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Abstract: Background: Motor recovery after stroke is based on neuronal plasticity and the structural
reorganization of the brain. Questions are debated about the proper moment to start rehabilitation in
the acute period of stroke, the significance of rehabilitation interventions during the so-called “plastic
window”, and the advantages of modern and traditional programs. The aims of this study were to
evaluate the role of different rehabilitation strategies and their combinations for motor recovery and
the impact on functional disability by way of neurological and functional outcomes 3 months after
ischemic stroke. Methods: We used three rehabilitation approaches: early rehabilitation from the
first day of stroke (Phase I), traditional exercise programs (Phase II), and an author’s new method of
biofeedback rehabilitation using motion sensors and augmented reality (AR) rehabilitation (Phase
III). Clinical and functional outcomes were measured on the 90th day after stroke. We developed
algorithms for quantifying the quality of movements during the execution of tasks in the motor
domains of the AR rehabilitation program. Results: Phase I of rehabilitation led to an improvement
in functional independence, and the recovery of motor functions of the extremities with an absence
of mortality and clinical deterioration. AR rehabilitation led to significant improvement both with
respect to clinical and functional scores on scales and to variables reflecting the quality of movements.
Patients who were actively treated during Phases II and III achieved the same final level of motor
recovery and functional outcomes as that of participants who had only received AR rehabilitation
during Phase III. Patients who underwent outpatient observation after Phase I showed a deficit of
spontaneous motor recovery on the 90th day after stroke. Conclusions: Early rehabilitation was
successful but was not enough; rehabilitation programs should be carried out throughout the entire
“sensitive period” of poststroke plasticity. The newly developed AR biofeedback motion training
is effective and safe as a separate rehabilitation method in the early recovery period of moderately
severe, hemiparalytic, and ischemic stroke. These two rehabilitation approaches must be applied
together or after each other, not instead of each other, as shown in clinical practice.

Keywords: ischemic stroke; augmented reality rehabilitation; motor recovery; movement assessment;
early recovery period; clinical and functional outcomes

1. Introduction

Stroke continues to be a topical problem. In most countries, stroke is the leading cause
of death and one of the main reasons for adult-onset disability [1]. In 2013, the number of
stroke survivors throughout the world was estimated to be 25.7 million, and this number
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is calculated to reach 70 million by 2030 [2,3]. Motor deficit is the most common health-
related problem caused by stroke [1,4]. After stroke, about 85% of patients experience motor
impairment that affects their activities of daily living (ADLs) and quality of life [5,6]. These
figures illustrate why stroke patients need effective rehabilitation programs to achieve the
highest possible level of physical independence.

Brain recovery from stroke is based on neuronal plasticity that is generally defined
as changes or rewiring in the neural network. Most stroke deficits see the highest rate of
recovery during the first 3 to 6 months after stroke because, during this period of time,
the brain is most susceptible to restoration [7]. There are two key factors that promote
neuroplasticity during the above-mentioned “plastic window”. First, ischemic damage
to the brain tissue activates angiogenesis and the sprouting of new dendrites and axons,
which is probably related to the enhanced expression of neuronal growth factors during
the acute period of stroke [8]. This mechanism presumably underlies the phenomenon of
spontaneous recovery. Second, rehabilitation therapy during the early poststroke period
may induce plasticity and improve recovery outcomes. Although recent preclinical work
demonstrated the positive effects of rehabilitation to reduce motor impairment, similar data
do not exist in humans [9,10]. This led to the question: could rehabilitation interventions in
humans amplify recovery? One potential solution is to find the optimal timing and dosage
of current interventions that employ motor training and mobilization so as to augment
what is expected from spontaneous recovery [11]. Therefore, providing clinical studies
aimed at solving this problem is of great importance for neurorehabilitation.

Several studies have shown the potential of early rehabilitation to improve motor
recovery after stroke [8,12]. However, harmful effects of early rehabilitation were simul-
taneously demonstrated, such as increasing stroke volume and the risk of hemorrhagic
conversion [13]. Hence, evidence supporting the advantages of rehabilitation interventions
during the early stroke period is still inconclusive. The same is true for the duration of the
sensitive period considering the beneficial and harmful effects. It was estimated that the
first period probably lasts for 1–3 months because, during this time period, most recovery
from impairment occurs [11]. The time interval during which the patient is particularly
sensitive to additional damage can be expected to be far shorter.

Several rehabilitation approaches are used to increase the restoration of motor deficit
and the improvement in quality of life [1,4,5]. The standard care for stroke includes a
number of traditional motor rehabilitation techniques, and aerobic exercise is its inherent
part. Aerobic exercise promotes motor unit recruitment, the improvement of functional
capacity, and greater confidence in engaging in physical activities [11]. Currently, modern
methods such as robot-mediated therapies (RMT) and virtual reality (VR) rehabilitation
are applied in addition to traditional rehabilitation therapy. A number of robotic devices
have been proposed for use in clinical practice. Robotics provide motion assistance and aid
with patient movement. Nonetheless, no convincing data on their positive impact on true
recovery from stroke were found, and clinical research in this field continues [14]. Robotic
devices most likely promote neuroplasticity by the systematic and intensive repetition of
specific movements, which is crucial for the motor-learning process [5,15]. Positive effects
on motor recovery were also shown to result from applying neurorehabilitation involving
VR technology. VR therapy may induce brain plasticity by thorough sensorimotor cortex
activation. The benefits of VR rehabilitation techniques include task-specific practice, and
visual and auditory biofeedback applied in an entertaining environment [16,17].

Despite the recent developments in neurorehabilitation techniques focusing on motor
recovery after stroke, no universally accepted model of poststroke rehabilitation exists, and
research on optimal therapeutic interventions and the optimal time period to apply them
remains pertinent [5,18]. The authors developed a new rehabilitation technique, termed
motor rehabilitation, using motion sensors and augmented reality (AR). The aims of this
study were to evaluate the role of different rehabilitation strategies and their combinations
for motor recovery and the impact on functional disability by way of neurological and
functional outcomes 3 months after ischemic stroke.
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2. Material and Methods
2.1. Patient Recruitment

The study was conducted by the Department of Neurology and Neurosurgery in
collaboration with the Department of Medical and Biological Cybernetics of the Siberian
State Medical University (SSMU), Tomsk Regional Vascular Center (Tomsk RSC), Siberian
Federal Scientific Clinical Center of Federal Medicobiological Agency, Russia from Novem-
ber 2018 to December 2019. The study was conducted in accordance with Resolution
5961/2018. The study protocol was reviewed and approved by the Medical Research Ethics
Committee of SSMU, Tomsk, Russia (protocol no. 5961, 18 June 2018). All participants
provided informed consent prior to participation.

2.2. Patient Characteristics

Fifty stroke patients aged 18 years or more were recruited from the Tomsk RSC within
the first 24 h after the onset of symptoms. Ischemic stroke in the middle cerebral artery
basin was diagnosed considering their clinical history, the presence of focal neurological
signs and/or symptoms, and by applying magnetic resonance imaging (MRI) or computer
tomography (CT) scans. Additional inclusion criteria were Glasgow Coma Scale (GCS)
of no less than 15 points, and Mini-Mental State Examination (MMSE) of no less than
20 points [19–21]. Thus, this study was carried out in patients with moderate and mild
stroke. Stroke patients with severe disabilities, or people with severe cognitive or com-
munication problems were excluded. In addition, patients with subarachnoid, extradural,
or subdural hemorrhage; transient ischemic attack; history of prior stroke; neurological
deficits related to trauma, neoplasm, or psychiatric disorders; excessive use of alcohol or
drugs were excluded. Patients were also excluded who had received thrombolysis and
thrombectomy, who had developed hemorrhagic transformation, or who were clinically
unstable.

