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Visual attention-related processes include three functional sub-processes: alerting,
orienting, and inhibition. We examined these sub-processes using reaction times, event-
related potentials (ERPs), and their neuronal source activations during the Attention
Network Test (ANT) in control children, attentional problems (AP) children, and reading
difficulties (RD) children. During the ANT, electroencephalography was measured using
128 electrodes on three groups of Finnish sixth-graders aged 12–13 years (control = 77;
AP = 15; RD = 23). Participants were asked to detect the direction of a middle target
fish within a group of five fish. The target stimulus was either preceded by a cue
(center, double, or spatial), or without a cue, to manipulate the alerting and orienting
sub-processes of attention. The direction of the target fish was either congruent or
incongruent in relation to the flanker fish, thereby manipulating the inhibition sub-
processes of attention. Reaction time performance showed no differences between
groups in alerting, orienting, and inhibition effects. The group differences in ERPs were
only found at the source level. Neuronal source analysis in the AP children revealed
a larger alerting effect (double-cued vs. non-cued target stimuli) than control and RD
children in the left occipital lobe. Control children showed a smaller orienting effect
(spatially cued vs. center-cued target stimuli) in the left occipital lobe than AP and
RD children. No group differences were found for the neuronal sources related to the
inhibition effect. The neuronal activity differences related to sub-processes of attention
in the AP and RD groups suggest different underlying mechanisms for attentional and
reading problems.

Keywords: attention, ANT, event-related potentials, N1, P3, source analysis, attentional problems, reading
difficulties

INTRODUCTION

Attentional problems (AP) and reading difficulties (RD) are two of the most common
developmental problems that hinder learning in children (American Psychiatric Association, 2013).
These difficulties increase the risk of serious academic, economic, and psychosocial consequences
(de Kieviet et al., 2012; Sexton et al., 2012). Visual Attention Network Test (ANT) studies are
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increasingly used to understand these difficulties in typically
and atypically developing children (Bednarek et al., 2004;
Mezzacappa, 2004; Rueda et al., 2004a, 2012; Adólfsdóttir et al.,
2008; Kratz et al., 2011; Mullane et al., 2011; Liu and Sun, 2017).
However, there is a lack of neuronal-level brain information
related to ANT in children with AP and children with RD
in the same study. In this study, we examined reaction time
(RT) performance, scalp topography of event-related potentials
(ERPs), and their neuronal sources associated with attention
network sub-processes using an Attention Network Test (ANT)
(Santhana Gopalan et al., 2019) in AP and RD children.

Attention-deficit/hyperactivity disorder (ADHD) is a
common childhood psychiatric disorder with a strong genetic
and neurobiological basis (National Collaborating Centre for
Mental Health (UK), 2018). The symptoms of AP defined here
are similar to those of ADHD, and they include short attention
span, excessive activity, and impulsivity (American Psychiatric
Association, 2013). The bottom-up theories of neurobiology
of ADHD propose disturbances in subcortical regions such
as the thalamus, hypothalamus, and striatum. It has been
suggested that these brain regions play an important role in
ADHD groups during motor inhibition (Matthews et al., 2014;
Singh et al., 2015). The top-down theories attribute dysfunction
to frontal and prefrontal cortices (Singh et al., 2015). These
regions seem to be associated with spatially focusing attention,
resisting distractions, and developing an awareness of self and
of time (Bellman, 2002, 104). Individuals with ADHD show
deviant activation patterns in the anterior and frontal cortices
(dorsolateral prefrontal cortex and orbitofrontal cortex) with
greater involvement of the right hemisphere (Posner and Raichle,
1994) and parietal cortex (Konrad et al., 2006; Booth et al., 2007).

Reading difficulties, commonly referred to as dyslexia, are
characterized by a number of difficulties (Wagner and Torgesen,
1987; Wimmer, 1993; Wagner et al., 1994; Feinberg and Farah,
2003, 802; Lyon et al., 2003; Vellutino et al., 2004; Wimmer
and Schurz, 2010; Rose and Rouhani, 2012). Individuals with
dyslexia are often considered poor readers despite their normal
intelligence and adequate educational provision (Rutter and Yule,
1975; Lyon et al., 2003; Vellutino et al., 2004). Some studies
have interpreted the impaired performance of dyslexic children in
visual tasks as evidence of a deficit in visual processing (Facoetti
et al., 2006, 2008; Bosse et al., 2007). In reading, the dorsal stream
(occipito-parietal pathway) allocates attention to appropriate
areas of text (spatial location), providing sufficient feedback to
the ventral stream (occipito-temporal pathway) for processing or
analysis of letters (Jones et al., 2008). A dorsal stream deficit might
therefore impede smooth attentional focus on orthographic
items, disrupting the visual recognition of letters that is
accomplished by the ventral stream. The late stages of dorsal
stream functioning involve the parietal cortex, which serves
to deploy and control visual attention across different regions
of the visual field. In line with these observations, individuals
with dyslexia might have visual deficits that originate in the
dorsal processing stream (Pammer and Vidyasagar, 2005). These
findings suggest some common attentional deficits in RD and AP.

Previous studies involving random and clinical samples have
consistently shown that ADHD and dyslexia overlap and are

inter-related (Mayes et al., 2000; Carroll et al., 2005; Maughan
and Carroll, 2006; Germanò et al., 2010). The overlap of these
difficulties is described as co-occurring rather than involving
comorbidity, which implies that the background factors are not
causally related (Dykman and Ackerman, 1991; Kaplan et al.,
2006). Children with co-occurring ADHD and dyslexia seem
to share common neuropsychological deficits (slower naming
speed for letters, impaired phonological processing, and poor
word identification or reading), behavioral deficits (impulsivity
and inattention), and inhibition deficits (Wolf and Bowers, 1999;
American Psychiatric Association, 2000; Donfrancesco et al.,
2005; Tiffin-Richards et al., 2008; Laasonen et al., 2012).

Posner and his team proposed in the 1990s that the attention
network has three separate main networks associated with
attention. These are known as the alerting, orienting, and
inhibition networks (Posner and Petersen, 1990; Posner and
Raichle, 1994). More recent studies have shown that this
theoretical model provides a good fit for examining the potential
cognitive mechanisms underlying attentional problems (Berger
and Posner, 2000; Mullane et al., 2011) and reading difficulties
(Bednarek et al., 2004; Goldfarb and Shaul, 2013). The Attention
Network Test (ANT) is a reaction time (RT) task designed to
measure these three attention networks in the same task (Fan
et al., 2002; Rueda et al., 2004a). In the ANT, the participant
must determine the direction of the central arrow or fish
(target) surrounded by congruent or incongruent arrows or fish
(flankers). The array of arrows or fish is preceded by either
an alerting visual cue or a spatially orienting cue. Although
the literature on these three attention networks shows some
evidence of group differences between controls and individuals
with AP (Konrad et al., 2006; Booth et al., 2007; Kratz et al., 2011;
Mullane et al., 2011; Fabio and Urso, 2014; Hasler et al., 2016)
in terms of reaction time, ERPs, and fMRI (BOLD signal), the
results remain somewhat contradictory, as will be described in
the following sections.

The alerting sub-processes of attention can be defined
as a network associated with arousal and vigilance involved
in the attainment and maintenance of a state of sensitivity
to subsequent stimuli (Posner and Petersen, 1990). The
alerting effect is measured by differentiating stimuli preceded
by non-informative visual warning cues and informative
cues (Fan et al., 2002). On the other hand, orientation is
associated with spatial selection (Neuhaus et al., 2010).
Orienting effects can be measured (similar to that for
alerting effects) by an RT difference between center-cued
and spatially cued target stimuli (Neuhaus et al., 2010).
Spatial orientation has three distinct sub-functions: the
engagement of visual attention to a particular stimulus, the
disengagement of visual attention from a stimulus, and the
shifting of visual attention from one stimulus to another
(Posner and Petersen, 1990).

Individuals with attentional problems tend to have
impairment in the alerting process (Sergeant, 2000; Swaab-
Barneveld et al., 2000; Willcutt and Carlson, 2005; Konrad et al.,
2006). In line with this, children with the combined subtype
(attention deficit and hyperactivity) of ADHD and aged between
7 and 13 years showed a larger alerting effect relative to control
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children (Booth et al., 2007; Mullane et al., 2011), suggesting that
their general level of alertness is lower (Mullane et al., 2011).
In contrast, previous ANT studies between ADHD and control
children (Adólfsdóttir et al., 2008; Kratz et al., 2011; Fabio and
Urso, 2014) and adults (Lundervold et al., 2011) did not show
significant group differences in the alerting process but did reveal
lower accuracy (as measured by number of correct responses)
and higher omission errors in the ADHD group, which indicates
a higher level of inattention than vigilance. The orienting effect
in 7−13-year-old children (Booth et al., 2007; Adólfsdóttir
et al., 2008; Kratz et al., 2011; Fabio and Urso, 2014) and adults
(Lundervold et al., 2011) with ADHD did not differ from control
groups. The lack of difference between the groups suggests that
either the orienting effects might not be affected in children with
ADHD, or that the effect was too small to be detected in the
previous studies (Huang-Pollock and Nigg, 2003).

The alerting effect observed in the 10-year-old children
with dyslexia (Bednarek et al., 2004) and adults with dyslexia
(Buchholz and Aimola Davies, 2008) was not significantly
different from the control groups, suggesting that both the
dyslexia and control groups tend to have an increased level of
readiness when a target stimuli is cued (Bednarek et al., 2004;
Buchholz and Aimola Davies, 2008). Similarly, dyslexic and
control children (10-year-olds) did not show any evidence of a
deficit in the orienting effect (Bednarek et al., 2004). In contrast,
in the adult studies (Buchholz and Aimola Davies, 2008; Goldfarb
and Shaul, 2013) there was a significant group difference in the
orienting effect between the dyslexic and control groups. A study
with dyslexic adults showed that such individuals have difficulties
in the adjustment and maintenance of attentional focus and
peripheral spatial location (Buchholz and Aimola Davies, 2008).

The functioning of the attentional processes at the brain level
has been widely investigated using the ANT paradigm coupled
with ERPs in children (Kratz et al., 2011; Santhana Gopalan
et al., 2019) and adults (Neuhaus et al., 2010; Kratz et al., 2011;
Rueda et al., 2012; Kaufman et al., 2016). Generally, alerting
(non-cued vs. visually cued target stimuli) and orienting visual
cues (center-cued vs. spatially cued target stimuli) enhance the
modulation of the posterior visual N1 amplitude at 100–280 ms
for the target stimulus (Hillyard and Anllo-Vento, 1998; Neuhaus
et al., 2010; Luck, 2014; Kaufman et al., 2016). In children and
adults (Fan et al., 2005; Neuhaus et al., 2010; Galvao-Carmona
et al., 2014), target stimulus-related N1 was modulated by cue
conditions (double, spatial, and center) over the occipital and
parietal regions, reflecting the visual attentional processing of
target stimulus properties in relation to the cue context. Studies
in adults have consistently shown that spatially cued target stimuli
elicit a larger N1 amplitude than center-cued target stimuli, which
suggests stronger engagement and lasting effects for the spatial
cue with regard to the target stimulus (Kaufman et al., 2016;
Williams et al., 2016). Alerting and orienting N1 amplitudes in
adults with ADHD follow a similar pattern as that for control
adults, which corroborates the reaction time studies on adults
with ADHD (López et al., 2006; Hasler et al., 2016). However,
there are no studies showing how N1-alerting and orienting
effects for a visually cued target stimulus are processed in AP
and RD children.

Functional magnetic resonance imaging studies have revealed
that several brain sources are activated during the attention
network test. The alerting network in adult fMRI studies has
been shown to have increased neuronal activity in the thalamus,
temporal parietal junction (TPJ), and prefrontal cortex (Fan et al.,
2005; Konrad et al., 2005). A recent adult fMRI study produced
results with additional brain areas in the anterior cingulate
cortex (ACC), frontal eye fields (FEF), occipital, and visual areas
(Xuan et al., 2016). The alerting network in an fMRI study
of children showed increased neuronal activity in the bilateral
occipital lobe and temporal lobe (i.e., the middle occipital cortex
extending toward the right superior temporal gyrus), suggesting
that these regions enhance the anticipation of the visual warning
cue and response preparation toward the upcoming target stimuli
(Konrad et al., 2005; Xuan et al., 2016). There is some evidence
from fMRI studies that the alerting network might activate
differently in children with ADHD. In control children, the right
ACC showed greater activation compared to ADHD children,
suggesting that neural activity is modulated with a top-down
bias in control children, thereby assisting in the processing
of stimuli at the attended location (Sturm and Willmes, 2001;
Konrad et al., 2006).

