Personality 
Inventory)) exhibited longer stopping latencies than non-impulsive controls (Logan et al., 
1997).. Although stopping latencies were longer in hyperactive children, these children dis›
playedd no deficiency in detecting the stop signal (Schachar & Logan, 1990). The observation 
thatt responses to go signals did not vary with impulsivity scores supports the notion that the 
abilityy to inhibit responses as reflected by SSRT can be used as an operationalization of im›
pulsivityy and impulse control. Support for this conjecture has been derived from clinical appli›
cationss of the stop-signal paradigm in children diagnosed with ADHD (Attention Deficit 
Hyperactivityy Disorder). These children exhibited slower stopping latencies than children 
diagnosedd with other psychopathologies and normal control children (Jennings et al., 1997; 
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Oosterlaan,, Logan, & Sergeant, 1998; Oosterlaan & Sergeant, 1995; Overtoom et al., 2002; 
Schacharr & Logan, 1990; Schachar, Mota, Logan, Tannock, & Klim, 2000; Van der Schoot, 
Licht,, Horsley, & Sergeant, 2000; for reviews of ADHD studies with the stop-signal paradigm 
seee Nigg, 2001). Next to distinguishing between groups like ADHD versus non-pathological 
controls,, SSRT has been reported to discriminate ADHD children tested under different condi›
tions.. Stopping latencies improved after administration of the stimulant drug Methylphenidate 
comparedd with administration of a placebo in children with ADHD (Tannock, Schachar, Carr, 
Chajczyk,, & Logan, 1989). Others have reported negative effects of alcohol op stopping 
latencyy within the normal population (Mulvihill, Skilling, & Vogel-Sprott, 1987). 

Overr the years, the standard stop-signal paradigm has been extended to cover more 
subtlee manifestations of inhibitory control. For example, the stop process has been made more 
complexx at the perceptual end by requiring discrimination between two or more stop signals. 
Subjectss could be instructed to inhibit the planned response to one stop signal (e.g., the high-
pitchedd tone) but to not the other (e.g., the low-pitched tone) (Riegler, 1986, cited in Logan, 
1994) ) 

Recently,, Bedard et al. (2002) investigated the development of selective inhibitory 
controll by adding a second stop tone to the typical stop-signal task. Over 300 subjects in the 
rangee of 6 to 82 years of age were instructed to inhibit their response execution when pre›
sentedd with a valid stop-signal tone, and to continue to respond when presented with an inva›
lidd stop-signal tone. Again, like simple stopping, there was a marked development throughout 
thee life span in the execution of go responses. Specifically, response speed increased through›
outt childhood, and gradually declined throughout adulthood (see also Cerella, 1990; Kail, 
1991;; 1993). More importantly, the developmental trends in selective inhibitory control were 
uniquee and differed from the developmental trends in simple inhibition obtained using stan›
dardd stop-signal tasks (i.e., the abortion of all ongoing response activation, Bedard et al., 
2002).. This observation could be taken to suggest that separate modes or mechanisms underlie 
simplee and selective inhibitory control (De Jong et ah, 1990; Logan, 1994). The issue of dis›
tinctt inhibition mechanisms for simple and selective inhibition has emerged from psycho›
physiologicall studies too and will be described below. Typically, selective stopping latencies 
aree substantially longer than simple stopping latencies. Bedard et al. suggested that non›
selectivee (simple) stopping parallels the simple or Donders A response. Likewise, selective 
("too stop or not to stop") stopping corresponds to a classic Donders C response (go vs. nogo) 
(Logan,, 1994). 

Otherss have focused on the motor end of the stopping process by instructing subjects 
too stop one response (e.g., their right-hand response) to the stop signal but not the other (e.g., 
left-hand)) response. Logan, Kantowitz, and Riegler (cited in Logan, 1994) used this type of 
selectivee stopping task. Again, selective stopping was accompanied by longer stop latencies, 
andd the latencies increased with the number of alternative go responses. Interestingly, simple 
SSRTss did not vary much between tasks - one out of four possible go responses was inhibited 
ass fast as one out of two possible go responses. Based on these observations, Logan et al. 
(1986)) proposed two modes of inhibition - a global mode for the inhibition of all pending 
responses,, and a local mode for the selective inhibition of a particular response. 
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1.66 On the nature of stopping 

Thee stop-signal paradigm has provided us with the informative SSRT that represents the 
latencyy of the internally generated act of stopping control. The horse-race model accounts well 
forr the observed behavioral data. Although the application of the stop-signal procedure sheds 
lightt on stopping efficiency - for instance it distinguishes between subgroups like ADHD 
childrenn and controls or younger vs. older children - it does not provide a deeper understand›
ingg of the nature of inhibitory motor control. Like the go process, the stop process too has an 
onsett (the stop signal) leading to an (inhibitory) response. Several investigators have focused 
onn experimental manipulation of processing stages to identify the cognitive operations that 
constitutee the go processes (Sanders, 1980; 1998; Sternberg 1969; for a review see Van der 
Molen,, Bashore, Halliday, & Callaway, 1991). In his review article on stopping, Logan (1994) 
suggestedd two possible research strategies that may deepen our understanding on the nature of 
stoppingg processes. 

First,, Logan suggested to focus on the experimental design of the stop task and factori-
allyy combined stopping with experimental manipulations that draw upon a form of inhibitory 
controll as well to learn more about stopping from the possible interaction patterns. Logan 
(1981),, for example, observed that stopping latency is approximately equal in spatially com›
patiblee and incompatible responses (see Logan & Irwin 2000, for a recent replication). Appar›
ently,, stopping does not interact with the ability to resolve the conflict between the prepotent 
compatiblee response and the spatially incompatible response (e.g., Kornblum, Hasbroucq, & 
Osman,, 1990). Others combined stopping with the inhibition of responses to target stimuli 
flankedd by task-irrelevant distracters assigned to the same or to the opposite response (Kramer 
ett al., 1994; Ridderinkhof et al., 1999). These investigators found that responses to targets 
flankedd by incongruent distracters were more difficult to inhibit than responses to congruent 
displays.. This pattern of results was taken to suggest that stopping and the need to inhibit the 
(incorrect)) response to incongruent flankers compete for execution (cf. Ridderinkhof et al., 
1999). . 

Second,, Logan (1994) pointed to the use of psychophysiological measures to focus on 
thee temporal dynamics of response activation and response inhibition. De Jong was the first to 
examinee the temporal dynamics of inhibitory processing (De Jong et al., 1990; 1995). The 
lateralizedd readiness potential (LRP) in combination with electro-myographic (EMG) meas›
uress led De Jong and colleagues to propose two separate inhibitory mechanisms - a slower 
centrall cortical mechanism capable of selective inhibition and a peripherally operating mid›
brainn mechanism for fast simple stopping. The notion of a peripheral inhibition mechanism 
hass been linked with results obtained from cardiac studies by Jennings et al. (1992). These 
researcherss report that successful inhibition of a motor response was associated with heartbeat 
slowingg (deceleration), whereas failed inhibitions were not. The fact that cardiac inhibition 
andd motor inhibition interact has been interpreted to suggest that both are controlled in part by 
thee same midbrain system. 

However,, based on a review of psychophysiological data in the stop-signal literature, 
Bandd and van Boxtel (1999) formulated an alternative interpretation of the neural mechanisms 
involvedd in stopping. Their main point was that a peripheral stop mechanism is incorrectly 
inferredd from the psychophysiological data. As an alternative, Band and van Boxtel suggested 
aa model, in which an integrated circuit of the prefrontal cortex and basal ganglia are candidate 
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agentsagents of response inhibition, whereas possible effect sites of inhibition are the thalamus and 
motorr cortex (Brunia, 1993; cf. Goldberg, 1985). This notion is in line with an extensive 
psychophysiologicall analysis of inhibitory motor control that included measures of brain 
activity,, heart rate, muscle activity, response force, and respiratory cycle (Van Boxtel, van der 
Molen,, Jennings, & Brunia, 2001). 

Thee involvement of the prefrontal cortex in stopping has been indexed by a brain 
wave,, called the N200. The N200 is a negative ERP (event-related potential) component that 
exhibitss its maximum over the frontal cortex about 200-300 ms after the nogo signal in a 
go/nogoo task. (Eimer 1993; Jodo & Kayama, 1992; Kok, 1986; Naito & Matsumura, 1994; 
1996;; Pfefferbaum, Ford, Weller, & Kopell, 1985; Van Boxtel et al., 2001). A persuasive 
argumentt for prefrontal involvement in stopping is provided by the observation that electrical 
stimulationn of frontal cortex loci associated with the nogo potential (i.e., the dorsal bank of the 
principall sulcus and the rostroventral corner of the prefrontal region) during normal response 
activationn suppresses the activity in the motor cortex, and hampers the production of an overt 
responsee in monkeys (Sasaki, Gemba, & Tsujimoto, 1989). Brain-imaging techniques 
(Pliszka,(Pliszka, Liotti, & Woldorff, 2000; Rubia et al., 2001) and microelectrode studies (Kawashima 
ett al., 1996; Sasaki & Gemba, 1986; Sasaki, Gemba, Nambu, & Matsuzaki, 1993) have also 
providedd support for the prefrontal substrate of inhibitory processing. 

Single-celll recordings in primates performing on a stop task provide a third approach 
towardss a better understanding of the nature of inhibition. Hanes and colleagues recorded unit 
activityy in the frontal eye fields during the countermanding of eye movements and identified 
single-celll signatures of inhibitory visuo-motor control (Hanes, Patterson, & Schall, 1998; see 
Logann & Irwin 2000, for a behavioral study comparing inhibitory control of eye and hand 
movements). . 

Takenn together, clever factorial stop-signal designs, psychophysiological, and brain 
imagingg assessments, and single-cell recordings have augmented performance indices of 
inhibitoryy processing and in doing so contributed considerably to our understanding of the 
naturee of stopping. 

1.77 Remaining questions and the outline of this thesis 

Althoughh there is ample literature addressing inhibitory control, some important questions still 
remainn unanswered. One issue, which is the subject of Chapter 2, concerns the relation be›
tweenn the primary-task processes and stopping processes. De Jong et al. (1995, p. 507) recog›
nizedd that the investigation of interactions between response readiness and response inhibition 
wouldd be an interesting topic for further research. As outlined earlier, co-variation of go and 
stopp processes might violate the assumption of independence. The goal of the study presented 
inn Chapter 2 is to examine the stopping latency of motor responses executed during a state of 
reducedd response readiness - a kind of inhibition that can be elicited by inserting nogo or catch 
signalss into the primary-task trial series. A variant of the stop task was used to induce different 
levelss of response readiness. 

Ass often, the results that came from this work raised new questions. The study de›
scribedd in Chapter 3 was carried out at Tilburg University and focuses on the relation between 
differentt levels of response readiness and stopping using force dynamics of response activa-
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tionn and inhibition. The hypothesis was tested that low-probability responses are more diffi›
cultt to stop, as these responses are more forceful than high-probability responses. 

Chapterr 4 presents a developmental investigation of simple (i.e., non-selective) and 
selectivee stopping by manipulating the motor end of inhibitory processing. Bedard et al. 
(2002)) have reported on selective stopping, but focused on the perceptual end of stop-signal 
processingg using two stop signals. Our study afforded a direct within-subject comparison of 
thee ability to inhibit responses in a selective manner and in an ’all-or-none manner’. In addi›
tion,, the response selection demands of the primary task were manipulated by varying spatial 
stimulus-responsee compatibility (SRC) to investigate whether the speed of selective inhibition 
iss determined by the response that has to be stopped. Manipulations of SRC have been associ›
atedd with slower responses. Earlier studies have reported that simple stopping latencies were 
nott affected by SRC (Logan, 1981; Logan & Irwin, 2000). The current investigation is the first 
attemptt to combine SRC and selective stopping. 

Too learn about the nature of stopping process, Chapters 5 and 6 list two experimental 
paradigmss that have proven to be successful in elucidating the architecture of mental proc›
essess involved in speeded responding. These are the Simon task and the additive factor method 
(AFM).. The assumption is tested that stop processes are quite similar in nature to go proc›
esses.. Go signals require perceptual discrimination, translation into an appropriate action, and 
thenn the programming and unfolding of that action. Likewise, stop signals require perceptual 
discrimination,, translation into an appropriate action (i.e., inhibition of ongoing responses), 
andd then the programming and unfolding of that inhibitory action. This analogy provides us 
withh a context in which the stop process can be studied in a fashion similar to the explorations 
off the go process. The experiments presented in Chapter 6 make use of the AFM, which has 
beenn used extensively to explore stages of go-signal processing. This methodology is used 
heree to test the assumption that stop processes are quite similar in nature to go processes. In 
Chapterr 5, the stop task is crossed with the Simon task. Efficient response processing in the 
Simonn task has been formulated in terms of inhibition of the response activation associated 
withh task-irrelevant features. By applying typical Simon-task manipulations to the processing 
off the stop signal, the nature of stopping processes is examined in detail. It will be argued that 
goo and stop processes are similar in nature, at least to some extend. 

Inn their review of the neurophysiological mechanisms involved in stopping, Band and 
vann Boxtel (1999) have highlighted a plausible mechanism by which the prefrontal cortex and 
thee basal ganglia might exert response inhibition. Many researchers have indicated the in›
volvementt of frontal brain areas in stopping control, but few have explored the role of the 
basall ganglia in inhibitory motor control directly. The study presented in Chapter 7 adopts a 
neurophysiologicall perspective to explore directly the role of basal ganglia, and the subtha›
lamicc nucleus in particular, in response inhibition. The experiment afforded a true within-
subjectsubject comparison of stopping control in several ways. First, the patients that participated in 
thiss study have either been implanted with a high-frequency stimulation electrode in the sub›
thalamicc nucleus or the ventral intermedius nucleus of the thalamus. Second, the stop task was 
administeredd twice - once with the specified brain areas being stimulated and once without 
stimulation,, which afforded a direct examination of the effects of brain stimulation on stop 
performance. . 

Finally,, Chapter 8 provides a selective overview of this thesis and a discussion of stop-
signall inhibition from a more general perspective. 
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22 Reduced response readiness delays 
stop-signall inhibition 

Abstract t 

Thiss study examines the effect of response readiness on the stopping of motor responses. 
Thirteenn subjects performed a primary task requiring a speeded choice reaction on go tri›
alss and response inhibition on nogo trials. An occasional cue informed subjects that a 
nogoo trial was imminent but left them uncertain about the number of go trials separating 
thee cue and the upcoming nogo trial. This setup was meant to create test episodes of re›
ducedd response readiness (i.e., trial sequences initiated by the cue and terminated by the 
nogoo signal) and control episodes, in which subjects were ready to execute a speeded 
choicee reaction (i.e., trial sequences consisting only of go trials). During both episodes, a 
visuall stop signal could occasionally and unpredictably follow go signal onset, instructing 
subjectss to withhold their response to the go signal. Choice reactions on go trials were de›
layedd during test episodes relative to control episodes. Most importantly, stop reactions 
weree delayed, not facilitated, during test episodes compared to control episodes. These 
findingss were taken to suggest that reduced readiness gives rise to more forceful re›
sponsess that are then more difficult to inhibit. 

2.11 Introduction 

Considerr the following: you are about to cross a busy shopping street when the traffic sign 
changess from ’walk’ to ’don’t walk’. After briefly considering the distance across and the 
driverss that are lined up, you decide to stop walking. This example illustrates the importance 
off stopping as an act of control. Stopping is a clear case of executive intervention that can be 
studiedd empirically using a relatively simple laboratory analogue, the stop-signal paradigm. 
Thee stop-signal paradigm consists of a reaction time (RT) task in which the occasional presen›
tationn of a stop signal indicates that the prepared or ongoing response must be cancelled. The 
probabilityy of successful stopping can be manipulated by varying the timing of the stop signal 
relativee to the respond signal. Stopping is easy when the stop signal is presented early, but 
difficult,, or impossible, when it is presented late vis-a-vis the respond signal (e.g., Lappin & 
Eriksen,, 1966; Logan, 1994; Logan & Cowan, 1984). 

Thee performance in the stop-signal paradigm can be conceptualized in terms of a race, 
inn which the stopping process and the go process compete to finish first (see Logan & Cowan, 
1984,, for an analytic approach). If the stop process finishes before the go process, the response 
iss inhibited. By contrast, if the go process finishes before the stop process, the response is 
executed.. Based on a small set of formal assumptions (i.e., the latency of the go process is not 
affectedd by the presence of stop signals, and the latency of stop signal inhibition is assumed to 
bee constant), it is possible to calculate the latency of the covert stop process. The race model 
providess an excellent account of stopping data obtained using different variations of the stop-
signall paradigm (see Logan, 1994, for a review). The stop- signal paradigm has been success-

15 5 



22 REDUCED RESPONSE READINESS DELAYS STOP-SIGNAL INHIBITION 

fullyy applied in studies using other dependent measures than RT, such as brain potential 
measuress (e.g., De Jong, Coles, Logan, & Gratton, 1990; Van Boxtel, van der Molen, 
Jennings,, & Brunia, 2001), heart rate changes (Jennings, van der Molen, Brock, & Somsen, 
1992),, and single-cell recordings (e.g., Hanes, Patterson, & Schall, 1998). Investigators used 
thee stop-signal paradigm to examine inhibitory control in various populations, including mon›
keyss (e.g., Hanes et al., 1998) and children diagnosed as hyperactive (e.g., Schachar & Logan, 
1990).. Others examined age-related changes in stopping latency (e.g., Band, van der Molen, 
Overtoom,, & Verbaten, 2000; Kramer, Humphrey, Larish, Logan, & Strayer, 1994; Ridder-
inkhof,, Band, & Logan, 1999; Williams, Ponesse, Schachar, Logan, & Tannock, 1999). 
Again,, others evaluated the detrimental effect of alcohol (Mulvihill, Skilling, & Vogel-Sprott, 
1997)) or the beneficial influence of methylphenidate (Tannock, Schachar, Carr, Chajczyk, & 
Logan,, 1989). 

Althoughh the race model accounts quite well for a wide array of stopping data, it pro›
videss little insight into the nature of the stopping process itself (cf. Logan, 1994). To learn 
moree about the stopping process, few studies crossed stopping with a form of inhibition that 
Logann (1994) dubbed reactive inhibition, that is a residual side effect of previous task process›
ingg that should be overcome (cf. Logan, 1994). Logan (1981), for example, observed that 
stoppingg latency is approximately equal for spatially compatible and incompatible responses 
(seee Logan and Irwin, 2000, for a recent replication). Apparently, stopping does not interact 
withh the ability to resolve the conflict between the prepotent compatible response and the 
spatiallyy incompatible response (e.g., Kornblum, Hasbroucq, & Osman, 1990). Others crossed 
stoppingg with the inhibition of responses to target stimuli flanked by distracters assigned to 
thee same or opposite response (Kramer et al., 1994; Ridderinkhof et al., 1999). These investi›
gatorss found that responses to targets flanked by incompatible distracters were more difficult 
too inhibit than responses to compatible displays. This pattern of results was interpreted to 
suggestt that stopping and the need to inhibit the (incorrect) response to incompatible flankers 
queuee up, or compete for execution (cf. Ridderinkhof et al., 1999). 

Inn reactive inhibition, the process producing inhibition may be engaged deliberately 
butt the resulting inhibition that should be overcome, subsequently, is not intended. Contrary to 
reactivee inhibition, stop signal inhibition requires the subject to take deliberate action. The 
goall of the current study is to examine the interaction of stopping with a form of inhibition 
thatt is also intended. This form of inhibition is the reduced readiness to respond that can be 
elicitedd by inserting ’nogo’ or ’catch’ signals into the primary task trial series. It is well known 
thatt the insertion of nogo signals delays response latency on go trials. This effect is usually 
interpretedd to suggest that nogo signals reduce the readiness to respond, and thus increase RT, 
inn order to avoid false alarms (e.g., Luce, 1986, for a review). Conceptually, response inhibi›
tionn to stop signals and inhibitory control of response readiness are considered to represent 
twoo varieties of’intended’ inhibition (e.g., Logan, 1994). Empirically, stopping latency has 
beenn observed to vary with psychophysiological indicators of response readiness. For exam›
ple,, low levels of response readiness, as indexed by brain potential measures (i.e., the lateral-
izedd readiness potential) are associated with successful inhibits (e.g., De Jong et al., 1990; Van 
Boxtell et al., 2001). Conversely, high levels of response readiness, as indexed by cardiac 
measuress (i.e., heart rate deceleration) are associated with failed inhibits (Jennings, van der 
Molen,, Pelham, Brock, & Hoza, 1997). 

Althoughh it has been argued that interaction between tonic inhibitory control of re›
sponsee readiness and phasic inhibitory control of an imminent response would be of consider-
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ablee interest (cf. De Jong, Coles, & Logan, 1995, p. 507), the current report presents the first 
attemptt at a systematic assessment of this issue. The task devised to examine the influence of 
reducedd response readiness on stopping latency is a hybrid go-nogo/choice reaction task. 
Subjectss performed a primary task requiring (a) the execution of a speeded choice reaction on 
goo trials and (b) response inhibition on nogo trials, but only if preceded by an occasional nogo 
cue.. The nogo cue informed subjects that a nogo trial was imminent but left them uncertain 
aboutt the number of go trials inserted between the nogo cue and the nogo signal. Trial se›
quencess initiated by the nogo cue and terminated by the nogo trial were dubbed test episodes. 
Thesee test episodes are assumed to be associated with reduced response readiness. During 
bothh test and control episodes, a visual stop signal could be presented instructing subjects to 
withholdd the response activated by the go signal. Stop signals were presented using a tracking 
proceduree targeted at 50% correct inhibits. Based on the psychophysiological findings re›
viewedd above, it is hypothesized that reduced response readiness associated with the test 
episodess of the go-nogo/choice reaction task would facilitate stopping on stop-signal trials, 
indexedd by a decrease in stop latency. 

2.22 Method 

2.2.12.2.1 Participants 

Thirteenn undergraduate students (eight females and five males, mean age 21 years) partici›
patedd to fulfill course requirements. They also received a monetary reward of DFL. 50,- (ap›
proximatelyy $ 20,-). All subjects were right-handed and had normal or corrected-to-normal 
vision. . 

2.2.22.2.2 Apparatus and signals 

Subjectss faced a black computer screen at a distance of 50 cm. The signals for the primary 
taskk were the white uppercase vowels A, E, U, or O, and consonants R, S, V, Q, or X. The 
signalss were presented at central location replacing a white fixation square. The visual angle 
subtendedd by each signal was approximately 2.30°  x 4° . Signal duration was 500 ms and the 
intervall between successive signals varied between 1250 and 1750 ms in steps of 125 ms. 
Left-- and right-hand responses were collected from the ’z’ and 7’ keys on the computer key›
board.. Timing was accurate to the nearest five ms. Occasionally, a visual stop signal was 
presented.. The stop signal was indicated by a color change of the letter from white to red. 

2.2.32.2.3 Task and design 

Thee primary task involved the classification of single letters from the letter set. The vowels A, 
E,, U and O were assigned to one response hand and the consonants R, S, V, and Q were as›
signedd to the other response hand. The letter X served as a nogo cue that informed subjects to 
withholdd their response to the first up-coming O or Q, but kept them uncertain about the nura-

17 7 



22 REDUCED RESPONSE READINESS DELAYS STOP-SIGNAL INHIBITION 

berr of letters separating cue and nogo trial. Obviously, subjects were instructed to refrain from 
respondingg to the nogo cue. The number of intervening go trials was either 0, 2, 4, or 6. In›
crementss of two letters were used (a) to create episodes varying along a considerable time 
range,, and (b) to limit the number of different episodes. Trial sequences terminated by an O or 
QQ nogo trial, and preceded by the X nogo cue, will be referred to as test episodes. Trial se›
quencesquences terminated by an O or Q, not preceded by an X, were used as control episodes. A 
schemee of test and control episodes is presented in Figure 2.1. Test and control episodes were 
separated,, randomly but equiprobably, by 1, 2, or 3 go trials. This design resulted in equal 
probabilitiess of the letters A, E, U, R, S, and V (.125). The letters O and Q were presented 
withh a probability of .094 and the letter X with a probability of .063. 

;estt Episodes Lr.terver.ir.g trials Control Episodes 

X-L-L-O/QQ L-L L-O/Q 

X-L-L-O/QQ L-L-L L-L-O/Q 

X-L-L-L-L-0’QQ L L-L-L-L-O-’Q 

X-L-L-L-L-O-’QQ L-L L-L-L-L-O-’Q 

X-L-L-L-L-O/QQ L-L-L L-L-L-L-O-’Q 

X-L-L-L-L-L-L-O/QQ L L-L-L-L-L-L-O/Q 

X-L-L-L-L-L-L-O/QQ L-L L-L-L-L-L-L-O/Q 

X-L-L-L-L-L-L-O/QQ L-L-L L-L-L-L-L-L-O/Q 

X-L-L-L-L-L-L-O/QQ L L-L-L-L-L-L-O/Q 

1-2-3-4-5-66 < Let ter Pos i t ion > 1-2-3-4-5-6 

Figuree 2.1: Schematic representation of test and control episodes. Test episodes 
weree initiated by the nogo cue letter X requiring subjects to refrain from 
respondingg and signaling a nogo trial with letter O or Q requiring subjects to 
withholdd their choice reaction. The letters O or Q were also used to terminate 
controll episodes. When terminating control episodes, O and Q required a speeded 
choicee reaction. Episodes included a varying numbers of go trials (indicated by L) 
precedingg the letter O or Q (0, 2, 4, or 6). Episodes were separated randomly but 
equiprobablyy by a varying number of go trials (indicated by the letter L; 1, 2, or 
3).. Episodes were presented in pseudo-random order (see text for further 
clarification).. L indicates a stop trial (i.e., a color change of the letter) instructing 
subjectss to withhold the response to the letter. 

Visuall stop signals were presented using a single tracking algorithm (Levitt, 1971). This 
algorithmm continuously adjusted stop signal delay to obtain an overall response inhibition 
percentagee of approximately 50%. Thus, upon successful stopping, the stop signal delay on 
thee next stop trial was increased by 50 ms. Failures to inhibit were followed by a 50 ms de›
creasee in stop signal delay. Stop signals were presented only on go trials and at positions 2, 4, 
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andd 6 of an episode for (a) low stop-signal probability to avoid unwanted strategies, and (b) 
highh numbers of stop trials per position. Stop-signal probability was .15 for both test and 
controll episodes. 

2.2.42.2.4 Procedure 

Subjectss performed their task in a dimly lit, sound attenuated room. They were instructed to 
respondd as quickly and accurately as possible and to avoid errors of commission on nogo 
signals.. Subjects were told that a stop signal would be presented occasionally, requiring them 
too refrain from responding to the primary task signal. It was explained to them that stop signal 
delayy would vary across trials so that on some trials stopping would be easy whereas on other 
trialss stopping would be difficult or even impossible. 

Subjectss received a total of 25 test blocks consisting of 320 trials each. They com›
pletedd their task in three sessions on consecutive days. On the first day, they received seven 
testt blocks preceded by one hour of practice. On the second and third days, subjects performed 
onn nine test blocks preceded by one practice block. There were short intermissions between 
testt blocks and a longer pause after three blocks. Performance feedback was given after each 
block.. During the experiment, the primacy of the choice/go-nogo task was stressed. 

2.2.52.2.5 Stop-latency estimation 

Accordingg to the independence assumption of the race model, the stop process does not affect 
thee latency of the go process. This implies that the left side of the distribution of RTs on no-
signall trials (i.e., trials without a stop signal) representing fast RTs, matches the distribution of 
RTss on stop trials that escape inhibition. The latency of the stop process can be estimated from 
thee start and the finish of the stop process. The start of the stop process is under experimental 
controll by the stop signal delay, but the finish time has to be inferred from the observed no-
signall RT distribution. If responses are not stopped on n% of the stop trials, the finish of the 
stopp process is on average equal to the n-th percentile of the RT distribution on no-signal RTs. 
Finally,, mean stop signal delay is subtracted from this finish time to obtain an estimate of stop 
latencyy (see Logan, 1994). Stop-signal tracking based on inhibition rates of 50% provides stop 
latencyy estimates that are derived from the center of the no-signal RT distribution (hence the 
termm ’central estimates’), and are relatively insensitive to violations of the assumptions of the 
horse-racee model (e.g., Band, 1997; Logan, Schachar, & Tannock, 1997). 

2.33 Results 

Meann RTs and error rates were computed after the removal of outliers from the RT distribu›
tionn (i.e., RTs > M  2.5 SD) on a subject-by-subject basis. This resulted in the rejection of 
2.0%% and 2.1% of the trials for test and control episodes, respectively. Two different sets of 
analysess were performed on the data. First, mean RTs and error rates on no-signal trials (i.e., 
trialss without a stop signal) were examined to evaluate whether response latency discriminated 
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betweenn test and control episodes. Secondly, performance on stop trials was examined to 
determinee whether stopping efficiency differed between episodes. 

2.3.12.3.1 Analysis of performance on no-signal trials 

Meann choice RTs, standard deviations, and error rates are presented in Table 2.1. Test epi›
sodess including errors of commission to both X, and O or Q were excluded from the present 
analysis.. The percentage of rejected episodes was 9.7%. 

Meann RTs were subjected to ANOVA with Episode (test vs. control) and Letter posi›
tionn (1, 2, 3, 4, 5, vs. 6) as within Ss factors. ANOVA yielded significant main effects of 
Episode,, F (1, 12) = 84.04, p < .001, and Letter position, F (5, 60) = 4.56, p < .001, as well as 
aa significant interaction between Episode and Letter position, F (5, 60) = 9.91, p < .001. Letter 
positionn did not systematically affect the latency of responding (i.e., test episodes: 481, 469, 
467,, 476, 481, and 470 ms; control episodes: 454, 447, 451, 445, 439, and 452 ms, for early to 
latee positions, respectively). Follow-up analysis indicated that significant linear and quadratic 
trendss were absent (Fs < 1). Thus, the data were collapsed across letter position in the analy›
sess reported below. The outcomes of these analyses are presented in Table 2.1. 

Tablee 2.1: Mean reaction times, error percentages (choice errors, omission errors, 
andd commission errors), and standard deviations (in parentheses) for test and con›
troll episodes. 

Episode e 

Test t 

X X 

L L 

O/Q Q 

Control l 

L L 

O/Q Q 

RTT (ms) 

3955 (42) 

474(41) ) 

487(40) ) 

448(41) ) 

473(45) ) 

Choice e 

--

7.55 (4) 

--

9-77 (4) 

9.0(4) ) 

Errorss (%) 

Omission n 

--

.88 (.6) 

--

.88 (.5) 

1.7(1) ) 

Commission n 

13.4(11) ) 

--

34.5(18) ) 

--

--

Note:Note: L refers to the letters A, E, U, and R, S, V. Subjects were instructed to re›
frainn from responding to the letter X and the letters O and Q when the latter were 
presentedd during a test episode. The letters O and Q required a speeded choice re›
actionn when presented during control episodes. 

Tablee 2.1 makes two important points. First, response latency was slower and the percentage 
off choice errors was lower during test episodes compared to control episodes, F (1, 12) = 
84.04,/?? < .001, and F (1, 12) = 44.85, p < .001, respectively. This pattern of results demon-
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stratess the effectiveness of the nogo cue (the letter X) in altering the speed/accuracy tradeoff 
betweenn episodes. It should be noted, however, that the (nogo) letters O and Q terminating test 
episodess gave rise to a sizeable number of commission errors. Moreover, response latency to 
thee (go) letters O and Q (i.e., on trials when O and Q were not preceded by the nogo cue X) 
forr control episodes was significantly slower compared to the latency of responding to the 
otherr letters, F (1, 12) = 44.85, p < .001.1 These findings suggest that subjects failed to fully 
complyy with the instruction provided by the nogo cue (X). Nonetheless, the speed and error 
reductionn observed for test episodes strongly suggest that subjects adopted a more cautious 
strategyy following the presentation of the cue. 

2.3.22.3.2 A nalysis of stop-signal inhibition 

Thee stopping results are presented in Table 2.2. Preliminary analysis of the tracking algorithm 
indicatedd that the overall probability of responding given a stop signal was .509. Response 
probabilityy was somewhat higher during control episodes compared to test episodes, F (I, 12) 
== 36.97,/? < .001. A follow-up analysis indicated that stop signal delay did not differ between 
episodes,, F ( l , 12) = .61, p - .45. The latency of stop signal inhibition was estimated from the 
horse-racee model using the procedure proposed by Logan and Cowan (1984), and which was 
describedd in the Methods. Stop latencies were computed separately for test and control epi›
sodess but across trial positions within episodes in order to obtain a sufficient number of obser›
vations.. Although the difference in stop latency between episodes is small, it is statistically 
significant,, F (1, 12) = 7.89, p - .016. Importantly, and contrary to expectations, stop latency 
duringg test episodes was slower, not faster, compared to control episodes. 

Tablee 2.2: Probabilities of responding on stop trials, F(signal-respond), mean stop-
signall delays, mean observed and predicted signal-respond RTs, mean estimated 
stopp latency, and standard deviations for test and control episodes. 

Episode e 

Variable e 

P(signal-respond) ) 
Stop-signall delay 
Signal-respondd RT 

observed d 
predicted d 

Estimatedd stop latency 

M M 

.43 3 
160 0 

448 8 
404 4 
290 0 

Test t 
SD SD 

.5 5 
31 1 

32 2 
32 2 
38 8 

Control l 
MM SD 

.544 .4 
1622 31 

4311 37 
3844 30 
2833 40 

11 It could be argued that subjects responded slower to O and Q on go trials terminating control episodes because 
thee O and Q are more difficult to discriminate compared to the other members of the letter sets (A, E, U, and R, 
S,, V). This account is rendered less likely in view of approximately equal error rates, 9.0% for O and Q vs. 9.7% 
forr the other letters, F < 1). 
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Thee race model was also used to predict RTs of responses on stop-signal trials that were not 
inhibited.. As can be seen in Table 2.2, the predicted RTs of inhibition failures were considera›
blyy underestimated for both test episodes, F (I, 12) = 221.14,/?< .001, and control episodes, F 
(1,, 12) = 256.83, p < .001. Finally, as predicted by the race model, responses that escaped 
inhibitionn on stop-signal trials were significantly faster than responses on no-signal trials, both 
duringg test episodes and control episodes, F (1, 12)= 11.26, p < .01. 

2.44 Discussion 

Thiss study set out to examine the interaction between two types of intentional inhibitory con›
trol,, stop-signal inhibition and inhibition of response readiness. The inhibition of response 
readinesss was manipulated by inserting nogo cues in the series of choice reaction trials. Sub›
jectss were required to refrain from responding to the nogo cue and the nogo cue signaled that 
anotherr nogo trial was imminent. This manipulation created two types of episodes within the 
triall series; test episodes of reduced response readiness, when subjects were anticipating the 
nogoo signal, and control episodes requiring speeded choice reactions on each trial. The effec›
tivenesss of this manipulation was supported by a significant shift in speed/accuracy tradeoff 
betweenn episodes. Subjects’ latency of responding slowed down significantly while they were 
awaitingg a nogo trial and the proportion of choice errors decreased relative to control episodes. 
Thee efficacy of the nogo cue was not perfect, however. Subjects committed a sizable number 
off commission errors to the nogo signals terminating test episodes (O and Q) and responded 
considerablyy slower to these signals when part of control episodes (i.e., when Q and O were 
nott signaled by the nogo cue X). Most likely, the relatively high incidence of commission 
errorss on nogo trials is due to the emphasis that was placed in the instructions on the primacy 
off speeded choice reactions. The small proportion of omission errors to O and Q on go trials 
duringg control episodes is consistent with this interpretation. 

Stopp signals were presented during both episodes and their timing was manipulated us›
ingg a tracking procedure. The tracking algorithm was targeted at a percentage of 50% correct 
inhibits.. It appeared that the tracking was quite successful (51% correct inhibits), as it was in 
previouss studies (Logan et al., 1997; Osman, Kornblum, & Meyer, 1986, 1990; Ridderinkhof 
ett al , 1999; Williams et al., 1999). The percentages of correct inhibits differed between epi›
sodes;; 57% vs. 46% for test and control episodes respectively. This finding could be taken to 
suggestt that stop-signal inhibition is more efficient during episodes of reduced response readi›
ness.. However, given the approximately equal stop signal delays between episodes, the chance 
off the stop process winning the race during test episodes was somewhat higher because the go 
processs was slower during test episodes compared to control episodes. Most importantly, 
stoppingg latency showed a small (7 ms), but statistically reliable, difference between episodes 
(thee reliability of this difference is supported also by the results of simulations reported in 
Appendixx 2-A). Contrary to expectations, stopping latency was slower, not faster, during test 
episodes.. It was anticipated that stopping would be facilitated during episodes of reduced 
responsee readiness. The current results demonstrated the opposite trend, however. 

Beforee interpreting slower stop-signal inhibition for test episodes, the difference be›
tweenn predicted and observed RTs of responses that escaped inhibition on stop trials must be 
addressed.. The latency of stop-signal inhibition was estimated using the race model. This 
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modell also allows one to predict the response latency of failed inhibits. In previous studies, 
thee difference between predicted and observed RTs was used as a test of the independence 
assumptionn underlying the race model (De Jong et al., 1990; Jennings et al., 1992; Logan & 
Cowan,, 1984). The difference between predicted and observed RTs is typically in the order of 
155 ms or less, suggesting that empirical data fit the model fairly well. The difference observed 
inn the current study was much larger and statistically significant; 44 and 47 ms for test and 
controll episodes, respectively. The use of a visual rather than an auditory stop signal might 
havee contributed to the observed differences in predicted and observed RTs. Stopping experi›
mentss with stop signals in the same modality as the primary-task respond signal also reported 
aa statistically significant difference between predicted and observed RTs, albeit of smaller 
magnitudee (Van Boxtel et al., 2001). 

Att this point, it should be noted, however, that the results of recent studies challenge 
thee use of predicted versus observed RTs as an index of independence violation. As indicated 
above,, Van Boxtel et al. observed a significant difference between observed and predicted 
RTs.. Nonetheless, a detailed examination of psychophysiological response patterns associated 
withh signal-respond and no-signal trials (i.e., central and peripheral indicators of response 
selectionn and activation) indicated that these patterns were virtually identical. This finding 
suggestss independence rather than interference, in spite of the difference between observed 
andd predicted RTs that was observed. Simulation studies basically arrived at similar conclu›
sions.. Thus, De Jong demonstrated that, rather than dependence, variability of stop latency 
givess rise to an underestimation of signal-respond RT. This result was replicated by Band 
(1997)) who, in addition, demonstrated that variability in stop latency does not compromise 
estimatess of stop latency when based on tracking procedures. In view of these studies, then, it 
mustt be concluded that the currently observed difference between observed and predicted RTs 
iss most likely to result from variability in stop latency, not dependence between stop signal 
andd reaction signal processing. Unfortunately, the current data do not provide a ready explana›
tionn for the allegedly high levels of stop signal variability. 

Returningg to the major finding, a more specific interpretation of why slower stopping 
shouldd be associated with reduced response readiness can be derived from the analysis of 
responsee dynamics reported by Ulrich, Mattes, and Miller (1999). Ulrich et al. examined the 
magnitudee and time course of response force in the Donders a- (simple), b- (choice), and c 
(go/nogo)) tasks. They found that response force was virtually identical for a- and b-reactions. 
However,, c-reactions were more forceful than both a- and b-reactions. Previously, these inves›
tigatorss reported that subjects produced responses that are more forceful when go probability 
wass low than when it was high (Mattes, Ulrich, & Miller, 1997). They interpreted these find›
ingss in terms of an extended version of the response readiness model proposed by Niemi and 
Naatanenn (1981). According to their reasoning, it is assumed that subjects reduce their readi›
nesss to respond when they perform a c- or go/nogo task in order to avoid commission errors. 
Additionally,, it is assumed that the distance between response readiness and the motor action 
limitt is increased with a decreasing probability of go trials. When response readiness is low, a 
largee increment is needed to exceed the action limit, resulting in slow, but forceful responses. 
AA similar explanation might apply to the present observation that stop latency is slower during 
inhibitoryy episodes. Assuming that response readiness is lower during inhibitory episodes, a  a 
largerr increment is needed to exceed the action threshold. This will result in slower responses 
onn no-signal trials and slower stopping on stop-signal trials, because the more forceful re-
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sponsess are more difficult to inhibit compared to responses executed when the distance to the 
actionn threshold is smaller (i.e., during control episodes). 

Thee current observation that stop-signal inhibition varies as a function of the demands 
onn inhibitory control exerted by the primary task suggests that both are influenced by a single 
factor,, namely response readiness. This type of interaction is referred to as functional depend›
encee (Logan & Cowan, 1984). Functional dependence does not imply stochastic dependence, 
whichh affords accurate prediction of trial-by-trial variability in stop latency from trial-by-trial 
variabilityy in go RT. The race model only assumes stochastic independence between primary 
taskk processes and stop processes (Logan & Cowan, 1984; Osman et al., 1986, Ridderinkhof 
ett al., 1999). Functional dependence does not violate the assumptions of the race model or bias 
thee estimation of stop latency based on these assumptions. 

