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Abstract— We present here the integration of braincomputer interfacing (BCI) technology with functional
electrical stimulation therapy to restore voluntary function. The
system was tested with a single man with chronic (6 years)
severe left hemiplegia resulting from a stroke. The BCI,
implemented as a simple “brain-switch” activated by power
decreases in the 18 Hz – 28 Hz frequency range of the
participant’s electroencephalograpic signals, triggered a
neuroprosthesis designed to facilitate forward reaching,
reaching to the mouth, and lateral reaching movements. After
40 90-minute sessions in which the participant attempted the
reaching tasks repeatedly, with the movements assisted by the
BCI-triggered neuroprosthesis, the participant’s arm function
showed a clinically significant six point increase in the FuglMeyer Asessment Upper Extermity Sub-Score. These initial
results suggest that the combined use of BCI and functional
electrical stimulation therapy may restore voluntary reaching
function in individuals with chronic severe hemiplegia for
whom the rehabilitation alternatives are very limited.

I. INTRODUCTION
Stroke is the most common cause of long-term disability
[1], [2]. It is the result of interrupted blood supply following a
blocked or ruptured vessel, and it often affects one cerebral
hemisphere leading to paralysis of one side of the body
referred to as hemiplegia. Despite significant therapeutic and
technological advances to restore motor function after stroke,
individuals with severe hemiplegia continue to face a
significant lack of rehabilitation alternatives. Severe
hemiplegia, characterized by a total or almost complete lack
of the ability to move, is often incompatible with current bestpractice rehabilitation interventions, which typically require
that patients retain residual movement [1].

decade as a potential tool to promote recovery of voluntary
motor function after paralysis.
One possible way to use a BCI to restore voluntary
function involves triggering an external device designed to
facilitate movement of a paralyzed limb upon detecting the
intention to move through analysis of a person’s
electroencephalographic (EEG) activity [9]. This can be done
by close monitoring of reductions in power in the alpha (8 Hz
- 12 Hz) or beta (13 Hz - 30 Hz) frequency ranges. The power
decrease, frequently called event-related desynchronization
(ERD), is a typical response observed during preparation,
execution, and imagination of voluntary movement [10], and
it is often used to implement BCI systems. Applications of
ERD-based BCIs have included the control of orthotic [11]
and functional electrical stimulation devices [12]-[14], but
exploration of the therapeutic effects of this technological
synergy has only started recently with most of the work
focused on BCI-control of rehabilitation robots [15]. To the
authors’ knowledge, only one report describes the use of a
BCI to deliver FEST [16]. In that work, the researchers tested
the BCI-triggered FEST for restoring voluntary finger
movement 10 months after a stroke resulting in impaired hand
function. The participant’s finger movements improved after
only nine sessions.
We present here a BCI-triggered FEST to restore arm
reaching function. The participant of this study had chronic
severe left hemiplegia, representing a population that does not
benefit from current best-practice rehabilitation interventions
[1].
II. MATERIALS AND METHODS

One important exception is functional electrical
stimulation therapy (FEST) [3], which has been used
successfully to restore voluntary motor function after stroke
[4]-[6] and spinal cord injury [7], [8]. In this therapeutic
intervention patients are asked to repeatedly perform a series
of functional movements and, after a few seconds of trying, a
therapist triggers a train of electrical pulses applied noninvasively to specific muscles in a synergy that produces the
intended movement. The assistance provided by the electrical
stimulation is reduced gradually as recovery takes place until
it is discontinued completely at the end of the intervention.

A. Participant
The single participant of this study was a man with left
severe hemiplegia resulting from a stroke six years (72
months) earlier. His arm and hand were at stage 1 on
Chedoke-MacMaster Stages of Movement Recovery [17]
with no voluntary movement. He was 64 years old and every
other rehabilitation intervention in which he participated,
including FEST (without BCI activation), had failed to
produce any change in his ability to move his affected upper
limb.

Brain-computer interfaces (BCI) translate brain signals
into control commands for electronic devices. The technology
can be operated in complete absence of voluntary movement
making it an important access method for individuals who are
completely paralyzed. Although originally conceived as
assistive devices, BCIs have been actively studied in the last

B. Neuroprosthesis for Reaching
We created a neuroprosthesis for reaching using a fourchannel stimulator (Compex, Switzerland) [18], which was
programmed to perform
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•

forward reaching (making it possible to reach to the
right knee as well) – for which the anterior deltoid
and triceps brachii were stimulated, with arm
retreival produced by stimulating the posterior
deltoid and biceps brachii.

•

reaching to the mouth (which also allowed reaching
to the right shoulder) – achieved by aplying
stimulation to the anterior deltoid and biceps brachii,
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while retrieval was produced by stimulation the
posterior deltoid and triceps brachii.
•

bypassing the BCI completely. The second experimenter
demonstrated the movement to perform at every repetition

lateral reaching – produced by stimulating biceps
brachii followed by anterior and posterior deltoid
and finally by the triceps brachii, while retrieving
was achieved by stimulating the biceps brachii
muscle, discontinuing deltoid stimulation , and
stimulating the triceps brachii to produce arm
extension while lowering the arm.

