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a b s t r a c t

Attention has been related to functions of alerting, orienting, and executive control, which are associated
with distinct brain networks. This study aimed at understanding the neural mechanisms underlying the
development of attention functions during childhood. A total of 46 healthy 4–13-year-old children and 15
adults performed an adapted version of the Attention Network Task (ANT) while brain activation was
registered with a high-density EEG system. Performance of the ANT revealed changes in the efficiency of
attention networks across ages. While no differences were observed on the alerting score, both orienting
and executive attention scores showed a more protracted developmental curve. Further, age-related
differences in brain activity were mostly observed in early ERP components. Young children had poorer
early processing of warning cues compared to 10–13-year-olds and adults, as shown by an immature
auditory-evoked potential complex elicited by warning tones. Also, 4–6-year-olds exhibited a poorer
processing of orienting cues as indexed by lack of modulation of the N1. Finally, flanker congruency
produced earlier modulation of ERPs amplitude with age. Flanker congruency effects were delayed and
more anteriorly distributed for young children, compared to adults who showed a clear modulation of
the N2 in fronto-parietal channels. Additionally, interactions among attention networks were examined.
Both alerting and orienting conditions modulated the effectiveness of conflict processing by the
executive attention network. The Orienting� Executive networks interactions was only observed after
about age 7. Results are informative of the neural correlates of the development of attention networks in
childhood.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Attention serves as a basic set of mechanisms that underlie our
awareness of the world and the voluntary regulation of thoughts
and feelings (Posner, Rothbart, Sheese, & Tang, 2007). In the past
decades, Posner and colleagues (see Petersen & Posner, 2012;
Posner & Petersen, 1990) have developed a neurocognitive model
of attention, in which three differential neural networks and
neuromodulators are assumed to subserve different functions.
The alerting network serves the function of reaching and main-
taining the state of alertness. It has been associated with frontal
and parietal regions of the right hemisphere for sustained or tonic
alertness, and the left hemisphere in conditions in which the level
of alertness is increased by warning cues (Bekker, Kenemans, &
Verbaten, 2004; Coull, Frith, Büchel, & Nobre, 2000). The orienting
network is involved in shifting attention and selecting sensory
events for preferential processing. This network comprises a

number of frontal and parietal structures, such as the superior
parietal lobe, the temporo–parietal junction, the frontal eye fields
and ventral frontal cortex that are differentially involved in top-
down and bottom-up control of attention (Corbetta & Shulman,
2002). Finally, the executive attention network is involved in
control processes, such as conflict monitoring, error detection
and response selection when competing alternatives are available.
The anterior cingulate cortex is the main node of this network
(Posner et al., 2007), which also includes areas of the lateral
prefrontal cortex.

Within the framework of Posner's model of attention, an
experimental paradigm, the Attention Network Task (ANT), was
developed several years ago with the purpose of measuring
functional efficiency of each attention network (Fan, McCandliss,
Sommer, Raz, & Posner, 2002). This task combines presentation of
orienting and alerting cues (Posner, 1980) with a flanker-type task
(Eriksen & Eriksen, 1974) in order to measure alerting, orienting,
and executive attention by means of time and accuracy of
responses. Alerting is measured by comparing RT/Accuracy in
trials with and without warning cues. Orienting of attention is
examined by comparing trials with cues that direct attention to a
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location where the target will appear later on (valid cues) to trials
without such cues. And, finally, executive attention is measured by
comparing trials in which the target is surrounded by congruent
flankers to trials with incongruent flankers. Since it was devel-
oped, the ANT has been utilized in many studies in order to
characterize attention function with a wide variety of populations
(e.g. Fan, Wu, Fossella, & Posner, 2001; Jennings, Dagenbach, Engle,
& Funke, 2007; Posner et al., 2002; Rueda, Fan et al., 2004). The
ANT has also been adapted to children as young as 4 years of age
and some cross-sectional studies have been conducted in order to
study the development of attention networks during childhood
(Mezzacappa, 2004; Rueda, Fan et al., 2004; Rueda, Posner et al.,
2004).

While the three functions of attention are thought to be
present to some degree by the end of the first year of life, they
appear to have differential developmental courses throughout
childhood and adolescence (Rueda, 2013). Developmental studies
addressing alertness have shown that children have greater
difficulty processing warning signals compared to adults
(Mezzacappa, 2004; Rueda, Fan et al., 2004). Evidence shows that
young children (i.e. 5 years old) need longer warning-to-target
intervals in order to benefit fromwarning cues and are less able to
sustain alertness over time compared to older children and adults
(Berger & Posner, 2000; Morrison, 1982). On the other hand,
children show a progressive increase in orienting speed to valid
orienting cues during childhood (Schul, Townsend, & Stiles, 2003).
Several studies have shown that the ability to orient attention by
means of peripheral as well as central cues seems to reach full
maturation by age 10–11 years (Goldberg, Maurer, & Lewis, 2001;
Waszak, Li, & Hommel, 2010). However, somewhat longer devel-
opmental courses have been observed when disengagement from
an invalid location and reorienting to the valid one is needed,
particularly under endogenous orienting conditions, as when long
intervals between cue and target are utilized (Schul et al., 2003;
Wainwright & Bryson, 2005). Finally, there is much evidence that
young children experience more difficulty than older children and
adults performing tasks that involve conflict. Executive control is
often measured using experimental paradigms involving conflict
among stimuli, responses, or stimulus-to-response mapping, such
as the flanker and Stroop-like tasks. Using a flanker task adapted
to children, Rueda and colleagues have reported a significant
development of the ability to suppress interference from distract-
ing stimulation during preschool years (Rueda, Fan et al., 2004;
Rueda, Posner, & Rothbart, 2005). However, in contrast to the other
attention networks, executive attention appears to develop more
gradually during childhood and adolescence. Waszak et al. (2010)
found that even 14–15-year olds show larger flanker interference
than adults, indicating a protracted development of mechanisms
related to executive control.

Numerous studies have used event-related potentials (ERP) to
examine the neural basis of alerting, orienting and executive
attention (see Posner, Rueda, & Kanske, 2007), but a smaller
number have addressed neural mechanisms underlying the devel-
opment of these functions.

Auditory signals are frequently used to study alertness. Com-
monly, a series of evoked potentials can be recorded from as soon
as 10 ms after the presentation of auditory signals (Picton,
Hillyard, Krausz, & Galambos, 1974). From about 50 to 250 ms
following the tone, a midline-distributed series of component with
different polarity (i.e., P1, N1 and P2) can be observed, which has
been associated with early attentional preparation, reflecting
automatic sensory activation/orientation processes (Bekker et al.,
2004; Jonkman, 2006). Alerting cues also elicit a slow negative
electrical brain wave, called the contingent negative variation
(CNV), occurring at the interval between presentation of the cue
and the imperative stimulus (Walter, Cooper, Aldridge, McCallum,

& Winter, 1964). The CNV is considered an index of the endogen-
ous maintenance of attentional effort during the expectancy
period between the warning cue and the target (Brunia &
Damen, 1988; Gómez, Vaquero, & Vázquez-Marrufo, 2004), and
seems to have two differentiated phases. The early CNV, which
emerges around 300–400 ms after the warning cue, appears to be
related to stimulus orientation and task anticipation processes.
With cue–target intervals of more than a second, a late CNV
component has also been observed, which occurs prior to the
imperative stimulus, and is thought to reflect motor preparation
(Loveless & Sanford, 1974).

Developmental studies have observed no differences in the
modulation of early ERP components by warning cues from age
6 to adulthood (Jonkman, 2006). However, several studies using
different tasks have shown that the amplitude of the CNV
increases with age (Hämmerer, Li, Müller, & Lindenberger, 2010;
Jonkman, 2006; Jonkman, Lansbergen, & Stauder, 2003;
Segalowitz & Davies, 2004). Using auditory cues and targets,
Bender, Weisbrod, Bornfleth, Resch, and Oelkers-Ax (2005) found
that 6–12-year-old children elicited the early CNV component but
not the motor component of the CNV, which was only observed for
children aged 12 years and adults.

