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Abstract

Objective: The aim of the present study was to investigate whether similar neural sources are involved in generating Nogo-N2 scalp
topography in children and adults.
Methods: Source analysis was performed on the Nogo-N2 data from two groups of children (sixteen 6/7 year-olds and seventeen 9/10
year-olds) and seventeen young adults (aged 19–23 years) that were obtained in a prior study by Jonkman LM. The development of
preparation, conflict monitoring and inhibition from early childhood to young adulthood; a go/nogo ERP study. Brain Res
2006;1097:181–93.
Results: In both children and adults a bilateral source pair in the medial frontal cortex (near ACC) was involved in the generation of
Nogo-N2 activity. However, children needed an additional, posteriorly located source pair to adequately explain the Nogo-N2 distribu-
tion. In 6/7 year-olds this posterior source was localized in occipito-temporal areas, whereas in 9/10 year-olds the posterior sources
shifted to parietal locations.
Conclusions: Although children recruit similar frontal regions as adults in the Nogo-N2 time window, the additional activation of pos-
terior sources might indicate that early executive control performance is less automatic or requires more effortful control in children. This
in turn might cause them to rely on more basic stimulus processing or to activate additional attention-related areas.
Significance: Results from the present study show that in children, a more diffuse brain network is involved in executive control process-
ing (conflict monitoring) in the Nogo-N2 time window than in adults.
� 2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The present study is aimed at elucidating which brain
sources underlie the development of the Nogo-N2 event-
related brain potential (ERP) component, by applying
source analyses methods to the data from an earlier paper
by Jonkman (2006). In the latter paper we compared the
performance and ERPs of 6–7 and 9–10 year-old children
and young adults during performance of a Go–Nogo (cued
CPT-AX) task. In this task the subjects are presented with
a series of letters and have to respond to the letter X (tar-
get), but only when it is preceded by the letter A (cue), this
1388-2457/$32.00 � 2007 International Federation of Clinical Neurophysiolo
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is the Go condition. In situations in which the cue letter A
is not followed by the target stimulus (Nogo condition), the
response that has been prepared during the cue-probe
interval has to be inhibited. In the Nogo-condition (com-
pared to Go) an ERP response consisting of a negativity
(Nogo-N2) followed by a positivity (Nogo-P3) above fron-
to-central cortex is evoked. In adults the Nogo-N2 has
been linked to the process of response inhibition in some
studies (Falkenstein et al., 1999; Fallgatter and Strik,
1999; Jodo and Kayama, 1992), whereas in later studies
(Donkers and Van Boxtel, 2004; Nieuwenhuis et al.,
2003; Van Veen and Carter, 2002a) the negativity was
linked to the process of conflict monitoring. In the prior
developmental study by Jonkman (2006) it was concluded
on the basis of performance measures that attention pro-
cessing in the CPT-AX task improved most strongly
gy. Published by Elsevier Ireland Ltd. All rights reserved.
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between the age of 6 and 10, whereas inhibitory behavior
started to improve later, after the age of 10. Nogo-N2
effects were, however, found to be largest in the youngest
(6- to 7-year-old) children and decreased linearly with
age. On the basis of these and other ERP responses in reac-
tion to the cue, it was concluded that the Nogo-N2 was
linked to the process of conflict monitoring rather than
to inhibition. The topographic Nogo-N2 analyses across
30 electrodes showed that the Nogo distributions of both
children and adults were dominated by the commonly
reported negative field above medial prefrontal cortex
(Bekker et al., 2005; Kiefer et al., 1998; Nieuwenhuis
et al., 2003). However, the distributions of children showed
extra posterior positivity at bilateral temporal–parietal
locations in 6- to 7-year-olds and above medial parietal
cortex in 9- to 10-year-olds. Such enhanced posterior activ-
ity in the Nogo-N2 interval in children (compared to
adults) was reported earlier by Ciesielski et al. (2004) in a
similar task. These ERP findings are also supported by
developmental functional imaging studies that report acti-
vation of larger and more diffuse networks in children or
adolescents during performance of tasks requiring cogni-
tive control (for reviews, see Durston and Casey, 2006;
Luna and Sweeney, 2004). In Jonkman (2006) the extra
posterior activation in children in the Nogo-N2 interval
was hypothesized to be associated with increased atten-
tional processing or enhanced attention allocation during
conflict monitoring in childhood. The present study had
the aim to verify these hypotheses by performing further
source analyses on the data.

