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Abstract

Study design Feasibility and preliminary clinical efficacy analysis in a single-arm interventional study.

Objectives We developed a brain—computer interface-triggered functional electrical stimulation therapy (BCI-FEST) system
for clinical application and conducted an interventional study to (1) assess its feasibility and (2) understand its potential
clinical efficacy for the rehabilitation of reaching and grasping in individuals with sub-acute spinal cord injury (SCI).
Setting Spinal cord injury rehabilitation hospital—Toronto Rehabilitation Institute—Lyndhurst Centre.

Methods Five participants with sub-acute SCI completed between 12 and 40 1-hour sessions using BCI-FEST, with up to
5 sessions a week. We assessed feasibility by measuring participants’ compliance with treatment, the occurrence of adverse
events, BCI sensitivity, and BCI setup duration. Clinical efficacy was assessed using Functional Independence Measure
(FIM) and Spinal Cord Independence Measure (SCIM), as primary outcomes. In addition, we used two upper-limb function
tests as secondary outcomes.

Results On average, participants completed 29.8 sessions with no adverse events. Only one of the 149 sessions was affected
by technical challenges. The BCI sensitivity ranged between 69.5 and 80.2%, and the mean BCI setup duration was ~11 min.
In the primary outcomes, three out of five participants showed changes greater than the minimal clinically important
differences (MCIDs). Additionally, the mean change in secondary outcome measures met the threshold for detecting MCID
as well; four out of five participants achieved MCID.

Conclusions The new BCI-FEST intervention is safe, feasible, and promising for the rehabilitation of reaching and grasping
after SCL

Introduction

Improving voluntary arm and hand motor function is a
rehabilitation priority for individuals living with tetraplegia
resulting from spinal cord injury (SCI) [1-3]. An important
rehabilitation strategy for recovering voluntary upper

P4 Lazar I. Jovanovic
lazar.jovanovic @mail.utoronto.ca

Institute of Biomedical Engineering, University of Toronto,
Toronto, ON, Canada

The KITE Research Institute, Toronto Rehabilitation Institute,
University Health Network, Toronto, ON, Canada

CRANIA, University Health Network, Toronto, ON, Canada

Rehabilitation Sciences Institute, University of Toronto,
Toronto, ON, Canada

Toronto Rehabilitation Institute, University Health Network,
Toronto, ON, Canada

Department of Medicine, Division of Physical Medicine and
Rehabilitation, University of Toronto, Toronto, ON, Canada

Published online: 19 March 2021

extremity movement after SCI is functional electrical sti-
mulation therapy (FEST), in which functional electrical
stimulation (FES) is used to retrain motor functions, such as
reaching and grasping [4-8]. FES employs controlled
electrical pulses delivered over multiple channels to contract
muscles in synergy and facilitate functional movements.
Consequently, FES can help individuals with tetraplegia
practice a range of purposeful movements (e.g., eating,
drinking, writing), even in cases with severe impairment.
In conventional FEST, the therapist is responsible for
activating the stimulation. However, the recent adoption of
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brain—computer interface (BCI) technology in the rehabilita-
tion of voluntary movement has made it possible to activate
the stimulation using brain signals. A BCI translates brain
activity into a control signal and can provide real-time feed-
back on the status of motor-related activity during rehabili-
tation [9]. As such, a BCI enables direct communication
between the patient and a device, in this case, a stimulator,
without the need for external control. The first effort to
combine BCI and FES for the restoration of upper extremity
function in an individual with tetraplegia was conducted by
Pfurtscheller et al. who presented a BClI-controlled FES sys-
tem as a novel assistive device for grasping [10].

Since then, various researchers have attempted to refine
the combination of BCI and FES technologies with a focus
on its use as a therapeutic tool for rehabilitation after a stroke
or SCI [11-13]. For example, Biasiucci et al. developed a 16
EEG-channel BCI system and coupled it with a single-
channel FES system for facilitating hand opening [11]. Their
study compared the effectiveness of BCI-FES to ‘sham-
FES’ therapy for arm function recovery after stroke.
Twenty-seven adults with chronic stroke received ten 1-hour
sessions of BCI-FES (n = 14) or sham-FES (n = 13) ther-
apy. The BCI-FES therapy included participants triggering
the stimulation by attempting movements following a visual
cue, while in ‘sham-FES’ therapy the stimulation was
always delivered 3.5-5.5s following the cue. The authors
reported that BCI-FES elicited significant, clinically rele-
vant, and lasting motor recovery in chronic stroke survivors
more effectively than the sham FES.

