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Abstract

Background: We developed a brain-machine interface (BMI) system for poststroke patients with severe hemiplegia to detect
event-related desynchronization (ERD) on scalp electroencephalogram (EEG) and to operate a motor-driven hand orthosis
combined with neuromuscular electrical stimulation. ERD arises when the excitability of the ipsi-lesional sensorimotor cortex
increases.

Objective: Theam of this study wasto evaluate our hypothesis that motor training using thisBMI system could improve severe
hemiparesisthat isresistant to improvement by conventional rehabilitation. We, therefore, planned and implemented a randomized
controlled clinical trial (RCT) to evaluate the effectiveness and safety of intensive rehabilitation using the BMI system.

Methods: We conducted a single blind, multicenter RCT and recruited chronic poststroke patients with severe hemiparesis
more than 90 days after onset (N=40). Participantswere randomly allocated to the BMI group (n=20) or the control group (n=20).
Patients in the BMI group repeated 10-second motor attempts to operate EEG-BMI 40 min every day followed by 40 min of
conventional occupational therapy. The interventionswere repeated 10 timesin 2 weeks. Control participants performed asimple
motor imagery without servo-action of the orthosis, and electrostimulation was given for 10 seconds for 40 min, similar to the
BMI intervention. Overall, 40 min of conventional occupational therapy was also given every day after the control intervention,
which was also repeated 10 times in 2 weeks. Motor functions and electrophysiological phenotypes of the paretic hands were
characterized before (baseline), immediately after (post), and 4 weeks after (follow-up) the intervention. Improvement in the
upper extremity score of the Fugl-Meyer assessment between baseline and foll ow-up was the main outcome of this study.

Results: Recruitment started in March 2017 and ended in July 2018. This tria is currently in the data correcting phase. This
RCT is expected to be completed by October 31, 2018.
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Conclusions:

Mizuno et al

No widely accepted intervention has been established to improve finger function of chronic poststroke patients

with severe hemiparesis. The results of this study will provide clinical data for regulatory approval and novel, important
understanding of the role of sensory-motor feedback based on BMI to induce neural plasticity and motor recovery.

Trial Registration: UMIN Clinical Trials Registry UMIN000026372; https:.//upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?
recptno=R000030299 (Archived by WebCite at http://www.webcitation.org/743zBJj3D)

International Registered Report Identifier (IRRID):

(JMIR Res Protoc 2018;7(12):€12339) doi: 10.2196/12339

DERR1-10.2196/12339
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Introduction

Background

Stroke is a common disorder and one of the main causes of
disability worldwide [1]. Although about 60% of stroke
survivorsreacquire the ability to walk independently, only 15%
to 20% of them can use their affected upper limb practically
[2-4]. Therefore, restoring the function of the paretic upper
extremity is achallenging goal of rehabilitation.

Recent advances in neuroscience have shown that the adult
human brain has a larger degree of plasticity to recover from
neural damage than previously thought [5,6]. Clinically relevant
interventional approachesto improvethe paretic limbitself have
been developed. A systematic review based on ameta-analysis
of the effectiveness of neurorehabilitation approaches reported
that constraint-induced movement therapy (CIMT),
electromyographic biofeedback, mental practice with motor
imagery, and robotic interventions are all favorablefor recovery
of arm motor function [7].

Although recent improvementsin rehabilitation have succeeded
in promoting functional recovery from poststroke hemiplegia,
no effective interventions have been established for finger motor
function [7]. The standardized mean difference in motor
outcomes in the above-mentioned interventions is al around
zero without statistical significance. Therefore, an important
clinical challengeisdevelopment of arehabilitation method for
recovery of finger function.

Brain-machine interface (BMI) isatype of technology that can
detect increased sensorimotor cortex excitability induced by a
motor attempt of paretic finger extension. The sensorimotor
rhythm (8-13 Hz) in electroencephalograms (EEGs) over the
affected primary sensorimotor cortex decreases in amplitude
because of desynchronization of oscillatory-coupled neural
membrane potentials, called event-related desynchronization
(ERD), when cortical excitability is increased. Therefore,
EEG-ERD associated with an attempt of volitional movement
of the paretic finger guarantees recruitment of the remaining
sensorimotor cortical neurons, which are required for functional
motor recovery. Somatosensory stimulation of the paretic finger,
given through motor-driven hand orthosis and neuromuscular
electrical stimulation (NEMS), is contingent on the occurrence
of EEG-ERD and may alow sensorimotor coactivation that is
restricted to thetarget corticomuscular region. This should help
selective reinforcement of the targeted finger movement. Studies
with healthy volunteers showed that motor imagery with BMI
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modulates intracortical inhibition of the primary motor cortex
[8] and excitability of spinal anterior horn cells [9]. These
findings suggested that BMI affects not only the sensorimotor
cortex but also the entire corticospinal pathway.

Shindo et al reported that finger motor function of chronic,
severe hemiparetic patients improves after 12 to 20 sessions of
motor exercisewithaBMI system for 1 hour [10]. Other studies
with functional magnetic resonance imaging revealed that
cortical activity of the affected sensorimotor cortex during
execution of paretic finger movement is enhanced after BMI
rehabilitation, whereas that of other regions, such as the
unaffected sensorimotor cortex, isreduced[11,12]. These studies
suggest that motor exercise with BMI promotes volitional
recruitment of surviving motor pathways and facilitates paretic
muscle activity. Such BMI-derived functional recovery is
enhanced by combination with anodal transcrania direct current
stimulation (tDCS), aknown agent of increased neural plasticity
of the central nervous system [13], suggesting that central
nervous system neuroplastic changes may play a role in the
process of BMI-derived functional recovery.

Improvement in the Fugl-Meyer assessment upper extremity
motor function (FMA-UE) score was larger than minimum
clinically important differences (MCID) of FMA-UE (4.25)
[14] in both patientstrained with BM| alone and patientstrained
with BMI with tDCS[13]. In arecent clinical study of patients
with severe hemiparesis, improvement in FMA-UE was an
average of 3.4 points after robot training [15]. Thus, BMI
training can improve upper extremity function in patients with
severe hemiparesis to a clinically meaningful level.

Japanese guidelinesfor the management of stroke 2015 (JGMS
2015) [16] and the American Heart Association/American Stroke
Association (AHA/ASA) guideline [17] recommend certain
rehabilitation techniques. CIMT improves upper extremity
function [18] and is recommended by both JGMS 2015 [16]
and the AHA/ASA guideline [17]. However, voluntary
movement of fingersand thewrist isessential to perform CIMT,
and whether CIMT has any advantage over dose-matched
conventional rehabilitation is unclear. CIMT requires a
well-trained therapist and high-dose training, which is 3 to 6
hours per day for 2 weeksin its original form.

NEMS is aso recommended by the guidelines [16,17].
Electromyogram (EMG)-triggered NEMS is effective for
patients with moderate hemiparesis who can voluntarily move
their upper extremity [19]. In addition, hybrid assistive
neuromuscular dynamic stimulation (HANDS) therapy is a
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combination of hand splints and 8-hour daily use of assistive
NEMS, referred to as the integrated volitional electrical
stimulator (1VES) with ahand splint. [20-22]. HANDS therapy
can improve hand function in patients with more severe
hemiparesisthan what isapproved for CIMT. However, HANDS
therapy requires finger extensor EMG that can be detected by
the IVES device. On the other hand, BMI rehabilitation can be
used in patients who are not able to activate their paretic finger
extensor at all. HANDS therapy following BMI training induces
additional improvement in paretic upper limb function in
patients who obtain improvement in extensor muscle activities
with BMI training [22].

The repetitive facilitative exercise (RFE) program is a new
rehabilitation method that is a combination of high-frequency
repetitive voluntary movements and neurofacilitation [23]. RFE
improves the function of paretic upper extremities in subacute
stroke patients. However, RFE can be used in patientswith only
mild to moderate hemiparesis, and specia skills are required.

