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Abstract: Walking function disorders are typical for patients after cerebral stroke. Biofeedback
technology (BFB) is currently considered effective and promising for training walking function,
including in patients after cerebral stroke. Most studies recognize that BFB training is a promising
tool for improving walking function; however, the data on the use of highly selective walking
parameters for BFB training are very limited. The aim of our study was to investigate the feasibility of
using BFB training targeting one of the basic parameters of gait symmetry—stance phase duration—in
cerebral stroke patients in the early recovery period. The study included 20 hemiparetic patients in
the early recovery period after the first hemispheric ischemic stroke. The control group included 20
healthy subjects. The BFB training and biomechanical analysis of walking (before and after all BFB
sessions) were done using an inertial system. The mean number of BFB sessions was nine (from 8 to
11) during the three weeks in clinic. There was not a single negative response to BFB training among
the study patients, either during the sessions or later. The spatiotemporal parameters of walking
showed the whole syndrome complex of slow walking and typical asymmetry of temporal walking
parameters, and did not change significantly as a result of the study therapy. The changes were more
significant for the functioning of hip and knee joints. The contralateral hip amplitude returned to
the normal range. For the knee joint, the amplitude of the first flexion increased and the value of
the amplitude of hyperextension decreased in the middle of the stance phase. Concerning muscle
function, the observed significant decrease in the function of m. Gastrocnemius and the hamstring
muscles on the paretic side remained without change at the end of the treatment course. We obtained
positive dynamics of the biomechanical parameters of walking in patients after the BFB training
course. The feasibility and efficacy of their use for targeted correction need further research.

Keywords: biofeedback gait training; gait analysis; stroke; early recovery phase

1. Introduction

Biofeedback technology (BFB) is currently considered effective and promising for
training walking function [1-3], including in patients after cerebral stroke [3]. The technol-
ogy is based on capturing a physiological parameter and presenting it to the patient in a
perceivable form, so that the subject can understand its changes and respond appropriately.
BFB can be used independently or as part of rehabilitation therapy. BFB can activate
the body’s own resources, with the patient taking active part in the process of his or her
recovery. Different types of BFB rely on different technical methods and senses. The most
frequently used feedback channel is vision, followed by hearing alone or in combination
with vision, whereas kinesthetic feedback is much more rare [1,4].

Walking function disorders are typical for patients after cerebral stroke. A cerebral
stroke normally affects one hemisphere and causes a hemiplegic syndrome [5]. The gait
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of hemiplegic patients has very specific features [6,7]: reduced walking speed, increased
double stance phase, and reduced amplitude of movement in the leg joints [8]. There
are four main gait abnormalities associated with hemiparesis [9]: the drop-foot gait, the
circumduction gait, the hip hiking gait, and the back knee gait.

BEB technology was not used for improving walking function until recently because
of the technical complexity of capturing the basic gait parameters. The most often used
parameters are walking speed, stride length, and cadence of walking [1]. It should be
noted that these are the main resultant parameters of walking as the function of the
body’s locomotion in space. However, walking speed will depend on other changes which
determine the existing motor impairment: e.g., the presence of joint contractures, impaired
muscle function, pain syndrome associated with certain movements or axial load on the
limb, etc. In addition, the most frequently used parameter—walking speed—is not specific
to a particular disease or condition, and the same is true for cadence. Walking speed
can decrease as a result of a variety of pathological conditions. For all its importance,
this parameter is not specific to the affected side. In contrast, the less often-used stride
length may differ between the left and right sides. The third parameter—cadence—is also
not specific to the affected side. However, not only do the above mentioned resultant
parameters change significantly in patients with cerebral stroke but also their determinant
parameters [8-10]: walking cycle duration, stance period, double and single support
periods, and gait harmony (equal intervals of the start of the walking cycle (WC) on
both sides).

In some cases, BFB training equipment can capture individual parameters: dynamic
load on the limb [11,12] or the clearance between the foot and the ground [13]. Another
commonly used parameter is the EMG activity of muscles (mostly of the lower-leg triceps).
Spatiotemporal, kinematic, and kinetic parameters are also used [3]. Spatiotemporal
parameters are most often used to train step length on the paretic side [3].

In recent years, owing to its important advantages, wearable IMU technology (systems
using inertial measurement units) has been widely applied for capturing biomechanical
gait parameters. A review of publications on the validation of IMU technology for captur-
ing basic gait parameters in healthy adults [14] has shown high validity for some sets of
parameters. Attempts are being made to automatically classify post-stroke walking abnor-
malities using IMUs and neural networks [15]. Some authors report using this technology
for BFB therapy in patients with the sequelae of cerebral stroke and Parkinson’s disease [16].
However, according to a systematic review [16], IMU-based BFB systems showed good
results only for balance training. There is still little information regarding other motor
skills. Where walking function is concerned, the use of IMUs theoretically allows for a
more selective choice of parameters for BFB training, but the available information is not
sufficient to judge the feasibility and efficacy of such training.

