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A modification of the stop-signal task was used to investigate the devel opment of se-
lectiveinhibitory control. A group of 317 participants, age 6 to 82 years, performed a
visual choice reaction time (go) task and attempted to selectively inhibit their re-
sponse to the go task when hearing one of two randomly presented tones (1000 Hz,
250 Hz), each presented on 20% of trials. M easures of response execution and inhibi-
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tion were assessed by using reaction times to the go signal (GoRT) and stop signal
(SSRT), respectively. Results indicated that SSRT gets faster with increasing age
throughout childhood, with pronounced slowing in older adulthood. In addition,
strong evidence was obtained for age-related speeding in GoRT throughout child-
hood, with marked slowing throughout adulthood. Subsequent hierarchical regres-
sion analyses illustrated that the age-related changes in selective inhibitory control
could not be explained simply by overall slowing or speeding of responses. Findings
are discussed in regard to the decay and maturation of selective inhibitory control
across the life span.

Inhibition is a central concept to theories of development and aging that interpret
cognitivedifficultiesof young children and the elderly asdeficitsininhibitory pro-
cessing (e.g., Bjorklund & Harnishfeger, 1990; Hasher & Zacks, 1988; Kramer,
Humphrey, Larish, & Logan, 1994). Moreover, deficient inhibition is central to
current theories of psychopathology and impulsivity (e.g., Barkley, 1997; Gray,
1987; Patterson & Newman, 1993; Quay, 1997). The concept of inhibition isdis-
cussed in many different forms and is measured in a variety of ways (e.g.,
Dagenbach & Carr, 1994; Kramer et a., 1994). Inthisstudy wefocused onthetype
of inhibitionthat ismanifest inthestop-signal task (Lappin & Eriksen, 1996; Logan
& Cowan, 1984; Logan Cowan, & Davis, 1984; Ollman, 1973; Osman, Kornblum,
& Meyer, 1990; Vince, 1948). This type of inhibition is conceptualized as one of
several internally generated actsof control intherepertoire of ahigher order execu-
tive system that regul ates the operations of the human information processing sys-
tem and permits self-regulation (e.g., Goldman-Rakic, 1987; Logan, 1985;
Shallice, 1982). It is defined as the ability to stop (suddenly and completely) a
planned or ongoing thought and action (Logan, 1994). Thiscentral act of control is
required in many real-life situations in which an individual’ s planned or ongoing
actions are suddenly rendered inappropriate by unanticipated events or changesin
the immediate environment (e.g., a batter in a baseball game must halt his or her
swing to adjust to a pitch that has just broken out of the strike zone).

One clear advantage of using the stop-signa task over other
neuropsychological measures of inhibition (e.g., Matching Familiar Figures Test,
Go—No Go Task, Conners’ Continuous Performance Test) is that the underlying
model provides away of measuring the latency of the internally generated act of
control (stop-signal reaction time, or SSRT) even though successful inhibition
produces no overt behavior. In the stop-signal task, SSRT is the primary perfor-
mance variable and indicates the speed of the inhibition process. SSRT does not
provide al the information yielded by the stop-signal task but is highly informa-
tive because changes in SSRT characterize important differences between groups
of individuals (e.g., impulsive adults have longer SSRTs than nonimpulsive
adults; Logan, Schachar, & Tannock, 1997) and between individual s tested under
different conditions (e.g., stimulant medication improves SSRT compared with
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placebo in children with attention deficit hyperactivity disorder; Tannock,
Schachar, Carr, Chajczyk, & Logan, 1989; Tannock, Schachar, & Logan, 1995).

Research using the stop-signal paradigm to date has focused primarily on
nonselective or basic inhibitory control, which involves the inhibition of al re-
sponses whenever a stop signal occurs (e.g., May & Hasher, 1998, Ridderinkof,
Band, & Logan, 1999; Williams, Ponesse, Schachar, L ogan, & Tannock, 1999). In
comparison, selective inhibitory control isamore cognitively demanding process
requiring theinhibition of someresponseswithout theinhibition of others(DeJong,
Coles, & Logan, 1995; Logan, Kantowitz, & Riegler, 1986). For example, partici-
pantsengagedinachoicereactiontimetask could bepresented withastopsignal that
requirestheinhibition of responsesto one stimulusbut not to the other. In everyday
life, selectiveinhibitory control oftenisrequired when driving. For instance, unex-
pected road conditions (e.g., a patch of ice vs. a physical obstruction) require the
driver to quickly decidewhether it isbetter to keep driving or to halt. Such adaptive
acts of control depend on an intricate interplay between activation and inhibitory
control, affording a much more flexible inhibition process than nonselective,
stop-all inhibition. In this study we investigated selective inhibitory control.

Developmental change in the speed of responding is well documented with a
wide variety of reaction time tasks (e.g., Cerella& Hale, 1994; Hale, 1990; Kail,
1993). Generally, response speed increases throughout childhood, reaching a peak
inearly adulthood, and then decreasesgradual ly throughout adulthood (Hal e, 1990;
Williams et a., 1999). Until recently, developmental change in inhibitory control
was unclear. The relatively few studies available yield only limited evidence of
age-related speeding of responseinhibition processesthroughout childhood (Band,
1996; Band & van der Molen, 2000; Jennings, van der Molen, Pelham, Debski, &
Hoza, 1997; Oosterlaan & Sergeant, 1997; Schachar & Logan, 1990) and of age-re-
|ated slowing acrossadulthood (Kramer etal., 1994; May & Hasher, 1998). By con-
trast, arecent study of life-span changesin nonsel ectiveinhibitory control revealed
marked speeding of inhibitory control processes across childhood through adoles-
cencewith only limited evidence of slowingin older adults (Williamset al., 1999).
Consistent with previous research, clear evidence of age-related speeding of re-
sponse execution throughout childhood and adolescence and marked slowing
throughout adulthood was found (Williams et a., 1999). Previous studies with the
stop-signal task provideapossibleexplanation for thisunexpected limited evidence
of slower go-task responding in older adults. Kramer et a. (1994) and May and
Hasher (1998) used more complex response execution (go) tasks and observed a
moremarked slowing of SSRT throughout adulthood compared with the study con-
ducted by Williams and colleagues (1999; by an average of 90 msec vs. 20 msec).
They suggested that an overall increasein cognitive demandscould haveresultedin
greater difficulty controlling the stopping process, particularly in the elderly.

