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Functional connectivity was studied in a group of 17 right-handed children aged 9.789 + 0.447 years
during the deployment of cued anticipatory attention. Participants performed visual and auditory
versions of the temporal order judgment task. Prestimulus functional links were assessed via alpha-
band coherence computed in the source space for preselected regions of interest. As compared with
the baseline condition, an increase of local functional links between the primary visual cortex and
the intraparietal cortex was observed in both hemispheres during the anticipation of visual and au-
ditory stimuli. An increase of functional interaction between the intraparietal cortex and the ventral
premotor cortex was observed only in the left hemisphere during auditory anticipatory attention.
Unlike our previous research on anticipatory attention in adults, the analysis of functional connec-
tivity in children showed no frontoparietal functional links in the right hemisphere and no modali-
ty-specific cortical links. The results of the study suggest that the brain’s top-down modulatory sys-
tems of the right hemisphere are still immature in children aged 9—10 years.
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INTRODUCTION

The anticipation of different events is incorpo-
rated into the lives of all people. It seems that all
fields of human activities rest on the faculty of an-
ticipating the future at the level of both simple ac-
tions and complex behaviors. In cognitive neuro-
science, this faculty is usually called anticipatory
attention (see, e.g., Naatanen, 1992; Bastiaansen,
Brunia, 2001; Brunia, van Boxtel, 2004; Brunia
et al., 2011; Klimesch, 2012). Anticipatory atten-
tion is directed by explicit (see, e.g., Spence,
Driver, 1997; Brunia, van Boxtel, 2004; Mozolic
et al., 2008; Posner, Fan, 2008; Rohenkohl et al.,
2014; Talalay et al., 2018) or implicit (Cleeremans
et al., 1998; Turk-Browne et al., 2010; Dale et al.,
2012; Zhao et al., 2013; Altamura et al., 2014; Ta-
lalay et al., 2018) experience towards an upcoming
stimulus in order to facilitate its processing (Bas-
tiaansen, Brunia, 2001). Taking into consider-
ation an important role anticipation plays in any
goal-directed behavior, researchers try to reveal
neurophysiological bases and behavioral out-
comes of this cognitive function.

Basically, psychological and psychophysiolog-
ical studies of anticipatory attention are conduct-
ed with the help of the Posner paradigm (Posner
et al., 1980). In this paradigm, there is either cen-
tral, symbolic (also referred to as “endogenous”)
or peripheral (also referred to as “exogenous”)
cue-stimulus, which informs participants about
certain characteristics of an upcoming trial. Fur-
thermore, the cues can contain true information
(valid cueing), no information (neutral cueing) or
false information (invalid cueing) about the target
stimulus. This experimental model has different
modifications and is mainly used to study cued
endogenous (voluntary) (Folk, Hoyer, 1992;
Langley et al., 2011) or exogenous (involuntary)
(Akhtar, Enns, 1989; Folk, Hoyer, 1992; Perchet,
Garcia-Larrea, 2000; Langley et al., 2011) atten-
tion orienting. The Posner cueing task has been
embedded by J. Fan and colleagues (Fan et al.,
2002) in the Attention Network Task (ANT),
which is designed to measure the efficiency of the
alerting, orienting and executive attention net-
works (Posner, Petersen, 1990; revised by Peters-
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en, Posner, 2012; Posner, Fan, 2008). This task
includes two types of cues. The first type provides
information on the time of target occurrence, thus
underlying the development of phasic alertness in
participants. The second type is exogenous and
provides information on the place of target occur-
rence, thus leading to changes in the orienting
network. If the cue is found invalid, the disen-
gagement and reorienting of attention take place.
In the ANT, cueing is combined with the flanker
task (Eriksen, Eriksen, 1974), which serves as the
measure of executive attention. According to the
definition of anticipatory attention given at the
beginning of this article, we consider that cue-in-
duced alerting and orienting should be regarded
as anticipation-related processes.

Both the Posner cueing task (Akhtar, Enns,
1989; Folk, Hoyer, 1992; Perchet, Garcia-Larrea,
2000; Langley et al., 2011) and the ANT (Mez-
zacappa, 2004; Rueda et al., 2004; Konrad et al.,
2005; Jennings et al., 2007; Hahn et al., 2011;
Zhou et al., 2011; Williams et al., 2016; Santhana
Gopalan et al., 2019) are commonly used to study
age-related difference in cued attention. Data
generally show a positive influence of valid cueing
on the efficiency of task performance in children
(Swanson et al., 1991; Mezzacappa, 2004; Rueda
et al., 2004; Santhana Gopalan et al., 2019) and
adults (Akhtar, Enns, 1989; Folk, Hoyer, 1992;
Langley et al., 2011; Rueda et al., 2004).

A review of multiple studies on age-related
changes in attention (Posner et al., 2013) suggests
that there is no age difference in the orienting
benefit effect (i.e., the difference in reaction time
(RT) between neutral vs. valid trials) among chil-
dren aged 5—6, 8—10 years and adults (Enns, Bro-
deur, 1989). At the same time, the speed (i.e., the
difference in performance on valid trials with
short vs. long cue-to-target intervals) of orienting,
the ability to disengage and reorient attention vol-
untarily improve with age (Schul et al., 2003). In
addition, there seems to be an age-related de-
crease in the orienting cost (i.e., the difference in
RT between invalid vs. neutral trials) (Enns, Bro-
deur, 1989; Wainwright, Bryson, 2002; Schul
etal., 2003). According to M. Corbetta and
G.L. Shulman (2002), it seems that endogenous
orientation (or reorientation) of attention is relat-
ed to the activity of the superior parietal lobule
(SPL) and the frontal eye fields (FEF), whereas
exogenous orienting is linked to the activity of the
temporoparietal junction (TPJ) and the ventral
frontal cortex (VFC), largely lateralized to the
right hemisphere. A large number of studies em-
phasize the role of the dorsal frontoparietal net-
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work (including the intraparietal sulcus [IPS] and
the FEF) in the mediation of top-down control of
spatial cued attention (Capotosto et al., 2009,
2012; Simpson et al., 2011; Shomstein, 2012; Liu
et al., 2016).

