
Canny et al. 
Journal of NeuroEngineering and Rehabilitation          (2023) 20:157  
https://doi.org/10.1186/s12984-023-01272-y

REVIEW

Boosting brain–computer interfaces 
with functional electrical stimulation: potential 
applications in people with locked‑in syndrome
Evan Canny1, Mariska J. Vansteensel1, Sandra M. A. van der Salm1, Gernot R. Müller‑Putz2 and 
Julia Berezutskaya1* 

Abstract 

Individuals with a locked-in state live with severe whole-body paralysis that limits their ability to communicate 
with family and loved ones. Recent advances in brain–computer interface (BCI) technology have presented a poten‑
tial alternative for these people to communicate by detecting neural activity associated with attempted hand 
or speech movements and translating the decoded intended movements to a control signal for a computer. A tech‑
nique that could potentially enrich the communication capacity of BCIs is functional electrical stimulation (FES) 
of paralyzed limbs and face to restore body and facial movements of paralyzed individuals, allowing to add body lan‑
guage and facial expression to communication BCI utterances. Here, we review the current state of the art of existing 
BCI and FES work in people with paralysis of body and face and propose that a combined BCI-FES approach, which 
has already proved successful in several applications in stroke and spinal cord injury, can provide a novel promising 
mode of communication for locked-in individuals.

Introduction
Locked-in individuals have a neurological impairment 
that leads to severe whole-body paralysis with preserved 
consciousness and cognitive functioning [11]. Locked-
in syndrome (LIS) can be caused by various conditions, 
including brainstem stroke, trauma, or a progressive 
neurodegenerative disease (e.g., amyotrophic lateral scle-
rosis, ALS). Depending on the severity of the paralysis, 
researchers identify three types of LIS [25]. Classical 
LIS is characterized by paralysis of all four limbs (quad-
riplegia), bilateral facial paralysis, and loss of voice and 
speech (aphonia), while retaining the ability to produce 

eye movements [269]. Incomplete LIS is characterized by 
remnants of voluntary movements other than eye move-
ments. Total, or complete, LIS is characterized by whole 
body paralysis including the eye muscles, causing total 
immobility and inability to communicate. While indi-
viduals with brainstem stroke or trauma either retain a 
static LIS state or even recover from it [220], individuals 
with a neurodegenerative disease may gradually progress 
through different LIS stages over time, in some cases ulti-
mately transitioning towards a total whole-body paralysis 
with no means to communicate with their family, friends 
and caregivers [206].

A crucial factor in determining the quality of life of 
locked-in individuals is their ability to communicate 
with family and loved ones [52, 251]. Bruno et al. [52] 
showed the inability to speak in locked-in individu-
als with LIS due to brainstem stroke is associated with 
poor subjective wellbeing. Individuals with classical LIS 
can typically use assistive communication technology 
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based on residual muscle movement, for example, ver-
tical eye movements and eyeblinks [52]. Individuals 
with total or near-total LIS are not able to use residual 
movements reliably, and inability to use assistive tech-
nology for communication significantly lowers the 
quality of life [251].

An alternative to assistive communication devices 
based on residual muscle movement is brain–computer 
interface (BCI) technology. Both non-implantable and 
implantable BCI systems record brain signal changes 
associated with cognitive processing or attempts to pro-
duce functional movements (e.g., attempt to move a limb, 
to make a facial expression or to speak) and use them 
to control a computer, robotic arm, or another external 
device. Identifying and directly connecting neural sig-
natures of intended movements to external output sys-
tems opens up a possibility for the locked-in individuals 
to communicate while bypassing their impaired motor 
pathways [31, 50, 161, 164, 306, 308]. Several studies have 
demonstrated the potential of BCI to provide commu-
nication in persons with LIS [34, 62, 124, 151, 193, 217, 
292].

Using decoded movement attempts of locked-in indi-
viduals to communicate via external output systems is 
not the only promising BCI avenue. Studies on indi-
viduals with stroke and spinal cord injury resulting in 
severe body paralysis have shown that BCI combined 
with functional electrical stimulation (FES) can create 
an electronic neural bypass of damaged neural pathways 
by using neural signals to drive stimulation of peripheral 
nerves and thereby trigger paralyzed muscle activation 
[5, 44, 201, 226].

Given the fast progress being made in the fields of com-
munication BCIs and BCI-FES, here, we argue that it is 
worthwhile to investigate whether these concepts can be 
combined in order to enrich the communication abilities 
of persons with LIS. In this previously unexplored avenue 
of research, the application of BCI-triggered FES could 
be extended to facial muscles to restore simple move-
ments, such as eye blinks or finger taps, or more complex 
movements, such as facial expressions and potentially 
even vocalizations and speech articulation.

In the present review, we assess feasibility of the 
FES technology to boost existing communication BCI 
approaches for locked-in individuals. We review existing 
work on assistive communication technology for locked-
in individuals, including non-implantable and implanta-
ble BCIs, discuss studies on FES applied to body and face 
muscles and overview existing developments on combin-
ing BCI and FES. Finally, we discuss the potential, chal-
lenges, and possible future directions of implementing 
BCI-FES systems for the restoration of communication 
function in locked-in individuals.

BCI communication for locked‑in individuals
Augmentative and alternative communication devices
Studies on augmentative and alternative communication 
devices typically distinguish three types of such technol-
ogy: no-tech, low-lech and high-tech devices [94]. No-
tech devices rely on body movements and residual speech 
without aid of additional devices such as computers or 
eye trackers. Individuals with classical and incomplete 
LIS, who retain the ability to produce eye movements, 
can use no-tech “yes–no” response strategy with eye-
blinks to answer closed questions or spell with the help 
of a communication partner reciting letters out loud. 
Other residual movements such as chin, jaw, forehead, 
head movements, remaining vocalizations and their com-
binations can also be employed [24, 90, 101]. Low-tech 
devices rely on non-computer based equipment such 
as pen and paper or communication boards with let-
ters, words or pictures. Many systems employ low-tech 
solutions that combine “yes–no” strategy and commu-
nication boards with eye movements and eyeblinks [98, 
139]. High-tech devices use computer-assisted technol-
ogy including audio synthesis of selected and typed text. 
Depending on the strength and reliability of residual 
movements, these systems can either facilitate the use of 
alphabet spelling and pictogram communication boards 
with automatic selection scrolling (switch scanning) or 
provide more elaborate text-to-speech solutions based 
on mouse or joystick control with residual movements. 
Other high-tech systems can rely on gaze control of a 
computer cursor based on eye-tracking recordings [20, 
169].

The described systems are used extensively with 
locked-in individuals who retain a certain level of reli-
able voluntary muscle control [176, 270]. Unfortunately, 
these systems gradually become unreliable in LIS caused 
by ALS and can be unreliable after total LIS onset caused 
by other conditions [121, 203]. Inability to use assistive 
communication technology based on residual movement 
may be related to difficulty maintaining stable head posi-
tion [271], progressive oculomotor impairment and eye 
gaze fatigue [16, 206, 262], pupil dilation due to the use 
of medication [64] and other reasons. In such cases, BCIs 
can be a promising alternative means of communication 
for the affected individuals [291].

Non‑implantable BCI for communication in LIS
Non-implantable neural recording modalities include 
scalp electroencephalography (EEG), magnetoencepha-
lography (MEG), functional near-infrared spectroscopy 
(fNIRS) and functional magnetic resonance imagining 
(fMRI). Practically, scalp EEG and, to some extent, fNIRS 
are more widely used in BCI research given their port-
ability and affordability compared to MEG and fMRI. 
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Scalp EEG setups can vary in design and number of elec-
trodes depending on the clinical, research or commercial 
use. For BCI applications, EEG caps of 16 to 128 elec-
trodes covering the entire brain are typically used. Scalp 
EEG records electrical neural signals at a high temporal 
resolution but suffers from low spatial resolution and 
specificity, where the recorded signals typically repre-
sent a mixture of neural activity from widespread brain 
areas resulting from passing of the signals through the 
protective layers of the brain, skull, and scalp. The work-
ing principle of fNIRS is similar to fMRI – the technique 
measures local changes in blood flow around the brain 
surface associated with changes in cognitive activity. 
Because blood flow changes are slow, fNIRS suffers from 
low temporal resolution. Signal quality of both EEG and 
fNIRS is affected by motion-related and other artifacts. 
Moreover, continuous wearing of the EEG or fNIRS cap 
is not practical for 24/7 home use [312], and in most cur-
rent setups requires subject and session specific recali-
bration [174].

A number of strategies have been employed for decod-
ing EEG brain activity for BCI communication, including 
decoding of mental effort, motor or speech imagery and 
movement attempts. Use of mental effort is based on a 
premise that reliable decoding of any meaningful cogni-
tive effort, not specifically related to motor activity or 
speech, can be used for communication. In that regard, 
an important subset of early EEG-based BCI research 
focused on evoked potentials—time-domain EEG signa-
tures of task-related activity. This includes steady-state 
visually evoked potentials (SSVEP)—a visual cortex 
response to frequency and position of flickering visual 
stimuli [3, 246],P300—cortical responses to infrequent 
stimuli, and motor evoked potentials [87]. P300 has 
been widely used for spelling and choice-based commu-
nication applications and has been adapted to various 
modalities: visual, auditory and vibrotactile [136, 151, 
209]. Frequency-domain EEG signatures widely used in 
BCI, on the other hand, include slow cortical potentials—
slow (below 1  Hz) widespread positive and negative 
signal amplitude shifts related to task activity [32] and 
sensorimotor rhythms in mu and beta frequency bands 
modulated by executed, imagined or attempted move-
ment [211, 310]. Another venue of research is based on 
error potential responses associated with processing of 
errors [83]. Error potentials can complement other para-
digms, such as P300-based BCIs, wherein P300 responses 
indicate decoding targets and error potentials arise as 
response to decoded misses.

Decoding motor and speech imagery with EEG was 
based on the idea that intention to communicate in BCI 
target users results in neural processes similar to those 
underlying imagery in able-bodied individuals. Previous 

work has shown successful decoding of imagined move-
ments and speech information from EEG [76, 194, 208, 
225, 300], see [172] for reviews). In the recent years, 
however, the BCI field has been focusing more on decod-
ing of actual movements and speech recognizing that 
attempted movements of BCI users may have more in 
common with actual movements of able-bodied subjects 
than motor imagery [126], which in its turn may involve 
specific and distinct neural mechanisms. Several stud-
ies have demonstrated decoding produced speech and 
movement information from EEG [46, 166, 213, 261, 
298]. Multiple reviews cover EEG applications for BCI [2, 
112, 160, 210, 244, 293, 310].

