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We studied error monitoring in ADHD and control children in a task requiring inhibition of a motor
response. The extent of slowing following successful (stopped) and failed (nonstopped) inhibition
was compared across groups. We also measured the time required to inhibit a response (stop signal
reaction time, SSRT). Compared to controls, ADHD participants slowed less following nonstopped
responses. Slowing did not vary with comorbid reading, oppositional, conduct or anxiety disorder,
sex or ADHD subtype. Slowing after nonstopped responses was marginally, although significantly
correlated with total ADHD symptoms and with age. ADHD participants had significantly longer
SSRT than controls, but SSRT was not significantly correlated with slowing. The apparent deficit
in error monitoring in ADHD and its independence from the inhibition deficit observed in ADHD
has implications for executive control models of ADHD, performance problems associated with the

disorder and for component theories of executive control.
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INTRODUCTION

Error monitoring refers to online detection of errors
and subsequent adjustment of performance. It is one of
the executive control processes that provide top—down ad-
justment of elementary mental operations (Logan, 1985;
Norman & Shallice, 1986). Error monitoring is evident
in slowing of responses following errors of the type typ-
ical of speeded reaction time tasks, reasoning tasks, ver-
bal analogies, and memory search tasks (Rabbitt, 1966a,
1966b, 1968). As well, slowing occurs after failed at-
tempts to inhibit a response (Reiger & Gauggel,
1999b).

Error monitoring has been studied far less in children
than in adults. Normal children slow following errors in
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speeded choice reaction time tasks (Krusch et al., 1996;
Sergeant & van der Meere, 1988; Shallice et al., 2002),
but it is not known whether they slow following failed at-
tempts to inhibit a response. Therefore, the first aim of this
study was to determine whether children slow following
inhibition errors.

The second aim of the study was to determine whether
children with a diagnosis of attention deficit hyperactivity
disorder (ADHD) have a deficit in error monitoring. Given
that ADHD children display poorly regulated behavior,
inaccurate and variable task performance (Leth-Steensen,
Elbaz, & Douglas, 2000), and are thought to have a gen-
eralized executive control deficit (Pennington & Ozonoff,
1996; Sergeant, 2000), we predicted that they would ex-
hibit deficient error monitoring compared with normally
developing children. We examined the correlation of error
monitoring and common ADHD comorbidities (reading
disability, oppositional, conduct and anxiety disorders) to
assess the specificity of the relationship between ADHD
and error monitoring.

The third aim of the study was to determine the re-
lationship between response inhibition and error mon-
itoring. Response inhibition is a key executive control
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process that comes into play when intended responses are
delayed or already initiated responses are stopped. Inhi-
bition processes are triggered by changing intentions or
an external signal to stop what one is doing. Once initi-
ated, the inhibition process races with the response ex-
ecution process. Whichever process finishes first deter-
mines whether a response will be executed or not (Logan,
1994).

Some theories posit that executive control consists of
anumber of distinct but interacting components such as in-
hibition and error monitoring. These component theories
are supported by the weak correlation in performance that
is observed on various executive control tasks (Goldman-
Rakic, 1995; Miyake et al., 2000; Shallice & Burgess,
1996; van der Molen, 2000). Component theories are also
supported by the dissociation of the neural systems in-
volved in inhibition and error monitoring (Garavan, Ross,
Murphy, Rochi, & Stein, 2002). Component theories pre-
dict weak correlation between inhibition and error moni-
toring. By contrast, unitary theories of executive control
posit a unified mechanism or a common resource underly-
ing various aspects of executive control (Duncan, 1995).
Unitary theories predict a substantial correlation between
error monitoring and inhibition.

Similarly, there are unitary and component views of
the executive control deficit in ADHD. According to uni-
tary theories, a generalized cognitive-energetic deficit will
affect a range of executive control processes in ADHD
(Sergeant, 2000). Variations of the unitary theory identify
deficient inhibition as the “up stream™ cognitive deficit
in ADHD from which other executive control deficits
arise (Barkley, 1997). Unitary theories predict a strong
association in ADHD between error monitoring and in-
hibitory control. By contrast, component models of the
deficit in ADHD hold that there are multiple pathways
to ADHD, each associated with distinct cognitive deficits
(Sonuga-Barke, 2002). These theories do not predict a
strong correlation among executive  processing
deficits.

We studied error monitoring and response inhibition
using the stop signal paradigm. The stop signal paradigm
consists of two concurrent tasks: a go task and a stop
task (Logan, Schachar, & Tannock, 1997). The go task is
a speeded choice reaction time task. The stop task in-
volves the random presentation on 25% of trials of a
signal following the go signal, which instructs the par-
ticipant to stop their ongoing response. The stop signal
paradigm affords an opportunity to assess slowing fol-
lowing nonstopped responses (inhibition errors). The stop
signal paradigm also permits estimation of the latency of
the inhibition process (Logan, 1994; Logan & Cowan,
1984).