The use of BFB to restore walking function in cerebral stroke patients had contradictory
results, even with the same authors. In a study carried out by Druzbicki et al. [17], no
significant effect of BFB training was noted. However, some effect was noted in their earlier
study [18]. In the research of Gente et al. [12], training was based on the ground reaction
force at the end of the stance phase, with both visual and auditory feedback. A training
session lasted as little as six minutes. The obtained results demonstrated a significant
increase in the developed effort. We found only one study [19] where stance phase was
successfully used as the BFB parameter. The system used vibrotactile devices to provide
the feedback. The authors noted that stance phase as the feedback parameter was more
effective than healthy-to-paretic-side ratio. The authors used an experimental system
created for that study.

The available literature does not offer a common standard approach to BFB training
of walking in cerebral stroke patients. Technologies such as BFB typically provide a certain
number of similar training sessions of a certain duration. There is a wide spread in the
values of training parameters in the literature. In one review [3], the frequency of training
sessions ranged from thrice a week to twice a day. The total number of sessions ranged from
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three to 18, with a significant number of single training sessions. Multi-session training
typically included 10 to 20 sessions. The authors noted that this data spread could be due
to the limited data in the reviewed literature.

Another study [17] included 15 training sessions. At the same time, there were reports
indicating the efficacy of only one training session [12]. That session, however, was targeted
at a condition-specific parameter—ground reaction force (dynamic load).

The duration of a training session also varied considerably. In the analytical review by
Spencer et al. [3], session duration ranged from 11 to 30 min. In a study by Gente et al. [12],
the training session lasted 30 min, and in another study by Begg et al. [13] only 10 min.

Thus, the relevant literature so far does not provide any objective criteria for con-
ducting BFB training, including the number of training sessions, their duration, and the
inter-session intervals.

The use of various types of BFB training to improve walking in patients with cerebral
palsy also had contradictory results [17]. In that study, 30 patients with subacute cerebral
stroke received treadmill walking training with or without the use of BFB based on kinetic
parameters (15 patients per group). The results showed no differences in walking function
between the two groups. Positive changes in walking biomechanics were noted in both
groups. An earlier study by the same authors demonstrated improvement in gait symme-
try and spatiotemporal parameters [18]. Other researchers [19] demonstrated a positive
response to BFB training using a specific parameter (stance phase).

In general, most studies recognize that BFB training is a promising tool to improve
walking function, especially in patients with cerebral stroke. At the same time, the data on
the use of highly selective walking parameters for BFB training are very limited, which
is obviously explained by the technological complexity of their use in such training. In
addition, the main training parameters—session frequency, duration, exercise load, and
performance criteria—are still not clear.

The aim of our study was to investigate the feasibility of using BFB training targeting
one of the basic parameters of gait symmetry—stance phase duration—in cerebral stroke
patients in the early recovery period.

Our hypothesis is that targeted training with the BFB walking on a selected parameter
will allow for the changing of this parameter.

2. Materials and Methods

The study was performed during 2020-2021 at the Clinical Biomechanics Laboratory
of the Federal Center of Brain Research and Neurotechnologies, FMBA of Russia.

The study included 20 hemiparetic patients in the early recovery period after a first
hemispheric ischemic stroke.

The study population included 15 males and five female subjects at a mean age
of 49.05 + 12.44 years (range: 23-65 years), with a mean height of 176.35 £ 8.52 cm
(range: 159-195 cm) and a mean weight of 79.50 £ 13.34 kg (49-102 kg); 113.05 & 47.96
(28-179) days after cerebrovascular accident; nine subjects with right and 11 with left
hemisphere damage.

Inclusion criteria: first-time hemiparetic ischemic stroke patients in the early recovery
period; age up to 75 years; functional readiness for verticalization; adequate orthostatic
response; able to stand upright for a minute; able to walk without mobility aids; fully
conscious and alert enough to understand and follow instructions during research and
training; no cognitive impairment that might prevent understanding the study staff in-
structions; absence of sensorimotor aphasia; lower limb muscle tone > 2 according to the
modified Ashwoth spasticity scale; absence of decompensated somatic pathology, absence
of ischemic changes in ECG; absence of heart failure (Killip Class II and higher); absence
of diseases of the central and peripheral nervous systems, other than stroke, associated
with neurological deficit (sequelae of injuries, tumors, polyneuropathy, etc.); absence of
orthopedic pathology (joint deformities and contractures, pronounced pain syndrome,
amputated limbs, etc.).
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Exclusion criteria: inadequate cardiovascular response to training; fear of walking
on the treadmill; patient’s refusal of therapy; negative changes in neurological and/or
somatic status.

The functional capabilities of the patients were assessed using the Timed Up and Go
Test (TUG) [20] and the Hauser Ambulance Index (HAI) [21] for walking, and the Berg
Balance Scale (BB) [22] and the Standing Balance Test (SBT) for balance [23].

The healthy control group included 20 healthy subjects (10 females and 10 males, mean
age 28.8 £ 3.66 years (23-35 years), mean height 176.8 £ 5.53 cm (168-188 cm), mean weight
76.25 £ 14.09 kg (55-100 kg), without a history of injuries or musculoskeletal diseases.

Basic walking parameters normally remain stable from adolescence to the age of
70 [24,25]. Therefore, the younger age of the healthy control group is acceptable.

