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Electrophysiological activity underlying inhibitory control
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Abstract

In a recent ERP study of inhibitory control using the Stop-Signal Task [Pliszka, S., Liotti, M., Woldorff, M. (2000). Inhibitory control in
children with attention-deficit/hyperactivity disorder: Event-related potentials identify the processing component and timing of an impaired
right-frontal response-inhibition mechanism.Biological Psychiatry, 48, 238–246], we showed that in normal children (age 10–12 years) the
Stop Signals elicited a robust, right-frontal-maximal N200 (latency∼200 ms) that was strongly reduced in children with ADHD. To further
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nvestigate the mechanisms of response inhibition, this paradigm was applied to 11 healthy young adults. To better distinguish
nhibition-related activity from early attentional effects, a “Stop-Signal-Irrelevant” condition was added, in which subjects performedk
hile ignoring the Stop Signals. In the Stop-Signal-Relevant condition, the right frontal N200 to the Stop Signals was larger for S

nhibition (SI) than for Failed inhibition (FI) trials. The timing and distribution of this effect was strikingly similar to that of the right-fl
DHD deficit reported in Pliszka et al. (2000), supporting this activity being related to successful normal inhibitory control proc
ontrast, a posterior N200 was larger for Stop-Relevant than for Stop-Irrelevant trials, likely reflecting enhanced early sensory a
he Stop Signals when relevant. Two longer-latency failure-specific ERP effects were also observed: a greater frontopolar neg
370–450 ms) to Failed than Successful inhibitions, and a greater parietal positive slow wave (450–650 ms) for Failed inhibitions th
top trials, likely reflecting differential recruitment of error detection and correction mechanisms following Failed attempts to
esponse.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Inhibitory control is a central aspect of executive func-
ioning (Barkley, 1998; Schachar & Logan, 1990), and it is
enerally believed that deficits related to such control pro-
esses are core symptoms of many developmental disorders,

ncluding attention deficit/hyperactivity disorder (ADHD) in
articular (APA, 1994; Barkley, 1998). ADHD is a common
ehavioral syndrome, estimated to occur in 3–5% of school-
ged children (Barkley, 1998). Symptoms include low levels
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of attention and concentration and high levels of activity,
tractibility, impulsivity, and the inability to inhibit action
(APA, 1994).

Two behavioral paradigms that tap into the inhibitory c
trol symptoms of ADHD (impulsiveness and inattention)
the continuous performance test (CPT) and the Stop-S
Task (SST). Both the CPT and the SST are varietie
“Go-NoGo” tasks, requiring subjects to occasionally inh
an ongoing action or response. In the C-X version of
CPT, subjects are presented with rapid sequences of le
Twenty percent of the stimuli are the letter C, which is
lowed 50% of the time by an X, and 50% of the time
another letter (e.g., R, V, T, etc). Subjects are instructe
withhold their response when they see an X following
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(“NoGo stimulus”) but to respond when any other letter fol-
lows the letter C (e.g., C-R, C-V, etc., “Go stimuli”;Barkley,
1998)

The Stop-Signal Task is an even more direct task for mea-
suring inhibitory control, in that subjects have to be prepared
to withdraw a response oneachtrial (Logan, Cowan, & Davis,
1984; Schachar & Logan, 1990). In a visual version of the
SST (e.g.,Pliszka, Borcherding, Spratley, & Irick, 1997),
subjects are presented with a series of trials that begin with
either the letter A or the letter B. On each of these, subjects
perform a two-choice reaction time (RT) task, responding to
the A with one button and the B with a second button. On 25%
of the trials a Stop Signal (the letter S) follows the A or B by
a variable time interval (e.g., 200–600 ms, Stop-Signal inter-
val), and the subject must withhold his/her response on that
trial. For typical healthy subjects, for the shorter Stop-Signal
intervals (e.g., 200–400 ms) it is easier to inhibit responding,
while at the longer Stop-Signal intervals (400–600 ms) it is
substantially more difficult to do so and the probability of
inhibition is much lower. A number of studies have shown
that ADHD subjects perform more poorly on the Stop-Signal
Task, including showing a significantly different slope of the
inhibitory function (i.e., the function of the probability of suc-
cessfully inhibiting as a function of the Stop-Signal interval)
when compared to age-matched control subjects, due to a dif-
ficulty withholding a response regardless of the Stop-Signal
l
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study reported that the amplitude of the N200 was markedly
reduced in ADHD children compared to control subjects,
with the group effect sharply focused over the right frontal
scalp (Pliszka et al., 2000). This localization is consistent
with that of the N200 to NoGo trials in healthy adult sub-
jects (Bokura, Yamaguchi, & Kobayashi, 2001), and with
the results of fMRI studies of inhibitory control in healthy
subjects (Garavan, Ross, & Stein, 1999; Konishi, Nakajim,
Uchida, Kiyo, Kameyama, & Miyashita, 1999; Liddle et al.,
2001) and ADHD patients (Rubia et al., 1999).