In this study we investigated the impact of increased task complexity on devel-
opmental changesin inhibitory control by using avariant of the stop-signal task to



16: 15 3 Decenber 2009

Downl oaded By: [VUL Vanderbilt University] At:

96 BEDARD ET AL.

measure selective inhibitory control. The response inhibition (stop) task can be
made more complex, much like response execution (go) tasks can be made more
complex. The response inhibition task can be made more complex at the perceptual
end by requiring discrimination between more than one presented stop signal, and it
can be made more complex at the motor end by requiring discrimination among re-
sponses (some of which should beinhibited and others of which should not beinhib-
ited; De Jong et d., 1995). In this study we examined the perceptual aspect of
sdlective inhibitory control by adding a second tone to the basic stop-signal task and
instructing participants to inhibit response execution whenever presented with the
designated or selected stop-signal tone and to continue to respond to trials during
which the nonsel ected stop-signal tone is presented. When we used this procedure,
the response inhibition task became a choice reaction time task, similar to the re-
sponse execution (go) task, which required the discrimination between the letters X
and O. Studies to date on sdlective inhibitory control are limited and have been re-
stricted to adult participants (De Jong et al., 1995; De Jong, Coles, Logan, &
Gratton, 1990; Logan et al., 1986; van der Veen, van der Molen, & Jennings, 2000).
No study to date has examined thisconstruct in children or acrossthe entirelife span.

This study was designed to investigate selective inhibitory control in acommu-
nity sample comparable to that used in a previous developmental study of
nonselectiveinhibitory control in terms of age (6- to 82-year-olds), demographics,
and recruitment source (Ontario Science Centre; Williams et al., 1999). Our goal
was to ensure adequate statistical power to investigate age-related changes in se-
lectiveinhibitory control. We predicted that the observed latencies of response ex-
ecution in the selective stop-signal task and the developmental changes in their
latency would be comparable to those observed in other developmenta studies
that used asimilar forced-choice reaction time response execution task (e.g., Band
& van der Molen, 2000; Ridderinkof et al., 1999; Williams et al., 1999). By con-
trast, we predicted amore marked slowing of SSRT, or responseinhibitory control
across adulthood, by using the selective stop-signal task due to the increased cog-
nitive demands at hand before aresponseisinhibited (i.e., requiring participantsto
discriminate between stop signals and attempting to inhibit to one signal and con-
tinue responding to the other).

METHOD
Participants
Throughout a 2-week testing period in July 1998, 328 visitors to the Ontario Sci-
ence Centre (Toronto, Canada) were recruited for participation. Of these individu-

als, 11 (3%) were excluded from anal yses because of extreme scores (three or more
standard deviations from the mean) on the two primary outcome variables (6 for
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go-signal reaction time [GoRT] and 5 for SSRT), leaving data collected from the
remaining 317 participants for analysis. Volunteers with hearing, vision, or motor
function impairments and those who did not speak at |east some English or French
could not participate because the study design was not adapted for such special
needs. In addition, individual swho were on medication or who had a self-discl osed
psychiatric illness were also excluded.

The participants ranged in age from 6 to 82 years. There were 157 males and
160 female participants. As shown in Table 1, the gender distribution across the
seven age groupswas fairly uniform. As might be expected of visitorsto ascience
center, the majority of participants had a reasonably strong educational back-
ground: Virtually all of the participants under 17 years of age were currently at-
tending school; 23% of the young adults had completed secondary school and 65%
had completed some form of postsecondary education; and most of the adults had
completed some postsecondary education (80% of the middle adult group, 90% of
the older adult group, and 47% of the seniors group). English was the most com-
mon language used by participants, with 83% of participants citing it as their pri-
mary language spoken at home. Other languages used as the main form of
communication at home included French (4%), Chinese (3%), Spanish (2%), Ital-
ian (1%), and German (1%). Accordingly, awide range of ethnic groupswere rep-
resented in the sample.

Apparatus and Stimuli

Five stand-alone, IBM-compatible, desktop computers were used to present the
stimuli. Each of these fivetesting unitswas provided with adjustable padded head-
phonesthrough which two distinct auditory signalscould be presented without hin-
drancefrom potential background noise. In addition, each computer was connected
to a hand-held response box (14 cm x 8.5 cm x 3.5 cm) that contained three sin-
gle-pole double-throw buttons. These buttons were arranged on the top of the box
in alinear formation with the two outermost buttons individually labeled with the
visual stimuli for the go task.