2.1. Assessment of Walking Function

Biomechanical analysis of walking was performed using a Stadis system (Neurosoft,
Ivanovo, Russia). Neurosens inertial sensors were attached to the subject’s sacrum, the
outer middle third of the thigh, the outer ankle and the foot instep, on both sides (Figure
1). A total of seven sensors were used. Each sensor also had two channels for EMG data.
The thigh-located sensors captured the EMG signals of the rectus femoris and the joint
activity of the hamstring muscles. The lower leg-located sensors captured the EMG signals
of the anterior tibial muscle and the joint activity of the external and internal heads of
the triceps femoris. Disposable Medico electrodes were placed according to the SENIAM
guidelines [26]. We analyzed the maximum amplitude of each muscle, uV, based on
smoothed rectified EMG normalized to gait cycle, and did likewise with the goniograms.

Figure 1. The patient during recording of the biomechanical parameters of walking. Inertial sensors
were fixed on body segments (pelvis, hips, legs, feet). EMG electrodes were connected to the sensors
on the thigh and shin, which were fixed on the corresponding muscles.

The subjects” upright standing positions with straightened hips and knees were
assumed to be neutral (calibration position). Next, we recorded biomechanical parameters
during walking. The subjects were instructed to repeatedly walk a distance of 10 m at an
arbitrary pace, turning around at the end of the distance and continuing to walk. Steps
with unsteady parameters (acceleration or deceleration) were automatically excluded from
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analysis. The remaining walking cycles were calculated. On average, recording was
completed upon reaching 30 walking cycles or more. The software was based on a verified
neural network algorithm for walking cycle (WC) analysis. It calculated the WC of each
leg and other WC parameters. The following biomechanical parameters were selected for
the subsequent analysis.

Temporal parameters: WC duration, s; rhythm (symmetry) factor (RF) (the ratio of
longer to shorter stance phase). Individual WC phases and periods were measured as %
of WC: stance phase (SP), single support (SS), double support (DS), and the parameter of
the beginning of the contralateral leg WC (the beginning of the second double support
phase, SDS).

Spatial gait parameters: largest distance between foot and floor in swing phase (foot
clearance, FC), cm; walking speed (V), km/h.

Kinematic parameters were captured for the hip, knee and ankle joints in the sagittal
plane (flexion—-extension), the joint goniogram was plotted over a walking cycle, and the
following parameters were calculated automatically.

For the hip joint: maximum amplitude over WC (HA, degrees) and the phase of
maximum extension (HP).

For the knee joint: first flexion amplitude (Kal) and its phase (Kp1), extension ampli-
tude (Ka2) and its phase (Kp2), swing flexion amplitude (Ka3) and its phase (Kp3).

For the ankle joint: amplitude (AA) over WC.

The envelope EMG was analyzed for maximum amplitudes developed over WC,
1V, by the tibialis anterior muscle (TA), calf muscles, Gastrocnemius (GA), rectus femoris
muscle (RF) and hamstring muscles (HM).

2.2. BFB Training Sessions

The BFB training used in the study had to be within the capabilities of our patients and
completed during their hospital stay. The duration of hospitalization varied depending on
the hospitalization channel, and influenced the number of training sessions. The minimum
number of sessions was eight. The mean number of sessions was 9.2 &= 2.12 (8-11). This
was the reality in which we worked. The majority of patients received 9-10 training
sessions. For this reason, we considered the variability in this parameter to be acceptable.
Moreover, as analyzed earlier in the Introduction, there is no consensus on the ideal number
of sessions. For a fully eligible patient (i.e., meeting all of the inclusion and none of the
exclusion criteria), the duration of a training session largely depended on their condition at
the time of the session. Therefore, we did not run the sessions for a specified period of time,
e.g., 30 min [17], but rather until the patient’s first complaints of fatigue. Technically, we
had the opportunity to observe in online mode changes in the trained parameter, including
its reaching the current “ceiling” or undergoing an increase in variability with severe
fatigue. However, this added uncontrolled variables to the study.

We also took into account the absence of change in training parameters, loss of walking
rhythm, and increase in the range of change of the training parameter (all this information
was displayed on the operator’s monitor). The mean session duration was 17:51 min
(15:14 to 20:30).

For the BFB training we used the same Stadis system, which had all necessary func-
tionality for the training of walking based on the selected target parameter. Each training
session started with a two-minute assessment of the spatiotemporal gait parameters while
walking on the treadmill. The gait was assessed using two Neurosens sensors attached
with elastic cuffs to the outer ankle. During the first stage, the patient—with the attached
sensors—stood on the treadmill, which was then turned on and set to a speed comfortable
for the patient. After that, a 2-min walking screening test was conducted. The displayed
test report presented spatiotemporal gait parameters with flagged abnormal values. Next,
the training parameter—stance phase in this study—was selected and a BFB training ses-
sion was initiated (Figure 2). During the session, the selected parameter was displayed as
columns with a marked specified range of change. An out-of-range value was shown as
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an error and caused a slowdown in the movement around the virtual environment and in
the completion of the set task in the virtual environment. Depending on the virtual envi-
ronment used, there were also other details reflecting the test performance. The automatic
training algorithm was configured such that in the case of a successful completion, the
range of change was adjusted towards greater symmetry of the parameters. A training
session automatically continued until the patient was tired. If necessary, the range of
change of the selected parameter could be adjusted manually.

”[

Figure 2. Training process. The patient is on a treadmill. Inertial sensors are installed on his shins to
register gait parameters. Before him is a screen with a virtual task.

