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Abstract—The results of studies on the developmental EEG dynamics in children with long-term effects of
perinatal CNS pathology are presented. The most common EEG types have been identified, and the differ-
ences in their distribution in normal and abnormal mental development were shown. On the basis of the
results of a longitudinal study, early markers of the risk of ontogenetic deviations have been described that
allow the consequences of perinatal CNS lesion to be minimized and abnormal variants of the formation of

higher mental functions to be prevented.
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In order to assess the degree of maturity of a child’s
age-related biorhythm structure, the a-rhythm for-
mation values are used in many neurophysiological
studies [1—4]. In our communication I [5], it was
shown that the maturity markers for neurologically
healthy children identified by Lukashevich et al. [6—
10] have no full correspondence in the assessment of
the EEG of the risk group of children with long-term
effects of perinatal CNS lesion. At the age of seven
years, they have characteristic instability of modula-
tions of the basic a rhythm, the presence of slow and
sharpened forms of activity even in a state of quiet
wakefulness.

It was established that, in more than 80% of the
children examined, the EEG were represented by two
main types. The first type with the occipito-parietal
focus of the main a rhythm and an amplitude within
50—100 nV is regarded as mature and formed accord-
ing to age (described in the literature as the electro-
graphic standard of the norm [11, 12]). The second
EEG type is represented by low-amplitude (no more
than 50 pV) spatially disorganized asynchronous
activity. Less than 20% of the EEG are represented by
high-amplitude EEGs with regular forms of activity
but without a normally developed occipito-parietal
focus of the a-rhythm (as a rule, hypersynchronous,
50—100 pV), and a high-amplitude EEG with a decel-
erated leading rhythm (in the 6- and A bands).

Earlier, these EEG types were assessed in children
who, despite a history of perinatal CNS damage, stud-
ied at comprehensive school [5]. The aim of this study
was to carry out comparative analysis of the identified
EEG types in children with different degrees of devel-
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opmental retardation of the higher mental functions
and speech.

METHODS

Children with a history of perinatal CNS damage
(predominantly hypoxic—ischemic ones) who were
followed up at the clinic of the Institute of the Human
Brain of the Russian Academy of Sciences with com-
plaints of increased fatigue, sleep disorders, learning
difficulties, including those determined by the
retarded development of higher mental functions and
speech, disinhibition, hyperactivity, etc. were exam-
ined. The children were divided into the following
main groups: group 1, preschool and younger children
with normal development of the higher mental func-
tions (HMFs) and speech (520); group 2, preschool
children with speech disorders and a normal level of
development of other HMFs (retardation of speaking
rate development, general underdevelopment of
speech, 204); group 3, preschool children with com-
bined developmental disorders of the HMFs and
speech (mental retardation, early infantile autism,
etc., 226); and group 4, schoolchildren attending
comprehensive primary schools: 4A, those coping suc-
cessfully with the comprehensive school curriculum
(505) and 4B, those with learning difficulties (dys-
graphia and/or dyslexia, attention deficit disorder,
etc., 371).

EEG studies were conducted once (using the trans-
verse section method) in 1917 children with ages vary-
ing between seven months and ten years: 1041 pre-
school and younger children and 876 children school.
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Fig. 1. Comparative analysis of the total EEG a-band
power spectra in the risk group of preschool children with
a different level of development of higher mental functions
(HMFs) and speech. Abscissa, the preschool children
group number: (/) normal development of HMFs and
speech; (2) speech disorders and normal other HMFs;
(3) combined developmental disorders of HMFs and
speech. Ordinate, the total a.-band spectral power values in
all the main EEG derivations (the international 10—20
scheme).