A randomized pilot study by Osuagwu et al. compared
the effects of a BCI-controlled FES and ‘passive FES’ on
the neurological and functional outcomes in hospitalized
patients with sub-acute SCI [12]. Passive FES in that study
referred to stimulation activated automatically, following
10s ON and 10s OFF pattern. All 12 study participants
received 20 1-hour treatment sessions. The BCI-FES group
(n=17) received active therapy, in which the BCI system,
developed using 3 bipolar EEG channels (i.e., 6 electrodes),
was used to trigger the stimulation following a successful
detection of a movement attempt. In contrast, the FES group
(n=75) received passive FES therapy. Stimulation was
intended to assist in hand opening and closing using a four-
channel stimulator. The authors concluded that the effects
of the BCI-FES group were greater than the FES group.

While these results are promising, the aforementioned
systems used either BCI systems with multiple EEG chan-
nels or FES systems that facilitate only simple movements
—both aspects can represent barriers that could limit the use
of this technology in clinical practice. More specifically, the
use of multiple EEG channels might take away valuable
active treatment time allocated for a session. Hence, a small
number of channels that can be set up quickly would be
more desirable. Besides, FEST for upper extremity
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rehabilitation often incorporates practicing numerous com-
plex movements requiring simultaneous multi-muscle sti-
mulation, and hence an FES device supporting only a few
hand movements might not be sufficient.

We developed a BCI system that uses a single EEG
channel per hand (i.e., up to two channels for bimanual
therapy), and designed it specifically to be integrated with
FEST [14, 15]. The integration has resulted in a new reha-
bilitation strategy for upper extremity motor rehabilitation:
BClI-controlled FEST (BCI-FEST). We conducted the present
study to (1) investigate the feasibility of delivering BCI-FEST
for the rehabilitation of reaching and grasping in adults with
incomplete sub-acute tetraplegia resulting from cervical SCI,
and (2) gain a preliminary understanding of the therapeutic
effects of BCI-FEST in SCIL

Methods

A single-arm interventional study is presented. All recruited
participants were offered 40 sessions of BCI-FEST inter-
vention to retrain the upper extremity function. Depending
on the initial assessments and the participants’ goals, the
intervention targeted either one or both upper extremities.

Participants

Adult individuals (i.e., 18 years of age or older), with trau-
matic incomplete SCI at the C4-C7 level, American Spinal
Injury Association Impairment Scale (AIS) score of B-D, and
less than 180 days post injury at the time of initial baseline
assessment, were recruited for this study. All study partici-
pants provided written informed consent to join the study.

Materials
FES

We delivered FES using a four-channel programmable sti-
mulator (Compex Motion, Switzerland) with self-adhesive
transcutaneous electrodes [16]. The stimulator was pro-
grammed with multiple protocols to assist grasping, reach-
ing, and reaching along with grasping movements. The
stimulation consisted of bi-phasic asymmetrical pulses with
a stimulation frequency of 40Hz and a pulse width of
250 ps. The frequently stimulated muscles as well as
examples of the functional movements which were prac-
ticed during therapy are presented in Table 1.

BCl

The BCI system used in this study is similar to the
one previously reported by Marquez-Chin et al. [14].
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Table 1 Commonly stimulated
muscles, corresponding motions,
and examples of functional

Muscle

Motion

Examples of practiced functional
movements

movements practiced during
therapy, which rely on the
selected muscles and motions.

Posterior deltoid

Middle deltoid

Anterior deltoid

Triceps

Biceps brachii

Flexor digitorum superficialis/
profundus

Extensor digitorum

Lumbricals

Opponens pollicis

Abductor pollicis brevis

Shoulder extension
Lateral arm rotation
Shoulder abduction
Shoulder flexion
Medial arm rotation
Elbow extension
Shoulder extension
Elbow flexion
Shoulder flexion
Shoulder abduction
Finger flexion
Wrist flexion
Finger abduction
Finger extension
Wrist extension

MCP flexion; IP
extension

Thumb opposition
Thumb abduction

Retrieving the arm
Pulling back on an object

Reaching to the side

Reaching forward
Reaching for a tennis ball

Drawing a fork away from the mouth

Holding a soda can while drinking from
a straw
Holding a fork with fruit

Holding a mug
Holding a tennis ball

Releasing a tennis ball
Opening the hand around a mug

Holding a book

Grasping a water bottle

Opening the hand to grasp an object

MCP metacarpophalangeal, /P interphalangeal.