Noninvasive brain stimulation methods, such as repetitive
transcranial magnetic stimulation and tDCS, are used in patients
with mild to moderate hemiparesis, and the effectiveness of the
combination of brain stimulation and intensive upper limb
rehabilitation has been reported in severa studies [24-26].
However, no methods have been established for use of brain
stimulation of hemiplegic patients[25], and application of these
methods in poststroke patients requires safety considerations
[27,28].

Robotic therapy is recommended for consideration in patients
with moderateto severe hemiparesisaccording to the AHA/ASA
guideline[17]. A systematic review found that robotic therapy
improves arm function [29]. However, whether robotic therapy
is more effective than dose-matched conventional upper limb
exercise therapiesis uncertain [17].

Study Objectives

A systematic review and severa guidelines [7,16,17] showed
that some types of interventions (such as CIMT, EMG
biofeedback, NEM S, mental practice, and robotics) canimprove
paretic arm function. However, no rehabilitation method has
been verified to be effective for improving paretic hand function.
Therefore, we planned a randomized controlled trial (RCT) to
evaluate the effectiveness and safety of an intensive
rehabilitation program using the EEG-based BMI rehabilitation
system for patients with severe hemiparetic stroke.

Methods

Study Design

Thisis a single-blinded, multicenter RCT using a parallel arm
design to evaluate the effectiveness and safety of 2-week BMI
rehabilitation combined with intensive occupational therapy
compared with motor imagery without any feedback and
dose-matched occupational therapy. Overall, 4 hospitalsin Japan
participated in this trial. Patients were randomly assigned to
either the BMI group or control group. The assessors were
blinded, but patients were not. The primary outcome measure
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was change in upper extremity score of FMA between baseline
and 4 weeks after the intervention.

Participants and Recruitment

The inclusion criteria were (1) time from stroke onset to be
more than 90 days; (2) first ever stroke patients with upper
extremity paresis; (3) nolossof proprioception in paretic fingers
(patients able to detect a position change after maximum
possible motion); (4) ability to raise the paretic hand to the
height of the nipple; (5) passive range of motion greater than
—10 degreesfor metacarpophalangeal joint extension; (6) ability
to flex the paretic fingers voluntarily but not to extend them;
(7) ability to walk independently in daily life with or without
assistance; (8) ability of the patient to understand and consent
to the study protocol; and (9) aged 18 years or older at thetime
of agreement to participatein this study. The exclusion criteria
were (1) serious medical conditions that would interfere with
rehabilitation such as severe heart disease, uncontrolled
hypertension, history of pulmonary embolism, acute pulmonary
heart disease or severe pulmonary hypertension within 90 days
before enrollment, severe hepatic or rena dysfunction, severe
orthopedic impairment, severe cognitive or psychiatric disorder,
and other serious medical conditions; (2) pacemaker or use of
other implanted stimulators; (3) history of seizures within 90
days before enrollment; (4) participation in another clinical trial
for regulatory approval within 90 days before enrollment; (5)
receiving other special neurorehabilitation techniquesfor upper
extremity paresis such as transcranial magnetic stimulation,
therapeutic electrical  stimulation, CIMT, and repetitive
facilitative exercise within 90 days before enrollment; (6)
injection of botulinum toxin or phenol for treatment of
upper-limb spasticity within 90 days before enrollment; (7)
impossible to record EEG because of skin status or skull
deformity; or (8) other critical problems that would affect
participation in the study.

Prospective participants were recruited from outpatients of the
rehabilitation department in Keio University Hospital, Saiseikai
Kanagawa-ken Hospital, Tokyo Metropolitan Rehabilitation
Hospital, and Tokyo Bay Rehabilitation Hospital. Therecruiting
physiatrists screened the participantsfor eigibility. We obtained
written informed consent from patients who met al inclusion
criteriaand did not meet any exclusion criteriaexcept exclusion
criterion 7. The patientsthen tried the BM | system to check the
skin status and rule out a skull deformity. If EEG could be
recorded, the patient was registered as an eligible and consenting
participant. Then they completed the baseline assessment.
Treatment started within 28 days after registration.

Study Procedures

Study procedures are summarized in the Consolidated Standards
of Reporting Trials diagram (Figure 1).

After follow-up assessment, participants allocated to control
group received the same BMI training that would be conducted
for participants allocated to BMI group if they wished and had
newly provided informed consent. This BMI training started
within 60 days after follow-up assessment.
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Figure 1. Study design. BMI: brain-machine interface.
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Assessment after 2 weeks of Assessment after 2 weeks of
intervention intervention
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'

Follw-up

Follow up assessment
at 4 weeks

Follow up assessment
at 4 weeks

Randomization

Participants were randomly alocated to the BMI or the control
group using a computerized block randomization scheme,
including prestratification according to each participating
hospital.

Blinding

The rater was blinded to treatment all ocation, and the rater was
not involved in the participants treatment. The blinded rater
assessed FMA [30-36]. Rater blinding was verified with ayes

or no question: Did you rate the assessment score blindly?
Participants were not blinded to their own treatment.
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V

Newly provided informed consent

V

BMI tramming and conventional
occupational therapy

I ntervention
Brain-Machine I nterface Training

Electroencephalogram Recording

An Ag-AgCl eectrode (¢=9 mm) for EEG measurement was
placed over the ipsi-lesional sensorimotor cortex, namely, C3
(for the left hemisphere) or C4 (for the right hemisphere)
according the international 10-20 system. An additional
electrode was placed 20 mm lateral to C3 or C4. A ground
electrode was placed on A1, and the reference electrode was
placed on A2 (ipsilateral to the lesioned hemisphere). All
electrodes were guided manually and fixed with acustom-made
headset. The application-specific integrated circuit—based analog
circuit and microprocessor were embedded inside the headset,
and 2-channel EEGs were derived in a monopolar manner and
processed with x1200 amplification and 0.21- to 199-Hz
filtering. The processed EEG signals were digitized at 200 Hz
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with 12 bits (least significant bit 0.366 |1V). Note that a notch
filter of 50 Hz was used to minimize the power-line noise. EEGs
werethen transmitted to alaptop using a Bluetooth 3.0 wireless
protocol and were subtracted from each other to derive abipolar
EEG. A 2 Hz to 50 Hz bandpass filter with a 50 Hz notch was
again used to reduce noise contamination.

A 1-second time-sliding Hanning window was applied to this
bipolar EEG signal with 87.5% overlap, and fast Fourier
transform was applied to obtain the time-varying power
spectrum of the signal. Thetwo-dimensional (2D) feature vector
with mean alpha frequency band power (7-13 Hz) and mean
beta frequency band power (14-26 Hz) was constructed at each
time segment and traced with time in the feature space. The
discriminant line that determines EEG feature vectors as in
either the ERD or baseline class was used for EEG labeling.
The discriminant line was calibrated for each participant every
day before the training session (see also Calibration section
below).

Calibration

At the beginning of the BMI training, 10 trials of the cue-based
motor task were conducted as a rehearsal, and the parameters
in the linear discriminant analysis (LDA) for EEG-ERD
detection in the BMI were calibrated using the obtained data.
During the rehearsal, a 5-second resting period was first given
and a text cue of either “attempt paretic finger extension” or
“keep relaxing” was then displayed on the top of the computer
screen. The participants performed the given cued task for the
next 5 seconds. In total, 10 trials per class were given in a
randomized order. A 2D feature vector with mean alpha
frequency band power (7-13 Hz) and mean betafrequency band
power (14-26 Hz) was obtained from a 1-second time-sliding
Hanning window with 87.5% overlap. The feature vectorswith
annotations of either “ attempt paretic finger extension” or “keep
relaxing” were mapped onto the feature space, and the
parameters in the LDA algorithm were optimized to separate
the features into appropriate classes. Consequently, the LDA
inthe BMI training returned avalue of +1 (resting) or —1 (finger
extension) every 125 ms according to the EEGs.

