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Abstract—The effect of 20-minute transcutaneous electrical spinal cord stimulation (tESCS) on the severity
of nonreciprocal and recurrent inhibition of spinal α-motoneurons in humans at rest and during a weak mus-
cular effort was studied. It was found that during the entire time of exposure to tESCS at rest, the nonrecip-
rocal and recurrent inhibition of the α-motoneurons of the synergist muscle (m. soleus) weakened, inverting
to nonreciprocal and recurrent facilitation. Nonreciprocal facilitation of the soleus α-motorneurons was
maintained throughout the entire after effect and recurrent facilitation was inverted to recurrent inhibition,
which increased up to 20 min after the end of stimulation. The retention of a weak muscular effort during spi-
nal cord stimulation was accompanied by an increase in nonreciprocal and recurrent inhibition of α-moto-
neurons of the synergist muscle. This post-activation effect lasted up to 20 min after electrical stimulation of
the spinal cord. The activity of recurrent inhibition was more pronounced during spinal cord stimulation
when performing a weak voluntary effort, and the post-activation effect was manifested by similar changes in
the severity of recurrent and nonreciprocal inhibition: their enhancement occurred within 10 min and weak-
ening at 20 min after the end of stimulation to background values. The reflex mechanisms of descending
supraspinal and ascending peripheral influences on the functional activity of nonreciprocal and recurrent
inhibition in the system of lower leg synergistic muscles in humans based on the effects of tESCS are dis-
cussed.

Keywords: transcutaneous electrical spinal cord stimulation (tESCS), nonreciprocal inhibition, recurrent
inhibition, presynaptic inhibition, afferents, muscles, motoneurons
DOI: 10.1134/S0362119722020037

The inhibitory systems of the spinal cord play an
essential role in human motor activities [1, 2]. The
main inhibitory interactions in the antagonist muscle
system are presynaptic and reciprocal inhibition.
Inhibitory interactions of synergistic muscles of the
spinal level are known as nonreciprocal inhibition or
Ib inhibition, which is achieved along Ib afferents from
the Golgi tendon organs via inhibitory Ib interneurons
to the α-motoneurons of the own muscle and/or the
synergistic muscle. The functional role of nonrecipro-
cal inhibition is timely protection of the skeletal mus-
cle from its excessive tension and to coordinate the
activities of different muscle groups [1–5].

Recurrent postsynaptic inhibition is another inhib-
itory mechanism at the spinal level in the system of
synergistic muscles, which regulates the activity of
nonreciprocal inhibition through Renshaw cells [1].
Recurrent inhibition plays the role of negative feed-
back, thereby limiting the frequency of α-motoneuron

discharges and restricting the development of exces-
sive muscular effort [2, 6–9].

In the last decade, a large number of experimental
studies of the use of noninvasive transcutaneous elec-
trical spinal cord stimulation (tESCS) have been pub-
lished [10–13]. tESCS is based on the cutaneous elec-
trical activation of spinal circuitry using electrodes
applied to segments of the lower thoracic and/or lum-
bosacral vertebrae. Its innovative feature is the use of
painless stimulation modes [10, 11]. At low spinal cord
stimulation intensity, low-threshold afferent fibers are
activated and motor axons are also involved in the pro-
cess to a certain extent. An increase in stimulation
intensity involves a greater number of motor axons,
which leads to a decrease in the latency of the elicited
motor response and an occlusive effect of afferent
pathways [10, 11]. These data are consistent with the
previous results obtained in experiments using trans-
cutaneous [14] and epidural [15, 16] spinal cord stim-
ulation.
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The post-activation effects of 20-min electrical spi-
nal cord stimulation on the manifestation of presynap-
tic and reciprocal inhibitory interactions in the system
of antagonist muscles in healthy subjects have been
shown [17]. Previously unknown consistent patterns of
the effect of 20-min electrical spinal cord stimulation
on increasing muscle strength [13] and modulation of
nonreciprocal inhibition of spinal α-motoneurons,
which provides optimal functioning in maintaining
skeletal muscle tension [18], have been established. At
the same time, there is no information in the available
literature about the effect of tESCS on the functional
activity of inhibitory mechanisms in the system of
human synergistic muscles.