Work on fNIRS has so far been more limited but 
already shown successful decoding of motor, mental 
workload [117], speech-related [57, 118, 170] and other 
task-related [205] information from neural signals.

Many of the proposed paradigms have been tested in 
individuals with LIS, including SSVEP [71, 163], P300 
[106, 230], slow cortical potentials [152], sensorimotor 
rhythms [153] and error potentials [272]. Limited testing 
with locked-in individuals was performed with fNIRS [1, 
97]. Overall, the performance of non-implantable BCIs is 
promising for a number of tasks but varies greatly across 
individuals. Some research, however, indicates that pro-
longed use of paradigms based on SSVEPs and P300 
may be tiresome and time-consuming [227]. Compared 
to naturalistic verbal and non-verbal communication, 
these paradigms may not be entirely intuitive and com-
fortable for users. Importantly, gaze-based BCI control 
paradigms, such as P300, may not work long-term for LIS 
caused by ALS [51, 121, 203, 291], as oculomotor activity 
is progressively affected by the disease. In total LIS, with 
non-implantable BCIs, slow cortical potentials, P300 and 
sensorimotor rhythms paradigms may not be able to pro-
duce consistent and reliable BCI control [150]. Instead, 
BCI paradigms based on attempted movement and 
speech may be more natural and intuitive, and therefore 
preferred strategies for BCI-based communication [48]. 
Reliance on motor-based paradigms in BCI may addi-
tionally be relevant in the context of the “motor theory of 
thinking” [130] and the “extinction of thought” hypoth-
esis [35, 150] that link the importance of motor control to 
goal-directed thinking and voluntary cognitive function-
ing, particularly in people with ALS (see Clinical consid-
erations about LIS).

Implantable BCI for communication in LIS
Implantable BCIs for LIS individuals capitalize on 
superior signal quality provided by direct recordings 
from the brain tissue and the high temporal and spa-
tial resolution that implanted neural recording tech-
niques provide compared to EEG, MEG and fNIRS. 
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Specifically, intracranial EEG that includes electrocor-
ticography (ECoG), or surface grid electrodes, and ste-
reo-EEG (sEEG), or depth electrodes, allows recording 
from 1 to 2.3  mm diameter patches of cortex around 
each electrode and can sample from up to 256 elec-
trodes. ECoG provides a spatial resolution of 3–10 mm 
with gaps between electrodes and typically requires an 
invasive surgical procedure, yet signals remain stable 
over time [159], and there is no tissue scarring. There-
fore, ECoG has been tested and approved for long-
term use in human participants of BCI trials. Related 
stentrode technology records brain signals via elec-
trode arrays arranged on a flexible mesh tube [216], 
Fig. 1). An array of up to 16 stentrodes, 750 μm diam-
eter each, can be inserted through a jugular vein and 
guided towards a vessel adjacent to sensorimotor brain 
area with a catheter. Multielectrode arrays (MEAs) and 
neurotrophic electrodes allow individual neural cell 
recordings. While providing superior spatial resolution, 
MEAs offer smaller cortical coverage with up to 256 
needles per array covering up to 2.8 × 2.8 mm of cortex. 

MEAs are made of stiff materials and penetrate the cor-
tex, which can lead to tissue scarring and gradual signal 
loss [68]. Typically, high frequency (> 60  Hz) and low 
frequency (13–30  Hz) components of ECoG and sten-
trode signals are used for decoding information from 
the brain. In MEA, spike information and spike band 
power are used.

Various neural decoding strategies have been explored 
in pre-clinical studies using invasive recordings in non-
human primates and able-bodied individuals. Non-
human primate studies with ECoG and MEAs have 
targeted decoding of reaching and grasping hand move-
ments as well as continuous hand movement trajectories 
for potential translation to human BCIs [58, 259, 282, 
294]. Human recordings with temporarily implanted 
ECoG or sEEG electrodes are possible in patients who 
undergo clinical epilepsy monitoring. In such cases, 
electrode implantation can help localize epileptogenic 
sources and guide subsequent resection of the affected 
neural tissue. Research in this setting has contributed 
to detailed study of sensorimotor brain areas, such as 

Fig. 1  Example of an implantable BCI system for a locked-in individual with ALS based on attempted hand movements. Copyright: [217]
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the “hand knob” and “face area”, revealing somatotopic 
organization of individual fingers [257] and speech artic-
ulators [43], respectively.

In addition, this pre-clinical human research has dem-
onstrated successful decoding of discrete motor infor-
mation, such as basic hand movements [228, 273], hand 
movement towards a specific location [53, 301], hand 
gestures [37, 47, 165, 218], basic mouth movements 
[255], facial expressions [256] and continuous motor 
information, including 2D and 3D finger trajectories, 
speed, acceleration and force of movement [44, 53, 70, 
267, 303]. In parallel, decoding of speech has shown suc-
cess in decoding individual words [28, 138, 186, 192, 198, 
274], phonemes [36, 42, 116, 199, 242], syllables [171, 
274] and even continuous decoding of full phrases and 
sentences [14, 115, 116, 183, 198, 278, 304].

Success of pre-clinical studies with non-human pri-
mates and able-bodied humans led the way towards a 
demonstration of a proof-of-concept BCI system that 
could enable communication for locked-in individuals 
[292]. The study demonstrated an ECoG-based BCI for 
computer control and spelling based on accurate decod-
ing of a finger tapping movement attempted by a user 
with ALS. Later studies have shown similar success using 
stentrodes and decoding of attempted leg movement 
[195, 217]. MEA-BCI systems have been employed for 
decoding of hand movement “point and click” patterns 
for computer cursor control by participants with severe 
paralysis [17, 219]. Another recent study trained a user 
with total LIS to spell letters using a neurofeedback strat-
egy: the user’s neural activity levels were mapped to audi-
tory tones and played back to the user, who was asked to 
modulate his brain activity to match the target tone [62]. 
The most recent BCI work with both ECoG and MEAs 
in people with motor impairment demonstrated success-
ful attempted word and speech decoding for display on 
a computer screen for communication [192, 198, 304]. 
Importantly, only a handful of studies investigated the 
potential of implanted BCIs in individuals with late-
stage ALS in total or near-total LIS, including complete 
inability to vocalize [62, 292]. For translation of the BCI 
technology from research to real-world user applications, 
fully-implantable home-use BCI systems will be needed, 
wherein BCI users can control the computer with their 
brain activity continuously throughout day and night 
without supervision by researchers [217, 292].

Overall, implantable BCI approaches offer several 
attractive features and have shown high performance 
when used in naturalistic communication paradigms 
based on attempted movements and speech. At the same 
time, non-implantable BCI systems can also reliably 
decode cognitive and motor attempts that can be used 
for communication while offering inexpensive portable 

BCI solutions without complex surgical intervention. 
In both implantable and non-implantable BCI setups, 
decoded communication attempts can be displayed on 
a computer, used for brain-driven control of a cursor, a 
custom or commercial speller or communication app. 
External devices and tools can also be used to augment 
the user experience. These can involve a speech synthesis 
device, a virtual avatar, an external mobility device, such 
as a robotic arm or exoskeleton [26, 79, 123, 305], see [39] 
for a review).

Functional electrical stimulation (FES)
Among such tools used in BCI applications for rehabili-
tation in stroke and spinal cord injury is also functional 
electrical stimulation (FES). Similar to the use of exter-
nal mobility devices, FES is aimed to restore or improve 
BCI user’s motor control. It does so by reanimating weak-
ened or paralyzed muscles of user’s body and limb. With 
the majority of FES applications being directed to peo-
ple with stroke or spinal cord injury, it has not yet been 
employed directly for communication purposes.

What is FES?
FES refers to application of electrical stimulation to neu-
ral tissue with the aim to restore its lost or damaged func-
tion [222, 252, 254]. Often, FES is applied to peripheral 
nerves to generate contraction of the connected muscle 
and induce functional movement. The electrical stimu-
lation can be administered using non-invasive setups 
(transcutaneously, with electrodes and stimulator on the 
surface of the skin) or invasive setups (percutaneously, 
with electrodes piercing the skin and an external stimula-
tor, or via fully-implantable systems with electrodes and 
a stimulator implanted under the skin).

Transcutaneous FES is carried out with electrodes 
placed on the surface of the skin. It is a non-invasive, 
relatively inexpensive, low maintenance and widely popu-
lar approach in clinical and research settings. However, 
because there are different structures between the surface 
electrode and the stimulation target, including pain fib-
ers, other non-target nerves and muscles, it may be dif-
ficult to use transcutaneous FES for activation of isolated 
muscles, especially deep muscles. As a result, stimulation 
typically requires higher charges compared to invasive 
techniques. Since pain fibers can be in the way of stimu-
lating the target muscle, unlike invasive approaches, sur-
face stimulation can cause skin sensations that can range 
from slightly tingling to strong discomfort and painful 
[129, 222].

FES with percutaneous electrodes involves applying 
stimulation directly to the nerve in the muscle, which 
can be achieved using needle electrodes that pierce the 
skin [185, 188, 222, 239, 241]. Percutaneous electrodes 
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are less likely to cause pain as they bypass the skin and 
can activate isolated and deep muscles. In FES setups 
with percutaneous electrodes, the stimulation device is 
placed externally. Fully-implantable FES systems, on the 
other hand, were designed for long-term use and involve 
under-the-skin implantation of the electrodes as well as 
the stimulator device that can be powered and controlled 
with an external unit. Cochlear implants that restore 
hearing and implants for restoring grasp in tetraplegia 
are examples of implantable FES systems.

Typically, FES is applied to the point where the nerve 
enters the target muscle – the motor point, as stimulating 
the motor point requires the lowest stimulation threshold 
to induce muscle contraction [252]. Implantable FES sys-
tems may allow for more fine-grained stimulation target-
ing and can include electrode placement on the muscle 
surface, within a muscle, adjacent to a nerve, or around a 
nerve [222]. In most cases, these different configurations 
aim at exciting the nerves that innervate the muscles. 
Some literature refers to direct stimulation of muscles in 
the case of severe muscle denervation (see “Challenges 
and future directions for more detail”).

Apart from the differences in the outlined FES setups, 
other factors can influence FES outcomes and perfor-
mance including conductivity of the underlying tissue, 
muscle training and the degree and treatment of mus-
cle fatigue [222, 252]. Moreover, FES is characterized 
by a number of stimulation parameters (Fig.  2), such as 
the stimulus waveform, the pulse duration, or width, the 
current amplitude, and the stimulation frequency, which 
can all affect stimulation results. Biphasic waveforms are 
deemed safer for the underlying nervous tissue as they 
can balance out the electrochemical processes caused 
by stimulation thereby minimizing tissue damage [197]. 
Some research has examined the effects of distinct wave-
form shapes and other parameters on FES performance 

and user comfort [19, 27, 45, 72, 129, 180], but overall 
such effects are non-trivial to compare across studies due 
to the large degree of variability in FES applications.