Thevisual stimuli for the go task were the uppercase | etters X and O, presented
in the center of the screen for 1000 msec. Each go-task stimuluswas preceded by a
500-msec fixation point, also presented in the center of the screen. Two 500-msec
auditory tones (1000 Hz, 250 Hz) were generated by the computer, each presented
on approximately 20% of trialsand delivered through headphones at acomfortable
volume for listening. One of these two tones was designated as the selected
stop-signal tone; the nonsel ected stop-signal tone wasto beignored. The stop-sig-
na delay (i.e, the interval between the presentation of the go signal and the se-
lected stop signal) was changed dynamically after each designated stop-signal trial
based on the performance of the participant (Logan et al., 1997). Stop-signal delay
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was initially set at 250 msec and was adjusted in 50-msec steps in the following
manner: The delay increased by 50 msec if the participant inhibited successfully to
the selected stop signal (making it harder to inhibit on the next stop-signal trial)
and decreased by 50 msec if the participant failed to inhibit (making it easier toin-
hibit on the next selected stop-signal trial). This online tracking system of success
in selective inhibitory control was designed to force a “ti€” finish between re-
sponse execution and responseinhibitory control. Thus, the goal of thetracking al-
gorithm was to alow participants to successfully inhibit responding to the
response execution task on approximately 50% of the selected stop-signal trials.
Thiswas necessary for the estimation of SSRT, which is calculated from the mean
stop-signal delay subtracted from the mean GoRT (see appendix of Williamset al.,
1999). Mean response execution speed (i.e., GORT) was calculated based on the
response speeds during those trials in which an auditory tone (both selected and
nonsel ected) was absent, which followed standard practice (e.g., Logan & Burkell,
1986; Logan & Cowan, 1984; Logan et al., 1997; Osman et a., 1990; Schachar,
Mota, Logan, Tannock, & Klim, 2000; Williams et al., 1999).

The experimental task consisted of 192 trials divided into six 32-trial blocks.
An equal number of Xs and Os were presented in each block. The auditory tone
stimuli (1000 Hz, 250 Hz tones) were presented on 12 (i.e., 38%) of the visual
go-signal trias (distributed randomly in each block of 32 trials): 6 (19%) were
1000 Hz and 6 (19%) were 250 Hz tones. Each tone was presented half of thetime
with an X and half of the time with an O. The order in which the trials were pre-
sented was randomized separately for each participant. Once started, the program
ran continuously, presenting onetrial every 3.5 sec.

Two questionnaireswere administered. One consisted of 14 demographicitems
including date of birth, gender, handedness, educational level, languages spoken at
home, computer knowledge, health, accident history, learning difficulties, and
prescribed medication. This questionnaire was used in a previous study on the de-
velopment of nonselective inhibitory control (Williams et al., 1999). The second
guestionnaire consisted of age-appropriate versions of the Nowicki—Strickland In-
ternal—External Locus of Control Inventory. Thiswas used as a measure of gener-
alized expectancies for internal versus external control of reinforcement among
individuals. Data generated from these locus of control scales are not presented in
this article, because there was no evidence of any relation between self-reported
locus of control and any aspect of performance on the selective stop-signal task:
Rather, those data will be the focus of a subsequent article.

Procedure

Located withinthe Laser Lab at the Ontario Science Centre, thetesting areawas se-
cluded and divided into two separate areas: onefor the compl etion of consent forms
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and questionnairesand the other for the compl etion of the selective stop-signal task.
Theinitial portionof theexperiment wasdoneinthefirst areaof thetesting spaceand
consisted of each participant reading and signing aconsent form, aswell ascompl et-
ing the demographic and personality questionnaires (approximately 10 min in
length). An accompanying parent or guardian completed child questionnaires.

An experimenter accompanied each participant to the computer testing areato
complete the selective stop-signal task. Participants were tested individually, and
the experimenter read a uniform set of instructions, operated the computer, and
monitored the participant’ s progress from start to compl etion of the computer task
(approximately 20 min in length). Each participant completed one practice block
before commencing six test blocks. Participants were told that they would see a
fixation point followed by one of two letters (X or O) and that their task wasto re-
spond to the letter (by pressing the appropriate response button) as quickly as pos-
sible without making mistakes. Also, they were told that although they were to
respond to the presented letters as quickly as possible, when the selected stop-sig-
nal tone was presented (either the higher sounding 1000 Hz or the lower sounding
250 Hz of the two auditory tones), they were to attempt to halt responding during
that given trial. They were instructed not to wait for the auditory tones as they oc-
curred randomly. Mean GoRT was displayed at the end of the practice block. The
selection of the designated stop-signal tone was counterbalanced so that approxi-
mately an equal number of participantsin each age group inhibited selectively to
the high tone and to the low tone.

After completion of the practice block, the stop-signal delay was reset to 250
msec before the onset of the first test block. Mean GoRTs were displayed at the
end of each test block to allow the participantsto rest, aswell asto enable the ex-
perimenter to monitor response execution task performance and restate instruc-
tions so that participants maintained relatively consistent GORTSs across the six
experimental blocks.

