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.

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

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

Perspectives on
Stopping Behavior

Process analyses of stop-signal Inhibition

Wery van den Wildenberg




Perspectives on Stopping Behavior

Process analyses of stop-signal inhibition

Wery van den Wildenberg




The research presented in this thesis was supported by grants # 575-63-082C / 575-25-005 from
the Netherlands Organization for Scientific Research (NWOQ), and the Psychology Research
Institute, Universiteit van Amsterdam.

ISBN 90-5470-102-1

Printed by PrintPartners Ipskamp B.V., Enschede

Cover : Racing horses of Marlies van den Wildenberg & Edwin van Gansewinkel (photo: wvdw)
Copyright © 2003 by Wery van den Wildenberg

All rights reserved




Perspectives on Stopping Behavior

Process analyses of stop-signal inhibition

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. mr. P. F. van der Heijden
ten overstaan van een door het college voor promoties ingestelde
commissie, in het openbaar te verdedigen in de Aula der Universiteit
op donderdag 17 april 2003, te 12:00 uur

door
Wilhelmus Petrus Maria van den Wildenberg

geboren te Maarheeze



Promotiecommissie :

Promotor: prof. dr. M. W. van der Molen
Co-promotor: prof. dr. K. R. Ridderinkhof
Overige 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

Faculteit der Maatschappij- en Gedragswetenschappen (FMG)
Universiteit van Amsterdam
Afdeling Psychologie




voor mijn ouders
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Eveline en Mariétte, jullie zijn meer dan goede collega’s en maken het sprankelend
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Jeroen en Stefan, jullie lopen al een tijdje mee. Ik ben jullie erg dankbaar voor onze
(vertr)ouwde vriendschap, ook al heb ik niets met auto’s. En Susan, voor nabij terwijl ver
weg.

Paranimfen Annemie en Raoul, fijn dat jullie me bijstaan op Witte Donderdag.
Maar zeg nou zelf; in hartje Amsterdam is de kans op een kraaiende haan na drie leugen-
achtige antwoorden toch verwaarloosbaar klein?

Tenslotte kom ik altijd weer terug op de boerderij in Soerendonk. Pap en Mam,
Marlies en Edwin: bedankt voor thuis. Wat is een reis zonder?

Een parabel ter afsluiting of voorbereiding.

'Dag meneer Hettema’, zei Maarten, hij stond op. "Meneer Beerta is naar Middelburg.’

'Hij zal niet naar Middelburg zijn’, zei Buitenrust Hettema met een scheef lachje. Hij gaf

Maarten een hand.

'‘Nee, maar ik was toevallig in de buurt en ik wou eigenlijk eens in je kaartsysteem kijken.’

‘Dat kan,’ zei Maarten aarzelend. 'Wat wilt u weten?' ...

‘Niet iets in het bijzonder. Het is meer om eens te kijken hoe het is opgezet... Welke indeling

heb je gevolgd?' vroeg hij.

'Het heeft geen indeling. Het is een trefwoorden-catalogus.’

Hij trok een willekeurige bak open en schoof hem langzaam weer dicht. Buitenrust Hettema

keek hem enigszins bevreemd aan.

'"Maar dan heb je toch een lijst van trefwoorden?’

'Nee. In principe staat ieder woord erin.’

Buitenrust Hettema trok een la open en ging met zijn vingers door de fiches. Hij stokte. 'Tk

zoek nu buxus, maar dat staat er niet in.’

'Een ogenblik, zei Maarten. Hij liep naar zijn machine, nam een rood fiche van een stapel,

draaide dat erin, tikte linksboven “buxus” en daaronder, op de eerste regel, "zie: palm” en

kwam met het fiche terug naar de bakken.

'Nu staat het erin,’ zei hij terwijl hij het fiche op de opengemaakte plaats zette.

(J.J. Voskuil, Het Bureau 1, pp. 549-550).

.. moraal: onderzoek is nooit af.

Ler

Amsterdam, 24 februari 2003
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Introduction

1.1 Defining response inhibition as stopping behavior

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

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

“By inhibition we mean the arrest of the functions of a structure or organ, by the
action 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.”
Lauder T. Burton, On the Nature of Inhibition (cited in Smith, 1992).

When trying to grasp the processing properties of stopping, the empirical investigator is con-
fronted 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-
termine the speed of stopping a button-press response? To broaden understanding of inhibitory
motor 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
investigate 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
to inhibit thought and action; A users’ guide to the stop-signal paradigm). I will first describe
the stop-signal paradigm; one of the tools used by experimental psychologists to measure
inhibitory control. I present a selective overview of the literature on stopping, summarize the
data obtained with the stop-signal task, and explain the implications and predictions of the
race 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
introduction with a broad outline of this thesis.
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1.2  Investigating stopping with the stop-signal paradigm

In the stop-signal paradigm, the participant usually performs a computerized choice reaction
time (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
presentation 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
as go signals. During the execution of the go task, a stop signal (usually a brief tone) is pre-
sented occasionally and unpredictably in a proportion, say 25%, of the trials. These trials are
called stop-signal trials. The subject is instructed to put an effort into canceling his or her
pending button-press response to the go stimulus when faced with a stop signal. The stop-
signal delay, that is the interval between the presentation of the go signal and the onset of the
stop signal, is under experimental control. If the interval between the go-signal and the stop-
signal is consistently short, say 10 ms, then subjects will inhibit all the time. Similarly, if stop-
signal 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
have the obvious drawback that subjects could postpone their response to the go signal, await-
ing a possible stop signal (Lappin & Eriksen, 1966; Logan, 1981). So, in order to avoid sub-
Jects adopting undesirable strategies, stop-signal delays should be sufficiently variable to be
unpredictable for the subject.

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

1.3  The horse-race model and its assumptions

Behavior in the stop-signal task has been conceptualized as depending on the outcome of a
race between go and stopping processes (Lappin & Eriksen, 1966; Logan, 1981; Ollman,
1973; Osman et al., 1986; Vince, 1948). The processes involved in the go task include stimu-
lus recognition (‘X or ‘O’?7), response choice (‘left’ or ‘right’?), and the preparation and
actual execution of the button-press response. The stop process includes the detection of the
stop signal and the abortion of the response. If the go process wins this race, then the go re-
sponse will be executed despite the occurrence of a stop signal. Alternatively, if the stopping
processes finish first, then the go response will be successfully withheld. The horse-race
model provides an accurate description of the behavioral data observed in the stop task. One of
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the virtues of the race model, as formulated by Logan and Cowan (1984), 1s that, based on few
formal assumptions, it allows for calculating the latency of the stop processes, that is, the
covert stop-signal reaction time (SSRT). Before I go into the actual procedure to estimate
SSRT in the stop task, I will first describe the assumptions that underlie the horse-race model.

A major proposition of the race model holds that the go and stop processes are inde-
pendent (Logan, 1994; Logan & Cowan, 1984). The assumptions of independence concern
context independence and stochastic independence. Context independence means that the
latency 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
RTs 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) can be predicted from the proportion of signal-respond trials and the go-signal reaction
time distribution (see procedure described in estimating stop-signal reaction time).

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

The assumption that the latency of the stop process is constant is another proposition
of the race model. The notion of an invariant stop latency facilitates the estimation procedure
of SSRT. However, as for probably any other mental process, it is quite unlikely that SSRT
has a variance of zero. The method presented by Logan and Cowan (1984) that treats the
inhibition function as a distribution does not require assuming constant SSRT. Also, the
method 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
SSRT is a constant. Band et al. (2003) showed that violations of the proposition of invariant
stopping latency increase the difference between observed and predicted signal-respond RTs,
even when the go and stop processes were stochastically independent. The simulation studies
further indicate that estimates of mean SSRT are not compromised when stopping latencies
are variable.

Taken together, the race model is quite robust to violations of assumptions of inde-
pendence and constant stopping latency. Minor violations of these assumptions do not neces-
sarily result in unreliable estimates of SSRT (see Band et al. (2003) for extensive stimulation
of the stop-signal paradigm).
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1.4  Estimating stop-signal reaction time (SSRT)

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

> P(respond)

= fast RTs

0]

g P(inhibit)
o slow RTs
L

55% |45%
stop dela SSRT
e

T : T T 1
0 100 ; 200 300 400 500

f Time (in ms)
Go Stop
Signal Signal
X or O

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

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

As can be seen in Figure 1.1, it turned out that subjects were able to inhibit their go
responses successfully on 27 of 60 stop trials. Response ratio is then 55%, so the finish time of
the stop process is on average equal to the go-RT value that goes with the 55-th percentile in
the distribution. This leaves us with the finish time of the stopping process bisecting the dis-
tribution curve into fast signal-respond and slower signal-inhibit trials. The start of the stop
process is under experimental control by the stop-signal delay, the timing of the stop-signal
vis-a-vis the go signal. Finally, mean stop-signal delay is subtracted from the finish RT to
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obtain an estimate of stopping latency (for a detailed exposition of alternative procedures to
calculate stopping latencies see Logan (1994) and Logan & Cowan (1984), see also Band et
al. (2003).

1.5 A selective review of stop-signal studies

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

Like most - if not all - cognitive operations, stopping abilities appear to be subject to
age-related changes across the life span. Administrating the stop task to children has indicated
that 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
studies that did report an age-related increase in the ability to inhibit used larger samples or
based their estimates of stopping latencies on a larger number of trials (for recommendations
regarding optimizing the design of the stop-task, see Band et al., 2003).

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

The stop-signal paradigm has also proven to be useful for examining individual differ-
ences in the ability to inhibit and inhibitory deficits. Adults that were characterized as impul-
sive 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-
played no deficiency in detecting the stop signal (Schachar & Logan, 1990). The observation
that responses to go signals did not vary with impulsivity scores supports the notion that the
ability to inhibit responses as reflected by SSRT can be used as an operationalization of im-
pulsivity and impulse control. Support for this conjecture has been derived from clinical appli-
cations of the stop-signal paradigm in children diagnosed with ADHD (Attention Deficit
Hyperactivity Disorder). These children exhibited slower stopping latencies than children
diagnosed 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;
Schachar & 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
see 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
compared with administration of a placebo in children with ADHD (Tannock, Schachar, Carr,
Chajczyk, & Logan, 1989). Others have reported negative effects of alcohol op stopping
latency within the normal population (Mulvihill, Skilling, & Vogel-Sprott, 1987).

Over the years, the standard stop-signal paradigm has been extended to cover more
subtle manifestations of inhibitory control. For example, the stop process has been made more
complex at the perceptual end by requiring discrimination between two or more stop signals.
Subjects could be instructed to inhibit the planned response to one stop signal (e.g., the high-
pitched 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
control by adding a second stop tonc to the typical stop-signal task. Over 300 subjects in the
range of 6 to 82 years of age were instructed to inhibit their response execution when pre-
sented with a valid stop-signal tone, and to continue to respond when presented with an inva-
lid stop-signal tone. Again, like simple stopping, there was a marked development throughout
the life span in the execution of go responses. Specifically, response speed increased through-
out childhood, and gradually declined throughout adulthood (see also Cerella, 1990; Kail,
1991; 1993). More importantly, the developmental trends in selective inhibitory control were
unique and differed from the developmental trends in simple inhibition obtained using stan-
dard 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
simple and selective inhibitory control (De Jong et al., 1990; Logan, 1994). The issue of dis-
tinct inhibition mechanisms for simple and selective inhibition has emerged from psycho-
physiological studies too and will be described below. Typically, selective stopping latencies
are substantially longer than simple stopping latencies. Bedard et al. suggested that non-
selective (simple) stopping parallels the simple or Donders A response. Likewise, selective
(“to stop or not to stop”) stopping corresponds to a classic Donders C response (go vs. nogo)
(Logan, 1994).

Others have focused on the motor end of the stopping process by instructing subjects
to 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
selective stopping task. Again, selective stopping was accompanied by longer stop latencies,
and the latencies increased with the number of alternative go responses. Interestingly, simple
SSRTs did not vary much between tasks — one out of four possible go responses was inhibited
as 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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1.6 On the nature of stopping

The stop-signal paradigm has provided us with the informative SSRT that represents the
latency of the internally generated act of stopping control. The horse-race model accounts well
for the observed behavioral data. Although the application of the stop-signal procedure sheds
light on stopping efficiency - for instance it distinguishes between subgroups like ADHD
children and controls or younger vs. older children - it does not provide a deeper understand-
ing of the nature of inhibitory motor control. Like the go process, the stop process too has an
onset (the stop signal) leading to an (inhibitory) response. Several investigators have focused
on experimental manipulation of processing stages to identify the cognitive operations that
constitute 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)
suggested two possible research strategies that may deepen our understanding on the nature of
stopping processes.

First, Logan suggested to focus on the experimental design of the stop task and factori-
ally combined stopping with experimental manipulations that draw upon a form of inhibitory
control 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-
patible 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
compatible response and the spatially incompatible response (e.g., Kornblum, Hasbroucq, &
Osman, 1990). Others combined stopping with the inhibition of responses to target stimuli
flanked by task-irrelevant distracters assigned to the same or to the opposite response (Kramer
et al., 1994; Ridderinkhof et al., 1999). These investigators found that responses to targets
flanked 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
the temporal dynamics of response activation and response inhibition. De Jong was the first to
examine the temporal dynamics of inhibitory processing (De Jong et al., 1990; 1995). The
lateralized readiness potential (LRP) in combination with electro-myographic (EMG) meas-
ures led De Jong and colleagues to propose two separate inhibitory mechanisms - a slower
central cortical mechanism capable of selective inhibition and a peripherally operating mid-
brain mechanism for fast simple stopping. The notion of a peripheral inhibition mechanism
has been linked with results obtained from cardiac studies by Jennings et al. (1992). These
researchers report that successful inhibition of a motor response was associated with heartbeat
slowing (deceleration), whereas failed inhibitions were not. The fact that cardiac inhibition
and motor inhibition interact has been interpreted to suggest that both are controlled in part by
the same midbrain system.

However, based on a review of psychophysiological data in the stop-signal literature,
Band and van Boxtel (1999) formulated an alternative interpretation of the neural mechanisms
involved in stopping. Their main point was that a peripheral stop mechanism is incorrectly
inferred from the psychophysiological data. As an alternative, Band and van Boxtel suggested
a model, in which an integrated circuit of the prefrontal cortex and basal ganglia are candidate
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agents of response inhibition, whereas possible effect sites of inhibition are the thalamus and
motor cortex (Brunia, 1993; cf. Goldberg, 1985). This notion is in line with an extensive
psychophysiological 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).

