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Introduction

Lyzohub, V. S., Chernenko, N. P., Kochemiako, T. V., Palabiyik, A. A., & Bezkopyina, S. V. (2019). Age peculiarities of interac-
tion of motor and cognitive brain systems while processing information of different modality and complexity. Regulatory Me-
chanisms in Biosystems, 10(3), 288-294. doi:10.15421/021944

The interaction of motor and cognitive brain systems while performing the tasks of processing information of different modality
and complexity is an important component of the brain’s integrative activity, which provides the individual adaptation of a person to
changing environmental conditions. 116 individuals participated in the research; there were right-handed children aged 7-8, adoles-
cents aged 11-12 and 15-16, and young men aged 19-20 among them. The investigated individuals performed a cognitive task,
which included determining the modalities of a signal, the shape of a figure, the meaning of a word, and the fast and error-free reac-
tion of differentiation with left (goL) or right (goR) hand or inhibition of motor action (nogo). The motor task involved a quick reac-
tion to signals of different modality in the go/go/go mode. The results show that in the ontogenesis, the interaction of motor and cog-
nitive brain systems gradually increases during processing of information of different modality and complexity by children,
adolescents and young people. Closer functional interaction of motor and cognitive brain systems according to the indicators of speed
and success of performing both tasks was found to be greater in the young men aged 19-20 and the adolescents aged 15-16 and 11—
12 than in the children aged 7-8. The investigated individuals with the high-speed level of performing cognitive tasks were characte-
rized with reliably higher indicators of motor reactions. Correlation analysis confirmed the statistically significant relationship be-
tween the speed characteristics of the motor and cognitive functional systems of the brain. The age dynamics of functional interaction
between the motor and cognitive systems, as well as the speed and success of performing tasks depended on the mode selection of
information processing. The success and speed of performing different variants of motor tasks in the go/go/go mode were higher in
all age groups than in the conditions of the combined motor and cognitive tasks while differentiating gol/nogo/goR. The functional
interaction of motor and cognitive brain systems in children, adolescents and young men while processing information increased
gradually and depended on the modality of signals. The speed and success of results of performing motor and cognitive tasks were
higher than for imaginative signals, and lower than for verbal ones for all age groups. Left-brain dominance of functional asymmetry
was found for the cognitive systems. The number of mistakes on words was always less and the reaction speed was higher for the
right hand than for the left one in the goL/nogo/goR mode. Asymmetry was weaker in the children aged 7-8 for the combined tasks
using imaginative stimuli, and statistically significant in the groups of adolescents aged 11-12 and young men aged 15-16 and 19-20
for verbal signals presented in the goL/nogo/goR mode. The research results and methods can be used for the prognostic estimate of
human activity in the conditions of complex information loads and neurodegenerative diseases.

Keywords: ontogenesis; sensory-motor integration; information processing; differentiation of stimuli; switching attention; imagina-
tive and verbal signals; interference, asymmetry.

cess promotes opportunities to master the information space by stu-
dents, which requires optimization of the educational process in order to

Science of the brain in the 21st century is considered to be the fun-
damental basis of all types of intellectual activity and everything con-
nected with the development of man and personality, education, study,
language and culture, as was stressed at 2019 plenary meeting of the
XX Congress of the Ukrainian P. H. Kostiuk Physiological Society.
However, the knowledge of the brain’s work in the sphere of behaviour,
social systems, economy, culture, history, art, etc. is not sufficient.
The brain is known to perceive, process and store a lot of information in
memory, on the one hand, and to generate information itself on the
other hand. Therefore, research on the integrative function and interac-
tion of different brain systems while processing information of various
modality and complexity is topical issue of mental activity physiology.

It is known that a characteristic feature of the present time is the
significant increase of the impact of various types of information load
on a person. The widespread use of computers in the educational pro-
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increase its efficiency and to maintain users’ health. The perspectives of
optimization of education using information technologies determine the
relevance of studying physiological support of purposeful activities of
children, adolescents and young adults. There are two directions of this
research. The first one deals with the problem of the computer’s impact
on the human body, the second one concerns the determination of phy-
siological and psychological factors that stipulate the individual peculia-
rities of efficient processing of information. Literature analysis shows
that most research on information processing mechanisms taking into
account the features of higher mental functions is performed on individ-
uals of mature age (Luria, 2004; Van der Elst et al., 2006; Kostandov,
2010; Makarchuk et al., 2011). Age-related changes in information
processing and the interaction of the motor and cognitive brain systems
while performing tasks of different complexity and modality in children,
adolescents and young men are studied insufficiently. The investigation
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of age-related changes in functioning motor and cognitive brain systems
while performing complex information tasks is extremely necessary for
finding the mechanisms for the development of an individual’s higher
mental functions and mental activity in ontogenesis, serving as a basis
for their correction (Kostenko & Lokteva, 2000; Rusalova, 2003; Ma-
karenko & Lyzohub, 2011).