The current BCI’s algorithm for detecting movement
attempts is designed around event-related desynchroniza-
tion (ERD), a decrease of power in a user-specific frequency
band that is considered to be the result of decreased syn-
chrony of the underlying neuronal population [17]. More
importantly, ERD is present and can be detected during
movement execution and attempts [18]. During a session,
the BCI recorded EEG activity from a single channel at
200 Hz and processed it in real-time to detect decreases in
power (i.e., reflecting movement attempts). EEG processing
included band-pass filtering, squaring the signal to estimate
the power, calculating the root mean square, and applying a
moving average filter of 1s in length (window size of
10 samples).

BClI calibration In this study, we performed calibration for
both hands since the rehabilitation in SCI targets both upper
extremities. During the calibration session, the participants
were comfortably seated in front of a monitor used for
displaying graphical cues. They were asked to follow the
cues: READY to prepare, GO to start attempting a hand
movement, and STOP to stop moving and relax. This pro-
cess was repeated at least 80 times with each hand.
During the calibration session, we recorded EEG signals
from eight locations (F3, F4, Fz, C3, C1, C4, C2, and Cz of
the 10-10 electrode placement system). After the recording,
we segmented the EEG signals into 12-s long windows and
aligned them to the GO experimental cue (8 s before the GO

cue, and 4s after). For each window, we generated
spectrograms and averaged them to generate maps of
estimated power changes across time and frequency (over-
lapping 2 Hz windows between 3 and 32 Hz with 1 Hz
increments). Finally, we inspected the generated maps for
each participant and selected electrode locations and
frequency bands that exhibited a power decrease following
the GO cue.

BCI-FEST integration Two researchers delivered the BCI-
FEST intervention: a licensed physical or occupational
therapist and a BCI operator. At the beginning of each
session, the therapist set up the FES system, while the BCI
operator set up the BCI system. The FES system setup
included identifying motor points and placing self-adhesive
electrodes over the muscles needed to perform the selected
movements. Once the electrodes were secured in place, the
stimulation intensity was selected so that it would not be
uncomfortable for the patient but still enough to produce a
functional movement. Based on therapist’s expertise and
practiced protocol in a given session, the setup time for the
FEST system alone is commonly 5-10 min [6, 19].

The BCI setup included placing an electrode (or two
electrodes if the session focused on bilateral upper
extremities) over the position(s) determined during the
BCI calibration and ensuring that their impedance value was
below 10kQ. The time needed to set up the BCI system is
discussed in more detail in the remainder of the article.

SPRINGER NATURE
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Fig. 1 Left: the concept of a
BCI-FEST setup. The EEG
signals are recorded from a
single channel—consisting of
three electrodes—using an
amplifier and a data acquisition
card and processed using the
laptop. When the therapist (left)
asks the patient (right) to start
attempting the movement, he/
she activates a switch and
enables the connection between
the BCI and FES. If a decrease is
detected in the BCI output (i.e.,
the participant’s processed EEG
activity), the FES is triggered.
Right: a flowchart with the
sequence of events taking place
during an FES protocol.

Intervention

During the session, the therapist had access to a foot pedal,
which was used to set the BCI system in a “ready state” in
which the brain activity could trigger the stimulation (see
Fig. 1). Whenever the therapist asked the participant to attempt
a movement, simultaneously he/she would press the foot
pedal. The therapist could also use the foot pedal a second
time to trigger the simulation if the BCI failed to detect the
movement, enabling the continuation of therapy. The therapist
was also responsible for guiding the arm and hand while the
stimulation was active, ensuring the quality of the movement.

Participants received up to 40 1-hour BCI-FEST sessions
with a maximum of five sessions delivered weekly. Addi-
tionally, all the participants received at least 3 hours of
conventional occupational therapy (COT) per week during
their stay in the hospital.

Historical comparison

In this feasibility report, we used a historical comparison to
understand the potential efficacy of BCI-FEST on improving
upper extremity motor function. The historical data were
recorded as part of a randomized clinical trial conducted by
Popovic et al. [6]. In that study, the effects of FEST were
compared to the effects of COT for improving voluntary
grasping in adults with sub-acute incomplete tetraplegia.