With respect to orienting of attention, studies with adults have
reported that visual targets preceded by valid spatial cues elicit
brain potentials of enhanced amplitude over occipital leads, in
comparison to targets presented at uncued locations (Curran, Hills,
Patterson, & Strauss, 2001; Lorenzo-López et al., 2002; Mangun,
Hansen, & Hillyard, 1986; Mangun & Hillyard, 1991). Generally,
increased P1 and reduced posterior P3 amplitudes are obtained in
validly cued trials with respect to invalid ones. Modulation of the
P1 is related to facilitation of early sensory processing by attention
(Mangun & Hillyard, 1987). On the other hand, modulation of the
P3 has been related to stimulus evaluation processes. The higher
amplitude of the P3 for invalidly cued trials appears to signal a
mismatch between sensory perception and sensory-motor pre-
paration (Digiacomo, Marco-Pallarés, Flores, & Gómez, 2008;
Gómez, Flores, Digiacomo, Ledesma, & González-Rosa, 2008).
Developmental studies of orienting attention using Posner's cue-
ing paradigm have found that both 6–13 years old children and
adults show higher P1 amplitude on validly cued trials, whereas
latencies of P3 appeared delayed for children with respect to
adults under invalid conditions (Flores, Gómez, & Meneres, 2010;
Perchet & García-Larrea, 2000).

Finally, several electrophysiological indexes have been asso-
ciated with executive control processes. Congruency of distracting
stimuli in a flanker task modulates the N2, a negative fronto-
parietal component that peaks approximately 200–400 ms post-
target. This effect has been related to control processes arising in
the anterior cingulate cortex (van Veen & Carter, 2002). N2
amplitude increases in incongruent trials relative to congruent
trials, signaling greater effort to suppress irrelevant information in
the incongruent condition. In fact, smaller N2 effect has been
associated with greater efficiency of executive control over and
above the effect of age (Lamm, Zelazo, & Lewis, 2006; Stieben
et al., 2007). Several developmental studies carried out with
children as young as 4 years of age have observed conflict-
related amplitude modulation of ERP components. Before age
6 years, children show very weak conflict-related modulation in
the latency of the N2 (Ladouceur, Dahl, & Carter, 2007; Rueda,
Posner et al., 2004). However, young children show larger conflict-
related amplitude effects compared to adults in later latencies,
from about 600 to 800 ms post-target in anterior mid-frontal leads
(Rueda, Posner et al., 2004). From about 6 to 8 years of age, the
conflict-related amplitude effects are observed in more adult-like
latencies, and the size of the effect appears to decrease with age
(Jonkman, 2006; Lewis & Todd, 2007).
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Later ERP components, such as the so-called Slow Positivity
(SP) or Late Positive Component (LPC), have also being probed to
be sensitive to conflict (Chen & Melara, 2009; Coderre, Conklin, &
van Heuven, 2011; Larson, Kaufman, & Perlstein, 2009; Liotti,
Woldorff, Perez III, & Mayberg, 2000; West, 2003; West & Alain,
2000). The SP usually occurs between 500 and 600 ms after
presentation of the target and, depending on the task difficulty
and design, may appear before or after the response (Chen &
Melara, 2009; West, 2003). Modulation of the SP has also been
associated with implementation of attentional control (Larson
et al., 2009; Perlstein, Larson, Dotson, & Kelly, 2006; West,
2003). However, the fact that in some studies with adults the SP
effect overlaps with the time of the response (Coderre et al., 2011;
Larson et al., 2009; West, 2003) suggests that SP could also reflect
post-conflict rather than response selection or conflict resolution
processes.

The purpose of the current study is to further understand the
development of attention during childhood by studying the
temporal dynamics of activation of the three attention networks
by means of event-related potentials (ERPs) using the child ANT.
An important advantage of the ANT is that it provides a measure of
all three attention functions in the same individual in a relatively
short time. It is thus a useful experimental paradigm to assess the
developmental course of each attention function over childhood,
providing a within-subject measure of each network. Overall,
studies reviewed here suggest that the alerting, orienting and
executive attention networks have different developmental tra-
jectories throughout childhood. Alerting appears to develop
mostly during early childhood, with young children showing
larger alerting scores due to more delayed responses when no
warning cues are presented. In relation to orienting, we expected
to obtain a longer developmental trajectory than that observed by
Rueda, Fan et al. (2004) due to the inclusion of invalid cues. In
regard to the executive attention network, there is evidence of an
important development of the ability to control attention and
interference during preschool years (Rueda et al., 2005), and that
this ability enhances throughout middle and late childhood (Band,
van der Molen, Overtoom, & Verbaten, 2000; Davidson, Amso,
Anderson, & Diamond, 2006). Thus, we predicted a major devel-
opmental change between early and middle childhood but further
differences in efficiency of executive attention between late child-
hood and early adulthood.

EEG recording during performance of the ANT was used in this
study with the purpose of informing about the neural mechanisms
underlying the development of each attention function. Age-
related changes in electrophysiological correlates of each attention
network were expected to parallel developmental courses
observed with RT and accuracy results. We predicted that auditory
cues would evoke early preparation responses in all participants
but CNV of larger amplitude in children showing larger alerting
scores. With respect to orienting, we expected to see age-related
changes mostly in ERP components linked to processing of invalid
cues (i.e. the P3). Finally, in relation to the executive attention
network, we expected to observe modulation of the N2 and SP
components by flanker interference in adults and a delayed and
prolonged modulation of frontally distributed ERP components in
children that parallels their greater difficulty to solve conflict.

To our knowledge, this is the first study to examine the
development of attention networks in a group of children ranging
from 4 to 13 years of age, and also one of the first to examine
interactions among attention networks in children. Significant
interactions between alerting and orienting, as well as consistent
Alerting�Executive and Orienting�Executive interactions have
been reported. Alerting appears to accelerate and enhance orien-
tation of attention, whereas efficiency of executive control is
impaired under conditions of invalid orientation or increased

alertness (Callejas, Lupiàñez, Funes, & Tudela, 2005; Fan et al.,
2009). Recent evidence suggests that alerting influences the
allocation of attention prioritizing processing of spatial informa-
tion, thus leading to enhanced processing of distracting stimula-
tion in the flanker task (Weinbach & Henik, 2012). On the other
hand, orientation to the location of the upcoming target prior to its
appearance, as when valid cues are presented, raises the efficiency
of executive control by facilitating focalization on the target and
hence the suppression of distracters (Callejas et al., 2005).

To our knowledge, very few studies have addressed interac-
tions between attention networks in children. Using the original
version of the ANT with 4 visual cue conditions (i.e. No cue,
Central cue, Spatial cue, and Double cue) and 3 flanker conditions
(i.e. Congruent, Neutral and Incongruent), no interactions were
observed between cue and flanker conditions in experiments
involving 6 to 10 year old children (Rueda, Fan et al., 2004).
However, given that adults show a consistent pattern of interac-
tions between networks, we expected that these interactions
might also be observed in children. Callejas et al. (2005) modified
the original ANT in order to be able to measure interactions
between the functions of alerting and orienting. They included
an auditory warning cue before presentation of the visual orient-
ing cue that precedes the target. They also included both valid and
invalid orienting cues in order to examine processes of disengage-
ment and reorienting of attention. In a recent behavioral study the
child ANT was modified following the variations introduced by
Callejas and colleagues to study the development of attention
networks and their interactions from age 6 to 12 years (Pozuelos,
Paz-Alonso, Castillo, Fuentes, & Rueda, under review). Results
revealed alerting�orienting as well as orienting� executive
attention interactions that were present along the age range
studied. Also, the state of alertness affected accuracy of conflict
processing, but the direction of this interaction changed with age.
For the purpose of the current study, we used the same task as
Pozuelos et al. and aimed at extending their results by using a
sample of participants with a wider age-range and analyzing brain
mechanisms underlying interactions among networks. We
hypothesized that younger children's executive control efficiency
would be more hampered on conditions that impose greater
demands of suppression of distracting information, i.e. conditions
conveying higher alertness and less focused orientation. Thus, we
expected to observe Alerting� Executive as well as Orien-
ting� Executive interactions, and aimed at exploring second order
interactions with age. Further, in case interactions between net-
works would be found at the level of the response, these should
also be noticeable at the brain function level. Hence, we expected
to find modulation of conflict-related N2 and SP effects by alerting
and orienting conditions for those age groups in which interac-
tions would be observed at the behavioral level of analysis.