Inn conclusion, it was predicted that reduced response readiness would be associated 
withh a facilitation of stop-signal inhibition. In contrast, the present results indicated that the 
latencyy of stop-signal inhibition is prolonged during episodes of reduced response readiness. 
Thiss pattern of findings is analogous to the results obtained in previous studies examining the 
interactionn between stop-signal inhibition and a variety of reactive inhibition (Kramer et al., 
1994;; Ridderinkhof et al., 1999). These studies showed that stopping is more difficult when a 
responsee conflict has to be resolved. These findings are typically interpreted to suggest that 
stop-signall inhibition and reactive inhibition associated with the primary task compete for the 
samee resources. The current results, however, point to a positive relation between the latency 
off stop-signal inhibition and the latency of reactions to the primary task signal. The positive 
relationn may be interpreted to suggest that a state of reduced readiness has similar effects on 
stoppingg and primary task processing (see Band, 1997, for a full discussion of this issue). 
Alternatively,, a state of reduced readiness may be associated with more forceful responses that 
aree less easy to inhibit. The latter interpretation is now under investigation using electrical 
brainn and electromyographic measures to assess the temporal and force dynamics of response 
activationn and inhibition. 
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2-AA Appendix Use of a bad clock does not enhance the 
detectionn of differences in SSRT 

Itt could be argued that the determination of the finish RT, and hence the estimation of stop 
latency,, is less accurate when RTs are measured with clocks having suboptimal timing resolu›
tion.. At the presentation of a respond signal, the counter clock generates a discrete sequence 
off equally distant time points, starting from zero. The time resolution of the counter clock is 
definedd by the interval between two consecutive time points. The smaller this distance, the 
moree accurate the counter clock. Recording a RT that is generated at a certain moment in time, 
involvess rounding up to the time point counted next (see Ulrich & Giray, 1989 for a study on 
thee effects of bad clocks on reaction time measurement). 

Thee ’bad clock’ issue was addressed by a series of simulations investigating the effects 
off time resolution of the counter clock on the detection of differences between two stop laten›
ciess estimated from two primary RT distributions. In the simulations, the numbers of stop 
trialss included were 50, 250, and 600. The a priori effect sizes were fixed at 0, 7, and 25 ms. 
Thee time resolution of the counter clock was varied from 1, 5, 10, 25, to 50 ms. The values for 
meann and standard deviation of stop latency were set at 200 ms and 50 ms, respectively. Stop-
signall delay was continuously adjusted throughout the simulations in steps of 50 ms according 
too a staircase-tracking algorithm, depending on the accuracy score on the previous stop trial. 

Tablee 2-A 1: Statistical power values that represent the chance of detecting a sig›
nificantt difference in stop latency estimated from two primary-task RT, Normal, 
distributionss with different means (A/j = 400 ms, Mi = 420 ms). 

TVV stop trials 

50 0 

250 0 

600 0 

Effect t 
size e 

0 0 

7 7 

25 5 

0 0 

7 7 

25 5 

0 0 

7 7 

25 5 

1 1 

0.052 2 

0.222 2 

0.928 8 

0.056 6 

0.558 8 

1.000 0 

0.048 8 

0.924 4 

1.000 0 

Timee Resolution of Clock in ms 

5 5 

0.058 8 

0.252 2 

0.936 6 

0.040 0 

0.618 8 

1.000 0 

0.044 4 

0.888 8 

1.000 0 

10 0 

0.064 4 

0.218 8 

0.936 6 

0.044 4 

0.602 2 

1.000 0 

0.052 2 

0.858 8 

1.000 0 

25 5 

0.044 4 

0.158 8 

0.914 4 

0.064 4 

0.362 2 

1.000 0 

0.066 6 

0.490 0 

1.000 0 

50 0 

0.052 2 

0.182 2 

0.814 4 

0.046 6 

0.144 4 

0.952 2 

0.040 0 

0.130 0 

0.954 4 

Note:Note: Each power value is based on 500 replications. 
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Stopp latencies were estimated from two primary RT distributions, the mean of primary RT 
distributionn 1 (M\ = 400) was set 20 ms faster compared to the mean of primary RT distribu›
tionn 2 (A/2 = 420). The data presented in Table 2-A1 to 2-A3 represent power values, or the 
chancee of finding a significant difference in stop latency between two conditions. Each power 
valuee was calculated over 500 replications and 13 subjects. Tables 2-A1 to 2-A3 refer to 
simulationss using the Normal, Weibull, and Ex-Gaussian RT distributions, respectively. 

Itt can be seen that the chances of finding a significant stop latency difference with the 
goodd clock increase substantially as the a priori defined effect size increases from 0 to 7, and 
too 25 ms. Also, increasing the number of stop trials included in the simulated experiment 
increasess power considerably, especially with moderate effect sizes of 7 ms. Most impor›
tantly,, the use of a clock of limited time resolution up to 50 ms does not increase the chance of 
findingg significant differences in estimated stop latency compared to a good clock. In most 
cases,, the use of less accurate timing resolution actually masks the detection of significant 
differencess in estimated stop latency. These conclusions hold for primary-task RTs and stop 
latenciess that are characterized by Normal, Weibull, as well as the Ex-Gaussian distributions. 
Thee latter finding is consistent with Logan and Cowan (1984) who indicated that the horse›
racee model does not assume RT distributions of a particular form (p. 313). 

Tablee 2-A2: Statistical power values that represent the chance of detecting a sig›
nificantt difference in stop latency estimated from two primary-task RT, Weibull, 
distributionss with different means (M\ - 400 ms, A/> - 420 ms). 

NN stop trials 

50 0 

250 0 

600 0 

Effect t 
size e 

0 0 

7 7 

25 5 

0 0 

7 7 

25 5 

0 0 

7 7 

25 5 

1 1 

0.062 2 

0.112 2 

0.502 2 

0.072 2 

0.230 0 

0.982 2 

0.042 2 

0.502 2 

1.000 0 

Timee Resolution of Clock in ms 

5 5 

0.054 4 

0.130 0 

0.490 0 

0.036 6 

0.246 6 

0.980 0 

0.046 6 

0.430 0 

1.000 0 

10 0 

0.060 0 

0.122 2 

0.470 0 

0.058 8 

0.212 2 

0.988 8 

0.034 4 

0.426 6 

1.000 0 

25 5 

0.052 2 

0.128 8 

0.458 8 

0.058 8 

0.206 6 

0.950 0 

0.044 4 

0.312 2 

1.000 0 

50 0 

0.040 0 

0.082 2 

0.438 8 

0.062 2 

0.110 0 

0.772 2 

0.050 0 

0.076 6 

0.856 6 

Note:Note: Each power value is based on 500 replications. 
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Tablee 2-A3: Statistical power values that represent the chance of detecting a sig›
nificantt difference in stop latency estimated from two primary-task RT, Ex-
Gaussian,, distributions with different means (M\ = 400 ms, M? = 420 ms). 

TVV stop trials 

50 0 

250 0 

600 0 

Effect t 
size e 

0 0 
7 7 

25 5 

0 0 
7 7 

25 5 

0 0 

7 7 

25 5 

1 1 

0.070 0 
0.130 0 

0.632 2 

0.050 0 
0.352 2 

1.000 0 

0.048 8 

0.644 4 

1.000 0 

Timee Resolution of Clock in ms 

5 5 

0.050 0 
0.126 6 

0.604 4 

0.056 6 
0.378 8 

0.998 8 

0.052 2 

0.628 8 

1.000 0 

10 0 

0.086 6 
0.128 8 

0.636 6 

0.052 2 
0.352 2 

0.998 8 

0.076 6 

0.596 6 

1.000 0 

25 5 

0.064 4 
0.134 4 

0.600 0 

0.060 0 
0.232 2 

0.996 6 

0.048 8 

0.396 6 

1.000 0 

50 0 

0.042 2 

0.146 6 

0.562 2 

0.046 6 

0.148 8 

0.894 4 

0.048 8 

0.132 2 

0.968 8 

Note:Note: Each power value is based on 500 replications. 
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33 Stop latency varies with response force 

Abstract t 

Inn a previous study (Van den Wildenberg, van der Molen, & Logan, 2002), we have found 
thatt the speed of stopping a response is delayed when response readiness is reduced by 
cuingg the probability of nogo trials. Other investigators observed that responses are more 
forcefull when the probability to respond is low than when it is high (e.g., Mattes, Ulrich, 
&& Miller, 1997). In this study, the hypothesis was tested that low probability responses are 
moree difficult to stop, as these responses are more forceful than high probability re›
sponses.. Subjects performed on a choice reaction task and on three tasks with respectively 
100%,, 80%, and 50% response probabilities. Stop signals were presented on 30% of the 
trials,, instructing subjects to withhold their response. Response force on non-signal (go) 
trialss and the duration of response inhibition on signal (stop) trials increased as response 
probabilityy decreased. This pattern of findings was interpreted to support the hypothesis 
predictingg that stopping is more difficult when response readiness is low than when it is 
high. . 

3.11 Introduction 

Thee ability to stop motor responses is an important act of control that can be investigated in a 
laboratoryy setting using the stop-signal paradigm (Logan, 1994; Logan & Cowan, 1984). In 
thee stop-signal paradigm, the subject is usually engaged in a primary choice reaction time 
(RT)) task requiring the subject to press one of two keys with the index fingers as quickly as 
possiblee after the presentation of the reaction stimulus. In addition to this primary task, the 
subjectt has to stop the prepared or ongoing response when an occasional stop signal is pre›
sented.. The chances of successful stopping depend on the timing of the stop signal relative to 
thee primary-task signal. Response inhibition is easy when the stop signal is presented shortly 
afterr the primary-task signal but becomes increasingly difficult, or virtually impossible, when 
stop-signall delay is increased and approaches the moment of response execution (e.g., Lappin 
&& Eriksen, 1966; Logan, 1994; Logan & Cowan, 1984). 

Performancee on the stop task has been conceptualized as the outcome of a race be›
tweenn two sets of processes - going and stopping (Lappin & Eriksen, 1966; Logan & Cowan, 
1984;; Vince, 1948). The response will be executed if the go process wins the race, whereas 
thee response will be withheld if the stop process wins the race. Given a small set of assump›
tionss (viz., stopping processes have a constant duration and are stochastically independent 
fromm go processes), it is possible to calculate the time required for stopping the response; that 
is,, the stop-signal reaction time (SSRT). It appears that the horse-race model describes empiri›
call data quite well (for a review Logan, 1994) and simulation studies have demonstrated that 
estimatess of SSRT are fairly reliable (Band, van der Molen, & Logan, 2003). 

29 9 



33 STOP LATENCY VARIES WITH RESPONSE FORCE 

Thee stop-signal paradigm has been applied successfully to examine inhibitory control under a 
varietyy of experimental conditions. For example, the SSRT of young adults is close to 200 ms 
whenn they try to interrupt continuous actions such as typing (Logan, 1982), over-learned 
responses,, such as speaking (Ladefoged, Siiverstein, & Papcun, 1973), or incompatible re›
sponsess (Logan, 1981). The stop-signal paradigm has been used in human subjects but also in 
monkeyss (Hanes, Patterson, & Schall, 1998). Stopping has been examined in children (Band, 
vann der Molen, Overtoom, & Verbaten, 2000; Ridderinkhof, Band, & Logan, 1999; Schachar 
&& Logan, 1990) and in the elderly (Kramer, Humphrey, Larish, Logan, & Strayer, 1994; for 
life-spann studies see Bedard, Nichols, Barbosa, Schachar, Logan, & Tannock, 2002; Williams, 
Ponesse,, Schachar, Logan, & Tannock, 1999). The stop-signal paradigm has indicated defi›
cienciess in inhibitory control in clinical groups, including ADHD children (Jennings, van der 
Molen,, Pelham, Brock, & Hoza, 1997; Oosterlaan & Sergeant, 1998; Overtoom et al, 2002; 
Schacharr & Logan, 1990). In other studies, the effects of methylphenidate (Tannock, 
Schachar,, Carr, Chajczyk, & Logan, 1989) and alcohol (Mulvihill, Skilling, & Vogel-Sprott, 
1997)) on inhibitory control have been studied. Finally, investigators used the stop-signal 
paradigmm to assess inhibitory control as reflected by single-cell brain activity (Hanes, et al., 
1998),, brain potentials (De Jong, Coles, & Logan, 1995; De Jong, Coles, Logan, & Gratton, 
1990;; Van Boxtel, van der Molen, Jennings, & Brunia, 2001), heart rate changes (Jennings, 
vann der Molen, Brock, & Somsen, 1992) or muscle activation (McGarry & Franks, 1997). 

Althoughh the race model fits most data fairly well, the model does not address the na›
turee of the stopping process as such (cf. Logan, 1994). One way to achieve a better under›
standingg of the nature of stop-signal inhibition is provided by studies that combine stopping 
andd other forms of inhibition. Two recent studies employed stop signals in an Eriksen flanker 
taskk and found that responses to target stimuli that were flanked by incompatible distracters 
weree more difficult to inhibit than responses to compatible displays (Kramer et al., 1994; 
Ridderinkhoff et al., 1999). On the basis of these results, it was suggested that stopping and the 
requirementt to suppress responding to incompatible flankers, queue up or compete for execu›
tionn due to restrictions in mental capacity (cf. Ridderinkhof et al., 1999). 

Inn a previous study, we adopted a similar strategy by crossing stop-signal inhibition 
andd the probability of responding (Van den Wildenberg, van der Molen, & Logan, 2002). 
Subjectss performed a primary task requiring a speeded binary choice reaction on go trials and 
responsee inhibition on nogo trials. An occasional cue informed subjects that a nogo trial was 
imminentt but left them uncertain about the number of go trials separating the cue and the 
upcomingg nogo trial. This setup was meant to induce tonic inhibition (i.e., episodes of reduced 
responsee readiness). The tonic inhibition episodes were contrasted with control episodes dur›
ingg which subjects were ready to execute a speeded choice reaction (i.e., trial sequences con›
sistingg of go trials only). During both episodes, a visual stop signal could occasionally and 
unpredictablyy follow the go-signal onset, instructing subjects to withhold their response to the 
goo signal. Responding on go trials was delayed during tonic inhibition episodes relative to 
controll episodes suggesting that cuing reduced the readiness to respond. Most importantly, 
stoppingg was delayed during tonic inhibition episodes. This pattern of findings was interpreted 
withh reference to a response readiness model suggested by Mattes, Ulrich, and Miller (1997; 
seee also Ulrich, Mattes, and Miller, 1999). 

Mattess et al. (1997) induced reduced response readiness by increasing the relative fre›
quencyy of nogo signals in go/nogo tasks. They observed that more forceful responses were 
producedd when the probability of a go signal was low than when it was high. Likewise, Ulrich 
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ett al. (1999) have found that responses on go trials in a go/nogo task were more forceful than 
responsess on simple and choice RT tasks (see also, Jaskowski & Wlodarczyk, 1997). Mattes 
andd co-workers proposed an extended version of Naatanen’s response readiness model (1971; 
seee also Niemi and Naatanen, 1981) to explain their findings. According to this model, sub›
jectss establish a criterion, known as the motor-action limit, and trigger an overt response when 
responsee readiness reaches this criterion. Subjects adjust their response readiness close to the 
motorr action limit only when they expect the respond signal to arrive because it is assumed 
thatt maintaining a high level of response readiness is difficult and an energy consuming proc›
ess.. The variable-increment version of this model, proposed by Mattes and co-workers, as›
sumess that detection of the respond signal causes an increment to the motor activation level 
thatt depends on the distance needed to reach the motor action limit. Given the noise inherent 
inn the motor system, it is further assumed that the system generates a pulse of activation that is 
somewhatt larger (i.e., overshoot) than the minimum necessary to cross the motor action limit. 
Thee probability findings observed by Mattes et al. (1997) were then explained by assuming 
thatt the motor system produces a larger overshoot (i.e., more forceful responses) when sub›
jectss are unprepared (low go-signal probability) than when they are prepared (high go-signal 
probability).. Along similar lines, we posited the hypothesis that responses executed during 
episodess of tonic inhibition (i.e., periods of reduced response readiness) are stopped less easily 
becausee these responses are associated with more force output than responses executed during 
controll episodes (i.e., periods of high preparation) (Van den Wildenberg, van der Molen, & 
Logan,, 2002). The experiment reported in the current study was designed to test this hypothe›
sis. . 

Thee experimental design comprised four tasks, the standard choice reaction task, 
whichh is commonly used as a primary task in the stop-signal paradigm, and three tasks with 
varyingg response probabilities. On all tasks, subjects were asked to respond to left- or right 
pointingg arrows. In the choice reaction task, a left-pointing arrow required a left-hand re›
sponsee and a right-pointing arrow required a right-hand response. In the three other tasks, 
subjectss responded to the arrows with a right-hand response. In one task, the probability of 
respondingg was 100% (i.e., a simple or Donders a-task) and in the two other tasks, the prob›
abilityy of responding was either 80% or 50% (go/nogo or Donders c-tasks). In the stop tasks, a 
stopp signal was presented randomly at 30% of the trials instructing subjects to withhold the 
plannedd response. Response force measures were taken in all tasks in addition to measures of 
responsee speed and accuracy. 

Basedd on previous studies, it was predicted that (a) SSRTs would be longer for choice 
comparedd to simple reactions (Logan, Cowan, & Davis, 1984), (b) response force would not 
differentiatee between choice and simple reactions, as the probability to respond was 100% in 
bothh tasks (see Ulrich et al., 1999), and that (c) response speed would decrease but response 
forcee would increase when response probability is lowered (Mattes et al., 1997). Most impor›
tantly,, it was predicted that SSRT would be longer when the probability of responding is low 
thann when it is high because low probability responses are more forceful and are thus more 
difficultt to stop than high probability responses. 
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3.22 Method 

3.2.13.2.1 Participants 

Twenty-threee undergraduate students (13 females and 10 males, M = 21.9 years of age, SD = 3 
years)) participated to fulfill course requirements. They were all right-handed and had normal 
orr corrected-to-normal vision. Each subject participated in a single session of approximately 
threee hours. 

3.2.23.2.2 Apparatus and signals 

Thee subjects were seated in a comfortable reclining chair with supports for hands, arms, and 
legs.. Stimuli were presented against the black background of a 14-inch monitor that was 
placedd 1 m in front of the subject at eye level. The imperative signals were green left- and 
right-pointingg arrows, subtending a visual angle of 1.72° . Signal duration was 1500 ms and the 
timee interval between the onsets of subsequent imperative signals varied between 1250 and 
17500 ms in steps of 125 ms. During the interval, a white fixation square was presented that 
subtendedd a 0.4°  visual angle. All stimuli were horizontally and vertically centered on the 
midpointt of the computer screen. Subjects responded by means of a single press with the left 
orr right index finger on one of two zero-displacement force transducers (Kyowa LM-20KA) 
integratedd within hand supports. Each transducer generated a proportional voltage that was 
A/DD converted and analyzed on line. Response onset was defined at 2% of the maximum 
voluntaryy force and response completion was set at 15% of the maximum force. 

3.2.33.2.3 Tasks and design 

Thee experimental design comprised four reaction tasks; A standard choice reaction task and 
threee tasks with varying response probabilities; A simple reaction task with 100% response 
probabilityy and two go/nogo tasks with either 80% or 50% response probability. In all tasks, 
subjectss responded to the left- or right-pointing arrows. Arrow direction varied randomly and 
equiprobablyy in the choice and simple reaction task. In the choice reaction task, subjects re›
spondedd to a left-pointing arrow with their left hand and to a right-pointing arrow with their 
rightt hand. In the simple reaction task subjects responded with their right hand to all arrows. 
Inn the go/no-go tasks, subjects responded only with their right hand to right-pointing arrows 
(i.e.,, go signals) whereas subjects had to refrain from responding to left-pointing arrows (i.e., 
nogoo signal). 

Thee four tasks were presented in two formats. In the standard paradigm, the tasks were 
presentedd in their typical format. In the stop-signal paradigm, an occasional stop-signal was 
introducedd to the tasks. The stop-signal, presented on 30% of the trials, consisted of a color 
changee of the arrow - from green to red. The timing of the color-change was dynamically 
adjustedd and targeted at 50% correct inhibits using a tracking algorithm (Levitt, 1971). Upon 
successfull stopping, the stop-signal delay on the next stop trial was increased by 50 ms. Fail›
uress to inhibit were followed by a 50 ms decrease in stop-signal delay. 
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3.2.43.2.4 Procedure 

Forr each subject, individual maximum voluntary force was measured for each index finger 
beforee administration of the experimental tasks. Stop trials were classified as signal-respond 
trialss if the force exceeded 15% of the maximum voluntary force. If the force remained below 
aa criterion of 15%, the trial was classified as a signal-inhibit trial. Subjects were instructed to 
respondd as quickly and accurately as possible to green go-arrows and to avoid errors of com›
missionn to nogo arrows pointing to the left in the go/nogo tasks. With respect to the stopping 
tasks,, subjects were told that the color of the green arrow would occasionally change to red, 
requiringg them to refrain from pressing the response button. It was explained that stop-signal 
delayy varied across trials so that on some trials stopping would be easy whereas on other trials 
stoppingg would be difficult. 

Inn the standard paradigm, the simple and choice RT task consisted of 120 trials each. 
Inn the standard paradigm, the 80% and 50% go/nogo tasks consisted of 125 and 200 trials, 
respectively.. In the stop paradigm, the simple and choice RT task both contained 180 trials. In 
thee stop paradigm, the 50% go task was administered in two blocks of 180 trials each and the 
80%% go task contained one block of 225 trials. Task order was counterbalanced across partici›
pants.. Half of the subjects started each task with the standard paradigm, the other half started 
withh the stop paradigm. Each task was practiced for at least 100 trials in a separate practice 
block.. There were short intermissions between test blocks and a 15-min break halfway the test 
session. . 

3.2.53.2.5 Response-force recordings 

Severall dependent measures were calculated for each response force function (see also Mattes 
ett al., 1997; Ulrich et al., 1999). The first set of force measures included (i) peak force, or the 
maximumm force value attained in that trial, (ii) time to peak force, the interval from onset until 
thee maximum of the output as an indication of the latency of the force output, and (iii) the 
impulsee size, the total force integrated over time in a single trial. The second set of measures 
describedd the shape of the force-time functions and included (i) dispersion, or the duration of 
forcee output, (ii) skewness, a measure of the degree of asymmetry of the force function, and 
(iii)) kurtosis as an indication of its peakedness. 

3.2.63.2.6 Data reduction and analysis 

Thee first four trials of each block of trials were viewed as warm-up trials and were discarded 
fromm further analysis. Individual mean reaction times (RTs) of correct trials were calculated 
afterr the removal of outliers from the RT distribution (i.e., RTs > M  2.5 SD) on a subject-by-
subjectt basis. 

Stop-signall reaction times were estimated using the horse-race model (Logan & 
Cowan,, 1984). Following the horse-race model’s independence assumption, the RT distribu›
tionn of the go process is the same whether or not a stop signal is presented. This implies that 
thee left side of the distribution of RTs on non-signal trials, representing fast RTs, matches the 
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distributionn of RTs on stop trials that escape inhibition. The latency of the stop process can be 
estimatedd from the start and the finish of the stop process. The start of the stop process is 
underr experimental control by the stop-signal delay, but the finish time has to be inferred from 
thee observed non-signal RT distribution. If responses are not stopped on n% of the stop trials, 
thee finish of the stop process is on average equal to the n-th percentile of the RT distribution 
onn non-signal RTs. Finally, mean stop-signal delay is subtracted from this finish time to ob›
tainn an estimate of stop latency (for a detailed exposition see Logan, 1994). 

3.33 Results 

3.3.13.3.1 Reaction times 

Go-signalGo-signal reaction times 

Tablee 3.1 shows the mean values for each dependent RT measure. An overall MANOVA on 
reactionn times (RTs) was conducted with within-subjects factors of Task (simple, choice, 50% 
go,, and 80% go) and Paradigm (standard paradigm vs. stop-signal paradigm). The main effect 
off Task was highly significant, F (3, 20) = 69.7, p < .001. Pairwise comparisons confirmed 
thatt all RT differences between tasks were highly significant (ps < .01). Simple RTs were 
shortest,, followed by RTs in the go/nogo task with 80% go signals, and 50% go signals, re›
spectively.. Responses in the binary choice task were slowest. 

Responsess on standard task trials (i.e., without stop signals) were faster than responses 
onn non-signal trials in the stop-signal task (264 vs. 295 ms, respectively), F ( l , 22) = 43.45,/? 
<< .001. Some tasks were more prone to this slowing than others, as indicated by a significant 
interactionn between Task and Paradigm, F (3, 20) = 13.90, p < .001. Post-hoc comparisons 
showedd that the slowing of responses was more pronounced in the simple and 80% go/nogo 
taskss compared to the choice and 50% go/nogo tasks (p < .001). Right-hand responses in the 
simplee task were 4 ms faster on average when the arrow pointed to the right (i.e., compatible 
withh respect to the response hand) than when it pointed to the left, F (\, 22) = 7.50, p = .01.’ 
Thiss effect did not interact with Paradigm (F< 1). Choice responses with the right hand were 
100 ms faster on average than responses with the left hand, F (1, 22) = 15.51, p< .001. This RT 
differencee between hands did not differ between standard and stop-signal paradigm (F= 1). 

Theree were less than .5% errors of omission. More choice errors were committed with 
thee right hand (3%) than with the left (2%) hand, F (1, 22) - 10.41, p < .004 and more prema›
turee responses were recorded for right hand (6%) than for left hand responses (1%), F (I, 22) 
== 58.97, p < .001. None of the error measures mentioned above interacted significantly with 
Paradigmm (ps > .09). 

11 A 4 ms advantage for spatially compatible responses in the simple RT task has been reported previously (Pof-
fenberger.. 1912; Ulrich et al., 1999). This has been attributed to neuronal transfer times of information between 
stimulatedd and response generating hemispheres. However, the RT bias observed in the current experiment 
cannott be readily interpreted in terms of hemispheric transfer times because the imperative signals of the present 
experimentt were presented in the center of the screen. 
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Ass can be seen in Table 3.1, increasing the probability of nogo trials led to an increased RT to 
goo signals; RTs were slower in the 50% go/nogo task than in the 80% go/nogo task, F (1, 22) 
== 24.70, p < .001. The RT difference between probabilities was somewhat larger in the stan›
dardd paradigm (28 ms) than in the stop paradigm (17 ms), as indicated by a significant interac›
tionn between Task (50% vs. 80% go/nogo) and Paradigm (standard vs. stop-signal), F (1, 22) 
== 4.88, p < .05. The likelihood of committing a false alarm was considerably higher in the 
80%% go/nogo task compared to the 50% go/nogo task (17% vs. 3%, respectively), F (1, 22) = 
83.98,, p < .001. In sum, decreasing the likelihood that a go response will be required increased 
RTT on go trials and decreased the proportion of false alarms on nogo trials. This pattern is 
suggestivee of a decrease in response readiness when response probability is lowered. 

Tablee 3.1: Mean reaction times and standard deviations per task and paradigm. 

Task k 

Choice e Simple e 80%% Go 50%% Go 

RTT measure 

Reactionn time 

M M 

309 9 

SD SD 

33 3 

MM SD M SD 

Standardd paradigm 

1944 23 262 30 

M M 

290 0 

SD SD 

33 3 

Stop-signall paradigm 

Non-signall RT 

Stop-signall RT 

Stop-signall delay 

Responsee ratio (%) 

326 6 

191 1 

124 4 

46.1 1 

41 1 

40 0 

68 8 

4.3 3 

252 2 

149 9 

93 3 

48.6 6 

44 4 

29 9 

58 8 

5.3 3 

292 2 

150 0 

130 0 

47.7 7 

45 5 

36 6 

67 7 

4.1 1 

309 9 

174 4 

129 9 

48.3 3 

41 1 

34 4 

57 7 

3.5 5 

Stop-signalStop-signal reaction times 

Thee stopping results are presented in Table 3.1. SSRTs were estimated for each subject and 
forr each task separately. First of all, subjects were able to stop their responses on stop-signal 
trialss successfully in about half of the times a stop signal instructed them to do so. The track›
ingg algorithm resulted in an overall percentage of 48% correct inhibits which is close to the 
anticipatedd 50%». The tracking algorithm worked very well for all tasks as the proportion of 
correctt inhibits did not differ significantly between stop tasks, F (3, 20) = 1.60, p = .22. As 
predictedd by the horse-race model, responses on stop trials that escaped inhibition were sig›
nificantlyy faster than responses on non-signal trials, F (1, 22) = 71.85, p < .001. The differ›
encess in RT between failed inhibits and responses on non-signal trials were strikingly similar 
acrosss stop tasks, about 125 ms, (F< 1). 

Ann overall analysis of mean SSRTs yielded a significant main effect of Task, F (3, 20) 
== 17.33,/? < .001. Post-hoc comparisons, adjusted for multiple comparisons using Bonferoni 
correction,, revealed that SSRTs in the choice task were slowest compared to the other tasks, F 

35 5 



33 STOP LATENCY VARIES WITH RESPONSE FORCE 

(1,, 22) = 37.88,/? < .001. Go responses in the go/nogo task with 80% go-signal probability 
weree stopped more quickly than responses in the go/nogo task with 50% go-signal probability 
{p{p = .02). Finally, stop-signal RTs derived from the simple task did not differ significantly 
fromm stop-signal RTs in the 80% go condition (F < 1). 

3.3.23.3.2 Force measures 

AA summary of the force measures is presented in Table 3.2. Response force functions obtained 
forr the standard tasks are presented in Figure 2.1. The first set of analyses compared the force 
outputt in the choice task with the force characteristics of responses in the simple RT task. 
Accordingg to expectation, none of the dependent force measures distinguished between the 
simplee and the choice reaction tasks; Mean peak force of the response, F < 1, integrated force, 
FF < 1, time to peak force, F (1, 22) = 2.33, p = .14, dispersion values, F < 1, skewness, F (1, 
22)) = 1.47, p = .24, and kurtosis, F < 1. 

Tablee 3.2: Mean force measures and standard deviations by task and paradigm. 

Task k 

Choicee Simple 80% Go 50% Go 

Forcee measure M SD M SD M SD M SD 

Standardd paradigm 
Peakk force (% mvf) 

Timee to peak force 

Integratedd force 

Dispersion n 

Skewness s 

Kurtosis s 

43.0 0 

130.7 7 

23.9 9 

14.2 2 

-.14 4 

-1.43 3 

19.9 9 

44.9 9 

10.5 5 

7.1 1 

.13 3 

.07 7 

43.3 3 

121.4 4 

24.0 0 

14.3 3 

-.11 1 

-1.43 -1.43 

18.4 4 

41.0 0 

10.0 0 

6.5 5 

.16 6 

.10 0 

44.5 5 

118.7 7 

24.6 6 

14.8 8 

-.10 0 

-1.46 6 

20.6 6 

36.7 7 

11.6 6 

7.4 4 

.14 4 

.09 9 

48.6 6 

114.6 6 

26.5 5 

16.3 3 

-.09 9 

-1.45 5 

23.7 7 

30.6 6 

13.0 0 

8.5 5 

.15 5 

.09 9 

Stop-signall paradigm 
Peakk force (% mvf) 

Timee to peak force 

Integratedd force 

Dispersion n 

Skewness s 

Kurtosis s 

44.3 3 

123.7 7 

24.8 8 

14.7 7 

-.14 4 

-1.43 3 

20.7 7 

39.4 4 

11.4 4 

7.4 4 

.14 4 

.06 6 

41.8 8 

121.0 0 

23.3 3 

13.8 8 

-.13 -.13 

-1.44 4 

22.3 3 

39.1 1 

12.3 3 

8.0 0 

.15 5 

.08 8 

46.1 1 

122.4 4 

25.4 4 

15.4 4 

-.09 9 

-1.46 6 

21 1 

33.9 9 

11.8 8 

7.6 6 

.14 4 

.07 7 

48.3 3 

116.8 8 

26.3 3 

16.1 1 

-.09 9 

-1.44 4 

23.6 6 

28.8 8 

12.7 7 

8.4 4 

.15 5 

.09 9 

Secondly,, planned contrast analyses on mean peak force values demonstrated that responses in 
thee 50% go/nogo task were more forceful than in the simple and choice RT tasks, F (1, 22) = 
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5.60,/?? = .01. In addition, the total amount of integrated force over time was larger in the 50% 
go/nogoo task than in the choice and simple RT tasks, F (\, 22) = 3.68, p = .03. Peak timing 
wass significantly shorter in the go/nogo task, F (I, 22) = 4.\0,p = .03. Analysis of dispersion 
indicatedd that the duration of force output was longer in the 50% go/nogo task compared to the 
simplee and choice tasks, F (1, 22) = 5.71, p = .03. Skewness and kurtosis did not differ sig›
nificantlyy between tasks (^-values of .20 and .53, respectively). 

Standardd Paradigm 

1000 200 300 

Timee in ms 
400 0 500 0 

Figuree 3.1: Response force waveforms represented as percentage of the maximum 
voluntaryy force (MVF) for the standard paradigm tasks. Note that the waveforms 
aree synchronized with respect to the reaction time (RT-locked) which was defined 
att 2% of the MVF. For average values of maximum force output the reader is re›
ferredd to the peak-locked averages presented in Table 3.2. 

AA final set of ANOVA analyses performed on response force measures obtained in the simple 
taskk (i.e., 100% go responses) and the go/nogo tasks (i.e., 80% and 50% go responses) showed 
aa reliable main effect of relative go-signal probability on response force, F (2, 44) = 3.31, p < 
.055 (with p values using the Greenhouse-Geisser correction for violations of the sphericity 
assumption).. Response force increased in a linear fashion, F (I, 22) = 6.44, p = .02, when the 
relativee frequency of go-signals decreased from 100%, to 80%, and 50% (peak forces are 
42.6%,, 45.3%, and 48.5% maximum voluntary force, respectively). Follow-up analysis indi›
catedd that responses in the simple task were less forceful compared to go responses in the 50% 
go/nogoo task (p < .01). The difference in peak force values between the 80% go/nogo task and 
thee simple task did not approach significance (p = .12). The difference in response force be›
tweenn the 80% go/nogo task and the 50% go/nogo task just failed to reach significance (p = 
.09).. The other force measures did not distinguish either between the 80% and 50% go/nogo 
taskss (ps > .10). Finally, none of the force output measures differentiated between standard 
taskss and stop-signal tasks (ps > .10). 
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3.44 Discussion 

Thee present study set out to examine the hypothesis that the duration of the stop process varies 
withh response force when response probability differs between tasks. The pattern of findings 
wass straightforward. Response force increased when response probability decreased and the 
durationn of the stop process varied with response force. Considering first the relation between 
responsee probability and response force, the current findings provide almost an exact replica›
tionn of the results reported previously by Ulrichet al., (1999) and Mattes et al., (1997). Like in 
thee Ulrich et al. report (experiment 1), the current findings showed shorter simple than choice 
RTss but no differences between force output measures associated with simple and choice 
reactions.. In addition, as in the Ulrich et al. report (experiment 3), the current findings showed 
thatt subjects produced significantly more forceful responses in the go/nogo task than in the 
choicee task. Finally, as in the Mattes et al. study (experiment 1), the current findings showed 
thatt subjects produced more forceful responses when the probability of responding decreased 
fromm 100%, through 80% to 50%. Moreover, the current force patterns did not differ between 
thee standard and stop-signal tasks substantiating the robustness of the relation between re›
sponsee probability and response force. 

Mattess et al. (1997) interpreted the relation between response probability and response 
forcee within the context of the variable increment version of Naatanen’s motor readiness 
model.. According to the original model, the latency of responding will depend on the distance 
betweenn the level of response readiness and the motor action limit. When the subject is highly 
prepared,, response readiness will be close to the motor action limit so that only a small incre›
mentt is needed to cross the limit. Alternatively, when the subject is in a relatively unprepared 
statee a larger increase in response readiness is needed to cross the limit. The variable incre›
mentt version of this model proposed by Mattes ct al. (1997), assumes that the motor system 
mustt produce a greater amount of activation when the subject is unprepared, thereby produc›
ingg a greater overshoot. It is further assumed that the amount of force output increases with 
thee degree of activation overshoot. The model thus predicts slower but forceful responses 
whenn subjects are relatively unprepared compared to when subjects are in a highly prepared 
state.state. The current results are in perfect agreement showing that response speed decreases and 
responsee force increases when the probability of responding is lowered. 

Turningg now to the data from the stop-signal tasks, it should be noted first that the in›
sertionn of stop-signals delayed responding on trials when no stop signal was presented (i.e., 
non-signall trials). This is a typical result in the stop-signal task literature, and is usually inter›
pretedd to suggest that subjects delay their responses to increase the probability of response 
inhibitionn (e.g., Logan, 1994). Obviously, this strategy is pointless when a tracking algorithm 
forr determining stop-signal delays is used, which is targeted at a particular probability of 
successfull inhibits (in this study set at 50%). The delay in responding when stop-signals were 
introducedd to the tasks was somewhat more pronounced for the simple and 80% go/nogo tasks 
comparedd to the 50% go/nogo and choice tasks. This finding is consistent with the literature 
showingg that mixing costs are usually larger in easy conditions compared to more difficult 
conditionss (for a review see Los, 1999). SSRTs varied across tasks. Consistent with previous 
reportss (e.g., Logan et al., 1984), SSRTs were longer when a choice reaction had to be stopped 
comparedd to the stopping of a simple reaction. Most importantly, SSRT increased when the 
probabilityy of responding decreased from 100% through 80% to 50%. In addition, as in the 
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standardd tasks, the force of responding on non-signal trials increased when response probabil›
ityy was lowered. The increase in SSRT associated with a decrease in response probability is 
consistentt with our previous finding showing that SSRT is prolonged when the subject is in a 
relativelyy unprepared state (Van den Wildenberg, van der Molen, & Logan, 2002). The current 
findingss provide support for the hypothesis suggested to account for this relation. In line with 
thee variable increment model proposed by Mattes et al. (1997), the hypothesis assumes that 
moree forceful responses are executed when the subject is relatively unprepared that are then 
moree difficult to inhibit. The current findings are consistent with this prediction in that they 
showw that a decrease in response probability is associated with more forceful responses and 
longerr SSRTs. 

Beforee closing, two additional points need to be made. One refers to the apparent dis›
crepancyy between the effects of response probability and the insertion of stop-signals to the 
task.. The decrease in response probability was associated with slower but more forceful re›
sponses.. The introduction of stop-signals to the tasks delayed responding on non-signal trials 
butt this delay was not associated with an appreciable change in response force. Most likely, 
thiss discrepancy is more apparent than real. Consider for example the simple task. Decreasing 
thee probability of responding to 50% resulted in an approximate 100 ms increase in the delay 
off responding on go trials. This delay was associated with a significant increase in the force of 
responding.. Decreasing the probability of responding to 80% increased the delay of respond›
ingg with about 70 ms, but response force failed to discriminate between the simple and 80% 
go/nogoo task. Introducing stop-signals to the simple task delayed the speed of responding on 
non-signall trials by about 60 ms, but failed to produce a significant effect on response force. 
Thiss pattern seems to suggest that introducing stop-signals to the tasks may have lowered the 
subject’ss readiness to respond, but not to an extent manifested in the force of overt responding 
onn go or non-signal trials. 

Thee other point refers to the most important finding of the current study; that is the ob›
servationn that the duration of stopping is longer for more forceful responses. It could be ar›
guedd that this relation presents a challenge to the independence assumption of the horse-race 
model.. The model assumes stochastic independence between stopping and go processes, 
meaningg that their durations are not correlated. Violations of stochastic independence are 
thoughtt to compromise estimates of SSRT (e.g., Logan, 1994; Logan & Cowan, 1984). Simu›
lationn studies indicated, however, that estimates of SSRT based on tracking 50% successful 
inhibitss are fairly robust against violations of the independence assumption of the horse-race 
modell (De Jong, et al., 1990). 

Inn conclusion, the present results demonstrate a relation between the speed of response 
inhibitionn and the subject’s readiness to respond. This finding may have important implica›
tionss for factorial studies examining the nature of stopping. For example, stop signals have 
beenn presented in Eriksen flanker tasks (Kramer et al., 1994: Ridderinkhof et al., 1999) to 
assesss whether the alleged inhibition of responses to incongruent flankers or of inappropriate 
responsess to the source of stimulation would interact with the inhibition of the correct re›
sponsee required by the stop signal. The typical finding is that SSRT is longer for responses on 
incongruentt or non-corresponding trials. These and similar findings are typically interpreted to 
implyy that stopping and the need to inhibit the (incorrect) response to incompatible flankers or 
too the source of stimulation queue up or compete for execution (for a review see Van den 
Wildenberg,, van der Molen, & Logan, 2002). The current findings suggest that an interpreta›
tionn of these findings in terms of response force may provide a viable alternative or at least 
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thatt potential differences in response force should be considered when interpreting interac›
tionss between stopping and other varieties of response inhibition. 
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44 Developmental fractionation of the ability 

too inhibit: Differential rates of age-related 

changee in simple and selective inhibitory control 

Abstract t 

Thiss study examined age-related change in the ability to inhibit using two varieties of the 
stop-signall paradigm. Three age groups (39 7-years olds, 24 10-year-olds, and 28 young 
adults)) performed first on a visual choice reaction task in which the spatial mapping 
betweenn stimulus and response was varied between blocks. The choice task was then 
extendedd by randomly inserting a visual stop signal on 30% of the trials. In the simple 
stop-signall paradigm, the stop signal required the inhibition of the planned response. In 
thee selective stop-signal paradigm, the stop signal required response inhibition only when 
thee stop signal was presented at the same side as the instructed response to the primary-
taskk stimulus. The results showed a substantial effect of S-R compatibility on the speed of 
respondingg that decreased with age. The S-R compatibility effect disappeared when stop 
signalss were introduced to the visual choice reaction task. Most importantly, both simple 
andd selective stopping improved throughout childhood but at different rates. The age-
relatedd change in the speed of selective inhibition was more pronounced compared to 
simplee inhibition. This developmental fractionation of the ability to inhibit has important 
implicationss for the understanding of cognitive control processes. 

