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It is known that the number of children with somatic
and neurological pathology in mass preschool institu-
tions and schools is increasing yearly, steadily decreas-
ing the general index of children’s health [1–3]. This
poses the physiological problem of predicting the effi-
ciency of adaptation to current developmental loads on
the basis of investigation of the functional state of a
child, primarily, of his or her CNS, its compensatory
possibilities, and their adequacy to the intensity of
developmental loads.

The EEG is considered to be an integrative index of
the functional state of the CNS. To date, a wide range
of EEG studies of healthy children at rest and during
exposure to various loads have been performed [4–12].
In spite of the differences in methodological approaches
to the analysis and interpretation of the EEG data, the
authors of these works emphasize common develop-
mental features of the formation of the brain electrical
activity. These features include gradual acceleration of
cortical rhythms and replacement of the slow 

 

δ

 

 and 

 

θ

 

oscillations by regular 

 

α

 

 activity with the focus in the
parietooccipital regions of the brain cortex. Most
authors use indices of 

 

α

 

-rhythm maturity for estimating
the maturity of the whole biorhythmic structure in
growing children, the 

 

α

 

-rhythm formation being con-
sidered as a functional mechanism integrating neural
centers into a single system that provides for complex
behavior [9, 11, 13, 14].

Nowadays, the growing proportion of children with
learning problems in mass educational institutions [15–
23] (including children with residual organic pathology

[24–37]) is stimulating neurophysiological investiga-
tions of functional disorders of the brain with the use of
EEG parameters. A predominance of slow forms of
activity and the regular appearance of paroxysms,
including those of epileptiform character, have been
described in clinical studies of the bioelectrical brain
activity in children with consequences of perinatal
lesions of the CNS [5, 38, 39]. Initially, no correlation
between the character of pathological changes in the
bioelectrical activity and features of academic progress
was found in EEG studies of children of the risk group
[5, 8]. More recently, sophisticated neurophysiological
and neuropsychological examinations of children and
analysis of school problems have led researchers to the
conclusion that every dysontogenetic disorder is char-
acterized by a certain type of deficiency in basic neural
substrates of mental activity [15–23], e.g., by immatu-
rity of the morphological and functional organization of
the cortex or subcortical and brainstem structures
(including disorders associated with heterochronous
maturation of brain structures) or by developmental
disorders caused by prenatal or perinatal organic
lesions of the brain. Moreover, the underdevelopment
or lesion of individual brain structures and a CNS dys-
function against the background of their sufficient
maturity may underlie similar disorders [40, 41]. This
fact makes it problematic to determine the form of effi-
cient intervention in the course of a therapeutic and/or
pedagogical process.

The goal of this work was to study the developmen-
tal features of the formation of the structure of the bio-
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Abstract

 

—Investigation of the brain bioelectrical activity in children with remote consequences of perinatal
CNS pathology showed that the typical “mature” EEG of young schoolchildren of the risk group has some spe-
cific features, which reflect a CNS lesion of a predominantly hypoxic origin. This specific temporal EEG pattern
combines the mature basic (

 

α

 

) rhythm with slow and sharp activities. Sufficient compensatory possibilities of
the CNS and their adequacy to increasing loads at school form a basis for efficient individual adaptation. Learn-
ing problems arise in the course of a child’s development when compensation is insufficient because of a severe
brain lesion or slower spontaneous rehabilitation, which is related, in particular, with the rigidity of brain mech-
anisms determining the complete maturation of the biorhythm structure necessary for the efficient integrative
activity of the brain.
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electrical brain activity in children who had suffered
perinatal CNS lesions of different origins.