The aim of our research was to study the effect of
20-min electrical spinal cord stimulation on the man-
ifestation of nonreciprocal and recurrent inhibition of
spinal α-motoneurons in humans and the possible
physiological mechanisms of these manifestations.

MATERIALS AND METHODS

The study involved 18 healthy men whose ages var-
ied between 27 and 35 years. tESCS (Neiro-MVP-8
stimulator, Neirosoft, Russia) was performed using an
active electrode with a diameter of 2.5 cm at the level
of the thoracic T11–T12 vertebrae in the supine position
for 20 min [10, 11, 19]. Indifferent rectangular 5 ×
10.2 cm2 electrodes were placed bilaterally over the
iliac crests. Stimulus intensity during the first 10 min
was within 30 mA to subsequently attain 40 mA. The
duration of a single stimulus was 0.5 ms; the stimulus
repetition rate was 10 Hz [13].

The method for recording nonreciprocal and recur-
rent inhibition of homonymous spinal cord α-motoneu-
rons. The conditioning (n. common peroneal) and
testing stimuli (n. tibialis) were applied to each subject
at an interstimulus interval of 6 and 20 ms (Fig. 1). A
short-latency conditioning stimulus activates Ib affer-
ents 6 ms before the testing stimulus, thereby
repressing the soleus testing H-response and causing
functional changes in the activity of nonreciprocal
inhibition at the spinal level [20, 21]. A long-latency
conditioning stimulus, 20 ms before the test stimulus,
activates Renshaw cells via the extending motor axon
collaterals of the gastrocnemius medialis and soleus α-
motoneurons, which, in turn, decreases the excitabil-
ity of α-motoneurons of the corresponding muscles
[5, 22]. The control H-reflex was used to determine
the strength of nonreciprocal and recurrent inhibition,
which was calculated with the following formula:
Amplitude of the testing H-response/Amplitude
of the control H-response × 100. The severity of non-
reciprocal and recurrent inhibition was assessed
by the highest percentage of repression of the testing
H-reflex. The strength of the control and testing stim-
uli applied to the n. tibialis was 15% of the
intensity causing the maximum amplitude of soleus
H-response, and the conditioning stimulation applied
to the common peroneal nerve constituted 95% of the
stimulus value causing the maximum amplitude of
gastrocnemius medialis M-response. The H-reflex
and M-response amplitudes were recorded on a mini-
electromyograph with the Myo software (ANO IMR
Vozvrashchenie, Russia); conditioning stimulation of
Ib afferents, efferent fibers and testing stimulation of
Ia afferents were performed; the EMG activity of syn-
ergistic muscles (m. soleus, m. gastrocnemius media-
lis) was recorded with surface skin electrodes 9 mm in
diameter: the active electrode was fixed in the projec-
tion of the muscle motor point; the reference electrode
was shifted at a distance of 2 cm to the tendon [2].

The method for recording voluntary muscle contrac-
tion. During the execution of a weak muscular effort
(5% of the maximum voluntary contraction (MVC)),
the subjects lay comfortably on their backs; their right
foot was rigidly fixed using adjustable straps on a dyna-
mometer platform (Biodex Multi-Joint System Pro-3,
United States, 2006). At the beginning of each experi-
ment, the subjects performed the MVC of the lower
leg muscles (isometric type of contraction). They were
then asked to make a static effort equal to 5% of the
MVC and retain it for 20 min. A weak muscle contrac-
tion was monitored by the subject visually on a com-
puter monitor. The choice of a weak MVC is explained
by the fact that the subjects could retain this muscle
tension during tESCS for 20 min.

Experimental conditions. The amplitudes of the
soleus testing H-responses (nonreciprocal and recur-
rent inhibition) were recorded: (1) at rest before expo-
sure to prolonged tESCS, at 5, 10, and 20 min of stim-
ulation, and at 5, 10, and 20 min of electrical afteref-
fect and (2) when maintaining a weak isometric
contraction (5% of MVC) before long-term tESCS,
during stimulation, at 5, 10, and 20 min while retain-
ing 5% of MVC, and after stimulation, at 5, 10,
and 20 min without retaining 5% of MVC. Control
H-reflexes of the m. soleus were recorded in a state of
relative muscle rest.

