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ABSTRACT:

This study used event-related potentials (ERPs) and flanker-task performance to compare
executive functions in adolescents with ADHD, their siblings and independent healthy
controls. The aim was to investigate the processing of distracting stimuli, control over
inappropriate responses, and the detection of errors in the presence of incompatible and
No-go stimuli (arrow-heads and a circle, respectively).

Performance showed no major differences between the groups, although No-go errors
were numerically increased for the patients. Adolescents with ADHD were not characterised
by the absence of post-error response slowing. The ADHD group showed a generally smaller
N2 and a missing amplification of the frontal P3 (P3a) in No-go vs. incompatible trials most
likely reflecting impaired inhibitory processing. In response-locked potentials error-related
negativity (Ne) and positivity (Pe) did not clearly differentiate between the groups”.

This study shows that ADHD children are more impaired in controlled than automatic
response processing and inhibition. This was particularly evident in reduced frontal activity
in general and especially after No-go stimuli. Deficient error processing may, however, not
be a cardinal feature of adolescents with ADHD. Future work must orient towards
determining if there is a subgroup for whom the inhibitory impairment is characteristic.

# Note (RDO): But Ne amplitude in the ADHD group was smaller than in the combined control and sibling groups
1. INTRODUCTION

To attend to target stimuli and not be
distracted by irrelevant signals is an

Youngsters with attention-deficit/
hyperactivity disorder (ADHD) typically

efficient way to perform a task. It also
helps to be aware of mistakes so that one
can correct them and maintain efficiency.

have difficulties with maintaining the
focus of attention (Konrad et al., 2004),
are often distracted by unimportant



stimuli (Lawrence et al.,, 2002), have
problems with inhibiting premature
responses (Overtoom et al., 2002) and are
claimed to monitor their performance for
errors less well than those without ADHD
(Siklos and Kerns, 2004; Schachar et al.,
2004). Thus it is not surprising that these
children perform poorly on tasks requiring
effort and control both in the laboratory
and at school (Spira and Fischel, 2005;
Konrad et al, 2006). A better
understanding of how these children
suppress irrelevant information, control
irrelevant responses, and process their
mistakes would be helpful. This is
especially pertinent considering that
improvements of cognitive performance
following the usual treatment with
indirect catecholamine agonists (the
psychostimulants) are attributed to early
stages in information processing affected
by alertness and are not evident in terms
of academic and work performance (Loe
and Feldman, 2007). Thus, a link between
the deficits in information processing/
executive control processes and a
deficient (fronto-striatal) dopamine
system has been extensively discussed
(Biederman, 2005; Swanson et al., 2007).

In this study event-related potentials
(ERPs) as quantitative measures of the
performance of these executive processes
in the brain are applied to these
questions. We assess separately both the
processing of relevant and irrelevant
stimuli in stimulus-related ERPs, and the
ERP registration of correct and incorrect
motor responses to these stimuli.

An essential feature of the initial
response to a stimulus is that it should be
correctly classified and, if irrelevant to the
task in hand, inhibitory processes brought
into play. An excellent paradigm is the
Go/No-go task where the No-go stimulus
elicits ERPs such as the N2 that reflects
these classification and  inhibitory
processes (Folstein et al., 2008; Dong et

al.,, 2009). No-go stimuli often precipitate
premature behavioural responses (errors)
that allow the normal ERP markers of
monitoring success in processing and
response to be studied (Falkenstein et al.,
2001).

For example, Smith et al. (2004)
reported a series of changes in the early
components recorded from children with
ADHD on No-go trials, namely alterations
in amplitude and topography of the P1,
N1, P2, N2 and P3 ERPs. In particular, the
N2 component, with a frontal/fronto-
central maximum has been linked to
conflict monitoring, and is marked on
successful trials (Yeung et al., 2004).
Following a No-go stimulus, the N2 was
shown in healthy adults to be as large on
trials with imagined as well as actual
response inhibition, and has thus been
viewed as representing a premotor
process of a cognitive nature (Burle et al.,
2004). However, N2 has also been related
to the degree of ambiguity (Szmalec et al.,
2008), the perceptual distinction between
stimuli (Azizian et al.,, 2006) and the
surprise or expectancy of the event
(Gajewsky et al., 2008) which all relate to
processes of classification. While N2
clearly indexes processes crucial to
response selection, it is followed in
Go/No-go tasks by a P3-like positivity with
fronto-central maximum (Falkenstein et
al., 2002; Kamarajan et al., 2005) that will
be referred to here as P3a. This
component has been associated with
motor inhibition or the (re-)evaluation of
an appropriate motor plan for No-go
stimuli (Bruin and Wijers, 2002) and may
be particularly marked on trials where the
cues are incongruent (Gomes et al., 2008).