11 Introduct ion 

Traditionally,, developmental theories emphasize the role of changes in the capacity to store 
andd process information in accounting for cognitive development (e.g., Case, 1985; Halford, 
1993;; Pascual-Leone, 1970). More recently, the concept of inhibition emerged from the 
literaturee (Howe & Pasnak, 1993) as a key-construct in explaining cognitive development 
(Bjorklundd & Harnishfeger, 1995; Dempster, 1993; Van der Molen, 2000) and interpreting 
deficienciess in childhood psychopathology (e.g., Barkley, 1997; Quay, 1997). The umbrella 
termm inhibition is hiding a variety of constructs belonging to at least two broad categories 
(e.g.,, Smith, 1992). One meaning of inhibition refers to hierarchical control of a lower force 
byy a higher force whereas the other notion of inhibition denotes a competitive relation 
betweenn qualitatively equivalent powers in which one force leads to the temporary arrest of 
thee other force. The former notion seems central to Dempster’s (1993) theorizing that presents 
aa synthesis between developmental research suggesting that resistance to interference 
contributess to diverse expressions of cognitive development and neuropsychological research 
indicatingg that the frontal lobes are critically involved in interference-sensitive tasks. 
Dempster’ss susceptibility-to-interference model attributes a major role to the executive 
functionss exercised by the prefrontal cortex and, thus, seems to emphasize active suppression 
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ass key-construct. Bjorklund and Harnishfeger (1995) emphasized the latter notion and 
hypothesizee that inhibitory processes become more efficient over childhood resulting in less 
irrelevantt information entering working memory and, thus, increasing its functional capacity. 
Thesee authors conceptualized processing efficiency in terms of activation speed and inhibition 
inn terms of a process that blocks the spread of activation (see also Harnishfeger, 1995). In this 
regard,, the inefficient inhibition model seems to emphasize the notion of competitive 
interactionn rather than active suppression. 

Thee present study is concerned with the active suppression type of inhibition that is 
manifestedd in several experimental procedures ranging from relatively simple tasks, such as 
thee Donders c-task (e.g., Becker, Isaac, & Hynd, 1987) to fairly complex tasks, such as the 
Wisconsinn Card Sorting Task (e.g., Chelune & Baer, 1986). These procedures share the re›
quirementt that a prepotent response must be suppressed. Most procedures are limited to the 
extentt that the processes involved in response suppression must be inferred from the absence 
off the prepotent response (e.g., Donders c-task), from the slowing of the correct response (e.g., 
Wisconsinn Card Sorting Test) or from non-invasive electrophysiological measurements (e.g., 
event-relatedd brain potentials). One exception is the stop-signal paradigm developed by Vince 
(1948;; see also Lappin & Eriksen, 1966) and formalized by Logan and Cowan (1984). In the 
stop-signall paradigm, subjects usually perform a standard two-choice task but on some trials a 
stop-signall is presented infrequently and unpredictably, countermanding the planned response 
too the go signal. According to the underlying theory (Logan, 1994; Logan & Cowan, 1984) the 
subject’ss ability to inhibit depends on the outcome of a race between two independent proc›
esses,, the go process and the stop process. If the go process wins the race, the response will be 
executed.. By contrast, if the stop process wins the race, the planned response will not occur. 
Thus,, the ability to inhibit depends on the latency of the stopping response to the stop signal 
(i.e.,, stop-signal reaction time). The clear advantage of the stop-signal paradigm over other 
proceduress is that it provides an exact measurement of an internal act of control even though 
successfull inhibition produces no overt behavior. Conceptually, the type of inhibition mani›
festedd in the stop-signal paradigm is one of several intentional acts of control that is required 
inn many real life situations (e.g., stopping for a red light) and is exercised by a higher-order 
executivee system (e.g., Norman & Shallice, 1986). 

Developmentall studies using the stop-signal paradigm to assess inhibitory control are 
relativelyy scarce and yielded only limited evidence of age-related change in the speed of in›
hibitoryy processes. Some studies observed a developmental increase in the latency of stop 
processess (e.g., Williams, Ponesse, Schachar, Logan, & Tannock, 1999; Ridderinkhof, Band, 
&& Logan, 1999). Other studies, however, failed to demonstrate systematic age-related changes 
(e.g.,, Band, van der Molen, Overtoom, & Verbaten, 2000; Jennings, van der Molen, Pelham, 
Brock,, & Hoza, 1997; Oosterlaan, 1996; Schachar & Logan, 1990). Monte Carlo simulations 
performedd by Band, van der Molen, and Logan (2003) suggest that the failure to obtain a 
developmentall trend in the ability to inhibit motor responses is most likely due to a lack of 
powerr (see also Williams et al., 1999). Indeed, those studies that did obtain an age-related 
increasee in the ability to inhibit used larger samples or based their estimates of stopping laten›
ciess on a larger number of trials. Williams et al. (1999) for example found that, for both chil›
drenn and adults, there was a significant age-related change in stopping speed that was distinct 
fromm the age-related change in response speed, but for children this effect was stronger. This 
findingg is inconsistent with the notion that speeded information processing is mediated by a 
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singlee global mechanism (e.g., Cerella & Hale, 1994). Instead, it suggests that different 
mechanismss are involved in stopping and executing a response (Band et al., 2000). 

Thee stop-signal paradigm can be complicated by requiring discrimination between two 
orr more stop signals (i.e., the planned response should be inhibited to one stop signal but not 
thee other) or between two or more responses (i.e., the stop signal requires the inhibition of one 
responsee but not the other). Most recently, Bedard and co-workers investigated developmental 
changee across the lifespan in the perceptual aspect of selective inhibitory control by adding a 
secondd tone to the basic stop-signal task (Bedard et al., 2002). Thus, subjects were required to 
respondd to an X or O in a binary choice task. On trials during which the designated stop-signal 
tonee was presented they were required to inhibit their planned response but on trials with the 
non-selectedd stop-tone they should execute the required response. The results of this study 
indicatedd that the speed of selective inhibitory control gets faster with age throughout child›
hoodd and slows down in older adulthood. A similar, but more pronounced pattern was ob›
servedd for the speed of responding on the choice reaction trials. Most interestingly, Bedard et 
al.. demonstrated, by submitting their data to hierarchical multiple regression analyses, that the 
age-relatedd changes in selective inhibitory control cannot be explained simply by overall 
speedingg or slowing of responses. This finding is important first by providing support for the 
horse-racee model assuming that inhibition processes are independent from go processes 
(Logann & Cowan, 1984; Band et al., 2003). Second, the strong age-related trend for response 
executionn and the less pronounced trend for response inhibition presents a challenge for hy›
pothesess suggesting that age-related changes in speeded information processing are mediated 
byy a single, global mechanism (e.g., Cerella & Hale, 1994; Kail, 1988; Salthouse, 1993). Their 
findingsfindings suggested to Bedard et al. (2002) the possibility that the ability to withhold a planned 
actionn is one of the earliest emerging control processes (executive functions) and is also pre›
servedd the longest (p. 107). 

Inn this study, we examined the developmental change in selective inhibitory control by 
manipulatingg the motor end of inhibitory processing. Subjects were asked to respond to a left-
orr right-pointing arrow with a left- or right-hand button press. On stop-signal trials, a visual 
stopp signal was presented to the left or right of the central arrow. The stop signal required 
subjectss to inhibit their response to the arrow but only when the location of the stop signal 
correspondedd with the location of the response. Studies examining the motor end of selective 
inhibitoryy control are few and restricted to adult subjects (e.g., De Jong, Coles, & Logan, 
1995;; Logan, Kantowitz, & Riegler, 1986). Those studies showed that the requirement to 
selectivelyy inhibit one response but not the other delayed the stopping process substantially. 
Moreover,, the increase in stopping time was more pronounced when one response out of four 
hadd to be inhibited compared to when one response out of two had to be stopped (Logan et al., 
1986).. Our goal was to investigate the age-related change in selective inhibitory processing 
throughoutt childhood and contrast the developmental trend in selective stopping with age-
relatedd changes in both simple stopping (i.e., withholding responses whenever a stop signal is 
presented)) and response execution. We predicted a more marked slowing of selective stopping 
comparedd to simple stopping due to the added requirement to determine whether the response 
shouldd be inhibited given its location vis-a-vis the location of the planned response. 

AA secondary aim of the current study was to investigate whether the speed of selective 
inhibitionn is determined by the response that has to be stopped. As indicated above, Logan et 
al.. (1986) observed that selective stopping one response out of four is slower compared to the 
stoppingg of one response out of two. This observation suggests the possibility that the 
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responsee selection demands imposed by the primary task influence the processes involved in 
selectivee inhibitory control. In the current study, we manipulated the response selection 
demandss of the primary task by varying spatial stimulus-response compatibility (SRC). There 
iss a vast literature that spatial SRC alters the speed of response selection (for a review see 
Sanders,, 1998). Thus, on compatible trial blocks subjects responded to the direction indicated 
byy the arrow stimulus whereas on incompatible blocks of trials a left-pointing arrow was 
assignedd to a right-hand button press and a right-pointing arrow to a left-hand button press. 
Thee typical finding is that incompatible responses are substantially slower than compatible 
responsess due to the need to suppress the incipient activation of the compatible response (e.g., 
Kornblum,, Hasbroucq, & Osman, 1990). In line with the findings reported by Logan et al. 
(1986)) we predicted that the selective inhibition of an incompatible response would be slower 
thann the selective inhibition of a compatible response. In addition, we predicted that simple 
stoppingg would not be affected by SRC (Logan, 1981; Logan & Irwin, 2000). Finally, the 
SRCC manipulation allowed us to examine whether the developmental trends in simple and 
selectivee stopping would be different from age-related changes in the ability to inhibit a 
spatiallyy compatible response when the task requires the opposite response. 

4.22 Method 

4.2.14.2.1 Participants 

Thee present study included ninety-one participants from three age groups. A group of thirty-
ninee 7-year-olds (Mage = 7.3, SD - 0.4), and a group of twenty-four 10-year-olds (M age = 
10.4,, SD = 0.4) were recruited from local elementary schools (see Table 4.1). For all children, 
informedd consent was obtained from parents and teachers. Twenty-eight undergraduate stu›
dentss of the Universiteit van Amsterdam (Mage = 21.9, SD = 2.9) participated and received 
coursee credits for participation. According to self-report, all subjects were healthy, and had 
normall or corrected-to-normal vision. They were naive about the experimental hypothesis. 
Meann percentile scores on the Raven Progressive Matrices (RPM) did not differ significantly, 
suggestingg that subjects in different age groups were comparable in terms of intelligence 
(52%,, 61%, and 66% in the young and older children and young adults respectively, F (2, 82) 
== 2A,p = A0). 

Tablee 4.1: Number of subjects, mean age in years and standard deviations (in pa›
rentheses),, gender, and Raven percentile scores per age group. 

Agee group 

7-year-olds s 

10-year-olds s 

Youngg adults 

n n 

39 9 

24 4 

28 8 

Age e 

7.3(0.4) ) 

10.4(0.4) ) 

21.9(2.9) ) 

Boyss /Girls 

211 / 18 

111 / 13 

7/21 1 

Raven n 
percentile e 

52 2 

61 1 

66 6 
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4.2.24.2.2 Apparatus and signals 

Inn all tasks, the imperative signal was a green arrow presented centrally against a black moni›
torr background. The imperative stimulus was response terminated or terminated after 1000 ms 
afterr signal onset. Inter-stimulus intervals varied randomly but equiprobably from 1250 to 
17500 ms in steps of 125 ms. During the inter-stimulus intervals, a white fixation point ( 3 x 3 
mm)) was shown in the center of the screen. The target arrow either pointed left or right and 
wass flanked on both sides by a square (2x2 cm) that remained on screen during the task. The 
totall stimulus display subtended a visual angle of 9.1° . Keyboard keys ’z’ and 7’ recorded left 
andd right-hand responses, respectively, from the onset of the target signal until the presenta›
tionn of the next target signal. 

4.2.34.2.3 Experimental tasks 

Theree were three experiment tasks; The choice task, the simple inhibition task, and the selec›
tivee inhibition task. 

ChoiceChoice task 

Subjectss responded to the direction of the arrow. Left and right arrow direction was varied 
randomlyy within blocks of trials. There were two types of trial blocks: Compatible and incom›
patible.. In the compatible condition, subjects responded to the position indicated by the central 
arroww (e.g., if the arrow pointed to the left, they pressed the left button). In the incompatible 
condition,, subjects responded to the opposite position (if the arrow pointed left, subjects 
pressedd the right button). Both compatible and incompatible trial blocks consisted of 100 
experimentall trials. The order of compatible and incompatible blocks was counterbalanced 
acrosss subjects. 

SimpleSimple stop task 

Subjectss performed the choice task as described above, but on 30% of the trials a global stop 
signall was presented, which instructed subjects to refrain from responding. The global stop 
signall was indicated by changing the color of the two squares on either side of the target arrow 
fromm white to red for a period of 250 ms. A tracking algorithm (Levitt, 1971) was used to 
ensuree 50% successful inhibits, necessary for the estimation procedure of stop-signal reaction 
timee (Logan, Schachar, & Tannock, 1997). This tracking procedure compensated for individ›
uall differences in reaction time to primary-task signals (i.e., go trials). Subjects received two 
compatiblee and two incompatible trial blocks of 100 trials each. The order of presentation was 
counterbalancedd across subjects. 

SelectiveSelective stop task 

Subjectss performed the choice task as described above (see choice task). In this task, a selec›
tivee stop signal was presented on 30% of the trials. The selective stop signal consisted of one 
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off the two squares flashing red for 250 ms. The signal instructed subjects to inhibit their re›
sponse,, but only when the stop signal was presented at the side of the responding hand. For 
example,, in the compatible trial block, an arrow to the right is coupled with a right-hand re›
sponse,, which is to be stopped only in case of a stop signal to the right of the go stimulus. In 
thee same way, in the incompatible trials, an arrow pointing to the right is associated with a 
left-handd response, and should only be suppressed when the left square flashes. These trials 
aree dubbed valid stop trials. Alternatively, arrows accompanied by stop signals presented 
oppositee to the correct response hand should elicit a speeded response. These trials are dubbed 
invalidinvalid stop trials. Three test blocks were presented for each compatibility condition contain›
ingg 120 experimental trials each. Order was counterbalanced across subjects. 

4.2.44.2.4 Procedure 

Thee two older age groups (adults and 10-years-olds) performed all tasks. The choice task was 
alwayss presented first, and the order of the two stop tasks was counterbalanced across sub›
jects.. The adults performed their tasks, including a computerized version of RPM, within a 
singlee session of 2.5 hours. The 10-year-olds performed the tasks in two separate sessions of 
twoo hours. This was done to avoid potentially detrimental effects of fatigue. The youngest 
childrenn were randomly assigned to either the simple stopping or the selective stopping task, 
againn to avoid effects of fatigue. The youngest children completed their tasks within a single 
two-hourss session. Obviously, the procedural details made it impossible to analyze the data 
usingg a complete Age group (3) by Stopping task (2) design. However, based on pilot work, 
thiss analytical drawback was deemed less disadvantageous compared to negative effects asso›
ciatedd with fatigue. 

Alll subjects were tested in groups ranging from three (adults) to eight (children) in the 
universityy laboratory (students) or in a quiet room at school. Each task was introduced by 
presentingg the pertinent stimulus displays and response assignments. Care was taken that all 
subjectss understood the instructions well. Each task was preceded by at least one practice 
blockk of 100 trials. Subjects were instructed to respond as quickly and accurately as possible. 
Inn the stop tasks, subjects received the additional instruction to maintain their focus on the 
primaryy choice task and to avoid waiting for the stop signal to occur. Each test block was 
followedd by performance feedback. The duration of test blocks was approximately five min›
utes.. Between blocks there were short intermissions, and a longer rest was given before 
switchingg between tasks. 

4.2.54.2.5 Data analysis 

Thee first four trials of every block of trials were viewed as warm-up trials and discarded. 
Individuall mean reaction times (RTs) of correct trials were calculated after the removal of 
outlierss from the RT distribution (i.e., RTs > M  2.5 SD) on a subject-by-subject basis. Sub›
jectss were excluded from the analysis if (a) their accuracy was below chance level (50%), and 
(b)) their mean RT outranged 2.5 standard deviations from the mean age group RT. Applica›
tionn of these criteria resulted in the rejection of five 7-year-olds and one 10-year-old. Mean 
scoress on the RPM of these subjects fell within a range of two SDs, of the group averages. 
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Stop-signall reaction times were estimated using the horse-race model (Logan & Cowan, 
1984).. According to the independence assumption of the race model, the stop process does not 
affectt the latency of the go process. This implies that the left side of the distribution of go RTs 
(i.e.,, trials without a stop signal) representing fast responses, matches the distribution of RTs 
onn stop trials that escape inhibition. The latency of the stop process can be estimated from the 
startt and the finish of the stop process. The start of the stop process is under experimental 
controll by the stop-signal delay, but the finish time has to be inferred from the observed go RT 
distribution.. If responses are not stopped on n% of the stop trials, the finish of the stop process 
iss on average equal to the n-th percentile of the go RT distribution. Finally, mean stop-signal 
delayy is subtracted from this finish time to obtain an estimate of stop latency (see Logan, 
1994).. Stop-signal tracking based on inhibition rates of 50% provides stop latency estimates 
thatt are derived from the center of the go RT distribution, and are relatively insensitive to 
violationss of the assumptions of the horse-race model (e.g., Band et al., 2003; Logan et al., 
1997). . 

4.33 Results 

4.3.14.3.1 Choice task 

Alll three age groups performed the choice task and the individual mean RTs were subjected to 
ann analysis of variance (ANOVA) with Age group (3) as between Ss and S-R Compatibility 
(SRC)) (2) as within Ss factors. The main effects of Age group and SRC were significant, 
respectivelyy F (2, 82) = 116.2, p < .001, and F (1, 82) = 90.5, p < .001. The analysis yielded 
alsoo a significant interaction between Age group and SRC, F (2, 82) = 6.5, p < .01. In Table 
4.2,, it can be seen that the costs of making an incompatible response to the arrow stimulus 
decreasedd with age. Post-hoc analysis indicated that the RT differences between incompatible 
andd compatible responses were larger in the 7-year-olds compared to the two older age groups 
(p(p < .01). The two older age groups did not differ significantly in this respect (p = .20). 

AA similar analysis was performed on error rates. This analysis again yielded a signifi›
cantt interaction between Age group and SRC, F (2, 82) = 3.3, p < .05. Post-hoc comparisons 
off error rates indicated that the differences in error rate between compatible and incompatible 
responsess were largest in the 7-year-olds compared to the other two groups (p < .02) who did 
nott differ (p = .78). 

Recalll that half of the youngest children were assigned to the simple stopping task 
whereass the other half was assigned to the selective stopping task. The comparison between 
subgroupss failed to reveal a significant main effect of Subgroup on mean RT, F (1, 29) = 2.8, 
pp = .11, or a significant interaction between Subgroup and SRC, F < 1. A similar pattern was 
obtainedd for error rates; main effect of Subgroup, F < 1, and interaction between Subgroup 
andd SRC, F (1, 29) = 4.7, p = .09. These findings indicate that the subgroups did not differ in 
theirr performance on the choice reaction task, which served as the primary task in both the 
simplee and selective stopping paradigms. 
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Tablee 4.2: Mean reaction times (RT in ms), mean error percentages, and standard 
deviationss (in parentheses) by S-R mapping, compatible vs. incompatible, and 
meann effect size (incompatible compatible) per age group in the choice task. 

Agee group 

7-year-oldss (all) 

simplee stopping 

selectivee stopping 

10-year-olds s 

Youngg adults 

Stimulus-Responsee mapping 

Compatible e 

RT T 

612(117) ) 

577(116) ) 

635(119) ) 

4366 (39) 

3266 (29) 

Errorr (%) 

12(10) ) 

16(13) ) 

11(8) ) 

5(4) ) 

4(4) ) 

Incompatible e 

RT T 

679(121) ) 

628(131) ) 

706(110) ) 

479(62) ) 

3533 (37) 

Errorr (%) 

19(12) ) 

19(18) ) 

22(13) ) 

5(4) ) 

5(4) ) 

Effect t 
size e 

67 7 

51 1 

71 1 

43 3 

27 7 

Note:Note: Half of the youngest group was assigned to the simple stopping task and the 
otherr half to the selective stopping task. The results of each sub-group are pre›
sentedd separately (see text for further clarification). 

4.3.24.3.2 Simple stop task 

Thee data of three 7-year-olds (2 girls, 1 boy) were excluded because they failed to inhibit on 
moree than 90% of the stop trials. Their mean scores on the Raven Progressive Matrices fell 
withinn two SDs of the mean score of their age group. 

GoGo trials 

Thee mean go-signal RTs are presented in Table 4.3. The ANOVAs performed on these data 
yieldedd only a significant main effect of Age group, F (2, 65) = 70.9, p < .001. The main 
effectt of SRC failed to reach significance, F< 1, as did the interaction between Age group and 
SRC,, F (2, 65) = 1.3,/? = .29. A similar analysis performed on error rates yielded a compara›
blee pattern; A significant main effect of Age group, F (2, 65) = 46.9, p < .001, that did not 
interactt with SRC (F< 1) and the absence of a significant main effect of SRC (p = .20). Fol›
low-upp analyses of RT including Task as a separate factor (choice task alone vs. go task in 
simplee stopping paradigm) yielded a main effect of Task, F (1, 65) = 51.9, /? < .001. Re›
sponsess were faster when participants performed the choice task alone compared to when they 
performedd the choice task in the simple stopping paradigm. The main effects of Age group, F 
(2,, 65) = 88.1,/? < .001, and SRC, F ( l , 65)= 29.9,/? < .001, were included in a higher-order 
interactionn with the effect of Task, F (2, 65) = 3.3,/» < .05. Post-hoc analysis indicated that the 
insertionn of stop signals tended to slow down compatible responses more than incompatible 
responses,, F (1, 65) = 22.4, p < .001. This effect tended to be more pronounced in the 7-years-
oldss compared to the two other age groups {p = .06). 
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Tablee 4.3: Mean go-signal RT (Go RT in ms), mean error percentages, standard 
deviationss (in parentheses) by S-R mapping, compatible vs. incompatible, and 
meann effect size (incompatible-compatible) per age group in the simple stop task. 

Agee group 

7-year-olds s 

10-year-olds s 

Youngg adults 

Stimulus-Responsee mapping 

Compatible e 

Goo RT Error (%) 

658(137)) 16(10) 

518(78)) 2(4) 

369(38)) 2(1) 

Incompatible e 

Goo RT Error (%) 

653(117)) 18(15) 

5233 (70) 3 (3) 

385(41)) 3(3) 

Effectt size 

-5 5 

5 5 

16 6 

StopStop trials 

Thee mean proportions of failed inhibits, stop-signal delays, signal-respond RTs, and stop-
signall RTs are presented in Table 4.4 for each Age group and SRC combination. It can be 
seenn that the proportion of failed inhibits was close to 50% indicating that the tracking algo›
rithmm worked well. The 7-year olds failed to inhibit somewhat more frequently relative to the 
twoo older age groups (56% vs. 50%,/? < .01). SRC did not affect the proportion of successful 
inhibits,, F < 1. Mean stop-signal delay varied with age, F (2, 65) = 20.5, p < .001. The delays 
weree longer in the youngest children relative to the other two age groups (319 vs. 254 and 161 
ms,, p < .001). In line with the predictions of the horse-race model, responses on stop trials that 
escapedd inhibition (i.e., failed inhibits or signal-respond RTs) were faster than go responses, F 
(1,, 65) = 115.3, p < .001. Most importantly, the analysis of simple SSRTs yielded a significant 
mainn effect of Age group, F (2, 65) = 19.4, p < .001. Follow-up analysis indicated the stop-
signall RTs were longest in the 7-year-olds (p < .001) compared to the 10-year-olds and young 
adultss who did not differ (p = .09). The effects of SRC and the interaction between Age group 
andd SRC were not significant, Fs < 1. Thus, the speed of simple inhibition was about the same 
forr compatible and incompatible responses. This holds in all age groups, including the young›
estt children. 

Tablee 4.4: Mean failed inhibits (FI in %), mean stop-signal delays (SS-delay in 
ms),, signal-respond RT (SRRT), stop-signal RT (SSRT), and standard deviations 
(inn parentheses) by S-R mapping, compatible vs. incompatible, per age group in 
thee simple stop task. 

Agee group 

7-year-olds s 

10-year-olds s 

Youngg adults 

FI I 

56 6 

50 0 

50 0 

Stimulus-Responsee mapping 

Compatible e 

SS-delayy SRRT SSRT 

316(138)) 580(120) 339(131) 

2499 (76) 463 (63) 247 (37) 

156(42)) 343(35) 205(33) 

FI I 

56 6 

51 1 

50 0 

Incompatible e 

SS-delayy SRRT 

323(135)) 592(129) 

258(80)) 471(56) 

166(46)) 360(39) 

SSRT T 

326(125) ) 

250(41) ) 

2099 (38) 
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4.3.34.3.3 Selective stop task 

Fivee subjects (2 boys, 3 girls) failed to inhibit their responses on more than 90% of the stop 
trialss and were excluded from further analysis. Their mean Raven Progressive Matrices scores 
felll within two 5Ds of the mean score of their age group. 

GoGo trials 

Thee mean go-signal RTs are presented in Table 4.5. As in the simple stopping task, go RTs 
didd not differ significantly between SRC conditions (F < 1). The older age groups responded 
fasterr on go trials than younger children, F (2, 62) = 87.8,/? < .001. The interaction between 
Agee group and SRC failed to reach significance, F (2, 62) = 1.9, p = . 16. But more errors were 
committedd in the condition that required incompatible responses compared to the condition 
requiringg compatible responses, F (1, 62) = 10.2, p < .01, and accuracy improved with age, F 
(2,, 62) �  49.7, p < .001. The interaction between these effects was not significant (F < 1). 

Tablee 4.5: Mean go-signal RT (Go RT in ms), error percentages, and standard de›
viationss (in parentheses) by S-R mapping, compatible vs. incompatible, per age 
groupp in the selective stopping task. 

Agee group 

7-year-olds s 

10-year-olds s 

Youngg adults 

Stimulus-Responsee mapping 

Compatible e 

Goo RT Error (%) 

648(118)) 18(14) 

477(61)) 2(2) 

352(33)) 2(2) 

Incompatible e 

Goo RT Error (%) 

637(122)) 26(22) 
478(57)) 4(3) 
368(35)) 3(3) 

Effect t 
size e 
-11 1 

1 1 

16 6 

InvalidInvalid stop trials 

Responsess on trials with a stop signal appearing opposite to the correct response hand (i.e., 
invalidd stop trials) should not be inhibited. The ANOVA yielded a significant main effect of 
Agee group, F (2, 62) = 42.1, p < .001, but not of SRC (F < 1). A significant interaction be›
tweenn Age group and SRC was obtained also, F (2, 62) = 3.6, p < .05, indicating that the 
effectt of compatibility in the youngest children was significantly different from the compati›
bilityy patterns observed in the older age groups (p < .05). More specifically, the youngest 
childrenn responded about 43 ms slower to compatible invalid stop trials than to invalid stop 
trialss with an incompatible S-R mapping. Compatibility effects did not discriminate between 
10-year-oldss and young adults (p = .16). 
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ValidValid stop trials 

Thee mean proportions of failed inhibits, stop-signal delays, signal-respond RTs, and SSRTs 
aree presented in Table 4.7 for each Age group and SRC combination. It can be seen that the 
trackingg algorithm worked somewhat less well in the selective stopping task compared to the 
simplee stopping task (60% vs. 52% respectively).1 The ANOVA performed on the proportion 
off failed inhibits yielded a significant effect of Age group, F (2, 62) = 17.0,/? < .001. Follow-
upp analysis indicated that the proportion of failed inhibits was significantly larger in the 
youngestt children compared to the two older groups (/? < .001) who did not differ in this re›
spect. . 

Tablee 4.6: Mean RT (in ms), error percentages, and standard deviations (in paren›
theses)) on invalid stop trials by S-R mapping, compatible vs. incompatible, per 
agee group in the selective stopping task. 

Stimulus-Responsee mapping 

Compatiblee Incompatible 
� ��  Effect 

Agee group Invalid RT Error (%) Invalid RT Error (%) s j z e 

7-year-oldss 687(165) 29(15) 644(178) 37(22) -43 

10-year-oldss 542(65) 2(3) 542(65) 3(4) 0 

Youngg adults 403(43) 1(2) 421(52) 2(3) 18 

Meann stop-signal delay varied with age, F (2, 62) = 81.9, p < .001. The delays were longer in 
thee youngest children relative to the other two age groups (328 vs. 153 ms, p < .001). In line 
withh the predictions of the horse-race model, responses on stop trials that escaped inhibition 
weree faster than go responses, F (1, 62) = 9.7, p < .01. 

Thee ANOVAs performed on the selective SSRTs yielded a significant effect of SRC, F 
(1,, 62) = 21.6,/? < .001, Age group, F(2, 62) = 23.3,/? < .01, and their interaction, F(2, 62) = 
6.9,/?? < .01. Young adults selectively stopped their responses about 63 ms faster than 10-year-

’’ The somewhat elevated proportion of failed inhibits observed in the youngest children is most likely due to the 
initiall setting of stop-signal delay. This delay was 500 ms and worked well for most children. For some children, 
however,, the 500 ms delay was a bit too long as suggested by a series of failed inhibits during the initial stage of 
thee trial block. For those children, the tracking algorithm took longer tuning in to the optimal delay yielding 50% 
successfull inhibits. In order to evaluate the consequences of sub-optimal tracking, the youngest group was split in 
twoo subgroups; One sub-optimal tracking group (n - 6) and one optimal tracking group for whom inhibition 
ratioss did not differ significantly from the two other age groups (n = 8). The ANOVA performed on go RTs 
revealedd significant differences between subgroups, F (1, 12) = 5.4, p < .05. Children from the optimal tracking 
groupp were on average about 123 ms slower compared to children from the sub-optimal tracking group. In 
addition,, and most importantly, an ANOVA performed on SSRT comparing the optimal tracking group with the 
otherr two age groups still revealed a significant effect of Age group, F (2, 56) = 15.4, p < .001. The mean selec›
tivee SSRTs were 359, 300, and 237 ms in the youngest children, the older children, and adults, respectively. 
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oldss (p < .02), whereas 10-year-olds stopped about 113 ms faster compared to the youngest 
agee group (p < .001). In all age groups, compatible responses were stopped faster than incom›
patiblee responses (ps < .03). Post-hoc comparisons indicated that the slowing of incompatible 
stoppingg was largest in the youngest children compared to the older subjects (81 ms,p < .01), 
whilee the magnitude of the compatibility effect did not differ between the two older age 
groupss (respectively, 17 ms in the 10-year-olds and 11 ms in the young adults,/? = .71). 

Tablee 4.7: Mean proportions of failed inhibits (FI in %), mean stop-signal delays 
(SS-delay),, signal-respond RTs (SRRT), stop-signal RTs (SSRT), and standard 
deviationss (in parentheses) by S-R mapping, compatible vs. incompatible, per age 
groupp in the selective stopping task. 

Stimulus-Responsee mapping 

Compatiblee Incompatible 

Agee group FI SS-delay SRRT SSRT FI SS-delay SRRT SSRT 

7-year-oldss 68 347(100) 622(159) 373(150) 71 309(67) 608(174) 454(169) 

10-year-oldss 56 187(53) 469(60) 292(54) 59 178(47) 470(60) 309(68) 

Youngadultss 54 121(32) 340(31) 232(33) 55 124(35) 352(31) 242(31) 

4.3.44.3.4 Shared versus unique effects of age group on stopping 

Ann additional analysis of the data was conducted to establish whether the age-related change 
inn the speed of simple and selective stopping was distinct from the age-related change in 
choicee RT. First, analysis of covariance (ANCOVA) on simple SSRT, entering choice RT as a 
covariate,covariate, yielded a significant main effect of Age group, F (2, 64) = 6.9, p < .01, with Age 
groupp explaining 13% of the variance. A similar analysis was done on the selective SSRTs of 
thee 10-year-olds and young adults, entering their simple SSRTs as a covariate. This analysis 
yieldedd also a significant effect of Age group, F (1, 48) = 6.5, p < .01, with Age group ex›
plainingg 9% of the variance. 
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4.44 Discussion 

Thiss study was conducted to examine developmental change in the ability to inhibit a prepo›
tentt response. We used the stop-signal paradigm to compare age-related changes in simple and 
selectivee inhibition and assessed the influence of spatial S-R compatibility on the speed of 
inhibitionn and response execution. As anticipated, S-R compatibility had a substantial effect 
onn response execution and the costs of responding to an incompatible stimulus were consid›
erablyy more pronounced in the youngest children relative to the older children and young 
adults.. The slowing of responses on incompatible trials may be interpreted as due to the time 
requiredd to inhibit the prepotent response prior to executing the instructed, but less compati›
ble,, response (e.g., Kornblum et al., 1990). Despite disagreements about mechanisms, most 
investigatorss (see Hommel & Prinz, 1997) seem to agree that a rapid, transient activation of 
thee compatible response to a stimulus occurs, which must be inhibited when an incompatible 
responsee is required. Along these lines, the disproportional slowing observed in the youngest 
childrenn on incompatible trials can then be interpreted to suggest that they experience greater 
difficultiess than older children and adults in resolving the conflict between the transient acti›
vationn of the compatible response and the execution of the instructed response. This 
interpretationn is consistent with the results of developmental studies using similar paradigms 
thatt require the need to suppress the transient activation of a prepotent response (for a review 
Vann der Molen, 2000). Thus, young children experience greater difficulty in suppressing the 
tendencyy to respond to the stimulus source in Simon tasks (e.g., Christ, White, Mandernach, & 
Keys,, 2001). Likewise, they are less able to inhibit word reading when color naming is re›
quiredd in Stroop tasks (e.g., Tipper, Bourque, Anderson, & Brehaut, 1989) or to resolve the 
conflictt between competing responses to central target and flanking stimuli in an Eriksen 
flankerr task (e.g., Ridderinkhof & van der Molen, 1995). 

Thee effect of S-R compatibility on the speed of responding was annihilated when stop 
signalss were introduced to the choice reaction task. The absence of a sizeable S-R compatibil›
ityy effect is consistent with a study reported previously by Logan and Irwin (2000). In this 
study,, participants were presented with central brackets with their angle pointing to the left vs. 
rightt (< or >) or Xs presented at the left or right of fixation. The stimuli required a spatially 
compatiblee or incompatible response by pressing a button or by moving their eyes. A stop 
signall was presented occasionally, instructing participants to withhold their response to the 
brackett or X. Peripheral stimuli yielded sizeable S-R compatibility effects on both hand and 
eyee responses. But, similar to the current findings, S-R compatibility failed to influence the 
speedd of responding to a central target stimulus. The current findings extend the Logan and 
Irwinn (2000) results by indicating that the usual advantage of compatible reactions disappears 
whenn stop signals are inserted into the task. This pattern is reminiscent to the findings reported 
byy studies in which S-R compatibility is manipulated within trial blocks (e.g., Van Duren & 
Sanders,, 1988; for a review see Los, 1996). The disappearance of the S-R compatibility effect 
inn mixed trial blocks can be interpreted within the Kornblum et al. (1990) dual-route account. 
Thatt is, when the S-R mapping is known in advance, as in fixed trial blocks, participants can 
takee advantage of the direct correspondence between the spatial stimulus and response codes 
renderingg S-R translation unnecessary. When the mapping is variable, however, this fast route 
betweenn corresponding stimulus and response codes must be suppressed and participants need 
too select between mutually exclusive S-R translation rules of approximately equal difficulty 
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(cf.. De Jong, 1997, p. 226). Along similar lines, the current findings can be interpreted to 
suggestt that the insertion of stop signals elicited a tonic suppression of the ’fast route’ between 
spatiallyy corresponding stimulus and response codes. If true, it is of great interest to note that 
evenn young children adopted this adaptive strategy, sacrificing the advantages of ’fast route’ 
processingg in order to prevent unacceptable levels of inhibition failures or erroneous reactions. 

Thee simple stopping results replicated the findings reported in previous developmental 
studiess showing that the speed of simple inhibition improved throughout childhood 
(Ridderinkhoff et al., 1999; Williams et al., 1999). Other studies, however, failed to observe 
systematicc change in the speed of simple inhibition during childhood (e.g., Band et al., 2000; 
Jenningss et at., 1997; Oosterlaan & Sergeant, 1998; Schachar & Logan, 1990). Both 
Ridderinkhoff et al. (1999) and Williams et al. (1999) interpreted this apparent discrepancy by 
referringg to differences in sample size across studies. Thus, the child groups in their studies 
containedd over 40 children each whereas in the Band et al. (2000) study, for example, the 
childd groups consisted of only 16 children. The youngest age group in the current study 
containedd 39 children but 20 were assigned to the simple stopping paradigm and 19 to the 
selectivee stopping paradigm. Yet, the current study revealed systematic age-related changes in 
thee ability to inhibit. The current findings, then, may suggest that stopping methodology is 
moree important than sample size per se. Studies that failed to observe systematic change in the 
speedd of inhibition as children grow older typically used fixed stop-signal delays whereas the 
studiess showing a developmental increase in stopping speed used a tracking algorithm for 
settingg stop-signal delay. One exception is the Band et al. (2000) study that used tracking but 
failedd to observe systematic age-related change in stopping speed. In that study, however, the 
trackingg algorithm was targeted at three different delays; one aiming at 30% failed inhibits, a 
secondd delay aimed at 50%, and a third delay aimed at 70%. The 30% and 70% tracking might 
havee compromised the results obtained by Band et al. as simulation studies demonstrated that 
50%% tracking is optimal for obtaining reliable estimates of SSRT (Band et al, 2003). 

Thee speed of simple inhibition was not affected by S-R compatibility. That is, the 
speedd of stopping a compatible response does not differ from the speed of stopping an incom›
patiblee response. Although this finding is consistent with the results for hand responses re›
portedd by Logan and Irwin (2000), it is surprising in view of findings demonstrating an inter›
actionn between stopping and compatibility in the Eriksen flanker paradigm (Kramer, Hum›
phrey,, Larish, Logan, & Strayer, 1994; Ridderinkhof et al., 1999). In the Eriksen flanker 
paradigm,, simple SSRT is delayed when the response to the central target must compete with 
thee opposite response elicited by the flankers surrounding the target. This finding has been 
takenn to suggest that stopping and the need to inhibit the (incorrect) response to incompatible 
flankerss queue up, or compete for execution (cf. Ridderinkhof et al., 1999). The current ab›
sencee of an S-R compatibility effect on simple stopping does not seem to mesh with this inter›
pretationn as the need to inhibit the spatially compatible response when the instructed response 
iss required should, likewise, interfere with simple stopping. One could argue, however, that 
thee interaction between simple stopping and S-R compatibility did not occur because the 
insertionn of stop signals abolished the S-R compatibility effect. This does not seem to be a 
compellingg conjecture in view of the current selective stopping results. Choice RT in the 
selectivee stopping paradigm was not influenced by S-R compatibility, as in the simple stop›
pingg paradigm, but, unlike simple SSRT, selective SSRT revealed a substantial effect of S-R 
compatibility. . 
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Thee results of the selective stopping task showed that the speed of selective inhibition in›
creasess throughout childhood. When interpreting their selective inhibition findings, De Jonget 
al.. (1995) argued that participants might adopt at least two strategies to accomplish their task. 
Onee is to stop all responses and then re-activate the required response after determining that 
thiss response should not be inhibited. This strategy should result in selective SSRTs that are 
approximatelyy similar to simple SSRTs and in delayed responding on invalid stop trials. The 
currentt findings seem to exclude this strategy by showing considerable longer SSRTs in the 
selectivee stop task relative to the simple stop task (317 ms vs. 263 ms, respectively). Yet 
respondingg was considerably slower on invalid stop trials as compared to go trials (540 ms vs. 
4933 ms, respectively). This slowing could be due, however, to a Simon effect (e.g., Simon, 
1990).. That is, the location of the stop-signals on invalid trials might have elicited a tendency 
towardd this location interfering with the activation of the response at the opposite location. 

Thee other strategy suggested by De Jong et al. (1995) consists of postponing inhibitory 
processingg until it is determined whether response inhibition is actually required and, if so, 
inhibitionn can be accomplished by simple stopping. This strategy should result in prolonged 
SSRTss but, as the inhibitory response would be contingent upon the outcome of a subset of 
componentt processes included in choice RT, selective SSRT is likely to be positively corre›
latedd with choice RT. Although it is difficult to exclude this possibility completely, it should 
bee noted that choice RT in the selective stopping paradigm did not vary with S-R compatibil›
ityy and yet, the selective stopping of incompatible responses was considerably slower than the 
inhibitionn of compatible responses. Based on the second strategy suggested by De Jong et al. 
(1995),, one should be led to predict that, as choice RT did not discriminate between compati›
blee and incompatible responses, selective SSRT should reveal a similar pattern. But it did not. 
Alll in all, the current pattern of findings suggests that the selective SSRTs reflect the operation 
off selective inhibition rather than an alternative strategy invoking simple inhibition. 