Estimation of Sensorimotor Cortex Excitability From
Electroencephalogram

Alpha and beta frequency band powers in EEG recorded over
the sensorimotor cortex are analogs of sensorimotor cortex
excitability [37]. EEG-ERD of these powersis aso correlated
with corticospinal tract excitability, disinhibition of
gamma-aminobutyric acid-ergic intracortical inhibitory circuits
[8], and spinal anterior horn cell excitability [9]. Extrapolation
of thesefindingsto poststroke patients with hemiplegiamay be
acceptable because ERD during paretic hand motor imagery is
associated with ipsi-lesional corticospinal tract excitability in
poststroke patients with hemiplegia [38]. Alpha frequency
oscillation and its resonance among cortical and subcortical
regionsin poststroke patients with hemiplegia predicted motor
outcome, suggesting that the alpha component is related to
sensorimotor function. Recent clinical studies with BMI
intervention also suggest that up-conditioning of EEG alpha
and beta band frequency powers and their ERD during motor
attempting of paretic finger opening through BMI training is
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associated with increased corticospinal tract excitability [10]
and the blood oxygen level-dependent signal of magnetic
resonance imaging in the ipsi-lesional sensorimotor cortex
[11,12]. Repeated use of BMI that forces patients to increase
alphaand betafrequency powersat rest and decrease their power
during paretic hand motor attempting is, therefore, interpreted
asneurorehabilitative training of the remaining corticomuscular
pathway on the ipsi-lesiona side.

Task-Specific Brain-Machine Interface Training

BMI training was conducted for approximately 40 min per
session, 1 session per day, and 5 days per week, for 2 weeks.

The motor-driven orthosis was attached to the affected hand to
achievefinger extension movement at the metacarpophal angeal
and proximal interphalangeal joints. The orthosiswas designed
to remedy the finger position as the fingers arched with the
thumb opposed, helping patientsto hold or rel ease objects. The
thumb opposition position also hel ps maintain decreased flexor
spasticity. The range of the angle in the orthosis action was
adjusted by the examiner to avoid pain and spasticity. During
the training, the motor-driven orthosis helped finger extension
by a predetermined angle with 1659 Nmm at maximal torque.
This setting allowed patients to perform task-specific training
with BMI in areal-world setting.

A pair of disposable electrodes (25 x 45 mm) for electrical
stimulation was placed over the belly of the paretic extensor
digitorum communis muscle. Test stimulation (biphasic
rectangular wave, pulse width of 1 ms, and frequency of 100
Hz) was then given, and the intensity was set at just above the
motor threshold. Note here that this is a known intensity for
recruiting laproprioceptive afferents of the stimulating muscle.
Such NEMS of the target muscle of motor imagery contingent
upon the occurrence of ERD may alow sensorimotor
coactivation to be restricted to the target corticomuscular region
and may foster plasticity and motor learning [39]. This should
further help to selectively reinforce the sensorimotor
representations.

The affected forearm was set on a balanced forearm orthosis.
The participants sat in front of the desk, and 30 pegs were set
on the desk peg board. Participants were asked to pick up apeg
with the affected hand with the orthosis. After pinching a peg
with the affected hand, participants pressed a button to start the
preset BMI training sequence. Asin the calibration session, 5
seconds of rest werefirst given, and atext cue of either “attempt
paretic finger extension” or “keep relaxing” wasthen displayed
on the top of the computer screen. The participants performed
the given cued task for the next 5 seconds. The LDA-based EEG
classifier returns either the value +1 (EEG was at the resting
condition) or —1 (EEG-ERD) every 125 ms according to the
EEGs and triggers the motor action of the orthosisand NEMS
if asuccessive 1 second of the class —1 is given in either cue
of “attempt paretic finger extension” or “keep relaxing.” Note
here that EEG-ERD-associated sensorimotor stimulation via
the orthosisand electrical stimulation during attempting paretic
finger extension function as positive reinforcers of thetraining.
Patientstried to increase the probability of thiscondition through
trial and error. The motor-driven orthosis and NEM S were not
activated if EEG did not satisfy the criteria (even if participants
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attempted finger opening). Repeated use of EEG-ERD-based
BMI can, therefore, be interpreted as a reinforcer of the
remaining corticomuscular pathway on the ipsi-lesional side.

Motor Imagery Training in the Control Group

Participants in the control group conducted the motor imagery
training for approximately 40 min for 2 weeks, similar to the
BMI training for participants in the BMI group. Participants
wore the same headset as those in the BMI training, but they
did not wear the hand orthosis. They were instructed to rest for
5 seconds and then to imagine extending their affected fingers
for the next 5 seconds in the same manner, as those in the BMI

training. At that time, the EEG was recorded in the same way
as during the BMI training, but no feedback was given to the
participants about the quality of the EEG. Neither passive
movement or electrical stimulation was given during imagery.

Conventional Occupational Therapy

All participants received 40 min of standard occupational
therapy per day, which consisted of gentle stretching exercises,
active muscle re-education exercises, and introduction to
bimanual activitiesin their daily lives.

Concomitant Care and Recommendation

During the 6-week period of intervention and follow-up,
participants were asked not to undertake other specific
intervention intending to improve hemiparesis (eg, Cl therapy,
NEMS, robotic rehabilitation, noninvasive brain stimulation)
and botulinum toxin injection to hemiparetic upper limb.
Moreover, they were asked not to change dose of antiepileptic
agents, muscle relaxants, psychotropic agents, and anxiolytic
agents. If participants were undertaking conventional
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occupational therapy before participating in this study, they
were asked not to exceed the time and frequency of it during
30 days before intervention.

I ntervention Fidelity and Monitoring of Adverse Events

Before beginning this study, treatment therapists were trained
by a member of the research team with a high-level experience
in BMI training for stroke patients. During the whole duration
of the study, the members of the research team and research
coordinator randomly visited training sessions, to ensure that
scheduled intervention was being performed accurately and
with high adherence to the protocol proposed. Any adverse
unpredi ctable event was recorded in the registry of each patient
and the el ectronic database of the study and managed according
to the palicies of the hospital, with referral appropriate medical
follow-up.

Criteria for Withdrawal

Participants were withdrawn from the study in the event of any
relevant deterioration in health likely to affect participation or
if they withdrew their consent.

Outcome Measurement

Schedule of Assessment

The primary outcome measure was assessed by a blinded
evaluator. Other functional measurements were assessed by
evaluatorswho were trained by the organizer of thisRCT. Most
assessmentswere conducted at baseline, after intervention (post),
and 4 weeks after intervention (follow-up). EEGswererecorded
by the EEG-BMI rehabilitation system during each training
session. The schedule of assessmentsis shown in Table 1.
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Table 1. Schedule of assessments.
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Time points and measure Baseline Intervention (10 sessions Posttreatment Follow-up (4 weeks after
during 2 weeks) treatment)

Primary outcome measure

Fugl-Meyer assessment B? b B B
Secondary outcome measure

Action Research Arm Test E€ — E E

Motor Activity Log-14 E — E E

Stroke Impairment Assessment Set E — E E

Modified Ashworth Scale E — E E

Barthel Index E — — E

Goal Attainment Scale s — — S

Stroke-Specific Quality of Life Scale S — — S

Surface electromyography EP® — EP EP

Electroencephal ography during brain-machine — EP — —

interface or imagery training

8B: assessment of blinded evaluator.
bDashes indicate "not applicable.”

CE: assessment of well-trained evaluator.
ds; participant self-report.

®EP; electrophysiological data.

Primary Outcome Measure

Fugl-Meyer assessment Upper extremity motor function was
assessed with the FM A (range 0-66 points, total score) [30,31].
FMA consisted of test A (shoulder/elbow/forearm: 36 poaints,
A score), test B (wrist: 10 points, B score), test C (hand/finger:
14 points, C score), and test D (coordination: 6 points, D score).
FMA was assessed according to the scoring manual [32], and
the validity and reliability were previously confirmed [31,33].

The estimated clinically important difference of the FMA-UE
scoresranged from 4.25 to 7.25 pointsin individualswith stable,
mild to moderate upper extremity hemiparesis [34]. However,
MCID for patientswith severe hemiparesisremainsto be shown.
As a greater than 10% change in FMA motor scores may
represent aclinically meaningful improvement based on clinical
experience [35], MCID for severe hemiparesis may be lower
than that for mild hemiparesis. A minimal detectable change of
3.2 points was reported in 31 patients with stroke [36].