Several studies have reported small,
not always clearly significant reductions of
N2 amplitude on stop and No-go trials in
patients with ADHD, largely independent
of successful response inhibition in
children with a mean age of 10-11 years



(Brandeis et al.,, 1998; Dimoska et al.,
2003; Broyd et al., 2005; Albrecht et al.,
2005; Wiersema et al., 2006; Johnstone et
al., 2007; Liotti et al., 2007) adolescents
(mean 15.7 years, Groom et al., 2008) and
young adults (Fallgatter et al., 2005). But
others emphasize there were no altered
amplitudes or slight increases inpatients
with mean ages of 10-11 years (Oades et
al., 1996; Henriquez et al., 2006) or young
adults (Prox et al., 2007; Ohlmeier et al.,
2007). Findings in ADHD are also
heterogeneous for the P3 component. P3
amplitudes often tend to be reduced by
comparison to controls (Overtoom et al.,
2002; Liotti et al., 2005; Fallgatter et al.,
2005; Brandeis et al., 1998; Bekker et al.,
2005; Prox et al., 2007), but no differences
or even a larger signal have also been
described (Dimoska et al., 2003; Henriquez
et al., 2006; Johnstone et al., 2007; Groom
et al.,, 2008). Only two laboratories have
used a flanker task similar to that reported
in the current study. Incongruent trials
and those producing an error tended to
increase N2 (and P3) amplitude in healthy
and ADHD groups (Jonkman et al., 1999,
2007; Albrecht et al.,, 2008), whereby
Albrecht et al. (2008) reported a smaller
enhancement of the N2 amplitude in
ADHD patients. We were therefore
concerned in the present study to clarify
these associations.

Monitoring that a response was correct
and detecting the commission of an error
are the central nervous processes that
should follow the stimulus-locked events
just described, and are best studied in the
response-locked ERP. On making an error,
two major components usually follow. The
first is a negative deflection 50-100 ms
after the response over frontal brain areas
(error negativity, Ne, or error-related
negativity, ERN). The second is a plateau-
like positive deflection which follows over
more posterior regions (error positivity,
Pe) (Falkenstein et al., 1991; Gehring et
al., 1993; Falkenstein et al., 2000). These

authors suggested that the Ne reflects a
mismatch between the expectation and
the outcome of the response. As its
amplitude appears independent of the
degree of mismatch or conflict it has been
suggested to constitute an alerting signal
for the relevant parts of the brain to
reinstitute efficient control (Carbonnell
and Falkenstein, 2006; Masaki et al.,,
2007). The need for this may arise, for
example, through the conflict between
response alternatives. In contrast, it is
argued that the Pe arises only when the
subject is aware of having made an error
and this error has some motivational
significance (Leuthold and Sommer, 1999;
Nieuwenhuis et al., 2001; O'Connell et al.,
2007; Endrass et al., 2007; review of
alternative explanations in Overbeek et
al., 2006). A number of studies on the
development of error-related processing
across puberty, through adolescence to
young adulthood (7-24 years of age) have
been carried out (Segalowitz and Davies,
2004; Davies et al., 2004; Ladouceur et al.,
2004; Hogan et al., 2005; Santesso et al.,
2006; Wiersema et al., 2007). The tasks
used by the 4 laboratories in these 6
studies have concerned letter- and arrow
flanker (Eriksen and Eriksen, 1974; Kopp et
al., 1996a), coloured arrow discrimination
and letter-Go/No-go paradigms,
respectively. These studies describe a
general increase of Ne amplitude with
increasing age, while the Pe amplitude
does not change. Only one study reported
that Pe amplitude increased across
adolescence before falling slightly in
young adulthood (Ladouceur et al., 2007).

These studies also report on the
development of a behavioural index of
‘awareness’ that an error has been
committed. The reaction time (RT) on the
first correct response after an error is
usually slower than that recorded on
successive correct responses (Rabbitt,
1966). While RTs vary considerably within
and between children of different ages,



these developmental studies reported
that the post-error RT was either slower
for all age-groups studied (Davies et al.,
2004; Santesso et al., 2006; Wiersema et
al., 2007) or the slowing effect increased
with age (Hogan et al., 2005). However, it
has been claimed that an absence of post-
error-slowing is characteristic of ADHD
children (Sergeant and van der Meere,
1988). Indeed, Ladouceur et al. (2007)
emphasized that the error-related ERP
components studied were dependent on
trials where the post-error slowing was
evident. This feature may be crucial to
interpretations of patients' ERPs, even
though Wiersema et al. (2007) found no
formally significant correlations between
post-error RTs and measures of the Ne or
Pe. In contrast, Debener et al. (2005)
found a clear correlation between the Ne
amplitude and posterior slowing on the
level of single trials. Also, an association of
post-error slowing with Pe amplitude has
been reported for healthy adults
(Nieuwenhuis et al., 2001; Hajcak et al.,
2003).

Six groups have reported
heterogeneous findings on error-related
processing in children with ADHD (aged 7—
14 vyears, means 10-11 vyears) on 4
different tasks. Liotti et al. (2005) first
described reduced Ne amplitudes on
failed trials in a stop-task. Similarly, on the
arrow-flanker task Van Meel et al. (2007)
found that the Ne amplitude was reduced
despite the patients retaining normal
post-error RT slowing. This has recently
been confirmed by Albrecht et al. (2008).
In contrast, Wiersema found no Ne
differences between groups on a Go/No-
go or a two stimulus RT-task even though
the patients did not show the normal
post-error slowing of RT. However, the Ne
components were not only similar, but
extremely small in both the comparison
and study groups. Burgio-Murphy et al.
(2007) described a quite different pattern
for children with combined or inattentive

subtypes of ADHD on a continuous
performance task. While post-error RT
slowing in the ADHD groups was absent,
the Ne was largest in the combined type
group, somewhat smaller in the
inattentive subgroup, but smaller again in
the controls. Further, the topography of
the Ne was more posteriorly distributed
than usual. Results for the Pe in children
with ADHD show either that there is no
difference compared to healthy controls
(Burgio-Murphy et al., 2007; Albrecht et
al.,, 2008) or that there is a marked
reduction in the patients (Wiersema et al.,
2005; Jonkman et al.,, 2007). In some of
the studies it is unclear whether the
observed changes are specific for error
trials, because ERPs in correct trials are
not considered. Clearly, the nature of the
Ne and Pe in ADHD and the specificity of
the result for error trials require further
study.