2.3. Study Design

The neurorehabilitation of stroke patients in early recovery period (from the 1st to the
90th day of stroke) was carried out in 3 phases according to the current legislation of the
Russian Federation.

Phase I—early rehabilitation within the first 2 weeks of acute stroke was mandatory
for all patients from the 1st day of admission to Tomsk RSC according to Order of the
Ministry of Health of the Russian Federation no. 928n, “On approval of the procedure of
care for patients with acute disorders of cerebral circulation”, dated 15 November 2012 [22].
The time range of early rehabilitation was 14–16 days. The complex of measures for early
rehabilitation was carried out by a multidisciplinary team of specialists in accordance with
Order of the Ministry of Health of the Russian Federation no. 1740n dated 29 December
2012, “On approval of the standard of specialized medical care for brain infarction” [23].
Motor rehabilitation included the use of passive–active cyclic robotic electromechanical
technologies (Armeo Power Hocoma robotic arm exoskeleton, MOTOmed viva2 simulator).
Early rehabilitation treatment was applied from the 1st day of stroke in patients with
hemodynamic stability.

Phase II—inpatient rehabilitation within 28 days of stroke in Siberian Federal Scientific
Clinical Center of Federal Medicobiological Agency in accordance with Order of the
Department of Health of the Tomsk region no. 941, “On medical rehabilitation in specialized
medical organizations at the inpatient stage”, dated 15 March 2018 [24]. The approved
procedure for the organization of medical care establishes the rule of referral to the hospital
of persons with a neurological profile over the age of 18 years after receiving specialized
medical care in the Tomsk RSC [25]. The primary aim of Phase II was restoring the mobility
of the patient by traditional exercise programs and neuropsychological approaches. The
rehabilitation program and its modes were individually selected per each patient. Details
of the applied traditional rehabilitation techniques are provided in Appendix A. During
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rehabilitation, the patient’s functional state was monitored by assessing heart rate, blood
pressure, and blood-oxygen saturation.

Phase III—outpatient rehabilitation within 12 days of stroke in SSMU in accordance
with Order of the Department of Health of the Tomsk region no. 188, “On medical rehabili-
tation in outpatient stage”, dated 16 October 2018. Neurological patients who did not need
round-the-clock monitoring and the individual care of junior medical staff were sent for
outpatient rehabilitation [26]. Motor rehabilitation used motion sensors and augmented
reality (AR). AR rehabilitation was conducted in the SSMU with specialized software
developed by us that aimed at motor rehabilitation using motion sensors and augmented
reality (NeuroRAR software. Certificate of state registration of a computer program no.
2019619367, dated 16 July 2019).

Observation period: within 90 days of stroke.
Observation points were selected according to phases of rehabilitation (Figure 1):

Point 1—first day of stroke;
Point 2—after Phase I of rehabilitation (median 14th day, range 14–16);
Point 3—after Phase II of rehabilitation (median 45th day, range 16–60);
Point 4—after Phase III of rehabilitation (median 82th day, range 60–90).
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Figure 1. Study design.

The study population was clinically and demographically homogeneous on admission
to the RSC at Point 1. Baseline characteristics are specified in Table 1. After Phase I,
which was mandatory for each patient, the population was divided into three groups:
Groups A–C.

Group A: 21 patients who received restorative treatment during consecutive rehabilitation
Phases I–III within 90 days of stroke.
Group B: 14 patients who received treatment during Phases I and III. Group B patients
refused inpatient rehabilitation on Phase II and, during this time period (range 14–60 days),
were on outpatient observation.
Group C: 15 patients who only received treatment during Phase I. Group C patients refused
further rehabilitation and were followed up on outpatient observation and examined on
the 90th day of stroke.

The absence of treatment in Phases II and III of rehabilitation in Group C and in Phase
II of rehabilitation in Group B was associated with problems of routing and optimizing
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Phases II and III of the rehabilitation process for cerebral stroke, and problems in the family.
Most of these patients lived in geographically remote areas of the Tomsk region.

Table 1. Baseline characteristics of the ischemic stroke patients.

Ischemic Stroke
n = 50 pA–B pB–C pA–C
Group A
n = 21

Group B
n = 14

Group C
n = 15

Median Age, m (IQR), yr 62(57;67) 65(60;68) 66(60.5;68) 0.43 0.65 0.14

Sex

0.51 0.99 0.74Male, n (%) 13(61.9%) 7(50.0%) 8(53.3%)

Female, n (%) 8(38.1%) 7(50.0%) 7(46.7%)

TOAST criteria, n (%)

Large-artery atherosclerosis 2(9.5%) 3(21.4%) 2(13.3%)

Cardioembolic 3(14.3%) 1(7.1%) 5(33.3%)

Small artery occlusion 0(0.0%) 0(0.0%) 1(6.7%)

Undetermined mechanism 15(71.4%) 8(57.1%) 6(40.0%)

Other etiologies 1(4.8%) 0(0.0%) 0(0.0%)

Hypertension, n (%) 21(100%) 14(100%) 15(100%)

Duration of Hypertension
m (IQR), yr 10(10;15) 14(10;15) 10(9;18) 0.94 0.86 0.83

Coronary heart disease,
n (%) 5(23.8%) 3(21.4%) 7(46.7%) 0.99 0.25 0.18

Heart attack, n (%) 3(14.3%) 1(7.1%) 4(26.7%) 0.64 0.33 0.42

Atrial fibrillation, n (%) 3(14.3%) 4(28.6%) 4(26.7%) 0.4 0.99 0.42

Heart valve prosthesis,
n (%) 0(0.0%) 0(0.0%) 2(13.3%)

Dyslipidemia, n (%) 19(90.5%) 9(64.3%) 10(66.7%) 0.9 −0.99 0.1

Diabetes, n (%) 6(28.6%) 2(14.3%) 2(13.3%) 0.43 0.99 0.42

Duration of Diabetes
m (IQR), yr 4(4;5) 8(5;10) 12(5;20) 0.14 0.66 0.14

Abbreviations: TOAST: Trial of Org 10172 in Acute Stroke Treatment; yr: years. Data are shown as median (m)
and interquartile range (IQR), number (n) and percentage. * Estimated significant when p < 0.05.

2.4. Applied AR Rehabilitation Techniques

In our research, we used the augmented reality (AR) system. The effectiveness of
neurorehabilitation largely depends on the motivation for correct exercise performance. In
the case of AR, the accuracy and speed of task execution directly affects the patient’s assess-
ment of their own capabilities; in this case, the achievement of a certain result motivates the
patient to further perform the tasks. An important aspect is also comfortable orientation
in the surrounding space without additional stress factors caused by the isolation of the
visual analyzer, as happens in VR conditions. When compiling the tasks, we focused on
restoring upper limb function: 3 out of 4 tasks were related to hand-control skills. We also
applied the method for assessing the spectral power of the trajectory of hand movement
described by Balasubramanian [27].