The 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
exhibits its maximum over the frontal cortex about 200-300 ms after the nogo signal in a
go/nogo task. (Eimer 1993; Jodo & Kayama, 1992; Kok, 1986; Naito & Matsumura, 1994;
1996; Pfefferbaum, Ford, Weller, & Kopell, 1985; Van Boxtel et al., 2001). A persuasive
argument for prefrontal involvement in stopping is provided by the observation that electrical
stimulation of frontal cortex loci associated with the nogo potential (i.e., the dorsal bank of the
principal sulcus and the rostroventral comer of the prefrontal region) during normal response
activation suppresses the activity in the motor cortex, and hampers the production of an overt
response in monkeys (Sasaki, Gemba, & Tsujimoto, 1989). Brain-imaging techniques
(Pliszka, Liotti, & Woldorff, 2000; Rubia et al., 2001) and microelectrode studies (Kawashima
et al., 1996; Sasaki & Gemba, 1986; Sasaki, Gemba, Nambu, & Matsuzaki, 1993) have also
provided support for the prefrontal substrate of inhibitory processing.

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

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

1.7 Remaining questions and the outline of this thesis

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

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

Chapter 4 presents a developmental investigation of simple (i.e., non-selective) and
selective 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
processing using two stop signals. Our study afforded a direct within-subject comparison of
the 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-response compatibility (SRC) to investigate whether the speed of selective inhibition
is determined by the response that has to be stopped. Manipulations of SRC have been associ-
ated with slower responses. Earlier studies have reported that simple stopping latencies were
not affected by SRC (Logan, 1981; Logan & Irwin, 2000). The current investigation is the first
attempt to combine SRC and selective stopping.

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

In their review of the neurophysiological mechanisms involved in stopping, Band and
van Boxtel (1999) have highlighted a plausible mechanism by which the prefrontal cortex and
the basal ganglia might exert response inhibition. Many researchers have indicated the in-
volvement of frontal brain areas in stopping control, but few have explored the role of the
basal ganglia in inhibitory motor control directly. The study presented in Chapter 7 adopts a
neurophysiological perspective to explore directly the role of basal ganglia, and the subtha-
lamic nucleus in particular, in response inhibition. The experiment afforded a true within-
subject comparison of stopping control in several ways. First, the patients that participated in
this study have either been implanted with a high-frequency stimulation electrode in the sub-
thalamic nucleus or the ventral intermedius nucleus of the thalamus. Second, the stop task was
administered 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-
signal inhibition from a more general perspective.
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2 Reduced response readiness delays
stop-signal inhibition

Abstract

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

2.1 Introduction

Consider the following: you are about to cross a busy shopping street when the traffic sign
changes from ‘walk’ to ‘don't walk’. After briefly considering the distance across and the
drivers that are lined up, you decide to stop walking. This example illustrates the importance
of stopping as an act of control. Stopping is a clear case of executive intervention that can be
studied empirically using a relatively simple laboratory analogue, the stop-signal paradigm.
The stop-signal paradigm consists of a reaction time (RT) task in which the occasional presen-
tation of a stop signal indicates that the prepared or ongoing response must be cancelled. The
probability of successful stopping can be manipulated by varying the timing of the stop signal
relative 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).

The performance in the stop-signal paradigm can be conceptualized in terms of a race,
in 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
is 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.¢., the latency of the go process is not
affected by the presence of stop signals, and the latency of stop signal inhibition is assumed to
be constant), it is possible to calculate the latency of the covert stop process. The race model
provides an excellent account of stopping data obtained using different variations of the stop-
signal paradigm (see Logan, 1994, for a review). The stop- signal paradigm has been success-
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fully applied in studies using other dependent measures than RT, such as brain potential
measures (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
the stop-signal paradigm to examine inhibitory control in various populations, including mon-
keys (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).

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

In reactive inhibition, the process producing inhibition may be engaged deliberately
but the resulting inhibition that should be overcome, subsequently, is not intended. Contrary to
reactive inhibition, stop signal inhibition requires the subject to take deliberate action. The
goal of the current study is to examine the interaction of stopping with a form of inhibition
that is also intended. This form of inhibition is the reduced readiness to respond that can be
elicited by inserting ‘nogo’ or ‘catch’ signals into the primary task trial series. It is well known
that the insertion of nogo signals delays response latency on go trials. This effect is usually
interpreted to suggest that nogo signals reduce the readiness to respond, and thus increase RT,
in order to avoid false alarms (e.g., Luce, 1986, for a review). Conceptually, response inhibi-
tion to stop signals and inhibitory control of response readiness are considered to represent
two varieties of 'intended' inhibition {e.g., Logan, 1994). Empirically, stopping latency has
been 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-
ized readiness potential) are associated with successful inhibits (e.g., De Jong et al., 1990; Van
Boxtel et al., 2001). Conversely, high levels of response readiness, as indexed by cardiac
measures (i.e., heart rate deceleration) are associated with failed inhibits (Jennings, van der
Molen, Petham, Brock, & Hoza, 1997).

Although it has been argued that interaction between tonic inhibitory control of re-
sponse readiness and phasic inhibitory control of an imminent response would be of consider-
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able interest (cf. De Jong, Coles, & Logan, 1995, p. 507), the current report presents the first
attempt at a systematic assessment of this issue. The task devised to examine the influence of
reduced response readiness on stopping latency is a hybrid go-nogo/choice reaction task.
Subjects performed a primary task requiring (a) the execution of a speeded choice reaction on
go 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
about the number of go trials inserted between the nogo cue and the nogo signal. Trial se-
quences initiated by the nogo cue and terminated by the nogo trial were dubbed test episodes.
These test episodes are assumed to be associated with reduced response readiness. During
both test and control episodes, a visual stop signal could be presented instructing subjects to
withhold the response activated by the go signal. Stop signals were presented using a tracking
procedure targeted at 50% correct inhibits. Based on the psychophysiological findings re-
viewed above, it is hypothesized that reduced response readiness associated with the test
episodes of the go-nogo/choice reaction task would facilitate stopping on stop-signal trials,
indexed by a decrease in stop latency.

2.2 Method

2.2.1 Participants

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

2.2.2 Apparatus and signals

Subjects faced a black computer screen at a distance of 50 cm. The signals for the primary
task were the white uppercase vowels A, E, U, or O, and consonants R, S, V, Q, or X. The
signals were presented at central location replacing a white fixation square. The visual angle
subtended by each signal was approximately 2.30° x 4°. Signal duration was 500 ms and the
interval 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 */° 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.

2.2.3 Task and design

The 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-
signed to the other response hand. The letter X served as a nogo cue that informed subjects to
withhold their response to the first up-coming O or Q, but kept them uncertain about the num-
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ber of letters separating cue and nogo trial. Obviously, subjects were instructed to refrain from
responding to the nogo cue. The number of intervening go trials was either 0, 2, 4, or 6. In-
crements of two letters were used (a) to create episodes varying along a considerable time
range, and (b) to limit the number of different episodes. Trtal sequences terminated by an O or
Q nogo trial, and preceded by the X nogo cue, will be referred to as fest episodes. Trial se-
quences terminated by an O or Q, not preceded by an X, were used as control episodes. A
scheme 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
probabilities of the letters A, E, U, R, S, and V (.125). The letters O and Q were presented
with a probability of .094 and the letter X with a probability of .063.

Test Eplsodes Inzervening trials Control Episcdes
X-0/Q - C/0Q
X-L-L-0/Q -L L-0/Q
X-L-L-0/Q L-L-L L-L-0G/Q
X-L-L-L-2-0°Q z L-L-L-L-C‘Q
X-1.-L-1L-2-0-Q -7 L-L-2-1L-C‘Q
X-1-L-L-L-0/Q _-_-L I-L-7-L-0/Q
X-L-L-L-L~L-L-0/Q L L-L-L-L-L-L-C/Q
X-L-L-L-L-L-L-0/Q L-L L-L-L-L-L-L-0/Q
X-L-L-L-L-L-L-0/Q L-L-L L-L-L-L-L-L-0/0
X-L-L-L-L-L-L-0/Q L L-L-L-L-L-L-0/Q
1-2-3-4-5-¢ < Letter Position > 1-2-3-4-5-6

Figure 2.1: Schematic representation of test and control episodes. Test episodes
were initiated by the nogo cue letter X requiring subjects to refrain from
responding and signaling a nogo trial with letter O or Q requiring subjects to
withhold their choice reaction. The letters O or Q were also used to terminate
control episodes. When terminating control episodes, O and Q required a speeded
choice reaction. Episodes included a varying numbers of go trials (indicated by L}
preceding the letter O or Q (0, 2, 4, or 6). Episodes were separated randomly but
equiprobably 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
subjects to withhold the response to the letter.

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

2.2.4 Procedure

Subjects performed their task in a dimly lit, sound attenuated room. They were instructed to
respond 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
to refrain from responding to the primary task signal. It was explained to them that stop signal
delay would vary across trials so that on some trials stopping would be easy whereas on other
trials stopping would be difficult or even impossible.

Subjects received a total of 25 test blocks consisting of 320 trials each. They com-
pleted their task in three sessions on consecutive days. On the first day, they received seven
test blocks preceded by one hour of practice. On the second and third days, subjects performed
on nine test blocks preceded by one practice block. There were short intermissions between
test 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.

2.2.5 Stop-latency estimation

According to the independence assumption of the race model, the stop process does not affect
the latency of the go process. This implies that the left side of the distribution of RTs on no-
signal trials (i.e., trials without a stop signal) representing fast RTs, matches the distribution of
RTs on stop trials that escape inhibition. The latency of the stop process can be estimated from
the start and the finish of the stop process. The start of the stop process is under experimental
control by the stop signal delay, but the finish time has to be inferred from the observed no-
signal RT distribution. If responses are not stopped on #% of the stop trials, the finish of the
stop 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
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 no-signal RT distribution (hence the
term ‘central estimates’), and are relatively insensitive to violations of the assumptions of the
horse-race model (e.g., Band, 1997; Logan, Schachar, & Tannock, 1997).

2.3 Results

Mean RTs and error rates were computed after the removal of outliers from the RT distribu-
tion (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
analyses were performed on the data. First, mean RTs and error rates on no-signal trials (i.e.,
trials without a stop signal) were examined to evaluate whether response latency discriminated
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between test and control episodes. Secondly, performance on stop trials was examined to
determine whether stopping efficiency differed between episodes.

2.3.1 Analysis of performance on no-signal trials

Mean choice RTs, standard deviations, and error rates are presented in Table 2.1. Test epi-
sodes 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%.

Mean RTs were subjected to ANOVA with Episode (test vs. control) and Letter posi-
tion (1, 2, 3, 4, 5, vs. 6) as within Ss factors. ANOVA yielded significant main effects of
Episode, £ (1, 12) = 84.04, p < .001, and Letter position, F (5, 60) = 4.56, p < .001, as well as
a significant interaction between Episode and Letter position, F (5, 60) = 9.91, p < .001. Letter
position 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
late positions, respectively). Follow-up analysis indicated that significant linear and quadratic
trends were absent (£s < 1). Thus, the data were collapsed across letter position in the analy-
ses reported below. The outcomes of these analyses are presented in Table 2.1,

Table 2.1: Mean reaction times, error percentages (choice errors, omission errors,
and commission errors), and standard deviations (in parentheses) for test and con-
trol episodes.

Errors (%)

Episode RT (ms) Choice Omission Commission
Test
X 395 (42) 134 (11)
L 474 (41) -
0/Q 487 (40) 34.5(18)
Control
L 448 (41) 9.7 (4) 8(.5)
0/Q 473 (45) 9.0 (4) 1.7 (1)

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

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

2.3.2  Analysis of stop-signal inhibition

The stopping results are presented in Table 2.2. Preliminary analysis of the tracking algorithm
indicated that the overall probability of responding given a stop signal was .509. Response
probability was somewhat higher during control episodes compared to test episodes, F (1, 12)
=36.97, p <.001. A follow-up analysis indicated that stop signal delay did not differ between
episodes, F (1, 12) = .61, p = .45. The latency of stop signal inhibition was estimated from the
horse-race model using the procedure proposed by Logan and Cowan (1984), and which was
described in the Methods. Stop latencies were computed separately for test and control epi-
sodes 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
during test episodes was slower, not faster, compared to control episodes.

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

Episode

Control
Variable M
P(signal-respond) . . .54
Stop-signal delay
Signal-respond RT
observed
predicted

Estimated stop latency

" It could be argued that subjects responded slower to O and Q on go trials terminating control episodes because
the 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%
for the other letters, F < 1).
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The 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-
bly underestimated for both test episodes, F (1, 12) =221.14, p < .001, and control episodes, F
(1, 12) = 256.83, p < .001. Finally, as predicted by the race model, responses that escaped
inhibition on stop-signal trials were significantly faster than responses on no-signal trials, both
during test episodes and control episodes, F (1,12} =11.26, p < .01.

2.4 Discussion

This 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
readiness was manipulated by inserting nogo cues in the series of choice reaction trials. Sub-
Jects were required to refrain from responding to the nogo cue and the nogo cue signaled that
another nogo trial was imminent. This manipulation created two types of episodes within the
trial series; test episodes of reduced response readiness, when subjects were anticipating the
nogo signal, and control episodes requiring speeded choice reactions on each trial. The effec-
tiveness of this manipulation was supported by a significant shift in speed/accuracy tradeoff
between episodes. Subjects' latency of responding slowed down significantly while they were
awaiting a nogo trial and the proportion of choice errors decreased relative to control episodes.
The efficacy of the nogo cue was not perfect, however. Subjects committed a sizable number
of commission errors to the nogo signals terminating test episodes (O and Q) and responded
considerably slower to these signals when part of control episodes (i.e., when Q and O were
not signaled by the nogo cue X). Most likely, the relatively high incidence of commission
errors on nogo trials is due to the emphasis that was placed in the instructions on the primacy
of speeded choice reactions. The small proportion of omission errors to O and Q on go trials
during control episodes is consistent with this interpretation.

Stop signals were presented during both episodes and their timing was manipulated us-
ing 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
previous studies (Logan et al., 1997; Osman, Kornblum, & Meyer, 1986, 1990: Ridderinkhof
et 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
suggest 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
of the stop process winning the race during test episodes was somewhat higher because the go
process was slower during test episodes compared to control episodes. Most importantly,
stopping latency showed a small (7 ms), but statistically reliable, difference between episodes
(the reliability of this difference is supported also by the results of simulations reported in
Appendix 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
response readiness. The current results demonstrated the opposite trend, however.