Outcome measures
Feasibility measures

To characterize the feasibility of the BCI-FEST interven-
tion we recorded (i) the participants’ compliance with

SPRINGER NATURE
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BCI-FEST treatment, (ii) the incidence of adverse events,
(ii1) BCI sensitivity, which was defined as the percentage of
stimulation triggers achieved by the BCI, and (iv) setup
duration, which was defined as the time needed for setting
up the BCI system. The BCI sensitivity was calculated as
the number of successful BCI triggers divided by the
number of expected BCI triggers. The successful BCI
trigger was defined as a BCI activation after the therapist
had given the participant a cue to start attempting a
movement. The BCI triggers were expected for every phase
of the FES-assisted movements (e.g., opening a hand fol-
lowed by closing it), except for the last phase, which turned
off the stimulation. The therapists were instructed to
manually activate the last trigger. This was done because,
in the last phase of the movement, patients were asked to
relax rather than attempt a movement.

Efficacy measures

We used the following clinical assessments to measure the
change in the upper extremity function. Assessments were
conducted at baseline, after 20 therapy sessions (midpoint),
upon completion of 40 therapy sessions (discharge), and
at 6 months after the baseline assessment (follow-up).
Assessments at all timepoints were performed indepen-
dently (using participants’ voluntary function) without the
assistance of the FES.

Primary efficacy measures
The primary outcome measures were:

e Functional independence measure (FIM)
e Spinal cord independence measure (SCIM)
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Table 2 Participant’s

demographic information and Participant ID Sex Age Cause of injury Level o.f injury Time since AIS
neurological data, at baseline injury [days]
OF M 66 Fall Cc4 35 C
oG F 72 Fall C4 70 C
OH M 37 Motor vehicle accident C4 53 B
OI M 58 Mountain bike accident C4 50 D
ol F 26 Fall C5 149 B
Mean 51.8 71.4
SD 17.5 40.4
Median 58 53
Range 26-72 35-149

Participants: OF, OG, OH, OI, and OJ.
AIS American Spinal Injury Association (ASIA) Impairment Scale, M male, F female.

FIM and SCIM are self-reported assessments designed to
capture the degree of disability and its effect on independent
living [20-22]. Self-care components of FIM and SCIM
were particularly important for this study, as most of the
aspects being tested in these components require upper
extremity function.

FIM total score ranges from 18 to 126 points, and higher
scores indicate a greater level of independence. FIM self-
care subscore ranges from 6 to 42 points.

Similarly, the SCIM total score ranges from O to 100
points, and higher scores indicate a greater level of indepen-
dence. SCIM self-care subscore ranges from 0 to 20 points.

Secondary efficacy measures

We used the following assessments as secondary clinical
measures:

e 3D Toronto Rehabilitation Institute—Hand Function
Test (3D TRI-HFT)

e Graded Redefined Assessment of Strength, Sensibility,
and Prehension (GRASSP)

The 3D TRI-HFT is a 3D-printed clinical assessment tool
to specifically measure the upper extremity gross motor
function. The 3D-printed test has been recently validated in
individuals with sub-acute SCI, whereas the original TRI-
HFT was validated in SCI in 2012 by Kapadia et al. [23].
The test assesses the participant’s ability to manipulate ten
3D-printed everyday objects (e.g., mug, pencil, credit card).
Each object is scored on a 0-7 points scale and higher
scores indicate better performance.

The GRASSP is a quantitative clinical upper-limb
impairment measure designed for use in SCI [24]. The
five sections of GRASSP are: (i) strength (range: 0-50), (ii)
sensibility-dorsal (range: 0-12), (iii) sensibility-palmar
(range: 0-12), (iv) prehension-ability (range: 0-12), and

(v) prehension-performance (range: 0-30). Each upper limb
is scored independently, and higher scores indicate better
function.

Results
Participants

We screened a total of 225 potential participants and iden-
tified 11 eligible individuals. Out of that group, five parti-
cipants, with a mean (+ standard deviation) age of 51.8 £
17.5, were enrolled in the study. The average time since
injury at enrollment was 71.4 days. Demographic informa-
tion and the neurological descriptors of SCI at the time of the
enrollment are provided in Table 2. The participants’ iden-
tifiers are not related to their names and/or initials.

Feasibility
Compliance with intervention

The participants completed 29.8 out of 40 therapy sessions
on average, with a range of 12—40 sessions. More specifi-
cally, two out of five participants completed all 40 sessions.
Two more participants completed close to 30 (29 and 28)
sessions and one participant dropped out after 12 sessions
(Table 3).

Adverse events and other issues

No adverse events were reported in 149 sessions across all
participants. The BCI was successfully used to trigger the
stimulation in 148 sessions, and in the single session for
the single participant, we delivered conventional FEST, due
to the technical problem with the hardware connection
between BCI and FES systems.