Statistical data were analyzed using the Statistica
v.12.5 Build 192.7 software (StatSoft, United States).
Statistically significant differences in the studied
parameters were identified using parametric (one-way
analysis of variance with post-hoc Newman-Keuls
analysis) and nonparametric methods (Kruskal-Wallis
Anova analysis of variance). The normal distribution
of samples was determined using the Shapiro-Wilk’s
W test. The critical value of the level of statistical sig-
nificance when testing null hypotheses was taken to be
5% (p = 0.05).

RESULTS

The effect of tESCS on the severity of nonreciprocal
inhibition of α-motoneurons of synergistic leg muscles in
a state of relative muscular rest. A 20-min tESCS at rest
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
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Fig. 1. A diagram of the methodology for assessing nonreciprocal and recurrent inhibition of homonymous soleus α-motoneu-
rons. Mn GM, m. gastrocnemius medialis motoneurons; Mn SOL, m. soleus motoneurons; In Ib, inhibitory Ib interneurons; RC,
inhibitory Renshaw cells; NI, nonreciprocal inhibition; RI, recurrent inhibition. 

In Ib In Ib

Mn SOL
Mn GM

Ia

Ia

Ia flows from the nn. tibialis and common peroneal

Ib

Ib flows from the n. common peroneal

Activation of Renshaw cells by conditional stimulation

RI

RI RC
RC

IbIb

NI NI

n. tibialis 

testing stimulus

n. common peroneal 

conditioning stimulus

         Golgi organ receptors

m. soleus

m. gastrocnemius med.
facilitates the soleus testing H-response, reducing the
severity of nonreciprocal inhibition in relation to the
state before the spinal cord stimulation (Table 1). This
was manifested by an increase in the soleus testing
H-response amplitude from 5 to 20 min of exposure to
electrical stimulation (p = 0.000; Kruscal-Wallis
Anova) in relation to the background values. During
the 20-min exposure of spinal cord to stimulation, the
level of nonreciprocal facilitation remained constant.
Nonparametric analysis of variance did not reveal sig-
nificant differences in the soleus testing H-response
amplitudes between the time intervals of exposure to
tESCS (p = 1.000; Kruscal-Wallis Anova). The effect
of facilitation of the soleus testing H-responses was
observed up to 20 min after the end of tESCS in rela-
tion to the background (p = 0.000; Kruscal-Wallis
Anova).
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
The effect of tESCS on the severity of nonreciprocal
inhibition of α-motoneurons of the synergistic leg muscles
while maintaining a weak muscular effort. When the
voluntary effort was maintained at 5% of the individ-
ual maximum without tESCS, a slight weakening of
nonreciprocal inhibition (p = 0.056; Newman-Keuls)
was noted compared with the resting state (back-
ground) (Table 2). Nonreciprocal inhibition increased
at 5 (p = 0.022; Newman-Keuls), 10 (p = 0.021; New-
man-Keuls), and 20 (p = 0.015; Newman-Keuls) min
under the influence of tESCS in combination with
voluntary retention of 5% of MVC. During spinal cord
stimulation at 5, 10, and 20 min in combination with
voluntary skeletal muscle tension, the severity of non-
reciprocal inhibition was constant (p = 1.000; New-
man-Keuls). An increase in nonreciprocal inhibition
was observed at 5 (p = 0.011; Newman-Keuls) and 10
(p = 0.017; Newman-Keuls) min after the end of the
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effect of stimulation on the spinal cord; at 20 min its
gradual weakening was noted, which reached back-
ground values (before spinal cord stimulation (back-
ground): p = 0.955; before spinal cord stimulation +
5% of MVC: p = 0.121, Newman-Keuls).