As such, FES applications vary with respect to the area 
of stimulation (face, hand, leg, ear, bladder, etc.), specific 
underlying neural impairment (stroke, spinal cord injury, 
deafness, etc.), target application (restoration of respira-
tion, grasp movements, walking, hearing, etc.), design 
of the control system (user-controlled open-loop sys-
tems, systems with continuous stimulation, closed-loop 
or feedforward control, etc.). Multiple reviews cover FES 
principles and applications [81, 185, 188, 222, 232, 236, 
237, 253, 263, 311], including for stroke [8, 127, 149, 239, 
289], spinal cord injury [49, 100, 122, 177, 234, 241], Par-
kinson’s disease [277] and facial nerve paralysis [54], [86].

FES in limb, body, and face paralysis
Given the focus of the present paper on communication 
for individuals with severe whole-body paralysis, below 
we review studies on clinical and research FES applica-
tions that can induce higher-level voluntary motor activ-
ity, such as functional movements of body, limbs, and 
face. Many people with LIS use residual movements of 
the hand or face to answer closed questions or to control 
their communication technology device. We propose that 
several types of FES-generated movements can poten-
tially be used either for coded communication, similar 
to augmentative and alternative communication devices 
based on residual movements, for example, eye blinks, 
finger taps or other upper or lower limb movements, or 
for direct verbal or non-verbal communication, for exam-
ple, facial expressions, sign language or speech.

Limb and body paralysis
The utilization of FES is well-established within research 
and clinical settings for the improvements or restoration 

Fig. 2  A visual illustration of the stimulation parameters used in FES research including pulse frequency, pulse amplitude, pulse duration 
and different types of waveform: symmetric biphasic, asymmetric biphasic and monophasic waveform
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of motor functioning following several medical condi-
tions, for example, stroke, spinal cord injury, cerebral 
palsy, multiple sclerosis, Parkinson’s disease, trauma, and 
others. Many of these conditions result in weakness or 
paralysis of different body parts, which can affect func-
tional upper and lower limb movements and balance.

Most work on inducing or strengthening upper limb 
movements with FES has been done with transcutane-
ous electrodes (except for studies that use the implanted 
Freehand system). Previous work has shown that FES 
delivery to peripheral nerves can facilitate and induce 
various functional movements of hand and arm [222, 
253]. Concurrent transcutaneous stimulation in large 
shoulder and arm muscles, such as anterior and posterior 
deltoids, triceps and biceps, can induce reaching move-
ments in able-bodied participants [248, 302] and individ-
uals with upper limb paralysis [286].

Different types of hand grasp, including the palmar 
power grasp used to hold large, heavy objects by flexing 
fingers against the palm, and the pinch precision grasp 
used to hold objects between the thumb and other fin-
gers for fine-grained manipulation [89], can be improved 
and induced by transcutaneous FES in able-bodied par-
ticipants [296] and individuals with upper limb paraly-
sis [286]. This can be done by concurrent stimulation in 
forearm muscles, such as wrist and finger flexion muscles 
(flexor carpi radialis, flexor carpi ulnaris, flexor digitorum 
profundus, flexor digitorum superficialis and others), 
and wrist and finger extension muscles (extensor carpi 
radialis, extensor carpi ulnaris, extensor digitorum and 
others). Implanted FES has been shown to induce grasp 
movements in individuals with paralysis [221].

In addition to basic grasp movements, transcutaneous 
FES has been shown to induce finger extension in the 
paralyzed arm [59, 65, 148],hand opening, fist clenching 
and wrist extension with the intact and paretic arm [65, 
113],functional gestures such as closing a drawer, button 
pressing, switching on a light switch in both able-bodied 
participants and individuals with upper limb paralysis 
[157] and individual finger movements and hand pos-
tures for playing a musical instrument in an able-bodied 
participant [280].

Transcutaneous and implantable FES can also facili-
tate and induce movements of the lower limb including 
movements of the thigh, ankle and foot by stimulating 
in hamstring, quadricep, peroneus longus and other leg 
muscles [18, 142, 158, 285].

Stroke and spinal cord injury have a long history of 
using FES-based therapy in a clinical setting with com-
mercially developed FES systems with transcutaneous 
stimulation, such as the NESS Handmaster [10, 249], 
the H200 Wireless Hand Rehabilitation System [9], the 
COMPEX Motion Stimulator [236, 286], MyndMove 

[114], Parastep-1 [103] and implanted setups, such as 
the Freehand System (B. [268]. FES-based therapy been 
shown to significantly improve upper and lower limb 
motor function in both stroke [80, 114, 185, 233, 275, 
283, 286] and spinal cord injury [132, 135, 137, 146, 184, 
223, 235, 253, 284, 285]. The knowledge and experience 
about FES, its clinical practice and commercial applica-
tions accrued in the field of motor restoration after stroke 
and spinal cord injury can be particularly informative for 
the development of stimulation-based applications in 
novel fields, such as FES for communication in individu-
als with LIS.

Facial nerve paralysis
Another type of FES application for inducing functional 
movements that could be used for communication is 
work on facial nerve paralysis. Facial paralysis can occur 
as a result of damage to the facial nerve or facial mus-
cles caused by various conditions. Unilateral facial nerve 
paralysis is rather common and is typically caused by 
Bell’s palsy, infection, trauma, stroke, developmental con-
dition or tumor [215]. Bilateral facial nerve paralysis is 
rarer and can be caused by the same conditions as well 
as the Moebius syndrome. Facial nerve paralysis affects 
20–30 per 100,000 individuals each year across several 
countries [7, 60, 134, 224].

The facial muscles (Fig. 3) are innervated by the facial 
nerve (VII cranial nerve) and are responsible for essen-
tial functional movements of the face. Transcutaneous 
FES administration in the eye muscle (orbicularis oculi) 
has been shown to produce eyeblinks at low levels of pain 
and discomfort in able-bodied participants [95, 128, 178, 
243] and in individuals with facial nerve paralysis [96, 
179, 181, 245].

Recent work has demonstrated that transcutaneous 
FES can induce eyebrow raises in able-bodied partici-
pants [128] and in individuals with facial nerve paraly-
sis [180, 182] by triggering forehead muscle (frontalis) 
contraction (Fig.  4). Transcutaneous FES in the mouth 
muscle (orbicularis oris) can induce lip puckering in 
able-bodied participants [128] as well as in individuals 
with facial nerve paralysis [182, 245, 297]. Cheek muscle 
(zygomaticus major) activation with transcutaneous FES 
can induce a smile in able-bodied participants [128] and 
in individuals with facial nerve paralysis [15, 182, 245, 
297]. Inducing a smile with transcutaneous FES has how-
ever been more challenging compared to eyeblinks, eye-
brow raises and lip pucker due to cross-stimulation of the 
eye and increased levels of discomfort [128]. In all other 
cases, studies reported low levels of user pain and dis-
comfort in both able-bodied participants and individuals 
with facial paralysis.
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Percutaneous stimulation in facial muscles of able-
bodied individuals has been shown to trigger appear-
ance of fine-grained facial movements, such as inner 
and outer eyebrow raises, cheek raising, eyebrow 
lowering, smiling, lip stretching, chin raising, nose 
wrinkling and others [299]. Percutaneous FES in the 
temporarily anesthetized forehead muscle of an able-
bodied participant induced bilateral eyebrow raises 
[154]. In individuals with facial nerve paralysis, intra-
operative transcutaneous and percutaneous stimulation 

in the chewing muscle (temporalis) has been shown to 
produce a smile [111]. Overall, however, despite these 
promising results, research on facial stimulation with 
percutaneous and implanted electrodes appears to be 
rather scarce.

Finally, a recent study showed that some speech-
related activity can be induced in an able-bodied par-
ticipant by application of transcutaneous FES in the 
cheek muscle (zygomaticus major, [258]. The study 
demonstrated that FES could induce pronunciation of 
a consonant /v/ with acoustic sound features similar 
to those of the consonant /v/ freely produced by the 
participant without applying stimulation. This result, 
however, could only be achieved with self-controlled 
stimulation by the participant but not with externally 
controlled stimulation by the experimenter.

FES-based therapy is an actively developing field that 
aims to alleviate physical consequences of facial nerve 
paralysis, such as the inability to blink, produce facial 
expressions, difficulty with speech production, and ina-
bility to selectively contract facial muscles (synkinesis), 
which can lead to altered facial expressions [73, 245, 
297]. In unilateral facial nerve paralysis, much research 
effort with transcutaneous FES is dedicated to facial 
pacing: restoring movements on the paralyzed side of 
the face based on preserved movements on the intact 
side of the face. Multiple reports have demonstrated 
successful application of transcutaneous FES for pro-
moting facial nerve paralysis recovery and symptom 
management [145, 175, 238, 288], see [54, 86, 156] for 
reviews). Ongoing research on facial nerve paralysis, 
its psychological and physical manifestations and clini-
cal FES applications for improving and restoring facial 

Fig. 3  Illustration of the facial muscles. The facial muscles that have been stimulated in previous facial FES studies are highlighted in red: 
the frontalis (forehead), orbicularis oculi (eye), zygomaticus major (cheek), masseter (cheek), and orbicularis oris (mouth). Adapted from [309], 
copyright by the authors

Fig. 4  Example of applying FES electrodes for external activation 
of facial muscles. Copyright: [128]
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movements can be particularly informative for devel-
oping FES systems based on natural verbal and non-
verbal communication.

Complementation of BCI with FES
BCI‑FES for the regulation of stroke and spinal cord injury
Recent research has shown that a combination of a BCI 
system and a FES system has the potential to create an 
electronic neural bypass to externally activate muscles 
affected by paralysis in individuals with stroke and spi-
nal cord injury [133, 143, 185, 265, 266, 281] (Fig. 5). This 
can help improve motor control by strengthening weak-
ened muscles or restore motor control by inducing lost 
functional movements [307]. In a combined BCI-FES 
neuroprosthesis system, neural patterns associated with 
attempted movements are detected from brain activity, 
and this information is then used to trigger FES admin-
istration in the corresponding muscles. Non-implantable 
and implantable BCI systems complemented with trans-
cutaneous or implantable FES have been employed to 
promote rehabilitation in people with stroke and spinal 
cord injury.