SPRINGER NATURE
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Table 3 The BCI calibration and

f dat BCI calibration BCI performance Number of
performance data. — . completed
Electrode Frequency Sensitivity [%] Setup duration sessions
location band [Hz]
ID Hand (n=total number  Range Session
of expected BCI (min—-max) average
triggers) [minutes] [mm:ss]
OF Left C2 8-12 78.0 (n=445) 8-17 11:35 12
Right C1 8-12 74.4 (n=550)
OG Left C4 9-13 713 (n=1374) 8-22 11:28 40
Right C1 10-14 69.5 (n=1809)
OH Left C4 12-16 76.9 (n=1020) 7-15 10:01 40
Right C3 9-13 74.8 (n=1363)
Ol Left Cz 12-16 72.2 (n=2036) 7-16 10:12 29
Right N/A N/A N/A
O] Left C4 9-13 75.2 (n="1718) 9-20 12:11 28
Right C3 9-13 80.2 (n=1005)

Participants: OF, OG, OH, OI, and OJ.
BCI brain—computer interface, N/A not applicable.

BCI results

The electrode locations and frequency bands selected as
BCI parameters are presented in Table 3. The BCI Sensi-
tivity ranged between 69.5 and 80.2%. The average dura-
tion of the BCI setup was 11min and 5s across all
participants (Table 3).

Efficacy

All five study participants completed the baseline assess-
ments. Of the five participants, four completed the midpoint
assessment (i.e., after 20 sessions), and one participant
dropped out after completing 12 sessions, and hence for this
participant midpoint assessment was done after 12 sessions.
Three out of five participants completed the discharge
assessment. None of the participants were available to come
for the 6 months follow-up (this has been a common chal-
lenge for our team where out of 20 individuals on average
we were able to get 5 participants for follow-up assessment
[25]), so this measure has been omitted from the tables. The
assessments were completed without the FES assistance,
indicating that the observed changes, outlined below, per-
sisted after the FES was no longer applied.

FIM

The mean change score on the FIM self-care sub-compo-
nent from baseline to midpoint was 7.2 +6.67, and from
baseline to discharge was 10.0+8.16, for the three parti-
cipants that completed the discharge assessment. More
details on the individual participant self-care sub-scores on

SPRINGER NATURE

FIM and SCIM assessments are presented in Table 4.
Table 4 also includes the means and standard deviations of
the corresponding scores for the COT group from the his-
torical data [6].

SCIM

The mean change score on the SCIM self-care sub-com-
ponent from baseline to midpoint was 5.6 = 5.38, and from
baseline to discharge was 7.33 +5.73.

3D TRI-HFT

The 3D TRI-HFT was assessed separately for the left and
right upper extremities. The mean change score on the Object
Manipulation component for the left upper extremity from
baseline to midpoint was 25.2 +20.41, and from baseline to
discharge was 27.33+23.11 for the three participants that
completed the discharge assessment. For the right upper
extremity, the mean change score on the Object Manipulation
component from baseline to midpoint was 11.8 +13.73, and
from baseline to discharge was 11.66 +4.78.

Details regarding the individual scores for all compo-
nents of the 3D TRI-HFT are presented in Table 4, which
also includes the means and standard deviations of the
corresponding scores for the COT group from the historical
data [6].

GRASSP

GRASSP assessment was also scored separately for each
upper extremity. The Strength component scores increased
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Table 4 Individual participant scores on the FIM self-care, SCIM self-care, and 3D TRI-HFT for the BCI-FEST study and mean and standard

deviation for the COT group from historical data.

Participant ID

Group (Mean + SD)