Concerning the alerting network, the presen-
tation of a warning cue develops the state of alert-
ness in participants, thus making them anticipate
an upcoming trial and respond faster (Posner
et al., 2013, review). However, short cue-to-target
intervals may also cause declines in performance
accuracy (Posner, 1978). The efficiency of task
performance was found to improve with age
(Rueda et al., 2004; Mezzacappa, 2004; Morri-
son, 1982). The developmental changes in alert-
ness during childhood might be related to contin-
uous maturation of frontal systems during this pe-
riod (Posner et al., 2013, review). In (Santhana
Gopalan et al., 2019), the analysis of brain event-
related potentials (ERP) and their source local-
ization showed that both the alerting and orient-
ing networks were associated with a low level of
frontal and parietal activation in children aged
12—13 years. At the same time, the adult attention
network seems to bear on frontal and parietal ar-
eas to maintain alertness (Fan et al., 2005; Périn
et al., 2010). P. Santhana Gopalan and colleagues
suggest that this maintenance of alertness and
readiness matures only in late childhood (after
12 years of age). According to the authors, fronto-
parietal activity in adults might reflect more top-
down control of attention that is not utilized by
children during the performance of the ANT (Ca-
sey et al., 2004).

Many studies of the brain’s mechanisms un-
derlying alertness are based on the analysis of the
contingent negative variation (CNV) (Walter,
1964). The CNV is a slow negative wave observed
at central and frontocentral sites along the mid-
line in the interval between a warning signal and
an upcoming target (Williams et al., 2016). This
pattern of brain-generated electrical activity ap-
pears to index anticipatory attention, motivation,
and motor preparation (Tecce, 1972; Ulrich et al.,
1998; Leuthold, Jentzsch, 2001; Guo et al., 2019).
It has been identified that the prefrontal cortex
(PFC; Rosahl, Knight, 1995), the anterior cingu-
late cortex (ACC) (Gomez et al., 2003; Segalow-
itz, Davies, 2004; Fan et al., 2007), the basal gan-
glia (BG) (Bares, Rektor, 2001), and the supple-
mentary motor area (SMA) (Gémez et al., 2003)
are involved in the generation of the CNV. The
frontal early CNV component is considered to re-
flect an orienting response and the central late
CNYV component is described as a motor prepara-
Ne 4
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tion (see, e.g., Goémez et al., 2003). The ampli-
tude of the CNV was shown to increase with age,
especially during middle childhood (Jonkman,
2006). In comparison with adults, children dis-
play smaller early CNV amplitudes at frontocen-
tral locations (Jonkman et al., 2003), suggesting a
role of frontal lobe maturation in the alerting net-
work.

Other popular electrophysiological indices of
anticipatory processes in the brain are the stimu-
lus-preceding negativity (SPN) (see, e.g., Brunia,
van Boxtel, 2004) and the Bereitschaftspotential
(BP) (see, e.g., Shibasaki, Hallett, 2006; Di Rus-
so et al., 2017; Bianco et al., 2020). Both indices
are commonly used to study the selectivity of an-
ticipatory processes in the brain. The BP is a mea-
sure of activity in the motor cortex and the sup-
plementary motor area that precedes any volun-
tary motor act. The SPN is observed over frontal
areas and reflects perceptual anticipation.
C.H.M. Brunia and G.J.M. van Boxtel (2004)
used this index to study anticipatory attention to
verbal and non-verbal stimuli. They employed the
time estimation paradigm along with a block ex-
perimental design (Brunia, Damen, 1988;
Damen, Brunia, 1987). Adult participants were
asked to respond within a certain time window af-
ter the presentation of an imperative signal. After
that, auditory and visual stimuli (referred to as
“knowledge-of-results” [KR] stimuli) were pre-
sented in verbal and nonverbal modes informing
participants about the correctness of their re-
sponse. The order of KR stimuli within a block
was set for the cause of modality-specific antici-
pation of these stimuli. The analysis of ERP pa-
rameters showed that anticipatory attention to vi-
sual and auditory KR stimuli was accompanied by
an increase of local activity in modality-specific
cortical areas as reflected in the SPN and event-
related desynchronization of alpha-band oscilla-
tions (Bastiaansen et al., 2001). These data are
concordant with the results of some studies indi-
cating modality specificity of anticipatory atten-
tion (Spence, Driver, 1997; Machinskaya, 1998;
Mozolic et al., 2008). C. Spence and J. Driver
(1997) showed that the presentation of a symbolic
visual cue predicting the likely target modality
(visual or auditory) improved performance accu-
racy and reduced RT in the case of expected vs.
unexpected stimulus modality. J.L.. Mozolic and
colleagues (Mozolic et al., 2008) conducted an
fMRI study of cued modality-specific attention.
According to that study, the activity of visual cor-
tices in the prestimulus period is higher for visual
selective attention than for auditory selective at-
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tention, and vice versa. Furthermore, the results
of an EEG study of functional connectivity during
selective anticipatory attention (Machinskaya,
1998) showed modality-specific functional corti-
cal links during the anticipation of auditory and
tactile stimuli. S.M. Weiss and colleagues (Weiss
et al., 2018) studied tactile anticipatory attention
in children aged 6—8 years. They measured elec-
troencephalographic activity over the sensorimo-
tor cortex after the presentation of a visual cue,
which directed children’s attention towards their
right or left hand, thus developing the anticipa-
tion of tactile stimulation. A regionally-specific
prestimulus desynchronization of the alpha-range
mu rhythm was observed over central electrode
sites (C3/C4) contralateral to the cued direction.
The authors suggested that anticipatory mu de-
synchronization might be regarded as a specific
neural marker of attention focusing in young chil-
dren. Our previous study (Talalay et al., 2018) was
dedicated to the analysis of alpha-band functional
connectivity during cued vs. implicit anticipation
of visual and auditory stimuli. For cued anticipa-
tory attention, an increase of functional links was
observed between the intraparietal and prefrontal
cortical areas (as compared with both the baseline
and implicit learning sessions), and it was more
prominent in the right hemisphere. It was discov-
ered that cued anticipatory attention was under-
lain by functional modality-specific cortical links
in accordance with the modality of anticipated
stimuli.