The orienting network in fMRI studies with adults has shown
neuronal activity in the TPJ, bilateral superior parietal lobe, FEFs,
pulvinar, and superior colliculus (Fan et al., 2005; Konrad et al.,
2005; Xuan et al., 2016). Previous ANT studies with children
found orienting network responses in the superior frontal gyrus
and bilaterally in the occipital cortex (Konrad et al., 2005;
Santhana Gopalan et al., 2019). A previous fMRI study also
showed that children with ADHD have atypical activation in
the frontostriatal region compared to control children (Bellman,
2002, 104). This altered brain activation could be due to an
alternative function (brain functions to solve a problem and
not necessarily to an overt or volitional approach used by the
children) during reorienting, which includes the dorsolateral
prefrontal cortex and insular cortex (Bellman, 2002, 104; Konrad
et al., 2006). No studies have investigated the neural sources
associated with the alerting or orienting networks in individuals
with RD using fMRI.

The third attention network tapped by the ANT is related
to inhibition. Inhibition involves a number of mechanisms for
resolving conflicts, detecting errors, and selecting actions in
response to target stimuli (Michael, 1998; Posner and Rothbart,
2007). The inhibition effect in the ANT is measured by the
RT difference between incongruent and congruent target stimuli
(Fan et al., 2002; Neuhaus et al., 2010).

Several studies with children (involving 7−13-year-olds)
(Booth et al., 2007; Adólfsdóttir et al., 2008; Kratz et al., 2011)
and adults (Lundervold et al., 2011) have shown that ADHD
children and control groups do not differ with respect to the
inhibition effect in ANT. However, one study with ADHD
children showed larger inhibition effects (i.e., more time to
change the focus when the stimulus is incongruent) relative
to a control group (Fabio and Urso, 2014). According to the
authors, this indicates that ADHD children could have a deficit in
inhibition processes (Fabio and Urso, 2014). The inhibition effect
in the 10-year-old dyslexic children (Bednarek et al., 2004) and
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adults (Goldfarb and Shaul, 2013) showed slower reaction time
performance compared to their respective control groups. These
findings were interpreted as representing an executive control
deficiency in the inhibition of distracting information (Bednarek
et al., 2004; Goldfarb and Shaul, 2013).

At the brain response level in ERP studies, inhibition effects
have been associated with a P3 response in the time window
between 300–650 ms from target stimulus onset (Neuhaus et al.,
2010; Kratz et al., 2011; Mahé et al., 2014; Hasler et al., 2016;
Kaufman et al., 2016). In the context of ANT, the P3 response
represents the neural activity related to the processing of cueing
information for target detection (Neuhaus et al., 2010) and
response control processes to target stimuli (motor selection and
inhibition) (Polich, 2007). In ANT, a target stimulus-generated
P3 response is generally observed with delayed latency in children
(4–12 years old) (Rueda et al., 2004b; Kratz et al., 2011) compared
to adults (Neuhaus et al., 2010; Kaufman et al., 2016), which
suggests a developmental trend in the evaluation of the target
direction (Falkenstein et al., 1994). Furthermore, previous studies
have shown that the target P3 in ANT has smaller amplitudes
in predominantly inattentive 10-year-old children (Kratz et al.,
2011), ADHD adults (Hasler et al., 2016), and dyslexic adults
(Mahé et al., 2014) compared to control groups, which suggests
an impairment in attentional resource allocation leading to
decreased target stimulus evaluation and processing capabilities
for a difficult task (Mahé et al., 2014; Hasler et al., 2016). No
studies have used the children’s version of the ANT to examine
inhibition effects in children with RD.

Attention Network Test studies on adults using fMRI have
revealed activation related to inhibition in the right ACC,
bilateral precentral gyrus, intraparietal sulcus, anterior insular
cortex, FEFs, and bilateral occipital cortex (Xuan et al., 2016).
In children eight to 12 years old, inhibition processes (ANT
experiment) activated the right superior temporal gyrus, bilateral
parietal, occipital, and premotor cortices but involved less
prefrontal cortex activation (inferior and medial frontal gyrus)
compared to adults (Bunge et al., 2002; Konrad et al., 2005).
In line with the reaction time and ERP studies, fMRI studies
also show differences between children with ADHD and control
children with respect to inhibition networks. Specifically, ADHD
children (8−12 years old) showed typical left superior parietal
cortex and posterior parietal cortex activations (Durston et al.,
2003; Konrad et al., 2006) and reduced frontostriatal activation
compared to control children. Together, the results provide
strong evidence that in children with ADHD, there is decreased
activation or immature frontal development of the inhibition
network (Bunge et al., 2002; Durston et al., 2002, 2003; Konrad
et al., 2006). With respect to the examination of regions associated
with the inhibition network, there have been no fMRI studies of
children with RD that have assessed attentional processing using
the visual attentional task.

In summary, Posner’s model of attention (Posner and Raichle,
1994) and previous neuroimaging studies show that the alerting
network involves the thalamus, TPJ, prefrontal cortex, occipital
and visual areas associated with readiness, arousal, and vigilance
(Fan et al., 2005; Konrad et al., 2005; Booth et al., 2007).
Neuroimaging studies of control groups have consistently shown

the occipital cortex and TPJ to subserve the orienting of attention
(Corbetta and Shulman, 2002). Neurologically, the right TPJ
receives information from various brain areas about stimuli in
the environment and inhibits spatial orientation (Goldfarb and
Shaul, 2013). Developmental changes in the right TPJ have been
linked to reading acquisition in normally developing children,
and some studies have observed differences in the activation of
the right TPJ in dyslexics (Grünling et al., 2004; Hoeft et al.,
2006). The inhibition network involves the prefrontal cortex
(including ACC and FEFs) and the parietal cortex associated with
conflict resolution appears to be deficient in individuals with
ADHD (Konrad et al., 2006; Booth et al., 2007). These findings
provide a basis for examining the three attentional networks in
AP and RD groups.

Some studies using ANT have utilized EEG (Neuhaus et al.,
2010; Kratz et al., 2011; Williams et al., 2016) and fMRI (Fan et al.,
2005; Konrad et al., 2005; Rueda et al., 2012; Xuan et al., 2016)
to demonstrate the time course and network of attention-related
brain activations. However, EEG-based studies of attentional sub-
processes in school-aged children with AP and RD groups are
rare (Kratz et al., 2011). Although reaction time performance in
AP and RD children and the target stimulus P3 in AP children
have been examined, there remains a lack of knowledge about the
target stimulus N1 in AP and RD children as it relates to alerting
(double-cued vs. non-cued target stimuli) and orienting (spatially
cued vs. center-cued target stimuli) processes. This is also the case
for target stimulus P3 in RD children (incongruent vs. congruent
target stimuli). Further investigation of neuronal sources in AP
and RD children that capitalizes on high temporal resolution
EEG by using source models based on typically developing
children to identify the brain areas associated with these three
attentional networks would address this knowledge gap. This
would help us to understand the time course of activation in
the different brain regions involved in the attention network of
children with RD or AP.

In this study, we investigated reaction time performance
during the ANT (as modified for children) and the modulation
of the target-stimulus-driven N1 amplitude related both to the
alerting and orienting networks, the modulation of the P3
amplitude related to the inhibition network, and their neural
sources in children with attentional and reading difficulties.
We employed source models derived from the data of control
children (Santhana Gopalan et al., 2019) as a spatial filter
for the source localization of the three network effects in AP
and RD children.

Based on previous ANT reaction time studies, we could
assume that the alerting and inhibition effects in AP children
(Konrad et al., 2006; Booth et al., 2007; Fabio and Urso, 2014)
and the inhibition effect in RD children (Bednarek et al., 2004),
would be different compared to a control group. Previous
studies have not found such group effects (Adólfsdóttir et al.,
2008; Kratz et al., 2011; Lundervold et al., 2011) and have
emphasized the importance of replication. We expected that
differences in inhibition effect in AP children would produce
reduced P3 amplitude associated with target-related attentional
processes. This could reflect the atypical function of the TPJ and
ventral frontal cortex involved in the processing of the stimulus
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(Szuromi et al., 2011; Vossel et al., 2014; Hasler et al., 2016).
Furthermore, in line with previous fMRI studies (Fan et al., 2005;
Konrad et al., 2005; Xuan et al., 2016) and our previous EEG
investigation (Santhana Gopalan et al., 2019), we assumed that
alerting effects in children with AP would modulate atypical
activity in the bilateral occipital lobe and temporal lobe compared
to control children. Orienting would modulate atypical activity in
the bilateral occipital lobe compared to controls, and inhibition
would modulate atypical activity in the bilateral occipital lobe,
parietal lobe, and prefrontal cortices as compared to a control
group. We did not hypothesize brain regions for any of the three
attention sub-networks in children with RD because we did not
find any literature on this issue.

MATERIALS AND METHODS

Participants
The data consist of 115 (65 boys, 50 girls) Finnish sixth-graders
with normal visuospatial reasoning ability aged between 12 and
13 years. Inclusion criteria for the attentional problems (AP)
group (N = 15; 14 boys, 1 girl) (mean age: 12.67 years, SD: 0.31)
were as follows: an ATTEX score above 30 (Klenberg et al., 2010)
and a reading fluency score above the 10th percentile [which is
a composite score of three reading tasks created using Principal
Axis Factoring, PAF (see detailed description below)]. For the
reading difficulties (RD) group (N = 23; 15 boys, 8 girls) (mean
age: 12.61 years, SD: 0.31), an ATTEX score below 30 and a
reading fluency score below the 10th percentile were the criteria
for inclusion. Inclusion criteria for the control group (N = 77;
36 boys, 41 girls) (mean age: 12.86 years, SD: 0.31) were an
ATTEX score below 30 and a reading fluency score above the
10th percentile (see Figure 1). The control sample used in this
study was the same as in our previous study (Santhana Gopalan
et al., 2019) with the exclusion of six participants because they
were below the borderline in their reading skills to be included in
the control group based on the updated criteria for the reading
disorder in the current study. This exclusion did not alter any
of the results. Children with both AP and RD were excluded in
this study because of sample size (n < 10) (these children had
an ATTEX score above 30 and a reading fluency score below the
10th percentile). All children had normal or corrected vision and
no history of neurological problems or head injuries, which was
reported by parents or guardians. The study was conducted in
compliance with the Declaration of Helsinki, and protocols were
approved by the ethics committee of the University of Jyväskylä,
Finland. All methods were performed in accordance with relevant
guidelines and regulations. The participants and their parents
signed a letter of informed consent prior to the experiment.

In this study, 466 participants were recruited from sixth grade
schools in Central Finland during the years 2014–2015. Schools
from both rural and urban areas participated voluntarily in this
study. Participants (numbering 448) finished the ILA test (Kiili
et al., 2018a,b; Kanniainen et al., 2019). The test comprises
simulated closed internet environmental tasks that measure
an individual’s ability to: (1) locate information, (2) evaluate
information, (3) synthesize information, and (4) communicate

FIGURE 1 | Distribution of control (N = 77; 36 boys, 41 girls), attentional
problems (N = 15; 14 boys, 1 girl), and reading difficulties (N = 23; 15 boys, 8
girls) groups based on the reading fluency score (as evaluated using a
composite score derived from the word identification test, the word chain test,
and the oral pseudoword text reading test) and attention score (ATTEX).
Symbols for each group are as follows: control (black circle), AP (red circle),
and RD (blue cross).

information (Leu et al., 2013; Kiili et al., 2018b). One hundred and
fifty-six participants were invited to the EEG measurement based
on the completion of the ILA test and performance in the RAVEN
test (Raven and Court, 1998). The AP and RD participants were
included based on ATTEX and reading fluency (PAF) scores.
Detailed selection criteria are described below. The participants
who did not complete the ILA test and whose shortened RAVEN
score was less than 15 were not invited to the individual EEG
measurements. Participants with a native language other than
Finnish were not included in this study.

Behavioral Measures
Reading fluency, attention, and visuospatial reasoning ability of
the children were assessed during the sixth grade (see Table 1).

Reading fluency performance was evaluated using a composite
score derived from the following three subtests using PAF with
Promax rotation. The factor analysis was forced into one factor.
The word identification test and word chain test were conducted
as a group session. The oral pseudoword text-reading test was
conducted as an individual session.

