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Abstract

Brain-computer interfaces (BCIs) can provide sensory feedback of ongoing

brain oscillations, enabling stroke survivors to modulate their sensorimotor

rhythms purposefully. A number of recent clinical studies indicate that repeated

use of such BCIs might trigger neurological recovery and hence improvement

in motor function. Here, we provide a first meta-analysis evaluating the clinical

effectiveness of BCI-based post-stroke motor rehabilitation. Trials were identi-

fied using MEDLINE, CENTRAL, PEDro and by inspection of references in sev-

eral review articles. We selected randomized controlled trials that used BCIs for

post-stroke motor rehabilitation and provided motor impairment scores before

and after the intervention. A random-effects inverse variance method was used

to calculate the summary effect size. We initially identified 524 articles and,

after removing duplicates, we screened titles and abstracts of 473 articles. We

found 26 articles corresponding to BCI clinical trials, of these, there were nine

studies that involved a total of 235 post-stroke survivors that fulfilled the inclu-

sion criterion (randomized controlled trials that examined motor performance

as an outcome measure) for the meta-analysis. Motor improvements, mostly

quantified by the upper limb Fugl-Meyer Assessment (FMA-UE), exceeded the

minimal clinically important difference (MCID=5.25) in six BCI studies, while

such improvement was reached only in three control groups. Overall, the BCI

training was associated with a standardized mean difference of 0.79 (95% CI:

0.37 to 1.20) in FMA-UE compared to control conditions, which is in the range

of medium to large summary effect size. In addition, several studies indicated

BCI-induced functional and structural neuroplasticity at a subclinical level. This

suggests that BCI technology could be an effective intervention for post-stroke

upper limb rehabilitation. However, more studies with larger sample size are

required to increase the reliability of these results.

Introduction

Stroke is the second leading cause of death worldwide,

with 6.7 million cases registered in 2012.1 It is also one of

the leading causes of disability with an estimated 50% of

survivors suffering from permanent motor or cognitive

impairments.2 Upper limb disability is particularly critical

as it is highly prevalent and vastly reduces independence

in activities of daily living (ADL).3,4 Currently, motor

rehabilitation techniques for stroke patients with
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hemiplegia usually include physical therapy and con-

straint-induced movement therapy (CIMT),5 which

require some residual movement of the affected limb.

However, approximately 20–30% of all stroke survivors

do not qualify for CIMT or other rehabilitation strategies.

For those patients, mirror therapy,6 motor imagery,7,8

action observation therapy,9 electrical stimulation (e.g.,

noninvasive brain stimulation,10–12 or vagus nerve stimu-

lation13) and robot-aided sensorimotor stimulation14 have

been investigated as possible alternatives over the last sev-

eral years. Driven by advances in other technological areas

such as virtual and augmented reality (VR/AR), robotics,

invasive and noninvasive brain-computer interfaces

(BCIs),15 as well as pharmacology,16,17 post-stroke motor

rehabilitation is now a fast growing, emerging field.

A BCI translates electric, magnetic or metabolic brain

activity into control signals of external devices that may

replace, restore, enhance, supplement or improve the nat-

ural neural output, and thereby changes the ongoing

interaction between the brain and its external or internal

environment.18 A BCI can be invasive or noninvasive

based on its brain activity measurement methodology. In

invasive systems, electrodes are positioned on the surface

of the brain (electrocorticography or ECoG) or implanted

into the cortex (microelectrode arrays). In noninvasive

systems, electrodes are placed on the scalp (electroen-

cephalography or EEG, near-infrared spectroscopy or

NIRS). In a typical EEG-based non-invasive BCI, user’s

movement intention (motor imagery or execution) is

decoded in real-time from the ongoing electrical activity

of the brain by extracting relevant features (Fig. 1). In a

typical trial, the detection of movement intention would

trigger a contingent sensory feedback to the user. This

feedback can be delivered in an abstract form (e.g., a

moving cursor on a computer screen) or as embodied

feedback (e.g., visual representations of the participant’s

body parts over a virtual avatar on a computer screen, in

a VR head-mounted display or directly overlaid on the

participant’s limbs; or somatosensory representations

delivered through robotic, haptic or Neuromuscular Elec-

trical Stimulation (NMES) systems) that reproduces the

intended movement, which was shown to enhance motor

learning.19–21

BCIs are currently mainly explored in two clinical

applications: (1) Assistive technologies that aim to restore

lost functions, for example communication in locked-in

syndrome (e.g., as a result of amyotrophic lateral sclero-

sis)22 or movements in paralysis for example, eating and

drinking despite quadriplegia in an everyday life environ-

ment (using robotic actuators and/or functional electrical

stimulation systems).23 (2) Rehabilitation technologies

also referred to as neurofeedback or rehabilitative BCIs,24

that aim to foster neuroplasticity through manipulation

or self-regulation of neurophysiological activity facilitating

motor recovery. In the current work, we focus on BCIs as

rehabilitative technology in post-stroke motor rehabilita-

tion.

Depending on movement complexity (unilateral vs. bi-

lateral25) and the proximity of the muscle groups to the

sagittal plane of the body (shoulder vs. hand26), move-

ment-related neural activity was found to be not only pre-

sent in the contralateral side but also on the ipsilateral side.

Although the role of the unaffected hemisphere in post-

stroke recovery is unclear, the ipsilesional primary motor

cortex is thought to play a major role in motor recovery.

Typical BCI-based motor rehabilitation protocols have pre-

dominantly aimed at cortical reorganization of the lesioned

hemisphere.27 Specifically, most BCI-based motor rehabil-

itation systems have traditionally encompassed neural

activity decoders of ipsilesional sensorimotor activity (sen-

sorimotor rhythm, SMR, 9–15 Hz). Interestingly, a few

recent studies suggest promoting contralesional hemi-

spheric activity in moderate-to-severe chronic post-stroke

patients, with an assumption that it may be harder to mea-

sure stable SMR from the ipsilesional sensorimotor areas

in this group of patients.28 Depending on the study proto-

col, BCI-mediated training may promote activity in the

ipsilesional or contralesional hemisphere.29

The power decrease in SMR during an attempt to

move the paralyzed limb was shown to be associated with;