A longer latency, centrally distributed, positive-polarity
ERP component (NoGo-P3, peaking around 300 ms), has also
been found to be associated with response inhibition in tasks
such as the CPT and the SST, with greater amplitude over cen-
tral sites for NoGo than Go trials (Falkenstein et al., 1999;
Tekok-Kilic, Shucard, & Shucard, 2001). In contrast, Go
trials are associated with a more posterior positive-polarity
wave (Go-P3), with the same parietal distribution as the P3b
wave found in oddball tasks in response to infrequent task-
relevant stimuli (reviewed inSquires, Squires, & Hillyard,
1975). In the Stop-Signal Task, the central NoGo-P3 has also
been found to have greater amplitude for Successful inhibi-
tion than Failed inhibition trials in healthy subjects (Liotti,
Pliszka, Perez, Kothmann, & Woldorff, 2005; Overtoom
et al., 2002). Importantly, this success-enhanced NoGo-P3,
whose distribution is consistent with a generator in the ante-
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atency (e.g.,Pliszka et al., 1997).
Neural mechanisms underlying inhibitory processes

e studied with a high degree of temporal resolution
ecording event-related potentials (ERPs) from the sca
rontally distributed ERP component, the N200, that pea
bout 200 ms post stimulus has been associated with res

nhibition in Go-NoGo paradigms, with greater amplitu
or NoGo relative to Go stimuli (Eimer, 1993; Falkenstein
oormann & Hohnsbein, 1999; van Boxtel, van der Molen
ennings, & Brunia, 2001). N200 amplitude was shown n
o be modulated by manipulations of probability of the No
timulus, discounting interpretations based on salienc
rousal (Eimer, 1993). However, N200 amplitude has be
hown to be modified by speed-accuracy trade-offs, w
reater response when the emphasis was on speed

hen accuracy (Jodo & Kayama, 1992). Conversely, subjec
ith a high false alarm rate were found to have smaller
elayed NoGo-N200s than subjects with a low false a
ate (Falkenstein et al., 1999). Based on these findings,
as been proposed that the NoGo-N200 indexes a pr
f response inhibition that is a reflection of a “red flag” s
al generated in prefrontal cortex to trigger the inhibi
rocess (Kok, 1986), consistent with the role of the fron

obes in executive functioning, conflict monitoring, and
ontrol of inappropriate responses (e.g.,Aron, Fletcher
ullmore, Sahakian, & Robbins, 2003; Botvinick, Braver
arch, Carter, & Cohen, 2001; Liddle, Kiehl, & Smith, 2001).
In a recent study,Pliszka, Liotti, and Woldorff (2000)com-

ared ERPs elicited by the Stop Signal in a visual versio
he Stop-Signal task in ADHD and healthy children. T
e

r

ior cingulate cortex (Liotti et al., 2005), was also greatl
iminished in children with ADHD (Liotti et al., 2005
vertoom et al., 2002), suggesting that the NoGo-P3 m

ndex a later stage of evaluation/monitoring of the outc
f the inhibitory process that also may be dysfunctiona
DHD.
In spite of the current interest in inhibitory control a

ts deficits in ADHD, various aspects of the spatiotem
al organization of response inhibition are still unclear.
urrent study aims at elucidating the neural functional org
ation of inhibitory control by recording high-density ER

n adult healthy volunteers during a visual version of the S
ignal Task that was used previously in studying differe

n processing between normal children and those with AD
Pliszka et al., 1997, 2000).

To help distinguish effects specifically related to respo
nhibition from effects due to some other possible cogn
actors, an additional control condition was included. In
icular, early ERP differences (e.g., an N200 effect) in
esponses to the Stop Signals for Successful versus F
nhibitions could reflect attention-related modulations
o the varying of attentional focus from trial to trial, rath
han activity more specifically related to response inh
ion. Thus, a “Stop-Signal-Irrelevant” condition was add
n which subjects performed the Go task while ignoring
top Signals. This manipulation was intended to allow u
ompare the effects of Successful versus Failed inhibitio
he effects that an explicit manipulation of attention (and
elevance) of the Stop Signals would cause. Thus, the pr
tudy recorded high-density ERPs during two versions o
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Stop-Signal Task in adult healthy volunteers, namely Stop-
Relevant and Stop-Irrelevant conditions.

2. Methods

2.1. Participants

Fifteen right-handed healthy young adults participated in
the study. Two subjects were eliminated due to excessive eye
movement artifacts, and the EEG data from two additional
participants were unusable due to technical problems. Eleven
right-handed healthy young adults (mean age = 22± 2.6
years, five female, six male; all enrolled in undergraduate uni-
versity courses) constituted the final sample. All subjects had
normal or corrected-to-normal vision and a negative history
of neurological and psychiatric conditions or alcohol abuse.
None was under current pharmacological treatment. They
gave their written informed consent according to Duke Uni-
versity’s Institutional Review Board and received university
class credit or were paid a compensation for their participa-
tion.

2.2. Stimuli and task

Participants sat in a partially reclined chair with their eyes
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and run, if the mean Go RT in a run was longer than 700 ms
(for example, 770 ms), all Stop-Signal intervals in thefollow-
ing run were increased by the amount of time over 700 ms
(+70 ms, see alsoPliszka et al., 2000). This effectively pre-
vented the subjects from slowing down to catch all the Stop
Signals.