To visualize the virtual environment, we used Epson Moverio BT-300 augmented
reality glasses with preinstalled mobile module software NeuroRAR. For biofeedback,
we used Markerless motion-capture systems Leap Motion and Microsoft Kinect. The
involved kinesiotherapist could control AR rehabilitation using desktop module software
NeuroRAR.
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This software implements four different motor domains for neurorehabilitation:

(a) Accuracy domain (Figure 2a). The patient performs the task in a sitting position.
The scene represents cubes of two colors (red and black) with selective numbering.
The patient alternately clicks on the cubes, performing extensor movements in the
shoulder and elbow joints. Each time after pressing, the patient returns the upper
limb to its original physiological start position. The exercise is aimed to train the
muscles of the shoulder girdle and upper limb, increasing the strength and accuracy
of movements.

(b) Statics domain (Figure 2b). The patient performs the task in a sitting position. The
virtual scene represents a circle with a triangle inscribed within it. The patient holds
the index and middle fingers folded together against the contour of the circle when
executing the task, and then moves their arm by the contour of the circle and triangle
clockwise and counterclockwise. The virtual objects change color from red to green
when the patient succeeds. This task has a high level of difficulty, allowing for training
the reciprocal interaction of muscles with a static–dynamic load. An example of how
the task is executed is presented in Figure 3a,b. Several parameters reflecting the
execution of this task can be applied to measure the quality of the made movements.
Augmentation of the “variability of movements” parameter can be interpreted as
making a smoother movement during the task, and by decreasing the severity of
intentional tremor during movements. This variable increases when the forefinger
is moved closer to the main trajectory without making extra movements such as
tremors and sudden movements to the side. Increasing the “number of completed
tasks” during one motor training session and enhancing the “maximal duration of
movement in one approach” is gradual improvement in the control of reciprocal
muscles reflected by an increase in the duration and speed of the task.

(c) Capture domain (Figure 2c). The patient performs the task in a sitting position. The
virtual scene represents numbered red or black balls. The patient alternately captures
and compresses the balls, first the red and then the black. The exercise was designed
to train hand muscles and develop finger functionality by the formation of the correct
grip.

(d) Balance domain (Figure 2d). The patient performs the task in a standing position
while walking on the spot. The virtual scene represents a yellow road moving under
the patient. The patient takes a step from time to time over a virtual obstacle and
grabs objects flying past them. The exercise attempts to train the correct walking skill,
maintain balance, and overcome obstacles when walking. An example of how the
task is executed is presented in Figure 3c,d.

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 7 of 20 
 

 

 
Figure 2. Visual interfaces for AR rehabilitation tasks: (a) Accuracy domain: motor domain focused on the movement 
accuracy of the upper limb; (b) Statics domain: motor domain focused on the static–dynamic load of muscles of the upper 
limb; (c) Capture domain: motor domain focused on the capture and compression of muscles of the hand; (d) Balance 
domain: motor domain focused on maintaining balance and overcoming obstacles when walking. 

 
Figure 3. Trajectory of movement during AR rehabilitation on 1st and 10th days (Patient from A group example): (a) 1st 
session. Trajectory of movement on X and Y coordinates of forefinger on left hand during the Static domain execution: red 
line is given trajectory, blue line is real trajectory of forefinger; (b) 10th session. Trajectory of movement on X and Y coor-
dinates of forefinger on left hand during the Static domain execution: red line is given trajectory, blue line is real trajectory 
of forefinger; (c) 1st session. Height of raising the left foot during the Balance domain execution: red line is height of virtual 
obstacle, blue line is Y coordinate of left foot; (d) 10th session. Height of raising the left foot during Balance domain exe-
cution: red line is height of virtual obstacle, blue line is Y coordinate of left foot. 

Increasing the "height of raising the paretic leg" was evaluated relative to the set level. 
The level of leg raising was assessed using a height of 0.25 m for the approaching virtual 
barrier on a flat horizontal surface. The "variance of the displacement for the central point" 
variable shows displacements of the point corresponding to the geometric center of the 
body. This variable shows how much a person sways in the process of a calm walk be-
tween stepping over obstacles. Indirectly, this parameter can characterize the state of hu-
man balance when performing routine movement. 

The AR rehabilitation program includes 10 daily motor training sessions (except 
weekends) with a frequency of 1 motor training session per day according to AR protocol. 
The duration of one motor training session was 60 min. The time to complete one motor 
domain was 15 min. The kinesiotherapist assisted the patients and taught them how to 
execute the AR tasks in the neurological clinic. 

2.5. Clinical Assessments 
Sociodemographic and clinical data were extracted from electronic medical records 

and/or by interviewing the patients. The evaluation of neurological impairment was based 
on the National Institutes of Health Stroke Scale (NIHSS) [28,29]. The Fugl-Meyer Assess-
ment (FMA) scale was used as a standardized test for the comprehensive evaluation of 

Figure 2. Visual interfaces for AR rehabilitation tasks: (a) Accuracy domain: motor domain focused on the movement
accuracy of the upper limb; (b) Statics domain: motor domain focused on the static–dynamic load of muscles of the upper
limb; (c) Capture domain: motor domain focused on the capture and compression of muscles of the hand; (d) Balance
domain: motor domain focused on maintaining balance and overcoming obstacles when walking.
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Figure 3. Trajectory of movement during AR rehabilitation on 1st and 10th days (Patient from A group example): (a) 1st
session. Trajectory of movement on X and Y coordinates of forefinger on left hand during the Static domain execution:
red line is given trajectory, blue line is real trajectory of forefinger; (b) 10th session. Trajectory of movement on X and
Y coordinates of forefinger on left hand during the Static domain execution: red line is given trajectory, blue line is real
trajectory of forefinger; (c) 1st session. Height of raising the left foot during the Balance domain execution: red line is height
of virtual obstacle, blue line is Y coordinate of left foot; (d) 10th session. Height of raising the left foot during Balance
domain execution: red line is height of virtual obstacle, blue line is Y coordinate of left foot.

Increasing the “height of raising the paretic leg” was evaluated relative to the set level.
The level of leg raising was assessed using a height of 0.25 m for the approaching virtual
barrier on a flat horizontal surface. The “variance of the displacement for the central point”
variable shows displacements of the point corresponding to the geometric center of the
body. This variable shows how much a person sways in the process of a calm walk between
stepping over obstacles. Indirectly, this parameter can characterize the state of human
balance when performing routine movement.

The AR rehabilitation program includes 10 daily motor training sessions (except
weekends) with a frequency of 1 motor training session per day according to AR protocol.
The duration of one motor training session was 60 min. The time to complete one motor
domain was 15 min. The kinesiotherapist assisted the patients and taught them how to
execute the AR tasks in the neurological clinic.

