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ABSTRACT

Purpose: While current rehabilitation practice for improving arm and hand function relies on physical/occupational therapy, a growing body of research 
evaluates the effects of technology-enhanced rehabilitation. We review interventions that combine a brain-computer interface (BCI) with electrical stimulation 
(ES) for upper limb movement rehabilitation to summarize the evidence on (1) populations of study participants, (2) BCI-ES interventions, and (3) the BCI-ES 
systems. Method: After searching seven databases, two reviewers identified 23 eligible studies. We consolidated information on the study participants, 
interventions, and approaches used to develop integrated BCI-ES systems. The included studies investigated the use of BCI-ES interventions with stroke 
and spinal cord injury (SCI) populations. All studies used electroencephalography to collect brain signals for the BCI, and functional electrical stimulation was 
the most common type of ES. The BCI-ES interventions were typically conducted without a therapist, with sessions varying in both frequency and duration. 
Results: Of the 23 eligible studies, only 3 studies involved the SCI population, compared to 20 involving individuals with stroke. Conclusions: Future BCI-ES 
interventional studies could address this gap. Additionally, standardization of device and rehabilitation modalities, and study-appropriate involvement with 
therapists, can be considered to advance this intervention towards clinical implementation.

RÉSUMÉ

Objectif : les pratiques de réadaptation actuelles pour améliorer le fonctionnement de la main et du bras reposent sur la physiothérapie et l’ergothérapie, 
mais de plus en plus de recherches évaluent les effets de la réadaptation améliorée par la technologie. Les chercheurs analysent les interventions qui 
combinent une interface cerveau-ordinateur (ICO) à la stimulation électrique (SÉ) en réadaptation des mouvements des membres supérieurs pour résumer 
les données probantes sur 1) les populations de participants aux études, 2) les interventions d’ICO-SÉ et 3) les systèmes d’ICO-SÉ. Méthodologie : après 
avoir fouillé sept bases de données, deux analystes ont extrait 23 études admissibles. Les chercheurs ont regroupé l’information sur les participants 
aux études, de même que sur les interventions et les approches utilisées pour mettre au point des systèmes d’ICO-SÉ intégrés. Les études portaient sur 
l’utilisation des interventions d’ICO-SÉ auprès des populations victimes d’un accident vasculaire cérébral ou d’une lésion médullaire. Toutes faisaient appel 
à l’électroencéphalographie pour obtenir les signaux cérébraux de l’ICO, et la SÉ fonctionnelle était la SÉ la plus courante. Les interventions d’ICO-SÉ se 
déroulaient généralement sans thérapeute, et la fréquence et la durée des séances étaient variables. Résultats : sur les 23 études admissibles, seulement 
trois traitaient de la population victime d’une lésion médullaire, par rapport à 20 de personnes victimes d’un accident vasculaire cérébral. Conclusions : 
les futures études d’interventions d’ICO-SÉ pourraient corriger cette lacune. De plus, on peut envisager de standardiser les modalités des appareils et de la 
réadaptation et de prévoir une participation avec les thérapeutes adaptée à l’étude pour faire progresser cette intervention vers la mise en œuvre clinique.
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Upper limb impairments
Upper limb impairments, highly prevalent in individu-

als who experience stroke, are among the most common 
disabling deficits.1 Approximately 50% of stroke survivors 
experience persistent upper limb impairments.2 A similar 
trend is observed among individuals who experience spi-
nal cord injuries (SCIs).3 More specifically, cervical SCIs 
often result in tetraplegia, in which motor and sensory 
functions of the lower limbs, trunk, and upper limbs are 
affected. Estimates from Canada indicate that tetraplegia 
occurs in 44% of SCI cases.5 Several studies have revealed 
that individuals with tetraplegia consider regaining arm 
and hand function a priority for improving their quality 
of life.5–8

Upper limb impairments, such as weakness and 
spasticity, are also associated with upper motor neu-
ron (UMN) syndrome. UMNs are in the central nervous 
system and carry movement-related activity.6 Lesions in 
the UMNs occur if there is damage to the motor neurons 
above nuclei of cranial nerves or the cells in the anterior 
horn of the spinal cord.

Activity-based therapies
The most common approach for the treatment of 

impaired motor function following a neurological injury 
is rehabilitation interventions involving physical or occu-
pational therapy. More recently, the fundamental ele-
ments of therapeutic interventions have targeted direct 
involvement of the central nervous system and task-
specific movement practice.9 The interventions incor-
porating these elements are referred to as activity-based 
therapies (ABTs).9 ABTs stimulate neuroplastic changes by 
involving parts of the body affected by the injury in inten-
sive and repetitive task-oriented movements.10 Repetition 
and training intensity, considered examples of dosage, 
must be sufficient to stimulate neuroplastic change.11 
For example, ABT requires thousands of movement rep-
etitions.12,13 Technology, and robotic systems in particu-
lar, have been investigated as tools to increase intensity 
during upper limb rehabilitation.14 Lum and colleagues 
concluded that the primary benefit of robotic-assisted 
rehabilitation is to enable a greater number of repetitions, 
thus increasing the dosage of the intervention.15

Electrical stimulation
Another example of a widely used technology in reha-

bilitation is electrical stimulation (ES), which artificially 
activates nerves and muscles using electrical pulses. Two 
common types of ES in physical medicine are neuromus-
cular electrical stimulation (NMES) and functional elec-
trical stimulation (FES). NMES refers to the application 
of electrical charge to produce contractions in a single 
muscle. For example, clinically, NMES has been used to 
reduce pain and shoulder subluxation post-stroke.16 In 
comparison, FES applies stimulation to muscle groups to 

facilitate functional movements. In clinical practice, FES 
is used to support practicing tasks of daily living, such as 
holding and lifting commonly used objects like a water 
bottle. The combination of FES technology and physical/
occupational therapy has resulted in FES therapy (FEST), 
which can be used for unilateral and bilateral rehabili-
tation programmes. Several studies have successfully 
demonstrated that FEST can improve upper limb motor 
function in individuals with stroke and SCI.17–21

