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Abstract—Transcutaneous electrical spinal cord stimulation (ScTS) was carried out in different
phases of the stepping cycle in order to control the kinematic parameters of the step in healthy
subjects walking on a treadmill. ScTS during the swing phase at the T11—-T12 level activated the
flexor motor pools and caused a change in the motion amplitude in the hip, knee and ankle joints,
as well as increased the height of leg elevation. ScTS at the stance phase at the L1—-L2 level,
addressed to the extensor motor pools, did not affect the kinematics of stepping movements. A shift
in the start of T11—T12 stimulation to 100—150 ms before the initiation of the swing phase or its
prolongation by 100 ms after the end of the swing phase caused significant changes in the
kinematics of stepping movements. Essential for the start of stimulation is the moment of pushing
the leg off the support a little earlier than beginning of the swing phase . Prolongation of the
stimulation period in the swing phase allows to increase ankle join flexion The choice of the optimal
algorithm of phase-dependent ScTS for the activation of flexor and extensor motor pools during
the stepping cycle increases the efficiency of stimulation in motor function rehabilitation

techniques.
DOI: 10.1134/50022093021020137
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INTRODUCTION

Electrical spinal cord stimulation is one of the
possible methods for the external control of
human motor functions lost due to a disease or
spinal cord trauma [1]. In the recent years, an
active search is in progress for noninvasive tech-
niques to affect neural structures of the spinal
cord, and one of such techniques is transcutane-
ous electrical spinal cord stimulation (ScTS). This

method is being successfully applied in complex
rehabilitation of human and animal motor func-
tions in clinical and experimental studies [2—3].
Currently, a new approach to using ScTS is being
developed, namely, the possibility of a targeted
impact on certain neural structures of the spinal
cord. Thus, while stimulating various spinal cord
levels (T10—L1), a relative selectivity of recruiting
different motoneuron pools that innervate leg
muscles was demonstrated, and the possibility of
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selective activation of flexor or extensor motor
pools was suggested [6]. Since locomotion is a
steady cyclic sequence of leg movements with
alternating stance and swing phases that differ in
functions and the degree of muscle activation,
then to control the parameters of stepping move-
ments, stimulatory effects should be targeted to
the motor pools that provide a corresponding
motor function. In this work, phase-dependent
ScTS was applied at different levels of the spinal
cord in the zone of input of the dorsal roots in
order to control the kinematic parameters of
human movements during walking. The present
study aims to find the most adequate algorithm for
such stimulation, namely, the answer to the ques-
tion of how a change in the time limits of ScTS
within the phases of the stepping cycle affects the
motor response.

MATERIALS AND METHODS

Experiments involved healthy male volunteers
(n =13, aged 19—35 years). In accordance with the
principles of the Declaration of Helsinki and the
Russian Federation’s and international standards,
written informed consent was obtained from each
of the subjects to participate in the research.
During the study, the subjects walked on a tread-
mill (h/p/cosmos gaitway®, Germany) moving at
a speed 1.5—1.7 km/h. Against the background of
a quiet walk, 30—60 s thereafter, ScTS started first
for 30 s at a frequency of 15 Hz during the stance
phase at the vertebral L1—1.2 level to affect motor
pools of the extensor muscles, then for the next
30s, at a frequency of 30 Hz during the swing
phase at the T11-T12 level to affect motor pools
of the flexor muscles. Then ScTS was performed
with alternating stimulation at L1 and T11 verte-
bral levels in the corresponding phases of the step
cycle, i.e. alternate activation of the extensor and
flexor muscles was performed. The detection of
the stance and swing phases to trigger stimulation
was carried out in real time while walking using
specially designed sensors [7].

To execute ScTS, a five-channel electrical stim-
ulator Bio-Stim-5 (Kosima Ltd.) [8] was used.
Rectangular pulses with a duration of 1 ms were
modulated by a frequency of 5 kHz; a stimulation
frequency of 15 Hz for extensor pools and 30 Hz
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for flexor pools, and a stimulation intensity of 15—
90 mA were used. Movements were video recorded
using a 3D video analysis system (Qualisys, Swe-
den). Light-reflecting markers were fixed at the
following bilateral anthropometric points: humeral
acromial (shoulder joint), trochanteric (hip joint),
upper tibia (knee joint), lower tibia (ankle joint),
terminal (toe or hallux). The coordinates of the
markers were used to calculate the trajectory of the
leg movement and the following kinematic param-
eters of the step: changes in the angle amplitude in
the hip, knee and ankle joints, as well as height of
leg elevation determined by the coordinates of dis-
placement of the marker fixed on the toe. Mathe-
matical data processing was performed using
original computer programs and Microsoft Excel.
The average values and standard deviations of the
parameters were calculated for each subject and
compared to the values under initial conditions,
i.e. during the first 30 s of the study, before the start
of ScTS. The calculated relative values were aver-
aged across all subjects. The statistical significance
of changes in the parameters was assessed using the
Student’s r-test, the differences were considered
significant at p < 0.05.

RESULTS AND DISCUSSION

During experiments, it was established that
ScTS influences on the kinematic parameters of
stepping, while the ScTS’s effects at the L1 level
in the stance phase and at the T11 level in the
swing phase were expressed to a varying degree.
Figure 1 shows the change in the join angles and
the height of leg elevation during ScTS while
walking, as recorded in one subject. The motion
amplitude in joints, as well as the height of leg ele-
vation, increased to a significantly larger extent
with ScTS at T11 in the swing phase than with
ScTS at L1 in the stance phase; a largest effect was
observed at an alternating stimulation (L1 + T11).