2.3. EEG/ERP recording

Brain electrical activity was recorded continuously (Neu-
roscan SynAmps amplifiers, El Paso, TX) through a 64-
channel custom-built elastic cap (Electro-Cap International,
Inc., Eaton, OH), referenced to the right mastoid. Amplifier
settings were: band pass filter = .01–100 Hz, gain = 150, sam-
pling rate = 500 Hz. Electrode impedances were maintained
below 5 k�. Eye movements were monitored by additional
skin electrodes at the outer canthi of the eyes (referenced to
each other), and below each eye (referenced to the electrode
located directly above each eye).

2.4. Behavioral analysis

The following behavioral parameters were measured:
mean RT and percent error in the Go trials, probability of
inhibition [P(I)] for each of the four 100-ms SOA subranges,
Stop-Signal reaction time (SSRT) for each SOA subrange
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5 cm from a computer monitor presenting a visual ver
f the SST (Pliszka et al., 1997). Subjects’ baseline task (G

rials) was a 2-choice RT task, where they had to discrim
etween two stimuli (the letter “A” or “B”) by responding wi

he index finger of the left or right hand, respectively. Th
timuli were flashed for 150 ms slightly above a fixation
n 25% of the trials, the A or B were followed at a varia

nterval by a Stop Signal (the letter “S”, duration 150 m
ppearing slightly below the fixation point. All stimuli we
hite against a black background, and the letters size we◦

height)× 0.7◦ (width). The time interval between the offs
f the A or B and the onset of the Stop Signal (Stop-Si

nterval) was varied randomly between 200 and 600 ms.
ects were instructed to inhibit their manual response w
eeing an S. The total interstimulus intervals for the Go s
li (from onset to onset) varied randomly between 1.5
.8 s.

There were two main conditions: Stop-Relevant and S
rrelevant. The Stop-Relevant condition is described ab
n the Stop-Irrelevant runs, the baseline RT task was
ame, except that the Go stimuli were the letters C an
nd the “Stop Signal” was an N. However, in this condi
ubjects were instructed to ignore the Stop Signal wh
ppeared. The experiment included 15 runs lasting 3.5
ach, separated by short pauses, for a total running tim

ess than 1 h. Each run contained 96 “Go” and 32 “Stop” tr
he order of the run conditions was counterbalanced a
ubjects.

The Stop-Relevant condition included an on-line adj
ent of difficulty of inhibitory performance. For each sub
e.g.,Logan et al., 1984), and mean RT for Stop-Irreleva
rials. The SSRT provides a measure of speed of the inhib
rocess for each SOA subrange. It is calculated as fol
irst, correct Go RTs are ranked from the shortest to

ongest. In conjunction with this, a probability of inhibition
etermined for each SOA subrange, and an RT value is

ified in the ranked distribution of the Go RTs correspond
o that probability of inhibition. For example, if probability
nhibition is 80% for a given SOA subrange (i.e., subject q
uccessful at inhibiting), that will correspond to the spe
alue of the Go RTs that is 20% of the ranked Go RT di
ution (from the shortest to the longest RT), yielding a q
hort SSRT for that SOA subrange. Conversely, if probab
f inhibition is 30% for a given SOA subrange (subject q
oor at inhibiting), this would correspond to the value of
o RT that is 70% of the ranked Go RT distribution (fr

he shortest to longest RT), and the SSRT will according
onger (Pliszka et al., 1997).

.5. ERP analysis

Artifact rejection was performed off-line by discardi
pochs of the EEG contaminated by eye blinks and o
rtifacts. Trials with eye blinks were automatically rejec
ased on peak to peak voltage for the electrodes just abov
elow the eyes. ERP averages were obtained by time-lo

o the onset of the Go signals and to the Stop Signals.
veraging, all channels were re-referenced to the alge
verage of the two mastoid electrodes to derive a hemis

cally symmetric reference. After that, the data were digit
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low-pass filtered with a non-causal, smoothing filter consist-
ing of a running average 9 points wide. At our sample rate of
500 Hz, this 9-point running average results in a square-wave
filter convolution kernel 18 ms wide, which heavily attenu-
ates activity at and above 56 Hz. Grand averages were then
calculated across subjects for each trial type and condition:
From Stop-Relevant task: Successful inhibitions (SI), Failed
inhibitions (FI); From Stop-Irrelevant task: irrelevant stops
(IS). To help in isolating the effects of interest, the follow-
ing difference waves were calculated: Successful inhibitions
minus Failed inhibitions (SI− FI), and Failed inhibitions
minus irrelevant stops (FI− IS). To facilitate visualization
of the effects, scalp voltage topographic distributions were
obtained using spherical spline interpolation (Perrin, Pernier,
Bertrand, & Echallier, 1989).