Thee sensitivity of selective SSRTs to the S-R mapping in the choice RT extends 
previouss findings showing an interaction between stopping and inhibitory demands of the 
primaryy task (Kramer et al., 1994; Ridderinkhof et al., 1999). But those studies were 
concernedd only with simple inhibition and manipulated inhibitory demands of the primary task 
usingg an Eriksen flanker paradigm. In an Eriksen flanker paradigm, congruent trials (i.e., trials 
withh the central target flanked by itself) and incongruent trials (i.e., trials with the central 
targett flanked by stimuli assigned to the opposite response) are presented within mixed trial 
blocks.. Thus the need to inhibit the competing response on incongruent trials may interfere 
withh the need to inhibit the instructed response. In the current study, the insertion of a stop 
signall abolished the effect of S-R compatibility on choice RT and it was assumed that S-R 
translationn was similar on compatible and incompatible trials. This may explain why S-R 
compatibilityy failed to influence the speed of simple SSRT. The effect of S-R compatibility on 
selectivee SSRT can be explained in terms of rule interference. On compatible stop trials, the 
primaryy task selection rule and the inhibition task selection rule are congruent. That is, the 
primaryy task stimulus is translated into the activation of a response at the side indicated by the 
directionn of the stimulus (compatible mapping) and the stop stimulus is translated into the 
inhibitionn of a response activated at the same side as the stop stimulus (compatible mapping). 
Onn incompatible stop trials, however, the selection rules are incongruent. On those trials, the 
primaryy task stimulus is translated into the activation of a response at the side that is opposite 
too the location indicated by the direction of the stimulus (incompatible mapping). In contrast, 
ass on compatible stop trials, the stop stimulus is translated into the inhibition of a response 
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activatedd at the same side as the stop stimulus (compatible mapping). The interference 
betweenn selection rules on incompatible trials may have caused the delay in selective SSRTs. 

Att this point, one could argue that the current interpretation in terms of rule interfer›
encee is incompatible with the horse-race model assumption of independence. The rule-
interferencee interpretation is likely to assume an interaction between primary-task processes 
andd selective stop processes and such an interaction may render SSRT estimates based on the 
horse-racee model unreliable. It should be noted, however, that the rule-interference interpreta›
tionn refers to functional dependence and does not imply stochastic dependence. The former 
relatess to a single factor influencing choice RT and SSRT whereas the latter refers to trial-by-
triall variability in SSRT than can be predicted on the basis of trial-by-trial variability in choice 
RT.. The horse-race model assumes only stochastic independence (e.g., Logan & Cowan, 
1984;; see also Ridderinkhof et al., 1999 for a similar reasoning). Moreover, simulation studies 
revealedd that reliable estimates of SSRT can still be obtained even when the data violate the 
independencee assumption underlying the horse-race model, in particular when the data have 
beenn obtained using the tracking of stop-signal delay targeted at 50% inhibits (Band et al., 
2003). . 

Finally,, the current findings extend previous results obtained in developmental studies 
usingg the stop-signal paradigm by allowing a direct comparison between simple and selective 
inhibition,, although it should be acknowledged that the within-subjects comparison is based 
onn only two age groups. Both simple and selective inhibition improved throughout childhood. 
Thee speed of simple inhibition increased from 333 ms in the 7-year-olds, via 249 ms in the 10-
year-olds,, to 207 ms in young adults. The corresponding selective SSRTs were 414 ms, 301 
ms,, and 237 ms, respectively. Although it is difficult to compare between studies, the current 
selectivee SSRT results are comparable to the findings reported previously by Bedard et al. 
(2002).. They observed a somewhat stronger increase in the speed of selective inhibition (i.e., 
4566 ms, 336 ms, and 248 ms for corresponding age groups) but it should be recalled that their 
selectivee inhibition was different from ours. In their paradigm, participants had to decide 
betweenn two auditory stop signals whether they had to inhibit or to execute the response as 
planned.. In the current paradigm, participants were required to base their inhibition decision 
onn the particular response activated by the primary-task stimulus. The Bedard et al. task fo›
cusedd on the perceptual end of inhibitory processing whereas the focus of the current task was 
onn the motor end. 

Thee developmental change in simple inhibition differed markedly from the age-related 
changee in response execution. This finding is consistent with previous studies showing diver›
sityy in developmental trends (Band et al., 2000; Ridderinkhof et al., 1999; Williams et al., 
1999).. These findings argue against the hypothesis of a single, global mechanism mediating 
developmentall change in speeded information processing (e.g., Cerella & Hale, 1994; Kail, 
1988).. The current selective inhibition findings are adding to the notion of differential devel›
opmentt by showing that the age-related changes in simple and selective SSRTs cannot be 
reducedd to a single mechanism either. This finding is preliminary as only two age groups 
couldd be included in the statistical comparison but it is important vis-a-vis the current discus›
sionn on inhibition mechanisms invoked in stopping tasks (e.g., Band & van Boxtel, 1999). 
Behaviorall evidence suggested to Logan (1994) that simple inhibition would be mediated by a 
peripherall mechanism while selective inhibition requires a central mechanism. Psychophysi›
ologicall findings, however, led Van Boxtel and co-workers to suggest that both simple and 
selectivee inhibition invoke central processing (Van Boxtel, van der Molen, Jennings, & 
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Brunia,, 2001). In contrast, the psychophysiological findings obtained previously by De Jong 
ett al. (1995) suggested to them that both simple and selective inhibition is mediated by a 
single,, peripheral mechanism. The current diversity in the development of simple vs. selective 
inhibitionn provides support for the notion, originally submitted by Logan (1994), that simple 
enn selective inhibition are mediated by different mechanisms. A definitive demonstration 
cannott be provided by the current data but indicates an avenue for further investigation. 

Thee diversity in developmental inhibition trends is suggestive of the relatively high 
demandss on cognitive control processes imposed by the selective inhibition task (cf. Bedard et 
al.,, 2002). The simple inhibition paradigm consists of simply detecting the stop signal and 
thenn abort the response to the primary task stimulus. The selective inhibition task requires 
keepingg the selection rule active in working memory (i.e., inhibit the response but only when 
thee stop signal is presented at the side of the instructed response), set-shifting abilities (i.e., 
inhibitt the response on valid stop trials and execute the response on invalid stop trials), and 
rulee selection (i.e., translation of the stop signal into the appropriate response (stop vs. go). 
Thesee cognitive control processes have been shown to develop throughout childhood (Pen›
nington,, 1994; Span, 2002) and may have contributed to the observed age-related change in 
selectivee inhibition that was more pronounced than the trend that is typically found for simple 
inhibition.. The differetial rates of developmental change in simple and selective stopping (or 
developmentaldevelopmental fractionation) may provide a handle for future studies aimed at providing a 
deeperr understanding of the cognitive control processes involved in the relatively simple act 
off stopping a motor response. 

57 7 



44 DEVELOPMENTAL FRACTIONATION of THE ABILITY TO INHIBIT 

58 8 



55 Stages of inhibitory processing: 
Thee additive factor method on stop-signal inhibition 

Abstract t 

Thee main purpose of this study was to identify stages in the stop process by using experi›
mentall manipulations that have been afforded by the AFM paradigm. First, a standard 
AFMM design was used to confirm additive effects of signal discriminability (high vs. less) 
andd stimulus-response compatibility (SRC, compatible vs. incompatible) impinging on 
separatee stages of the go-reaction process. The go signals used in the standard AFM tasks 
thenn served as stop signals in the selective stopping tasks. Subjects were instructed to dis›
criminatee between two visual stop signals, and to inhibit their primary-task response upon 
thee presentation of spatially compatible stop signals only, or to spatially incompatible stop 
signalss only. Analyses of stopping latencies showed that selective stopping to incompati›
blee stop signals was slower than stopping to compatible stop signals. Stop-signal dis›
criminabilityy systematically affected selective stopping speed, but only in a subgroup of 
participants.. In conclusion, an obtained additive relation between (stop-) signal discrimin›
abilityy and (stop-) SRC on stopping latency confirmed that the stopping process can be 
decomposedd into two distinct stop-signal processing stages. 

5.11 Introduction 

5.1.15.1.1 Stopping as extreme cognitive control 

Thee ability to withhold and interrupt ongoing or planned actions in response to sudden 
changess in the environment is important for cognitive (’executive’) control and a prerequisite 
forr adaptive and goal-directed behavior. Since the formal operationalization of the stop-signal 
paradigm,paradigm, about two decades ago by Logan and Cowan (1984) many researchers operating in 
variouss theoretical frameworks have adopted the stop task as an experimental tool to investi›
gatee inhibitory motor control (see Logan (1994) for a review). In the stop task, participants 
performm on a go task, usually a speeded choice reaction task requiring the binary choice dis›
criminationn of two visual signals by manually pressing one of two response buttons. Shortly 
afterr the onset of the go signal, participants are occasionally presented with a stop signal 
(usuallyy a tone) that instructs them to withhold the response. The interval between the onset of 
thee go signal and the presentation of the stop signal (or stop-signal delay) is under experimen›
taltal control, enabling the experimenter to manipulate the probability of successful response 
inhibitionn on a given stop trial. Stopping is easy when the stop signal is presented early, but 
difficult,, or virtually impossible when it is presented late vis-a-vis the respond signal (e.g., 
Lappinn & Eriksen, 1966; Logan, 1994; Logan & Cowan, 1984). 
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5.1.25.1.2 Studies with the stop-signal paradigm 

Logann and colleagues have conceptualized performance in the stop-signal paradigm in terms 
off a horse race between go processes versus stop processes that run for completion and 
operatee independently. The go processes are initiated by the onset of the go signal, whereas 
thee onset of the stop signal starts the stopping processes. Whether or not the go response will 
occurr depends on the outcome of the race. If the go process wins, a response is produced 
despitee the presence of a stop signal, whereas the response is successfully inhibited when the 
stoppingg process wins the race. One of the virtues of the horse-race model is that, with a small 
sett of formal assumptions, it provides a method to estimate the stopping latency, stop-signal 
reactionn time or SSRT as an internal inhibitory response to the stop signal. Several reports in 
thee stopping literature indicate that SSRT appears to be rather invariant across tasks and 
typicallyy amounts to values between 200 or 250 ms for healthy young-adults (see Logan, 
(1994)) for a review). Among the various responses whose stopping properties have been 
investigatedd are manual responses (e.g., Logan, 1981), speech (Ladefoged, Silverstein. & 
Papcun,, 1973), typing (Logan, 1982; Long, 1976; Rabbit, 1978), foot movements (De Jong, 
Coles,, & Logan, 1995), and eye movements (Logan & Irwin, 2000; Hanes & Carpenter, 
1999).. Somewhat prolonged stopping latencies have been reported for children (Bedard et ah, 
2002;; Ridderinkhof, Band, & Logan, 1999; Van den Wildenberg & van der Molen, 2003a) 
andd older adults (Christ, White, Mandernach, & Keys, 2001; Kramer, Humphrey, Larish, & 
Logan,, 1994; Williams, Ponesse, Schachar, Logan, & Tannock, 1999). 

Inn clinical settings, the stop-signal paradigm has been used successfully to distinguish 
betweenn normal children and children diagnosed with attention deficit hyperactivity disorder 
(ADHD;; Schachar & Logan, 1990). ADHD children exhibited less efficient stopping than 
childrenn diagnosed with other psychopathologies and normal control children (Jennings, van 
derr Molen, Pelham, Brock, & Hoza, 1997; Oosterlaan, Logan, & Sergeant, 1998; Oosterlaan 
&& Sergeant, 1995; Overtoom et al., 2002; Schachar & Logan, 1990; Schachar, Mota, Logan, 
Tannock,, & Klim, 2000; Van der Schoot, Licht, Horsley, & Sergeant, 2000; for reviews of 
ADHDD studies with the stop-signal paradigm see Nigg, 2001). Stopping latencies improved 
afterr administration of the stimulant drug Methylphenidate compared with administration of a 
placeboo in children with ADHD (Tannock, Schachar, Carr, Chajczyk, & Logan, 1989). Others 
havee reported negative effects of alcohol op stopping latency within the normal population 
(Mulvihill,, Skilling, & Vogel-Sprott, 1987). 

5.5. J. 3 The nature ofstopp ing 

Becausee of its generality, the horse-race model usually fits behavioral data obtained in the 
stop-signall paradigm very well. However, it does not provide a deeper understanding of the 
naturee of the stopping process. Research aimed to disentangle the nature of the stopping proc›
essess itself can broadly be divided into three perspectives. First, several studies have focused 
onn the interaction of stopping with other forms of inhibition. A second route involves compli›
catingg the standard stop paradigm. Finally, psychophysiological and brain imaging studies 
havee extended our understanding of the neural substrates that underlie motor inhibition. 
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Thee first strategy to investigate stopping processes focuses on stopping in relation to other 
formss of inhibition. Several investigators factorially combined stopping with experimental 
manipulationss that draw upon a form of inhibitory control as well, to learn more about stop›
pingg from the possible interaction patterns. Logan (1981), for example, observed that stopping 
latencyy is approximately equal for spatially compatible and incompatible manual responses 
(seee Logan & Irwin (2000) for a recent replication). Apparently, stopping does not interact 
withh the ability to resolve the conflict between the prepotent compatible response and the 
spatiallyy incompatible response (e.g., Kornblum, Hasbroucq, & Osman, 1990). Others crossed 
stoppingg with the inhibition of responses to target stimuli flanked by task-irrelevant distracters 
assignedd to the same or to the opposite response (Kramer et ah, 1994; Ridderinkhof et al., 
1999).. These investigators found that responses to targets flanked by incongruent distracters 
weree more difficult to inhibit than responses to congruent displays. This pattern of results was 
interpretedd to suggest that stopping and the need to inhibit the (incorrect) response to incon›
gruentt flankers compete for execution (cf. Ridderinkhof et al., 1999). Finally a similar strategy 
byy crossing stop-signal inhibition during different levels response! readiness has been applied 
byy Van den Wildenberg, van der Molen, and Logan (2002). Subjects performed a primary task 
requiringg a speeded binary choice reaction on go trials and response inhibition on nogo trials. 
Ann occasional cue informed subjects that a nogo trial was imminent but left them uncertain 
aboutt the number of go trials separating the cue and the upcoming nogo trial. When subjects 
weree anticipating a nogo signal, stopping was delayed compared to a control condition. This 
patternn of findings was interpreted with reference to a response readiness model suggested by 
Mattes,, Ulrich, and Miller (1997; see also Ulrich, Mattes, & Miller, 1999). 

Second,, other researchers have examined stopping processes in greater detail by 
complicatingg the stopping process (see Logan, 1994). For example, some investigators 
examinedd stopping in a change paradigm by asking subjects to stop one response and execute 
anotherr (Logan & Burkell, 1986). It was observed that the duration of stopping is somewhat 
longerr when it has to be followed by the execution of another response than when it is not. 
Otherr investigators examined selective stopping at the perceptual end of stop-signal 
processing,, by presenting their subjects with two tones - a valid stop signal, instructing the 
subjectt to stop the primary-task response and an invalid stop signal requiring the subject to 
executee the go response as planned. These selective stopping studies indicate that the duration 
off the stop process is lengthened when subjects have to stop their response to one of two stop 
signalss but not to the other (Bedard et al., 2002; Riegler, 1986). Finally, selective inhibitory 
controll has been examined at the motor end of stop-signal processing by asking subjects to 
inhibitt only one response (e.g., the left hand) but not the other (e.g., the right hand) upon a 
stopp signal. The results showed that subjects are able to stop selectively (De Jong et al., 1995; 
Logan,, Kantowitz, & Riegler, 1986). De Jong et al. reported slowing of primary-task RTs 
evenn when the response should not be inhibited, and the detrimental effect of such interference 
wass stronger when the primary-task stimulus was degraded. In addition, degrading relative go-
signall discriminability was observed to hamper the speed of selective stopping of critical 
responsess compared to highly discriminable go signals (De Jong et al., 1995, Exp. 2). 

Third,, several psychophysiological studies examined the neural substrates of stopping. 
Thee lateralized readiness potential (LRP) in combination with electro-myographic (EMG) 
measuress led De Jong and colleagues to propose two separate inhibitory mechanisms - a 
slowerr central cortical mechanism capable of selective inhibition and a peripherally operating 
midbrainn mechanism for fast non-selective or simple stopping (De Jong, Coles, Logan, & 
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Gratton,, 1990; De Jong et al., 1995). The notion of a peripheral inhibition mechanism has 
beenn linked with results obtained from cardiac studies by Jennings, van der Molen, Brock, and 
Somsenn (1992). These researchers report that successful inhibition of a motor response was 
associatedd with heartbeat slowing (deceleration), whereas failed inhibitions were not. The fact 
thatt cardiac inhibition and motor inhibition interact has been interpreted to suggest that both 
aree controlled in part by the same midbrain system. However, based on a review of 
psychophysiologicall data in the stop-signal literature, Band and van Boxtel (1999) formulated 
ann alternative interpretation of the neural mechanisms involved in stopping. Their main point 
wass that a peripheral stopping mechanism is incorrectly inferred from the psychophysiological 
data.. Alternatively, Band and van Boxtel suggested a model in which an integrated circuit of 
thee prefrontal cortex and basal ganglia are candidate agents of response inhibition, whereas 
possiblee effect sites of inhibition are the thalamus and motor cortex (Brunia, 1993; Eimer 
1993;; Goldberg 1985; Jodo & Kayama, 1992; Kok, 1986; Naito & Matsumura, 1994; 
Pfefferbaum,, Ford, Weller, & Kopell, 1986; Van Boxtel, van der Molen, Jennings, & Brunia, 
2001).. Brain imaging techniques (Pliszka, Liotti, & Woldorff, 2000; Rubia et al., 2001) and 
microelectrodee studies (Kawashima et al., 1996; Sasaki & Gemba, 1986; Sasaki, Gemba, 
Nambu,, & Matsuzaki, 1993) have also have provided support for the prefrontal substrate of 
inhibitoryy processing. Single-cell recordings in primates performing on a stop task provide 
anotherr psychophysiological approach towards a better understanding of the nature of 
inhibition.. Hanes and colleagues recorded unit activity in the frontal eye fields during the 
countermandingcountermanding of eye movements and identified single-cell signatures of inhibitory visuo-
motorr control (Hanes, Patterson, & Schall, 1998; see Logan & Irwin, 2000, for a behavioral 
studyy comparing inhibitory control of eye and hand movements). 

5.1.45.1.4 The additive factor method (A FM) 

Thee goal of the current study was to investigate the nature and more specific the architecture 
off stop-signal processing, by adopting the theoretical framework of the additive factor method 
(AFM;; Sternberg, 1969). The AFM is an elaborate procedure fore examining components of 
reactionn processes. !n the study of human information processing, the AFM has been applied 
successfullyy to distinguish serial mental processing stages in reaction-time (RT) tasks by 
meansmeans of experimental factors (Sternberg, 1969). Choice RT is taken as the sum of time taken 
byy a set of sequentially ordered and independent processing stages (Sternberg, 1969). The 
AFMM aims at the selective manipulation of the duration of these processing stages to elucidate 
thee architecture of cognitive processes. According to AFM-logic, different experimental fac›
torss that affect different processing stages must have additive effects on RT measurement. 
Conversely,, if the effects on RT interact, the factors are inferred to affect at least one common 
stagee (for reviews of AFM studies see Sanders, 1990; 1998; Van der Molen, Bashore, Halli-
day,, & Callaway, 1991). 

Forr example, a large body of AFM studies has indicated that signal discriminability 
andd stimulus-response compatibility (SRC) have additive effects on choice RT. According to 
AFMM reasoning, these patterns suggest that the experimental variables of signal discriminabil›
ityy and SRC influence the processing latencies of two different stages, respectively a percep›
tuall and a motor-related stage. An extensive study by Adam (2001), for example, recently 
confirmedd that effects of two levels of stimulus-response compatibility, factorial combined 
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withh two levels of stimulus discriminability and two levels of two levels of response repertoire 
alll had additive effects on mean RT. This pattern of results led Adam to conclude that each 
variablee affected a different information processing stage. Recently, the application of AFM 
hass been extended to information processing in animals (CourtiŁre, Hardouin, Hasbroucq, 
Possamai’,, & Vidal, 2000; Roberts, 1997). 

5.1.55.1.5 The present study 

Inn this report the AFM, which has been used repetitively to explore stages of go-signal proc›
essing,, will be used to investigate stop-signal processing in the stop-signal paradigm. Our 
basicc assumption is that stop processes are quite similar in nature to go processes. Go signals 
requiree perceptual discrimination, translation into an appropriate action, and then the pro›
grammingg and unfolding of that action. Likewise, stop signals are considered to require per›
ceptuall discrimination, translation into an appropriate action (i.e., inhibition of ongoing re›
sponses),, and then the programming and unfolding of that inhibitory action. The main purpose 
off this experiment is to identify stages in the stopping process using the experimental manipu›
lationss that have been employed to identify stages in the reaction process. 

First,, a standard AFM design was used to determine additive effects of signal dis›
criminabilityy and SRC on separate stages in the reaction process. In these tasks, subjects re›
spondedd to the position of two signals represented as pupils in the eyes of a schematic face, 
suchh that the eyes looked either to the right or to the left. It was predicted that responses on 
blockss with compatible SRC mapping would be faster than incompatible responses. Also, it 
wass expected that responses to blocks with high signal discriminability would be faster than 
responsess to less discriminable signals. Finally, according the AFM logic, these two main 
effectss are hypothesized to be additive. 

Second,, the same signals that have been employed in the standard AFM tasks were 
usedd as stop signals in a stop-task setting to examine processing stages of stopping. Selective 
stoppingg to one of two highly discriminable stop signals is predicted to be faster than to a less 
discriminablee stop signal. In the compatible stopping conditions, subjects will have to inhibit 
thee response if the stop signals are presented at the location that is compatible with respect to 
thee response location associated with the go task (e.g., a left-hand response should be inhibited 
iff a stop signal is presented to the left). Alternatively, the incompatible stop instruction re›
quiredd subjects to inhibit the go response if the stop signal appeared in the direction opposite 
too the response hand indicated by the go signal (e.g., a left-hand response should be inhibited 
iff a stop signal is presented to the right). Compatible selective stopping is predicted to be 
fasterr than incompatible selective stopping (Van den Wildenberg & van der Molen, 2003a). 
Thiss setup affords the decomposition of stopping process by anticipating an additive relation 
betweenn (stop-) signal discriminability and (stop-) SRC on selective stopping latency. 
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5.22 Exper iment I 

5.2.15.2.1 Method 

Participants Participants 

Twenty-fourr undergraduate students (18 females, mean age 21 years) participated to fulfill 
coursee requirements. All subjects reported to be healthy and had normal or corrected-to-
normall vision. 

ApparatusApparatus and signals 

Ann IBM-compatible computer presented the signals and recorded the responses. All trials of 
alll tasks presented a schematic face that remained on screen during the tasks (see Figure 5.1). 
Thee schematic face was drawn in black lines and presented against a light gray background at 
thee center of a 15-inch computer monitor. The imperative signals of the standard AFM tasks 
consistedd of two black circles (diameter 4 mm) that appeared as pupils in the eyes of the 
schematicc face (illustrated in Table 5.1-A). The pupils were presented on the horizontal mid-
axiss of the eyes, either 4 mm to the left or right with respect to the center of the eyes (i.e., less 
signal-discriminabilityy condition) or at a distance of 8 mm from the center, that is in the outer 
leftt or right canti of the eyes (i.e., high signal-discriminability condition).’ 

Figuree 5.1: Schematic face. Subjects were instructed to execute a compatible or 
incompatiblee manual response according to the directional gaze of the eyes. 

Inn the four selective stop tasks, the imperative signals of the go task (go signals) were indi›
catedd by the position of two lines located 1 mm above the eyes of the schematic face and 
depictedd the eyebrows (see Table 5.1-B). An imperative signal was indicated by tilting the far 
endss or the close ends of the eyebrows from a horizontal or neutral position, representing an 
angryy vs. a sad expression. 

Pluisterr (2003) repeatedly observed additive effects on RT using these manipulations of signal discrimination 
andd SRC. 
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Imperativee (eyebrow) signals were separated by intervals varying randomly and equiprobably 
fromm 1250 to 1750 ms in steps of 125 ms. The imperative signals were response terminated or 
terminatedd after 1000 ms if no key had been pressed. The ’z’ and the 7’ keys on the computer 
keyboardd recorded responses with the left and right index fingers. 

Tablee 5.1: Signals and instructions in the standard AFM (A) and stop tasks (B). 

Signall - Response Compatibility 

Compatible e 
Discriminability y 

Highh Less 

Incompatible e 

Discriminability y 
Highh Less 

Signalss C 3 O CX> CZ} 
Instructionss "respond with the right hand" 

Signalss (£3 (£3 C»3 CẐ  
Instructionss "respond with the left hand" 

O OO CDG) 
"respondd with the left hand" 

OOO OO 
"respondd with the right hand" 

B B Stop-Signall /Response Mapping 

Compatiblee Stopping Incompatiblee Stopping 

Discriminability y Discriminability y 

High h Less s High h Less s 

Valid d 
Stopp signals 

Instructions s 

OOO OO 
"stopp if eyes look in the 

samee direction as the response" 

OOO OO 
"stopp if eyes look in the 

directionn opposite to the response" 

Invalid d 
Stopp signals 

Instructions s 

O OO fiCD 
"don’tt stop if eyes look in the 

directionn opposite to the response" 

OOO OO 
"don’tt stop if eyes look in 

thee same direction as the response" 

Goo signals  P^^S 

Instructions33 "respond with right hand" 

OO O 
’respondd with left hand" 

aThee mapping of go signal to response hand was counterbalanced across subjects. 
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TasksTasks and design 

StandardStandard AFM tasks. A schematic of the experimental conditions in the AFM tasks is shown 
inn Table 5.1-A. The within-subjects factors of the factorial design were Signal Discriminabil-
ityy (high vs. less) that was defined by the distance between the two alternative stimulus posi›
tionss and SRC (compatible vs. incompatible). In the compatible condition, the stimulus posi›
tionn (i.e., left or right) mapped directly onto the response position (left or right also), whereas 
inn the incompatible condition the mapping was reversed so that stimuli appearing to the left 
requiredd a right response, and stimuli appearing to the right a left-hand response. In the stan›
dardd AFM tasks, subjects responded to the direction (left or right) of the gaze of the schematic 
face.. Signal discriminability varied by directing the gaze slightly to the left vs. right (less 
discriminable)) or to an eccentric left vs. right position (highly discriminable). The standard 
AFMM tasks were presented in four blocks of 100 trials each, according to the factorial combi›
nationn of two levels of Discriminability and two levels of SRC. 

StopStop tasks. The primary task of the four tasks was to discriminate between angry vs. sad 
schematicc faces, according to the horizontal lines just above the eyes of the schematic face. 
Onn each trial, the eyebrows changed from a neutral position into ’angry’ or ’sad’ upon which 
subjectss respectively responded by pressing the left key (’z’ key on the keyboard) or the right 
keyy (7’ key on the keyboard) or vise versa as fast and as accurately as possible. On 30% of the 
trials,, pupils in the schematic face were presented as a stop signal shortly after the onset of the 
primaryy signal upon which the response to the primary task had to be inhibited. A tracking 
algorithmm (Levitt, 1971) was used to obtain a percentage of successful response inhibition of 
approximatelyy 50%. Upon successful stopping the interval between the onset of the primary-
taskk signal and the stop signal (or stop-signal delay) on the next stop trial was increased by 50 
mss whereas upon failures to stop, stop-signal delay was reduced by 50 ms. 

Fourr selective stop-signal tasks were administered, according to the factorial combina›
tionn of Stop-signal Discriminability and Stop-SRC. As in the standard AFM tasks described 
above,, discriminability was implemented by varying the distance between the relative posi›
tionss of the pupils. Stop signals could appear equiprobably on a location that was either com›
patiblee (i.e., representing the same direction as) or incompatible (i.e., representing the opposite 
directionn as) with respect to the response location indicated by the primary task. SRC was 
variedd block wise by instructing participants to inhibit their response, but only if the stop 
signall was presented at the side of the responding hand (compatible stopping) or if the stop 
signall appeared on the other side of the responding hand (incompatible stopping). Consider for 
examplee a compatible stop task where angry eyebrows ( \ / ) are coupled with a right-hand 
responsee and sad eyebrows ( / \ ) with left-hand responses. Subjects should inhibit their pri›
mary-taskk response only if the eyes look at the same direction as the response. Thus, a re›
sponsee with the right hand to angry eyebrows should be stopped only if eyes were presented 
lookingg to the right. In the same way, following a similar go-task mapping but now with an 
incompatiblee stopping instruction: Right-hand responses to angry eyebrows associated with a 
right-handd response should only be actively suppressed whenever the stop pupils look to the 
left.. Stop trials that signal response inhibition are dubbed valid stop trials. Alternatively, stop 
trialss containing stop signals that should not be stopped to are dubbed invalid stop trials. The 
fourr stop tasks were presented for each factorial combination of Discriminability and SRC 
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condition.. Each stop task contained three blocks of 120 trials each. Task order was counter›
balancedd across subjects. 

Procedure Procedure 

Subjectss performed their tasks in a quiet, dimly lit room in groups with a maximum of three in 
onee session of about three hours. Participants were instructed to respond as fast and as accu›
ratelyy to imperative signals as possible. For the stop tasks, again, the subjects were instructed 
too respond quickly and accurately to the primary task and not to delay their manual responses 
too increase the chances of stopping in anticipation of a stop signal to occur. Furthermore, it 
wass explained that stop-signal onset would vary across trials, and that some stop signals will 
occurr early so that they will always be able to stop and some will occur late so that they will 
rarelyy be able to stop. 

Halff of the subjects started the experimental session with the standard AFM tasks; the 
otherr half completed the stopping tasks first. The standard AFM tasks were administered in 
eightt blocks; two blocks of 100 trials each for each possible combination of Discriminability 
(high,, less) and SRC (compatible, incompatible). Task order was counterbalanced across 
subjectss and the first block of every task was for practice only. The mapping of the primary-
choicee task in the stop tasks (which hand was coupled with which eyebrows) was counterbal›
ancedd across subjects, and did not change during the session. The primary-choice task was 
practicedd in a separate training block of 100 trials without stop signals before stop tasks were 
administered. . 

Thee four stop tasks were presented for each Discriminability and SRC condition con›
tainingg four blocks of 120 trials each. Order was counterbalanced across subjects. Again, the 
firstt block was for practice only, and was not analyzed further. Performance feedback was 
providedd after each block. Trial blocks were separated by short intermissions and a longer rest 
separatedd the different tasks during which participants could move around freely. The first 
fourr trials of every task block were marked as warm-up trials and excluded from analysis. 

5.2.25.2.2 Results and discussion 

Meann RTs were computed for correct trials after removal of outliers (i.e., RT > M  2.5 SD). 
Twoo subjects did not complete all of the standard AFM conditions and were therefore ex›
cludedd from subsequent analysis. 

StandardStandard AFM tasks 

Meann RTs of correct trials and choice error percentages were calculated per subject and ana›
lyzedd in a 2 x 2-factorial design with Discriminability (high vs. less) and SRC (compatible vs. 
incompatible).. The results obtained in the standard AFM tasks are listed in Table 5.2 and 
Figuree 5.2. 
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Figuree 5.2: Reaction times obtained in the standard AFM tasks. 

Tablee 5.2: Mean reaction times (RT in ms), mean error percentages, and standard 
deviationss (in parentheses) per discriminability (high vs. less) and SRC (compati›
blee vs. incompatible), and mean effect size (incompatible RT minus compatible 
RT)) in the standard AFM tasks. 

Discriminability y 

high h 

less s 

S-RR Compatibility 

Compatible e 

RTT Error (%) 

322(42)) 2.7(2.3) 

336(44)) 3.0(1.6) 

Incompatible e 

RTT Error (%) 

363(53)) 4.1(3.4) 

370(64)) 4.8(3.3) 

Effect t 
size e 

41 1 

34 4 

First,, SRC had a highly significant main effect on RT, F (\, 21) = 44.5, p < .001, and on 
choicee errors, F (I, 21) = 6.7, p = .02, with faster and more correct responses on trials with 
compatiblee (M= 329 ms) than with incompatible mapping (M = 366 ms). Second, Discrimin›
abilityy had a significant main effect on RT, F (I, 21) = 4.9,/? < .05, but not on choice errors, F 
(1,, 21) = 1.0,/? = .33. On average, RTs from trials with the easy-to-discriminate pupil posi›
tionss (M= 342 ms) were 11 ms faster than RTs from the task blocks with hard-to-discriminate 
pupill positions (M= 353 ms). Finally, Discriminability and SRC did not interact significantly 
forr RT (F < [,p = .40) and errors, (F < 1). As predicted, the present findings showed an addi›
tivee pattern of effects of Discriminability and SRC on mean RT, suggesting that the present 
designn successfully manipulated two independent stages of information processing. 
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SelectiveSelective stop tasks 

GoGo trials. RT and error percentages on go-signal trials in the stopping tasks are listed in Table 
5.3.. RTs to the primary-task stimulus did not vary significantly between stop tasks, F < 1. 
Neitherr did errors, F < 1. This finding adds to the independence assumption of the horse-race 
model,, as performance on the go task is not affected by selective stop instructions (compatible 
vs.. incompatible stopping) or stop-signal discriminability (high vs. less). 

Tablee 5.3: Mean reaction times (RT in ms), mean error percentages, and standard 
deviationss (in parentheses) on go-signal trials per selective stopping task by stop 
SRCC (compatible vs. incompatible) and stop-signal discriminability (high vs. less), 
andd mean effect size (incompatible RT minus compatible RT). 

Stop-signal l 
discriminability y 

high h 

less s 

Stop-signall response compatibility 

Compatible e 

RTT Error (%) 

4044 (46) 2.8 (2.6) 

407(53)) 3.6(4.3) 

Incompatible e 

RTT Error (%) 

401(46)) 3.6(3.6) 

397(41)) 3.0(2.1) 

InvalidInvalid stop trials. Stop signals appearing opposite to the correct response hand in compatible 
stoppingg tasks, and stop signals appearing on the same side as the correct response hand in 
incompatiblee stopping tasks are invalid stop signals and primary-task responses should not be 
inhibited.. The ANOVA on RTs on these invalid stop trials yielded no significant main effect 
off Stop task (F < 1). As Table 5.4 shows, responses to invalid stop signals (526 ms) were on 
averagee slower than responses to go trials (402 ms), F (1, 23) = 263.2,p < .001. 

Tablee 5.4: Mean reaction times (in ms), error percentages, and standard deviations 
(inn parentheses) on invalid stop trials per selective stopping task by stop SRC 
(compatiblee vs. incompatible) and stop-signal discriminability (high vs. less), and 
meann effect size (incompatible RT minus compatible RT). 

Stop-signal l 
discriminability y 

high h 

less s 

Stop-signall response compatibility 

Compatible e 

Invalidd RT Error (%) 

3977 (50) 8.2 (8.7) 

4066 (58) 8.2 (7.7) 

Incompatible e 

Invalidd RT Error (%) 

420(65)) 4.1(5.2) 

446(56)) 5.4(5.1) 

Fffprt t 

size e 

3 3 

40 0 
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ValidValid stop trials. Response probability was somewhat higher than the anticipated 50%. The 
probabilitiess of responding given a valid stop signal in the compatible stop and incompatible 
stopp tasks were .55, and .58 respectively. These proportions of failed inhibits did not differ 
significantlyy between stop tasks, F (3, 21) = 2.5, p = .09. Mean stop-signal delay in the com›
patiblee stop task (160) was longer than incompatible stop delays (133), F (3, 23) = 6.9, p = 
.02. . 

Tablee 5.5: Mean proportions of failed inhibits (FI, in %), mean stop-signal delays 
(SS-delay),, signal-respond reaction times (SRRT), stop-signal reaction times 
(SSRT),, and standard deviations (in parentheses) for each stop task by stop SRC 
(compatiblee vs. incompatible) and stop-signal discriminability (high vs. less). 

Stop-signal l 
discrimin››
ability y 

high h 

less s 

FI I 

(%) ) 

55(8) ) 

55(6) ) 

Stop p 

Compatible e 

SS--
,, , SRRT delay y 

158(61)) 397(50) 

162(65)) 406(58) 

signall - response compatibility 

SSRT T 

2522 (56) 

2488 (41) 

FI I 

(%) ) 

58(8) ) 

58(9) ) 

Incompatible e 

SS-delayy SRRT 

1422 (60) 420 (66) 

124(46)) 446(56) 

SSRT T 

2700 (63) 

2822 (68) 

incompatible e 

e e 
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Figuree 5.3: Reaction times on signal-respond trials. 
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Interestingly,, analysis of RTs on signal-respond trials (i.e., go responses on stop trials that 
escapedd inhibition) revealed a typical AFM-like pattern, with a main effect (32 ms) of SRC, F 
(1,, 23) = 18.7,p< .001, and a main effect (17 ms) of Discriminability, F (3, 23) = 5.8,/? = .03. 
Thesee effects turned out to be additive, F (1, 23) = 1.7, p = .20. This pattern suggests that 
signal-respondd processes consisted of at least two independent stages, stimulus analysis and 
responsee choice. Contrary to the prediction of the hose-race model, responses that escaped 
inhibitionn on stop trials (signal-respond RT 417 ms) were significantly slower than responses 
onn go trials (402 ms), F (1,23) = 8.3, p < .01. 

2000 -I 1 1 
easyy difficult 
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Figuree 5.4: Stop-signal reaction times. 

Finally,, and most importantly, a set of ANOVA analyses performed on selective stop latencies 
revealedd a significant effect of SRC, F (1, 23) = 8.0, p = .01. Stop latencies to incompatible 
stopp signals (i.e., when subjects were instructed to inhibit to stop signals appearing contralat›
erall to the response hand) were longer (276 ms), compared to stop latencies associated with 
compatiblee stop signals (250 ms). Stop-signal discriminability did not affect stop latency 
(SSRTT high discriminability = 261 ms vs. SSRT less discriminability = 265 ms, F < 1). A 
significantt interaction between stop SRC and Discriminability on stop latency was absent, F 
(1,23)== 1.7,p = .20. 

Itt could be argued that the strategy of postponing the inhibitory response could bias the 
estimationn of stop latencies because this procedure involves cutting in the distribution of no-
signall RTs. Application of this procedure would systematically underestimate SSRT. There›
fore,, an alternative procedure was carried out, to compensate for stop signal interference on 
primary-- task processing, basing the estimation of SSRT not on no-signal trials but on RTs 
obtainedd on invalid signal trials.2 The pattern of these adjusted SSRTs is consistent with the 

AA similar procedure for estimating selective stopping latencies associated with responses executed by a critical 
handd in a selective stopping paradigm has been reported by De Jong et al., 1995, Exp. 2. 
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originall SSRTs obtained in this experiment; Incompatible stopping tends to be slower than 
compatiblee stopping, respectively, 428 ms vs. 384 ms, F (I, 23) = 3.7,p= .07 but stop-signal 
discriminabilityy did not affect adjusted stopping latency, (F < 1). In conclusion, despite of 
subjectss delaying their inhibitory response, the SRC pattern observed for stop latencies in the 
presentt study is likely to be consistent. 

Althoughh our manipulation of signal discriminability yielded the anticipated RT pat›
ternn in the standard AFM tasks, it did not systematically affect the latency of the stop proc›
essess in the selective stop tasks. To explore these disparate findings further, we focused on 
possiblee dissimilar effects of discriminability across subjects. Therefore, a median split was 
performed,, ranking subjects according to the magnitude of the discriminability effect in the 
standardd AFM tasks. A post-hoc ANOVA was conducted with an additional between-subject 
variablee of subgroup (large effect of discriminability vs. small effect of discriminability on the 
standardd AFM tasks). A significant three-way interaction indicated that SRC and Discrimin›
abilityy effects on RT in the standard AFM tasks differed between Subgroups, F(1 , 21) = 5.6,p 
== .03. Returning to the stopping tasks, a subsequent ANOVA conducted on the Subgroup that 
exhibitedd a relative large discriminability effect on RT revealed a significant main effect of 
discriminabilityy on SSRT F (I, 11) 18.0, p < .001, see Figure 5.5. Unfortunately, within this 
subgroup,, the main effect of stop SRC just failed to reach significance, F (I, 11) = 3.4, p < 
.10.. Finally, Stop-Signal discriminability and stop SRC did not interact significantly (F< 1). 
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Figuree 5.5: Stop-signal reaction times including a subset of subjects with a rela›
tivelyy large effect of signal discriminability in the standard AFM tasks. 
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Summarizing,, the manipulation of stop SRC had significant mains effect on the go process 
andd the stopping process. Compatible responses were executed faster (RT) and inhibited at 
fasterr rate (SSRT) than incompatible responses. The experimental manipulation of discrimin-
abilityy yielded the anticipated effects on RT in the standard AFM tasks - responses to easy-to-
discriminatee stimuli were faster than responses on difficult-to-discriminate trials. However, 
whenn employed in the stop-signal task, stop-signal discriminability failed to systematically 
affectt selective stopping latency; stopping latencies to easy and hard to discriminate stop 
signalss were of comparable magnitude. However, post-hoc analysis that included those sub›
jectss that exhibited a relatively large discriminability effect on RT yielded the anticipated 
effectss of stop-signal discriminability on SSRT. Therefore, Experiment II was conducted 
usingg harder-to-discriminate stop signals than the ones used in Experiment I. 