Despite a large number of behavioral studies on
the development of spatial cued attention, there is
little information on the brain’s functional orga-
nization during selective anticipatory attention in
children. The functional organization of the cor-
tex is usually studied by means of functional con-
nectivity analysis — i.e., the analysis of “statistical
dependencies among remote neurophysiological
events” (Friston, 2011, p. 14).

In this regard, the goal of the present study was
to explore modality-specific cued attention in 9-
to 10-year-old children in terms of both prestim-
ulus functional connectivity and poststimulus
task performance.

METHODS

The present study is based on our previous re-
search and shares common or analogous methods
and types of analysis with (Talalay, Machinskaya,
2014) and (Talalay et al., 2018).
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Fig. 1. Experimental material and procedures. (a) All four variants of the visual stimulus pairs used in the order judg-
ment task. In each pair, the first stimulus is obscured by the second one. (b) Symbolic images of an ear and an eye
are used to cue the modality of the upcoming stimulus pair. (¢) Sequence of events in a typical trial of the cued at-
tention session. (d) Sequence of events in a typical trial of the baseline session. Timing of all events is shown along

the horizontal time axis.

Puc. 1. CtumynbHBIN MaTepHall U IpOLeaypa SKCISPUMEHTAIbHOTO UCCIIENOBaHMS: (a) — BCEe BApUAHTHI 3pUTEIb-
HBIX 1IeJICBBIX ITap CTUMYJIOB (TIepBbIii CTUMYJI B ape MoKa3aH Ha 3aaHeM IuiaHe); (b) — cxemaTuyeckue u3obpa-
JKEeHUs IJ1a3a U yxa, KOTOpbIe UCITOIb30BaNCh TSI (POPMUPOBAHUS Y UCITBITYEMBIX IPEIBOCXUIIICHUSI CEHCOPHOI
MOJAJIbHOCTH LEeJIeBBIX CUTHAJIOB; (C) — ITOCIEA0BaTeIbHOCTh COOBITUI B OmHOM ITpobe ceccun “Cued attention”
(IpousBoJIbHOE MpeaBocxuilieHue); (d) — rmocaenoBaTeIbHOCTb COOBITHIA B OHOM npobe ceccuu “Baseline” (pe-
dbepeHTHOE ycnoBue). BpeMeHHbIE MHTEPBAIBI MEXITy COOBITUSIMU 0O03HAUYCHBI HA TOPU30HTAILHOM OCH 7.

2.1. Participants

A total of 17 right-handed, healthy children
(11 male, 6 female) aged 9.789 + 0.447 years par-
ticipated in the study. They had normal or cor-
rected-to-normal vision, and reported no history
of neurological disorders. All participants’ par-
ents gave written informed consent after the task
was explained. All experimental methods had eth-
ical approval from the Ethics Committee of the
Institute of Developmental Physiology.

2.2. Stimuli

Visual stimuli were light gray and dark gray
elongated hexagons with 2.5° x 2.5° angular size
presented one at a time with a stimulus onset
asynchrony (SOA) of 90 ms at the center of a
black display screen; the angle between hexagons
was 90° (see Fig. 1 (a)). Each stimulus within the
pair was presented for 15 ms.

Participants performed the temporal order
judgment task. The task was to decide which stim-
ulus from the pair occurred first and then respond
manually by pressing one of three buttons corre-
sponding to the three possible alternatives: (a) a
light gray hexagon occurred first, (b) a dark gray
hexagon occurred first, or (¢) I cannot give an an-
swer. Participants had to respond within a 2-s re-
sponse window. Auditory stimuli were short
sounds of two different frequencies (300 and
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3000 Hz) presented binaurally, one by one, at
50-ms intervals. Every stimulus from the pair was
presented for 25 ms. The task was the same as for
the visual stimuli. The interstimulus intervals and
the duration of the target stimuli were defined af-
ter a preliminary experiment involving 15 children
(9—10 years old). Participants performed both the
visual and auditory tasks with an accuracy of
60%—70% correct when the described SOAs were
applied.

2.3. Procedure

There were two successive experimental ses-
sions that represented the cued attention and
baseline conditions. The order of the two sessions
was counterbalanced across participants. Fur-
thermore, there was a short training session,
which preceded the whole experiment.

In the cued attention session, the presentation
of the target stimuli was preceded by a cue with a
schematic image of an ear or an eye, which in-
formed participants about the upcoming stimulus
modality (see Fig. 1 (b)). Every experimental trial
began with the presentation of a fixation cross at
the center of the display. After that, one of the
modality-specific cues was presented at 1000—
1500 ms for 80 ms at the center of the computer
display. Visual or auditory targets appeared at
3500—4000 ms after cueing. The sequence of au-
ditory and visual stimuli was pseudorandom; a
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participant had 2 s to give a response. All partici-
pants responded with the index, middle or ring
finger of the right (preferred) hand. The number
of visual and auditory stimuli was equal (40 pre-
sentations); the session consisted of 80 trials. The
order of events in one experimental trial is illus-
trated in Fig. 1 (c). The same target stimuli were
used in both sessions.

The baseline session was designed so that par-
ticipants could not anticipate the modality of an
upcoming trial. The sequence of auditory and vi-
sual stimuli in this session was also pseudoran-
dom. The number of visual and auditory stimuli
was equal (40 presentations); the session included
80 trials. Unlike the cued attention session, the
baseline session implied no cueing. The order of
events in one experimental trial is illustrated in
Fig. 1 (d).

