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Abstract

Aim: The purpose of the article is a study the age-related features of changes in the functional state of the neuromuscular
apparatus during cyclic work before failure in laboratory conditions.

Methods: 14 adult ski racers (25-28 years old) candidates for masters of sports and 12 teenagers (14-15 years old) | and
Il sports categories took part in the study. As the maximum physical load (before failure), an imitation of alternating
two-step walking in place was used. For each subject, the walking pace was 75% of the maximum. Ski racers performed
imitation under an electronic metronome. The length of the step remained unchanged throughout the study; the duration
of the simulation reached 30-40 minutes. The following physiological indicators were used to assess the state of the
neuromuscular apparatus: reflex excitability of spinal motoneurons (according to the amplitude of the maximum H-
response); latent period of H- and M-responses; the speed of propagation of excitation along the sensory and motor fibers
of the tibial nerve in the area of the popliteal fossa and the medial condyle (bone) of the tibia using the "Micro-Neuro-
Soft" electroneuromyography.

Results: It was established that the relative share of motoneurons participating in the reflex response is the same in
resting adults and young skiers. The duration of physical exercise in teenagers reached approximately the same values
as adult athletes and is 30-40 minutes. However, the dynamics of the studied functional indicators had their own specific
features: in young ski racers, the amplitude of the H-response when refusing to continue working decreased by only
24.0% compared to the initial level.

Conclusion: Reflex excitability of spinal motoneurons after performing cyclic work of maximum power in adult athletes
is more pronounced than in adolescent athletes, which indicates faster fatigue after testing, but high physical performance
during testing.
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Introduction

Statement of the problem and analysis of the results of recent research.
Fatigue as a physiological phenomenon always leads to a decrease in the
efficiency of functional systems or the body as a whole (Vlasova, 2017;
Hockey, 2010). Despite numerous studies (Urbanek, 2016,; Dan'ko, 2009;
Kotlo, 2017; Koc, 2017) aimed at solving the problems of fatigue, questions
about the factors that limit the physical capacity of people of different ages
for one or another motor activity are still debatable. The main causes of
fatigue during long-term physical exercises of high and maximum power are
factors associated with a decrease in the level of energy supply of working
muscles, as well as a violation of electrochemical reactions in working
muscles and deterioration of the activity of the central nervous system in
conditions of severe hyperthermia, dehydration, and metabolic disorders

body balance [3,9,10]. All this indicates the complex nature of the
development of fatigue. Skiing is characterized by pronounced energy
expenditure, the depletion of which can cause fatigue. It is manifested by
certain changes in the neuromuscular apparatus, the state of which can be
juRGed by EMG indicators (Chuhlanceva, 2011; Enck, 2006; Hockey,
2010;). However, such studies in skiers were carried out sporadically and are
of a fragmentary nature, which requires their updating with a review of the
modern interpretation of EMG indicators.

The purpose of the research is to study the age-specific changes in the
functional state of the neuromuscular apparatus during maximal cyclic work
in laboratory conditions.
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Material & Methods

14 adult ski racers (25-28 years old) candidates for master of sports (research
group RG-1) and 12 teenagers (15-17 years old) I and Il sports categories
(RG-2) took part in the study. As the maximum physical load (before
failure), an imitation of alternating two-step walking in place was used. For
each subject, the walking pace was 75% of the maximum. The imitation was
performed under an electronic metronome. The length of the step remained
unchanged throughout the study; the duration of the simulation reached 30-
40 minutes.

The following physiological indicators were used to assess the state of the
neuromuscular apparatus: reflex excitability of spinal motoneurons
(according to the amplitude of the maximum H-response); latent period (LP)
of H- and M-responses; speed of propagation of excitation (SPE) along
sensitive and motor fibers of the tibial nerve (n. tibialis) in the region of the
popliteal fossa and medial condyle (bone) of the tibia. This nerve provides
the function of the calf muscle (m. gastrocnemius). The choice of this muscle
is dictated by its exclusive participation in pushing the foot away from the
support when walking and running, which is very important for skiers.
Registration of the named physiological parameters was carried out
according to the generally accepted method using the electroneuromyograph
"Micro-Neuro-Soft" [3,12]. SPE on motor nerve fibers was determined by
the difference in the latent periods of the M-response upon irritation of the
proximal and distal points of the tibial nerve (Enck, 2006). The calculation
of the SPE on sensitive nerve fibers was carried out according to the formula:
i - s .
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points; T1 — LP H-responses to stimulation of the distal point of the tibial
nerve; T2 — LP H-responses when the proximal point of this nerve is irritated.
The reflex response from the calf muscle was derived from monopolar
surface electrodes. All studied indicators were registered before the start of

the work and immediately after its completion. The amplitude of H- and M-
responses was also recorded 5 minutes after the start of work.