OF OG OH Ol ol BCI-FEST COoT*
FIM SC B 6 16 6 15 8 102+4.4 7.8+3.1
M 18 23 6 32 8 17.4+9.6 N
D N 26 6 35 N 223121 17.8+10.4
SCIM SC B 0 5 0 2 2 1.8+1.8 3329
M 9 10 0 16 2 74+58 N
D N 13 0 16 N 9.7+6.9 6.4+438
3D TRI-HFT L R L R L R L R L R L R L R
OM B 10 28 56 24 O 10 0 65 16 16 164+20.7 28.6%19.2 284x166 26.0+19.2
M 60 67 68 26 10 18 50 70 20 21 41.6%x227 404=x23.1 N N
D N N 68 40 10 24 60 70 N N 46.0£25.7 447x19.1 42.1%19.7 349=x213
RB B 17 38 50 18 O 9 0 52 18 18 17.0+183 27.0+157 28.1x219 30.5+19.7
M 54 54 63 22 9 22 50 63 18 18 38.8+21.3 35.8+18.8 N N
D N N 63 28 9 18 54 63 N N 42.0+£23.6 363x193 37.6+22.0 39.1+233
IC B 0 0 2 0 0 0 0 125 0 0 04+0.8 25+5.0 0.1+0.2 04+0.6
M 4 15 5 1 0 0 0 19 0 0 1.8+22 7.0+83 N N
D N N 9 0 0 0 6 25 N N 5.0+3.7 83=x11.8 1.0+1.1 4.2+9.6
CcC B 0 0 1 0 0 0 0 11 0 0 02+04 22+4.4 28+34 25+43
M 4 14 4 0 0 0 6 38 0 0 28+24 104 +14.8 N N
D N N 10 0 0 0 24 50 N N 11.3+9.8 16.7+23.6 8.7+6.6 8.8+9.9
Bar B 0 0 15 0 0 0 0 39 0 0 3.0+6.0 7.8+15.6 55%10.5 6.6+10.9
M 20 48 30 O 0 0 60 0 0 100+12.6 21.6+26.7 N N
D N N 47 0 0 0 35 60 N N 273+199 20.0+283 23.8+19.7 209x24.7

Participants: OF, OG, OH, OI, and OJ.

FIM SC functional independence measure self-care subscore, SCIM SC spinal cord independence measure self-care subscore, 3D TRI-HFT 3D
printed Toronto Rehabilitation Institute—Hand Function Test, OM Object Manipulation, RB rectangular blocks, IC instrumented cylinder,
CC credit card, BCI-FEST brain—computer interface-controlled functional electrical stimulation therapy, COT conventional occupational therapy,
B baseline, M midpoint, D discharge, L left side, R right side, N not available.

*The historical data collected by Popovic et al. [6].

across all five participants, with improvements ranging from
2 to 25 points. The individual participant GRASSP scores
are presented in Table 5.

Discussion

In this study, we attempted to test the feasibility and pre-
liminary efficacy of delivering BCI-FEST intervention for
retraining upper extremity function in individuals with sub-
acute incomplete SCI. We found that BCI-FEST interven-
tion can be successfully carried out in individuals with SCI
and that the setup required for carrying out the intervention
required ~11 min, which is well within the time limits of
setup for any conventional rehabilitation therapy. In terms
of personnel requirements, two people were needed to carry
out the session (including setup), which might exceed the
available staff in many rehabilitation clinics. Whilst at the

current stage, focused on feasibility testing, the BCI
operator is required, future improvements to our system will
aim to enable a trained clinician to deliver the BCI-FEST
single-handedly.

EEG is used extensively for BCI development because it
allows for noninvasive recording of electrical brain activity.
However, in most BCI-FEST studies, the BCIs are designed
to use multiple EEG channels, which prolongs the setup
process and takes away time from therapy. Our single-
channel design successfully resolved this issue, without
compromising the sensitivity of the BCI in successfully
triggering the stimulation. The average sensitivity of our
BCI system was 74.52+3.32% and exceeded the 70%
threshold assumed to be a requirement for BCI applications
to control feedback applications [26]. Another aspect in
which our BCI-FEST system differs from most others is the
complexity and variety of FES-assisted movements avail-
able for patients to practice during the intervention. To the

SPRINGER NATURE
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Table 5 Individual participant
scores on GRASSP for the

Graded redefined assessment of strength, sensibility, and prehension

BCI-FEST study. Strength Sensibility Sensibility Prehension Prehension
dorsal palmar ability performance
Participant ID B M D B M D B M D B M D B M D
OF L 11 30 N 4 5 N 3 6 N 1 6 N 0 11 N
R 18 40 N 6 3 N 4 5 N 4 9 N 1 21 N
oG L 28 43 45 10 12 12 11 10 12 6 11 12 16 22 23
R 17 28 31 12 12 12 11 12 12 2 5 6 3 6 8
OH L 9 12 1 1 4 3 4 7 0 0 0 0 0
R 5 10 12 1 0 3 3 4 0 o0 0 0 0
Ol L 13 31 38 6 8 10 2 4 11 0 9 9 0 11 15
R 42 49 50 4 7 8 3 4 8 9 12 12 17 27 26
ol L 13 15 N 4 7 N 4 4 N 0 1 N 2 4 N
R 10 12 N 4 7 N 3 4 N 0 1 N 0 0 N

Participants: OF, OG, OH, OI, and OJ.
L left upper extremity, R right upper extremity, B baseline, M midpoint, D discharge, N not available.

best of our knowledge, this is the first BCI-FEST system
that supports practicing multiple reaching and grasping
movements during the rehabilitation of individuals
with SCIL.