Non‑implantable BCI‑FES
Most of the research using non-implantable BCI com-
bined with transcutaneous FES systems on stroke 
patients has focused on the restoration of arm and 
hand movements. Initial case report data that showed 
improvements in upper limb motor function for BCI-
controlled FES compared to FES-only therapy [200] 
was further supported by larger clinical trials [30, 63]. 
Although fewer studies have used such BCI-FES systems 
for post-stroke rehabilitation of lower limb motor func-
tion, their findings confirm that BCI-FES systems lead to 
improvements of motor function [77, 189, 190, 279], and 
are more effective compared to FES-only therapy [66].

A combination of EEG-based BCI and transcutane-
ous FES was first used to restore hand grasp in an indi-
vidual with spinal cord injury in the pioneering work by 
Pfurtscheller et  al. [226]. A subsequent study combined 
an EEG-based BCI with an implanted FES system [202]. 
More recent studies on BCI-FES for people with spinal 
cord injury have replicated and extended these findings 
[99, 119, 167, 201], also confirming that combined BCI-
FES setups provide significantly greater neurological 

Fig. 5  Example of a combined BCI-FES system for restoring upper limb movement in an individual with spinal cord injury. A 96-channel Utah MEA. 
B Zoomed-in view of array orientation (yellow) on the left motor cortex. C Head computerized tomography image displaying the implant location. 
D Representation of the array location (yellow) on the precentral gyrus. Copyright: [40]
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recovery and functional improvement compared to FES-
only therapy [214]. A recent usability study on combined 
BCI-FES technology for spinal cord injury rehabilitation 
showed that users positively evaluated the perceived 
technology effectiveness, particularly appreciating their 
apparent active role in the experience (seeing their hand 
move) and the potential such technology offered for 
improving interaction with their loved ones [314]. This is 
in agreement with earlier work on user priorities for BCI 
where user surveys indicated preference of individuals 
with spinal cord injury for coupling BCI with FES over a 
BCI that controls a computer, wheelchair, or robotic arm 
[69].

Implantable BCI‑FES
While non-implantable BCI technology provides advan-
tages in terms of availability and safety, implantable BCI 
technology provides greater neural signal quality in terms 
of spatial resolution and signal-to-noise ratio [21]. This 
can potentially allow for decoding of more fine-grained 
information from the brain about the attempted move-
ment and conceptually could help improve or restore 
complex continuous control of dynamic functional move-
ments, using FES, as opposed to simple discrete motor 
actions, such as grasp and release movements.

Recent research has attempted to utilize implantable 
BCI-FES systems based on ECoG or MEA recordings 
for the restoration of functional movements in para-
lyzed individuals. In 2016, a combined application of an 
implantable MEA-based BCI and transcutaneous FES in 
a human participant with tetraplegia led to successful res-
toration of volitional finger, hand, and wrist movements 
of a paralyzed limb [44]. The clinical evaluation results 
showed that, while using the system, the user’s motor 
impairments significantly improved, which granted the 
tetraplegic patient with the functional ability to grasp, 
manipulate, and release objects. These findings were fur-
ther supported and extended in follow-up research with 
MEA-based BCI systems combined with FES [5, 13, 39, 
67, 93, 260]. Ajiboye et  al. [5] combined an implantable 
BCI and a FES device with percutaneous electrodes and 
an external stimulator to restore functional reaching and 
grasping movements in an individual with severe tetra-
plegia, allowing him to repeatedly drink a cup of coffee 
and feed himself using his own arm and hand, solely 
on his own volition. Colachis et  al. [67] employed an 
implantable BCI and transcutaneous FES system that 
allowed a tetraplegic patient to complete dynamic func-
tional movements using FES-stimulated arm and hand 
muscles simultaneously with non-paralyzed shoulder and 
elbow muscles on the same side. Their findings showed 
that a tetraplegic patient could utilize the system to per-
form functional tasks ~ 900  days post implementation, 

reflecting the strong translational potential of implant-
able BCI-FES systems for daily life settings. Furthermore, 
Bockbrader et al. [40] used an implantable BCI and trans-
cutaneous FES system to restore skillful and coordinated 
functional grasping movements (lateral, palmar, and tip-
to-tip grips) that provided clinically significant gains in 
assessment of upper limb functioning in an individual 
with spinal cord injury (Fig. 5).

A recent study has presented a combination of an 
EcoG-based BCI and a transcutaneous FES system for 
successful restoration of volitional hand grasp in an indi-
vidual with a spinal cord injury [55]. Finally, a recent 
fully-implantable EcoG-FES system has been used for 
restoration of walking in an individual with spinal cord 
injury [173]. The researchers used an implanted spinal 
stimulation device controlled by an EcoG-based BCI that 
detected intended movement in bilateral motor cortex 
neural activity.

Future BCI‑FES research avenues for communication in LIS
Locked-in individuals experience a loss of motor func-
tion, which can cause a total body paralysis. As a result, 
the affected individuals may be left with little to no means 
of communication. Augmentative and alternative com-
munication devices and BCI communication systems can 
offer these individuals alternative ways to communicate. 
Here, we propose that a technology based on combined 
BCI-FES systems for the restoration of functional motor 
activity could represent another research direction that 
may be worthwhile exploring to provide communication 
means in the case of LIS.

Restoring coded communication
Any intentional natural movement that has been accu-
rately decoded from brain activity and subsequently 
induced with FES could potentially be used for coded 
communication and spelling in LIS. Transcutaneous, 
percutaneous, and implanted FES have demonstrated 
promising results in producing various movements of the 
hand, arm, leg, and face. FES-induced movements can 
allow for binary “yes–no” and more elaborate multi-class 
communication modes. This could be coupled with eye 
trackers, virtual reality and robotics, and potentially new 
combined technology can be developed.

Restoring natural communication
Questionnaires about user needs in assistive communi-
cation technology have shown that individuals with LIS 
have a strong preference for natural personal communi-
cation if possible via attempted speech [48, 251]. In fact, 
having access only to coded “yes–no” type of communi-
cation is associated with lower quality of life compared 
to richer communication modes [251]. Based on existing 
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work in brain signal decoding and FES-induced body 
movements, it may also be possible to develop combined 
BCI-FES technology for more naturalistic communica-
tion than coded messages and spelling. Such technology 
could provide a richer mode of communication that not 
only delivers the content of a communication message 
but can help to express its affective component as well 
by restoring elements of body language and facial expres-
sions, thereby going beyond what most current commu-
nication BCIs aim to offer. For example, a BCI-FES device 
could allow for pointing and gestures, and fine-grained 
hand control could make sign language and handwrit-
ing possible. Previous BCI work has shown that individ-
ual hand gestures, signs of the American Sign Language 
and handwritten characters can be decoded from neural 
activity [47, 162, 165, 218, 303], and both transcutane-
ous and implantable FES could facilitate finger muscle 
control.

Another potential strategy to communicate can be 
based on restoration of facial expressions. It has been 
previously shown that information about facial move-
ments and facial expressions can be decoded from human 
brain activity for BCI purposes [38, 191, 255, 256]. Trans-
cutaneous and percutaneous FES can induce various 
facial movements, such as eyebrow raises, smiles, and lip 
puckers, which separately or in combination can lead to 
perception of a number of facial expressions including 
anger, happiness, fear, sadness and others [82]. This can 
facilitate rich and natural communication of experienced 
emotions of the affected individuals with their family 
and caregivers and have a positive effect on their social 
interactions overall. Previous studies have indicated that 
individuals who are unable to produce facial expressions, 
such as Moebius patients with facial nerve paralysis and 
persons with LIS, may exhibit deficits in recognizing 
emotional facial expressions in others [23, 56, 74, 229]. 
Restoring the ability of locked-in persons to produce 
facial expressions may potentially improve their facial 
mimicry – an automatic facial reaction that attempts to 
reproduce perceived emotional facial expression and that 
is thought to facilitate emotion recognition [212, 231, 
276]. FES-induced smiling in FNP patients and individu-
als with major depressive disorder has been linked to 
improved quality of life [75, 168] and might provide simi-
lar benefits to persons with LIS.

Although likely unrealistic in the foreseeable future, yet 
still potentially conceivable, is the idea to decode spon-
taneous speech from brain activity and use it to trig-
ger orofacial and laryngeal muscles for inducing speech 
in locked-in individuals. Implantable BCI research has 
shown impressive results in decoding speech from the 
brain including individual phonemes, words and even 
continuous speech segments [29, 41, 61, 187, 240] for 

reviews). Transcutaneous FES research indicates that 
laryngeal and speech articulators can be activated with 
external stimulation for producing speech-related motor 
activity [155, 258]. Although these FES results are pre-
liminary, they are also promising, as BCI-driven FES-
induced speech production has the potential to truly 
transform the way locked-in individuals could communi-
cate in the future.

Overall, restoring either basic coded communication 
or more natural communication with combined BCI-
FES systems could potentially provide previously inac-
cessible benefits to users with LIS by offering (1) direct 
interpersonal communication without having to rely on 
a computer screen, (2) a natural way to interact with the 
world, (3) a possibility to engage body language and facial 
expressions to communicate emotion and social signals, 
(4) an increased sense of agency and control, (5) soma-
tosensory feedback by design—an important component 
that has been shown to have positive effects on accuracy 
and speed of produced movements in BCI users [91].

Challenges and future directions
There are several challenges and considerations that 
need to be addressed when testing the feasibility of BCI-
FES systems to restore functional movements of body 
and face in locked-in individuals for the purpose of 
communication.

Clinical considerations about LIS
The first challenge relates to the variability of conditions 
that can potentially lead to LIS. LIS can be caused by 
various conditions, such as brainstem stroke, trauma, or 
a progressive neurodegenerative disease (e.g., ALS), and 
each of them likely differently affects the neuromuscu-
lar integrity of limbs and face and therefore the potential 
success of complementing a communication BCI with 
FES.

In a situation where paralysis is caused by a disruption 
of the neural connections between the upper neural path-
ways and the peripheral and cranial nerves, as is typically 
the case in brainstem stroke or trauma, it may be feasi-
ble to use FES successfully. Notably, individuals with LIS 
caused by brainstem lesion usually preserve spontane-
ous involuntary facial expressions while being unable to 
produce voluntary facial expressions [125, 287]. This dis-
sociation of reflexive and voluntary control may indicate 
that the facial muscles and peripheral nerves can in prin-
ciple be excited to produce target expressions, but the 
upper neural pathways involved in voluntary facial move-
ments are impaired. Thus, a BCI-FES combination may 
help bypass the impaired pathways and restore voluntary 
facial expressions and potentially other movements that 
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could serve communication in locked-in individuals with 
a brainstem stroke.

