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Abstract

Objective: To evaluate the feasibility of brain-computer interface (BCI)-assisted motor imagery training to support hand/arm motor rehabilitation

after stroke during hospitalization.

Design: Proof-of-principle study.

Setting: Neurorehabilitation hospital.

Participants: Convenience sample of patients (NZ8) with new-onset arm plegia or paresis caused by unilateral stroke.

Interventions: The BCI-based intervention was administered as an “add-on” to usual care and lasted 4 weeks. Under the supervision of a

therapist, patients were asked to practice motor imagery of their affected hand and received as a discrete feedback the movements of a “virtual”

hand superimposed on their own. Such a BCI-based device was installed in a rehabilitation hospital ward.

Main Outcome Measures: Following a user-centered design, we assessed system usability in terms of motivation, satisfaction (by means of visual

analog scales), and workload (National Aeronautics and Space AdministrationeTask Load Index). The usability of the BCI-based system was also

evaluated by 15 therapists who participated in a focus group.

Results: All patients successfully accomplished the BCI training. Significant positive correlations were found between satisfaction and

motivation (PZ.001, rZ.393). BCI performance correlated with interest (PZ.027, rZ.257) and motivation (PZ.012, rZ.289). During the focus

group, professionals positively acknowledged the opportunity offered by BCI-assisted training to measure patients’ adherence to rehabilitation.

Conclusions: An ecological BCI-based device to assist motor imagery practice was found to be feasible as an add-on intervention and tolerable

by patients who were exposed to the system in the rehabilitation environment.
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Stroke is a major cause of chronically impaired arm function
among adults that may affect many activities of daily living.1 The
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standard rehabilitative approaches are still limited in terms of
repetition, frequency, timing, and sensorimotor integration related
to motor relearning.2,3 All of these factors are relevant in pro-
moting the compensatory functional brain network reorganization
associated with motor functional recovery in the acute, subacute,
and chronic poststroke stage.4,5

Novel rehabilitative interventions have been proposed to assist
task-specific repetition, such as active forms of robot-assisted
upper limb therapy.6,7 In addition, patients’ active involvment
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rewarded with performance-dependent feedback has been shown
to be crucial in improving patient compliance-adherence to a
given task-specific training.8 Also, evidence exists that the pa-
tient’s level of participation in rehabilitation has an impact on
the outcome.9

In severely affected hospitalized patients with little or no re-
sidual movements, the following worst-case scenario may occur:
the patient is unable to perform active or assistive exercises and is
unable to spend adequate time in rehabilitation activity during
recovery,10,11 resulting in a drastically limited recovery potential.
Consequently, there is an essential need for new, effective training
strategies for stroke patients to match their specific needs and
those of the rehabilitation professionals.12

Several authors have recently explored the potential of brain-
computer interfaces (BCIs) for functional recovery after
stroke.13,14 The BCI technology, based on volitional modulation of
the electroencephalographic (EEG) sensorimotor rhythms (SMRs)
in combination with motor imagery (MI) practice,15 robotic
training,16,17 and functional electrical stimulation,18 has been
recently promoted as a strategy to enhance motor recovery
after stroke.

To effectively encourage training and practice, the BCI design
should incorporate principles of current rehabilitative settings, apt
to stimulate patients’ engagement during a given exercise. This
would be in line with recent prospective in BCI design, referred to
as user-centered design,19 which drives the assistive technology
solution implementation.20,21

In this proof-of-concept study, we report on an EEG-based BCI
system intended to support hand MI training. Our system was
designed in collaboration with professional users (ie, rehabilita-
tion specialists and therapists) to reinforce the patients’ partici-
pation in this task-specific training. As such, the BCI system was
endowed with a visual feedback mimicking movements of the
patient’s own hands to maintain consistency with the MI task,22-27

and it was eventually intended as an add-on tool to enhance hand
motor functional recovery of hospitalized patients affected by
stroke. The BCI-assisted training also included the presence of a
therapist to guide the patient during the training sessions, and
it was introduced into a conventional motor rehabilitation
settingdthe hospital gym facility.