an increase in the excitability of the motor cortex,30,31 a

disinhibition of GABAergic inhibitory interneurons32 and

an increased excitability of the corticospinal tract33 and of

spinal motoneuron pools.34 An associated real-time feed-

back system (e.g., a robotic orthosis, NMES or a virtual

reality avatar) that reproduces the intended action (e.g.,

finger extension) allows patients to purposefully control

sensorimotor oscillations.24 Similar to motor learning

mechanisms, BCI-mediated motor training is thought to

involve Hebbian neuroplasticity, error-based learning, and

reward-based learning.35

In 2008, Buch et al. showed that severely paralyzed

chronic stroke patients could learn to control their ipsile-

sional SMR.21 Since then, an international effort has taken

place to investigate whether repeated BCI training can lead

to motor recovery. Several studies reported neurological

and behavioral improvements, such as increased event-

related desynchronization (ERD) of SMR in the ipsile-

sional hemisphere,36,37 changes of motor-related func-

tional connectivity assessed by functional magnetic

resonance imaging;38 increased control of volitional elec-

tromyographic activity of the paralyzed muscles,37,39 and

learned control of the reanimated hand and arm.32,34–37,40

These results have encouraged the use of BCI in post-

stroke motor rehabilitation, but however clinical efficacy is

unknown so far. In this article, we aim to quantify the
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effectiveness of BCI training in post-stroke rehabilitation

through a meta-analysis on existing randomized controlled

trials (RCTs) that report changes in motor function

between the beginning and end of the intervention. In

doing so, we reviewed all available reports on RCTs that

used such techniques and provided pre- and postinterven-

tion motor impairment scores for both the experimental

and control groups, which consisted of standard therapy,

robotic therapy, electrical stimulation, motor imagery, or

sham BCI feedback.

Methods

Search strategy and eligibility criteria

We searched for articles in MEDLINE (https://www.ncbi.

nlm.nih.gov/pubmed), CENTRAL (http://onlinelibrary.wi

ley.com/advanced/search) and PEDro (https://search.ped

ro.org.au/search) databases using the keywords; brain-

computer/machine interface, stroke, rehabilitation and

trial. To identify all current trials, we also examined the

references of over 20 key review articles (as of December

2016). We follow the PRISMA guidelines for reporting

systematic literature review and meta-analysis

(Appendix S1).43 We included RCTs, where participants

underwent BCI intervention for post-stroke motor reha-

bilitation. We excluded studies in which (non-sham) BCI

was part of the therapy in both experimental and control

groups, and studies that did not provide motor impair-

ment assessment scores pre- and post-intervention. We

considered both studies published in peer-reviewed con-

ference proceedings and journals in order to maximize

the number of included trials.

Articles retrieved by the search were screened by read-

ing the title and abstract. Potentially eligible studies were

then analyzed in full length. Eligibility of the studies was

assessed independently by two authors and discussed later

to resolve any disagreement. Studies providing pre- and

postintervention motor outcomes were considered for the

systematic review, whereas only studies providing motor

impairment scores (such as Fugl-Meyer Assessment

(FMA)44) were considered for the meta-analysis.

Figure 1. Illustration of typical brain-computer interface (BCI) systems used in post-stroke motor rehabilitation highlighting sensory feedback

modalities. EEG = electroencephalography, NIRS = near-infrared spectroscopy, ECoG = electrocorticography, SMR = sensorimotor rhythm,

MRCP = motor-related cortical potential.
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Meta-analysis method

For each study, two authors independently extracted the

following information and analyzed the risk of bias: (1)

participants’ characteristics (including sample size, age,

time from stroke, type of stroke and motor impairment);

(2) inclusion/exclusion criteria for the trial; (3) character-

istics of the intervention; (4) outcome measures consid-

ered and (5) type of control group. We contacted the

investigators whenever some key piece of information was

missing in the published report.

The intervention effect for each study was calculated as

the standardized difference in means (SMD) of mean

change in the selected outcome measure between the

experimental and the control group, based on Hedge’s

equation with a correction for small studies.45 Heterogene-

ity in the intervention effect is inevitable as the included

trials had differences in the study design. Hence, we per-

formed a DerSimonian and Laird’s random-effect analy-

sis46 to estimate the mean intervention effect and its 95%

confidence interval (CI). We further computed the 95%

prediction interval (PI) of the effect estimate dispersion

across studies, the interval where the intervention effect of

a new study will fall with 95% probability. Heterogeneity

between studies was calculated using Higgins’ I2 statistic

(0%: homogeneity; 50%: moderate heterogeneity; 100%:

heterogeneity),47,48 which indicates the percentage of vari-

ance that can be due to actual inter-study heterogeneity.

The possible causes for the heterogeneity are explored

using two subgroup analyses: (1) control group selection

and (2) participant’s post-stroke recovery phase.

We also assessed the possibility of publication bias by

plotting the SMD against its precision, measured as the

standard error of SMD. We then conducted Egger’s linear

regression method to detect funnel plot asymmetry49 and

determine whether studies with negative results are miss-

ing in the literature. All the analyses presented in this

report were performed in using the mais software package

of StataIC 14.44, 45

Results

Search results

A total of 524 articles were initially identified, and after

duplicate removal, the titles and abstracts of 473 publica-

tions were screened. Out of these, 26 articles were desig-

nated as BCI post-stroke motor rehabilitation trials

(Fig. 2). Out of these 26, 12 articles were discarded based

on the following exclusion criteria: (a) redundant report

(n = 6; that correspond to a clinical trial already reported

in an included article), (b) no valid BCI control (n = 5;

e.g., BCI was also used as the control intervention), or (c)

not provided motor score outcome (n = 1). The remain-

ing 14 articles were kept for the qualitative synthesis.

Interestingly, most of the selected articles reported FMA

scores before and after the intervention (9 upper limb

and one lower limb trials) and all were noninvasive trials.

Among the 14 remaining trials, we found two upper limb

studies that satisfied all inclusion criteria but did not mea-

sure FMA scores. The first, Rayegani et al. (N = 20)52

reported significant improvement in Jebsen Hand Function

Test53 score in six out of seven test items in the neurofeed-

back group and only three in the occupational therapy

group. The second, Jang et al.54 compared a BCI system

coupled to NMES with NMES alone for the treatment of

shoulder subluxation in stroke patients (N = 20). They

reported a significant improvement in pain scores and

Manual Function Test (MFT),55 but the difference between

the groups was significant in only two items of the MFT.