The study used an Air Machine Runner RHC 500 treadmill. The training speed
increased from session to session and, on average, ranged from 1.39 + 0.44 km/h to
1.71 £ 0.42 km/h.

For convenient use in the laboratory setting, since the optimal position of the monitor
for the BFB environment was at the back of the treadmill, the backward mode was used.
Given the slow walking speed of the patients, the backward mode was sufficient.

The study was carried out in accordance with the ethical principles of the Declaration
of Helsinki, obtaining the subjects” written informed consent, and was approved by the
Local Ethics Committee of FNKC FMBA (No. 7 of 19.07.2021).

2.3. Statistical Analysis

The generated data were processed with the Statistica 12 software package. Standard
ANOVA methods were used to calculate the mean values and standard deviations. The
significance of differences was assessed using the Wilcoxon-Mann-Whitney test with
p < 0.05. The tested parameters were compared for paretic versus contralateral side and
versus healthy control.

3. Results

The changes over time in patients’ conditions, as assessed by clinical scales, are
presented in Table 1.
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Table 1. Study outcomes, according to different clinical scales.
TUG, s. HAI BB SBT
Before 23.15 + 6.41 3.35 £0.49 45.70 + 6.43 3.60 + 0.68
After 19.60 £5.11 % 280+ 0.70 & 48.95+534% 3.80 + 0.52

& __significant, p < 0.05 (compared to same parameter before therapy).

The administered therapy resulted in significant improvement as assessed by the TUG,
HAI and BB methods (p < 0.05).
The results of the analysis of spatiotemporal gait parameters are presented in Table 2.

Table 2. Spatiotemporal gait parameters.

Before After
Parameter Contralateral Paretic Contralateral Paretic Healthy Control

WG, s 1.56 +0.32 * 1.56 +0.33 * 1.53 +0.33 * 1.53 +0.32 * 1.09 + 0.07
SP, % 72.78 + 5.63 * 63.51 + 4.35* 7118 £4.89*  64.46 +3.63¢ 62.85 + 1.51
SS, % 36.13 & 4.29 27.13 + 6.01 ** 35.76 £3.64  29.12 4 4.66 *@ 37.21 +1.40
DS, % 36.66 +833*  3639+805*  3542+676* 355+6.70* 25,63 + 2,75
SDS, % 5423 +£426* 4549 +438* 5287 £3.67* 4743 +3.61*@ 4991+ 041
FC, cm 12.25 + 1.80 9.90 + 3.11 * 12.65 + 1.60 10.20 4 3.00 *@ 12.55 + 2.06
V, km/h 210 +0.77 2324093 4.42 +0.56
RF 0.75 £ 0.17 * 0.81 £0.13* 0.98 + 0.01

*—significant, p < 0.05 (compared to the same parameter in the healthy control group); *—significant, p < 0.05
(compared to the same parameter on the contralateral side before therapy); @—significant, p < 0.05 (compared to
the same parameter on the contralateral side after therapy).

Walking cycle, WC, demonstrated a significant increase. Gait rhythm (characterized
by rhythm factor, RF) remained less than in healthy controls (p < 0.05). Foot clearance, FC,
on the paretic side was significantly smaller than in healthy controls or on the contralateral
side before and after therapy (p < 0.05). Stance phase, SP, on the contralateral side was
significantly greater than in healthy controls before and after therapy (p < 0.05). The SP
of the paretic limb was also significantly smaller than on the contralateral side before and
after therapy (p < 0.05). The single support phase, SS, of the paretic limb was significantly
smaller than in healthy controls and on the contralateral side before and after therapy
(p < 0.05). Double support phase, DS, demonstrated a significant increase versus healthy
controls on both sides, before and after therapy (p < 0.05). The beginning of second double
support (SDS) on the contralateral side before and after therapy was significantly greater
compared to healthy controls (p < 0.05). For the paretic side before and after therapy, the
same parameter was significantly smaller than in healthy controls or on the contralateral
side (p < 0.05).

The kinematic parameters for the hip, knee and ankle joints are presented in Table 3.

Before therapy, the contralateral hip amplitude (HA) was significantly smaller, and
the moment (phase) of its maximum extension (HP) occurred later than in healthy controls
(p < 0.05). The hip amplitude of the paretic limb was significantly smaller than in healthy
controls or on the contralateral side before and after therapy (p < 0.05). Before therapy,
the maximum hip extension (HP) of the paretic limb occurred earlier than contralaterally
(p <0.05). After therapy, the moment (phase) of full extension (Hp) of the paretic limb
occurred later than before therapy (p < 0.05).

Before and after therapy, the Kal amplitudes of both lower limbs were significantly
smaller than in healthy controls (p < 0.05). After therapy, the Kal of the paretic limb in-
creased significantly (p < 0.05). The moment of knee flexion (Kp1) occurred significantly ear-
lier on the paretic side before therapy, and on the contralateral side after therapy (p < 0.05).
The amplitude Ka2 of both lower limbs before and after therapy was significantly smaller
than in healthy controls (p < 0.05). Before therapy, the amplitude Ka2 of the paretic limb
was significantly smaller than that of the contralateral limb (p < 0.05). After therapy, the Ka2
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of the paretic limb was significantly greater than before therapy (p < 0.05). After therapy,
the moment of the paretic knee extension (Kp2) occurred significantly later than in healthy
controls or contralaterally (p < 0.05). The swing amplitudes (Ka3) of both limbs before
and after therapy were significantly smaller than in healthy controls (p < 0.05). The swing
amplitude (Ka3) of the paretic limb before and after therapy was significantly smaller than
on the contralateral side (p < 0.05). The flexion phase (Kp3) of the contralateral knee before
and after therapy occurred later than in healthy controls (p < 0.05). The flexion phase (Kp3)
of the paretic limb before and after therapy occurred earlier than on the contralateral limb
(p <0.05).

