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This study aimed to reveal and describe the typical and specific longitudinal dynamics of functional
and effective connectivity by means of electroencephalogram (EEG) in normal children living in
the European North of Russia, boys and girls. The eyes-closed resting state EEGs were recorded in
15 children at a yearly basis during the developmental period from 8 to 16–17 years. Age-related
changes in EEG connectivity were explored by coherence (functional connectivity) and Granger
causality (GC, considered as effective connectivity) analyses in frequency and time domains, which
were carried out in delta (1.6–4 Hz), theta (4–7.5 Hz), alpha1 (7.5–9.5 Hz), alpha2 (9.5–12.5 Hz),
beta1 (12.5–18 Hz), beta2 (18–30 Hz), and common (1.6–30 Hz) frequency bands. The coherence
analysis revealed maturation effects reflected in an increased connectivity in all frequency bands.
Most pronounced changes of EEG coherence were revealed in alpha2, beta1, and common fre-
quency bands. The interhemispheric frontal-parietal functional connectivity increased both in boys
and girls. Additionally, in boys, interhemispheric functional connectivity increased between the
central and temporal areas in alpha2 and common bands. In girls, there was observed an increase
in intrahemispheric anterior-posterior functional connectivity in the alpha2 frequency band. The
changes in effective connectivity in boys indicate an increased bidirectional information flow (re-
vealed by the GC analysis) from the default mode network (DMN) to the frontoparietal network
(FPN) and vice versa. By contrast, in girls, the information flow increases from the frontal to pari-
etal areas (FPN), and decreasing between the central and frontal areas (sensorimotor network). The
data suggest different age-related trends in the maturation of connectivity between the brain net-
works and different role of top-down and bottom-up regulation processes in boys compared to girls.
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Studies of brain electric activity showed their
informativeness for the assessment of the normal
and pathological human brain development (Far-
ber et al., 1990, Segalowitz et al., 2010). Across
childhood and adolescence, the brain undergoes
massive morphological changes, such as cortical
refinement, synaptic growth and pruning, my-
elination (Casey et al., 2000, Segalowitz, 2010,
Kurth et al., 2013). Influenced both by genetic
and environmental factors, these processes result
in the maturation of neuronal networks, simple
and complex brain functions. However, it is poor-
ly understood how functional brain connectivity
develops and what factors moderate it (Tsitsero-
shin et al., 2003, Chorlian et al., 2007). Neuronal

oscillations are considered as the basic parameter
that defines functioning and interacting between
and within the modules of the brain networks and
thereby the basic mechanism of development and
cognitive processing (Buzsaki, 2006; Buzsaki,
Draguhn, 2004; Singer, 1999).

In terms of networks, functional activity of the
human brain could be described as organized into
independently active but interconnected brain re-
gions, networks. Among the best explored are the
default mode network (DMN), frontoparietal
network (FPN) and salience network (SN). The
first of them strongly dominates during the rest
state, the next two are engaged in the tasks’ de-
mand (Raichle et al., 2001; Greicius, Menon,
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2004; Briley et al., 2018). The dorsal and ventral
attention networks, as well as the visual and lim-
bic networks, are also under investigation now
(Ryali et al., 2016).

Magnetic resonance imaging (fMRI) data sup-
ported the viewpoint that sensory systems (e.g.,
the visual system) mature by the end of the child-
hood, while the integrity of the high-order net-
works (e.g., the FPN and SN) develops through-
out adolescence (Briley et al., 2018). A MEG
study by the Schäfers (2014) group addressed the
development of resting-state networks (including
FPN and DMN) between the ages of 6 and
34 years and reported a linear age-related increase
in the connectivity in alpha and beta bands within
these networks (Schäfer et al., 2014). Quite a rep-
licative effect of increasing connectivity was ob-
tained in a study by Briley et al. (Briley et al.,
2018). The authors suggested that the develop-
ment of coordinated beta-band oscillations with-
in and between the higher-order cognitive net-
works through adolescence might contribute to
the developing abilities of adolescents to focus
their attention and coordinate diverse aspects of
mental activity (Briley et al., 2018).

EEG coherence is primarily a statistical mea-
sure of the consistency of phase differences be-
tween two signals from different locations, and
therefore it allows the examination of linear cou-
pling or synchronization between brain regions as
a function of frequency. Coherence values range
from 0 to 1, with 1 meaning a perfect agreement
between phase differences and 0 meaning com-
pletely random phase differences (Chorlian et al.,
2007). A high coherence between two electrodes
is expected to indicate functional integration be-
tween neuronal populations (Nunez, Srinivasan,
2006).

If two cortical areas show very similar electric
activities one can deduce that these two brain ar-
eas are somehow functionally interrelated as they
do the same thing at the same time. The phase co-
herence is then a measure to quantify the similar-
ity between two signals in the brain (Kurth et al.,
2013).