2. Materials and method

2.1. Participants

A total of 46 children and 15 adults (mean age: 23.6 years; SD: 2.6 years)
participated in the study. Children were divided in three groups: 4–6-year olds
(n¼16 mean age¼4.96 years, SD¼0.87 months), 7–9-year olds (n¼15, mean
age¼8.25 years; SD: 12 months) and 10–13-year olds (n¼15, mean age¼10.8
years, SD¼17.2 months). Children's caregivers were contacted by phone and
invited to participate in the study. They were part of a database of families who
participated in prior studies and expressed their wiliness to participate in future
studies. Adult participants were under and post-graduate students recruited
through the website of the Psychology Department of the University of Granada.
Participants had normal or corrected-to-normal sensory capacities, no history of
chronic illness and/or psychopathologies and no known neurological disorders,
ADHD, ASD or Learning Disabilities, as informed by their caregivers. Participation in
the study was voluntary, and both parent of the children and adults gave written
consent prior to participation.
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2.2. Procedure

Participants were tested individually at the Cognitive Neuroscience laboratory of
the University of Granada. At arrival, participants were informed of the general
procedure of the session and were given a few minutes to get comfortable in the lab
setting before starting. Participants were fitted with the 128 channels Geodesic Sensor
Net (www.egi.com) and were verbally informed of the instructions to complete the
task. The duration of the session was 1 h approximately, including time for instructions
and breaks between blocks. Young children received stickers between blocks of trials as
incentives to stay motivated and complete the task. The experimenter was present in
the testing room throughout the session with children of all ages, but did not provide
feedback to participants apart from encouragement to complete the task during breaks.
A T-shirt with the logo of the lab was offered to participants at the end of the session in
appreciation for their participation in the study.

2.3. Experimental task

All participants performed an adapted version of the child ANT (Rueda, Fan
et al., 2004). The sequence of events in each trial is displayed in Fig. 1. Each trial
started with a fixation point of variable duration, which was randomly selected
between 600 and 1200 ms. In half of the trials, a 2000 Hz tone was presented as
alerting cue during 100 ms. Subsequently, an orienting cue, consisting of an
asterisk, could appear above or below the fixation point for 100 ms. The asterisk
only appeared in two-thirds of the trials, and no cue was displayed in the other
one-third of trials. When presented, the orienting cue appeared in the same
location of the subsequent target (valid cue) in half of the trials, and in the opposite
(invalid cue) location in the remaining half. Finally, a horizontal row of five line
drawing fish was presented above or below the fixation point. Fish flanking the one
in the middle pointed to either the same (congruent trials) or the opposite
(incongruent trials) direction as the central fish (target). Half of the trials were
congruent, and half incongruent. Participants were asked to indicate the direction
of the central fish by pressing the right or left bottom in a response box as rapidly
and accurately as possible. The target display was presented until a response was
made or up to 2500 ms. A feedback was provided 500 ms after the response, which
consisted of an animation of the middle fish, showing it happy (blowing bubbles)
and saying “yes” for correct responses, or sad (tears coming down the eye) and
saying “no” for incorrect or missed trials. All stimuli were presented over a cyan-
colored background. Adults completed eight blocks of 36 trials each plus 12
practice trials. Children completed four blocks of 36 trials each, preceded by 12
practice trials. The practice block was ran as many times as necessary until it was
clear that the instructions were fully understood. In order to make the task friendly
for children, they were told that the middle fish was hungry and they were to feed
it by pressing the appropriate button.

2.4. Behavioral data analysis

Performance of the ANT allows calculation of scores for each attention network.
Three subtractions were performed in order to calculate the alerting, orienting and

executive attention scores for each participant using the median RTs per condition.
The alerting score was calculated by subtracting the median RT for tone from the
median RT for the no-tone condition. The orienting score was obtained by
subtracting median RT for the valid cue from the invalid cue condition. Finally, the
executive attention score was obtained by subtracting median RTs for congruent
trials from median RTs for incongruent trials. Age differences for each network score
were assessed with one-way ANOVAs. Additionally, sets of mixed ANOVAs including
Age-Group as between-subject factor and Alerting Cue (no-tone vs. Tone), Orienting
Cue (valid, invalid and no-cue) and Flanker Congruency (congruent vs. incongruent)
with median RT and percentage of commission errors as dependent measures were
also conducted. In addition to information about the main effects of each factor,
mixed ANOVAs allowed examination of interactions between attention networks, as
well as second-order interactions involving Age Group.

2.5. EEG acquisition and ERP processing

EEG was recorded using a 128-channel Geodesic Sensor Net 4.2 (GSN; Tucker,
Liotti, Potts, Russell, & Posner, 1993) and processed using Net Station 4.3 software.
The EEG signal was digitized at 250 Hz. The EEG signal was acquired using a 100–
0.01 Hz band pass filter. Impedances for each channel were kept below 50 kΩ
during recording. Channels with larger impedances at recording were noted and
discarded for processing later on. The average impedance during recording of
channels included in further analyses was 23.17 kΩ. Continuous EEG data were
filtered by using a finite impulse response (FIR) band pass filter with 0.3 Hz high-
pass and 20 Hz low-pass cutoffs (Passband gain: 99.0% (�0.1 dB), stopband gain:
1.0% (�40.0 dB), rolloff: 0.29 Hz). Then, data were segmented into alerting cue-
locked (�200 ms to 800 ms around presentation of the alerting cue) and target-
locked (200 ms pre-target to 1000 ms post-target) epochs. Segmented files were
scanned for artifacts with the Artifact Detection NS tool using a threshold of 70 mV
(adults) or 100 mV (children) for eye movements and 70 mV (adults) or 120 mV
(children) for eye blinks. Bad channels were rejected and replaced by interpolation
from neighbors' channels. Segments containing more than 20 bad channels, eye
blinks or eye movements were excluded from further processing. Data for each trial
were also visually inspected for each participant. Artifact-free segments for correct
responses were averaged across conditions and participants within each age group,
and re-referenced to the average of all channels. A per-subject criterion of a
minimum of 16 artifact-free segments per experimental condition and 50 good
segments among the correctly responded trials was established in order to be
included in the grand-average for each age group. The 200 ms preceding the target
or alerting cue served as baseline in both alerting cue- and target-locked segments.
Event-related potentials (ERP) with the experimental conditions of interest for each
attention network were built and plotted in the same graph for each age group.

Two main strategies were used to analyze within and between-groups effects
of experimental conditions in the ERP data. First, peak amplitude values of the ERP
components of interest were extracted for each condition and used to carry out
analysis of variance with Age Group as between-subjects factor and the conditions
of interests as the within-subject factor. These ANOVAs informed about differences
in brain potentials relevant for each attention network, and allowed to examine
differences between age groups in those effects. Second, in order to examine

Fig. 1. Structure of the task utilized in the study.
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differences between conditions along the ERP components of interest, we com-
puted amplitude differences at each time point along the entire epoch by mean of
pair-wise t-tests. Modulations of amplitudes by experimental manipulations can
occur along the entire epoch and not only in the peaks of the components. Analyses
with t-tests inform about the extension of those modulations in the time domain.
In all ERPs figures, the shadowed areas between ERP waves show the sections of
the segments in which amplitude differences between conditions were significant
(po0.05; uncorrected for multiple comparisons) as analyzed with two-tailed
dependent-samples t-tests (t42.145 (n¼15) for the 7–9, 10–13 and adult groups,
and t42.160 (n¼14) for the 4–6 years old group). Topographic maps illustrate the
distribution over the scalp of the significant amplitude differences between
experimental conditions at particular segment times.