Another important consideration in paralysis that 
needs to be taken into account is the degree of muscle 
denervation. Muscle denervation refers to the reduction 
of nerve inputs into the muscle that causes a decrease 
in neural input necessary for muscle activation and pro-
motes muscle atrophy. Previous work, however, has 
shown that transcutaneous FES can be used to induce 
movement of denervated muscles even several years after 
the onset of paralysis [15, 141, 156]. Activation of dener-
vated muscles with FES may be possible partly due to the 
process called reinnervation, in which intact neural path-
ways take over the damaged nerves in controlling muscle 
activation.

In a neurodegenerative disease, such as ALS, how-
ever, the ongoing reinnervation may not be sufficient to 
preserve functional motor units and as the disease pro-
gresses, it will not help compensate for the continually 
increasing amount of muscle denervation [110]. Over 
time, this will inevitably lead to muscle thinning, muscle 
atrophy, muscle infiltration with fatty tissue and nerve 
atrophy [22, 204]. Limited earlier work has demonstrated 
successful muscle excitation with electrical stimulation 
in individuals with ALS [6, 109]. It has been speculated 
that FES-based therapy could conceivably attenuate or 
even delay the disease progression by decreasing muscle 
tightness and increasing muscle strength [109]. However, 
other work called into question the feasibility and bene-
fits of electrical stimulation in ALS, especially in the con-
text of muscle denervation at later stages of the disease 
[12, 120]. Therefore, the stage and progression of the dis-
ease may be the determining factor of success in applying 
FES to restore muscle movement in individuals with ALS. 
More research on muscle denervation in ALS and FES 
application in denervated muscles is, however, needed to 
make more specific prognosis about potential outcomes 
of FES application in LIS caused by a neurodegenerative 
disease.

The timing of introducing FES and BCI assistive tech-
nology to individuals with LIS may also affect how 
successful its use will be. Previous work shows that intro-
ducing BCI to people in total LIS may produce unreliable 
BCI control. It appears that the longer the person stays in 
the total LIS state, the harder it may become for them to 
elicit goal-directed behavior. A hypothesis called “extinc-
tion of goal-directed thinking” [33, 150] suggests that 
loss of motor control can be associated with cessation 
of voluntary cognitive activity. In addition to this, pro-
longed total LIS may lead to alterations in consciousness 
and arousal [313]. Under the “extinction of goal-directed 
thinking” hypothesis, it seems reasonable to assume that 
the loss of cognitive activity occurs gradually due to the 

progressive lack of sensorimotor feedback. In that regard, 
it may be worthwhile to investigate whether FES-based 
assistive technology offered to people at earlier stages of 
ALS could stimulate active motor control, thereby poten-
tially leading to more reliable performance of BCI-based 
communication at later stages of the disease.

Finally, a combination of motor and cognitive decline 
in LIS may pose an additional challenge for the choice of 
strategy for the BCI-FES control. LIS caused by lesion or 
disease can lead to structural changes in target cortical 
circuits of face and hand leading to functional deterio-
ration of the corresponding motor networks [295]. One 
could consider addressing this challenge by remapping 
of triggers to outputs, and, for example, using various 
mental strategies to spell or control a computer cursor. 
However, it may be questionable how intuitive and user-
friendly a non-motor based mental strategy would be for 
FES control. Overall, severe cognitive, motor and struc-
tural impairments in LIS pose a fundamental problem for 
long-term use and use in total LIS for any assistive tech-
nology for communication, and it needs to be studied 
systematically, not only in the context of FES.

In the case where FES cannot successfully induce 
movements for communication, such as likely during 
the late stages of ALS, alternative techniques combined 
with BCI may still apply and benefit from the knowl-
edge gained with existing successful FES applications. 
Understanding the neural musculature of body and face, 
the mapping between cortical neural signals and muscle 
movements and factors determining successful muscle 
activation with stimulation could inform novel assistive 
technology. Such technology could be based on virtual 
reality, including facial avatars and digital twin develop-
ment, robotics, orthotics, bionic facial masks, and gloves 
to provide alternative means of communication and 
interaction with the world for the locked-in individuals.

Technical considerations of FES
In the case of translating existing BCI-FES setups to 
restore motor functioning of upper and lower limb, there 
may be a number of technical challenges. Optimal choice 
of stimulation parameters especially in transcutaneous 
FES needs particular care. Research shows that, in gen-
eral, paralyzed limbs and face require higher stimulation 
amplitudes [182, 245, 297], which may lead to adverse 
effects of stimulation. Some studies show that increasing 
another parameter—pulse duration, may lead to mus-
cle contraction at lower amplitudes [156] and thereby 
decrease user pain and discomfort [96, 297]. At the same 
time, the use of larger pulse durations results in lowered 
frequency of stimulation. The latter, however, is recom-
mended to be set at 20–40  Hz for inducing smooth 
continuous movements [78, 222]. Further systematic 
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investigation of optimal parameter configurations may be 
crucial for acceptability of FES and BCI-FES technologies 
as a therapeutic tool.

Another challenge in the case of FES applied to facial 
muscles is the precise electrode placement given the 
overlapping nature and very small size of facial muscles. 
Some effort has started on developing recommendations 
and protocols regarding electrode size and fixation for 
application of transcutaneous FES to facial muscles [247]. 
Regarding electrode type and placement, transcutaneous 
facial FES research has relied on existing electromyogra-
phy guidelines [92]. Many studies, however, note the lack 
of an electromyography site “atlas” available for the facial 
musculature, and that relevant data is only available for 
three facial muscles: cheek (zygomaticus major), eyebrow 
(corrugator supercilia), and forehead (lateral frontalis) 
muscles. Some researchers are developing facial mapping 
techniques to identify the facial sites that induces the 
strongest contraction of the relevant facial muscle [96], 
but this practice is not yet widely used in the field.

Another potential challenge is the FES-induced mus-
cle fatigue due to the fact the FES currents may activate 
muscles in a way and order that are different from natu-
rally induced movements. Specifically, during natural 
voluntary movement, activation of small fatigue-resist-
ant fibers happens first and then propagates to larger 
more fatigable muscles, whereas FES may activate larger 
muscles first or activate muscles non-selectively com-
promising the natural order of muscle contractions [88, 
104, 290]. Animal studies show that stimulation with 
implanted electrodes may be able to manipulate mus-
cle recruitment order and tackle fatigue [84, 85]. With 
transcutaneous FES, it has been shown that manipulat-
ing stimulation parameters can have an effect on fatigue 
with larger pulse frequencies increasing it [102, 105] and 
longer pulse durations potentially decreasing it [131]. 
Several studies underline the importance of muscle con-
ditioning and training in reducing fatigue [107]. Despite 
these efforts, a lot remains unknown about the mecha-
nisms of muscle fatigue and its prevention, and in many 
cases individual differences between participants con-
tinue to determine FES results.

Finally, it is worth considering that using percutane-
ous and implantable FES electrodes may hold additional 
benefits for targeted activation of face and body muscles 
compared to transcutaneous FES. Implantable FES sys-
tems may not only be more practical for long-term use, 
but they may also offer better positioning of the elec-
trodes, do not suffer from issues with electrode–skin 
impedance on the skin and bypass skin pain receptors. 
Given that current percutaneous and implantable FES 
research, especially with facial muscles, shows promis-
ing results but remains limited, this could be a potentially 

noteworthy direction for explorative research on its own 
and in combination with BCI.

Potential of combined BCI‑FES communication systems 
for long‑term use
Several studies have demonstrated successful long-term 
use of individual FES and BCI systems [4, 68, 107, 108, 
193]. They show promising results regarding perfor-
mance and user satisfaction and should be used as guid-
ance in development of combined BCI-FES setups. One 
important aspect this work can explore is long-term 
effects of using an assistive technology. In the BCI field, 
this work focuses on long-term stability of recorded neu-
ral control signal and aims to incorporate adaptive data 
processing methods [68, 250, 264]. Both BCI and FES 
research indicate the importance and challenges associ-
ated with training, motivation, and practical implementa-
tion of the system [107, 147, 196, 207]. Work with FES 
highlights its potential in some cases to counteract mus-
cle denervation and promote muscle growth [140, 275]. 
Studying long-term use of combined BCI-FES technol-
ogy is necessary to further understand the long-term 
effects of this technology on the users.

For long-term use, fully-implantable systems may be 
preferred. This is more practical and esthetically pleas-
ing, which decreases the burden on the user, family, 
and caregivers. Fully-implantable systems, however, are 
associated with increased risks of infection, and in the 
case of a fully-implantable BCI-FES, a potentially large 
number of components may need to be implanted, lead-
ing to an extensive invasive surgery on user’s body and 
head. Importantly, one of the biggest concerns about the 
use of implantable FES systems today is increased risk of 
infection [144]. Overall, various factors need to be care-
fully considered in designing long-term BCI-FES systems 
in order to minimize risks yet maximize benefits for the 
users.

Conclusions
Recent advances in BCI technology and FES fields have 
led to the development of combined BCI-FES systems 
that have demonstrated the feasibility of restoring func-
tional movement of paralyzed limbs in individuals with 
stroke or spinal cord injury. We anticipate that this 
research can lead the path to development of novel tools 
for assistive communication for locked-in individuals as 
a result of a brainstem stroke, trauma and perhaps neu-
rodegenerative disease, such as ALS. This can be done in 
two ways: (1) by directly applying existing BCI-FES strat-
egies for upper and lower limb reanimation to locked-in 
individuals to accomplish basic communication sig-
nals, or (2) by exploring a novel direction of reanimat-
ing facial movements and expressions with a combined 
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BCI-FES approach. Facial FES research has shown prom-
ising results of restoring functional facial movements and 
expressions in patients with facial nerve paralysis, induc-
ing eyeblinks, eyebrow raises, frowning, smiling. Even 
limited speech articulation may be conceived for this 
direction of research. Combined with successful decod-
ing of attempted and intended movements and speech 
from neural activity of the affected individuals with BCI, 
we expect a combined BCI-FES approach for provid-
ing communication to locked-in individuals to emerge. 
FES-induced movements and facial expressions driven 
by neural activity could allow locked-in individuals to 
express themselves more effectively, which would likely 
have positive effects for their wellbeing and quality of life.

Author contributions
EC and JB wrote the main manuscript text. All authors reviewed the 
manuscript.

Funding
This work was supported by Nederlandse Organisatie voor Wetenschappelijk 
Onderzoek (NWO), grant number OCENW.XS22.4.118.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 31 July 2023   Accepted: 23 October 2023

References
	 1.	 Abdalmalak A, Milej D, Norton L, Debicki DB, Gofton T, Diop M, Owen 

AM, St. Lawrence K. Single-session communication with a locked-in 
patient by functional near-infrared spectroscopy. Neurophotonics. 
2017;4(4):040501–040501.