In recent years, stop — signal and go/no — go models (Verbruggen &
Logan, 2008) including simultaneous performance of motor and cogni-
tive tasks have been widely used in psychophysiology and rehabilitation
to discover the integrative functions of the brain. Different variants of
two- and three-stimulus tasks are described which study the interactions
of motor and cognitive brain systems (Luria, 2004; Hiraga et al., 2009;
Makarenko & Lyzohub, 2018). Tasks on calculating, pronouncing words,
singing (Horak, 2006; Schulz et al., 2011), determining colours, object
types and shapes or meaning of a word (Haggard & Cockbum, 1998;
Low et al., 2009; Makarenko et al., 2011) are used as a cognitive com-
ponent of processing complex information. Motor tasks consist of wal-
king, purposeful movement by hand or foot, holding posture, hitting a
target (Sperry, 1980; Maurer et al., 2006; Fraizer & Mitra, 2008; Furley
& Memmert, 2010), as well as studying the speed of simple sensory-
motor reactions (Makarenko & Lyzohub, 2011). To study the interac-
tion of motor and cognitive systems, the method of differentiation while
performing a two-stimulus test of go/nogo (Glantz, 1998; Zhavoronkova
et al., 2011; Bekhtereva et al., 2015) is used. The use of double tasks be-
comes useful in the diagnostics of patients with Alzheimer’s disease, Par-
kinson’s disease and in the evaluation of risks for people working in the
extreme conditions occurring in real life situations (Dempsey & Morgan,
2015). The three-stimulus test of differentiating stimuli in gol./nogo/goR
paradigm (Makarenko et al., 2011; Lyzohub et al., 2018) is offered as a
model of complex information tasks of processing signals of different
modality requiring constant interaction of the motor and cognitive sys-
tems, switching attention, processing signals in memory. Different mo-
dels show that qualitative level of sensory-motor integration of the brain
can be determined by the indicators of reaction accuracy (the number of
mistakes or the variability of response time); reaction speed is its quantita-
tive characteristic (Kamenskaya et al., 2015). Processing complex infor-
mation of different modality in the differentiation mode of gol/nogo/goR
and switching attention will probably be accompanied by different altera-
tions in the interaction of the cognitive and motor brain systems, as well as
quantitative and qualitative characteristics of sensory-motor integration in
children, adolescents and young adults.

The goal of the research is to analyze the peculiarities of forming
the interaction of the motor and cognitive functional systems of the
brain in children, adolescents and young men while performing infor-
mation tasks of different modality and complexity.

Materials and Methods

The success and speed of performing isolated and combined motor
and cognitive tasks of different modality (using shapes or words) were
studied in 116 right-handed individuals who had agreed to participate in
the investigation. The study was conducted in accordance with the
Helsinki Declaration (adopted in Helsinki, Finland, in 1964 and revised
in October 2000 in Edinburgh, Scotland) and approved by the Ethics
Committee of the Cherkasy National University. The motor task in-
volved the time registration of motor reaction with the left or right hand
on the signals of different modality in the go/go/go mode. The cognitive
task consisted of a neurophysiological test in the go/nogo/go mode with
random (by 33%) presentation of the signals with different modality
that had to be reacted to (go); the nogo stimulus was not to be reacted to
(Makarenko et al., 2011).

The experimental task involved 6 tests determining: I — the number
of mistakes and motor reaction speed for the right hand on different
shapes; II — the same for the left hand; III — the number of mistakes and
motor reaction speed for the right hand for words; IV — the same for the
left hand; V — the number of mistakes and the speed of the combined
motor and cognitive reaction in switching attention to shapes for the
right and left hand; VI — the same for words. While performing the
motor task (test I, II, IIl and IV), the investigated individual had to press

and release the control panel button with one hand in the go/go/go mode
with maximum speed when any signal appeared on the monitor screen.
While performing tests V and VI, the investigated individual had to
perform the task in the goL/nogo/goR mode differentiating motor and
cognitive components, determining signal modality, figure shape (test V)
or word meaning (test VI), switching attention constantly, composing
the programme selectively, reacting with the left or right hand and inhi-
biting the reaction. The shapes of a circle, triangle or square were pre-
sented on a screen in test V. It was necessary for the participants to de-
termine the modality and stimulus quickly, to switch attention (co-
gnitive component), to press the control panel button quickly (motor
task): on a square with the right hand (goR), on a circle with the left
hand (goL), and not to react to a triangle (nogo). Test VI was similar to
the previous one, but the cognitive component consisted in the differen-
tiative reaction to a word about animals (goR), plants (goL), and inani-
mate objects (nogo). As with the previous four tasks, the participant had
to perform tasks correctly in tests V and VI, to press buttons quickly
without making mistakes.