Secondary Outcome Measures

Action Research Arm Test

Action Research Arm Test (ARAT) [40] is a frequently used,
validated, and reliable measure of upper extremity function with
4 subsections: grip, grasp, pinch, and gross movement [41,42].
The maximum summed score is 57.

Motor Activity L og-14

Upper extremity disability in activities of daily living (ADL)
was assessed with Motor Activity Log (MAL), which uses a
structured interview [43]. MAL includes 14 items, scored on
an 11-point amount of use scale (range 0-5) to rate how much

http://www.researchprotocols.org/2018/12/€12339/

thearm is used (MAL-amount of use) and an 11-point quality
of movement scale (range 0-5) to rate how well the participants
are using their affected upper extremity [43]. High construct
validity and reliability have been reported in patients with
chronic stroke [43,44].

Motor Scores of the Stroke I mpairment Assessment Set

The Stroke Impairment Assessment Set (SIAS) is a
comprehensiveinstrument for ng strokeimpairment with
well-established psychometric properties[45,46]. SIAS assesses
various aspects of impairment in stroke patients, including motor
function, tone, sensory function, range of motion, pain, trunk
function, visuospatia function, speech, and sound side function.
Motor scores of the SIAS are composed of 5 items that assess
arm, finger, hip, knee, and ankle functions and are rated from
0 (severely impaired) to 5 (normal).

Goal Attainment Scale

The Goa Attainment Scale (GAS) is a self-rating scale to
evaluate subjective improvement following rehabilitation
[47-50]. Patients rate the attainment level of the rehabilitation
outcome for the goal that they set themselves. If the attainment
isasexpected, it israted as0. Improvement beyond expectation
israted +1 or +2 and that below expectation is rated -1 or —2.

Barthel Index

The Barthel Index (Bl) is one of the most frequently used
measures to evaluate ADL in stroke research [51,52]. BI
measures independence in ADL; the maximum score is 100.
The 10 assessed items of ADL are feeding, bathing, grooming,
dressing, bowel control, bladder control, toilet use, transfers,
mobility, and ascending and descending stairs.
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M odified Ashworth Scale

Spasticity at the wrist and finger flexors of the affected upper
extremity was assessed with the Modified Ashworth Scale
(MAYS), a 6-paint rating scale used to measure passive muscle
resistance [53].

Stroke-Specific Quality of Life Scale

The Stroke-Specific Quality of Life Scale (SS-QOL) was
developed to assess health-related quality of life in stroke
patients [54,55]. SS-QOL contains 49 items and covers 12
different areas of quality of life affected by stroke. The 12 areas
of the SS-QOL are energy, family roles, language, mobility,
mood, personality, self-care, social roles, thinking, upper
extremity function, vision, and work or productivity. Each area
can be scored separately, but atotal scoreisalso available. The
possible range of all scalesisfrom 1to 5, where alower value
indicates alower health-related quality of life.

Surface Electromyography

The muscle activities of the paretic extensor digitorum
communis and flexor digitorum superficialis muscles were
recorded with Ag-AgCl surface electrodes with diameters of 9
mm (Nihon Kohden, Tokyo, Japan). The el ectrodeswere applied
with center-to-center spacing of 30 mm and were placed parallel
to the muscle fibers and distal from the motor points of
individual muscles. Before the electrodes were attached, the
skin areas were rubbed with alcohol. Skin resistance was kept
below 5 kQ. An MEB-2300 EMG machine (Nihon Kohden)
was used to record and analyze the EMG data. The bandpass
filter was set at 20 Hz to 1 kHz. The patients were seated in a
comfortable chair with their arms on an armrest and the angle
of their elbows was kept at 70 to 90 degrees. They were
instructed to rest for 5 seconds and then to extend their affected
fingers for the next 5 seconds for 1 cycle. In total, 5 cycles of
5 seconds of rest and 5 seconds of extension were repeated.

Electroencephalogram During Brain-M achine Interface or
Image Training

The EEGs during BMI or image training were recorded and
stored in the EEG-BMI system. We compared the magnitude
and duration of HERD between the BMI group and control

group.
Statistical Analyses

Thefollowing 2 analysispopulationsare defined in thisclinical
trial. Statistical analyses were performed for each patient
population.

TheFull Analysis Set (FAS) essentially included al randomized
patients, in accordance with the intention-to-treat principle,
except for thefollowing patientswho violated major conditions
in this study:

« Patients who did not meet mgjor inclusion criteria in this
trial

« Patientswho did not receive any study treatment

« Patients who had no baseline measurements or no
measurements after baseline

« Pdatients who withdrew informed consent after
randomization and refused to generate any datain thistrial

http://www.researchprotocols.org/2018/12/€12339/
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The Per Protocol Set (PPS) included patients who were
compliant with the protocol and are defined in the patient-data
handling document that will be finalized before the unblinding
of thistrial.

The primary analysis population in this tria is the FAS. The
primary endpoint, a change from baseline in FMA at 28 days
after study treatment, will also be analyzed for the PPS. The
sensitivity of the primary analysis results will be examined via
acomparison of results between the 2 analysis sets. All patients
who received at least one study treatment are included in the
safety analysis. The patient-data handling document, including
the data handling rule for measurement at each time point, will
be finalized before the unblinding. Methods to handle missing
datawill also be included in the statistical analysis plan (SAP)
for thistrial. Demographic factors and baseline characteristics
are summarized by the treatment group.

Efficacy Analysis

Analysis of the Primary Endpoint

The primary endpoint of thistria is achange from baselinein
the FMA at 28 days after study treatment. The superiority of
the BMI group compared with the control group in terms of the
primary endpoint will be demonstrated by means of an analysis
of covariance model, which contains the baseline asa covariate
and treatment group as a factor. Least squares means for the
changes in treatment groups will be estimated and compared
between the 2 groups. Missing data at 28 days after study
treatment will be handled by multipleimputation, Rubin, which
assumes missing at random as the missing data mechanism [56].
The details of the imputation model in the multiple imputation
will be described in the SAP before the unblinding.

Analysis of Secondary Endpoints

For continuous endpoints, the same analysis model will be
applied. For binary endpoints, 95% Cls for proportions by
treatment groups will be estimated with the Clopper-Pearson
method. The proportions of the 2 groupswill be compared with
Fisher exact test.

Safety Analysis

Adverse Events and Device-Related Problems

The safety primary endpoints in this study are proportions of
adverse events and device-related problems. The number of
events and the proportion will be calculated, and 95% Cls for

the proportions will be estimated with the Clopper-Pearson
method.

Sample Size Estimation

Thetotal sample size in thistrial was set at 40 patients (20 per
group).

Rationale

The mean changes from baseline in the FMA at 28 days after
study treatment are assumed to be 6.9 and 3.0 in the BMI and
control groups, respectively, based on previous clinical studies
[57,58]. The SD for the changeis al so assumed to be 4.0. Under
these assumptions, 17 patients per group results in 80% power
for testing the between-group difference in means with a
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two-sided 5% alpha. Taking into account 15% exclusions from
the analysis, the target sample size in this trial was set at 20
patients per group (total of 40 patients).

Significance Level and Multiplicity

Significance levelsfor al testsin thistrial are set at two-sided
5%, and confidence levels for al interval estimations are
two-sided 95%. No multiplicity adjustment will be performed
because this study has a single efficacy primary endpoint.

Interim Analysis
No interim analysis was conducted in this trial.

Changein Original Statistical Analysis Plan

All changesin the original SAP will be reported in the clinical
study report for thistrial.

Statistical Analysis Plan

The SAP for this study, which contains comprehensive details
of data handling and statistical analysis methods, will be
finalized before unblinding of this study.

