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Abstract

Attention ability is one of the most important cognitive functions. It develops mainly
during school age. However, the neural basis for the typical development of atten-
tional functions has not been fully investigated. To clarify the development of the
aforementioned function and its neural basis, this study examined brain function in
children and adolescents during the performance of an attention network test (ANT)
using functional magnetic resonance imaging. One hundred and sixty-three volun-
teers (8-23 years, 80 female) participated in this study. Using a modified version of
ANT, we assessed the efficiency of two attentional functions—orienting and execu-
tive attention—by measuring how reaction time is affected by spatial cue location and
flanker congruency and examined the functional brain areas—attentional networks—
associated with two attentional functions. Consistent with the findings of previous
studies, the superior parietal lobule, visual association cortex, left precentral gyrus,
and supplementary motor area were activated during the orienting attention, while
the anterior cingulate cortex, visual association cortex, lateral prefrontal cortex, thala-
mus, and caudate were activated during the executive attention. Moreover, negative
correlations with age were found for activations in the inferior frontal gyrus, dorso-
medial prefrontal cortex, and caudate nucleus in the orienting attention, while no cor-
relations with age related to executive attention were found. In conclusion, this study
revealed common and distinct features in the neural basis of the attentional functions
in children and adolescents compared with that of adults and their developmental

changes with age.
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1 | INTRODUCTION

Attention is among the most important cognitive functions in hu-
mans, and it develops primarily during school age.! Attentional
dysfunctions are often associated with brain injury and various psy-
chiatric disorders, and systematic efforts to understand the neural
basis of attention are required to improve these attentional difficul-
ties.? Previous reports have suggested that human attention consists
of three functional subcomponents, each underlain by separable
neural networks.%? Alerting attention is the most basic function and
refers to the capacity to maintain a state of alert arousal. Orienting
attention refers to the capacity to focus on a specific aspect of stim-
ulus and enhance the process by shifting focus. Executive attention
refers to the capacity to cope with interference when sensory inputs
are inconsistent with the current goal-directed behavior.® These
findings have transformed our understanding of attentional function
related to psychopathological issues, such as attention deficit hy-
peractivity disorder (ADHD) and anxiety disorders, suggesting that
more than one network is ordinarily implicated in the development
of disorders, and that the networks often change during the devel-
opment of the disorder.?”

Fan et al have shown that it is possible to separate and assess
these three types of attention using a single integrated behavioral
task referred to as the Attentional Network Test (ANT).*> ANT mea-
sures the efficiency of each of the three components of the atten-
tion network from the reaction time to the direction of an arrow
presented on the screen along with other cues and distractors.
Alerting attention, orienting attention, and executive attention can
be assessed by subtracting RTs for the presence or absence of cues,
differences in the spatial arrangement of cues, and congruent and
incongruent arrow directions, respectively. Behavioral measure-
ments using ANT have shown no significant correlations between
the efficiency of alerting, orienting, and executive attention.* Based
on these ANT characteristics, it has been widely used to assess the
attentional functioning of healthy adults and children as well as in-
dividuals with psychiatric disorders with attention difficulties such

1011 anxiety disorder,® and

as ADHD,?®? autism spectrum disorder,
schizophrenia.*? Similarly, functional imaging results suggest that
the functional contrasts while engaged in ANT differentially activate
three separable anatomical networks related to the components of
attention.’ The alerting effect showed strong thalamic involvement
and activation of anterior and posterior cortical sites, whereas the
orienting effect activated parietal sites and frontal eye fields. The
executing effect showed the activation of the anterior cingulate
cortex, bilateral frontal area, and fusiform gyrus.5 Although the
findings of the development of attentional networks are limited, a
functional imaging study on school-age children using ANT showed
an increased activation in the putamen and superior frontal gyrus
for orienting attention and in the superior temporal gyrus for ex-
ecutive attention in children compared with those in adults, yet no
significant activations for alerting attention were noted.'® However,
the typical developmental trajectory of attentional networks from
childhood through adolescence to adulthood remains unclear.