In prior source localization studies in which Go/Nogo
tasks were presented to adult subjects the source of the
Nogo-N2 has been repeatedly localized in Anterior Cingu-
late Cortex (ACC; Bekker et al., 2005; Kiefer et al., 1998;
Nieuwenhuis et al., 2003; Van Veen and Carter, 2002a), a
brain structure that has been frequently linked to conflict
monitoring and response competition in fMRI studies
(Botvinick et al., 1999, 2001, 2004; Barch et al., 2001;
Braver et al., 2001). To our knowledge, as yet no develop-
mental source localization studies on Nogo-activity have
been performed. However, there have been several develop-
mental fMRI studies investigating brain activation differ-
ences between children (ranging from 6 to 12 years-old)
and adults during performance of a Go/Nogo task (Booth
et al., 2003; Bunge et al., 2002a; Casey et al., 1997; Durston
et al., 2002; Tamm et al., 2002). These studies have yielded
different patterns of Nogo-activation in prefrontal cortex in
children and adults, some studies reporting enhanced and
others reporting reduced activation in children (compared
to adults) in different regions of PFC. Furthermore, con-
gruent with topographical results from Jonkman (2006),
in two studies Nogo performance was reported to be more
strongly associated with activation of posterior areas in
children than adults (Bunge et al., 2002a; Durston et al.,
2002). The fact that such Nogo-posterior cortex activations
in children were only reported in two out of six develop-
mental fMRI studies might be explained by different fac-
tors, an important one being differences in task design. In
most of the above-mentioned fMRI studies blocked,
instead of event-related, designs (that are more comparable
to those used in ERP research) were applied. In fact, the
studies that did use an event-related design did report pre-
frontal as well as posterior activation in children and adults
in the Nogo condition. In Durston et al. (2002) adults
showed significantly higher activation in the Nogo condi-
tion in bilateral ventral PFC, left ACC and left caudate
nucleus. Children were reported to have higher Nogo-acti-
vation than adults in right DLPFC as well as in right pari-
etal cortex. In Bunge et al. (2002a) the Nogo condition
activated multiple prefrontal, temporal and parietal associ-
ation areas in adults, whereas overall, only small Nogo-
activation was seen in children. However, inhibition suc-
cess was more strongly associated with activation of poster-
ior (parietal, occipital and temporal), instead of prefrontal,
areas in children, whereas no activation-inhibition behav-
ior associations were seen in adults. Another important dif-
ference between fMRI and ERP studies is that, albeit with
considerably lower spatial resolution, it is possible to local-
ize sources on a millisecond time-scale whereas in fMRI
studies it is impossible to conclude to what extent the
Nogo-activation explains Nogo-N2 or Nogo-P3 activity.
This is especially important since Nogo-N2 and Nogo-P3
have been interpreted as reflecting different stages of Nogo
processing, respectively, monitoring of response conflict
and response inhibition.

In most previous studies, source analysis has been per-
formed on Nogo–Go difference waves (Bokura et al.,
2001; Kiefer et al., 1998; Nieuwenhuis et al., 2003; Van
Veen and Carter, 2002a). Although the use of difference
waves enables one to get rid of activity that is similar in
Go and Nogo conditions, the task assignment in the go
condition to press a button leads to specific motor and
attention related effects on only the go-ERP signal that will
also contribute to the Nogo–Go difference wave. Accord-
ingly, in several studies, besides a source in prefrontal cor-
tex additional sources were required to adequately explain
the Nogo-N2 distribution. Bokura et al. (2001) for instance
reported an additional source in the left thalamus, whereas
Nieuwenhuis et al. (2003) reported medial posterior
involvement in a task condition with 80% Nogo trials. To
prevent the contribution of such motor or attention pro-
cesses from the Go condition, in the present study, dipole
models were computed directly on the Nogo ERP. How-
ever, a complicating factor in localizing sources on the
Nogo-wave only is the presence of the fronto-central
Nogo-P3 positivity that has been demonstrated by Bekker
et al. (2005) to dominate the Nogo-N2 scalp topography
and source models in adults. Bekker et al. circumvented
this problem by subtracting peak Nogo-P3 activity from
the average. It was shown that such corrected Nogo-N2
data yielded better source estimates, i.e. in the vicinity of
the ACC, than Nogo-N2 data that were not corrected for
P3 activity. Following Bekker et al. (2005) this baseline cor-
rection method was also applied in the present study. It was
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expected that, in the adult group, using this subtraction
method the Nogo-N2 source would be localized near
ACC. In addition, it was expected that application of this
baseline correction procedure would also yield better
source estimates in children.