Ethics and Dissemination

This study was conducted in accordance with Ministerial
Ordinance on Good Clinical Practicefor Medical Devices[59].
All participants provided voluntary written informed consent.
Prospective participants were fully informed about what study
participation involved and the potential benefitsand risks. Ethics
approvals had been obtained from the ingtitutional review board
of Keio University (protocol number: KCTR-DO008, reference
number: D16-03). In addition, for Saiseikai Kanagawa-ken
Hospital, Tokyo Metropolitan Rehabilitation Hospital, and
Tokyo Bay Rehabilitation Hospital, ethics approval had been
obtained from the ingtitutional review board of Saiseikal
Kanagawa-ken Hospital (protocol number: KCTR-D008). Any
protocol amendmentswill be submitted for ethical approval and
communicated to thetrial registry. The results of this study will
be used to gain regulatory approval for the manufacture and
sale of the medical device used in this study in Japan. After
approval, theresultswill be presented at scientific meetingsand
published in journals.

Results

Recruitment started in March 2017 and ended in July 2018.
Thistrial is currently in the data correcting phase. ThisRCT is
expected to be completed by October 31, 2018.
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Discussion

This multicenter RCT was designed to demonstrate the effect
of EEG-BMI training compared with simple mental imagery
on upper extremity function, including finger function, in
poststroke patients with severe impairment of finger function.
Although several neurorehabilitation approaches have shown
clinically important improvementsin arm function of poststroke,
hemiparetic patients, no intervention is widely accepted as
effective treatment for improving finger function [7,16-18]. If
this device is approved for manufacturing and sale by the
Japanese government, it will be the first neurorehabilitation
product targeting improvement of finger function. Clinically
and scientifically, theresults of thisRCT will provide significant
knowledge about the contribution of sensorimotor feedback to
motor learning and recovery in poststroke patients compared
with open-loop imagery.

Several studies have reported the effectiveness of rehabilitation
using other BMI systemsfor chronic stroke patients with upper
extremity paresis [58,60-63]. However, no device is approved
as an official medical device. In addition, this trial will
demonstrate that closed-loop sensory-motor feedback training
with the EEG-BM I rehabilitation system can induce functional
recovery and that this improvement will be maintained or will
increase 4 weeks after the intervention, because the primary
outcomeisthe changein FMA between baseline and follow-up
4 weeks after the end of the intervention. If rehabilitation
induces plastic changes in the brain of chronic stroke patients,
acquired recovery will be sustained or will increase in the
several weeks following the intervention. On the other hand,
the recovery will decrease if the effect of rehabilitation is
transient. In this study, the control intervention is based on
open-loop motor imagery training without any feedback.
Therefore, theresults of thisRCT will provide several important
suggestions about the mechanisms of the effect of closed-loop
sensory-motor feedback training on neural plasticity in the
damaged brain by comparing closed-loop feedback training
using the EEG-BMI system with dose-matched, open-loop
motor imagery training. Thisisaunique scientific point of view
inthis RCT compared with other studies of BMI rehabilitation.

In this RCT, we assess a sufficient number of functional
measures of the upper extremity (such as ARAT, MAL, motor
score of SIAS, and MAS), subjective satisfaction with the
treatment (GAS), ADL (BI), and QOL (SS-QOL) to make the
outcome of this RCT comparable with those of other trials. In
addition, electrophysiological assessments (surface EMG and
EEG during BMI training) will be adopted to elucidate the
underlying mechanisms of improvement with BMI
rehabilitation.
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18hk0102032h0003). The authors are deeply indebted to Panasonic Corporation for the supply of the investigational product for
thistrial. This protocol has been reviewed and awarded a grant by the Japan AMED. AMED did not undertake any role in the
design of the study and collection, analysis, and interpretation of data and in the writing of the manuscript.

http://www.researchprotocols.org/2018/12/€12339/

JMIR Res Protoc 2018 | vol. 7 | iss. 12| e12339 | p. 9
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS Mizuno et &

Authors Contributions

KM, TA, TO, KH, JU, MO, KO, TF, and ML contributed to the overall design of this study. KM, TA, MK, TO, KH, and JU
wrote part of thedraft. TA, in particular, contributed to planning of statistical analysis. JU, in particular, contributed to engendering
of the EEG-BMI system. All authors revised the paper critically and approved the final version for publication.

Conflictsof I nterest

ML and JU report a research agreement with Panasonic Corporation titled Development and clinical application of advanced
upper limb rehabilitation system based on EEG-BMI during the conduct of the study. JU reports grants from the Japan Society
for the Promotion of Science (16K01469; 15H05880; 23 - 01410) during the conduct of the study. ML and JU report grants from
the Japan Agency for Medical Research and Development (13424858; 14528371) and grants from the Ministry of Education,
Culture, Sports, Science and Technology (08001658; 09159054) during the conduct of the study. TF, JU, and ML report a grant
from the Ministry of Health, Labor and Welfare (No. 12102976) during the conduct of the study.

In addition, JU has a patent (Japanese Patent No. 5283065) motor-related potential detection system, headset for its system, and
system unit utilizing these components licensed to None; a patent (Japanese Patent No. 5813981) device aiming for
electroencephal ogram processing for rehabilitation and rehabilitation system licensed to None; a patent (Japanese Patent Pending
No. P2015-205042A) rehabilitation device pending; a patent (PCT/JP2015/003271) control device for rehabilitation device and
rehabilitation device pending; apatent (PCT/JP2015/003282; PCT/JP2015/003272) rehabilitation system and method for controlling
rehabilitation system pending; biometric information processing method and program pending; a patent (Japanese Patent Pending
No. 2017-204089) pseudo-€l ectroencephal ogram generation system and el ectroencephal ogram recording system pending; a patent
(Japanese Patent Pending No. 2017-204090) el ectroencephal ogram classification system, its method, and programs pending; a
patent (Japanese Patent Pending No. 2017-204091) evaluation system for electroencephalogram recording system, evaluation
methods, and its programs pending; a patent (Japanese Patent Pending No. 2017-204092) inflammation evaluation system,
evaluation method, and its programs pending; and a patent (Japanese Patent Pending No. 2017-204097) finger movement support
device pending. JU, KO, and MO have a patent (Japanese Patent Pending No. 2017-204088) electroencephalogram recording
system, its method, and programs pending, and a patent (Japanese Patent Pending No. 2017-204093) electroencephalogram
recording system, its method and programs pending. KO and MO have a patent (Japanese Patent Pending No. 2017-204094)
electroencephal ograph and el ectroencephal ogram recording system pending, a patent (Japanese Patent Pending No. 2017-204095)
finger movement support device pending, and a patent (Japanese Patent Pending No. 2017-204096) headset pending. JU, MO,
KM, ML, and TF have a patent (PCT/JP2017/018216) biometric information processing device. ML, JU and MK are founding
scientists of the startup company Connect Inc for the social implementation of university research results such as brain-computer
interface and brain-machine interface, which were evaluated in this study.

Multimedia Appendix 1
Peer-review report from the Japan Agency for Medical Research and Development (Part 1).

[PDE File (Adobe PDF File), 293K B-Multimedia Appendix 1]

Multimedia Appendix 2
Peer-review report from the Japan Agency for Medical Research and Development (Part 2).

[PDE File (Adobe PDF File), 33K B-Multimedia Appendix 2]

Multimedia Appendix 3
Tranglation of the peer-review report from the Japan Agency for Medical Research and Development (Part 1).

[PDE File (Adobe PDF File), 77KB-Multimedia Appendix 3]

Multimedia Appendix 4
Translation of the peer-review report from the Japan Agency for Medical Research and Development (Part 2).