(1) The word identification test, which is a subtest of the
standardized Finnish reading test ALLU (Lindeman, 1998),
consists of 80 items, each consisting of a picture and four
phonologically similar words, one of them semantically
matching the picture. The purpose of the task was to
identify and connect correct picture-word pairs as quickly
as possible by drawing a line between a word and the
picture. The maximum duration of the task was 2 min.
The score was the number of correctly connected pairs
completed within the time limit. The Kuder-Richardson
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TABLE 1 | Summary of reading fluency, attention, and executive function rating inventory (ATTEX), Raven’s Standard Progressive Matrices test, block design test, and
their statistics between groups.

Group Reading fluency ATTEX RAVEN Block design

df t-value p-value Cohen’s d t-value p-value Cohen’s d t-value p-value Cohen’s d t-value p-value Cohen’s d

Control vs. AP 90 2.914 0.004 0.822 −16.342 0.000 −4.612 1.589 0.115 0.448 3.454 0.001 0.975

Control vs. RD 98 10.451 0.000 2.483 −2.906 0.005 −0.691 1.953 0.054 0.464 1.270 0.207 0.302

AP vs. RD 36 6.567 0.000 2.179 9.651 0.000 3.203 −0.023 0.982 −0.008 −1.496 0.143 −0.496

M SD M SD M SD M SD

Control 0.283 0.851 4.82 7.150 23.34 3.059 46.60 8.367

AP 0.401 0.719 40.80 10.665 21.93 3.494 38.13 10.225

RD 1.654 0.461 10.04 8.860 21.96 2.671 43.78 12.060

The t-values denote test statistics with degrees of freedom (df). AP denotes the attentional problems group, RD denotes the reading difficulties group, and control denotes
the typically developing group. Cohen’s d denotes the effect size between groups. M and SD denotes the mean and standard deviation of each test score in the three
groups. The FDR corrected alpha value is 0.012.

reliability coefficient for the original test is 0.97 (Lindeman,
1998). The factor loading of the test for the reading fluency
factor is 0.683.

(2) The word chain test (Holopainen et al., 2004) consists of
25 chains, each consisting of four words written without
spaces between them. The task was to insert a vertical
line at the word boundaries. The maximum duration was
90 s, and the score was the number of correctly separated
words within the time limit. The test-retest reliability
coefficient for the original test varied between 0.70 and
0.84. The factor loading of the test for the reading fluency
factor is 0.872.

(3) The oral pseudoword text-reading test (Eklund et al.,
2015) consists of 38 pseudowords (277 letters). These
pseudowords were given as a short passage, which children
were instructed to read aloud as quickly and accurately
as possible. The reading performance of the students was
audio recorded for scoring. The score was the number
of correctly read pseudowords divided by the time (in
seconds) spent on reading. The inter-rater agreement for
scoring the original test is 0.95. The factor loading of the
test for the reading fluency factor is 0.653.

Attention and executive function rating inventory (ATTEX)
(Klenberg et al., 2010) is a teacher rating scale with 55 items
to measure difficulties of inhibition, attention, and executive
function in school settings grouped into ten clinical subscales
(number of items per scale in parentheses): distractibility (4),
impulsivity (9), motor hyperactivity (7), directing attention (5),
sustaining attention (6), shifting attention (4), initiative (5),
planning (4), execution of action (8), and evaluation (3). The
teachers were instructed to rate the child’s behavior on a three-
point scale (“not a problem,” “sometimes a problem,” and “often
a problem”). The internal consistency reliability of ATTEX and
its scales varies between 0.67–0.98 and criterion validity varies
between 0.68–0.95 (Klenberg et al., 2010).

Visuospatial reasoning ability was evaluated based on the
following two subtests:

(1) Non-verbal reasoning ability was assessed using the Raven’s
Standard Progressive Matrices (RSPM) test, which is a
visuospatial task (Raven and Court, 1998; John and Raven,
2003). This was conducted as a group testing session. The
test consists of 60 items, of which a shortened version
was used containing 30 items (every second item from
the complete test). The task was to select the one correct
option among six to eight choices to fill in a missing part
and complete a picture matrix. These choices were always
similar in shape, but they varied from each other with
respect to their pattern. The total score was the number
of items correctly responded to. The maximum duration
of the task was 15 min. In another large-scale project with
more than 800 sixth graders from the same area in Finland,
the same shortened version was used with a Cronbach’s
alpha reliability coefficient of 0.81 (Kanerva et al., 2019).

(2) A block design test (WISC-IV) (Lynne Beal, 2004) was
used to measure spatial ability. It consists of nine red
and white square blocks and a booklet of cards with
different color designs that can be made with the blocks.
The task was to arrange the blocks to match the design
formed by the examiner (or as shown on cards) as quickly
and accurately as possible. This test was used to further
characterize the groups and was not used as an inclusion
or exclusion criterion.

Experimental Procedure: Attention
Network Test for Children
In this EEG experiment, a modified version of the ANT
(Neuhaus et al., 2010) was used to measure the three sub-
processes of the attention network: alerting, orienting, and
inhibition. Participants were required to lean on a chinrest
located 60 cm from a 24-inch computer screen (resolution of
1920 × 1080 and a refresh rate of 60 Hz). A fixation cross
was visible in the center of the white screen [960, 540 (x,
y)] during the entire testing period. The participant’s task was
to look at the fixation cross and report the direction of the
middle fish as quickly and accurately as possible by pressing a
corresponding button.
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FIGURE 2 | Schematic illustrations of (A) the sequence of events in the Child-Attention Network Test (ANT), (B) the four cue conditions used in ANT, and (C) the two
target stimulus conditions for which the children had to decide the swimming direction of the middle fish.

As shown in Figure 2, the stimulus (a group of fish) was
preceded by one of the four cue conditions (no cue, double
cue, center cue, or spatial cue). The fixation period of a random
duration was between 400 ms and 1600 ms before the cue
appeared. The duration of the cue was 125 ms, which was
followed by 375 ms of waiting time before the stimulus was
presented (a total of 500 ms prior to stimulus presentation). In
the double cue trial, two asterisks were presented simultaneously
at a 1◦ angle above and below the fixation cross. In the center
cue trial, an asterisk was presented on the fixation cross. In the
spatial cue trial, a single asterisk appeared in the position of the
upcoming stimulus.

To make the experiment more child-friendly, black fish
drawings instead of arrows were used as stimuli. The stimulus
comprised a row of five horizontal fish. Each fish was subtended
to 0.7◦, and adjacent fish were separated by 0.3◦ each. The size
of the entire stimulus array was 4.7◦. The center fish in the
stimulus was the target, and the two fish on either side of the
target were referred to as flankers. The stimulus array in each
trial was presented above or below the fixation cross at the
same location where the double cue or spatial cue appeared. The
maximum duration of each trial was 4000 ms. The maximum
duration of the stimulus array in each trial was 1700 ms until a
response was detected; thereafter, if there was no response, it was
considered an unattended trial and terminated. The maximum
duration between the onset of the stimulus and the start time of
the next trial was 3500 ms, which varied according to the duration
of the stimulus array. For congruent stimuli, the flankers were
in the same direction as the target and for incongruent stimuli,
the flankers were in the opposite direction. Participants were
instructed to keep their gaze on the fixation cross throughout

the experiment and report the swimming direction of the center
fish by pressing a left or right corresponding direction button
in the button box.

One ANT session consisted of 288 pseudo-randomized trials,
which were divided into four experimental blocks with 72 trials in
each block. Each block consisted of all eight possible conditions
in equal proportions: four cue conditions (no cue, double cue,
center cue, and spatial cue) × two target stimulus conditions
(congruent, incongruent).

EEG and Eye-Tracker Recording
The ANT experiment was designed using the Experiment Builder
(1.10.1630) software on a Dell Precision T5500 workstation.
Electroencephalography data were recorded using a high-density
array of 128 Ag-AgCl electrodes in HydroCel Geodesic Sensor
Nets (GSN; Electrical Geodesics Inc.). The electrode positions
for 128 channel HydroCel GSN approximate the correspondence
with the international 10–10 system electrode positions. The
electrode numbers 11, 55, 65, and 90 plotted in Figure 3
correspond to Fz, CpZ, PO7, and PO8, respectively, based on
the international 10–10 system (Luu and Ferree, 2000). The
EEG data were amplified using a NeurOne amplifier (Mega
Electronics Ltd.). During measurement, the impedance of the
electrodes was intended to be kept below 50 k�, and the quality
of the EEG data was monitored throughout the EEG recording.
Electroencephalography was referenced to the Cz electrode
online and sampled at 1000 Hz. An online high-pass filter of
0.16 Hz and a low-pass filter of 250 Hz were applied during
EEG data recording. Eye movement data were recorded with a
table-mounted Eyelink 1000 eye-tracking device at 1000 Hz for
both eyes (SR Research Ltd.). Eye movements and EEG were
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recorded simultaneously through the combination of triggering
via ethernet messages and TTL pulses. The entire experiment was
conducted in a dimly lit sound-attenuated room in a laboratory
at the University of Jyväskylä, Finland.

Pre-processing of EEG Data and Eye
Tracking
Electroencephalography data were preprocessed using MatLab
R2014a, with EEGLab (Delorme and Makeig, 2004) (Swartz
Centre for Computational Neuroscience, San Diego), FieldTrip
(Oostenveld et al., 2011) (version 20160110) toolboxes, and BESA
Research 6.1 (BESA GmbH, Munich, Germany). The raw eye
tracking data were converted and stored into a MatLab structured
array using the EEGLab add-on EYE-EEG (Dimigen et al., 2011).
The continuous raw EEG data file was imported into EEGLab,
in which bad channels were interpolated. In EEGLab, the events
observed in EEG and eye tracking were used for synchronization.
One event at each of the beginning and end of the eye-tracking
data record were linearly interpolated to match the number of
EEG sampling points recorded during the same time interval.
The quality of synchronization was assessed by examination
of the linear regression line for the regression of latencies of
eye-tracking events on the latencies of EEG events.

A high-pass filter of 0.5 Hz (a fifth order, zero-phase
Butterworth filter) was applied to the raw EEG data. Data were
segmented into 1200 ms epochs (200 ms before cue onset and
1000 ms after cue onset) for non-cued, double-cued, center-
cued, and spatially cued target stimuli, and 900 ms epochs
(200 ms before and 700 ms after the onset of target stimulus)
for congruent and incongruent stimuli. Trials with incorrect
responses were excluded from the data analyses. A low-pass
filter of 30 Hz (sixth order, zero-phase Butterworth filter) was
then applied to the high-pass filtered, segmented EEG data.
The baseline was set to −200 ms and 0 ms of the filtered
segmented data. Gaze positions in each trial were examined
in order to ensure that participants maintained their gaze in
the optimal position for stimulus presentation. If there was an
eye blink, the gaze position value was recorded as zero, or
if the gaze position was outside the defined area [860–1060,
440–640 (x, y)] on the display screen, the trial was excluded.
Trials with muscular movement and other artifacts were rejected
using a threshold rejection approach. The value of threshold
rejection was 175 µV. The average percentages of rejected trials
for all conditions in control, AP, and RD groups are given in
Supplementary Table 1. Accepted trials using the above criteria
were averaged for each participant. The averaged ERPs were re-
referenced to the average reference. In the control group, each
condition (non-cued, double-cued, center-cued, spatially cued,
congruent, and incongruent target stimuli) had a minimum of
30 trials for averaging. In the attentional problems and reading
difficulties groups, one subject had a minimum of 22 trials in the
non-cued and cued stimulus conditions for averaging, while two
participants had a minimum of 24 trials in a no-cue condition
for averaging. The remainder had a minimum of 30 trials. The
averaged data were visually inspected and comparable to that of
other participants.

Statistical Analysis of Reaction Time
Data
The RTs of each trial were calculated from the target stimulus
onset time to the button press response time. The unattended
trials, trials with incorrect responses, and trials that were not
accepted for ERP averaging were excluded from calculations of
the mean RTs. All participants maintained a high level of accuracy
(see Supplementary Table 3). There were no participants
excluded due to poor performance. Repeated measures ANOVAs
were performed in IBM SPSS Statistics version 24 to determine
significant differences in RTs between conditions and groups.
Separate Repeated measures ANOVAs for alerting, orienting,
and inhibition {3 (group) × 2 (condition)} were calculated with
repeated measures to determine the significance of the reaction
time performance between the groups (control, AP, RD) and
conditions (alerting: non-cued and double-cued target stimuli;
orienting: center-cue and spatially cued target stimuli; inhibition:
incongruent and congruent target stimuli). Paired-sample t-tests
were calculated in IBM SPSS Statistics version 24 to determine
the significant differences in RTs between conditions within the
groups. Cohen’s Dz was calculated to determine the effect size
between RTs for different target stimuli within a group.