In accordance with this user-centered approach, professional
users were requested to participate in the evaluation of the pro-
posed add-on BCI-assisted rehabilitation training. The interven-
tion was tested on a small, selected hospitalized patient sample,
admitted for rehabilitation treatment after stroke, in order to
describe its acceptability and usability. Following a user-centered
design, we considered this preliminary evaluation as crucial for a
List of abbreviations:

BCI brain-computer interface

BI Barthel Index

EEG electroencephalographic

MCID minimal clinically important difference

MI motor imagery

NASA-TLX National Aeronautics and Space AdministrationeTask

Load Index

QCM Questionnaire for Current Motivation

QUEST Quebec User Evaluation of Satisfaction with assistive

Technology

SMR sensorimotor rhythm

VAS visual analog scale
subsequent randomized controlled trial to test the efficacy of this
BCI-assisted hand MI training.

Methods

Participants and clinical evaluation

A convenience sample of 8 patients with stroke (mean age � SD,
60�10.9y) was recruited from a consecutive cohort admitted to
Santa Lucia Foundation, Scientific Institute for Research Hospi-
talization and Health Care. The demographic and clinical char-
acteristics of the patients are reported in table 1. The study
protocol was approved by the local ethical board, and written
informed consent was obtained from each patient. Inclusion
criteria were as follows: (1) hemiplegia/hemiparesis caused by a
first-ever unilateral stroke and (2) age between 18 and 80 years.
Exclusion criteria were as follows: (1) previous cerebrovascular
accidents; (2) concomitant chronic disabling pathologies; (3) se-
vere arm spasticity (<4 on Modified-Ashworth Scale28); and (4)
severe cognitive decline (Mini-Mental State Examination score
<2429). The arm-section of the Fugl-Meyer30 was adopted to
describe intervention-specific functional improvements. A mini-
mal clinically important difference (MCID) was set at 7 points.31

Other clinical descriptors were adopted including the National
Institutes of Health Stroke Scale32 and the Barthel Index (BI;
MCID for BI set at 14).31,33 These outcomes of rehabilitation
efficacy were evaluated by a blinded assessor at baseline and after
training; however, because of the absence of a proper control
condition, we report a descriptive, qualitative analysis. In line with
the scope of the pilot study, the assessment of acceptability and
usability was considered as the primary outcome. The adopted
measures are described in a separate section below (see Accept-
ability and Usability Assessment section).

BCI design, signal acquisition, and training
protocol

Figure 1 illustrates a training session performed with the proposed
EEG-based BCI system. Patients were seated on a comfortable
chair (or directly on their wheelchair) with their hands and fore-
arms resting on a desk upon which an adjustable forearm orthosis
provided support. Customized software was implemented to pro-
vide patients with real-time feedback consisting of a visual rep-
resentation of their own arms and hands. The software allowed the
therapists to create an artificial reproduction of a given patient’s
hand and arm by adjusting a digitally created image in shape,
color, and size to match as much as possible the real hand and arm
of the patient. This eventually led to the illusion of the patient’s
real hand movement when the BCI was successfully controlled.
The digital image was projected over the patient’s real hands
covered by a white blanket. To drive the 2 states of the “virtual
hand” (ie, grasping or finger extension), the BCI system exploited
the EEG SMRs modulation induced by the performance of hand
MI of the same movements.34-36

The BCI2000 software platforma was used for real-time esti-
mation and classification of the SMRs state modulation and to
drive the instant BCI visual feedback (ie, a cursor motion on a
screen) and the corresponding “virtual hand” action. The “virtual
hand” was actuated through a User Datagram Protocol connection
between the BCI2000 platform and the “virtual hand” custom
software.b As in a conventional rehabilitation setting, the patient
was also supported by the presence of a therapist during the
www.archives-pmr.org
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Table 1 Demographic characteristics, clinical characteristics, and training outcome of patient sample

Patient No. Sex

Age

(y)

Time

From

Event

(wk)

Lesion

Side

Lesion

Type

Fugl-Meyer Arm

Section NIHSS Barthel Index Control Features

Pre Post Pre Post Pre Post Channel Frequency (Hz)