Brain-computer interface
An emerging technology increasingly investigated 

to support rehabilitation is a brain-computer interface 
(BCI).22 A BCI enables the user to interact with the envi-
ronment without movement, using only brain activity to 
control an external device (e.g., computer). In the rehabil-
itation of voluntary motor function, BCIs are commonly 
used to control devices that facilitate movement during 
therapy. In such applications, a BCI can also serve as a 
tool to verify the patient's engagement during therapy. 
For example, BCI and ES integration has resulted in a new 
rehabilitation strategy referred to as a BCI-controlled ES 
(BCI-ES) intervention. In BCI-ES interventions, the BCI 
activates the ES when it detects a patient's imagined or 
attempted movements practiced during therapy. From 
a neurological perspective, the descending motor com-
mand detected by the BCI is subsequently converted 
into an executed movement supported by ES. The BCI-
ES technology may enhance ABT by engaging the central 
nervous system and involving affected limbs in a large 
number of therapy sessions.23

Study objectives
The feasibility and efficacy of BCI-ES for upper limb 

rehabilitation has been reported in several studies, 
including randomized controlled trials. As these studies 
were conducted with various neurological populations, 
we aimed to identify gaps in the populations that have 
been exposed to BCI-ES interventions but could nonethe-
less benefit from BCI-ES. We also aimed to consolidate the 
information on proposed BCI and ES systems, strategies 
to integrate BCI and ES systems, and intervention dura-
tions and intensities. In addition, we generated a brief 
overview of the clinical outcome measures used to assess 
BCI-ES interventions.

This review examines the available literature on BCI-
ES interventions targeting upper limb motor rehabilita-
tion in order to answer the following questions:

1. Which populations of individuals with neurological 
injuries have participated in studies investigating BCI-
ES interventions for upper limb rehabilitation?

2. What have been the durations and intensities among 
the reported BCI-ES interventions for upper limb 
motor rehabilitation?
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3. What approaches have been used to develop BCI and 
ES systems and BCI-ES interventions for upper limb 
motor rehabilitation?

4. Which complementary technologies were used along-
side BCI and ES for upper limb motor rehabilitation?

METHODS
The present scoping review was conducted system-

atically, following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses guidelines with the 
scoping review extension (PRISMA-ScR; see PRISMA-ScR 
checklist in Supplemental Material). We used the frame-
work proposed by Arksey and O’Malley.24

Data sources and search strategy
The contents of seven electronic databases were 

searched, from each database’s inception to 5 Febru-
ary 2021: Cumulative Index of Nursing & Allied Health 
Literature (CINAHL), Embase, Emcare, Medline (Ovid), 
PubMed (non-Medline), Scopus, and Web of Science Core 
Collection. The search strategies were developed in col-
laboration with an Information Specialist, utilizing the 
PICO framework,25 with subject headings as appropriate 
for each database, and free text terms relevant to the topi-
cal concepts.

Our search strategy was as follows. The population we 
focused on was individuals with upper limb impairments, 
and the intervention was a brain-computer interface. The 
comparator, or more precisely the intervention qualifier, 
was electrical stimulation, to retrieve materials discussing 
BCI in combination with ES. No outcomes were stipulated 
to keep the results as comprehensive as possible. The 
results were limited to humans, but no date or language 
limits were applied at this point. The complete Medline 
search strategy is available in Appendix 1.

Study selection
After removing duplicates, two reviewers indepen-

dently conducted the screening of titles and abstracts 
based on the inclusion criteria. First, only peer-reviewed 
journal publications and conference proceedings were 
included. Second, the work described had to include the 
following four concepts: (1) brain-computer interface, 
(2) electrical stimulation, (3) upper limb intervention, 
and (4) assessments of motor function. We excluded dis-
sertations, books, book chapters, other review papers, 
and reports written in languages other than English. Fur-
thermore, we excluded animal studies and studies done 
in paediatric populations (i.e., less than 18 years of age). 
We also excluded reports missing any of the four inclu-
sion concepts, such as reports exclusively describing BCI-
ES technology. One reviewer fully extracted data relevant 
to the objectives, with a second reviewer checking the 
extracted data afterwards. The inclusion and exclusion 
criteria are shown in Figure 1.

Study descriptors
Study types

We distinguished between controlled studies (i.e., 
studies including a control group), single-arm interven-
tional studies, and case series and case studies grouped 
together as the last category.

Population
Neurological conditions: To characterize study partici-

pants based on neurological conditions, we recorded gen-
eral neurological descriptors reported in the studies as the 
underlying cause for the upper limb motor impairments.

Sex: For reporting on sex, we recorded the number of 
male and female participants reported in each study we 
analyzed.

Chronicity and time post injury: To characterize chro-
nicity, we relied on the time post-injury values reported 
in the included studies. These values referred to the 
time difference between the occurrence of a neurologi-
cal injury and the start of the intervention, expressed in 
days, months, or years. For the stroke population, we 
used the definitions of sub-acute (7 days to <6 months) 
and chronic stages (≥6 months) introduced by Bernhardt 
and colleagues.26 We could not find such definitions in the 
SCI population, so we used Fawcett and colleagues’ sug-
gestion of subacute (3 days to <12 months) and chronic 
(≥12 months) stages of rehabilitation.27

Severity of upper limb impairments: To describe the 
severity of upper limb impairments among the study 
participants, we relied primarily on baseline scores of 
clinical assessments, when available, and secondly on the 
descriptions provided by the authors. Specifically, in the 
stroke population we relied on the Fugl-Meyer Assess-
ment-Upper Extremity (FMA-UE) score.28 The FMA-UE 
measures impairment after stroke, with scores ranging 
from 0 to 66 points, with lower scores indicating greater 
impairment. It is one of the most used assessments in 
upper limb stroke rehabilitation research. Using the FMA-
UE score, Woytowicz and colleagues29 defined four levels 
of severity among individuals with stroke:

	 •	 Severe: zero to 15 points
	 •	 Severe–Moderate: 16 to 34 points
	 •	 Moderate–Mild: 35 to 53 points
	 •	 Mild: 54 to 66 points

In studies in which the modified FMA-UE (mFMA-UE) 
was used (without the coordination, speed, and reflexes 
subsections), with the score ranging from 0 to 54 points, 
the authors referred to the range between 0 and 25 points 
as severe upper limb impairment.30

In individuals with SCI, we relied on the American 
Spinal Injury Association Impairment Scale (AIS), a clini-
cal assessment with five grades, from grade A to grade E, 
ranging from the most severe impairment to the least.31
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Interventions and clinical outcome measures
Interventions: To characterize the BCI-ES interven-

tions, we recorded the number of sessions, frequency (i.e., 
number of sessions per week), and the length of a single 
session in minutes. We also recorded if the studies reported 
having a therapist present during the intervention.