The EEG studies (1295) in 400 children were carried
out using the longitudinal section method (longitudi-
nal method). The EEGs were recorded using the Mit-
sar computer encephalograph. The silver chlorine-
bridge electrodes were applied according to the inter-
national 10—20 scheme; the recording was made in the
following frequency bands: the lower boundary, the
time constant 0.1 s; the upper boundary, 50 Hz. The
resistance of the EEG electrodes did not exceed 5 kQ2.
The recording was made in the monopolar mode in
relation to the right and left earlobe silver chlorine
electrodes and in the bipolar mode at rest for 2—4 min.
The functional load was rhythmic photostimulation at
1—20 Hz. Win EEG as software for EEG processing.

In addition to clinical (visual) analysis, the statisti-
cal EEG processing used the method for assessing the
power spectra that correlates well with the specificity
of the clinical assessment of the EEG parameters [13].
Comparative analysis of the power spectra was carried
out according to the following parameters: (1) the
Aband (1-4 Hz); (2) the 6 band (4—7 Hz); (3) the
o band (8—12 Hz); (4) the B, band (12—15 Hz); (5) the
B, band (15—18 Hz); and (6) the B; band (18—25 Hz).
The following are the spectrum calculation parame-
ters: the epoch, 4 s; epoch overlapping, 50%; Henning
temporary window; the duration of the EEG fragment
analyzed at rest with the eyes closed, approximately
1 min. The statistical analysis of the EEG power spectra
was carried out with the comparison of different condi-
tions using repeated-measurement two-way ANOVA
with the “group of children” factor (the level number is 2
and 3) and the “electrode localization” factor (the level
number is 16). The significance of differences in the rep-
resentation of the EEG types in the groups of children
was determined using Student’s ¢ test.
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In order to assess the interhemispheric asymmetry,
the difference between the spectral power in the deri-
vations Fp2_Fpl’ F4_F39 FS_F79 C4_C35 T4_T33 P4_P39
T¢—Ts, and O,—0, was calculated for the main EEG
bands 6 (4—7 Hz), a (8—12 Hz), and 3, (15—18 Hz) in
children with retarded development versus group 1
(children with normal development of the HMFs and
speech). The significance of differences in asymmetry
was assessed using Student’s 7 test.

RESULTS

The analysis of variance of the main “group” factor
revealed significant differences between the groups of
preschool children with different levels of HMF and
speech development in the o-rhythm frequency band
(8—12 Hz): F (2, 131) = 4.95; ¢ = 0.1585; p < 0.01
(Fig. 1). As seen from the figure, a decrease in the o
rhythm’s spectral power is observed with a longer delay
in development.

Statistically significant intergroup differences in
the oa-band were revealed when the interaction
between the group—Ilocalization factors was analyzed:
F (30, 1965) =2.17, € = 0.1585, p < 0.001. The differ-
ences between these groups of children in this band
were the most pronounced in the occipito-parietal
divisions. It is the presence/absence of this a-rhythm
focus (but not only its frequency) that was one of the
main criteria of the maturity/immaturity of the age-
related biorhythm structure in the framework of the
clinical analysis when the EEGs of the children were
evaluated.

Statistically significant intergroup differences as an
interaction of the group—localization factors were also
traced in relation to the ,-band’s spectral power at
15—18 Hz: F (30, 1965) = 2.2, ¢ = 0.3637, p < 0.001.
The intergroup differences in this band were similarly
the most pronounced in the occipito-parietal areas.

In group 1 preschool children with normal devel-
opment of the HMFs and speech, and a mature low-
and high-amplitude EEG type (with the occipito-
parietal focus of the o rhythm) was on the whole 85%.
The proportion of an immature EEG type signifi-
cantly decreased to 15% of the number of those ana-
lyzed in this group (p < 0.001) (Fig. 2).

An increase in the frequency of the immature EEG
type was revealed in children with retarded develop-
ment of HMFs and/or speech as a function of the
severity of the impairment. Specifically, in group 2
(children with speech disorders and normal HMFs),
the immature EEG type was revealed in 26% of the
cases. In group 3 children with a combination of
retarded development of HMFs and speech, the per-
centage of immature EEG reached 55.3% (p <0.001).