The effect of tESCS on the severity of recurrent inhi-
bition of α-motoneurons of the synergistic lower leg mus-
cles in the state of relative muscular rest. tESCS most
significantly influenced the soleus testing H-response
amplitude: in this case, the recurrent inhibition of
α-motoneurons was inverted to its facilitation in rela-
tion to the background (Table 3; p = 0.000; Newman-
Keuls). The method of parametric analysis of variance
revealed a statistically significant increase in the recur-
rent facilitation of m. soleus α-motoneurons at 5 min
of spinal cord stimulation compared with 10 (p =
0.038; Newman-Keuls) and 20 min (p = 0.002; New-
man-Keuls). Spinal cord stimulation of 20 min dura-
tion produced a recurrent inhibitory effect at the spi-
nal level after exposure (Table 3). The increase in
recurrent inhibition proceeded up to 20 min of the
tESCS aftereffect (p = 0.010; Newman-Keuls).

The effect of tESCS on the severity of recurrent inhi-
bition of α-motoneurons of the synergistic lower leg mus-
cles while maintaining a weak muscular effort. The per-
formance of a voluntary muscular effort of 5% of the
individual maximum in the absence of tESCS slightly
weakened recurrent inhibition (p = 0.597; Newman-
Keuls) compared with the resting state (background)
(Table 4). Under the influence of an electrical effect
on the spinal cord in combination with a voluntary
muscle tension of 5% of MVC, recurrent inhibition
was significantly increased at 5 (p = 0.000; Newman-
Keuls), 10 (p = 0.000; Newman-Keuls), and 20 (p =
0.000; Newman-Keuls) min. A statistically significant
increase in recurrent inhibition was revealed at 5 min
of stimulation compared to 20 min (p = 0.000; New-
man-Keuls). After end of the stimulation effect on the
spinal cord, an increase in the inhibitory effect was
noted at 5 (p = 0.011; Newman-Keuls) min followed
by a decrease at 20 (p = 0.017; Newman-Keuls) min to
the background values (before spinal cord stimulation
(background): p = 0.528; before spinal cord stimula-
tion + 5% of MVC: p = 0.836, Newman-Keuls).

Comparative analysis of the effect of tESCS on the
manifestation of nonreciprocal and recurrent inhibition
of α-motoneurons of the synergistic lower leg muscles in
a state of relative muscular rest. The data in Fig. 2 indi-
cate that before spinal cord stimulation the levels of
nonreciprocal and recurrent inhibition of soleus
α-motoneurons were constant (p = 0.784; Newman-
Keuls). Electrical spinal cord stimulation at 20 min of
exposure caused more marked nonreciprocal facilita-
tion compared to recurrent facilitation (p = 0.012;
Newman-Keuls). Upon completion of electrical spi-
nal cord stimulation, the recurrent facilitation was
inverted to recurrent inhibition from 5 to 20 min of the
aftereffect, and nonreciprocal facilitation was con-
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
stant as in the case of electrical stimulation of the spi-
nal cord. At 20 min (p = 0.011; Newman-Keuls), the
aftereffect of electrical stimulation of the spinal cord
showed the highest level of recurrent inhibition
(Fig. 2).

Comparative analysis of the effect of tESCS on the
manifestation of nonreciprocal and recurrent inhibition
of α-motoneurons of the synergistic lower leg muscles
while maintaining a weak muscular effort. The compar-
ative analysis of the testing H-reflex amplitudes
showed that the effect of 20-min electrical spinal cord
stimulation was manifested by the intensification of
the inhibitory processes of the synergistic lower leg
muscles against the background of maintaining a weak
muscular effort of 5% of MVC (Fig. 3). As seen from
Fig. 3, during stimulation of the spinal cord at 5 (p =
0.013; Newman-Keuls) and 10 (p = 0.012; Newman-
Keuls) min, the greatest severity of recurrent inhibi-
tion was observed relative to nonreciprocal inhibition.
The aftereffect of tESCS at 5 and 10 min increased
recurrent and nonreciprocal inhibition and at 20 min
decreased their activity to the background values.