3. Results

3.1. Behavioral results

Omission errors were virtually inexistent (only one omission
error committed by one participant), thus accuracy of performance
was analyzed with percentage of commission errors. Two partici-
pants from the 4–6 years-old group were excluded for further
processing due to a high percentage of commission errors (above
40%). Means of the median RT for correct responses and percen-
tage of commission errors for each condition and age group are
presented in Tables 1 and 2, respectively.

The network scores for each age group are summarized in
Table 3. Results from one-way ANOVAs with the networks scores
showed no significant effect of Age for the alerting score (F(3,55)¼
1.19; p¼0.32), but significant effects for the orienting (F(3,55)¼
3.66; po0.05, ηp2¼0.17) and executive (F(3,55)¼6.02; po0.01,
ηp2¼0.25) networks scores. Planned contrasts showed no signifi-
cant differences between groups of children in the orienting score
(except for a marginal difference between 4–6- and 7–9-year-olds,
F(1,55)¼2.94; p¼0.09), but 10–13 as well as 7–9 year-olds differed
from adults (F(1,55)¼6.29; po0.05, F(1,55)¼9.24; po0.001,
respectively). Regarding the executive network, we obtained a
significant linear reduction of executive attention scores with age
(F(1,55)¼17.7; po0.001). Additionally, planned contrasts showed
that adults differed significantly from 4–6-year-olds (F(1,55)¼
17.47; po0.001) and 7–9-year-olds (F(1,55)¼5.98; po0.05), and
marginally from 10–13-year-olds (F(1,55)¼2.85; p¼0.09). Also,
4–6 year-olds differed from 10–13 (F(1,55)¼6.36; po0.05) and
marginally from 7–9-year-olds (F(1,55)¼3.16; p¼0.08).

Separate 4 (Age Group)�2 (Alerting Cue: no-tone vs. tone)�
3 (Orienting Cue: invalid, valid, and no-cue)�2 (Flanker Congruency:

congruent vs. incongruent) ANOVAs with median RTs and percentage
of commission errors as dependent measures were carried out.
In both analyses, main effects of all four factors were significant.
The main effect of Age Group was significant for both RT and
commission errors, indicating a linear reduction of response time
(F(3,55)¼79.73; po0.001, ηp2¼0.81) with age, whereas with percen-
tage of errors the effect was due to a significant difference between
the youngest group of children and the rest of the groups (F(1,55)¼
3.85; po0.05, ηp2¼0.17). The main effect of Alerting Cue was
significant with both RT (F(1,55)¼16.62; po0.001, ηp2¼0.23) and
percentage of commission errors (F(1,55)¼4.71; po0.05, ηp2¼0.08).

Table 1
Mean of median RT (SDs) per Age Group and task condition.

Age Median RT No tone Tone

Invalid No cue Valid Invalid No cue Valid

4–6 years 1060 (210) Cong 983 1077 982 1002 928 942
(338) (208) (181) (187) (154) (190)

Incong 1143 1077 1086 982 1159 1002
(182) (130) (311) (197) (238) (348)

7–9 years 736 (147) Cong 706 743 684 705 672 623
(167) (175) (148) (150) (116) (97)

Incong 844 789 743 838 790 688
(148) (135) (164) (141) (171) (157)

10–13 years 582 (97) Cong 558 574 520 558 548 513
(93) (89) (91) (94) (99) (79)

Incong 654 634 574 657 632 561
(90) (116) (81) (74) (170) (85)

Adults 426 (57) Cong 403 435 385 397 41 380
(49) (83) (59) (45) (55) (44)

Incong 463 466 439 463 452 420
(67) (51) (72) (46) (53) (57)

Table 2
Percentage of commission errors (SDs) per age group and task condition.

Age Total %
errors

No tone Tone

Invalid No
cue

Valid Invalid No
cue

Valid

4–6 years 9.7 Cong 5.66 9.82 9.82 8.93 11.01 9.23
(14.2) (1.8) (1.8) (2.0) (2.3) (2.4) (1.9)

Incong 10.27 9.38 6.99 9.52 11.76 12.35
(2.4) (2.2) (1.8) (2.7) (2.6) (2.7)

7–9 years 3.2 Cong 1.11 1.67 1.67 2.64 1.53 0.00
(5.4) (1.8) (1.7) (2.0) (2.2) (2.3) (1.8)

Incong 7.22 2.50 2.78 8.75 4.44 4.30
(2.3) (2.2) (1.7) (2.6) (2.5) (2.6)

10–13
years

2.2 Cong 2.78 0.56 1.11 0.56 0.00 1.11
(4.2) (1.8) (1.7) (2.0) (2.2) (2.3) (1.8)

Incong 4.44 1.67 1.11 6.67 2.78 4.17
(2.3) (2.2) (1.7) (2.6) (2.5) (2.6)

Adults 2.9 Cong 1.67 0.42 0.00 1.25 0.83 1.67
(3.8) (1.8) (1.7) (2.0) (2.2) (2.28) (1.8)

Incong 6.67 2.92 3.33 8.75 5.42 1.67
(2.3) (2.2) (1.7) (2.6) (2.52) (2.59)

Table 3
Attention network scores in ms (SD) per age group.

Alerting Orienting Executive

4–6 yr 36 (68) 53 (86) 124 (81)
7–9 yr 37 (40) 87 (57) 92 (48)
10–13 yr 12 (28) 77 (28) 78 (21)
Adults 17 (32) 28 (16) 48 (24)
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The main effect of Orienting Cue was also significant with both
RT (F(2,110)¼19.70; po0.001, ηp2¼0.26) and commission errors
(F(2,110)¼6.29; po0.01, ηp2¼0.10). Finally, the main effect of Flanker
Congruency was significant with RT (F(1,55)¼122.53; po0.001,
ηp2¼0.69) as well as with percentage of errors (F(1,55)¼39.47;
po0.001, ηp2¼0.42). Additionally, Age Group interacted with Flanker
Congruency, an interaction that was significant with RT (F(3,55)¼
3.94; po0.05, ηp2¼0.18) but only marginal with error percentage
(F(3,55)¼2.23; p¼0.09, ηp2¼0.11). Also, a significant Alerting� Flan-
ker Congruency interaction was found in the RT ANOVA (F(1,55)¼
4.50; po0.05, ηp2¼0.08), which was only marginal (F(1,55)¼3.15;
p¼0.08, ηp2¼0.05) in the commission errors ANOVA. In order to
further explore this interaction, we conducted a second ANOVA in
which only trials without orienting cues were considered, because
orienting cues convey spatial as well as warning information about
the upcoming target, which is likely to affect the preparation effect of
alerting cues (see Callejas et al., 2005). In this second ANOVA, the
Alerting� Flanker Congruency interaction remained significant (F
(1,55)¼7.05; po0.05, ηp2¼0.11), and the second-order interaction of
Alerting� Flanker Congruency�Age did not reach statistical signifi-
cance (F(3,55)¼2.06; p¼0.12). A graph depicting means of median
RTs in each alerting and flanker congruency condition for each age
group is presented in Fig. 2. As shown in the figure, the younger
groups of children showed stronger modulation of the flanker
congruency effect by alerting conditions (F(1,13)¼3.03; p¼0.10,

ηp2¼0.19; F(1,14)¼5.81; po0.05, ηp2¼0.29, respectively for 4–6- and
7–9-year-olds) while the effect was not-significant for 10–13-year-
olds (F(1,14)¼1.08; p¼0.32) or adults (Fo1).

In addition, a significant Orienting� Flanker Congruency�Age
interaction was obtained in the RT ANOVA. This interaction remained
significant (F(3,55)¼3.72; po0.05, ηp2¼0.17) when trials with no
orienting cue were not considered in the analysis, thus including only
valid and invalid cues (96 trials for children and 192 trials for adults,
from which half (48/96) were validly cued). This interaction, repre-
sented in Fig. 3, indicated that the flanker interference effect was
larger under the invalid compared to the valid orienting cue condition
for all age groups except the youngest children who showed
equivalent interference effects under the two orienting cue conditions
(F(1,14)¼5.6; po0.05, ηp2¼0.29, F(1,14)¼40.85; po0.001, ηp2¼0.74, F

(1,14)¼6.50; po0.05, ηp2¼0.32, and F(1,13)¼1.6; p¼0.22, ηp2¼0.11
respectively for adults, 10–13-, 7–10- and 4–6-year olds).