Due to the short interval between the Go and Stop stim-
uli, the elicited ERP responses overlapped in time, distorting
the final ERP averages (Woldorff, 1993). We used two dif-
ferent approaches for addressing this problem. As predicted
by previous behavioral studies, it is more difficult to stop
when there is a longer delay between the Go Signal and
the Stop Signal. Thus, if simply averaged together across
all the Stop-Signal trials, the averaged ERPs for Successful
inhibitions (the SI condition) would be comprised of more tri-
als with more recent Go-stimulus events (e.g., 200–400 ms),
whereas the ERPs for Failed inhibitions (the FI condition)
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Based on previous findings on the N200 and NoGo-P3
in the Stop-Signal Task (Liotti et al., 2005; Overtoom et al.,
2002; Pliszka et al., 2000), and after inspection of the grand-
average waveforms and scalp topography distributions, we
selected time windows around the N200 (200–220 ms) and
the NoGo-P3 components (260–280 ms) for detailed analy-
sis. The mean amplitudes of these windows were subjected
to repeated-measure analyses of variance (ANOVA). To test
for regional differences in N200 amplitude, two regions of
interest (ROIs) were selected by collapsing together mean
voltage amplitudes over sets of three adjacent anterior elec-
trode sites (corresponding to electrode sites F7, F5, FC5
and F8, F6, FC6). To compare Successful inhibitions ver-
sus Failed inhibitions, the following factors were included:
inhibition (SI versus FI), anterior–posterior (anterior versus
parietal sites) and hemisphere (left versus right). The poste-
rior sites were represented by parietal electrodes: C1p, P3a,
P1 and C2p, P4a, P2. For the comparison between Stop-
Relevant and Stop-Irrelevant conditions, we included the
factors: relevance (Stop-Relevant versus Stop-Irrelevant con-
dition), anterior–posterior (anterior versus parietal sites) and
hemisphere (left versus right). Due to the posterior distribu-
tion of the N200 amplitude difference between Stop-Relevant
and Stop-Irrelevant trials (largest over central-parietal scalp),
an additional ANOVA was carried out with the factor of Rel-
evance at the electrode site PCz.
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ould be comprised of more trials in which the Go stimu
ccurred further back in time (e.g., 400–600 ms). This w

hen result in differences in the total averaged overlap di
ion for the SI and FI conditions due to the preceding “G
rial. To correct for this differential overlap distortion pro
em, ERP sub-averages for the SI Stop Signals and for t
top Signals were obtained for each of the four 100 ms t
elay sub-ranges (200–300, 300–400, etc.) for each su
hen, separately for each condition (i.e., SI and FI), these
ub-averages were collapsed together in an equally wei
ay (25% for each sub-average), thereby better equatin
verlap from the Go-event ERPs on the SI and FI Stop-S
RPs (Pliszka et al., 2000).
Second, to correct for any residual differential ove

or the SI and IS trials, we used the ADJAR techniqu
irectly estimate and remove such overlap (Woldorff, 1993).
ore specifically, for each condition separately, we sh

he averaged waveforms time-locked to the Go-signal a
he−200 to−600 ms GO-stop interval range (2 ms steps)
eding the Stop Signals, weighted by the number of a
ccurrences at each interval. This approximated the av
f the “Go” signal ERPs that were overlapping upon
istorting the Stop-Signal averages for each of the two
itions. These previous-response overlap estimate ave
ere then subtracted out of the Stop-Relevant FI and S

rrelevant trials, yielding an estimate of the ERP to these
ignals without the overlap distortion due to the prece
o stimuli (seeFig. 3 below for a comparison of the ori

nal waveform averages before ADJAR correction and
orrected waveforms after overlap removal).
For the analysis of the NoGo-P3 (260–280 ms) of i
ition success (SI versus FI), similar repeated mea
NOVAs were performed. For this focal midline cent
ffect (see topography inFig. 4), the analysis was perform
t site Cz.

Two additional results were not predicted based on
ious findings. First, inspection of the waveforms for SI
I trials and the SI versus FI difference wave revealed a
ifference in the 370–450 ms time interval over the fronto

ar region (seeFig. 5). Statistical differences for this wa
ere tested with an ANOVA including four electrode site

he frontal region (equivalent to Fp1/Fp2 and F3i /F4i in
0–20 system). Finally, inspection of the waveforms for S
elevant FI trials and Stop-Irrelevant trials revealed am

ude difference of a posteriorly distributed slow wave betw
50 and 650 ms. This effect was explored with an additi
NOVA at the midline parietal site Pzi. For all analys

he criticalp-value was set at .05 and the corrected deg
f freedom for deviations from sphericity were determi
ith the Greenhouse–Geisser epsilon method (Greenhous
Geisser, 1954).

. Results

.1. Behavioral performance

In the Stop-Relevant blocks, mean correct GO RT
19± 134 ms; response errors were rare, 2.1± 1.7%. In the
top-Irrelevant blocks, mean correct GO RT was 43±
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Fig. 1. Probability of Inhibition as a function of Stop-Signal interval. Note that response inhibition is relatively easy at short intervals (200 ms), and relatively
hard at long intervals (600 ms).

55 ms. The probability of inhibition [P(I)] for each Stop-
Signal interval was: d-500 = 0.21± 0.10; d-400 = 0.48±
0.14; d-300 = 0.70± 0.17; D-200 = 0.87± 0.18 (seeFig. 1).
The slope of the [P(I)] was very similar to that of previ-
ous reported studies of the SST (e.g.,Logan et al., 1984;
Schachar & Logan, 1990). Mean SSRT for each Stop-
Signal interval were the following: d-500 = 228± 57 ms,
d-400 = 229± 43 ms; d-300 = 250± 44 ms, and d-200 =
305± 54 ms. Overall SSRT was 253± 50 ms.