METHODS

All subjects were divided into two groups. Group 1
was formed of 78 first-grade pupils (aged from 7 to
8 years) of a common primary school, who were taught
according to the basic or gymnasium programs (three
or four years of education) and were examined once.
Group 2, of longitudinal observation, included 77 chil-
dren subjected to repeated EEG examination from the
ages of 3–4 to 8–10 years. The children were examined
from two to six times within the observation period. In
total, 195 examinations were performed. The over-
whelming majority of children were examined in con-
nection with their complaints of increased fatigability,
occasional headaches, sleep disorders, and learning
problems. In the anamnesis, the children had perinatal
encephalopathy and/or hyperexcitability syndrome,
muscular dystonia syndrome, hypertensive–hydro-
cephalic syndrome, or risk factors of a perinatal CNS
lesion (a prolonged anhydrous period during labor,
cyanosis, etc.).

The EEG was recorded using a 16-channel EEG
recorder (Medicor) in the frequency band 1–70 Hz at
rest and under functional loads (photostimulation with
the frequency 1–20 Hz and 2-min hyperventilation).
Electrodes were located by the International 10–20
System; monopolar (in reference to an earlobe elec-
trode) and bipolar leads were used. An EEG fragment
(2–4 min) recorded at rest was analyzed according to
the principles of EEG structural analysis [18]. EEG
indices proposed for 7- to 8-year-old children [18] were
used as normative. In particular, for successfully learn-
ing children, dominance of the regular 

 

α

 

 rhythm with a
frequency of 8–10 Hz and acquisition of the photostim-
ulation frequency in this band were considered to rep-
resent an age-related normal pattern of a mature EEG.
The maturity of the regulatory brain structures is mani-
fest, as a rule, in the absence of paroxysmal activity at
this age. EEGs with sharpened 

 

α

 

 activity, lower fre-
quencies of the rhythms at rest, poorer acquisition of
the photostimulation frequency, and paroxysmal activ-

ity were described as characteristic of the mature EEG
in 6- to 7-year-old children and the EEG in 7- to 8-year-
old children with learning problems. Children with
moderate academic success occupy an intermediate
position between these groups with respect to the above
EEG features.

As an additional feature of the electrical activity of
the brain, we used the amplitude. In the baseline EEG,
the amplitude was described as low at <50, high at 50–
100, and excessively high at >100 

 

µ

 

V.

The rheoencephalogram (REG) was used for evalu-
ating cerebral hemodynamics in the children of group 1
[32, 33, 36, 42]. The REG was recorded with a 4 RG-
2M instrument bilaterally in the frontal- and occipital-
mastoid leads at rest and during head rotation. REG
recording supplements transcranial Doppler ultra-
sonography with characteristics of pulse volume in the
internal carotid artery area (ICAA) and the verte-
brobasilar area (VBA). The REG data were compared
to the age norm [43, 44]. The index of reaction of ves-
sels to a functional load (a single deep inspiration)
allowed us to estimate the state of autoregulatory reac-
tions of the vascular resistive area; these reactions
maintain optimal blood flow under unstable environ-
mental conditions [45].

RESULTS AND DISCUSSION

In group 1 of 7- to 8-year-old children, the learning
progress was characterized by marks of 4 and 5 (on a
five-point scale) in 86% of subjects. The marks of the
remaining pupils were 3 or 4 or varied from 2 to 5. The
causes responsible for such poor progress included spe-
cific disorders of the formation of school skills (dys-
graphia, dyslexia, or attention deficit syndrome) and
insufficient maturity of certain mental functions. The
normal EEG pattern with the regular 8- to 10-Hz 

 

α

 

rhythm was revealed in only nine children (14.1%),
independently of their academic progress. The rhythm
acquisition reaction in the frequency band of 8–10 Hz
was observed in 3.8% of cases. In the remaining chil-
dren, regular sharpened 

 

α

 

 activity predominated in the
parietooccipital areas of the brain cortex and was com-
bined with 

 

θ

 

 activity (both irregular and including
groups of high-voltage 

 

θ

 

 waves), sharp waves, and
sharp wave–slow wave complexes (Figs. 1a, 1b, 2b).