Statistical Analysis of ERP Responses at
the Sensor Level of Field Potentials
Non-parametric, cluster-based permutation tests were calculated
as a two-tailed test using BESA Statistics 2.0 (BESA GmbH,
Munich, Germany) to determine significant effects for the
field ERP field potentials across all the electrodes between
conditions (alerting: double-cued vs. non-cued target stimuli;
orienting: spatially cued vs. center-cued target stimuli;
inhibition: incongruent vs. congruent target stimuli) within
the groups. The difference waveform was calculated between the
conditions (alerting: double-cued vs. non-cued target stimuli;
orienting: spatially cued vs. center-cued target stimuli; inhibition:
incongruent vs. congruent target stimuli) using BESA Research
6.1. Non-parametric, cluster-based permutation tests were then
calculated as a two-tailed test to determine the significant effects
for the difference in wave ERP field potentials across all the
electrodes between groups (control vs. AP; control vs. RD; AP
vs. RD). Based on our previous study (Santhana Gopalan et al.,
2019), the time window for cluster-based permutation tests
between groups was set to 140–200 ms after target onset (alerting
and orienting conditions) and 480–700 ms after target onset
(inhibition conditions). The number of permutations was set
to 1000, and cluster alpha (the significance threshold level for
data to enter a cluster) was set to 0.05. For spatial clustering, the
neighbor distance between electrodes was set to 3 cm.

Source-Level Analysis
Source analysis was performed in BESA Research 6.1 to estimate
source areas in the brain related to the sub-processes of attention.
In our previous study (Santhana Gopalan et al., 2019), we
reconstructed the source representation of scalp data based on
the control children (N = 83) using the classical LORETA analysis
recursively applied (CLARA) distributed source analysis method.
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FIGURE 3 | (A) Alerting. Grand-averaged ERP waveforms for the double-cued target stimulus (solid lines) and non-cued target stimulus (dotted lines) at posterior
electrodes (PO8, red, right hemisphere; PO7, black, left hemisphere) in control (top row-left), attentional problems (top row-center), and reading difficulties (top
row-right) groups. Cue onset is at 0 ms and target stimulus onset is at 500 ms. Amplitude topographies for double-cued and non-cued target stimuli are at 689 ms
(i.e., 189 ms after target stimulus onset). (B) Orienting. Grand-averaged ERP waveforms for the spatially cued target stimulus (solid lines) and center-cued target
stimulus (dotted lines) for posterior electrodes (PO8, red, right hemisphere; PO7, black, left hemisphere) in control (middle row-left), attentional problems (middle
row-center), and reading difficulties (middle row-right) groups. Cue onset is at 0 ms and target stimulus onset is at 500 ms. Amplitude topographies for spatially cued
and center-cued target stimuli are at 686 ms (i.e., 186 ms after target stimulus onset). (C) Inhibition. Grand-averaged ERP waveforms for the congruent stimulus
(dotted lines) and incongruent stimulus (solid lines) at central electrode (CpZ, red) and frontal electrode (Fz, black) in control (bottom row-left), attentional problems
(bottom row-middle), and reading difficulties (bottom row-right) groups. Target stimulus onset is at 0 ms. Amplitude topographies for congruent and incongruent
target stimuli are at 612 ms after target stimulus onset. Negativity is upward.

A regional source was fitted in the foci obtained from the
CLARA solution. A regional source was considered as three single
dipoles at the same location, with three orthogonal orientations
(Hoechstetter et al., 2010). The source strength at each time point
was estimated as a combined sum of the power of the three
orthogonal orientations of the regional sources. These regional
sources were used as a spatial filter for source modeling for each
of the three effects in the control children. The spatial filter with
regional sources derived from the control group data was used
to obtain the strength of the source activity for each stimulus
condition in AP and RD groups, i.e., the scalp data of AP and
RD groups were “projected” into the sources derived using the
control group data. The time window of interest for the N1
period of the target stimulus was between 140 and 200 ms, and

the time window for the P3 period of the target stimulus was
between 480 and 700 ms.

Source-Level Analysis Statistics
Residual variance was examined in BESA Research 6.1 to
determine the goodness of fit of the regional source model
for the neuronal data in each condition and each group (see
Supplementary Table 2). T-tests for the residual variance were
calculated using SPSS version 24 to confirm that there was
no difference between conditions and groups. There was no
significant group difference between any groups (control vs.
AP; control vs. RD; AP vs. RD) with respect to the residual
variance. The activity in each source was initially compared
against zero using a t-test to determine if a signal was present in
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the source. The source activity of the left anterior temporal lobe
in the alerting and orienting networks did not show a significant
difference from zero. This source was therefore excluded from
further analysis. Source-level statistics were calculated using
a 2 (conditions) × 3 (groups) repeated measures ANOVAs
in SPSS version 24. Statistical analyses considered cued-target
conditions and congruency target conditions as within-subjects
factors. Between-subjects factors included the control, AP, and
RD groups. For the source level statistics, N1 (140–200 ms)
and P3 (480–700 ms) cued-target stimulus periods were selected
from the source waveforms associated with the locations of the
neuronal sources. The repeated measures ANOVA with trials
as covariates, and group and condition as factors for neuronal
source were checked to confirm that the number of trials did
not affect the interaction between the groups. To correct for the
multiple comparisons regarding RT and neuronal sources, we
adjusted the alpha level using the false discovery rate method
with q = 0.05 (Benjamini and Hochberg, 1995; Benjamini and
Yekutieli, 2001, 2005). After correction, the p-Values smaller
than or equal to the corrected alpha value (0.0120) were
considered significant.

RESULTS

Behavioral Tests
Reaction time performance on the ANT was first examined
to verify the existence of alerting, orienting, and inhibition
effects, as well as possible differences between the groups. The
repeated measures ANOVA (see Table 2) indicated significant
main effects for the condition for alerting (non-cued vs. double-
cued target stimuli), orienting (center-cued vs. spatially cued
target stimuli), and inhibition (incongruent vs. congruent target
stimuli) sub-processes and main effects of group with respect
to RT performance. For alerting, the main effect of condition
indicated a decrease in RT on double-cued target stimuli relative
to non-cued target stimuli. For orienting, the main effect of
condition indicated a decrease in RT on spatially cued target
stimuli relative to center-cued target stimuli. For inhibition, the
main effect of condition indicated an increase in RT on an
incongruent target relative to a congruent target. No significant
interactions between conditions and groups were found. The
main effect of group was significant across the alerting, orienting,
and inhibition conditions, indicating that the overall reaction

time in children with RD was longer than that for control children
and children with AP.

Within-group post hoc t-tests on RT performance
(Supplementary Table 3) showed significant differences
between all conditions (Alerting: non-cued vs. double-cued
target stimuli, Orienting: center-cued vs. spatially cued target
stimuli, Inhibition: incongruent vs. congruent target stimuli).
Between-group post hoc t-tests on RT performance for each
condition showed no significant differences after the alpha value
correction (Supplementary Table 4).

Event-Related Field Potentials
Figure 3 shows the grand-averaged ERPs of control, AP, and RD
children at electrodes located at bilateral occipital and fronto-
central sites. From the onset of the target stimulus, related N1
(140–200 ms) and P3 (480–700 ms) waveforms for these three
groups showed similar patterns without observable significant
differences between groups. On the other hand, there was a
significant difference between conditions within each group for
the alerting and orienting effect in the time window from 140 ms
to 200 ms. the inhibition effect showed a significant difference
between conditions within each group in the time window
from 480 to 700 ms.

Neuronal Sources of ERPs
Figures 4, 5 show the grand-averaged source waveforms for all
conditions between groups. The group main effect (Figure 6) was
significant and showed a difference in the left occipital lobe for the
alerting (double-cued vs. non-cued target stimuli) and orienting
network (spatially cued vs. center-cued target stimuli).

Figure 6 and Table 3 show comparisons of control children
and children with AP. The alerting network showed a significant
main effect of condition in the left and right anterior temporal
lobes and in the left and right occipital lobes. Increased activity
resulting from the double-cued target stimulus as compared to
a non-cued target stimulus was also observed. The interaction
effect between condition and group was significant in the left
occipital lobe, with the AP children having a larger alerting
effect compared to the control children. The main effect of
group was significant in the left occipital lobe of children with
AP, as they exhibited larger responses than those of children in
the control group.

The orienting network showed a significant main effect of
condition in the right occipital lobe with increased activity to the
spatially cued target stimulus compared to the center-cued target

TABLE 2 | Repeated measures ANOVA test statistics for reaction time performances between controls (N = 77), children with attentional problems (N = 15), and children
with reading difficulties (N = 23).

Alerting (no cue vs. double cue) Orienting (center cue vs. spatial cue) Inhibition (incongruent vs. congruent)

df F P η2
p F P η2

p F P η2
p

Main effect of condition 1 189.995 0.000 0.625 80.097 0.000 0.417 520.692 0.000 0.823

Condition × group interaction 2 1.603 0.206 0.028 3.291 0.041 0.056 2.244 0.111 0.039

Main effect of group 118 5.720 0.004 0.093 6.529 0.002 0.104 6.738 0.002 0.107

df, denotes degree of freedom; η2
p, partial eta-squared. The FDR corrected alpha value is 0.012.
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FIGURE 4 | Source locations of grand-averaged ERPs collapsed across all conditions (congruent and incongruent target stimuli, including non-cued, double-cued,
center-cued, and spatially cued target stimuli) over time points of the N1 period of the target stimulus (140–200 ms) using CLARA in control children. CLARA was
used as a model to derive the source waveforms for control children (N = 77), children with attentional problems (N = 15), and children with reading difficulties
(N = 23). Grand-averaged source waveforms were extracted for double-cued (red), non-cued (blue), spatially cued (black), and center-cued (magenta) target stimuli
using regional sources at the foci revealed by CLARA (shown on the right side of each source). Cue onset is at 0 ms and target stimulus onset is at 500 ms. Brain
activations were localized in the (A) left anterior temporal lobe, (B) left occipital lobe, (C) right anterior temporal lobe, and (D) right occipital lobe. The color bar
denotes source amplitude. The shaded gray area denotes the source analysis time window.

Frontiers in Human Neuroscience | www.frontiersin.org 11 May 2020 | Volume 14 | Article 160

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-00160 May 23, 2020 Time: 12:58 # 12

Santhana Gopalan et al. Attentional Processes in Atypical Children

FIGURE 5 | Source locations of grand-averaged ERPs collapsed across all conditions (congruent and incongruent target stimuli, which include non-cued,
double-cued, center-cued, and spatially cued target stimuli) over time points of the P3 period of the target stimulus (480–700 ms) using CLARA in control children.
CLARA was used as a model to derive the source waveforms for control children (N = 77), children with attentional problems (N = 15), and children with reading
difficulties (N = 23). Grand-averaged source waveforms were calculated for incongruent (red) and congruent (black) target stimuli and extracted using regional
sources at the foci, as revealed by CLARA (these are shown on the right side of each source). Target stimulus onset is at 0 ms. Brain activations were localized in the
(A) medial frontal cortex, (B) medial prefrontal cortex, (C) left medial temporal lobe, (D) left anterior temporal lobe, and (E) right medial temporal lobe. The color bar
denotes source amplitude. The shaded gray area denotes the source analysis time window.
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FIGURE 6 | Boxplots of alerting (double-cued vs. non-cued target stimuli) and orienting (spatially cued vs. center-cued target stimuli) for source strength for control
(blue, N = 77), attentional problems (red, N = 15), and reading difficulties (green, N = 23) groups; **p < 0.005. The FDR corrected alpha value is 0.012.

stimulus. The interaction effect between condition and group in
the left occipital lobe showed a significantly larger orienting effect
in children with AP than in control children.

Figure 6 and Table 4 compare control children and children
with RD. The alerting network showed a significant main effect
for condition in the left and right anterior temporal lobes and
in the left and right occipital lobes. There was also increased
activity in response to the double-cued target stimulus compared
to a non-cued target stimulus. The main effect of group was
significant in the left occipital lobe with control children having
larger responses than children with RD.