We also identified three studies that targeted lower limb:

(1) Mrachacz-Kersting et al.56 reported improvements in

FMA for lower extremity score (mean difference of

0.8 � 0.46) in chronic stroke patients (N = 22), where

they estimated reaction time from offline EEG, which was

then used for delivering peroneal nerve stimulation during

interventional trials (i.e., online trials), but not in the sham

feedback group. Note that this study was not based on

instantaneous decoding of movement intention for provid-

ing feedback, but was based on estimated reaction time

from offline measurements. (2) Chung et al. (N = 10)

Figure 2. Flow diagram of study selection.
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reported significant differences in Timed Up and Go test,

cadence and step length in the experimental group (BCI

coupled NMES triggered ankle dorsiflexion) compared to a

control group (NMES alone).57 (3) Lee et al. (N = 20)

reported significant improvements in velocity and gait

cadence in neurofeedback therapy compared to pseudo-

neurofeedback control.58

In order to simplify the current study we restricted the

meta-analysis to upper limb trials reporting FMA (total

of 9 trials; excluding the above two upper limb trials and

three lower limb trials), due to a limited number of avail-

able trials for other motor assessments and lower limb

interventions.

Characteristics of the studies included in the
meta-analysis

Among these nine studies (combined N = 235, where

sample size varied from 14 to 47; Table 1), one reported

preliminary results of a clinical trial,59 and one reported

results in a conference paper.60 Patients with first-ever

ischemic or hemorrhagic stroke (cortical and subcortical)

confirmed by a computer tomography or magnetic reso-

nance imaging scan and hemiplegia or hemiparesis caused

by the stroke were included in these trials. Subjects were

excluded if they had medical instability, cognitive or

visual impairment, and high muscle spasticity. The mean

age of the participants ranged from 49.3 � 12.5 to

67.1 � 5.51 years. Six studies targeted chronic

patients,39,41,59–62 whereas the remaining three studies tar-

geted,42,63,64 patients in the subacute phase, with a mean

time from stroke approximately ranging from 2 to

4.5 months. In eight out of the nine studies, the BCI

relied on the detection of ERD of SMR related to motor

imagery. The other study used near-infrared spectroscopy

(NIRS) to measure task-related changes in levels of oxy-

genated and deoxygenated hemoglobin from the sensory-

motor cortices.63 The motor intent detection signals were

then used to trigger a sensory feedback provided by exter-

nal devices (orthosis, robot, NMES system or visual dis-

play). The duration of therapies ranged from two to eight

weeks. The nature of the control group differed across

studies: sham-feedback triggered orthosis movement at

random instances in four studies,39,59,60,63 one study used

conventional therapy,62 one study used robot-assisted

training,41 one study used NMES,64 and one study used

motor imagery.42 Ang et al.61 reported results of two dif-

ferent control groups: robot only and conventional therapy

only. Whenever available, we used the results of control

groups undergoing conventional therapy. No significant

adverse effects due to the rehabilitation were reported,

although in one of the studies a patient dropped out due

to a mild seizure during the intervention.61

Two authors independently assessed the risk of bias in

studies selected for the meta-analysis and; disagreements

were resolved by discussion. Six different factors proposed

by the Cochrane Organization (http://www.cochrane.org/)

were analyzed in each study. For each of these elements,

authors assessed the risk as low (“+”), high (“-”) or

unclear (“?”) following the Cochrane guidelines. When-

ever information could not be found in the published

reports, we contacted the authors for more details. A

summary of the risk of bias under the six factors is illus-

trated in Table 2.

Meta-analysis of upper limb intervention
trials

The mean and standard deviations of the FMA for

upper extremity (FMA-UE) changes for the experimen-

tal and control groups in each study are presented in

Table 3. The number of groups that showed improve-

ments above minimal clinically important difference

(MCID = 5.2565) was six and three for BCI groups and

controls, respectively. The results of the main meta-ana-

lysis comparison are presented in a forest plot (Fig. 3).

The SMD favors BCI therapy versus control in eight

out of nine studies. The most effective therapy was

reported by Kim et al., where an SMD of 1.86 was

found between BCI and control conventional therapy

groups.36 In five studies, the lower bound for the 95%

CI lies above the no-effect (SMD = 0) vertical line. The

only result not favoring BCI was presented in Ang

et al. with an SMD of �0.26.41 The combined interven-

tion effect found is with an SMD of 0.79 (95% CI:

0.37 to 1.20). The weights of the studies, which are a

function of the standard error of the intervention effect,

range from 8.45% to 14.00%; the contributions of each

study to the result are comparable. Finally, we observed

an I2 coefficient of 51.1%, reflecting considerable

heterogeneity in the intervention effect. The 95% PI

ranged from �0.39 to 1.97, showing that most new

studies are likely to fall on the positive side, and a few

are expected to report negative results.

We found five subgroups among all the control groups

that may have impacted heterogeneity: (1) standard ther-

apy, (2) robot only, (3) sham feedback, (4) NMES, and

(5) motor imagery only (Fig. 4). The smallest difference

between experimental and control groups can be found

for the robot only subgroup with an SMD of 0.63 (95%

CI: �0.50 to 1.76), whereas the major difference between

the study arms is obtained for motor imagery subgroup

where an SMD of 0.86 (95% CI: 0.08 to 1.64) was found.

For the sham feedback subgroup, the intervention effect

is slightly lower than for motor imagery subgroup, with

an SMD of 0.80 (95% CI: 0.33 to 1.27). Overall, in all five

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 655

M. A. Cervera et al. BCIs in post-stroke Motor Rehabilitation

http://www.cochrane.org/


T
a
b
le

1
.
C
h
ar
ac
te
ri
st
ic
s
o
f
st
u
d
ie
s
se
le
ct
ed

fo
r
th
e
m
et
a-
an

al
ys
is
.

A
u
th
o
rs

N
(e
xp
/c
tr
l)

A
g
e
(m

ea
n
�

st
d

o
r
m
ea
n
(2
5
%
,

7
5
%

q
u
ar
ti
le
s)
)

Ti
m
e
fr
o
m

st
ro
ke

B
C
I
In
te
rv
en

ti
o
n

m
et
h
o
d

C
o
n
tr
o
l
G
ro
u
p

In
te
rv
en

ti
o
n
ti
m
e
(t
o
ta
l
se
ss
io
n
n
)

O
u
tc
o
m
e
M
ea
su
re
s

A
n
g
et

al
.6
1

2
1
(6
/8
/7
)

5
4
.2

�
1
2
.4

3
8
5
.1

�
1
3
1
.8

d
M
I-
B
C
I
(E
EG

)
to

d
ri
ve

h
a
p
ti
c
k
n
o
b

H
ap

ti
c
kn

o
b

St
d
A
rm

Th
.