2.4. Equipment and recording

The experiment was conducted in a darkened,
soundproof room. Participants were seated in a
comfortable chair 1 m in front of a computer
monitor. Every stimulus was presented on a black
display screen with a 60 Hz refresh rate. Two com-
puters were connected over the TCP/IP protocol.
One computer was used to manage the experi-
mental procedure; the other one was a part of a
128-channel EEG system—EGI 300 (FElectrical
Geodesics, Inc., USA). The experiment was con-
ducted with the help of custom software. This
software allowed for the design of an experimental
model and the control of an experimental process.
Stimuli were presented via a computer display
with a resolution of 800 x 600 pixels. Participants
used a game pad (Genius.Usb-07) as a response
device. The EEG was recorded from 128 elec-
trodes (HydroCel GSN) referenced to the vertex
at a sampling rate of 250 Hz with a passband be-
tween 0.5 and 70 Hz. All impedances were kept
below 50 k€2 due to the specifications of the EGI’s
amplifier (input impedance > 200 MQ).

2.5. Primary EEG analysis

EEG traces were recorded during 3 s before the
presentation of the first target stimulus from the
pair. We analyzed only those prestimulus EEG
segments that corresponded to correct-response
trials with excluded artifacts and power line
(50 Hz) noise. Artifact EEG segments were de-
tected visually and marked using graphical user
interface software designed in GNU Octave. Arti-
fact-free EEG segments were converted to the
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signals of separate cortical volume elements (vox-
els). For this, the EEG reference had been con-
verted to the average of all channels. The signals
from voxels were computed using minimum norm
estimates. We used the functionality of the SPM8
software (Litvak et al., 2011). It is worth noting
that we did not know either the skull and brain
shape or exact electrode positions for each partic-
ipant. That is why we used the ICBM-152 brain
template from SPMS8 and the average electrode
positions for the 128-channel HydroCel GSN
(www.egi.com). The inverse problem was solved
in low resolution (cortical tissue was divided in
5124 voxels). Thus, the initial 128-channel re-
cording (sensor space) was transformed into a
5124-channel recording (source space). From all
5124 voxel signals, we selected only those signals
that corresponded to the regions of interest
(ROI). ROI centers were defined with the help of
SPM Anatomy toolbox v1.8 (https://www.nc-
bi.nlm.nih.gov/pubmed/15850749). The set of
ROIs (see Table 1) was formed in accordance with
our previous study (Talalay et al., 2018). The ab-
breviations of all ROIs presented in Table 1 are
used throughout the rest of the text. We applied
EEG-source alpha-band (7.5—12.5 Hz) coher-
ence analysis to the pairs of the selected ROIs.
The choice of this frequency band was underlain
by the results of different EEG studies (Bas-
tiaansen et al., 2001; Doesburg et al., 2009;
Machinskaya et al., 1992; Rohenkohl, Nobre,
2011) indicating an important role of alpha-band
oscillations in the neural mechanisms of anticipa-
tory attention. All voxels that were located within
a 10-mm radius sphere centered at a ROI center
were regarded as referring to this ROI (see Table 1).
We supposed that the total activity of these voxels
(usually from 5 to 12 voxels) reflected the ROI-re-
lated processes. For the assessment of functional
connectivity, each ROI was represented by its sin-
gle characteristic signal. It was the first (with the
highest eigenvalue) principal component com-
puted using principal component analysis (PCA).
All these characteristic signals formed a multi-
channel recording (the number of channels was
equal to the number of ROIs) in EEG-source
space.

2.6. EEG-source coherence analysis

In order to avoid biased estimates, we used the
following procedure (Kurgansky, 2010). All
14-channel recordings (according to the number
of ROIs) that consisted of different-sized seg-
ments (see Section 2.6) were subdivided into ad-
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Table 1. MNI coordinates of the regions of interest
Taomuua 1. MNI-koopauHaThl 00J1acTeil MHTEpeca

Left hemisphere Right hemisphere
ROI

X y z X y z
V1 — primary visual cortex (Brodmann area (BA) 17) -9.8 —88.2 —8.1 9.8 —88.2 —8.1
Al — primary auditory cortex (BA 41/42) —40 —32.8 14.6 40 —32.8 14.6
PSMA — presupplementary motor area (BA 6a) —6 6 70 9 6 70
VPC — ventral premotor cortex (ventral part of BA 6a) | —28 -2 50 32 -2 50
IPC — intraparietal cortex (part of BA 40) —51.6 —-55.9 44.9 51.6 —55.9 44.9
LPFC — lateral prefrontal cortex (BA 9/46) —44 40 20 44 40 20
FEF — frontal eye field (BA 8) =30 —4 60 30 —4 60

Note. MNI — Montreal Neurological Institute; BA — Brodmann area.
Ilpumeuanue. MNI — MoHpealbCKMii HEBPOJOTrMUeCKUiA MHCTUTYT; BA — HoMep 1oJis 1o kinaccudukauuu bpoamaHa.

Table 2. Mean RT values and accuracy scores with standard deviations for each cross-condition
Taomuua 2. CpenHee BP 1 ycpeaHeHHEBIE TIPOLIEHTHI IPAaBUJIBHBIX OTBETOB CO CTAHIAPTHBIMU OTKJIOHEHUSIMU TIPEICTaB-

JICHBI IJI Ka>X10T0 YCJIOBUA U CeHCOpHOﬁ MOIJAJIbHOCTHU

Condition Visual modality Auditory modality
RT (ms) Accuracy (percentage RT (ms) Accuracy (percentage
of correct responses) of correct responses)
Baseline 1361 £ 214 477+ 13 1397 + 274 50.4 +£23.7
Cued attention 1297 + 283 51.4 +12.9 1300 + 301 56.3 £ 21.5
jacent (and nonoverlapping) 200-ms intervals. RESULTS

Thus, we derived a certain number of 200-ms seg-
ments that was different for each participant and
experimental condition. This difference depend-
ed on the number and length of artifact segments.
We chose a standard total length of artifact-free
EEG for each participant that equaled 2 s (ten
200-ms segments). For each 2-s epoch, we esti-
mated the coefficients of a vector autoregression
(VAR) model of order 14 using the method de-
scribed in (Cui et al., 2008). The estimated VAR
coefficients were used to measure coherence
(COH) functions (Kurgansky, 2010). For each
participant in each experimental condition, we
obtained as many coherence values for as many
2-s epochs that were formed. These values were
averaged so that each participant in each experi-
mental condition was characterized by a single set
of coherence functions. Further statistical testing
was performed on alpha-band (7.5—12.5 Hz) co-
herence values using the general linear model
(GLM). The multivariate criteria of statistical sig-
nificance (Wilks’s lambda) were used. Individual
alpha-band limits were determined using the pro-
cedure described in (Machinskaya, Kurgansky,
2012).
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3.1. Task performance

Unfortunately, two participants failed to re-
spond in a designated time during the baseline
and cued attention sessions, which is why it was
impossible to identify their RT values and accura-
cy scores. The data obtained from those subjects
were excluded from further analysis. Thus, the
data for 15 participants were studied.