A systematic description of EEG coherence
patterns was provided by Thatcher et al. (1986) in
a two-compartment model (TCM) of cortico-
cortical associations, in which short and long
neuronal fibers contribute differentially to EEG
coherence as a function of the inter-electrode dis-
tance. It is suggested that coherence between
proximate electrodes mainly reflects short white
matter fibers (1–3 cm), whereas moderate to high

coherence at long distances is supposed to reflect
long-distance white matter fasciculi (up to 25 cm).
The TCM appears to accommodate much of the
existing coherence data (van Beijsterveldt et al.,
1998, van Baal et al., 2001, Barry et al., 2005).

In addition to the assessment of functional
connectivity, methods for estimating effective
connectivity have recently been widely used (As-
tolfi et al., 2005). Granger causality (GC) is a sta-
tistical hypothesis that gives an opportunity to test
the causal influence of one-time series to another
(Wiener, 1956; Granger, 1969). In neuroscience,
GC has been used to detect directed functional
(i.e. causal) connectivity for various brain data
(Malekpour et al., 2012; Dhamala et al., 2008;
Zhou et al., 2009; Liao et al., 2010) to study the
connectivity and information flow between dif-
ferent brain regions (Friston, 1994) or to find out
how one brain area influences the other (see
Pereda et al., 2005, Gourevitch et al., 2006,
Bressler, Seth 2011). The spectral measures of
causality could be used to explore the role of dif-
ferent rhythms in causal connectivity between
brain regions during maturation.

In this study, we used two linear methods: co-
herence as the index of functional connectivity
and Granger causality (GC) as the index of effec-
tive connectivity. Both coherence and GC can be
informative for exploring developmental changes
in children’s resting-state EEGs.

We hypothesized that different parameters of
connectivity in a longitudinal study can provide
additional and complementary information about
the EEG genesis and developmental trends.

The aim of this study was to investigate longi-
tudinal maturational changes and the effect of age
and gender on EEG in normal children living in
the north region of Russia. In this study the mat-
uration of brain connectivity was explored via the
EEG spectral coherence and Granger causality
analyses. As the number of longitudinal studies is
not that large, the data on spatial cortex electrical
attitudes development can expand our under-
standing of the maturational processes in boys
and girls.

METHODS
Subjects. A longitudinal EEG study was carried

out during 8 years (2005–2013) with the partici-
pation of school children aged 8 to 16–17 years
born from 1993 to 1998. Children and adolescents
were recruited from a rural secondary school in
the Northern region of Russia (60°58′ N, 40°14′ E)
and took part in the study voluntarily. EEG exam-
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inations were conducted once or twice a year. The
group for longitudinal data analysis included only
those children (9 girls, 6 boys) who had missing
data for no more than two years of during the en-
tire period of observation. There were made over
146 EEG recordings from 15 right-handed (Old-
field, 1971) children taken into account for the
longitudinal assessment (Soroko et al., 2014).

None of the participants showed neurological
or psychiatric diseases and took any drugs affect-
ing the CNS. All procedures were carried out in
accordance with the Helsinki Declaration (1974)
and its updates. The study was approved by the
Ethics Committee at the Sechenov Institute of
Evolutionary Physiology and Biochemistry of the
Russian Academy of Sciences (IEPhB RAS).

Procedure. EEGs in the eyes-closed resting
state were recorded for 3 minutes using a 21-
channel EEG system Encephalan-131-03 (Medi-
com-MTD, Taganrog, Russia, http://www.med-
icom-mtd.com). We used sixteen silver chloride
cup EEG electrodes that were positioned accord-
ing to the 10–20 international system at sites Fp1,
Fp2, F7, F3, F4, F8, T3, C3, C4, T4, T5, P3, P4,
T6, O1, O2 referenced to the linked ears and fixed
on the head surface by the cap. The ground elec-
trode was placed on the right cheek. Electrode
impedances were constantly kept below 10 kOhm,
the input signals were digitized at a rate of 250 Hz,
amplifier’s bandpass 0.5–70 Hz, notch filter 45–
55 Hz; analyzed EEGs bandpass 1.6–30 Hz.
Electrooculogram artifacts were extracted using
the ICA procedure (as in Kozhushko et al., 2018).
For the analysis, there were used 30000 artifact-
free time points (120 sec) in each record for both
types of analysis, coherence and GC.

As connectivity measurements are influenced
by the volume conductance, we used the average
referenced montage that could reduce the com-
mon reference effect (Nunez et al., 1999, Gud-
mundsson et al., 2007, Hu et al., 2019). For GC
estimation, we also transform data to the average
reference. Coherence and causality measure-
ments show differential resistance to the presence
of signals from a common source affecting both
channels: GC is adversely affected by common
signals, while coherence increases in the presence
of common signals (Cohen et al., 2018). There-
fore, the causality estimation provides additional
data not only on the direction of the information
flow but most probably on direct connectivity be-
tween two channels (not affected by common sig-
nals).