2.5. Clinical Assessments

Sociodemographic and clinical data were extracted from electronic medical records
and/or by interviewing the patients. The evaluation of neurological impairment was
based on the National Institutes of Health Stroke Scale (NIHSS) [28,29]. The Fugl-Meyer
Assessment (FMA) scale was used as a standardized test for the comprehensive evaluation
of motor function in hemiparesis poststroke recovery [30,31]. Motor control of the patients’
paretic arm was assessed by the upper extremity section of the Fugl-Meyer scale (FMA-
UE) and of the paretic leg with the low extremity section [32,33].Functional disability
and ADLs were assessed on a modified Rankin Scale (mRS) [34]. We used a modified
Ashworth scale (MAS) for the quantitative evaluation of upper limb spasticity [16,35].
Etiologic subtypes of ischemic stroke were classified according to the Trial of ORG 10172
in Acute Stroke Treatment (TOAST) criteria [36]. Clinical data were registered (clinical,
paraclinical, and neurobiological characteristics of patients with ischemic stroke at phases
of medical rehabilitation from day 1 to 90 of acute cerebrovascular attack. Certificate of
state registration of a database no. 2020622069, dated 27 October 2020).

2.6. Statistical Analysis

Data were analyzed with the IBM SPSS Statistics for Windows ( IBM Corp. Released
2011., Version 20.0. Armonk, NY, USA). To calculate the sample size, we also used special-
ized software complex IBM SPSS Sample power. In our study, there were three groups.
The key parameters were connected with clinical assessment (FMA, NIHSS), and we used
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these variables to calculate the sample size. For 80% power, the minimal sample size was
13. Results are expressed as median (Me) and interquartile ranges (IQR); for categorical
variables, results are expressed as percentages. The Kolmogorov–Smirnov test was used
to analyze the normal distribution of the variables (p > 0.05). Quantitative data without
normal distribution were analyzed with nonparametric tests. Differences in the parameters
between groups were assessed with the nonparametric Mann–Whitney U test; for related
samples, we used the Wilcoxon rank-sum test. The chi-squared (χ2) test was used to assess
differences in the size of distribution of qualitative data. The Bonferroni test was used as
a lead for multiple post hoc comparisons. Statistical analysis was conducted on the 95%
confidence level. A p value less than 0.05 was considered statistically significant.

3. Results

No significant differences at baseline were found between Groups A–C in terms of
age, sex, or vascular risk factors (Table 1).

3.1. Assessment of Clinical and Functional Measures

At entry to Tomsk RSC, no differences existed between patients of the three groups
with regard to stroke severity as measured by NIHSS and FMA, and in overall functional
performance as measured by mRS at Point 1 (pA–B; pA–C; pB–C in Table 2. Neurological
deficits in the acute period of ischemic stroke were assessed as being of moderate severity.
However, at other points, the score on the clinical and functional scales differed among
patient groups who had received different rehabilitation programs.

Table 2. Estimated mean differences between patients groups.

Group A Group B Group C pA–B pB–C pA–Cn = 21 n = 14 n = 15

mRS-1 3(2;3) 3(2;4) 3(3;4) 0.86 0.85 0.68

mRS-2 3(2;3) 2(2;3) 2(2;3) 0.31 0.48 0.11

mRS-3 2(2;2) 2(2;3) N/A 0.33 N/A N/A

mRS-4 1(1;2) 1(1;2) 2(1;3) 0.93 0.01 * 0.05 *

NIHSS-1 5(3;6) 5(4;7) 6(3;8) 0.73 0.78 0.43

NIHSS-2 4(3;4) 4(3;4) 3(2;5) 0.93 0.72 0.61

NIHSS-3 3(2;4) 4(2;4) N/A 0.61 N/A N/A

NIHSS-4 2(1;3) 2(1;2) 3(2;5) 0.65 0.02 * 0.05 *

FMA-1 179(158;187) 187(178;194) 172(150;195) 0.28 0.45 0.95

FMA-shoulder-forearm-1 20(17;24) 23(18;26) 23(6;26) 0.33 0.78 0.63

FMA-wrist-hand-1 15(11;18) 17(10;20) 17(6;19) 0.52 0.78 0.78

FMA-UE-1 35(31;40) 39(28;45) 39(15;45) 0.5 0.72 0.9

FMA-LE-1 24(21;27) 26(22;28) 24(20;29) 0.28 0.51 0.99

FMA-Motor function (sum)-1 57(50;73) 67(55;73) 65(34;73) 0.45 0.72 0.95

FMA-Balance-1 10(9;12) 12(11;12) 11(5;13) 0.11 0.4 0.99

FMA-2 191(177;201) 206(194;212) 205(192;211) 0.01 * 0.72 0.12

FMA-shoulder-forearm-2 24(22;28) 29(28;32) 30(28;32) 0.02 * 0.88 0.08

FMA-wrist-hand-2 18(15;19) 23(19;25) 23(19;27) 0.00 * 0.75 0.01

FMA-UE-2 42(38;50) 53(49;54) 54(47;58) 0.01 * 0.72 0.02

FMA-LE-2 28(24;30) 31(26;34) 28(27;33) 0.08 0.53 0.36

FMA-Motor function (sum)-2 71(59;81) 82(80;87) 83(76;89) 0.01 * 0.95 0.04

FMA-Balance 12(10;13) 13(12;14) 12(12;14) 0.1 0.4 0.68
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Table 2. Cont.

Group A Group B Group C pA–B pB–C pA–Cn = 21 n = 14 n = 15

FMA-3 199(190;215) 207(195;217) N/A 0.31 N/A N/A

FMA-shoulder-forearm 27(25;34) 31(28;33) N/A 0.33 N/A N/A

FMA-wrist-hand 21(19;24) 24(20;25) N/A 0.22 N/A N/A

FMA-UE 49(43;57) 53(50;57) N/A 0.33 N/A N/A

FMA-LE 29(27;33) 32(29;34) N/A 0.21 N/A N/A

FMA-Motor function (sum) 78(71;89) 83(81;89) N/A 0.26 N/A N/A

FMA-Balance 12(12;14) 13(12;14) N/A 0.47 N/A N/A

FMA-4 213(208;222) 221(210;223) 205(192;213) 0.45 0.00 * 0.02 *

FMA-shoulder-forearm 33(30;36) 35(32;36) 30(28;32) 0.19 0.00 * 0.03 *

FMA-wrist-hand 27(25;28) 27(26;28) 24(19;27) 0.36 0.02 * 0.09 *

FMA-UE 61(56;64) 63(58;64) 54(47;59) 0.24 0.00 * 0.03 *

FMA-LE 33(29;34) 33(29;34) 29(27;33) 0.65 0.05 * 0.11

FMA-Motor function (sum) 93(84;97) 96(87;98) 84(76;91) 0.26 0.00 * 0.03 *

FMA-Balance 13(12;14) 14(13;14) 12(12;14) 0.41 0.06 0.2

Abbreviations: n: number of patients; N/A: not applicable; mRS: modified Rankin scale; NIHSS: national institutes of health stroke
scale; FMA: Fugl-Meyer assessment; FMA-UE-upper extremity section of the Fugl-Meyer scale; FMA-LE—low extremity section of the
Fugl-Meyer scale. Data are shown as median (m) and interquartile range (IQR). * Estimated significant when p < 0.05.

Table 3 shows the detailed dynamics of changes in the clinical and functional assess-
ment scales in patient groups during the observation period.

Patients in Group A showed a linear improvement in scorings according to the as-
sessment scales as a result of using consecutive rehabilitation programs (Phases I–III).
Significant difference was found between phases of rehabilitation by NIHSS, mRS, and
total FMA (p1–2; p2–3; p3–4). Detailed comparative analysis of the FMA showed that motor
impairment of the upper and lower extremities (FMA-UE and FMA-LE) regressed step-
wise after each rehabilitation program, with statistical differences between observation
points (p1–2; p2–3; p3–4). There was no statistical difference between FMA-Balance-2 and
FMA-Balance-3 scores (p2–3 = 0.06).