Clinical outcome measures: We recorded the pre- 
and post-intervention scores on the clinical outcome 
measures (e.g., FMA-UE, Action Research Arm Test) to 
provide an overview of the clinical efficacy of the BCI-ES 
for upper limb motor rehabilitation. When possible, we 
also recorded the average changes between pre- and 
post-intervention scores. We focused on the studies that 
reported statistical descriptions of the clinical results in 
numerical values (e.g., mean, median, standard devia-
tion). We extracted information on the significance of the 
statistical differences in the clinical scores within groups 
and the differences in score changes between groups, 
when available.

Technology
Brain-computer interface: We characterized the 

BCI systems on three levels. The first level referred to 
the modality used to acquire brain activity (e.g., EEG), 

indicating the invasiveness and accessibility of the sys-
tem. The second level referred to the number of channels 
used to develop the BCI system used during BCI-ES inter-
vention. The number of channels used for the BCI dur-
ing a therapy session could indicate the setup time. With 
the same type of EEG setup (i.e., wired or wireless), fewer 
channels allow for a shorter setup time and longer treat-
ment within a single session. Lastly, the third level of the 
description referred to the calibration of the BCI system 
or the training requirements for using the system. This 
characteristic also affects the clinical feasibility, where 
multiple long training sessions may represent a barrier in 
clinical adoption of BCI technology.

Electrical stimulation: We also characterized the 
ES systems on three levels. The first level referred to the 
distinction between FES and NMES, as described in the 
reports. The second level referred to the number of chan-
nels used for delivering the stimulation. The number of 
channels indicates the versatility of an ES system, sug-
gesting that a system with more channels could support 
a variety of functional tasks involving multiple muscle 
groups required for both reaching and grasping, regardless 
of how it was used in the reported study. Finally, the third 
level referred to the upper limb muscle groups targeted 

Figure 1 The inclusion and exclusion criteria.
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during the intervention; we distinguished between move-
ments focused on the hand (fingers and/or wrist) and 
arm (elbow and/or shoulder). The movements focused on 
the hand targeted muscles of the forearm, such as flexor 
digitorum and extensor digitorum; while the movements 
focused on the arm targeted biceps brachii, triceps bra-
chii, and/or deltoid muscles.

Additional technology: Lastly, we recorded any addi-
tional technology used alongside the BCI and ES for upper 
limb motor rehabilitation strategies.

RESULTS

Synthesis of results
The search conducted on 5 February 2021 resulted 

in 3,458 records. The breakdown of search results by the 
specific database is included in Appendix 2. We identified 
and removed 1,813 duplicates, leaving 1,645 records for 
screening. At the title and abstract screening stage, there 
was an agreement between the two reviewers in 98.66% 
of the observations, with k = 0.704 (i.e., substantial agree-
ment).32 Any disagreements were discussed between the 
two reviewers at the end of the title and abstract screening 
stage, and the decision to include or exclude the article 
was made jointly. Any articles for which the inclusion-
exclusion decision was unclear based on the title and 
abstract were included for the full-text screening. Based 
on the title and abstract screening, we excluded 1,610 
records, and the remaining 35 records were assessed by 
full-text screening, conducted in the same way as the title 
and abstract screening by two reviewers. Overall, we iden-
tified 23 records for qualitative synthesis.23,30–53 The break-
down of the screening process via a PRISMA flow diagram 
is shown in Figure 2.54

Study descriptors
All records included in the final analysis were journal 

articles.

Study types
Seven out of 23 identified records had control groups 

and included between 12 and 30 participants. Eight of 23 
records, with the number of participants ranging from 4 
to 51, were labelled as single-arm interventional studies. 
The remaining eight records were case studies or case 
series, with one or two participants, respectively.

Population
The breakdown of population and intervention details 

reported in the analyzed studies is presented in Table 1.
Neurological conditions: The majority (20 of 23) of the 

reviewed studies included participants with stroke, and 
the remaining reports included individuals with cervical 
SCI. There were 272 participants across the 23 studies: 254 
individuals with stroke and 18 individuals with SCI.

The breakdown of neurological conditions and study 
types are summarized in Table 2.

Sex: There were 111 female and 161 male participants. 
All of the female participants were stroke survivors. The 
18 participants in the three studies involving individuals 
with SCI were males.

Chronicity and time post injury: The breakdown of 
chronicity and neurological conditions is presented in 
Table 2. Ten studies exclusively included individuals in 
the chronic stage of rehabilitation. In contrast, seven 
studies investigated the use of BCI-ES with individuals at 
the sub-acute stage. The remaining six studies included 
individuals in both stages of rehabilitation (i.e., chronic 
and sub-acute).

Severity of upper limb impairments: Of the 20 studies 
with the stroke population included in the final analysis, 
12 of them used standard or modified FMA-UE for clinical 
assessment of the participants’ upper limb motor func-
tions at baseline. Eight of those 12 studies included mul-
tiple participants, and seven reported mean and standard 
deviations (SDs) or raw FMA-UE scores. In a single study, 
the authors reported the median and inter-quartile range 
(0.25 and 0.75 quantiles) values. Based on the available 
(m)FMA-UE values, we concluded that most participants 
would be classified as severe and severe-moderate, based 
on the clustering from Woytowicz and colleagues.29 In 
two studies, (m)FMA-UE values reached the moderate-
mild classification. The remaining four studies reporting 
on (m) FMA-UE baseline values were case studies, where 
three studies included participants from the severe-mod-
erate group and one from the severe group. The graphi-
cal representation of these findings is presented in online 
Figure 1A, included in the supplemental material.