Before interpreting slower stop-signal inhibition for test episodes, the difference be-
tween 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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model also allows one to predict the response latency of failed inhibits. In previous studies,
the difference between predicted and observed RTs was used as a test of the independence
assumption 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
15 ms or less, suggesting that empirical data fit the model fairly well. The difference observed
in the current study was much larger and statistically significant; 44 and 47 ms for test and
contro! episodes, respectively. The use of a visual rather than an auditory stop signal might
have contributed to the observed differences in predicted and observed RTs. Stopping experi-
ments with stop signals in the same modality as the primary-task respond signal also reported
a statistically significant difference between predicted and observed RTs, albeit of smaller
magnitude (Van Boxtel et al., 2001).

At this point, it should be noted, however, that the results of recent studies challenge
the 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
with signal-respond and no-signal trials (i.e., central and peripheral indicators of response
selection and activation) indicated that these patterns were virtually identical. This finding
suggests independence rather than interference, in spite of the difference between observed
and 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
gives 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
estimates of stop latency when based on tracking procedures. In view of these studies, then, it
must be concluded that the currently observed difference between observed and predicted RTs
is most likely to result from variability in stop latency, not dependence between stop signal
and reaction signal processing. Unfortunately, the current data do not provide a ready explana-
tion for the allegedly high levels of stop signal variability.

Returning to the major finding, a more specific interpretation of why slower stopping
should be associated with reduced response readiness can be derived from the analysis of
response dynamics reported by Ulrich, Mattes, and Miller (1999). Ulrich et al. examined the
magnitude and time course of response force in the Donders a- (simple), b- (choice), and ¢
(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-
tigators reported that subjects produced responses that are more forceful when go probability
was low than when it was high (Mattes, Ulrich, & Miller, 1997). They interpreted these find-
ings in terms of an extended version of the response readiness model proposed by Niemi and
Niitinen (1981). According to their reasoning, it is assumed that subjects reduce their readi-
ness 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
limit is increased with a decreasing probability of go trials. When response readiness is low, a
large increment is needed to exceed the action limit, resulting in slow, but forceful responses.
A similar explanation might apply to the present observation that stop latency is slower during
inhibitory episodes. Assuming that response readiness is lower during inhibitory episodes, a
larger increment is needed to exceed the action threshold. This will result in slower responses
on no-signal trials and slower stopping on stop-signal trials, because the more forceful re-
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sponses are more difficult to inhibit compared to responses executed when the distance to the
action threshold is smaller (i.e., during control episodes).

The current observation that stop-signal inhibition varies as a function of the demands
on 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-
ence (Logan & Cowan, 1984). Functional dependence does not imply stochastic dependence,
which affords accurate prediction of trial-by-trial variability in stop latency from trial-by-trial
variability in go RT. The race model only assumes stochastic independence between primary
task processes and stop processes (Logan & Cowan, 1984; Osman et al., 1986, Ridderinkhof
et al., 1999). Functional dependence does not violate the assumptions of the race model or bias
the estimation of stop latency based on these assumptions.

In conclusion, it was predicted that reduced response readiness would be associated
with a facilitation of stop-signal inhibition. In contrast, the present results indicated that the
latency of stop-signal inhibition is prolonged during episodes of reduced response readiness.
This pattern of findings is analogous to the results obtained in previous studies examining the
interaction 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
response conflict has to be resolved. These findings are typically interpreted to suggest that
stop-signal inhibition and reactive inhibition associated with the primary task compete for the
same resources. The current results, however, point to a positive relation between the latency
of stop-signal inhibition and the latency of reactions to the primary task signal. The positive
relation may be interpreted to suggest that a state of reduced readiness has similar effects on
stopping 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
are less easy to inhibit. The latter interpretation is now under investigation using electrical
brain and electromyographic measures to assess the temporal and force dynamics of response
activation and inhibition.
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2-A Appendix Use of a bad clock does not enhance the
detection of differences in SSRT

It 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
of equally distant time points, starting from zero. The time resolution of the counter clock is
defined by the interval between two consecutive time points. The smaller this distance, the
more accurate the counter clock. Recording a RT that is generated at a certain moment in time,
involves rounding up to the time point counted next (see Ulrich & Giray, 1989 for a study on
the effects of bad clocks on reaction time measurement).

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

Table 2-Al: Statistical power values that represent the chance of detecting a sig-
nificant difference in stop latency estimated from two primary-task RT, Normal,
distributions with different means (M; = 400 ms, M, = 420 ms).

Effect Time Resolution of Clock in ms

size 1 5 10 25
50 0 0.052 0058 0064 0044
7 0222 0252 0218  0.158
25 0928 0936 0936 0914
0.056 0040 0044  0.064
7 0558 0618 0602  0.362
25 1000 1.000  1.000  1.000
0 0.048 0044 0052 0.066
7 0924 0888 0858  0.490
25 1000 1.000  1.000  1.000

N stop trials

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

It can be seen that the chances of finding a significant stop latency difference with the
good clock increase substantially as the a priori defined effect size increases from 0 to 7, and
to 25 ms. Also, increasing the number of stop trials included in the simulated experiment
increases 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
finding 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
differences in estimated stop latency. These conclusions hold for primary-task RTs and stop
latencies that are characterized by Normal, Weibull, as well as the Ex-Gaussian distributions.
The latter finding is consistent with Logan and Cowan (1984) who indicated that the horse-
race model does not assume RT distributions of a particular form (p. 313).

Table 2-A2: Statistical power valucs that represent the chance of detecting a sig-
nificant difference in stop latency estimated from two primary-task RT, Weibull.
distributions with different means (M, = 400 ms, M, = 420 ms).

N stop trials Effect Time Resolution of Clock in ms

size 1 5 10 25 50
50 0 0.062  0.054 0.060 0.052 0.040
7 0.112  0.130 0.122 0.128 0.082
25 0.502  0.490 0.470 0.458 0.438
250 0 0.072  0.036 0.058 0.058 0.062
7 0.230  0.246 0.212 0.206 0.110
25 0982 0980 0.988 0.950 0.772
600 0 0.042  0.046 0.034 0.044 0.050
7 0.502  0.430 0.426 0.312 0.076
25 1.000 1.000 1.000 1.000 0.856

Note: Each power value is based on 500 replications.

26



2 REDUCED RESPONSE READINESS DELAYS STOP-SIGNAL INHIBITION

Table 2-A3: Statistical power values that represent the chance of detecting a sig-
nificant difference in stop latency estimated from two primary-task RT, Ex-
Gaussian, distributions with different means (M; = 400 ms, M>= 420 ms).

. Effect Time Resolution of Clock in ms
N stop trials .

size 1 5 10 25 50
50 0 0.070  0.050 0.086 0.064 0.042
7 0.130  0.126 0.128 0.134 0.146
25 0.632 0.604 0.636 0.600 0.562
250 0 0.050  0.056 0.052 0.060 0.046
7 0.352 0.378 0.352 0.232 0.148
25 1.000 0.998 0.998 0.996 0.894
600 0 0.048 0.052 0.076 0.048 0.048
7 0.644 0.628 0.596 0.396 0.132
25 1.000 1.000 1.000 1.000 0.968

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

Abstract

In a previous study (Van den Wildenberg, van der Molen, & Logan, 2002), we have found
that the speed of stopping a response is delayed when response readiness is reduced by
cuing the probability of nogo trials. Other investigators observed that responses are more
forceful 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
more 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)
trials and the duration of response inhibition on signal (stop) trials increased as response
probability decreased. This pattern of findings was interpreted to support the hypothesis
predicting that stopping is more difficult when response readiness is low than when it is
high.

3.1 Introduction

The ability to stop motor responses is an important act of control that can be investigated in a
laboratory setting using the stop-signal paradigm (Logan, 1994; Logan & Cowan, 1984). In
the 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
possible after the presentation of the reaction stimulus. In addition to this primary task, the
subject 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
the primary-task signal. Response inhibition is easy when the stop signal is presented shortly
after the primary-task signal but becomes increasingly difficult, or virtually impossible, when
stop-signal delay is increased and approaches the moment of response execution (e.g., Lappin
& Eriksen, 1966; Logan, 1994; Logan & Cowan, 1984),

Performance on the stop task has been conceptualized as the outcome of a race be-
tween 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
the response will be withheld if the stop process wins the race. Given a small set of assump-
tions (viz., stopping processes have a constant duration and are stochastically independent
from 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-
cal data quite well (for a review Logan, 1994) and simulation studies have demonstrated that
estimates of SSRT are fairly reliable (Band, van der Molen, & Logan, 2003).
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The stop-signal paradigm has been applied successfully to examine inhibitory control under a
variety of experimental conditions. For example, the SSRT of young adults is close to 200 ms
when they try to interrupt continuous actions such as typing (Logan, 1982), over-learned
responses, such as speaking (Ladefoged, Silverstein, & Papcun, 1973), or incompatible re-
sponses (Logan, 1981). The stop-signal paradigm has been used in human subjects but also in
monkeys (Hanes, Patterson, & Schall, 1998). Stopping has been examined in children (Band,
van der Molen, Overtoom, & Verbaten, 2000; Ridderinkhof, Band, & Logan, 1999; Schachar
& Logan, 1990) and in the elderly (Kramer, Humphrey, Larish, Logan, & Strayer, 1994; for
life-span studies see Bedard, Nichols, Barbosa, Schachar, Logan, & Tannock, 2002; Williams,
Ponesse, Schachar, Logan, & Tannock, 1999). The stop-signal paradigm has indicated defi-
ciencies in inhibitory control in clinical groups, including ADHD children (Jennings, van der
Molen, Pelham, Brock, & Hoza, 1997; Oosterlaan & Sergeant, 1998; Overtoom et al., 2002;
Schachar & 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
paradigm 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,
van der Molen, Brock, & Somsen, 1992) or muscle activation (McGarry & Franks, 1997).

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

In a previous study, we adopted a similar strategy by crossing stop-signal inhibition
and the probability of responding (Van den Wildenberg, van der Molen, & Logan, 2002).
Subjects performed a primary task requiring a speeded binary choice reaction on go trials and
response inhibition on nogo trials. An occasional cue informed subjects that a nogo trial was
imminent but left them uncertain about the number of go trials separating the cue and the
upcoming nogo trial. This setup was meant to induce tonic inhibition (i.e., episodes of reduced
response readiness). The tonic inhibition episodes were contrasted with control episodes dur-
ing which subjects were ready to exccute a speeded choice reaction (i.e., trial sequences con-
sisting of go trials only). During both episodes, a visual stop signal could occasionally and
unpredictably follow the go-signal onset, instructing subjects to withhold their response to the
go signal. Responding on go trials was delayed during tonic inhibition episodes 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 was interpreted
with reference to a response readiness model suggested by Mattes, Ulrich, and Miller (1997;
see also Ulrich, Mattes, and Miller, 1999).

Mattes et al. (1997) induced reduced response readiness by increasing the relative fre-
quency of nogo signals in go/nogo tasks. They observed that more forceful responses were
produced when the probability of a go signal was low than when it was high. Likewise, Ulrich
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et al. (1999) have found that responses on go trials in a go/nogo task were more forceful than
responses on simple and choice RT tasks (see also, Jaskowski & Wlodarczyk, 1997). Mattes
and co-workers proposed an extended version of Naitidnen’s response readiness model (1971;
see also Niemi and Naaténen, 1981) to explain their findings. According to this model, sub-
Jects establish a criterion, known as the motor-action limit, and trigger an overt response when
response readiness reaches this criterion. Subjects adjust their response readiness close to the
motor action limit only when they expect the respond signal to arrive because it is assumed
that 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-
sumes that detection of the respond signal causes an increment to the motor activation level
that depends on the distance needed to reach the motor action limit. Given the noise inherent
in the motor system, it is further assumed that the system generates a pulse of activation that is
somewhat larger (i.e., overshoot) than the minimum necessary to cross the motor action limit.
The probability findings observed by Mattes et al. (1997) were then explained by assuming
that the motor system produces a larger overshoot (i.e., more forceful responses) when sub-
jects 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
episodes of tonic inhibition (i.e., periods of reduced response readiness) are stopped less easily
because these responses are associated with more force output than responses executed during
control 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.

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

Based on previous studics, it was predicted that (a) SSRTs would be longer for choice
compared to simple reactions (Logan, Cowan, & Davis, 1984), (b) response force would not
differentiate between choice and simple reactions, as the probability to respond was 100% in
both tasks (see Ulrich et al., 1999), and that (c) response speed would decrease but response
force 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 ts low
than when it is high because low probability responses are more forceful and are thus more
difficult to stop than high probability responses.

31




3 STOP LATENCY VARIES WITH RESPONSE FORCE

3.2 Method

3.2.1 Participants

Twenty-three 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
or corrected-to-normal vision. Each subject participated in a single session of approximately
three hours.

3.2.2  Apparatus and signals

The 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
placed 1 m in front of the subject at eye level. The imperative signals were green left- and
right-pointing arrows, subtending a visual angle of 1.72°. Signal duration was 1500 ms and the
time interval between the onsets of subsequent imperative signals varied between 1250 and
1750 ms in steps of 125 ms. During the interval, a white fixation square was presented that
subtended a 0.4° visual angle. All stimuli were horizontally and vertically centered on the
midpoint of the computer screen. Subjects responded by means of a single press with the left
or right index finger on one of two zero-displacement force transducers (Kyowa LM-20KA)
integrated within hand supports. Each transducer generated a proportional voltage that was
A/D converted and analyzed on line. Response onset was defined at 2% of the maximum
voluntary force and response completion was set at 15% of the maximum force.

3.2.3  Tasks and design

The experimental design comprised four reaction tasks; A standard choice reaction task and
three tasks with varying response probabilities; A simple reaction task with 100% response
probability and two go/nogo tasks with either 80% or 50% response probability. In all tasks,
subjects responded to the left- or right-pointing arrows. Arrow direction varied randomly and
equiprobably in the choice and simple reaction task. In the choice reaction task, subjects re-
sponded to a left-pointing arrow with their left hand and to a right-pointing arrow with their
right hand. In the simple reaction task subjects responded with their right hand to all arrows.
In 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.c.,
nogo signal).

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

For each subject, individual maximum voluntary force was measured for each index finger
before administration of the experimental tasks. Stop trials were classified as signal-respond
trials if the force exceeded 15% of the maximum voluntary force. If the force remained below
a criterion of 15%, the trial was classified as a signal-inhibit trial. Subjects were instructed to
respond as quickly and accurately as possible to green go-arrows and to avoid errors of com-
mission 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,
requiring them to refrain from pressing the response button. It was explained that stop-signal
delay varied across trials so that on some trials stopping would be easy whereas on other trials
stopping would be difficult.

In the standard paradigm, the simple and choice RT task consisted of 120 trials each.
In 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
the 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
with 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.