Experiments were conducted on the computer system of IBM PC
AT 386 type by specially designed methodology and “Diagnost-1”
program (Makarenko et al., 2011). 30-second differentiation of signals
in the optimal mode of their presentation was used for test load. The or-
der and time of 30 presented signals varied and was random. The time
of signal exposure was 0.7 sec.; the pause duration changed randomly
by the algorithm of the software. Each of the three signals appeared
10 times and did not repeat itself. X, SD, Cv, SE and the number of
mistakes were registered after performing the task. The obtained data
were statistically processed using ANOVA. The Tukey test with the
Bonferroni correction was used to determine significant differences (P <
0.05) between the mean values obtained for each age group, the modali-
ties of the signal and the reaction of the hand. The results in the tables
are presented as x + SD (x + standard deviation). Correlation analysis
was performed using the Pearson coefficient (r).

Results

Age peculiarities of performing motor tasks in the go/go/go mode for
the signals of different modality. The comparative characteristics of suc-
cessful task performance (the number of mistakes) in the investigated age
groups while processing information in the go/go/go mode for the signals
of different modality (shapes/words) with the left and right hand did not
show significant differences (P > 0.05). Reliable differences were not found
in the results fo the number of mistakes made while processing informa-
tion of imaginative and verbal signals in the go/go/go mode for the left and
right hand in the investigated age groups (P > 0.05). Statistically significant
differences were found in the number of mistakes in the investigated groups
of the children aged 7-8 and the young people aged 19-20 (P <0.001).

The analysis of dynamics of the motor reaction speed in the
go0/go/go mode in the groups of children, adolescents and young men
for the left and right hand found a clear difference of the reaction time
between the investigated age groups (Table 1).

Table 1

Reaction time (x + SD, ms) to the signals of different modality
for the left and right hand in the go/go/go mode

in the individuals of different age

Reactiontime Reactiontime Reactiontime Reaction time
toimagesig- toimagesig- toverbal sig-  to verbal sig-
Age nals withthe  nals withthe  nalswiththe  nals with the

left hand right hand left hand right hand

(TestI) (Test IT) (Test I1I) (TestIV)
7-8 (n=25) 329.8+51.1" 325.1£539" 359.0+62.0° 3572+60.0"
11-12(n=28) 2854+275° 2798+29.6° 312.8+447° 311.9+61.0°
15-16(m=30) 263.0+31.1% 2602+£284% 279.6+34.1° 266.1+262°
19-20(n=33) 2410+247 2533+263° 2431+17.7° 250.1+263°

Note: difterent letters denote reliable differences age groups for pairwise
comparison on Bonferroni using the criterion of Tukey (P < 0.05).

Statistically significant differences in the speed of motor reaction in
the go/go/go mode were not found in the participants aged 7-8 and 11—
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12 (P > 0.05). However, the reaction speed to shapes (test I and II) and
words (test III and IV) for the right and left hand was reliably higher in
adolescents aged 15-16 and young men aged 19-20 (P < 0.024). The
analysis of the research results of different variants of motor tasks shows
the gradual increase of the performance speed in information processing
in the go/go/go mode in children, adolescents and young men. It is cha-
racteristic for both left and right hands and for the signals of different
modality. The results of performing motor tasks were found to be hig-
her in the young men aged 19-20 and adolescents aged 15-16, and
lower in the children aged 78 and adolescents 11-12 (P < 0.05). Tests
IIT and IV used words for information processing, and there was some
deterioration of speed results if compared with the motor reaction to
shapes (test I and II). However, the differences in the time performance
of the motor task for shapes and words for both right and left hands
were found, but they did not reach the level of statistical significance
(P>0.05). In tests L, II, IIT and IV, motor tasks were performed with the
same speed and success of information processing for all the investi-
gated age groups. The lack of statistical differences of success and speed
of performing motor tasks for the left (test I and IIT) and right hand (test
I and IV), and for the signals of different modality was found.

The results of success and speed in performing cognitive tasks in
the goL/nogo/goR mode for the signals of different modality. The statis-
tical analysis of success (the number of mistakes) of performing motor
and cognitive tasks in the gol/nogo/goR mode showed significant dif-
ferences between the investigated age groups (Table 2).

Table 2

Success (x + SD, the number of mistakes) in performing cognitive
task of different modality for the left and right hand in the
goL/nogo/goR mode in the investigated groups of different age

adolescents aged 15-16 and the young men aged 19-20 (P < 0.05).
Low values of the speed performance of the combined task on imagina-
tive and verbal signals for the left and right hand were found in the
children aged 7-8. It should be noted that statistically significant diffe-
rences of the speed results of processing information using the com-
bined task for the verbal signals were found at the ages of 11-12, 15-16
and 19-20 if compared with the children aged 7-8 (P < 0.05). These
age differences for the imaginative signals were found only at the ages
of 15-16 and 19-20 (P < 0.05). The results show that the speed of task
performance gradually increases and the reaction time decreases during
processing of cognitive imaginative and verbal information in children,
adolescents and young men.