The EEG types were also compared in retarded
children who showed positive dynamics with the use of
the standard methods of correction (pharmacother-
apy, logocorrection) and in children who did not ben-
efit much with the use of this approach. It was shown
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that, in group 2 children with a low effectiveness of the
standard approach, the proportion of immature EEG
was almost twice as high as in children from this group
who showed positive dynamics on this therapeutic reg-
imen: 44.5% against 23.2% (significant differences at
p < 0.001). In group 3, this ratio was 61.0 to 43.6%,
respectively (significant differences at p < 0.001).

In communication I, the differences in the distri-
bution of immature EEG between the group of those
who coped successfully with the primary school cur-
riculum (4A) and the group of schoolchildren with
learning difficulties (4B) were assessed as a tendency
[5]. The greater number of the examined schoolchil-
dren demonstrated the significance of these differ-
ences at p < 0.001. Similarly to group 2 and group 3
preschool children, the proportion of immature EEG
in schoolchildren with learning difficulties (4B) and a
low effectiveness of the standard methods of correc-
tion was significantly higher, compared to those who
showed positive dynamics with the standard correc-
tion approach (p < 0.05).

To put it differently, preschool children and
younger schoolchildren who, as shown by the EEG
study findings, have an immature developmental bio-
rhythm structure, represent a group of children not
easily amenable to correction with the standard means
(psychological, logopedic, pedagogical, pharmaco-
logical, etc.).

The analysis of the power spectrum asymmetry in the
groups of children studied demonstrated significant dif-
ferences only in the p band in the temporal 75—T) deriva-
tions (Fig. 3a, statistical significance F(1; 33) =1.93,p<
0.038) and the occipital O,—0, derivations (Fig. 3b, sta-
tistical significance F(1, 33) = 1.05, p < 0.078).

Comparative analysis of the total a-band spectral
power values for the right and left hemispheres was
carried out in group 1 and 3 children whose level of
development maximally differed. In the left hemi-
sphere, significant interhemispheric intergroup differ-
ences in spectral power were revealed in the poster-
otemporal derivation (75) and represented by a lower
level of o activity in group 3 of retarded children: F{(1,
33) =8.53; p<0.006 (Fig. 4). In the right hemisphere,
significant intergroup differences in the o band were
revealed in a number of derivations: 7, (F(1, 33) =
4.07; p<0.05), T, (F(1; 33) =5.19; p<0.03), O, (F(1,
33) = 11.31; p < 0.002) and, on the whole, for the
hemisphere (F(1, 33) = 5.16; p < 0.03). These differ-
ences were also expressed by a lower level of a activity
in the right hemisphere in group 3 retarded children.

Comparative EEG analysis between first-year
pupils aged seven years in the comprehensive school
with the effects of perinatal CNS lesion and the nor-
mative EEG database for apparently healthy age-
matched children (archive data from the laboratory
headed by Kropotov; the control group) revealed the
following peculiarities. The EEG power spectra in
these groups of children differed significantly in all the
frequency bands analyzed, both for the group factor
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Fig. 2. Distribution of the EEG types: mature (the black
part of the columns) and immature (the gray part of the
columns) in preschool children with a different level of
development of higher mental functions (HMFs) and
speech. Abscissa, the groups of preschool children (see
Fig. 1). Ordinate, the percentage of detection of the EEG
type in the group.
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Fig. 3. Interhemispheric asymmetry of the EEG a-band
spectral power in preschool children with a different level
of development of higher mental functions (HMFs) and
speech. Abscissa, the group number of the preschool chil-
dren at risk: (1) normal development of HMF and speech
(the white column); (3) combined developmental disor-
ders of HMF and speech (the black column). Ordinate, the
average values and the standard deviations for the statisti-
cally significant differences in the interhemispheric asym-
metry of the o band in the EEG derivations (a) 7574 and
(b) 0,-0,.

and the interaction between the group—localization
factors.