EEG coherence data analysis. The data were ana-
lyzed using the WinEEG software (© V.A. Pono-
marev, Ju.D. Kropotov). The register for the
computer programs of RF № 2001610516,
08.05.2001). EEG coherence calculations were
performed using the standard approach C2xy( f ) =
= (Sxy( f ))2/(Sxx( f ) × Syy( f )) (Bendat, Piersol,
1986), where C2xy( f ) – normal coherence between
x and y sites for the frequency ( f ), (Sxy( f ))2 – cross
spectrum, Sxx( f ) and Syy( f ) – autospectra. We
applied 2 s epochs, 50% overlap, and Hanning
time-window. EEG coherence values were aver-
aged in seven frequency bands: delta (1.6–4 Hz),
theta (4–7 Hz), alpha1 (7–9.5 Hz), alpha2 (9.5–
12.5 Hz), beta1 (12.5–18 Hz), beta2 (18–30 Hz),
broadband/common (1.6–30 Hz).

The arrays of EEG coherence estimations av-
eraged for each subject were then normalized us-
ing the transformations Y = log(X2/(1 – X2))
(Gevins, Remond 1987).

EEG Granger casual connectivity analysis. All
estimations of GC were carried out in the Matlab
using Multivariate Granger Causality (MVGC)
Toolbox (Barnett, Seth, 2014) with the multivari-
ate autoregressive (MVAR) model, and its order
was 20. In 1969, Granger introduced the idea of
G-causality as a formalization, in terms of linear
regression modeling, of Wiener’s (and Akaike’s)
intuition that X2 ‘causes’ X1 if knowing X2 helps
predict the future of X1 (Granger, 1969; Seth,
Edelman, 2007). According to G-causality, X2
causes X1 if the inclusion of past observations of
X2 reduces the prediction error of X1 in a linear
regression model of X1 and X2 as compared to a
model that includes only previous observations of
X1 (Seth, 2010). A frequency-domain (spectral)
interpretation of G-causality was derived by ex-
amining the Fourier components of an MVAR
model estimated in the time-domain (Geweke,
1982). A spectral G-causality indexes were esti-
mated in delta (1.6–4 Hz), theta (4–7 Hz), al-
pha1 (7–9.5 Hz), alpha2 (9.5–12.5 Hz), beta1
(12.5–18 Hz), beta2 (18–30 Hz) and broadband
(1.6–30 Hz) (Barnett, Seth, 2014).

Statistical data analysis. Linear regression
analysis of coherence and GC indexes was per-
formed for each pair of electrodes across every as-
sessment of all children (146 EEG records) for
girls and boys separately with the “age” as a con-
tinuous predictor. P levels below 0.01 and 0.001
(p < 0.01, p < 0.001) were considered as a signifi-
cant estimation of linear regression (Statistica’10
software package). When analyzing patterns of
the coherence and causality changes, we used the
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principle of finding “foci” of interaction, i.e. such
electrodes (brain regions) that showed the con-
nection with a large number of other zones (more
than 3–5 connections) (Ivanitsky, 1997; Shemya-
kina, Danko, 2007). These regions could be con-
sidered as functional nodes of interactions.

RESULTS

Longitudinal EEG coherence changes

Regression analyses of EEG spectral coher-
ence revealed a significant effect of the age factor
in all frequency bands for separate analysis carried
out in groupd of girls and boys. Due to the large
number of statistical tests (120 electrode pairs for
coherence and 240 for causality estimations), the
significant level with the Bonferronni correction
could be set as 0.0004 and 0.0002 for coherence
and causality, respectively. This type of correc-
tions could lead to type II errors, so we used a
thresholding technique for correction. For the co-
herence estimation, the threshold was set at
p < 0.001. This threshold reduced the number of
electrode pairs for which changes were considered
as significant from 100% to 33% in boys and 31%
in girls. For those electrode pairs F(1, 57) – criteria
values varied from 12 to 65, and betas varied from
|0.41| to |0.73| in boys group; and F(1, 85) values var-

ied from 11.7 to 34, betas values varied from |0.35|
to |0.54| in girls group.

As seen in Fig. 1, the level of distant synchro-
nization increased with age. Our results confirm
the data that the strength of interregional syn-
chronization is age-dependent (Schäfer et al.,
2014). In the MEG study exploring the develop-
ment of resting-state networks (including the
FPN and DMN) between the ages of 6 and
34 years, there was reported a linear increase in
connectivity in alpha and beta bands within these
networks (Schäfer et al., 2014).