	 2.	 Abiri R, Borhani S, Sellers EW, Jiang Y, Zhao X. A comprehensive review 
of EEG-based brain–computer interface paradigms. J Neural Eng. 
2019;16(1): 011001. https://​doi.​org/​10.​1088/​1741-​2552/​aaf12e.

	 3.	 Adrian ED, Matthews BH. The Berger rhythm: potential changes from 
the occipital lobes in man. Brain J Neurol. 1934;57(4):355–85.

	 4.	 Agarwal S, Kobetic R, Nandurkar S, Marsolais EB. Functional electrical 
stimulation for walking in paraplegia: 17-year follow-up of 2 cases. J 
Spinal Cord Med. 2003;26(1):86–91. https://​doi.​org/​10.​1080/​10790​268.​
2003.​11753​666.

	 5.	 Ajiboye AB, Willett FR, Young DR, Memberg WD, Murphy BA, Miller JP, 
Walter BL, Sweet JA, Hoyen HA, Keith MW, Peckham PH, Simeral JD, 
Donoghue JP, Hochberg LR, Kirsch RF. Restoration of reaching and 
grasping in a person with tetraplegia through brain-controlled muscle 
stimulation: a proof-of-concept demonstration. Lancet (London, Eng‑
land). 2017;389(10081):1821. https://​doi.​org/​10.​1016/​S0140-​6736(17)​
30601-3.

	 6.	 Akaza M, Kanouchi T, Inaba A, Numasawa Y, Irioka T, Mizusawa H, Yokota 
T. Motor nerve conduction study in cauda equina with high-voltage 

electrical stimulation in multifocal motor neuropathy and amyotrophic 
lateral sclerosis: NCS in Cauda Equina in MMN/ALS. Muscle Nerve. 
2011;43(2):274–82. https://​doi.​org/​10.​1002/​mus.​21855.

	 7.	 Alanazi F, Kashoo FZ, Alduhishy A, Aldaihan M, Ahmad F, Alanazi A. Inci‑
dence rate, risk factors, and management of Bell’s palsy in the Qurayyat 
region of Saudi Arabia. PeerJ. 2022;10: e14076. https://​doi.​org/​10.​7717/​
peerj.​14076.

	 8.	 Alashram AR, Padua E, Annino G. Effects of brain–computer inter‑
face controlled functional electrical stimulation on motor recovery 
in stroke survivors: a systematic review. Curr Phys Med Rehabil Rep. 
2022;10(4):299–310. https://​doi.​org/​10.​1007/​s40141-​022-​00369-0.

	 9.	 Alon G, Levitt AF, McCarthy PA. Functional electrical stimulation 
enhancement of upper extremity functional recovery during stroke 
rehabilitation: A pilot study. Neurorehabilitation and Neural Repair. 
2007;21(3):207–15. https://​doi.​org/​10.​1177/​15459​68306​297871.

	 10.	 Alon G, Ring H. Gait and hand function enhancement following 
training with a multi-segment hybrid-orthosis stimulation system 
in stroke patients. Journal of Stroke and Cerebrovascular Diseases. 
2003;12(5):209–16. https://​doi.​org/​10.​1016/​s1052-​3057(03)​00076-4.

	 11.	 American Congress Of Rehabilitation Medicine. Recommendations 
for use of uniform nomenclature pertinent to patients with severe 
alterations in consciousness. Arch Phys Med Rehabil. 1995;76(2):205–9. 
https://​doi.​org/​10.​1016/​S0003-​9993(95)​80031-X.

	 12.	 Amirjani N, Kiernan MC, McKenzie DK, Butler JE, Gandevia SC. Is there 
a case for diaphragm pacing for amyotrophic lateral sclerosis patients? 
Amyotroph Lateral Scler. 2012;13(6):521–7. https://​doi.​org/​10.​3109/​
17482​968.​2012.​673169.

	 13.	 Annetta NV, Zhang M, Mysiw WJ, Rezai AR, Sharma G, Friend J, Schim‑
moeller A, Buck VS, Friedenberg DA, Bouton CE, Bockbrader MA, 
Ganzer PD, Colachis SC. A high definition noninvasive neuromuscular 
electrical stimulation system for cortical control of combinatorial rotary 
hand movements in a human with tetraplegia. IEEE Trans Biomed Eng. 
2019;66(4):910–9. https://​doi.​org/​10.​1109/​TBME.​2018.​28641​04.

	 14.	 Anumanchipalli GK, Chartier J, Chang EF. Speech synthesis from neural 
decoding of spoken sentences. Nature. 2019;568(7753):493–8.

	 15.	 Arnold D, Thielker J, Klingner CM, Puls WC, Misikire W, Guntinas-Lichius 
O, Volk GF. Selective surface electrostimulation of the denervated zygo‑
maticus muscle. Diagnostics. 2021;11(2):188. https://​doi.​org/​10.​3390/​
diagn​ostic​s1102​0188.

	 16.	 Averbuch-Heller L, Helmchen C, Horn AKE, Leigh RJ, Büttner-Ennever 
JA. Slow vertical saccades in motor neuron disease: Correlation of struc‑
ture and function: slow saccades in ALS. Ann Neurol. 1998;44(4):641–8. 
https://​doi.​org/​10.​1002/​ana.​41044​0410.

	 17.	 Bacher D, Jarosiewicz B, Masse NY, Stavisky SD, Simeral JD, Newell K, 
Oakley EM, Cash SS, Friehs G, Hochberg LR. Neural point-and-click 
communication by a person with incomplete locked-in syndrome. 
Neurorehabil Neural Repair. 2015;29(5):462–71. https://​doi.​org/​10.​1177/​
15459​68314​554624.

	 18.	 Bajd T, Kralj A, Turk R, Benko H, Šega J. The use of a four-channel electri‑
cal stimulator as an ambulatory aid for paraplegic patients. Phys Ther. 
1983;63(7):1116–20. https://​doi.​org/​10.​1093/​ptj/​63.7.​1116.

	 19.	 Baker LL, Bowman BR, Mcneal DR. Effects of waveform on comfort 
during neuromuscular electrical stimulation. Clin Orthopaed Relat Res 
(1976–2007). 1988;233:75.

	 20.	 Ball LJ, Nordness AS, Fager SK, Kersch K, Mohr B, Pattee GL, Beukelman 
DR. Eye gaze access of AAC technology for people with amyotrophic 
lateral sclerosis. J Med Speech-Lang Pathol. 2010;18(3):11.

	 21.	 Ball T, Kern M, Mutschler I, Aertsen A, Schulze-Bonhage A. Signal quality 
of simultaneously recorded invasive and non-invasive EEG. Neuroim‑
age. 2009;46(3):708–16. https://​doi.​org/​10.​1016/j.​neuro​image.​2009.​02.​
028.

	 22.	 Barnes SL, Simon NG. Clinical and research applications of neuromus‑
cular ultrasound in amyotrophic lateral sclerosis. Degenerative Neurol 
Neuromus Disease. 2019;9:89–102. https://​doi.​org/​10.​2147/​DNND.​
S2153​18.

	 23.	 Bate S, Cook SJ, Mole J, Cole J. First report of generalized face process‑
ing difficulties in Möbius sequence. PLoS ONE. 2013;8(4):e62656. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00626​56.

	 24.	 Bauby J-D. The diving bell and the butterfly. Vintage; 2008.
	 25.	 Bauer G, Gerstenbrand F, Rumpl E. Varieties of the locked-in syndrome. J 

Neurol. 1979;221(2):77–91. https://​doi.​org/​10.​1007/​BF003​13105.

https://doi.org/10.1088/1741-2552/aaf12e
https://doi.org/10.1080/10790268.2003.11753666
https://doi.org/10.1080/10790268.2003.11753666
https://doi.org/10.1016/S0140-6736(17)30601-3
https://doi.org/10.1016/S0140-6736(17)30601-3
https://doi.org/10.1002/mus.21855
https://doi.org/10.7717/peerj.14076
https://doi.org/10.7717/peerj.14076
https://doi.org/10.1007/s40141-022-00369-0
https://doi.org/10.1177/1545968306297871
https://doi.org/10.1016/s1052-3057(03)00076-4
https://doi.org/10.1016/S0003-9993(95)80031-X
https://doi.org/10.3109/17482968.2012.673169
https://doi.org/10.3109/17482968.2012.673169
https://doi.org/10.1109/TBME.2018.2864104
https://doi.org/10.3390/diagnostics11020188
https://doi.org/10.3390/diagnostics11020188
https://doi.org/10.1002/ana.410440410
https://doi.org/10.1177/1545968314554624
https://doi.org/10.1177/1545968314554624
https://doi.org/10.1093/ptj/63.7.1116
https://doi.org/10.1016/j.neuroimage.2009.02.028
https://doi.org/10.1016/j.neuroimage.2009.02.028
https://doi.org/10.2147/DNND.S215318
https://doi.org/10.2147/DNND.S215318
https://doi.org/10.1371/journal.pone.0062656
https://doi.org/10.1007/BF00313105


Page 15 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 	

	 26.	 Benabid AL, Costecalde T, Eliseyev A, Charvet G, Verney A, Karakas S, 
Foerster M, Lambert A, Morinière B, Abroug N, Schaeffer M-C, Moly A, 
Sauter-Starace F, Ratel D, Moro C, Torres-Martinez N, Langar L, Oddoux 
M, Polosan M, et al. An exoskeleton controlled by an epidural wireless 
brain–machine interface in a tetraplegic patient: a proof-of-concept 
demonstration. Lancet Neurol. 2019;18(12):1112–22. https://​doi.​org/​10.​
1016/​S1474-​4422(19)​30321-7.

	 27.	 Bennie S, Petrofsky J, Nisperos J, Tsurudome M, Laymon M. Toward 
the optimal waveform for electrical stimulation of human muscle. 
Eur J Appl Physiol. 2002;88(1–2):13–9. https://​doi.​org/​10.​1007/​
s00421-​002-​0711-4.

	 28.	 Berezutskaya J, Freudenburg ZV, Vansteensel MJ, Aarnoutse EJ, Ramsey 
NF, Van Gerven MAJ. Direct speech reconstruction from sensorimotor 
brain activity with optimized deep learning models. Neuroscience. 
2022. https://​doi.​org/​10.​1101/​2022.​08.​02.​502503.