The present study was planned to
overcome some of the methodological
inconsistencies of the foregoing studies
(e.g. the nature of the Ne/Pe
measurement, role of stimulus-locked N2)
in a group of youngsters with the
combined type of ADHD across the age
range used in the developmental
investigations (above). To study the
processing of relevant and irrelevant
stimuli we used an arrow-head flanker
task (Eriksen and Eriksen, 1974) modified
to present trials with incongruent cues
and No-go stimuli for which ERPs could be
recorded for the error responses central
to this study. These are the commission of
an incorrect response, and the
commission of any response, respectively
(Kopp et al., 1996a). The high error rate on
this task is elicited by incongruent arrow-
heads presented asynchronously along-
side the target that enhance the wrong
left- or right-handed response, and by
neutral stimuli in the target area that
require no response (No-go stimuli) and
facilitate false alarms.



We introduce three elements in to the
ERP analysis that should represent
improvements on the techniques applied
to date. Firstly, the distracting stimuli in
the flanker task were introduced 160 ms
prior to the target to enhance the
tendency to elicit errors. Secondly
incongruent and No-go stimuli were
presented in the same task to enable a
comparison of different types of executive
control, namely the automatic/
unconscious control after incongruent
stimuli, and the conscious control after
No-go stimuli. The presentation of both
conditions within one block avoids the
potential confounds of altered states of
alertness and motivation in subjects
presented with the conditions in two
separate tasks. Thirdly, to demonstrate
the specificity of the expected changes for
error trials, response-locked ERPs on
correct trials were also analysed. Even on
correct trials a small negative deflection is
usually observed that probably reflects
response  monitoring  (correct-related
negativity, Nc; Vidal et al., 2003; Allain et
al., 2004) and for which a similar source to
the Ne has been reported (Yordanova et
al., 2004). Not only is there an interest
integral to a group comparison for the Nc,
but the functional aspect of the Ne should
be viewed in terms of its amplitude with
respect to the Nc. Only a specific change
of the Ne in error trials but not of the Nc
in correct trials would suggest an
alteration of error processing in ADHD.

Finally, as we predicted that the Ne/Pe,
as well as the N2—P3 ERP complexes would
at least in part be reduced in the patients
compared to the controls, a group of
healthy siblings of the ADHD patients was
included in anticipation that they would
show a phenotype reflecting that seen in
ADHD but with ERP  amplitudes
intermediate between those shown by
controls and patients for N2 and Ne, as
claimed by Albrecht et al. (2008). This is a
reasonable prediction considering that

about 60% of the variance in N2 and P3
amplitudes has been attributed to genetic
influences (Anokhin et al., 2004) and the
heritability of ADHD is about 70% (Faraone
et al.,, 2005b). This would provide a
significant step towards describing the
neural basis for an endophenotype for an
aspect of anomalous cognitive processing
in ADHD.

2. METHOD

2.1. Participants

As part of an ongoing genetic study
(IMAGE1') a small subset of 15 children
with DSM-IV ADHD combined type (mean
age = 13.9 years, range: 11.5-17.5) were
recruited for this study following referral
to the Clinic in Essen along with 12 of their
healthy siblings (SIB: mean age = 14.5
years, range: 12.0-17.1). In addition, 12
unrelated healthy children without a
family history of ADHD were recruited as a
control group by advertisement (CON:
mean age = 13.2 years, range: 11.2-15.9).
Diagnoses were based on a standardized,
semi-structured interview with the
parents (Parental Account of Childhood
Symptoms, [PACS]; Taylor et al.,, 1991,
Chen and Taylor, 2006). ADHD symptoms
in both cases and siblings were rated with
the long version of Conners' parent and
teacher rating scales (CPRS-R:L; CTRS-R:L;
Conners, 2002), and the parent and
teacher versions of the Strengths and
Difficulties Questionnaires (SDQ;
Goodman, 1997). Exclusion criteria for
both cases and siblings included autism,
epilepsy, general learning difficulties,
brain disorders and any genetic or medical
disorder associated with externalizing
behaviour that mimics ADHD. There were
no cases with comorbid obsessive
compulsive disorder, tic disorder, dyslexia,
enuresis or encoporesis, but there were
signs of anxiety, oppositional and conduct

! International Multicentre ADHD Genetics project
(Faraone et al., 2005a).



disorders in 7, 8 and 4 sometimes over-
lapping cases, respectively. All subjects
had an estimated 1Q N75 based on 4 WISC
subtests (information, picture arrange-
ment, similarities and block design;
Sattler, 1992) taken at the time of testing.
All families were provided with a small
honorarium in addition to their expenses
which was not dependent on any
condition. Following approval by the Clinic
Management and Ethics Committee of the
Faculty of Medicine, full written inform-
ation was provided to the parents/
guardians and children, and their verbal
and written consent was obtained in
accordance with the Helsinki Declaration.