With regards to participant compliance with treatment,
we found that conducting 40 BCI therapy sessions at the
rate of 3-5 sessions per week was challenging in the sub-
acute inpatient SCI setting, due to two factors. First, we
found that participants who were staying in the hospital had
limited time outside their rehabilitation schedule to com-
plete three to five sessions per week. Given that length of
stay in the hospital where the study was conducted is on
average 12—-15 weeks for the targeted population and that it
could take up to 2 weeks to screen and enroll the patients
in the study, it was extremely challenging to complete a
12-week research program. Secondly, we found that parti-
cipants who resided farther away from the hospital were
more likely to discontinue on-site research participation due
to transportation issues after their discharge.

Upon completion of therapy, three (OF, OG, and OI) out
of five participants showed significant improvements in
the self-reported FIM and SCIM scores. Importantly, the
changes in FIM self-care sub-scores exceeded the minimal
clinically important difference (MCID; MCID = 5.7 points)
by 6.3, 4.3, and 14.3 points, for OF, OG, and OI, respec-
tively [27]. Similarly, the changes in SCIM self-care sub-
scores for the study participants exceeded the MCID value
(2.8 points) by 6.2, 5.2, and 11.2 points for OF, OG, and O],
respectively [28].

The scores on the Object Manipulation component of the
3D TRI-HFT for both hands increased for all five partici-
pants, and in four of them, the changes were greater than
10% of the maximum score (i.e., 7 points), which has been
used as a threshold for detecting MCID [27]. The same four
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participants experienced improvements on the Rectangular
Blocks component of the 3D TRI-HFT, as well. A similar
trend was also seen on the Strength component of the
GRASSP assessment, where all participants showed
improvement in both upper extremities, and for four of
them, the changes were greater than the minimal detectable
difference of 5 points [29].

In our comparison analysis with historical data, we
focused on the COT group, due to the better match based on
the level of injury with the participants from the present
study. In this group, 11 out of 12 participants had an injury
at the C4-C5 level, which was the same level as the par-
ticipants in our study.

We found that, on average, our study participants
showed higher scores or greater changes on all outcome
measures compared to the COT group, indicating larger
gains. This was particularly noticeable on the FIM and
SCIM self-care sub-scores, as well as on the Object
Manipulation score of the 3D TRI-HFT, shown in Fig. 2.
Also shown in the same figure, the mean scores of FIM-SC,
SCIM-SC, and 3D TRI-HFT Object Manipulation in the
BCI-FEST group at midpoint were comparable to the mean
scores in the historical COT group at discharge.

Additionally, we compared the SCIM-SC scores of the
BCI-FEST and COT groups against profiles of recovery
(POR) for individuals with cervical SCI with AIS B and C
classification from another study [30]. The profiles were
created using SCIM data collected from eight centers in
Ontario, Canada, without the description of the interven-
tions. The data included five individuals with AIS B and 16
with AIS C, recorded at 4-6 weeks, 3 months, and 6 months
post injury [30]. This comparison is summarized in Table 6.

In the present study, the assessment timepoints were
determined based on the start of the intervention and,
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Fig. 2 Top left: mean and
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SCIM Self-Care
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standard deviation scores for

the FIM self-care component
(range 6-42 with higher scores
indicating a greater level of
independence) for the BCI-
FEST and the historical COT
groups; corresponding MCID
is shown for scale. Top right:
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Object Manipulation component
for left upper extremity (L) and
right upper extremity (R) of the
3D TRI-HFT for the BCI-FEST
and the historical COT group;
10% of the maximal score is
shown in the middle of the graph
for scale.
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Table 6 Comparison of means

.. Grou
and standard deviations for the P

Time post injury

SCIM self-care sub-scores from

Baseline (average # of days) Midpoint (average # of days) Discharge (average # of days)

BCI-FEST and COT against

profiles of recovery. BCI-FEST

COoT*

1.8+ 1.8 (71 days)
3.3+2.9 (58 days)
28-42 days
44+32

5.1+6.2

POR AIS B°
POR AIS C°

7.4+5.8 (117 days)
N

90 days

94+34

9.1+73

9.7+6.9 (146 days)
6.4+£4.8 (114 days)
180 days
10.5+6.7
123+7.1

POR profile of recovery, AIS B American Spinal Injury Association Impairment Scale Group B; American
Spinal Injury Association Impairment Scale Group C, N not available.