9
0
m
in
/d
ay
s,

3
d
/w

,
6
w

(2
7
h
)

FM
A
-U

E

A
n
g
et

al
.4
1

2
5
(1
1
/1
4
)

5
1
.4

�
1
1
.6

2
9
7
.4

�
2
3
8
.7

d
M
I-
B
C
I
(E
EG

)
to

d
ri
ve

M
IT
-M

a
n
u
s
ro
b
o
t

M
IT
-M

an
u
s

o
n
ly

1
h
/d
,
4
d
ay
s/
w
,
4
w

(1
6
h
)

FM
A
-U

E

Fr
o
lo
v
et

al
.5
9

4
7
(3
6
/1
1
)

5
6
.0

(4
7
.0
;
6
4
.0
)/

5
8
.0

(4
8
.0
;7
3
.0
)

9
.0

m
(5
.0
;
1
3
.5
)/

2
.0

m
(1
.0
;
1
2
.0
)

M
I-
B
C
I
(E
EG

)
to

d
ri
ve

h
an

d
e
x
o
sk
e
le
to
n

Sh
am

4
0
m
in
/d
,
5
d
/w

ee
ks
,
1
2
se
s
(8

h
)

FM
A
,
A
R
A
T,

M
A
S

K
im

et
al
.6
2

3
0
(1
5
/1
5
)

5
9
.0
7
�

8
.0
7
/

5
9
.9
3
�

9
.7
9

8
.2
7
�

1
.9
8
/

7
.8
0
�

1
.7
8
m

M
I-
B
C
I
(E
EG

)
to

tr
ig
g
er

N
M
E
S
o
n
th
e
w
ri
st

C
o
n
ve
n
ti
o
n
al

Th
.

3
0
m
in
/d
,
5
d
/w

ee
ks
,
4
w

(1
0
h
)

FM
A
-U

E
,

M
A
L,

M
B
I,
R
O
M

Le
eb

et
al
.6
0

1
8
(9
/9
)

5
5
.1

�
1
1
.0

3
7
.3

�
4
3
.9

m
M
I-
B
C
I
(E
EG

)
to

tr
ig
g
er

N
M
E
S

Sh
am

1
h
/d
,
2
d
/w

,
5
w

(1
0
h
)

FM
A
-U

E

Li
et

al
.6
4

1
4
(7
/7
)

6
6
.3

�
4
.5
3
/

6
7
.1

�
5
,5
1

2
.2
1
�

1
.6
9
/

2
.7
9
�

1
.8
5
m

M
I-
B
C
I
(E
EG

)
to

tr
ig
g
er

N
M
E
S
a
n
d
v
is
u
a
l

fe
e
d
b
a
ck

El
ec
tr
ic
al

st
im

u
la
ti
o
n

1
h
/d
,
3
d
/w

,
8
w

(2
4
h
)

FM
A
-U

E
,
A
R
A
T

M
ih
ar
a
et

al
.6
3

2
0
(1
0
/1
0
)

5
8
.1

�
8
.3

1
3
5
.0

�
3
8
.2

d
M
I-
B
C
I
(N
IR
S)

to
p
ro
vi
d
e

v
is
u
a
l
fe
e
d
b
a
ck

Sh
am

3
d
/w

,
2
w

(6
h
)

FM
A
-U

E
,
A
R
A
T,

M
A
L,

K
V
IQ
-1
0

Pi
ch
io
rr
i
et

al
.4
2

2
8
(1
4
/1
4
)

6
4
.1

�
8
.4
/

5
9
.6

�
1
2
.7

2
.7

�
1
.7
/

2
.5

�
1
.2

m

M
I-
B
C
I
(E
EG

)
to

d
ri
ve

v
ir
tu
a
l
h
a
n
d
fe
e
d
b
a
ck

M
I
o
n
ly

3
d
/w

,
4
w
(1
2
h
)

FM
A
-U

E
,

M
R
C
,
N
IH
SS

R
am

o
s-
M
.
et

al
.3
9

3
2
(1
6
/1
6
)

4
9
.3

�
1
2
.5
/

5
0
.3

�
1
2
.2

6
6
�

4
5
/

7
1
�

7
2
m

M
I-
B
C
I
(E
EG

)
to

co
n
tr
o
l

a
rm

/h
a
n
d
o
rt
h
o
si
s

Sh
am

5
d
/w

,
4
w

(2
0
h
)

cF
M
A
-U

E
,
G
A
S,

M
A
L,

A
sh
w
o
rt
h

Ti
m
e
fr
o
m

st
ro
ke

an
d
in
te
rv
en

ti
o
n
ch
ar
ac
te
ri
st
ic
s
ar
e
g
iv
en

in
se
ss
io
n
s
(s
es
)
m
in
u
te
s
(m

in
),
h
o
u
rs

(h
),
d
ay
s
(d
),
w
ee
ks

(w
)
an

d
m
o
n
th
s
(m

).
Pr
o
vi
d
ed

o
u
tc
o
m
e
m
ea
su
re
s
ar
e:

Fu
g
l-
M
ey
er

A
ss
es
sm

en
t

fo
r
th
e
U
p
p
er
-E
xt
re
m
it
y
(F
M
A
-U
E)
,
M
o
to
r
A
ct
iv
it
y
Lo
g
(M

A
L)
,
M
o
d
ifi
ed

B
ar
th
el

In
d
ex

(M
B
I),

R
an

g
e
o
f
M
o
ti
o
n
(R
O
M
),
A
ct
io
n
R
es
ea
rc
h
A
rm

Te
st

(A
R
A
T)
,
K
in
es
th
et
ic

an
d
V
is
u
al

Im
ag

er
y
Q
u
es
ti
o
n
-

n
ai
re
-1
0
(K
V
IQ
-1
0
),

M
ed

ic
al

R
es
ea
rc
h
C
o
u
n
ci
l
sc
al
e
fo
r
m
u
sc
le

st
re
n
g
th

(M
R
C
),

N
at
io
n
al

In
st
it
u
te

H
ea
lt
h

St
ro
ke

Sc
al
e
(N
IH
SS
),

G
o
al

A
tt
ai
n
m
en

t
Sc
o
re

(G
A
S)
,
M
o
d
ifi
ed

A
sh
w
o
rt
h
Sc
al
e
(M

A
S)
.

Pa
ti
en

t’
s
st
at
is
ti
cs

(m
ea
n
ag

e
an

d
ti
m
e
fr
o
m

st
ro
ke
)
ar
e
p
ro
vi
d
ed

ei
th
er

in
d
ep

en
d
en

tl
y
fo
r
th
e
ex
p
er
im

en
ta
l
an

d
co
n
tr
o
l
g
ro
u
p
s
o
r
fo
r
th
e
w
h
o
le

p
ar
ti
ci
p
an

t
p
o
p
u
la
ti
o
n
d
ep

en
d
in
g
o
n
th
e
d
at
a
th
at

w
as

p
ro
vi
d
ed

in
ea
ch

st
u
d
y.