Table 3

Speed of reaction (x = SD, ms) to the signals of different
modality for the left and right hand in the goL/nogo/goR
mode in the investigated individuals of different age

Reactiontime Reaction time Reaction time  Reaction time

toimagesig- toimagesig- toverbalsig-  to verbal sig-

Age nalswiththe nalswiththe nalswiththe nals with the
left hand right hand left hand right hand
(Test V) (Test V) (Test VI) (Test VI)
7-8(n=25) 511+60° 516+46" 707 +110° 693 +75"
11-12(n=28)  460+68° 476+ 61° 663+ 80™ 624+ 63°
15-16(n=30)  428+42° 404 +36° 61247 575+41°
19-20n=33)  398+62° 417+51° 623+67° 578 +57°

Number of Number of Number of Number of
mistakeson ~ mistakeson ~ mistakeson  mistakes on
Ace image signals  image signals  verbal signals ~ verbal signals
g withtheleft ~ withtheright — withtheleft  with the right
hand hand hand hand
(Test V) (Test V) (Test VI) (Test VI)
7-8 (n=25) 20+1.1° 19+14° 92+32° 78+38"
11-12(=28) 2114 19+12° 66+32° 49429
15-16(m=30) 15+1.1° 1.8+1.1° 39+£35% 29+23°
1920(n=33) 1.6+12° L1+1.1° 47+£32° 3120

Note: see Table 1.

The analysis of results of the mistakes in the group of the individu-
als aged 19-20 by Tukey’s criterion found a statistically lower number
of mistakes in the group of the young people aged 19-20 than in the
children aged 7-8 (P < 0.014). The success of performing motor and
cognitive tasks while processing information in the goL/nogo/goR mo-
de for the signals of different modality (shapes and words) were found
to increase gradually in the children, adolescents and young men. Sig-
nificant differences in the success in performing the combined task
using image signals for the left and right hand were found only in the
group of the young men aged 1920 and children aged 7-8 (P < 0.043);
and using verbal stimuli — the adolescents aged 15-16 and children aged
7-8 (P <0.05). It should be noted that statistically significant differences
in the number of mistakes under the condition of information
processing with the use of the combined task for words (test VI) were
lower in all the investigated groups if compared with the results in test V
(P < 0.05). Besides, statistically significant asymmetry of the success in
processing information applying verbal signals was found in the adoles-
cents aged 15-16 and the young men aged 1920 (P < 0.05).
The number of mistakes for the right hand on verbal stimuli was statisti-
cally lower than for the left hand in most cases for the adolescents aged
15-16 and the young men aged 19-20 (P <0.05).

The result of analysis of performance speed of cognitive task in the
goL/mogo/goR mode showed statistically significant differences bet-
ween the investigated age groups (Table 3). The speed of performance
of cognitive tasks in tests V and VI was found to increase gradually (the
time decreased) with age and achieved high results in the young men
aged 19-20. Statistically significant differences of processing cognitive
information were found in the age groups of the children aged 7-8, the

Note: see Table 1.

The analysis results by Tukey’s criterion shows that statistically sig-
nificantly lower values of the reaction time were found for the speed of
performing cognitive tasks using image signals (Test V) than verbal
signals (Test VI) (P < 0.05). These speed peculiarities of performing
cognitive tasks were found for the left and for the right hand. Besides,
the reaction speed for the verbal signals with the right hand was statisti-
cally higher (reaction time was less) than for the left hand. Processing
verbal information with the right hand was faster than the left hand in
the adolescents aged 11-12, 15-16 and the young men aged 19-20.
In these age groups, statistically significant differences of reaction speed
were found for the left and right hand (P < 0.05). In the age group of 7-8,
these differences in the reaction time for the left and right hand to the
verbal signals were found, but they did not reach the level of statistical
significance (P > 0.05). It should be noted that the comparison of the
speed of performing complex cognitive tasks on imaginative signals in
the goL/nogo/goR mode (Test V) in the group of 7-8 and 11-12 year
olds did not find differences of the mean values of the reaction time for
the left and right hand (P > 0.05).

The research shows that the reaction speed of the investigated indi-
viduals of different age while performing motor tasks ranges from 241 +
25 to 338 = 71 ms, and cognitive tasks from 398 + 62 to 709 + 102 ms.
As should be expected, these indicators were low in the children aged
7-8; further, with age, gradual increase of the performance speed was
found for both tasks to its maximum value in the young men aged 19—
20 (Table 1, 3). Since the speed characteristics for the motor and cogni-
tive brain system increase simultaneously in the ontogenesis, there is a
need to calculate the correlation coefficients between speed characteris-
tics of motor and cognitive reactions in the investigated age groups.
Statistically significant correlation of functional interaction of motor and
cognitive brain systems was found by the indicators of the speed of per-
forming the offered informative tasks on image and verbal stimuli in the
young men aged 19-20 and the adolescents aged 15-16, if compared with
the children aged 7-8 and the adolescents aged 11-12 (Fig. 1).