Based on topographical data from Jonkman (2006), and
the above-mentioned fMRI studies, a frontal source near
ACC was expected in all three age groups. Furthermore,
based on the presence of additional posterior activity in
the Nogo-N2 interval in children in our prior study (Jonk-
man, 2006) and event-related developmental fMRI studies
(Bunge et al., 2002a; Durston et al., 2002), it is expected
that the Nogo-N2 distributions of children are explained
by the involvement of posterior sources additional to pre-
frontal sources.

2. Methods

2.1. Subjects

The present data analyses were performed on the data
from exactly the same children and adults that participated
in Jonkman (2006). Children were recruited from two dif-
ferent elementary schools and were split up in two groups:
a group of 16 children (4 boys/12 girls) aged between 6 and
7 years, mean age was 7.1 years (SD = 0.5) and a group of
17 children (6 boys/11 girls) aged between 9 and 10 years-
old, mean age 9.6 years (SD = 0.6). The adult group con-
sisted of 17 students from Maastricht University (2 male
and 15 female) aged between 19 and 23 years (mean age
21 years, SD = 1.7) that were paid for participation. Chil-
dren were rewarded with a present (a toy) after completion
of the experiment. The presence of Internalizing or Exter-
nalising behavioral problems or attention problems in chil-
dren were excluded by letting parents fill in a Child
Behavior Checklist (CBCL) and excluding all subjects with
scores in the clinical or threshold range (for more details,
see Jonkman, 2006). Whereas IQ did not significantly differ
between the child groups (p = .44), adults had somewhat
higher IQ, but IQ did not influence performance differences
between groups (see Jonkman, 2006). The present study
was approved by a local Ethical Committee and is per-
formed in accordance with the ethical standards laid down
in the 1964 Declaration of Helsinki. The caretakers of all
children and all adults filled in an informed consent form
prior to the start of the study.

2.2. Procedure

The entire experimental session lasted 2–2.5 h. The ses-
sion started with attachment of the electrodes. For mea-
surement of the EEG an electro-cap consisting of 30 tin
electrodes was used (Fp1, Fp2, F7, F3, Fz, F4, F8, FT7,
FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3,
CPz, CP4, TP8, T5, P3, Pz, P4, T6, O1, Oz, O2), nomencla-
ture according to American Electroencephalographic soci-
ety (1991). All electrodes were referenced to the left
mastoid, one of the electrodes in the electro-cap (FPz)
was used as ground. The vertical EOG was recorded from
infra-orbital and supraorbital tin electrodes placed in line
with the pupil of the left eye, for measurement of the hor-
izontal EOG two tin electrodes were attached to the outer
canthi of both eyes. All electrode impedances were kept
below 5 kX, with exception of EOG electrodes that, in
some children, were kept between 5 and 18 kX due to
low tolerance of impedance reducing methods (scratching)
in the face. During electrode attachment children watched
cartoons. The experimental session started by installing the
subjects in an electrically shielded and sound-proof cabin.
The subjects were monitored outside the cabin by a camera
system, and communication was possible via an intercom.
The subjects sat in front of a 17

00
VGA monitor with their

eyes aligned to the centre of the screen at a distance of
approximately 50 cm. The participants were instructed to
minimise eye blinks and refrain from making movements
during task performance. The experimental session started
when all tasks were practiced until a pre-determined per-
formance criterion (80% correct detections and less than
10% false alarms) was reached. On demand, some parents
sat behind their children in the cabin during the experi-
ment. Signal acquisition was accomplished using Neuro-
scan synamps amplifiers and Neuroscan software (version
4.1). EEG and EOG signals were continuously sampled
at 250 Hz and digitally filtered online with a high-pass filter
of 0.05 Hz and a low-pass filter of 50 Hz.