2.2. Stimuli and procedure

Participants were seated in a dimly lit
room 1 m in front of a computer monitor.
In the flanker task (modified after Kopp et
al., 1996a) arrow-heads were presented as
targets in the centre pointing with equal
probability to the left or right. They were
flanked by two further arrow-heads in the
vertical axis that appeared 160 ms before
the target. In the compatible condition
(COMP: 60% of trials) flankers and targets
pointed in the same direction; in the
incompatible condition (INCOMP: 20% of
trials) they pointed in opposite directions.
In the remaining 20% of trials a circle (with
flankers) was presented centrally instead
of the target indicating that response
should be withheld (No-go condition). For
each of the three conditions, half of the
flankers pointed to the left or right,
respectively. The 3 conditions were
presented in a pseudo-random order.
Participants were instructed either to
press the left or right button of a response
pad according to the direction indicated
by the central arrow-heads as fast and as
accurately as possible, or to withhold the
response in the No-go condition. In total,
840 trials were presented with a short
break after each block of 105 trials.

Each stimulus was white on a dark gray

background and obtained an area of
1.5x1.5 cm. The vertical stimulus array
was 5.5 cm long. Each trial started with a
small circle as a fixation stimulus in the
middle of the screen. It was replaced after
500 ms by the flankers and followed by
the target after 160 ms. Target and
flankers were presented for 300 ms after
the target onset. The inter-trial interval
was fixed at 1600 ms. To reduce the trial-
to-trial variation in information processing
and in the ERPs elicited, moderate time
pressure was applied; a feedback tone was
given if the reaction time (RT) exceeded
600 ms. The flanker task was embedded in
a task battery of two other cognitive tasks
(auditory oddball task, time estimation
task) which will be reported elsewhere. All
tasks were performed during one 45-
minute session and the same task
sequence between participants with short
participant-determined breaks of about 1
min.

2.3. Data processing

Performance was assessed with
measures of the RT and error rate. The
EEG was recorded with tin electrodes in
the positions of the extended inter-
national 10-20 System: F3, F4, C3, C4, P3,
P4, F7, F8, T3, T4, T5, T6, Cz, Fz, Pz, FCz,
CPz, CP3, CP4, FC3, FC4, TP7, TP, FPz, Oz,
FT7, FT8, M1, and M2. Horizontal and
vertical electrooculograms (EOG) were
recorded from electrodes placed at the
outer canthi (LO1, LO2) as well as above
and below the right eye (SO2, 102). The
ground electrode was located at the AFz
electrode and M1 was used as the primary
reference. Later the averaged data were
re-referenced to linked mastoids (M1 +
M2). Electrode impedances were kept
below 5 kQ. The EEG was recorded and
sampled at 500 Hz using a DC coupled
amplifier (SYNAMPS) and recording
software (ACQUIRE; both Neuroscan Inc.).
High- and low-pass filters were set at .1
and 100 Hz.



Only trials with RTs of 100-600 ms
were included in the data analysis. EEG
data were analysed offline with Vision
Analyzer software (Brain  Products,
Munich). A digital low-pass filter was set
at 30 Hz (24 dB/octave). Stimulus-locked
epochs were 1600 ms long (relative to
target onset -500 ms and +1100 ms). The
mean amplitude of the pre-target interval
between -260 and -160 ms (between
-100 ms and flanker onset) was used as
baseline. All epochs with EEG amplitudes
over 150 pV or with drifts of more than 50
uV from one sampling point to the next
were discarded. Correction for eye
movements was computed by a
regression-based method wusing the
horizontal and vertical EOG (Gratton et al.,
1983). Stimulus-locked epochs were
averaged for correct trials only, according
to condition (COMP, INCOMP, NO-GO).
The response-locked epochs covered a
900 ms period from -500 ms before to
+400 ms after the response in the
incompatible  condition. They were
averaged separately for correct and
incorrect responses. The mean number of
incompatible trials with correct responses
was 115 (SD=23.5; MIN=64, MAX=151)
and for errors was 28 (SD=15.6; MIN=10,
MAX=115). For the response-locked
epochs a pre-response baseline was set
between -100 ms until the response.

2.4. Data analysis

The irrelevant flanker stimuli were
separated in time from the targets in
order to produce an uncontaminated ERP
record. The peak amplitudes and latencies
of the stimulus-locked frontal N2
component were determined at 6 frontal
electrodes (F3, Fz, F4, FC3, FCz, and FC4)
within a search interval between 200 and
450 ms after stimulus onset. The P3a,
maximal at FCz, was quantified as the
mean amplitude in the time interval
surrounding the component's peak in the
grand average (390 to 450 ms after target

onset). Mean amplitudes were calculated
for analysis because especially for the
COMP condition a peak could not be
reliably determined. Response-locked
epochs were used to quantify Ne for
incorrect trials, Nc for correct trials, and
the subsequent positivity following errors
and correct responses (Pe and P,
respectively; see Falkenstein et al., 2000
for a tutorial). The waveform showed that
Ne and Nc were maximal at FCz (Fig. 3).
Thus, Ne and Nc amplitudes were
determined as the maximal negative peak
in the search interval from =50 to +200 ms
(Falkenstein et al., 2001). Peak latencies of
Ne and Nc were also measured. The early
and late parts of the slow-going Pe and Pc
potentials, maximal at Cz were quantified
as the mean amplitude in the time interval
from 200 to 250 ms and 250 to 350 ms
after the incorrect response. Both early
and late Pe and Pc were measured relative
to a pre-response baseline of 100 ms
length.