V =

, ne V — speed; S — the distance between nerve irritation

Mathematical and statistical processing of research results was carried out in
automatic mode using computer software packages that are part of the
"Micro-Neuro-Soft" complex.

Results

In the state of muscle rest, the amplitude of the maximum H- and M-
responses in skiers RG-1 and RG-2 have no probable difference (Fig. 1 a,b;
Table 1). At the same time, the amplitude of the M-response has significantly
larger values than in untrained people and indicates the large size of motor
units [7]. Indicators of the latent period of H- and M-response in DH-1 are
slightly higher compared to skiers of DH-2, which indicates a higher speed
of conduction of excitation along motor fibers in adolescent athletes (Fig. 2
a) and according to the data of individual authors [3], corresponds to age
characteristics.

Figure 1: Interference EMG of the right (1.1 k.) and left (1.2 k.) m. gastrocnemius, nn. tibialis, L4-5—S> at rest (a, b) and after a one-time
maximum physical load until failure: a,b - RG-1; ¢, d - RG-2.

Indicators
State Contingent Amplitude, mV LP, Ms
H-response M-response H-response M-response
Adults Teenagers 5,6+0,42 14,9+1,81 31,2+0,36 5,6+0,20
In peace

Teenagers 5,5+0,53 14,7+2,53 29,9+0,33 5,2+0,18

After exercise Adults 14,2+0,36* 44,1+1,97* 30,1+0,25 5,440,14
Teenagers 7,3+0,41 21,22 ,84* 29,4+0,22 4,9+0,08

Note. * - the difference is probable at p<0.05 in comparison with the data of the study at rest.

Table 1: Changes in the main parameters of electroneuromyography in skiers of different ages under the influence of physical load, (M £ m, n = 26)

At rest, the H/M ratio for the calf muscle in ski racers is 37.5%, in teenagers
it is 34.7%. This fact may indicate that the relative share of motoneurons
participating in the reflex response without stimulation of muscle fibers is

almost the same in both DH-1 and RG-2 skiers. This corresponds to the data
of A.N. Huseva [3], which indicates the relative leveling of the age difference
in the motor innervation of skeletal muscles after the end of the pubertal
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period of ontogenesis, which accelerates during intense physical exertion,
especially in young athletes.
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Figure 2b

Figure 2: Latency period and speed of propagation of excitation in m. gastrocnemius, n. tibialis, L4-5-S2, by motor (a) and sensory (b) nerve
fibers in adolescent skiers (A) and adult skiers (B).

In the course of performing cyclical work, regular changes in the state of the
neuromuscular apparatus were observed. Thus, the amplitude of H- and M-
responses in DH-1 athletes increased 2.5 times from the initial values
(p<0.05). These indicators were also likely (p<0.05) to increase in RG-2
skiers, but the increase was much smaller - only 1.7 times. This indicates an
increase in the number of motor units and the frequency of their discharges
during physical work in both groups. However, the growth of their
synchronization in RG-1 skiers was 80.0% higher, which, according to N.V.
Chukhlantseva (Chukhlantseva, 2011), indicates more effective muscle
contraction during physical exertion.

After the end of the second series of the study, it was established that the
duration of physical exercise in RG-2 skiers reached approximately the same
values as DH-1 athletes and is 30-40 minutes. Immediately after the refusal
to perform physical work, the amplitude of the maximum H-response in
skiers in two groups decreased. However, relative to the initial indicators, it
was still higher: in DH-1 by 23.5%, while in RG-2 only by 9.4% (p<0.05).
A decrease in the amplitude of the H-response indicates a decrease in reflex
excitability of spinal motoneurons immediately after physical work
(Voytenkov, 2017). However, there is a large difference in the value of the
H-response amplitude in skiers RG-1 (44.1 mV) compared to RG-2 (21.2
mV), that is, it increased by only 24.0% compared to the initial level, which
indicates about the development of more pronounced muscle fatigue in RG-
1. Evidence of this is also a significant increase in the total amplitude of
EMG indicators: in RG-1 it is 58.3 mV, while in RG-2 it is only 28.5 mV.

Therefore, the amplitude of the maximum M-response at the time of
cessation of work, in comparison with the control, probably (p<0.05) and to
a greater extent changed only in DH-1 (see in Table 1).

This indicates the rapid development of fatigue immediately after performing
physical work and is a reflection of a general biological law: the greater the
external load and force of muscle contraction, the greater the number of
motor units recruited and the higher the total amplitude of its EMG
indicators, and the faster fatigue develops (Chuhlanceva, 2011). On the other
hand, the same test execution time in the two groups indicates a higher level
of physical performance in the skiers of RG-1, since the intensity of physical
work with which they performed testing according to EMG indicators was
2.1 times higher than in RG-2. And, if this testing was performed on a ski
track, it meant that the RG-1 skiers ran 2.1 times the distance in the same
time.