In this study, we measured brain functions engaging in ANT using
functional magnetic resonance imaging (fMRI) to clarify the neural
basis of attentional networks in children and adolescents and inves-
tigated the similarities and differences in their functions compared
with adults in previous studies. Moreover, we examined the devel-
opmental trajectory of the attentional network throughout child-
hood and adolescence by considering children and adolescents as
a single group and correlating these brain functions with age. This
study focused on two of the three attentional networks, particularly
those that have been observed to differ between children and adults
in previous studies—the orienting and executing networks.

2 | METHODS

2.1 | Participants

One hundred and seventy-two children and adolescents (mean
age, 15.1 years; SD, 4.3 years, 8-23 years, and 80 females) were re-
cruited from the local community to participate in this study. The
brain activity of participants during ANT was measured using an MR
scanner. The race/ethnicity of all participants was Japanese. The
exclusion criteria for participation were a previous diagnosis of any
psychiatric or neurodevelopmental disorder, head trauma with loss
of consciousness, and any history of epilepsy affecting development
or growth. All participants had normal or corrected visual acuity and
hearing. Seven of all participants were left-handed, and 4 were ambi-

dextrous, based on the Edinburgh Handedness Inventory.**

2.2 | Stimuli and procedure

In this study, we used a simplified version optimized for fMRI studies
by the authors® who developed the original version of the task.* The
stimuli consisted of five white horizontal arrows pointing to the right
or left on a black background (Figure 1). There were two types of
target stimuli: congruent targets, in which the central arrow pointed
in the same direction as the other arrows (flankers), and incongruent
targets, in which the central arrow pointed in the opposite direction.
The number of trials and direction of arrows were balanced between
the congruent and incongruent conditions. The participant's task
was to use the response pad held in his/her right hand to press the
button with the index finger when the center arrow was pointing
left and the middle finger when pointing right. The target was pre-
sented either above or below the fixation crossbar in the center of
the screen display, and this fixation is always present during the task.
The "asterisk" cue was also presented before the target was pre-
sented. The cue was not always presented, and it was either in the
center of the screen or above or below the fixation crossbar under
cue presentation conditions. The efficiencies of the different at-
tentional networks (orienting and executive control) were assessed
by measuring how response times (RTs) were influenced by the
presence or absence of spatial cues and congruent or incongruent
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FIGURE 1 Overview of the attention
network test. After the fixation point was
presented, one of four cues with different
spatial patterns was presented for 200 ms
After the stimulus onset asynchrony
(SOA) of 300-1800 ms, one of two types
of arrows with different orientations was
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flankers.*>* The orienting effect was determined by differences in
RTs between the presence and absence of spatial cues, while the ex-
ecutive control effect was determined by differences between the
congruency and incongruency of flankers.*>*3

While performing fMRI using ANT on children, some modifica-
tions were also made to the original version regarding the duration
of stimuli and interstimuli intervals, average duration per trial, and
number of sessions (Figure 1).*° For each trial, the cue was pre-
sented first for 200 ms, and there was a variable interval from 300-
1800 ms until the target was presented. The duration per trial from
the onset of the cue stimuli to the start of the next trial was fixed
at 5 seconds. The experiment was conducted in two blocks of 288
trials, that is, 144 trials in each block, with each block divided into
four sessions. Trials with error responses were not included in the
behavioral and fMRI analyses. All participants were instructed to re-

spond as promptly and accurately as possible.