To study developmental changes in the brain electri-
cal activity, we performed a longitudinal EEG examina-
tion of children of the risk group (group 2) over several
years. We studied the EEG amplitude and characteris-
tics of the spatially organized 

 

α

 

 activity. As seen from
Table 1, 82% of the children displayed a high-voltage
EEG and a spatially organized regular 

 

α

 

 rhythm with a
frequency from 7–8 to 10 Hz (Fig. 2). As in group 1, the
EEG 

 

α

 

 activity in these children was combined with
slow and/or sharpened forms. Low-voltage EEG pat-
terns with a spatially organized 

 

α

 

 activity were revealed
in only 45% of the children. The EEG positive dynam-

 

Table 1.

 

  Developmental changes in typological EEG fea-
tures (a longitudinal study)

EEG type (incidence, %),

 

N

 

 = 77
Prescho-

olers
School-
children

High-voltage (

 

N

 

 = 55)

with spatially organized 

 

α

 

 rhythm 82 93

without regional differences 18 7

Low-voltage (

 

N

 

 = 22)

with spatially organized 

 

α

 

 rhythm 45 64

without regional differences 55 36
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ics associated with the growth of children to school age
was characterized by a change from the initially pre-
dominant dysrhythmic EEG activity to an irregular
activity combined with groups of 

 

α

 

 waves with a mod-
ified shape in the occipital cortical area; the EEG ampli-
tude remained low. In other words, the type of a low-
voltage irregular EEG with characteristic dysrhythmia
and a disorganized (or still lacking organization?) type
of cortical rhythmicity did not change drastically (Fig. 3).
However, the type of a high-voltage EEG (Fig. 2)
changed at various ontogenetic stages; as a rule, the
changes agreed with characteristics of maturity for a
given age with respect to the frequency and spatial
organization of the basic rhythm [6]. A longitudinal
study of healthy children has also shown the preserva-
tion of a typological EEG pattern independent of the
academic progress [46].

Thus, the EEG types described for the children of
groups 1 and 2, including pupils with successful learn-
ing, did not correspond to the age-related criteria of
EEG maturity in healthy children with good academic
progress [18].

Assessment of the functional state of the CNS by the
indices of the cerebral blood flow revealed the follow-
ing features in the children of the risk group. In group 1,
the children were examined once and a sufficient cere-
bral blood flow in both vascular basins at rest and in
response to a load was found in only 5.1% of cases. At
rest, a deficit of the pulse volume (A 

 

Ω

 

) in the VBA was
revealed in 34.6% of the children, which was combined
with a deficit in the ICAA in 7.6% of the children.
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Fig. 1.

 

 EEG features of children with consequences of perinatal pathology of the CNS (fragments of spontaneous activity): EEGs
of (a) Denis B., 7 years old (a pupil of a gymnasium, excellent marks, program 1–3), and (b) Nadya A., 7 years old (a pupil of a
common school, good and excellent marks, program 1–4). Here and in Figs. 2 and 3, bipolar leads are designated in the center and
calibration bars are at the bottom right.

 

Table 2.

 

  Features of the functional state of children of the risk
group with remote consequences of a perinatal CNS lesion

Complaints
(incidence, %), 

 

N

 

 = 77
Low-voltage EEG

type, 

 

N

 

 = 22
High-voltage

EEG type, 

 

N

 

 = 55

Anxiety, excitation,
restlessness

55 51

Undue fatigability 36 41

Sleep disorders 41 45

Emotional instability 59 51

Learning problems 36 20



 

4

 

HUMAN PHYSIOLOGY

 

      

 

Vol. 31

 

      

 

No. 1

 

      

 

2005

 

KOZHUSHKO

 

Under a load (head rotation), the proportion of children
with a deficit in the VBA increased more than twofold
(to 74.4%) and the pulse volume decreased by 30–80%
as compared to the initial A 

 

Ω

 

 (the normal acceptable
decrease is 20%). This circumstance either decreased
the initially sufficient blood flow to the level of a deficit
or aggravated the initial vascular insufficiency. In
43.6% of the children of group 1, the changes were
combined with a decrease in the reactivity of vessels of
the resistive area to the functional load, which pointed
to exhaustion of the regulatory mechanisms maintain-
ing optimal blood flow.