The three studies focused on the SCI population 
included 18 participants. AIS was used to describe the 
level of injury in all three studies. Seventeen participants 
were classified as incomplete (AIS grades B, C, D), and a 
single participant was classified with a complete injury 
(AIS A). The distribution of participants based on the AIS 
classification is shown in online Figure 1B, included in the 
supplemental material.

Interventions and clinical outcome measures
Interventions: The number of reported sessions 

varied considerably within the reviewed studies. They 
ranged from two sessions (1 FES + 1 BCI-FES) delivered to 
determine the effect of therapy on wrist range of motion 
(ROM),30 to 80 (73 BCI-FES + 7 FES) therapy sessions con-
ducted in a case study for general upper limb motor reha-
bilitation after chronic stroke.23 Similarly, the frequency of 
the intervention ranged from 1 to 5 sessions per week. The 
session length was reported in 19 out of the 23 records, 
lasting between 30 to 120 minutes. Sixty minutes was the 
most common length reported in 8 out of 19 records. The 
presence of a therapist (i.e., involvement in the BCI-ES 
portion of the study) was reported in seven studies. In the 
remaining 15 studies, we concluded that the BCI-ES inter-
ventions were conducted without a therapist.
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Figure 2 The PRISMA flow diagram
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Table 1 Detailed Breakdown of the Population of Study Participants and Clinical Interventions in 23 Studies Included in the Review

Population Intervention

Authors (Year) n = 23 Study type Condition Chronicity Intervention, n Control, n
Total no. of 
sessions

Frequency 
(sessions/wk)

Session 
length, min

Presence of 
therapist

Biasiucci et al. (2018) Controlled 
study

Stroke Chronic 14 13 10 0–2 60 Yes

Daly et al. (2009) Case study Stroke Chronic 1 N/A 9 3 45 No

Grimm et al. (2016) SAI study Stroke Chronic 7 N/A 2 N/A — No

Hashimoto et al. (2020) SAI study Stroke Sub-acute 4 N/A  2–4 — 40–50 No

Irimia et al. (2017) Case series Stroke Chronic 2 N/A 10 — — No

Irimia et al. (2018) SAI study Stroke Sub-acute and 
chronic

5 N/A 10–24 — 60 No

Jang et al. (2016) RCT Stroke Sub-acute 10 10 30 5 30 Yes

Jovanovic et al. (2020) Case study Stroke Chronic 1 N/A 80 3 60 Yes

Kim et al. (2016) RCT Stroke Sub-acute 15 15 12 3 30 Yes

Lee t al. (2020) RCT Stroke Sub-acute 13 13 20 5 30 Yes

Li et al. (2014) RCT Stroke Sub-acute 7 7 24 3 60–90* No

Marquez-Chin et al. 
(2016)

Case study Stroke Chronic 1 N/A 40 3 90 No

Miao et al. (2020) RCT Stroke Sub-acute and 
chronic

8 8 12 3 N/A No

Mukaino et al. (2014) Case study Stroke Chronic 1 N/A 25 5 60 No

Osuagwu et al. (2016) RPS SCI Sub-acute 7 5 20 3–5 60 No

Remsik et al. (2019) SAI study Stroke Sub-acute and 
chronic

21 N/A  9–15 2–3 120 No

Sebastian-Romagosa 
et al. (2020)

SAI study Stroke Sub-acute and 
chronic

51 N/A 25 2 60 No

Tabernig et al. (2018) SAI study Stroke Chronic 8 N/A 20 4 60 Yes

Trincado-Alonso et al. 
(2018)

SAI study SCI Sub-acute 4 N/A 5 — 60 Yes

Vuckovic et al. (2015) Case series SCI Sub-acute 2 N/A  4–10 2–3 60 No

Young et al. (2014) Case study Stroke Sub-acute 1 N/A 13 2–3 120 No

Young et al. (2015) SAI study Stroke Sub-acute and 
chronic

16 N/A  9–15 0–3 120 No

Zhang et al. (2018) Case study Stroke Chronic 1 N/A 18 3 90 No

*The session length of 60–90 minutes included brain-computer interface–controlled electrical stimulation as well as conventional therapy.

SAI = single-arm interventional; RCT = randomized-controlled trial; RPS = randomized pilot study; SCI = spinal cord injury.

Table 2 The Summary of Study Types and the Distribution of Chronicity Based on Neurological Condition

Study type

Condition
Controlled  
study

Single-arm  
study

Case series/  
study Total

Stroke 6 7 7 20

SCI 1 1 1 3

All 7 8 8 23

Chronicity

Chronic Sub-acute Both Total

Stroke 10 4 6 20

Spinal cord injury 0 3 0 3

All 10 7 6 23
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Clinical outcome measures: The clinical outcome 
measure scores from 10 studies (9 studies in stroke and 1 
in SCI) are summarized in Table 3. In nine out of the ten 
studies, the extracted metrics were mean and standard 
deviation, and in the single remaining study, we extracted 
median (and interquartile range).

The studies used a variety of clinical outcome mea-
sures, with studies often using multiple measures. The 
most common assessment was the FMA-UE, used in six 
out of nine studies with individuals with stroke. Other 
notable assessments in stroke rehabilitation studies 
included the Barthel Index,55 (Modified) Ashworth Scale,56 
and Motor Activity Log.57 The single study including par-
ticipants with SCI reported on the wrist ROM.

The pre- and post-intervention scores showed a trend 
of improved upper limb motor function. Six out of nine 

studies in the stroke population recorded a statisti-
cally significant difference within the BCI-ES interven-
tion groups in at least one outcome measure. Similarly, 
among five studies with control groups, three reported a 
statistically significant difference in the average pre-post 
changes between the BCI-ES and the control groups.