Comparative analysis showed that at the time of termination of operation,
the N/M ratio in DH-1 was 14.0%, while in DH-2 this indicator decreased
by only 8.1% (p <0.05). This ratio indicates a greater number of activated
motoneurons in RG-1 immediately after testing [Kotlo, 2017; Jones, 2010].

At the same time, some authors (Voytenkov, 2017; Koc, 2017) emphasize
that within 2-3 seconds after the end of a single physical activity, a decrease
in the amplitude of the H-reflex is observed. In the conditions of our study,
monosynaptic testing of the spinal cord was carried out no earlier than 10-15
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s after the cessation of imitation. In addition, a decrease in the amplitude of
the H-response was recorded within 5-10 minutes after the exercise.

In connection with the aforementioned decrease in the reflex excitability of
spinal motoneurons after the refusal to continue work, we associate it with
the development of the fatigue process, and not with those supraspinal
influences that cause a change in the amplitude of the H-reflex during a
single voluntary movement and immediately after it ends (Guseva, 2015;
Enck, 2006).

It should be noted that a decrease in the LP values of H- and M-responses
was observed in 100.0% of cases. However, this decrease did not have a
significant difference (p>0.05), which indicates the low informative value of
this indicator in determining the reaction of the neuromuscular apparatus to
physical exertion. A similar pattern was observed by other authors (Koc,
2017), who often exclude it from the analysis of ENMG-research indicators.

The SPE along the nerve fibers changed ambiguously. When skiers of RG-1
refused to perform physical activity, this indicator for sensitive nerve fibers
increased in 50.0% of athletes, and for motor - in 80.0%. In RG-2 it decreased
by 50.0%, in 10% it remained at the same level and in 40.0% it increased
compared to the initial values.

Our own data on the study of the physiological parameters studied by us and
information from the scientific literature [Vlasova,2017; Kotlo,2017;
Urbanek, 2016) allow us to say that the state of fatigue during cyclic work
of maximum power in RG-2 is probably caused to a greater extent by
imperfect adaptation of kinematic links, age-related features of
monosynaptic reflex arc and transmission of nerve impulses in motor
synapses, which can be observed as a result of less training. Other authors
also point to this mechanism of fatigue development in young athletes
[1,2,7].

Discussion

When analyzing data from the literature, results similar to ours were
established, which indicate that in the state of muscle rest, the amplitude of
the maximum H- and M-response in skiers RG-1 and RG-2 have no probable
difference (p>0.05), because among them there are many poorly trained
people (see fig. 1 a, b; table 1). At the same time, it is known that the
amplitude of the M-response in untrained people is much larger than in
trained people, which is due to the large size of the motor units [7]. Since the
indicators of the latent period of the H- and M-responses are slightly higher
in the RG-1 skiers than in the RG-2 skiers, we found a higher speed of
conduction of excitation along the motor fibers in them, which is typical for
adolescent athletes (see Fig. 2 a) and according to individual authors [3], this
corresponds to the age-related features of the human body [3]. The data
obtained by us on the percentage ratio of H/M response at rest corresponds
to the data of the scientific literature [3] and is 37.5% for the calf muscle of
ski racers, while it is 34.7% for teenagers. This fact may indicate that the
relative share of motoneurons participating in the reflex response without
stimulation of muscle fibers is almost the same in both RG-1 and RG-2
skiers. This corresponds to the data of A.N. Huseva (2015), which indicates
the relative leveling of the age-related difference in the motor innervation of
skeletal muscles after the end of the pubertal period of ontogenesis, which
accelerates during intense physical exertion, especially in young athletes.
This can be explained by the results of the research of other authors, who
established role of innate muscular endurance and resistance to hypoxia in
reactions to acute stress of immunity in rats (Zukow et al. 2021).In the course
of performing cyclical work, regular changes in the state of the
neuromuscular apparatus were observed. Thus, the amplitude of H- and M-
responses in DH-1 athletes increased 2.5 times from the initial values
(p<0.05). These indicators were also likely (p<0.05) to increase in RG-2
skiers, but the increase was much smaller - only 1.7 times. This indicates an
increase in the number of motor units and the frequency of their discharges
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during physical work in both groups. However, the growth of their
synchronization in RG-1 skiers was 80.0% higher, which, according to N.V.
Chukhlantseva (2011), indicates more effective muscle contraction during
physical exertion.

After the end of the second series of the study, it was established that the
duration of physical exercise in RG-2 skiers reached approximately the same
values as RG-1 athletes and is 30-40 minutes. Immediately after the refusal
to perform physical work, the amplitude of the maximum H-response in
skiers in two groups decreased, which corresponds to the data of the
scientific literature and reflects the age-specific features of the training
process.