In particular, the seven-year-old risk group chil-
dren have higher spectral power values in the 6band
compared to the control group of healthy individuals
in most EEG derivations, except F; and C;. In the a-
band, the occipito-parietal focus accounted for the
maximum differences in spectral power. In the left
hemisphere derivations F; and Cj, the intergroup dif-
ferences had the opposite sign.
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Fig. 4. Comparative analysis of the EEG a-band spectral power in preschool children with a different level of development of
higher mental functions (HMFs) and speech. Abscissa, the main EEG derivations according to the international 10—20 scheme
in the (a) left and (b) right hemispheres. Ordinate, the average a.-band spectral power values in the indicated EEG derivations in

group 1 (the dotted line) and group 3 children (the solid line).

In the B, frequency band (12—15 Hz), significant
differences were observed for many EEG derivations,
similarly to the 0 band with higher spectral power val-
ues in the group of children at risk. And in this band,
the inversion of the sign of the intergroup differences
was observed in the derivations F3, C; and, in addition,
appeared in the derivation P;.

At higher B-band frequencies (15—18 Hz), the
maximum differences in spectral power were observed
in the occipito-parietal area as in the o band. Inver-
sion or leveling of the intergroup differences was like-
wise observed in the left hemisphere, but, in this case,
in the series of derivations F;, T;, 75, C;, and Ps.
Smaller intergroup differences with respect to the
interaction of the group—Ilocalization factors, were
observed in the f band at 18—25 Hz in most bioelectric
potential derivations with a change in the sign of the
interhemispheric asymmetry of spectral power, com-
pared to the other EEG bands. In particular, in the
fronto-temporal and centro-parietal derivations, the
spectral power values in this EEG frequency band were
higher in healthy seven-year-old children, and their
considerable increase was observed only in the occipi-
tal derivations in the risk group.

The EEG analysis in young (under three years)
children examined was limited to the clinical (phe-

nomenological) signs of description due to the age-
related difficulties of long-term artifact-free record-
ing. More than 70% of group 1 children with normal
psychomotor development had the mature, both high-
(50—100 pV) and low-amplitude (less than 50 pV),
EEG structure with the occipito-parietal focus of the
o rhythm even at an early age. The proportion of high-
amplitude immature EEG with the absence of the
occipito-parietal focus of the 6- or a rhythm in young
children was only 6—9%. In the groups with retarded
psychomotor development, the number of immature
low-amplitude EEG was significantly higher (54.7%
of the children, p < 0.05).

As mentioned in communication I, the low-ampli-
tude unorganized EEG type (less than 50 pV with the
absence of the a-rhythm occipito-parietal focus) does
not change significantly with age, being retained as a
type considered as a characteristic of the relative inert-
ness of the brain mechanisms responsible for matura-
tion of the biorhythm structure or indicated immatu-
rity of the integration systems per se [5]. In the longi-
tudinal study, the individual comparison (super-
position) of the power spectra in children and the main
EEG types described demonstrated the retention of
the type as such, despite the change in the quantitative
EEG parameters with age.
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Age-related dynamics of the types of maturity/immaturity of cortical rhythms in children with different levels of development
of higher mental functions (HMFs) and speech (a longitudinal study)

Retention of the initial EEG type with age

Replacement of the immature EEG
type by the mature one

Groups of children
Absolute number % Absolute number %
Children with normal HMFs and speech 239 89.5 28 10.5
(n=1267)
Children with the developmental disor- 107 80.5 26 19.5
ders of HMFs and/or speech (n = 133)

As seen from the table, the age-dependent change
in the immature EEG type, i.e., its maturation in the
form of its replacement by the mature EEG type,
occurs in an insignificant part of children with long-
term effects of perinatal CNS damage (10—20%). In
other words, if at the preschool age the EEG is classi-
fied as an immature, low-amplitude one, the probabil-
ity that at later ontogenesis stages it will remain such is
very high. The same relationship was also observed
regarding the other EEG types described.