656 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

BCIs in post-stroke Motor Rehabilitation M. A. Cervera et al.



subgroups, the intervention was more effective in the BCI

group compared to the control group. In the second sub-

group analysis on the post-stroke recovery phase, we

found higher intervention effect for the subacute sub-

group with an SMD of 0.88 (95% CI: 0.35 to 1.41), com-

pared to the chronic subgroup (SMD of 0.76 (95% CI:

0.15 to 1.38)), but with a substantial overlap in CI

(Fig. 5).

We found no evidence of publication bias (Egger’s

test,49 P = 0.353) by exploring the asymmetry of distribu-

tion of study findings and the summary effect size using a

funnel plot (Fig. 6). Studies reside at the bottom part of

the plot, suggesting small sample sizes. Furthermore, two

studies lie outside the region delimitated by the pseudo

95% confidence intervals (dotted lines), reflecting high

heterogeneity between studies.

Discussion

A number of clinical studies reported that repeated use of

BCI systems after stroke could trigger neurological recov-

ery, but the clinical effectiveness and effect size of

repeated BCI-based neurorehabilitation training was

unknown so far. We conducted a meta-analysis on avail-

able BCI intervention-based clinical trials as of December

2016. The analysis is limited to motor scales, as measure-

ments of ADL and cost-effectiveness were unavailable. As

there was only a limited number of trials that reported

non-FMA motor outcome measures and limited lower

limb trials, we restricted the current meta-analysis to

upper limb trials that reported FMA as a post-stroke

motor outcome. A more comprehensive meta-analysis

(e.g., examining the summary effect of various outcome

measures such as motor/non-motor/ADL/stroke-severity

and composite measures; as well as subgroup analyses

such as early vs. late, upper limb vs. lower limb training

and therapy dose) could be conducted in the future, as

the results of more randomized clinical trials become

available.

Interpretation of BCI intervention summary
effect

Evaluating all available data on RCTs that applied BCI

training to restore motor function after stroke, we found

an SMD of 0.79 (95% CI: 0.37 to 1.20), meaning that the

average FMA-UE score of the experimental group is sepa-

rated by 79% of the pooled standard deviation from the

control group. This evidence is in the medium (=0.35) to
large (=0.8) range66 and is comparable to widely applied

therapy methods such as, CIMT (15 studies, N = 355,

SMD of 0.33 with 95% CI: 0.33 to 1.42, I2=78%)67 mirror

therapy (11 studies, N = 481, SMD of 0.61 with 95% CI:

0.22 to 1.00, I2=75%)6 and mental practice (5 studies,

N = 102, 0.62 of with 95% CI: 0.05 to 1.19).68 Further-

more, it clearly stands out in the context of other emerg-

ing technologies such as robotic interventions (31 studies,

N = 1078, SMD of 0.35 with 95% CI: 0.18 to 0.51,

I2 = 36%),6 tDCS (7 studies, N = 431, SMD of 0.11, with

95% CI of 0.33 to 1.42, I2 = 41%)69 and VR (10 studies,

Table 2. Risk of bias of upper limb studies included in the meta-analysis (“+” = low risk; “-” = high risk; “?” = unclear risk).

Study

Random

Sequence

Generation

Allocation

Concealment

Blinding of

participants and

personnel

Blinding of

outcome

assessment

Incomplete

outcome data

Selective

reporting

Ang et al.50 + + ? + + +

Ang et al.36 + + ? + + +

Frolov et al.48 ? ? + + + +

Kim et al.51 + + + + + +

Leeb et al.49 + + ? ? + ?

Li et al.53 + + ? ? + +

Mihara et al.52 + + + + + +

Pichiorri et al.37 ? + + + + +

Ramos-M et al.34 + + + + + +

Table 3. Mean FMA-UE changes (m) with standard deviations (sd)

and number of subjects (n) in the BCI and control groups for the

included upper limb trials.

Study
Experimental Control

FMA-UE Change m sd n m sd n

Ang et al.61 7.2 2.3 6 4.9 4.1 7

Ang et al.41 4.55 6.07 11 6.21 6.33 14

Frolov et al.59 5.25 4.50 36 4.09 2.91 11

Kim et al.62 7.87 2.42 15 2.93 2.74 15

Leeb et al.60 8.6 5.0 9 2.4 3.4 9

Li et al.64 12.7 11.3 7 6.7 4.1 7

Mihara et al.63 4.8 2.6 10 2.3 1.8 10

Pichiorri et al.42 13.6 8.9 14 6.5 7.0 14

Ramos-Murguialday et al.39 3.4 2.2 16 0.36 4.2 16
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N = 363, SMD of 0.27 with 95% CI: 0.05 to 0.49,

I2 = 9%) interventions. Regarding actual FMA-UE scores,

we found six studies with improvements that exceeded a

MCID of 5.25 points in the BCI groups, whereas such

improvements occurred in only three control groups. Of

note, in six out of nine studies the differences in means

Figure 3. Intervention effect measured as changes in upper-extremity Fugl-Meyer Assessment (FMA-UE) scores between pre- and

postintervention (standardized mean difference (SMD), Random-Effects). The mean effect is represented as a diamond in the forest plot, whose

width corresponds to the 95% CI, whereas the PI is shown as a bar superposed to the diamond. Box sizes reflect the contribution of the study

toward the total intervention effect.

Figure 4. Subgroup Analysis 1: Standardized mean difference (SMD) of upper-extremity Fugl-Meyer Assessment (FMA-UE) scores in the studies

under the random-effect assumption for the different interventions in the control group.
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of functional gains between the experimental and control

groups remain below the MCID.65

The subgroup analysis of the type of control group

revealed higher SMD for motor imagery than sham-feed-

back, robot, NMES and standard therapy. Similarly, we

found a higher intervention effect for the subacute stroke

group of studies with an SMD compared to the chronic

stroke group. The subgroup analysis results are not

conclusive though, due to the low number of studies that

were included in each subgroup. There was no evidence

of publication bias, however the included studies had low

sample sizes.