Table 3. Amplitude and phase parameters of hip, knee and ankle movement.

Before After
Parameter Contralateral Paretic Contralateral Paretic Healthy Control
HA 29.75 +3.82* 24.30 + 5.56 ** 31.15 + 4.91 24.15 + 5.88 *@ 33.16 + 4.78
HP 56.99 + 4.14* 51.71 + 4.69 # 55.48 + 5.54 54.66 + 4.55 & 53.21 + 3.04
Kal 7.28 +4.32% 5.76 + 4.61 * 7.09 + 5.67 * 8.11 + 5.65 *& 14.60 + 3.47
Kpl 10.87 + 4.24 9.42 +3.97* 9.33+3.64% 11.46 + 5.28 13.10 + 3.52
Ka2 21 L9136+ 664  —273£1072% 168+ 746 477 +4.80
Kp2 37.01 + 13.70 38.89 + 7.03 34.44 + 7.86 43.57 + 8.68 *@ 36.50 + 4.01
Ka3 4522 +9.88* 2543 4 12.94 % 47.27 +£10.31 * 29.04 + 14.61 *@ 56.50 + 7.33
Kp3 76.81 +4.38 * 67.99 + 5.07 # 76.09 + 3.91 * 69.43 +5.08 @ 69.13 +2.92
AA 25.80 + 5.61 * 22.40 + 8.29 ** 26.75 + 5.97 * 22.85 + 6.16 *@ 33.42 + 6.25

*—significant, p < 0.05 (compared to the same parameter in the healthy control group); *—significant, p < 0.05
(compared to the same parameter on the contralateral side before therapy); ®—significant, p < 0.05 (compared
to the same parameter on the contralateral side after therapy); $—significant, p < 0.05 (compared to the same
parameter before therapy).

Before and after therapy, the ankle joint amplitudes on both sides were significantly
smaller than in healthy controls (p < 0.05). The ankle amplitude on the paretic side was
smaller than on the contralateral side (p < 0.05) before and after therapy.

The results of the study of the EMG activity of the muscles of interest are shown in
Table 4.

Table 4. Maximum EMG amplitudes of the studied muscles.

Before After
Muscle Contralateral Paretic Contralateral Paretic Healthy Control
TA 141.35 + 56.38 110.40 + 59.46 132.75 + 48.31 111.25 + 54.49 135.45 + 29.03
GA 115.70 + 60.64 54.45 + 35.33 * 106.80 + 54.15 69.00 + 52.80 *@ 118.15 £ 44.48
RF 57.35 +23.23 50.55 + 39.24 73.50 + 30.64 57.05 + 37.05 67.60 + 43.82
HM 82.20 + 39.80 52.05 £ 36.11 * 82.55 + 40.20 48.35 + 33.17*@ 75.00 £ 27.22

*—significant, p < 0.05 (compared to the same parameter in the healthy control group); *—significant, p < 0.05
(compared to the same parameter on the contralateral side before therapy); ®—significant, p < 0.05 (compared to
the same parameter on the contralateral side after therapy).

Before and after therapy, the maximum electrical activity of m. Gastrocnemius on the
paretic side was significantly lower than in healthy controls (p < 0.05) or contralaterally
(p <0.05). After therapy, the maximum electrical activity of hamstring muscles of the
paretic limb was significantly lower than in healthy controls (p < 0.05), and significantly
lower than on the contralateral side (p < 0.05).

4. Discussion

There was not a single negative response to BFB training among the study patients,
either during the sessions or afterwards. Although patients noted fatigue by the end of the
sessions, their hemodynamic parameters remained within acceptable ranges.
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The outcomes of our study can be characterized as a slight improvement in walking
function, as also supported by the TUG, HAI and BB assessments. Such changes are typical
for the studied condition and three-week inpatient therapy.

The spatiotemporal parameters of walking showed the following regularities. Firstly,
there was a whole syndrome complex of slow walking, characterized not only by a lower
speed, but also by a longer WC, increased DS and, partly, increased SP. Secondly, there
were asymmetries specific to stroke and, in particular, to hemiparesis: SP asymmetry with
a longer duration on the unaffected side (the unaffected side thus took on a greater role in
the support function). At the same time, the parameters on the paretic side were within
the normal ranges for slow walking [27] both before and after the BFB training course.
Statistical analysis did not detect any change in SP due to BFB training on any side.

The parameters SS and SDS also showed an asymmetry typical for the condition under
study, which is the consequence of the SP asymmetry for the SS parameter and the early
heel strike of the contralateral foot and late one of the paretic foot—the SDS parameter. Foot
clearance (FC) was also asymmetric: it was within the normal range on the contralateral
side and slightly but significantly below it on the paretic side.

The observed symptoms were typical for hemiparetic patients and did not change
significantly as a result of the study therapy.