DISCUSSION

There are different opinions about the reference
normal EEG parameters for young children; however,
the a rhythm is considered to play the leading role in
the formation of the developmental biorhythm struc-
ture after the age of three or four years. As shown by
the analysis of the literature, the preference in the
choice of the criteria of maturity is given to the fre-
quency parameters; in particular, the o-rhythm fre-
quency is described to be increased (accelerated) with
age [1, 7, 9]. The parameters of its spatial organization
and the amplitude ranges are not used by the authors
as the classification-based developmental criteria of
maturity/immaturity of the biorhythm structure,
although the importance of these parameters is
observed for EEG description [14—16].

Formed on the basis of the clinical phenomenolog-
ical EEG classification in adults [11, 12], this classifi-
cation of the types of developmental maturity/imma-
turity of the brain’s bioelectrical activity in the pre-
school children examined is based on the assessment
of both the frequency criteria of the o rhythm and the
parameters of its spatial organization (the pres-
ence/absence of the occipito-parietal focus), as well as
the amplitude range (the low-amplitude range, less
than 50 pV or the high-amplitude range, 50—100 pV).
In the bipolar transverse EEG mode (from the antero-
frontal to the occipital derivations), the clinical phys-
iological determination of the type visually is simple
enough.

The fractionality of the quantitative characteristics
and more rigorous categorization criteria for detecting
a pure type inevitably lead to the EEG of an individual
specific child not fitting a certain type. The applica-
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tion of the dichotomic yes/no principle (whether or
not the a-rhythm occipito-parietal focus is formed) in
describing the developmental EEG structure facili-
tates the process of assessment of the formal bio-
rhythm structure.

The validity of the revealed phenomenological cri-
teria of classification of the EEG maturity/immaturity
types in children was verified by analysis of the EEG
power spectra, which showed significant differences
between the groups of children with different levels of
development of HMFs and speech in the EEG o band
with maximum changes in the occipito-parietal area
of the cerebral cortex. The adequacy of the choice of
the criteria of the classification of maturity/immatu-
rity of cortical rhythms is also confirmed by the data
on the significant increase in the proportion of the
immature type of cortical rhythms as a function of the
degree of severity of the developmental disorders of
HMFs and speech in children.

The interhemispheric asymmetry of the EEG
rhythms in children with different levels of HMF and
speech development is characterized by the presence
of significant differences predominantly in the o band
and demonstrates a certain reciprocity of relations
between the hemispheres at different levels of mental
development (inversion of the asymmetry sign when
groups 1 and 3 were compared).

The interhemispheric differences between appar-
ently healthy seven-year-old children and those with
the normal level of mental development among the
children who experienced the effects of perinatal CNS
damage are characterized by a decrease in the EEG
power spectra of the main bands (0-, .-, and ) in cer-
tain left hemisphere divisions, compared to the right
hemisphere in the group of children at risk. At the
same time, the power spectra of the main bands in the
right hemispheric areas are higher in the group of chil-
dren at risk. This might be indicative of the greater vul-
nerability of the left hemisphere affected by the perin-
atal pathology factors.