“Historical data collected by Popovic et al. [6].

"Profiles of recovery retrieved from Kalsi-Ryan et al. [30].

therefore, the time post injury at baseline, midpoint and
discharge differed between participants. Because of that, we
calculated the average time post injury across participants to
quantify the descriptive timepoints.

The mean baseline SCIM-SC score for the BCI-FEST
group was 1.8 at ~71 days post injury, which is two times
lower than the mean SCIM-SC scores for the AIS B and C
POR groups at ~30 days post injury. Moreover, the increase
of 7.9 points in mean scores between baseline and discharge
experienced by the BCI-FEST group after ~75 days is
greater than the changes experienced in the AIS B and AIS
C groups after ~150 days. Similar to the direct comparison
against historical COT data, these results suggest a poten-
tially increased efficacy (i.e., achieving a clinically impor-
tant change in a shorter period) of BCI-FEST intervention
during the sub-acute stage of rehabilitation.

We hypothesize that the efficacy of the BCl-triggered
FEST stems from the massed repetition of practiced move-
ments and three consecutively occurring events present in
each practice iteration. The first event is the participant’s
voluntary effort to trigger the stimulation by attempting a
movement. The second event is the triggering of the sti-
mulation based on brain activity. The third and final event is
the participant receiving congruent somatosensory feedback
in a form of an FES-assisted movement. This sequence of
events is repeated more than 50 times in a single session, and
several hundreds of times throughout the intervention.

Using EEG is not the only approach for allowing partici-
pants to voluntarily trigger stimulation during FEST for
upper-limb rehabilitation. Using EMG, or hybrid EEG-EMG,
approaches have been proposed as well [31-33]. However,
the approaches using EMG signals assume that the
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participants can produce a reliable EMG response in their
upper limb(s). This, unfortunately, is often not the case for
individuals with more severe impairments. On the other hand,
if EMG from a non-upper-limb muscle is used to trigger the
stimulation, then the command and the feedback are mis-
aligned. For example, if an eye blink is used to trigger the
stimulation, then eye blink and hand movements are being
coupled; two actions that are ordinarily not associated. In fact,
EMG-triggered electrical stimulation did not improve arm
function in more severely impaired individuals with chronic
stroke [31]. Similarly, another study in the stroke population
found no difference in the effects on upper-limb function
between EMG-triggered and cyclic stimulation [32].

Limitations

The primary limitation of the present study is its small
sample size (n=15); hence, the study results should be
interpreted with caution. The main focus of this report was
feasibility testing, but since it is an interventional study, we
recorded changes in function using clinical measures to get
insight into the efficacy of BCI-FEST. In addition to using
MCID values, we compared the current study results with
historical data to better understand potential rehabilitation
benefits. Nevertheless, larger studies are needed before
stronger conclusions could be made with regards to the
superiority of BCI-FEST over COT, or FEST.

The second limitation of this study is the absence of
analysis on EMG interference, which has been documented
to occur in EEG recordings [34]. During therapy, we did not
record EMG making it impossible to precisely characterize
the extent of interference of facial muscle activity on the
recorded EEG signals during BCI-FEST. However, in each
session, we took steps to minimize excessive shoulder,
neck, and facial muscle activity in the periods preceding
stimulation. The steps included: (i) therapist asking parti-
cipants if they were ready before giving a cue to start
attempting a movement, providing participants with an
opportunity to get in a comfortable position; (ii) reminding
participants to solely focus on attempting the movement
following the therapist’s cue, until the stimulation is trig-
gered. Moreover, we designed our BCI system to respond to
a decrease in EEG power. Therefore, an EMG interference,
which increases the signal power, could cause a missed BCI
activation; an event that, if occurs, can be mitigated by the
therapist’s manual switch.

Conclusion

In conclusion, we provided preliminary evidence of the
feasibility and efficacy of BCI-FEST in individuals with
sub-acute SCI. While it is feasible to carry out this therapy,
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we also found that the proposed intensity and duration of
therapy might be a challenging factor at in-patient rehabi-
litation. All our study participants showed improvement
post completion, however, larger studies with a control
group designed within the study are warranted.
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