3.2. ERPs analyses

Measures of amplitudes for each ERP component, condition
and Age Group are presented in Table 4. Different ANOVAs were
conducted with these amplitude data. Results of these various
ANOVAs are presented bellow.

Fig. 2. Graphical representation of mean RTs (in ms) per flanker congruency (Cong: congruent; Inc: incongruent) and alerting conditions in function of age group.

Fig. 3. Graphical representation of mean RTs (in ms) per flanker congruency (Cong: congruent; Inc: incongruent) and orienting (Val: valid cue; Inv: Invalid cue) conditions in
function of age group.
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3.2.1. Alerting cue-locked ERPs
3.2.1.1. Alerting network. ERPs per alerting condition over mid-frontal
leads for each age group are presented in Fig. 4. Topographic maps at
the time of amplitude peaks corresponding to P1, N1, P2 and CNV
components show a clear mid-frontal distribution of those compo-
nents. Therefore, peak amplitude values of the corresponding
polarity were extracted for channel Fcz at the following time
windows: 10–100 ms for P1, 100–200 ms for N1, 200–300 for P2
and 300–600 ms for the CNV, and sets of 2 (Alerting Cue: tone vs. no-
tone)�4 (Age Groups) ANOVAs were performed with those values.
The Age Group factor was significant for the P1 (F(3,55)¼4.32;
po0.01, ηp2¼0.25) and P2 (F(3,55)¼9.57;po0.001, ηp2¼0.34). The
effect of Alerting Cue was significant for all the components taken
into account: P1 (F(1,55)¼4.74; po0.05, ηp2¼0.08), N1 (F(1,55)¼
16.30; po0.001, ηp2¼0.23), P2 (F(1,55)¼23.83; po0.001, ηp2¼0.30),
and CNV (F(1,55)¼25.50; po0.001, ηp2¼0.32). Finally, the Age
Group�Alerting Cue interaction was significant only for the N1
(F(3,55)¼3.39; po0.05, ηp2¼0.16). Further analyses of the interaction
revealed that only adults showed a significant effect of Alerting Cue
on the N1 (F(1,55)¼21.82; po0.01). This effect was marginal in 10–
13 years-olds (F(1,55)¼3.96; p¼0.05).

3.2.2. Target-locked ERPs
3.2.2.1. Orienting network. Fig. 5 presents ERP for valid- and
invalid-orienting cue trials (Orienting Network), and Fig. 6 shows
ERP for congruent and incongruent conditions (Executive Attention
Network). ERPs per orienting condition for each age group, both at
parietal and occipital sites, are presented in Fig. 5. Peak amplitudes
were extracted for each participant at time windows ranging from
100 to 200 ms, 100 to 200 (adults) or 230 to 330 (children), and
300 to 400 ms, respectively for the P1, N1 and P3 ERP components

at the average of channels Oz, O1 and O2 (for P1 and N1) and CPz
and Pz (for the P3 component). These data were entered in
separated ANOVAs including Age Group (4–6, 7–9, 10–13 years-
old, and adults) and Orienting Cue (valid- vs. invalid-cue)
conditions as factors. The effect of Age Group was significant for
each component (F(3,55)¼24.46; po0.001, ηp2¼0.57 for the P1, F
(3,55)¼10.10; po0.001, ηp2¼0.35 for the N1, and F(3,55)¼9.86;
po0.05, ηp2¼0.14 for the P3). The effect of Orienting Cue was
significant for the P1 (F(1,55)¼28.18; po0.001, ηp2¼0.34) and P3 (F
(1,55)¼9.87; po0.01, ηp2¼0.15), and not significant for the N1
(Fo1). Also, the Age Group�Orienting Cue interaction was
significant for the P1 (F(3,55)¼4.17; po0.01, ηp2¼0.18).
Subsequent analyses of this interaction revealed that the effect of
Orienting Cue on the amplitude of the P1 peak was significant for
all children groups (F(1,55)¼7.85; po0.01, F(1,55)¼25.58;
po0.001, and F(1,55)¼7.22; po0.01, respectively for 4–6, 9–7
and 10–13 years-olds) but did not reach significance in the group of
adults (Fo1).

3.2.2.2. Executive network. Regarding the modulation of ERP by the
congruency of flankers, peak amplitude of Fcz for adults within a
250–400 ms and Fcz for children within 400–500 ms after target
(when negative deflection was observed), as well as mean
amplitude of Pz within a 500–800 ms post-target time window
were extracted for each participant (see Fig. 6). These data were
included in separated ANOVAs with Age Group (4–6, 7–9, 10–13
years-old, and adults) and Flanker Congruency (congruent vs.
incongruent) conditions as factors. The effect of Age Group was
significant for the N2 component (F(3,55)¼15.27; po0.001,
ηp2¼0.45) but did not reach significance for the SP (F(3,55)¼
1.95; p¼0.13, ηp2¼0.09). The effect of Flanker Congruency was

Table 4
Amplitude measures (in mV) per experimental condition and age group of the ERP components of interest for each attention network. NT: No tone, T: Tone; VAL: Valid
orienting cue, INV: Invalid orienting cue; C: Congruent Flankers; I: Incongruent Flankers. Alerting effects: peak amplitude at channel Fcz was calculated for the P1, N1, and P2
components within a post-alerting cue time window of 10–100 ms, 100–200 ms, and 200–300 ms, respectively, whereas the mean amplitude at channel Fcz within 300–
600 ms post-alerting cue was extracted for the CNV component. Orienting effects: peak amplitude averaged over channels Oz, O1 and O2 in post-target time windows
ranging from 100 to 200 ms (P1 for all groups and N1 for adults group) and 230–330 ms (N1), as well as the mean amplitude within 250–400 ms post-target window at the
average of channels CPz and Pz for P3. Executive Attention effects: N2 is the minimum amplitude at channel Fcz within a post-target time window of 250–400 ms. for adults,
and 400–500 ms. for children; and SP is the mean amplitude at channel Pz, and P6 for 4–6-year-olds, within a post-target time window of 500–800 ms.

ERP components 4–6 yr 7–9 yr 10–13 yr Adults

NT T NT T NT T NT T

Alerting effects
P1 1.59 1.78 1.28 2.38 1.15 1.64 0.23 0.29

(1.99) (1.83) (1.61) (1.31) (0.87) (1.59) (0.43) (0.47)
N1 �2.29 �2.63 �2.51 �2.93 �2.14 �3.17 �0.81 �3.22

(1.91) (2.29) (1.31) (2.47) (1.03) (2.53) (0.49) (1.42)
P2 2.84 3.66 2.80 4.04 1.86 3.79 �0.66 1.75

(1.50) (2.62) (1.28) (1.87) (0.71) (2.10) (0.34) (1.31)
CNV �0.37 �1.41 �0.43 �1.39 �0.59 �1.35 �0.17 �1.02

(1.22) (1.12) (0.95) (1.47) (0.76) (1.24) (0.36) (1.00)

VAL INV VAL INV VAL INV VAL INV

Orienting effects
P1 12.28 8.75 23.06 16.91 15.67 12.40 4.13 4.05

(6.74) (5.09) (7.63) (5.59) (6.18) (6.26) (3.46) (3.32)
N1 1.74 0.36 7.69 8.24 5.18 7.15 �1.40 �0.67

(5.18) (4.06) (5.90) (5.86) (7.83) (7.15) (2.64) (2.19)
P3 1.32 1.79 2.03 2.98 1.80 2.25 0.99 1.03

(1.54) (1.97) (1.55) (1.64) (1.82) (1.73) (1.03) (0.86)

C I C I C I C I

Executive attention effects
N2 �4.24 �4.19 �6.99 �7.05 �7.06 �7.04 �2.15 �2.02

(1.67) (1.67) (2.97) (3.33) (3.99) (3.34) (1.20) (1.09)
SP 0.60 1.13 �2.13 3.30 2.47 2.79 1.17 1.41

(1.82) (1.78) (1.99) (2.40) (2.23) (2.36) (1.04) (1.16)
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significant only for the SP (F(1,55)¼16.68; po0.001, ηp2¼0.23).
Finally, the Age Group� Flanker Congruency interaction was not
significant in any of the components (Fo1 for both). We found a
lack of flanker interference modulation of the N2 in children.
However, amplitude modulation by flanker congruency was
observed after 400 ms post-target, as shown by t-tests (see Fig. 6).