More noticeable changes were seen in the function of the joints. While before therapy
the contralateral hip amplitude had been significantly lower than in healthy controls, after
therapy there was no significant difference from healthy controls. The same was true for
the maximum extension phase on the contralateral side (TP), which returned to the normal
range. The TP on the paretic side increased to normal, which was statistically significant
versus the pre-treatment value, p < 0.05.

The changes were even more significant for the knee joint. The first flexion ampli-
tude (Kal) significantly increased from the pre-treatment value p < 0.05. Its phase (Kp1)
returned to the normal range and no longer differed significantly from healthy controls,
p > 0.05. Importantly, before therapy, the knee extension amplitude in the middle of SP
was negative (knee hyperextension, i.e., passive closure) [28]. After therapy, it remained
negative (without change on the contralateral side) but decreased in absolute magnitude
significantly on the paretic side p < 0.05. In addition, the phase of the extension (Kp2)
increased significantly, i.e., the movement required more time. However, the EMG study
showed no abnormal phase activity in the muscles that actuate the knee joint. This finding
requires further research.

Neither the amplitude (Ka) nor the phase of the main knee flexion showed any
significant changes.

The ankle joints demonstrated a decrease in amplitude, with larger values on the
paretic side.

Thus, the function of the joints was characterized by kinematic changes typical for
this category of patients, with insignificant but distinct improvement due to the therapy.
These findings are supported by some evidence from the literature [10,29,30].

With regard to muscle function, the observed significant decrease in the function of m.
Gastrocnemius and the hamstring muscles on the paretic side remained without change by
the end of the treatment course. In this case, the EMG study did not confirm the detected
changes in other parameters. It is rather difficult to compare this finding with other results.
When the EMG activity of the triceps tibia muscle was used in a BFB system [31], the
activity was not analyzed as the study variable.

5. Conclusions

The conducted study showed that gait training in the early recovery period after
stroke can cause positive changes in walking function. Among stroke patients in the
early recovery period, however, the changes in the functional parameters over the studied
treatment period were minor. They were quite detectable both by traditional tests and
clinical scores and by instrumental gait analysis.
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The slight improvement in gait function in the study suggests that a possible increase
in the number of training sessions may be beneficial. In the context of this study, there was
little potential for increasing the number of sessions during the inpatient treatment stage.
In future studies, the BFB training can be continued on an outpatient basis.

Technically, we could use different individual walking parameters as the basis for the
BFB training. The feasibility and efficacy of their use for targeted correction need further
research. Concerning the use of SP as the training parameter, there was no unambiguous
response in this parameter in the study. The changes in the functional parameters over the
treatment period were relatively small, and the inter-patient variability in the parameters
was quite high. We suggest that the design of a continuation of this study should have
tighter boundaries, both in the selection of patients and in the conducting of BFB training.
We were able to observe the change in the trained parameter during the entire session. This
made it possible to assess the moment when the parameter changes in the desired direction
stopped. With the onset of fatigue, the variability of the parameter could significantly
increase. The presence of objective feedback on the dynamics of changes in the trained
parameter allowed us to assume that it is possible to focus on the patient’s individual
response to training. In addition, the very individual reactions of the patient with respect
to biomechanical parameters of walking during training require a separate study. For this
reason, further research will need to be carried out under the most standardized conditions,
including the duration and number of training sessions.

It may be useful to monitor gait parameters immediately before and after BFB training,
which is technically possible. This is another possible design change for future research.
That will allow for analysis of the immediate result of each session. The planning for the
continuation of this study should include a reference group without BFB training. While
it is feasible to slightly increase the number of BFB training sessions during the inpatient
period, it is technically difficult to continue them on an outpatient basis. Not all patients can
be provided with an adequate outpatient treatment stage. There are also certain restrictions
on accessing hospital services during the COVID-19 pandemic.

Author Contributions: D.V.S.: Investigation, Writing—original draft, Methodology, Supervision;
S.N.K.: Formal analysis, Investigation, Writing—original draft; G.E.I.: Conceptualization, Project
administration. All authors have read and agreed to the published version of the manuscript.

Funding: The study was funded under the government assignment to FNKC FMBA (R&D Project
“Development of new medical rehabilitation technologies for patients with brain injuries and dis-
eases”), Reg. No. AAAA-A19-119042590030-2.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Federal State Budgetary Institution «Federal center of brain research and neurotechnologies» of the
Federal Medical Biological Agency (EC FSMN FMBA No. 10 dated 4 October 2021).

Informed Consent Statement: Informed consent was obtained from all patients involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors do not have any conflicts of interest to declare.