[PDF File (Adobe PDF File), 10K B-Multimedia Appendix 4]

References

1. BuntinM, CollaC, Deb P, Sood N, Escarce J. Medicare spending and outcomes after postacute care for stroke and hip
fracture. Med Care 2010;48:84. [doi: 10.1097/ML R.0b013e3181e359df]

2. Hendricks H, van Limbeek J, Geurts A, Zwarts M. Motor recovery after stroke: a systematic review of the literature. Arch
Phys Med Rehabil 2002;83:1629-1637. [Medline: 12422337]

http://www.researchprotocols.org/2018/12/e12339/ JMIR Res Protoc 2018 | vol. 7 | iss. 12 | 12339 | p. 10
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app1.pdf&filename=4aedfa09630d5b725f62dfe9f71dd30d.pdf
https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app1.pdf&filename=4aedfa09630d5b725f62dfe9f71dd30d.pdf
https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app2.pdf&filename=8a7a8e3add15357781e27c46cfaf7968.pdf
https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app2.pdf&filename=8a7a8e3add15357781e27c46cfaf7968.pdf
https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app3.pdf&filename=b7f1f1eef411c0fdb6639f7d4cdcbf5d.pdf
https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app3.pdf&filename=b7f1f1eef411c0fdb6639f7d4cdcbf5d.pdf
https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app4.pdf&filename=1270dfa88f70944909a38838ffd73be3.pdf
https://jmir.org/api/download?alt_name=resprot_v7i12e12339_app4.pdf&filename=1270dfa88f70944909a38838ffd73be3.pdf
http://dx.doi.org/10.1097/MLR.0b013e3181e359df
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12422337&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS Mizuno et &

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Duncan PW, Lai SM, Keighley J. Defining post-stroke recovery: implications for design and interpretation of drug trials.
Neuropharmacology 2000 Mar 03;39(5):835-841. [Medline: 10699448]

NakayamaH, Jergensen HS, Raaschou HO, Olsen TS. Recovery of upper extremity function in stroke patients: the
Copenhagen Stroke Study. Arch Phys Med Rehabil 1994 Apr;75(4):394-398. [Medline: 8172497]

Nudo RJ, Milliken GW. Reorganization of movement representations in primary motor cortex following focal ischemic
infarctsin adult squirrel monkeys. JNeurophysiol 1996 May; 75(5):2144-2149. [doi: 10.1152/jn.1996.75.5.2144] [Medline:
8734610]

Biernaskie J, Chernenko G, Corbett D. Efficacy of rehabilitative experience declines with time after focal ischemic brain
injury. JNeurosci 2004 Feb 04;24(5):1245-1254 [FREE Full text] [doi: 10.1523/INEUROSCI.3834-03.2004] [Medline:
14762143]

Langhorne P, Coupar F, Pollock A. Motor recovery after stroke: a systematic review. Lancet Neurol 2009;8:741-754. [doi:
10.1016/S1474-4422(09) 70150-4] [Medline: 19608100]

Takemi M, Masakado Y, Liu M, Ushiba J. Event-rel ated desynchroni zation reflects downregul ation of intracortical inhibition
in human primary motor cortex. JNeurophysiol 2013 Sep;110(5):1158-1166 [ FREE Full text] [doi: 10.1152/jn.01092.2012]
[Medline: 23761697]

Takemi M, Masakado Y, Liu M, Ushiba J. Sensorimotor event-related desynchronization represents the excitability of
human spinal motoneurons. Neuroscience 2015 Jun 25;297:58-67. [doi: 10.1016/j.neuroscience.2015.03.045] [Medline:
25839147]

Shindo K, Kawashima K, Ushiba J, OtaN, Ito M, OtaT, et al. Effects of neurofeedback training with an

el ectroencephal ogram-based brain-computer interface for hand paralysisin patients with chronic stroke: apreliminary case
series study. JRehabil Med 2011 Oct;43(10):951-957 [ FREE Full text] [doi: 10.2340/16501977-0859] [Medline: 21947184]
Mukaino M, Ono T, Shindo K, FujiwaraT, OtaT, KimuraA, et a. Efficacy of brain-computer interface-driven neuromuscular
electrical stimulation for chronic paresis after stroke. J Rehabil Med 2014 Apr;46(4):378-382 [FREE Full text] [doi:
10.2340/16501977-1785] [Medline: 24590225]

Ono T, Tomita, Inose M, Ota T, Kimura A, Liu M, et a. Multimodal sensory feedback associated with motor attempts
alters BOLD responses to paralyzed hand movement in chronic stroke patients. Brain Topogr 2015 Mar;28(2):340-351.
[doi: 10.1007/s10548-014-0382-6] [Medline: 25053224]

Kasashima-Shindo Y, Fujiwara T, Ushiba J, Matsushika Y, Kamatani D, Oto M, et al. Brain-computer interface training
combined with transcranial direct current stimulation in patients with chronic severe hemiparesis: Proof of concept study.
JRehabil Med 2015 Apr;47(4):318-324 [FREE Full text] [doi: 10.2340/16501977-1925] [Medline: 25655381]

Page S, Fulk G, BoyneP. Clinically important differencesfor the upper-extremity Fugl-Meyer Scalein people with minimal
to moderate impairment due to chronic stroke. Phys Ther 2012 Jun;92(6):791-798. [doi: 10.2522/ptj.20110009] [Medline:
22282773]

Klamroth-Marganska V, Blanco J, Campen K, Curt A, Dietz V, Ettlin T, et a. Three-dimensional, task-specific robot
therapy of the arm after stroke: amulticentre, parallel-group randomised trial. Lancet Neurol 2014 Feb;13(2):159-166. [doi:
10.1016/S1474-4422(13) 70305-3]

The Japan Stroke Society. Stroke treatment guideline 2015 [in Japanese]. Tokyo: Kyowa Planning; 2015.

Winstein C, Stein J, Arena R, Bates B, Cherney L, Cramer S, American Heart Association Stroke Council, Council on
Cardiovascular and Stroke Nursing, Council on Clinical Cardiology, Council on Quality of Care and Outcomes Research.
Guidelines for adult stroke rehabilitation and recovery: a guideline for healthcare professionals from the American Heart
Association/American Stroke Association. Stroke 2016 Jun;47(6):e98-e169. [doi: 10.1161/STR.0000000000000098]
[Medline: 27145936]

Wolf SL, Winstein CJ, Miller JB, Thompson PA, Taub E, Uswatte G, et a. Retention of upper limb function in stroke
survivors who have received constraint-induced movement therapy: the EXCITE randomised trial. Lancet Neurol 2008
Jan;7(1):33-40 [FREE Full text] [doi: 10.1016/S1474-4422(07)70294-6] [Medline: 18077218]

de Kroon JR, ljzerman MJ, Chae J, Lankhorst GJ, Zilvold G. Relation between stimulation characteristics and clinical
outcome in studies using electrical stimulation to improve motor control of the upper extremity in stroke. J Rehabil Med
2005 Mar;37(2):65-74 [FREE Full text] [doi: 10.1080/16501970410024190] [Medline: 15788340]

Muraoka Y. Development of an EMG recording device from stimulation electrodes for functional electrical stimulation.
Front Med Biol Eng 2002;11(4):323-333. [Medline: 12735431]

Fujiwara T, Kasashima 'Y, Honaga K, Muraoka Y, Tsuji T, Osu R, et al. Motor improvement and corticospinal modulation
induced by hybrid assistive neuromuscular dynamic stimulation (HANDS) therapy in patients with chronic stroke.
Neurorehabil Neural Repair 2009 Feb;23(2):125-132. [doi: 10.1177/1545968308321777] [Medline: 19060131]
Kawakami M, Fujiwara T, UshibaJ, Nishimoto A, Abe K, HonagaK, et al. A new therapeutic application of brain-machine
interface (BMI) training followed by hybrid assistive neuromuscular dynamic stimulation (HANDS) therapy for patients
with severe hemiparetic stroke: a proof of concept study. Restor Neurol Neurosci 2016 Dec 21;34(5):789-797. [doi:
10.3233/RNN-160652] [Medline: 27589505]

http://www.researchprotocols.org/2018/12/e12339/ JMIR Res Protoc 2018 | vol. 7 | iss. 12| €12339 | p. 11