2.5. Statistical analysis

Characteristics of the group and group
differences (age, 1Q and Conners' rating
scales) were examined by analyses of
variance with cases, siblings and controls
as between-subjects factor (ADHD, SIB and
CON: Table 1). For RTs, first groups were
compared with the within factor of the
two compatibility conditions, then with
the within-factor sequence for serial
correct responses vs. correct responses
after errors of commission. The analysis of
error rates included, along with the
within-factor of compatibility, the extra
level of the No-go condition.

Statistical ERP analyses were based on
mean values and used repeated measures
ANOVAs. As the gender of the participants
was unequally distributed over the
experimental groups, gender (male,
female) was included as a covariate in all
main ANOVAs in order to statistically
control for its influence. Although the



experimental groups did not significantly
differ in their age, linear regressions were
conducted on each experimental variable
in order to control possible influences of
age. These regressions were not
significant and are not reported.

For analyzing the amplitude and latency
of the N2 component two separate
ANOVAs were conducted, respectively.
The ANOVAs included the within-factors
laterality (left: F3, FC3; central: Fz, FCz,
right electrodes: F4, FC4), and row (F-row
and FC-row) and compatibility (COMP,
INCOMP, NO-GO). The frontal P3a analysis
included only the within-factor
compatibility (COMP, INCOMP, and NO-
GO). Two single analyses of the response-

Table 1:

locked ERPs (Ne/Nc and Pe/Pc) included
the within factor correctness alone
(correct vs. incorrect responses). The
factor group (ADHD, SIB, and CON) was
always included as between-factor.

3. RESULTS:

3.1. Subject characteristics

There were fewer females in the ADHD
group, but there were no significant
differences in age (F (2,36) = 1.8, p = .17)
or 1Q between the 3 groups (Fbl). For
symptom ratings we focus on the CPRS
that did not differ qualitatively from the
CTRS, and on the principle subscales that
reflect diagnostic subgroups. The 3 groups

Characteristics of the 3 subject groups, including Conners symptom ratings (means with standard

deviations in italics).

Group N Gender Age 1Q Inattention ANOVA  Hyperactivity ANOVA  Sum ANOVA
(m/f) (years) vs. ADHD vs. ADHD of vs. ADHD
(df 1,25) (df1,25)  symptoms (df 1,25)

ADHD 15 14/1 13.9 104 72.5 76.7 71.3
1.6 11.8 9.2 11.9 11.1

Siblings 12 5/7 14.5 106 523 F=24.7**  55.2% F=27.5%* 545 F=27.3%*
1.8 11.9 12.1 8.6 11.4

Controls 12 3/9 13.2 105 49.8 F=44.2%* 491 F=45.7%*  49.6 F=53.3%*
1.5 11.5 8.4 8.5 7.9

** p<.001.

* Controls vs. siblings, hyperactivity ratings (F(1,22) = 3.1, p <.10); no differences for controls vs. siblings on

inattentive or summed ratings

Table 2:
Response  RT RT RT Error rate Error rate Error rate
Condition COMP INCOMP Slowing COMP INCOMP No-Go
Correct trial
after error
Group
ADHD 332 (58) 419 (85) 113 (48) 4.6(5.9) 25.5(17.9) 15.8 (19.3)
Siblings 367 (67) 454 (48) 111(103) 4.8(7.1) 22.5(244) 8.4 (9.8)
Controls 344 (50) 442 (45) 85 (59) 2.42.4) 18.0 (12.8) 8.0 (94)

RT = Reaction time (milliseconds); COMP/INCOMP = compatible/incompatible conditions



(F < 1). For symptom ratings we focus on
the CPRS that did not differ qualitatively
from the CTRS, and on the principle
subscales that reflect diagnostic sub-
groups. The 3 groups differed on the CPRS
(inattention/hyperactivity/sum, F (2, 36) =
21.8/29.0/28.2, p<.001). These showed
the ADHD group with higher symptom
ratings than the siblings or the controls
(see Table 1 for statistics). The siblings
showed marginally more symptoms than
the controls, but this was only significant
for ratings of hyperactivity (Table 1).

3.2. Behavioural data

There was no significant main effect of
group on RT (F (2,25) = .92, p = .41) or
error rate (F (2,35) = .71, p = .50), although
descriptively the ADHD group tended to
respond faster and make more errors than
the healthy adolescents (Table 2). RTs
were faster in the compatible than in the
incompatible condition (means 346 and
437ms, respectively; F (1,35) = 28.5, p <
.001). This effect did not interact with the
factor group. All three groups showed a
markedly slower RT on the first correct
response after an error (mean +103 ms) in
comparison with RTs on serially correct
responses (mean -4 ms; pb.001). But
there were no significant differences
between the groups (F (2,35) = .53, p =
.60; Table 2). For all three groups there
was a strong effect of compatibility on
error rate; F (2,70) = 36.7 p < .001. The
incompatible condition yielded the highest
error rate and also the No-go condition
elicited more errors than the compatible
condition (means: 21.6%; compatible:
3.9%; No-go: 10.7%; all Fs (1,36) > 15.3, all
ps < .001). Again, also this effect did not
interact with the factor group.