1. Chamorro-Moriana, G.; Moreno, A.].; Sevillano, H. Technology-Based Feedback and Its Efficacy in Improving Gait Parameters in
Patients with Abnormal Gait: A Systematic Review. Sensors 2018, 18, 142. [CrossRef]

2. Gordt, K,; Gerhardy, T.; Najafi, B.; Schwenk, M. Effects of Wearable Sensor-Based Balance and Gait Training on Balance, Gait, and
Functional Performance in Healthy and Patient Populations: A Systematic Review and Meta-Analysis of Randomized Controlled
Trials. Gerontology 2018, 64, 74-89. [CrossRef]

3. Spencer, ].; Wolf, S.L.; Kesar, T.M. Biofeedback for Post-stroke Gait Retraining: A Review of Current Evidence and Future Research
Directions in the Context of Emerging Technologies. Front. Neurol. 2021, 12, 637199. [CrossRef] [PubMed]

4. Ma, C.Z; Zheng, Y.P,; Lee, W.C. Changes in gait and plantar foot loading upon using vibrotactile wearable biofeedback system in
patients with stroke. Top. Stroke Rehabil. 2018, 25, 20-27. [CrossRef] [PubMed]


http://doi.org/10.3390/s18010142
http://doi.org/10.1159/000481454
http://doi.org/10.3389/fneur.2021.637199
http://www.ncbi.nlm.nih.gov/pubmed/33859607
http://doi.org/10.1080/10749357.2017.1380339
http://www.ncbi.nlm.nih.gov/pubmed/28950803

Sensors 2021, 21, 7217 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.
25.
26.
27.
28.

29.
30.

31.

Jorgensen, H.S.; Nakayama, H.; Raaschou, H.O.; Olsen, T.S. Recovery of walking function in stroke patients: The Copenhagen
stroke study. Arch. Phys. Med. Rehabil. 1995, 76, 27-32. [CrossRef]

Perry, J. Gait Analysis: Normal and Pathological Function; Slack Incorporated: Thorofare, NJ, USA, 1992.

Chen, G.; Patten, C.; Kothari, D.H.; Zajac, EE. Gait differences between individuals with post-stroke hemiparesis and non-disabled
controls at matched speeds. Gait Posture 2005, 22, 51-56. [CrossRef]

Boudarham, J.; Roche, N.; Pradon, D.; Bonnyaud, C.; Bensmail, D.; Zory, R. Variations in Kinematics during Clinical Gait Analysis
in Stroke Patients. PLoS ONE 2013, 8, e66421. [CrossRef]

Chantraine, F,; Filipetti, P.; Schreiber, C.; Remacle, A.; Kolanowski, E.; Moissenet, F. Proposition of a Classification of Adult
Patients with Hemiparesis in Chronic Phase. PLoS ONE 2016, 11, e0156726. [CrossRef] [PubMed]

Wang, Y.; Mukaino, M.; Ohtsuka, K.; Otaka, Y.; Tanikawa, H.; Matsuda, F; Tsuchiyama, K.; Yamada, J.; Saitoh, E. Gait
characteristics of post-stroke hemiparetic patients with different walking speeds. Int. J. Rehabil. Res. 2020, 43, 69-75. [CrossRef]
[PubMed]

Schenck, C.; Kesar, T.M. Effects of unilateral real-time biofeedback on propulsive forces during gait. J. Neuroeng. Rehabil. 2017, 14,
52. [CrossRef]

Genthe, K.; Schenck, C.; Eicholtz, S.; Zajac-Cox, L.; Wolf, S.; Kesar, T.M. Effects of real-time gait biofeedback on paretic propulsion
and gait biomechanics in individuals post-stroke. Top. Stroke Rehabil. 2018, 25, 186-193. [CrossRef]

Begg, R.; Galea, M.P;; James, L.; Sparrow, T.; Levinger, P.; Khan, F,; Said, C.M. Real-time foot clearance biofeedback to assist gait
rehabilitation following stroke: A randomized controlled trial protocol. Trials 2019, 20, 317. [CrossRef]

Kobsar, D.; Charlton, ].M.; Tse, C.T.F; Esculier, ].E; Graffos, A.; Krowchuk, N.M.; Thatcher, D.; Hunt, M.A. Validity and reliability
of wearable inertial sensors in healthy adult walking: A systematic review and meta-analysis. J. Neuroeng. Rehabil. 2020, 17, 62.
[CrossRef] [PubMed]

Wang, E.C; Chen, S.F; Lin, C.H,; Shih, C.J; Lin, A.C.; Yuan, W.; Li, Y.C.; Kuo, T.Y. Detection and Classification of Stroke Gaits by
Deep Neural Networks Employing Inertial Measurement Units. Sensors 2021, 21, 1864. [CrossRef] [PubMed]

Bowman, T.; Gervasoni, E.; Arienti, C.; Lazzerini, S.G.; Negrini, S.; Crea, S.; Cattaneo, D.; Carrozza, M.C. Wearable Devices for
Biofeedback Rehabilitation: A Systematic Review and Meta-Analysis to Design Application Rules and Estimate the Effectiveness
on Balance and Gait Outcomes in Neurological Diseases. Sensors 2021, 21, 3444. [CrossRef] [PubMed]

Druzbicki, M.; Przysada, G.; Guzik, A.; Brzozowska-Magon, A.; Kolodziej, K.; Wolan-Nieroda, A.; Majewska, J.; Kwolek, A.
The efficacy of gait training using a body weight support treadmill and visual biofeedback in patients with subacute stroke: A
randomized controlled trial. BioMed Res. Int. 2018, 2018, 3812602. [CrossRef]

Druzbicki, M.; Guzik, A.; Przysada, G.; Kwolek, A.; Brzozowska-Magon, A.; Sobolewski, M. Changes in Gait Symmetry After
Training on a Treadmill with Biofeedback in Chronic Stroke Patients: A 6-Month Follow-Up from a Randomized Controlled Trial.
Med. Sci. Monit. 2016, 22, 4859-4868. [CrossRef] [PubMed]