The orienting network showed a significant main effect for
condition in the right occipital lobe. There was increased activity
to the spatially cued target stimulus compared to a center-cued
target stimulus. The interaction effect between condition and
group in the left occipital lobe showed a significantly larger
orienting effect in children with RD than in control children.
The main effect of group was significant in the left occipital
lobe with the control children having smaller responses than
children with RD.

The inhibition network showed the main effect for group
was significant in the right medial temporal lobe with
children with RD showing a smaller response than children in
the control group.

Figure 6 and Table 5 show comparisons of children with
AP and children with RD. The alerting network showed a
significant main effect for condition in the left and right anterior
temporal lobes and the left and right occipital lobes. There was
increased activity to the double-cued target stimulus compared
to a non-cued target stimulus. The interaction effect between
condition and group was significantly larger in the left occipital
lobe of children with AP having a larger alerting effect than in
children with RD.

The orienting network showed a significant main effect of
condition in the left and right occipital lobes with increased
activity to the spatially cued target stimulus compared to the
center-cued target stimulus.

The condition by group interactions for the repeated measures
ANOVAs with trial numbers as covariates are significant.
Alerting: F(2,110) = 6.685, p = 0.002, ηp

2 = 0.108. Orienting:
F(2,110) = 6.865, p = 0.002, ηp

2 = 0.111.

DISCUSSION

We examined the reaction time performance, event-
related potentials (ERP), and neuronal source activations
of attentional sub-processes related to alerting, orienting,
and inhibition using the attention network test (ANT) in
typically developing 12−13-year-old children, as compared
to those with attentional problems (AP) and those with
reading difficulties (RD). Our results on reaction times
(RT) showed that there were no significant differences in
the reaction time performance for the alerting, orienting,
and inhibition effects between any of the groups, although
children with RD had slower RTs in general. The ERP
sensor-level analyses did not reveal statistically significant
differences in the target-related N1 or P3 between groups.
However, neuronal source activity did show group differences
(see Table 6). Children with AP showed a larger alerting
effect (double-cued vs. non-cued target stimuli) in the left
occipital lobe compared to control children and children
with RD. Children in the control group showed a smaller
orienting effect (spatially cued vs. center-cued target
stimuli) in the left occipital lobe compared to children
with AP and children with RD. No group differences
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TABLE 6 | Summary of neuronal source results related to alerting (non-cued vs.
double-cued target stimuli), orienting (center-cued vs. spatially cued target stimuli),
and inhibition (incongruent vs. congruent target stimuli) sub-processes of the
attention network.

Sub-processes Neuronal
source

Group ×

condition effect
Direction of

group difference

Alerting Source:
DC vs. NC

L occipital lobe C 6= AP
AP 6= RD
C = RD

C < AP
RD < AP

Orienting Source:
SC vs. CC

L occipital lobe C 6= AP
C 6= RD
AP = RD

C < AP
C < RD

C, control children; AP, children with attentional problems and RD, children with
reading difficulties; L, left; R, right; not equal ( 6=), interaction effect; equal (=), no
interaction effect; NC, non-cued target stimuli; DC, double-cued target stimuli; CC,
center-cued target stimuli; SC, spatially cued target stimuli.

were found for the neuronal sources related to the
inhibition effect.

A meta-analysis as well as individual studies on children and
adults with ADHD examining reaction times for the alerting
effect (non-cued vs. double-cued target stimuli) and orienting
effect (center-cued vs. spatially cued target stimuli) found no
differences between control and ADHD groups in that regard
(Berger and Posner, 2000; Huang-Pollock and Nigg, 2003;
Adólfsdóttir et al., 2008; Kratz et al., 2011; Fabio and Urso, 2014).
In line with these studies, our results on RT for alerting and
orienting effect showed no group differences between controls
and children with AP.

Previous studies on dyslexics (Bednarek et al., 2004; Goldfarb
and Shaul, 2013) showed that there was a significant difference
in the inhibition effect (incongruent target vs. congruent target)
compared to a control group. In contrast with these studies, our
results on RT for inhibition effects showed no group differences.

When examining brain activity using ERPs at the sensor level,
a comparison of target-related N1 and P3 measures between
control, AP, and RD groups did not show group differences in any
of the three attention networks (alerting, orienting, or inhibition).
To our knowledge, there have been no previous findings on
target-related N1 amplitude modulation associated with alerting
and orienting effects in children or adults with attentional or
reading problems within the same study. There seem to be
differences between the groups in the pre-stimulus (before target
onset) time window. Future studies on N1- alerting and orienting
effects during the pre-stimulus period could therefore reveal
further processing differences between the groups.

In our investigation, children with AP did not differ from
control and RD children with respect to P3 amplitude for the
inhibition effect. This is in contrast to earlier studies, which found
group differences in P3 in adults (Kratz et al., 2011; Hasler et al.,
2016). Both of these studies showed a lower amplitude of P3
in the ADHD group compared to the control group, suggesting
an ineffective attentional allocation to stimulus processing and
evaluation. An adult study on lateralized ANT (the target being
an arrow up or down and presented to the left or right of
the fixation cross) supports our finding in the RD group that
inhibition of irrelevant information measured by the P3 ERP
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component to the target (NoGo P3) is preserved in dyslexia
(Mahé et al., 2014).

However, as described above, our RT results do not show
group differences in alerting, orienting, and inhibition effects.
It is possible that the scalp-level ERP may not be able to
capture the differences in these attentional processes. One
reason for this could be the use of cluster-based permutation
statistics, which could yield results that are more conservative
compared to some earlier studies (Maris and Oostenveld, 2007;
Pernet et al., 2015). A statistically more sensitive method
might have been the use of ANOVA for the selected set of
electrodes, but this has the drawback of arbitrary channel
selection not being the best representation of the actual brain
responses. Therefore, we examined source-level information
to disentangle the neural sources in the AP and RD groups
utilizing the source model derived from the control group data
(Santhana Gopalan et al., 2019).

The N1-related sources for the target stimulus were localized
in the left and right occipital lobes and the left and right anterior
temporal lobes between 140 ms and 200 ms. However, the left
anterior temporal lobe did not show any alerting or orienting
effect differing from zero and was therefore excluded from further
analysis and interpretation. P3-related sources for the target
stimulus were localized in the medial prefrontal cortex, medial
frontal cortex, left anterior temporal lobe, and left and right
medial temporal lobes.

There is evidence for structural and functional changes in the
left occipital lobe (lingual gyrus) in the ADHD group compared
to typically developing children (Dickstein et al., 2006; Xia
et al., 2014; Lei et al., 2015). Furthermore, in an adult study,
it was shown that shifting of attention from the cue to the
target stimulus activates the occipital lobe (Corbetta et al., 1998).
Our results in children with AP showed an increased neuronal
response in the left occipital lobe for the alerting effect (double-
cued vs. non-cued target stimuli) compared to control children.
This could be interpreted as an atypical attentional visual process
for the target stimulus based on warning cue information.
Attentional disengagement and voluntary orienting have been
considered important aspects of top-down attentional control
processes related to selective sensory and motor processing
(Hopfinger et al., 2000). It has been suggested that a network
consisting of the occipital lobe, central, and parietal areas is
involved in top-down attentional control, as evidenced by studies
showing these areas to be active when following a cue to shift
the spatial attention toward the target stimulus (Hopfinger and
Ries, 2005; Corbetta et al., 2008; Zhao et al., 2017). Based on
previous studies, children with AP who display larger orienting
effect (center-cued vs. spatially cued target stimuli) than control
group could be interpreted as having reduced top-down control
(Corbetta et al., 2008; Zhao et al., 2017).

The neuronal source activation across both double-cued and
non-cued target stimuli differed between children with AP and
control children in the right occipital lobe and also between
children with RD and control children in the left occipital lobe.
This difference was not related to the alerting effect but instead
to the target stimulus, regardless of which of the two cueing
conditions was examined. This shows that children with AP

and children with RD might have subtle differential processing
atypicalities in the anticipation of a visual warning cue and in
response preparation toward the target stimuli (Konrad et al.,
2005, 2006; Xuan et al., 2016).

Our finding of the group difference between children with RD
and controls for the alerting sub-processes in the left occipital
lobe could be linked to structural and functional neuroimaging
studies of dyslexia (Pugh et al., 2000; Démonet et al., 2004;
Richlan, 2012; Xia et al., 2017). A recent review on developmental
dyslexia has suggested that left posterior occipitotemporal
dysfunction is a secondary deficit area in dyslexia, as it was
assumed that phonological processing deficits reflected in the
temporoparietal junction would lead to interference with the
development of the left occipitotemporal cortex (Kronbichler
and Kronbichler, 2018). Therefore, it is possible that atypical
processing of visual information in the left occipital regions could
be seen in children with RD, even for non-linguistic material.

With respect to the inhibition network, previous studies
showed an abnormal activity pattern of the medial frontal region,
including the anterior cingulate cortex (ACC) and parietal cortex
compared to control groups (in children and adults) (Durston
et al., 2003; Konrad et al., 2005, 2006). In contrast with the
previous studies, our study showed no group differences in the
neuronal sources related to the inhibition network. The non-
correspondence between RT results and the neuronal source
results may be due to that RT results represent the amount of
differences in RT performance processes and that the processes
assessed in this study could only respond to a few cognition
attributes that mediate the task’s performance (Wilkinson and
Halligan, 2004; Konrad et al., 2005).

The overall strength of the neural response does not reveal
possible top-down or bottom-up modulation of the neural
responses. Future studies should examine whether the frontal
and temporal cortices interact during the inhibition effect
and whether this interaction could partly explain the group
differences observed. Connectivity analyses could reveal the
direction of the effect between the regions, providing clues on
whether the differences in temporal cortex activity are caused
by top-down modulation from the frontal areas or whether
the temporal cortex findings are independent of the activity in
the frontal areas.

Generally, EEG/ERP source imaging has limitations in terms
of spatial accuracy, making exact comparisons to fMRI studies
difficult (Grech et al., 2008; Costa et al., 2015). It is also possible
that some neuronal sources related to the AP and RD groups were
not revealed when using this spatial filter source model, which
was designed based on the control group as prior information
for the activity during an ANT test. To overcome this limitation,
neuronal source imaging could be carried out at an individual
subject level and mapped to a corresponding MRI. It is also
important to note that in this study, the number of participants
in the attentional problems and reading difficulties groups were
considerably smaller than for the control group. This limits the
generalizability of the results and warrants further studies to
verify the current findings.

In summary, both children with AP and children with RD
showed differential results in alerting and orienting networks
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compared to control children with respect to the attention
network task. Children with AP exhibited increased source
activity in the left occipital lobe for the orienting effect.
Furthermore, the children with RD showed different source
activity in the left occipital lobe for the alerting and orienting
networks. These results show how attentional processes differ
across the attention network in children with AP and children
with RD. This suggests different underlying mechanisms for
attentional and reading problems. Overall, the results of reaction
time performance and neuronal sources adds to the growing
body of literature that has found the attention network to be a
useful cognitive model for conceptualizing attentional problems
and reading difficulties in children (Bednarek et al., 2004;
Konrad et al., 2006; Booth et al., 2007; Mullane et al., 2011;
Goldfarb and Shaul, 2013).

DATA AVAILABILITY STATEMENT

The analyzed data sets from this study are available from the
research group upon request.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the University of Jyväskylä,

Finland. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

OL, KL, JH, and PL designed the experiment. Research assistants,
PS, OL, and PL recruited the participants and collected the data.
PS analyzed the data, wrote the main manuscript, and created all
figures. All authors commented on and reviewed the manuscript.

FUNDING

This work was supported by the Horizon 2020, European
Training Network: ChildBrain Advancing brain research
in children’s developmental neurocognitive disorders, No.
641652, and the Academy of Finland, TULOS-program project:
eSeek−Internet and Learning Difficulties: A multidisciplinary
approach for understanding reading in new media, No. 274022.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2020.00160/full#supplementary-material

REFERENCES
Adólfsdóttir, S., Sørensen, L., and Lundervold, A. J. (2008). The attention network

test: a characteristic pattern of deficits in children with ADHD. Behav. Brain
Funct. 4:9. doi: 10.1186/1744-9081-4-9

American Psychiatric Association (2000). Diagnostic, and Statistical Manual
of Mental Disorders, Fourth Edition: DSM-IV-TR R© . Virginia: American
Psychiatric Pub.

American Psychiatric Association (2013). Diagnostic and Statistical Manual of
Mental Disorders (DSM-5 R©). Virginia: American Psychiatric Pub.