3.2. N200: Successful versus Failed inhibitions

In the Stop-Relevant blocks, the ERP to both SI and FI
trials showed a temporally sharp negative wave peaking at
200 ms after the Stop Signal (N200; seeFig. 2; see also
Table 1for N200 mean amplitude values for each ROI and
condition), which appeared to be larger for SI trials than for
FI trials over right frontal scalp sites. In the ANOVA analysis,
a main effect of the factor anterior–posterior was found, (F(1,
10) = 8.46,p< .02). Such main effect was qualified by the sig-
nificant interactions of anterior–posterior X inhibition (F(1,
10) = 15.55,p< .003), and inhibition X anterior–posterior X
hemisphere (F(1, 10) = 15.28,p< .003), which reflected that
the SI-FI N200 amplitude difference was particularly local-

Table 1
N r Suc-
c cted
R

W .D.)

(

ized over right frontal scalp. This effect was confirmed by
local analyses carried out on the individual scalp regions sep-
arately, revealing that a regional difference in inhibition (SI
versus FI) was present only over right lateral frontal scalp
(F(1, 10) = 5.54,p< .04; seeFig. 2).

The scalp distribution of the right frontal effect for Suc-
cessful versus Failed inhibitions in the present study is very
similar to the distribution we previously reported for the
group difference between normal and ADHD children in
responses to both Successful and Failed inhibitions (Pliszka et
al., 2000; see comparison between the two studies inFig. 2A
and B).

3.3. N200: Stop-Relevant versus Stop-Irrelevant trials

The ERP waveforms for Stop-Relevant trials and Stop-
Irrelevant trials are shown inFig. 3, before and after Adjar
overlap correction (see Section2 (Methods); Woldorff,
1993). Mean N200 amplitude value for each ROI and condi-
tion are shown inTable 2. A comparison of the Stop-Relevant
(Failed inhibitions) and irrelevant stop responses (after Adjar
correction) revealed an N200 difference with a distinctly dif-
ferent scalp distribution, being largest over posterior scalp
sites.

Table 2
N s for
F ROIs

W

(

200 mean amplitude values in microvolts and standard deviations fo
essful inhibition (SI) and Failed inhibition (FI) trials at each of the sele
OIs

ave N200 Topography SI mean uV (S.D.) FI mean uV (S

200–220) Ant Left −3.74 (3.54) −2.87 (2.78)
Ant Right −4.29 (4.79) −2.64 (3.46)
Post Left −6.05 (2.75) −5.77 (2.76)
Post Right −6.45 (3.00) −6.35 (3.12)
200 mean amplitude values in microvolts and Standard Deviation
ailed Inhibition (FI) and Stop-Irrelevant trials at each of the selected

ave N200 Topography FI mean uV
(S.D.)

Stop-Irr mean
uV (S.D.)

200–220) Ant Left −2.72 (2.53) −0.89 (2.21)
Ant Right −2.74 (3.24) −0.84 (2.82)
Post Left −5.14 (2.64) −0.85 (2.42)
Post Right −5.78 (3.43) −1.03 (3.49)
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In the ANOVA analysis, the main effect of relevance was
significant (F(1, 10) = 12.61,p< .006). This main effect was
qualified by the interaction of relevance X anterior–posterior
topography (F(1, 10) = 15.93,p< .003), showing that the
N200 amplitude was greater for Stop-Relevant than stop irrel-
evant trials over posterior scalp regions. This was further con-
firmed by a local analysis carried out at the midline parietal

Table 3
NoGo P3 mean amplitude values in microvolts and standard deviations for
Successful inhibition (SI) and Failed inhibition (FI) trials at the vertex (elec-
trode Cz)

Wave Nogo P3 Topography SI mean uV (S.D.) FI mean uV (S.D.)

(260–280) Cz 7.89 (5.88) 5.26 (5.66)

Table 4
Fp400 mean amplitude values in microvolts and standard deviations for
Successful inhibition (SI) and Failed inhibition (FI) trials at four frontopolar
sites

Wave FP400 Topography SI mean uV (S.D.) FI mean uV (S.D.)

(370–450) FP1 left 6.31 (7.26) 2.96 (6.19)
FP2 right 7.20 (6.90) 3.49 (6.12)
F3a left 6.34 (6.07) 3.96 (6.49)
F4a right 7.32 (6.33) 4.30 (5.50)

site of greatest N200 amplitude (relevance:F(1, 10) = 28.84,
p< .0004).

3.4. Longer latency effects: Successful versus Failed
inhibitions

Two components at longer latencies also appeared to dif-
ferentiate Successful and Failed inhibitions. First, a focal
increase in mean amplitude of the NoGo-P3 wave over mid-
line central scalp (at Cz) was present for SI than FI trials
F(1, 10) = 22.37,p< .0009;Fig. 4. This effect was maximal
during the ascending phase (between 260 and 280 ms) of
the centroparietal P3b wave, whereas the P3b itself peaked
somewhat later (∼380 ms) (see waveforms inFig. 3and see
Table 3).