Despite the distinct phenomenological (visual) dif-
ferences, the asynchronous and hypersynchronous
types of the immature developmental EEG structure
may be combined as the polar points in the dysrhyth-
mia continuum. This continuity allows the diversity of
individual EEG to fit in the range between the two
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poles, retaining the similarity of the scheme to the real
process. It is dysrhythmia in which disorganization of
biological rhythms due to the early organic cerebral
pathology manifests itself according to the principles
of chronobiology [17]. In addition to the disorganiza-
tion of the cortical rhythms, clinicians note the sleep—
wakefulness cycle disorders, nonuniform (nonharmo-
nious) mental development with the predominance of
signs of underdevelopment of the voluntary sphere,
emotional immaturity, etc. in the spectrum of changes
inthe CNS of children exposed to perinatal pathology.
The longitudinal EEG study (in the same children
aged three to ten years) showed that the developmental
EEG dynamics described in the literature has its spe-
cific features in the group of children at risk with the
effects of perinatal CNS damage. In particular, it was
shown that the immature type of the cortical rhythm
pattern is at high risk of being retained at the later
ontogenesis stages. A change in the immature EEG
type with age, i.e., its replacement with the mature
EEG type, occurs only in 10—20% of children. The
insufficient organization of the cortical rhythm pat-
terns in the children examined as a reflection of disor-
ders of the integrative processes in the brain is what
comes to the fore compared to a number of other fea-
tures of bioelectrical activity (pathological forms of
activity, polyrhythmia, etc.). This EEG characteristic
seems to discriminate between the normal and the
abnormal development of perinatal origin: the EEGs
that have not been formed according to age (immature)
do not acquire a different quality, which is maturity.
The higher prevalence of the immature EEG type
in retarded children leads us to predict the formation
of possible limitations of the cognitive and emotional—
volition spheres in the group of children at risk at the
early stages of ontogenesis when the brain’s plasticity
and the compensatory potentialities of the CNS are
higher. This, in turn, allows us to plan preventive mea-
sures on the dynamic follow-up or correction of
HMFs and speech disorders in order to minimize the
negative effects of perinatal CNS damage affecting the
learning capabilities and social adaptation of children.
It is known that only 30% of the first-year pupils of
primary school have functionally mature, for their age,
cortexes and regulatory structures, which ensures the
development of higher mental functions and voluntary
behavior sufficient and necessary for them to master
the curriculum [1, 5, 8—10, 18]. Various risk factors of
school maladaptation have been revealed in 60% pre-
school children of this age [19]. According to psycho-
logical data, only 17% of seven-year-olds are ready to
study at school [20]. In 52—73% of preschool children,
prospective primary-school pupils, the HMFs, includ-
ing the emotional—volitional sphere, auditory—speech
memory, etc., have not been formed at the age-specific
normal level [21].
Naturally, the presence of the immature EEG type
in a child at risk is not an absolute criterion restricting
his or her psychomotor development. On the one
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hand, this is consistent with the known concept of
EEG nosological nonspecificity; and on the other
hand, it reflects only part (although an important one)
of the cerebral mechanisms of the formation of the
structure of mental activity. Asynchronous EEGs are
also recorded in intellectually sufficient children with
neurotic disorders, the hyperactivity syndrome, etc.,
in the presence of a steady increase in desynchronizing
influences on the cortex by the nonspecific structures
of the brainstem. This is a risk factor that can be iden-
tified as early as the age of three years and for which an
adequate strategy of treatment, teaching, and social
adaptation could be selected [22]. It is this approach
that allows the risks of the formation of problems in
children with the effects of perinatal CNS damage to
be minimized.

CONCLUSIONS

Based on the data on the clinical and physiological
analysis of the long-term effects of perinatal damage of
the nervous system, one of the main risk factors of
learning difficulties and socializing is the immaturity
(compared to the age-specific normal level) of the bio-
rhythm structure as a manifestation of the underdevel-
opment of, or damage to, the brain structures and dis-
ruption of the integrative activity of the CNS. The
absence of the a-rhythm focus in the preschool chil-
dren examined was determined as the criterion of
immaturity of the developmental biorhythm structure.

A significant increase in the proportion of the
immature EEG type according to the degree of sever-
ity of deviations in the development of higher mental
functions and speech of perinatal origin has been
revealed. Taking into account the features of the devel-
opmental dynamics of the immature EEG type in the
children studied (demonstrated in the longitudinal
study), the presence of this type of early in life is a
marker of the risk of disordered development of men-
tal processes, the emotional—volitional sphere, and
social adaptation.
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