5.33 EXPERIMENT II 

5.3.15.3.1 Method 

Subjects Subjects 

Fifteenn undergraduate students (10 females, mean age = 21.2 years) participated to fulfill 
coursee requirements. All reported to be healthy and had normal or corrected-to-normal vision. 
Noo subject took part in more than one experiment reported in this study. 

ApparatusApparatus and signals 

Thee apparatus was identical to that in Experiment I. The size of schematic face employed in 
Experimentt II was reduced by 50%. The relative distance of the pupils (diameter 2 mm) serv›
ingg as imperative signals in the standard AFM tasks and as stopping signals in the stop tasks 
wass reduced also and could appear either 1 mm to the left or right with respect to the center of 
thee eyes (hard signal discriminability) or at a distance of 4 mm from the center, that is in the 
outerr left or right canti of the eyes (easy signal discriminability). 

Tasks,Tasks, design, and procedure 

Design,, procedure, and instructions of the standard AFM tasks as well as stopping tasks in 
Experimentt II were similar to Experiment I. 

5.3.25.3.2 Results and discussion 

Meann individual RTs were computed for correct trials only and outliers (i.e., RT >  2.5 
SD)SD) were removed. 
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StandardStandard AFM tasks 

Goo trials without a response were less than .2%. Mean RTs of correct trials and choice error 
percentagess were calculated per subject, for each factorial combination of Discriminability 
andd SRC levels. RTs and square roots of choice error percentages were analyzed in a 2 x 2-
factoriall design with Discriminability (high vs. less) and SRC (compatible vs. incompatible) 
ass within-subjects factors. The results obtained in the standard AFM tasks are listed in Table 
5.6,, and a plot of the RT data is presented in Figure 5.6. 
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Figuree 5.6: Reaction times in the standard AFM task. 

First,, Discriminability had a highly significant main effect on RT, F (I, 14) = 75.31, p < .001, 
andd choice errors, F (1, 14) = 8.58, p = .011. On average, RTs from trials with the easy-to-
discriminatee pupil positions (M = 336 ms) were 45 ms faster than RTs from the task blocks 
withh harder-to-discriminate pupil positions (M = 381 ms). This 45 ms effect is more pro›
nouncedd than the 11 ms difference between discriminability conditions reported in Experiment 
I.. In addition, the effect of Signal discriminability on errors turned out to be significant in 
Experimentt II, whereas was not significant in Experiment I. Taken together, the effects of 
Signall discriminability on RT as well as on errors indicates that the signal positions of Ex›
perimentt II were indeed harder to discriminate than the ones employed in Experiment I, as 
anticipated.. Second, compatibility of the location of the respond signal and the location of the 
responsee button had a significant main effect on RT, F (I, 14) = 55.66,/? < .001, and on choice 
errors,, F (1, 14) = 12.43, p = .003, reflecting faster responses on trials with compatible (M = 
3366 ms) than with incompatible mapping (M= 381 ms). Third, Discriminability and SRC did 
nott interact significantly in the RT, F (I, 14)= 3.81,p> .05, or errors, F < 1. 
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Tablee 5.6: Mean reaction times (RT in ms), mean error percentages, and standard 
deviationss (in parentheses) per Discriminability (high vs. less) and SRC (compati›
blee vs. incompatible), and mean effect size (incompatible RT minus compatible 
RT)) in the standard AFM tasks. 

Discriminability y 

high h 

less s 

S-RR Compatibility 

Compatible e 

RTT Error (%) 

316(24)) 3.9(2.9) 

355(25)) 5.7(3.6) 

Incompatible e 

RTT Error (%) 

356(31)) 5.2(2.9) 

4077 (43) 8.3 (4.9) 

Effect t 
size e 

40 0 

52 2 

SelectiveSelective stop tasks 

GoGo trials. RTs and error percentages on go-signal trials on the stopping tasks are listed in 
Tablee 5.7. RTs to the primary-task eyebrows did not vary significantly between stop tasks, F 
(3,, 12) = .76, p = .54. Go RTs did not yield significant main effects of SRC, F (1, 14) = 2.51, /? 
== .14, or Discriminability, F < 1, nor a significant interaction, F (1, 14) = .87, p = .37. Error 
percentagess on go trials did not differ either between selective stop tasks, F (3, 12) = 1.40, p = 
.299 (absent main effects of SRC, F < 1, Discriminability, F (I, 14) = 1.50, p = .24, a signifi›
cantt interaction between these effects was also absent, F (1, 14)= 1.99, p - . 18). 

Tablee 5.7: Mean reaction times (RT in ms), mean error percentages, and standard 
deviationss (in parentheses) on go-signal trials per selective stopping task by stop 
SRCC (compatible vs. incompatible stopping) and stop-signal Discriminability 
(highh vs. less), and mean effect size (incompatible RT minus compatible RT). 

Stop-Signal l 
Discriminability y 

high h 

less s 

Stop-Signall Respon 

Compatible e 

RTT Error (%) 

416(45)) 3.0(2.0) 

416(47)) 3.7(1.9) 

see Compatibility 

Incompatible e 

RTT Error (%) 

426(35)) 3.5(2.1) 

420(46)) 3.5(3.1) 

Effect t 
size e 

10 0 

4 4 

InvalidInvalid stop trials. Responses on trials with an invalid stop signal should not be inhibited. The 
ANOVAA on RTs on invalid stop trials yielded no significant main effect of Stop task (F < 1). 
Ass Table 5.8 shows, responses to invalid stop signals (529 ms) were on average slower than 
responsess to go trials (420 ms), F (I, 14) = 99.3, p< .001. 
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Tablee 5.8: Mean reaction times (in ms), error percentages, and standard deviations 
(inn parentheses) on invalid stop trials per selective stopping task by stop SRC 
(compatiblee vs. incompatible stopping) and stop-signal discriminability (high vs. 
less),, and mean effect size (incompatible RT minus compatible RT). 

Stop-signal l 
discriminability y 

Stop-signall response compatibility 

Compatible e Incompatible e 

Invalidd RT Error (%) Invalid RT Error (%) 
Effect t 
size e 

high h 

less s 

5255 (56) 

5266 (46) 

7.7(5.4) ) 

7.3(4.3) ) 

5322 (47) 

534(62) ) 

2.88 (4.8) 

3.33 (4.0) 

6 6 

8 8 

ValidValid stop trials. Results obtained on valid stop trials are presented in Table 5.9. Response 
probabilityy was somewhat higher than the anticipated 50%. The probabilities of responding 
givenn a valid stop signal in the compatible stopping tasks were .57 (high stop-signal dis›
criminabilityy and .59 (less stop-signal discriminability), and .56 (high stop-signal 
discriminabilityy and .59 (less stop-signal discriminability) in the incompatible stopping tasks. 
Thee proportions of failed inhibits did not differ significantly between stop tasks, F (3, 12) = 
1.8,/?== .20. Mean stop-signal delay did not vary with Stop task, F (3, 12)= 1.1,/»= .37. 
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Figuree 5.7: Reaction times on signal-respond trials. 
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Tablee 5.9: Mean proportions of failed inhibits (FI, in %), mean stop-signal delays 
(SS-delay),, signal-respond reaction times (SRRT), stop-signal reaction times 
(SSRT),, and standard deviations (in parentheses) for each stop task by stop SRC 
(compatiblee vs. incompatible) and stop-signal discriminability (high vs. less). 

Stopp signal - response compatibility 

Stop-signal l 
discrimin››
ability y 

Compatible e Incompatible e 

FI I 

(%) ) 
SS-delayy SRRT SSRT FI(%)) SS-delay SRRT SSRT 

high h 

less s 

57(9) ) 

59(8) ) 

138(62)) 415(51) 283(54) 

144(68)) 422(50) 282(61) 

56(10) ) 

59(11) ) 

1455 (49) 442 (50) 

1322 (47) 458 (64) 

288(55) ) 

3011 (47) 

Contraryy to predictions of the horse-race model, responses that escaped inhibition in stop trials 
(signal-respondd RT 435 ms) did not differ significantly from responses on go trials (420 ms), 
FF (1, 14) = 3.9, p > .05. ANOVA on signal-respond RTs yielded a significant effect SRC, F 
(1,, 14)= 11.7,/? > .01, but the effect of Discriminability was not significant, F < 1. 

Finally,, and most importantly, selective stopping latencies did not differ between 
selectivee stopping tasks, F (3, 12) = 1.9, p = .19 (see Figure 5.8). The main effects of the 
factorss stop SRC and Discriminability did not reach significance, F (I, 14) = 1.9, p = .19 and 
FF (I, 14) = 1.2,/»= .30, respectively, nor did the interaction, F (I, 14)= l.\,p = .30. 
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Figuree 5.8: Stop-signal reaction times. 
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5.44 General discussion 

Thee present experiments were designed to independently manipulate two stages of informa›
tionn processing of go signals in a standard choice task, and of stop signals in a stop-signal 
task.. Varying the similarity between two imperative signals manipulated the factor signal 
discriminability.. In turn, two levels of signal-response compatibility (SRC) were induced by 
varyingg the degree of natural overlap between signal and response. The standard AFM ex›
perimentss (Experiment I as well as Experiment II) showed the anticipated RT pattern. First, a 
mainn effect of signal discriminability on choice RT was obtained responses to harder dis›
criminatee stimuli were slower than to easy discriminable signals. Second, a main effect of 
SRCC indicated that incompatible responses were completed slower than compatible responses. 
Importantly,, the main effects of signal discriminability and SRC proved to be additive, which 
suggestss that the two variables did indeed affect separate stages of go-signal processing inde›
pendently.. The consistent RT pattern observed in the present standard AFM tasks are in line 
withh the results typically reported in the AFM literature (Blackman, 1980; Hasbroucq, Guiard, 
&& Kornblum, 1989; McCarthy & Donchin, 1981; Mulder, Gloerich, Brookhuis, van Dellen, & 
Mulder.. 1984; Schwartz. Pomerantz, & Egeth, 1977; Shulman & McConkie, 1973; Shum, 
McFarland,, & Bain, 1994; Shum, McFarland, Bain, & Humphreys, 1990; Sommer, Leuthold, 
&& Hermanutz, 1993; Stoffels, 1988). Signal discriminability most likely affected early, possi›
blyy perceptual, stages of signal processing. SRC is believed to have its impact mainly in the 
laterr motor stages of information processing (Sternberg, 1969; see reviews in Sanders, 1990; 
1998). . 

Too establish whether the AFM could be used as a tool to infer stages of stop-signal 
processingg we used go signals of the standard AFM tasks served as a stop signal in the stop›
pingg tasks. Instead of triggering a go response, the signals to set off the inhibitory response. 
Hencee we predicted the factors (stop-)signal discriminability and (stop-)signal / (go-)response 
compatibilitycompatibility to produce additive effects on stopping latency, according to the pattern ob›
servedd in the standard AFM tasks. 

Thee present selective stopping tasks required subjects to discriminate between valid 
andd invalid stop signals based on the spatial relation between the location of the response hand 
indicatedd by the go stimulus and stop-signal location. The relation between stop-signal loca›
tionn and go-response hand could either be compatible or incompatible. Compatible stopping 
conditionss required subjects to stop their primary-task response only if the location of the stop 
signall was spatially compatible with the correct response hand, whereas incompatible stopping 
instructionss required subjects to inhibit to stopping signals that are located opposite to the 
plannedd response. These instances indicated valid stop signals. Subjects were instructed to 
triggerr their inhibitory response only upon the presentation of a valid stop signal, as opposed 
too invalid stop signals that did not require response inhibition. The present stopping tasks 
differss in several respects from the selective stopping tasks that have been reported previously. 
Comparedd to other selective stop tasks reported in the literature (e.g., Bedard et al., 2002; De 
Jongg et al., 1995; Van den Wildenberg & van der Molen, 2003a) the current setup yielded a 
moree demanding inhibitory task load, basing the decision to invoke the stopping response on 
thee spatial relation between stop-signal location and planned response hand. This inhibition 
taskk differs from the instruction to stop any go response at hand upon the presentation of one 
outt of two possible stop signals (e.g., "stop your button-press response after hearing a high-
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pitchedd tone, but continue to respond after the presentation of a low-pitched tone") (Bedard et 
al.,, 2002; Riegler, 1986). The present stopping instruction are also different from selective 
stoppingg studies that assigned one critical response out of two go responses to be inhibited 
uponn a stop signal (e.g., "stop your right-hand response to the stopping tone, but not your left-
handd response") (De Jong et al., 1995). 

Althoughh the current stopping instructions were quite demanding, subjects were able to 
stopp their primary-task response in a selective manner, as indicated by the low inhibition rates 
too invalid stop signals (see also Bedard et al., 2002). The results obtained in Experiment I 
indicatee that selective stopping latencies to incompatible stop signals were about 11 ms slower 
comparedd to stopping latencies associated with compatible stop signals. This difference is 
small,, yet significant and the effect is of similar magnitude and direction as the significant 10 
mss difference between compatible and incompatible stopping reported by Van den Wilden-
bergg and van der Molen, (2003a). Thus, manipulations of SRC had similar effects on go-RT as 
welll as on SSRT, which can be interpreted in terms of the vast literature suggesting that spa›
tiall SRC alters the speed of response selection (for a review see Sanders, 1998). 

Beforee interpreting stopping latencies, the current stopping data will first be discussed 
inn terms of the horse-race model of stopping control. Although the inhibition conditions in the 
fourr stopping tasks varied systematically according to the factorial combination of stop-signal 
discriminabilityy and stop-signal / responses compatibility, the go task was held constant over 
stopp tasks. It is important to note that the go-responses on the primary tasks did not vary be›
tweenn stopping conditions. This observation indicates that variations in the demand of stop-
signall processing and stopping instructions did not systematically affect primary-task process›
ing.. This is in line with the assumption of independence formulated by the horse-race model 
(Logan,, 1994; Logan & Cowan, 1984). 

Thee horse-race model further predicts that RTs from trials in which subjects were pre›
sentedd with a stop signal and failed to inhibit (signal-respond RTs), on average, should be 
fasterr than no-signal RTs. Contrary to this prediction, it was observed that signal-respond RT 
didd not differ significantly from responses on go trials (Experiment II) and that signal-respond 
RTss were even significantly slower than responses on go trials (Experiment I). The present 
dataa could be taken to suggest that subjects deliberately delayed their inhibitory response to 
thee point at which they were certain that the signal presented was a valid stop signal. This 
strategyy kept them from eliciting high commission rates to valid stop signals. Signal-respond 
RTss being slower than no-signal RTs indicate that discriminating between stop-signals inter›
feredd with primary-task processing and therefore, the left part of the no-signal distribution 
containingg fast RTs might not be representative of the population signal-respond RTs. Thus, 
thee strategy of postponing the inhibitory response could bias the estimation of stopping laten›
cies.. However, estimation of SSRT using an alternative procedure that accounts for this strat›
egyy yielded similar effects of discriminability and SRC. 

Thus,, it seems that the current design successfully manipulated later stages, probably 
affectingg the motor end of stop-signal processing. Unfortunately, we were less successful in 
obtainingg significant effects in earlier, perceptual stages of stop-signal processing. Although 
thee discriminability manipulations resulted in the anticipated RT pattern in the standard AFM 
tasks,, varying stop-signal discriminability did not systematically affect selective stopping 
speedd - selective stopping to easy to discriminate stop signals was as fast as stopping to harder 
too discriminate stop signals. Based on the obtained SSRT pattern it was inferred that the cur›
rentt levels of discrimination did not effectively affect stopping speed, possibly because harder 
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too discriminate stopping signals were not that hard to discriminate. This conjecture was con›
firmedd by follow-up analysis on a subset of subjects selected on the basis of a relatively large 
effectt of signal discriminability in the standard AFM tasks. SSRTs obtained from this subset 
showedd the anticipated effects of stop-signal discriminability and compatible stopping tended 
too be faster than incompatible stopping. Moreover, these main effects proved to be additive 
withh respect to SSRT. This pattern indicated that, at least in a subset of participants, signal 
discriminabilityy and SRC affected two stages of stop-signal processing independently. 

Experimentt II was designed to replicate the promising findings of Experiment I; Ex›
perimentt II included a level of harder-to-discriminate signals than in Experiment I by reducing 
thee distance between the positions of the stop signal relative to the midline, making it harder 
too discriminate. Again, the anticipated effects were found on go-RT, but unfortunately, we did 
nott obtain significant effects of signal discriminability nor SRC on selective stopping latency. 

Inn conclusion, the present experiments combined the additive factors method and the 
stop-signall paradigm to examine stages of stop-signal information processing. The current 
patternn of findings indicate that the logic of the AFM on go-signal processing does not fully 
extendd to stop-signal processing, at least with the stop signals used in the present study. This 
failuree should not be taken to imply that stop-signal processing does not comprise identifiable 
processingg stages. But instead that careful implementation of factorial levels might elucidate 
stagess of stopping. Manipulation of experimental variables other than the ones used in the 
presentt study should reveal whether the stop process consists of similar processing stages as 
thee reaction process. 
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66 Stopping responses in the Simon paradigm : 

Examiningg the nature of simple and 

selectivee response inhibition 

Abstract t 

Thee present study is concerned with the nature of stop processes involved in stop-signal 
inhibition.. We combined the stop-signal paradigm and the Simon paradigm that has 
provenn to be useful in investigating the nature of go processes. Simon-like factorial 
manipulationss were applied to stop signals in a simple stop task and in two selective stop 
tasks.. We observed a zero congruency effect with less discriminable stop signals, and a 
non-zeroo congruency effect with highly discriminable stop signals and on RT as well as 
onn SSRT. The results confirm our conjecture that go processes and stop processes 
triggeredd by Simon signals are comparable. The present results indicate that stop-signal 
processingg can be described by a dual-process architecture that incorporates a direct 
location-basedd route and a controlled identification-based route for response inhibition. 
Thiss finding may provide a handle for future studies aimed at providing a deeper 
understandingg of the nature of stop-signal inhibition. 

6.11 Introduction 

Thee present study is concerned with the active type of response inhibition that is manifested in 
severall experimental procedures ranging from relatively simple tasks, such as the go/nogo task 
(Donders,, 1868/1969) and the antisaccade task (Hallet, 1978), to more demanding tasks, such 
ass the Stroop test (Stroop, 1935) and the Simon task (Simon & Rudell, 1967), to more com›
plexx problem-solving tasks, such as Wisconsin Card Sorting Task (WCST; Grant & Berg, 
1948).. These paradigms share the requirement that a prepotent response must be suppressed. 
Mostt procedures are limited to the extent that the efficiency of response suppression processes 
mustt be inferred from either the absence of the prepotent response (e.g., the go/nogo task) or 
thee slowing of the correct response (e.g., the WCST or conflict tasks such as the Stroop). Non›
invasivee electrophysiological measurements may further elucidate the efficiency of inhibitory 
processess (e.g., event-related brain potentials related to response suppression in nogo trials), 
butt the specificity of some of these indices to the involvement of inhibitory processes has been 
challengedd (Nieuwenhuis, Yeung, van den Wildenberg, & Ridderinkhof, in press). Two para›
digmaticc approaches (and, particularly, the methodological procedures associated to these 
approaches)) have been suggested to provide more explicit tools in studying the efficiency of 
inhibitoryy control over response activations, the stop-signal paradigm developed by Vince 
(1948;; see also Lappin & Eriksen, 1966) and formalized by Logan and Cowan (1984), and the 
delta-plott technique for distributional analysis of conflict-task performance developed by 
Ridderinkhoff (2002a). 
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6.1.16.1.1 The stop-signal paradigm 

Inn the stop-signal paradigm, subjects typically perform a standard two-choice task but, infre›
quentlyy and unpredictably, a stop-signal may be presented which countermands the planned 
responsee to the go signal. According to the underlying theory (Logan, 1994; Logan & Cowan, 
1984)) the subject’s ability to inhibit the overt response depends on the outcome of a race be›
tweenn two independent processes, the go process and the stop process. If the go process wins 
thee race, the response will be executed. By contrast, if the stop process wins the race, the 
plannedd go response will not occur. Thus, the ability to inhibit depends on the latency of the 
stoppingg response to the stop signal (i.e., stop-signal reaction time or SSRT). The clear advan›
tagee of the stop-signal paradigm over other procedures is that it provides a reasonably accurate 
approximationn of the efficiency of the internal act of control involved in stopping, even 
thoughh successful inhibition does not produce overt behavior. Conceptually, the type of inhibi›
tionn manifested in the stop-signal paradigm is one of several intentional acts of control that is 
requiredd in many real life situations (e.g., stopping for a red traffic light) and is exercised by a 
higher-orderr executive system (e.g., Norman & Shallice, 1986). 

6.1.26.1.2 A selective review of stop-signal studies 

Inn using the stop-signal paradigm to investigate the nature of response inhibition, several 
researcherss have combined the requirement to interrupt on-going actions in response to stop 
signalss with variations in the demand on inhibitory control exerted by primary-task process›
ing.. For example, stopping latencies have been reported to be comparable for spatially com›
patiblee and incompatible responses (Logan, 1981; Logan & Irwin, 2000; Van den Wildenberg 
&& van der Molen, 2003a). Apparently, stopping does not interact with the ability to resolve the 
conflictt between the prepotent compatible response and the spatially incompatible response 
(e.g.,, Kornblum, Hasbroucq, & Osman, 1990). Others introduced stop-signals in an Eriksen 
flankerr task requiring the inhibition of responses to target stimuli flanked by distracters as›
signedd to the same or opposite response (Kramer, Humphrey, Larish, Logan, & Strayer, 1994; 
Ridderinkhof,, Band, & Logan, 1999). These investigators found that responses to targets 
flankedd by incongruent distracters were more difficult to inhibit than responses to congruent 
displays.. This pattern of results was interpreted to suggest that stopping and the need to inhibit 
thee (incorrect) response to incongruent flankers compete for execution (cf. Ridderinkhof et al., 
1999). . 

Vann den Wildenberg, van der Molen, and Logan (2002) adopted a similar strategy and 
combinedd primary-task requirements aimed to reduce response readiness with stop-signal 
inhibition.. Subjects performed a primary task that required a speeded binary choice reaction 
onn go trials and response inhibition on nogo trials. An occasional cue informed subjects that a 
nogoo trial was imminent but left them uncertain about the number of go trials separating the 
cuee and the upcoming nogo trial. This setup induced periods of tonic inhibition (i.e., episodes 
off reduced response readiness). The tonic inhibition episodes were contrasted with control 
episodess during which subjects were ready to execute a speeded choice reaction (i.e., trial 
sequencess consisting of go trials only). During both episodes, a visual stop signal could occa›
sionallyy and unpredictably follow the go-signal onset, instructing subjects to withhold their 
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responsee to the go signal. Responding on go trials was delayed during tonic inhibition epi›
sodess relative to control episodes suggesting that cuing reduced the readiness to respond. Most 
importantly,, stopping was delayed during tonic inhibition episodes. This pattern of findings 
wass interpreted with reference to a response readiness model suggested by Mattes, Ulrich, and 
Millerr (1997; see also Ulrich, Mattes, & Miller, 1999). According to this model, reduced 
readinesss is associated with more forceful responses because when in an unprepared state, a 
largerr increment is needed to cross the action threshold associated with the generation of a 
response.. A follow-up study confirmed the conjecture that more forceful responses take longer 
too inhibit (Van den Wildenberg, van Boxtel, & van der Molen, 2003). 

Inn summary, the overall data pattern that emerges from studies that introduced stop›
pingg in a choice task that draws upon another form of inhibitory control suggest that relatively 
slowerr primary-task responses due to inhibitory demands are associated with delayed stop 
latenciess (Kramer et al., 1994; Ridderinkhof et al., 1999; Van den Wildenberg, van Boxtel, & 
vann der Molen, 2003; Van den Wildenberg, van der Molen, & Logan, 2002). 

6.1.36.1.3 Extending the simple stop task: The selective stop response 

Inn the stop tasks reviewed in the previous section, the stop signal instructs the subject to in›
hibitt prepotent responses in an all-or-none manner. Over the years, the standard stop-signal 
paradigmm has been extended to cover selective stopping as a more subtle manifestation of 
inhibitoryy control than the simple stop response. For example, the stop process has been made 
moree complex at the perceptual end of stop-signal processing by requiring discrimination 
betweenn two or more stop signals. Subjects could be instructed to inhibit the planned response 
too one stop signal (e.g., the high-pitched tone) but not to the other (e.g., the low-pitched) tone 
(Riegler,, 1986, cited in Logan, 1994). Typically, selective stop latencies are substantially 
longerr than simple non-selective stop latencies. Bedard et al. (2002) suggested that non›
selectivee (simple) stopping parallels the simple or Donders A response. Likewise, selective 
(’too stop or not to stop’) stopping corresponds to a classic Donders’ C response (go vs. nogo, 
seee also Logan, 1994). 

Otherr investigators of selective stopping have focused on the motor end of the stop 
processs by instructing subjects to stop just one critical response (e.g., their right-hand re›
sponse)) to the stop signal but not the other (e.g., left-hand) response. Logan, Kantowitz, and 
Rieglerr (cited in Logan, 1994) used this type of selective stop task. Again, selective stopping 
wass accompanied by longer stop latencies, and the latencies increased with the number of 
alternativee go responses. Interestingly, simple SSRTs did not vary much between tasks - one 
outt of four possible go responses was inhibited as fast as one out of two possible go responses. 

Recently,, Van den Wildenberg and van der Molen (2003a) investigated the effects of 
responsee selection demands associated with the primary task on the speed of selective 
stopping.. Stimulus-response (S-R) compatibility (SRC) of the primary task was manipulated 
block-wise.. In one condition, the subjects were instructed to press a button that was indicated 
byy the direction of an arrow (compatible S-R mapping) whereas in another condition the 
subjectt should press the respond button opposite to the direction indicated by the arrow 
(incompatiblee S-R mapping). Stop signals could appear to the left or to the right of the central 
arrow.. Subjects should inhibit their response in a selective manner, that is, to stop only if the 
locationn of the stop signal corresponded to the hand associated with the choice task (e.g., a left 
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handd response should be stopped only if the stop signal was presented to the left of the go 
signal).. Interestingly, the speed of selective inhibition was determined by the response that 
hadd to be stopped. Incompatible responses were stopped slower than compatible responses. 
Thiss SRC-effect on selective stopping latencies stands in marked contrast with the null finding 
typicallyy reported in simple stopping tasks (Logan, 1981; Logan & Irwin 2000; Van den 
Wildenbergg & van der Molen, 2003a). The sensitivity of selective SSRTs to the SRC mapping 
inn the choice task extends previous findings showing an interaction between stopping and 
inhibitoryy demands of the primary task (Kramer et al., 1994; Ridderinkhof et at., 1999). But 
thosee studies were concerned with simple inhibition only and manipulated inhibitory demands 
off the primary task using an Eriksen flanker paradigm. The effect of SRC on selective SSRT 
wass explained in terms of rule interference (Van den Wildenberg & van der Molen, 2003a). 
Onn compatible stop trials, the primary-task selection rule and the inhibition-task selection rule 
aree congruent. That is, the primary-task stimulus is translated into the activation of a response 
att the side indicated by the direction of the stimulus (compatible mapping) and the stop 
stimuluss is translated into the inhibition of a response activated at the same side as the stop 
stimuluss (compatible mapping). On incompatible trials, however, the selection rules arc 
incongruent.. On those trials, the primary-task stimulus is translated into the activation of a 
responsee at the side that is opposite to the location indicated by the direction of the go 
stimuluss (incompatible mapping). In contrast, as on compatible stop trials, the stop stimulus is 
translatedd into the inhibition of a response activated at the same side as the stop stimulus 
(compatiblee mapping). The interference between selection rules on incompatible trials may 
havee caused the delay in selective SSRTs. 

Finally,, effects of SRC manipulations of the primary-choice task on stopping latency 
havee been reported in another selective stopping task by Van den Wildenberg & van der 
Molenn (2003a). In one block, subjects were instructed to selectively inhibit their go response, 
butt only to stop signals that appeared on a location that was spatially compatible with the 
primary-taskk response. Alternatively, another condition required selective stopping to incom›
patiblee stop signals appearing opposite to the location associated with the go response at hand. 
Again,, analysis of stop latencies indicated that selective stopping to spatially incompatible 
stopp signals was slower than stopping to spatially compatible stop signals. 

Thee present study was conducted to further explore the effects of SRC on simple and 
selectivee inhibitory motor control. We crossed the stop paradigm with the Simon task derived 
fromm the conflict paradigm. The Simon task involves a special case of SRC effects on RT and 
hass proven to be useful in investigating the nature of go processes (see Kornblum, 1994; 
Simonn 1990 for reviews). The next section provides a brief overview of results obtained in 
Simonn studies and the dual-process model used to explain these findings. 

6.1.46.1.4 The conflict paradigm and the dual-process model 

Thee spatial relationship between the stimulus and the response affects task performance. 
Choicee reactions can be carried out faster when the response corresponds spatially to the 
stimulus,, even when the location of the stimulus is irrelevant to the task at hand. For example, 
whenn subjects are instructed to press a left or right key depending on the color of an impera›
tivee signal that is presented either to the left or to the right of a central fixation point, reaction 
timess are generally shorter for ipsilateral (congruent) than for contralateral (incongruent) 
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signal-respondd relations (Craft & Simon, 1970). This special case of compatibility effect is 
knownn as the Simon effect (Hedge & Marsh, 1975). In examining the mechanisms underlying 
interferencee effects in conflict tasks like the Simon task, many authors have reported evidence 
inn support of a dual-route architecture of response activation (e.g., De Jong, Liang, & Lauber, 
1994;; Eimer, Hommel, & Prinz, 1995; Hommel, 1993; Kornblum et al., 1990; Ridderinkhof, 
vann der Molen, & Bashore, 1995; Stoffels, 1996). A schematic representation of this type of 
modell is depicted in Figure 6.1. Most significant, the controlled process of stimulus-response 
(S-R)) translation (cf. Sanders, 1980; Welford, 1968) is by-passed by a direct activation route 
(Hommel,, 1993; Ridderinkhof et al, 1995); the two routes converge at the level of response 
activationn processes. If stimuli contain both task-relevant and to-be-ignored attributes, such as 
inn Stroop or Simon tasks, only the task-relevant attribute will activate a response along the 
deliberatee route, but all attributes may influence the response system via the direct-activation 
route.. Target and distracter stimulus attributes may activate the same response (in congruent 
stimuli;; CG) or opposite responses (in incongruent stimuli, IG). 
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ff f f | J 
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Selective e 
>> Response 

Activation n 

Figuree 6.1: Elementary architecture of the dual-process model. 

Accordingg to the activation-suppression hypothesis (Ridderinkhof, 2002a), direct activation 
resultingg from irrelevant stimulus features is selectively suppressed, and this selective sup›
pressionn takes some time to build up (see also Eimer, 1999). In Figure 6.1, the schematic 
representationn of the dual-process model incorporates these selective suppression processes. 
Likee most mental processes, both the activation of responses and the selective suppression of 
directt activation are subject to variability. The time to encode and identify stimulus features 
andd to select appropriate responses on the basis of target features varies from trial to trial and, 
ass a consequence, the time course and strength of direct activation vary from trial to trial. The 
strength,, onset time, and/or build-up rate of selective suppression of direct activation may also 
varyy from trial to trial. In conditions where selective suppression is relatively strong (or starts 
early,, or builds up quickly), the effects of direct activation should be shorter-lived than in 
conditionss where selective suppression is relatively weak (or starts late, or builds up slowly); 
thee build-up of activation for the incorrect response along the direct-activation route would be 
ablee to attain a lesser magnitude before being corrected by selective suppression processes. As 

11 For matters of clarity, the inhibition of task-irrelevant information is referred to as response suppression. The 
termm response inhibition is reserved to the selective inhibition of responses in the stop-signal paradigm. 
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onee consequence, the activation of the incorrect response along the direct-activation route will 
exceedd the response threshold sooner when selective suppression is weak compared to strong. 
Inn other words, under a stronger inhibition regime, one may more often prevent incorrect 
activationn from resulting in an overt response. 

Thus,, in going from weak to strong suppression, fewer fast errors would occur in re›
sponsee to IG stimuli. More important, in strong-suppression compared to weak-suppression 
conditionss the effects of direct activation should be shorter-lived, so that activation for the 
correctcorrect response to IG stimuli should benefit (i.e., it can be initiated earlier and build up more 
quickly).. With weak inhibition, only the slower IG responses benefit from selective suppres›
sion;; with stronger inhibition, the facilitation of IG responses will be more pronounced, and 
fasterr incongruent responses will also benefit from selective suppression. Evidence for the 
activation-suppressionn hypothesis and its predictions with respect to the dynamics of direct 
activationn and selective suppression was derived from distributional analyses of behavioral 
dataa (RT and accuracy; Ridderinkhof, 2002a; 2002b). The distribution-analytic approach 
allowss for a careful examination of these temporal dynamics, and the delta-plot technique has 
beenn applied successfully to study effects on inhibitory control elicited by alcohol consump›
tionn (Ridderinkhof et al., 2002), speed/accuracy instruction (Band, Ridderinkhof, & van der 
Molen,, in press), post-error adaptation (Burle, Possama’i, Vidal, Bonnet, & Hasbroucq, 2002), 
orr individual differences such as those related to ADHD (Ridderinkhof, Scheres, Oosterlaan, 
&& Sergeant, 2003). 

6.1.56.1.5 Comb in ing stop and conflict paradigms 

Thee stop-signal paradigm and the conflict paradigm provide us with useful indices (SSRT and 
deltaa plot slopes) of the efficiency of response inhibition. However, the efficiency of these 
processess is inferred indirectly from mathematical/statistical procedures; these procedures do 
nott allow for a direct examination of the nature of response inhibition processes. The nature 
andd efficiency of go processes have been studied extensively through parametric variations in 
factoriall manipulations of the go process. Likewise, the nature of stop processes may also be 
studiedd systematically through parametric variations in factors that may influence the stop 
process.. This was the purpose of the present study. Parametric variations were aimed at ma›
nipulatingg the efficiency of various components of the stop process, much as factorial manipu›
lationss have been used to study the efficiency of the go process. 

Inn particular, in the present study wc test the assumption that stop processes are similar 
inn nature to go processes. Go signals require perceptual discrimination, translation into an 
appropriatee action, and then the programming and unfolding of that action. Likewise, stop 
signalss require perceptual discrimination, translation into an appropriate action (i.e., inhibition 
off ongoing responses), and then the programming and unfolding of that inhibitory action. In 
thee go task, activation and suppression result in execution and inhibition of responses, 
respectively.. In the stop task, by contrast, we construe activation of stop processes to result in 
responsee inhibition while suppression of this activation is construed to result in response 
disinhibitiondisinhibition (which boils down to response execution). This analogy provides us with a 
contextt in which the stop process can be studied in a fashion similar to the explorations of the 
goo process. 
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Thee conceptual framework of the dual-process model, that has been used extensively to ex›
ploree activation and suppression in go processes, will be used here to study activation and 
suppressionn in stop processes as well. Activation and suppression in go processes will be 
verifiedd using a stimulus-discriminability manipulation in a Simon task; activation and sup›
pressionn in stop processes will be examined by using the same manipulation in the stop task. 
Wee will first elaborate on the predictions for the Simon task as derived from the dual-process 
model;; next, we will generalize these predictions to the stop task. 

TheThe Simon task 

Thee response system receives activation from both the deliberate route and the direct route. 
Activationn from the direct route is subsequently suppressed, but this inhibition takes some 
timee to build up. Therefore, on occasions where processing along the deliberate route is rapid, 
thee operation of selective suppression comes into play relatively late, resulting in a relatively 
largee congruency effect on RT. If the deliberate route is less rapid, then selective suppression 
operatess more timely, such that the initial direct activation is selectively suppressed (some›
timess so strongly that the net result is relative facilitation of the opposite response, as ex›
pressedd in a reversed congruency effect; see Eimer, 1999). If the deliberate route is quite slow, 
thenn selective suppression operates relatively early, such that all initial activations have de›
cayedd by the time the deliberate route is finished (resulting in a zero congruency effect on 
RT).. Thus, with highly discriminable signals the deliberate route can operate rapidly, resulting 
inn a non-zero congruency effect (either positive or negative, depending on relative timing); 
withh less discriminable signals the deliberate route operates more slowly, resulting in a zero 
congruencyy effect. 
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Figuree 6.2: The dual-process model, adapted for selective response inhibition. 
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TheThe stop task 

Too examine whether the operation of selective go and selective stop processes are similar, we 
generalizee the dual-process model to the domain of response inhibition (see Figure 6.2). Here, 
thee selective stop process {resulting in selective response inhibition) receives activation from 
thee deliberate route, but also from the direct route. Activation from the direct route is subse›
quentlyy suppressed (resulting in selective response disinhibition), with a more or less fixed 
onsett time. If processing along the deliberate route is rapid, then the operation of selective 
suppressionn comes into play relatively late, resulting in a relatively large congruency effect on 
SSRT.. If the deliberate route is less rapid, then selective suppression operates more timely, 
suchh that the initial direct activation is selectively suppressed (sometimes so strongly that the 
nett result is relative facilitation of the opposite response, as expressed in a reversed congru›
encyy effect; see Eimer, 1999). If the deliberate route is quite slow, then selective suppression 
operatess relatively early, such that all initial activations have decayed by the time the deliber›
atee route is finished (resulting in a zero congruency effect on SSRT). Thus, with highly dis›
criminatee stop signals the deliberate route can operate rapidly, resulting in a non-zero con›
gruencyy effect on SSRT (positive or negative, depending on relative timing); with less dis-
criminablee signals the deliberate route operates slowly, resulting in a zero congruency effect. 

6.1.66.1.6 The present study 

Iff the present set of predictions receives support, then we can infer that stop processes operate 
muchh in the same way as go processes. Two control tasks are intended to establish that our 
experimentall format will produce the typical performance patterns in (1) a regular Simon task 
(involvingg less and highly discriminable stimuli) and (2) a regular stop task involving simple 
responsee inhibition. In the regular Simon task, subjects are instructed to respond to the color 
off a rectangle and ignore its location; stimulus discriminability (red versus blue; yellowish 
greenn versus greenish yellow) will be varied between trial blocks to verify that the anticipated 
effectss of response inhibition will be expressed in RT and delta-plot patterns. In the simple 
stopp task, subjects are instructed to inhibit their response to the go task whenever they are 
presentedd with a stop signal (a colored rectangle). The location of the stop signal was 
irrelevant.. SSRTs are calculated in accordance with conventional procedures to establish that 
typicall findings regarding the efficiency of response inhibition will be replicated. Based on the 
selectivee stop literature, it was predicted that the position of the stop signal activates the stop 
process,, which should result in a facilitation of stopping to congruent stop signals and 
delayingg the stopping response to incongruent stop signals. 

Next,, the critical task is a selective stop task, where stop signals undergo the same ma›
nipulationss as those in the regular Simon task. That is, subjects are instructed to refrain from 
respondingg to the primary task stimulus whenever a stop signal in a designated color is pre›
sented,, but to continue to respond to the go task if presented with a stop signal in the other 
color.. Again, stop-signal color is easy-to-discriminate (red versus blue) in one condition, but 
moree difficult (yellowish green versus greenish yellow) in the other. As outlined above, if stop 
processess operate in the same way as go processes, then we predict a non-zero congruency 
effectt on SSRT with highly discriminable signals and a zero congruency effect with less dis-
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criminablee signals. Any departure from this pattern indicates that go signals and stop signals 
aree processed differently. 

6.22 Method 

6.2.16.2.1 Participants 

Twenty-ninee undergraduate students (19 females and 10 males, mean age = 22.6 years) par›
ticipatedd to fulfill course requirements. All subjects reported to be right-handed and had nor›
mall or corrected-to-normal vision. 

6.2.26.2.2 Apparatus ands ignals 

Stimulii were presented and responses were collected with an IBM-compatible computer. In all 
tasks,, a trial consisted of an imperative signal presented visually against a black background 
withh a maximum of 500 ms with intervals varying randomly but equiprobably from 1250 to 
17500 ms in steps of 125 ms. Left- and right-hand responses were collected from the ’z’ and the 
7’’ keys on the computer keyboard. The signals of the Simon tasks consisted of single colored 
verticall rectangles (height / width 3 x 1 cm) that could be red or blue in some conditions, and 
yelloww or green in others (RGB-codes respectively 255-0-0; 0-0-225; 240-190-0; and 30-255-
0).. These imperative stimuli were presented 3.2 cm either to the right or to the left of a white 
fixationfixation square (3x3 mm) that remained present during the task at central location such that 
thee visual angles subtended by each bar were approximately 9.9°  x 3.4° . The imperative sig›
nalss of the primary task used in the stop tasks consisted of the single digits 0 to 9 presented at 
centrall fixation (height / width 1.5 x 1 cm, visual angles 1.7°  x 1.1°) . Digits were alternated 
withh the fixation square. Colored rectangles identical to those described in the Simon tasks 
servedd as stop signals and were presented randomly but equiprobably on 30% of the trials to 
eitherr the left or the right side of the primary task digit. 