METHODS
Participants

One hundred and fifty-one ADHD participants were
drawn from referrals to a clinic specializing in children
with attention, learning, and behaviour problems in a large
urban pediatric hospital. Participants were 7-16 years of
age, and attending a primary or high school ensuring that
a teacher could serve as informant in addition to a parent.
The sample was similar in socioeconomic status and eth-
nicity to that of the community from which it was drawn.
Forty-one normal controls were recruited through adver-
tisement in the newspaper. They were assessed in the same
way as the ADHD cases. We used the Parent Interview for
Child Symptoms (PICS-IV; Ickowicz et al., submitted) for
our parent interview. The PICS-IV covers DSM-1V criteria
for ADHD, oppositional defiant disorder (ODD), conduct
disorder (CD), and all the other axis I diagnoses that were
necessary to establish inclusion and exclusion criteria for
ADHD, as well as covering developmental, medical, and
social history. The reliability of this interview is high (e.g.,
« = 80% for ADHD; intraclass correlation y > .90). The
Teacher Telephone Interview (TTI-IV; Tannock, Hum,
Masellis, Humphries, & Schachar, 2002) is a 30 min in-
terview administered to teachers over the telephone by a
trained interviewer. The TTI-IV covers ADHD, ODD, CD,
and screens for other disorders. For both of these instru-
ments, symptom presence was rated using specific criteria
in an extensive manual. All interviewers were trained to
a criterion of 90% symptom agreement before the study
began and all interviews were recorded so that we could
maintain surveillance, assess reliability, and prevent cri-
terion shift. One of four social workers with extensive ex-
perience in the clinic conducted the parent interview and
a research technologist with a Master’s degree in clinical
psychology conducted the teacher interview.

A psychological assistant, supervised by a registered
clinical psychologist, assessed intellectual ability
(Wechsler Intelligence Scale for Children 3rd ed., WISC-
IIT; Wechsler, 1991b), reading (Woodcock Reading Mas-
tery Test-R Word Identification and Word Attack subtests;
Woodcock, 1987), and achievement in reading and mathe-
matics (Wide Range Achievement Test 3rd ed., WRAT-III,
Wilkinson, 1993; Wechsler Individual Achievement Test,
WIAT; Wechsler, 1991a). A registered speech patholo-
gist conducted language (Clinical Evaluation of Language
Fundamentals 3rd; ed., CELF-IIT; Semel, Wiig, & Secord,
1995), hearing (pure tone audiometric screening) and vi-
sion (screening of visual acuity) assessments. Children
completed the Multidimensional Anxiety Scale for Chil-
dren (MASC; March, Parker, Sullivan, Stallings, &
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Connors, 1997) as a self-report measure of comorbid anx-
iety symptoms.

A global measure of impairment was obtained by
having parents and teachers rate each participant on the
Ontario Child Health Survey Scales (OCHS; Boyle ¢t al.,
1993). Impairment scores were standardized by age and
gender using general population norms.

To be classified as ADHD for research purposes, chil-
dren had to meet DSM-IV criteria for ADHD (American
Psychiatric Association, 1994) defined as at least 6 of 9
inattentive, 6 of 9 hyperactive—impulsive symptoms, or
both. To ensure that children were at least moderately im-
paired in two settings as per DSM-IV, we required that
they met criteria for ADHD in the parent or the teacher
interview, exhibited a minimum of 4 ADHD symptoms
according to the second informant and had at least a “mod-
erately impaired” rating on the parent and teacher impair-
ment scale. Participants were categorized into ADHD sub-
types (inattentive, hyperactive—impulsive, or combined)
based on all information using DSM-IV criteria. Partici-
pants were excluded if they fulfilled any of the following
criteria: (a) IQ below 80 on both verbal and performance
scales of the WISC-II1, (b) presence of pervasive develop-
mental disorder, psychosis, obsessive compulsive disorder
(OCD), Tourette syndrome, serious medical problem, sub-
stance abuse, or history of traumatic brain injury, (¢) con-
current treatment with medication other than a stimulant,
(d) specific language impairment (CELF total language
score <85) as it may interfere with assessment and cog-
nitive testing, or (e) hearing or visual impairment. About
10% of cases had one of these exclusions.

Children were categorized into those with and with-
out reading disorder (RD). We used an IQ-nondiscrepant
definition of decoding problems, because extensive
research has shown that both IQ-discrepant and IQ-
nondiscrepant definitions validly identify children as read-
ing disabled, with little evidence that these definitions dif-
fer in chronicity of problems (Fletcher, Francis, Shaywitz,
& Lyon, 1998, Shaywitz, Fletcher, Holahan, & Shaywitz,
1992). RD was assessed using a definition of low achieve-
ment in standardized tests of single word and nonword
reading (WRMT-R Word Attack, Word Identification,
WRAT-3 Reading; Fletcher et al., 1998). RD was defined
by scores of at least 1.5 (SD) below the mean for age on
at least one of the three tests or by scores that were at
least 1.0 (SD) below the mean for age on at least two of
the three tests. Oppositional defiant disorder (ODD) was
diagnosed if there were four or more DSM-IV symptoms.
Conduct disorder (CD) was diagnosed if the number of
DSM-1V CD symptoms in the parent and teacher inter-
views totalled three or more. CD, and ODD were com-
bined into a single entity for analysis (CD/ODD). Anxiety
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disorder was diagnosed if the child met criteria for gener-
alized or separation anxiety disorder on the parent inter-
view or scored above threshold on the MASC. No other
anxiety disorders were identified. We calculated quantita-
tive scores for ADHD, CD and ODD symptoms by sum-
ming appropriate PICS and TTT items, and for anxiety by
summing symptoms of generalized and separation anxi-
ety in the PICS and TTI and by using the MASC total
score.