To analyze the influence of valid cueing on
task performance, we tested RT values and accu-
racy scores (the percentage of correct responses)
using a GLM with modality (visual, auditory) and
experimental condition (baseline condition, cued
anticipation) as the within-subject factors.

3.1.1. Accuracy

The statistical analysis showed no main effects
and no significant interaction of the factors. In
Fig. 2 (b), accuracy is shown separately for each
cross-condition.

3.1.2. Reaction time

The analysis of variance revealed a main effect

of condition, F(1, 14) = 4.660, p = 0.049, ni =
= (.250 and no significant interaction of condi-
Ne 4
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Fig. 2. (a) Averaged RT in milliseconds and (b) accuracy (percentage of correct responses) for visual and auditory
modalities are shown for two experimental conditions. Error bars correspond to the standard error of mean (SEM).
Puc. 2. CpenHee Bpemst peakuuu (BP) B MuimucekyHaax (a) u ycpeTHeHHbIE IPOLIEHThI TPaBUILHBIX OTBETOB (b)
MpEeNCTaBIeHBI TSI KaXI0T0 YCJIIOBUSI U CEHCOPHOM MOAAJILHOCTH. [1J1aHKM ITOrpelIHOCTH COOTBETCTBYIOT BEJIM -

YWHe CTaHIapTHOI ommoKu cpemHero (SEM).

tion and modality. In Fig. 2 (a), RT is shown sep-
arately for each cross-condition. Mean RT values
and mean accuracy scores for each cross-condi-
tion are shown in Table 2.

3.2. Functional connectivity

The data belonging to one participant were of
poor quality and were excluded from the analysis
of functional connectivity. The data for two other
subjects had been excluded during the analysis of
task performance. Thus, the data for 14 partici-
pants were analyzed.

Considering that we studied only interhemi-
spheric functional links between the cortices,
there were 21 pairs of ROIs in each hemisphere. A
total of 42 pairs were grouped in five subsets for
further analysis in accordance with our previous
study (Talalay et al., 2018), because the size of the
sample was insufficient to test all 42 pairs using
the same GLM procedure. The five subsets are
described below:

» Subset I represents functional links between
the primary visual, primary auditory, parietal,
and central cortices: V1I—-IPC, VI—-Al, VI—-pSMA,
V1-VPC;

» Subset 2 represents functional links between
the primary auditory, parietal, frontal, and cen-
tral cortices: Al—-pSMA, A1-VPC, A1-LPFC,
A1-FEF, A1-1PC;

» Subset 3 represents functional links between
the primary visual, parietal, and prefrontal corti-
ces: VI-LPFC, VI-FEF, IPC-LPFC, IPC—
FEF;
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* Subset 4 represents centroparietal functional
links: IPC—pSMA, IPC—VPC, pSMA—-VPC;

* Subset 5 represents frontocentral functional
links: pSMA—LPFC, pSMA— FEF, VPC—LPFC,
VPC—-FEF, LPFC—FEF.

For each subset, we used a GLM with experi-
mental condition (cued attention, baseline),
hemisphere (left, right), modality (visual, audito-
ry), and localization (all pairs of ROIs included in
a subset) as the within-subject factors. In case of a
significant interaction of condition and localiza-
tion alone or in combination with modality and
hemisphere, the effect of condition for each pair
of ROI was analyzed with a probability criterion
p < 0.0167 (0.05/3; for Subset 4), p < 0.0125
(0.05/4; for Subsets 1, 3) or p < 0.0100 (0.05/5; for
Subset 2, 5) depending on the number of ROI
pairs in each subset to provide multiple testing
correction.

The results of the GLM analysis for each sub-
set are presented in Table 3 and described in detail
below. Coherence values for each cross-condition
are shown in Fig. 3 separately for each ROI pairin
each subset.

3.2.1. Subset I: links between the primary visual,
primary auditory, parietal, and central cortices

The analysis of variance revealed a nearly sig-
nificant effect of condition (Table 3). It was
shown that COH values during cued attention
(M = 0.659, SD = 0.160) were higher than those
during the baseline condition (M = 0.602, SD =
= 0.186). Furthermore, the analysis showed a sig-
nificant interaction of condition and localization,
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Table 3. GLM results for alpha-band coherence values. Significant and nearly significant effects and interactions
Taomuua 3. Pesynbpratel GLM-aHanu3a korepeHTHOCTH anbda-purma (anbha-KOT'). 3HaunMbie (M 3HaYMMBble Ha yPOB-

He TeHAeHIMN) 3P eKTH 1 B3aNMOICHCTBUS

Factors Subset 1 Subset 2 Subset 3 Subset 4 Subset 5
Condition F(1, 13) = 4.241, — — F(1,13)=6.467, —
p=0.060, p=0.025,
n, = 0.246 n, =0.332
Condition X Hemisphere F(1, 13) = 4.154, — — — —
p=10.062,
n, =0.242

Condition X Modality —
F(3,11)=38.751,
p=10.003,

n, = 0.705
Condition X Localization X Modality —
F(1,13) = 3.457,
p=0.086,

n, =0.210

Condition X Hemisphere X —
X Localization

Condition X Localization

Condition X Hemisphere X Modality

Condition X Hemisphere X Modality X —
%X Localization

- F(1, 13) = 6.434, - -
»=0.025,

n, =0.331

F(4,10) = 2.702, - - -
p=0.092,

n, =0.519

a nearly significant interaction of condition and
hemisphere, and a nearly significant interaction
of hemisphere, condition and modality (Table 3).
Then we performed statistical tests with condi-
tion, modality, and localization as the within-
subject factors separately for the left and right
hemispheres.