Second, a later slow wave (370–450 ms) with a medial

frontopolar distribution, appeared to be a greater negativity
to FI than SI trials,F(1, 10) = 9.59,p< .015 (results of local
analysis at frontopolar sites FP1 and FP2, seeTable 4). The
topography, along with the relevant traces, of this effect is
shown inFig. 5. It should be noted that this very anterior
effect did not invert at the eye channels located below the
eye, indicating that it likely reflects a genuine neural source in
prefrontal cortex and not an artifact of eye movement activity.
Moreover, it does not appear to invert polarity over posterior
regions of the scalp.
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f SI and FI trials. Note the right-anterior N200 difference for Succe
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2000): control versus ADHD children (190–230 ms). Topographic map
ontrols minus ADHD subjects of ERP differences for Successful inhib
top) and Failed inhibition (bottom) trials, showing the strong right ant
200 difference for control children versus ADHD children. Note the s

ng similarity in topography of this N200 group effect in (B) and the SI− FI
ifference in the present study in (A), pointing to a common, critical ro

he right frontal region in response inhibition across health and diseas
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Fig. 3. Responses to the Stop Signals for the Stop-Relevant (FI trials) vs. Stop-Irrelevant conditions, shown before (Top) and after (Bottom) Adjar correction
for overlap. (Top left) Grand average ERPsbeforeAdjar for the Failed inhibition (Stop-Relevant; blue) and Stop-Irrelevant trials (green) for the lateral-anterior
and lateral-parietal regions. Note the enhanced N200 for the Stop-Relevant trials, especially for the posterior sites. However, also note that there is some overlap
distortion (from the previous Go stimulus) in all channels, beginning at or before time zero (e.g., arrow labeled “overlap”). (Top right) Topographic maps
of the N200 ERP difference of the Stop-Relevant vs. Stop-Irrelevant trials shown in top left panel. (Bottom left) Grand average ERP responsesafterAdjar
correction, which has effectively eliminated the previous ERP overlap distortion. Note that the N200 is still clearly larger for the Stop-Relevant trials. (Bottom
right) Topographic maps of the ERP difference of Stop-Relevant and Stop-Irrelevant trials after the Adjar correction. Note that the N200 enhancement for
Stop-Relevant trials is most prominent over parietal (and occipital) areas.

3.5. Longer-latency results: comparison of Failed
inhibition and Stop-Irrelevant trials

An even longer latency positive slow wave difference
(450–650 ms), with posterior distribution and a midline pari-
etal maximum, was evident in the contrast of Failed inhibi-
tions and Stop-Irrelevant trials (seeFig. 6, andTable 5), as
well as in the contrast of Failed inhibitions and Successful

Table 5
Late slow wave mean amplitude values in microvolts and standard deviations
for Failed inhibition (FI) and Stop-Irrelevant trials at the midline inferior
parietal site (PZi)

Wave late SW Topography SI mean uV
(S.D.)

Stop-Irr mean
uV (S.D.)

(450–650) PZi 11.13 (3.59) 2.76 (2.76)

inhibitions, although this activity partly overlapped with the
late portion of the NoGo-P3 (data not analyzed, but seeFig. 2,
right, 550–600 time window). An ANOVA of this activity
was performed at the midline inferior parietal site (Pzi) for
the factor trial type, showing this difference to be highly sig-
nificant,F(1, 10) = 50.26,p< 0.001). The topography of this
effect, along with the relevant traces is shown inFig. 6.

4. Discussion

In this study, we used ERPs to elucidate the spatiotemporal
organization of inhibitory processes in the Stop-Signal Task
in young healthy adults. In the evoked response to the Stop
Signal, several effects appeared to differentiate Successful
and Failed attempts to inhibit the motor response.
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Fig. 4. (Top) Grand average ERP responses for Successful and Failed inhibition trials over 12 representative electrode sites. (Top) Topographic maps of the
ERP difference of Successful vs. Failed inhibition trials at 260–280 ms (NoGo-P3), 370–450 ms (Fp400), and 550–600 ms (late SW). Note that the polarity of
the Fp400 and late SW are inverted relative toFigs. 5 and 6, due to the direction of the contrast.

4.1. N200 effects

A new finding of particular importance is that the N200
elicited by the Stop Signal was significantly greater for Suc-
cessful inhibitions than Failed inhibitions over right inferior
frontal scalp, suggesting that the amplitude of this early
right-frontal N200 wave, besides reflecting the triggering of
the inhibitory process, it is also enhanced when there will
be successful implementation of the inhibitory process. The
N200 success-related enhancement cannot be explained by
differences in stimulus salience or probability (same stimuli
involved) or differences in early sustained attention (which
would have resulted in effects distributed over posterior
extrastriate regions, as in the comparison with Stop-Irrelevant
trials). This effect is in line with other findings on the rela-
tionship of the NoGo-N200 to response inhibition that have
indicated that N200 amplitude varies with the speed-accuracy
trade-off, being greater when responses are most accurate

(and relatively slower) and smaller when responses are faster
but less accurate (Falkenstein et al., 1999; Jodo & Kayama,
1992). Thus, the results of the present study adds further evi-
dence that a right frontal mechanism, reflected in the N200
wave, plays a central role in response inhibition as indexed
by the Stop-Signal Task. Consistent with this conclusion are
also recent findings of involvement of right middle and infe-
rior frontal gyrus in inhibitory control from fMRI studies of
Go-NoGo and Stop-Signal Tasks in healthy adults (Garavan
et al., 1999; Konishi et al., 1999; Liddle et al., 2001), and
a lesion-behavior correlation study showing that impairment
in the Stop-Signal Task is associated with selective lesions
in the pars triangularis of the right inferior prefrontal cortex
(Aron et al., 2003).