Comparisons of the scores (NIHSS, mRS, and total FMA) after Phases I and III of
rehabilitation in Group B demonstrated equally significant regression of motor impairment
(p1–2; p3–4). Apart from NIHSS ratings, they did not significantly change between Points
2 and 3 in patients of Group B, who did not receive a traditional rehabilitation program
(Phase II) and underwent outpatient observation during this time (p2–3). Scores on the
NIHSS scale were significantly lower at Point 3 (p2–3 = 0.010). Group B showed no change
in motor impairment by total FMA scale during the period of outpatient observation (p2–3).
The situation was similar with regard to ADLs measured by mRS (p2–3). Evaluation of
lower limb motor function by FMA-LE in Group B patients demonstrated improvement
after Phase I and a significant difference between Points 2 and 4 (p1–2; p2–4). However,
no significant differences were observed between FMA-LE-2 and FMA-LE-3 (period of
outpatient observation), and between FMA-LE-3 and FMA-LE-4 (AR rehabilitation). There
was an absence of significant recovery as assessed by FMA-LE due to the stimulation of
the motor cortex by the AR biofeedback motion training (p3–4).

The clinical condition of patients in Group C was assessed after Phase I of rehabili-
tation and on Day 90 poststroke. Significant clinical and functional improvements were
shown after early rehabilitation in Tomsk RSC in Group C patients (p1–2). The rating at
90 days poststroke showed that their clinical condition did not significantly change during
outpatient observation, in which they had not received active treatment (p2–4).
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Table 3. Comparison between groups of patients who received rehabilitation in the early recovery period of ischemic stroke.

Group A
n = 21 Point 1 Point 2 Point 3 Point 4 p1–2 p2–3 p3–4 p2–4

mRS, m (IQR) 3(2;3) 3(2;3) 2(2;2) 1(1;2) 0.008 * 0.002 * <0.001 * <0.001 *

NIHSS, m (IQR) 5(3;6) 4(3;4) 3(2;4) 2(1;3) 0.001 * 0.009 * <0.001 * <0.001 *

FMA m (IQR)
179 191 199 213

<0.001 * <0.001 * <0.001 * <0.001 *(158;187) (177;201) (190;215) (201;222)

FMA-shoulder-forearm 20(17;24) 24(22;28) 27(25;34) 33(30;36) <0.001 * <0.001 * <0.001 * <0.001 *

FMA-wrist-hand 15(11;18) 18(15;19) 21(19;24) 27(25;28) <0.001 * <0.001 * <0.001 * <0.001 *

FMA-UE 35(31;40) 42(38;50) 49(43;57) 61(56;64) <0.001 * <0.001 * <0.001 * <0.001 *

FMA-LE 24(21;27) 28(24;30) 29(27;33) 33(29;34) 0.002 * 0.001 * 0.001 * <0.001 *

FMA-Motor function
(sum) 57(50;73) 71(59;81) 78(71;89) 93(84;97) <0.001 * <0.001 * <0.001 * <0.001 *

FMA-Balance 10(9;12) 12(10;13) 12(12;14) 13(12;14) 0.003 * 0.06 0.002 * <0.001 *

Group B
n = 14 Point 1 Point 2 Point 3 Point 4 p1–2 p2–3 p3–4 p2–4

mRS, m (IQR) 3(2;4) 2(2;3) 2(2;3) 1(1;2) 0.020 * 1 <0.001 * 0.001 *

NIHSS, m (IQR) 5(4;7) 4(3;4) 4(2;4) 2(1;2) <0.001 * 0.010 * <0.001 * 0.001 *

FMA, m (IQR)
187 206 207 221

<0.001 * 0.3 <0.001 * 0.001 *(178;194) (194;211) (195;213) (210;223)

FMA-shoulder-forearm 23(18;26) 29(28;32) 31(28;33) 35(32;36) <0.001 * 0.11 <0.001 * 0.002 *

FMA-wrist-hand 17(10;20) 23(19;25) 24(20;25) 27(26;28) <0.001 * 0.11 <0.001 * 0.001 *

FMA-UE 39(28;45) 53(49;54) 53(50;57) 63(58;64) <0.001 * 0.11 <0.001 * 0.001 *

FMA-LE 26(22;28) 31(26;34) 32(29;34) 33(29;34) 0.010 * 0.07 0.08 0.038 *

FMA-Motor function
(sum) 67(55;73) 82(80;87) 83(81;89) 96(87;98) <0.001 * 0.07 <0.001 * 0.024 *

FMA-Balance 12(11;12) 13(12;14) 13(12;14) 14(13;14) 0.010 * 0.32 0.040 * 0.001 *

Group C
n = 15 Point 1 Point 2 Point 3 Point 4 p1–2 p2–3 p3–4 p2–4

mRS, m (IQR) 3(3;4) 2(2;3) N/A 2(1;3) <0.001 * N/A N/A 0.08

NIHSS, m (IQR) 6(3;9) 3(2;5) N/A 3(2;5) <0.001 * N/A N/A 0.1

FMA, m (IQR)
172 205

N/A
205

<0.001 * N/A N/A 0.75(149;194) (192;210) (192;213)

FMA-shoulder-forearm 23(6;26) 30(28;32) N/A 30(28;32) <0.001 * N/A N/A 0.89

FMA-wrist-hand 17(6;19) 23(19;27) N/A 24(19;27) <0.001 * N/A N/A 0.85

FMA-UE 39(15;45) 54(47;58) N/A 54(47;59) <0.001 * N/A N/A 0.89

FMA-LE 24(20;29) 28(27;33) N/A 29(27;33) <0.001 * N/A N/A 0.79

FMA-Motor function
(sum) 65(34;73) 83(76;89) N/A 84(76;91) <0.001 * N/A N/A 1

FMA-Balance 11(5;13) 12(12;14) N/A 12(12;14) 0.010 * N/A N/A 0.18

Abbreviations: n: number of patients; N/A: not applicable; mRS: modified Rankin scale; NIHSS: national institutes of health stroke
scale; FMA: Fugl-Meyer assessment; FMA-UE—upper extremity section of the Fugl-Meyer scale; FMA-LE—low extremity section of the
Fugl-Meyer scale. Data are shown as median (m) and interquartile range (IQR). * Estimated significant when p < 0.05.

Differences between the three groups of patients are shown in Table 3. Neither on the
1st nor the 14th day poststroke was any significant difference measured with NIHSS or mRS
between the three groups (pA–B; pA–C; pB–C). However, Group A patients had significantly
lower total FMA-2 scores than those of Group B patients after Phase I of rehabilitation
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(pA–B = 0.01). Detailed comparative analysis of the FMA subscores showed that the lower
scoring of patients of Group A was due to selective bad recovery of the upper extremities
after early rehabilitation in comparison to Group B. However, patients in Groups A and
B showed no significant difference between the total and subscale FMA-3 scores, and no
significant differences were observed with respect to NIHSS-3 and mRS-3. This was in
spite of Group A patients receiving active treatment/a traditional rehabilitation program
(Phase II), and Group B patients being on outpatient observation during this time period
(pA–B). Comparisons of the scores after AR rehabilitation (NIHSS-4, FMA-4, and mRS-4)
demonstrated an equally significant regression in motor impairment both in the paretic
arm and in the paretic leg in Group A and B patients (pA–B). Therefore, despite the fact that
Group A patients had lower FMA-UE-2 scores, at the end of the study they achieved the
same level of upper limb motor recovery, assessed by FMA-UE-2, as that in Group B.