Technology
A detailed breakdown of technology details reported in 

the analyzed studies is presented in Table 4.
Brain-computer interface: In terms of the modal-

ity used to acquire brain activity, EEG was used in all 23 
studies. The number of channels that was used, however, 
ranged from one to 64. A single monopolar EEG (mEEG) 
channel was used in three studies; two mEEG channels 
were used in three more studies. Four studies reported 

Table 3 The Overview of the Clinical Outcome Measures in 10 Studies That Reported on Statistical Descriptions

Authors (Year) 
n = 10

Population, 
Condition /  
chronicity

Clinical outcome 
measures

Scores, mean (SD)

Intervention Control

Pre Post
Change 
(Pre-Post) Pre Post

Change 
(Pre-Post)

Biasiucci et al. 
(2018)

Stroke / 
Chronic

FMA-UE 21.60(10.80)* 28.30(14.50)* 6.60(5.60)† 19.90(11.20) 22.00(12.20) 2.10(3.00)†

ASH 1.60(1.20) 1.90(0.90) — 2.10(1.40) 1.70(1.20) —

wrist flexor

ASH 1.10(1.20) 0.90(1.10) — 1.20(1.40) 0.60(0.70) —

wrist extensor

MRC 1.40(0.90) 2.60(1.20) — 1.30(1.00) 1.60(1.20) —

wrist extensor

ESS 66.20(12.60) 69.60(14.40) — 63.80(11.20) 64.60(11.00) —

Grimm et al. 
(2016)

Stroke / 
Chronic

ROM 18.00(6.00) 26.00(8.00) — — — —

wrist

Jang et al. 
(2016)

Stroke / 
Sub-acute

MFT 8.10(9.20) 15.90(6.90) 7.80(4.30) 8.20(9.90) 13.10(8.30) 4.90(4.50)

MAS shoulder 0.60(0.70) 1.00(0.80) 0.40(0.70) 0.60(0.70) 1.10(0.70) 0.50(0.70)

Kim et al. (2016) Stroke / 
Sub-acute

FMA-UE 26.80(7.22)* 34.67(9.31)* 7.87(2.42)† 21.87(8.22)* 24.80(9.51)* 2.93(2.74)†

MAL-AOU 42.67(22.81)* 55.73(28.57)* 13.07(7.56)† 38.60(23.89)* 44.40(26.83)* 5.80(5.51)†

MAL-QOM 19.93(7.43)* 29.33(14.69)* 9.40(8.70)† 6.87(7.29)* 9.00(9.49)* 2.13(3.23)†

MBI 87.67(3.85)* 90.87(4.03)* 3.20(1.70)† 70.93(13.77)* 72.60(14.12)* 1.67(1.50)†

ROM 25.84(11.37)* 38.90(16.93)* 13.06(8.64)† 9.91(13.89)* 14.06(18.91)* 4.15(6.63)†

wrist flexion

Lee et al. (2020) Stroke / 
Sub-acute

FMA-UE 30.53(5.05)* 33.84(7.45)* 3.30(3.44)† 29.52(3.64) 29.84(3.53) 0.30(0.63)†

WMFT 21.30(5.05)* 24.76(7.92)* 3.46(1.72)† 20.15(3.80) 20.53(3.82) 0.38(0.65)†

MAL 50.07(13.98)* 58.61(17.76)* 8.53(7.41)† 51.23(7.71)* 52.38(7.68)* 1.15(0.98)†

MBI 52.84(11.05)* 59.92(13.96)* 7.07(6.31)† 50.76(6.77)* 51.76(7.58)* 1.07(1.25)†

Li et al. (2014) Stroke / 
Sub-acute

FMA-UE 13.57(4.72)* 26.29(11.97)* 12.71(12.16) 11.71(2.63)* 18.43(4.89)* 6.71(4.46)

ARAT 0.29(0.76)* 18.29(9.46)* 18.00(9.46)† 0.00(0.00)* 7.57(8.20)* 7.57(9.46)†

Miao et al. 
(2020)

Stroke / 
Sub-acute 
and chronic

FMA-UE 19.50(9.90) 23.00(11.40) 3.50(5.18) 20.60(9.70) 21.50(10.00) 0.87(1.25)

(Continued )
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using systems with 16 mEEG channels, and three studies 
reported systems with 32 or more mEEG channels, with 
64 monopolar channels used in just one study.37 Three 
more systems were described using bipolar EEG (bEEG) 
configurations with two or three channels.

Regarding the BCI system calibration, five systems 
required a single BCI calibration session to determine 
optimal BCI parameters, primarily the EEG electrode 
location(s) and frequency bands. In 11 studies, the cali-
bration involved continuous reconfiguration of BCI 
parameters with shorter training intervals before each 
therapy (feedback) session. In other studies, the calibra-
tion was separately done before starting the intervention, 

with one report describing an approach in which the first 
week of the six-week training programme was used as a 
‘warm-up week’ to familiarize the participants with the 
technology.

Electrical stimulation: FES was used in 20 studies, 
while NMES was used in three studies. A single study 
reported using “subthreshold NMES,” which does not 
produce muscle contractions during movement practice 
but is believed to produce overall activation of sensorimo-
tor neuronal networks.30 Studies that targeted functional 
tasks used FES to stimulate muscle groups. Other studies 
used NMES to focus on single muscles (i.e., extensor carpi 
radialis,35 extensor digitorum communis).44

Authors (Year) 
n = 10

Population, 
Condition /  
chronicity

Clinical outcome 
measures

Scores, mean (SD)

Intervention Control

Pre Post
Change 
(Pre-Post) Pre Post

Change 
(Pre-Post)

Osuagwu et al. 
(2016)‡

SCI / 
Sub-acute

ROM 8.30 24.35 — 21.90 32.80 —

wrist

Remsik et al. 
(2019)§

Stroke / 
Sub-acute 
and chronic

ARAT 16.90(23.00)* 18.30(23.40)* 1.30 — — —

SIS 33.60(38.10) 39.00(37.50) 5.40 — — —

hand function

SIS 50.10(23.70) 53.40(24.90) 3.30 — — —

recovery

NIHSS 3.80(3.50) 3.80(3.10) 0.00 — — —

BI 91.40(14.00) 92.00(13.90) 0.60 — — —

Grip strength (lbs) 18.80(21.50)* 22.60(23.50)* 3.80 — — —

9-HPT (s) 17.70(22.80) 15.00(19.10) −2.50 — — —

MMSE 27.20(3.80) 27.80(2.70) 0.60 — — —

CES-D 7.60(5.80) 7.80(9.90) 0.20 — — —

Scores, (median IQR)