3.2.5 Response-force recordings

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

3.2.6 Data reduction and analysis

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

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

3.3 Results

3.3.1 Reaction times
Go-signal reaction times

Table 3.1 shows the mean values for each dependent RT measure. An overall MANOVA on
reaction times (RTs) was conducted with within-subjects factors of Task (simple, choice, 50%
£o, and 80% go) and Paradigm (standard paradigm vs. stop-signal paradigm). The main effect
of Task was highly significant, F (3, 20) = 69.7, p < .001. Pairwise comparisons confirmed
that 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.

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

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

"A4ms 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
stimulated and response generating hemispheres. However, the RT bias observed in the current experiment
cannot be readily interpreted in terms of hemispheric transfer times because the imperative signals of the present
experiment were presented in the center of the screen.
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As can be seen in Table 3.1, increasing the probability of nogo trials led to an increased RT to
go 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-
dard paradigm (28 ms) than in the stop paradigm (17 ms), as indicated by a significant interac-
tion 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
RT on go trials and decreased the proportion of false alarms on nogo trials. This pattern is
suggestive of a decrease in response readiness when response probability is lowered.

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

Task
Choice Simple 80% Go 50% Go
RT measure M SD M SD M SD M SD
Standard paradigm
Reaction time 309 33 194 23 262 30 290 33

Stop-signal paradigm

Non-signal RT 326 41 252 44 292 45 309 41
Stop-signal RT 191 40 149 29 150 36 174 34
Stop-signal delay 124 68 93 58 130 67 129 57

Response ratio (%) 46.1 43 486 53 477 4. 483 35

Stop-signal reaction times

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

An overall analysis of mean SSRTs yielded a significant main effect of Task, F (3, 20)
= 17.33, p < .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
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(1, 22) = 37.88, p < .001. Go responses in the go/nogo task with 80% go-signal probability
were stopped more quickly than responses in the go/nogo task with 50% go-signal probability
(p = .02). Finally, stop-signal RTs derived from the simple task did not differ significantly
from stop-signal RTs in the 80% go condition (F < 1).

3.3.2 Force measures

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

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

Task
Choice Simple 80% Go 50% Go
Force measure M SD M SD M SD M SD
Standard paradigm
Peak force (%o mvf) 43.0 199 433 184 445 206 48.6  23.7
Time to peak force  130.7 449 1214 41.0 118.7  36.7 1146 30.6
Integrated force 239 105 240 100 246 116 265 13.0
Dispersion 14.2 7.1 14.3 6.5 14.8 7.4 163 8.5
Skewness -.14 13 -11 16 - 10 14 -09 .15
Kurtosis -1.43 .07 -143 10 -146 .09 -1.45 .09

Stop-signal paradigm

Peak force (% mvf) 443  20.7 41.8 223 46.1 21 483 236
Time to peak force  123.7 394 121.0  39.1 1224 339 116.8 28.8
Integrated force 248 114 233 123 254 118 263 127
Dispersion 14.7 7.4 13.8 8.0 15.4 7.6 16.1 8.4
Skewness -.14 .14 -13 A5 -.09 .14 -.09 .15
Kurtosis -1.43 .06 -1.44 08 -l.46 .07 -1.44 .09

Secondly, planned contrast analyses on mean peak force values demonstrated that responses in
the 50% go/nogo task were more forceful than in the simple and choice RT tasks, F (1, 22) =
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5.60, p = .01. In addition, the total amount of integrated force over time was larger in the 50%
go/nogo task than in the choice and simple RT tasks, F (1, 22) = 3.68, p = .03. Peak timing
was significantly shorter in the go/nogo task, F (1, 22) = 4.10, p = .03. Analysis of dispersion
indicated that the duration of force output was longer in the 50% go/nogo task compared to the
simple and choice tasks, F (1, 22) = 5.71, p = .03. Skewness and kurtosis did not differ sig-
nificantly between tasks (p-values of .20 and .53, respectively).

Standard Paradigm

Task
—— 50% Go/no-go
=== 80% Go/no-go
Simple RT

— Choice RT

-

RT 100 200 300
Time in ms

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

A final set of ANOVA analyses performed on response force measures obtained in the simple
task (i.e., 100% go responses) and the go/nogo tasks (i.e., 80% and 50% go responses) showed
a reliable main effect of relative go-signal probability on response force, F (2, 44) = 3.31, p <
.05 (with p values using the Greenhouse-Geisser correction for violations of the sphericity
assumption). Response force increased in a linear fashion, F (1, 22) = 6.44, p = .02, when the
relative 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-
cated that responses in the simple task were less forceful compared to go responses in the 50%
go/nogo task (p <.01). The difference in peak force values between the 80% go/nogo task and
the simple task did not approach significance (p = .12). The difference in response force be-
tween 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
tasks (ps > .10). Finally, none of the force output measures differentiated between standard
tasks and stop-signal tasks (ps > .10).
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3.4 Discussion

The present study set out to examine the hypothesis that the duration of the stop process varies
with response force when response probability differs between tasks. The pattern of findings
was straightforward. Response force increased when response probability decreased and the
duration of the stop process varied with response force. Considering first the relation between
response probability and response force, the current findings provide almost an exact replica-
tion of the results reported previously by Ulrich et al., (1999) and Mattes et al., (1997). Like in
the Ulrich et al. report (experiment 1), the current findings showed shorter simple than choice
RTs 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
that subjects produced significantly more forceful responses in the go/nogo task than in the
choice task. Finally, as in the Mattes et al. study (experiment 1), the current findings showed
that subjects produced more forceful responses when the probability of responding decreased
from 100%, through 80% to 50%. Moreover, the current force patterns did not differ between
the standard and stop-signal tasks substantiating the robustness of the relation between re-
sponse probability and response force.

Mattes et al. (1997) interpreted the relation between response probability and response
force within the context of the variable increment version of Niidtinen’s motor readiness
model. According to the original model, the latency of responding will depend on the distance
between 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-
ment is needed to cross the limit. Alternatively, when the subject is in a relatively unprepared
state a larger increase in response readiness is needed to cross the limit. The variable incre-
ment version of this model proposed by Mattes et al. (1997). assumes that the motor system
must produce a greater amount of activation when the subject is unprepared, thereby produc-
ing a greater overshoot. It is further assumed that the amount of force output increases with
the degree of activation overshoot. The model thus predicts slower but forceful responses
when subjects are relatively unprepared compared to when subjects are in a highly prepared
state. The current results are in perfect agreement showing that response speed decreases and
response force increases when the probability of responding is lowered.

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

Before closing, two additional points need to be made. One refers to the apparent dis-
crepancy 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
but this delay was not associated with an appreciable change in response force. Most likely,
this discrepancy is more apparent than real. Consider for example the simple task. Decreasing
the probability of responding to 50% resulted in an approximate 100 ms increase in the delay
of 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-
ing with about 70 ms, but response force failed to discriminate between the simple and 80%
go/nogo task. Introducing stop-signals to the simple task delayed the speed of responding on
non-signal trials by about 60 ms, but failed to produce a significant effect on response force.
This pattern seems to suggest that introducing stop-signals to the tasks may have lowered the
subject’s readiness to respond, but not to an extent manifested in the force of overt responding
on go or non-signal trials.

The other point refers to the most important finding of the current study; that is the ob-
servation that the duration of stopping is longer for more forceful responses. It could be ar-
gued 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,
meaning that their durations are not correlated. Violations of stochastic independence are
thought to compromise estimates of SSRT (e.g., Logan, 1994; Logan & Cowan, 1984). Simu-
lation studies indicated, however, that estimates of SSRT based on tracking 50% successful
inhibits are fairly robust against violations of the independence assumption of the horse-race
model (De Jong, et al., 1990).

In conclusion, the present results demonstrate a relation between the speed of response
inhibition and the subject’s readiness to respond. This finding may have important implica-
tions for factorial studies examining the nature of stopping. For example, stop signals have
been presented in Eriksen flanker tasks (Kramer et al., 1994: Ridderinkhof et al., 1999} to
assess whether the alleged inhibition of responses to incongruent flankers or of inappropriate
responses to the source of stimulation would interact with the inhibition of the correct re-
sponse required by the stop signal. The typical finding is that SSRT is longer for responses on
incongruent or non-corresponding trials. These and similar findings are typically interpreted to
imply that stopping and the need to inhibit the (incorrect) response to incompatible flankers or
to 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-
tion of these findings in terms of response force may provide a viable alternative or at least

39




3 STOP LATENCY VARIES WITH RESPONSE FORCE

that potential differences in response force should be considered when interpreting interac-
tions between stopping and other varieties of response inhibition.




Developmental fractionation of the ability

to inhibit : Differential rates of age-related

change in simple and selective inhibitory control

Abstract

This study examined age-related change in the ability to inhibit using two varieties of the
stop-signal 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
between stimulus and response was varied between blocks. The choice task was then
extended by randomly inserting a visual stop signal on 30% of the trials. In the simple
stop-signal paradigm, the stop signal required the inhibition of the planned response. In
the selective stop-signal paradigm, the stop signal required response inhibition only when
the stop signal was presented at the same side as the instructed response to the primary-
task stimulus. The results showed a substantial effect of S-R compatibility on the speed of
responding that decreased with age. The S-R compatibility effect disappeared when stop
signals were introduced to the visual choice reaction task. Most importantly, both simple
and selective stopping improved throughout childhood but at different rates. The age-
related change in the speed of selective inhibition was more pronounced compared to
simple inhibition. This developmental fractionation of the ability to inhibit has important
implications for the understanding of cognitive control processes.

Introduction

Traditionally, developmental theories emphasize the role of changes in the capacity to store
and 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
literature (Howe & Pasnak, 1993) as a key-construct in explaining cognitive development
(Bjorklund & Harnishfeger, 1995; Dempster, 1993; Van der Molen, 2000) and interpreting
deficiencies in childhood psychopathology (e.g., Barkley, 1997, Quay, 1997). The umbrella
term 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
by a higher force whereas the other notion of inhibition denotes a competitive relation
between qualitatively equivalent powers in which one force leads to the temporary arrest of
the other force. The former notion seems central to Dempster's (1993) theorizing that presents
a synthesis between developmental research suggesting that resistance to interference
contributes to diverse expressions of cognitive development and neuropsychological research
indicating that the frontal lobes are critically involved in interference-sensitive tasks.
Dempster's susceptibility-to-interference model attributes a major role to the executive
functions exercised by the prefrontal cortex and, thus, seems to emphasize active suppression
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as key-construct. Bjorklund and Hamishfeger (1995) emphasized the latter notion and
hypothesize that inhibitory processes become more efficient over childhood resulting in less
irrelevant information entering working memory and, thus, increasing its functional capacity.
These authors conceptualized processing efficiency in terms of activation speed and inhibition
in 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
interaction rather than active suppression.

The present study is concerned with the active suppression type of inhibition that is
manifested in several experimental procedures ranging from relatively simple tasks, such as
the Donders c-task (e.g., Becker, Isaac, & Hynd, 1987) to fairly complex tasks. such as the
Wisconsin Card Sorting Task (e.g., Chelune & Baer, 1986). These procedures share the re-
quirement that a prepotent response must be suppressed. Most procedures are limited to the
extent that the processes involved in response suppression must be inferred from the absence
of the prepotent response (e.g., Donders c-task). from the slowing of the correct response (¢.g.,
Wisconsin Card Sorting Test) or from non-invasive electrophysiological measurements (e.g..
event-related 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-signal paradigm, subjects usually perform a standard two-choice task but on some trials a
stop-signal is presented infrequently and unpredictably, countermanding the planned response
to the go signal. According to the underlying theory (Logan, 1994; Logan & Cowan, 1984) the
subject's 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
procedures is that it provides an exact measurement of an internal act of control even though
successful inhibition produces no overt behavior. Conceptually, the type of inhibition mani-
fested in the stop-signal paradigm is one of several intentional acts of control that is required
in many real life situations (e.g., stopping for a red light) and is exercised by a higher-order
executive system (e.g., Norman & Shallice, 1986).

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

The stop-signal paradigm can be complicated by requiring discrimination between two
or more stop signals (i.e., the planned response should be inhibited to one stop signal but not
the other) or between two or more responses (i.e., the stop signal requires the inhibition of one
response but not the other). Most recently, Bedard and co-workers investigated developmental
change across the lifespan in the perceptual aspect of selective inhibitory control by adding a
second tone to the basic stop-signal task (Bedard et al., 2002). Thus, subjects were required to
respond to an X or O in a binary choice task. On trials during which the designated stop-signal
tone was presented they were required to inhibit their planned response but on trials with the
non-selected stop-tone they should execute the required response. The results of this study
indicated that the speed of selective inhibitory control gets faster with age throughout child-
hood and slows down in older adulthood. A similar, but more pronounced pattern was ob-
served 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-related changes in selective inhibitory control cannot be explained simply by overall
speeding or slowing of responses. This finding is important first by providing support for the
horse-race model assuming that inhibition processes are independent from go processes
(Logan & Cowan, 1984; Band et al., 2003). Second, the strong age-related trend for response
execution and the less pronounced trend for response inhibition presents a challenge for hy-
potheses suggesting that age-related changes in speeded information processing are mediated
by a single, global mechanism (e.g., Cerella & Hale, 1994; Kail, 1988; Salthouse, 1993). Their
findings suggested to Bedard et al. (2002) the possibility that the ability to withhold a planned
action is one of the earliest emerging control processes (executive functions) and is also pre-
served the longest (p. 107).

In this study, we examined the developmental change in selective inhibitory control by
manipulating the motor end of inhibitory processing. Subjects were asked to respond to a left-
or right-pointing arrow with a left- or right-hand button press. On stop-signal trials, a visual
stop signal was presented to the left or right of the central arrow. The stop signal required
subjects to inhibit their response to the arrow but only when the location of the stop signal
corresponded with the location of the response. Studies examining the motor end of selective
inhibitory 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
selectively 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
had 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
throughout childhood and contrast the developmental trend in selective stopping with age-
related changes in both simple stopping (i.c., withholding responses whenever a stop signal is
presented) and response execution. We predicted a more marked slowing of selective stopping
compared to simple stopping due to the added requirement to determine whether the response
should be inhibited given its location vis-a-vis the location of the planned response.

A secondary aim of the current study was to investigate whether the speed of selective
inhibition 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
stopping of one response out of two. This observation suggests the possibility that the
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response selection demands imposed by the primary task influence the processes involved in
selective inhibitory control. In the current study, we manipulated the response selection
demands of the primary task by varying spatial stimulus-response compatibility (SRC). There
is 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
by the arrow stimulus whereas on incompatible blocks of trials a left-pointing arrow was
assigned to a right-hand button press and a right-pointing arrow to a left-hand button press.
The typical finding is that incompatible responses are substantially siower than compatible
responses 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
than the selective inhibition of a compatible response. In addition, we predicted that simple
stopping would not be affected by SRC (Logan, 1981; Logan & Irwin, 2000). Finally, the
SRC manipulation allowed us to examine whether the developmental trends in simple and
selective stopping would be different from age-related changes in the ability to inhibit a
spatially compatible response when the task requires the opposite response.