Functional outcomes after three months, as assessed by mRS-4, and for neurological
deficits and outcomes of motor recovery, as assessed by NIHSS-4 and FMA-4, showed
significantly poorer results in Group C patients (pA–C; pB–C). Patients in Group C, who
were admitted to outpatient observation directly after Phase I of rehabilitation, had worse
clinical parameters and ADLs in comparison to patients in Groups A and B at the end of the
"plastic window" period. However, some special features of recovery were evident. Motor
function of the lower limbs in patients in Group C recovered as well as in patients in Group
A by the 90th day poststroke, and there were no significant differences in FMA-LE-4 (pA–C).
The balance function was also not statistically different with regard to the FMA-Balance-4
score between the groups (pA–B; pA–C; pB–C).

3.2. Spasticity Assessment

We measured upper limb spasticity with the modified Ashworth scale (MAS). Directly
after stroke, the MAS-1 score was equal to 0 in patients of Groups A– C. At discharge from
Tomsk RSC after two weeks of early rehabilitation, spasticity was registered by MAS-2 as
+1 in two patients of Group A (10%) and three patients of Group C (20%). However, muscle
tone in Group A did not differ during phases of rehabilitation MAS-2 = MAS-3 = MAS-4 =
+1. In the same time period, patients of Group C showed an increase in spasticity on the
90th day poststroke (MAS-4 = 3). Group B patients did not have spasticity.

3.3. Assessment of Movement Quality during AR Rehabilitation

Comparison results of the quality of movements in Group A and B patients are
shown in Tables 4 and 5. We used two tasks to assess the quality of motion during AR
rehabilitation: statics and balance. The statics task was aimed at developing the reciprocal
interaction of upper limb muscles with a static–dynamic load (Figures 2b and 3a,b). The
balance task addressed lower limb function and balance during walking (Figures 2d
and 3c,d). Comparison of the measures during the first, fifth, and tenth sessions did
not produce significant differences between the two groups of patients for any of the
calculated parameters, with one exception: considering the maximal duration in one
approach, we observed that Group A patients repeated the task during the first session
significantly slower than Group B patients (Table 4). Measurement of this parameter
yielded no significant difference between Group A and B patients during the fifth and
tenth training sessions (Table 4). Within-group comparisons resulted in a similar pattern of
motor quality improvement of the patients in both groups (Table 5).

We observed a significant increase in the “variability of movements” parameter of
the statics domain in both patient groups (Table 5). The accuracy of following a given
trajectory increased during the process of motor training (Figure 3a,b). We observed a
steady progression of this criterion from the first to the tenth session of AR rehabilitation
in patients of Groups A and B. We also found a significant increase in the variables of
“number of completed tasks during one motor training session” and “maximal duration of
movement in one approach” while executing this statics task. This last variable was pre-
dominantly enhanced between the first and fifth sessions, while the “number of completed
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tasks” parameter was augmented more gradually between the first and last sessions. These
changes reflected an improvement in the control of reciprocal muscles while executing
the task.

Table 4. Estimated mean differences in parameters of movement quality during AR rehabilitation
between A and B groups.

Group A Group B pA–Bn = 21 n = 14

Variability of movements, m (IQR),

1st session 0.88(0.79,0.93) 0.89(0.86,0.9) 0.855

5th session 0.9(0.82,0.94) 0.89(0.86,0.92) 0.778

10th session 0.94(0.92,0.97) 0.95(0.91,0.97) 0.516

Number of completed tasks, m (IQR)

1st session 21(19,25) 25(21,27) 0.118

5th session 36(31,46) 33(25,45) 0.495

10th session 56(47,64) 49(43,57) 0.396

Maximum duration in one approach (s), m (IQR)

1st session 27(25,28) 23(18,26) 0.018 *

5th session 39(34,46) 38(34,44) 0.583

10th session 40(35,50) 45(37,50) 0.538

Variance of the displacement for the central point, m (IQR)

1st session 0.08(0.08,0.09) 0.09(0.08,0.1) 0.554

5th session 0.07(0.08,0.09) 0.06(0.07,0.09) 0.712

10th session 0.04(0.03,0.06) 0.05(0.04,0.06) 0.528

Height of raising the paretic leg, m (IQR),

1st session 0.22(0.12,0.35) 0.20(0.14,0.28) 0.282

5th session 0.34(0.32,0.40) 0.32(0.31,0.38) 0.343

10th session 0.36(0.34,0.40) 0.35(0.33,0.40) 0.532
Abbreviations: n: number of patients; s: seconds. Data are shown as median (m) and interquartile range (IQR).
*Estimated significant when p < 0.05.

Table 5. Estimated mean differences in parameters of movement quality during AR rehabilitation in 1, 5, 10 sessions for A
and B groups.

Group A

n = 21 1st Session 5th Session 10th Session p1–5 p5–10 p1–10

Variability of movements,
m (IQR) 0.88(0.79;0.93) 0.90(0.82;0.94) 0.94(0.92;0.97) <0.001 * <0.001 * <0.001 *

Number of completed tasks,
m (IQR) 21(19;25) 36(31;46) 56(47;64) 0.001 * <0.001 * <0.001 *

Maximum duration in one
approach (s), m (IQR) 27(25;28) 39(34;46) 40(35;50) <0.001 * 0.434 <0.001 *

Variance of the displacement for
the central point, m (IQR) 0.08(0.08:0.09) 0.07(0.08:0.09) 0.04(0.03:0.06) 0.144 0.001 * <0.001 *

Height of raising the paretic leg,
m (IQR) 0.22(0.12:0.35) 0.34(0.32:0.40) 0.36(0.34:0.40) 0.002 * 0.09 0.001 *
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Table 5. Cont.

Group B

n = 14 1st Session 5th Session 10th Session p1–5 p5–10 p1–10

Variability of movements,
m (IQR) 0.89(0.86;0.9) 0.89(0.86;0.92) 0.95(0.91;0.97) 0.022 * 0.001 * <0.001 *

Number of completed tasks,
m (IQR) 25(21;27) 33(25;45) 49(43;57) 0.016 * 0.001 * <0.001 *

Maximum duration in one
approach, (s), m (IQR) 23(18;26) 38(34;44) 45(37;50) 0.001 * 0.084 <0.001 *

Variance of the displacement for
the central point, m (IQR) 0.09(0.08:0.1) 0.06(0.07:0.09) 0.05(0.04:0.06) 0.23 0.002 * 0.001 *

Height of raising the paretic leg,
m (IQR) 0.20(0.14:0.28) 0.32(0.31:0.38) 0.35(0.33:0.40) 0.018 * 0.08 0.003 *

Abbreviations: n: number of patients; s: seconds. Data are shown as median (m) and interquartile range (IQR). * Estimated significant
when p < 0.05.