BCI-induced functional and structural
neuroplasticity at a subclinical level

Since it was shown that repeated use of neuroelectric or

neuromagnetic BCI systems after stroke can lead to long-

lasting effects on functional brain oscillatory activity (e.g.,

magnitude of event-related desynchronization70 or hemi-

spheric blood-oxygen-level-dependent signals, BOLD39),

follow-up studies indicated that such BCI paradigm may

also lead to structural reorganization of the brain (as

measured by diffusion tensor imaging71–74). Another

study that used real-time functional magnetic resonance

imaging showed that just two training sessions were suffi-

cient to increase ipsilesional cortico-subcortical resting

state connectivity in 3 out of 4 stroke survivors.75

This functional and structural reorganization may

reflect improved motor planning and execution which, in

some cases, may not have reached a measurable level using

clinical assessments focusing on sensorimotor function

(e.g., the FMA). Most published clinical trials using BCI

systems for upper limb rehabilitation hint at such subclin-

ical effects. Mihara et al.,63 for instance, reported increased

motor imagery-related BOLD activity in the premotor area

Figure 6. Funnel plot showing the precision (standard error of

standardized mean difference, SMD) against the effect size (SMD).

The continuous vertical line shows the position of the overall

combined effect, whereas dotted lines show pseudo 95% confidence

limits.

Figure 5. Subgroup Analysis 2: Standardized mean difference of upper-extremity Fugl-Meyer Assessment (FMA-UE) scores in the studies under

the random-effect assumption. Studies are grouped into chronic and subacute phase.
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in a group trained with a BCI compared to a group receiv-

ing placebo-BCI training. Similarly, Pichiorri et al. 42

reported improved desynchronization in the mu and beta

bands recorded over the ipsilesional primary motor cortex

during motor imagery. Corbet et al.60,76 showed improved

ipsilesional connectivity in the mu and beta bands after

BCI-NMES training compared to a group undergoing pla-

cebo-BCI training. Other studies have reported shifts in

hemispheric EEG activity41 and increase in ipsilesional

movement-related cortical potentials as well as motor-

evoked potentials.56 In addition, some of these neurophys-

iological measures correlated with behavioral improve-

ments: (1) EEG-based Brain Symmetry index could

predict the functional motor outcomes in Ang et al. 41;

(2) changes in ipsilesional connectivity measures in mu-

rhythms correlated with improvements in FMA-UE scores

in both Corbet at al.60,76 and Pichiorri et al.42 In the

future, BCIs could be further customized to facilitate

structural and functional plasticity for reorganization of

target brain regions and directed augmentation of sensori-

motor maps to maximize their efficacy and viability in

clinical applications.77

While the current results are encouraging, the field is

yet to uncover the exact mechanisms of recovery underly-

ing BCI training and the factors influencing BCI-aided

rehabilitation success (e.g., type of lesion, the phase of

recovery, dosage and intensity of BCI training). Major

technological advances to maximize training effects,

including the optimization of BCI system parameters, and

to increase the practicality (e.g., shorter calibration) of

these devices in a hospital or home environment are

essential for the translation and broad adoption of BCI-

based rehabilitation after stroke.

Conclusions

Effects of BCI-based neurorehabilitation on upper-limb

motor function show a medium to large effect size and

can improve FMA-UE scores more than other conven-

tional therapies. Besides motor outcomes, a number of

studies also reported BCI-induced functional and struc-

tural neuroplasticity at a subclinical level, some of which

also correlated with improved motor outcomes. More

studies with larger sample size are required to increase

the reliability of these results.

Acknowledgments

With thank Mr. Ang, Ms. Mokienko, and Mr. Leeb for

Ms. Chevalley for suggestions on the data collection and

systematic review pipeline, Mr. Runnalls, Mr. Acon and

Mr. Perez-Marcos for English proofreading, and Mr. Pardo

for help with the illustration of Figure 1. MC would also

like to show her gratitude to the Obra Social La Caixa for

supporting her throughout the masters degree.

Author Contribution

MC, NB, and GG were involved in data collection. MC

and GG performed the data analysis. MC, SRS, JU, JdRM,

ML, NB and GG were involved in data interpretation,

writing and editing the manuscript.

Conflict of Interest

At the time of data collection and writing, MC and GG

were employees of MindMaze SA, Switzerland and

NB was an employee of Wyss Center, Switzerland. JU

and ML are collaborating with Panasonic Inc., Japan.

References

1. Organization WH. 2014. The top 10 causes of death. July

2013. Available Who Intmediacentrefactsheetsfs310en. Last

Accessed July 2014.

2. Association S. State of the Nation, Stroke Statistics. 2016;

Available from: https://www.stroke.org.uk/sites/default/files/

stroke_statistics_2015.pdf

3. Lawrence ES, Coshall C, Dundas R, et al. Estimates of the

prevalence of acute stroke impairments and disability in a

multiethnic population. Stroke 2001;32:1279–1284.
4. Lang CE, Beebe JA. Relating movement control at 9 upper

extremity segments to loss of hand function in people with

chronic hemiparesis. Neurorehabil Neural Repair

2007;21:279–291.
5. Taub E, Uswatte G, Pidikiti R. Constraint-induced

movement therapy: a new family of techniques with broad

application to physical rehabilitation–a clinical review. J

Rehabil Res Dev 1999;36:237.

6. Thieme H, Mehrholz J, Pohl M, et al. Mirror therapy for

improving motor function after stroke. Stroke 2013;44:e1–e2.
7. Zimmermann-Schlatter A, Schuster C, Puhan MA, et al.

Efficacy of motor imagery in post-stroke rehabilitation: a

systematic review. J Neuroengineering Rehabil 2008;5:8.

8. Barclay-Goddard R, Stevenson T, Thalman L, Poluha W.

Mental practice for treating upper extremity deficits in

individuals with hemiparesis after stroke. Stroke 2011;42:

e574–e575.
9. Ertelt D, Small S, Solodkin A, et al. Action observation has

a positive impact on rehabilitation of motor deficits after

stroke. NeuroImage 2007;36:T164–T173.

10. Hao Z, Wang D, Zeng Y, Liu M. Repetitive transcranial

magnetic stimulation for improving function after stroke.

Sao Paulo Med J 2013;131:440–440.
11. Ziemann U. Thirty years of transcranial magnetic

stimulation: where do we stand?. Exp Brain Res

2017;235:1–12.

660 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

BCIs in post-stroke Motor Rehabilitation M. A. Cervera et al.

https://www.stroke.org.uk/sites/default/files/stroke_statistics_2015.pdf
https://www.stroke.org.uk/sites/default/files/stroke_statistics_2015.pdf


12. Kang N, Summers JJ, Cauraugh JH. Transcranial direct

current stimulation facilitates motor learning post-stroke: a

systematic review and meta-analysis. J Neurol Neurosurg

Psychiatry 2016;87:345–355.

13. Dawson J, Pierce D, Dixit A, et al. Safety, feasibility, and

efficacy of vagus nerve stimulation paired with upper-limb

rehabilitation after ischemic stroke. Stroke 2016;47:143–150.