3.3. ERP data: N2

The N2 peak amplitude (Fig. 1) was
highest at midline electrodes (-5.4 uV)
when compared to left (-3.2 uV) or right
electrodes (-3.3 uV; both Fs(1,36) > 28.2,
both ps < .001; main effect of laterality: F

(2,70) = 5.9, p < .01). There was an
interaction of row x group (F (2,35) = 6.1,
p < .01). Post hoc tests revealed a
significantly higher N2 amplitude for the
controls (-7.1 uV) compared to the ADHD
group (-3.6 uV) at frontal electrodes (F (1,
25) = 5.3, p < .05; Fig. 2 and Table 3).
Compatibility did not significantly affect
theN2 amplitude and analysis of peak
latencies also showed no significant effect,
possibly due to high variability in the data
and the conservative inclusion of gender
as a co-variable.

3.4. ERP data: the P3a

The P3a amplitude varied with the
experimental condition (Fig.1). A main
effect of compatibility (F (2,70) = 5.7, p <
.01) showed that a larger amplitude
occurred in the No-go than in the
incompatible condition (mean 9.5 vs. 6.4
UV, respectively: F (1,36) =12.0; p < .01) or
in the compatible condition (mean 1.2 pV:
F (1,36) = 84.8; p < .001). The latter two
conditions also differed significantly (F (1,
36) = 44.8; p < .001).

Group interacted with the factor
compatibility (F (4,70) = 2.7; p < .05) such
that within both the control and sibling
groups P3a amplitude increased from
compatible to incompatible and then to
the No-go condition (all Fs (1,11 )> 4.9; all
ps < .05; Table 3). However, for the ADHD
group (Table 3) there was no difference
between P3a amplitudes in the No-go and
incompatible conditions (p = .58).
Amplitudes in the compatible condition
were smaller than either in the
incompatible or the No-go condition (Fs
(1,14) > 13.5; ps < .01).

3.5. ERP data: correct negativity (Nc),
error negativity (Ne) and error positivity

(Pe)

As there were not enough acceptable
trials with errors of commission in the No-
go condition to calculate the Ne, the
analysis is restricted to the incompatible




condition. As expected there was a large
difference between the amplitude of Ne
and Nc (means -12.7 vs. -6.0 pV: F (1, 35)
= 4.2; p < .05: Fig. 3). Considering the
three groups of subjects there were no
group differences in Ne and Nc amplitude
(main effect group: F (2,35) = 1.2, p = .32)
nor an interaction of correctness x group
(F (2,35) = 1.6, p = .21). Analysis of the
Ne/Nc-latencies revealed no significant
effects.

The early Pe (200-250 ms), which was
pronounced at Cz, was more positive after
Figure 1.
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incorrect than correct responses (mean
+6.1 vs. -11.1 uV: F (1,35) = 9.2; p < .01).
The late Pe (250 to 350 ms) was also more
positive after incorrect than correct
responses (mean +3.4 vs. -5.9 uV, F (1,35)
= 8.2; p < .01). But neither the group main
effects (both Fs (2,35) < 1.1, both ps > .35)
nor the group x correctness interactions
(both Fs (2,35) < 2.3, both ps > .12)
attained significance for the early and late
Pe, respectively.

Grand average ERPs at Fz and FCz for the 3 subject groups to compatible (COMP), incompatible
(INCOMP) and No-go stimuli: The dotted vertical line represents the flanker onset. The time point

zero corresponds to the target onset.

ADHD

SIBLINGs
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4. DISCUSSION

In this report we used a single task with
asynchronous distracting flanker stimuli,
incongruity between target and flanker
arrow-heads and a No-go cue to examine
the ability of adolescents with ADHD, their
healthy siblings and healthy controls to
suppress prepotent response tendencies.
The associated processes were indexed
with  stimulus-locked cognitive ERPs.

200 400 600  -200 0 200 400 600

Time [ms]

Response-locked potentials were recorded
to measure how errors made in these
conditions were monitored. We predicted
that adolescents with ADHD would be
deficient behaviourally and physiologic-
ally, and that this would be partially
reflected in the performance of their
siblings without a diagnosis. The latter
effect would facilitate a description of a
potential endophenotype underlying such
processes.



Overt performance did not show major
differences between groups, although No-
go errors were numerically increased for
the patients. Processing of the target,
indexed by the N2, was reduced in the
ADHD group especially at frontal electrode
positions. The P3a that followed was
larger in the No-Go than in the
incompatible condition for the comparison
group and the siblings. However the P3a
recorded from the ADHD group did not

Figure 2.
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differentiate between conditions. The Ne
response on error trials was not
significantly different between groups.
The positive response (Pe) that followed
the Ne (compared to the potentials after a
correct response) did also not
differentiate between groups. We discuss
these findings on the way adolescents
with ADHD process information and
monitor their responses in the context of
similar recent studies.

Topography of the N2 potential for the 3 subject groups to incompatible and No-go stimuli.