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10699448&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8172497&dopt=Abstract
http://dx.doi.org/10.1152/jn.1996.75.5.2144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8734610&dopt=Abstract
http://www.jneurosci.org/cgi/pmidlookup?view=long&pmid=14762143
http://dx.doi.org/10.1523/JNEUROSCI.3834-03.2004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14762143&dopt=Abstract
http://dx.doi.org/10.1016/S1474-4422(09)70150-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19608100&dopt=Abstract
http://www.physiology.org/doi/full/10.1152/jn.01092.2012?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1152/jn.01092.2012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23761697&dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2015.03.045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25839147&dopt=Abstract
https://www.medicaljournals.se/jrm/content/abstract/10.2340/16501977-0859
http://dx.doi.org/10.2340/16501977-0859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21947184&dopt=Abstract
https://www.medicaljournals.se/jrm/content/abstract/10.2340/16501977-1785
http://dx.doi.org/10.2340/16501977-1785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24590225&dopt=Abstract
http://dx.doi.org/10.1007/s10548-014-0382-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25053224&dopt=Abstract
https://www.medicaljournals.se/jrm/content/abstract/10.2340/16501977-1925
http://dx.doi.org/10.2340/16501977-1925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25655381&dopt=Abstract
http://dx.doi.org/10.2522/ptj.20110009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22282773&dopt=Abstract
http://dx.doi.org/10.1016/S1474-4422(13)70305-3
http://dx.doi.org/10.1161/STR.0000000000000098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27145936&dopt=Abstract
http://europepmc.org/abstract/MED/18077218
http://dx.doi.org/10.1016/S1474-4422(07)70294-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18077218&dopt=Abstract
https://www.medicaljournals.se/jrm/content/abstract/10.1080/16501970410024190
http://dx.doi.org/10.1080/16501970410024190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15788340&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12735431&dopt=Abstract
http://dx.doi.org/10.1177/1545968308321777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19060131&dopt=Abstract
http://dx.doi.org/10.3233/RNN-160652
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27589505&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS Mizuno et &

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Shimodozono M, NomaT, Nomoto Y, Hisamatsu N, KamadaK, MiyataR, et al. Benefits of arepetitive facilitative exercise
program for the upper paretic extremity after subacute stroke: a randomized controlled trial. Neurorehabil Neural Repair
2013 May;27(4):296-305. [doi: 10.1177/1545968312465896] [Medline: 23213077]

Hao Z, Wang D, Zeng Y, Liu M. Repetitive transcranial magnetic stimulation for improving function after stroke. Cochrane
Database Syst Rev 2013;5. [doi: 10.1002/14651858.CD008862.pub2]

Butler A, Shuster M, O'HaraE, Hurley K, Middlebrooks D, Guilkey K. A meta-analysis of the efficacy of anodal transcranial
direct current stimulation for upper limb motor recovery in stroke survivors. J Hand Ther 2013 Apr;26(2):162-171. [doi:
10.1016/j.jht.2012.07.002]

Abo M, Kakuda W, Momosaki R, HarashimaH, Kojima M, Watanabe S, et al. Randomized, multicenter, comparative
study of NEURO versus CIMT in poststroke patients with upper limb hemiparesis: the NEURO-VERIFY Study. Int J
Stroke 2014 Jul;9(5):607-612. [doi: 10.1111/ijs.12100] [Medline: 24015934]

Zhao H, Qiao L, Fan D, Zhang S, Turel O, Li Y, et al. Modulation of brain activity with noninvasive transcranial direct
current stimulation (tDCS): clinical applications and safety concerns. Front Psychol 2017;8:685 [FREE Full text] [doi:
10.3389/fpsyq.2017.00685] [Medline: 28539894]

Corti M, Patten C, Triggs W. Repetitive transcranial magnetic stimulation of motor cortex after stroke: afocused review.
Am J Phys Med Rehabil 2012 Mar;91(3):254-270. [doi: 10.1097/PHM .0b013e318228bf0c] [Medline: 22042336]
Mehrholz J, Pohl M, Platz T, Kugler J, Elsner B. Electromechanical and robot-assisted arm training for improving activities
of daily living, arm function, and arm muscle strength after stroke. Cochrane Database Syst Rev 2015 Nov
07;11(11):CD006876. [doi: 10.1002/14651858.CD006876.pub4] [Medline: 26559225]

Fugl-Meyer AR, Jddsko L, Leyman I, Olsson S, Steglind S. The post-stroke hemiplegic patient. 1. a method for evaluation
of physical performance. Scand J Rehabil Med 1975;7(1):13-31. [Medline: 1135616]

Wood-Dauphinee S, Williams J, Shapiro S. Examining outcome measuresin aclinical study of stroke. Stroke 1990
May;21(5):731-739. [Medline: 2339453]

Duncan P, Propst M, Nelson S. Reliability of the Fugl-Meyer assessment of sensorimotor recovery following cerebrovascul ar
accident. Phys Ther 1983 Oct;63(10):1606-1610. [Medline: 6622535]

Platz T, Pinkowski C, van Wijck F, Kim |, di Bella P, Johnson G. Reliability and validity of arm function assessment with
standardized guidelines for the Fugl-Meyer Test, Action Research Arm Test and Box and Block Test: a multicentre study.
Clin Rehabil 2005 Jun;19(4):404-411. [doi: 10.1191/0269215505cr8320a] [Medline: 15929509]

Page SJ, Fulk GD, Boyne P. Clinically important differences for the upper-extremity Fugl-Meyer Scale in people with
minimal to moderate impairment due to chronic stroke. Phys Ther 2012 Jun;92(6):791-798. [doi: 10.2522/ptj.20110009]
[Medline: 22282773]

Gladstone D, Danells C, Black S. The fugl-meyer assessment of motor recovery after stroke: acritical review of its
measurement properties. Neurorehabil Neural Repair 2002 Sep;16(3):232-240. [doi: 10.1177/154596802401105171]
[Medline: 12234086]

See J, Dodakian L, Chou C, Chan V, McKenzie A, Reinkensmeyer DJ, et al. A standardized approach to the Fugl-Meyer
assessment and itsimplications for clinical trials. Neurorehabil Neural Repair 2013 Oct;27(8):732-741. [doi:
10.1177/1545968313491000] [Medline: 23774125]

Tsuchimoto S, Shibusawa S, Mizuguchi N, Kato K, EbataH, Liu M, et a. Resting-state fluctuations of EEG sensorimotor
rhythm reflect BOLD activitiesin the pericentral areas: a simultaneous EEG-fMRI Study. Front Hum Neurosci 2017 Jul
06;11:356. [doi: 10.3389/fnhum.2017.00356] [Medline: 28729830]

Aono K, Miyashita S, Fujiwara 'Y, Kodama M, Hanayama K, Masakado Y, et al. Relationship between event-related
desynchronization and cortical excitability in healthy subjects and stroke patients. Tokai J Exp Clin Med 2013 Dec
20;38(4):123-128 [FREE Full text] [Medline: 24318283]

Soekadar S, Birbaumer N, Slutzky M, Cohen L. Brain-machine interfaces in neurorehabilitation of stroke. Neurobiol Dis
2015 Nov;83:172-179. [doi: 10.1016/j.nbd.2014.11.025]

Yozbatiran N, Der-Yeghiaian L, Cramer SC. A standardized approach to performing the action research arm test. Neurorehabil
Neural Repair 2008;22(1):78-90. [doi: 10.1177/1545968307305353] [Medline: 17704352]

Rabadi MH, Rabadi FM. Comparison of the action research arm test and the Fugl-Meyer assessment as measures of
upper-extremity motor weakness after stroke. Arch Phys Med Rehabil 2006 Jul;87(7):962-966. [doi:
10.1016/j.apmr.2006.02.036] [Medline: 16813784]

Van der Lee JH, De Groot V, Beckerman H, Wagenaar R, Lankhorst G, Bouter L. Theintra- and interrater reliability of
the action research arm test: a practical test of upper extremity function in patients with stroke. Arch Phys Med Rehabil
2001 Jan;82(1):14-19. [doi: 10.1053/apmr.2001.18668] [Medline: 11239280]

Uswatte G, Taub E, Morris D, Vignolo M, McCulloch K. Reliability and validity of the upper-extremity Motor Activity
Log-14 for measuring real-world arm use. Stroke 2005 Nov;36(11):2493-2496. [doi: 10.1161/01.STR.0000185928.90848.2€]
[Medline: 16224078]

van der Lee JH, Beckerman H, Knol D, de Vet HC, Bouter L. Clinimetric properties of the motor activity log for the
assessment of arm use in hemiparetic patients. Stroke 2004 Jun;35(6):1410-1414. [doi:
10.1161/01.STR.0000126900.24964.7€] [Medline: 15087552]

http://www.researchprotocols.org/2018/12/e12339/ JMIR Res Protoc 2018 | vol. 7 | iss. 12| €12339 | p. 12