Bednarek, D. B., Saldaña, D., Quintero-Gallego, E., García, I., Grabowska, A.,
and Gómez, C. M. (2004). Attentional deficit in dyslexia: a general or specific
impairment? Neuroreport 15, 1787–1790. doi: 10.1097/01.wnr.0000134843.
33260.bf

Bellman, M. (2002). Developmental disorders of the frontostriatal system:
neuropsychological, neuropsychiatric and evolutionary perspectives By John L.
Bradshaw. Hove: psychology Press. Br. J. Psychiatry 180:190. doi: 10.1192/bjp.
180.2.190-a

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Statist. Soc. B 57,
289–300.

Benjamini, Y., and Yekutieli, D. (2001). The control of the false discovery rate in
multiple testing under dependency. Ann. Stat. 29, 1165–1188. doi: 10.1093/
molbev/msj095

Benjamini, Y., and Yekutieli, D. (2005). False discovery rate–adjusted multiple
confidence intervals for selected parameters. J. Am. Stat. Assoc. 100, 71–81.
doi: 10.1198/016214504000001907

Berger, A., and Posner, M. I. (2000). Pathologies of brain attentional networks.
Neurosci. Biobehav. Rev. 24, 3–5.

Booth, J. E., Carlson, C. L., and Tucker, D. M. (2007). Performance on
a neurocognitive measure of alerting differentiates ADHD combined and
inattentive subtypes: a preliminary report. Arch. Clin. Neuropsychol. 22, 423–
432. doi: 10.1016/j.acn.2007.01.017

Bosse, M.-L., Tainturier, M. J., and Valdois, S. (2007). Developmental dyslexia: the
visual attention span deficit hypothesis. Cognition 104, 198–230. doi: 10.1016/
j.cognition.2006.05.009

Buchholz, J., and Aimola Davies, A. (2008). Adults with dyslexia demonstrate
attentional orienting deficits. Dyslexia 14, 247–270. doi: 10.1002/dys.356

Bunge, S. A., Dudukovic, N. M., Thomason, M. E., Vaidya, C. J., and Gabrieli,
J. D. E. (2002). Immature frontal lobe contributions to cognitive control
in children: evidence from fMRI. Neuron 33, 301–311. doi: 10.1016/s0896-
6273(01)00583-9

Carroll, J. M., Maughan, B., Goodman, R., and Meltzer, H. (2005). Literacy
difficulties and psychiatric disorders: evidence for comorbidity. J. Child Psychol.
Psychiatry 46, 524–532. doi: 10.1111/j.1469-7610.2004.00366.x

Corbetta, M., Akbudak, E., Conturo, T. E., Snyder, A. Z., Ollinger, J. M., Drury,
H. A., et al. (1998). A common network of functional areas for attention and
eye movements. Neuron 21, 761–773. doi: 10.1016/s0896-6273(00)80593-0

Corbetta, M., Patel, G., and Shulman, G. L. (2008). The reorienting system of
the human brain: from environment to theory of mind. Neuron 58, 306–324.
doi: 10.1016/j.neuron.2008.04.017

Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and stimulus-
driven attention in the brain. Nat. Rev. Neurosci. 3, 201–215. doi: 10.1038/
nrn755

Costa, F., Batatia, H., Chaari, L., and Tourneret, J.-Y. (2015). Sparse EEG source
localization using bernoulli laplacian priors. IEEE Trans. Biomed. Eng. 62,
2888–2898. doi: 10.1109/TBME.2015.2450015

de Kieviet, J. F., van Elburg, R. M., Lafeber, H. N., and Oosterlaan, J. (2012).
Attention problems of very preterm children compared with age-matched term
controls at school-age. J. Pediatr. 161, 824–829. doi: 10.1016/j.jpeds.2012.05.010

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for
analysis of single-trial EEG dynamics including independent component
analysis. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.
10.009

Démonet, J.-F., Taylor, M. J., and Chaix, Y. (2004). Developmental dyslexia. Lancet
363, 1451–1460.

Frontiers in Human Neuroscience | www.frontiersin.org 17 May 2020 | Volume 14 | Article 160

https://www.frontiersin.org/articles/10.3389/fnhum.2020.00160/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2020.00160/full#supplementary-material
https://doi.org/10.1186/1744-9081-4-9
https://doi.org/10.1097/01.wnr.0000134843.33260.bf
https://doi.org/10.1097/01.wnr.0000134843.33260.bf
https://doi.org/10.1192/bjp.180.2.190-a
https://doi.org/10.1192/bjp.180.2.190-a
https://doi.org/10.1093/molbev/msj095
https://doi.org/10.1093/molbev/msj095
https://doi.org/10.1198/016214504000001907
https://doi.org/10.1016/j.acn.2007.01.017
https://doi.org/10.1016/j.cognition.2006.05.009
https://doi.org/10.1016/j.cognition.2006.05.009
https://doi.org/10.1002/dys.356
https://doi.org/10.1016/s0896-6273(01)00583-9
https://doi.org/10.1016/s0896-6273(01)00583-9
https://doi.org/10.1111/j.1469-7610.2004.00366.x
https://doi.org/10.1016/s0896-6273(00)80593-0
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://doi.org/10.1109/TBME.2015.2450015
https://doi.org/10.1016/j.jpeds.2012.05.010
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-00160 May 23, 2020 Time: 12:58 # 18

Santhana Gopalan et al. Attentional Processes in Atypical Children

Dickstein, S. G., Bannon, K., Xavier Castellanos, F., and Milham, M. P. (2006).
The neural correlates of attention deficit hyperactivity disorder: an ALE meta-
analysis. J. Child Psychol. Psychiatry 47, 1051–1062. doi: 10.1111/j.1469-7610.
2006.01671.x

Dimigen, O., Sommer, W., Hohlfeld, A., Jacobs, A. M., and Kliegl, R.
(2011). Coregistration of eye movements and EEG in natural reading:
analyses and review. J. Exp. Psychol. Gen. 140, 552–572. doi: 10.1037/
a0023885

Donfrancesco, R., Mugnaini, D., and Dell’Uomo, A. (2005). Cognitive impulsivity
in specific learning disabilities. Eur. Child Adolesc. Psychiatry 14, 270–275.
doi: 10.1007/s00787-005-0472-9

Durston, S., Thomas, K. M., Yang, Y., Ulug, A. M., Zimmerman, R. D., and Casey,
B. J. (2002). A neural basis for the development of inhibitory control. Dev. Sci.
5, F9–F16.

Durston, S., Tottenham, N. T., Thomas, K. M., Davidson, M. C., Eigsti, I.-M., Yang,
Y., et al. (2003). Differential patterns of striatal activation in young children with
and without ADHD. Biol. Psychiatry 53, 871–878. doi: 10.1016/s0006-3223(02)
01904-2

Dykman, R. A., and Ackerman, P. T. (1991). Attention deficit disorder and specific
reading disability: separate but often overlapping disorders. J. Learn. Disabil. 24,
96–103. doi: 10.1177/002221949102400206

Eklund, K., Torppa, M., Aro, M., Leppänen, P. H. T., and Lyytinen, H. (2015).
Literacy skill development of children with familial risk for dyslexia through
grades 2, 3, and 8. J. Educ. Psychol. 107:126.

Fabio, R. A., and Urso, M. F. (2014). The analysis of attention network in ADHD,
attention problems and typically developing subjects. Life Span Disabil. 17,
199–221.

Facoetti, A., Ruffino, M., Peru, A., Paganoni, P., and Chelazzi, L. (2008). Sluggish
engagement and disengagement of non-spatial attention in dyslexic children.
Cortex 44, 1221–1233. doi: 10.1016/j.cortex.2007.10.007

Facoetti, A., Zorzi, M., Cestnick, L., Lorusso, M. L., Molteni, M., Paganoni, P.,
et al. (2006). The relationship between visuo-spatial attention and nonword
reading in developmental dyslexia. Cogn. Neuropsychol. 23, 841–855. doi: 10.
1080/02643290500483090

Falkenstein, M., Hohnsbein, J., and Hoormann, J. (1994). Effects of choice
complexity on different subcomponents of the late positive complex of the
event-related potential. Electroencephalogr. Clin. Neurophysiol. 92, 148–160.
doi: 10.1016/0168-5597(94)90055-8

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. I., and Posner, M. I. (2005).
The activation of attentional networks. Neuroimage 26, 471–479.

Fan, J., McCandliss, B. D., Sommer, T., Raz, A., and Posner, M. I. (2002). Testing
the efficiency and independence of attentional networks. J. Cogn. Neurosci. 14,
340–347. doi: 10.1162/089892902317361886

Feinberg, T. E., and Farah, M. J. (2003). Behavioral Neurology and Neuropsychology.
New York, NY: McGraw-Hill Professional.

Galvao-Carmona, A., González-Rosa, J. J., Hidalgo-Muñoz, A. R., Páramo, D.,
Benítez, M. L., Izquierdo, G., et al. (2014). Disentangling the attention network
test: behavioral, event related potentials, and neural source analyses. Front.
Hum. Neurosci. 8:813. doi: 10.3389/fnhum.2014.00813

Germanò, E., Gagliano, A., and Curatolo, P. (2010). Comorbidity of ADHD and
dyslexia. Dev. Neuropsychol. 35, 475–493.

Goldfarb, L., and Shaul, S. (2013). Abnormal attentional internetwork link in
dyslexic readers. Neuropsychology 27, 725–729. doi: 10.1037/a0034422

Grech, R., Cassar, T., Muscat, J., Camilleri, K. P., Fabri, S. G., Zervakis, M.,
et al. (2008). Review on solving the inverse problem in EEG source analysis.
J. Neuroeng. Rehabil. 5:25. doi: 10.1186/1743-0003-5-25

Grünling, C., Ligges, M., Huonker, R., Klingert, M., Mentzel, H.-J., Rzanny, R., et al.
(2004). Dyslexia: the possible benefit of multimodal integration of fMRI- and
EEG-data. J. Neural Transm. 111, 951–969. doi: 10.1007/s00702-004-0117-z

Hasler, R., Perroud, N., Meziane, H. B., Herrmann, F., Prada, P., Giannakopoulos,
P., et al. (2016). Attention-related EEG markers in adult ADHD.
Neuropsychologia 87, 120–133. doi: 10.1016/j.neuropsychologia.2016.05.008

Hillyard, S. A., and Anllo-Vento, L. (1998). Event-related brain potentials in the
study of visual selective attention. Proc. Natl. Acad. Sci. U.S.A. 95, 781–787.
doi: 10.1073/pnas.95.3.781

Hoechstetter, K., Berg, P., and Scherg, M. (2010). BESA research tutorial 4:
distributed source imaging. BESA Research Tutorial 1–29.

Hoeft, F., Hernandez, A., McMillon, G., Taylor-Hill, H., Martindale, J. L., Meyler,
A., et al. (2006). Neural basis of dyslexia: a comparison between dyslexic and

nondyslexic children equated for reading ability. J. Neurosci. 26, 10700–10708.
doi: 10.1523/JNEUROSCI.4931-05.2006

Holopainen, L., Kairaluoma, L., Nevala, J., Ahonen, T., and Aro, M. (2004).
Lukivaikeuksien Seulontamenetelmä Nuorille Ja Aikuisille [Reading Disability
Screening Test for Adolescents and Adults]. Jyväskylä: Mäki Niilo Institute.

Hopfinger, J. B., Buonocore, M. H., and Mangun, G. R. (2000). The neural
mechanisms of top-down attentional control. Nat. Neurosci. 3, 284–291. doi:
10.1038/72999

Hopfinger, J. B., and Ries, A. J. (2005). Automatic versus contingent mechanisms
of sensory-driven neural biasing and reflexive attention. J. Cogn. Neurosci. 17,
1341–1352. doi: 10.1162/0898929055002445

Huang-Pollock, C. L., and Nigg, J. T. (2003). Searching for the attention deficit in
attention deficit hyperactivity disorder: the case of visuospatial orienting. Clin.
Psychol. Rev. 23, 801–830. doi: 10.1016/s0272-7358(03)00073-4

John, L., and Raven, J. (2003). “Raven progressive matrices,” in Handbook
of Nonverbal Assessment, ed. R. S. McCallum (Boston, MA: Springer),
223–237.