We observed that, within the balance domain, patients significantly increased the
height of raising their leg on the affected side during the fifth and tenth sessions of AR
rehabilitation in comparison to during the first session (Table 5). By the fifth session,
patients had already coped with this task, and the affected leg was not lifted higher by
the 10th visit in either Group A or B patients. At the same time, only the “variance of the
displacement for the central point” variable significantly decreased from the fifth to the
tenth session of AR rehabilitation in both groups.

4. Discussion

In this study, we assessed the clinical and functional effects of different rehabilitation
programs applied to different combinations during the “plastic window” period in stroke
patients. All patients included in our study received motor rehabilitation with early
activation during Phase I of the program (i.e., the period of the first 14 days after stroke).
Today, early stroke rehabilitation is recommended in many clinical practice guidelines,
including the Order of the Ministry of Health of the Russian Federation no. 928n [22,37],
but the results of clinical studies on the effects of motor rehabilitation in the early recovery
period of stroke are conflicting. According to the data from some clinical trials, very early
rehabilitation within the first 24 h of stroke may be harmful [8]. Meta-analysis of nine
randomized controlled trials with 2958 participants, including one of 2104 participants,
showed that very early mobilization (VEM), which involves the first mobilization within
24 h of stroke onset, may be accompanied with higher mortality and dependency, and no
better treatment results compared to delayed mobilization [38]. From the perspective that
the risk of a negative effect of very early mobilization probably depends on stroke subtype,
stroke severity, and receiving treatment with tissue plasminogen activator (tPA), we only
included moderately severe ischemic stroke patients without tPA treatment. Evidence of
the effective use of early exercise after stroke in humans is currently limited by the lack
of data [8,12,39]. The influence of early exercise on postischemic rehabilitation has mostly
been demonstrated in preclinical studies using experimental animal models [40,41]. The
beneficial effect of early rehabilitation has been connected with exercise intensity, initiation
time, and exercise program [42]. There exists no "gold-standard" time for the start of
rehabilitation, and science has not yet set clinically relevant sensitive periods after stroke.

The results of our study demonstrated that early rehabilitation, starting within the
first 24 h of stroke, was successful. The primary outcome was improvements in functional
independence as measured by mRS, and recovery of motor functions of the upper and
lower extremities measured by FMA. Patients in each of the three groups showed significant
changes in the evaluation scales between Points 1 and 2. It is difficult to estimate which
part of motor recovery was due to spontaneous biological recovery based on structural
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neuroplasticity, and how much was dependent on the rehabilitation treatment based on
synaptic plasticity [4,8]. Upper limb motor function in the patients of Group A had a
worse recovery after early rehabilitation than those in Group B measured by FMA-2. The
study population was clinically and demographically homogeneous, all patients had the
same rehabilitation potential, evaluated at admission to Tomsk RSC, early rehabilitation
was performed according to the standards in accordance with the Order of the Ministry
of Health of the Russian Federation no. 1740n [23]. Diversity in innate plasticity, and
the molecular and cellular mechanisms of the pathophysiological processes involved in
motor impairment are possible reasons for this discrepancy between Groups A and B [8].
Secondary safety outcomes were the absence of mortality and intracranial hemorrhages in
patients who had received early rehabilitation. The intensity of rehabilitation was moderate,
and the modes of early rehabilitation were selected individually for each patient. The
professionals most likely applied additional predictors of successful recovery, helping to
avoid complications and clinical deterioration. Specific clinical factors of patients with
acute ischemic stroke affect not only the outcome of early rehabilitation but are also
considered when using other treatment approaches for acute ischemic stroke. The recent
prospective cohort study showed that intra-arterial mechanical thrombectomy, either in
combination with intravenous thrombolysis or alone in patients with acute ischemic stroke,
can be associated with good outcomes at 3 months [43]. The determinant for 90-day
measurement was a baseline NIHSS score. It was also shown that the reperfusion seems to
be not the only determinant of good outcomes. It can be supposed that some aspects of
patient management in the intensive care unit, the individual therapeutic and rehabilitation
approaches in the acute phase of ischemic stroke, can counterbalance the positive effects of
reperfusion and further improve neurological outcomes.

The sensitive period of poststroke plasticity, when maximal recovery from neurologi-
cal lesions is possible, is defined as the first 1–3 months after stroke [44,45]. This is why
neurorehabilitation in the early recovery period of a stroke is so important. During this
period, spontaneous and treatment-related neuroplastic changes allow for the recovery of
movement patterns back to the pre-stroke level. During later periods of stroke, improved
motor function is more often associated with compensatory responses, alternative move-
ments, and adaptive strategies during the execution of motor tasks. The cognitive functions
of stroke patients are directly related to their involvement in the rehabilitation process, and
they may affect the results of recovery [46,47]. Therefore, one of the criteria for inclusion in
our study was testing on the MMSE scale and the absence of a pronounced cognitive deficit.
However, stroke patients often have socioeconomic and family problems, as well as the
problem of geographical distance from rehabilitation centers. Patients of Group C received
only early rehabilitation during the 90 day study, and patients of Groups A and B showed
clinical and functional improvements after Phase I. Conditions in Group C patients did
not significantly change during outpatient observation according to statistical data (p2–4).
However, they showed the worst clinical and functional outcomes by NIHSS, mRS, total
FMA, and FMA-UE at the 90th day after stroke onset compared to those of Groups A and
B. This indicates the negative impact of the absence of physical activity and rehabilitation
interventions for the recovery of movement patterns in the upper extremities and ADL. At
the same time, Group C patients showed no spontaneous recovery in the motor function of
paralytic legs according to FMA-LE-4, and there were no significant differences between
patients of Groups C and A. We also found no significant differences in FMA-Balance-4
between Group C and Groups A and B (pA–C; pB–C). With regard to the balance function, we
could not exclude the role of compensatory adaptive mechanisms. In addition, there is the
opinion that the rates of motor recovery for upper and lower extremities are different [48].
Paretic-arm recovery is more complicated compared to that of lower limbs. Thus, this
hypothesis could explain data resulting from this study.

In our study, we were able to assess the effects of classical stroke rehabilitation treat-
ment for four weeks (Phase II) and the effects of applying a developed AR rehabilitation
program (Phase III), and to compare the results of motor recovery in patients in Group
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A who had received Phase II and III treatment with patients in Group B after the AR
rehabilitation program who underwent outpatient observation during Phase II. Clinical
and functional outcome measures after a 90-day poststroke period showed no significant
difference in Groups A and B. Members of Group A achieved the same level of motor
recovery and functional outcomes after finishing the traditional rehabilitation program
(Phase II) as that of Group B participants who underwent outpatient observation in this
time period (Point 3). In Group A patients, motor control of the paretic arm, as assessed by
FMA-UE-2, was significantly worse after Phase I in comparison to that of Group B, and
significantly improved after Phase II, without significant differences in FMA-UE-3 between
groups (pA–B). So, Phase II of motor rehabilitation with classical recovery approaches
showed significant motor improvement in patients of Group A who showed no significant
difference from participants of Group B by the clinical and functional scales at Point 3.

Patients in Group B who had not received active treatment during Phase II of the
study did not show any improvement in motor impairment by FMA and mRS scores at
Point 3. This showed the deficiency of spontaneous motor recovery during the outpatient
observation period. The average NIHSS score was statistically lower (p2–3). This can also
be considered as an element of spontaneous-recovery manifestation. However, the NIHSS
scale does not only characterize motor impairment, and the number of points could be
decreased by restoring other impaired functions (speech, sensory disorders).