Statistical Analysis

Due to the number of trials required by the tracking algorithm of the stop-signal
task to adjust the stop-signal delay to the point wherethe participant issuccessfully
inhibiting on 50% of stop trials, performance on the first block of the selective
stop-signal task was excluded from analyses, leaving five test blocksfor analysis.
In addition, the total number of trialsthat contained an early anticipatory (invalid)
response (i.e., aresponse within 200 msec of the onset of each response trial) was
computed, and then these responses were excluded from further analyses. These
anticipatory responses could occur on either response execution or responseinhibi-
tory control trials. We examined the stability of performancein SSRT and GoRT
acrossthefive experimental blocksasareliability check of the dataobtained by the
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selective stop-signal task. We then divided participants into seven different age
groupsbased ontheir stageinthelifecycleto allow for comparisonswith datafrom
previous studies (e.g., Kramer et al., 1994; Schachar & Logan, 1990; Williams et
al., 1999). Response execution task accuracy was examined to check thevalidity of
response execution performance, and accuracy of selectiveinhibitory control (as-
sessed by the percentage inhibitory control given the nonselected stop-signal) was
inspected across the different age groups by using an analysis of variance
(ANOVA) approach. The effect of time on task performance was examined by
comparing mean values of the outcome measures on thefirst two blocks of thetask
versus those of the last two blocks. ANOV Aswere used to determine how age af-
fected the execution and selective inhibition of prepotent responses (the dependent
variables being GoRT and SSRT). We conducted subsequent trend analysesto in-
vestigate the hypothesis that SSRT and GoRT would have curvilinear (quadratic)
relations with age. Planned comparisons of mean GoRTs and SSRTSs for young
adults (18-29 years) versus seniors (60-82 years) were performed to investigate
whether the developmental trends in adulthood for selective inhibitory control
would differ from those previously observed in nonselective inhibitory control
(Williams et al., 1999). We used a hierarchical regression analysisto examine the
curvilinear relations observed between age and the two criterion variables (SSRT
and GoRT) and to compare developmental trends. Last, we used one-way
ANOV Asto conduct secondary analyses on the effects of age on additional aspects
of selective stop-signal task performance, including response variability, ability to
inhibit, performance accuracy, and proportion of early (invalid) responses.

RESULTS
Reliability Check

Reliability coefficients were computed for the main dependent variables (SRRT
and GoRT) across the five experimental blocks used in the analyses for both the
entire data set and for each age group. Overall, « = 0.93 for SSRT and « = 0.97
for GORT. The coefficients across al of the age groups were also consistently
positive and high.

The data in Table 1 show that participants of all ages performed with profi-
ciency inregard to correctly responding to the go signals(i.e., theletters X and O):
The mean accuracy of responding was 96.2% (SD = 5%). In addition, the mean
percentage inhibition given the selected stop-signal was 49.1% (SD = 6.6%), indi-
cating that the tracking method was robust across the life span (i.e., inhibition on
~50% of selected stop-signal trials). The mean percentage inhibition given the
nonselected stop signal was 4.1% (SD = 8.2%), indicating that participants were
able to discriminate between the selected and nonsel ected stop signals.
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%EARLY SSRT? GoRT?2 SDGoRT P/ P(1/N) %CGR

Age Description n % Female M D) M D) M D) M D) M D) M D) M D)
6-8 Early childhood 40 55 074 137 45 230 645 239 201 75 490 106 66 134 921 6.0
9-12 Middle childhood 62 40 0.68 150 336 159 462 122 125 42 480 6.4 30 54 938 6.2
13-17  Adolescence 54 65 037 123 261 111 390 91 100 34 484 42 22 42 959 48
18-29  Young adulthood 48 52 026 049 248 132 378 69 97 43 482 51 28 54 980 26
3044  Middle adulthood 65 51 011 041 230 120 433 95 108 37 50.0 41 51 9.7 981 31
45-59  Older adulthood 23 39 075 229 232 122 494 146 128 38 47.8 97 6.2 82 981 42
60-82  Seniors 25 44 023 054 329 133 634 18 173 94 543 57 50 90 985 16
6-82 Tota 317 50 042 120 295 164 470 163 127 61 491 66 4.1 82 962 50

Note. %EARLY = percentage of early (invalid) responses (cal culated out of the total 192 trials); SSRT = stop-signal reaction time (milliseconds); GoRT =

go-signal reaction time (milliseconds); SDGoRT = standard deviation of go-signal reaction time (milliseconds); P(I/S) = percentage of inhibitory control given
the selected stop signal; P(I/N) = percentage of inhibitory control given the nonselected stop signal; %CGR = accuracy of go-task responding as percentage of
correct go-signal responses.

aMean stop-signal delay may be calculated from data presented; because SSRT = GoRT — Delay, it follows that Delay = GoRT — SSRT.
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We conducted repeated measures ANOV As comparing mean performance on
thefirst (Blocks2 and 3) and second (Blocks5 and 6) hal vesof theexperimental task
acrosstheseven agegroupsto examinetheeffectsof timeontask aswell aspotential
time by age interactions. These analyses confirmed that time did not influence
SSRT, F(1) = .639, p = .43; GoRT, F(1) = 1.67, p = .20; or inhibition to the
nonsel ected stop signal, F(1) =.001, p=.98. Mean go-task accuracy, however, was
found to decreasewithtime, F(1) =5.54, p=.019. Thefailureto detect aslowing of
GoRT and an overall change in mean SSRT over the duration of the experimental
task indicated that participantsdid not adopt adeliberate strategy of waiting for the
occurrence of a stop signal, which would have threatened the assumptions of the
horse-race model underlying the stop-signal task (Logan & Cowan, 1984).

Developmental Change

Mean scores and standard deviations for performance variables overall, aswell as
within each of the seven age groups, are presented in Table 1. Factorial ANOVAS
with age and gender as between-participant variables revea ed no significant gen-
der differences for SSRT or GoRT. Accordingly, only the age variable was in-
cluded in subsequent analyses of SSRT and GoRT data.

Response Inhibition (Stopping)

One-way ANOV Asrevealed asignificant overall ageeffectsfor SSRT, F(6, 310)
=13.007, p<.001 (seeFigure 1). Significant quadratic (p < .001) and linear (p <
.001) trendsfor therelationship between SSRT and age group were demonstrated
(Table 2).