(page number not for citation purposes)


http://dx.doi.org/10.1177/1545968312465896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23213077&dopt=Abstract
http://dx.doi.org/10.1002/14651858.CD008862.pub2
http://dx.doi.org/10.1016/j.jht.2012.07.002
http://dx.doi.org/10.1111/ijs.12100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24015934&dopt=Abstract
https://dx.doi.org/10.3389/fpsyg.2017.00685
http://dx.doi.org/10.3389/fpsyg.2017.00685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28539894&dopt=Abstract
http://dx.doi.org/10.1097/PHM.0b013e318228bf0c
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22042336&dopt=Abstract
http://dx.doi.org/10.1002/14651858.CD006876.pub4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26559225&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1135616&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2339453&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6622535&dopt=Abstract
http://dx.doi.org/10.1191/0269215505cr832oa
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15929509&dopt=Abstract
http://dx.doi.org/10.2522/ptj.20110009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22282773&dopt=Abstract
http://dx.doi.org/10.1177/154596802401105171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12234086&dopt=Abstract
http://dx.doi.org/10.1177/1545968313491000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23774125&dopt=Abstract
http://dx.doi.org/10.3389/fnhum.2017.00356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28729830&dopt=Abstract
http://mj-med-u-tokai.com/pdf/380402.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24318283&dopt=Abstract
http://dx.doi.org/10.1016/j.nbd.2014.11.025
http://dx.doi.org/10.1177/1545968307305353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17704352&dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2006.02.036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16813784&dopt=Abstract
http://dx.doi.org/10.1053/apmr.2001.18668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11239280&dopt=Abstract
http://dx.doi.org/10.1161/01.STR.0000185928.90848.2e
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16224078&dopt=Abstract
http://dx.doi.org/10.1161/01.STR.0000126900.24964.7e
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15087552&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS Mizuno et &

45,

46.

47.

48.

49,

50.

51.
52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Chino N, Sonoda S, Domen K, Saitoh E, Kimura A. Stroke Impairment Assessment Set (SIAS). In: Functional Evaluation
of Stroke patients. Tokyo: Springer-Verlag; 1996:19-31.

ChinoN, Sonoda S, Domen K, Saitoh E, KimuraA. Stroke Impairment Assessment Set (SIAS). A new evaluation instrument
for stroke patients. Jon J Rehabil Med 1994;31(2):119-125. [doi: 10.2490/jjrm1963.31.119]

Turner-Stokes L. Goal attainment scaling (GAS) in rehabilitation: apractical guide. Clin Rehabil 2009 Apr;23(4):362-370.
[doi: 10.1177/0269215508101742] [Medline: 19179355]

Hurn J, Kneebone |, Cropley M. Goal setting as an outcome measure: a systematic review. Clin Rehabil 2006
Sep;20(9):756-772. [doi: 10.1177/0269215506070793] [Medline: 17005500]

Steenbeek D, Meester-Delver A, Becher J, Lankhorst G. The effect of botulinum toxin type A treatment of the lower
extremity on the level of functional abilitiesin children with cerebral palsy: evaluation with goal attainment scaling. Clin
Rehabil 2005 May;19(3):274-282. [doi: 10.1191/0269215505cr8590a] [Medline: 15859528]

Eftekhar P, Mochizuki G, Dutta T, Richardson D, Brooks D. Goal attainment scaling in individualswith upper limb spasticity
post stroke. Occup Ther Int 2016 Dec;23(4):379-389. [doi: 10.1002/0ti.1440] [Medline: 27696580]

Mahoney Fl, Barthel DW. Functional evaluation: the Barthel index. Md State Med J 1965;14:61-65. [Medline: 14258950]
Loewen SC, Anderson BA. Predictors of stroke outcome using objective measurement scales. Stroke 1990 Jan;21(1):78-81.
[Medline: 2300994]

Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale of muscle spasticity. Phys Ther 1987
Feb;67(2):206-207. [Medline: 3809245]

Williams LS, Weinberger M, Harris LE, Clark DO, Biller J. Development of a stroke-specific quality of life scale. Stroke
1999 Jul;30(7):1362-1369. [Medline: 10390308]

Williams LS, Weinberger M, Harris LE, Biller J. Measuring quality of lifein away that is meaningful to stroke patients.
Neurology 1999 Nov 10;53(8):1839-1843. [Medline: 10563636]

Rubin D. Multiple Imputation for Nonresponse in Surveys. New York: Wiley; 1987:1-26.

Nishimoto A, Kawakami M, Fujiwara T, Hiramoto M, Honaga K, Abe K, et al. Feasibility of task-specific brain-machine
interface training for upper-extremity paralysisin patients with chronic hemiparetic stroke. J Rehabil Med 2018 Jan
10;50(1):52-58 [FREE Full text] [doi: 10.2340/16501977-2275] [Medline: 28949370]

Ang KK, Guan C, PhuaKS, Wang C, Zhou L, Tang KY, et al. Brain-computer interface-based robotic end effector system
for wrist and hand rehabilitation: results of athree-armed randomized controlled trial for chronic stroke. Front Neuroeng
2014;7:30 [FREE Full text] [doi: 10.3389/fneng.2014.00030] [Medline: 25120465]

The Ministry of Health and Welfare. 2005. Ministerial Ordinance on Good Clinical Practice for Medical Devices URL:
https://www.pmda.go.jp/files/000153732.pdf [accessed 2018-11-26] [WebCite Cache ID 74E12h9xw]
Ramos-Murguialday A, Broetz D, ReaM, Léer L, Yilmaz O, Brasil F, et al. Brain-machine interface in chronic stroke
rehabilitation: acontrolled study. Ann Neurol 2013 Jul; 74(1):100-108 [FREE Full text] [doi: 10.1002/ana.23879] [Medline:
23494615]

Frolov AA, Mokienko O, Lyukmanov R, Biryukova E, Kotov S, Turbina L, et al. Post-stroke rehabilitation training with
amotor-imagery-based brain-computer interface (BCl)-controlled hand exoskeleton: a randomized controlled multicenter
trial. Front Neurosci 2017;11:400 [FREE Full text] [doi: 10.3389/fnins.2017.00400] [Medline: 28775677]

Kim T, Kim S, Lee B. Effects of action observational training plus brain-computer interface-based functional electrical
stimulation on paretic arm motor recovery in patient with stroke: arandomized controlled trial. Occup Ther Int 2016
Mar;23(1):39-47. [doi: 10.1002/0ti.1403] [Medline: 26301519]

Pichiorri F, Morone G, Petti M, Toppi J, Pisottal, Molinari M, et a. Brain-computer interface boosts motor imagery practice
during stroke recovery. Ann Neurol 2015 May;77(5):851-865. [doi: 10.1002/ana.24390] [Medline: 25712802]

Abbreviations

ADL: activitiesof daily living

AHA: American Heart Association

AMED: Agency for Medical Research and Devel opment
ARAT: Action Research Arm Test
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BMI: brain-machine interface
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FAS: full analysis set
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HANDS: hybrid assistive neuromuscular dynamic stimulation
IVES: integrated volitional electrical stimulator

JGM 2015: Japanese guidelines for the management of stroke 2015
LDA: linear discriminant analysis

MAL: Motor Activity Log-14

MAS: Modified Ashworth scale

MCID: minima clinically important difference

NEMS: neuromuscular electrical stimulation

PPS: per protocol set

RCT: randomized controlled trial

RFE: repetitive facilitative exercise

SAP: Statistical analysis plan

SIAS: Stroke Impairment Assessment Set

SS-QOL: Stroke-Specific Quality of Life Scale

tDCS: Transcranial direct current stimulation

2D: two-dimensional

UE: upper extremity
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