Stimuli and Apparatus

The stop task involved two concurrent tasks (Logan
et al., 1997). The primary or go task was a choice reaction
time task involving discrimination between an X and an O
presented in the centre of a computer screen for 1000 ms
following a 500 ms fixation point. The go stimulus was
followed by a blank screen for 2000 ms allowing 3000 ms
for response and a total trial duration of 3500 ms. Partici-
pants were asked to respond as quickly and as accurately as
possible. The secondary or stop task involved a 1000 Hz
tone emitted from the computer. This tone followed the
presentation of the go task stimulus and instructed partic-
ipants to withhold their response on that particular trial.
Tones occurred randomly on 25% of trials. We used a
dynamic tracking procedure to set the timing of the tone
(stop signal delay). The earlier the tone is presented, the
less difficult it is to stop their response. The later the tone
is presented, the more difficult it is for participants to stop
their responses to the go stimulus. At the beginning of the
task, stop delay was set at 250 ms. If a participant was able
to stop successfully, the delay was lengthened (by 50 ms)
on the succeeding stop trial. If the individual was unable
to stop, the delay was shortened by the same amount on
the succeeding trial. This “tracking” procedure converged
on the delay at which individuals were able to stop 50%
of the time. At this delay, the outcome of the “race” be-
tween the go process (go reaction time; go RT) was tied
with the outcome of the stopping process. The mean la-
tency of the go RT was observable from the 75% of trials in
which no stop signal was presented. The latency of the stop
process was unobservable—if the participant stops, no re-
sponse was evident. The stop process had finished before
the go process, but how much before was not known. If the
go process finished before the stop process, the individ-
ual responded much as if no stop had been presented. We
could calculate the latency of the unobserved stop process,
known as stop signal reaction time (SSRT), by subtracting
mean delay (at which the participant inhibits 50% of the
time) from mean go reaction time (Logan, 1994). Longer
SSRT reflects poorer inhibition. The stop task is based
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on an established model of inhibition (Logan & Cowan,
1984).

The task was presented in four blocks of 24 trials.
Sixteen trials were go trials without stop signals and eight
included a stop signal. Participants responded with the
right index finger to one go stimulus and with the index
finger of the other hand to the other stimulus. X and O
appeared with equal frequency in each block. Stop sig-
nals were presented randomly and with equal frequency
with the right and left hand response. Participants were in-
structed to respond as quickly as possible without making
errors (such as pressing an X for an O).

To measure error monitoring, we identified trials in
which a stop signal was presented, but the participant
failed to stop. We calculated mean RT for the first cor-
rect go task response that immediately followed each in-
hibition failure (Error 4+ 1 RT). We calculated posterror
slowing as the difference between mean Error + 1 RT and
mean go RT.

The model and the measure have been validated us-
ing arange of responses (typing, button presses, eye move-
ment), and in several populations (children, monkeys, se-
niors, ADHD), using Monte Carlo simulation (which
shows that the task and model are robust over substantial
variation in performance and task parameters), and vari-
ous measurement techniques (psychophysiological, reac-
tion time, single cell recording). Performance is sensitive
to the effects of drugs (methylphenidate in children, alco-
hol in adults; Logan, 1994). SSRT is stable within session
(split-half reliability of « > .9; Logan et al., 1997) and
over time (Kindlon, Mezzacappa, & Earls, 1995; Schachar
etal., 2001).

Procedure

All procedures were explicitly outlined in our infor-
mation and consent forms and were approved by our re-
search ethics board. The parent, teacher, and child assess-
ments were conducted without knowledge of the screening
diagnosis or the results of other portions of the assessment
including the results of the stop signal paradigm. All chil-
dren were free of medication for at least 24 hr on the day
of assessment. A drug free trial of at least 3 days was
arranged before teacher ratings and interviews when the
child’s teacher had not observed the child without medi-
cation within the preceding 6 months.

Analysis
We examined error monitoring and group differences

in several ways. First, we compared the proportion of the
ADHD group and the control group that slowed to any ex-

tent following nonstopped responses using chi-square test.
Second, we compared slowing after nonstopped responses
in the ADHD group and the control groups using a two-
group (ADHD vs. control) by two-condition (Go RT vs
error + 1 RT) Analysis of Variance (ANOVA). This anal-
ysis allowed us to determine whether participants slowed
significantly and to determine whether groups differed in
slowing. Third, we used linear regression analysis to as-
sess the effect of potential covariates (age, 1Q, sex, RD,
CD/ODD, and anxiety) on slowing and to examine the
interaction between covariates and diagnostic group. We
included interactions to detect any differential effects of
these covariates across groups. The regression analyses
began with a saturated model and proceeded with back-
ward elimination of nonsignificant terms. The goodness of
fitof the resulting model was evaluated with the R-squared
coefficient (R?). In addition, we examined the association
of SSRT and posterror slowing in the ADHD and control
groups.

RESULTS

Demographic characteristics, mean reaction time,
and posterror slowing for the ADHD groups and con-
trols are shown in Table 1. The ADHD group had average
1Q scores, but the control group had significantly higher
scores, F(1,190) =60.9, p < .001. The ADHD group
included a higher percentage of boys, x? =20.5, p <
.01, but the groups were comparable in age, F(1, 190) =
1.3, ns. The majority of ADHD participants were com-
bined subtype (55%); 26% were inattentive and 19%
were hyperactive—impulsive subtype. Of the ADHD par-
ticipants, 24% met criteria for RD, 40% met criteria for
CD or ODD, and 21.9% for anxiety disorder.

Table I. Demographic Characteristics and Stop Signal Paradigm
Performance in ADHD and Controls Groups

ADHD, Controls,
Mean N =151 N=41 FIX* p
Age (years) 8.7 (1.7) 9.0(1.8) 131 ns

Sex (% male) 76.2 39.0 20.51 <.001

WISC IQ 102.1 (12.1) 118.3(10.5) 60.90 <.001
Go accuracy (%) 93.1(5.1) 94.3 (5.9) 174 ns
Go RT (ms) 634.5 (135.4) 577.7(138.3) 5.64 <.05
SSRT (ms) 313.5(167.7) 233.7(97.8) 849 <.01
E + 1 RT (ms) 677.1 (166.3) 652.4(160.3) 0.72 s

Posterror slowing (ms) 42.6(97.00 744(49.7) 420 <.05

Note. RT = reaction time; SSRT = stop signal reaction time; E + 1
RT = reaction time on go trials following nonstopped responses; ns =
nonsignificant.
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Groups did not differ in accuracy of the go task, but
the ADHD group had slower goRT, F(1, 190) = 5.6, p <
.05, and longer mean SSRT, F(1, 190) = 8.5, p < .01.