As evident from the data shown in Table 1, young children (6-8 years) and
young adults (18-29 years) were about 80 msec faster than the oldest group of
adults (60-82 years). As expected, the planned contrast between young adult
(1829 years) and seniors (60-82 years) was significant, t(71) = 2.49, p < .05
(two-tailed), d = .61, as was the planned contrast between young children (6-8
years) and older children (9-12 years), t(100) = 2.87, p <.001 (two-tailed), d = .61.

Response Execution (Going)

The one-way ANOVA revealed a significant mean effect for age on GoRT, F(6,
310) = 25.16, p < .001 (see Figure 1). Subsequent trend analyses revealed a sig-
nificant quadratic relation (p < .001) between GoRT and age group (Table 2).
Planned comparisons revealed significant differences in GoRT between the
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FIGURE 1 Group means (inner symbol) and standard error of the mean (outer bars) for
stop-signal reactiontime (SSRT) and go-signal reactiontime (GoRT) for the seven agegroups.

TABLE 2
Trend Analyses of the Relations Between Age and the Primary Dependent Variables

Trend
Variable Linear F Quadratic F Cubic F
Stop-signal reaction time 20.49* 43.15% 0.02
Go-signd reaction time 0.37 141.07* 2.59

Note. df= 1, 310.
*p < .001.

young adult and older adult groups, t(71) = 8.45, p < .001 (two-tailed), d = 1.83.
Specifically, the young adults (18-29 years) were about 250 msec faster than the
seniors (60-82 years). These findings indicate that the speed of response execu-
tion becomes faster throughout childhood but then slows significantly across the
adult years (see Table 1).
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Regression Analyses

The results of the regression analyses are summarized in Table 3. Hierarchical
multiple regression analysis was used for several reasons. First, two analyses
were undertaken to confirm the developmental trends found in SSRT and
GORT (see Table 3, Analyses A and B). The statistical significance of the beta
weights (standardized regression coefficients) was interpreted in this respect.
For both analyses, age was entered as the first predictor, and on the subsequent
step, the quadratic function of age was entered as the second predictor. As ex-
pected, the quadratic function of age was a significant predictor of SSRT, § =
1.31, t(314) = 6.61, p < .001; and GoRT, 3 = 1.80, t(314) = 9.62, p < .001 (see
Figure 2).

We further analyzed the data to determine whether the age-related change in
SSRT was distinct from the age-related change in GoRT or whether SSRT
changed with age in the same manner as GoRT (Table 3, Analysis C). Accord-
ingly, variableswere entered into aregression equation in ahierarchical procedure
with SSRT as the dependent variable. GORT was entered first (to first remove the
effect attributableto the speed of responding), followed by age; the quadratic func-
tion of age was entered asthe last step. This hierarchical approach permitted usto
examine the significance of the unique variance added to the equation by the qua-
dratic function of age, over and above that which could be accounted for by GoRT
and age (i.e., thesignificance of the changein explained variance onthefinal step).
After the variance associated with the GoRT and age had been accounted for, the
quadratic function of age added a significant amount of unique variance, RPA =
11, FA (1, 313) = 39.21, p < .001.

TABLE 3
Hierarchical Regression Analyses Predicting Stop-Signal Reaction Time and Go-Signal
Reaction Time

Analysis and Steps Cumulative R FforR RA FA p tfor g
Stop-signal reaction time
Age 18 10.86** .03  10.86** —1.44  —7.30%**
Age? .39 28.02*** A1 43.71xx* 1.31 6.61***
Go-signal reaction time
Age 14 5.99% .02 5.99% -1.60 -8.55***
Age? 49 50.11*** 22 92.49*** 1.80 9.62***
Stop-signal reaction time
Go-signd reaction time .10 2.85 .01 2.85 -0.06 -095
Age .22 7.90%** .04 12.84*** 156 —6.99%**
Age? .39 18.97*** A1 39.21%** 141 6.26***

*p<.05.**p < 0L ***p < .00L.
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FIGURE 2  Scatter graph of stop-signal reaction time (RT) and go-signal RT asafunction of
age.

Additional Measures of Performance

One-way ANOV As among the seven age groups on other outcome measures
of the selective stop-signal task also were conducted. The proportion of early
(invalid) responses was found to significantly differ among the age groups,
F(6, 310) = 2.28, p=.036. Also, significant differences among the age groups
were found in variability of response execution speed, F(6, 310) =24.02,p =
.002; percentage inhibitory control given the nonselected stop signal, F(6,
310) =3.11, p=.006; and overall accuracy of response execution, F(6, 310) =
13.42, p < .001. Subsequent post hoc analyses reveal ed that the older adults
(>60 years) had a higher overall mean percentage inhibition to the selected
tone than all of the other age groups, and that both the youngest (6-8 years)
and the oldest (>60 years) age groups had significantly greater variability in
GoRT than all of the other age groups. In addition, response execution accu-
racy increased throughout thelife span, with post hoc analysesidentifying the
children 6to 12 years old as being significantly less accurate than the adoles-
cents and adults.
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DISCUSSION

Thisstudy was designed to characterize developmental changesin the ability to se-
lectively inhibit a prepotent course of action. Accordingly, we used amodification
of thewell-established stop-signal task to measure thistype of inhibitory control in
alargecommunity sampleof individualsranginginagefrom6to 82 years. Thetask
used in this study was unique from previous versions of the stop-signal task (e.g.,
Kramer et a., 1994; May & Hasher, 1998; Ridderinkof et al., 1999; Williamset al.,
1999) inthat we used achoi ce response execution reaction timetask but altered the
response inhibition task so that both response execution and response inhibition
comprised a fixed choice reaction time task. The central findings are threefold.
First, developmental differences in the ability to selectively inhibit prepotent re-
sponseswere evidenced acrossthelife span. Second, the abilitiesto selectively in-
hibit and execute prepotent response followed differential developmental trends.
Third, the developmental trends found in selective inhibitory control are unique
from those found by othersin the inhibition literature.