Thus, the children of group 1 were characterized by
specific features of the electrical brain activity and
cerebral blood flow. Parameters of cortical spontaneous
bioelectrical activity in the band of the basic rhythm
were unstable: 

 

α

 

-rhythm fragments, slower waves of
the 

 

θ

 

 band, and sharpened waves occurred simulta-
neously in posterior areas of the cortex. Moreover, we
observed a significant drop of the pulse flow in the VBA
at rest and/or under the functional loads.

With such functional parameters of the brain, suffi-
cient learning ability in the children with remote conse-
quences of perinatal lesions of the CNS was main-
tained, probably, owing to preserved blood flow in the

ICAA (in 92.4% of the children) and self-regulatory
mechanisms of the resistive area (56.4%). Presumably,
it is compensatory possibilities of a child’s brain and
plasticity of its vascular system under conditions of a
certain working schedule that allow considerable
progress in performance of the main age-related task
(learning). Such compensation is adequate until the
load exhausts the functional reserves of the body under
exposure to strong environmental stress factors [36].
Upon exhaustion, the above disorders of the cerebral
hemodynamics and CNS functional state (according to
the EEG data) lead to increased fatigue after lessons,
occasional headaches, sleepiness, restlessness, sleep
disorders, etc. In other words, the latent vascular insuf-
ficiency manifests itself clinically [44].

Comparative analysis of the complaints and the fea-
tures of the spontaneous EEG revealed a similarity of
complaints for children with different EEG types
(Table 2). The most distinct differences between these
types were in the incidence of learning problems such
as dysgraphia, dyslexia, restlessness, and distraction,
observed alone or as components of attention deficit
hyperactivity disorder. As seen from Table 2, such
learning problems tended to predominate in the chil-
dren with low-voltage, poorly organized (immature)

 

(a) (b)

 

Fig. 2.

 

 Developmental changes in the EEGs of children with consequences of perinatal pathology of the CNS as revealed in a lon-
gitudinal study (fragments of spontaneous activity): EEGs of Nastya N. (a pupil of a gymnasium, excellent marks, program 1–3) at
the ages of (a) 3 and (b) 7 years.
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EEGs as compared to the children with high-voltage
EEGs. Probably, brain mechanisms of the formation of
the mature structure of cortical rhythms in children of
the risk group are relatively rigid and, with growth, can-
not provide a sufficient basis for the performance of
complex integrative activities (including learning).

A thorough neuropsychological examination of
first-grade pupils of common schools showed that up to
73% of children display immaturity of some higher
mental functions (HMFs). For the most part, these are
children of the risk group, with consequences of perin-
atal CNS lesions and possible brain morphofunctional
immaturity, the influence of which in actual practice
turns out to be more significant as compared to psycho-
logical readiness for learning at school [47, 48]. In this
connection, the results of our study are informative.
Investigations of school problems in children show
that, to solve them, researchers must look for their pri-
mary causes, among which pre- and perinatal disorders
(in particular, perinatal encephalopathy of a hypoxic or
ischemic origin) are most important [15–23].

The features of the brain bioelectrical activity (its
maturity or immaturity) revealed in the children of the
risk group and associated with school problems can be
interpreted in terms of the level of CNS lesions [49–
51]. Thus, pathological development more often causes

a lesion of subcortical brain structures, which have a
relatively short period of maturation. When compensa-
tory mechanisms are insufficient, subcortical structures
maintaining the optimal tone of the brain cortex can
remain defective in the later ontogenetic period. Such a
defect leads to complaints testifying to emotional labil-
ity, mental exhaustion, and attention disorders. The
term immaturity is more frequently applied to the fron-
tal cortical areas, i.e., the tertiary fields of analyzers
with a longer period of postnatal development. In ped-
agogical practice, the above features of brain develop-
ment demand individual approaches to children in
order to attain the necessary results in teaching the
basic school program by relying on intact units of the
system determining the HMFs [52].