4.2 Method

4.2.1 Participants

The present study included ninety-one participants from three age groups. A group of thirty-
nine 7-year-olds (M age = 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,
informed consent was obtained from parents and teachers. Twenty-eight undergraduate stu-
dents of the Universiteit van Amsterdam (M age = 21.9, SD = 2.9) participated and received
course credits for participation. According to self-report, all subjects were healthy, and had
normal or corrected-to-normal vision. They were naive about the experimental hypothesis.
Mean percentile scores on the Raven Progressive Matrices (RPM) did not differ significantly,
suggesting 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)
=2.4,p=.10).

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

Raven
Age group n Age Boys /Girls percentile
7-year-olds 39 73(04) 21718 52
10-year-olds 24 10.4(0.4) 11/13 61
Young adults 28 219(2.9) 7721 66
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4.2.2 Apparatus and signals

In all tasks, the imperative signal was a green arrow presented centrally against a black moni-
tor background. The imperative stimulus was response terminated or terminated after 1000 ms
after signal onset. Inter-stimulus intervals varied randomly 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. The target arrow either pointed left or right and
was flanked on both sides by a square (2 x 2 cm) that remained on screen during the task. The
total stimulus display subtended a visual angle of 9.1°. Keyboard keys ‘z’ and ‘/” recorded left
and right-hand responses, respectively, from the onset of the target signal until the presenta-
tion of the next target signal.

4.2.3  Experimental tasks

There were three experiment tasks; The choice task, the simple inhibition task, and the selec-
tive inhibition task.

Choice task

Subjects responded to the direction of the arrow. Left and right arrow direction was varied
randomly 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
arrow (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
pressed the right button). Both compatible and incompatible trial blocks consisted of 100
experimental trials. The order of compatible and incompatible blocks was counterbalanced
across subjects.

Simple stop task

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

Selective stop task

Subjects performed the choice task as described above (see choice task). In this task, a selec-
tive stop signal was presented on 30% of the trials. The selective stop signal consisted of one
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of 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
the same way, in the incompatible trials, an arrow pointing to the right is associated with a
left-hand response, and should only be suppressed when the left square flashes. These trials
are dubbed valid stop trials. Alternatively, arrows accompanied by stop signals presented
opposite to the correct response hand should elicit a speeded response. These trials are dubbed
invalid stop trials. Three test blocks were presented for each compatibility condition contain-
ing 120 experimental trials each. Order was counterbalanced across subjects.

4.2.4 Procedure

The two older age groups (adults and 10-years-olds) performed all tasks. The choice task was
always 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
single session of 2.5 hours. The 10-year-olds performed the tasks in two separate sessions of
two hours. This was done to avoid potentially detrimental effects of fatigue. The youngest
children were randomly assigned to either the simple stopping or the selective stopping task,
again to avoid effects of fatigue. The youngest children completed their tasks within a single
two-hours session. Obviously, the procedural details made it impossible to analyze the data
using a complete Age group (3) by Stopping task (2) design. However, based on pilot work,
this analytical drawback was deemed less disadvantageous compared to negative effects asso-
ciated with fatigue.

All subjects were tested in groups ranging from three (adults) to eight (children) in the
university laboratory (students) or in a quiet room at school. Each task was introduced by
presenting the pertinent stimulus displays and response assignments. Care was taken that all
subjects understood the instructions well. Each task was preceded by at least one practice
block of 100 trials. Subjects were instructed to respond as quickly and accurately as possible.
In the stop tasks, subjects received the additional instruction to maintain their focus on the
primary choice task and to avoid waiting for the stop signal to occur. Each test block was
followed 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
switching between tasks.

4.2.5 Data analysis

The first four trials of every block of trials were viewed as warm-up trials and discarded.
Individual mean reaction times (RTs) of correct trials were calculated after the removal of
outliers from the RT distribution (i.e., RTs > M + 2.5 SD) on a subject-by-subject basis. Sub-
jects 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-
tion of these criteria resulted in the rejection of five 7-year-olds and one 10-year-old. Mean
scores on the RPM of these subjects fell within a range of two SDs of the group averages.
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Stop-signal 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
affect 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
on stop trials that escape inhibition. The latency of the stop process can be estimated from the
start and the finish of the stop process. The start of the stop process is under experimental
control 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
is on average equal to the n-th percentile of the go RT distribution. Finally, mean stop-signal
delay 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
that are derived from the center of the go RT distribution, and are relatively insensitive to
violations of the assumptions of the horse-race model (e.g., Band et al., 2003; Logan et al.,
1997).

4.3 Results

4.3.1 Choice task

All three age groups performed the choice task and the individual mean RTs were subjected to
an 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,
respectively F (2, 82) = 116.2, p < .001, and F (1, 82) = 90.5, p < .001. The analysis yielded
also 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
decreased with age. Post-hoc analysis indicated that the RT differences between incompatible
and compatible responses were larger in the 7-year-olds compared to the two older age groups
(p < .01). The two older age groups did not differ significantly in this respect (p = .20).

A similar analysis was performed on error rates. This analysis again yielded a signifi-
cant interaction between Age group and SRC, F (2, 82) = 3.3, p < .05. Post-hoc comparisons
of error rates indicated that the differences in error rate between compatible and incompatible
responses were largest in the 7-year-olds compared to the other two groups (p < .02) who did
not differ (p = .78).

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

Stimulus-Response mapping

Compatible Incompatible
Effect
Age group RT Error (%) RT Error (%) size
7-year-olds (all) 612(117)  12(10) 679 (121)  19(12) 67
simple stopping 577 (116)  16(13) 628 (131)  19(18) 51
selective stopping 635 (119) 11(8) 706 (110)  22(13) 71
10-year-olds 436 (39) 5(4) 479 (62) 5(4) 43
Young adults 326 (29) 4(4) 353 (37) 5(4) 27

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

4.3.2 Simple stop task

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

Go trials

The mean go-signal RTs are presented in Table 4.3. The ANOVAs performed on these data
yielded only a significant main effect of Age group, F (2, 65) = 70.9, p < .001. The main
effect of SRC failed to reach significance, F < 1, as did the interaction between Age group and
SRC, F (2, 65) = 1.3, p = .29. A similar analysis performed on error rates yielded a compara-
ble pattern; A significant main effect of Age group, F (2, 65) = 46.9, p < .001, that did not
interact with SRC (# < 1) and the absence of a significant main effect of SRC (p = .20). Fol-
low-up analyses of RT including Task as a separate factor (choice task alone vs. go task in
simple stopping paradigm) yielded a main effect of Task, F (1, 65) = 51.9, p < .001. Re-
sponses were faster when participants performed the choice task alone compared to when they
performed the choice task in the simple stopping paradigm. The main effects of Age group, F
(2, 65)=88.1, p < .001, and SRC, F (1, 65)=29.9, p <.001, were included in a higher-order
interaction with the effect of Task, F (2, 65)= 3.3, p < .05. Post-hoc analysis indicated that the
insertion 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-
olds compared to the two other age groups (p = .06).
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Table 4.3: Mean go-signal RT (Go RT in ms), mean error percentages, standard
deviations (in parentheses) by S-R mapping, compatible vs. incompatible, and
mean effect size (incompatible—compatible) per age group in the simple stop task.

Stimulus-Response mapping

Compatible Incompatible
Age group Go RT Error (%) Go RT Error (%) Effect size
7-year-olds 658 (137) 16 (10) 653 (117) 18 (15) -5
10-year-olds 518 (78) 2(4) 523 (70) 3(3) 5
Y oung adults 369 (38) 2() 385 (41) 3(3) 16

Stop trials

The mean proportions of failed inhibits, stop-signal delays, signal-respond RTs, and stop-
signal RTs are presented in Table 4.4 for each Age group and SRC combination. It can be
seen that the proportion of failed inhibits was close to 50% indicating that the tracking algo-
rithm worked well. The 7-year olds failed to inhibit somewhat more frequently relative to the
two older age groups (56% vs. 50%, p < .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
were 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
escaped 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
main effect of Age group, £ (2, 65) = 19.4, p < .001. Follow-up analysis indicated the stop-
signal RTs were longest in the 7-year-olds (p < .001) compared to the 10-year-olds and young
adults who did not differ (p = .09). The effects of SRC and the interaction between Age group
and SRC were not significant, Fs < 1. Thus, the speed of simple inhibition was about the same
for compatible and incompatible responses. This holds in all age groups, including the young-
est children.

Table 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
(in parentheses) by S-R mapping, compatible vs. incompatible, per age group in
the simple stop task.

Stimulus-Response mapping

Compatible Incompatible
Age group FI  SS-delay SRRT SSRT FI  SS-delay SRRT SSRT
7-year-olds 56 316(138) 580(120) 339 (131) 56 323 (135) 592(129) 326(125)

10-year-olds 50 249(76) 463(63) 247 (37) 51 258(80) 471(56) 250(41)
Young adults 50 156(42) 343(35) 205(33) 50 166(46) 360(39) 209(38)
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4.3.3  Selective stop task

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

Go trials

The mean go-signal RTs are presented in Table 4.5. As in the simple stopping task, go RTs
did not differ significantly between SRC conditions (F < 1). The older age groups responded
faster on go trials than younger children, F (2, 62) = 87.8, p < .001. The interaction between
Age group and SRC failed to reach significance, F (2, 62) = 1.9, p = .16. But more errors were
committed in the condition that required incompatible responses compared to the condition
requiring 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 < I).

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

Stimulus-Response mapping

Compatible Incompatible

Effect
size
7-year-olds 648 (118) 18(14) 637 (122) 26(22) -11
10-year-olds 477 (61) 2(2) 478 (57) 4 (3) 1
Young adults 352 (33) 2(2) 368 (35) 3(3) 16

Age group GoRT  Error (%) Go RT  Error (%)

Invalid stop trials

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

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

Table 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
age group in the selective stopping task.

Stimulus-Response mapping

Compatible Incompatible
Effect
Age group Invalid RT Error (%) Invalid RT  Error (%)  gjse
7-year-olds 687 (165)  29(15) 644 (178) 37(22) -43
10-year-olds 542 (65) 2(3) 542 (65) 3(4) 0
Young adults 403 (43) 1(2) 421 (52) 2(3) 18

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

The ANOV As performed on the selective SSRTs yielded a significant effect of SRC, F
(1, 62)=21.6, p <.001, Age group, F (2, 62) = 23.3, p < .01, and their interaction, F (2, 62) =
6.9, p < .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
initial 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
the trial block. For those children, the tracking algorithm took longer tuning in to the optimal delay yielding 50%
successful inhibits. In order to evaluate the consequences of sub-optimal tracking, the youngest group was split in
two subgroups; One sub-optimal tracking group (n = 6) and one optimal tracking group for whom inhibition
ratios did not differ significantly from the two other age groups (n = 8). The ANOVA performed on go RTs
revealed significant differences between subgroups, F (1, 12) = 5.4, p < .05. Children from the optimal tracking
group 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
other two age groups still revealed a significant effect of Age group, F (2, 56) = 15.4, p <.001. The mean selec-
tive SSRTs were 359, 300, and 237 ms in the youngest children, the older children, and adults, respectively.
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olds (p < .02), whereas 10-year-olds stopped about 113 ms faster compared to the youngest
age group (p < .001). In all age groups, compatible responses were stopped faster than incom-
patible responses (ps < .03). Post-hoc comparisons indicated that the slowing of incompatible
stopping was largest in the youngest children compared to the older subjects (81 ms, p < .01),
while the magnitude of the compatibility effect did not differ between the two older age
groups (respectively, 17 ms in the 10-year-olds and 11 ms in the young adults, p = .71).

Table 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
deviations (in parentheses) by S-R mapping, compatible vs. incompatible, per age
group in the selective stopping task.

Stimulus-Response mapping

Compatible Incompatible

Age group FI  SS-delay SRRT SSRT SS-delay ~ SRRT SSRT

7-year-olds 68 347 (100) 622 (159) 373 (150) 309 (67) 608 (174) 454 (169)
10-year-olds 56 187 (53) 469 (60) 292 (54) 178 (47) 470 (60) 309 (68)
Young adults 54 121(32) 340(31) 232(33) 124 (35) 352 (31) 242(31)

4.3.4  Shared versus unique effects of age group on stopping

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

This study was conducted to examine developmental change in the ability to inhibit a prepo-
tent response. We used the stop-signal paradigm to compare age-related changes in simple and
selective inhibition and assessed the influence of spatial S-R compatibility on the speed of
inhibition and response execution. As anticipated, S-R compatibility had a substantial effect
on response execution and the costs of responding to an incompatible stimulus were consid-
erably 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
required to inhibit the prepotent response prior to executing the instructed, but less compati-
ble, response (e.g., Konblum et al., 1990). Despite disagreements about mechanisms, most
investigators (see Hommel & Prinz, 1997) seem to agree that a rapid, transient activation of
the compatible response to a stimulus occurs, which must be inhibited when an incompatible
response is required. Along these lines, the disproportional slowing observed in the youngest
children on incompatible trials can then be interpreted to suggest that they experience greater
difficulties than older children and adults in resolving the conflict between the transient acti-
vation of the compatible response and the execution of the instructed response. This
interpretation is consistent with the results of developmental studies using similar paradigms
that require the need to suppress the transient activation of a prepotent response (for a review
Van der Molen, 2000). Thus, young children experience greater difficulty in suppressing the
tendency 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-
quired in Stroop tasks (e.g., Tipper, Bourque, Anderson, & Brehaut, 1989) or to resolve the
conflict between competing responses to central target and flanking stimuli in an Eriksen
flanker task (e.g., Ridderinkhof & van der Molen, 1995).

The effect of S-R compatibility on the speed of responding was annihilated when stop
signals were introduced to the choice reaction task. The absence of a sizeable S-R compatibil-
ity 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.
right (< or >) or Xs presented at the left or right of fixation. The stimuli required a spatially
compatible or incompatible response by pressing a button or by moving their eyes. A stop
signal was presented occasionally, instructing participants to withhold their response to the
bracket or X. Peripheral stimuli yielded sizeable S-R compatibility effects on both hand and
eye responses. But, similar to the current findings, S-R compatibility failed to influence the
speed of responding to a central target stimulus. The current findings extend the Logan and
Irwin (2000) results by indicating that the usual advantage of compatible reactions disappears
when stop signals are inserted into the task. This pattern is reminiscent to the findings reported
by 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
in mixed trial blocks can be interpreted within the Komblum et al. (1990) dual-route account.
That is, when the S-R mapping is known in advance, as in fixed trial blocks, participants can
take advantage of the direct correspondence between the spatial stimulus and response codes
rendering S-R translation unnecessary. When the mapping is variable, however, this fast route
between corresponding stimulus and response codes must be suppressed and participants need
to 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
suggest that the insertion of stop signals elicited a tonic suppression of the ‘fast route’ between
spatially corresponding stimulus and response codes. If true, it is of great interest to note that
even young children adopted this adaptive strategy, sacrificing the advantages of ‘fast route’
processing in order to prevent unacceptable levels of inhibition failures or erroneous reactions.