Results generated from this study indicated that response execution and selec-
tive response inhibition follow different developmental trends. Although both
SSRT (our primary measure of selective inhibitory control) and GoRT (our pri-
mary measure of response execution) improved throughout childhood and dimin-
ished throughout adulthood, the developmental trends were less pronounced for
the selective inhibition of prepotent responses than for their execution (Figures 1
and 2). We observed amarked difference in the effect size for the relationship be-
tween age and response execution (the R2A indicated that 22% of the variability in
GoRT was explained by age) relative to that between age and SSRT (only 11%
was explained be age). The contrast observed in the strength of the age effect be-
tween response execution and selective response inhibition suggests that the de-
velopmental trends may differ.

In addition, the notion of different developmental trends for the two processes
is supported by the results of the hierarchical multiple regression analyses, which
indicated that the significant age-related change in sel ective inhibitory control was
distinct from the age-related change found in response execution. Specificaly, we
found that the quadratic function of age was asignificant predictor of selectivein-
hibitory control after we accounted for the variance attributabl e to response execu-
tion. That is, after we partialled out any relation between selective inhibitory
control and response execution, the pattern of change in selective inhibitory con-
trol over the life span still was characterized by a quadratic function (R2A = .11).

The uniquenessin developmental trendsfor the selective inhibition versus exe-
cution of prepotent responses (for both adults and children) supports the underly-
ing theory of the stop-signal task, which posits that the processes governing the
inhibition of a speeded response are independent from those governing its execu-
tion (Logan, 1994). Evidence of very strong age-rel ated trendsfor response execu-



16: 15 3 Decenber 2009

Downl oaded By: [VUL Vanderbilt University] At:

SELECTIVE INHIBITORY CONTROL 107

tion and less pronounced trends for inhibition of the ongoing action provided by
this study and previous research (e.g., Band, 1996; Band & van der Molen, 2000;
Jenningset al., 1997; Ridderinkof et al., 1999; Schachar & Logan, 1990; Williams
et a., 1999) isinconsistent with the hypothesis that speeded information process-
ing is mediated by a single global mechanism (e.g., Cerella & Hale, 1994; Kail,
1993). A number of alternative explanations are possible. First, it is possible that
the ability to withhold aplanned action is one of the earliest emerging control pro-
cesses (executive functions) and is also preserved the longest (Barkley, 1997,
Welsh & Pennington, 1988). This developmental pattern would make sense from
an evolutionary perspective, given the significance of the ability to inhibit for sur-
vival. Further investigation of selectiveinhibitory control and execution of prepo-
tent responsesis clearly warranted; such an investigation should extend the study
of developmental change into the preschool years and use a longitudinal rather
than a cross-sectional design.

A second, perhaps related, explanation for the unique observed developmental
trends in selective response inhibition and execution is that the balance between
individual differences and developmental differences may vary across cognitive
measures. For example, given that the reliabilities of the measures of selectivein-
hibition and response execution were comparabl e, the differencein strength of the
age-related effects suggests that factors other than age are more strongly related to
the variance observed in the primary measure of selective inhibition (i.e., SSRT).
Perhaps individual differences in selective inhibitory control remain fairly stable
across age, whereas individual differences in response execution chance across
age. This could not be directly tested in this study but indicates an avenue for fur-
ther investigation.

Furthermore, due to the nature of the selective stop-signal task, constant cogni-
tive demands on working memory (i.e., having to remember which tone goeswith
which response) and on set-shifting modalities of differential responsesare placed
on the participant. Because these cognitive demands have been shown to develop
throughout childhood and deteriorate throughout adulthood (e.g., Anderson,
Craik, & Naveh-Benjamin, 1998; Chiappe, Hasher, & Siegel, 2000; Kane, Hasher,
Stoltzfus, Zachs, & Connelly, 1994) and because they impact more on the inhibi-
tory control process (i.e., having to detect the presence of an auditory tone, dis-
criminating between the pitch of the tones, and finally matching the tone heard to
the appropriate response) versusthe execution process (i.e., ssimply matching visu-
aly presented stimuli to the appropriate response execution), it is possible that the
high impact of the cognitive processesinvolved in selectively inhibiting responses
drives the age-related effects observed.

Although differences in participants prevents us from directly comparing our
resultswith those of other developmental studiesthat used similar inhibitory tasks,
some similarities and differences can be inferred and provide context to this
study’ s findings. Specifically, Kramer et al (1994), May and Hasher (1998), and
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this study demonstrated a more marked slowing of SSRT in later adulthood than
shown by Williamset al. (1999). We should note that the response execution tasks
used by Kramer et a. and May and Hasher were more complicated than that used
by Williams et al. That is, Kramer et al.’s response execution task included a re-
sponse compatibility component, and May and Hasher required the participant to
judgewhether anitem (e.g., chair) wasamember of aparticular category (e.g., fur-
niture). In comparison, the response execution task used by Williamset al. only re-
quired that the participant respond to the letters X and O and attempt to inhibit
responding whenever an auditory stop-signal was presented. Our study was unique
in design from all three of these studiesin that we used a different responseinhibi-
tion (i.e., stop) task. That is, we required participants to discriminate between the
selected stop-signal tone and another similar auditory stop-signal tone while exe-
cuting aresponse. Thiswas more complicated than the Williamset al. responsein-
hibition task that presented only one possible auditory stop-signal tone and
required the cessation of response execution whenever a stop-signal tone was pre-
sented. The overall increase in cognitive demands in this study and in those by
Kramer et a. and May and Hasher may have caused greater difficulty in control-
ling the inhibition process, particularly in the elderly.