Although on average the majority of participants
slowed to some degree following nonstopped responses,
ADHD participants were significantly less likely to slow
after nonstopped responses (95.1% for controls and 72.2%
for ADHD, x? = 9.6, p < .01).

Participants slowed significantly after nonstopped re-
sponses (49.5 ms), F(1,190) =559, p < .0001, but
ADHD participants slowed significantly less (42.6 ms)
than controls (74.4 ms), F(1, 190) =4.2, p < .05. Re-
gression analysis revealed that slowing after nonstopped
responses did not vary with sex, 1Q, ADHD subtype, co-
morbid CD/ODD, anxiety, or RD. Moreover, the effect
of slowing was not qualified by any interactions between
group and these comorbid conditions or between group
and sex. However, age affected performance. Following
nonstopped responses, older participants slowed less than
younger participants (8 = —.15, p < .05). Even after tak-
ing any nonsignificant differences in age into account,
ADHD participants slowed less than controls (8 = —.16,
p < .05). SSRT was not significantly correlated with slow-
ing after nonstopped responses (r = —.13, ns). Slowing
after nonstopped responses was not correlated with Go
RT, variability in Go RT or accuracy in the go task

Less slowing after nonstopped responses was signif-
icantly correlated with greater number of ADHD symp-
toms (r = —.15, p < .05) although the magnitude of the
association was not great. Slowing was not significantly
correlated with either teacher-rated or parent-rated
impairment.

DISCUSSION

The aims of this experiment were three-fold. First, we
sought to determine whether the error monitoring system
in children reacted to failed inhibition the way it does to
other kinds of errors. Second, we wanted to know whether
there was a deficit in error monitoring among children
with ADHD compared with normally developing chil-
dren. Third, we wanted to assess whether error monitoring
and response inhibition were independent components of
executive control to inform both cognitive theories and
theories of the deficits among individuals with ADHD.
Results indicate that children slow following failed in-
hibition; that ADHD children slow less than their nor-
mally developing peers following nonstopped responses;
and that error monitoring as indexed by slowing after
inhibition errors is not significantly correlated with re-
sponse inhibition (as indexed by the latency of the stopping
process).
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The current result confirms that children, like adults
(Kleiter & Schwarzenbacher, 1989; Rabbitt, 1966a, 1966b)
slow following performance errors when errors are de-
fined as failed attempts to inhibit a speeded motor re-
sponse. Error monitoring as indexed by posterror slowing
varied with age within the range of 7-16 years: Older chil-
dren slowed less than younger ones. Kramer, Humphrey,
Larish, Logan, and Strayer (1994), found that elderly par-
ticipants slowed more than younger ones following non-
stopped responses (50 ms vs. 21 ms) and Rabbitt (1966a)
showed that elderly individuals slowed more than younger
ones in a choice reaction time task that did not involve re-
sponse inhibition. Together, these studies begin to map the
developmental trajectory of error monitoring, indicating
that in normal individuals, the behavioral response to er-
rors decreases as individuals get older and then increases in
older age. A similar curvilinear pattern of development in
executive control has been found for other aspects of exec-
utive control such as inhibition (Bedard et al., 2002; Luna
et al., 2001; Luna & Sweeney, 2001; Williams, Ponesse,
Schachar, Logan, & Tannock, 1999).

The current study confirms previous reports of ab-
normal error monitoring in ADHD children (Krusch et al.,
1996; Sergeant & van der Meere, 1988) and extends the
observation of an error monitoring deficits in ADHD chil-
dren after failed inhibition of a motor response. Individ-
uals with a diagnosis of ADHD slowed after fewer in-
hibition failures than normal controls and when they did
slow, they slowed to a lesser extent. This pattern suggests
that ADHD individuals differ from normally developing
individuals both in terms of error detection, as reflected in
posterror slowing, and in behavioral adjustment to errors
as reflected in the extent of slowing after errors.

Differential error monitoring in ADHD children was
not attributable to differences in 1Q, age, gender, or re-
sponse speed (go RT). Slowing after inhibition errors was
not associated with go reaction time indicating that slow-
ing in ADHD children is not simply a manifestation of
slower responses of all kinds. Interestingly, stimulant med-
ication increases the extent of slowing following errors
even though it tends, in general, to speed responses
(Krusch et al., 1996). This apparent dissociation suggests
that drug induced changes in error monitoring may play a
role in improved task performance. The results suggest the
predictive validity of error monitoring deficit in ADHD
children: Less slowing after nonstopped responses was
correlated with a greater number of ADHD symptoms.

The relationship between error monitoring deficit and
ADHD appears to be specific in that no association was
found with RD, CD, ODD or anxious behaviors, or with
a measure of generalized impairment. Given the known
association of the error monitoring and the limbic system
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one might have expected that anxiety would be linked to
defective error monitoring (Luu, Flaisch, & Tucker, 2000).
This was not the case suggesting that there is not a distinct
mechanism underlying ADHD with comorbid anxiety. It
will be important to examine groups of ADHD children
with and without comorbid anxiety as well as those with
anxiety in the absence of ADHD to confirm these findings.
These studies should employ more extensive measures of
mood and anxiety than were used in the current study.