The simple stopping results replicated the findings reported in previous developmental
studies showing that the speed of simple inhibition improved throughout childhood
(Ridderinkhof et al., 1999; Williams et al., 1999). Other studies, however, failed to observe
systematic change in the speed of simple inhibition during childhood (e.g., Band et al., 2000,
Jennings et al., 1997. Qosterlaan & Sergeant, 1998; Schachar & Logan, 1990). Both
Ridderinkhof et al. (1999) and Williams et al. (1999) interpreted this apparent discrepancy by
referring to differences in sample size across studies. Thus, the child groups in their studies
contained over 40 children each whereas in the Band et al. (2000) study. for example, the
child groups consisted of only 16 children. The youngest age group in the current study
contained 39 children but 20 were assigned to the simple stopping paradigm and 19 to the
selcctive stopping paradigm. Yet, the current study revealed systematic age-related changes in
the ability to inhibit. The current findings, then, may suggest that stopping methodology is
more important than sample size per se. Studies that failed to observe systematic change in the
speed of inhibition as children grow older typically used fixed stop-signal delays whereas the
studies showing a developmental increase in stopping speed used a tracking algorithm for
setting stop-signal delay. One exception is the Band et al. (2000) study that used tracking but
failed to observe systematic age-related change in stopping speed. In that study, however, the
tracking algorithm was targeted at three different delays; one aiming at 30% failed inhibits, a
second delay aimed at 50%, and a third delay aimed at 70%. The 30% and 70% tracking might
have 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).

The speed of simple inhibition was not affected by S-R compatibility. That is, the
speed of stopping a compatible response does not differ from the speed of stopping an incom-
patible response. Although this finding is consistent with the results for hand responses re-
ported by Logan and Irwin (2000), it is surprising in view of findings demonstrating an inter-
action between stopping and compatibility in the Eriksen flanker paradigm (Kramer, Hum-
phrey, Larish, Logan, & Strayer, 1994 Ridderinkhof ¢t al., 1999). In the Eriksen flanker
paradigm, simple SSRT is delayed when the response to the central target must compete with
the opposite response elicited by the flankers surrounding the target. This finding has been
taken to suggest that stopping and the need to inhibit the (incorrect) response to incompatible
flankers queuc up, or compete for execution (cf. Ridderinkhof et al., 1999). The current ab-
sence of an S-R compatibility effect on simple stopping does not scem to mesh with this inter-
pretation as the need to inhibit the spatially compatible response when the instructed response
is required should, likewise, interfere with simple stopping. One could argue, however, that
the interaction between simple stopping and S-R compatibility did not occur because the
insertion of stop signals abolished the S-R compatibility effect. This does not seem to be a
compelling conjecture in view of the current selective stopping results. Choice RT in the
selective stopping paradigm was not influenced by S-R compatibility, as in the simple stop-
ping paradigm, but, unlike simple SSRT, selective SSRT revealed a substantial effect of S-R
compatibility.
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The results of the selective stopping task showed that the speed of selective inhibition in-
creases throughout childhood. When interpreting their selective inhibition findings, De Jong et
al. (1995) argued that participants might adopt at least two strategies to accomplish their task.
One is to stop all responses and then re-activate the required response after determining that
this response should not be inhibited. This strategy should result in selective SSRTs that are
approximately similar to simple SSRTs and in delayed responding on invalid stop trials. The
current findings seem to exclude this strategy by showing considerable longer SSRTs in the
selective stop task relative to the simple stop task (317 ms vs. 263 ms, respectively). Yet
responding was considerably slower on invalid stop trials as compared to go trials (540 ms vs.
493 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
toward this location interfering with the activation of the response at the opposite location.

The other strategy suggested by De Jong et al. (1995) consists of postponing inhibitory
processing until it is determined whether response inhibition is actually required and, if so,
inhibition can be accomplished by simple stopping. This strategy should result in prolonged
SSRTs but, as the inhibitory response would be contingent upon the outcome of a subset of
component processes included in choice RT, selective SSRT is likely to be positively corre-
lated with choice RT. Although it is difficult to exclude this possibility completely, it should
be noted that choice RT in the selective stopping paradigm did not vary with S-R compatibil-
ity and yet, the selective stopping of incompatible responses was considerably slower than the
inhibition 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-
ble and incompatible responses, selective SSRT should reveal a similar pattern. But it did not.
All in all, the current pattern of findings suggests that the selective SSRTs reflect the operation
of selective inhibition rather than an alternative strategy invoking simple inhibition.

The sensitivity of selective SSRTs to the S-R mapping in the choice RT extends
previous findings showing an interaction between stopping and inhibitory demands of the
primary task (Kramer et al., 1994; Ridderinkhof et al.,, 1999). But those studies were
concerned only with simple inhibition and manipulated inhibitory demands of the primary task
using an Eriksen flanker paradigm. In an Eriksen flanker paradigm, congruent trials (i.e., trials
with the central target flanked by itself) and incongruent trials (i.e., trials with the central
target 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
with the need to inhibit the instructed response. In the current study, the insertion of a stop
signal abolished the effect of S-R compatibility on choice RT and it was assumed that S-R
translation was similar on compatible and incompatible trials. This may explain why S-R
compatibility failed to influence the speed of simple SSRT. The effect of S-R compatibility on
selective SSRT can be explained in terms of rule interference. On compatible stop trials, the
primary task selection rule and the inhibition task selection rule are congruent. That is, the
primary task stimulus is translated into the activation of a response at the side indicated by the
direction of the stimulus (compatible mapping) and the stop stimulus is translated into the
inhibition of a response activated at the same side as the stop stimulus (compatible mapping).
On incompatible stop trials, however, the selection rules are incongruent. On those trials, the
primary task stimulus is translated into the activation of a response at the side that is opposite
to the location indicated by the direction of the stimulus (incompatible mapping). In contrast,
as on compatible stop trials, the stop stimulus is translated into the inhibition of a response
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activated at the same side as the stop stimulus (compatible mapping). The interference
between selection rules on incompatible trials may have caused the delay in selective SSRTs.

At this point, one could argue that the current interpretation in terms of rule interfer-
ence is incompatible with the horse-race model assumption of independence. The rule-
interference interpretation is likely to assume an interaction between primary-task processes
and selective stop processes and such an interaction may render SSRT estimates based on the
horse-race model unreliable. It should be noted, however, that the rule-interference interpreta-
tion refers to functional dependence and does not imply stochastic dependence. The former
relates to a single factor influencing choice RT and SSRT whereas the latter refers to trial-by-
trial 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
revealed that reliable estimates of SSRT can still be obtained even when the data violate the
independence assumption underlying the horse-race model, in particular when the data have
been 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
using 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
on only two age groups. Both simple and selective inhibition improved throughout childhood.
The 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
selective 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.,
456 ms, 336 ms, and 248 ms for corresponding age groups) but it should be recalled that their
selective inhibition was different from ours. In their paradigm, participants had to decide
between 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
on the particular response activated by the primary-task stimulus. The Bedard et al. task fo-
cused on the perceptual end of inhibitory processing whereas the focus of the current task was
on the motor end.

The developmental change in simple inhibition differed markedly from the age-related
change in response execution. This finding is consistent with previous studies showing diver-
sity 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
developmental 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-
opment by showing that the age-related changes in simple and selective SSRTs cannot be
reduced to a single mechanism either. This finding is preliminary as only two age groups
could be included in the statistical comparison but it is important vis-a-vis the current discus-
sion on inhibition mechanisms invoked in stopping tasks (e.g., Band & van Boxtel, 1999).
Behavioral evidence suggested to Logan (1994) that simple inhibition would be mediated by a
peripheral mechanism while selective inhibition requires a central mechanism. Psychophysi-
ological findings, however, led Van Boxtel and co-workers to suggest that both simple and
selective 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
et 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
inhibition provides support for the notion, originally submitted by Logan (1994), that simple
en selective inhibition are mediated by different mechanisms. A definitive demonstration
cannot be provided by the current data but indicates an avenue for further investigation.

The diversity in developmental inhibition trends is suggestive of the relatively high
demands 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
then abort the response to the primary task stimulus. The selective inhibition task requires
keeping the selection rule active in working memory (i.e., inhibit the response but only when
the stop signal is presented at the side of the instructed response), set-shifting abilities (i.e.,
inhibit the response on valid stop trials and execute the response on invalid stop trials), and
rule selection (i.e., translation of the stop signal into the appropriate response (stop vs. go).
These 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
selective 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
developmental fractionation) may provide a handle for future studies aimed at providing a
deeper understanding of the cognitive control processes involved in the relatively simple act
of stopping a motor response.
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5 Stages of inhibitory processing:
The additive factor method on stop-signal inhibition

Abstract

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

5.1 Introduction

5.1.1 Stopping as extreme cognitive control

The ability to withhold and interrupt ongoing or planned actions in response to sudden
changes in the environment is important for cognitive (‘executive’) control and a prerequisite
for adaptive and goal-directed behavior. Since the formal operationalization of the stop-signal
paradigm, about two decades ago by Logan and Cowan (1984) many researchers operating in
various theoretical frameworks have adopted the stop task as an experimental tool to investi-
gate inhibitory motor control (see Logan (1994) for a review). In the stop task, participants
perform on a go task, usually a speeded choice reaction task requiring the binary choice dis-
crimination of two visual signals by manually pressing one of two response buttons. Shortly
after the onset of the go signal, participants are occasionally presented with a stop signal
(usually a tone) that instructs them to withhold the response. The interval between the onset of
the go signal and the presentation of the stop signal (or stop-signal delay) is under experimen-
tal control, enabling the experimenter to manipulate the probability of successful response
inhibition on a given stop trial. Stopping is casy 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.,
Lappin & Eriksen, 1966; Logan, 1994; Logan & Cowan, 1984).
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5.1.2  Studies with the stop-signal paradigm

Logan and colleagues have conceptualized performance in the stop-signal paradigm in terms
of a horse race between go processes versus stop processes that run for completion and
operate independently. The go processes are initiated by the onset of the go signal, whereas
the onset of the stop signal starts the stopping processes. Whether or not the go response will
occur depends on the outcome of the race. If the go process wins, a response is produced
despite the presence of a stop signal, whereas the response is successfully inhibited when the
stopping process wins the race. One of the virtues of the horse-race model is that, with a small
set of formal assumptions, it provides a method to estimate the stopping latency, stop-signal
reaction time or SSRT as an internal inhibitory response to the stop signal. Several reports in
the stopping literature indicate that SSRT appears to be rather invariant across tasks and
typically amounts to values between 200 or 250 ms for healthy young-adults (sce Logan,
(1994) for a review). Among the various responses whose stopping properties have been
investigated 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 al.,
2002; Ridderinkhof, Band, & Logan, 1999; Van den Wildenberg & van der Molen, 2003a)
and older adults (Christ, White, Mandernach, & Keys, 2001; Kramer, Humphrey, Larish, &
Logan, 1994: Williams, Ponesse, Schachar, Logan, & Tannock, 1999).

In clinical settings, the stop-signal paradigm has been used successfully to distinguish
between normal children and children diagnosed with attention deficit hyperactivity disorder
(ADHD; Schachar & Logan, 1990). ADHD children exhibited less efficient stopping than
children diagnosed with other psychopathologies and normal control children (Jennings, van
der 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
ADHD studies with the stop-signal paradigm see Nigg, 2001). Stopping latencies improved
after administration of the stimulant drug Methylphenidate compared with administration of a
placebo in children with ADHD (Tannock, Schachar, Carr, Chajczyk, & Logan, 1989). Others
have reported negative effects of alcohol op stopping latency within the normal population
(Mulvihill, Skilling, & Vogel-Sprott, 1987).

5.1.3  The nature of stopping

Because of its generality, the horse-race model usually fits behavioral data obtained in the
stop-signal paradigm very well. However, it does not provide a deeper understanding of the
nature of the stopping process. Research aimed to disentangle the nature of the stopping proc-
esses itself can broadly be divided into three perspectives. First, several studies have focused
on the interaction of stopping with other forms of inhibition. A second route involves compli-
cating the standard stop paradigm. Finally, psychophysiological and brain imaging studies
have extended our understanding of the neural substrates that underlie motor inhibition.
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The first strategy to investigate stopping processes focuses on stopping in relation to other
forms of inhibition. Several investigators factorially combined stopping with experimental
manipulations that draw upon a form of inhibitory control as well, to learn more about stop-
ping from the possible interaction patterns. Logan (1981), for example, observed that stopping
latency is approximately equal for spatially compatible and incompatible manual responses
(see Logan & Irwin (2000) for a recent replication). Apparently, stopping does not interact
with the ability to resolve the conflict between the prepotent compatible response and the
spatially incompatible response (e.g., Kornblum, Hasbroucq, & Osman, 1990). Others crossed
stopping with the inhibition of responses to target stimuli flanked by task-irrelevant distracters
assigned to the same or to the opposite response (Kramer et al., 1994; Ridderinkhof et al.,
1999). These investigators found that responses to targets flanked 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 the (incorrect) response to incon-
gruent flankers compete for execution (cf. Ridderinkhof et al., 1999). Finally a similar strategy
by crossing stop-signal inhibition during different levels responsg readiness has been applied
by Van den Wildenberg, van der Molen, and Logan (2002). Subjects performed a primary task
requiring a speeded binary choice reaction on go trials and response inhibition on nogo trials.
An occasional cue informed subjects that a nogo trial was imminent but left them uncertain
about the number of go trials separating the cue and the upcoming nogo trial. When subjects
were anticipating a nogo signal, stopping was delayed compared to a control condition. This
pattern 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
complicating the stopping process (see Logan, 1994). For example, some investigators
examined stopping in a change paradigm by asking subjects to stop one response and execute
another (Logan & Burkell, 1986). It was observed that the duration of stopping is somewhat
longer when it has to be followed by the execution of another response than when it is not.
Other 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
subject to stop the primary-task response and an invalid stop signal requiring the subject to
execute the go response as planned. These selective stopping studies indicate that the duration
of the stop process is lengthened when subjects have to stop their response to one of two stop
signals but not to the other (Bedard et al., 2002; Riegler, 1986). Finally, selective inhibitory
control has been examined at the motor end of stop-signal processing by asking subjects to
inhibit only one response (e.g., the left hand) but not the other (e.g., the right hand) upon a
stop 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
even when the response should not be inhibited, and the detrimental effect of such interference
was stronger when the primary-task stimulus was degraded. In addition, degrading relative go-
signal discriminability was observed to hamper the speed of selective stopping of critical
responses compared to highly discriminable go signals (De Jong et al., 1995, Exp. 2).

