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INTRODUCTION

Stroke is the second largest cause of death worldwide. Stroke survivors usually suffers severe motor and
sensory impairment that hinder the activities of daily living. The functional deficit of lower limb is the most common
paresis after stroke. It is not common for the stroke patients to fully recovery after months and years of the
treatments and therapies, which leaves them in some degrees of impairment. Many of them do not reach a walking
level to perform all their daily activities [1, 2]. Gait recovery is one of the major therapy goals in the rehabilitation
program for stroke patients and methods for gait analysis and rehabilitation has been developed [2]. The weakened
muscle tone also becomes an obstacle in motor rehabilitation. Therapies such as active foot drop exercise,
electromechanical assisted therapy and treadmill therapy are usually limited to the patients with mild or moderate
impairment [2]. Functional electrical stimulation (FES) has also been used in motor rehabilitation therapy over the
last decades. It is known that passive FES therapy itself can reduce muscle spasm and shorten the term of motor
recovery [3]. Passive therapies such as continuous passive motion or cycling therapy have been employed for the
patients and showed the functional improvements in the previous studies [4]. However, they do not include or cannot
monitor the patients’ active engagement of the therapy.

Today, Brain-Computer Interface (BCI) technology can provide an objective tool for measuring Motor Imagery
(M), creating new possibilities for “closed-loop” feedback. The closed-loop feedback, that is linked with the desired
mental activity, is important for every feedback system and made possible through Mi-based BCI. It could
significantly improve rehabilitation therapy outcomes of stroke patients [5].

Currently there are numerous articles that talk about rehabilitation of the upper limb with BCI technology, but
the rehabilitation of the lower limb is completely new. The objective of this study was to analyze the effectiveness
of BClI therapy in the functional rehabilitation of lower extremity in stroke survivors.

METHODS

Participants

For this preliminary study 2 males and 1 female were included. The mean age of the participants was 59 (+4.3)
years and they all were in a chronic stage with time since the stroke 13 (+17.3) years. Participant 1 (P1) was a
female, 62 years old and time after stroke 33 years. Participant 2 (P2) and Participant 3 (P3) were males, 61 and
54 years old with time after stroke 4 and 2 years. No previous BCI training was performed with the subjects, the
three participants were BCI naive.

The following inclusion criteria was applied: 1) residual hemiparesis in his/her lower limb, 2) the stroke occurred
at least four days before the first assessment, 3) functional restriction of the lower extremities, which prevent the
persons from activities of everyday life, 4) ability to perform 10 Meter Walk Test. Additionally, 6) able to understand
written and spoken instructions, 7) stable neurological status, 8) willing to participate in the study and to understand
and sign the informed consent, 9) able to attend meetings. Patients with 1) active or passive implanted medical
devices such as pacemakers which do not allow the use of FES, 2) implanted metallic fragments in the extremities
which can limit the use of FES, 3) cerebellar lesions, 4) multiple stroke history, 5) elevated intracranial pressure, 6)
pronounced hemi-neglect, 7) history of disordered aneurism, 8) history of epilepsy or seizures that is uncontrolled
by proper treatment, 9) under the influence of anesthesia or similar medication, 10) significant circulatory
disturbances of the lower limbs, 11) severe lung diseases, infections, renal insufficiency, liver damage, heart
diseases, 12) sensory disorders which can significantly affect the patient’s ability to feel pain and to react to
unsuitable proprioceptive stimuli, 13) diseases of the peripheral nervous system affecting the upper limbs or 14)
Botulinum toxin treatment of his/her paretic lower limb during this study were excluded from the study.

Study design

Each participant received 2 months of BCI training based on Ml with FES and visual feedback. The BCI sessions
were distributed in 3 times per week, 25 sessions in total. Each session lasted about 1 hour. Two functional
assessments were performed before the therapy started (Pre1, one month before the therapy and Pre2, a few days



before the therapy) and one more functional assessment was performed immediately after these 25 BCI sessions
(Post1). The functional scales used in the assessment sessions are detailed in the next section.