DISCUSSION

The results of the study of the effect of electrical
spinal cord stimulation on the functional activity of
spinal inhibition in the system of synergistic lower leg
muscles in humans showed that during a 20-minute
stimulation of the spinal cord in a state of relative mus-
cle rest, the nonreciprocal and recurrent inhibition of
α-motoneurons of the synergistic muscle
decreased (nonreciprocal and recurrent facilitation)
(Tables 1, 3). Nonreciprocal facilitation of the syner-
gistic α-motoneurons persisted for no less than 20 min
after electrical spinal cord stimulation, and recurrent
facilitation was inverted to recurrent inhibition, which
increased up to 20 min of the aftereffect. During a
study of the effects of tESCS on the manifestation of
presynaptic and reciprocal inhibitory interactions in
the system of antagonist muscles in healthy subjects,
Yamaguchi et al. [17] found that after 20-min electri-
cal stimulation of the spinal cord, reciprocal inhibition
increased within 15 min of the aftereffect, and presyn-
aptic inhibition did not differ from the baseline level
for 30 min of the aftereffect. The authors suggest that
the long-term effect of noninvasive electrical stimula-
tion on the spinal cord induces short-term plastic
changes in inhibitory Ia interneurons of the reciprocal
inhibition system [17].

The authors who developed the noninvasive
method of tESCS suggest that when electrical stimu-
lation is applied to the spinal cord group Ia and group
Ib afferents, group II afferents, excitatory and inhibi-
tory spinal interneurons, which control poly- and oli-
gosynaptic reflexes, as well as the pyramidal, reticulo-
spinal, and sympathetic tracts, are sequentially
involved [10, 11]. Based on the statements of
these authors, it may be suggested that on exposure to
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Fig. 2. The amplitude of the soleus testing H-reflex from the control reflex before, during, and after transcutaneous electrical spi-
nal cord stimulation (tESCS) at rest, %. (a) Before tESCS; (b) during tESCS; (c) after tESCS. 
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20-min tESCS (1) at rest, ascending peripheral influ-
ences from Ia (2), (3), Ib (4) afferents on α-motoneu-
rons and efferent α-motoneuron axon collaterals (5),
as well as excitatory supraspinal inputs (cortico- (6),
vestibulo- (7), reticulospinal (8)) on the correspond-
ing motoneurons, are sequentially involved, which
leads to an increase in nonreciprocal and recurrent
facilitating influences on the motor nuclei of the lower
leg synergists (m. soleus and m. gastrocnemius)
(Fig. 4).

The results of our own study have shown that under
conditions of maintaining an effort of 5% of MVC,
nonreciprocal and recurrent inhibition of the soleus
α-motoneurons before the action of electrical stimu-
lation on the spinal cord was weaker than in the state
of relative muscular rest (Tables 2, 4; Fig. 3). Similar
results describing the weakening of nonreciprocal
inhibition of soleus α-motoneurons when a moderate
static effort was made were presented in [23] by
E. Pierrot-Deseilligny et al. [23] and in [24, 25] by
A.A. Chelnokov et al. With a moderate static effort,
presynaptic inhibition, which actively regulates the
excess afferent influx to α-motoneurons of the lower
leg agonist and antagonist muscles, disinhibiting non-
reciprocal and reciprocal inhibitory influences on
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
them and affording normal human motor activity, is
most pronounced [24].

Our own research results indicate that against the
background of a 20-min tESCS and a weak muscular
effort, recurrent inhibition of soleus α-motoneurons is
more pronounced compared with nonreciprocal inhi-
bition, which persisted for 10 min of exposure of the
spinal cord to stimulation (Fig. 3). The postactivation
effect of a 20-minute tESCS was characterized by an
increase in the functional activity of nonreciprocal
and recurrent inhibition at 5 and 10 min and by the
decline in their manifestation to background values at
20 min. No differences in the strength of these inhibi-
tory processes in the system of synergistic muscles
were observed (Fig. 3).