Third, several psychophysiological studies examined the neural substrates of stopping.
The lateralized readiness potential (LRP) in combination with electro-myographic (EMG)
measures led De Jong and colleagues to propose two separate inhibitory mechanisms - a
slower central cortical mechanism capable of selective inhibition and a peripherally operating
midbrain 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
been linked with results obtained from cardiac studies by Jennings, van der Molen, Brock, and
Somsen (1992). These researchers report that successful inhibition of a motor response was
associated with heartbeat slowing (deceleration), whereas failed inhibitions were not. The fact
that cardiac inhibition and motor inhibition interact has been interpreted to suggest that both
are controlled in part by the same midbrain system. However, based on a review of
psychophysiological data in the stop-signal literature, Band and van Boxtel (1999) formulated
an alternative interpretation of the neural mechanisms involved in stopping. Their main point
was 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
the prefrontal cortex and basal ganglia are candidate agents of response inhibition, whereas
possible 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
microelectrode studies (Kawashima et al., 1996; Sasaki & Gemba, 1986; Sasaki, Gemba,
Nambu, & Matsuzaki, 1993) have also have provided support for the prefrontal substrate of
inhibitory processing. Single-cell recordings in primates performing on a stop task provide
another psychophysiological approach towards a better understanding of the nature of
inhibition. Hanes and colleagues recorded unit activity in the frontal eye fields during the
countermanding of eye movements and identified single-cell signatures of inhibitory visuo-
motor control (Hanes, Patterson, & Schall, 1998; see Logan & Irwin, 2000, for a behavioral
study comparing inhibitory control of eye and hand movements).

5.1.4 The additive factor method (AFM)

The goal of the current study was to investigate the nature and more specific the architecture
of 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
reaction processes. In the study of human information processing, the AFM has been applied
successfully to distinguish serial mental processing stages in reaction-time (RT) tasks by
means of experimental factors (Sternberg, 1969). Choice RT is taken as the sum of time taken
by a set of sequentially ordered and independent processing stages (Sternberg, 1969). The
AFM aims at the selective manipulation of the duration of these processing stages to elucidate
the architecture of cognitive processes. According to AFM-logic, different experimental fac-
tors 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
stage (for reviews of AFM studies see Sanders, 1990; 1998; Van der Molen, Bashore, Halli-
day, & Callaway, 1991).

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

5.1.5 The present study

In 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
basic assumption is that stop processes are quite similar in nature to go processes. Go signals
require perceptual discrimination, translation into an appropriate action, and then the pro-
gramming and unfolding of that action. Likewise, stop signals are considered to require per-
ceptual 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
of this experiment is to identify stages in the stopping process using the experimental manipu-
lations 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-
criminability and SRC on separate stages in the reaction process. In these tasks, subjects re-
sponded to the position of two signals represented as pupils in the eyes of a schematic face,
such that the eyes looked either to the right or to the left. It was predicted that responses on
blocks with compatible SRC mapping would be faster than incompatible responses. Also, it
was expected that responses to blocks with high signal discriminability would be faster than
responses to less discriminable signals. Finally, according the AFM logic, these two main
effects are hypothesized to be additive.

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

5.2.1 Method
Participants

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

Apparatus and signals

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

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

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

! Pluister (2003) repeatedly observed additive effects on RT using these manipulations of signal discrimination
and SRC.
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Imperative (eyebrow) signals were separated by intervals varying randomly and equiprobably
from 1250 to 1750 ms in steps of 125 ms. The imperative signals were response terminated or
terminated after 1000 ms if no key had been pressed. The ‘z’ and the /° keys on the computer
keyboard recorded responses with the left and right index fingers.

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

A Signal — Response Compatibility
Compatible Incompatible
Discriminability Discriminability
High Less High Less
Signals 9 ® CoOC o oo
Instructions “respond with the right hand” “respond with the left hand”
Signals @ @ > OO €€ OGO
Instructions “respond with the left hand” “respond with the right hand”
B Stop-Signal /Response Mapping
Compatible Stopping Incompatible Stopping
Discriminability Discriminability
High Less High Less
Valid
Stop signals Q Q @ @ O O @ @
. “stop if eyes look in the “stop if eyes look in the
Instructions . » . . ; 5
same direction as the response direction opposite to the response
Invalid
Stop signals © O @ @ O O @ @
. “don’t stop if eyes look in the “don’t stop if eyes look in
Instructions . : 5 . .
direction opposite to the response the same direction as the response
SR O S
Instructions® “respond with right hand” “respond with left hand”

“The mapping of go signal to response hand was counterbalanced across subjects.
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Tasks and design

Standard AF M tasks. A schematic of the experimental conditions in the AFM tasks is shown
in Table 5.1-A. The within-subjects factors of the factorial design were Signal Discriminabil-
ity (high vs. less) that was defined by the distance between the two alternative stimulus posi-
tions and SRC (compatible vs. incompatible). In the compatible condition, the stimulus posi-
tion (i.e., left or right) mapped directly onto the response position (left or right also), whereas
in the incompatible condition the mapping was reversed so that stimuli appearing to the left
required a right response, and stimuli appearing to the right a left-hand response. In the stan-
dard 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
AFM tasks were presented in four blocks of 100 trials each, according to the factorial combi-
nation of two levels of Discriminability and two levels of SRC.

Stop tasks. The primary task of the four tasks was to discriminate between angry vs. sad
schematic faces, according to the horizontal lines just above the eyes of the schematic face.
On cach trial, the eyebrows changed from a neutral position into ‘angry’ or ‘sad’ upon which
subjects respectively responded by pressing the left key (‘2" key on the keyboard) or the right
key (‘/” 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
primary signal upon which the response to the primary task had to be inhibited. A tracking
algorithm (Levitt, 1971) was used to obtain a percentage of successful response inhibition of
approximately 50%. Upon successful stopping the interval between the onset of the primary-
task signal and the stop signal (or stop-signal delay) on the next stop trial was increased by 50
ms whereas upon failures to stop, stop-signal delay was reduced by 50 ms.

Four selective stop-signal tasks were administered, according to the factorial combina-
tion 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-
tions of the pupils. Stop signals could appear equiprobably on a location that was either com-
patible (i.e., representing the same direction as) or incompatible (i.e., representing the opposite
direction as) with respect to the response location indicated by the primary task. SRC was
varied block wise by instructing participants to inhibit their response, but only if the stop
signal was presented at the side of the responding hand (compatible stopping) or if the stop
signal appeared on the other side of the responding hand (incompatible stopping). Consider for
example a compatible stop task where angry eyebrows ( \ / )} are coupled with a right-hand
response and sad eyebrows ( /\ ) with left-hand responses. Subjects should inhibit their pri-
mary-task response only if the eyes look at the same direction as the response. Thus, a re-
sponse with the right hand to angry eyebrows should be stopped only if eyes were presented
looking to the right. In the same way, following a similar go-task mapping but now with an
incompatible stopping instruction: Right-hand responses to angry eyebrows associated with a
right-hand response should only be actively suppressed whenever the stop pupils look to the
left. Stop trials that signal response inhibition are dubbed valid sfop trials. Alternatively, stop
trials containing stop signals that should not be stopped to are dubbed invalid stop trials. The
four 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-
balanced across subjects.

Procedure

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

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

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

5.2.2 Results and discussion

Mean RTs were computed for correct trials after removal of outliers (i.e., RT > M + 2.5 §D).
Two subjects did not complete all of the standard AFM conditions and were therefore ex-
cluded from subsequent analysis.

Standard AFM tasks

Mean RTs of correct trials and choice error percentages were calculated per subject and ana-
lyzed 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
Figure 5.2.
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Figure 5.2: Reaction times obtained in the standard AFM tasks.

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

S-R Compatibility

Compatible Incompatible Effect

Discriminability RT Error (%) RT Error (%) size
high 322 (42) 2.7@23) 363 (53) 4134 41
less 336 (44) 3.0(1.6) 370 (64) 4.8(3.3) 34

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

Go 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.
Neither 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).

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

Stop-signal response compatibility

. Compatible Incompatible
Stop-signal
discriminability RT Error (%) RT Error (%)
high 404 (46) 2.8(2.6) 401 (46) 3.6(3.6)
less 407 (53) 3.6(4.3) 397 (41) 3.02.1)

Invalid stop trials. Stop signals appearing opposite to the correct response hand in compatible
stopping tasks, and stop signals appearing on the same side as the correct response hand in
incompatible 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
of Stop task (F < 1). As Table 5.4 shows, responses to invalid stop signals (526 ms) were on
average slower than responses to go trials (402 ms), F (1, 23) =263.2, p <.001.

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

Stop-signal response compatibility

Compatible Incompatible

Stop-signal Effect
discriminability Invalid RT  Error (%) Invalid RT  Error (%) size
high 397 (50) 8.2(8.7) 420 (65) 4.1(5.2) 3
less 406 (58) 8.2(7.7) 446 (56) 5.4(5.1) 40
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Valid stop trials. Response probability was somewhat higher than the anticipated 50%. The
probabilities of responding given a valid stop signal in the compatible stop and incompatible
stop tasks were .55, and .58 respectively. These proportions of failed inhibits did not differ
significantly between stop tasks, F (3, 21) = 2.5, p = .09. Mean stop-signal delay in the com-
patible stop task (160) was longer than incompatible stop delays (133), F (3, 23) = 6.9, p =

.02.

Table 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

(compatible vs. incompatible) and stop-signal discriminability (high vs. less).

Stop signal - response compatibility

. Compatible Incompatible
Stop-signal
discrimin- FI SS- FI
SRRT SSRT SS-dela SRRT SSRT
ability (%) delay (%) g
high 55(8) 158 (61) 397 (50) 252 (56) 58 (8) 142 (60) 420 (66) 270 (63)
less 55(6) 162 (65) 406 (58) 248 (41) 58(9) 124 (46) 446 (56) 282 (68)
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Figure 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
escaped 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, p = .03.
These effects turned out to be additive, F (1, 23) = 1.7, p = .20. This pattern suggests that
signal-respond processes consisted of at least two independent stages, stimulus analysis and
response choice. Contrary to the prediction of the hose-race model, responses that escaped
inhibition on stop trials (signal-respond RT 417 ms) were significantly slower than responses
on go trials (402 ms), F (1,23)=8.3, p <.0l.
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Figure 5.4: Stop-signal reaction times.

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

It could be argued that the strategy of postponing the inhibitory response could bias the
estimation of stop latencies because this procedure involves cutting in the distribution of no-
signal 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
obtained on invalid signal trials.” The pattern of these adjusted SSRTs is consistent with the

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

Although our manipulation of signal discriminability yielded the anticipated RT pat-
tern in the standard AFM tasks, it did not systematically affect the latency of the stop proc-
esses in the selective stop tasks. To explore these disparate findings further, we focused on
possible dissimilar effects of discriminability across subjects. Therefore, a median split was
performed, ranking subjects according to the magnitude of the discriminability effect in the
standard AFM tasks. A post-hoc ANOVA was conducted with an additional between-subject
variable of subgroup (large effect of discriminability vs. small effect of discriminability on the
standard AFM tasks). A significant three-way interaction indicated that SRC and Discrimin-
ability 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
exhibited a relative large discriminability effect on RT revealed a significant main effect of
discriminability on SSRT F (1, 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 (1, 11) = 3.4, p <
.10. Finally, Stop-Signal discriminability and stop SRC did not interact significantly (F < ).
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Figure 5.5: Stop-signal reaction times including a subset of subjects with a rela-
tively large effect of signal discriminability in the standard AFM tasks.

72




5 STAGES OF INHIBITORY PROCESSING

Summarizing, the manipulation of stop SRC had significant mains effect on the go process
and the stopping process. Compatible responses were executed faster (RT) and inhibited at
faster rate (SSRT) than incompatible responses. The experimental manipulation of discrimin-
ability yielded the anticipated effects on RT in the standard AFM tasks — responses to easy-to-
discriminate stimuli were faster than responses on difficult-to-discriminate trials. However,
when employed in the stop-signal task, stop-signal discriminability failed to systematically
affect selective stopping latency; stopping latencies to easy and hard to discriminate stop
signals were of comparable magnitude. However, post-hoc analysis that included those sub-
jects that exhibited a relatively large discriminability effect on RT yielded the anticipated
effects of stop-signal discriminability on SSRT. Therefore, Experiment II was conducted
using harder-to-discriminate stop signals than the ones used in Experiment 1.

5.3 EXPERIMENT II

5.3.1 Method

Subjects

Fifteen undergraduate students (10 females, mean age = 21.2 years) participated to fulfill
course requirements. All reported to be healthy and had normal or corrected-to-normal vision.
No subject took part in more than one experiment reported in this study.

Apparatus and signals

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

Tasks, design, and procedure

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

5.3.2 Results and discussion

Mean individual RTs were computed for correct trials only and outliers (i.e., RT > M+ 2.5
SD) were removed.
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Standard AFM tasks

Go trials without a response were less than .2%. Mean RTs of correct trials and choice error
percentages were calculated per subject, for each factorial combination of Discriminability
and SRC levels. RTs and square roots of choice error percentages were analyzed in a 2 x 2-
factorial design with Discriminability (high vs. less) and SRC (compatible vs. incompatible)
as 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.

450
? p
E : /@
: o
QE’ ,,,,,,, o
= — i
{ =
S
g . ~4- incompatible
& —@— compatible
250 ]I |
high -

Discriminability

Figure 5.6: Reaction times in the standard AFM task.

First, Discriminability had a highly significant main effect on RT, F (1, 14) = 75.31, p <.001,
and choice errors, F (1, 14) = 8.58, p = .011. On average, RTs from trials with the easy-to-
discriminate pupil positions (M = 336 ms) were 45 ms faster than RTs from the task blocks
with harder-to-discriminate pupil positions (M = 381 ms). This 45 ms effect is more pro-
nounced 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
Experiment II, whereas was not significant in Experiment I. Taken together, the effects of
Signal discriminability on RT as well as on errors indicates that the signal positions of Ex-
periment 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
response button had a significant main effect on RT, F (1, 14) = 55.66, p < .001, and on choice
errors, F' (1, 14) = 12.43, p = .003, reflecting faster responses on trials with compatible (M =
336 ms) than with incompatible mapping (M = 381 ms). Third, Discriminability and SRC did
not interact significantly in the RT, F (1, 14)=3.81, p > .05, or errors, F < 1.
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Table 5.6: Mean reaction times (RT in ms), mean error percentages, and standard
deviations (in parentheses) per Discriminability (high vs. less) and SRC (compati-
ble vs. incompatible), and mean effect size (incompatible RT minus compatible
RT) in the standard AFM tasks.