Functional and Behavioral Assessments

The primary outcome measure was the 10 Meter Walk Test (10MWT) that assesses walking speed in meters
per second over a short duration. Subject is instructed to walk in self-selected velocity (10MWTSS) and/or in fast
velocity (10MWTFV) over the length of 10 meters. The time is measured between meter 2 and 8 to exclude the
acceleration and deceleration speed. Secondary scores included Timed Up and Go Test (TUG) that is used to
determine fall risk and measure the progress of balance, sit to stand and walking. Subject is sitting on a chair and
is instructed to stand up, walk 3 meters, turn around, walk back to the chair and sit down again. The time is measured
from the beginning until the end of the task [6]. These two scores are measured in time (minutes and seconds),
where lower values represent lower level of impairment. Range of Motion (ROM) for active ankle dorsiflexion and
flexion was also used to measure the movement ability of the affected ankle. The subject is in long sitting position
with a pillow placed under his/her knee so that the hill is lifted off the surface. Goniometer is placed on the lateral
malleolus with stationary arm is leaning up to the fibula head and movable arm is parallel to the longitudinal axis of
the 5th metatarsal when the subject is asked to perform ankle dorsiflexion movement or/and ankle flexion movement
[7]. The score is measured in degrees, where higher values are also linked to lower impairment.

BCI system description
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parameters of two FES devices (g.Estim FES, g.tec medical
engineering GmbH, Austria) were set to a frequency of 50 Hz and
a rectangular pulse width of 300 ps for the wrist and 400 ps for
the ankle dorsiflexion. The stimulation amplitude (mA) was
adjusted to find the optimal movement.

Time (s)

All participants were instructed to imagine the wrist or ankle
dorsiflexion according to the system indications. One session was
composed by 240 trials on both hand and foot. Figure 1 below
describes the timing of each trial.

The MI tasks were presented in pseudo random order with
randomized inter-trial intervals. During the feedback phase, FES
and avatar was triggered when the system detected correct MI. If
no MI is detected, feedback is deactivated. Feedback was  Figure 2. General concept of BCI system.
updated five times per second.

Signal Processing

EEG signals were sent to a bio signal amplifier and were bandpass filtered with Butterworth filter 4th order,
between 8 and 30 Hz. Then common spatial patterns (CSP) were applied to transform the data to a new matrix with
minimal variance of one class and maximal variance of the other class. Each class reflects the Ml of the cued hand
versus the MI of the foot. A linear discriminant analysis (LDA) classified each trial as either left (hand or foot) or
right (hand or foot) MI, depending on the side that is affected. When the input signals were correctly classified
according to the assigned task, the feedback devices were triggered. Complete system can be seen on Figure 2.



RESULTS

Functional improvement

Results for 10MWT show that the walking speed for all
participants increased. Figure 3 shows functional improvement in
walking speed, that was measured with 1TOMWT for Self-Selected
velocity (10MWTSS). Walking speed for P1 increased for 0.02 m/s,
for P2 self-selected velocity increased for 0.28 m/s, and for 0.17
m/s for P3. Similar results can be observed also for 10MWTFV on
Figure 4, where walking speed for fast velocity increased for P1 for
0.03 m/s, for P2 for 0.38 m/s, and for 0.37 m/s for P3.

Improvements in fall risk and measured of the progress for
balance while being sited, standing up and walking measured with
TUG were also observed. Score for TUG for P1 increased for 0.05
m/s, from 0.25 to 0.3 m/s, 0.1 m/s for P2, from 0.44 to 0.54 m/s and
0.18 m/s for P3, from 0.36 to 0.54 m/s. ROM for active dorsiflexion,
that was the targeted movement of the BCI training also increased.
Dorsiflexion of the P1 improved for 6.65°, from 3.65 to 10.3° and
flexion for 2.7°, from 5.5 to 8.2°. P2 showed improvement in
degrees of dorsiflexion for 9°, from 15.3 to 24.3°, but flexion
reduced for 0.5°, from 8 to 7.5°. Similar results were observed for
P3, where dorsiflexion increased for 20.4°, from 8.1 to 28.5°, and
flexion decreased for 9°, from 8.2 to 7.3°.

BCI performance

Maximum classification accuracy (MCA), that is the measure of
BCI performance is presented on Figure 5. MCA of P1 was 84% in
the session 1, and 88% in session 25. The average accuracy over
25 sessions for participant 1 was 85.8%. P2 had average MCA
90.6% with maximum accuracy reaching 97% in session 2. And P3
had 88.9% MCA average over 25 sessions with maximum accuracy
94% that was achieved in session 13, 14 and 19.