2.3 | Brain-image acquisition and preprocessing

Image acquisition was performed using a 3-Tesla MRI scanner (Signa
Excite, General Electric Medical Systems) with a standard head
coil (8-channel HD Brain, GE Healthcare). Functional images were
acquired with a T2*weighted gradient-echo echo-planar imaging
sequence. Each volume consisted of 37 slices, with a thickness of
3.5-mm and a 0.5-mm gap, to cover the entire brain. The time in-
terval between the two successive acquisitions of the same slice
(repetition time) was 2500 ms, with an echo time of 30 ms and a flip
angle of 80°. The field of view was 192 x 192 mm, and the matrix
size was 64 x 64, with yielding volume dimensions of 3 x 3 mm. Four
fMRI sessions were performed for each participant to acquire 112

volumes. Head movement was minimized by placing memory-foam

Time (5000ms/trial)

pillows around the head. A T1-weighted anatomical dataset was ob-
tained from each participant using a magnetization-prepared rapid
acquisition gradient-echo sequence (repetition time, 11.316 ms;
echo time, 15.26 ms; flip angle, 10°; matrix size, 256 x 256 pixels;
slice thickness, 1.0 mm; and a total of 112 transaxial images).
Functional imaging data were analyzed using Statistical
Parametric Mapping (SPM) 8 (Wellcome Trust Centre for
Neuroimaging) with MATLAB R2016b (MathWorks). First, the ini-
tial 5 volumes were discarded, and slice-timing correction was not
applied, followed by the spatial realignment of 112 volumes to the
mean volume. To control for motion confounding in our data, we in-
vestigated the effects of head motion by computing the mean frame-
to-frame root mean square motion and the framewise displacement
obtained during the realignment process. Subsequently, high-
resolution T1 images were co-registered to functional images via
a nonlinear image registration approach. Afterward, the functional
images were spatially normalized into the Montreal Neurological
Institute template and spatially smoothened with an 8-mm full width

at half-maximum Gaussian kernel.

2.4 | Statistical analysis

Statistical analysis was performed using SPM8 to examine the rela-
tionship between age and functional imaging. Event-related EPI sig-
nals were assessed to identify patterns of brain activation for each
participant at the first level. Four regressors were modeled at the
onset of each trial event (fixation with a central cue or spatial cue
and targets with congruent or incongruent flankers), which were
convolved with a canonical hemodynamic response function to ob-
tain an event-related signal change. Therefore, contrast images were
derived based on the weighted sum of the parameters estimated
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at the first level of individual analysis. The contrast images (spatial
cue—center cue for orienting attention and incongruent flanker—
congruent flanker for executive attention) for each participant at
the second level and a random-effects model were used for group
analysis to obtain population inferences.*® Thus, the functional re-
gions involved in orienting attention were depicted as the orienting
network, and the functional regions involved in executive attention
were depicted as the executive network. A one-sample t test was
also used to analyze the age-related brain functional areas. The cor-
rect response rate, reaction time, and attentional effects of interest
were included as covariates to exclude individual differences in at-
tentional processes and the effects of other factors, motor function,
on functional activation. Significant signal changes for each contrast
were assessed by voxel-wise t-statistics. We determined a height
threshold of P = .001 without correction for multiple comparisons
and an extent threshold of a cluster size of k > 30 voxels because the
risk of type Il errors must be minimized while the risk of type | errors
must also be reduced.*¢Y’

For the statistical analysis of behavioral response data, we used
IBM SPSS 22 software package (SPSS) to perform comparisons of

conditions with an analysis of variance (ANOVA).

3 | RESULTS

3.1 | Task performance

The average reaction time (RT) and accuracy for each condition are
shown in Table 1. A two-way ANOVA was performed to analyze the
effects of the cue condition (orienting effect) and target flanker con-
dition (executive control effect) on RT. A two-way ANOVA revealed
that there was a statistically significant interaction between the
effects of the cue and target flanker conditions (F[1, 170] = 21.31;
P < .001; f = 0.14). A simple main effects analysis showed that
spatial cues significantly shortened RTs for both congruent and

TABLE 1 Mean RT (and SD) and accuracy (and SD) for each
condition

Center cue Spatial cue Mean

Congruent

RT (ms) 592.5(172.7)  516.5(155.4) 554.5(164.1)