In our study, children and adolescences (girls
and boys) demonstrated both age-related specific
and common coherence maturation changes.
Here we present first common and then specific
changes in EEG coherence.

Age-related changes in coherence that are
common for both genders were obtained mostly
in alpha2 and broad bands. In alpha2 frequency
band, coherence increased in the occipital region
and in long-distance connections of the temporal
and parietal areas of the left and right hemi-
spheres with frontal areas of the contralateral
hemisphere both in girls and boys. In broad and
beta1 bands, common gender patterns were re-
vealed between the left temporo-occipital areas
and right frontal and central cortical areas.

Fig. 1. Longitudinal EEG coherence changes (as obtained by linear regression analysis) in groups of girls and boys
aged 8 to 16–17 years. Notes: Red lines show age-related increases in EEG coherence values between the marked
electrode locations. Differences were considered significant at p < 0.001 in regression analysis. EEG frequency bands:
Delta (1.6–4 Hz), Theta (4–7 Hz), Alpha1 (7–9.5 Hz), Alpha2 (9.5–12.5 Hz), Beta1 (12.5–18 Hz), Beta2 (18–
30 Hz), broadband (1.6–30 Hz).
Рис. 1. Возрастные изменения когерентности ЭЭГ (определенные методом линейного регрессионного
анализа) в группах мальчиков и девочек. Примечание: Красная линия – увеличение когерентности между
соответствующими электродами с возрастом. В качестве значимых рассматривали различия на уровне
(p < 0.001). Диапазоны ЭЭГ: дельта (1.6–4 Гц), тета (4–7.5 Гц), альфа1 (7.5–9.5 Гц), альфа2 (9.5–12.5 Гц), бе-
та1 (12.5–18 Гц), бета2 (18–30 Гц) и общем диапазоне частот ЭЭГ (1.6–30 Гц).

Common
for the

boys & girls

Delta Theta Alpha1 Alpha2 Beta1 Beta2 1.6�30 Hz

In boys
group
only

In girls
group
only
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Gender-specific age coherence changes
demonstrated noticeable increases in connections
of the right frontal and temporal areas with the
left parieto-temporal and temporal areas (in del-
ta, theta, alpha1, beta1, and broadband) in boys
and between right occipital areas and left frontal,
temporal areas (in alpha1 and beta1 frequency
bands) in girls.

According to Fig. 1, there were a larger number
of interhemispheric connections (especially in al-
pha2 and broad bands) in boys, while girls had a
larger number of intrahemispheric long-distance
connections between frontal and occipital areas
with a noticeable age-related increase in alpha2
and broadband.

Longitudinal GC-indexes changes

Age-related changes in GC indices that could
be considered as those of the information flow be-
tween the cortical areas were estimated by the lin-
ear regression analysis. For causality estimations,
the threshold for the significant effect was set at
p < 0.01. This threshold reduced the number of
electrode pairs for which changes were considered
as significant – from 100% to 36% in boys and to
34% in girls. With this p level in the boys group,

F(1,55) values varied from 7.2 to 31 and betas varied
from |0.34| to |0.6|; in the girls group, F(1,82) values
varied from 7.2 to 18 and betas varied from |0.28| to
|0.42|. Connections, for which there were obtained
significant regression estimations with p < 0.01, are
shown in Fig. 2.

In both gender groups, there were observed in-
creases in information f lows from the right tem-
poro-occipital area (T6) to the parietal and cen-
tral areas of the left hemisphere. In broadband,
changes in the causality indices were mostly sym-
metrical and related with the increases in the in-
formation f low from the right and left temporal-
occipital areas toward the parietal and central ar-
eas of the contralateral hemispheres.

Age-related changes in the causality indices in
boys included the bidirectional increase in the in-
formation flow between the occipital-parietal and
frontal areas in the right hemisphere (in theta,
apha1, and alpha2 bands), as well as from the oc-
cipital-parietal areas to the frontal areas in the left
hemisphere (in alpha1, alpha2, beta1, and beta2
bands).

A distinctive feature of the boy group consisted
in increases in information flows from the right
hemisphere to the left temporal area (T3) in al-
pha, beta, and common bands. In the girl group,

Fig. 2. Longitudinal changes in Granger causality indices (as obtained by linear regression analysis) in groups of girls
and boys (8 and 16–17 years old). Red arrow indicates an increase in directed influence from one electrode location
to another. Blue arrow indicates an age-related decrease in the influence of one zone on the other. EEG frequency
bands: Delta (1.6–4 Hz), Theta (4–7 Hz), Alpha1 (7–9.5 Hz), Alpha2 (9.5–12.5 Hz), Beta1 (12.5–18 Hz), Beta2
(18–30 Hz) and broadband (1.6–30 Hz).
Рис. 2. Возрастные изменения причинности по Грейнджеру (определенные методом линейного регресси-
онного анализа) в группах мальчиков и девочек. Примечание: Красная линия – увеличение причинности
(направление связи) между соответствующими электродами с возрастом, синяя линия – уменьшение при-
чинности (направление связи) между соответствующими электродами с возрастом. В качестве значимых
рассматривали различия на уровне (p < 0.01). Диапазоны ЭЭГ: дельта (1.6–4 Гц), тета (4–7.5 Гц), альфа1
(7.5–9.5 Гц), альфа2 (9.5–12.5 Гц), бета1 (12.5–18 Гц), бета2 (18–30 Гц) и общий диапазон частот ЭЭГ (1.6–
30 Гц).