1 M 58 32 R I 11 14 9 8 65 70 Cpz, Cp2 14e16

2 M 72 20 L I 13 17 10 7 45 65* Cp3, Cp1 16e18, 22e24

3 M 58 44 R H 13 15 8 8 90 90 C4, Cp4 10e12

4 M 41 65 R H 9 17* 5 5 45 70* C2, C4, Cp4 22e24

5 F 75 6 L I 31 58* 12 5 40 55* C3, C5 16e18

6 M 52 9 R I 10 17* 7 5 75 85 C2, Cp2 18e20

7 M 58 7 L I 7 11 12 8 50 70* Cpz, Cp1 22e24

8 F 66 12 R I 17 37* 9 6 45 55 Cz, Cp4, Cp6 14e16

Mean � SD 13.9�7.1 23.3�16.1 9.0�2.4 6.5�1.4 56.9�17.9 70�12.5

NOTE. Arm section of the Fugl-Meyer scale ranges from 0 (most affected) to 66 (normal); NIHSS ranges from 0 (normal) to 42 (most affected); Barthel

Index ranges from 0 (most affected) to 100 (normal). Electrodes location on the head: C, central; p, parietal; z, zero-line (midline).

Abbreviations: F, female; H, hemorrhagic; I, ischemic; L, left; M, male; NIHSS, National Institutes of Health Stroke Scale; R, right.

* Achievement of the minimal clinically important difference.
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BCI-based MI training session. Accordingly, the therapist was
provided with continuous BCI feedback displayed on a separate
screen (ie, the cursor motion; see fig 1) to monitor the patients’ MI
performance in order to either verbally reinforce their correct
behavior or support them to improve the necessary brain activation
so they could achieve a better performance. Training lasted 4
weeks, with 3 weekly sessions. Each training session comprised 4
to 8 runs (20 trials each run), depending on the patient’s physical
capacity, and lasted approximately 30 minutes (EEG cap montage
time excluded). The EEG was recorded from a subset of 31
electrodes distributed over the scalp centroparietal regions. Elec-
tromyographic activity was continuously recorded through surface
electrodes placed over the opponens pollicis and the extensor
digitorum communis of both the unaffected and affected hands.
The electromyographic signal was fed back to the therapist to
allow for online monitoring of muscle relaxation and detection of
possible gross movements of the patients’ hands and forearms
hidden by the blanket (see fig 1).

During the BCI training, patients were asked to perform only 1
task (MI of the paralyzed hand, grasping or finger extension in
separate runs) contrasted with a baseline condition to allow the
system for online recognition and feedback processing. Thus, the
trial length included a constant baseline period of 4 seconds and a
task period of maximally 10 seconds (if brain activation did not
lead to successful BCI control before the end of the trial).

The EEG features to control the cursor motion during the BCI
training (see below) were extracted from a screening session
during which patients were asked to perform MI of grasping and
finger extension of their own affected hand, in separate runs and
alternately with rest periods in a random fashion (15�1 task trials
and 15�1 rest trials). The patients were cued by a visual interface
on a computer screen, and no feedback of performance was pro-
vided.27 Scalp EEG potentials during the screening session were
collected from 61 positions (according to an extension of the 10-
20 International System), bandpass filtered between 0.1 and 70Hz,
digitized at 200Hz, and amplified by a commercial EEG system.c