Accuracy (%) 95.5(2.4) 95.1(2.4) 95.3 (2.4)
Incongruent

RT (ms) 798.7 (362.3)  611.2(375.3)  705.0(368.8)

Accuracy (%) 94.0(3.3) 94.5(2.8) 94.3(3.1)
Mean

RT (ms) 695.6 (267.5)  563.9 (265.4)  629.7 (266.5)

Accuracy (%) 94.8(2.9) 94.8 (2.6) 94.8(2.8)

Note: Orienting effect and executive control effect are calculated
by the following equations, respectively. Orienting effect = RT
(center cue)—RT (spatial cue) and executive control effect = RT
(incongruent)—RT (congruent).

incongruent target flankers (F[1, 340] = 23.33, P < .001; and F[1,
340] = 128.68, P < .001, respectively) and that the congruent target
flanker significantly shortened RTs for both center and spatial cues
(F[1,340] =89.22, P <.001; and F[1, 340] = 20.60, P < .001, respec-
tively). A two-way ANOVA was also performed to analyze the effect
of the cue and target flanker conditions on accuracy. There was a
statistically significant interaction between the effects of the cue
and target conditions (F[1, 170] = 5.065, P = .026, f = 0.14). A simple
main effect analysis showed that the congruent target flanker sig-
nificantly increased accuracy for both central and spatial cues (F[1,
340] =30.92, P <.001; F[1, 340] = 5.43, P = .02, respectively), while
the spatial cue did not (F[1, 340] = 2.45, P = .12; F[1, 340] = 3.14,
P = .08, respectively).

Moreover, RTs were negatively correlated with age (p = -0.61,
P < .001), while accuracy was not (p = 0.13, P = .08). Moreover,
orienting effects were negatively correlated (p = -0.18, P < .001),
and executive control effects were positively correlated (p = 0.16,
P =.036).

3.2 | Functional regions of attentional networks

We successfully replicated the previous findings related to the neu-
ral basis of attention networks (Figure 2). Consistent with a previous
study involving adults,® the orienting network revealed activations
in the superior parietal lobule (SPL), the visual association cortex
(VAC), and the left precentral gyrus. The executive network involved
the thalamus, anterior cingulate cortex (ACC), right middle frontal
gyrus, and left superior and inferior frontal gyri in addition to VAC.
In contrast to previous studies involving adults, the present study
involving children showed additional activation in the supplemen-
tary motor area (SMA) in the orientation network and the caudate

nucleus in the executive network.

3.3 | Correlation with age in attention networks

Functional activations of the orienting network associated with
age are shown in Table 2. Activations in the bilateral inferior fron-
tal gyrus (IFG)/insular (Figure 3A), dorsomedial prefrontal cortex
(DMPFC)/ACC (Figure 3B), anterior prefrontal cortex, motor cortex,
caudate nucleus (Figure 3C), and ventral tegmental area showed
significant negative correlations with age, while no functional acti-
vations were found to correlate positively with age. There were no
functional activations that correlated significantly with age in the

executive network.

4 | DISCUSSION

In this study, we measured brain functions during ANT using fMRI
to clarify the neural basis of attentional networks in children and
adolescents. We compared the neural basis of the aforementioned



SAITO ET AL.

NLUROPSYCHOPHARMAC

Orienting Network

-
- L
L precentral

Children & Adolescents
(Current study)

(T
o
o
(@]
@©
)
(]
o
©
L

REP

Executive Network

3

%::G Théla zi\ /“b— h

0l? | : \
\ LN

FIGURE 2 Comparison of brain activities during childhood and adulthood using the ANT task. Brain activities of orienting (A) and
executive (B) attention in children and adolescents and orienting (C) and executive (D) attention in adults

TABLE 2 Functional activations correlated with age in the orienting process of attention