In addition to a deficit in error monitoring, the cur-
rent study replicates the well-established finding of an
inhibition deficit in ADHD (e.g., Schachar, Mota, Logan,
Tannock, & Klim, 2000). The results indicate that an im-
portant distinction can be drawn between error monitor-
ing and response inhibition in normal individuals and in
ADHD. Although error monitoring and inhibition were
both deficient in ADHD, the two deficits were not sig-
nificantly correlated. The independence of inhibition and
error monitoring deficits in ADHD argues for a multiple
pathway model of ADHD (Sonuga-Barke, 2002) rather
than unified models that claim that inhibition is the cen-
tral “up-stream” deficit from which other executive deficits
are derived (Barkley, 1997). These two processes may be
distinct and under the control of different genetic, neural,
or psychological mechanisms (Crosbie & Schachar, 2001)
yet each could result in the same or very similar ADHD
phenotype.

The lack of a strong association of inhibition and
posterror slowing suggests that failures to slow after an
error are not simply a reflection of deficient response inhi-
bition (Botvinick, Braver, Barch, Carter, & Cohen, 2001;
Gehring & Fencsik, 2001). If that were the case, less ef-
ficient response inhibition (i.e., longer SSRT) would have
been associated with less posterror slowing.

The observed independence of inhibition and error
monitoring is consistent with several lines of research.
In electrophysiological studies, response inhibition is ev-
ident in a negative deflection, N200, occurring about 200
ms following a signal to stop a response (Falkenstein,
Hoormann, Christ, & Hohnsbein, 2000; Van Boxtel, Van
der Molen, Jennings, & Brunia, 2001). The latency of the
N200 is not correlated with the latency of the error-related
negativity (ERN) which is a negative wave occurring at the
time of an error and peaking at about 80—100 ms after the
error (Falkenstein et al., 2000; Falkenstein, Hohnsbein,
Hoormann, & Blanke, 1991; Gehring, Coles, Meyers, &
Donchin, 1990). The ERN is greatest in conditions when
the N200 is least, suggesting that the two processes are
separable (Kopp & Rist, 1999; Scheffers, Coles, Bernstein,
Gehring, & Donchin, 1996). Event-related functional mag-
netic resonance imaging indicates that distinct brain re-
gions are activated during inhibition and error processes

(Braver, Barch, Gray, Molfese, & Snyder, 2001; Chevrier,
Noseworthy & Schachar, 2003). Studies using single
cell recording (Gemba, Sasaki, & Brooks, 1986; Niki &
Watanabe, 1979; Stuphorn et al., 2000) have identified a
set of neurons in the anterior cingulate gyrus and supple-
mentary eye fields in animals that are active specifically
after errors and that are distinct from a group of neurons
activated by withholding a response. In summary, these
observations support the cognitive and neural dissocia-
tion of inhibition and error monitoring and the component
theory of executive control in normal individuals (Shallice
& Burgess, 1996).

There is considerable debate about the mechanism
of error monitoring. One hypothesis is that slowing re-
sults from comparison of actual responses with the repre-
sentation of intended responses (Bernstein, Scheffers, &
Coles, 1995; Dehaene, Posner, & Tucker, 1994; Holroyd &
Coles, 2002). According to comparator theories of error
monitoring, posterror slowing indicates that representa-
tions of recently executed responses are stored temporarily
and compared with memory of the instruction set for the
task (Gehring, Gross, Coles, Meyers, & Donchin, 1993;
Kleiter & Schwarzenbacher, 1989; Scheffers et al., 1996;
Scheffers & Coles, 2000). This comparison process takes
time and delays the response on subsequent trials. In ad-
dition, slowing after errors in choice reaction time tasks
might reflect suppression of an attempt to correct the er-
roneous response (Dehaene et al., 1994; Rabbitt & Roger,
1977). Suppression of corrected responses is unlikely to
account for slowing after failed inhibition in the current
study because there is no possibility of this type of cor-
rection in the stop signal task: One cannot stop a response
once it is executed. Another possibility is that participants
deliberately increase their decision criterion after a stop
signal to increase the probability of stopping on succes-
sive trials. Therefore, it is possible that ADHD is associ-
ated with an insensitivity to errors or punishment, or with
a failure to maintain an appropriate response set in work-
ing memory, or with a desire to avoid lengthening the task
(Songua-Barke, 2002; Songua-Barke, Williams, Hall, &
Saxton, 1996).

Several lines of research link the error monitoring
system to a neural network involving the medial frontal
system, in particular the anterior cingulate gyrus (ACC)
and lateral frontal areas (Dehaene et al., 1994; Gehring
& Knight, 2000; Holroyd & Coles, 2002). Studies of pa-
tients with medial prefrontal lesions are consistent with
the mediating role of these regions in error monitoring.
These patients often appear unconcerned with the nega-
tive consequences of their actions (Rylander, 1947; Tow &
Whitty, 1953). They continue to make mistakes despite the
fact that actions are obviously detrimental to their goals
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(Eslinger & Damasio, 1985). In addition to the observed
deficits in patients with medial frontal lesions, those with
more lateral prefrontal lesions also show alteration in ERN
and impaired posterror monitoring (Gehring & Knight,
2000).

Abnormal error monitoring is evident in other patho-
logical conditions. Gehring and colleagues (Gehring,
Himle, & Nisenson, 2000) showed that the amplitude of
the ERN was larger in patients with OCD than in normal
controls, and among OCD patients, was larger in those
with more severe symptoms despite absence of difference
in overall task performance (see also, Hajcak & Simons,
2002). By contrast, individuals with low-trait socialization
(an analog of psychopathy) exhibit smaller ERN (Dikman
& Allen, 2000). It is noteworthy that the size of the right
ACC is related to a temperamental disposition to fear and
anticipatory worry (Pujol et al., 2002). The fact that abnor-
mality in error monitoring is associated with several psy-
chopathological conditions suggests that they may share
a common neural substrate. On the other hand, the fact
that OCD shows exaggerated error monitoring (as gauged
by the ERN) and ADHD shows reduced error monitoring
(as gauged by slowing in posterror reaction time) suggests
that the two conditions may differ in the specific effect on
a common substrate.