An offline analysis was performed on these screening data to
compare EEG signals associated with rest trials to those associ-
ated with MI trials with the affected hand. EEG data were rere-
ferenced to the common average reference (ie, the average signal
on every electrode site is taken and used as a reference),37,38
www.archives-pmr.org
divided into epochs of 1 second, and spectral analysis was per-
formed by means of a maximum entropy algorithm with a reso-
lution of 2Hz. Differently from the online processing, when the
system only computes the few features relevant for BCI control,
all possible features in a reasonable range (ie, 0e60Hz in 2-Hz
bins) were extracted and analyzed simultaneously.39 A feature
vector was extracted from each epoch and labeled according to the
experimental condition (rest or MI). This vector was composed of
the spectral amplitude at each frequency bin for each channel. By
using all the epochs of the recording session, the determination
coefficient R2 (ie, the proportion of the total variance of the signal
amplitude accounted for by target position)40 was calculated to
determine significant differences in the values of each feature in
the 2 conditions. At the end of this process, R2 values were
compiled in a channel-frequency matrix together with head
topography and evaluated to identify the set of candidate features
that separated best rest versus MI. Based on visual inspection of
these maps, an expert clinical neurophysiologist identified the best
channel/frequency feature combination among central and cen-
troparietal electrodes distributed over the affected hemisphere that
showed desynchronization (ie, a decrease in power spectrum
amplitude) at frequency bands typical for the SMRs modulation
(namely, in the alpha and beta range; 8e24Hz).34 The degree of
desynchronization on such selected electrodes/frequencies deter-
mined the vertical velocity of the cursor on the therapist’s screen
during the BCI training (continuous BCI feedback; see fig 1).
Once the cursor reached a target that was positioned in the upper
part of the screen, the “virtual hand” was actuated according to the
imagined movement (discrete BCI feedback to patients in suc-
cessful trials; see fig 1). In other words, successful MI and
therefore desynchronization of the SMRs power recorded from the
ipsilesional electrodes led to a cursor control (visible only to the
therapist) and was translated into the movement of the projected
“virtual” hand (see fig 1). Performance was calculated as the
percentage of correct trials per run. Chance level was estimated in
no-control conditions (subject at rest, not engaged in any task), in
which modulations of SMRs were due only to physiological
variability. In this condition, the average and SD of the BCI
transducer’s output were estimated. Under the hypothesis of
Gaussian distribution, a corrective factor was applied so that the
cursor would hit the target in only 5% of the trials (false

http://www.archives-pmr.org


Fig 1 Training session with BCI EEG-based tool. In the training session, 2 actors take part: the patient and the therapist. The first is trained to

gain control of his/her visual hand representation by imaging hand movements (grasping or finger extension), and he/she receives as feedback

the congruent movements of the visual hand (successful trial). The therapist is fed back with the real-time movement of a cursor on a screen that

is actually controlled by the patient BCI control feature.
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positives). Empirical tests confirmed that after this gain correction,
approximately 1 trial per run ended with an unintended hit.

Acceptability and usability assessment

Acceptability and usability were explored by means of partici-
pants’ mood, motivation, and satisfaction assessment and partic-
ipants’ perceived workload. Usability was also assessed by
professional users by means of a focus group setting.

Before starting each training session, patients’ mood and
motivation were monitored by means of visual analog scales
(VASs; 0, the lowest level, to 10, the highest level).41,42 Mood was
also assessed by means of the Center for Epidemiologic Studiese
Depression Scale, ranging from 0 to 60 points, with a cutoff of 16
points above which individuals are considered at risk for clinical
depression.43 To monitor such risk, the assessment was performed
once a week across the 4 weeks of training. Motivation was also
assessed by means of an adapted version of the Questionnaire for
Current Motivation (QCM),44 which was administered at the end
of each training session. The QCM45 is based on 4 motivational
factors analyzed by means of 18 statements: (1) “mastery confi-
dence,” which refers to the certainty in succeeding at a task (4
statements); (2) “incompetence fear,” indicating the level of
anxiety about failing in the task (5 statements); (3) “challenge,”
denoting the perception of the task as a challenge (4 statements);
and (4) “interest,” which indicates how much the task may or may
not evoke interest (5 statements). Each factor is scored as the
averaged scores assigned to each statement belonging to that
factor, ranging from 1 (“I completely disagree”) to 7 (“I
completely agree”). Satisfaction, defined as “freedom from
discomfort and positive attitudes toward the use of the product,”
was reported by users by means of a VAS.