N2-Topography ADHD

Incompatible

No-go

4.1. Subjects and behaviour

The subject groups were well matched
for age and 1Q, although proportionately
fewer females were represented in the
ADHD group. However, this reflects the
normal prevalence of ADHD (Buitelaar et
al., 2006), where girls usually show similar
ERP characteristics to boys in conditions
like the one used here (Liotti et al., 2007).
Because of the different gender ratio
between groups we included gender as a
covariate in order to control for a possible
influence. Thus, this control is rather

CONTROLs

SIBLINGs

conservative
relatively low number of participants in
the three groups. A more even matching
of the gender ratio and increased group
size is recommended in future studies.

considering also  the

As expected, the incompatible stimuli
elicited longer RTs and more errors than
compatible stimuli. The error rates were
marginally higher, but in the range of
those of young adults reported from
earlier studies with a similar task (Kopp et
al., 1996b; Willemssen et al., 2004). No-go
stimuli also elicited more errors than the



straightforward compatible condition of
the flanker task. The contrasting low error
rate after compatible stimuli shows that
there was a strong tendency to respond to
the flankers, which may prove correct in
the compatible condition but lead to
errors in the other conditions.

Descriptively the ADHD group tended
to respond impulsively: they responded
marginally faster and made more errors
than the two comparison groups.
However, the differences were not
significant. The error rates of siblings
resembled the ADHD group but were also
non-significantly higher than the controls.
Age and 1Q are unlikely to confound the
comparisons as the groups were well
matched on these features and
regressions have been calculated for age
on the relevant dependent variables
without any significant result. Nonetheless
the standard deviations for most of these
measures were markedly smaller in the
controls, which underlines the frequently
reported feature of variability between
subjects with symptoms of ADHD (Oades
and Christiansen, 2008; Di Martino et al.,
2008). Participants in each group showed
longer RTs for correct responses after an
error than after a correct response, i.e.
normal post-error slowing. This result ran
counter to our expectation (see
Introduction), but is consistent with two
other studies of action monitoring in
ADHD children (Burgio-Murphy et al.,
2007; Van Meel et al., 2007). Clearly, the
absence of the normal slowing of a correct
response following an error should not be
considered as a cardinal feature of
adolescents with ADHD, as previously
suggested (Sergeant and van der Meere,
1988).
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Figure 3.

Grand average response-locked ERPs at FCz
and Cz for the three subject groups to correct
and incorrect responses in the incompatible
condition. The time point zero corresponds to
the response onset. Arrows point to the Ne and
Pe components.
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4.2. Stimulus processing

The frontal N2 was especially marked
on incompatible and No-go trials. This is in
line with the results from many studies of
conflict conditions requiring effortful
classification of stimuli, control of
interference and selection of correct
responses in young adults (van Veen and
Carter, 2002; Schmajuk et al., 2006;
Gajewsky et al.,, 2008). However, the
differences between compatibility
conditions did not attain statistical
significance (main effect of compatibility)
probably due to high variability in the
data.



Table 3:
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Amplitudes (1V) of stimulus and response-locked ERPs for 3 groups of subjects
(Standard deviations in parentheses).

Group component ADHD

SIBs CON

Stimulus-locked ERPs

N2 peak amplitude
(comP, INCOMP, No-go)

Left/Midline/Right
Frontal/Fronto-central

2.1 (3.8)/~4.3 (5.4)/-1.9 (4.2)
3.6 (4.7)-1.9 (4.3)

P3a at FCz
(No-go/INCOMP/COMP) 7.4 (5.8)/6.7 (6.3)/2.4 (5.0)

Response-locked ERPs

Ne (Nc) at FCz (INCOMP)
Ne/Nc —9.5(6.1)/-5.1 (4.5)
Pe/Pc at Cz (INCOMP)

Early Pe/Pc 9.3 (12.1)/7.2 (9.3)

8.7 (6.5)/4.0 (4.1/~0.3 (3.5)

—16.3 (7.8)/-6.5 (4.7)

2.0 (11.7)/-12.0 (6.2)

—3.4(3.6)-5.6 (4.9)/-3.5(3.9) —4.0 (5.3)/~6.5 (5.7)/~4.4 (5.6)
~4.8 (4.5)-3.5 (3.9)

~7.1(5.5)/-2.9 (5.6)

13.0 (11.1)/8.3 (10.7)/1.3 (4.9)

—13.1 (8.9)/-6.5 (5.0)

6.0 (6.7)/~15.1 (9.4)

In the ADHD group the frontal N2 was
generally reduced compared to the
controls, suggesting a general decline of
the efficiency of the processes necessary
for controlled response selection in ADHD
patients. This is in line with other reports
on the N2 in ADHD children from visual
Go/No-go tasks (Pliszka et al., 2000; Barry
et al.,, 2003; Smith et al., 2004), also
suggesting declined efficiency of response
inhibition. There is evidence that N2 in No-
go trials is generated, at least in part by a
right frontal source (Oades, 1998;
Ladouceur et al., 2007), most probably
located in the right inferior frontal gyrus
(IFG: Aron et al., 2004). This is reminiscent
of the right-lateral attenuation of a related
component, the mismatch negativity,
(Oades et al., 1996) that also has an IFG
source (Jemel et al, 2002). Recent
neuroimaging studies also emphasize
reduced volume and decreased
connectivity within the frontal lobe of
patients with ADHD (Valera et al., 2007;
Makris et al., 2008). Although there was
not an interaction with compatibility and
group in our data, there were large

numerical differences when comparing
the No-go-N2 between ADHD patients and
controls at the right frontal F4 electrode
(4.5 uV vs. 7.1 pV, respectively). Together
with the significant reduction of the
frontal N2 in the ADHD group our results
suggest a declined efficiency of response
control.