S-R Compatibility

Compatible Incompatible
Effect
Discriminability RT Error (%) RT Error (%) size
high 316 (24) 3.9(2.9) 356 (31) 5229 40
less 355(25) 5.7(3.6) 407 (43) 8.3(4.9) 52

Selective stop tasks

Go trials. RTs and error percentages on go-signal trials on the stopping tasks are listed in
Table 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,p
= .14, or Discriminability, F < 1, nor a significant interaction, F (1, 14) = .87, p = .37. Error
percentages on go trials did not differ either between selective stop tasks, 7 (3, 12) = 1.40, p =
.29 (absent main effects of SRC, F < 1, Discriminability, F (1, 14) = 1.50, p = .24, a signifi-
cant interaction between these effects was also absent, F (1, 14) =1.99, p = .18).

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

Stop-Signal Response Compatibility

. I .
Stop-Signal Compatible ncompatible Effect
Discriminability RT  Error (%) RT  Error (%) size
high 416 (45) 3.0(2.0) 426 (35) 3.5(2.1) 10
less 416 (47) 3.7(1.9) 420 (46} 3.5(3.1) 4

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

less), and mean effect size (incompatible RT minus compatible RT).

Stop-signal response compatibility

Compatible Incompatible
Stop-signal . . Effect
discriminability Invalid RT  Error (%) Invalid RT Error (%) i
high 525(56)  7.7(5.4) 532 (47) 2.8(4.8) 6
less 526 (46)  7.3(4.3) 534 (62) 3.3(4.0) 8

Valid stop trials. Results obtained on valid stop trials are presented in Table 5.9. Response
probability was somewhat higher than the anticipated 50%. The probabilities of responding
given a valid stop signal in the compatible stopping tasks were .57 (high stop-signal dis-
criminability and .59 (less stop-signal discriminability), and .56 (high stop-signal
discriminability and .59 (less stop-signal discriminability) in the incompatible stopping tasks.
The proportions of failed inhibits did not differ significantly between stop tasks, F' (3, 12) =

1.8, p = .20. Mean stop-signal delay did not vary with Stop task, F (3, 12) = 1.1, p = .37.
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Figure 5.7: Reaction times on signal-respond trials.
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Table 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
(compatible vs. incompatible) and stop-signal discriminability (high vs. less).

Stop signal - response compatibility

. Compatible Incompatible
Stop-signal
discrimin- OFI SS-delay SRRT  SSRT FI (%) SS-delay SRRT  SSRT
ability (%)
high 57(9) 138(62) 415(51) 283 (54) 56 (10) 145(49) 442 (50) 288(55)
less 59 (8) 144 (68) 422(50) 282 (61) 59 (11) 132(47) 458 (64) 301(47)

Contrary to predictions of the horse-race model, responses that escaped inhibition in stop trials
(signal-respond RT 435 ms) did nor differ significantly from responses on go trials (420 ms),
F (1, 14) = 3.9, p > .05. ANOVA on signal-respond RTs yielded a significant effect SRC, F
(1, 14)=11.7, p > .01, but the effect of Discriminability was not significant, F' < 1.

Finally, and most importantly, selective stopping latencies did not differ between
selective stopping tasks, ' (3, 12) = 1.9, p = .19 (see Figure 5.8). The main effects of the
factors stop SRC and Discriminability did not reach significance, F (1, 14) = 1.9, p = .19 and
F(1,14)= 1.2, p= .30, respectively, nor did the interaction, F (1, 14) = 1.1, p = .30.
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Figure 5.8: Stop-signal reaction times.
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5.4 General discussion

The present experiments were designed to independently manipulate two stages of informa-
tion 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
varying the degree of natural overlap between signal and response. The standard AFM ex-
periments (Experiment I as well as Experiment I1) showed the anticipated RT pattern. First, a
main effect of signal discriminability on choice RT was obtained — responses to harder dis-
criminable stimuli were slower than to easy discriminable signals. Second, a main effect of
SRC indicated that incompatible responses were completed slower than compatible responses.
Importantly, the main effects of signal discriminability and SRC proved to be additive, which
suggests 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
with the results typically reported in the AFM literature (Blackman, 1980; Hasbroucq, Guiard,
& Kornblum, 1989; Mc¢Carthy & 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-
bly perceptual, stages of signal processing. SRC is believed to have its impact mainly in the
later motor stages of information processing {Sternberg, 1969; see reviews in Sanders, 1990;
1998).

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

The present selective stopping tasks required subjects to discriminate between valid
and invalid stop signals based on the spatial relation between the location of the response hand
indicated by the go stimulus and stop-signal location. The relation between stop-signal loca-
tion and go-response hand could either be compatible or incompatible. Compatible stopping
conditions required subjects to stop their primary-task response only if the location of the stop
signal was spatially compatible with the correct response hand, whereas incompatible stopping
instructions required subjects to inhibit to stopping signals that are located opposite to the
planned response. These instances indicated valid stop signals. Subjects were instructed to
trigger their inhibitory response only upon the presentation of a valid stop signal, as opposed
to invalid stop signals that did not require response inhibition. The present stopping tasks
differs in several respects from the selective stopping tasks that have been reported previously.
Compared to other selective stop tasks reported in the literature (e.g., Bedard et al., 2002; De
Jong et al., 1995; Van den Wildenberg & van der Molen, 2003a) the current setup yielded a
more demanding inhibitory task load, basing the decision to invoke the stopping response on
the spatial relation between stop-signal location and planned response hand. This inhibition
task differs from the instruction to stop any go response at hand upon the presentation of one
out of two possible stop signals (e.g., “stop your button-press response after hearing a high-
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pitched 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
stopping studies that assigned one critical response out of two go responses to be inhibited
upon a stop signal (e.g., “stop your right-hand response to the stopping tone, but not your left-
hand response”) (De Jong et al., 1995).

Although the current stopping instructions were quite demanding, subjects were able to
stop their primary-task response in a selective manner, as indicated by the low inhibition rates
to invalid stop signals (see also Bedard et al., 2002). The results obtained in Experiment [
indicate that selective stopping latencies to incompatible stop signals were about 11 ms slower
compared 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
ms difference between compatible and incompatible stopping reported by Van den Wilden-
berg and van der Molen, (2003a). Thus, manipulations of SRC had similar effects on go-RT as
well as on SSRT, which can be interpreted in terms of the vast literature suggesting that spa-
tial SRC alters the speed of response selection (for a review see Sanders, 1998).

Before interpreting stopping latencies, the current stopping data will first be discussed
in terms of the horse-race model of stopping control. Although the inhibition conditions in the
four stopping tasks varied systematically according to the factortal combination of stop-signal
discriminability and stop-signal / responses compatibility, the go task was held constant over
stop tasks. It is important to note that the go-responses on the primary tasks did not vary be-
tween stopping conditions. This observation indicates that variations in the demand of stop-
signal 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).

The horse-race model further predicts that RTs from trials in which subjects were pre-
sented with a stop signal and failed to inhibit (signal-respond RTs), on average, should be
faster than no-signal RTs. Contrary to this prediction, it was observed that signal-respond RT
did not differ significantly from responses on go trials (Experiment II) and that signal-respond
RTs were even significantly slower than responses on go trials (Experiment I). The present
data could be taken to suggest that subjects deliberately delayed their inhibitory response to
the point at which they were certain that the signal presented was a valid stop signal. This
strategy kept them from eliciting high commission rates to valid stop signals. Signal-respond
RTs being slower than no-signal RTs indicate that discriminating between stop-signals inter-
fered with primary-task processing and therefore, the left part of the no-signal distribution
containing fast RTs might not be representative of the population signal-respond RTs. Thus,
the 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-
egy yielded similar effects of discriminability and SRC.

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

Experiment I was designed to replicate the promising findings of Experiment I; Ex-
periment II included a level of harder-to-discriminate signals than in Experiment I by reducing
the distance between the positions of the stop signal relative to the midline, making it harder
to discriminate. Again, the anticipated effects were found on go-RT, but unfortunately, we did
not obtain significant effects of signal discriminability nor SRC on selective stopping latency.

In conclusion, the present experiments combined the additive factors method and the
stop-signal paradigm to examine stages of stop-signal information processing. The current
pattern of findings indicate that the logic of the AFM on go-signal processing does not fully
extend to stop-signal processing, at least with the stop signals used in the present study. This
failure should not be taken to imply that stop-signal processing does not comprise identifiable
processing stages. But instead that careful implementation of factorial levels might elucidate
stages of stopping. Manipulation of experimental variables other than the ones used in the
present study should reveal whether the stop process consists of similar processing stages as
the reaction process.




Stopping responses in the Simon paradigm :

Examining the nature of simple and
selective response inhibition

Abstract

The 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
proven to be useful in investigating the nature of go processes. Simon-like factorial
manipulations 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-zero congruency effect with highly discriminable stop signals and on RT as well as
on SSRT. The results confirm our conjecture that go processes and stop processes
triggered by Simon signals are comparable. The present results indicate that stop-signal
processing can be described by a dual-process architecture that incorporates a direct
location-based route and a controlled identification-based route for response inhibition.
This finding may provide a handle for future studies aimed at providing a deeper
understanding of the nature of stop-signal inhibition.

6.1 Introduction

The present study is concerned with the active type of response inhibition that is manifested in
several 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
as the Stroop test (Stroop, 1935) and the Simon task (Simon & Rudell, 1967), to more com-
plex 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.
Most procedures are limited to the extent that the efficiency of response suppression processes
must be inferred from either the absence of the prepotent response (e.g., the go/nogo task) or
the slowing of the correct response (e.g., the WCST or conflict tasks such as the Stroop). Non-
invasive electrophysiological measurements may further elucidate the efficiency of inhibitory
processes (e.g., event-related brain potentials related to response suppression in nogo trials),
but the specificity of some of these indices to the involvement of inhibitory processes has been
challenged (Nieuwenhuis, Yeung, van den Wildenberg, & Ridderinkhof, in press). Two para-
digmatic approaches (and, particularly, the methodological procedures associated to these
approaches) have been suggested to provide more explicit tools in studying the efficiency of
inhibitory 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-plot technique for distributional analysis of conflict-task performance developed by
Ridderinkhof (2002a).
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6.1.1 The stop-signal paradigm

In the stop-signal paradigm, subjects typically perform a standard two-choice task but, infre-
quently and unpredictably, a stop-signal may be presented which countermands the planned
response 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-
tween two independent processes, 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 go response will not occur. Thus, the ability to inhibit depends on the latency of the
stopping response to the stop signal (i.c., stop-signal reaction time or SSRT). The clear advan-
tage of the stop-signal paradigm over other procedures is that it provides a recasonably accurate
approximation of the efficiency of the internal act of control involved in stopping, even
though successful inhibition does not produce overt behavior. Conceptually, the type of inhibi-
tion manifested in the stop-signal paradigm is one of several intentional acts of control that is
required in many real life situations (e.g., stopping for a red traffic light) and is exercised by a
higher-order executive system (e.g., Norman & Shallice, 1986).

6.1.2 A selective review of stop-signal studies

In using the stop-signal paradigm to investigate the nature of response inhibition, several
researchers have combined the requirement to interrupt on-going actions in response to stop
signals 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-
patible 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
conflict between the prepotent compatible response and the spatially incompatible response
(e.g., Kornblum, Hasbroucq, & Osman, 1990). Others introduced stop-signals in an Eriksen
flanker task requiring the inhibition of responses to target stimuli flanked by distracters as-
signed to the same or opposite response (Kramer, Humphrey, Larish, Logan, & Strayer, 1994;
Ridderinkhof, Band, & Logan, 1999). These investigators found that responses to targets
flanked 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
the (incorrect) response to incongruent flankers compete for execution (cf. Ridderinkhof et al.,
1999).

Van den Wildenberg, van der Molen, and Logan (2002) adopted a similar strategy and
combined primary-task requirements aimed to reduce response readiness with stop-signal
inhibition. Subjects performed a primary task that required a speeded binary choice reaction
on go trials and response inhibition on nogo trials. An occasional cue informed subjects that a
nogo trial was imminent but left them uncertain about the number of go trials separating the
cue and the upcoming nogo trial. This setup induced periods of tonic inhibition (i.c., episodes
of reduced response readiness). The tonic inhibition episodes were contrasted with control
episodes during which subjects were ready to execute a speeded choice reaction (i.e., trial
sequences consisting of go trials only). During both episodes, a visual stop signal could occa-
sionally and unpredictably follow the go-signal onset, instructing subjects to withhold their
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response to the go signal. Responding on go trials was delayed during tonic inhibition epi-
sodes 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
was interpreted with refercnce to a response readiness model suggested by Mattes, Ulrich, and
Miller (1997; see also Ulrich, Mattes, & Miller, 1999). According to this model, reduced
readiness is associated with more forceful responses because when in an unprepared state, a
larger 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
to inhibit (Van den Wildenberg, van Boxtel, & van der Molen, 2003).

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

6.1.3 Extending the simple stop task: The selective stop response

In the stop tasks reviewed in the previous section, the stop signal instructs the subject to in-
hibit prepotent responses in an all-or-none manner. Over the years, the standard stop-signal
paradigm has been extended to cover selective stopping as a more subtle manifestation of
inhibitory control than the simple stop response. For example, the stop process has been made
more complex at the perceptual end of stop-signal processing by requiring discrimination
between two or more stop signals. Subjects could be instructed to inhibit the planned response
to 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, sclective stop latencies are substantially
longer than simple non-selective stop latencies. Bedard et al. (2002) suggested that non-
selective (simple) stopping parallels the simple or Donders A response. Likewise, selective
(“to stop or not to stop”) stopping corresponds to a classic Donders’ C response (go vs. nogo,
see also Logan, 1994).

Other investigators of selective stopping have focused on the motor end of the stop
process 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
Riegler (cited in Logan, 1994) used this type of selective stop task. Again, selective stopping
was accompanied by longer stop latencies, and the latencies increased with the number of
alternative go responses. Interestingly, simple SSRTs did not vary much between tasks — one
out 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
response 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
by the direction of an arrow (compatible S-R mapping) whereas in another condition the
subject should press the respond button opposite to the direction indicated by the arrow
(incompatible 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
location of the stop signal corresponded to the hand associated with the choice task (e.g., a left
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