2.3. Task

The CPT-AX task consisted of a sequence of 11 different
letters (A, B, C, D, E, F, G, H, J, L and X). The letters were
white and were presented one by one between two vertical
bars at the centre of the screen on a black background. The
vertical bars and the letters had a height of 2 cm and letters
had a width of 1.5 cm. Subjects were seated approximately
50 cm in front of a 17

00
VGA monitor.

The task instruction to the subjects was to press a button
with their right hand when the letter X appeared, but only
when it was preceded by the A (A–X sequence, Go condi-
tion). When an A is followed by another letter the prepared
response had to be inhibited (A-not-X, Nogo condition).
The task was administered in four separate blocks of 124
trials each, consisting of 24 X and 24 A stimuli (of which
12 A’s and 12 X’s were part of the A–X (Go) sequence,
12 A’s were part of A-not-X (Nogo) sequences and 12
X’s were presented alone, without a preceding A). Thus,
the occurrence of Go and Nogo trials was equiprobable
(in 10% of all presentations), since A’s were presented in
both Go and Nogo sequences and X’s were presented in
Go sequences and alone, total probability of A’s and X’s
was comparable (20%). The remaining 76 trials consisted
of 6 trials of letters B, C, D, E, F, G, J, L (total 48 trials)
and 28 presentations of the letter H. The letter H was pre-
sented more often to keep the probability (23%) compara-
ble to that of the letters A and X. A total trial lasted
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1650 ms, with a stimulus duration of 150 ms and a fixed
interstimulus-interval (ISI) of 1500 ms. Before the start of
the experimental session the task was practiced (each sub-
ject received 25 practice trials) and all subjects scored at
or above 80% correct responses and had less than 10% false
alarms during the practice session.

2.4. Dipole source analyses

Iso-potential contour maps and instantaneous dipole
models were determined using the BESA program (version
5.1). Instantaneous dipole models were computed on the
grand-average Nogo-waveforms in the latency window
where the Nogo-N2 was maximal in the three age groups.
The head-model used was a four-shell ellipsoidal head
model with default values of bone thickness (7.0 mm))
and bone conductivity (0.0042: relative value compared
to the conductivity of the CSF) for the adult subjects.
Due to known or estimated differences in bone thickness
(Koenig et al., 1995; Wiart et al., 2005) and bone conduc-
tivity in children, these values were adjusted to 5.7 mm and
0.012 for the 9/10 year-old children and to 5.2 mm and
0.016 for the 6/7 year-old children. The parameters used
in the present study were obtained by ‘‘adjusting them
empirically using somatosensory evoked potentials and
magnetic fields in several children’’ (M. Scherg, personal
communication).

Dipole pairs were fitted with locations and orientations
constrained to be mirror-symmetrical. Source models were
computed in an 8-ms window around the Nogo-N2 peak
latency determined at FCz; at 256, 292 and 316 ms, respec-
tively, for adults, 9/10 year-old children and 6/7 year-old
children. For each age group separately, the best fitting
source model on the grand average Nogo-N2 distribution
was computed. During the fitting process there was an
energy constraint of 20% to reduce the probability of inter-
acting dipoles. The procedure was as follows: first one
dipole pair was fitted (following the hypothesis of medial
frontal cortex activity underlying the Nogo-N2) by ran-
domly varying starting positions. Source models were only
accepted when being stable across varying starting posi-
tions and when explaining 95% or more of the variance.
If according to these criteria, the data could not adequately
be explained by the first source pair, a second bilateral
dipole pair was added to the model, iteratively adapting
its location. During the fit process, orientation and location
parameters of the first and second dipole pairs were
allowed to vary. All reported dipole solutions were stable
across different seeding locations.

As explained more elaborately in the introduction, the
Nogo-N2 scalp topography is dominated by a succeeding
P3 positivity that ‘‘lifts’’ the N2 (Bekker et al., 2005) and
this positivity has been shown to dominate the Nogo-N2
topography in adults and children (Bekker et al., 2005;
Jonkman, 2006), causing a shift of the Nogo-N2 source
to a more central-posterior location. To check whether
we could replicate these results from the latter study, we
first fitted a single dipole pair on the Nogo-N2 topography
that was not corrected for the Nogo-P3 positivity. The sec-
ond step was to compute source models after subtracting
the Nogo-P3 activity from the data (following Bekker
et al., 2005). To eliminate Nogo-P3 activity, first, a 40 ms
interval around the Nogo-P3 peak was determined at
FCz in each group in the grand average waveform; at
368, 392 and 464 ms for adults, 9/10 year-old children
and 6/7 year-old children, respectively. Then the mean
activity in this 40-ms interval was subtracted from the
Nogo-N2 activity. After applying this subtraction proce-
dure, for each age group the best fitting source model
was computed in the mentioned Nogo-N2 windows, fol-
lowing the above-mentioned procedure.