The correlation analysis of the speed of processing imaginative in-
formation in the motor go/go/go and cognitive goL/nogo/goR tests for
the investigated different age groups shows that the interaction between
these systems is intensified with age. There is no correlation for image
signals in the motor and cognitive brain system in the children aged 78
(r=0.21; P> 0.05) and the adolescents aged 11-12 (r=0.19; P > 0.05).
This correlation is intensified and reaches statistically significant values
in the adolescents aged 15-16 (r= 0.38; P < 0.047) and the young men
aged 19-20 (r = 0.36; P < 0.049). The analysis of the speed results of
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information processing in the cognitive brain system for the verbal
signals shows significant correlation between the investigated indicators
in the age groups of 11-12 (r=0.38; P < 0.043), 15-16 (r=043; P <
0.027) and 19-20 (r = 0.41; P < 0.028) if compared with the research
results on the speed of information processing in the motor task
go/go/go. There is no statistically significant correlation between speed
characteristics of information processing in the cognitive brain system
for the verbal signals and the research results of the speed of information
processing in the goL/nogo/goR mode (r = 0.19; P > 0.05). These facts
can point out that motor automatism coincides with a high cognitive re-
source and can be used as a prognostic supportive factor for activities
with high informative loads.

0.6
0,5 -
0.4 -

0.3 - [ motor

O cognitive

Correlation coefficient

il
11-12 15-16 19-20

Age groups

Fig 1. Correlation coefficient (r) of speed of processing information
in the motor and cognitive brain systems on presenting image and
verbal signals in the investigated individuals of different age: 7-8 (n
=25), 11-12 (n=28), 15-16 (n = 30), 19-20 (n = 33),

* — significant correlation (P < 0.05) for image signals in
the age groups of 15-16, 19-20 and verbal signal in the age group
of 11-12; ** — significant correlation (P < 0.01) for verbal signals
in the age groups of 19-20 ; *** — significant correlation
(P <0.001) for verbal signals in the age groups of 15-16

Gradual statistically significant decrease in the number of mistakes
and the increase in speed of performing different variants of motor and
cognitive tasks in the goL/nogo/goR mode were found in the children,
adolescents and young men. Age changes in the success and speed of
performing  different variants of the combined tasks in the
gol/nogo/goR mode are dependent on signal modality. The investi-
gated indicators are higher in the tasks with shapes and lower for words.
Statistically significant asymmetry was found for the left and right hand
by the number of false reactions and the speed of performing the com-
bined test using verbal signals in the adolescents aged 15-16 and the
young men aged 19-20. This asymmetry was not found for the shapes
and words for the age group of the children aged 7-8. Statistically sig-
nificant differences for the left and right hand were not found in the
success and speed of performing the combined test using image signals
for the age groups of children and the adolescents aged 15-16. At the
same time, the asymmetry for the left and right hand while differentiat-
ing shapes in the gol./nogo/goR mode was found in the age group of
19-20.

Discussion

According to the literature data , the speed of performing motor
tasks depends on the type, form, modality of the signal and the com-
plexity of the task (Hazeltine et al., 2006; Lyzohub et al., 2018). Visual
images (geometric shapes) and verbal signals (word meaning) ad-
dressed to different signal systems and afferent channels were used in
this study. Tests I, II, Il and IV gave participants the task to react as
quickly as possible by pressing the panel button first with the left hand,
and then with the right hand on any signal without defining its modality,
shape type or word meaning (only the motor component). The success
of performing the task, the number of false reactions and the reaction
speed to the signals of different modality with the left or right hand in
the go/go/go mode was the same in peers , which shows the participa-

tion of the same basic neurophysiological mechanisms (Kostandov,
2010; Ivanitsky et al., 2013). The results of performing motor tasks
were found to be higher in the young men aged 19-20 and the adoles-
cents aged 15-16 and lower in the children aged 7-8 and adolescents
aged 11-12, which is explained by the formation of psychophysiologi-
cal functions in the ontogenesis (Farber et al., 2009).

We expected a decrease of the performance speed in tests III and
IV where the words were used to process information if compared with
the motor reaction on shapes (Test I and IT). However, the differences in
the time of motor task performance and number of mistakes for shapes
and words for both right and left hand were found not to reach the level
of statistical significance (P > 0.05). Previously, we have shown that the
process of processing sensory-motor information in the go/go/go mode
includes, at least, two functional systems, namely, sensory and motor
(Makarenko et al., 2011; Lyzohub et al., 2018). Motor tasks might be
carried out without the special participation of cortical processes in tests
I, II, IIT and IV. The lack of statistical differences in the success and
speed of motor task performance for the left hand (Test I and IIT) and
the right hand (Test II and IV) and for the signals of different modality
may show a small proportion of cortical functions.