3.2.2.3. Interactions between attention networks. Lastly, in order to
examine modulation of alerting and orienting conditions on
the executive attention effect, ERPs corresponding to
congruent and incongruent conditions were averaged
separately in function of the conditions of the other two
networks. Splitting the data in this way left insufficient
artifact-free segments to average across subjects in the
children groups, therefore these analyses were only
performed with data from the adults' sample, ERPs that
resulted from these analyses are presented in Fig. 7. As
before, the shadowed areas between the ERPs corresponding
to the congruent and incongruent conditions show time
windows with significant amplitude differences between the
two conditions as measured by paired-samples t-tests.

To analyze the interaction between alerting and executive
attention, two separate 2 (Alerting Cue: tone vs. no-tone)�
2 (Flanker Congruency: congruent vs. incongruent) ANOVAs were
performed with amplitude of the N2 (minimum amplitude within a
time-window of 250–400 ms post-target at Fcz ) and SP (mean
amplitude within a time-window of 500–800 ms post-target at Pz)
components. For the N2, results showed a main effect of Alerting (F
(1,14)¼10.56; p¼o0.05, ηp2¼0.42) but no effect of Flanker Con-
gruency or Alerting� Flanker Congruency (Fo1). For SP, a main
effect of Flanker Congruency (F(1,14)¼4.86; p¼o0.05, ηp2¼0.26)
emerged, but no effect of Alerting or interaction between the two
factors was found (Fo1). To analyze the Orienting� Executive
networks interaction, two separate 2 (Orienting Cue: valid vs.
invalid)�2 (Flanker Congruency: congruent vs. incongruent) ANO-
VAs were performed, one using the peak amplitude of the N2 at Fcz
within a time window of 250–400 ms post-target, and a second one
using the mean amplitude at Pz within a time window of 500–
800 ms post-target. For the first ANOVA neither main effects nor
the interaction between the factors were significant. In the second
ANOVA, only the main effect of Flanker Congruency (F(1,14)¼11.60;
p¼o0.01, ηp2¼0.45) was significant.

Fig. 4. Alerting effects on electrophysiological data. Graphs representing alerting cue-locked ERPs for each alerting condition and age group (a). Topographic maps
illustrating Tone–NoTone-significant differences at peak times for the P1, N1, P2, and CNV components (b). Gray areas between ERPs indicate time windows with significant
(po0.05) amplitude differences between conditions computed by two-tailed t-tests. acue: alerting cue; ocue: orienting cue. Note that positivity is plotted upwards.
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4. Discussion

This study examined age-related differences in attentional
networks efficiency at behavioral and electrophysiological levels
with the goal of understanding cognitive and brain mechanisms
underlying the development of attention functions. As expected,
age-related changes in the efficiency of attention networks were
observed, which, in the age range studied, were more pronounced
for the orienting and executive attention networks. We did not
find a significant age effect on alerting scores, but there was a
trend to larger alerting effects for younger children compared to
older children and adults. Orienting scores showed a different
developmental trajectory, with no significant differences among
the children groups, but significant differences between 7–9 and
10–13 children and adults. Finally, executive attention scores
showed a more protracted reduction over the age range studied,
indicating a progressive gain in efficiency of conflict processing
with age. Overall, the developmental trajectories obtained in this
study replicate what was observed before with a similar version of
the task (Pozuelos et al., under review; Experiment 1) and in other
studies using different procedures to measure the same functions
(Waszak et al., 2010). Additionally, alerting and orienting condi-
tions modulated efficiency of executive attention in ways that
were expected according to previous research (Callejas et al.,
2005; Pozuelos et al., under review). Overall, interference suppres-
sion was less efficient after presentation of a warning auditory
tone, and also following invalid orienting cues. In the current
study, we found that these interactions were qualified by the age
of participants, a second-order interaction that was mostly derived
from the youngest group of children. The modulatory effect of

alerting over executive attention was stronger for the youngest
group, who only showed a significant flanker interference effect when
a warning tone preceded the target (see Fig. 2). Also, the youngest
children, contrary to the rest of the groups, showed equivalent inter-
ference effects following valid and invalid orienting cues (see Fig. 3).
In the developmental study conducted by Pozuelos et al. (under
review) no second-order interactions with age were observed, which
could be due to the fact that the youngest group included in that study
was 6 and a half years on average, whereas in this study the average
age of the youngest group was 5 years. Below we discuss these
developmental patterns in relation to ERP data obtained in this and
other studies.

4.1. Alerting network

Previous studies have shown that young children (5-year-
olds) need more time than older children (8-year-olds) and
adults to get full benefit from a warning cue (Berger, Jones,
Rothbart, & Posner, 2000), and they also seem to be less able to
sustain the optimal level of alertness over time (Morrison, 1982).
The fact that alertness is subject to more fluctuations in younger
children can in part explain age differences in processing speed
because alertness is thought to speed the processing of subse-
quent events. Using the ANT, Rueda, Fan et al. (2004) found no
differences in alerting between 10-year-olds and adults with the
child ANT, but the same group of children showed a relatively
poor ability compared to adults maintaining the alert state in the
absence of a warning signal when using the adult ANT. Separa-
tion of the alerting and orienting events, and inclusion of trials
with invalid orienting cues, is likely to have made the current

Fig. 5. Orienting effects on electrophysiological data. Graphs representing target-locked ERPs for each orienting (Val: valid cue; Inv: Invalid cue) condition and age group as
well as topographic maps illustrating significant invalid vs. valid differences at peak times for the P1 and N1 (a) and P3 (b) components in each age group. Gray areas
between ERPs indicate time windows with significant (po0.05) amplitude differences between conditions computed by two-tailed t-tests.
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version of the child ANT some more challenging than the one
used by Rueda and colleagues. Behavioral results in our study
showed a lack of age effect for the alerting score. However, ERP
analyses revealed a poorer processing of the alerting signal by
children below age 9 compared to older children and adults (see
Fig. 4). While adults showed the usual electrophysiological
pattern associated with the early processing of an auditory cue,
the AEP complex (Ponton, Eggermont, Kwong, & Don, 2000)
followed by the CNV, children data revealed a number of
differences compared to adults. First, while the presence of the
alerting tone modulated the amplitude of the P1 and P2 peaks in
7–9- and 10–13-year-old children, 4–6-year-olds did not show
any differences on amplitude between tone and no-tone condi-
tions until about 300 ms after presentation of the tone. Evidence
in the literature indicates that central auditory pathways have a
maturational time course that extends into adolescence (Ponton
et al., 2000; Sharma, Kraus, J. McGee, & Nicol, 1997). The AEP
complex has been associated with sensory encoding and inte-
gration of auditory stimuli (Hegerl & Juckel, 1993). Developmen-
tal studies have found an early maturing P1 and P2 in response
to auditory cues, but a later emergence of the N1, which appears
around 10 years of age (Čeponien et al., 2002; Ponton, Don,
Eggermont, Waring, & Masuda, 1996; Ponton et al., 2000). Our
data are in line with these findings because only adults show a
clear N1 peak following the alerting tone. Also, both the size and
latency of the P1 decrease with age, whereas the P2 is present

from mid childhood, showing a latency and topography similar
to that of the adults. Regardless of the differences found in the
early processing of the alerting cue, all age groups presented a
CNV starting at approximately 300 ms after the presentation of
the tone. Bender et al. (2005) have reported that children from
6 to 12 years of age do not show the late component of the CNV
associated to motor pre-activation. However, the relatively short
foreperiod (650 ms) used in our task does not allow drawing
further conclusions about possible developmental differences on
early and late components of the CNV.