14. Mehrholz J, Pohl M, Platz T, et al. Electromechanical and

robot-assisted arm training for improving activities of

daily living, arm function, and arm muscle strength after

stroke. Cochrane Libr 2015; doi: 10.1002/14651858.

CD006876.pub4. CD006876.

15. Chaudhary U, Birbaumer N, Ramos-Murguialday A.

Brain-computer interfaces for communication and

rehabilitation. Nat Rev Neurol 2016;12:513–525.

16. R€osser N, Fl€oel A. Pharmacological enhancement of motor

recovery in subacute and chronic stroke.

NeuroRehabilitation 2008;23:95–103.
17. Chollet F, Tardy J, Albucher J-F, et al. Fluoxetine for

motor recovery after acute ischaemic stroke (FLAME): a

randomised placebo-controlled trial. Lancet Neurol

2011;10:123–130.
18. Wolpaw JR. Brain-computer interfaces. Handb Clin

Neurol 2012;110:67–74.
19. Alimardani M, Nishio S, Ishiguro H. The importance of

visual feedback design in BCIs; from embodiment to

motor imagery learning. PLoS ONE 2016;11:e0161945.

20. Pfurtscheller G, Neuper C. Future prospects of ERD/ERS

in the context of brain–computer interface (BCI)

developments. Prog Brain Res 2006;159:433–437.
21. Buch E, Weber C, Cohen LG, et al. Think to move: a

neuromagnetic brain-computer interface (BCI) system for

chronic stroke. Stroke 2008;39:910–917.

22. Chaudhary U, Xia B, Silvoni S, et al. Brain-computer

interface–based communication in the completely locked-

in state. PLoS Biol 2017;15:e1002593.

23. Soekadar SR, Witkowski M, G�omez C, et al. Hybrid EEG/

EOG-based brain/neural hand exoskeleton restores fully

independent daily living activities after quadriplegia. Sci

Robot 2016;1:eaag3296.

24. Sitaram R, Ros T, Stoeckel L, et al. Closed-loop brain

training: the science of neurofeedback. Nat Rev Neurosci

2017;18:86–100.
25. van den Berg FE, Swinnen SP, Wenderoth N. Excitability

of the motor cortex ipsilateral to the moving body side

depends on spatio-temporal task complexity and

hemispheric specialization. PLoS ONE 2011;6:e17742.

26. Hasegawa K, Kasuga S, Takasaki K, et al. Ipsilateral EEG

mu rhythm reflects the excitability of uncrossed pathways

projecting to shoulder muscles. J Neuroengineering

Rehabil 2017;14:85.

27. Buetefisch CM. Role of the contralesional hemisphere in

post-stroke recovery of upper extremity motor function.

Front Neurol 2015;6:214.

28. Bundy DT, Souders L, Baranyai K, et al. Contralesional

brain–computer interface control of a powered exoskeleton

for motor recovery in chronic stroke survivors. Stroke.

2017;48:1908–1915. STROKEAHA.116.016304.

29. Dodd KC, Nair VA, Prabhakaran V. Role of the

contralesional vs. ipsilesional hemisphere in stroke

recovery. Front Hum Neurosci [Internet] 2017 [cited 2017

Nov 2];11:469. Available from: https://www.frontiersin.org/

articles/10.3389/fnhum.2017.00469/full

30. Soekadar SR, Witkowski M, Birbaumer N, Cohen LG.

Enhancing hebbian learning to control brain oscillatory

activity. Cereb Cortex N Y N 1991 2015;25:2409–2415.
31. Matsumoto J, Fujiwara T, Takahashi O, et al. Modulation

of mu rhythm desynchronization during motor imagery by

transcranial direct current stimulation. J Neuroengineering

Rehabil 2010;11:27.

32. Takemi M, Masakado Y, Liu M, Ushiba J. Event-related

desynchronization reflects downregulation of intracortical

inhibition in human primary motor cortex. J Neurophysiol

2013;110:1158–1166.
33. Hummel F, Andres F, Altenm€uller E, et al. Inhibitory

control of acquired motor programmes in the human

brain. Brain J Neurol 2002;125(Pt 2):404–420.

34. Takemi M, Masakado Y, Liu M, Ushiba J. Sensorimotor

event-related desynchronization represents the excitability

of human spinal motoneurons. Neuroscience 2015;25:58–
67.

35. Ushiba J, Soekadar S. Brain–machine interfaces for

rehabilitation of post-stroke hemiplegia. Prog Brain Res

2016;228:163–183.
36. Ono T, Tomita Y, Inose M, et al. Multimodal sensory

feedback associated with motor attempts alters BOLD

responses to paralyzed hand movement in chronic stroke

patients. Brain Topogr 2015;28:340–351.
37. Mukaino M, Ono T, Shindo K, et al. Efficacy of brain-

computer interface-driven neuromuscular electrical

stimulation for chronic paresis after stroke. J Rehabil Med

2014;46:378–382.
38. Young BM, Nigogosyan Z, Remsik A, et al. Changes

in functional connectivity correlate with behavioral

gains in stroke patients after therapy using a brain-

computer interface device. Front Neuroengineering

20147:25.

39. Ramos-Murguialday A, Broetz D, Rea M, et al. Brain–

machine interface in chronic stroke rehabilitation: a

controlled study. Ann Neurol 2013;74:100–108.

40. Kawakami M, Fujiwara T, Ushiba J, 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;34:789–797.

41. Ang KK, Chua KS, Phua KS, et al. A randomized

controlled trial of eeg-based motor imagery brain-

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 661

M. A. Cervera et al. BCIs in post-stroke Motor Rehabilitation

https://doi.org/10.1002/14651858.CD006876.pub4
https://doi.org/10.1002/14651858.CD006876.pub4
https://www.frontiersin.org/articles/10.3389/fnhum.2017.00469/full
https://www.frontiersin.org/articles/10.3389/fnhum.2017.00469/full


computer interface robotic rehabilitation for stroke. Clin

EEG Neurosci 2015;46:310–320.

42. Pichiorri F, Morone G, Petti M, et al. Brain-computer

interface boosts motor imagery practice during stroke

recovery. Ann Neurol 2015;77:851–865.
43. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P.

Preferred reporting items for systematic reviews and meta-

analyses: the PRISMA statement. PLoS Med 2009;6:

e1000097.

44. Fugl-Meyer AR, J€a€ask€o L, Leyman I, et al. The post-stroke

hemiplegic patient. 1. a method for evaluation of

physical performance. Scand J Rehabil Med 1974;7:13–31.
45. Hedges LV. Distribution theory for Glass’s estimator of effect

size and related estimators. J Educ Stat 1981;6:107–128.
46. DerSimonian R, Laird N. Meta-analysis in clinical trials.