Processing cognitive three-stimulus information depends on the
choice of the mode for signal presentation. Thus, in tests V and VI, the
speed and success of performance significantly decreased (the time of
reaction and the number of mistakes increased) using the differentiation
of goL/nogo/goR; and particularly for the verbal signals if compared
with the motor tasks in the go/go/go mode. The success and speed of
performing different variants of the motor tasks in the go/go/go mode
was higher in all age groups than in the conditions of the combined mo-
tor and cognitive tasks while differentiating goL/nogo/goR. The speed
of performing the combined motor and cognitive task of goL/nogo/goR
using geometric shapes was, on average, by 64% lower for the left hand
and by 49% lower for the right hand than in the motor Test [ and I (P <
0.05). Atthe same time, the reaction speed decreased, on average, by
113% for the right hand and 151% for the left while performing the
combined task using words if compared with the results of motor test I1I
and IV (P < 0.05). These tasks are likely to cover more complex cogni-
tive processes of the higher divisions of the central nervous system, in
addition to the sensory and motor components of information
processing, characterized by the distribution and switching attention, the
mobilization of memorable traces, the differentiated analysis and the
formation of an action programme (Donker et al., 2007; Doumas et al.,
2009). Thus, in addition to the sensory and motor components of infor-
mation processing in the gol/nogo/goR mode, the cognitive component is
added, being the ability to analyze signals, to differentiate shapes (Test
V: circle, square, triangle) or the meaning of the words (Test VI: plants,
animals, inanimate objects), to switch attention, to match stimuli in
memory, to draw up an action plan, to react quickly with the left (goL)
or right (goR) hand, or to restrain the motor response (nogo).

It should be noted that the participants performed the tasks with
signal meaning of shapes quicker and more successful than with verbal
stimuli irrespective of age. The statistically significant decrease in per-
formance speed of the combined tasks and the increase in the number of
mistakes were found in the gol/nogo/goR mode both on shapes and,
particularly, words in compared with the isolated performance of the
motor task in the go/go/go mode (P < 0.05). It is necessary to point out
that the decrease of the performance speed of the combined task and the
manifestation of manual lateralization effect, related to the predominant
processing of verbal information in the left hemisphere, was found in
Test V using gol./nogo/goR mode for the imaginative signals and in
Test VI — for verbal signals (Sperry, 1980; Luria, 2004; Kostandov,
2010). The results of task performance for both hands in the participants
with right-hand domination show that the reaction speed in the com-
bined motor and cognitive test was quicker with the right hand than
with the left one. So, the time of differentiating words in the adolescents
and young men for the left hand was, on average, by 46 ms longer than
for the right hand (P < 0.05). The faster reaction time for the right hand
in the right-handers indicates an easier transmission of information from
the left hemisphere to the right one and is different for the time of the
callosal delay. It shows the peculiarities of realizing the mechanisms of
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interhemispheric integration (Tretiak et al., 2016). The fact that the right
hand performed the task with verbal signals faster compared with the
left hand can be explained in the following way. The information pre-
sented was simultaneously received in each hemisphere, where the
selection and various conversions took place separately for verbal and
imaginative systems of short-term memory. Since these systems have
clear lateralization of the hemisphere (imaginative signals are more late-
ralized to the right hemisphere, and verbal signals — to the left), and the
central processor of each hemisphere takes part in maintaining attention
and decision making (Rusalova, 2003), the participant had to quickly
analyze, compare the information in memory regarding its compliance
with the instructions, and then compile a programme of action and
perform a motor act. In our study, the mental step for the left hemis-
phere, in the case of presenting verbal signals (information from the left
hemisphere is transmitted to the right hand), was by 46 ms (13%) higher
than for the right hemisphere (information from the right hemisphere is
transmitted to the left hand). These results show the leading part of the
central processor of the left hemisphere in processing verbal signals (Si-
monov et al., 1995).

The most interesting results were obtained in the study of the speed
of performing motor and cognitive tasks on verbal stimuli (Test VI).
The speed of performing the combined motor and imaginative cogni-
tive task in the three-stimulus paradigm of goL/nogo/goR was quicker
(Test V) than for the verbal signals (Test VI) (P < 0.05). We can make
assumptions about the mechanisms of such differences. First of all, the
analysis of the imaginative signals is performed by the work of the first
signal system, which includes a large number of cortical and subcortical
structures characterized by high reliability (Sperry, 1980; Bemstein, 2003;
Horak, 2006; Maurer et al., 2006). In contrast, more phylogenetically
young verbal functions are provided with the work of the second signal
system, which is more corticalized in the front areas, less stable and has
a limited neurophysiological resource (Luria, 2004). In addition, verbal
functions are characterized with relative rigidity, being the inability to
switch quickly from one action goL to another one goR or nogo due to
the low level of their automation and the involvement of additional neu-
ral networks (Kalnysh & Shvets, 2012; Ivanitsky et al., 2013). These
facts are also confirmed by the results of our research showing the in-
crease in the number of mistakes and the variability of indicators for the
combined tests, especially with the use of words, indicating the com-
plexity of the neural networks, instability of the functional system, re-
ducing the level of the mobilization of functional reserves including
attention and memory (Kalnysh & Shvets, 2012; Korobeynikov et al.,
2013). However, imaginative signals are characterized with higher fle-
xibility, ease of switching attention and their high automation.