Other studies have also found differences in brain activity
during development in response to targets that are preceded by
warning cues. In a fMRI study using a modified version of the adult
ANT, Konrad et al. (2005) found that adults exhibit the classic
fronto-parietal activation in the right ventral prefrontal cortex and
the left superior parietal gyrus when processing targets preceded
by alerting signals. However, 10–12-year-old children did not show
activation in those areas. Instead, they showed increased activity
in the right middle occipital cortex and right superior temporal
gyrus. These remarkable differences were found in spite of a lack
of differences in alerting scores between children and adults.
Altogether, data suggest that the alerting network shows a poor
early processing of warning signals in early and middle childhood.
Further maturational processes of this network that are not
observable at the behavioral level may still occur during late
childhood.

Fig. 6. Executive attention effects on electrophysiological data. Graphs representing target-locked ERPs for each Flanker Congruency (Cong: congruent; Inc: incongruent)
condition and age group as well as topographic maps illustrating significant Incongruent–Congruent differences at peak times for the N2 (a) and SP (b) components in each
age group. At SP graphs indicates median RT for each age group. Gray areas between ERPs indicate time windows with significant (po0.05) amplitude differences between
conditions computed by two-tailed t-tests.
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4.2. Orienting network

Efficiency scores for the orienting network provided in this
study, which were obtained subtracting valid- from invalid-cue
trials, mostly grasp processes related to disengagement and
reallocation of attention (Posner & Cohen, 1984). When develop-
ment of orienting is examined using only valid cues, no age
differences are observed beyond age 5 and adults (Rueda, Fan
et al., 2004; Wainwright & Bryson, 2002). However, our data reveal
a developmental trajectory of this function that extends to late
childhood, which is most likely due to maturation of brain
structures involved in disengaging and switching attention from
one location to another.

A number of posterior ERP components (i.e., P1, N1, and P3)
have been long associated with visual processing (Mangun, 1995;
Mangun & Hillyard, 1987). Of those, the P1 and N1 components
are related to early sensorial processing. These potentials are typi-
cally larger in amplitude after valid than invalid cues when short
cue–target intervals (i.e., below 500 ms) are used (see Chica &
Lupiañez, 2009 for a reversed pattern when cue–target intervals
that promote inhibition of return are used). The larger amplitude
on valid-cue trials is associated with attention-related sensory

gain at an early stage of processing of the target (Luck & Hillyard,
1995; Mangun, 1995). Studies of spatial attention have shown that
the N1 is enhanced by valid orienting cues on choice RT tasks but
not when simple RT tasks are used, while the P1 amplitude is
modulated by attention cues independently of the type of task
(Luck & Hillyard, 1995; Mangun & Hillyard, 1991; Ritter, Simson,
Vaughan Jr., & Macht, 1982). This suggests that the P1 is a rather
exogenous ERP index of early visual processing, while the N1 may
reflect a more complex processing phase, involving discrimination
of information conveyed by different cortical processing streams
(Vogel & Luck, 2000). In our study, orienting cues produced a
consistent early modulation of the P1 amplitude in all age groups
(see Fig. 5). This indicates that children used the cues to success-
fully orient attention, as is also suggested by faster RT for valid-cue
trials. Additionally, 4–6-year olds did not show modulation of the
N1 amplitude. Modulation of this component was expected given
that the task used in our study involved discriminating the
direction of the central fish. The fact that children below age
7 years do not show modulation of the N1 indicates that attention
has greater impact at earlier stages of visual processing in young
children, whereas it continues to have an impact on subsequent
stages of visual processing in older children and adults.

Fig. 7. Graph depicting Alerting�Executive attention (a) and Orienting�Executive Attention (b) interactions effects on target-locked ERPs in adults (Cong: congruent; Inc:
incongruent). Topographic maps illustrating significant Incongruent–Congruent differences at for the N2 and SP components at Alerting (a) and Orienting (b) conditions.
Gray areas between ERPs indicate time windows with significant (po0.05) amplitude differences between conditions computed by two-tailed t-tests.
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On the other hand, the P3 shows a rather opposite develop-
mental pattern. This potential is also modulated by validity of the
cue, showing larger amplitude at invalid compared to valid-cue
trials (Bledowski, Prvulovic, Goebel, Zanella, & Linden, 2004;
Gómez et al., 2008), and thus has been related to processes of
disengagement and reorienting of attention. In our study, modula-
tion of the P3 by the validity of the cue was larger for the youngest
group of children. This result is consistent with data from previous
studies (Flores et al., 2010), and suggests that young children
engage fronto-parietal structures to a greater extent than older
children and adults in order to disengage and move attention from
the location of the cue to the location of the target in invalid-cue
trials.

In sum, our data suggest that children under 7 years of age are
not yet completely efficient when it comes to use valid orienting
cues to facilitate the processing of a target. Moreover, when the
target is presented at a different location from that of the orienting
cue and attention has to be reallocated, even the older children in
our study show larger costs than that shown by adults.

4.3. Executive attention network

In line with previous results using similar tasks (Fjell et al.,
2012; Ridderinkhof & van der Molen, 1995), we found a linear
reduction of conflict scores with age. With a version of the child
ANT that only includes valid orienting cues, the executive atten-
tion network was shown to reach adults' levels of efficiency after
about age 7 years (Rueda, Fan et al., 2004). However, data from the
current study suggest a developmental trajectory for this network
that extends to late childhood. The inclusion of invalid orienting
cues in the current version of the task caused increased inter-
ference from flankers, as indicated by the significant Orien-
ting�Executive attention interaction with both RT and
commission errors (see Table 1 and Fig. 3), which likely led to a
more protracted development of conflict resolution than was
observed with the original child ANT. This interpretation is
supported by data from a recent developmental study in which a
progressive development of executive attention from 6 to 12 years
of age was found using the same version of the child ANT
(Pozuelos et al., under review, Experiment 1).

As expected, electrophysiological recordings revealed a mod-
ulation of the N2 amplitude by the congruency of flankers in
adults (see Fig. 6). As revealed by t-tests, the modulation is
observed in mid-frontal channels at about 350 ms post-target.
This effect was not observed in children, rather we observed a
delayed and more anterior effect of flanker congruency over
central anterior channels. Such effect was sustained for a longer
period of time in children compared to adults. Data in the
literature about developmental changes in conflict-related mod-
ulations of the N2 effect greatly depend on the task being used.
Several studies using Go–NoGo tasks have reported larger conflict
effects in N2 amplitude by young children compared to older
children and adults (Hämmerer et al., 2010; Lamm et al., 2006).
This result suggests that the larger the effect on the amplitude of
the N2 the poorer the executive control efficiency. As a matter of
fact, Lamm et al. (2006) reported an age-related decrease in N2
amplitude between 7 and 16 years of age. However, using a flanker
task with arrows, Ladouceur et al. (2007) found that only late
adolescents (i.e., older than 14 years) and adults showed larger N2
amplitude in trials with incongruent flankers, while an early
adolescents group also included in the study did not show the
effect. Our results are consistent with data from this study as well
as with those reported by Rueda, Posner et al. (2004) where young
children did not show N2 amplitude modulation by flanker
congruency but a sustained frontal effect after 500 ms post-target.