Pre Post
Change 
(Pre-Post)

Sebastian-
Romagosa 
et al. (2020)

Stroke / 
Sub-acute 
and chronic

FMA-UE 19 (9.63–33.88)* 22 (12.00–41.75)* 4.68(4.92) — — —

BI 90 (70.00–95.00) 95 (67.50–100.00) 2.62(5.82) — — —

MAS 2.50 (0.63–3.50)* 1 (0.00–3.00)* −0.72(0.83) — — —

Wrist

MAS 2.50 (1.00–3.50)* 2 (1.00–3.00)* –0.63(0.82) — — —

Fingers

*Within group significant difference in pre-post scores

†Between groups significant difference in mean score changes

‡Only the mean was available in this study.

§The scores reported in this study are based on the 9 out of 21 individuals who realized improved ARAT scores following the intervention.

FMA-UE = Fugl-Meyer Assessment – Upper Extremity score; ASH = Ashworth Scale; MAS = Modified Ashworth Scale; MRC = Medical Research Council; 
ESS = European Stroke Scale; ROM = range of motion; MFT = Manual Function Test; MAL = Motor Activity Log; MAL-AOU = Motor Activity Log Activity of Use; MAL- 
QOM = Motor Activity Log Quality of Movement; BI = Barthel Index; MBI = Modified Barthel Index; WMFT = Wolf Motor Function Test; ARAT = Action Research Arm 
Test; SIS = Stroke Impact Scale; SCI = spinal cord injury; NIHSS = National Institutes of Health Stroke Scale; 9-HPT = Nine-Hole Peg Test; MMSE = Mini Mental State 
Examination; CES-D = Center for Epidemiologic Studies - Depression; IQR = interquartile range.

Table 3 (Continued )
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The number of channels used for stimulation was 
reported in 20 out of 23 reports. In the remaining three 
studies, the number of stimulation channels was incon-
clusive. Single-channel stimulation was reported in 15 
studies, including three studies that used one channel 
per hand (two channels in total). Two-channel stimu-
lation was reported in two studies, and four-channel 
stimulation was reported in three studies. A single study 
described a stimulation protocol to assist with index fin-
ger movements. Stimulation protocols targeting the hand 
(wrist with or without finger movements) were more 
common and reported in 19 studies. In three studies, the 

stimulation targeted the arm, involving the shoulder with 
or without elbow movements. Finally, in a single study, 
both the arm and hand were stimulated simultaneously.

Additional technology: Regarding additional tech-
nologies, we considered the patient-facing technology 
used in addition to BCI and ES as a part of the interven-
tion. Five studies did not use any additional technology. 
In the remaining 18 studies, the most common additional 
technology included computer monitors used to display 
commands (i.e., cues) during BCI-ES training and provide 
visual feedback. The visual feedback was typically pre-
sented in the form of a first-person view of the arms and 

Table 4 Overview of the brain-computer interface–controlled electrical stimulation (BCI-ES) Systems and Any Additional Technology Used in the 
23 Studies Included in the Review

BCI ES

Authors (Year) n = 23 Signal
Number of 
channels

Calibration 
type Type

Number of 
channels

Stimulation 
target Additional technology

Biasiucci et al. (2018) mEEG 16 1 session FES 1 Hand —

Daly et al. (2009) mEEG 1 Inconclusive FES Inconclusive Finger Monitor

Grimm et al. (2016) mEEG 3 Inconclusive Subthreshold- 2 Hand Arm exoskeleton

NMES EMG classifier

Hashimoto et al. (2020) bEEG 2 Continuously NMES 1 Hand Head mounted display

Irimia et al. (2017) mEEG 45 Continuously FES Inconclusive Hand Monitor

Irimia et al. (2018) mEEG 64 Continuously FES 1 per hand Hand Monitor

Jang et al. (2016) mEEG 1 Continuously FES 1 Arm —

Jovanovic et al. (2020) mEEG 1 1 session FES 4 Arm and hand —

Kim et al. (2016) mEEG 2 Inconclusive FES 1 Hand Monitor

Lee et al. (2020) mEEG 2 Continuously FES 1 Hand Monitor

Li et al. (2014) mEEG 16 FES 1 Hand Monitor

Marquez-Chin et al. (2016) mEEG 1 1 session FES 4 Arm —

Miao et al. (2020) mEEG 16 1 session FES 1 per hand Hand Monitor

Mukaino et al. (2014) mEEG 10 Inconclusive NMES 1 Hand Monitor

Osuagwu et al. (2016) bEEG 3 Continuously FES 4 Hand Monitor

Remsik et al. (2019) mEEG 2 Inconclusive FES 1 Hand Monitor

TDU for tongue stimulation

Sebastian-Romagosa et al. (2020) mEEG 16 1 session FES 1 per hand Hand Monitor

Tabernig et al. (2018) mEEG 14* Continuously FES 1 Hand —

Trincado-Alonso et al. (2018) mEEG 15 Continuously FES 2 Hand Monitor

Vuckovic et al. (2015) bEEG 2 Continuously FES 1 Hand Monitor

Young et al. (2014) mEEG 5 Continuously FES 1 Hand Monitor

TDU for tongue stimulation

Young et al. (2015) mEEG 16 Continuously FES Inconclusive Hand Monitor

TDU for tongue stimulation

Zhang et al. (2018) mEEG 32 3 “warm-up” 
sessions

FES 1 Hand Elbow orthosis

Note: Inconclusive indicates that the data point was unobtainable from the descriptions provided in the report.