The fronto-central P3a amplitude in the
compatible condition did not differ
between groups. This is consistent with
other findings (Sunohara et al., 1997).
However, the amplitude of the P3a in
normal adolescents and siblings was small
in compatible trials, larger in incompatible
trials, and even larger in No-go trials.
Using the same task parameters we have
observed that the flankers elicit a dip in
the lateralised readiness potential which is
then actively inhibited and reversed
(Willemssen et al., 2004). Assuming the
P3a reflects this process, it would be
expected to be large when a response is
suppressed on a No-go trial. The
enhancement of the P3a in the No-go vs.
incompatible trials was absent in the



adolescents with ADHD. Hence our data
suggest that the controlled executive
process leading to response suppression in
No-go trials is attenuated in ADHD. The
trend for an increased error rate in the
ADHD group on No-go trials supports this
interpretation. In incompatible trials the
probably automatic inhibition process is
present in ADHD as in normals, while the
extra, controlled, inhibition necessary in
No-go trials is hardly activated in ADHD.
Consistent  with  this  result and
interpretation, others have reported an
association between P3a amplitude and
errors of commission made on a
continuous performance task
(Banaschewski et al., 2003), and that
ADHD children show a reduced P3a
amplitude following successfully inhibited
responses on a stop-task (Liotti et al.,
2005).

4.3. Post-response processing

Despite the significant difference
between the small Nc after correct
responses and the large Ne after error
responses there were no significant group
differences for the potentials. At a
descriptive level it can be seen in Fig. 3
that the Ne component in the siblings and
controls is larger than that of the ADHD
group, but that these differences were not
significant. Hence the Ne in our ADHD
sample was not significantly reduced
compared to siblings and healthy controls.
This may also explain the normal post-
error slowing in all our subjects.

Comparison with other published
studies is difficult. Ne amplitude in groups
of ADHD children have been reported to
be smaller (Liotti et al., 2005; Van Meel et
al., 2007; Albrecht et al.,, 2008), to not
differ (Wiersema et al., 2005; Jonkman et
al., 2007) or to be larger (Burgio-Murphy
et al., 2007) than in control groups.
Potential reasons for the differences are
numerous, and include the nature of the
task (discrimination, flanker, stop-task,
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Go/No-go), the analysis (base-lining,
reference to Nc) and patient selection
(subgroup, comorbidity). We conclude
firstly, that an altered Ne is probably
dependent of the nature of the error and
the type of task used. Secondly, one
cannot expect that any child with a
diagnosis of ADHD will exhibit an altered
Ne. The characteristics of a subgroup that
might show an altered expression of Ne
have not vyet been described. We
recommend further study with rigorous
control over task (e.g. comparing two
types of task or level of complexity),
analysis (e.g. comparing two types of
baseline or subtraction analysis) and
clearly defined subgroups of
children/adolescents with the ADHD
diagnosis (e.g. pure vs. comorbid conduct
problems).

All groups showed a clear and large Pe
with respect to the positivity following a
correct response. There were no
significant group differences for the early
and late Pe. The absence of an
unequivocal change in the positivity in the
ERP while adolescents with ADHD
monitored response for errors s
consistent with two recent studies
(Burgio-Murphy et al., 2007; Albrecht et
al., 2008), but inconsistent with reductions
reported by others (Wiersema et al., 2005;
Jonkman et al.,, 2007). As with the Ne
there are potentially several reasons for
this inconsistency, of which the most
salient concerns the relation between
behavioural performance and the Pe
amplitude. More specifically, whereas the
first two studies found comparable Pe
amplitudes for patients and controls on
the background of comparable
behavioural performance (as is the case in
the present study), the two last
mentioned studies reported increased
performance errors and a lower Pe
amplitude for patients compared to
controls. This pattern of results fits to the
established interpretation of the Pe, most



probably reflecting a P300-like potential
which can be functionally dissociated from
the processes subserving the Ne and that
the Pe is related to error recognition and
awareness (Leuthold and Sommer, 1999;
Nieuwenhuis et al.,, 2001; Endrass et al.,
2007). Thus, the present result suggests
intact error recognition and awareness in
adolescents with ADHD compared to
healthy controls at least if error
performance is comparable. However,
reasons for the heterogeneous picture in
the literature concerning performance
differences between youngsters with
ADHD and controls remain unclear,
probably depending on patient
characteristics and the nature of the task.
This has to be resolved in further studies
taking these two factors into account.

5. CONCLUSIONS

The present study shows a distinct
pattern of executive impairment in
youngsters with ADHD as recorded by
ERPs, namely an attenuation of conscious
control, as necessary in No-go trials. These
changes were also reflected in a
numerically enhanced rate of false alarms.
In contrast, the error-related behavioural
and ERP activity was not significantly
altered: the error-related potentials, Ne
and Pe, were not significantly reduced,
and posterior slowing was normal. This
shows that an absence of post-error
response slowing or deficient error
processing on an automatic and conscious
level (as reflected in the Ne and Pe) are
not defining features of ADHD. In addition,
we did not find evidence for a phenotype
of ADHD as task performance of the
siblings was comparable to the controls.
Some other features of the study restrict
the generalization of our conclusions. The
subject selection procedure and small
group sizes did not allow us to control for
gender, and restricted the age range
available. We chose to use easily
discriminable stimuli in a relatively simple
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task and not investigate the role of task
complexity and difficulty. There would be
value in future work to examine variations
in stimulus and trial intervals, event-rate
and time pressure.
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