We found evidence of strong developmental trends throughout the life span for
the execution of prepotent responses. That is, response execution speed (GoRT)
increased throughout childhood and then gradually decreased (slowed) throughout
adulthood, resulting in amarked U-shaped function (Figure 1). These findings are
consistent not only with previous studies that used the stop-signal task (Band &
van der Molen, 2000; Ridderinkof et al., 1999; Williams et a., 1999) but with a
substantial body of literature demonstrating developmental improvement in re-
sponse speed in childhood and progressive slowing through adulthood on awide
variety of speeded response tasks (Cerella, 1990; Kail, 1991, 1993).

Future studies on the development of selective inhibitory control compared
with other types of inhibitory control are clearly warranted. For instance, adirect
comparison of selectiveinhibitory control asmeasured by the selective stop-signal
task versus nonsel ective (stop-all) inhibitory control, or acomparison of selective
inhibitory control asdefined perceptualy inthisstudy (i.e., requiring the discrimi-
nation between auditory tones) versus motor-based selective inhibitory control
(i.e., requiring the selection of the appropriate motoric response), would enhance
our understanding of this complex cognitive process.

ACKNOWLEDGMENTS

Thisresearch wassupported by Grant ROIHD31714 from the National I nstitutes of
Health, by the Samuel Lunenfeld Summer Studentship Program at the Research In-
stitute, The Hospital for Sick Children, and by the Institute of Medical Science at
the University of Toronto.



16: 15 3 Decenber 2009

[VUL Vanderbilt University] At:

Downl oaded By:

SELECTIVE INHIBITORY CONTROL 109

We thank Drew Dane, Shonna Francis, Min-Na Hockenberry, Shameela
Hoosen-Shakeel, Mary Masellis, Victor Mota, Jo-Ann Stewart, and student volun-
teersfor assisting in the collection of data. We also thank George Whiting from the
Clarke Institute of Psychiatry for his contribution in regard to computer program-
ming. Finally, we thank the staff of the Ontario Science Centre, especially Ché
Marville, for facilitating the collection of data.

REFERENCES

Anderson, N. D., Craik, F. |. M., & Naveh-Benjamin, M. (1998). The attentional demands of encoding
and retrieval in younger and older adults: |. Evidence from divided attention costs. Psychology and
Aging, 13, 405-423.

Band, G. H. (1996). Preparation, adjustment, and inhibitory control of responses. Unpublished doctoral
dissertation, University of Amsterdam, Faculty of Psychology.

Band, G. P. H., & van der Molen, M. N. (2000). The ability to activate and inhibit speeded re-
sponses. Separate developmental trends. Journal of Experimental Child Psychology, 75,
263-290.

Barkley, R. A. (1997). Behavioral inhibitory control, sustained attention, and executive functions: Con-
structing a unifying theory of ADHD. Psychological Bulletin, 121, 65-94.

Bjorklund, D. F., & Harnishfeger, K. K. (1990). The resources construct in cognitive development: Diverse
sources of evidence and atheory of efficient inhibitory control. Developmental Review, 10, 48-71.
Cerella, J. (1990). Aging and information processing rate. In J. Birren & K. W. Schaie (Eds.), Handbook

of psychology of aging (3rd ed., pp. 201-221). New Y ork: Academic.

Cerella, J., & Hale, S. (1994). Theriseand fall in information processing rates over the life-span. Acta
Psychologica, 86, 109-197.

Chiappe, P., Hasher, L., & Siegel, L. S. (2000). Working memory, inhibitory control, and reading dis-
ability. Memory and Cognition, 28, 8-17.

Dagenbach, D., & Carr, T. H. (1994). Inhibitory processes in attention, memory and learning. San
Diego: Academic.

DeJong, R., Coles,M.G. H., & Logan, G. D. (1995). Strategies and mechanismsin nonsel ective and se-
lectiveinhibitory motor control. Journal of Experimental Psychology: Human Perception and Per-
formance, 21, 498-511.

DeJong, R., Coles, M. G., Logan, G. D., & Gratton, G. (1990). In search of the point of no return: The
control of response processes. Jour nal of Experimental Psychology: Human Per ception and Perfor -
mance, 16, 164-182.

Goldman-Rakic, P. S. (1987). Development of cortical circuitry and cognitive function. Child Devel op-
ment, 58, 601-622.

Gray, J. A. (1987). The psychology of fear and stress (2nd ed.). Cambridge, England: Cambridge Uni-
versity Press.

Hale, S. (1990). A globa developmental trend in cognitive processing speed. Child Devel opment, 61, 653-663.

Hasher, L. T., & Zacks, R. T. (1988). Working memory, comprehension, and aging: A review and anew
view. InG. H. Bower (Ed.), The psychology of learning and motivation (Vol. 22, pp. 193-225). San
Diego, CA: Academic.

Jennings, J. T., vander Molen, M. W., Pelham, W., Debski, K. B., & Hoza, B. (1997). Inhibitory control
inboyswith attention deficit hyperactivity disorder asindexed by heart rate change. Devel opmental
Psychology, 33, 308-318.

Kail, R. (1991). Developmental changein speed of processing during childhood and adolescence. Psy-
chological Bulletin, 109, 490-501.



16: 15 3 Decenber 2009

[VUL Vanderbilt University] At:

Downl oaded By:

110 BEDARD ET AL.

Kail, R. (1993). Therole of aglobal mechanism in developmental changein speed of processing. InM.
L. Howe & R. Pasnak (Eds.), Emerging themesin cognitive development: Vol. 1. Foundations (pp.
97-119). New Y ork: Springer-Verlag.