DISCUSSION

The current study was conducted to test the effect of BCI based
training with FES and avatar feedback for lower extremity after
stroke on functional movement and gait. The results presented are
from 3 participants and should be regarded accordingly. These
preliminary results show that all 3 patients showed improved motor
and gait performance after 2 months of BCI based rehabilitation
training, which could demonstrate effectiveness of this
rehabilitation technique. For the improvement of walking ability
after stroke Electromechanical-assisted training with end-effector
has been shown to be one of the most effective approaches
compared to conventional therapy [2]. In the end-effector system
the patient is secured by straps and stands on two footplates that
simulate walking. Only feet that are fixed to the footplates are being
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Figure 3. Performance of 10MWT-SS. (PRE shows
the average score of Pre1 and Pre2 assessment and
Post1 shows the result after the 25 sessions of BCI/
based training for all 3 participants for self-selected
walking speed).
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Figure 4. Performance of 10MWT-FV. (PRE shows
the average score of Pre1 and Pre2 assessment and
Post1 shows the result after the 25 sessions of BC/
based training for all 3 participants for fast velocity
walking speed).

100
90 R ST RSN =
s °

nr

60 - P2
50
40
30

201

Maximum Classification Accuracy [%]

10+

0O 5 10 15 20 25
Sessions

Figure 5. Maximum classification accuracy. (BC/

performance for 25 sessions of participant 1,

participant 2 and participant 3).

moved by the device [1]. Rehabilitation effect for walking speed with end-effector rehabilitation techniques shows
0.16 m/s better results than rehabilitation with conventional therapy [2]. The results of our 3 participants show in
average similar results for 10MWTSS, where the improvement is 0.16 m/s and 0.26 m/s faster walking speed for
10MWTFV. Considering that the preliminary results are from 3 participants only, we do not believe further group
statistical analysis would be appropriate at this point, but the trend of rehabilitation effect is showing as promising.
Improvement in walking speed of P1 was a lower compared to P2 and P3. When looking at the baseline of walking
speed, results show her level of impairment is higher than from P2 and P3, which could have influenced the
rehabilitation of gait and functional improvement as it is shown in similar studies [2]. Age of the subjects and time
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after stroke are factors that could influence the outcome of the rehabilitation. Learning and rehabilitation processes
by itself are lower with greater age and time after. Our participants were of similar age, but the difference in time
after stroke was great. P1 was 33 years after stroke, whereas P2 was 4 years after stroke, and P3 was 2 years
after stroke. These results could suggest that the effectiveness of BCI based rehabilitation training becomes lower
with higher time after stroke. Similar results were observed also for TUG, where P1 improved less then P2 and P3.
Interestingly, both ROM dorsiflexion and flexion improved for P1, but flexion was slightly lower for P2 and P3. Ankle
dorsiflexion is shown to have an influence on walking and functional movements of the foot and balance. Also, here,
the baseline and degrees of improvement were slightly lower with P1 compared to P2 and P3. As mentioned
previously, the level of impairment shown with lower ankle dorsiflexion baseline could have influenced the walking
speed improvement. P3 shows the highest improvement in walking speed and ankle dorsiflexion movement when
compared to P1 and P2. When looking at the MCA, all 3 participants showed relatively high classification accuracy,
between 85 and 91%. Some of the previous studies using similar systems for upper extremity rehabilitation [5]
showed that classification accuracy could influence the rehabilitation effect. Higher accuracy rates are connected
with higher feedback rate. Higher accuracy rates are also showing participants motivation and investment in the
therapy which could influence the rehabilitation outcomes of the patients after stroke that are using BCI based
techniques. Another reason why brain activity and feedback coupling shows importance is, that it can improve
Hebbian learning [8], which is critical to motor recovery after stroke.

Overall, the work presented here suggests that BCI based training can induce functional improvement and gait
in persons with difficulties in walking resulting from a stroke. However, additional research including more patients
is needed to demonstrate its effectiveness compared with conventional therapy and explore other avenues.
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