Secondly, the neurophysiological mechanism that explains the de-
crease of the speed and success of information processing for the com-
bined motor and cognitive test in the gol./nogo/goR paradigm may be
interference. There might be a difference in the time of excitation for the
different brain parts while performing each of the components of motor
and cognitive tasks. It is precisely such spatial-temporal diversity of the
brain activity while performing dual tasks that was described earlier
(Zhavoronkova et al., 2011). At the same time, our results show that the
left-hemispherical asymmetry prevailed in the individuals with right-
hand dominance while processing the combined, motor and cognitive
information. However, there are no such differences in case of performing
motor tasks for any modality. Asymmetry in all age groups is weakly
expressed for the combined tasks with imaginative stimuli and statisti-
cally significant for the verbal signals. If we take into account the above
data, it will become clear why the cerebral hemispheres in children, ado-
lescents and young people work more symmetrically while processing
imaginative stimuli. At the same time, the perception of the verbal sti-
mulus and the formation of the response to it, lead to the appearance of
asymmetry. Such a “switch” in the work of the hemispheres may be
aimed at increasing the efficiency of the task performance, reducing the
likelihood of mistakes in case of a conflict state between three streams
of information goL, goR and nogo (there is an interference). It should be
noted that the organization of the cognitive system in the young men
aged 19-20 is in “asymmetric” mode irrespective of image or verbal
signal which is perceived and analyzed, if compared with the children

aged 8-9. The obtained data may show the fact that control for neuro-
integration of motor and cognitive objective and verbal signals in the
right-handed individuals is carried out in the left hemisphere, and may
take part in the participation of proton-activated channels that selectively
modulate the activity of the GABA-ergic system, depending on the
modalities of the sensory signal (Storozhuk & Krishtal, 2017).

Thirdly, the lack of statistical differences in the speed of performing
the combined task on shapes for the left and right hand (Test V) may
show that in the cerebral cortex, there is a neuro-integration characte-
rized with information synthesis, the focus of interaction for a large
number of neurons (networks/columns) discharging in the same
rhythm. Different parts of the brain work synchronically in these condi-
tions (Ivanitsky et al., 2013). We can assume that the focus of interac-
tion for image signals is established in the neural networks. Reaction
speed to verbal signals for the left and right hand (Test V) decreases
significantly; there is asymmetry characterized with discoordination of
excitatory and inhibitory processes. It may show that there is no neuro-
integration of motor and cognitive systems, and there is interference in
this case. The difference in the performance time of the cognitive task
for the left and right hand shows the predominance of inhibition in the
right hemisphere that significantly deteriorates the time of motor reac-
tion for the left hand (Stroop, 1935; Scherder, 2008; Howe, 2009; Scar-
pina & Tagini, 2017). In our research, the interference effect was ex-
pressed more for the cognitive brain system.

Correlation analysis shows that in the ontogenesis, the interaction of
motor and cognitive brain systems while processing information of
different modality in children, adolescents and young men increases
gradually. A closer functional relationship of motor and cognitive brain
systems was found in the indicators of speed and success in performing
both tasks in the young men aged 19-20, the adolescents aged 15-16
and 11-12 than for the children aged 7-8. In most cases, the participants
with high speed of performing cognitive tasks were characterized with
reliably higher indicators of motor reactions. In the combined motor and
cognitive test, the number of the brain parts working synchronically was
found to increase dramatically, and the number of independent parts
decreased (Lyvanov, 1989). At the same time, the number of correla-
tions increases depending on the complexity of the motor and cognitive
task. These results are an experimental evidence of the fact that the
speed characteristics of the cognitive brain system are connected with
the motor system due to the improvement of the functional interaction
in neural networks of the cerebral cortex and the improvement of the
neuromuscular apparatus of the investigated individuals. Thus, we can
assume that in most cases, the higher the speed of the cognitive
processes, the quicker the information processing in the motor system.
And conversely, those participants who were found to have low time
indicators of information processing for the cognitive system were
characterized with low level of the motor motional actions. In our opini-
on, the speed of information processing in the brain’s cognitive systems
is not simply the difference in the time of information processing or
separate brain operation but the result of complex integrative activity of
the brain, inter-central interaction, functional maturation of the associa-
tive zones regulating complex cognitive and motor activity with subse-
quent conjugation of morphological and functional changes in the neur-
al networks of the cerebral cortex, as well as the improvement of the
neuromuscular apparatus (Makarenko & Lyzohub, 2011).