In summary, this study demonstrates for the first time
that failure to successfully stop a response triggers error
monitoring as evident in slowing of subsequent responses.
ADHD children slow less than normal children. This fail-
ure to slow may reflect faulty error detection and/or faulty
behavioral adjustment to errors. Deficient error monitor-
ing is an important executive control process that ap-
pears to be independent of the inhibitory control deficit in
ADHD. Error monitoring is dependent on intact fronto-
subcortical circuits and the ACC, in particular. Alteration
in error monitoring could result in inconsistent, inaccu-
rate, and poorly regulated behavior as well as deficits in
self-regulated learning.

ACKNOWLEDGEMENT

This research was supported by a grant from Cana-
dian Institutes of Health Research (MOP44070; New
Emerging Team, NET: KIDNET, Grant 54016).

REFERENCES

American Psychiatric Association. (1994). Diagnostic and statistical
manual of mental disorders—IV. Washington, DC: Author.

Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and
executive functions: Constructing a unifying theory of ADHD. Psy-
chological Bulletin, 121(1), 65-94.

291

Bedard, A. C., Nichols, S., Barbosa, J. A., Schachar, R., Logan, G.D., &
Tannock, R. (2002). The development of selective inhibitory control
across the life span. Developmental Neuropsychology, 21(1), 93—
111.

Bernstein, P. S., Scheffers, M. K., & Coles, M. G. (1995). “Where did 1 go
wrong?” A psychophysiological analysis of error detection. Journal
of Experimental Psychology Human Perception and Performance,
21(6), 1312-1322.

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., & Cohen, J.
D. (2001). Conflict monitoring and cognitive control. Psychological
Review, 108(3), 624-652.

Boyle, M. H,, Offord, D. R, Racine, Y., Fleming, J. E., Szatmari, P., &
Sanford, M. (1993). Evaluation of the revised Ontario Child Health
Study scales. Journal of Child Psychology and Psychiatry, 34(2),
189-213.

Braver, T. S., Barch, D. M., Gray, JI. R., Molfese, D. L., & Snyder, A.
(2001). Anterior cingulate cortex and response conflict: Effects of
frequency, inhibition and errors. Cerebral Cortex, 11(9), 825-836.

Chevrier, A., Noseworthy, M., & Schachar, R. (2003). Neural activ-
ity associated with failed inhibition: An event related fMRI study
of performance monitoring [ Abstract]. Rotman Institute Research
Conference, Toronto, March, 2003.

Crosbie, J., & Schachar, R. (2001). Deficient inhibition as a marker for
familial ADHD. American Journal of Psychiatry, 158(11), 1884—
1890.

Dehaene, S., Posner, M. L., & Tucker, D. M. (1994). Localization of a
neural system for error detection and compensation. Psychological
Science, 5(5), 303-305.

Dikman, Z. V., & Allen, J. I. (2000). Error monitoring during reward
and avoidance learning in high- and low- socialized individuals.
Psychophysiology, 37(1), 43-54.

Duncan, J. (1995). Attention, intelligence, and the frontal lobes. In M.
S. Gazzaniga (Ed.), The cognitive neurosciences (pp. 721-733).
Cambridge, MA: MIT Press.

Eslinger, P. J., & Damasio, A. R. (1985). Severe disturbance of higher
cognition after bilateral frontal lobe ablation: Patient EVR. Neurol-
ogy, 35(12), 1731-1741.

Falkenstein, M., Hohnsbein, J., Hoormann, J., & Blanke, L. (1991). Ef-
fects of crossmodal divided attention on late ERP components. II:
Error processing in choice reaction tasks. Electroencephalography
and Clinical Neurophysiology, 78(6), 447-455.

Falkenstein, M., Hoormann, J., Christ, S., & Hohnsbein, J. (2000). ERP
components on reaction errors and their functional significance: A
tutorial. Biological Psychology, 51(2-3), 87-107.

Fletcher, J. M., Francis, D. I., Shaywitz, S. E., & Lyon, G. R. (1998). In-
telligent testing and the discrepancy model for children with learn-
ing disabilities. Learning Disabilities Research and Pructice, 13,
186-203.

Garavan, H., Ross, T. J., Murphy, K., Roche, R. A. P, & Stein, E. A.
(2002). Dissociable executive functions in the dynamic control of
behavior: Inhibition, error processing, and correction. Neuroimage,
17, 1820-1829.

Gehring, W.J., Coles, M. G. H., Meyers, D. E., & Donchin, E. (1990). The
error-related negativity: An event-related potential accompanying
errors. Psychophysiology, 27, S34.

Gehring, W. J., & Fencsik, D. E. (2001). Functions of the medial frontal
cortex in the processing of conflict and errors. Journal of Neuro-
science, 21(23), 9430-9437.

Gehring, W. 1., Goss, B., Coles, M. G. H., Meyers, D. E., & Donchin,
E. (1993). A neural system for error detection and compensation.
Psychological Science, 4, 385-390.

Gehring, W. J., Himle, J., & Nisenson, L. G. (2000). Action-monitoring
dysfunction in obsessive—compulsive disorder. Psychological Sci-
ence, 11(1), 1-6.