To statistically analyze group differences with regard to
dipole moments, source models of the group averages were
applied to individual baseline-corrected Nogo ERPs. The
source model was optimized at the individual latency at
which the FCz negativity was maximal, with location
parameters fixed and orientation parameters free. Overall
group effects with respect to dipole moments were exam-
ined by performing a repeated measures ANOVA with
within-subjects factor Hemisphere (left/right) and
between-subjects factor Group (6/7 years, 9/10 years, and
adults). Further differences between the groups with
respect to dipole moments were tested by applying pairwise
comparisons. For statistical analysis, a significance level of
p < .05 was adopted.

3. Results

3.1. Behavioral results

Behavioral results will be only briefly reviewed here, for
an elaborate discussion of behavioral results the reader is
referred to the Jonkman (2006) paper. The 6- to 7-year-
old children were shown to be less attentive than 9- to
10-year-old children and adults (older children also having
worse performance than adults) by having a lower percent-
age of detected targets and a slower and more variable
response pattern. No differences between the youngest
and older children were reported regarding the percentage
of Nogo false alarms, but both groups had significantly
lower Nogo accuracy than adults.

3.2. Source analysis results

Grand-average go and Nogo ERPs in all three age
groups at FCz and Pz electrode sites are presented in Fig. 1.

First, source models were computed for the original
Nogo-N2 data that were not corrected for overlapping
P3 activity. All source models and iso-potential spline maps
were derived at peak latency of the average-referenced N2
wave of successfully inhibited Nogo-trials. For all groups,
the obtained single bilateral source model yielded accept-
able R.V. (2.2%, 2.2% and 3.8% for adults, 9/10 year-olds
and 6/7 year-olds, respectively) with source pairs located in
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Fig. 1. Go and Nogo grand-average ERP-waves at the FCz and Pz electrodes for all age-groups.
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central and precentral brain regions. Source pairs were,
however, located deeper in the brain in children compared
with adults, with a more posterior location for the youngest
children (see Fig. 2). Furthermore, although the source pair
Fig. 2. Original (only corrected for pre-stimulus baseline) iso-potential spline m
referenced group-averages for all age groups. Iso-potential spline maps represen
that is not explained by the source model). Source models of the adults, 9/10 ye
respectively. Dots represent source location, whereas the line represents sourc
appeared to be oriented to the parietal lobe in adults, in
children the orientation of the dipoles turned towards the
back of the head. It is clearly visible in Fig. 2 that a poster-
ior positivity is dominating the scalp distribution at Nogo-
aps and source models derived at Nogo-N2 peak latency of the average-
t the potential distribution of the data, the model and the residual (activity
ar-olds and 6/7 year-olds are presented in black, dark-grey and light-grey,

e orientation.



Table 1
Cartesian coordinates (x,y,z) of the source locations in adults, 9/10 year-
old children and 6/7 year-old children

x y z

Original data

Adults 0.31 0.01 0.58
6/7 year-olds 0.43 �0.21 0.21
9/10 year-olds 0.22 �0.01 0.33

Nogo-P3 corrected data

Adults 0.26 0.43 0.28
6/7 year-olds

Anterior 0.11 0.30 0.25
Posterior 0.49 �0.55 �0.10

9/10 year-olds
Anterior 0.16 0.38 0.45
Posterior 0.51 �0.25 0.32

Since bilateral source pairs were symmetrically constrained with respect to
location, only coordinates of the source in the right hemisphere were
reported. Anterior, frontal; Posterior, parietal/occipito-temporal.

Table 2
Mean (M) dipole moments and corresponding standard errors (SE) of the
frontal pair of sources of the ‘‘Nogo-P3 corrected’’ source model for all
age groups

6/7 year-olds 9/10 year-olds Adults

M SE M SE M SE

Left frontal source 79.0 9.4 72.6 9.2 91.6 9.2
Right frontal source 77.5 9.2 59.3 9.0 98.7 9.0
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N2 peak latency in adults (see Bekker et al., 2005 for sim-
ilar results) and children. Consequently, the source models
derived at this Nogo-N2 peak latency seem to explain in
essence this posterior positive activity (see Table 1 for x,
y, z location coordinates of the sources in the different
groups).