Kane, M. J,, Hasher, L., Stoltzfus, E. R., Zacks, R. T., & Connelly, S. L. (1994). Inhibitory attentional
mechanisms and aging. Psychiatry and Aging, 9, 103-112.

Kramer, A. F., Humphrey, D. G., Larish, J. F., & Logan, G. D. (1994). Aging and inhibitory control: Be-
yond aunitary view of inhibitory processing in attention. Psychology and Aging, 9, 491-512.
Lappin, J. S., & Eriksen, C. W. (1996). Use of adelayed signal to stop avisual reaction time response.

Journal of Experimental Psychology, 72, 805-811.

Logan, G. D. (1994). On the ability to inhibit thought and action: A users’ guideto the stop-signal para-
digm. InD. D. Carr & T. H. Carr (Eds.), Inhibitory processes in attention, memory, and language
(pp. 189-239). San Diego: Academic.

Logan, G. D. (1985). On the ability to inhibit simple thoughts and actions: 2. Stop-signal studies of
repetition priming. Journal of Experimental Psychology: Learning, Memory and Cognition, 11,
675-691.

Logan, G.D., & Burkell, J. (1986). Dependence and independence of responding to double stimul ation:
A comparison of stop, change, and dual-task paradigms. Journal of Experimental Psychology: Hu-
man Perception and Performance, 12, 549-563.

Logan, G.D., & Cowan, W. B. (1984). On the ability to inhibit thought and action: A theory of an act of
control. Psychological Review, 91, 295-327.

Logan, G. D., Cowan, W. B., & Davis, K. A (1984). Onthe ability toinhibit responsesin simple choice
reaction time tasks: A model and amethod. Journal of Experimental Psychology: Human Percep-
tion and Performance, 10, 276-291.

Logan, G. D., Kantowitz, B. H., & Riegler, G. L. (1986). On the ability to stop selectively: Mechanisms
of response interdiction in choice reaction time. Unpublished manuscript, Purdue University.
Logan, G. D., Schachar, R. J., & Tannock, R. (1997). Impulsivity and inhibitory control. Psychological

Science, 8, 60-64.

May, C. P., & Hasher, L. (1998). Synchrony effectsininhibitory control over thought and action. Jour-
nal of Experimental Psychology, 24, 363-379.

Ollman, R. T. (1973). Simpl ereactionswith random countermanding of the“go” signal. In S. Kornblum
(Ed.), Attention and performance IV (pp. 571-581). New Y ork: Academic.

Oosterlaan, J., & Sergeant, J. A. (1997). Responseinhibitory control and responsere-engagement: Ade-
velopmental investigation in children 8-12 years old. Manuscript submitted for publication.

Osman, A., Kornblum, S., & Meyer, D. E. (1990). Doesresponse programming necessitate response ex-
ecution?Journal of Experimental Psychology: Human Perception and Performance, 16, 183-198.

Patterson, C. M., & Newman, J. P. (1993). Reflectivity and learning from aversive events: Toward apsy-
chological mechanism for the syndromes of disinhibitory control. Psychological Review, 100,
716-736.

Quay, H. C. (1997). Inhibitory control and attention-deficit/hyperactivity disorder. Journal of Abnormal
Child Psychology, 25, 7-13.

Ridderinkof, K. R., Band, G. P. H., & Logan, G. D. (1999). A study of adaptive behaviour: Effects of
age and irrelevant information on the ability to inhibit one's actions. Acta Psychologica, 101,
315-337.

Schachar, R., & Logan, G. D. (1990). Impulsivity and inhibitory control in normal development and
childhood psychopathology. Developmental Psychology, 26, 710-720.

Schachar, R., Mota, V. L., Logan, G. D., Tannock, R., & Klim, P. (2000). Confirmation of an inhibition
deficit in attention-deficit/hyperactivity disorder. Journal of Abnormal Child Psychology, 28,
227-235.

Shallice, T. (1982). Specificimpairmentsin planning. In D. E. Broadbent & L. Weiskrantz (Eds.), The
neuropsychology of cognitive function (pp. 109-209). London: The Royal Society.



16: 15 3 Decenber 2009

[VUL Vanderbilt University] At:

Downl oaded By:

SELECTIVE INHIBITORY CONTROL 111

Tannock, R., Schachar, R. J, Car, R. P., Chgczyk, D., & Logan, G. D. (1989). Effects of
methylphenidate on inhibitory control in hyperactive children. Journal of Abnormal Child Psychol-
ogy, 17, 473-491.

Tannock, R., Schachar, R., & Logan, G. D. (1995). Methylphenidate and cognitiveflexibility: Dissoci-
ated dose effects on behaviour and cognition in hyperactive children. Journal of Abnormal Child
Psychology, 23, 235-266.

vander Veen, F. M., vander Molen, M. W., & Jennings, J. R. (2000). Selectiveinhibition isindexed by
heart rate slowing. Psychophysiology, 37, 607-613.

Vince, M. A. (1948). Theintermittency of control movements and the psychological refractory period.
British Journal of Psychology, 38, 149-157.

Williams, B. R., Ponesse, J. S., Schachar, R. J., Logan, G. D., & Tannock, R. (1999). Development of in-
hibitory control across the life-span. Developmental Psychology, 35, 205-213.

Welsh, M. C., & Pennington, B. F. (1988). Assessing frontal lobe functioning in children: Viewsfrom
developmental psychology. Developmental Neuropsychology, 4, 199-230.