Afzal, R.; Oh, M.K,; Lee, C.H.; Park, Y.S.; Yoon, J. A Portable Gait Asymmetry Rehabilitation System for Individuals with Stroke
Using a Vibrotactile Feedback. BioMed Res. Int. 2015, 2015, 375638. [CrossRef]

Shumway-Cook, A.; Brauer, S.; Woollacott, M. Predicting the probability for falls in community-dwelling older adults using the
Timed Up & Go Test. Phys. Ther. 2000, 80, 896-903. [CrossRef]

Hauser, S.L.; Dawson, D.M.; Lehrich, J.R.; Beal, M.E,; Kevy, S.V.; Propper, R.D.; Mills, J.A.; Weiner, H.L. Intensive immunosup-
pression in progressive multiple sclerosis A randomized, threearm study of high-dose intravenous cyclophosphamide, plasma
exchange, and ACTH. N. Engl. ]. Med. 1983, 308, 173-180. [CrossRef]

Berg, K.O.; Wood-Dauphinee, S.L.; Williams, ].I.; Maki, B. Measuring balance in the elderly: Validation of an instrument. Can. J.
Public Health 1992, 83 (Suppl. 2), S7-511. [PubMed]

Bohannon, R.W. Objective measures. Phys. Ther. 1989, 69, 590-593. [CrossRef]

Gabell, A.; Nayak, U.S.L. The Effect of Age on Variability in Gait. . Gerontol. 1984, 39, 662—-666. [CrossRef]

Oberg, T.; Karsznia, A.; Oberg, K. Basic gait parameters: Reference data for normal subjects, 10-79 years of age. . Rehabil. Res.
1993, 30, 210-223.

Hermens, H.J.; Freriks, B.; Disselhorst-Klug, C.; Rau, G. Development of recommendations for SEMG sensors and sensor
placement procedures. |. Electromyogr. Kinesiol. 2000, 10, 361-374. [CrossRef]

Fukuchi, C.A.; Fukuchi, R K,; Duarte, M. Effects of walking speed on gait biomechanics in healthy participants: A systematic
review and meta-analysis. Syst. Rev. 2019, 8, 153. [CrossRef]

Boehm, W.L.; Gruben, K.G. Post-Stroke Walking Behaviors Consistent with Altered Ground Reaction Force Direction Control
Advise New Approaches to Research and Therapy. Transl. Stroke Res. 2015, 7, 3—11. [CrossRef]

Olney, S.J.; Richards, C. Hemiparetic gait following stroke. Part I: Characteristics. Gait Posture 1996, 4, 136-148. [CrossRef]
Hendricks, H.T.; Van Limbeek, J.; Geurts, A.C.; Zwarts, M.]. Motor recovery after stroke: A systematic review of the literature.
Arch. Phys. Med. Rehabil. 2002, 83, 1629-1637. [CrossRef] [PubMed]

Jonsdottir, J.; Cattaneo, D.; Recalcati, M.; Regola, A.; Rabuffetti, M.; Ferrarin, M.; Casiraghi, A. Task-oriented biofeedback to
improve gait in individuals with chronic stroke: Motor learning approach. Neurorehabilit. Neural Repair 2010, 24, 478-485.
[CrossRef] [PubMed]


http://doi.org/10.1016/S0003-9993(95)80038-7
http://doi.org/10.1016/j.gaitpost.2004.06.009
http://doi.org/10.1371/journal.pone.0066421
http://doi.org/10.1371/journal.pone.0156726
http://www.ncbi.nlm.nih.gov/pubmed/27271533
http://doi.org/10.1097/MRR.0000000000000391
http://www.ncbi.nlm.nih.gov/pubmed/31855899
http://doi.org/10.1186/s12984-017-0252-z
http://doi.org/10.1080/10749357.2018.1436384
http://doi.org/10.1186/s13063-019-3404-6
http://doi.org/10.1186/s12984-020-00685-3
http://www.ncbi.nlm.nih.gov/pubmed/32393301
http://doi.org/10.3390/s21051864
http://www.ncbi.nlm.nih.gov/pubmed/33800061
http://doi.org/10.3390/s21103444
http://www.ncbi.nlm.nih.gov/pubmed/34063355
http://doi.org/10.1155/2018/3812602
http://doi.org/10.12659/MSM.898420
http://www.ncbi.nlm.nih.gov/pubmed/27941712
http://doi.org/10.1155/2015/375638
http://doi.org/10.1093/ptj/80.9.896
http://doi.org/10.1056/NEJM198301273080401
http://www.ncbi.nlm.nih.gov/pubmed/1468055
http://doi.org/10.1093/ptj/69.7.590
http://doi.org/10.1093/geronj/39.6.662
http://doi.org/10.1016/S1050-6411(00)00027-4
http://doi.org/10.1186/s13643-019-1063-z
http://doi.org/10.1007/s12975-015-0435-5
http://doi.org/10.1016/0966-636201063-6
http://doi.org/10.1053/apmr.2002.35473
http://www.ncbi.nlm.nih.gov/pubmed/12422337
http://doi.org/10.1177/1545968309355986
http://www.ncbi.nlm.nih.gov/pubmed/20053951

	Introduction 
	Materials and Methods 
	Assessment of Walking Function 
	BFB Training Sessions 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