Transitioning between movement phases (i.e., reach and
retrieve) could be triggered using a TTL-level signal provided
by an external switch or a BCI.
C. Brain-Computer Interface
The BCI was implemented as a simple “brain-switch”,
which was activated whenever the power within the beta
range (13 Hz- 30 Hz) of the participant’s EEG decreased
below a threshold, indicating the participant’s intention to
move his arm. This frequency range was selected by
identifying spectral components displaying ERD [19] using
data collected when the participant attempted repeatedly to
perform hand (palmar and lateral grasps, precision pinch, and
hand opening) movements following a Ready-Go-Stop
experimental cue. The analysis was performed using a total of
104 attempted movement repetitions and applied to six EEG
electrode positions (F3, Fz, F4, C3, Cz, C4 of the 10-20
electrode placement system). The frequency band between 18
Hz and 28 Hz at the Fz location were found to be the most
suitable for implementing the BCI. EEG recordings for this
process were performed using a SynAmpRT EEG amplifier
(Compumedics, U.S.A.) at a sampling rate of 1 KHz and
filtered between 0.05 Hz and 40 Hz. ERD estimation was
performed with custom-made software (Matlab, Mathworks,
U.S.A.).
To create the BCI, acquisition of EEG activity was
performed using a desktop biopotential amplifier (QP511,
Grass Telefunken, Germany) and a data acquisition system
(USB-6363, National Instruments, U.S.A.) using a sampling
frequency of 300 Hz. The EEG signal from electrode Fz was
band-pass filtered (10-Hz - 100 Hz) and amplified (20,000x)
prior to its digital acquisition. All processing was
implemented using custom-made software (LabView,
National Instruments, U.S.A.)
The BCI estimated a moving average (over a 500 ms
period) of the EEG RMS value measured every 125 ms. For
an activation to take place, the moving average had to
decrease below a threshold for a pre-specified duration (500
ms to 1,200 ms). The experimenters could adjust both
parameters at any moment during the operation of the system.
D. Brain-Computer Interface-Triggered Neuroprosthesis for
Reaching
The BCI produced a TTL-level pulse whenever it was
activated. This pulse was delivered to the neuroprosthesis for
reaching where it triggered a transition in the state of the
electrical stimulation (e.g., from active reaching to retrieving
the arm). In addition, an external manual switch could also be
used by the experimenters bypassing the BCI altogether in
cases in which the brain interface failed to identify the
intention to move.
E. Intervention
Two experimenters delivered the BCI-triggered FEST. One of
them guided the arm in motion (assisted by the electrical
stimulation) and could trigger the stimulation manually

Figure 1. Block diagram of the integrated BCI and FEST sytem. The
neuroprosthesis for reaching was designed to faciliate forward and lateral
reaching, as well as reaching to the mouth. The stimulation could be
triggered using a BCI implemented with a single EEG electrode (Fz)
activated with decreases in power in the 18 Hz-28 Hz frequency range. The
manual switch could also trigger the electrical stimulation when the BCI
failed to identify the intention to move.

and could also adjust the BCI activation parameters (i.e.,
activation threshold and latency).
The intervention consisted of 40 90-minute sessions (30minute setup and 60-minute active therapy) delivered three
times a week. During each session the participant attempted
to reach to different targets (listed above in the
neuroprosthesis implementation) repeatedly following the
experimenters’ instructions. Each movement was performed
with a brief pause between phases (i.e., the participant would
reach, hold the reaching position for a few seconds, and then
return his arm to a starting position followed by a few
moments of relaxation with no stimulation).
E. Outcome Measures
We measured the effects of the intervention using five
assessments, measured at beginning, midpoint and end of the
study. The assessments were the Toronto Rehabilitation
Institute - Hand Function Test (TRI-HFT) [20], the Action
Research Arm Test (ARAT) [21], Functional Independence
Measure (FIM) [22], Self-Care Component of the Functional
Independence Measure [22], and Fugl-Meyer Assessment
Upper Extremity Sub-Score [23]. The recorded values are
displayed in Table I.
TABLE I.

PERFORMED ASSESSMENTS
Baseline

Mid-Point

Discharge

0

0

0

0

0

0

28

35

35

FIM Total

104

118

118

Fugl-Meyer
Assessment Upper
Extremity Sub-Score

13

18

19

TRI Hand Function
Test Object
Manipulation SubScore
Action Research Arm
Test
FIM Self-Care SubScore

III. RESULTS
The Fugl-Meyer Assessment Upper Extremity sub-score
had a clinically significant change (6 points; 13 points at
baseline and 19 points at the end of the intervention). The
FIM Self-Care subscores registered non-significant
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improvements (28 and 35 at baseline and end, respectively).
All the other assessments remained unchanged (Table I),
likely due to the fact that the TRI-HFT and ARAT require
hand function beyond the functional gains observed. In
addition, although the FMA-UE sub-score and FIM self-care
subscores were very similar (or the same) between the
midpoint and discharges assessments, it was evident that the
quality of the movement (e.g., speed and smootheness)
improved between these two measurements. Unfortunately,
these aspects are not covered by the applied tests.
Qualitatively, the BCI was able to detect the participant’s
intention to move and consequently trigger the
neuroprosthesis when required. Our preliminary results
suggests that the BCI was able to trigger the neuroprosthesis
for the majority of reaching movement repetitions (sometimes
with accuracies as high as 90%), although a full data analysis
is yet to be completed. The most common source of
interference that affected the BCI was electrical interference
originating from activation of facial muscles (i.e., reflective of
the participants physical effort).
IV. CONSLUSION
The results of this study suggest that integration of a
simple single-channel BCI with FEST may help individuals
with severe hemiplegia resulting from stroke regain voluntary
arm reaching function, even 6 years (72 months) after having
a stroke. Further testing is required to verify the findings
presented here including a larger number of participants.
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