On the contrary, we found that conflict-related modulation of
the SP amplitude was observed in all age groups. It is noteworthy
that this potential was observed for the most part after the
response in 10–13-year-olds and adults, whereas it was shown
around the time of the response (7–10-year olds) or before it (4–7-
year olds) for the younger groups. This indicates that the SP
potential is somewhat independent of the response and could
either be directly involved on conflict resolution or could signal a
post-response neural activation for adjustments and sustained
control of goal-directed behavior (Coderre et al., 2011). Imaging
studies have suggested that executive control is related to the
action of two differentiated neural networks, one involved in trial-
to-trial response adaptation (adaptive control), and another
mostly related to stable control (set maintenance) along the
duration of the task (Dosenbach, Fair, Cohen, Schlaggar, &
Petersen, 2008). The two systems appear to be functionally
segregated in adults but not completely so in late childhood
(Fair, Dosenbach, Church, Cohen, Brahmbhatt, & Miezin, 2007). It
has been previously suggested that, because of children generally
slower capacity for processing information, they show conflict-
related effects in later ERP components compared to adults
(Rueda, Posner et al., 2004). This could explain why children did
not show a conflict-related modulation of the N2 component.
Instead children showed delayed effects in frontally distributed
leads as well as modulation of the SP potential. Determining
whether the two ERP components represent waves of activation
of the same or different underlying conflict processing systems,
and/or whether they reflect equivalent action-control mechan-
isms, requires further research.

4.4. Networks interactions

Despite their anatomical separation, there is evidence indicat-
ing that the attention networks are not functionally independent
(Callejas et al., 2005; Fan et al., 2009). It has been previously
shown that both alerting and orienting conditions modulate
efficiency of the executive attention network (Callejas, Lupiáñez,
& Tudela, 2004; Weinbach & Henik, 2012). These modulatory
effects were replicated in the current study. Further, in our study,
we were able to test whether these patterns of interactions
between attention networks change with age along childhood.

Our data revealed that efficiency of executive attention was
harmed when a warning tone was presented prior to the appear-
ance of the target. This effect has been interpreted before as
indicative of an inhibitory relation between the alerting and
executive networks. The idea is that warning signals promote fast
and automatic responses over more controlled forms of action
(Posner, 1994). Our results show that alerting signals reduced RT
mostly in the congruent condition, leading to lager flanker effects
in that condition compared to when no alerting tone was pre-
sented (see Fig. 2). This effect was present in all age groups,
although it was somewhat stronger for the youngest group of
children. This result agrees mostly with the account of alertness
promoting fast and automatic responses. However, it has been also
proposed that alerting influences the allocation of attention by
prioritizing the processing of spatial information, thus leading to
enhanced processing of distracting stimulation (Weinbach &
Henik, 2012). According to this hypothesis, larger interference
effects are due to the necessity for greater implication of the
executive system in order to suppress the influence of distracting
stimulation with higher alertness.

The second modulatory effect over efficiency of executive
attention was that of orienting cues. The significant Orien-
ting�Executive Attention�Age in our study indicated that the
interaction between orienting and executive attention differed
among age groups. As can be seen in Fig. 3, for all age groups
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except the youngest children, executive scores were higher (i.e.,
poorer efficiency) when invalid orienting cues were presented
prior to the appearance of the target. After invalid cues, realloca-
tion of attention is needed, a process that is thought to engage a
fronto-parietal network (Corbetta & Shulman, 2002) that may
partially overlap with structures involved in suppressing irrelevant
stimulation (Fan et al., 2007; Fan, McCandliss, Fossella, Flombaum,
& Posner, 2005). It has been suggested that during the interaction
between orienting and executive attention a competition for limi-
ted attentional resources from shared brain structures takes place
(Fan et al., 2009). The lack of interaction in the youngest children,
may be related to the fact that conflict processing was difficult for
children of this age regardless of the facilitation offered by valid
orienting cues. In fact, valid cues only reduced RT in the easiest
(i.e., congruent) flanker condition in this age group.

These patterns of interactions between attention networks
were not observed with electrophysiological recordings. The t-test
results indicated that warning auditory cues might affect the brain
potentials associated with conflict processing in adults. Specifi-
cally, presence of the tone appeared to cause larger conflict effect
on the SP component, whereas did not seem to affect the size of
the conflict effect on the N2 (see Fig. 7a). As argued before, greater
SP amplitude for displays with incongruent distractors is likely
related to stronger activation of the fronto-parietal network
involved in sustained attention control (Dosenbach et al., 2008),
which is even stronger after warning cues are presented, reflecting
the greater effort required to deal with conflict in higher alerting
states. ERP results are less clarifying of the neural mechanisms
underlying the Orienting� Executive attention interaction. As can
be observed in Fig. 7b, the size of the conflict-related amplitude
effect on both the N2 and SP components is similar under valid
and invalid orienting conditions. In general, inconsistencies
between brain and behavioral measures of interactions between
attention networks may be due to the smaller number of trials
available to study interactions with brain potentials. Further
investigation is needed in order to cast light into the neural
mechanisms underlying the pattern of interactions between atten-
tion network observed at the behavioral level.

4.5. Limitations of the study

One of the main limitations of the current study relates to the
unfeasibility to examine interactions between attention networks
on electrophysiological recordings in the children sample. Changes
introduced to the task design led to a larger number of conditions
in this version (2 Alerting�3 Orienting�2 Congruency¼12 cells)
compared to the original version (4 Alerting/Orienting Cues�
2 Congruency¼8 cells) of the ANT. A larger number of conditions
inevitably lead to longer tasks if the number of observations per
cell is to remain constant. However, task length can be an issue
when running developmental studies because of young children's
shorter attention/motivation span compared to adults. In order to
minimize the influence of such factors in our study we chose to
keep the task as short as possible for the children groups. This
derived in an insufficient number of observations to examine
networks interactions when trials with incorrect responses and
EEG artifacts were discarded. In future studies, it might be useful
to examine interactions between networks in separate tasks, thus
reducing the number of cells in the design, in order to acquire
sufficient data points with reasonable task lengths.

4.6. Summary and conclusions

The main goal of the current study was to examine the
electrophysiological patterns of activations underlying the devel-
opment of attention functions of alerting, orienting and executive

control during childhood. For doing so, a modified version of the
child ANT was used. In this new version of the task, separate
events in each trial were introduced to manipulate alertness,
orienting and conflict, as in Callejas et al. (2005) and Pozuelos
et al. (under review). In consonance with previous data in the
literature, behavioral results indicate that the three attentional
functions follow different developmental trajectories during child-
hood (see Rueda, 2013 for a review). While the alerting function
appears adult-like by age 10, both orienting and executive atten-
tion showed a more protracted developmental curve. In the
current version of the ANT, both valid and invalid orienting cues
were used. Invalid cues grasp mostly aspects of attentional disen-
gagement and re-orienting, which lengthen the developmental
trajectory of orienting compared to when only valid cues are used
(Rueda, Fan et al., 2004). Finally, executive attention exhibited
a linear increase in efficiency with age that might go beyond the
age range of children included in our study (Fjell et al., 2012;
Waszak, 2010).

EEG recordings during performance of the task evinced differ-
ences between children and adults related to the activation of all
three attention networks. Overall, age-related changes were
mostly observed on early ERP components, suggesting that,
compared to adults, children exhibit a poorer fast processing of
conditions varying in attentional requirements. Young children
appear to have poorer early processing of warning cues compared
to 10–13-year-olds and adults, judging from the immature AEP
complex elicited by warning auditory tones in children below 10
years of age. Also, the youngest groups exhibited a poorer proces-
sing of orienting cues in early (N1) as well as late (P3) ERP
components, indicating that they are not yet able to obtain a full
facilitatory effect from valid cues, and must activate the orienting
network to a greater extent in order to shift attention when invalid
cues are presented. Finally, the lack of conflict-related modulation
of the N2 component in all children groups suggests that the
executive attention network is not yet fully mature at 13 years
of age.

Results from this study also inform about patterns of interac-
tions among attention networks in adulthood and over develop-
ment. Both alerting and orienting conditions influence the
effectiveness of conflict processing by the executive attention
network. Higher alerting states lead to poorer conflict processing
in all age groups, an effect that, at least in adults, appear to be
associated with less efficient recruitment of the executive atten-
tion network following a warning signal. On the other hand, as
children gain in executive attention efficiency after the preschool
period, resources devoted to reallocating attention when invalid
orienting cues are provided also reduce the effectiveness of
executive control.
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