6.2.36.2.3 Tasks and design 

SimonSimon tasks 

Thee subjects’ task was to classify single rectangles according to color by responding with the 
leftt or right index finger as fast and as accurately as possible, independent of stimulus loca›
tion.. Two versions of the Simon task were administered that varied with respect to color 
discriminability;discriminability; one version employed two highly discriminable colors, red and blue, and 
anotherr version used less discriminable colors, yellow and green. For both highly and less 
discriminablee conditions the location of the imperative stimulus was irrelevant to the choice 
taskk at hand. The spatial relationship between signal location and response key could either be 
congruentcongruent (CG: stimulus and response on ipsilateral sides) or incongruent (IG: stimulus and 
responsee on contralateral sides). 

89 9 



66 STOPPING RESPONSES IN THE SIMON PARADIGM 

Stop-signalStop-signal tasks 

Thee primary task or go task associated with the stop tasks was to classify single digits ranging 
fromm 0 to 9 according to an odd versus even criterion by pressing the left key (’z’ key on the 
keyboard)) or the right key (7’ key on the keyboard) or vice versa as fast and accurately as 
possible.. On 30% of the trials, a stop signal was presented shortly after the onset of the pri›
maryy signal, indicating that the response to the primary task was to be inhibited. The stop 
signall could appear equiprobably on a location that was either congruent (i.e., on the same 
locationn as) or incongruent with (i.e., opposite to) the response location associated with the 
primaryy signal. Upon successful stopping the interval between the onset of the primary-task 
signall and the stop signal (or stop-signal delay) on the next stop trial was increased by 50 ms 
whereass upon failures to stop, stop-signal delay was reduced by 50 ms. Implementation of this 
trackingg algorithm (Levitt, 1971) has been shown to produce percentages of successful re›
sponsee inhibition of approximately 50% (e.g., Osman, Kornblum, & Meyer, 1986). 

Theree were two stop tasks. In the simple stop task only one stop-signal color (i.e., ei›
therr all blue or all red) was employed upon which subjects had to refrain from responding to 
thee primary task. An additional stop task, dubbed the selective stop task, was administered in 
twoo versions, both requiring subjects to refrain from responding to one stop signal but to 
ignoree the other. In the selective stop task with high stop-signal discriminability subjects were 
too refrain from responding to the primary-task after presentation of a red stop signal and were 
too ignore the blue signals (or vice versa). In the selective stopping condition with less stop-
signall discriminability subjects inhibited the motor response after presentation of a yellow 
stopp signal and ignored the green stop signals (or vise versa). Note that in all stop tasks, stop-
signall location, being either congruent or incongruent with respect to the correct response 
hand,, was irrelevant to the task at hand. 

6.2.46.2.4 Procedure 

Groupss of up to three subjects performed their tasks in a dimly lit, sound attenuated room in 
onee session of about three hours. Participants were instructed to respond as fast and as accu›
ratelyy as possible. For the stop tasks, the subjects were instructed to avoid delaying their pri›
mary-taskk responses manual responses to increase the chances of stopping if a stop signal 
mightt occur. Furthermore, it was pointed out that stop-signal onset varied so that they would 
bee able to stop to early stop signals whereas they would likely fail when stop signals were 
presentedd late. The experimental session started with the two versions of the Simon task. Each 
versionn of the Simon task consisted of two blocks of 120 randomly mixed trials per condition. 
Thee first block of trials of each version was for practice only and was not included for analy›
sis.. Initial color discriminability (i.e., high or less), as well as the signal color-response map›
pingg (left or right) of the Simon task were counterbalanced across subjects. 

Thee binary choice task employed in all stop tasks was practiced separately in one block 
off 100 trials before stop signals were introduced. The order of stop tasks (simple stopping, 
selectivee stopping with high stop-signal discriminability and selective stopping with less stop-
signall discriminability) was counterbalanced across subjects. In the simple stop task, half of 
thee participants received red stop signals only; the other half received blue stop signals only. 
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Participantss completed two blocks of 400 trials each. The first block of trials was used for 
practice.. The selective stop tasks with high and less stop-signal discriminability consisted of 
threee blocks of 400 trials each. Again, the first block was for practice. Stop-signal color was 
counterbalancedd across subjects. Performance feedback was given after each block. Trial 
blockss were separated by short intermissions and a longer rest separated the different tasks 
duringg which participants could move around freely. 

6.2.56.2.5 Data processing 

Thee first four trials of every block of trials were viewed as warm-up trials and discarded. 
Individuall mean reaction times (RTs) of correct trials were calculated after the removal of 
outlierss from the RT distribution (i.e., RTs > M+ 2.5 SD; RTs < M - 2.5 SD) on a subject-by-
subjectt basis. Stop-signal reaction times (SSRTs) for congruent and incongruent stop trials 
weree estimated using the horse-race model (Logan & Cowan, 1984). The latency of the stop 
processs can be estimated from the start and the finish of the stop process. The start of the stop 
processs is under experimental control by the stop-signal delay, but the finish time has to be 
inferredd from the observed go RT distribution. If responses are not stopped on n% of the stop 
trials,, then the finish of the stop process is on average equal to the w-th percentile of the go RT 
distribution.. Finally, mean stop-signal delay is subtracted from this finish time to obtain an 
estimatee of stop latency (see Logan, 1994). Stop-signal tracking based on inhibition rates of 
50%% provides stop latency estimates that are derived from the center of the go RT distribution, 
andd are relatively insensitive to violations of the assumptions of the horse-race model (e.g., 
Band,, van der Molen, & Logan, 2003; Logan, Schachar, & Tannock, 1997). 

Distributionall analyses of RT were used to examine the dynamics of selective response 
suppressionn in the Simon task. Delta plots are used to depict effect size (i.e., mean RT on IG 
trialss minus mean RT on CG trials) as a function of response speed (i.e., average of mean RTs 
onn CG and IC trials per RT quartile). RTs of correct responses in the Simon tasks were rank-
orderedd separately for CG and IC trials and divided subsequently into five equal-size speed 
binss (quintiles). Mean RT was determined for each quintile in each condition, as determined 
byy the factorial combinations of Congruency and Signal Discriminability. For each RT quin›
tile,, the difference in RT between IG and CG conditions is plotted on the Y-axis against the 
meann of the CG and IG RTs in that quintile. With weak inhibition only the slower IG re›
sponsess benefit from selective suppression, while with stronger inhibition, the benefit for IG 
responsess is more pronounced, and extends to faster portions of the CDF (Ridderinkhof, 
2002a). . 

Thus,, in delta plots for RT, the slopes between quartile points turn from positive to 
moree negative relatively late when suppression is weak, and progressively earlier when sup›
pressionn is stronger. Compared to the faster condition (highly discriminable stimuli), for the 
slowerr condition (less discriminable stimuli) suppression will be expressed in earlier portions 
off the RT distribution. Thus, delta plots are predicted to turn negative in earlier quintiles for 
less-- compared to highly discriminable stimuli. 
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6.33 Results 

6.3.16.3.1 Simon tasks 

Missingg responses (percent omissions < .5%) were discarded from the data. Mean RTs of 
correctt trials and choice error percentages were calculated per subject, discriminability condi›
tion,, and location congruency. RTs and square roots of choice error percentages were ana›
lyzedd in a 2 x 2-factorial ANOVA design with Signal Discriminability (high vs. less) and 
spatiall relation between stimulus location and designated response side (henceforth referred to 
ass Congruency; CG versus IG) as within-subjects factors (see Table 6.1). 
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Figuree 6.3: Mean RT effects of signal discriminability (high vs. less) and congru›
encyy (congruent vs. incongruent) in the standard Simon task. 

Tablee 6.1: Mean reaction times (RT in ms), error percentages, and standard devia›
tionss (in parentheses) per discriminability (high vs. less) and congruency (CG vs. 
IC)) in the Simon tasks. 
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First,, Signal Discriminability produced a significant main effect on RT, F (I, 28) = 133.6, p< 
.001,, and on choice errors, F (1, 28) = 11.4, p = .002. On average, RTs from the condition 
withh difficult-to-discriminate bar colors were 72 ms slower than RTs from the condition with 
thee easy-to-discriminate bar colors. 

Second,, Congruency between the location of the respond signal and response button 
exertedd a significant main effect on RT, F (I, 28) = 29.3, p < .001, and on choice errors, F (1, 
28)) = 6.8, p = .014, reflecting faster and more accurate responses on CG (393 ms) than IC 
(4111 ms) trials. 

Third,, the under-additive interaction between Signal Discriminability and Congruency 
wass significant for RT (see Figure 6.3), F (I, 28) = 11.3, p = .002, but was absent with respect 
too the error data, F (I, 28) = 2.4, p = .130. The cost of the need to respond on an IC trial was 
266 ms for highly discriminative signals, but only 9 ms for less discriminable signals. The 
directionn of the accuracy effects discarded interpretations of the RT findings in terms of 
speed/accuracyy trade-off. These findings are consistent with Hommel (1993) who demon›
stratedd decreased Simon effects in every experimental manipulation that markedly increased 
thee temporal distance between the coding of the relevant stimulus information (color) and that 
off the irrelevant stimulus location. 
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Figuree 6.4: Delta plots for response speed plotting effect size (IC RT - CG RT) as 
aa function of response speed. Response speed is expressed in RT quintile scores. 

Thee second set of ANOVAs focused on the effects of Discriminability on the slopes of the 
deltaa plots to explore the dynamics of selective suppression of response activation associated 
withh the irrelevant positional aspects of the imperative signals (depicted in Figure 6.4). Analy›
sess of delta-plot slopes yielded significant main effects of Discriminability, F (1, 28) = 4.9, p 
== .035, Segment (1 to 4), F (1, 28) = 4.9, p = .035, and most importantly their interaction, F 
(3,, 84) = 2.8, p = .043. As can be seen in Figure 6.4, the slopes of the two discriminability 
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conditionss diverge in early segments (ql-2, F (I, 28) = 3.6, p< .001; q 2 - 3 , F ( l , 28) = 2.3,p = 
.028)) whereas the slopes parallel in later segments (q3-4, F< 1; q4-5, F< 1). 

Thesee findings suggest that the active suppression of response activation that is associ›
atedd with the irrelevant location dimension of the stimulus needs time to build up, and that this 
activee suppression is more prominent in the Simon task with less discriminable stimuli than 
withh highly discriminable stimuli, as indicated by the negative slopes. 

6.3.26.3.2 Stop-signal tasks 

Thee results of the simple and selective stop tasks are summarized in Table 6.2. 

ResponseResponse execution 

Analysess of the responses to the primary-task digits indicated that go-signal RT varied be›
tweenn stop-task conditions, F (2, 27) = 8.8, p < .001. Error percentages on no-signal trials did 
nott differ between stop tasks, F (2, 27) = 1.4, p = .26. Orthogonal contrast analysis revealed 
thatt mean go RTs in the simple stop task were significantly slower compared to the mean go 
RTss computed over both selective stop tasks, F (1, 28) = 12.2, p < .01. Most important, pri›
mary-taskk RTs did not differ between the two selective stopping tasks (F < 1), so the manipu›
lationn of stop-signal discriminability did not influence subjects’ response latencies to primary-
taskk signals. 

ResponseResponse inhibition 

Thee probabilities of responding given a stop signal were .49 for simple stopping, .51 for selec›
tivee stopping with easy-to-discriminate colors, and .55 for selective stopping with difficult-to-
discriminatee colors. Thus, the tracking algorithm did result in an observed response rate on 
stopp trials close to the anticipated 50%. 
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Figuree 6.5: Stopping latencies in the simple and selective stop tasks. 
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First,, a within-subject analysis on mean stop-signal RTs yielded a main effect of Stop task, F 
(2,, 27) = 15.2,/? < .001. Orthogonal contrast analysis showed that selective inhibition latencies 
(3100 ms) were significantly slower than simple stopping (260 ms), F(\, 28) = 28.4,p < .001. 
Selectivee stopping to less discriminable stop signals (326) was slower than stopping to highly 
discriminablee stop signals (294 ms), F(\, 28) = 9.2, p = .005. 

Tablee 6.2: Mean go-signal reaction time (Go RT in ms), error percentages, signal-
respondd reaction times (SRRT), stop-signal reaction times (SSRT), and standard 
deviationss (in parentheses) per congruency (congruent vs. incongruent) and stop-
signall discriminability (high vs. less) in the simple and selective stop tasks. 

Stopp signal-response congruency 

Goo trials Congruent Incongruent 

Stopp task GoRT Error (%) SRRT SSRT SRRT SSRT 

Simplee 502(57) 8(3) 474(51) 256(49) 480(51) 265(58) 9 

Selective e 

highlydiscc 485(56) 8(3) 482(51) 301(57) 484(57) 287(48) -14 

lesss disc 488(65) 9(3) 497(70) 326(77) 505(73) 326(74) 0 

SimpleSimple stopping 

AA within-subject analysis with Congruency as a factor (congruent vs. incongruent) revealed a 
significantt main effect on Stop-signal RT for simple stopping, F (1, 28) = 4.5, p = .04. On 
average,, responses on trials with a stop signal appearing on the location opposite to (i.e., 
incongruentt with) the location of the response hand indicated by the go-task signal were inhib›
itedd 9 ms slower than on congruent trials. This finding is compatible with the prediction that 
thee position of the stop signal facilitates the speed of stopping if presented on the same side as 
thee response hand. 

SelectiveSelective stopping 

AA comparison of stop latencies confirmed that responses were stopped significantly slower 
whenn stop-signal discriminability was less (326) compared to highly discriminable stop colors 
(2944 ms), F (1, 28) = 9.17, p = .005. The main effect of Stop-signal congruency on selective 
stoppingg latencies just failed to reach significance F (\, 28) = 3.0, p = .09. Importantly, a 
significantt interaction between Stop-signal discriminability and Stop-signal congruency was 
obtained,, F ( l , 28) = 4.\,p = .05, indicating that the effect of Stop-signal congruency on stop 
latenciess differed between the two Stop-signal discriminability conditions as plotted in Figure 

Effect t 
size e 
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6.6.. Post-hoc comparisons indicated that with easy-to-discriminate stop colors, stopping to 
congruentt stop signals was significantly slower by 14 ms compared to incongruent stop sig›
nals,, F (I, 28) = 6.5, p = .016. Selective stopping latencies to congruent and incongruent stop-
signalss in the selective stopping task that employed less discriminable stop signals did not 
differ,, F < 1. 
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Figuree 6.6: Mean effects of signal discriminability (high vs. less) and congruency 
(congruentt vs. incongruent) on selective stop latencies. 

Tablee 6.3: Mean RT (ms), error percentages, and standard deviations (in parenthe›
ses)) on invalid stop trials by congruency (congruent vs. incongruent) and dis›
criminabilityy (high vs. less) in the selective stopping tasks. 
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6.44 Discussion 

Thiss study was designed to examine whether go and stop processes are similar in nature. The 
conceptuall framework provided by the dual-process model and the activation-suppression 
hypothesis,, that have been used extensively to explore activation and suppression in conflict 
tasks,, were generalized here to study activation and suppression in stop processes as well. For 
goo processes, activation and suppression were verified using congruency relations and a 
stimulus-discriminabilityy manipulation in a Simon task; for stop processes, activation and 
suppressionn were examined by using the same manipulations in the stop task. 

6.4.16.4.1 Simon tasks 

Thee outcomes of the regular Simon tasks replicated earlier findings reported in the existing 
literaturee (e.g., Hommel, 1993; 1994). As anticipated, subjects responded faster in blocks of 
trialss that employed highly discriminable imperative signals compared to less discriminability 
signals.. Typical for Simon tasks, Stimulus-Response congruency had a substantial effect on 
thee speed of response execution; responses to congruent trials were significantly faster than on 
incongruentt trials. Moreover, analysis of RT patterns revealed an under additive interaction 
betweenn the effects of Congruency and Stimulus Discriminability, indicating a decreased 
Simonn effect under less discriminability conditions. The difference in RT between spatially 
congruentt and incongruent trials (i.e., the Simon effect) was about three times larger when 
signall discriminability was high (26 ms) than when it was less (9 ms). These values are similar 
inn magnitude compared to the results reported earlier by Hommel (1994, experiment 1), who 
obtainedd congruency effects of 29 ms and 12 ms under high vs. less signal discriminability 
conditions.. In a series of experiments, Hommel studied the Simon effect in blocks with low›
eredd signal quality or delayed signal formation, experimental manipulations known to slow 
downn the processing of relevant information. The observation of attenuated Simon effects 
associatedd with manipulations that prolong RT led Hommel to suggest that location-induced 
responsee activation automatically decays over time (see also Hommel, 1993). In terms of the 
dual-processs model, activation elicited by the irrelevant positional feature of the imperative 
signall along the direct activation route has decayed by the time the deliberate route produces 
activationn for the response based on stimulus color. 

Distinctt from the notion of automatic decay, the negative-going slopes presented in the 
deltaa plots evidence the involvement of active suppression of task-irrelevant response activa›
tionn (Ridderinkhof, 2002a). Trials presented in the less discriminability condition displayed 
relativelyy stronger suppression effects, as indicated by the negative slopes of the delta plot. 
Comparingg the delta plots of the two discriminability conditions it can be seen that the slopes 
parallell at the slower quartiles suggesting that suppression of irrelevant response activation 
becamee effective also in the Simon task employing highly discriminable signals, but only at 
laterr stage of response execution. This interpretation is consistent with the results of electro›
physiologicall studies supporting the notion of direct activation and subsequent selective sup›
pressionn of response activation associated with irrelevant stimulus features, or ’facilitation-
followed-by-inhibitiorffollowed-by-inhibitiorf (Eimer, 1999; Eimer& Schlaghecken, 1998). 
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6.4.26.4.2 Stop-signal tasks 

Thee stimuli employed in the Simon task further served as stop signals in the simple and selec›
tivee stop tasks. As predicted, simple stopping to just one stop signal was faster than stopping 
selectivelyy to one of two stop signals. An advantage of simple over selective inhibitory motor 
controll is in agreement with previous results on simple and selective stop-signal inhibition 
withh different versions of the stop task (cf. De Jong et al., 1995; Logan et al., 1986; Van den 
Wildenbergg & van der Molen, 2003a). Increased latencies associated with selective stopping 
mayy be suggestive of increased demands on cognitive control processes as imposed by the 
selectivee inhibition task (cf. Bedard et al., 2002; Van den Wildenberg & van der Molen, 
2003a).. The standard simple inhibition paradigm requires stop-signal detection, upon which 
thee response to the primary-task stimulus is to be aborted. This simple stop condition bears a 
resemblancee to the classic Donders A task (Donders, 1868/1969) that requires a simple reac›
tionn to the presentation of a stimulus. Similarly, the requirement to distinguish between two 
toness in the selective stop tasks could be interpreted as a Donders C task. Compared to the 
simplee A task, processing of the C task involves the additional stage of stimulus discrimina›
tion,, which makes the selective inhibition task more demanding (see also Riegler, 1986). 

Comparisonn of psychophysiological data obtained from selective and simple stop tasks 
havee led several researchers to suggest that simple and selective inhibition are mediated by 
twoo functionally distinct mechanisms (Logan, 1994, see also De Jong et al., 1995; but see 
Bandd and van Boxtel, 1999). Developmental studies are relevant in the discussion on 
inhibitoryy mechanisms, because they have presented evidence that both simple and selective 
stoppingg improved throughout childhood but at different rates (Bedard et al, 2002; Van den 
Wildenbergg & van der Molen, 2003a). This developmental fractionation of simple and 
selectivee inhibition is inconsistent with the notion that speeded information processing is 
mediatedd by a single global mechanism (e.g., Cerella & Hale, 1994). 

Itt should be noted that the discriminability level of the stop signals in the selective stop 
taskss did not affect primary-task performance. Although selective stopping was substantially 
slowerr to one of two harder to discriminate stop signals as opposed to an easy to discriminate 
stopp signal, go-signal RTs did not differ significantly between easy and difficult stop-signal 
discriminabilityy conditions. This finding suggests that the discriminability demands imposed 
uponn selective stop-signal processing did not interfere with the processing of the primary task. 

6.4.36.4.3 Stop-signal processing vis-a-vis go-signal processing 

Thee primary aim of the present study was to test the hypothesis that stop processes are similar 
inn nature to go processes. We used the Simon task which has proven to be useful in investigat›
ingg the nature of go processes, and applied Simon-like factorial manipulations to stop signals 
inn a simple stop task and two selective stop tasks. 

First,, the observed congruency effects of stop-signal location on simple stop latencies 
mayy be interpreted in terms of the dual-process model (Kornblum et al., 1990). Probably, the 
locationn of the stop signal unconditionally triggers the matching location representation via the 
fastt direct route, like in the standard Simon tasks. If the location representation that is trig›
geredd by this automatic process matches the location of primary-task processing, the stop 
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responsee is enhanced. This boost of inhibitory processing is absent in case of incongruence 
betweenn stop-signal location and primary-task response. Alternatively, the finding of slower 
simplee stop latencies to incongruent stop signals is also in accord with capacity hypotheses 
formulatedd by Ridderinkhof et al. (1999) and Kramer et al. (1994). Accordingly, the simple 
stopp process might be hampered if, at the same time, activation that is associated with the 
irrelevantt location of the stop signal is being suppressed. 

Second,, we observed a zero congruency effect with less discriminable signals, and a 
non-zeroo congruency effect with highly discriminable signals on RT as well as on SSRT. 
Thesee results confirm our conjecture that the speed of go processes and stop processes trig›
geredd by Simon signals are affected by irrelevant aspects of the signal. Most interestingly, 
congruencyy effects in the selective stop task with high stop-signal discriminability showed the 
reversedd pattern, that is, selectively stopping to incongruent stop signals was found to be 
slowerr compared to congruent stop signals. An interpretation of this striking congruency 
patternn (a reversed Simon effect) might be related to the timing of the inhibitory response 
relativee to the influence of direct response activation generated by the position of the stop 
signal.. Recall that the inhibition dynamics in the standard Simon tasks, as revealed by the 
deltaa plots, point in the direction of ’activation-followed-by-suppression’ or an initial en›
hancementt followed by an active suppression of automatic response activation. This selective 
suppressionn of location-based response activation was indicated by negative congruency effect 
inn the later end of the RT distribution. Along similar lines, the present reversal of congruency 
effectss on selective stop latencies could be explained in terms of this relatively strong suppres›
sionn of location based response activation. Besides mere stop-signal detection, as in the simple 
stopp task, the subject has to engage a selective stop process based upon the identification of 
thee stop signal. This signal identification process by the controlled route is by-passed by initial 
processingg of location-based direct response activation. Although using the fast direct route 
wouldd boost the stop process, as it did in the simple stop task, this strategy would be disadvan›
tageouss in the selective stop tasks, as only half of the stop signals were designated as valid 
stopp signals; the other half of the stop signals are invalid and require a primary-task response. 
Inn order to avoid fast stopping to invalid stop signals as required by the instructions, subjects 
mayy block processing by the fast route in favor of the slower but safer route of controlled 
identificationn of the stop signal. The present congruency effects seems to support the notion 
thatt subjects suppress fast route processing, resulting in a relative facilitation of inhibitory 
responsess to incongruent stop-signals. 

Finally,, the observation of annihilated effects of congruency on the speed of stopping associ›
atedd with stop signals that were harder to discriminate is in accord with the dual process 

22 However, an alternative interpretation of the reversed Simon effect on selective SSRTs to highly discriminable 
stopp signals can be formulated also. It could be argued that, in stop-signal trials, the location of the stop signal 
triggerss the stop process of the corresponding primary-task response (e.g., a stop signal presented to the right 
suppressess a right-hand response). As a result, primary-task response activation will be attenuated when coun›
termandedd by congruent compared to incongruent stop signals. Thus, congruent stop signals will reduce ipsilat-
erall response activation that is associated with the primary task to a larger extent than incongruent stop signals. 
However,, the inhibition process should be triggered by identity-based, not location based information of the stop 
signal.. The stop-signal process that is triggered by a valid congruent stop signal has to countermand a less acti›
vatedd response because response activation is already suppressed by the congruent location of the stop signal. 
Previouss studies have indicated that reduced response readiness is associated with delayed stopping (Van den 
WildenbergWildenberg & van Boxtel, van der Molen, 2003; Van den Wildenberg, van der Molen, & Logan, 2002). This 
mightt explain why selective stopping latencies are slower to congruent compared to incongruent stop signals. 
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model.. Selective stopping to one of two hard-to-discriminate stop signals was slowest whereas 
stop-signall delays were shortest of all tasks. These prolonged intervals between stop-signal 
presentationn and the (selective) inhibitory response renders it very likely that the effects of 
stop-signall location on response activation via the fast direct route are decayed by the time the 
subjectt has identified the stop signal as a valid or invalid, which resulted in comparable selec›
tivee stop latencies to congruent and incongruent stop signals. 

Thee present results indicate that stop-signal processing can be described by a dual 
processingg architecture that incorporates a direct location-based route and a controlled identi›
fication-basedd route for response inhibition. This conjecture may provide a handle for future 
studiess aimed at providing a deeper understanding of the nature of stop-signal inhibition. 
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77 Neuro-stimulation of the subthalamic nucleus, but 
nott the thalamus, facilitates response inhibition 

inn patients with Parkinson’s disease 

Abstract t 

Thee present study adopts the neurophysiological perspective to explore the nature of 
inhibitoryy motor control vis-a-vis basal ganglia functioning. Two groups of patients who 
wheree treated with high-frequency deep brain stimulation (DBS) participated in this study. 
Thee members of one group had a neurostimulator implanted in the subthalamic nucleus 
(STN)) to reduce the symptoms of advanced stages of Parkinson’s disease (PD). In a 
secondd group of patients diagnosed with Parkinson’s or Minor disease, the electrode 
targetedd the ventral intermedius nucleus (Vim) of the thalamus to treat severe (’essential’) 
tremor.. Participants performed twice a stop-signal task and a go/nogo task - once with the 
neurostimulatorr turned on and once with the stimulator off during alternate runs in one 
session.. Results indicated that DBS of the thalamus did not systematically affect task 
performance.. In contrast, stimulation of the STN significantly facilitated response 
executionn as well as inhibition processes. Findings are interpreted in terms of candidate 
neurall circuits underlying inhibitory motor control. 

7.11 Introduction 

7.1.17.1.1 A nticipatory behavior 

Anticipatoryy behavior requires the selection of relevant aspects from the stream of information 
impingingg upon our senses, and the subsequent selection of appropriate actions. Originally, 
studiess in human information processing have described selective attention either in terms of a 
bottleneckk protecting limited-capacity central systems from overload (Broadbent, 1958), or as 
aa resource that can be allocated to various processing systems (Kahneman, 1973). Theories on 
selectivee attention have been extended by Skinner and Yingling (1977), who presented 
physiologicall evidence that the selection of relevant channels might involve a thalamic gating 
mechanism.. Skinner and Yingling hypothesized that selective (inter-modal) attention might be 
realizedd by a frontal mediated excitation of inhibitory neurons in the reticular nucleus (RN) of 
thee thalamus, which exerts an inhibitory control over the underlying thalamic nuclei. Selective 
attentionn in the sensory domain has been associated with closing of irrelevant thalamic gates, 
leavingg the relevant thalamo-cortical pathways open for information processing. 

Inn order to shift attention to a new target, one has to ’disengage’ attention from the 
presentt focus (Posner, 1995). Rather than the disengagement in perceptual aspects of atten›
tion,, the present study focuses on the neural pathways that are involved in disengagement in 
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thee motor domain. The interaction between the individual and the environment can call for a 
suddenn change in the planned course of action, rephrasing inapt behavior into more appropri›
atee current courses of actions that are related to new goals. In daily life, people are able to 
stop,, interrupt, and change planned or ongoing actions rapidly. Stopping ongoing behavior is a 
firstt step that has to be taken when one reorients or switches towards new courses of action 
thatt are related to new goals. The ability to stop movement is therefore an important act of 
’top-down’’ cognitive control (Logan, 1994). 

7.1.27.1.2 The stop-signal paradigm 

Inn laboratory settings, the stop-signal paradigm has been developed to investigate the covert 
cognitivee processes that constitute inhibitory motor control. This paradigm was proposed by 
(Vince,, 1948) and formalized by (Logan & Cowan, 1984). In the stop-signal paradigm the 
participantt performs a task, usually a choice reaction time (RT) task requiring the discrimina›
tionn of two visual stimuli, and a subsequent manual button-press response. This is referred to 
ass the ’primary task’, which consists of non-signal trials (i.e., trials without a stop signal). 
Additionally,, a stop signal (usually a tone) is presented occasionally and unpredictably on a 
proportionn of the trials, instructing the subject to inhibit his or her response in the primary 
task.. These trials are called ’stop trials’. The interval between the presentation of the primary-
taskk signal and the onset of the stop signal is under experimental control. If the stop signal is 
presentedd soon after the primary-task signal, it is quite easy for the subject to inhibit the re›
sponse.. Stopping becomes much more difficult, or even virtually impossible, if stop-signal 
delayy increases. 

Performancee in the stop-signal task can be formulated in terms of a race between two 
setss of processes that run independently for completion (Logan & Cowan, 1984; Osman, 
Kornblum,, & Meyer, 1986). One set of processes controls the execution of the primary choice 
RTT task, starting with the presentation of the choice signal and racing toward the button-press 
response.. The other set of processes is initiated by the stop signal and controls response inhibi›
tion.. The process that finishes first wins the race; if the primary-task process wins the race the 
choicee response is executed, but if the stopping process wins, the response is withheld. One of 
thee merits of the race model is that it allows estimation of the covert or internal response to the 
stopp signal or stop-signal reaction time (hereafter referred to as SSRT). Over the years, the 
racee model has proven to fit stopping data from a variety of responses including speech (Lade-
foged,, Silverstein, & Papcun, 1973), typing (Logan, 1982), foot movements (De Jong, Coles, 
&& Logan, 1995), and eye movements (Logan & Irwin, 2000; Hanes & Carpenter, 1999). In 
general,, it turns out that healthy young adults are able to react to a stop signal, and stop what›
everr they are doing in about 200 ins., thus allowing close control over their actions. 

7.1.37.1.3 Review of stop-signal studies 

Thee stop task has proven to be an effective tool identifying slower than normal stopping 
latenciess for groups of individuals that have been diagnosed with inhibitory deficits, such as 
ADHDD (Jennings, van der Molen, Pelham, Brock, & Hoza, 1997; Oosterlaan & Sergeant, 
1998;; Schachar & Logan, 1990a; 1990b; Schachar, Mota, Logan, Tannock, & Klim, 2000; for 
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reviewss of ADHD studies with the stop-signal paradigm see Nigg, 2001; Oosterlaan, Logan, 
&& Sergeant, 1998). Although stopping latencies were longer in hyperactive children, there is 
noo deficiency in detecting the stop signal (Schachar & Logan, 1990b). Schachar and Logan 
usedd a dual-task setting, instructing subjects to execute an overt response instead of an 
inhibitoryy response to the signal following another go signal. It was reported that hyperactive 
childrenn detected the second signal as often as controls. Similarly, impulsive adults have been 
shownn to have longer SSRTs than nonimpulsive adults (Logan, Schachar, & Tannock, 1997). 
Furthermore,, like most - if not all - cognitive operations, stopping is subject to life-span 
changes,, as indicated by longer stopping latencies in children (Bedard et al., 2002; 
Ridderinkhof,, Band, & Logan, 1999; Van den Wildenberg & van der Molen, 2003a; Williams, 
Ponesse,, Schachar, Logan, & Tannock, 1999) and limited evidence for age-related slowing of 
stoppingg across older adulthood (Kramer, Humphrey, Larish, Logan, & Strayer, 1994; 
Williamss et al., 1999). Within the field of developmental psychology, the stop signal-
paradigmm has been used to identify separate developmental trends for simple inhibition (i.e., 
thee abortion of all ongoing response activation) and more subtle manifestations of selective 
inhibitoryy control (Bedard et al., 2002). Finally, others reported the positive effects of 
methylphenidatee (Tannock, Schachar, Carr, Chajczyk, & Logan, 1989) and the negative 
effectss of alcohol op stopping latency (Mulvihill, Skilling, & Vogel-Sprott, 1987). 

7.1.47.1.4 The nature of stopping 

Overr the years, the stop-signal paradigm has provided a highly informative stop-signal reac›
tionn time, representing the latency of the internally generated act of stopping. Although the 
applicationn of the stop-signal procedure sheds light on stopping efficiency (e.g., it distin›
guishess between subgroups like ADHD children and controls) it does not provide a deeper 
understandingg of the nature of inhibitory motor control. Like the go process, the stop process 
hass an onset (the stop signal) leading to an (inhibitory) response. Several investigations have 
focusedd on experimental manipulation of processing stages in an attempt to identify the cogni›
tivee operations that constitute the go processes (Sanders, 1980; 1998; Sternberg 1969; for a 
revieww see Van der Molen, Bashore, Halliday, & Callaway, 1991). Recently, a similar tech›
niquee has been applied to examine substages that make up stop-signal processing (Van den 
Wildenbergg & van der Molen, 2003b). In his review article on stopping, Logan (1994) sug›
gestedd three possible applications of the stop-signal paradigm that may broaden our under›
standingg of the nature of stopping processes. 

First,, along with the suggestion of Logan (1994, p. 192), several investigators have fo›
cusedd on the experimental design of the stop task. They factorially combined stopping with 
otherr experimental manipulations that draw upon a form of inhibitory control to learn more 
aboutt stopping from the possible interaction patterns. Logan (1981), for example, observed 
thatt stop latency is approximately equal for spatially compatible and incompatible responses 
(seee also Logan and Irwin, 2000). Apparently, stopping does not interact with the ability to 
resolvee the conflict between the prepotent compatible response and the spatially incompatible 
responsee (e.g., Kornblum, Hasbroucq, & Osman, 1990). Others combined stopping with the 
inhibitionn of responses to target stimuli flanked by task-irrelevant distracters assigned to the 
samee or to the opposite response (Kramer et al., 1994; Ridderinkhof et al., 1999). These inves›
tigatorss found that responses to targets flanked by incompatible distracters were more difficult 
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too inhibit than responses to compatible displays. This pattern of results was interpreted to 
meann that stopping and the need to inhibit the (incorrect) response to incompatible flankers 
queuee up, or compete for execution (cf. Ridderinkhof et al.. 1999). A recent stop study indi›
catedd that stopping was less efficient when subjects were in a state of reduced response readi›
nesss (i.e., when awaiting the occurrence of a nogo signal in a series of go trials) compared to 
controll trials during a series of consecutive go signals (Van den Wildenberg, van der Molen, 
&& Logan, 2002). 

Second,, several investigators have used psychophysiological measures to focus on the 
temporall dynamics of response activation and response inhibition. De Jong was the first to 
bridgee the gap between behavioral stop-signal studies and psychophysiological investigation 
(Dee Jong, Coles, Logan, & Gratton, 1990; De Jong et al., 1995). The lateralized readiness 
potentiall (LRP) in combination with electro-myographic (EMG) measures led De Jong and 
colleaguess to propose two separate inhibitory mechanisms: a slower cortical mechanism 
capablee of selective inhibition and a midbrain mechanism for fast simple stopping (De Jong et 
al.,, 1990; 1995; Van Boxtel, van der Molen, Jennings & Brunia, 2001). However, based on a 
revieww of psychophysiological data in the stop-signal literature, Band and van Boxtel (1999) 
formulatedd an alternative interpretation of the neural mechanisms involved in stopping. Their 
mainn point is that the inference of a stop mechanism operating downstream from the primary 
motorr cortex is incorrect. Alternatively, Band and van Boxtel have suggested a model in 
whichh an integrated circuit of the prefrontal cortex and basal ganglia are candidate agents of 
responsee inhibition, whereas possible sites of inhibition are the thalamus and motor cortex 
(Brunia,, 1999; cf. Goldberg 1985). In an extensive psychophysiological analysis of inhibitory 
motorr control that included measures of brain activity, heart rate, muscle activity, response 
force,, and respiratory cycle, the involvement of the prefrontal cortex in stopping has been 
indexedd by a brain wave, called the N200, (Van Boxtel et al., 2001). The N200 is a negative 
ERPP (event-related potential) that exhibits its maximum over the frontal cortex about 200-300 
mss after the nogo signal in a go/nogo task (Eimer 1993; Jodo & Kayama, 1992; Kok, 1986; 
Naitoo & Matsumura, 1994; 1996; Pfefferbaum, Ford, Weller, & Kopell, 1985; Van Boxtel et 
al.,, 2001). There are several compelling arguments that support the view that the N200 reflects 
thee activity of a central inhibition mechanism. These include the timing vis-a-vis behavioral 
measuress of inhibition like stop-signal reaction time and the temporal relation between the 
N2000 amplitude gain associated with declining response activation reflected by decreasing 
LRPP amplitude (cf. Van Boxtel et al., 2001). A persuasive argument is that electrical 
stimulationn of this frontal area during normal response activation suppresses the activity in the 
motorr cortex and hampers the production of an overt response in monkeys (Sasaki, Gemba, & 
Tsujimoto,, 1989). Brain imaging and microelectrode studies also have provided support for 
thee frontal origin of the negative potential (Kawashima et al., 1996; Pliszka, Liotti, & 
Woldorff,, 2000; Rubia et al., 2001; Sasaki & Gemba, 1986; Sasaki, Gemba, Nambu, & 
Matsuzaki,, 1993). Another psychophysiological index of response inhibition is heart rate 
change.. Successful inhibition is associated with heart-rate deceleration (Jennings, van der 
Molen,, Brock, & Somsen, 1992). 

Single-celll recordings in primates performing on a stop task provide a third approach 
towardss a better understanding of the nature of inhibition. Hanes and colleagues recorded unit 
activityy in the frontal eye fields during the countermanding of eye movements and identified 
neurall signatures of visio-motor control (Hanes, Patterson, and Schall (1998); see Logan & 
Irwinn (2000) for a behavioral study comparing inhibitory control of eye and hand movements). 
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Thus,, psychophysiological data have complemented performance studies and so contributed to 
ourr understanding of the nature of stopping. A plausible mechanism by which the prefrontal 
cortexx might exert response inhibition has been emphasized by Brunia (1999; Brunia & van 
Boxtel,, 2001). Derived from Skinner and Yingling’s (1977) neural network underlying per›
ceptuall anticipatory attention, Brunia proposed a thalamic gating model in which an integrated 
circuitt involving the frontal cortex and forebrain exert behavioral inhibition through selective 
controll over interconnections in the reticular nucleus (RN) of the thalamus. The thalamus has 
beenn proposed to be the site of response selection, operating as a relay station between input 
fromm the basal ganglia and cerebellum and output to the motor cortex. Important in this respect 
iss the function of the RN. The RN takes up the total lateral aspect of the thalamus and has a 
locall inhibitory influence upon the underlying thalamic relay nuclei. Excitation of the RN 
increasess its inhibitory effect and decreases activity in the thalamo-cortical channel. A central 
rolee in stopping is accorded to the selective control of the RN by prefrontal brain areas -
dubbedd ’gating’. 

Bruniaa (1997) suggested that a direct connection from the prefrontal cortex to the RN 
mightt be a possible route via which response inhibition could be realized. Given the anatomi›
call constraints of this nucleus, it is difficult to present experimental evidence for that idea. 
Somee years ago, he proposed another possible stop route, that is the excitatory pathway from 
thee cortex to the STN (Brunia, personal communication). Activation of this pathway results in 
aa blocking of thalamo-cortical output, which itself is considered a necessary condition for 
movementt production. Although most neurophysiological investigations on inhibitory motor 
controll focused on the involvement of frontal brain areas (see Band & van Boxtel, 1999 for a 
review),, for practical reasons few experiments have directly investigated the role of the basal 
gangliaa in inhibitory motor control. Recently techniques have been developed to intervene in 
basall ganglia functioning. Before explaining that, we will first present a brief overview of 
basall ganglia function. 

7.1.57.1.5 Functional overview of basal ganglia connections 

Thee basal ganglia are the principal subcortical component of a system of parallel circuits that 
linkss cortical output to the thalamus and back to the cerebral cortex. This enables modulation 
off motor output that ultimately is transmitted via the cortico-spinal system to the muscles (see 
Mink,, 1996 for a review). The striatum (caudate and putamen) receives direct excitatory corti›
call inputs (see Figure 7.1). Two of the five dopamine receptor types: D-l and D2 are present 
inn the striatum, connecting to the so-called ’direct’ and ’indirect’ pathways, respectively. 
Althoughh the synaptic actions of these dopamine receptors are different, the dopaminergic 
inputss to the two pathways give rise to the same effect - reducing inhibition of the thalamo›
corticall neurons and thus facilitating movements initiated in the cortex. The striatum projects 
too the output nuclei - the internal segment of the globus pallidus (GPi) and the substantia nigra 
parss reticulata (SNpr) through two major projection systems. 
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Figuree 7.1: Schematic representation of excitatory (black) and inhibitory (gray) 
connectionss of the basal ganglia in a normal situation. Dl = dopamine dl recep›
tors;; D2 = dopamine d2 receptors; GPe = external pallidum; GPi = internal pal›
lidum;; SMA = supplementary motor area; SNpc = substantia nigra pars compacta; 
STNN = subthalamic nucleus; RN = reticular nucleus (modified after Alexander & 
Crutcher,, 1990). Theoretically, two pathways might be involved in stopping be›
havior.. The present study is aimed at the role of the pathway via the STN. 