As was explained earlier, in order to eliminate this pos-
terior positivity on which the Nogo-N2 ‘‘rides’’, a baseline
correction was applied around peak latency of Nogo-P3.
The spline maps in Fig. 3 demonstrate the successful
removal of this positivity from the data in all age groups.
For adults, this P3-corrected Nogo-N2 scalp distribution
was adequately explained by a bilateral dipole pair
Fig. 3. Source models and iso-potential spline maps of 6/7 year-old children (li
Nogo-N2 peak latency after correcting the Nogo-ERP for overlapping Nogo-
(R.V. = 1.8%) that was situated medially in the frontal
brain near ACC, with orientation towards the medial orbi-
tal cortex. Since a bilateral source pair in frontal cortex did
not adequately explain the data for the two groups of chil-
dren (R.V. � 15% in both groups), a bilateral dipole pair
was added to the model, allowing location and orientation
parameters of the first acquired single source pair to vary.
The R.V. of this new model (see Fig. 3) was 0.5% for the 6/
7 year-old children and 0.3% for the 9/10 year-old children.
The anterior source pair was located medially in the frontal
brain near ACC in both groups of children, at positions
close to the adult source pair. The frontal sources in chil-
dren had also similar orientation as those in adults (see
Table 1 for location coordinates in all groups). However,
the posterior source pair was situated laterally in the pari-
etal lobe in 9/10 year-old children, whereas it was shifted
towards the occipital lobe in 6/7 year-olds. Because adults
did not show such posterior sources, only dipole moments
of the frontal source pair were statistically analyzed
between the three age groups. Although adults appear to
have slightly stronger activation of the frontal source pair
than both 6/7 and 9/10 year-old children (see Table 2), fur-
ght-grey), 9/10 year-old children (dark-grey) and adults (black), derived at
P3 positivity.
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ther testing of a significant group main effect by computing
group contrasts (F(2,47) = 3.5, p < .05) did not lead to sig-
nificant differences between the groups. No Hemisphere or
Hemisphere · Group effect was found.

4. Discussion

The present study applied source localization proce-
dures to developmental ERP data that were obtained in a
prior study by Jonkman (2006) to verify the conclusion
that during the Nogo-N2 children activated frontal as well
as posterior cortex whereas adults mainly activated frontal
cortex. Source models obtained in the present study con-
firm the presence of a frontal source generating Nogo-N2
activity in both children and adults. The location of this
frontal source is in medial frontal cortex and corresponds
with locations in the vicinity of ACC, reported in adults
in previous source localization studies (Bekker et al.,
2005; Nieuwenhuis et al., 2003; Van Veen and Carter,
2002a,b). Whereas medial frontal activation in the Nogo
condition in children has been reported before in develop-
mental fMRI studies, the present ERP study demonstrates
that this activation occurs as early as 200–350 ms after pre-
sentation of the Nogo stimulus in both children (starting
from 6 to 7 years of age) and adults. The strength of acti-
vation of this frontal source appeared to be statistically
similar in all age groups. This is in contrast with several
fMRI studies reporting enhanced activation of medial
frontal cortex in children (compared to adults) in the Nogo
condition (Booth et al., 2003; Bunge et al., 2002a; Tamm
et al., 2002). Note however that due to its low temporal res-
olution, fMRI results are not comparable to our source
localization results that are computed in the specific
Nogo-N2 time interval. On the basis of the fMRI results
it is not possible to link activation patterns to specific pro-
cesses like conflict monitoring or response inhibition,
whereas ERP studies have yielded convincing evidence that
in adults and children the Nogo-N2 is associated with the
process of conflict monitoring (Donkers and Van Boxtel,
2004; Jonkman, 2006; Nieuwenhuis et al., 2003; Van Veen
and Carter, 2002a).

In addition to the medial frontal source, in both 6/7 and
9/10 year-old children an additional posterior source pair
was necessary to explain their Nogo-N2 scalp distribution
with acceptable residual variance (<5%). Earlier topo-
graphic analyses yielded differences in frontal–parietal acti-
vation in the Nogo-N2 interval between children and
adults (Jonkman, 2006). In this study, the youngest chil-
dren were reported to have larger Nogo-N2 effects at both
frontal and parietal electrodes than 9- to 10-year-olds and
adults (see Fig. 1), but Nogo-N2 amplitudes were larger at
frontal than parietal sites in all groups. The topographic
analyses furthermore showed that the Nogo-N2 topogra-
phy of 6- to 7-year-old children differed from that of 9-
to 10-year-olds and adults by showing significantly
enhanced positivity at bilateral temporal-parietal electrode
sites (TP7 and TP8). The topography of 9- to 10-year-olds
was marked by enhanced medial parietal positivity in com-
parison to younger children and adults. The present source
results supported these findings by the localization of pari-
etal sources (additional to frontal) in the oldest children,
whereas posterior sources in the youngest children shifted
to more temporal-occipital locations.