AR rehabilitation led to significant improvement both with respect to the scores on
scales measuring clinical and functional performance, and to variables reflecting the quality
of movements in patients of Groups A and B. During the first session of AR rehabilitation,
patients who had received active treatment during Phase II performed similarly (worse
concerning a single parameter) in comparison to patients who had not. Patients of Group
C who had not received active treatment performed significantly worse after three months
and showed hardly any improvement after the first phase of the program. This may
indicate the effectiveness of motor rehabilitation during Phases II and III of the program.

The beneficial effects of the AR rehabilitation program are reflected by significant
improvement during Phase III according to clinical and functional performance, and
quality of movement measures in patients of Groups A and B. Interpreting the results,
it becomes clear that muscle strength in the affected arm of patients in Groups A and B
increased between the first and tenth AR biofeedback motion training sessions. Generally
speaking, the movement accuracy and muscle force of the affected arm were augmented in
Group A and B patients (see example of trajectory in Figure 3a,b). The obtained results by
movement quality assessment during AR rehabilitation corresponded to the related FMA
score. Results concerning the movement of the affected leg are somewhat more difficult to
interpret because lower-extremity movements determine walking and maintaining stability
in an upright position. The affected leg (in a rigid flexed position) is more stably supported
and, due to this stability, fewer deviations of the trunk occur. We observed that the height
of raising the legs during walking on the spot on a flat horizontal surface was lower during
the first days of training, which in turn led to a decrease in the dispersion of movement of
the central point of the body. This observation indicates that, during the training process
of walking on the spot, patients could maintain their balance better and swayed less. In
this case, the presence of a compensatory adaptive mechanism cannot be excluded in
the improvement of balance function. At the same time, they became capable of raising
the affected leg to the required height when stepping over obstacles. Results show that
maintaining body balance is a complicated function, and that is why it is more difficult
to recover in this respect. Interpreting the result, the restoration of lower limb functions
after a stroke occurs faster than that of the upper limbs, fine motility, and body balance
(example of trajectory, Figure 3c,d). Note that stroke rehabilitation in the context of the
COVID-19 pandemic should be carried out considering the increased risks of intracerebral
hemorrhage. This is because patients with COVID-19 infection have an increased risk of
thrombotic events and receive various anticoagulation regimens, which increase the risk
for intracerebral hemorrhage [49]. Therefore, motor rehabilitation should be carried out
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under the control of clinical and laboratory parameters with caution and proper dosing of
aerobic motor training.

We also compared the results of our research with those of other studies using nonin-
vasive engineering solutions in motor rehabilitation after stroke, such as a passive robotic
device (Trackhold, PERCRO, Pisa, Italy), which works with five dedicated VR training
applications for the upper limbs and is synchronized with a high-resolution electroen-
cephalogram (HR-EEG) system [18]. As a result of using VR technology, motor recovery
of the paretic upper extremities was observed, which resulted in increasing parameters
reflecting the smoothness and accuracy of movements. In a clinical trial of VR training
using the Xbox Kinect (XBOX 360, Kinect, Microsoft Inc), patients demonstrated clinical
recovery of the upper extremities on the FMA-UE score [50]. In both studies, VR tech-
nologies were used in addition to conventional restorative therapy. In our study, motor
rehabilitation using motion sensors and augmented reality was conducted as an indepen-
dent rehabilitation program at the end of the early recovery period; hence, this allowed
for us to separately evaluate the positive effects on motor-function recovery after stroke.
The presented data of movement analysis, and the clinical and functional data, showed
that AR rehabilitation proved to be effective as the poststroke rehabilitation method using
the AR biofeedback motion training in our study. However, the results of our study are
inconclusive with respect to the possible benefits of AR rehabilitation compared to those of
classical rehabilitation techniques because the process of spontaneous recovery makes their
benefits difficult to gauge. Furthermore, the physiological potential of neural plasticity
for motor recovery may differ in study groups. Accordingly, we cannot say with certainty
which rehabilitation program (one or more) would be sufficient for clinical degrees of
motor impairment. If Group A patients had received only Phase I and AR rehabilitation, it
is unlikely that they would have achieved the same degree of motor impairment recovery.
Therefore, traditional and AR rehabilitation are not mutually exclusive but are comple-
mentary methods of rehabilitation in the early stroke recovery period. In addition, AR
rehabilitation can be carried out ambulatory and can be useful for rehabilitation services in
the context of the COVID-19 pandemic for reducing disability and optimizing functioning
rehabilitation centers [51].

5. Limitations and Strengths

This study was carried out in patients with moderate and mild stroke; thus, stroke
patients with severe disabilities, or people with severe cognitive or communication prob-
lems were excluded. Lack of randomization after the first stage of rehabilitation is also a
disadvantage of this study. However, study results support the evidence for the existence
of a special sensitive period for neuronal plasticity during the three months from stroke
onset, showing the positive effect of AR rehabilitation in a relatively large sample.

6. Conclusions

First, we note the importance of early rehabilitation, which was successful in patients
with moderate ischemic stroke in our study. Second, our study showed that Phase I is not
enough for the spontaneous recovery of motor impairment, and rehabilitation programs
should be carried out throughout the entire sensitive period of poststroke plasticity. Sum-
marizing, traditional exercise programs and AR rehabilitation have proven themselves
in clinical practice. The provided data are convincing in that the newly developed AR
biofeedback motion training is effective and safe as a separate rehabilitation method in the
early recovery period of moderately severe, hemiparalytic, and ischemic stroke. These two
rehabilitation approaches must be applied together or after each other, not instead of each
other, as shown in clinical practice.
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Appendix A

Rehabilitation Methods Applied during Phase II

• Air cryotherapy (the compact FRIGOSTREAM cryotherapy unit, Germany): air flow
speed 1200–1500 L/min, air flow temperature −32 ◦C, the distance to the surface
of the body was 10–15 cm, the speed of movement of the air jet was 1–2 cm/s. The
labile technique was performed using a standard nozzle for 5–7 min on a zone with
an area of no more than 4 palms of the patient. The procedures were performed daily,
10–12 procedures per course.

• Functional electrical stimulation (FES) of muscles antagonistic to spastic ones (two-
channel device IONOSON-Expert, Germany). FES was applied by a pulse current
“surge high voltage” (HVS) in bi-phase mode with a frequency of 60–30 Hz, an increase
and decrease in the current strength of 1 s and a plateau of the maximum current
strength for 2 s, with a duration of sending and pausing of 4 and 6 s, respectively.
The current strength was selected individually within 20–50 mA by the amplitude of
visible muscle contractions and should not provoke an increase in muscle strength by
more than 20–25% compared to the original muscle strength. The procedure took no
more than 20 min. The course consisted of 10–12 daily procedures.

• Manual classical massage of paretic limbs: duration 30–40 min, course 10–12 proce-
dures.

• Mechanotherapy (ARTROMOT SIMULATORS): one session took 30 min. The course
included 10–12 sessions.

• Therapeutic physical culture (Bobath Neuro-Developmental Treatment),
• Active gymnastics, walking on a treadmill at a speed of 0.2–0.6 km/h for 3–10 min,

walking on rehabilitation bars and stairs with adjustable height of steps.
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