Thee direct pathway of the parallel basal ganglia-thalamocortical circuits connects the striatum 
directlyy to the GPi output nucleus. The indirect pathway passes first to the external pallidal 
segmentt (GPe), and from there to the STN. The output from the STN targets the GPi and is the 
onlyy excitatory connection within the basal ganglia - all others are GABA-ergic and inhibi›
tory.. The GPi is the major output nucleus of the basal ganglia, targeting parts of the thalamus 
withh inhibitory projections. Finally, these thalamic nuclei project to motor, premotor, supple›
mentaryy motor, and possibly prefrontal cortex. The two efferent pathways have opposing 
effectss on GPi activity, and thus on the thalamic target areas and downstream cortical activa›
tionn levels. In summary, activation of the direct pathway disinhibits the thalamus, thereby 
increasingg thalamo-cortical activity, whereas activation of the indirect pathway further inhibits 
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thalamocorticall neurons. As a result, activation of the direct pathway facilitates movement, 
whereass activation of the indirect pathway inhibits movement. 

Theree is mounting evidence suggesting that the STN can be regarded as another input 
stationn of the basal ganglia besides the striatum (Mink, 1996; Mink & Thach, 1993), because 
thee STN receives direct cortical projections, especially from the frontal lobe (Hartmann-von 
Monakow,, Akert, & Kiinzle, 1978). These anatomical relations made Brunia suggest that 
stoppingg of ongoing behavior might be realized via cortical excitation of the STN. In accor›
dancee with this idea Nambu, Tokuno, and Takada (2002) have called this connection the 
’hyperdirect’’ pathway (see also, Mink, 1996; Nambu et al., 2000), via which inhibition of 
largee areas of the thalamus and cerebral cortex could be realized. 

Inn an extensive review of basal ganglia functions, Mink (1996) argues that the basal 
gangliaa as such do not generate movement. Instead, voluntary limb movements are initiated by 
prefrontal,, premotor, supplementary motor, and primary motor cortex, and the cerebellum, 
Premotor,, supplementary motor, and primary motor cortex send a corollary excitatory signal 
too the STN. The STN projects in turn to the GPi in a widespread pattern and excites the GPi. 
Thee increased GPi activity causes inhibition of thalamocortical and brainstem motor mecha›
nisms.. Inhibitory striatal input to the GPi results in focally decreased activity in the GPi and a 
selectivelyy disinhibition of the desired thalamocortical and brainstem MPGs. According to 
Mink:: "the net result of basal ganglia activity during a voluntary movement is the braking of 
competingg motor patterns and focused release of the brake from the selected voluntary move›
mentt pattern generators" (Mink, 1996, p. 414). Correspondingly, STN activity in primates has 
beenn related to the suppression of unwanted eye movements when fixation was required, 
linkingg STN functioning with the suppression of unwanted movements (Matsumura et al., 
1992).. The inability to inhibit competing motor programs results in slow movements, abnor›
mall postures and involuntary muscle activity. 

Supposingg that the basal ganglia and the STN play a key role in inhibitory motor con›
trol,trol, we studied stopping in a subset of patients diagnosed with Parkinson’s disease (PD), a 
progressivee neurological disease associated with basal ganglia disfuctioning. Modern tech›
niquess allow for a direct modulation of the STN, as we will explain later. First we give some 
moree details of PD. 

7.1.67.1.6 Parkinson ’s disease 

Parkinson’ss disease (PD) is one of the most common movement disorders. Between 1 and 2 
personss per 1000 are estimated to have Parkinsonism (Marttila, 1987). Because of the rela›
tivelyy late onset of the illness, the prevalence increases to 1 in 100 in populations older than 55 
yearss of age. The four cardinal symptoms of the disease are (i) rigidity of the limbs, (ii) tremor 
off the limbs, often asymmetrical and more prominent in the hands, (iii) bradykinesia of the 
limbss and body involving difficulty initiating and slowness in movement, and (iv) postural 
instabilityy resulting from impairment of righting or postural reflexes. Parkinsonism has been 
relatedd to a dysfunction of the dopaminergic neuro-transmission in the basal ganglia (Jellinger, 
1987).. The symptoms of PD become apparent after degeneration of dopaminergic neurons in 
thee substantia nigra (SNpc), a ventral midbrain region (Bernheimer, Birkmayer, 
Hornykiewicz,, Jellinger, & Seitelberger, 1973). 
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Figuree 7.2: Schematic representation of excitatory (black) and inhibitory (gray) 
connectionss of the basal ganglia in Parkinson’s disease. Degeneration of dopamine 
neuronss in SNpc is associated with imbalance within the direct and indirect path›
ways,, which in turn reduces thalamo-cortical activity. 

Viaa the nigro-striatal pathway, the loss of pigmented cells in the substantia nigra parallels a 
losss of the neurotransmitter dopamine in the striatum. The effects of this reduction of available 
dopaminee in the striatum are twofold. First, it is associated with overactivity in the indirect 
pathwayy - excessive inhibition of the GPe leads to disinhibition (i.e., increased activation) of 
thee STN (see Figure 7.2). The net result of the hyperactive excitatory drive from the STN is an 
increasedd activity in the GPi. On the other hand, a lack of dopamine is associated with under›
activityy of the direct pathway - releasing the inhibition of the GPi. Thus, dopamine shortage in 
thee striatum comes down to increased activity in one of the major output nuclei of the basal 
gangliaa - the GPi -, which leads to increased inhibition of activity in the thalamo-cortical 
projections.. Tonically active inhibitory output of the basal ganglia, acting as a ’brake’ on 
motorr pattern generators (MPG’s) in the cerebral cortex and brainstem, is associated with 
hypokineticc aspects of Parkinsonism like the lack or slowness of movement. 
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7.1.77.1.7 Deep brain stimulation in Parkinson ’s disease and essential tremor 

AA recent direction for treating PD is provided by chronic high-frequency deep brain stimula›
tionn (DBS) of the GPi, and the STN through a surgically implanted electrode. DBS has also 
beenn applied in the ventral intermedius nucleus (Vim) of the thalamus to reduce symptoms of 
essentiall tremor. The implanted probe is connected to a wire run under the scalp and down the 
neckk to the chest where it is attached to a battery-powered neurostimulator. When the elec›
trodee is turned on, a significant decrease in akinesia, rigidity, and tremor is achieved. The 
mechanismm involved in DBS has not yet been resolved. A strong argument supporting the 
notionn that high-frequency stimulation blocks or jams the output of the nucleus that is stimu›
latedd is provided by the observation that destruction of these targets consistently gives 
stronglyy similar effects (Ashby, Kim, Kumar, Lang, & Lozano,, 2000; Benazzouz et al., 2002). 
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Figuree 7.3: STN stimulation balances basal ganglia output and restores thalamo›
corticall activity. 
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7.1.87.1.8 The present s tudy 

Inn the present study, we investigate the role of STN in response inhibition. Patients undergo›
ingg DBS in the basal ganglia provide us with the unique opportunity to explore the role of 
specificc basal ganglia nuclei vis-a-vis stopping performance in the stop-signal paradigm. This 
studyy compares stopping performance of participants who have been treated with high-
frequencyy DBS of the STN to reduce the symptoms of advanced stages of PD with patients 
whoo have been implanted with an electrode targeting the thalamus to reduce signs of essential 
tremor.. According to the arguments outlined above, the STN is believed to play a key role in 
responsee inhibition. We expected a main between-subject effect of stimulation location on 
SSRT,, in accordance with the prediction that the facilitating effects of stimulation on stopping 
iss more pronounced in patients with STN stimulation than in patients with stimulation of the 
thalamus.. Of particular interest in the current investigation is that the neurostimulator can be 
switchedd ’on’ and ’off. This affords a direct comparison of the effects of neuro-stimulation on 
stoppingg performance on a within-subject basis, with each patient providing his or her own 
baseline.. According to the arguments outlined above, we predict that stimulation of the STN 
willl facilitate stopping, indicated by shorter stopping latencies. Subjects are predicted to be 
betterr able to stop their manual response when the neurostimulator is turned on than when it is 
switchedd off. 

7.22 Method 

7.2.17.2.1 Participants 

Twoo groups of patients treated with DBS, participated voluntarily in the experiment (see Table 
7.1).. One group of fourteen patients (7 females and 7 males, M = 60 years of age, SD = 6 
years)) has been diagnosed with Parkinson’s disease (PD) and has been treated neurosurgical^ 
withh a neurostimulator located in the STN. The other group consisted of eleven patients (2 
femaless and 9 males, M = 62.3 years of age, SD = 13.3 years) with symptoms of essential 
tremorr (ET) and have been implanted with a neurostimulator targeting the nucleus ventro-
intermediuss of the thalamus. Participants were tested individually, either visited at home or in 
aa quiet room at the Academic Medical Center (AMC), Amsterdam. 

Tablee 7.1: Number of participants, gender, mean age in years, and standard devia›
tionss (in parentheses) per group (Thalamus vs. STN targeted patients). 

Group p 

Thalamus s 

STN N 

n n 

11 1 

14 4 

femalee / male 

2 /9 9 

111 111 

Age e 

62.9(12.1) ) 

60.00 (6) 
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7.2.22 Apparatus and signals 

Stimulii were presented against the black background monitor of a laptop computer that was 
placedd in front of the subject at a comfortable distance. The imperative signals were green left-
andd right-pointing arrows, consisting of a rectangle (2 cm x 1 cm) and a triangle (1.5 cm 
heightt x 2 cm base). The imperative stimulus was terminated by a button press or terminated if 
noo response was given within 1000 ms after signal onset. Inter-stimulus intervals varied ran›
domlyy but equiprobably from 1250 to 1750 ms in steps of 125 ms. During the inter-stimulus 
intervals,, a white fixation point ( 3 x 3 mm) was shown in the center of the screen. Keyboard 
keyss ’z’ and 7’ recorded left- and right-hand responses, respectively, from the onset of the 
targett signal until the presentation of the next target signal. 

7.2.37.2.3 Experimental tasks 

Subjectss performed on two experimental tasks; the stop task and the go/nogo task. 

StopStop task 

Duringg the stop tasks, subjects responded with the hand that was indicated by the direction of 
thee arrow (e.g., if the arrow pointed to the left, they pressed the left button). The direction of 
thee arrow was varied randomly within blocks of trials. On 30% of the trials, a stop signal was 
presentedd which instructed subjects to refrain from responding. Changing the color of the 
targett arrow from green to red indicated the stop signal. Two separate tracking algorithms, one 
forr each hand, compensated for possible between-hand differences in non-signal RT and 
dynamicallyy adjusted stop-signal delay after every stop trial. After a successfully inhibited 
stopp trial, stop-signal delay in the next stop-signal trial increased by 50 ms, whereas stop-
signall delay was decreased by 50 ms in the next stop-signal trial if the subject was unable to 
stop.. These tracking algorithms (Levitt, 1971) were used to reach about 50% successful inhib›
its,, necessary for the estimation procedure of stop-signal reaction time, or SSRT (Logan et al., 
1997).. This tracking procedure compensated for differences in reaction time to primary-task 
signalss (i.e., non-signal trials), either inter-individual (i.e., between subjects) as well as intra-
individuall (i.e., related to the stimulation condition).1 

Go/nogoGo/nogo task 

Ass in the stop task, arrow direction in the go/nogo tasks varied randomly and equiprobably. 
Twoo versions of the go/nogo task were administered. The left-hand version required subjects 
too respond with the left hand to arrows pointing to the left (go trials) but to refrain from re›
spondingg to right-pointing arrows (nogo trial). In the right-hand version, the right-pointing 
arroww was designated as the go arrow, to be responded to by the right hand, whereas the arrow 
pointingg to the left was designated a nogo signal. 

’’ For matters of clarity, the term ’non-signal RTs’ is reserved for RTs to primary-task signals within the stop-
signall paradigm, ’Go-signal RTs’ indicate RTs to go-signals in the go/nogo paradigm. 
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7.2.47.2.4 Procedure 

Subjectss were instructed to respond as quickly and accurately as possible to green go-arrows 
andd to avoid errors of commission to nogo arrows in the go/nogo tasks. In the stopping tasks, 
subjectss were told that the color of the green arrow would occasionally change to red, requir›
ingg them to refrain from pressing the response button. It was explained that stop-signal delay 
variedd across trials so that on some trials stopping would be easy whereas on other trials stop›
pingg would be difficult. 

Thee choice task without stop signals and the stop task were practiced initially in two 
consecutivee blocks of 100 trials each. The stopping task was then administered in four blocks 
off 104 trials. After a separate practice block of 100 trials, the go/nogo tasks were presented in 
twoo blocks of 100 trials for the left and right hand, each. Half of the subjects started with the 
go/nogoo task for the left hand, the other half started with the right-hand go/nogo task. Task 
orderr (stop task vs. go/nogo task) was counterbalanced across participants. 

Theree were short intermissions between test blocks and an half-hour break halfway the 
testt session, during which the neurostimutator was switched on or off. This procedure ensured 
thatt tremor had subsided after turning the stimulator on and off and that there was no rebound-
exaggeratedd impairment after turning it off. Subjects were then again presented with the stop 
andd go/nogo tasks. The order of stimulation conditions (on vs. off) was counterbalanced 
acrosss subjects. 

7.2.55 Data reduction and analysis 

Thee first four trials of each block of trials were viewed as warm-up trials and were discarded 
fromm further analysis. Individual mean reaction times (RTs) of correct trials were calculated 
afterr the removal of outliers from the RT distribution (i.e., RTs >  2.5 SD) on a subject-by-
subjectt basis. 

Stop-signall reaction times were estimated using the horse-race model (Logan & 
Cowan,, 1984). Following the horse-race model’s independence assumption, the RT distribu›
tionn of the go process is the same whether or not a stop signal is presented. This implies that 
thee left side of the distribution of RTs on non-signal trials, representing fast RTs, matches the 
distributionn of RTs on stop trials that escape inhibition. The latency of the stop process can be 
estimatedd from the start and the finish of the stop process. The start of the stop process is 
underr experimental control by the stop-signal delay, but the finish time has to be inferred from 
thee observed non-signal RT distribution. If responses are not stopped on n% of the stop trials, 
thee finish of the stop process is on average equal to the n-th percentile of the RT distribution 
onn non-signal RTs. Finally, mean stop-signal delay is subtracted from this finish time to ob›
tainn an estimate of stop latency (for a detailed exposition see Logan, 1994). 
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7.33 Results 

7.3.17.3.1 Go/nogo task 

RTss to go signals in the go/nogo task (see Table 7.2) did not differ between left- and right-
handd responses (479 ms vs. 478 ms, respectively), F (1, 23) < 1, p = .63. Therefore go RTs 
weree averaged across left- and right-hand responses. There was no main effect of Group on go 
RT,, indicating that responses to go signals did not differ between STN (496 ms) and thalamic 
patientss (463 ms), F (1, 23) = 1.5, p = .23. In addition, Stimulation did not influence go RTs 
(4822 ms in ’on’ vs. 477 ms in ’off), F < 1. Finally, a significant interaction between Stimula›
tionn and Group was absent also, F < 1. In sum, RTs obtained in the go/nogo task did not dis›
criminatee between Stimulation condition and Group. 

Tablee 7.2: Mean reaction times on go-signals (Go RT), mean commission error 
percentagess and standard deviations (in parentheses) and mean RT effect size per 
groupp (Thalamus vs. STN) and stimulation (on vs. off) in the go/nogo task. 

Stimulation n 

Onn Off 

Stimulationn Commission Commission RT 
Locationn Go RT Error (in %) Go RT Error (in %) Effect size 

Thalamuss 464(63) 4.6(2.3) 463(52) 5.3(4.3) -1 

STNN 491(71) 3.6(2.0) 501(91) 2.9(2.5) 10 

Thee likelihood of committing a commission error to a nogo signal was equal across stimula›
tionn conditions, F < 1, (4.1% in both conditions), and did not differ between Group (3.3% ms 
inn STN vs. 5% in thalamus patients), F (1, 23) < 3.1, p = .09. The interaction between Group 
andd Stimulation did not approach significance, F (1, 23) < 1.3, p = .26. 

7.3.22 Stop-signal task 

Non-signalNon-signal trials 

Tablee 7.3 shows the mean reaction times (RT) on non-signal trials (i.e., trials without a stop 
signal).. An overall ANOVA on non-signal RTs was conducted with within-subjects factor of 
Stimulationn (on vs. off) and between-subjects factor of Group (STN vs. Thalamus targeted 
subjects).. The main effect of stimulation on non-signal RT was not significant, F (1, 23) = 3.6, 
pp = .07, the speed of non-signal responses was 621 ms in ’on’ and 643 ms in ’off conditions. 
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AA main effect of Group was absent also, F < 1, p = .54; non-signal RT did not distinguish 
betweenn STN patients (646 ms) and Thalamus patients (618 ms). The interaction between 
Stimulationn and Group approached significance, F (1, 23) = 3.2, p - .09. Patients with an 
electrodee in the STN displayed a decrease of 42 ms in non-signal RT as a result of stimulation, 
FF (1, 13) = 6.6, p = .02. Stimulation did not significantly affect non-signal RTs in thalamus 
patients,, F < 1. 

Theree were less than 2% errors of omission. Choice errors were less than 3%. None of 
thee main effects with respect to error rates were significant. When errors of choice and 
omissionn were taken together, the interaction between Stimulation and Group did not reach 
significance,, F (1, 23) - 3.9, p = .06. 

Tablee 7.3: Mean reaction times on non-signals (non-signal RT), error percentages 
andd standard deviations (in parentheses) and mean RT effect sizes per group (STN 
vs.. Thalamus) and stimulation (on vs. off). 

Stimulation n 

Onn Off 
��  RT 

Groupp Non-signal RT Error (%) Non-signal RT Error (%) Effect < 

Thalamuss 617(91) 2.5(2.1) 619(92) 3.6(2.3) 2 

STNN 625(124) 4.2(4) 667(139) 3.5(2.7) 42 

Stop-signalStop-signal trials 

Thee stopping results are presented in Table 7.4. First of all, subjects were able to inhibit their 
responsess about half of the times a stop signal instructed them to do so. The tracking algo›
rithmm resulted in an overall percentage of 49% correct inhibits which is very close to the an›
ticipatedd 50%. The tracking algorithm worked very well in both stimulation conditions as the 
proportionn of correct inhibits did not differ significantly between Stimulation conditions (p = 
.. 13), hands (p = .76) or Group (p = .96). 

Second,, as predicted by the horse-race model, responses on stop trials that escaped in›
hibitionn (signal-respond RT or SRRT) were significantly faster than responses on non-signal 
trials,, F ( l , 23) = 1 \5.5,p < .001. The differences in RT between failed inhibits and responses 
onn non-signal trials were about equal for STN patients (66 ms) and thalamus patients (63 ms), 
FF < 1, and did not differ between Stimulation condition, F < 1 (62 ms in the ’on’ condition vs. 
633 ms in thee ’off condition). 
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Tablee 7.4: Mean proportion of failed inhibits (FI, in %), stop-signal delays (SS-
delay),, signal-respond reaction times (SRRT), stop-signal reaction times (SSRT), 
andd standard deviations (in parentheses) per group (Thalamus vs. STN) and stimu›
lationn (on vs. off). 

Group p 

Stimulation n 

On n Off f 

FII SS-delay SRRT SSRT FII SS-delay SRRT SSRT 

Thalamus s 

STN N 

49.55 357(112) 551(92) 254(36) 

50.00 369(124) 564(110) 246(35) 

49.22 350(119) 558(83) 256(49) 

48.11 371(137) 596(121) 281(56) 

SSRTss were estimated separately for each subject, each hand, and each Stimulation condition. 
Ann overall analysis of mean SSRTs yielded a significant main effect of Stimulation, F (1, 23) 
== 4.7, p = .04. Overall, stopping latencies were about 19 ms shorter with the stimulator turned 
onn (250 vs. 269 in the ’off condition). A main effect of Group on SSRT was absent, F < 1. 
Overall,, SSRT did not differ between STN (263 ms) and thalamus patients (255 ms). Tests 
conductedd in each group separately yielded a consistent pattern. SSRT improved significantly 
byy an average of 35 ms with stimulation of the STN, F (1, 13) = 7.8, p < .01. In contrast, 
thalamuss stimulation did not affect SSRT systematically (2 ms difference), F (1, 10) < 1, p = 
.83.. However, when included in an omnibus ANOVA, the interaction between Stimulation 
andd Group just failed to reach significance, F (1, 23) = 3.5,/? = .07. 
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Figuree 7.4: SSRT interaction between patient group and stimulation condition. 
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SharedShared versus unique effects of stimulation on stopping 

Additionall analyses of the STN data were conducted to investigate whether the improvement 
inn stop speed with stimulation was independent of the observed stimulation-related improve›
mentt in the speed of response execution. To this end, an analysis of covariance (ANCOVA) 
wass carried out on the effects of stimulation on SSRT with non-signal RTs obtained in the 
stopp task as covariate. This correction for shared variance resulted in a largely attenuated 
effectt of DBS on SSRT (F < 1), which suggests that DBS of the STN mediates both response 
executionn and response inhibition. 

Inn contrast, including go-signal RTs obtained in the go/nogo task as covariate yielded a 
residuall effect of DBS on SSRT that approached significance, F (1, 9) = 4.8, p = .056. This 
outcomee seems to suggest that the stimulation-related changes in SSRT can not be reduced to 
stimulation-relatedd effects on the ability to execute a go response. 

Finally,, the Pearson correlation computed between the stimulation-related improve›
mentss in non-signal RT and SSRT was non-significant (r = .42; p - .13). This indicates that 
patientss who displayed a relatively large increase in the speed of response execution with STN 
stimulationn did not necessarily show a relatively large stimulation-related gain in the speed of 
stopping,, which is in line with the suggestion of unique effects of STN stimulation on stop›
ping. . 

7.44 Discussion 

Thee current investigation was conducted to examine the role of the basal ganglia in the ability 
too countermand a manual motor response. A group of patients with DBS of the STN, and a 
groupp of patients with DBS of the thalamus performed a stop-signal task and a go/nogo task. 
Thee tasks were administered twice; once with neurostimulation of the target area (’on’) and 
oncee without stimulation (’off). Before embarking on a discussion concerning the main hy›
pothesiss of the present study, we first interpret performance in terms of the horse-race model. 

7.4.17.4.1 Validation of the horse-race model 

Thee pattern obtained from the RT and error measures, together with the observed inhibition 
ratioss on stop trials indicate that all patients were quite able to execute simple finger responses 
accordingaccording to task instructions despite their motor disabilities. The stopping data are in agree›
mentt with the predictions derived from the horse-race model that formulates behavior in the 
stop-signall task as a race between activating and inhibiting processes. In line with the race 
model,, it was observed in all groups and all conditions that responses on stop trials that escape 
inhibitionn (i.e., signal-respond RTs) were executed significantly faster than average go-signal 
responses.. Taken together, the overall stop-task performance observed in the current clinical 
settingg attests to the robustness of the race model. 
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7.4.27.4.2 Response execution 

Inn comparing performance of Parkinson’s disease patients on non-signal trials obtained in the 
presentt study with performance of healthy elderly of about the same age, it should be noted 
thatt patients were slower in the execution of choice responses (632 ms on average vs. 538 ms 
forr matched controls, data reported by Williams et al., 1999). This is in line with a variety of 
experimentall paradigms showing that people with Parkinson’s disease tend to have slower 
reactionss than healthy adults of a similar age (Brown & Marsden, 1988; Rafal, Inhoff, Fried›
man,, & Bernstein, 1987; Wascher et al., 1997). This is supported by evidence presented by 
transcraniall magnetic stimulation studies showing that in Parkinson’s disease, a longer time is 
neededd for the motor cortex to reach the threshold necessary for eliciting an overt response 
(e.g.,, Pascual-Leone, Valls-SolØ, Brasil-Neto, Cohen, & Hallet, 1994). 

AA recent psychophysiological study by Low and collaborators using LRP measures of 
motorr preparation disentangled the slowing of motor processes observed in Parkinson’s dis›
easee patients and slowing due to cognitive deficits arising before the motor system has been 
activatedd (Low, Miller, & Vierck, 2002). Motor processing of straightforward choice re›
sponses,, like a single key press, was equivalent to that of an age-matched control group, 
whereass Parkinson’s disease patients showed a deficit in motor processing speed when per›
formingg a relative complex response, like executing a sequence of button-press responses. 
Moreover,, effects of manipulations of signal discriminability on RT indicated that premotor 
stagess of processing are slowed too in Parkinson’s disease. 

Itt should be noted that the patients included in the present study were in advanced 
stagess of their illness. This renders difficult any comparison of the present sample to that of 
Loww et al. The present study was not designed to compare performance of patients diagnosed 
withh Parkinson’s disease directly with normal controls, but instead focused on the within-
subjectt effects of DBS on the execution and subsequent inhibition of speeded motor re›
sponses.. Within-subject measures of RT show a clear beneficial effect of STN stimulation on 
thee execution of speeded choice responses - RTs were 42 ms faster on average when STN was 
stimulatedd compared to when it was not. 

DBSS of the STN has been reported to improve motor function in Parkinson’s disease 
patientss including akinesia, rigidity, tremor, dystonia, gait, freezing, and postural stability 
(Bergman,, Wichmann, & DeLong, 1990; Limousin et al., 1995; Kumar et al., 1998; Rodrigues 
Orozz et al., 1998). Recent imaging studies have linked STN stimulation with enhanced move›
ment-associatedd activation of supplementary motor area (SMA) (Ceballos-Bauman et al., 
1999;; Limousinetal., 1997). 

Contraryy to the decrease in choice RT observed in the STN group, no significant dif›
ferencee was detected between ’on’ and ’off conditions in thalamus-stimulated patients. Simi›
larr absence of thalamic effects of stimulation on RT has been reported previously (Flament et 
al.,, 2002). Flament and colleagues used auditory, visual, tactile, and proprioceptive stimuli as 
imperativee signals to perform an elbow flexion and observed that reaction times were not 
differentt between on and off conditions. 

Nextt to non-signal RTs obtained in the stop task, this current study included go RTs in 
aa go/nogo task as yet another index of the ability to execute a motor response. In contrast to 
thee observed speeding of non-signal RTs, DBS of the STN did not enhance the execution of 
responsess to go-signals in the go/nogo task. For now, we do not have a ready explanation for 
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thee apparent discrepancy between stimulation effects on non-signal RTs vs. go-signal RTs. In 
conclusion,, the current results indicate that DBS speeded up the execution of choice responses 
inn the STN group, but not in de Thalamus group. 

7.4.33 Response inhibition 

Likee the pattern observed in the choice RT task, stopping latencies in the present study (264 
ms)) appear to be somewhat longer than the values obtained from healthy older adults (230 ms, 
resultss reported by Williams et al., 1999). Although the present design did not include a 
matchedd control group, the results suggest that response inhibition processes in patients 
diagnosedd with Parkinson’s Disease tend to be slower compared to stopping performance in 
normall controls, as reported by Kramer et al. (1994) and Williams et al. (1999). However, as 
statedd above, our study was not designed to compare performance of patients with that of age-
matchedd controls. Rather, we made a within-subjects comparison of stopping with stimulation 
versuss stop performance with the stimulator off. 

Thee major finding in the present study confirms the hypothesis that high-frequency 
stimulationn of the STN facilitates the stopping of motor responses. The data provide three 
argumentss supporting the notion that the improvement in SSRT with STN stimulation cannot 
bee reduced to, or interpreted solely in terms of, the stimulation-related speeding of response-
executionn processes. 

First,, the tracking algorithm used in the stop-signal paradigm yielded stop latencies 
thatt were estimated independently of response execution processes. It was verified that the 
trackingg algorithm worked well in the present sample - all patients in all stimulation condi›
tionss obtained response ratios very close to the intended 50%. 

Second,, the gains in the speed of go and stop processes associated with STN stimula›
tionn are unlikely to be due to one single speeding factor because the correlation between the 
improvementss in choice RT and in SSRT was non-significant (r = .42; p- .13). Patients who 
displayedd a relatively large reduction in the speed of response execution with STN stimulation 
didd not necessarily show a large stimulation-related gain in the speed of stopping. 

Third,, the effects of STN stimulation still seem to stand when corrected for variance 
associatedd with the changes in the speed of go-response execution, as indicated by ANCOVA 
analysis.. Taken together, the current results support the notion that the marked improvement 
inn the speed of response inhibition associated with STN stimulation goes above and beyond 
thee observed gain in the speed of response execution. 

7.4.47.4.4 Median isms of DBS 

Thee exact mechanism of action of neuro-stimulation on the targeted nuclei remains controver›
sial.. Stimulation may block transmission through the targeted structure, either by ’jamming’ 
synapticc relays, or by means of activation of inhibitory interneurons. The hypothesis that DBS 
jamss or blocks neural activity is supported by the highly similar clinical effects on behavior 
afterr lesioning the STN target (i.e., subthalamotomy) and animal studies (Ashby et al., 2000; 
Benazzouzz et ah, 2000). However, others have suggested that activity within the stimulated 
targett might be increased. Dostrovski et al. (1999) recorded enhanced activity within the 
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stimulatedd thalamus when another electrode also in the thalamus was stimulating. Similarly, a 
recentt study claims that there is no evidence that high frequency stimulation ’blocks’ signal 
processingg through the STN. Ashby and colleagues (2001) recorded frontal EEG activity 
whilee stimulating the STN. They concluded that high-frequency STN stimulation may excite 
loww threshold neural elements, which can transmit impulses at frequencies greater than 100 Hz 
withoutt blocking, and which may produce postsynaptic facilitation at the cortex (Ashby, 
2001).. Very recent PET recordings indicated increased blood-flow responses at the site of 
thalamicc stimulation, as well as an enhanced flow in ipsilateral supplementary motor area, a 
regionn that receives afferents from the thalamus (Perlmutter et al., 2002). In conclusion, the 
exactt mechanism of DBS still remains to be resolved, but the observation that STN stimula›
tionn enhances response execution as well as response inhibition does not contradict the notion 
thatt DBS stimulates the targeted site and downstream afferent projections. Also in the present 
experiment,, the mechanism of DBS remains unclear, since we found both an amelioration of 
responsee execution and of response inhibition, while the two seem to be independent. 

7.4.57.4.5 Neural mechanisms of stopping 

Onee of the questions addressed in the present experiment concerns the nature of the processes 
thatt constitute the stopping of ongoing responses. Facilitation of stopping speed with STN 
stimulationn confirms the view that the STN plays an important role in the motor circuit. 
Recentt evidence from fMRI studies indicated that STN stimulation enhances movement-
relatedd activation in the supplementary motor area (SMA), the dorsolateral prefrontal cortex 
(DLPFC),, and the anterior cingulate (Ceballos-Baumann et al., 1999; Limousin et al., 1997). 
However,, recent neurophysiological investigation of patients diagnosed with Parkinson’s 
diseasee suggested that the facilitation of movement-associated frontal activity is not 
necessarilyy associated with improvement in frontal executive functions (Saint-Cyr, Trepanier, 
Kumar,, Lozano, & Lang, 2000). A study by Jahanshahi comparing ’on’ versus ’off states on 
cognitivee functions showed ambiguous effects of DBS on various measures of executive 
functionn and working memory (Jahanshahi et al., 2000). Of particular interest is the observed 
impairedd performance on the Stroop task with STN stimulation (see also Dujardin, Defebvre, 
Krystkowiak,, Blond, & Destee, 2001). The Stroop task requires the suppression of the 
dominantt response of reading the words in order to name the font color in which the color 
wordss are printed. Effective performance in the Stroop task requires a high level of conflict 
monitoringg and response inhibition. Patients were non-significantly slower and made a greater 
numberr of self-corrected errors on the interference condition of the Stroop with stimulation of 
thee STN even though color naming on the control Stroop tasks was significantly faster. This 
agreess with the decreased rCBF response in the rostral or ’cognitive’ part of the anterior 
cingulatee cortex (ACC) during the Stroop task, while task performance was impaired at the 
samee time (Schroeder et al., 2002). 

Thus,, on the one hand STN simulation is associated with less-efficient executive func›
tioning,, indicated by impaired Stroop performance, but on the other hand the current study 
indicatess that STN stimulation improves inhibitory control. This suggests a paradox. In sup›
portt of the current models of fronto-striatal connectivity in Parkinson’s disease, the effects of 
STNN stimulation can be interpreted in terms of ’releasing the brake’ over frontal cortical func›
tioning,, which could be associated with improvement of motor and cognitive function de-
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pendentt on these frontal areas. It has been suggested that the cognitive processes that benefit 
fromm DBS are not mediated by striatal processes, but are simply enhanced by facilitated corti›
call activation (e.g., Jahanshahi et al., 2000). On the other hand, Marsden and Obeso (1994) 
havee proposed that disruption of basal ganglia outflow during STN stimulation impairs per›
formancee on tests requiring an alteration of behavior in novel contexts. It has been agued that 
performancee on tasks that draw upon these executive functions, such as the Stroop task, may 
relyy on the striatum, providing important information for subsequent cortical processing and 
hencee are associated with sub-optimal functioning with STN stimulation (see Schroeder et al. 
(2002)) for a similar interpretation). In spite of this, the claim that STN stimulation disrupts 
behaviorr in new and unexpected situations that require non-automated and flexible behavior 
seemss to be at odds with the results obtained in the present study. Performance on the stop 
taskk demonstrated a clear stimulation-related facilitation of inhibitory motor control, indicated 
byy a shortening of stop latency. Response inhibition in the stop-signal paradigm extends from 
perceptuall processes (e.g., stop-signal detection) to response-related process like the actual 
interruptionn of ongoing movements (see Logan, 1994). The way around the paradox outlined 
above,, could be that STN stimulation might have its main beneficial effects on the motor end 
off stop-signal processing. 
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Listt of abbreviations 

DBS S 
ET T 
GPi i 
GPe e 
PD D 
RN N 
RT T 
SNpc c 
SNpr r 
STN N 
Vim m 

Deepp brain stimulation 
Essentiall tremor 
Internall segment of the globus pallidus 
Externall segment of the globus pallidus 
Parkinson’ss disease 
Reticularr nucleus 
Reactionn time 
Substantiaa nigra pars compacta 
Substantiaa nigra pars reticulata 
Subthalamicc nucleus 
Ventrall intermedate nucleus of the thalamus 
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88 Summary and conclusion 

8.11 Summary 

Thiss thesis is concerned with the inhibition of motor responses in the stop-signal paradigm. It 
centerss on stopping, that is the internal cognitive response that is initiated by the onset of a 
stopp signal and ends with the actual interruption of the motor response. A horse-race model 
providess an accurate description of the behavioral data observed in the stop task. One of the 
virtuess of the race model, as formulated by Logan and Cowan (1984), is that, based on few 
formall assumptions, it allows for calculating the latency of the covert stop processes, that is, 
stop-signalstop-signal reaction time (SSRT). The goal was to look beyond SSRT as a descriptive meas›
uree of stop performance and to learn about the nature of the stop process. In pursuit of this 
goal,, several perspectives taken from the experimental psychological framework were 
adopted. . 

8.1.18.1.1 Interaction patterns of stopping and reactive inhibition 

Onee such perspective is covered in Chapter 2, and involves the factorial combination of stop›
pingg with other types of behavioral inhibition. Stop-signal inhibition was compared in condi›
tionss which either do or do not require some other form of inhibition. The potential interest of 
thee analysis of resulting interaction patterns has been expressed by Logan (1994, p. 192). He 
theorizedd that stopping a response might be easier if the primary task itself draws upon some 
formm of inhibitory process as well. Alternatively stopping a response that requires inhibition 
itselff might be harder if the stop process as well as the go process depend on a limited capacity 
forr inhibition. It has been suggested that the interaction between tonic inhibitory control of 
responsee readiness and phasic inhibitory control of an imminent response is of considerable 
interestt (cf. De Jong, Coles, & Logan, 1995, p. 507). Chapter 2 presented the first attempt at a 
systematicc assessment of this issue. 

Thiss study addressed the issue whether reduced response readiness, or inhibitory state, 
affectss SSRT. In this study, participants were presented with various letters and were required 
too distinguish between consonants and vowels. In some instances an X was presented to indi›
catee that a nogo trial was imminent. The placement of these Xs within a series of trials created 
inhibitoryy episodes because subjects delayed choice reactions on go trials while awaiting an 
upcomingg nogo trial compared to control sequences. Most importantly, stop reactions were 
delayed,, not facilitated, during test episodes compared to control episodes. This observed 
interactionn pattern indicates that a state of reduced readiness has similar effects on both go 
processingg and stopping by slowing them both. 

Thiss finding might be taken to mean that both stop-signal inhibition and reactive inhi›
bitionn associated with the primary task compete for the same resources. However, in Chapter 2 
wee proposed an alternative explanation. It is hypothesized that subjects adopted a lower motor 
readinesss during the inhibitory phase to avoid errors of commission to the anticipated nogo 
signal.. Consequently a larger and more time-consuming increment is needed to overcome the 
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motorr limit when a go response is called for. It is conjectured that reduced readiness gives rise 
too more forceful responses which are then more difficult to inhibit. 

8.1.28.1.2 Relating stop latency to response force: A physiological perspective 

Thee study described in Chapter 3 was carried out to test directly the hypothesis formulated in 
Chapterr 2 that the duration of the stop-signal process is longer for forceful than for less force›
full responses. Subjects completed a simple reaction time (RT) task, a choice RT task, and two 
go/nogoo tasks with 80% and 50% response probabilities, respectively. The task set was admin›
isteredd under two conditions: A condition in which the imperative response signal could be 
followedd occasionally by a stop signal (the stop-signal paradigm), and a control condition 
withoutt stop signals (the standard Donders paradigm). Response force was recorded with 
forcee transducers. Based on the results reported in Chapter 2, and the results on response force 
reportedd by Mattes, Ulrich, and Miller (1997) and by Ulrich, Mattes, and Miller (1999), we 
expectedd more forceful responses and, consequently, longer stop latencies in the go/nogo tasks 
thann in the simple and choice RT tasks. We successfully replicated and also extended the 
resultss of Chapter 2 on response force and RT. The results confirmed the hypothesis that 
stoppingg is more difficult when response readiness is low than when it is high. 

8.1.38.1.3 Fractionation of simple and selective stopping: A developmental perspective 

Anotherr approach examining the nature of inhibitory processing has been adopted in Chapter 
4.. This approach concerns the developmental perspective. Previous researchers using the 
standardd stop-signal paradigm have suggested that simple stopping, that is the inhibition of 
whateverr response is ongoing, improves during early childhood and declines during later 
adulthoodd (Williams, Ponesse, Schachar, Logan, Tannock, 1999). Recently, Bedard et al. 
(2002)) have extended these findings by examining age-related change in selective inhibitory 
control.. Their selective inhibition task focused on the perceptual end of stop-signal processing 
andd required their subjects to distinguish between two auditory signals. Subjects were in›
structedd to inhibit the planned response in the event of the presentation of one tone (designated 
ass the valid stop signal) but not in the event of another tone (an invalid stop signal). 

Thee first aim of the study reported in Chapter 4 was to investigate age-related changes 
throughoutt childhood in the motor end of selective inhibitory processing and to contrast the 
developmentall trend in selective stopping with age-related changes in both simple (or global) 
stoppingg and response execution. To this end, we assessed the speed of response execution 
andd speed of inhibition in three age groups (7-year-olds, 10-year-olds, and young adults) in a 
choicee RT task, a simple stop task, and a selective stop task. The second aim was to investi›
gatee whether the speed of selective inhibition is determined by the response that the subject 
hadd to stop. Response selection demands were manipulated by varying spatial stimulus-
responsee compatibility (SRC) to the go signal in all three tasks. In the choice RT task, the 7-
year-oldss responded slower and made more errors than the subjects in the other two groups 
(thesee groups did not differ). RT differences between incompatible and compatible responses 
inn the choice RT task were larger in the 7-year-olds compared to the subjects in the two older 
groups. . 
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Inn the simple stop task, 7-year-olds were slower in response execution and in inhibition to stop 
signalss compared to the older groups. In addition, this group committed significantly more 
errorss than the two older groups. SRC did not affect go-signal RT, error rates, and stop laten›
cies.. Young adults were able to selectively stop their responses more quickly compared to 10-
year-olds,, and 10-year-olds in turn were faster than the 7-year-olds. In all age groups, com›
patiblee responses were selectively stopped more quickly than incompatible responses. The 7-
year-oldss displayed the greatest slowing of incompatible stopping. 

Thesee findings were interpreted to indicate that SRC influenced the speed of response 
execution,, but that SRC effects decreased with increasing age, and SRC effects disappeared 
whenn including a demand for inhibition increased task demands. In addition, SRC influenced 
selectivee but not simple inhibition. Most importantly, simple and selective inhibition improved 
throughoutt childhood, but at different rates, with selective inhibition showing the most pro›
nouncedd change. It was suggested that the greater number of cognitive control processes 
requiredd in the selective stop tasks may have contributed to this more pronounced develop›
mentall trend. 

8.1.48.1.4 Stopping is a response: An information-processing perspective 

Inn Chapters 5 and 6 the proposition is tested that stop processes are quite similar in nature to 
goo processes. Go signals require perceptual discrimination, translation into a correct action, 
andd the subsequent programming and execution of that action. Likewise, stop signals are 
consideredd to require perceptual discrimination, translation into an appropriate action (i.e., 
inhibitionn of ongoing responses), and then the programming and execution of the inhibitory 
response.. The stop-signal paradigm was combined with the additive factors method (AFM, in 
Chapterr 5) and the Simon task (Chapter 6), which represent two paradigms that have advanced 
ourr understanding of go-signal processing. 