Several explanations may be given for the higher activa-
tion of posterior parietal or temporal-occipital areas in the
Nogo-N2 interval in, respectively 9–10 and 6–7 year-old
children as compared to adults. First, in an event-related
fMRI study, Bunge et al. (2002a) also reported that activity
in a subset of posterior areas (in bilateral parietal, bilateral
middle temporal and bilateral occipital cortices) was posi-
tively associated with effective response inhibition in the
Nogo-condition in 8- to 12- year-old children, but not in
adults. A possible explanation for this might be that chil-
dren revert to lower-order processing in order to compen-
sate for immaturity of higher order processing networks
including prefrontal cortex. In this context, parietal cortex
has been suggested to be involved in the activation of
learned stimulus–response (S–R) associations (Bunge
et al., 2002b), whereas occipito-temporal areas are involved
in even more basic processing, such as stimulus identifica-
tion. Perhaps older children reactivate these S–R associa-
tions in order to check whether a response is appropriate
or not, whereas younger children revert to more enhanced
basic processing of the stimulus to optimize cognitive con-
trol (monitoring of conflict or inhibiting a response). Sup-
porting the present data, several developmental fMRI
studies indicate that children recruit more elaborate net-
works, including posterior areas, than adults when having
to inhibit motor responses that conflict with the current
response set (Bunge et al., 2002a; Durston et al., 2002).
Recently, by using a longitudinal design, Durston et al.
(2006) showed that posterior involvement even diminishes
between 9 and 11 years of age. At the age of 9 children
showed enhanced activity in frontal (DLPFC) and poster-
ior (posterior cingulate, right superior temporal gyrus)
areas during Nogo performance compared to when they
were 11 years of age. Reduced activity with age was only
seen in ventral frontal cortex, the only area in which activa-
tion correlated with Nogo accuracy. Such shifts from dif-
fuse to focal cortical activation have been suggested to be
associated with synaptic pruning and myelination in com-
bination with strengthening of relevant connections (Luna
and Sweeney, 2004; Durston and Casey, 2006). Structural
imaging studies have indicated linear increases in white
matter up to age 20, whereas non-linear developmental
changes have been described for cortical grey matter
(reviewed in Toga et al., 2006). Gogtay et al. (2004)
revealed first grey-matter losses around 4–8 years of age
in dorsal parietal, particularly primary sensorimotor
regions, whereas in parietal lobes loss occurred not until
adolescence (11–13 years). Giedd et al. (1999) showed grey
matter increases in frontal and parietal lobes in pre-adoles-
cence, peaking at 12 years for frontal and parietal lobes,
losses occurring only thereafter. These maturational pat-
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terns described for sensori-motor and parietal regions
might explain the involvement of these areas in cognitive
control in children, although it is as yet unclear how. It
might be that only after pruning and myelinisation effective
communication between areas or within one area (prefron-
tal cortex) is possible, reducing the necessity of activating a
diffuse network of brain areas. In a recent DTI study radial
diffusities along frontostriatal fibers during performance of
a Go/Nogo task were shown to be more restricted in adults
than in 9-year-old children (Liston et al., 2006a). Although
the age groups did not differ in Nogo accuracy, on the basis
of correlations between Go-RT performance and DTI
changes the authors concluded that refined connectivity is
contributing to improvements in cognitive control in
adults.