	 29.	 Berezutskaya J, Saive A-L, Jerbi K, van Gerven M. How does artificial 
intelligence contribute to iEEG research? (Issue arXiv:​2207.​13190). arXiv. 
http://​arxiv.​org/​abs/​2207.​13190; 2022.

	 30.	 Biasiucci A, Leeb R, Iturrate I, Perdikis S, Al-Khodairy A, Corbet T, 
Schnider A, Schmidlin T, Zhang H, Bassolino M, Viceic D, Vuadens P, 
Guggisberg AG, Millán JdR. Brain-actuated functional electrical stimula‑
tion elicits lasting arm motor recovery after stroke. Nat Commun. 
2018;9(1):2421. https://​doi.​org/​10.​1038/​s41467-​018-​04673-z.

	 31.	 Birbaumer N. Breaking the silence: brain–computer interfaces (BCI) for 
communication and motor control. Psychophysiology. 2006;43(6):517–
32. https://​doi.​org/​10.​1111/j.​1469-​8986.​2006.​00456.x.

	 32.	 Birbaumer N, Elbert T, Canavan AG, Rockstroh B. Slow potentials of the 
cerebral cortex and behavior. Physiol Rev. 1990;70(1):1–41.

	 33.	 Birbaumer N, Gallegos-Ayala G, Wildgruber M, Silvoni S, Soekadar SR. 
Direct brain control and communication in paralysis. Brain Topogr. 
2014;27(1):4–11. https://​doi.​org/​10.​1007/​s10548-​013-​0282-1.

	 34.	 Birbaumer N, Ghanayim N, Hinterberger T, Iversen I, Kotchoubey B, 
Kübler A, Perelmouter J, Taub E, Flor H. A spelling device for the para‑
lysed. Nature. 1999;398(6725):297–8.

	 35.	 Birbaumer N, Piccione F, Silvoni S, Wildgruber M. Ideomotor silence: the 
case of complete paralysis and brain–computer interfaces (BCI). Psychol 
Res. 2012;76(2):183–91. https://​doi.​org/​10.​1007/​s00426-​012-​0412-5.

	 36.	 Blakely T, Miller KJ, Rao RP, Holmes MD, Ojemann JG. Localization and 
classification of phonemes using high spatial resolution electrocorti‑
cography (ECoG) grids. In: 2008 30th Annual International Conference 
of the IEEE Engineering in Medicine and Biology Society. 2008; pp. 
4964–4967.

	 37.	 Bleichner M, Freudenburg ZV, Jansma JM, Aarnoutse EJ, Vansteensel 
MJ, Ramsey NF. Give me a sign: decoding four complex hand gestures 
based on high-density ECoG. Brain Struct Funct. 2016;221(1):203–16. 
https://​doi.​org/​10.​1007/​s00429-​014-​0902-x.

	 38.	 Bleichner M, Jansma J, Salari E, Freudenburg Z, Raemaekers M, Ramsey 
N. Classification of mouth movements using 7 T fMRI. J Neural Eng. 
2015;12: 066026. https://​doi.​org/​10.​1088/​1741-​2560/​12/6/​066026.

	 39.	 Bockbrader M. Upper limb sensorimotor restoration through brain–
computer interface technology in tetraparesis. Curr Opin Biomed Eng. 
2019;11:85–101. https://​doi.​org/​10.​1016/j.​cobme.​2019.​09.​002.

	 40.	 Bockbrader M, Annetta N, Friedenberg D, Schwemmer M, Skomrock 
N, Colachis S, Zhang M, Bouton C, Rezai A, Sharma G, Mysiw WJ. Clini‑
cally significant gains in skillful grasp coordination by an individual 
with tetraplegia using an implanted brain–computer interface with 
forearm transcutaneous muscle stimulation. Arch Phys Med Rehabil. 
2019;100(7):1201–17. https://​doi.​org/​10.​1016/j.​apmr.​2018.​07.​445.

	 41.	 Bocquelet F, Hueber T, Girin L, Chabardès S, Yvert B. Key considera‑
tions in designing a speech brain–computer interface. J Physiol Paris. 
2016;110(4):392–401.

	 42.	 Bouchard KE, Chang EF. Neural decoding of spoken vowels from 
human sensory-motor cortex with high-density electrocorticography. 
In: 2014 36th Annual International Conference of the IEEE Engineering 
in Medicine and Biology Society, 2014; pp. 6782–6785.

	 43.	 Bouchard KE, Mesgarani N, Johnson K, Chang EF. Functional organiza‑
tion of human sensorimotor cortex for speech articulation. Nature. 
2013;495(7441):327.

	 44.	 Bouton CE, Shaikhouni A, Annetta NV, Bockbrader MA, Friedenberg 
DA, Nielson DM, Sharma G, Sederberg PB, Glenn BC, Mysiw WJ, Morgan 
AG, Deogaonkar M, Rezai AR. Restoring cortical control of functional 

movement in a human with quadriplegia. Nature. 2016;533(7602):247. 
https://​doi.​org/​10.​1038/​natur​e17435.

	 45.	 Bowman BR, Baker LL. Effects of waveform parameters on comfort dur‑
ing transcutaneous neuromuscular electrical stimulation. Ann Biomed 
Eng. 1985;13(1):59–74. https://​doi.​org/​10.​1007/​BF023​71250.

	 46.	 Bradberry TJ, Gentili RJ, Contreras-Vidal JL. Reconstructing three-dimen‑
sional hand movements from noninvasive electroencephalographic 
signals. J Neurosci. 2010;30(9):3432–7. https://​doi.​org/​10.​1523/​JNEUR​
OSCI.​6107-​09.​2010.

	 47.	 Branco MP, Freudenburg ZV, Aarnoutse EJ, Bleichner MG, Vansteensel 
MJ, Ramsey NF. Decoding hand gestures from primary somatosensory 
cortex using high-density ECoG. Neuroimage. 2017;147:130–42. https://​
doi.​org/​10.​1016/j.​neuro​image.​2016.​12.​004.

	 48.	 Branco MP, Pels EGM, Sars RH, Aarnoutse EJ, Ramsey NF, Vansteensel MJ, 
Nijboer F. Brain–computer interfaces for communication: preferences 
of individuals with locked-in syndrome. Neurorehabil Neural Repair. 
2021;35(3):267–79. https://​doi.​org/​10.​1177/​15459​68321​989331.

	 49.	 Braz GP, Russold M, Davis GM. Functional electrical stimulation control 
of standing and stepping after spinal cord injury: a review of technical 
characteristics. Neuromodul Technol Neural Interface. 2009;12(3):180–
90. https://​doi.​org/​10.​1111/j.​1525-​1403.​2009.​00213.x.

	 50.	 Brumberg JS, Nieto-Castanon A, Kennedy PR, Guenther FH. Brain–
computer interfaces for speech communication. Speech Commun. 
2010;52(4):367–79. https://​doi.​org/​10.​1016/j.​specom.​2010.​01.​001.

	 51.	 Brunner P, Joshi S, Briskin S, Wolpaw JR, Bischof H, Schalk G. Does the 
‘P300’ speller depend on eye gaze? J Neural Eng. 2010;7(5): 056013. 
https://​doi.​org/​10.​1088/​1741-​2560/7/​5/​056013.

	 52.	 Bruno M-A, Bernheim JL, Ledoux D, Pellas F, Demertzi A, Laureys S. A 
survey on self-assessed well-being in a cohort of chronic locked-in 
syndrome patients: happy majority, miserable minority. BMJ Open. 
2011;1(1): e000039. https://​doi.​org/​10.​1136/​bmjop​en-​2010-​000039.

	 53.	 Bundy DT, Pahwa M, Szrama N, Leuthardt EC. Decoding three-dimen‑
sional reaching movements using electrocorticographic signals in 
humans. J Neural Eng. 2016;13(2): 026021. https://​doi.​org/​10.​1088/​
1741-​2560/​13/2/​026021.

	 54.	 Burelo-Peregrino EG, Salas-Magaña M, Arias-Vázquez PI, Tovilla-Zarate 
CA, Bermudez-Ocaña DY, López-Narváez ML, Guzmán-Priego CG, 
González-Castro TB, Juárez-Rojop IE. Efficacy of electrotherapy in Bell’s 
palsy treatment: a systematic review. J Back Musculoskelet Rehabil. 
2020;33(5):865–74. https://​doi.​org/​10.​3233/​BMR-​171031.

	 55.	 Cajigas I, Davis KC, Meschede-Krasa B, Prins NW, Gallo S, Naeem JA, 
Palermo A, Wilson A, Guerra S, Parks BA, Zimmerman L, Gant K, Levi AD, 
Dietrich WD, Fisher L, Vanni S, Tauber JM, Garwood IC, Abel JH, Jagid 
J. Implantable brain–computer interface for neuroprosthetic-enabled 
volitional hand grasp restoration in spinal cord injury. Brain Commun. 
2021;3(4):fcab248. https://​doi.​org/​10.​1093/​brain​comms/​fcab2​48.

	 56.	 Calder AJ, Keane J, Cole J, Campbell R, Young AW. Facial expression 
recognition by people with Mobius syndrome. Cogn Neuropsychol. 
2000;17(1–3):73–87. https://​doi.​org/​10.​1080/​02643​29003​80490.

	 57.	 Cao L, Huang D, Zhang Y, Jiang X, Chen Y. Brain decoding using fNIRS. 
Proc AAAI Conf Artif Intell. 2021;35(14):12602–11. https://​doi.​org/​10.​
1609/​aaai.​v35i14.​17493.

	 58.	 Carmena JM, Lebedev MA, Crist RE, O’Doherty JE, Santucci DM, Dim‑
itrov DF, Patil PG, Henriquez CS, Nicolelis MAL. Learning to control a 
brain–machine interface for reaching and grasping by primates. PLoS 
Biol. 2003;1(2): e42. https://​doi.​org/​10.​1371/​journ​al.​pbio.​00000​42.

	 59.	 Cauraugh J, Light K, Kim S, Thigpen M, Behrman A. Chronic motor 
dysfunction after stroke: recovering wrist and finger extension by 
electromyography-triggered neuromuscular stimulation. Stroke. 
2000;31(6):1360–4. https://​doi.​org/​10.​1161/​01.​STR.​31.6.​1360.

	 60.	 Cha CI, Hong CK, Park MS, Yeo SG. Comparison of facial nerve paralysis 
in adults and children. Yonsei Med J. 2008;49(5):725. https://​doi.​org/​10.​
3349/​ymj.​2008.​49.5.​725.

	 61.	 Chaudhary U, Birbaumer N, Ramos-Murguialday A. Brain–computer 
interfaces for communication and rehabilitation. Nat Rev Neurol. 
2016;12(9):513–25. https://​doi.​org/​10.​1038/​nrneu​rol.​2016.​113.