From the currently available data, it is known that
corticospinal fibers poly- and oligosynaptically con-
verge onto inhibitory Ia and Ib interneurons, spinal
cord Renshaw cells coordinating afferent inputs to
the motor centers of homonymous and heteronymous
α-motoneurons through the inhibitory spinal systems
(presynaptic, reciprocal, nonreciprocal, and recurrent
inhibition) [2, 5, 26, 27]. Descending lateral and ven-
tral corticospinal pathways are glutamatergic, which
excite α-motoneurons mono- and polysynaptically
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Fig. 3. The amplitude of the soleus testing H-reflex from the control reflex before transcutaneous electrical spinal cord stimula-
tion (tESCS) at rest (background) and with retention of 5% of MVC, during tESCS in combination with retention of 5% of MVC,
and after exposure to tESCS at rest, %. (a) before tESCS; (b) during tESCS in combination with retention of 5% of MVC;
(c) after tESCS. 
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and γ-motoneurons polysynaptically [28, 29]. How-
ever, the lateral vestibulospinal pathways exert poly-
synaptic facilitating influences on the extensor
α-motoneurons and inhibitory influences on the
flexor α-motoneurons of the lower and upper limbs.
At the same time, the lateral reticulospinal pathways
polysynaptically inhibit the extensor α-motoneurons
and facilitate the f lexor motoneurons [30]. It is
believed that the rubrospinal tract has an excitatory
effect on the motor centers of skeletal muscles [31].

The diagram in Fig. 4 suggests that a 20-minute
tESCS (1) in combination with a weak static
effort (12) and its post-activation effect additionally
activates the excitatory corticospinal pathways (6) and
peripheral influences of Ib afferents from Golgi recep-
tors (4) and efferent α-motoneuron axon collaterals
(5) enhancing the functional activity of inhibitory Ib
interneurons of nonreciprocal inhibition (9) and Ren-
shaw cells of recurrent inhibition (10). The manifesta-
tion of nonreciprocal inhibition of the lower leg syner-
gist α-motoneurons is regulated by the mechanisms of
recurrent inhibition through the Renshaw cell (10) and
presynaptic inhibition mediated by Ia afferents to the
corresponding interneurons (11) [2, 24, 25, 32]
(Fig. 4). It is more likely that against the background
of a 20-minute electrical spinal cord stimulation (1)
combined with a weak muscular effort (12) and after
its action the descending vestibulo- (7) and reticulo-
spinal (8) pathways exert excitatory influences on the
motor centers of synergistic muscles affording the
coordinated work of all spinal inhibitory systems. This
idea agrees with the study of the features of manifesta-
tion of presynaptic inhibition of homonymous Ia
afferents and reciprocal inhibition of soleus α-moto-
neurons at rest upon activation of the reticulo- and
vestibulospinal pathways in response to transcranial
magnetic stimulation of the cerebellum [33].

CONCLUSIONS

The data we obtained bridge the gap in scientific
knowledge about the mechanisms of functioning of
the spinal inhibitory systems of the synergistic muscles
of the lower leg, which are influenced by transcutane-
ous electrical spinal cord stimulation. tESCS modu-
lates nonreciprocal and recurrent inhibition of spinal
α-motoneurons in a state of relative muscular rest and
while maintaining a weak muscle effort. Exposure of
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
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Fig. 4. A putative model of an inhibitory interneuronal circuit of the synergistic lower leg muscles mediated by ascending and
descending influences on spinal motoneurons during and after 20-minute transcutaneous electrical spinal cord stimulation
(tESCS) in combination with weak muscle tension. 1, tESCS; 2, 3, 4, 5, ascending peripheral influences from Ia and Ib afferents
and efferent α-motoneuron axon collaterals; 6, 7, 8, descending supraspinal influences from the cortico-, vestibulo- and reticu-
lospinal tracts; 9, nonreciprocal (Ib) inhibition; 10, recurrent inhibition via the Renshaw cell; 11, Ia presynaptic inhibition;
12, 5% of MVC (maximum voluntary contraction); CST, corticospinal tract; VST, vestibulospinal tract; RST, reticulospinal
tract; NI, nonreciprocal inhibition of α-motoneurons; RI, recurrent inhibition of α-motoneurons; PI, presynaptic Ia inhibition. 
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the spinal cord to electrical stimulation at rest weakens
the functional activity of the inhibitory spinal neuro-
nal structures of the synergistic muscles and, in con-
trast, increases it when a weak muscle tension is main-
tained, with recurrent inhibition being the most pro-
nounced. The fundamental data from of this kind of
research can find practical application in the correc-
tion of segmental disorders in patients with neuromo-
tor diseases and injuries.
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