There are relatively few studies describing the cor-
relations between features of the cortical rhythms,
HMFs, and parameters of the cerebral blood flow [31,
35, 44], although the dependence of the functional state
of the brain cortex on the system of blood supply needs
no proof. In earlier studies of children with remote con-
sequences of a perinatal CNS lesion, we described a
correlation of EEG changes (alternation of the 

 

α

 

rhythm with slow and sharpened forms of activity in the
posterior cortical areas (Figs. 1, 2)) with disorders of
the cerebral hemodynamics in areas supplied by the

 

(a) (b)

 

Fig. 3.

 

 Developmental changes in the EEGs of children with consequences of perinatal pathology of the CNS as revealed in a lon-
gitudinal study (fragments of spontaneous activity): EEGs of Sasha B. (a pupil of a common school, poor progress, program 1–4)
at the ages of (a) 5 and (b) 7.5 years.
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vertebral arteries in children of the risk group [32, 33,
36, 53]. It is known that remote complications of birth
injuries occur more frequently in children with natal
spinal traumata than in children with natal brain inju-
ries [44]. Cerebral hemodynamics gradually improves
in a growing child owing to the development of collat-
erals providing a retrograde blood flow from the area
supplied by the carotid arteries via the circle of Willis.
Our studies confirmed that the transition from pre-
school to school age is accompanied by a developmen-
tal increase in the pulse volume in the VBA (alleviation
of the initial deficit). However, as schooling starts, ver-
tebrogenous effects on the cerebral blood flow increase
in incidence; i.e., the blood flow in the VBA under a
load becomes deficient because of compression of the
vertebral arteries [33, 36]. Latent vascular insufficiency
associated with a high incidence of pathologies of the
craniovertebral junction, subluxations, and instability
of the cervical part of the spinal cord in children of the
risk group becomes frank when mental and physical
loads at school increase beyond the compensatory pos-
sibilities [44, 54]. This situation is typical for children
now, under conditions of highly intense school studies
associated with a sitting at a desk for periods exceeding
hygienic norms [1–3]. In such cases, a further increase
in the level of functioning of the vascular system is
associated with exhaustion of functional reserves and
overexertion of the central regulatory mechanisms [55,
56]. It stands to reason that the cerebral asthenia syn-
drome is considered to be one of the most important
factors of school dysadaptation [57].

Our approach to assessment of the CNS functional
state was validated in practice. Thus, in cases of par-
ents' complaints of school problems of their children
with remote consequences of perinatal CNS lesions, the
above EEG pattern was considered to indicate instabil-
ity of the functional state of posterior areas of the brain
cortex and to result from a disorder of hemodynamics
in the VBA. The disorder was confirmed by REG exam-
ination or Doppler ultrasonography. These data were
reinforced by X-ray, neurosonographic, or magnetic
resonance examination of the cervical part of the spinal
cord. In this context, the term EEG syndrome seems to
be most applicable [26, 58, 59]. For example, addi-
tional examination of the child whose EEG is presented
in Fig. 1a showed instability of the cervical part of the
spinal cord and a decrease in the pulse volume in the
ICAA and VBA at rest by 25 and 15%, respectively.
Head rotation decreased the pulse volume in the VBA
by 35%, but the reactivity of vessels to the load
remained sufficient. Examination of the child whose
EEG is presented in Fig. 1b revealed a rotational sub-
luxation of the cervical vertebra C1 to the right, exten-
sion of the cervical lordosis, and symptoms of improper
junction of the posterior arch of the C1 vertebra with
the occipital bone (fixation). REG examination
revealed a decrease in the pulse volume during head
rotation by 35% of the initially sufficient level, which
was combined with a decrease in the vessel reactivity to

the load. Discussion of this aspect of the problem is
beyond the scope of this paper, but it is undoubtedly
important for predicting the success of children’s adap-
tation at school in the case of timely efficient interven-
tion in the pathological process.