Brain region BA Side
Positive
None
Negative
Insula/inferior frontal gyrus 13/47 R
Inferior frontal gyrus/insula 47/13 L
Dorsomedial prefrontal cortex/anterior 8/24 L
cingulate cortex
Anterior prefrontal cortex 10 R
Caudate = R
Ventral tegmental area - L
Motor cortex 6 R

group with that of adults. We also examined the developmental
trajectory of the attentional network throughout childhood and
adolescence by correlating these brain functions with age. Results
have shown that SPL, VAC, and left precentral gyrus were activated
in orienting attention as in adulthood, whereas SMA was specifi-
cally activated in adolescents. For executive attention, the ACC,

VAC, lateral prefrontal cortex (superior, middle, and inferior gyri),

MNI coordinates (mm) Statistics (peak-level)

X y z t-score P-value
28 18 -16 4.02 .0001
-32 22 -12 3.80 .0002
= 31 39 3.85 .0002
30 58 =2 3.85 .0002
9 7 3 3.78 .0002
-2 -20 -6 3.65 .0004
45 -14 44 3.62 .0004

and thalamus were activated as in adulthood, while the caudate nu-
cleus was specifically activated in adolescents. Moreover, negative
correlations with age were found in activations in the IFG/insular,
DMPFC/ACC, and caudate nucleus in orienting attention, while no
correlations with age were found in executive attention. These re-
sults suggest that different functional areas are involved in the at-

tention networks in children and adolescents than in adults, and
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(A)

that the diversity of the recruited functional areas in the orienting

network disappears with age.

Compared with previous studies on adulthood, we found that
the involvement of SPL, VAC, and left precentral gyrus in orienting
attention and the ACC, VAC, lateral prefrontal cortex, and thala-
mus in executive attention were replicated during childhood and
adolescence, while the involvement of SMA in orienting attention
and caudate nucleus in executive attention was specific during
childhood and adolescence. It has been widely recognized that the
superior parietal lobule is involved in orienting to spatial locations
of visual signals.>*®* DMPFC, including ACC, is involved in conflict
resolution when a person is asked to respond to a conflicting stim-
ulus array>!3; this suggests that the superior parietal lobule and
DMPEFC play important roles in orienting and executive attention
regardless of the developmental stage. Moreover, the activation
of bilateral VACs was replicated during childhood and adoles-
cence, as well as adulthood, for both orienting and executive at-
tention,” suggesting the involvement of VACs independent of the
developmental stage during the processing of attention to visual
stimuli. For orienting attention, the specific activation of SMA
during childhood and adolescence shown in the current study is
consistent with the previous finding of a reduced involvement
of SMA with age observed during attention allocation using an
oddball task.'® The detailed mechanisms underlying the specific
activation of the caudate nucleus during childhood and adoles-
cence during the executive attention are unclear as recent primate
studies on the involvement of the caudate nucleus in the learning
of attentional functions have shown.'” However, motivation may

FIGURE 3 Functional activations
negatively correlated with age during
orienting attention. (A) Inferior frontal
gyrus/insular cortex; (B) dorsomedial
prefrontal cortex; and (C) caudate nucleus

play a greater role during childhood because of the involvement
of learning in executive attention. In contrast, previous studies
using ANT to directly compare brain function in childhood and
adulthood have shown specific activation of the right insula and
left superior frontal gyrus in orienting attention and left superior
temporal gyrus in executive attention in childhood,*® but these
findings were largely not replicated in this study. Although the
reason is unclear, one explanation may be that the population in
this study was a large heterogeneous group that included females
and adolescents without distinguishing between sex and devel-
opmental stage, while the previous study was a small group of 16
male children.