Common
for the

boys & girls

Delta Theta Alpha1 Alpha2 Beta1 Beta2 1.6�30 Hz

In boys
group
only

In girls
group
only



520

ЖУРНАЛ ВЫСШЕЙ НЕРВНОЙ ДЕЯТЕЛЬНОСТИ  том 71  № 4  2021

SHEMYAKINA et al.

there was revealed a less number of causal direct-
ed flows from the posterior (parietal and occipital
areas) to anterior (frontal area) brain sides. It
demonstrates less influence of posterior brain
cortex areas on frontal cortex areas with the age.

Information f lows from the frontal to parietal
and occipital areas, instead, increased in the the-
ta, alpha1, beta2 and broad-frequency bands. The
revealed decreases in the causality index in the
central and frontal areas of both hemispheres (in
beta2 and broadband) were a distinctive feature of
the girls’ longitudinal development. In the alpha1
and alpha2 frequency bands, the hub gathering
influences from the areas of the left hemisphere
was situated in the left frontal region (F3).

Thus, the main feature distinguishing gender
groups includes increases in the bidirectional in-
formation flow between the parietal and frontal
regions in the boys group (mainly from the pari-
etal to frontal areas) and increases in the informa-
tion f low from the frontal to parietal areas in the
girls group. The total number of connections
changing with age in the girls group was smaller
than in the boys group.

DISCUSSION
The developmental changes in EEG were ana-

lysed using longitudinal data of children living in
the European North of Russia. We focused on
age-related changes in the EEG coherence and
causality indices. The longitudinal analysis sug-
gests a reduction in the data variance, so that we
could evaluate the changes in connectivity more
clearly.

Spatial synchronization effects reflected by co-
herence. The obtained EEG coherence data
demonstrated a well-pronounced age-related in-
crease in the number of long-distance connec-
tions both in girls and boys, which is in agreement
with the data on the interregional synchronization
with age (Schäfer et al., 2014). Since we used an
average montage (Ríos-Herrera et al., 2019), it
was expected that the reduction in volume con-
ductance could diminish the most number of
short connections and coherence in low-frequen-
cy bands. At the same time, it was shown that
long-distance synchronization increases during
development, probably due to maturation and
myelinization of long-distance association path-
ways (Barry et al., 2004; Gmehlin et al., 2011;
Thatcher et al., 2008). Thatcher et al. (1986) pro-
posed a two-compartmental model of cortico-
cortical associations, in which short and long
neuronal fibers contribute differentially to EEG

coherence as a function of the inter-electrode dis-
tance. It was suggested that coherence between
proximate electrodes mainly reflects the short
white matter fibers (1–3 cm), whereas moderate
to high coherence at long distances is supposed to
reflect the long-distance white matter fasciculi
(up to 25 cm). Human brain imaging studies re-
vealed that the white matter increases through ad-
olescence in cortical and subcortical fiber tracts
(Benes et al., 1994; Paus et al., 1999, 2001; Asato
et al., 2010), connected with increased myelin-
ation, axon caliber (Paus, 2010). The mostly lin-
ear increase in EEG coherence is in agreement
with data on the morphofunctional brain devel-
opment. As has been shown in contrast to the gray
matter, the white matter volume increases in a
roughly linear manner throughout the develop-
ment till adulthood (Gogtay et al., 2004). These
changes presumably reflect ongoing myelination
of axons by oligodendrocytes that enhances neu-
ronal conduction and communication (Casey
et al., 2008). In our previous cross-sectional
study, it was shown more prominent increases in
coherence between old (14–17.9 y.o.) and medi-
um (11–13.9 y.o.) age groups than between medi-
um and young (7–10.9 y.o.) children groups (So-
roko et al., 2015), indicating that functional con-
nectivity formed continuously throughout the
entire adolescence period (Tarokh et al., 2010).
Thatcher et al. (Thatcher et al., 2008) described
decreases in long-distance coherence and in-
creases in short-distance coherence in a cross-
sectional study of children and adolescents
(0.44–16.22 y.o.). However, we considered a
more focused time period of a longitudinal study
(8–17 y.o.) and observed increases in short- and
long-distance coherence probably related to the
increase in connections through axons and fas-
ciculi of the deep cerebral white matter (Schuz,
Braitenberg, 2002).