Another explanation for the higher activation of poster-
ior sources in children might be given in the light of the
Nogo-N2 as being a reflection of conflict processing. On
the basis of behavioral and ERP findings Jonkman (2006)
concluded that the enlarged Nogo-N2 that was present in
especially 6- to 7-year-old children most likely indicates
that children experience a higher level of conflict in the
Nogo condition. If this conclusion is valid, the different
source activation patterns underlying the Nogo-N2 in chil-
dren and adults might have to do with the type of conflict
that children and adults experience. In a recent event-
related fMRI study, Liston et al. (2006b) demonstrated
that in adults, different types of conflict evoke different pat-
terns of brain activation; posterior parietal cortices were
sensitive to conflict manipulations at the stimulus level,
whereas ACC was involved in manipulations of conflict
at response level. Although these different levels of conflict
were not explicitly manipulated in the present study, the
recruitment of both frontal and parietal sources by 9/10
year-old children might be indicative of the experience of
conflict at both stimulus and response level, whereas adults
only experience response conflict. Furthermore, 6/7 year-
old children might experience conflict at even more basic
stimulus-related levels than the 9/10 year-old children,
since in this group sources were localized in the occipital-
temporal cortex. Such hypotheses should however be fur-
ther investigated in a developmental study in which differ-
ent types of conflict are manipulated.

To avoid the influence of confounding attention or
motor effects on our source model, following Bekker
et al. (2005) we computed source models underlying
Nogo-N2 activity directly on the Nogo-wave and applied
a baseline correction for the influence of overlapping posi-
tivity in the Nogo-N2 interval. The results from Bekker
et al. were replicated in the present study by showing that
without correction, Nogo-N2 scalp topography and source
models were dominated by a positive field in both adults
and children, causing the source to shift to a central loca-
tion in the vicinity of the precentral sulcus, instead to a
location near ACC. Jonkman (2006) already reported that
subtraction of overlapping Nogo-P3 led to Nogo-N2
topographies with a clear negative field above frontal cor-
tex in both adults and children. The present study con-
firmed these results by showing that after subtraction of
the Nogo-P3 positivity, the Nogo-N2 source indeed shifted
to a medial frontal location in adults, replicating Bekker
et al. (2005). But additionally, the present results show that
even in children, who do not show such profound Nogo-P3
activity as adults, the correction procedure caused a shift of
the Nogo-N2 source to a frontal location similar to that of
adults. As discussed above, still an extra posterior source
pair was necessary for adequate modelling in both child
groups, but these sources were localized in the vicinity of
parietal or occipital-temporal areas.

In the present study bone thickness and conductivity
values were adapted in the models of children. Differences
in skull thickness between children and adults are relatively
well known and (e.g. Koenig et al., 1995) have relatively
little influence on source model location parameters.
Whereas there is debate about the exact differences in skull
conductivity (relative to CSF conductivity) between chil-
dren and adults, it is assumable that they are different. In
the present study we used conductivity values for children
that were obtained by ‘‘adjusting them empirically using
somatosensory evoked potentials and magnetic fields in
several children’’ (M. Scherg, personal communication).
Thus, although these values are presumably not 100%
accurate, they seem at least to be a good estimate. Vanrum-
ste et al. (2000) showed the importance of having a good
estimate of skull conductance; underestimation of skull
conductivity was shown to lead to maximum location
errors in depth of the source of 33 and 28 mm, respectively,
for 32 or 53 electrodes with dipoles fitted close to the skull-
brain border. The z-location of the frontal source in the
three groups in the present study and, the fact that the
z-location was comparable between adults and the
youngest children (even though the latter had the highest
conductivity values) give further confidence in the chosen
conductivity parameters and thus the dipole moment
analyses. Another methodological issue is the spatial accu-
racy of the reported source models. In the present study we
used a limited electrode configuration consisting of 30
electrodes. It has been suggested that at least 60 electrodes
are needed to correctly sample the scalp electric fields
(Michel et al., 2004). However, by implanting sources
at different locations in the brain, Krings et al. (1999)
demonstrated that, using a 4-shell spherical head model,
mean location error was highest in the vertical plane and
varied between 13 and 17 mm when using, respectively,
41 or 21 electrodes. We believe that such spatial resolution
is high enough to justify the current source location
interpretations.

In conclusion, the present results indicate a source in
medial frontal cortex to be responsible for generating
Nogo-N2 activity in both adults and children. However,
contrary to adults, children also recruit additional poster-
ior areas in this Nogo-N2 window. Although such
enhanced activation of posterior brain areas in children
has also been reported in previous fMRI studies, to our
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knowledge the present study is the first EEG-source local-
ization study showing that this posterior activation in chil-
dren already occurs at a very early level of processing at
approximately 200–350 ms post-stimulus (in the Nogo-N2
window). Since children showed lower inhibition accuracy
than adults, the enhanced posterior activation in children is
suggested to be caused by enhanced attentional demands or
enhanced conflict experience.
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