A correlational analysis with age during childhood and adoles-
cence showed no functional areas associated with executive at-
tention, while functional areas such as the insular cortex, medial
prefrontal cortex, and caudate nucleus were involved in orienting
attention. All of these functional regions are expected to be involved
in executive attention in adults. Nevertheless, the finding that these
regional activations in orienting attention were negatively correlated
with age suggests that these two attentional networks, which were
functionally undifferentiated in childhood, may have differentiated
during development, thereby decreasing the involvement of execu-
tive processes for orienting attention. Although the IFG is involved
in attention reallocation triggered by external stimuli,?° DMPFC
is involved in error detection and conflict resolution,?*?? and the

19.23 4l of

caudate nucleus is involved in motivation and learning,
which are part of the executive attentional processes.z5 It is pos-

sible that these functional areas are recruited in orienting attention
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during childhood when the attentional networks is not sufficiently
differentiated and that their involvement disappears during later
development.

It is interesting to determine the relationship between these sug-
gested age-related transformations in brain function and the devel-
opment of brain structure in childhood and adolescence. Although
it is well known that gray matter volume gradually decreases from

d,%*?% no clear

childhood through adolescence and into adulthoo
findings have been made on whether task-induced regional brain
function correlates with gray matter volume. A previous study in
adults using an executive function task found a negative associa-
tion between task performance and regional cortical thickness in a
wide range of areas,?® including the insular cortex, medial prefrontal
cortex, and caudate nucleus, which were negatively associated with
age in this study. Furthermore, in a previous study examining the in-
teraction between age and regional cortical thickness on attentional
function in children and adolescents similar to this study, a negative
interaction between orienting and age resulted in significant clus-
ters in the insula, while cortical thickness showed no significant age
interaction with executive attention, consistent with this study.27
However, since the regional areas of function and cortical thickness
in the association between attentional function and age were not
always consistent, an analysis of the association between both mo-
dalities in the same sample would be fruitful.

This study has several limitations that should be accounted for
in the future. First, this study utilized a cross-sectional design that
precluded the identification of causal links between age, the de-
velopment of attention, and brain functions as their neural basis.
Therefore, their interpretability is limited by possible reverse cau-
sality and the influence of other variables. Longitudinal studies are
required to more fully elucidate the association between attentional
functions and brain development. Second, we did not examine the
alerting attention in this study. The development of the neural basis
of alerting attention should also be clarified, although it was not
possible to examine the alerting effect in this study due to the lim-
itations of the experimental design because the participants were
children. Third, we did not examine the effects of both global and
regional brain structures (gray matter volume and cortical thick-
ness) on the relationship between attentional networks and age. As
already discussed, to clarify this point, the interaction of age with
the correlation between image modalities acquired from the same
sample must also be examined. We did not also assess gonadal hor-
mones in adolescents, although they are sexually mature during this
period. Since it is already widely known that gonadal hormones in-
fluence brain development, it is important to clarify how they affect
the brain development of attentional functions. Fourth, although we
compared the results of this study with those of previous studies
on adult brain function to clarify the characteristics of brain func-
tion in children and adolescents, we only confirmed the replication
of activation patterns and their differences by visual inspection. It
should be noted that the results were not derived from quantitative
assessment. Finally, due to the limitations of the experimental setup,
the task performance under the same conditions as in the previous

REPORTS

study was not replicated. Specifically, this study used only the right
hand in contrast to previous studies that used both hands during
ANT, and the sample size was also significantly different from pre-
vious studies, which may have resulted in a different activation pat-
tern from previous studies.

In conclusion, this study reveals the relationships between brain
activation and the developmental aspects of attention. We observed
significant developmental differences in brain activation patterns
related to key aspects of attention. Specifically, we clarified the
similarities and differences of functional regions during childhood
and adolescence by comparing them with those during adulthood in
previous studies. Moreover, we attempted to identify the functional
regions related to the development of orienting and executive pro-
cess in attentional function during childhood and adolescence by a
correlation analysis with age. These results suggest that some brain
regions may change their function related to attentional processing
during development, and that, in turn, the neural networks for atten-
tional functions may be not innately independent of each other, but

rather, the functional areas develop in an interdependent manner.
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