In our study, coherence values increased in al-
pha2 and beta1 frequency bands, corresponding
to common maturational trends, namely increas-
ing the high-frequency EEG activity with the age
(Farber et al., 1990, Segalowitz et al., 2010, So-
roko et al., 2015b). On the other hand, a decrease
in coherence during brain maturation could be as-
sociated with the differentiation of the activity of
brain networks and the formation of the distribut-
ed system of autonomous and interconnected
hubs (Fair et al., 2009).

The coherence alterations in alpha, as well as
delta and theta, frequency bands were demon-
strated in various developmental disorders, such
as attention deficit/hyperactivity and autism
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(Barry et al., 2009; Coben et al., 2008), and could
be indicators of the regulatory system maturity
(Machinskaya et al., 2007).

An increase in functional coupling corre-
sponds to the maturation of regulatory brain sys-
tems (Machinskaya, 2015) and their connectivity
that ensures the development of cognitive abilities
(Whedon et al., 2016; Machinskaya et al., 2019).

In our study, the common pattern of coher-
ence increasement in the alpha-2 frequency band
in boys and girls involved the lateral frontal areas
(F7/F3, F8/F4) and temporo-parietal-occipital
areas (T5/P3/O1, T6/P4/O2) of the contralateral
hemisphere, which could be considered as local
foci of interaction (Ivanitsky, 1997, Shemyakina,
Danko, 2007). In terms of the networks it could
be attributed to increase in functional connec-
tions between the left and right lateral frontopari-
etal networks (control network, includes dorso-
lateral prefrontal cortex and the anterior inferior
parietal lobule), medial frontoparietal network
(default network, includes temporoparietal junc-
tion) and occipital network (visual network, in-
cludes primary and secondary visual cortex) (Ud-
din et al., 2019).

In a fMRI study carried out by (Li et al., 2019),
there were observed increased activation and con-
nections of the dorsal attention network, default
mode network, left frontoparietal network, and
right frontoparietal network in “older” children
group of early childhood (5-year-olds vs. 3-year-
olds). It was suggested (Cui et al., 2020) that the
energy required to activate the frontoparietal sys-
tem declines with the age (across 8–23 y.o.), ex-
pecting executive functions and cognitive control
enhancement.

The development of long-distance and inter-
hemispheric connections through spectral coher-
ence predominated in comparison with short dis-
tance connections in both genders (longitudinal
study). The main gender-specific difference in
EEG was attributed to an increase in the inter-
hemispheric coherence in the alpha-2 frequency
band in boys and an increase in alpha-2 frequency
long-range anterior-posterior coherence in girls.
From one point of view, the gender-specific dif-
ferences in long-distant functional coupling
could be associated with the variety in white mat-
ter maturation, which continues throughout the
adolescent period (Kim et al., 2007, Herting et al.,
2017; Vannucci et al., 2017) and might be influ-
enced by endocrine changes in puberty (Herting
et al., 2017), differently in boys and girls. Howev-
er, there are also data showing no gender-specific

effect on the maturation of white matter tracts
(Genc et al., 2018). Different developmental
trends in functional connectivity (coherence) are
described in males and females (Barry, 2004),
suggesting the developmental lag in the male
group (Gmehlin et al., 2011, Campbell et al.,
2012). In the case of northern conditions, gender-
specific electrophysiological developmental dif-
ferences might be more stressed/pronounced.
The data on the pubertal (Tanner) stage in chil-
dren demonstrated that northerner children (from
the Arkhangelsk Region) had a 1–2-year lag in
maturation and prolonged puberty compared to
children living in more southern regions (Moscow
Region) (Kubasov et al., 2004, Soroko et al.,
2008). Since the pubertal lag was observed both in
northerner boys and girls, the pubertal stage could
be an important point for consideration in EEG
maturation analysis in children from different re-
gions. EEG spontaneous alpha activity was shown
to be influenced by the pubertal stage and gender-
specific (-related) differences (Howsley et al.,
2018). The more advanced pubertal stage (late ad-
olescence) predicted reduced EEG alpha power
in males, but not females, that authors considered
as the influence of testosterone on the cortical
gray matter in males. In the other study (Feinberg
et al., 2006), delta power decreases were age- and
gender-modulated but not at the puberty stage.
Since in our study we consider longitudinal
changes for all adolescence period (4–5 Tanner
stages in both – boys and girls) we use the age fac-
tor as a predictor for regression analysis. In our
case, the fact that in boys during the considered
period of observations (8–17 years) interhemi-
spheric connections are intensely developing
while in girls the same is true for anterior-posteri-
or interrelations is debatable.