Control Clin Trials 1986;7:177–188.
47. Higgins J, Thompson SG. Quantifying heterogeneity in a

meta-analysis. Stat Med 2002;21:1539–1558.
48. Higgins J, Thompson S, Deeks J, Altman D. Measuring

inconsistency in meta-analysis. Br Med J 2003;327:557–
560.

49. Egger M, Smith GD, Schneider M, Minder C. Bias in

meta-analysis detected by a simple, graphical test. BMJ

1997;315:629–634.
50. Sterne J. 2009. Meta-Analysis In Stata: An Updated

Collection From The Stata Journal. CRC PRESS.

51. StataCorp. 2015. Stata Statistical Software: Release 14.

College Station. TX StataCorp LP.

52. Rayegani S, Raeissadat S, Sedighipour L, et al. Effect of

neurofeedback and electromyographic-biofeedback therapy

on improving hand function in stroke patients. Top Stroke

Rehabil 2014;21:137–151.
53. Jebsen RH, Taylor N, Trieschmann R, et al. An objective

and standardized test of hand function. Arch Phys Med

Rehabil 1969;50:311–319.

54. Jang YY, Kim TH, Lee BH. Effects of brain-computer

interface-controlled functional electrical stimulation

training on shoulder subluxation for patients with stroke:

a randomized controlled trial. Occup Ther Int

2016;23:175–185.

55. Miyamoto S, Kondo T, Suzukamo Y, et al. Reliability and

validity of the manual function test in patients with stroke.

Am J Phys Med Rehabil 2009;88:247–255.
56. Mrachacz-Kersting N, Jiang N, Stevenson AJ, et al.

Efficient neuroplasticity induction in chronic stroke

patients by an associative brain-computer interface. J

Neurophysiol 2016;115:1410–1421.
57. Chung E, Park SI, Jang YY, Lee BH. Effects of brain-

computer interface-based functional electrical stimulation

on balance and gait function in patients with stroke:

preliminary results. J Phys Ther Sci 2015;27:513–516.
58. Lee Y-S, Bae S-H, Lee S-H, Kim K-Y. Neurofeedback

training improves the dual-task performance ability in

stroke patients. Tohoku J Exp Med 2015;236:81–88.

59. Frolov A, Mokienko O, Kh LR, et al. Preliminary results of

a controlled study of BCI–exoskeleton technology efficacy

in patients with post-stroke arm paresis. Becтник
Poccийcкoгo Гocyдapcтвeннoгo Meдицинcкoгo
Унивepcитeтa. 2016;(2 (eng)).

60. Leeb R, Biasiucci A, Schmidlin T, et al. BCI controlled

neuromuscular electrical stimulation enables sustained

motor recovery in chronic stroke victims. In 2016.

61. Ang KK, Guan C, Phua KS, et al. Brain-computer

interface-based robotic end effector system for wrist and

hand rehabilitation: results of a three-armed randomized

controlled trial for chronic stroke. Front Neuroeng

2014;7:30.

62. 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: a randomized controlled trial. Occup

Ther Int 2016;23:39–47.
63. Mihara M, Hattori N, Hatakenaka M, et al. Near-infrared

spectroscopy–mediated neurofeedback enhances efficacy of

motor imagery–based training in post-stroke victims.

Stroke 2013;44:1091–1098.
64. Li M, Liu Y, Wu Y, et al. Neurophysiological substrates

of stroke patients with motor imagery-based Brain-

Computer Interface training. Int J Neurosci 2014;124:

403–415.
65. 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;92:791.

66. Cohen J. Statistical power analysis for the behavioral

sciences. Lawrence Earlbaum Associates. Hillsdale NJ,

1988;20–6.

67. Constraint-induced movement therapy for upper limb

(arm) recovery after stroke | Cochrane [Internet]. [cited

2017 Mar 6]. Available from:/CD004433/STROKE_

constraint-induced-movement-therapy-upper-limb-arm-

recovery-after-stroke

68. Mental practice for treating upper extremity deficits in

individuals with hemiparesis after stroke | Cochrane
[Internet]. 2017. [cited 2017 Mar 6]. Available from:/

CD005950/STROKE_mental-practice-for-treating-upper-

extremity-deficits-in-individuals-with-hemiparesis-after-

stroke

69. Elsner B, Kugler J, Pohl M, Mehrholz J. Transcranial

direct current stimulation (tDCS) for improving

activities of daily living, and physical and cognitive

functioning, in people after stroke. Cochrane Libr

2016;3:CD009645.

70. Soekadar SR, Witkowski M, Mellinger J, et al. ERD-Based

Online Brain #x2013;Machine Interfaces (BMI) in the

Context of Neurorehabilitation: optimizing BMI Learning

and Performance. IEEE Trans Neural Syst Rehabil Eng

2011;19:542–549.

662 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

BCIs in post-stroke Motor Rehabilitation M. A. Cervera et al.



71. Song J, Young BM, Nigogosyan Z, et al. Characterizing

relationships of DTI, fMRI, and motor recovery in stroke

rehabilitation utilizing brain-computer interface

technology. Front Neuroengineering 2014;7:31.

72. Song J, Nair VA, Young BM, et al. DTI measures track

and predict motor function outcomes in stroke

rehabilitation utilizing BCI technology. Front Hum

Neurosci 2015;9:195.

73. Caria A, Weber C, Br€otz D, et al. Chronic stroke recovery

after combined BCI training and physiotherapy: a case

report. Psychophysiology 2011;48:578–582.

74. Zich C, Debener S, Schweinitz C, et al. High-intensity

chronic stroke motor imagery neurofeedback training at

home: three case reports. Clin EEG Neurosci 2017;48:

403–412.

75. Liew S-L, Rana M, Cornelsen S, et al. Improving motor

corticothalamic communication after stroke using real-

time fMRI connectivity-based neurofeedback. Neurorehabil

Neural Repair 2016;30:671–675.

76. Corbet T, Leeb R, Biasiucci A, et al. BCI-NMES therapy

enhances effective connectivity in the damaged hemisphere

in stroke patients. In 2016.

77. Oweiss KG, Badreldin IS. Neuroplasticity subserving the

operation of brain-machine interfaces. Neurobiol Dis

2015;83:161–171.

Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Appendix S1. The methodology for the search strategy,

data extraction and statistical analyses is described in

detail. Additionally, the results of two sensitivity analyses

are provided where, (1) the effect size is computed as the

difference of means, and (2) the robot only control in

Ang 2014 is used instead of the conventional therapy

control.
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