Jones, M. W., Branigan, H. P., and Kelly, M. L. (2008). Visual deficits in
developmental dyslexia: relationships between non-linguistic visual tasks and
their contribution to components of reading. Dyslexia 14, 95–115. doi: 10.1002/
dys.345

Kanerva, K., Kiistala, I., Kalakoski, V., Hirvonen, R., Ahonen, T., and Kiuru, N.
(2019). The feasibility of working memory tablet tasks in predicting scholastic
skills in classroom settings. Appl. Cogn. Psychol. 33, 1224–1237. doi: 10.1002/
acp.3569

Kanniainen, L., Kiili, C., Tolvanen, A., Aro, M., and Leppänen, P. H. T. (2019).
Literacy skills and online research and comprehension: struggling readers
face difficulties online. Read. Writ. 32, 2201–2222. doi: 10.1007/s11145-019-
09944-9

Kaplan, B., Crawford, S., Cantell, M., Kooistra, L., and Dewey, D. (2006).
Comorbidity, co-occurrence, continuum: what’s in a name? Child Care Health
Dev. 32, 723–731. doi: 10.1111/j.1365-2214.2006.00689.x

Kaufman, D. A. S., Sozda, C. N., Dotson, V. M., and Perlstein, W. M. (2016). An
event-related potential investigation of the effects of age on alerting, orienting,
and executive function. Front. Aging Neurosci. 8:99. doi: 10.3389/fnagi.2016.
00099

Kiili, C., Leu, D. J., Marttunen, M., Hautala, J., and Leppänen, P. H. T. (2018a).
Exploring early adolescents’ evaluation of academic and commercial online
resources related to health. Read. Writ. 31, 533–557.

Kiili, C., Leu, D. J., Utriainen, J., Coiro, J., Kanniainen, L., Tolvanen, A., et al.
(2018b). Reading to learn from online information: modeling the factor
structure. J. Lit. Res. 50, 304–334.

Klenberg, L., Jämsä, S., Häyrinen, T., Lahti-Nuuttila, P., and Korkman, M. (2010).
The attention and executive function rating inventory (ATTEX): psychometric
properties and clinical utility in diagnosing ADHD subtypes. Scand. J. Psychol.
51, 439–448. doi: 10.1111/j.1467-9450.2010.00812.x

Konrad, K., Neufang, S., Hanisch, C., Fink, G. R., and Herpertz-Dahlmann,
B. (2006). Dysfunctional attentional networks in children with attention
deficit/hyperactivity disorder: evidence from an event-related functional
magnetic resonance imaging study. Biol. Psychiatry 59, 643–651. doi: 10.1016/
j.biopsych.2005.08.013

Konrad, K., Neufang, S., Thiel, C. M., Specht, K., Hanisch, C., Fan, J.,
et al. (2005). Development of attentional networks: an fMRI study with
children and adults. Neuroimage 28, 429–439. doi: 10.1016/j.neuroimage.2005.
06.065

Kratz, O., Studer, P., Malcherek, S., Erbe, K., Moll, G. H., and Heinrich, H. (2011).
Attentional processes in children with ADHD: an event-related potential study
using the attention network test. Int. J. Psychophysiol. 81, 82–90. doi: 10.1016/j.
pnpbp.2011.12.008

Kronbichler, L., and Kronbichler, M. (2018). The importance of the left
occipitotemporal cortex in developmental dyslexia. Curr. Dev. Disord. Rep. 5,
1–8. doi: 10.1007/s40474-018-0135-4

Laasonen, M., Salomaa, J., Cousineau, D., Leppämäki, S., Tani, P., Hokkanen, L.,
et al. (2012). Project DyAdd: visual attention in adult dyslexia and ADHD. Brain
Cogn. 80, 311–327. doi: 10.1016/j.bandc.2012.08.002

Lei, D., Ma, J., Du, X., Shen, G., Jin, X., and Gong, Q. (2015). Microstructural
abnormalities in the combined and inattentive subtypes of attention deficit
hyperactivity disorder: a diffusion tensor imaging study. Sci. Rep. 4:6875. doi:
10.1038/srep06875

Frontiers in Human Neuroscience | www.frontiersin.org 18 May 2020 | Volume 14 | Article 160

https://doi.org/10.1111/j.1469-7610.2006.01671.x
https://doi.org/10.1111/j.1469-7610.2006.01671.x
https://doi.org/10.1037/a0023885
https://doi.org/10.1037/a0023885
https://doi.org/10.1007/s00787-005-0472-9
https://doi.org/10.1016/s0006-3223(02)01904-2
https://doi.org/10.1016/s0006-3223(02)01904-2
https://doi.org/10.1177/002221949102400206
https://doi.org/10.1016/j.cortex.2007.10.007
https://doi.org/10.1080/02643290500483090
https://doi.org/10.1080/02643290500483090
https://doi.org/10.1016/0168-5597(94)90055-8
https://doi.org/10.1162/089892902317361886
https://doi.org/10.3389/fnhum.2014.00813
https://doi.org/10.1037/a0034422
https://doi.org/10.1186/1743-0003-5-25
https://doi.org/10.1007/s00702-004-0117-z
https://doi.org/10.1016/j.neuropsychologia.2016.05.008
https://doi.org/10.1073/pnas.95.3.781
https://doi.org/10.1523/JNEUROSCI.4931-05.2006
https://doi.org/10.1038/72999
https://doi.org/10.1038/72999
https://doi.org/10.1162/0898929055002445
https://doi.org/10.1016/s0272-7358(03)00073-4
https://doi.org/10.1002/dys.345
https://doi.org/10.1002/dys.345
https://doi.org/10.1002/acp.3569
https://doi.org/10.1002/acp.3569
https://doi.org/10.1007/s11145-019-09944-9
https://doi.org/10.1007/s11145-019-09944-9
https://doi.org/10.1111/j.1365-2214.2006.00689.x
https://doi.org/10.3389/fnagi.2016.00099
https://doi.org/10.3389/fnagi.2016.00099
https://doi.org/10.1111/j.1467-9450.2010.00812.x
https://doi.org/10.1016/j.biopsych.2005.08.013
https://doi.org/10.1016/j.biopsych.2005.08.013
https://doi.org/10.1016/j.neuroimage.2005.06.065
https://doi.org/10.1016/j.neuroimage.2005.06.065
https://doi.org/10.1016/j.pnpbp.2011.12.008
https://doi.org/10.1016/j.pnpbp.2011.12.008
https://doi.org/10.1007/s40474-018-0135-4
https://doi.org/10.1016/j.bandc.2012.08.002
https://doi.org/10.1038/srep06875
https://doi.org/10.1038/srep06875
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-00160 May 23, 2020 Time: 12:58 # 19

Santhana Gopalan et al. Attentional Processes in Atypical Children

Leu, D., Forzani, E., Burlingame, C., Kulikowich, J., Sedransk, N., Coiro, J., et al.
(2013). The new literacies of online research and comprehension: assessing and
preparing students for the 21st century with common core state standards.
Qual. Read. Instruct. Age Common Core Stand. 6, 219–236. doi: 10.1598/
0496.16

Lindeman, J. (1998). ALLU: Ala-Asteen Lukutesti [ALLU: Reading Test for
Elementary School]. Turku: University of Turku.

Liu, X., and Sun, Y. (2017). An event-related potential investigation of spatial
attention orientation in children trained with mental abacus calculation.
Neuroreport 28, 35–41. doi: 10.1097/WNR.0000000000000705

López, V., López-Calderón, J., Ortega, R., Kreither, J., Carrasco, X., Rothhammer,
P., et al. (2006). Attention-deficit hyperactivity disorder involves differential
cortical processing in a visual spatial attention paradigm. Clin. Neurophysiol.
117, 2540–2548. doi: 10.1016/j.clinph.2006.07.313

Luck, S. J. (2014). An Introduction to the Event-Related Potential Technique.
Cambridge, MA: MIT press.

Lundervold, A. J., Adolfsdottir, S., Halleland, H., Halmøy, A., Plessen, K., and
Haavik, J. (2011). Attention Network Test in adults with ADHD–the impact of
affective fluctuations. Behav. Brain Funct. 7:27. doi: 10.1186/1744-9081-7-27

Luu, P., and Ferree, T. C. (2000). Determination of the Geodesic Sensor Nets’ Average
Electrode Positions and Their 10 – 10 International Equivalents. Available online
at: https://www.researchgate.net/publication/266609828_Determination_of_
the_Geodesic_Sensor_Nets’_Average_Electrode_Positions_and_Their_10_
-10_International_Equivalents (accessed March 12, 2020).

Lynne Beal, A. (2004). Test Review: Wechsler, D. (2003, 2004). Wechsler
intelligence scale for children, fourth edition (WISC-IVCDN). toronto, on: the
psychological corporation. Can. J. Sch. Psychol. 19, 221–234.

Lyon, G. R., Reid Lyon, G., Shaywitz, S. E., and Shaywitz, B. A. (2003). A definition
of dyslexia. Ann. Dyslexia 53, 1–14. doi: 10.1007/s11881-003-0001-9

Mahé, G., Doignon-Camus, N., Dufour, A., and Bonnefond, A. (2014). Conflict
control processing in adults with developmental dyslexia: an event related
potentials study. Clin. Neurophysiol. 125, 69–76. doi: 10.1016/j.clinph.2013.
06.005

Maris, E., and Oostenveld, R. (2007). Nonparametric statistical testing of EEG- and
MEG-data. J. Neurosci. Methods 164, 177–190. doi: 10.1016/j.jneumeth.2007.
03.024

Matthews, M., Nigg, J. T., and Fair, D. A. (2014). Attention deficit hyperactivity
disorder. Curr. Top. Behav. Neurosci. 16, 235–266. doi: 10.1007/7854_2013_249

Maughan, B., and Carroll, J. (2006). Literacy and mental disorders. Curr. Opin.
Psychiatry 19, 350–354.

Mayes, S. D., Calhoun, S. L., and Crowell, E. W. (2000). Learning disabilities
and ADHD: overlapping spectrum disorders. J. Learn. Disabil. 33, 417–424.
doi: 10.1177/002221940003300502

Mezzacappa, E. (2004). Alerting, orienting, and executive attention: developmental
properties and sociodemographic correlates in an epidemiological sample of
young, urban children. Child Dev. 75, 1373–1386. doi: 10.1111/j.1467-8624.
2004.00746.x

Michael, P. (1998). Executive Attention: Conflict, Target Detection, and
Cognitive Control. Available online at: https://www.researchgate.net/profile/
Michael_Posner/publication/232582595_Executive_attention_Conflict_
target_detection_and_cognitive_control/links/565ddb7a08aeafc2aac8a40f.pdf
(accessed November 29, 2019).

Mullane, J. C., Corkum, P. V., Klein, R. M., McLaughlin, E. N., and Lawrence, M. A.
(2011). Alerting, orienting, and executive attention in children with ADHD.
J. Atten. Disord. 15, 310–320. doi: 10.1177/1087054710366384

National Collaborating Centre for Mental Health (UK) (2018). Attention Deficit
Hyperactivity Disorder: Diagnosis, and Management of ADHD in Children,
Young People, and Adults. Leicester: British Psychological Society.

Neuhaus, A. H., Urbanek, C., Opgen-Rhein, C., Hahn, E., Ta, T. M. T., Koehler, S.,
et al. (2010). Event-related potentials associated with attention network test. Int.
J. Psychophysiol. 76, 72–79. doi: 10.1016/j.ijpsycho.2010.02.005

Oostenveld, R., Fries, P., Maris, E., and Schoffelen, J.-M. (2011). FieldTrip:
open source software for advanced analysis of MEG, EEG, and invasive
electrophysiological data. Comput. Intell. Neurosci. 2011:156869. doi: 10.1155/
2011/156869

Pammer, K., and Vidyasagar, T. R. (2005). Integration of the visual and
auditory networks in dyslexia: a theoretical perspective. J. Res. Read. 28,
320–331.

Pernet, C. R., Latinus, M., Nichols, T. E., and Rousselet, G. A. (2015). Cluster-
based computational methods for mass univariate analyses of event-related
brain potentials/fields: a simulation study. J. Neurosci. Methods 250, 85–93.
doi: 10.1016/j.jneumeth.2014.08.003

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118, 2128–2148. doi: 10.1016/j.clinph.2007.04.019

Posner, M. I., and Petersen, S. E. (1990). The attention system of the human brain.
Annu. Rev. Neurosci. 13, 25–42.

Posner, M. I., and Raichle, M. E. (1994). Images of Mind. Cham: Scientific American
Library/Scientific American Books.