Longitudinal changes in GC-indices. Estimation
of causality indices provides new information
about directed functional (“causal”) interactions
between cortical areas (Seth et al., 2015). The ef-
fective (directed) connectivity could be estimated
in various data types (EEG, MEG, fMRI) by dif-
ferent methods, such as directed transfer function
(DTF) (Kamiński et al., 2001, Baccala et al.,
2016), partial directed coherence (PDC) (Baccala
et al., 2001), transfer entropy methods (Barnett et
al., 2009), and so on. We used a multivariate au-
toregression model based on GC (Barnett, Seth,
2014) to estimate linear causality in time series
between electrodes.

We considered only those directed connec-
tions of longitudinal age-related changes, for
which estimations were significant. The direction
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of connections was considered as the direction of
the “information flow” from one cortical area to
another (influence of one zone to another during
development).

There were revealed the following several types
of age-related changes: (1) A unidirectional age-
related increase in the information flow, e.g.,
from temporo-occipital area of the right hemi-
sphere to parietal and central areas of the left
hemisphere in boys and girls in alpha2, beta1,2,
and common-frequency bands. (2) A bidirection-
al age-related increase in the information flow
between two regions, e.g., from the frontal to pa-
rietal areas of the right hemisphere (F3 → P3) and
vice versa (P3 → F3) in alpha1,2 and beta2 fre-
quency bands in boys. (3) A unidirectional age-
related decrease in the information flow, e.g from
frontal areas of the left and right hemispheres to
the contralateral temporo-frontal areas (F3 → F8,
F4 → F7) in beta2 and common frequency bands
in girls. Thus, when considering GC index, it is
possible to analyze changes in information flows
in the large-scale brain systems during their de-
velopment.

For example, the revealed common feature, an
increase in the interhemispheric information flow
from the temporo-occipital to parietal and central
zones both in boys and girls, could be attributed to
the maturation of the visual attention system (Ud-
din et al., 2019) and multimodal association brain
areas.

The main differences observed between boys
and girls related to the direction of the informa-
tion flow between the anterior and posterior brain
sides. In boys, the causal connections increased
both from the frontal areas to the parietal and
temporo-occipital areas of the right hemisphere
(in theta, alpha1,2, beta2, and common frequen-
cy bands), and from the parietal, occipital and
temporal areas of the left and right hemispheres to
the frontal zones. By contrast, in girls, most caus-
al connections demonstrated an increase in the
information flow from the frontal to parietal ar-
eas. There was only one frontal zone (with the po-
sition at the F3 site) that was influenced by an in-
crease in the information f low from other left-
hemispheric areas in alpha1 and alpha2 frequency
bands. The issue of whether all the observed gen-
der-related differences were specific for northern-
ers needs to be explored further.

GC indices support the relevance of the ob-
served coherence changes for the development of
fronto-parietal networks and highlight the matu-
ration of the attention systems, reveal the direc-

tions of information flow increases during matu-
ration.

Different directions of information f lows in
boys and girls during development might be pre-
tended by different maturation rates of the regula-
tory systems, as well as bottom-up and top-down
regulatory processes. As an example of visual at-
tention processes by means of partial directed co-
herence, it was shown that the frontal regions can
serve as influencing other areas sources in re-
sponse to stimuli targets (top-down regulatory
process), while the parietal regions serve as the
main source of influence under non-target condi-
tions (bottom-up processes) (Zhao, Wang, 2019).

Thus, we can suggest that the influence of the
attention control system increases in the female
group, while in males both processes developed
with an increase in the influence of the posterior
default mode network on the attention control
system. From this point of view, it would make
sense to consider individual characteristics of the
participants, such as risk-taking and impulsivity
that could differ between genders (Xu et al.,
2020).

A combined consideration of data on function-
al and effective connectivity data may bring new
information to understand the mechanisms of
cognitive activity, development, and neurodegen-
eration (Anderson et al., 2010; Babiloni et al.,
2016). For example, in a research by Anderson et
al. (Anderson et al., 2010), an increase in func-
tional connectivity (coherence) of cortical electri-
cal activity between the prefrontal cortex and me-
dial temporal lobe was revealed during recall from
memory. In addition, GC demonstrated that the
increased coherence referred to the higher bidi-
rectional information flow between these regions
(prefrontal and medial cortex), with a generally
greater driving from the medial temporal lobe to
the prefrontal cortex.

We can suggest an increase in information
flows between cortical areas as the interaction in-
dex between and within the large-scale brain net-
works. According to our data was revealed an in-
crease in interhemispheric coherence in boys and
using causality analysis we can conclude that
these coherent connections were mostly based on
information flows from the right hemisphere to
temporal zones of the left hemisphere. In girls,
the long-distant anterior-posterior connections
(by coherence analysis) referred to increases of in-
formation flows from frontal to parietal areas.