Since the step is implemented by consecutive
activation of different motor pools that innervate
leg muscles, while the moments of the start and
the end of stimulation within both phases can
influence the kinematics of movement, we ana-
lyzed the dependence of the height of leg eleva-
tion on phase shifts of the ScTS. It is in changes in
this parameter where the influence of ScTS
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Fig. 1. Changes in angular displacement of the hip (HIP), knee (KNEE) and ankle (ANKLE) joints and the magnitude of the
elevation height of the right toe (based on the vertical toe coordinates, HRT) at ScTS while walking and stimulation at L1
(swing phase), T11 (stance phase), and alternating stimulation at L1 and T1. The moments of the beginning of stimulation are

marked with arrows; subject Z.Yu., right leg.
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Fig. 2. Examples of real recordings of the toe elevation height while stepping during ScTS with designations of the shifts in the

onset (Ds1, Ds2) and end (Df1, Df2) of the first (stance phase)

parameters can manifest itself because, while
walking on the moving treadmill, other kinematic
parameters of movement are largely determined
by the speed of the treadmill track.

In the practice of phase-dependent ScTS, when
the phase detection is performed in a real time, it
is not always possible to accurately hit within the
phase boundaries of the stepping cycle, due to
which some shifts in the start and the end of stim-
ulation arise relative to the stepping cycle phases
(Fig. 2); the value of these shifts relies on the
capabilities of the equipment. Since in our studies
all the shifts were distributed randomly, with sep-
arate stimulations they could be considered as
mutually independent characteristics, and the
influence of each of the shifts on the stepping
parameters could be analyzed separately.

The results of statistical analysis of changes in

and second (swing phase) stimulations.

the height of leg elevation for each type of shift are
shown in Fig. 3.

It can be seen that the effect of a height of leg
elevation is present to a different ranges practi-
cally with all the shifts observed, however, the ele-
vation value depends on shift values of the start
and the end of ScST within the phase boundaries.
For instance, during stimulation at L1 (stance
phase), the shifts in the start of stimulation rela-
tive to the initiation of the stance phase have a
negligible effect, while a delay in the end of stimu-
lation, when it may already overlap the swing
phase, causes a considerable decrease in the
height of leg elevation, sometimes even stronger
than while free walking. The maximum elevation
is observed in the case of the end of stimulation
100—200 ms before the termination of the stance
phase (—250...—150 ms in Fig. 3).
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Fig. 3. Dependences of mean values of the ipsilateral leg elevation height within the step (h, %) on the shifts of the beginning
and end of ScTS, as determined in 100-ms ranges relative to the phase boundaries; coincidence with the phase boundary cor-
responds to 0 (abscissa). The mean leg elevation height in steps before stimulation was taken as 100%. The data were averaged
over 5 subjects; by 30 steps per stimulation for each subject. The top row: stimulation during the stance phase; the bottom row:

stimulation during the swing phase.

During stimulation in the swing phase (ScTS
at T11), the effect is most pronounced when the
start of stimulation precedes the beginning of
swing phase by 200 ms (—250...—150 ms in
Fig.3) and the end is later by 100 ms
(+50...+150 ms in Fig. 3). Combining the data of
delays in different phases, we can conclude that
stimulation in the stance phase should be fin-
ished 100 ms earlier, while in the swing phase, it
should be started 100 ms earlier and continued
for 100 ms longer.

As is well known, the stance phase accounts for
60%, and the swing phase 40% of the step cycle
time. However, using multivariate analysis, 6 bio-
mechanical phases are distinguished in the human
walking stepping cycle. [9]. In the 4th phase (51—
66% of the stepping cycle), the leg pushes off from
the ground; this moment slightly precedes the
beginning of the swing phase and, according to
our data, is important for the start of stimulation.
On the curve describing the vertical component of
the stance reaction of the leg while walking, this

time interval corresponds to the second maximum
which reflects an active pushing-off of the leg
from the surface, which causes the body move-
ment upward and forward [10].

It is known that in the swing phase, at first a
flexion of the hip joint, then a flexion of the knee
joint with a coordinated action of the biceps fem-
oris and semitendinosus, and finally a flexion of
the ankle occur [11]. From our data, it follows
that when stimulation is prolonged in the swing
phase by 100 ms, the impact on these muscles
increases, and the maximum muscular activity
falls at the end and beggining of the stance phase.
Extending of the stimulation period allows to
affect the tibialis anterior muscle and increase
plantar flexion.

A greater effect of stimulation in the swing
phase can be explained by the fact that the exten-
sor muscles provide a force component while the
flexor muscles are corrective components of the
locomotor synergy. According to their functions,
the extensor muscles have a more rigid innerva-
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tion program of walking while the flexor muscles
have a more adaptive one. It was shown that pro-
prioceptive  afferents evoke monosynaptic
responses in extensor neurons and activate flexor
neurons through polysynaptic pathways [12].

In a number of works [9—11], functional elec-
trical stimulation (FES) was applied to the mus-
cles active in certain phases of the stepping cycle.
FES was developed on the basis of gait biome-
chanics and neurophysiology and showed good
results in correcting gait parameters in patients
with motor disorders [10, 11, 13]. Currently, the
gait analysis is used as one of the key methods for
diagnosing motor pathology in clinical researches
[14, 15]. In contrast to FES, phase-dependent
ScTS, as a method of artificial movement correc-
tion, activates motor pools of the muscle com-
plex, affecting the locomotor synergy control
system, while with multisegmental ScTS,
descending and ascending influences converge
onto the neural networks responsible for postural
and locomotor functions [16].

Phase-dependent ScTS enables a combination
of natural and artificial activation of motor pools
without disturbing the walking automatism, while
the development of a correct algorithm opens new
avenues for controlling the step characteristics,
which can be used in developing new rehabilita-
tion programs to restore human motor functions.
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