However, relative to the initial indicators, it was still higher: in RG-1 by
23.5%, while in RG-2 only by 9.4% (p<0.05). A decrease in the amplitude
of the H-response indicates a decrease in reflex excitability of spinal
motoneurons immediately after physical work [2]. However, we found a
large difference in the value of the amplitude of the H-response in skiers RG-
1 (44.1 mV) compared to RG-2 (21.2 mV), that is, it increased by 2.4 times
compared to the initial level, which indicates the development of more
pronounced muscle fatigue in RG-1. Evidence of this is also a significant
increase in the total amplitude of EMG indicators: in RG-1, where it is 58.3
mV, while in RG-2 it is only 28.5 mV. Therefore, the amplitude of the
maximum M-response at the time of cessation of work, in comparison with
the control, probably (p<0.05) and to a greater extent changed only in RG-1
(see in Table 1).

This indicates the rapid development of fatigue immediately after performing
physical work and is a reflection of a general biological law: the greater the
external load and force of muscle contraction, the greater the number of
motor units recruited and the higher the total amplitude of the EMG
indicators of this muscle, and the faster fatigue develops (Chuhlanceva,
2011). On the other hand, the same test performance time in the two groups
indicates a higher level of physical performance in the skiers of RG-1, since
the intensity of physical work with which they performed testing according
to EMG indicators was 2.1 times greater than in RG-2. And, if this testing
was performed on a ski track, it meant that RG-1 skiers ran 2.1 times the
distance in the same time.

Comparative analysis showed that at the time of termination of operation,
the N/M ratio in DH-1 was 14.0%, while in RG-2 this indicator decreased by
only 8.1% (p <0.05). This ratio indicates a greater number of activated
motoneurons in RG-1 immediately after testing (Kotlo, 2017; Jones, 2010).
At the same time, some authors (Voytenkov, 2017; Koc, 2017) emphasize
that within 2-3 seconds after the end of a single physical activity, a decrease
in the amplitude of the H-reflex is observed. In the conditions of our study,
monosynaptic testing of the spinal cord was carried out no earlier than 10-15
s after the cessation of imitation. In addition, a decrease in the amplitude of
the H-response was recorded within 5-10 minutes after the exercise.

In connection with the aforementioned decrease in the reflex excitability of
spinal motoneurons after the refusal to continue work, we associate it with
the development of the fatigue process, and not with those supraspinal
influences that determine the change in the amplitude of the H-reflex during
the execution of a single voluntary movement or immediately after its
completion (Guseva, 2015; Enck, 2006).

It should be noted that a decrease in the LP values of H- and M-responses
was observed in all cases without exception. However, this decrease did not
have a significant difference (p>0.05), which indicates the low informative
value of this indicator in determining the reaction of the neuromuscular
apparatus to physical exertion. A similar pattern was also observed by other
authors (Koc,2017; Dokchan, 2022), who often exclude it from the analysis
of ENMG-research indicators.
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The SPE along the nerve fibers changed ambiguously. When skiers of RG-1
refused to perform physical activity, this indicator for sensitive nerve fibers
increased in 50.0% of athletes, and for motor - in 80.0%. In RG-2 it decreased
by 50.0%, while in 10% it remained at the same level and in 40.0% it
increased compared to the initial values.

Our own data on the study of the physiological parameters studied by us and
information from the scientific literature (Vlasova,2017; Dan'ko,2009;
Urbanek, 2016) allow us to say that the state of fatigue during cyclic work
of maximum power in RG-2 is probably caused to a greater extent by
imperfect adaptation of the kinematic links and age-related features of the
monosynaptic reflex arc and transmission of nerve impulses in motor
synapses, which can be observed as a result of less training. Other authors
also point to this mechanism of fatigue development in young athletes
[Vlasova,2017; Voytenkov, 2017; Chuhlanceva, 2011).

Conclusions

The research results obtained by us allow us to draw the following
conclusions:

1. The results of the electromyographic study indicate that the bioelectric
activity of skeletal muscles objectively reflects their functional state and
actively changes during maximum physical exertion, which depends on the
level of training and the age of the skiers.

2. The development of fatigue during cyclic work of maximum power is
accompanied by a decrease in the reflex excitability of spinal motoneurons.
Adolescent skiers, when performing extreme cyclical work adequate for their
age, are characterized by a smaller decrease in the reflex excitability of
motoneurons compared to adult skiers.

3. Registration of the H-response at maximum physical exertion can be
recommended as one of the tests that determine the training of ski racers and
allows the use of electromyographic indicators as an objective criterion for
the effectiveness of training management.
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