Thee main aim of the experiment described in Chapter 5 was to identify stages in the 
stopp process, extending from stop-signal presentation to the actual inhibition of the prepotent 
motorr response. The AFM paradigm was used to achieve this aim. First, a standard AFM 
designn was used to obtain additive effects of signal discriminability (high vs. less) and SRC 
(compatiblee vs. incompatible) on separate stages of the go-reaction process. Analyses of the 
additivee interaction pattern of main effects on go-signal RT obtained in the standard AFM 
taskss confirmed the independent effects on the perceptual stage and response-related stages of 
signall discriminability and SRC, respectively. 

Too replicate this pattern on SSRT, the go signals that were used in the standard AFM 
taskss then served as stop signals in the selective stop tasks. Participants were instructed to 
distinguishh between two visual stop signals, and to inhibit their primary-task response upon 
thee presentation of one stop signal and not the other. In the compatible stop conditions, sub›
jectss had to stop only if the location of the stop signal was compatible with respect to the 
responsee location associated with the go task (e.g., a left hand response should be inhibited if a 
stopp signal is presented to the left). Alternatively, the incompatible stop instruction required 
subjectss to inhibit the go response if the stop signal appeared in the direction opposite to the 
responsee hand indicated by the go signal (e.g., a left-hand response should be inhibited if a 
stopp signal is presented to the right). 
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Analysess of stop latencies showed that selective stopping to incompatible stop signals was 
slowerr than stopping to compatible stop signals (e.g., Van den Wildenberg & van der Molen, 
2003a).. Contrary to predictions, stop-signal discriminability did not systematically affect 
selectivee stop speed: selective stopping to easily distinguishable stop signals was as fast as 
stoppingg to less distinguishable stop signals. Based on the obtained SSRT pattern it was in›
ferredd that the current levels of discrimination did not effectively affect stop speed, possibly 
becausee less distinguishable stop signals were not that hard to discriminate. This conjecture 
wass confirmed by follow-up analysis on a subset of subjects selected on the basis of a rela›
tivelyy large effect of signal discriminability in the standard AFM tasks. SSRTs obtained from 
thiss subset showed the anticipated effects of stop-signal discriminability and compatible stop›
pingg tended to be faster than incompatible stopping. Moreover, these main effects proved to be 
additivee with respect to SSRT. This pattern indicated that, at least in a subset of participants, 
signall discriminability and SRC affected two stages of stop-signal processing independently. 
Inn conclusion, the obtained additive relation between (stop-) signal discriminability and (stop-) 
SRCC on stop latency confirmed the idea that the stop process was successfully decomposed 
intoo two distinct stop-signal processing stages. 

Chapterr 6 combined the stop-signal task with the active suppression of response 
activationn that is related to irrelevant aspects of imperative signals as used in the Simon task. 
Stimulii in the Simon task contain an irrelevant aspect (the location of the signal relative to a 
fixationn point, left or right) as well as task-relevant information (such as the color of the signal 
whichh informs the subject to respond with the right or left hand). Congruent trials are defined 
ass those trials on which the irrelevant and the relevant information coincide (e.g., the color 
signalss a right-hand response, and is presented to the right of a fixation point). These congru›
entt trials are associated with faster responses. Alternatively, on incongruent trials the relevant 
andd irrelevant stimuli aspects do not correspond (e.g., the color signals a right-hand response, 
andd is presented to the left of a fixation point). Responses to incongruent trials are usually 
slower.. Response activation processes are described by a dual-process model (e.g., De Jong, 
Liang,, & Lauber, 1994; Eimer, Hommel, & Prinz, 1995; Hommel, 1993; Kornblum et al� 
1990;; Ridderinkhof, van der Molen, & Bashore, 1995; Stoffels, 1996). The response activa›
tionn that is triggered by the irrelevant signal attribute is actively suppressed by the subject, 
accordingg to the activation-suppression hypothesis (Ridderinkhof, 2002a), This suppression 
needss some time to build up and is predicted to be more effective, resulting in a diminished 
Simonn effect when the relevant information is processed relatively late (e.g., when the color of 
thee signal is harder to distinguish). The results that we obtained using a standard Simon task 
aree in accord with these models. Responses to hard-to-discriminate signals (yellowish-green 
vs.. greenish yellow) were slower than responses to easy-to-discriminate signals (blue vs. red), 
andd responses to incongruent signals were found to be slower than to congruent signals and. 
Moreover,, the Simon effect was attenuated in the blocks with harder-to-discriminate stop 
signals,, which confirms the assumption that active suppression of irrelevant location informa›
tionn needs time to build up and become more effective. 

Too investigate whether the processing of relevant and irrelevant aspects of stop signals 
cann be interpreted in terms of the dual-process model, the Simon stimuli were used as stop 
signalss in a simple stop task and in two selective stop tasks. Selective stop latencies were 
longerr than simple stop latencies (Van den Wildenberg & van der Molen, 2003a). In addition, 
selectivee stopping to harder-to-discriminate stop signals was slower than selective stopping to 
easy-to-discriminatee stop signals. We also observed Simon effects on stop latency. Simple 
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stoppingg was enhanced given spatially congruent stop signals. Finally, we observed a zero 
congruencyy effect with hard-to-discriminate stop signals, and a non-zero congruency effect on 
selectivee SSRT with easy-to-discriminate stop signals. Apparently, with longer stop latencies, 
thee processing of the relevant aspect of the stop signal (color) was not affected by the irrele›
vantt location of the stop signal. 

8.1.58.1.5 The basal ganglia and stopping: A neurophysiological perspective 

Chapterr 7 adopted the neurophysiological perspective to explore the nature of inhibitory motor 
controll vis-a-vis basal ganglia functioning. This investigation was inspired by Brunia (1993) 
whoo suggested that a direct connection from the prefrontal cortex to the nucleus reticularis 
(RN)) might be a possible route via which response inhibition could be realized. Given the 
anatomicall constraints of this nucleus, it is difficult to present experimental evidence for that 
idea.. Some years ago he proposed an alternative stop route, that is the excitatory pathway 
fromm the cortex to the subthalamic nucleus (STN; Brunia, personal communication). Activa›
tionn of this pathway results in a blocking of thalamo-cortical output, which itself is considered 
aa necessary condition for movement production. Although most neurophysiological investiga›
tionss on inhibitory motor control focused on the involvement of frontal brain areas (see Band 
&& van Boxtel, 1999 for a review), for practical reasons few experiments have directly investi›
gatedd the role of the basal ganglia in inhibitory motor control. Recently techniques have been 
developedd to intervene in basal ganglia functioning by means of deep brain stimulation (DBS). 
Twoo groups of patients who where treated with DBS participated in this study. The members 
off one group had a neurostimulator implanted in the STN to reduce the symptoms of advanced 
stagess of Parkinson’s disease. In a second group of patients diagnosed with Parkinson’s or 
Minorr disease, the electrode targeted the ventral intermedius nucleus (Vim) of the thalamus to 
treatt severe (essential) tremor. Participants performed twice a stop-signal task and a go/nogo 
taskk - once with the neurostimulator turned on, and once with the stimulator off - during alter›
natee runs in one session. Results obtained from the go/nogo task indicated that neurostimula-
tionn did not change speeded performance or accuracy in both patient groups. In the stop task, 
resultss indicated that DBS of the thalamus did not systematically affect task performance. In 
contrast,, stimulation of the STN significantly facilitated response execution as well as stop 
processes.. These results were interpreted in terms of candidate neural circuits underlying 
inhibitoryy motor control. 

8.22 Conclusion 

Whatt have we learned about the nature of the processes that are involved in stopping a motor 
response?? First, this thesis presented an alternative viewpoint for explaining longer stop laten›
ciess for primary-task responses that are associated with reactive inhibitory control. In previous 
studiess using an Eriksen flanker task, this interaction between stop-signal inhibition and reac›
tivee inhibition was interpreted in terms of a competition for the same limited resources 
(Kramer,, Humphrey, Larish, Logan, & Strayer, 1994; Ridderinkhof, Band, & Logan, 1999). 
Thee data presented in this thesis suggested an alternative explanation. On-line tracking of 
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responsee force exerted by the participant showed that the duration of stop-signal processes is 
longerr for more forceful responses, compared to less forceful responses. Thus, contrary to 
commonn sense, stopping is less easy when one is inclined to hold back the go response. This 
situationn was studied in Chapter 2 where subjects were warned of an imminent nogo signal, 
andd in Chapter 3 where go signals occurred rarely in a trial sequence of frequent nogo signals. 

Second,, this thesis elaborated the work on the development of inhibitory control by 
Dempsterr (1993). His ’susceptibility-to-interference model’ attributes a key role to the execu›
tivee functions exercised by the prefrontal cortex and emphasizes active hierarchical control of 
aa lower force by a higher force as key-construct. This model integrates developmental re›
searchh which suggests that resistance to interference contributes to diverse expressions of 
cognitivee development and neuropsychological research, which indicates that the frontal lobes 
playy a critical role in interference-sensitive tasks (Casey, Giedd, & Thomas, 2000; Van der 
Molen,, 2000). Moreover, Dempster (1993) argued that inhibition should be conceptualized in 
termss of a family of processes. In his view, inhibition has a variety of operating characteristics 
thatt may vary on temporal (e.g., proactive, coactive, and retroactive), formal (motor, percep›
tual,, and linguistic), and spatial (internal and external) dimensions. It was speculated that these 
varietiess of inhibition have different developmental trajectories and so give rise to a stage-like 
qualityy in the development of a child’s sensitivity to interference. The age-related improve›
mentt in simple stop control that are reported in this thesis agree with Dempster’s conjecture 
thatt younger children are particularly sensitive to motor aspects of interference. In addition, 
ourr findings extend Dempster’s notion of differential development trajectories by indicating a 
fractionationn of simple and selective inhibitory control within the motor dimension. 

Third,, evidence that stopping is not the mere absence of a response was presented. 
Instead,, stopping should be conceptualized as a response per se. Based on this assumption, we 
weree able to show that (i) responses to stop signals, like those to go signals, are delayed when 
subjectss have to discriminate between the execution of the inhibitory response or not (selec›
tivee stopping; Chapter 4), that (ii) selective stopping is slower given less discriminable stop 
signalss (Chapters 5 and 6), and (iii) that the stop process is influenced by irrelevant aspects of 
thee stop signal (Chapter 6). 

Thiss thesis cannot be concluded without a few remarks on the horse-race model. The 
modell has served us well by providing SSRT as an analytical tool. This thesis did not intend 
too explore, or to go beyond, the scope of the horse-race model. The present results illustrate 
thee robustness of the horse-race model. The model provided a description of stop data ob›
tainedd with visual stop signals, which is as the results usually reported with auditory stop 
signalss (see also Van Boxtel, van der Molen, Jennings, & Brunia, 2001). In addition, the 
modell proved to be valid if the stop-signal instruction was related to the response instruction 
(Vann den Wildenberg & van der Molen, 2003a). Application of the model helped to relate 
responsee force to stop speed (Van den Wildenberg, van der Molen, & Logan, 2002) and indi›
catedd effects of neurostimulation on the speed of stopping and responding (Chapter 7). In 
conclusion,, the data presented in this thesis generally proved to be interpretable in terms of the 
horse-racee model (see Band, van der Molen, & Logan, 2003 for elaborate horse-race model 
simulationss of the stop-signal procedure). 

Thee quest for the nature of stop processes presently continues with current experiments 
thatt include Parkinson patients treated with deep brain stimulation. These studies include 
recordingss of event-related brain potentials to elucidate the role of distinct neuroanatomical 
structuress in cognitive and motor aspects of anticipatory behavior. 

128 8 



88 SUMMARY AND CONCLUSION 

Inn closing, we are currently analyzing data provided by an electrophysiological investigation 
off inhibitory control of go responses in the Simon paradigm (Burle, Ridderinkhof, Ramautar, 
&& van den Wildenberg, 2003). This stop-signal study included electromyographic as well as 
ERPP recordings and on-line tracking of response force. The design of this study will enable us 
too compare two manifestations of within-trial cognitive control; one externally and one inter›
nallyy generated. First, the cognitive control triggered by the external auditory stop signal that 
iss aimed at the inhibition of ongoing response activation, and second, the internal executive 
controll associated with the detection and subsequent suppression of incorrect response activa›
tionn (i.e., partial errors, see also Burle, Possamai", Vidal, Bonnet, & Hasbroucq, 2002). Com›
paringg physiological indices that are associated with partially inhibited stop-signal trials and 
non-signall trials with corrected partial errors may help to elucidate the cognitive processes 
involvedd in error monitoring, capable of preventing erroneous response activation from lead›
ingg to an overt incorrect response. 

. . .. So we are not stopping, yet. 

129 9 



88 SUMMARY AND CONCLUSION 

130 0 



Samenvatting g 

11 Samenvatting 

Ditt proefschrift gaat over stopgedrag, ofwel over de inhibitie van motorische responsen. Het 
centralee thema is het stopproces, de interne cognitieve respons die wordt geïnitieerd door de 
presentatiee van een stopsignaal en eindigt met het tegenhouden van de motorische handeling. 
Omm dit stopgedrag experimenteel te onderzoeken wordt gebruik gemaakt van het stopsignaal 
paradigmaa (Logan, 1994; Logan & Cowan, 1984). De stoptaak bestaat uit een keuze›
reactietijdd (RT) taak (ook wel aangeduid met primaire taak of go-taak). Terwijl proefpersonen 
dee primaire taak uitvoeren worden ze onverwacht geconfronteerd met een stopsignaal, bij›
voorbeeldd een toon. Een eenvoudig ’horse-race model’ maakt een kwantitatieve interpretatie 
mogelijkk van stopgedrag en voorziet ons van een beschrijvende maat voor stopgedrag, de 
stopsignaall reactietijd (SSRT). Het onderzoek in dit proefschrift is gebaseerd op de gedachte 
verderr te kijken dan de SSRT om meer te weten te komen over de aard van de processen die 
tenn grondslag liggen aan inhibitoire controle. Hierbij werd uitgegaan van een aantal verschil›
lendee perspectieven binnen de experimentele psychologie. 

/.. 1 Interactiepatronen tussen stoppen en reactieve inhibitie 

Hoofdstukk 2 beschrijft een onderzoek waarin inhibitie in het stopproces factorieel wordt ge›
combineerdd met reactieve inhibitie, een andere vorm van gedragsinhibitie die samenhangt met 
dee uitvoering van de primaire taak. Het theoretisch belang van een dergelijk design werd al 
onderkendd door Logan (1994, p. 192). Volgens hem zou het stoppen van een motorische 
responss makkelijker kunnen zijn als de primaire taak zelf ook aanspraak maakt op een vorm 
vann inhibitoire controle. Aan de andere kant zou het stoppen van een dergelijke repons kunnen 
wordenn bemoeilijkt indien het stopproces en het go-proces beide een beroep doen op eenzelf›
dee (inhibitoir) proces met een beperkte capaciteit. Ook De Jong, Coles, & Logan (1995, p. 
507)) onderstrepen het theoretisch belang van onderzoek naar het interactiepatroon tussen 
tonischee inhibitie van responsbereidheid en fasische inhibitoire controle (het stoppen van 
responsen).. Het onderzoek dat wordt beschreven in Hoofdstuk 2 gaat daarom in op de vraag of 
eenn toestand van verminderde responsbereidheid de RT van het stopproces (SSRT) beïnvloedt. 
Deelnemerss aan het experiment werd gevraagd om te reageren op letters, klinkers en mede›
klinkerss (go-trials). Tijdens lettersequenties werd soms een X gepresenteerd die aankondigde 
datt er een nogo-trial op handen was. De presentatie van een X induceerde een inhibitoire reeks 
omdatt proefpersonen geneigd zijn hun keuzereactietijd op go-trials uit te stellen als ze zijn 
gewaarschuwdd voor een komende nogo-trial. Uit de resultaten blijkt dat responsen tijdens een 
dergelijkee inhibitoire reeks zich moeilijker laten stoppen dan controle responsen. Dit specifie›
kee interactiepatroon geeft aan dat een toestand van verminderde responsbereidheid eenzelfde 
invloedd heeft op zowel het go-proces als het stopproces; beide blijken namelijk vertraagd. 

Ditt resultaat zou aanleiding kunnen geven tot de verklaring dat de processen van stop›
signaall inhibitie en reactieve inhibitie aanspraak maken op dezelfde beperkte capaciteitset. 
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Hoofdstukk 2 eindigt echter met een alternatieve verklaring die veronderstelt dat de motorische 
responsbereidheidd van proefpersonen afneemt tijdens een inhibitoire episode om zo het aantal 
commissiefoutenn op nogo-trials te beperken. Dit heeft tot gevolg dat er een grotere afstand 
overbrugdd dient te worden tussen het niveau van de motorische responsbereidheid en de grens 
diee overschreden dient te worden bij het uitvoeren van een motorische respons. Er werd ver›
ondersteldd dat verminderde responsbereidheid gerelateerd is aan krachtigere responsen die 
zichh moeilijker laten stoppen. 

1.21.2 Het verband lussen stoplatentie en responskracht: een fysiologisch perspectief 

Hoofdstukk 3 toetst de hypothese dat de duur van het stopproces langer is voor krachtige res›
ponsenn dan voor responsen die worden uitgevoerd met minder kracht (zie Hoofdstuk 2). 
Proefpersonenn voerden vier taken uit: een simpele-RT taak, een keuze-RT taak, en twee 
go/nogo-takenn met respectievelijk 80% en 50% go-signaalprobabiliteit. De taken werden 
afgenomenn in twee condities: Een conditie waarbij het imperatieve signaal kon worden ge›
volgdd door een stopsignaal (stopsignaal paradigma) en een tweede conditie zonder stopsigna›
lenn (standaard Donders paradigma). De kracht van de respons werd gemeten met krachtme›
ters.. Naar aanleiding van de resultaten in Hoofdstuk 2 en de studies van Mattes, Ulrich en 
Millerr (1997) en Ulrich, Mattes en Miller (1999) werden krachtigere responsen en langere 
stoplatentiess verwacht in de go/nogo-taken dan in de simpele en keuze RT-taken. De verkre›
genn resultaten repliceren de studie van Hoofdstuk 2 en bevestigen de hypothese dat stoppen 
moeilijkerr is indien de responsbereidheid lager is. 

1.31.3 Simpel versus selectief stoppen: een ontwikkelingsperspectief 

Hoofdstukk 4 benadert de vraag naar de aard van het inhibitie proces vanuit een ontwikkelings›
psychologischh perspectief. Uit eerder onderzoek is bekend dat het vermogen tot simpel stop›
penn (i.e., het afbreken van alle in gang zijnde motorische responsen) verbetert tijdens de ont›
wikkelingg en verslechtert tijdens normale veroudering (Williams, Ponesse, Schachar, Logan, 
Tannock,, 1999). Bedard et al. (2002) hebben deze resultaten recent uitgebreid met een onder›
zoekk naar de ontwikkeling van selectieve inhibitoire controle. Selectief stoppen is een meer 
verfijndee manifestatie van inhibitoire controle dan simpel stoppen. De selectieve stoptaak die 
gebruiktt is door Bedard en collega’s betrof de perceptuele kant van het stopproces en vereiste 
datt proefpersonen onderscheid maakten tussen twee auditief gepresenteerde stopsignalen. 
Proefpersonenn werd gevraagd om de geplande primaire respons te stoppen bij de presentatie 
vann een specifieke toon (aangemerkt als het valide stopsignaal) maar niet bij de presentatie 
vann de andere toon (i.e., ’fop-stopsignaal’). 

Hett eerste doel van het experiment dat wordt beschreven Hoofdstuk 4 is om inzicht te 
krijgenn in het ontwikkelingsverloop van selectieve stopsignaalverwerking, en wel aan de 
motorischee kant en om deze ontwikkeling af te zetten tegen ontwikkelingstrends in de snel›
heidd van responsexecutie (go-signaal RT) en de snelheid van simpel stoppen. Daartoe namen 
driee leeftijdsgroepen (7-jarigen, 1 O-jarigen en jong-volwassenen) deel aan het onderzoek 
waarbijj de snelheid van het uitvoeren van een respons en de snelheid van inhibitie werd geme›
tenn met een keuze RT-taak, een simpele stoptaak en een selectieve stoptaak. Het tweede doel 
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vann het onderzoek spitst zich toe op de vraag of de snelheid van selectief stoppen wordt beïn›
vloedd door de respons die moet worden tegengehouden. Daartoe werden in alle drie de taken 
dee eisen met betrekking tot responsselectie op het go-signaal gemanipuleerd door middel van 
spatielee stimulus-respons compatibiliteit (SRC) instructies. 

Dee resultaten van de keuze reactietijd taak tonen aan dat de 7-jarigen langzamer res›
pondeerdenn en meer fouten maakten op go-signalen dan de overige twee groepen (die niet 
significantt van elkaar verschilden). De verschillen in go-signaal RT tussen compatibele en 
incompatibelee responsen in de keuze taak waren het grootst in de jongste leeftijdsgroep verge›
lekenn met de twee oudere groepen. 

Inn de simpele stoptaak bleken de 7-jarigen ook langzamer in zowel het uitvoeren als in 
hett stoppen van een respons. Bovendien maakte deze kinderen ook meer fouten. SRC had 
echterr geen invloed op go-signaal RT, foutenpercentages en SSRT. Jong-volwassenen waren 
snellerr in het selectief stoppen van hun responsen dan 10-jarigen, en 10-jarigen waren op hun 
beurtt weer sneller dan de 7-jarigen. Voor alle leeftijdsgroepen geldt dat compatibele respon›
senn sneller selectief werden gestopt dan incompatibele responsen. Echter, de vertraging in het 
selectieff stoppen van incompatibele responsen was het grootst bij de 7-jarigen. 

Uitt de resultaten van dit onderzoek komt naar voren dat de snelheid van het uitvoeren 
vann een respons wordt beïnvloed door SRC. De effectgrootte van SRC op RT neemt af met 
hett toenemen van leeftijd. Bovendien verdwijnen de effecten van SRC op RT indien er stop›
signalenn worden toegevoegd aan de taak. Een belangrijke bevinding is dat zowel het vermo›
genn om simpel als selectief te stoppen verbetert naarmate kinderen ouder worden, maar dat 
dezee processen zich kenmerken door een verschillend ontwikkelingsverloop waarbij de ont›
wikkelingg van selectieve inhibitoire controle de grootste verandering laat zien. Hierbij dient te 
wordenn opgemerkt dat een toename van het aantal cognitieve controle processen dat wordt 
aangesprokenn in de selectieve stoptaak vermoedelijk heeft bijgedragen aan deze trend. 

1.41.4 Stoppen is een respons: een informatieverwerkingsperspectief 

Dee hoofdstukken 5 en 6 toetsen de hypothese dat er overeenkomsten zijn tussen de aard van 
stopprocessenn en de aard van go-processen. Go-signalen vereisen perceptuele discriminatie, 
vertalingg in een correcte respons en vervolgens het programmeren en uitvoeren van de res›
pons.. Op dezelfde manier wordt verondersteld dat ook de verwerking van stopsignalen bestaat 
uitt perceptuele discriminatie, vertaling in een actie (i.e., inhibitie van de respons) en het pro›
grammerenn en uitvoeren van de inhibitoire respons. Om inzicht te krijgen in de deelprocessen 
vann stoppen maken we gebruik van de additieve factoren methode (AFM, Hoofdstuk 5) en de 
Simon-taakk (Hoofdstuk 6), twee paradigma’s die ons inzicht in de aard van go-signaal ver›
werkingg hebben vergroot. 

Hett experiment dat wordt beschreven in Hoofdstuk 5 had tot doel om verschillende 
stadiaa van het stopproces, dat begint met de presentatie van het stopsignaal en eindigt met het 
feitelijkk stoppen van de respons, te ontleden. Hiervoor werd gebruik gemaakt van de AFM. 
Allereerstt werd een standaard AFM design toegepast, met het oog op het verkrijgen van addi›
tievee effecten van signaal discriminabiliteit (hoog versus laag) en stimulus-respons compatibi›
liteitt (compatibel versus incompatibel), twee factoren waarvan verwacht mag worden dat ze 
verschillendee stadia van het go-RT proces beïnvloeden. De succesvolle onafhankelijke mani-
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pulatiee van effecten van signaal-discriminabiliteit en SRC op respectievelijk een perceptueel 
enn een responsgerelateerd stadium werd bevestigd door een additief interactiepatroon. 

Vervolgenss werd geprobeerd om dit additieve interactiepatroon te repliceren met 
SSRTss door de go-signalen van de standaard AFM taak te gebruiken als stopsignaal in een 
selectievee stoptaak. Hierbij werden proefpersonen gevraagd om onderscheid te maken russen 
tweee visueel gepresenteerde stopsignalen, en hun go-reactie te stoppen bij ØØn van beide stop›
signalen.. In de compatibele stopconditie stopten proefpersonen hun respons alleen indien de 
locatiee van het stopsignaal compatibel was ten opzichte van de locatie van de respons die werd 
aangeduidd door het go-signaal (e.g., een respons met de linkerhand wordt alleen gestopt bij 
eenn stopsignaal dat ook links wordt gepresenteerd). In de andere conditie, met incompatibele 
stopinstructie,, werd gevraagd om de respons te stoppen indien het stopsignaal werd gepresen›
teerdd tegenovergesteld aan de locatie die werd aangeduid door het go-signaal (i.e., een respons 
mett de linkerhand wordt alleen gestopt indien het stopsignaal rechts wordt gepresenteerd). 

Uitt de stopresultaten blijkt dat selectief stoppen volgens een incompatibele stopinstruc›
tiee meer tijd kost dan selectief stoppen volgens een compatibele stopinstructie (e.g., Van den 
Wildenberg,, & van der Molen, 2003a). Anders dan verwacht bleken de manipulaties van 
stopsignaall discriminabiliteit niet van invloed op de snelheid van stoppen: selectief stoppen 
volgendd op een makkelijk te discrimineren stopsignaal was even snel als het selectief stoppen 
naa een moeilijker te discrimineren stopsignaal. Op basis van het SSRT interactiepatroon werd 
geconcludeerdd dat de niveaus van discriminabiliteit binnen het huidige onderzoek niet opti›
maall waren. Met name de minder goed te discrimineren stopsignalen bleken niet zo moeilijk 
vann elkaar te onderscheiden. Deze veronderstelling werd bevestigd door een analyse van een 
subgroepp van de proefpersonen die is geselecteerd op basis van een relatief groot effect van 
signaall discriminabiliteit in de standaard AFM taak. Deze subgroep liet wel het geanticipeerde 
patroonn zien van stopsignaal discriminabiliteit op SSRT; makkelijk te discrimineren stopsig›
nalenn werden eerder gestopt dan moeilijker te discrimineren stopsignalen. Binnen deze groep 
wass de trend waarneembaar dat compatibele stopinstructies leidde tot kortere stoplatenties 
vergelekenn met incompatibele stopinstructies. De hoofdeffecten op SSRT binnen deze sub›
groepp bleken additief. Dit patroon toont aan dat, tenminste in een subset van proefpersonen, 
signaall discriminabiliteit en compatibiliteit aangrijpen op twee onafhankelijke stadia van 
stopsignaall verwerking. Concluderend kan worden gesteld dat het verkregen additieve interac›
tiepatroonn tussen (stop-)signaal discriminabiliteit en (stop-)SRC op SSRT wijst in de richting 
vann het succesvol opdelen van het stopproces in twee onafhankelijke stadia van stopsignaal 
verwerkingsstadia. . 

Inn Hoofdstuk 6 wordt de stoptaak gecombineerd met de actieve onderdrukking van 
responsactivatiee die samenhangt met irrelevante aspecten van stimuli in de Simon-taak. Stimu›
lii in de Simon-taak bevatten namelijk zowel taakrelevante aspecten (zoals de kleur van het 
signaall op basis waarvan de proefpersoon beslist of hij/zij met de rechter- of linkerhand rea›
geert)) als taakirrelevante informatie (zoals de locatie van het signaal, links of rechts van een 
centraall fixatiepunt). Congruente trials zijn gedefinieerd als die trials waarbij de relevante en 
irrelevantt aspecten van de stimulus samenvallen (de stimulus wordt rechts gepresenteerd en de 
kleurr van de stimulus is geassocieerd met de rechterhand). Deze congruente trials worden 
geassocieerdd met snellere responsen. Echter, op incongruente trials corresponderen de relevan›
tee en irrelevante stimulus aspecten niet met elkaar (e.g., de stimulus wordt links gepresenteerd 
terwijll de kleur is geassocieerd met de rechterhand). Responsen op incongruente trials zijn 
overr het algemeen trager. De responsactievatieprocessen die een rol spelen in de Simon taak 
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zijnn beschreven door een ’dual-process model" (e.g., De Jong, Liang, & Lauber, 1994; Eimer, 
Hommel,, & Prinz, 1995; Hommel, 1993; Kornblum, Hasbroucq, & Osman, 1990; Ridderink-
hof,, van der Molen, & Bashore, 1995; Stoffels, 1996). De responsactivatie die wordt opgeroe›
penn door irrelevante stimulusaspccten wordt actief onderdrukt door de proefpersoon, volgens 
dee activatie-suppressie hypothese (Ridderinkhof, 2002). Deze onderdrukking heeft tijd nodig 
omm effectief op gang te komen en wordt verondersteld actiever te zijn indien de relevante 
informatiee relatief laat wordt verwerkt (e.g., indien de kleur van het signaal zich moeilijker 
laatt onderscheiden). Actievere onderdrukking van responsactivatie door irrelevante stimu-
lusaspektenn zal leiden tot een kleiner Simon-effect. De resultaten van Hoofdstuk 6 die zijn 
verkregenn in de standaard Simon-taak zijn in overeenstemming met dit model. Keuzerespon›
senn op moeilijker te discrimineren stimuli (groenig versus gelig) waren langzamer dan respon›
senn op makkelijk te discrimineren stimuli (rood versus blauw). Responsen op incongruente 
trialss waren tevens langzamer dan op congruente trials. Bovendien bleek het Simon-effect 
duidelijkk kleiner in de conditie met minder goed te onderscheiden stimuli. Dit bevestigt de 
hypothesee dat de actieve onderdrukking van responsactivatie door irrelevante locatie›
informatiee tijd nodig heeft alvorens effectief te zijn. 

Dee Simon-stimuli werden vervolgens ingezet als stopsignalen in een simpele stoptaak 
enn twee selectieve stoptaken om te onderzoeken of de verwerking van relevante en irrelevante 
aspectenn van het stopsignaal kan worden geïnterpreteerd in termen van het ’dual-process 
model’.model’. In overeenstemming met eerder onderzoek bleken selectieve stoplatenties langer dan 
simpelee stoplatenties (Van den Wildenberg & van der Molen, 2003a). Bovendien bleek het 
selectievee stopproces trager te zijn bij moeilijker te onderscheiden stopsignalen dan bij makke›
lijkk te onderscheiden stopsignalen. Tevens werd een Simon-effect op stoplatentie geobser›
veerd:: simpel stoppen was sneller na congruente dan na incongruente stopsignalen. We von›
denn tevens een congruentiepatroon op selectieve SSRT met makkelijk discrimineerbare stop 
signalen.. Belangrijker is echter de afwezigheid van een congruentie-effect op selectieve SSRT 
bijj moeilijk te onderscheiden stopsignalen. Hieruit mag worden geconcludeerd dat bij relatief 
langeree stoplatenties de verwerking van het relevante aspect van het stopsignaal (i.e., kleur) 
niett negatief werd beïnvloed door het irrelevante aspect van het stopsignaal (i.e., locatie). 

1.51.5 De basale ganglia en stoppen: een neurofysiologisch perspectief 

Hoofdstukk heeft een neurofysiologisch perspectief en onderzoekt de aard van inhibitoire con›
trolee vis-a-vis het functioneren van de basale ganglia. Het onderzoek werd geïnspireerd door 
Bruniaa (1993) die naar voren bracht dat een directe verbinding tussen de prefrontale cortex en 
dee nucleus reticularis (RN) een mogelijke route zou kunnen zijn waarlangs respons-inhibitie 
wordtt gerealiseerd. Het toetsen van deze hypothese is echter niet eenvoudig vanwege de ana›
tomischee beperking van de RN binnen een experimentele setting. Enkele jaren geleden opper›
dee Brunia een tweede mogelijke stoproute: de exciterende route van de cortex naar de STN 
(subthalamischee kern) (Brunia, persoonlijke communicatie). Activatie via deze route blokkeert 
thalamo-corticalee output, hetgeen gepaard gaat met een reductie van bewegingen. Het meren›
deell van het neurofysiologisch onderzoek naar de aard van inhibitoire controle richt zich op de 
roll van frontale hersengebieden. Er zijn echter weinig studies bekend naar de rol die de basale 
gangliaa spelen bij inhibitoire motorische controle. Het huidige onderzoek werd mogelijk 
gemaaktt door recent ontwikkelde technieken om de functie van de basale ganglia te module-
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renn met behulp van hersenstimulatie (DBS; deep brain stimulation). Aan dit onderzoek namen 
tweee patiºntengroepe n deel, beide behandeld met DBS. De patiºnten in de ene groep had een 
neurostimulatorr in de STN, en de patiºnten in de andere groep waren behandeld met een 
neurostimulatorr in Vim (ventrale nucleus intermedius van de thalamus). De patiºnten voerden 
tweemaall een stoptaak en een go/nogo-taak uit; eenmaal met de neurostimulator aan, en een›
maall met de stimulator uitgeschakeld. De resultaten van de go/nogo-taak lieten geen effect 
zienn van neurostimulatie op de uitvoering van go-responsen en accuratesse voor beide groe›
pen.. DBS van de thalamus had geen effect op stopprestaties in de stoptaak. Echter, STN-
stimulatiee verbeterde zowel de snelheid van het uitvoeren als het stoppen van een respons. 

22 Concluderende opmerkingen 

Watt hebben we nu geleerd over de aard van het inhibitie-proces? 
Allereerstt draagt het huidige onderzoek een alternatieve verklaring aan bij de interpre›

tatiee van langere stoplatenties die worden geassocieerd met reactieve inhibitoire controle. Bij 
eerderr onderzoek met de Eriksen flanker-taak werd de interactie tussen stopsignaal inhibitie en 
reactievee inhibitie geïnterpreteerd in termen van een aanspraak op eenzelfde beperkte hoe›
veelheidd beschikbare mentale capaciteit (Kramer, Humphrey, Larish, Logan, & Strayer, 1994; 
Ridderinkhof,, Band, & Logan, 1999). De resultaten die zijn verkregen wijzen echter in de 
richtingg van een andere mogelijke verklaring. Metingen van responskracht tijdens verschillen›
dee stoptaken toonde aan dat het stopproces is vertraagd bij responsen die gepaard gaan met 
meerr fysieke kracht vergeleken met minder krachtige responsen. Dus, in tegenstelling tot wat 
menn zou verwachten zijn responsen die als het ware worden achtergehouden juist moeilijker te 
stoppen.. Dit kwam naar voren in Hoofdstuk 2, waarbij proefpersonen werden gewaarschuwd 
voorr een op handen zijnd nogo-signaal, en in Hoofdstuk 3, waar de kans op de presentatie van 
eenn nogo-signaal werd verhoogd. 

Tenn tweede is het onderzoek dat wordt beschreven in Hoofdstuk 4 een aanvulling op 
hett werk van Dempster (1993) over de ontwikkeling van inhibitoire controle. Dempsters 
modell benadrukt actieve hiºrarchisch e controle van een lagere-orde systeem door een hogere-
ordee systeem. Hierbij zouden executieve functies die worden gemedieerd door de prefrontale 
cortexx een belangrijke rol spelen. Het model wordt gevoed door zowel ontwikkelingsonder›
zoekk waarbij werd aangetoond dat een verminderde vatbaarheid voor interferentie een belang›
rijkee bijdrage levert aan cognitieve ontwikkeling, als neuropsychologisch onderzoek waaruit 
naarr voren komt dat frontale hersengebieden een belangrijke rol spelen bij de uitvoering van 
interferentiegevoeligee taken (Casey, Giedd, & Thomas, 2000; Van der Molen, 2000). Volgens 
Dempsterr (1993) bestaat inhibitie uit een verzameling processen die verschillen op temporele 
(pro-actief,, non-actief en retro-actief), formele (motorisch, perceptueel, en linguïstisch) en 
spatielee (interne en externe) dimensies. Hierbij werd verondersteld dat deze vormen van inhi›
bitiee een verschillend ontwikkelingsverloop laten zien en zo aanleiding geven tot een stapsge›
wijzee ontwikkeling in de mate van gevoeligheid voor interferentie. De leeftijdsgerelateerde 
ontwikkelingg van simpele stopsignaal inhibitie die wordt gerapporteerd in dit proefschrift zijn 
inn overeenstemming met de aanname van Dempster dat met name jonge kinderen gevoelig 
zijnn voor motorische aspecten van interferentie-controle. Bovendien kan het hier gepresen›
teerdee ontwikkelingsonderzoek worden beschouwd als een uitbreiding van Dempsters idee 
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vann een gedifferentieerd ontwikkelingsverloop omdat het aantoont dat binnen de motorische 
dimensiee simpel en selectief stoppen zich verschillend ontwikkelen in de kindertijd. 

Eenn derde inzicht dat wordt toegevoegd wordt geleverd door de idee dat stoppen meer 
iss dan de afwezigheid van een respons. Stoppen kan juist worden beschouwd als een respons 
anan sich. Net als bij een respons op een go-signaal is (i) de stoprespons op stopsignalen trager 
indienn proefpersonen een onderscheid moeten maken russen de uitvoering van de inhibitoire 
responss of niet (selectief stoppen - Hoofdstuk 4), (ii) is het selectieve stopproces vertraagd bij 
moeilijkerr te onderscheiden stopsignalen (Hoofdstuk 5 en 6), en (iii) wordt het stopproces 
beïnvloedd door irrelevante aspecten van het stopsignaal (Hoofdstuk 6). 

Dezee samenvatting kan niet worden afgesloten zonder enkele opmerkingen over het 
horse-racehorse-race model. Dit proefschrift had niet tot doel de grenzen van het model te verkennen of 
eroverheenn te gaan. De huidige resultaten illustreren de robuustheid van het model. Het race 
modell geeft een goede beschrijving van stopdata die is verkregen met visuele stopsignalen 
(ziee ook Van Boxtel, van der Molen, Jennings, & Brunia, 2001). Bovendien bleef het model 
toepasbaarr indien het stopinstructie afhing van de responsinstructie (Van den Wildenberg & 
vann der Molen, 2003a), maakte het model de relatie duidelijk tussen responskracht en stop-
snelheidd (Van den Wildenberg, van der Molen, & Logan, 2002) en toonde het de effecten van 
neurostimulatiee aan op de snelheid van responderen en stoppen (Hoofdstuk 7). In het alge›
meenn kan worden gesteld dat de data die worden gepresenteerd in dit proefschrift goed konden 
wordenn geïnterpreteerd in termen van het race model (zie Band, van der Molen, & Logan, 
20033 voor uitvoerige simulaties van de stopsignaal procedure). 

Dee zoektocht naar de aard van het inhibitie-proces duurt voort in lopend onderzoek bij 
Parkinson-patiºntenn naar de effecten van neurostimulatie op stopgedrag. Deze studies zullen 
wordenn uitgebreid met metingen van hersenactiviteit om meer inzicht te krijgen in de rol van 
specifiekee neuroanatomische structuren in cognitieve en motorische aspecten van anticipatoir 
gedrag. . 

Afsluitendd wil ik opmerken dat we momenteel bezig zijn met de data-analyse van een 
elektrofysiologischh onderzoek naar de inhibitoire controle van go-responsen in het Simon-
paradigma.. (Burle, Ridderinkhof, Ramautar, & van den Wildenberg, 2003). Dit stoponderzoek 
bevatt zowel EEG-, EMG- en krachtmetingen. De opzet van deze studie maakt het mogelijk 
omm een vergelijking te maken tussen twee uitingen van binnen-trial cognitieve controle; de 
eerstee is extern en de tweede is extern van oorsprong. Allereerst is er de cognitieve (stop-) 
controlee die volgt op de presentatie van een extern stopsignaal, en ten tweede is er de interne 
cognitievee controle die in verband wordt gebracht met de detectie en achtereenvolgens de 
actievee onderdrukking van incorrecte responsactivatie (Burle, Possamaï, Vidal, Bonnet, & 
Hasbroucq,, 2002). Een directe vergelijking tussen fysiologische maten die zijn gerelateerd aan 
partieell gestopte responsen en responsen met partiºl e fouten kunnen een bijdrage leveren aan 
dee ontrafeling van cognitieve processen die kunnen beletten dat incorrecte responsactivatie 
uitmondtt in een incorrecte o verte respons. 

.. . . dus vooralsnog stoppen we niet. 
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Responsee inhibition is important in cognitive control 
andd is a prerequisite for adaptive and goal-directed 
behavior.. This thesis is about the ability in humans to 
interruptt ongoing or planned action in response to 
suddenn changes in the environment. The aim of the 
presentt thesis is to learn about the nature of stop 
processess by going beyond a mere description of stop 
performance.. The experiments that were carried out to 
thiss end cover several perspectives within the field of 
experimentall psychology, and employ forceful 
physiologicall measures, Donderian tricks, stopping 
children,, and a true 'within-subject' brain-stimulation 
technique. . 
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