*We could not confirm whether all available 14 channels were used, or only a subset. However, based on the description provided in the article, it is more likely that 
14 channels were used.

mEEG = monopolar electroencephalography; bEEG = bipolar electroencephalography; FES = functional electrical stimulation; NMES = neuromuscular electrical 
stimulation; EMG = electromyography; TDU = tongue display unit.
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hands of a virtual reality avatar mimicking the practiced 
movements. A single study used a head-mounted display 
for visual feedback instead of a monitor.35 In two stud-
ies,39,40 the monitor was used to display videos of move-
ments as a part of action-observation training (AOT), 
completed separately prior to the BCI-ES therapy. Other 
notable additional technologies included an exoskeleton 
for anti-gravity arm support,30 an active elbow ortho-
sis,53 and a Tongue Display Unit for feedback via tongue 
stimulation.46,51,52

DISCUSSION
In this scoping review, we aimed to consolidate the 

existing information on the growing field of research 
evaluating the combined use of BCI and ES technologies 
as an intervention for the recovery of motor functions in 
individuals with upper limb impairments. The included 
studies were similarly distributed among controlled stud-
ies (i.e., studies including a control group), single-arm 
interventional studies, and case studies/series. From our 
findings, BCI-ES interventions for upper limb motor reha-
bilitation in adults have been evaluated in stroke and SCI 
populations. However, there is a large discrepancy in the 
representation of these two populations in BCI-ES inter-
ventional studies; research has focused predominantly on 
the stroke population (86.9% of the records, or 20 out of 
23 studies).

In terms of participants’ sex, there were significant 
differences between the studies focusing on stroke and 
SCI populations. In 20 studies in the stroke population, 
43.7% of the participants were women, which is compa-
rable to the global average of 48% estimated for 2016.58 
On the other hand, in three studies with the SCI popula-
tion, there were no female individuals among the 18 par-
ticipants. Globally, male individuals are three times more 
likely to be affected by traumatic SCI than females, while 
the proportion between the two sexes is relatively equal 
for non-traumatic SCI.59 The discrepancies in the number 
of male and female participants, observed in analysed SCI 
studies, were not the intentions of the respective authors. 
Nonetheless, given the sexual dimorphism in response to 
therapy and recovery from SCI,60,61 it is vital to have repre-
sentation of both male and female participants in motor 
rehabilitation studies.

As part of the approach to the BCI-ES intervention, 
only seven articles reported on a therapist’s involve-
ment during clinical assessments, planning, or delivery 
of the intervention. While technology can enhance a 
rehabilitation strategy, therapists critically observe and 
guide patients’ movements, and modify therapy based 
on their clinical reasoning. Currently, therapists’ clinical 
experience is used to direct the implementation of ABT 
for neurorehabilitation while the development of specific 
guidelines (e.g., dosage, parameters, timing of interven-
tion) are under investigation.62 This means that therapists 

should be included when technology, such as BCI-ES, 
is integrated into therapy, especially in the early stages. 
However, the extent of a therapist's involvement can be 
modified depending on the intervention.

In some cases, the therapist's presence might only be 
required for the assessments and to plan the treatment – 
a scenario that is especially applicable for BCI-ES use at 
home.63 In these situations, BCI-ES is designed to be used 
by the patient themselves or with the help of caregivers. 
However, in the context of in- or outpatient rehabilita-
tion programmes in clinical environments, therapists are 
typically present, with their impact stretching beyond 
the movement support. For example, patients recovering 
from stroke have reported that physiotherapists can not 
only be a valuable source of information and advice about 
functional exercise, but also provide a source of faith and 
hope.64 Nonetheless, including a therapist in the research 
team can facilitate collaboration and accelerate research 
into clinical practice.9

Regarding chronicity of the participants, studies in the 
stroke population have been conducted in both chronic 
and sub-acute groups, with an increased number of stud-
ies in the chronic group. Earlier research has suggested 
that recovery of motor function (including upper limb) 
plateaus in the chronic stage of stroke rehabilitation 
(> 6 months post-injury),65–67 especially in individuals 
with severe impairments.68 However, the notion of pla-
teaued recovery is presently being challenged, potentially 
due to the rise in therapeutic strategies using technology 
to engage with sensorimotor neuronal networks, such as 
BCI-ES interventions.

The brief overview of the clinical efficacy, which 
included ten studies that reported statistical results, 
demonstrated the capacity of the BCI-ES interventions 
to facilitate improvement in upper limb motor function. 
Across the ten studies, we observed a trend of improved 
scores on one or more assessments following the inter-
ventions. Moreover, five out of ten studies included con-
trol groups and compared the effects of BCI-ES therapy to 
other forms of ES (e.g., randomly-triggered FES, conven-
tional FES). These studies compared the pre-post changes 
in clinical outcome measures between groups, and in 
three occurrences, the differences were statistically sig-
nificant. For example, Kim and colleagues39 reported that 
the mean change in the FMA-UE scores of 7.87 (SD 2.42) 
in the AOT + BCI-FES group was significantly greater than 
the mean change of 2.93 (SD 2.74) in the FES group. The 
same applied to the mean changes in the FMA-UE scores 
between the intervention (ΔFMA-UE = 6.6 [SD 5.6]) and 
the control group (ΔFMA-UE = 2.1 [SD 3.0]) in the study by 
Biasiucci and colleagues.33 Both of these studies were con-
ducted in the stroke population, and the latter included 
individuals with chronic stroke.

In contrast, there were no studies with individuals 
with chronic SCI. Nonetheless, a study by Osuagwu and 
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colleagues,45 involving 12 individuals with sub-acute SCI, 
observed a greater mean change in the wrist ROM in the 
BCI-FES group (ΔROM = 16.05°) compared to the FES 
group (ΔROM = 10.9°). These early promising results war-
rant further BCI-ES interventional studies in both sub-
acute and chronic SCI populations.