Left hemisphere

The GLM analysis showed a significant effect

of condition, F(1, 13) =7.732, p =0.016, nf, =0.373.
COH values during cued attention (M = 0.667,
SD = 0.165) were higher than those during the
baseline condition (M = 0.575, SD = 0.199).
Furthermore, the GLM analysis showed a signif-
icant interaction of condition and localization,
F(@3, 11) =4.795, p = 0.023, nf, = 0.567. Then we
tested the condition factor separately for each
ROI pair in both modalities.

For V1-IPC (Fig. 3), a significant effect of
condition was found both in the auditory, F(1, 13) =

= 21.306, p < 0.0001, nf, = 0.621, and in the visual
modalities, F(1, 13) = 16.641, p = 0.001, ni =
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= 0.561. For the auditory modality, COH values
during cued attention (M = 0.776, SD = 0.129)
were higher than those during the baseline condi-
tion (M = 0.572, SD = 0.219). For the visual mo-
dality, COH values during cued attention (M =
=0.754, SD = 0.115) were also higher than COH
values during the baseline condition (M = 0.568,
SD = 0.227).

Right hemisphere

The GLM analysis showed a significant inter-
action of condition and localization, F(3, 11) =

=6.131, p = 0.010, nf, = (0.626. Then we tested the
condition factor separately for each ROI pair in
both modalities.

For V1-IPC (Fig. 3), a significant effect of
condition was found both in the auditory, F(1, 13) =

= 8.427, p = 0.012, ni = 0.393, and in the visual

modalities, F(1, 13) = 10.976, p = 0.006, nf, =
= (0.458. For the auditory modality, COH values
during cued attention (M = 0.781, SD = 0.091)
were higher than those during the baseline condi-
tion (M = 0.680, SD = 0.161). For the visual mo-
dality, COH values during cued attention (M =
Ne 4
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Fig. 3. Average COH values are shown for each subset and each cross-condition. Error bars represent the standard

error of mean (SEM). Significant differences (p, < 0.0167,

0.0125, or 0.0100) are marked with stars.

Puc. 3. Cpennue 3HaueHus anbda-KOTI B mapax obacTeit ”HTEpeca MpeacTaBiIeHbl Jj1s1 KaXKI0To IMTOAMHOXECTBA,
MOyLIapUs Y CEHCOPHOI MOIaIbHOCTU. [TJIaHKM MTOrpelrHOCTU COOTBETCTBYIOT BEJIMUMHE CTAHIAPTHOM OIITNOKU
cpenHero (SEM). 3naunMsblie pasnuuus (ipu p < 0.0167, 0.0125 wiu 0.0100) o603HaueHbI 3Be3104KamMu (F).

=0.775, $D = 0.079) were also higher than COH
values during the baseline condition (M = 0.632,
SD =0.182).

3.2.2. Subset 2: links between the primary auditory,
parietal, frontal, and central cortices

For this subset, a nearly significant interaction
of condition, localization and hemisphere was
found (Table 3). Because of that, we performed
the GLM analysis separately for each hemisphere.
The analysis showed no effect of condition and no
significant interactions of condition and the other
within-subject factors in both hemispheres.

3.2.3. Subset 3: links between the primary visual,
parietal, and prefrontal cortices

The analysis of variance revealed a significant
interaction of condition, hemisphere and modal-
ity (Table 3). Then we performed statistical tests
with condition, modality, and localization as the
within-subject factors separately for the left and
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right hemispheres. In the right hemisphere, no
significant effects and interactions were found. In
the left hemisphere, a nearly significant effect of
condition was observed, F(1, 13) =4.615, p=0.051,

nf, = 0.262. COH values during cued attention
(M = 0.631, SD = 0.194) were higher than those
during the baseline condition (M = 0.557, SD =
=0.189). For the cued attention condition, we
used a GLM with hemisphere, modality, and lo-
calization as the within-subject factors. The sta-
tistical analysis showed a significant interaction of
modality and hemisphere, F(1, 13) = 5.055, p =

=0.043, nf, = (.280. For each sensory modality,
the analysis of variance with hemisphere and lo-
calization as the within-subject factors showed no
effect of hemisphere and no interaction of hemi-
sphere and localization during cued attention.
According to Fig. 3, the effect of condition in the
left hemisphere might be more pronounced
during auditory cued attention. To check this as-
sumption, we used a GLM with condition and lo-
calization as the within-subject factors separately
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for each sensory modality. For the visual modali-
ty, no main effect of condition and no significant
interaction of condition and localization were
found. For the auditory modality, the statistical
analysis showed a significant effect of condition,

F(1, 13) =9.283, p = 0.009, 0, = 0.417. COH val-
ues during auditory cued attention (M = 0.659,
SD = 0.198) were higher than those during the
baseline condition (M = 0.553, SD = 0.194). Al-
though no significant interaction of condition
and localization was found, we performed post
hoc analyses in order to determine the magnitude
of the condition effect at the level of separate ROI
pairs. The correction of multiple testing (nonsig-
nificant: p = 0.05/4) was applied to reduce the
probability of false positive results. For each pair
of ROIs in the left hemisphere, no significant ef-
fect of condition was observed for the auditory
modality.

3.2.4. Subset 4: centroparietal links

For this subset, the statistical analysis revealed
a main effect of condition (Table 3). COH values
during cued attention (M = 0.600, SD = 0.182)
were higher than those during the baseline condi-
tion (M =0.527, SD=0.162). Despite the absence
of any interactions of condition and the other
within-subject factors, we performed post hoc
analyses in order to determine the magnitude of
the condition effect at the level of separate ROI
pairs. The correction of multiple testing (nonsig-
nificant: p > 0.05/3) was applied to reduce the
probability of false positive results. Thus, we per-
formed the GLM analysis separately for the left
and right hemispheres. In the right hemisphere,
no significant effects and interactions were ob-
served. In the left hemisphere, a main effect of
condition was found, F(1, 13) =5.729, p =0.032,

nf, =0.306. As expected, COH values during cued
attention (M = 0.619, SD = 0.186) were higher
than those during the baseline condition (M =
=0.532, SD = 0.167). Then we tested the condi-
tion factor in both modalities separately for each
ROI pair in the left hemisphere. For IPC—VPC
(Fig. 3), a significant effect of condition, £(1, 13) =
= 10.480, p = 0.006, nf, = (0.446, was observed in
the auditory modality. COH values during cued
attention (M = 0.784, SD = 0.133) were higher

than those during the baseline condition (M =
= 0.654, SD = 0.169).
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3.2.5. Subset 5: frontocentral links

The GLM analysis (Table 3) showed no effect
of condition and no significant interactions of
condition and the other within-subject factors.