What is the mechanism of correlations between the
features of the EEG pattern described for the children
of the risk group and disorders of cerebral hemodynam-
ics? The parietooccipital localization of the most evi-
dent changes in the 

 

α

 

 activity may be associated with
the fact that EEG changes accompanying a drop in the
cerebral blood flow (circulatory hypoxia) are most dra-
matic at the borders of vascular basins [60]. Many
experimental and clinical studies have focused on the
correlation of slow EEG frequencies with hypoxic
states [61–65]. A break of the initial interrelations
between EEG components and the functional nucleus
of the 

 

α

 

 rhythm and an increased contribution of the 

 

θ

 

activity to the EEG pattern can be an informative
marker of a decrease in the individual threshold of brain
tolerance to hypoxia [59]. There is evidence of the
adaptive role of EEG slow waves in hypoxia [60]. It can
be suggested that, before the adult structure of bio-
rhythms is formed (i.e., before the EEG is “overgrown”
by the 

 

α

 

 rhythm [61]), the EEG of a child preserves
traces of problems experienced by the brain in hypoxia,
inherent in the majority of complications of the pre- and
perinatal periods [66]. It is possible that the coexistence
of immature rhythms and fragments of the regular basic
(

 

α

 

) rhythm in the EEG reflects the process described.

Markers of maturity, which were described by
Lukashevich 

 

et al.

 

 [18] and proved to be informative in
multiple studies [19, 22, 23, 29, 30], can probably be
considered as a certain rigid, formal structure. Plastic-
ity of the child’s brain, enabling compensation for
immaturity or natal damage of some structures, can
facilitate development of other functional formations of
the brain. The structural features of the brain electrical
activity observed in the children of the risk group
should be considered not only in terms of maturity and
immaturity but also in terms of CNS functional insta-
bility, which substantially depends on the circulation
system. In our opinion, a classification of children’s
EEGs by the factors mentioned should also include the
amplitude, which characterizes the overall level of elec-
trogenesis. There is evidence that amplitude modula-
tions of the EEG determine the synchrony of changes in
most components of the EEG frequency spectrum
because such modulations are a direct reflection of the
control, synchronization, and regulation in the nervous
and other body systems, as well as intersystem interac-
tions [67].

Undoubtedly, a number of attendant factors associ-
ated with the selection of children for the test group
should be taken into account in interpreting the results
obtained for the children with consequences of perina-
tal CNS lesions. The question of homogeneity of clini-
cal and normative samples in such studies is rather



 

HUMAN PHYSIOLOGY

 

      

 

Vol. 31

 

      

 

No. 1

 

      

 

2005

 

DEVELOPMENTAL FEATURES OF THE FORMATION 7

 

complicated [26]. Thus, on the one hand, the children
of our sample had no mental retardation and went to
common schools; i.e., they had a sufficient level of
HMF development. On the other hand, it was not a
screening study because the examination was initiated
by the parents with their regular complaints of the chil-
dren’s health and learning problems. It is also worth
noting that introduction of a new assessment system,
utilizing arbitrary symbols as marks or lacking any
marks, for first-year pupils in place of the common five-
point scale makes the discrimination of children by
their academic progress to a certain extent arbitrary and
temporary. A more definite prognosis of success in
school adaptation is possible only at a higher academic
load.

CONCLUSIONS

(1) A longitudinal study of the spontaneous brain
electrical activity in children with consequences of a
perinatal CNS lesion revealed polar EEG types. The
first type involves a regular high-voltage activity with
spatially organized rhythms and regular ontogenetic
changes and corresponds to age-related characteristics
of the maturity of the biorhythmic structure. The sec-
ond type involves a low-voltage disorganized activity
and does not change substantially with age, which
points to a relative rigidity of the brain mechanisms
providing for complete maturation of the biorhythmic
structure or to immaturity of the integration systems.

(2) An EEG pattern combining fragments of the
basic α rhythm and slow and/or sharpened forms of
activity was revealed in the parietooccipital and poster-
otemporal cortical areas of children of the risk group,
which points to instability of the mechanisms regulat-
ing the CNS functional state. The formation of this
EEG pattern was related to hypoxia resulting from
impaired cerebral hemodynamics, predominantly in the
vertebrobasilar area.
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