Obviously, the interaction of motor and cognitive brain systems
while processing information of different complexity and modality,
which gradually increases with age , can be explained by the heteroch-
ronous maturation of various brain structures that provide processing of
complex mental load. Children are known to undergo noticeable
changes in the development of the precentral area of the cerebral cortex
with the improvement of intercentral interactions and, in general, at the
age of 1720, the functional maturation of associative zones regulating
complex motor activity reaches its peak, followed by morphological
and functional changes in the neural networks of the cerebral cortex,
and the improvement of the neuromuscular apparatus (Farber et al.,
2009; Makarenko & Lyzohub, 2011; Bekhtereva et al., 2015). In our
research, the correlation between quantitative criteria of time for all age
groups of adolescents and young men shows the fact that the task per-
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formance of processing verbal information in differentiating positive
(goL and goR) and inhibitory (nogo) stimuli occurs with the participa-
tion of complex analytical synthetic activity of the higher parts of the
central nervous system and with the appropriate involvement of different
systems and intersystem interaction in structural and functional organiza-
tion of the brain activity. The revealed facts indicate that motor automat-
ism coincides with high cognitive resource and can be used as a prognos-
tically favourable factor for the activities with high informative loads.

The results of this study broaden the theoretical understanding of
the plasticity of the nervous system and the interaction of the motor and
cognitive brain systems while processing information of different com-
plexity and modality, which gradually increases with age. The experi-
mental data make it possible to generalize that one of the possible me-
chanisms underlying the enhancement of the interaction of cognitive
and motor functions of the young men aged 19-20 in comparison with
the children aged 7-8 is the closer inter-hemisphere, multi- and inter-
neural bonds of different systems and the brain networks. These inter-
modal bonds develop in the ontogenesis and as the result of long-term
training sessions. Psychophysiological results of the research show
quicker and higher quality processing of stimuli in the young men aged
19-20 than in the adolescents and children, which is likely to be due to
closer inter-hemisphere interaction, possibly due to the increased myeli-
nation of commissural fibers.

Thus, this study extends our understanding of the interaction of mo-
tor and cognitive brain systems with respect to the mechanisms for pro-
cessing information of different complexity and modality. This work is
a solid basis for further scientific research on neuro-ontogenesis me-
chanisms, the influence on the motor and cognitive sphere of an indi-
vidual with the aim of the differentiated application of this knowledge in
the development of rehabilitation measures and methods for theoretical
and practical medicine and pedagogy.

Conclusions

We studied age-specific features of the interaction of motor and co-
gnitive brain systems in children, adolescents and young men during
fast and error-free processing and differentiating of image and verbal
information in the goL/nogo/goR and go/go/go modes. This formula-
tion of the experiment allowed us to assess the role of motor and cogni-
tive brain systems in the organization of the integrative brain activity in
conditions close to real ones. The success and speed of performing tasks
in processing and differentiating information were found to depend on
the modality of the signal, the mode of presenting stimuli and the age of
the investigated individuals. The interaction of motor and cognitive sys-
tems was found to increase gradually with age in children, achieving its
highest level of development in the young men aged 19-20. The partic-
ipants of all age groups processed information more quickly and suc-
cessfully in the motor brain system than in the cognitive one. The cogni-
tive task on presenting image signals was found to be performed better
by the young men than adolescents and children. Interference and left-
hemisphere asymmetry were found in the children while performing
tasks in processing verbal information in the mode of goL/nogo/goR
differentiation. The following information parameters were established:
the number of mistakes and reaction time with the left and right hand to
the signals of different modality and complexity correlating with the
characteristics of success and speed of performing complex information
tasks. The presented experimental model of three-stimulus cognitive task
can be used for the prognostic assessment of mental activity opportuni-
ties of students and people working in the conditions of complex infor-
mation load, as well as the deficiency of cognitive reserves or restric-
tions in various forms of neurodegenerative diseases, age dementia, as
well as obtaining information on the state of fatigue and correction of
the neocortex in fatigue and unfavourable conditions.

It should be stressed that in our opinion, the obtained experimental
data show the complex role of the motor and cognitive brain systems in
processing various types of information; and that their interaction chan-
ges in individuals of different age and achieves the highest level in
young men. Although we have found out some peculiarities and regu-
larities of the interaction of motor and cognitive brain systems in onto-

genesis while processing information of different modalities and com-
plexity, the assessment of the nature of complex influences on the real
physiological function and the mechanisms of such interaction need fur-
ther neurophysiological research. Undeniably, the mechanisms of such
interaction of the motor and cognitive brain systems require further
neurophysiological studies using the basic rthythms of EEG and neu-
roimaging on CT, MRL It is necessary to find out what mechanisms
underlie the performance of three-stimulus motor and cognitive tasks
and what the role of different brain parts and time distribution is, while
performing tasks. It is possible that the age peculiarities of spatial-
temporal diversity for different brain parts and EEG rhythms underlie
neurophysiological mechanisms and occur in participants while per-
forming cognitive and motor tasks.
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