Regarding technology, we observed an array of BCI and 
ES systems. The diversity of implementations is expected 
due to the relatively young age of the field. However, we 
also observed some common trends. EEG was used for 
BCI development in all studies, which was not surpris-
ing considering the short-term nature of the BCI applica-
tion in therapy. EEG systems are non-invasive, and they 
can be donned and doffed with little effort. However, we 
observed diversity in the number of EEG channels – an 
aspect of the BCI systems that can affect the setup time. 
In a clinical application where sessions are often one hour 
in duration, there is a significant difference between a 
30-minute and 10-minute setup. Therefore, BCI systems 
with fewer channels are more likely to be considered for 
clinical application.

In contrast, a greater number of stimulation channels 
might be more beneficial for clinical practice. More FES 
channels can support a wide range of complex upper limb 
movement, giving the system flexibility to meet the needs 
of individuals with different types of upper limb impair-
ments and varying degrees of severity. However, among 
the reviewed studies that reported the number of stimu-
lation channels (20 of 23), single-channel FES was more 
common than any other type of ES. Overall, three stud-
ies reported on the BCI-ES systems with BCIs using three 
or fewer EEG channels and four FES channels. The chart 
illustrating all of the BCI-ES systems based on the num-
ber of BCI and FES channels is shown in online Figure 2, 
included in the supplemental material.

Across the reviewed studies, hand movements were 
the most common stimulation target. All but three out of 
23 records targeted movements involving the wrist and/
or fingers. In the remaining three studies involving arm 
movements, only one reported on a FES system that sup-
ported both hand and arm movements (i.e., isolated as 
well as simultaneous reaching and grasping). Currently, 
FES is considered to be one of the components of ABT.69,70 
With continued research that produces successful find-
ings, it is foreseeable that BCI-FES could be considered as 
another technological modality to support ABT.

In two studies that involved practicing arm move-
ments, the FES was used to support the hand while 
a robotic device supported the arm. Grimm and col-
leagues30 used an anti-gravity arm exoskeleton alongside 
subthreshold NMES to elicit sensory feedback. Zhang 
and colleagues53 used an active orthosis to enable elbow 
extension and flexion.

While robotic devices were used as additional 
technology in two studies, computer monitors were 

overwhelmingly included in 15 studies. The monitors 
were typically used to cue participants to imagine move-
ments and provide visual feedback. In two studies, the 
monitors were used for displaying movements as a part of 
AOT before the BCI-ES sessions. Depending on the partic-
ipants’ preference and learning approach, monitors could 
be used to provide visual feedback.

Our study has two major limitations. The primary limi-
tation is that we did not include a critical appraisal of the 
included sources of evidence, thus limiting the ability to 
evaluate study quality and risk of bias. A significant num-
ber of the studies analyzed were case studies and case 
series. These results can inform preliminary judgments 
about study quality, suggesting a lower quality of evidence 
relative to randomized controlled trials.

The second limitation is related to the brief analysis of 
clinical outcome measures, which included 10 out of 23 
reviewed research articles. While we observed a trend of 
improved motor function following BCI-ES interventions 
in these preliminary results, there is significant diversity 
in the outcome measures used in the 10 analyzed studies, 
which limits the strength of the evidence.

Future directions
This scoping review provides a platform for future 

research related to population characteristics and experi-
mental design. Considering that there are sex-based 
differences surrounding SCI4,60,61 and stroke,71 sex sub-
analyses should be completed once more data aggre-
gates. Many stroke studies included in this review used 
the modified or standard version of the FMA-UE. Further 
standardization of outcome measures both in stroke and 
SCI populations should be considered.

There was an assortment of experimental designs 
across studies, making comparisons difficult. Research 
studies should develop a protocol for BCI-ES setup and 
therapy. The number and frequency of therapy sessions 
should be documented along with the number of repeti-
tions of a functional task. By documenting this informa-
tion, it will be easier to determine whether the therapy 
meets the criteria for ABT. Furthermore, the standardiza-
tion of BCI-ES calibration and the number of channels 
used could lead to minimal setup time while maintaining 
reliability. Following study designs precisely, standard-
izing instruments (i.e., device and therapy), and taking 
repeated outcome measurements at specified intervals 
can provide a better platform to determine the patient's 
prognosis.72

Additionally, the number of stimulation channels 
could be increased to support a wider range of ES-assisted 
movements. Studies could be conducted with or without 
feedback using a computer monitor. If included, the feed-
back content should be optimized (e.g., avatar or realtime 
recording). Once the technology and therapeutic inter-
vention are better understood under similar research 
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conditions, researchers can determine whether device 
settings and therapeutic interventions should be tailored 
to the individual.

CONCLUSION
We conducted the presented scoping review to under-

stand current knowledge and knowledge gaps around 
using BCI-ES technology to enhance therapeutic inter-
ventions for upper limb motor functions. We identified 
that more studies are needed to investigate the effects of 
BCI-ES interventions following SCI, specifically in chronic 
and female populations. Moreover, measuring the setup 
time and standardization in BCI-ES interventions should 
be considered to evaluate BCI-ES rehabilitation strate-
gies in clinical environments. Finally, we believe that a 
clinician (e.g., therapist) trained in neurorehabilitation 
should be a part of future studies investigating BCI-ES 
interventions.

KEY MESSAGES

(1) What is already known on this topic
Both BCI and ES technologies are increasingly being 

investigated, and in rare cases used, for upper limb motor 
rehabilitation after neurological injuries, like stroke or 
SCI. These technologies are significant in relation to activ-
ity-based therapies, which aim to engage individuals with 
impairments in high-intensity task-specific training that 
targets the nervous system.

(2) What this study adds
Our scoping review identified a great diversity in the 

reported BCI-ES interventions for arm and hand therapy 
in two neurological populations: individuals living with 
stroke and those with SCI. However, we found a low num-
ber of BCI-ES interventional studies involving individuals 
with SCI (3 out of 23 reviewed articles). Additionally, these 
three studies showed a lack of representation of female 
participants in BCI-ES interventional studies in the SCI 
population. Across the 23 articles included in the review, 
we also observed various designs for BCI and ES systems 
and strategies for integrating these two technologies into 
upper limb rehabilitation. We discussed elements of these 
systems, particularly the number of BCI and ES chan-
nels, that can impact the clinical application of BCI-ES 
interventions.
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