DISCUSSION

The behavioral data analysis showed a positive
influence of valid cueing on task performance: a
significant decrease of RT was observed in the
cued attention condition. This finding is concor-
dant with the results of numerous studies (Mez-
zacappa, 2004; Rueda et al., 2004; Santhana Go-
palan et al., 2019; Swanson et al., 1991). Fig. 2 (a)
shows that the improvement of RT values was
more pronounced for the auditory modality. This
might be linked to the difference in the selection
of visual and auditory information described in
(Neumann et al., 1986). According to O. Neu-
mann and colleagues, an auditory selection sys-
tem has limited capacity and is restricted to one
auditory event at a time. Auditory events are usu-
ally isolated, simple and clear-cut patterns, which
include interwoven pieces of relevant information
and irrelevant noise. At the same time, a visual se-
lection system usually deals with multiple spatial-
ly separated stimuli, which are continuously
available from all visible surfaces. In vision, the
main task of the selection mechanisms is to decide
which of the many alternative objects of attention
should be selected (the problem of choice). In
audition, the main task of the selection mecha-
nisms is to decide whether or not an event in the
environment should be selected (the problem of
signal-noise separation). Thus, auditory attention
might be more suited (in comparison with visual
attention) to select signals from the noise and to
detect the order of successively presented stimuli.

In comparison with the present study, our pre-
vious research on anticipatory attention in adults
(Talalay, Machinskaya, 2014; Talalay et al., 2018)
showed no significant impact of cueing on either
performance accuracy or response rate. It seems
that adults rely on external conditioning less than
children do during the deployment of cued atten-
tion. Indeed, the adults showed better task perfor-
mance in both the baseline and cued attention
conditions; however, the children’s cue-related
improvement in task performance was more pro-
nounced. Nevertheless, this assumption requires
additional research to be done.

Concerning alpha-band functional connectiv-
ity, the results of the present study indicate the
strengthening of functional links between the pri-
mary visual and intraparietal cortices. These
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auditory modality

557

visual modality

Fig. 4. A significant increase of COH values in the prestimulus period during cued attention, as compared with the
baseline condition. Black lines show functional links between the cortical areas.

Puc. 4. 3saunmoe yBenndeHue arb@a-KOI' B mpencTuMyIbHBII ITeprod, IIPU IIPOU3BOJILHOM IIPEIBOCXUIIIEHUN
10 CPaBHEHUIO C peepPEeHTHBIM yCIOoBHEeM. YepHble TMHUY OTPaXKaroT (YHKIUOHAJIbHBIE CBSI3U MEXIY 001acTsI-

MM MHTepeca.

functional links were observed in both hemi-
spheres during the anticipation of visual and audi-
tory stimuli (Fig. 4). Furthermore, an increase of
functional interaction between the intraparietal
cortex and the ventral premotor cortex was ob-
served only in the left hemisphere during auditory
anticipatory attention.

In comparison with adults (Talalay et al.,
2018), the analysis of functional connectivity
during cued attention in children showed no in-
volvement of the frontoparietal network in the
right hemisphere. The analysis of variance
showed even no effect of condition and no inter-
action of condition and the other within-subject
factors in the right hemisphere for the subset
consisting of distant frontocaudal ROI pairs:
V1-LPFC, V1-FEF, IPC—LPFC, and IPC—FEF.
This finding is concordant with the results of var-
ious studies suggesting that the development of
exogenous cued attention is related to the matura-
tion (Santhana Gopalan et al., 2019) of the frontal
and parietal areas (Capotosto et al., 2009, 2012;
Liu et al., 2016; Shomstein, 2012; Simpson et al.,
2011) of the right hemisphere (Corbetta, Shul-
man, 2002; Talalay et al., 2018). According to
T. Zanto and colleagues (Zanto et al., 2011), the
dorsolateral prefrontal cortex of the right hemi-
sphere mediates top-down control of anticipatory
processes and subsequent retention of informa-
tion in working memory. The authors found that
the activation of the inferior frontal junction of
the right hemisphere was linked to the strengthen-
ing of alpha-band (7—14 Hz) functional links be-
tween the prefrontal and parietal cortices. Fur-
thermore, P. Santhana Gopalan and colleagues
(2019) suggested that the maintenance of alert-
ness and readiness matures only in late childhood
(after 12 years of age). According to the authors,
frontoparietal activity in adults might reflect
more top-down control of attention that is not
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utilized by children (Casey et al., 2004). A devel-
opmental EEG study on intrahemispheric func-
tional connectivity during tactile and auditory an-
ticipatory attention (Dubrovinskaya et al., 2000)
corroborates the idea that the “regulatory” speci-
ficity of the right hemisphere is still immature in
children aged 9 years. As mentioned above, the
present study revealed that the strengthening of
functional interaction between the intraparietal
cortex and the ventral premotor cortex was only in
the left hemisphere. This finding as well as the ab-
sence of frontoparietal interactions in the right
hemisphere is concordant with an EEG (Thatch-
er, 1994) and an fMRI (Sherman et al., 2014)
study indicating prolonged (up to adolescence)
development of frontoparietal resting-state func-
tional links in the right hemisphere.