Posner, M. I., and Rothbart, M. K. (2007). Research on attention networks as a
model for the integration of psychological science. Annu. Rev. Psychol. 58, 1–23.
doi: 10.1146/annurev.psych.58.110405.085516

Pugh, K. R., Mencl, W. E., Jenner, A. R., Katz, L., Frost, S. J., Lee, J. R., et al.
(2000). Functional neuroimaging studies of reading and reading disability
(developmental dyslexia). Ment. Retard. Dev. Disabil. Res. Rev. 6, 207–213.
doi: 10.1002/1098-2779(2000)6:3&lt;207::AID-MRDD8&gt;3.0.CO;2-P

Raven, J. C., and Court, J. H. (1998). Raven’s Progressive Matrices and Vocabulary
Scales. Oxford: Oxford Psychologists Press.

Richlan, F. (2012). Developmental dyslexia: dysfunction of a left hemisphere
reading network. Front. Hum. Neurosci. 6:120. doi: 10.3389/fnhum.2012.00120

Rose, L. T., and Rouhani, P. (2012). Influence of verbal working memory depends
on vocabulary: oral reading fluency in adolescents with dyslexia. Mind Brain
Educ. 6, 1–9.

Rueda, M. R., Checa, P., and Cómbita, L. M. (2012). Enhanced efficiency of the
executive attention network after training in preschool children: immediate
changes and effects after two months. Dev. Cogn. Neurosci. 2(Suppl. 1), S192–
S204. doi: 10.1016/j.dcn.2011.09.004

Rueda, M. R., Fan, J., McCandliss, B. D., Halparin, J. D., Gruber, D. B., Lercari,
L. P., et al. (2004a). Development of attentional networks in childhood.
Neuropsychologia 42, 1029–1040.

Rueda, M. R., Posner, M. I., Rothbart, M. K., and Davis-Stober, C. P. (2004b).
Development of the time course for processing conflict: an event-related
potentials study with 4 year olds and adults. BMC Neurosci. 5:39. doi: 10.1186/
1471-2202-5-39

Rutter, M., and Yule, W. (1975). The concept of specific reading retardation.
J. Child Psychol. Psychiatry 16, 181–197.

Santhana Gopalan, P. R., Loberg, O., Hämäläinen, J. A., and Leppänen, P. H. T.
(2019). Attentional processes in typically developing children as revealed
using brain event-related potentials and their source localization in Attention
Network Test. Sci. Rep. 9:2940. doi: 10.1038/s41598-018-36947-3

Sergeant, J. (2000). The cognitive-energetic model: an empirical approach to
attention-deficit hyperactivity disorder. Neurosci. Biobehav. Rev. 24, 7–12. doi:
10.1016/s0149-7634(99)00060-3

Sexton, C. C., Gelhorn, H. L., Bell, J. A., and Classi, P. M. (2012). The
co-occurrence of reading disorder and ADHD: epidemiology, treatment,
psychosocial impact, and economic burden. J. Learn. Disabil. 45, 538–564.
doi: 10.1177/0022219411407772

Singh, A., Yeh, C. J., Verma, N., and Das, A. K. (2015). Overview of attention
deficit hyperactivity disorder in young children. Health Psychol. Res. 3:2115.
doi: 10.4081/hpr.2015.2115

Sturm, W., and Willmes, K. (2001). On the functional neuroanatomy of intrinsic
and phasic alertness. Neuroimage 14, S76–S84. doi: 10.1006/nimg.2001.0839

Swaab-Barneveld, H., de Sonneville, L., Cohen-Kettenis, P., Gielen, A., Buitelaar, J.,
and Van Engeland, H. (2000). Visual sustained attention in a child psychiatric
population. J. Am. Acad. Child Adolesc. Psychiatry 39, 651–659. doi: 10.1097/
00004583-200005000-00020

Szuromi, B., Czobor, P., Komlósi, S., and Bitter, I. (2011). P300 deficits in adults
with attention deficit hyperactivity disorder: a meta-analysis. Psychol. Med. 41,
1529–1538. doi: 10.1017/S0033291710001996

Tiffin-Richards, M. C., Hasselhorn, M., Woerner, W., Rothenberger, A., and
Banaschewski, T. (2008). Phonological short-term memory and central
executive processing in attention-deficit/hyperactivity disorder with/without
dyslexia–evidence of cognitive overlap. J. Neural Transm. 115, 227–234. doi:
10.1007/s00702-007-0816-3

Vellutino, F. R., Fletcher, J. M., Snowling, M. J., and Scanlon, D. M. (2004). Specific
reading disability (dyslexia): what have we learned in the past four decades?
J. Child Psychol. Psychiatry 45, 2–40. doi: 10.1046/j.0021-9630.2003.00305.x

Frontiers in Human Neuroscience | www.frontiersin.org 19 May 2020 | Volume 14 | Article 160

https://doi.org/10.1598/0496.16
https://doi.org/10.1598/0496.16
https://doi.org/10.1097/WNR.0000000000000705
https://doi.org/10.1016/j.clinph.2006.07.313
https://doi.org/10.1186/1744-9081-7-27
https://www.researchgate.net/publication/266609828_Determination_of_the_Geodesic_Sensor_Nets'_Average_Electrode_Positions_and_Their_10_-10_International_Equivalents
https://www.researchgate.net/publication/266609828_Determination_of_the_Geodesic_Sensor_Nets'_Average_Electrode_Positions_and_Their_10_-10_International_Equivalents
https://www.researchgate.net/publication/266609828_Determination_of_the_Geodesic_Sensor_Nets'_Average_Electrode_Positions_and_Their_10_-10_International_Equivalents
https://doi.org/10.1007/s11881-003-0001-9
https://doi.org/10.1016/j.clinph.2013.06.005
https://doi.org/10.1016/j.clinph.2013.06.005
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1007/7854_2013_249
https://doi.org/10.1177/002221940003300502
https://doi.org/10.1111/j.1467-8624.2004.00746.x
https://doi.org/10.1111/j.1467-8624.2004.00746.x
https://www.researchgate.net/profile/Michael_Posner/publication/232582595_Executive_attention_Conflict_target_detection_and_cognitive_control/links/565ddb7a08aeafc2aac8a40f.pdf
https://www.researchgate.net/profile/Michael_Posner/publication/232582595_Executive_attention_Conflict_target_detection_and_cognitive_control/links/565ddb7a08aeafc2aac8a40f.pdf
https://www.researchgate.net/profile/Michael_Posner/publication/232582595_Executive_attention_Conflict_target_detection_and_cognitive_control/links/565ddb7a08aeafc2aac8a40f.pdf
https://doi.org/10.1177/1087054710366384
https://doi.org/10.1016/j.ijpsycho.2010.02.005
https://doi.org/10.1155/2011/156869
https://doi.org/10.1155/2011/156869
https://doi.org/10.1016/j.jneumeth.2014.08.003
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1146/annurev.psych.58.110405.085516
https://doi.org/10.1002/1098-2779(2000)6:3&lt;207::AID-MRDD8&gt;3.0.CO;2-P
https://doi.org/10.3389/fnhum.2012.00120
https://doi.org/10.1016/j.dcn.2011.09.004
https://doi.org/10.1186/1471-2202-5-39
https://doi.org/10.1186/1471-2202-5-39
https://doi.org/10.1038/s41598-018-36947-3
https://doi.org/10.1016/s0149-7634(99)00060-3
https://doi.org/10.1016/s0149-7634(99)00060-3
https://doi.org/10.1177/0022219411407772
https://doi.org/10.4081/hpr.2015.2115
https://doi.org/10.1006/nimg.2001.0839
https://doi.org/10.1097/00004583-200005000-00020
https://doi.org/10.1097/00004583-200005000-00020
https://doi.org/10.1017/S0033291710001996
https://doi.org/10.1007/s00702-007-0816-3
https://doi.org/10.1007/s00702-007-0816-3
https://doi.org/10.1046/j.0021-9630.2003.00305.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-00160 May 23, 2020 Time: 12:58 # 20

Santhana Gopalan et al. Attentional Processes in Atypical Children

Vossel, S., Geng, J. J., and Fink, G. R. (2014). Dorsal and ventral attention systems:
distinct neural circuits but collaborative roles. Neuroscientist 20, 150–159. doi:
10.1177/1073858413494269

Wagner, R. K., and Torgesen, J. K. (1987). The nature of phonological processing
and its causal role in the acquisition of reading skills. Psychol. Bull. 101:192.

Wagner, R. K., Torgesen, J. K., and Rashotte, C. A. (1994). Development of reading-
related phonological processing abilities: new evidence of bidirectional causality
from a latent variable longitudinal study. Dev. Psychol. 30, 73–87. doi: 10.1037/
/0012-1649.30.1.73

Wilkinson, D., and Halligan, P. (2004). The relevance of behavioural measures
for functional-imaging studies of cognition. Nat. Rev. Neurosci. 5, 67–73. doi:
10.1038/nrn1302

Willcutt, E. G., and Carlson, C. L. (2005). The diagnostic validity of attention-
deficit/hyperactivity disorder. Clin. Neurosci. Res. 5, 219–232. doi: 10.1097/
00004583-199309000-00024

Williams, R. S., Biel, A. L., Wegier, P., Lapp, L. K., Dyson, B. J., and Spaniol, J.
(2016). Age differences in the attention network test: evidence from behavior
and event-related potentials. Brain Cogn. 102, 65–79. doi: 10.1016/j.bandc.
2015.12.007

Wimmer, H. (1993). Characteristics of developmental dyslexia in a regular writing
system. Appl. Psycholinguist. 14, 1–33.

Wimmer, H., and Schurz, M. (2010). Dyslexia in regular orthographies:
manifestation and causation. Dyslexia 16, 283–299. doi: 10.1002/dys.411

Wolf, M., and Bowers, P. G. (1999). The double-deficit hypothesis for
the developmental dyslexias. J. Educ. Psychol. 91:415. doi: 10.1080/
13825580600966375

Xia, S., Foxe, J. J., Sroubek, A. E., Branch, C., and Li, X. (2014). Topological
organization of the “small-world” visual attention network in children with
attention deficit/hyperactivity disorder (ADHD). Front. Hum. Neurosci. 8:162.
doi: 10.3389/fnhum.2014.00162

Xia, Z., Hancock, R., and Hoeft, F. (2017). Neurobiological bases of reading
disorder Part I: etiological investigations. Lang. Linguist. Compass 11:e12239.
doi: 10.1111/lnc3.12239

Xuan, B., Mackie, M.-A., Spagna, A., Wu, T., Tian, Y., Hof, P. R., et al. (2016).
The activation of interactive attentional networks. Neuroimage 129, 308–319.
doi: 10.1016/j.neuroimage.2016.01.017

Zhao, D., Zheng, S., Yang, L., and Tian, Y. (2017). Causal connectivity
abnormalities of regional homogeneity in children with attention deficit
hyperactivity disorder: a rest-state fMRI study. ADMET DMPK 5,
242–252.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Santhana Gopalan, Loberg, Lohvansuu, McCandliss, Hämäläinen
and Leppänen. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 20 May 2020 | Volume 14 | Article 160

https://doi.org/10.1177/1073858413494269
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1037//0012-1649.30.1.73
https://doi.org/10.1037//0012-1649.30.1.73
https://doi.org/10.1038/nrn1302
https://doi.org/10.1038/nrn1302
https://doi.org/10.1097/00004583-199309000-00024
https://doi.org/10.1097/00004583-199309000-00024
https://doi.org/10.1016/j.bandc.2015.12.007
https://doi.org/10.1016/j.bandc.2015.12.007
https://doi.org/10.1002/dys.411
https://doi.org/10.1080/13825580600966375
https://doi.org/10.1080/13825580600966375
https://doi.org/10.3389/fnhum.2014.00162
https://doi.org/10.1111/lnc3.12239
https://doi.org/10.1016/j.neuroimage.2016.01.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Attentional Processes in Children With Attentional Problems or Reading Difficulties as Revealed Using Brain Event-Related Potentials and Their Source Localization
	Introduction
	Materials and Methods
	Participants
	Behavioral Measures
	Experimental Procedure: Attention Network Test for Children
	EEG and Eye-Tracker Recording
	Pre-processing of EEG Data and Eye Tracking
	Statistical Analysis of Reaction Time Data
	Statistical Analysis of ERP Responses at the Sensor Level of Field Potentials
	Source-Level Analysis
	Source-Level Analysis Statistics

	Results
	Behavioral Tests
	Event-Related Field Potentials
	Neuronal Sources of ERPs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