No doubt the most interesting implication of the present
finding is its relevance toward understanding impaired
inhibitory control mechanisms in ADHD. Previously in
Pliszka et al. (2000), using an identical task, we had reported



M. Schmajuk et al. / Neuropsychologia xxx (2005) xxx–xxx 9

Fig. 5. Prefrontal late positivity (Fp400) to Stop Signal: Failed vs. Successful inhibition. Grand average event-related potentials (ERPs) for Successful and
Failed Inhibition in frontal channels. (Center) Topographic maps ERP difference of Failed minus Successful inhibition trials at 370–450 ms. Note that this
negativity does not invert in the eye channels (i.e., the VEOG sites below the eyes), indicating that the source of this very frontal activity is neural, rather than
eye artifact.

that ADHD children had a markedly reduced N200 to Stop
Signals when compared to control children, with the distri-
bution of this effect being over the same right inferior frontal
region (seeFig. 2A and B for a comparison of the two stud-
ies). In Pliszka et al. (2000), however, no difference in the
amplitude of the N200 was observed between SI and FI tri-
als, whether in the healthy control children, or among the
ADHD children. This led the authors to speculate that the
right frontal N200 is involved in the initiation/triggering of
the inhibitory process, independent of its outcome (Liotti et
al., 2005). The current results suggest that, at least in healthy
adults, the amplitude of the right frontal N200 is also sen-
sitive to theoutcomeof the inhibitory process. However,
this discrepancy may reflect differences in statistical power
between the two studies. Developmental differences in frontal
mechanisms could also explain the discrepancy, i.e., with the
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efficiency of the inhibitory mechanism improving in adults
relative to children. It is possible that the N200 effects in
adults for Successful versus Failed inhibition may reflect, in
addition to the triggering of the inhibitory process, the mat-
uration of cognitive control operations involving planning a
strategy or applying and maintaining an adequate mental set,
functions often attributed to the lateral prefrontal cortex.

An important, second novel finding of the present study
derives from the possible isolation of aspects of the response
to the Stop Signal previously not characterized. The com-
parison between the Stop-Relevant Failed inhibitions and the
Stop-Irrelevant trials revealed an N200 difference with a quite
different scalp distribution—namely, over posterior (parieto-
occipital) scalp. These conditions are matched for sensory
stimulation, motor requirements and probability of occur-
rence, andneither involves Successful response inhibition
(however, detection and evaluation of an error is present only
in the FI trials). We propose that this posterior N200 effect
reflects the activity of a distinct N200 subgenerator (or set
of subgenerators) involved in other aspects of the evoked-
response to Stop-Relevant Stop Signals, including enhanced
sensory and perceptual processing due to their being attended
and relevant. Based on previous ERP and fMRI studies of
early sustained visual attention and attentional cuing (e.g.,
Woldorff, Liotti, Seabolt, Busse, Lancaster, & Fox, 2002;
Woldorff, Hazlett, Fichtenholtz, Weissman, Dale, & Song,
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ig. 6. Late slow wave (450–650 ms) for Failed inhibition vs. Stop-Irrele
rials. Note the focus over midline posterior scalp. This effect has opp
olarity fromFig. 4, due to the opposite direction of the subtraction.
004), this posterior scalp distribution is consistent with g
rators in extrastriate visual cortex, as well as possibly s
ior parietal cortex. It is important to note that this poste
200, which is a sensory/perceptual component appar
ensitive to attention and task relevance, wasnot impaired in
DHD children in thePliszka et al. (2000)study, whereas th
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right frontal N200 subcomponent, reflecting response inhibi-
tion, was. Further studies in ADHD subjects would be helpful
to further delineate and localize the critical portions of this
200-ms-latency brain activity that are impaired in ADHD.

4.2. NoGo-P3 to Stop-Relevant trials

A second, somewhat less novel finding of the present study
is the greater amplitude of an early positivity (260–280 ms),
with a focal distribution over midline central scalp, evident
when comparing Successful inhibitions to Failed inhibitions
(Fig. 4). This effect has been reported earlier in healthy
children, although it tended to peak slightly later, around
300 ms (the NoGo-P3) (Liotti et al., 2005; Overtoom et al.,
2002). Such success-related NoGo-P3 effect was signif-
icantly reduced in ADHD children (Liotti et al., 2005;
Overtoom et al., 2002). The somewhat longer latency in chil-
dren could be due to developmental factors. The midline
central distribution of the NoGo-P3 in this study suggests
a possible generator from dorsal anterior cingulate cortex
(dACC) or nearby pre-SMA. An important role of the dACC
in tasks of response selection and conflict monitoring (such as
the Stroop task) has been firmly established by PET, fMRI,
ERP and lesion correlation studies (Botvinick et al., 2001;
Carter, Mintun, & Cohen, 1995; Liotti, Woldorff, Perez,
& Mayberg, 2000; Swick & Jonanovic, 2002; van Veen &
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frontopolar effect may reflect aspects of inhibitory control
relating to error detection and correction, consistent with ERP
and event-related fMRI studies of error processing showing
that response-locked error-related activity (as reflected by the
error-related negativity [ERN,Falkenstein et al., 1999]) have
generators in the dorsal and even rostral anterior cingulate
cortex (Liddle et al., 2001; van Veen and Carter, 2002). This
is further supported by recent evidence that the amplitude of
the ERN during a Stop-Signal Task is strikingly reduced in
ADHD relative to control children (Liotti et al., 2005). The
fact that this late Fp400 effect has not been reported in pre-
vious studies of the Stop-Signal Task in children may reflect
more robust signal-to-noise over inferior frontal regions in
this study (due to less ocular artifacts in young adults than in
children), removal of pre-Stop Signal overlap in this study,
and higher electrode density than in some studies.