Thus, functional and effective connectivity,
when studied as the complementary data, allowed
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tracking of the brain systems development during
adolescence.

Study limitations. Longitudinal changes in
functional and effective connectivity were esti-
mated in populations living in the Russia’s north-
ern regions. We assume that main patterns of chil-
dren’s development are rather the same, regard-
less of the region of residence, while northern
conditions can affect such parameters as the age
of the formation of certain characteristic features.
For example, when comparing the stages of the
EEG structure formation, there were demon-
strated the differences between the newcomer and
indigenous populations of Northeast Russia (So-
roko et al., 2012). There were no direct compara-
tive longitudinal studies of children from the
northern and more southern regions, but we can
expect specificity of explored samples.

CONCLUSION

Brain maturation was accompanied by in-
creases in functional and effective connectivity.
Coherence (as functional coupling indices) in-
creased mostly in alpha2, beta1, and broadband
in interhemispheric anterior-posterior connec-
tions in both genders, corresponding, as we sup-
posed, with interconnections between the fronto-
parietal and visual attention systems and the de-
velopment of information processes. The changes
in causality suggest different trends of informa-
tion flows changes with the age both in boys and
girls. The bidirectional information flow in-
creased between the posterior default mode net-
work and the right fronto-parietal network in the
boy group. By contrast, in girls, the information
flow increased from the frontal to parietal areas in
the central executive network (parietal network),
suggesting the development of cognitive control.
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ЛОНГИТЮДНОЕ ИССЛЕДОВАНИЕ ВОЗРАСТНОГО РАЗВИТИЯ 
ПРОСТРАНСТВЕННОЙ СИНХРОНИЗАЦИИ ЭЭГ У ДЕТЕЙ 

И ПОДРОСТКОВ-СЕВЕРЯН ОТ 8 ДО 16/17 ЛЕТ
Н. В. Шемякина1,#,##, Ж. В. Нагорнова1, С. И. Сороко1

1 Институт эволюционной физиологии и биохимии им. И.М. Сеченова Российской академии наук, 
Санкт-Петербург, Россия

#e-mail: shemyakina_n@mail.ru
## e-mail: natalia.shemyakina@iephb.ru

Цель исследования заключалась в выявлении общих и специфических лонгитюдных изме-
нений пространственной синхронизации ЭЭГ у нормально развивающихся детей, прожи-
вающих в Северном регионе России. Проведен сравнительный анализ показателей функ-
циональной и эффективной коннективности у детей и подростков обоего пола. ЭЭГ реги-
стрировали в состоянии спокойного бодрствования с закрытыми глазами у 15 здоровых
детей ежегодно с 8 до 16/17 лет. Возрастные изменения ЭЭГ оценивали при анализе коге-
рентности и причинности по Грейнджеру – в частотной и временной областях. Причин-
ность по Грейнджеру и когерентность вычислялись в частотных диапазонах: дельта (1.6–
4 Гц), тета (4–7.5 Гц), альфа1 (7.5–9.5 Гц), альфа2 (9.5–12.5 Гц), бета1 (12.5–18 Гц), бета2
(18–30 Гц) и общем/суммарном диапазоне частот ЭЭГ (1.6–30 Гц). Возрастные изменения
по данным когерентности отражались в увеличении синхронизации ЭЭГ во всех частот-
ных диапазонах. Наиболее существенные изменения когерентности были зарегистрирова-
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ны в альфа2, бета1 и суммарном диапазоне ЭЭГ. Наблюдалось увеличение межполушар-
ных когерентных связей между лобными и теменными областями коры – и у мальчиков, и
у девочек. Помимо этого, у мальчиков увеличивалась межполушарная функциональная
синхронизация в альфа2 и общем диапазоне ЭЭГ частот между центральными и височны-
ми областями коры. У девочек наблюдалось увеличение внутриполушарной синхрониза-
ции между лобными и теменными областями коры. Изменения эффективной коннектив-
ности (причинности по Грейнджеру) в группе мальчиков свидетельствуют об увеличении
двунаправленного влияния между сетями пассивного режима работы мозга (DMN) и
фронто-париетальной сети (FPN). В группе девочек же наблюдается увеличение эффек-
тивной коннективности преимущественно от лобных к теменным отделам фронто-парие-
тальной системы, а также наблюдается снижение эффективной коннективности в цен-
тральных и лобных областях коры (сенсомоторная сеть). Полученные данные могут свиде-
тельствовать о различиях в возрастном развитии восходящей и нисходящей систем
регуляции состояния оперативного покоя у мальчиков и девочек.

Ключевые слова: ЭЭГ, пространственная синхронизация, функциональная коннектив-
ность, эффективная коннективность, когерентность, причинность по Грейнджеру, лонги-
тюдное исследование, дети, подростки, Север
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