In our previous study (Talalay et al., 2018), the
analysis of functional connectivity in adults re-
vealed modality-specific interactions of cortical
areas during cued attention. The anticipation of
auditory stimuli was reflected in functional links
between the right LPFC and primary auditory
cortex; the anticipation of visual stimuli was ac-
companied by the strengthening of functional
links between the primary visual cortex and either
the right LPFC or the left FEF. At the same time,
no modality-specific functional links were found
in the current study. The results support the no-
tion that the deployment of modality-specific an-
ticipatory attention in adults is determined by
top-down modulatory influences of the frontal
and parietal cortices on sensory cortical activity
(Bressler et al., 2008; Simpson et al., 2011).

CONCLUSION

The present study revealed alpha-band func-
tional connectivity during modality-specific an-
ticipatory attention in children aged 9—10 years.
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As compared with the baseline condition, an in-
crease of local functional links between the pri-
mary visual and intraparietal cortices was observed
in both hemispheres during the anticipation of vi-
sual and auditory stimuli. The strengthening of
functional interaction between the intraparietal
cortex and the ventral premotor cortex was ob-
served only in the left hemisphere during auditory
anticipatory attention. Unlike our previous re-
search on anticipatory attention in adults, the
analysis of functional connectivity in children
showed no frontoparietal functional links in the
right hemisphere and no modality-specific corti-
cal links. The results of the present study suggest
that the brain’s top-down modulatory systems of
the right hemisphere are still immature in chil-
dren aged 9—10 years.
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OYHKIINMOHAJIbBHAA OPTAHU3AIIUA KOPBI 'TOJIOBHOI'O MO3TI'A
Y JETEHN 9-10 JIET IIPU ITPOMU3BOJHLHOM
MOJAJIBHO-CIIEHN®UNYECKOM ITPEABOCXUINIAIOIINEM BHUMAHUMN.
AHAJIN3 KOT'EPEHTHOCTU AJIb®A-PUTMA
B ITPOCTPAHCTBE NCTOYHUNKOB

N. B. Tananaii'*, A. B. Kyprauckuii!, P. 1. Mauunckas!'
L@®IBEHY “Hucmumym éo3pacmmoii pusuonoeuu PAO”, PAO, Mockea, Poccus
*e-mail: etalalay.et@gmail.com

Bru1o ipoBeneHo ucciemoBanne GyHKIMOHATBHOM OpraHn3allii KOPbl TOJIOBHOTO MO3Ta y Jie-
teit 9—10 net (N = 17; 11 MmanpunkoB, 6 TeBoUYeK; cpenHuii Bo3pacT 9.789 * 0.447 net) nipu dop-
MUPOBaHUM TTIPOU3BOJILHOTO MOJAJIBHO-CIIENU(PUUECKOTO TTPEABOCXUINAIONIEr0 BHuMaHus. Mc-
MIBITYEMBIE BBITIONHSUIM 3a4ady Ha pa3jindeHue MOpsaKa CIeqOBAHNS 3PUTEIBHBIX M CIIYXOBBIX
CTUMYJIOB B MOHOMOJAJIBHOM Mape ¢ KOPOTKUM MEXCTUMYIbHBIM MHTepBasioM. [IpenBocxuiie-
HUE CEHCOPHOM MOJAIbHOCTH LIEJIEBBIX CUTHAIIOB UCIBITYEMbIMU (DOPMUPOBATIOCH C TTOMOILBIO
CTUMYJIOB-TIOACKA30K. CTUMYJIbI-MIOACKA3KU TPEACTABIIsUIM CO0OI cXeMaThUUecKrue M300paxke-
HUs TJIa3a WIK yXa 1 THGOPMUPOBAIN UCIIBLITYEMBIX O 3pUTEILHON WIN CIIyXOBOM MOIAJIBHOCTH
LIEJIEBBIX CUTHAJIOB COOTBETCTBEHHO. B mpemcTuMynbHBIN mepron B ajibda-arana3oHe 9acToT
OLIEHMBAJIACH KOT€PEHTHOCTH KOPKOBBIX MCTOYHUKOB, COOTBETCTBYIOIINX 3apaHee BHIOPAHHBIM
KOPKOBBIM 00J1aCTIM MHTepeca. AHaIM3 (PyHKIIMOHAJIBbHOM OpraHU3aluy BBISIBUJI JIOKAJIbHbIE
(YHKUMOHABHBIE CBSI3M MEXIY 3PUTEIBHON MPOEKIIMOHHOM 061aCThI0 M MHTpanaprueTabHOM
KOpPOil B 000MX MOJYIIAPUSX TIPY PEIICHNH 3pUTEIBHBIX U CIIYXOBBIX 3amad. K Tomy ke HabJTI0-
TATACh (YHKIIMOHAIBHBIE CBSI3M MEXITy MHTparaprueTaJTbHOM KOPOi M BEHTPaJIbHOM ITPEeMOTOP-
HOi1 KOpOii JIEBOTO MOMyIIApUs IIPU PELIEHNH CIYyXOBOM 3amaun. B oTiimyie oT aHaI0OrMYHOTO KC-
ciaenoBaHUs (PYHKIIMOHAIBHON OpraHM3ay KOPBI y B3POCIBIX UCITBITYEMBIX, V JeTell He Ha-
Omromanochk (PYHKIMOHAJTBHOTO B3aMMOIEMCTBUS JOOHBIX M TEMEHHBIX oOOjacTeil IIpaBoro
MTOJTyLIApHSI, a TAaKXKe (PYHKIIMOHATBHOTO B3aMMOIEUCTBUS C BOBJICYEHUEM CEHCOPHO-CIIeLIn(pU-
YeCKMX 00J1acTeil Kopbl. Pe3yabTaTel ucciaeoBaHUS MOTYT CBUAETEIBCTBOBATh 00 OTHOCUTEb-
HO# Hec(HOPMUPOBAHHOCTU MO3TOBBIX CUCTEM HHUCXOISIIEro YITPABISAIONIETO KOHTPOJISA Y JIeTei
9—10 ner.

Karoueswie crosa: anbda-putMm, et 9—10 jiet, GyHKIIMOHAILHASI OpraHU3alsI KOPEI TOJTOBHOTO
MO3ra, MpoUu3BOJIbHOE MpenBocxXulliawllee BHUMaHue, D9I
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