Later on in time (450–650 ms), a midline parietal posi-
tive slow wave was markedly greater in amplitude for Failed
inhibitions than Stop-Irrelevant trials. These conditions are
matched for motor requirements, but they differ in that in
the demands in terms of error evaluation and correction are
absent for the second task. It is proposed that thislatefailure-
specific effect corresponds to the response-locked error pos-
itivity found in ERP studies of error processing (the “Pe”,
Falkenstein et al., 1999, 2000). This is confirmed by the
similar scalp distribution over midline posterior scalp of the
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eside in the right lateral prefrontal cortex (Konishi et al.
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.3. Late failure-specific effects

Another novel finding of the present study was the ob
ation of a robust, longer-latency effect seen at 370–45
ver frontopolar scalp (Fig. 5). This effect (which we refer t
ere as the “Fp400”), reflected the ERP to Failed inhibit
eing more negative compared to the ERP to Successfu
itions. Note that this difference did not invert at electro
elow the eyes (Fig. 5), confirming that this very anteri
ffect is neural in origin and not an artifact of eye blinks
ye movement. Moreover, no distinct polarity inversion
vident for this component over posterior scalp, suggest
ocal source in anterior prefrontal cortex. We propose tha
resent slow wave and the Pe, as well as its timing
RP studies of error processing, the Pe follows the E
y about 200 ms. It is worth noting that a failure-enhan
arietal slow wave is also evident from the contrast betw
ailed inhibitions and Successful inhibitions (seeFig. 2, right,
50–600 ms). However, such statistical contrast was not
arried out (because the two type of trials are not mat
or motor activity).

. Conclusions

The present high-density ERP study allowed the ide
ation of spatially and temporally distinct electrophysiolo
al effects during the unfolding of the Stop-Signal Task.
200 modulation observed over right lateral frontal cor
ith greater amplitude for Successful than Failed inhibiti
ppeared to reflect the triggering and efficient impleme

ion of the inhibitory process. Accordingly, this effect ov
apped almost precisely in both scalp distribution and tim
ith an N200 abnormality previously shown in children w
DHD (Pliszka et al., 2000). This effect dovetails nicely wit

ecent findings from lesion correlation (Aron et al., 2003) and
MRI studies of response inhibition (Garavan et al., 199
onishi et al., 1999; Liddle et al., 2001; Rubia et al., 19)
howing that the right middle and inferior prefrontal gy
re critical for inhibitory control.

Over parieto-occipital scalp, the N200 was enhance
he Stop Signals in the Stop-Relevant condition versu
top-Irrelevant condition. This effect was presumably du
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enhanced sensory and perceptual processing for the Stop Sig-
nals in the former condition due to their being attended and
task-relevant. This effect is likely produced by N200-latency
subgenerators in extrastriate visual cortex and/or parietal cor-
tex (Woldorff et al., 2002, 2004) that are distinct from the
right-frontal contributions. Such posterior N200 activity is
presumably not related to inhibitory control, as evidenced
by it not differing between Successful and Failed inhibitions
and by its normal amplitude in ADHD children in thePliszka
et al. (2000)study. Moreover, the combination of the results
from that study and the present study helps confirm that the
N200 deficit in ADHD children isnot due to deficits at the
level of the sensory and perceptual processing of the Stop
Signals.

At longer latencies, a modulation of the NoGo-P3 over
medial frontocentral scalp also appeared to reflect activ-
ity related to the efficient implementation of the inhibitory
process, having greater amplitude for Successful relative to
Failed inhibitions. Such a result is consistent with ADHD
children showing less success-related activity than control
children (Liotti et al., 2005; Overtoom et al., 2002). NoGo-
P3 activity appears likely to originate, at least in part, from
the dACC, a structure believed to be involved in general mon-
itoring of performance and error processing during tasks of
cognitive control (Botvinick et al., 2001).

Finally, two late failure-specific ERP effects, a greater
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cess. This was followed by a series of longer latency effects
likely reflecting differential recruitment of error detection and
correction mechanisms following Failed attempts to inhibit a
response, processes which have also been shown to be abnor-
mal in ADHD. These results thus provide insight into both the
normal sequence of response inhibition processes in healthy
adults and the abnormal ones seen in ADHD.
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