Workload is a hypothetical concept that represents the costs
incurred by a human being to achieve a particular level of per-
formance.20 The National Aeronautics and Space Administra-
tioneTask Load Index (NASA-TLX) has been proposed as an
integrated measure of overall workload. It consists of 6 component
subscales: time pressure, own performance, physical effort, mental
effort, frustration, and stress and fatigue. The NASA-TLX was
administered at the end of the first and last training session. As a
measure of efficiency46 (ie, the invested costs in relation to how
accurate and complete a task can be performed), the NASA TLX
has proven its applicability in evaluation of BCI-controlled ap-
plications.20,21 The NASA TLX was administered at the end of
each training sessions.

The evaluation of the proposed BCI-based rehabilitation
approach was also addressed with professional users identified as
therapists in the context of a focus group. A focus group is a qual-
itative instrument frequently used in health services, which is
particularly indicated when the participants are naive to the subject,
and is meant to provide hints on unexpected ideas that might emerge
from group discussion.47 Fifteen therapists attended a training ses-
sion with the participation of 1 stroke patient. During this session,
they were able to interact with both the patient and the experi-
menters. Afterward, therapists were administered a slightly modi-
fied version of the Quebec User Evaluation of Satisfaction with
assistive Technology 2.0 (QUEST2.0),21,48 and an open discussion
was held. The QUEST2.0 comprises 12 satisfaction items, with
scoring ranging from 1 (very satisfied) to 5 (not satisfied at all).

Statistical analysis

To analyze changes in BCI performance, the second and last
training sessions were considered for statistical analysis, con-
ducted by means of a t test for dependent samples.

The Spearman coefficient was applied to explore separately the
correlation between the BCI performance and each psychological
variable and between psychological variables. The significance
level was set at .05.

Results

Table 1 reports the BCI control features (channel/frequency
combination) for each patient. As mentioned above, BCI control
www.archives-pmr.org
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Table 2 QCM scores relative to each of the 4 motivational factors (interest, challenge, mastery confidence, incompetence fear)

Motivational

Factors S1 (nZ8) S2 (nZ8) S3 (nZ8) S4 (nZ8) S5 (nZ8) S6 (nZ8) S7 (nZ6) S8 (nZ6) S9 (nZ6) S10 (nZ5)

Interest 4.78�1.83 4.56�1.41 5.24�0.81 5.68�0.98 4.96�1.62 5.08�1.76 5�1.14 4.88�1.90 4.69�1.59 5�1.83

Challenge 4.34�1.90 3.5�1.52 3.41�1.77 3.8�1.84 4.23�2.06 4.1�2.22 3.74�2.65 3.47�2.29 3.18�2.86 3.02�2.35

Mastery confidence 5.56�0.83 4.65�1.99 5.40�1.37 5.06�1.52 5.46�1.61 5.68�1.33 5.70�1.62 6.08�1.59 6.05�1.07 5.56�1.16

Incompetence fear 4.35�1.66 3.07�2.58 3.92�2.44 3.18�2.27 3.32�2.31 3.3�2.29 3.4�2.46 3.6�2.32 3.43�1.87 4�2.55

NOTE. Values are mean � SD. Each value represents the mean value � SD obtained from the 8-patient sample for each training session (S).
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features were selected with constraints in both spatial and fre-
quency domains to reinforce the MI- related brain activity by
means of the BCI training. All patients succeeded in controlling
the “virtual hand” by practicing MI of grasping and finger
extension of the affected hand, achieving a mean percentage of
performance of 57�24% (nZ8 patients; 73 training sessions;
chance level of 5%). No significant changes in performance were
found between the second (62.3%�20.4%) and the last (49.1%�
19.1%) BCI training sessions (P>.05).

From a qualitative point of view, we observed a clinically
relevant posttraining increment in the arm section of Fugl-Meyer
scores (MCID) in 4 patients (patient nos. 4, 5, 6, and 8 in table 1).
The MCID was also reached for the BI scores in 4 patients (patient
nos. 2, 4, 5, and 7 in table 1).