Gehring, W. I., & Knight, R. T. (2000). Prefrontal-cingulate interactions
in action monitoring. Nature Neuroscience, 3(5), 516-520.

Gemba, H., Sasaki, K., & Brooks, V. B. (1986). “Error” potentials in
limbic cortex (anterior cingulate area 24) of monkeys during motor
learning. Neuroscience Letters, 70(2), 223-2217.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



292 Schachar, Chen, Logan, Ornstein, Crosbie, Ickowicz, and Pakulak

Goldman-Rakic, P. S. (1995). Architecture of the prefrontal cortex and
the central executive. Annals of the New York Academy of Sciences,
769, 71-83.

Hajcak, G., & Simons, R. F. (2002). Error-related brain activity
in obsessive—compulsive undergraduates. Psychiatry Research,
110(1), 63-72.

Holroyd, C. B., & Coles, M. G. (2002). The neural basis of human error
processing: reinforcement learning, dopamine, and the error-related
negativity. Psychological Review, 109(4), 679-709.

Ickowicz, A., Sugarman, R., Millette, C., Schachar, R., Chen, S., &
Orechovsky, V. (2004). Parent Interview for Child Symptoms: Re-
liability, predictive and concurrent validity. Manuscript submitted
for publication.

Kindlon, D., Mezzacappa, E., & Earls, E. (1995). Psychometric proper-
ties of impulsivity measures: Temporal stability, validity and factor
structure. Journal of Child Psychology and Psychiatry, 36(4), 645—
661.

Kleiter, G. D., & Schwarzenbacher, K. (1989). Beyond the answer: Post-
error processes. Cognition, 32(3), 255-277.

Kopp, B., & Rist, F. (1999). An event-related brain potential substrate of
disturbed response monitoring in paranoid schizophrenic patients.
Journal of Abnormal Psychology, 108(2), 337-346.

Kramer, A. F., Humphrey, D. G., Larish, J. F, Logan, G. D., & Strayer,
D. L. (1994). Aging and inhibition: Beyond a unitary view of inhi-
bition processing in attention. Psychology and Aging, 9, 491-512.

Krusch, D. A., Klorman, R., Brumaghim, J. T., Fitzpatrick, P. A., Borg-
stedt, A. D., & Strauss, J. (1996). Methylphenidate slows reactions
of children with attention deficit disorder during and after an error.
Journal of Abnormal Child Psychology, 24(5), 633-650.

Leth-Steensen, C., Elbaz, Z. K., & Douglas, V. 1. (2000). Mean response
times, variability, and skew in the responding of ADHD children: A
response time distributional approach. Acta Psychologica (Amst),
104(2), 167-190.

Logan, G. D. (1985). On the ability to inhibit simple thought and action.
1I: Stop signal studies of repetition priming. Journal of Experimen-
tal Psychology, 11(4), 675-691.

Logan, G. D. (1994). On the ability to inhibit thought and action: A users’
guide to the stop signal paradigm. In D. Dagenbach & T. H. Carr
(Eds.), Inhibirtory processes in attention, memory, and language
(pp. 189-239). San Diego: Academic press.

Logan, G. D., & Cowan, W. B. (1984). On the aiblity to inhibit thought
and action: A theory of an act of control. Psychological Review,
91(3), 295-327.

Logan, G. D., Schachar, R. J., & Tannock, R. T. (1997). Impulsivity and
inhibitory control. Psychological Science, 8, 60—64.

Luna, B., & Sweeney, J. A. (2001). Studies of brain and cognitive mat-
uration through childhood and adolescence: A strategy for test-
ing neurodevelopmental hypotheses. Schizophrenia Bulletin, 27(3),
443-455.

Luna, B., Thulborn, K. R., Munoz, D. P.,, Merriam, E. P.,, Garver,
K. E., Minshew, N. J., et al. (2001). Maturation of widely dis-
tributed brain function subserves cognitive development. Neuroim-
age, 13(5), 786-793.

Luu, P, Flaisch, T., & Tucker, D. M. (2000). Medial frontal cortex in
action monitoring. Journal of Neuroscience, 20(1), 464-469.
March, I. S., Parker, J. D., Sullivan, K., Stallings, P., & Connors, C. K.

(1997). The Multidimensional Anxiety Scale for Children (MASC):
Factor structure, reliability, and validity. Journal of the Ameri-
can Academy of Child and Adolescent Psychiatry, 36(4), 554—

565.

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A.,
& Wager, T. D. (2000). The unity and diversity of executive func-
tions and their contributions to complex “Frontal Lobe” tasks: A
latent variable analysis. Cognitive Psychology, 41(1), 49-100.

Niki, H., & Watanabe, M. (1979). Prefrontal and cingulate unit activity
during timing behavior in the monkey. Brain Research, 171(2),
213-224.

Norman, D. A., & Shallice, T. (1986). Attention to action: Willed and
automatic control of behavior. In R. J. Davidson, G. E. Schwartz, &

D. Shapiro (Eds.), Consciousness and self-regulation Vol. 4, (pp. 1-
18). New York: Plenum.

Pennington, B. E., & Ozonoff, S. (1996). Executive functions and de-
velopmental psychopathology. Journal of Child Psychology and
Psychiatry, 37(1), 51-87.

Pujol, I., Lopez, A., Deus, J., Cardoner, N., Vallgjo, I., Capdevila, A.,
et al. (2002). Anatomical variability of the anterior cingulate gyrus
and basic dimensions of human personality. Neuroimage, 15(4),
847-855.

Rabbitt, P. M. (1966a). Error correction time without external error sig-
nals. Nature, 212(60), 438.