The patient sample was not at risk of depression as indicated
by an average score of 6.86�4.8 on the Center for Epidemiologic
StudieseDepression Scale (nZ8 patients). Patients rated their
mood as good (VAS: 7.15�1.91, average of all sessions of all
patients) and were highly motivated during training (VAS score
mean: 7.70�1.90, average of all sessions of all patients); satis-
faction was also high (VAS score mean: 8.36�1.65, average of all
sessions of all patients). VAS mood and motivation scores posi-
tively correlated (PZ.00, rZ.479), and satisfaction was also
positively correlated with motivation (PZ.001, rZ.393). As
illustrated in table 2, the QCM mean scores relative to each factor
and each training session had a tendency to vary up to the fifth
training session. As the training proceeded, the “mastery confi-
dence” showed an increasing trend, whereas the opposite was
observed for the “challenge” factor. The “interest” and the
“incompetence fear” factors were substantially stable, and they
showed at the end of the training an overall increase and decrease,
respectively. Furthermore, the “interest” QCM factor and the BCI
performance percentage were positively correlated (PZ.027,
Table 3 QUEST2.0: percentage of most important items and

mean values of mentioned items of 15 physiotherapists

Items

(Satisfaction With)

Percentage

of Importance

Mean Score

(MinZ0; MaxZ5)

Effectiveness 71 4

Ease to use 57 4

Learnability 57 4

Safety 42 4

Reliability 42 4

NOTE. First and second columns show the most important satisfaction

items in order of importance to be considered in a group of physio-

therapists participating in the focus group. Third column shows mean

values of satisfaction with the selected item.

Abbreviations: Max, maximum; Min, minimum.

www.archives-pmr.org
rZ.257), as were the BCI performance and VAS motivation scores
(PZ.012, rZ.289).

Analysis of the NASA-TLX questionnaires revealed that no
significant differences in perceived workload were found between
the overall mean values (nZ8 patients) obtained at the end of the
first and last training sessions (NASA-TLX: 50.22�21.73 end of
first session; 54.17�23 end of last session).

According to the QUEST2.0 results, all therapists (nZ15)
stated that the most important system features were “effective-
ness,” “ease to use,” “learnability,” “safety,” and “reli-
ability” (table 3).

Several strengths and weaknesses of the BCI-assisted MI
training design emerged from the open discussion. Professionals
identified as a strength the potentiality of such a BCI-based system
to provide them with a quantitative measure of the patients’
adherence to a cognitive-motor rehabilitation session (ie, SMR
modulation induced by MI). They considered the most relevant
weaknesses to be (1) the prototype setup and functioning (hard-
ware and software), which require technical skills that “a therapist
might not have,” and they would not feel confident in being able to
carry out a session without some technical assistance (cap and
electrodes adjusting, EEG signal monitoring, software operating);
(2) the lack of a “goal-directed action” feedback (eg, “holding and
releasing a glass of water”); and (3) the need to monitor a possible
increase in arm spasticity during MI task practice.

Discussion

The present pilot study described an EEG-based BCI tool
designed to support arm/hand motor rehabilitation after stroke.
The proposed EEG-based BCI tool was meant to support task-
specific training such as the imagery of simple hand movements
(MI) in stroke patients with motor deficit. As such, the system was
tested on a sample of stroke patients with severe motor impair-
ment (see table 1) who were admitted to the hospital for their
conventional rehabilitation treatment.

The design was inspired by some rehabilitation principles that
included the presence of the therapist to guide the patient during
the training sessions, and the introduction in a real conventional
rehabilitation setting. Moreover, the visual feedback (“virtual
hand”) was implemented to match the MI task content44 in order
to reinforce patients’ participation in task performance. According
to a user-centered design, we first undertook a study to evaluate
the acceptability and usability of this ecological49 BCI-based
system by both the patients and the professional users, namely
the therapists.

A comprehensive psychological assessment data set was thus
presented to evaluate system acceptability and usability. This
latter aspect was also evaluated with the participation of profes-
sional end-users by means of instruments such as a focus group
and a questionnaire, with the aim of further investigating the
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feasibility of the proposed intervention in a real rehabilitative
realm.20 Differently, only a qualitative description of the clinical
motor function indicators was reported, since the experimental
treatment (ie, the BCI-assisted MI training) efficacy is beyond the
scope of this pilot study.

Task-specific training has been demonstrated to engage neural
plasticity50,51 in models of animal and human motor (re)-learning
after stroke, and the combination of aerobic exercise and task-
specific training still remains the criterion standard treatment in
poststroke rehabilitation.52 However, task-specific training repe-
titions performed in conventional therapy are still limited with
respect to those required to impact on brain reorganizational
changes related to activity-based therapies.53

Our preliminary data gathered on a limited sample of stroke
patients suggest that BCI technology might successfully be
adopted to support the practice of MI tasks and thus positively
influence outcome measures of functional motor recovery in
stroke patients. A clinical trial with a large cohort of patients is
needed to establish the extent to which any clinical improvement
might be imputed to the BCI technology supporting the MI
training, and to confirm the current positive results on the
acceptability of the system by patients. In this regard, a random-
ized controlled trial is currently in progress in our rehabilitation
center to investigate the effects of the proposed EEG-BCIebased
tool on functional motor scales and also on previously validated
neurophysiological measures of brain plasticity.54

All patients were highly motivated, supporting the idea that
the specific BCI training was positively accepted with a good
compliance/adherence. In particular, we observed that motiva-
tion was maintained across training sessions, and motivation
scores correlated with satisfaction in being exposed to the BCI
system. Similarly, by the motivational factors derived from the
QCM, the trend showed that patients exposed to the BCI-based
training felt that this experience was doable, not overchallenging,
and interesting. Compliance and adherence are very relevant in
technology-supported therapy that might appear alienating for its
intrinsic characteristics and might be perceived as disrupting in
the patient-therapist relationship.55 This increases the need for
active top-down involvement of patients, contrasting with the
general bottom-up approach based primarily on passive mobili-
zation.56 Our ecological BCI-based device was designed in the
attempt to cope with this apparent gap. Patients were also
motivated by an enriched visual feedback reinforcing the correct
execution of the rehabilitation task. The importance of feedback
was clearly shown in our results in which positive performance
influenced the patients’ satisfaction.

Our findings of a positive correlation between performance and
motivation are in line with those of Kleih et al,57 who monitored
motivation in a sample of healthy subjects during regulation of
SMRs by means of MI. We speculate that positive mood and
motivation might play a positive role in the BCI-based rehabili-
tation, strengthening patients’ active involvement in our
technology-assisted treatment,55 that in turn would lead to a
higher top-down central nervous system engagement during task-
specific training.56

Encouragingly, we also found no significant self-rated work-
load differences across training. We noticed a different trend in the
workload perceived by the patients when considering the time
from stroke. In fact, an initially higher workload was experienced
by patients with stroke in chronic phase with respect to what they
reported at the end of the 1-month training. The opposite trend
was observed in the patients with stroke in subacute phase. If
confirmed on a large number of patients, this preliminary obser-
vation might well reflect the need of tailored ad hoc amount of
exposure to a BCI-based intervention in different stages of post-
stroke recovery.

The acceptability of the proposed system by therapists highly
depends on a subjective technical confidence and a positive atti-
tude toward the use of technologies. Improvements are needed
especially in regard to the EEG cap montage and the time needed
to set up the system prototype. Usability was rated as high by
patients and therapist. High learnability emerged in the focus
group therapists, as did efficiency of the device, providing a high
percentage of well-executed tasks with a considerable number of
repetitions.

Study limitations

The small, heterogeneous sample size and the lack of a control
condition are regarded as limitations that prevent drawing any
definitive conclusions about the efficacy of the proposed inter-
vention, thus limiting the current study to a feasibility study. As
such, the current findings on acceptability and usability also
require a further validation in a larger cohort of patients. To
address these issues, a randomized controlled trial is currently in
progress in our rehabilitation center.

Conclusions

This pilot study supports the feasibility of a specifically designed
BCI-based training to support hand/arm motor rehabilitation after
stroke. Our BCI-assisted MI training has proven to be tolerable
and acceptable to patients, and although usability still requires
some improvement, professional users are prone to accept such
technology when added to standard motor rehabilitation during
hospitalization.

The user-centered design contributes to the acceptability and
usability of the proposed implemented BCI-based device, thus
providing a background for investigating its clinical efficacy in
real rehabilitative environments.
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