Rabbitt, P. M. (1966b). Errors and error correction in choice-response
tasks. Journal of Experimental Psychology, 71(2), 264-272.

Rabbitt, P. M. (1968). Three kinds of error-signalling responses in a serial
choice task. Quarterly Journal of Experimental Psychology, 20(2),
179-188.

Rabbitt, P. M., & Roger, B. (1977). What does a man do after he makes
an error? Quarterly Journal of Experimental Psychology, 29, 727—
743.

Reiger, M., & Gauggel, S. (1999). Inhibitory after-effects in the stop
signal paradigm. British Journal of Psychology, 90, 509-518.
Rylander, G. (1947). Personality analysis before and after frontal
lobotomy. In C. D. Aring, J. F. Fulton, & B. S. Wortis (Ed.), Re-
search publications association for research in nervous and mental
diseuse: The frontul lobes (pp. 691-705). Baltimore, MD: Willimas

& Wilkins.

Schachar, R., Ickowicz, A., Crosbie, J., Reiz, I., Miceli, P., Harsanyi, Z.,
et al. (2001). Evaluation of controlled-releuse methylphenidate in
the treatment of ADHD. Paper presented at the American Academy
of Child and Adolescent Psychiatry, Honolulu, Hawaii.

Schachar, R., Mota, V. L., Logan, G. D., Tannock, R., & Klim, P.
(2000). Confirmation of an inhibitory control deficit in attention-
deficit/hyperactivity disorder. Journal of Abnormal Child Psychol-
ogy, 28(3), 227-235.

Scheffers, M. K., & Coles, M. G. (2000). Performance monitoring in a
confusing world: Error-related brain activity, judgments of response
accuracy, and types of errors. Journal of Experimentul Psychology
Human Perception and Performance, 26(1), 141-151.

Scheffers, M. K., Coles, M. G., Bernstein, P., Gehring, W.J., & Donchin,
E. (1996). Event-related brain potentials and error-related process-
ing: An analysis of incorrect responses to go and no-go stimuli.
Psychophysiology, 33(1), 42-53.

Semel, E., Wiig, E. L., & Secord, W. A. (1995). CELF-3 clinical evalu-
ation of lunguage fundamentuls. San Antonio: The Psychological
Corporation.

Sergeant, J. (2000). The cognitive-energetic model: An empirical ap-
proach to attention- deficit hyperactivity disorder. Neuroscience
Biobehavioral Review, 24(1), 7-12.

Sergeant, J. A., & van der Meere, J. (1988). What happens after a hyperac-
tive child commits an error? Psychiatry Research, 24(2), 157-164.

Shallice, T., & Burgess, P. (1996). The domain of supervisory processes
and temporal organization of behaviour. Philosophical Transac-
tions of the Royul Society of London: Biological Science, 351(1346),
1405-1411; discussion 1411-1402.

Shallice, T., Marzocchi, G. M., Coser, S., Del Savio, M., Meuter, R. E.,
& Rumiati, R. I. (2002). Executive function profile of children with
attention deficit hyperactivity disorder. Developmental Neuropsy-
chology, 21(1), 43-71.

Shaywitz, B. A., Fletcher, J. M., Holahan, J. M., & Shaywitz, S. E. (1992).
Discrepancy compared to low achievement definitions of reading
disability: Results from the Connecticut Longitudinal Study. Jour-
nal of Learning Disorders, 25, 635-648.

Sonuga-Barke, E. J. (2002). Psychological heterogeneity in AD/HD—A
dual pathway model of behaviour and cognition. Behavioral Brain
Research, 130(1-2), 29-36.

Sonuga-Barke, E. J., Williams, E., Hall, M., & Saxton, T. (1996). Hy-
peractivity and delay aversion III: The effect on cognitive style of
imposing delay after errors. Journal of Child Psychology and Psy-
chiatry, 37(2), 189-194.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Error Monitoring in ADHD

Stuphorn, V., Taylor, T. L., & Schall, J. D. (2000). Performance mon-
itoring by the supplementary eye field. Nature, 408(6814), 857—
860.

Tannock, R., Hum, M., Masellis, M., Humphries, T., & Schachar, R.
(2002). Teacher Telephone Interview for children’s academic per-
formance, attention, behavior, and learning: DSM-IV Version (TTI-
IV) Unpublished manuscript, Toronto, Canada: The Hospital for
Sick Children.

Tow, P. M., & Whitty, C. W. (1953). Personality changes after operations
on the cingulate gyrus in man. Journal of Neurology, Neurosurgery
and Psychiatry, 16, 186-193.

Van Boxtel, G. J., Van der Molen, M. W,, Jennings, J. R., & Brunia,
C. H. (2001). A psychophysiological analysis of inhibitory motor
control in the stop- signal paradigm. Biological Psychology, 58(3),
229-262.

293

van der Molen, M.W. (2000). Developmental changes in inhibitory pro-
cessing: Evidence from psychophysiological measures. Biological
Psychology, 54(1-3), 207-239.

Wechsler, D. (1991a). Wechsler Individual Achievement Test. San
Antionio, TX: The Psychological Corporation.

Wechsler, D. (1991b). Wechsler Intelligence Scale for Children - Third
Edition. San Antonio, TX: Harcourt Brace.

Wilkinson, G. S. (1993). Wide Runge Achievement Test - Revision 3.
Wilmington, DE: Jastak Associates.

Williams, B. R., Ponesse, J. S., Schachar, R. J., Logan, G. D.,
& Tannock, R. (1999). Development of inhibitory control
across the life span. Developmental Psychology, 35(1), 205—
213.

Woodcock, R. W. (1987). Woodcock Reading Mastery Test-Revised.
Circle Pines, MN: American Guidance Service.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