	 62.	 Chaudhary U, Vlachos I, Zimmermann JB, Espinosa A, Tonin A, Jaramillo-
Gonzalez A, Khalili-Ardali M, Topka H, Lehmberg J, Friehs GM, Woodtli A, 
Donoghue JP, Birbaumer N. Spelling interface using intracortical signals 
in a completely locked-in patient enabled via auditory neurofeedback 

https://doi.org/10.1016/S1474-4422(19)30321-7
https://doi.org/10.1016/S1474-4422(19)30321-7
https://doi.org/10.1007/s00421-002-0711-4
https://doi.org/10.1007/s00421-002-0711-4
https://doi.org/10.1101/2022.08.02.502503
http://arxiv.org/abs/2207.13190
http://arxiv.org/abs/2207.13190
https://doi.org/10.1038/s41467-018-04673-z
https://doi.org/10.1111/j.1469-8986.2006.00456.x
https://doi.org/10.1007/s10548-013-0282-1
https://doi.org/10.1007/s00426-012-0412-5
https://doi.org/10.1007/s00429-014-0902-x
https://doi.org/10.1088/1741-2560/12/6/066026
https://doi.org/10.1016/j.cobme.2019.09.002
https://doi.org/10.1016/j.apmr.2018.07.445
https://doi.org/10.1038/nature17435
https://doi.org/10.1007/BF02371250
https://doi.org/10.1523/JNEUROSCI.6107-09.2010
https://doi.org/10.1523/JNEUROSCI.6107-09.2010
https://doi.org/10.1016/j.neuroimage.2016.12.004
https://doi.org/10.1016/j.neuroimage.2016.12.004
https://doi.org/10.1177/1545968321989331
https://doi.org/10.1111/j.1525-1403.2009.00213.x
https://doi.org/10.1016/j.specom.2010.01.001
https://doi.org/10.1088/1741-2560/7/5/056013
https://doi.org/10.1136/bmjopen-2010-000039
https://doi.org/10.1088/1741-2560/13/2/026021
https://doi.org/10.1088/1741-2560/13/2/026021
https://doi.org/10.3233/BMR-171031
https://doi.org/10.1093/braincomms/fcab248
https://doi.org/10.1080/026432900380490
https://doi.org/10.1609/aaai.v35i14.17493
https://doi.org/10.1609/aaai.v35i14.17493
https://doi.org/10.1371/journal.pbio.0000042
https://doi.org/10.1161/01.STR.31.6.1360
https://doi.org/10.3349/ymj.2008.49.5.725
https://doi.org/10.3349/ymj.2008.49.5.725
https://doi.org/10.1038/nrneurol.2016.113


Page 16 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 

training. Nat Commun. 2022;13(1):1236. https://​doi.​org/​10.​1038/​
s41467-​022-​28859-8.

	 63.	 Chen L, Gu B, Wang Z, Zhang L, Xu M, Liu S, He F, Ming D. EEG-con‑
trolled functional electrical stimulation rehabilitation for chronic stroke: 
system design and clinical application. Front Med. 2021;15(5):740–9. 
https://​doi.​org/​10.​1007/​s11684-​020-​0794-5.

	 64.	 Chen S-HK, O’Leary M. Eye gaze 101: what speech-language patholo‑
gists should know about selecting eye gaze augmentative and alterna‑
tive communication systems. Perspect ASHA Special Interest Groups. 
2018;3(12):24–32. https://​doi.​org/​10.​1044/​persp3.​SIG12.​24.

	 65.	 Chen Y, Dai C, Chen W. A real-time EMG-controlled functional electrical 
stimulation system for mirror therapy. IEEE Biomed Circuits Syst Conf 
(BioCAS). 2019;2019:1–4. https://​doi.​org/​10.​1109/​BIOCAS.​2019.​89190​69.

	 66.	 Chung E, Park S-I, Jang Y-Y, Lee B-H. 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(2):513–6. https://​doi.​org/​10.​1589/​jpts.​27.​513.

	 67.	 Colachis SC, Bockbrader MA, Zhang M, Friedenberg DA, Annetta NV, 
Schwemmer MA, Skomrock ND, Mysiw WJ, Rezai AR, Bresler HS, Sharma 
G. Dexterous control of seven functional hand movements using 
cortically-controlled transcutaneous muscle stimulation in a person 
with tetraplegia. Front Neurosci. 2018;12:208. https://​doi.​org/​10.​3389/​
fnins.​2018.​00208.

	 68.	 Colachis SC, Dunlap CF, Annetta NV, Tamrakar SM, Bockbrader MA, 
Friedenberg DA. Long-term intracortical microelectrode array per‑
formance in a human: a 5 year retrospective analysis. J Neural Eng. 
2021;18(4):0460d7. https://​doi.​org/​10.​1088/​1741-​2552/​ac1add.

	 69.	 Collinger J, Boninger ML, Bruns TM, Curley K, Wang W, Weber DJ. Func‑
tional priorities, assistive technology, and brain–computer interfaces 
after spinal cord injury. J Rehabil Res Dev. 2013;50(2):145.

	 70.	 Collinger J, Wodlinger B, Downey J, Wang W, Tyler-Kabara E, Weber D, 
McMorland A, Velliste M, Boninger M, Schwartz A. High-performance 
neuroprosthetic control by an individual with tetraplegia. Lancet. 
2012;381:557. https://​doi.​org/​10.​1016/​S0140-​6736(12)​61816-9.

	 71.	 Combaz A, Chatelle C, Robben A, Vanhoof G, Goeleven A, Thijs V, Hulle 
MMV, Laureys S. A comparison of two spelling brain–computer inter‑
faces based on visual P3 and SSVEP in locked-in syndrome. PLoS ONE. 
2013;8(9): e73691. https://​doi.​org/​10.​1371/​journ​al.​pone.​00736​91.

	 72.	 Crago PE, Peckham PH, Mortimer JT, Van Der Meulen JP. The choice of 
pulse duration for chronic electrical stimulation via surface, nerve, and 
intramuscular electrodes. Ann Biomed Eng. 1974;2(3):252–64. https://​
doi.​org/​10.​1007/​BF023​68496.

	 73.	 Dalla Toffola E, Bossi D, Buonocore M, Montomoli C, Petrucci L, Alfonsi 
E. Usefulness of BFB/EMG in facial palsy rehabilitation. Disabil Rehabil. 
2005;27(14):809. https://​doi.​org/​10.​1080/​09638​28040​00186​50.

	 74.	 De Stefani E, Nicolini Y, Belluardo M, Ferrari PF. Congenital facial palsy 
and emotion processing: The case of Moebius syndrome. Genes Brain 
Behav. 2019;18(1):e12548. https://​doi.​org/​10.​1111/​gbb.​12548.

	 75.	 Demchenko I, Desai N, Iwasa SN, Gholamali Nezhad F, Zariffa J, Kennedy 
SH, Rule NO, Cohn JF, Popovic MR, Mulsant BH, Bhat V. Manipulating 
facial musculature with functional electrical stimulation as an interven‑
tion for major depressive disorder: a focused search of literature for a 
proposal. J Neuroeng Rehabil. 2023;20(1):64. https://​doi.​org/​10.​1186/​
s12984-​023-​01187-8.

	 76.	 Deng S, Srinivasan R, Lappas T, D’Zmura M. EEG classification of imag‑
ined syllable rhythm using Hilbert spectrum methods. J Neural Eng. 
2010;7(4): 046006. https://​doi.​org/​10.​1088/​1741-​2560/7/​4/​046006.

	 77.	 Do AH, Wang PT, King CE, Schombs A, Cramer SC, Nenadic Z. Brain–
computer interface controlled functional electrical stimulation device 
for foot drop due to stroke. Ann Int Conf IEEE Eng Med Biol Soc. 
2012;2012:6414–7. https://​doi.​org/​10.​1109/​EMBC.​2012.​63474​62.

	 78.	 Doucet BM, Lam A, Griffin L. Neuromuscular electrical stimulation for 
skeletal muscle function. Yale J Biol Med. 2012;85(2):201.

	 79.	 Downey JE, Weiss JM, Muelling K, Venkatraman A, Valois J-S, Hebert M, 
Bagnell JA, Schwartz AB, Collinger JL. Blending of brain–machine inter‑
face and vision-guided autonomous robotics improves neuroprosthetic 
arm performance during grasping. J Neuroeng Rehabil. 2016;13(1):28. 
https://​doi.​org/​10.​1186/​s12984-​016-​0134-9.

	 80.	 Dunning K, O’Dell MW, Kluding P, McBride K. Peroneal stimulation for 
foot drop after stroke: A systematic review. Am J Phys Med Rehabil. 
2015;94(8):649. https://​doi.​org/​10.​1097/​PHM.​00000​00000​000308.

	 81.	 Eck U, Rupp R. History of neuroprosthetics. In: Neuroprosthetics and 
brain–computer interfaces in spinal cord injury: a guide for clinicians 
and end users. Berlin: Springer; 2021. p. 107–24.

	 82.	 Ekman P, Friesen WV. Facial action coding system [dataset]. 2019; 
https://​doi.​org/​10.​1037/​t27734-​000.

	 83.	 Falkenstein M, Hohnsbein J, Hoormann J. Event-related potential cor‑
relates of errors in reaction tasks. Electroencephalogr Clin Neurophysiol 
Suppl. 1995;44:287–96.

	 84.	 Fang Z-P, Mortimer JT. A method to effect physiological recruit‑
ment order in electrically activated muscle. IEEE Trans Biomed Eng. 
1991;38(2):175–9. https://​doi.​org/​10.​1109/​10.​76384.

	 85.	 Fang Z-P, Mortimer JT. Selective activation of small motor axons by qua‑
sitrapezoidal current pulses. IEEE Trans Biomed Eng. 1991;38(2):168–74. 
https://​doi.​org/​10.​1109/​10.​76383.

	 86.	 Fargher K, Coulson S. Effectiveness of electrical stimulation for rehabili‑
tation of facial nerve paralysis. Phys Ther Rev. 2017;22:1–8. https://​doi.​
org/​10.​1080/​10833​196.​2017.​13689​67.

	 87.	 Farwell LA, Donchin E. Talking off the top of your head: toward a mental 
prosthesis utilizing event-related brain potentials. Electroencephalogr 
Clin Neurophysiol. 1988;70(6):510–23. https://​doi.​org/​10.​1016/​0013-​
4694(88)​90149-6.

	 88.	 Feiereisen P, Duchateau J, Hainaut K. Motor unit recruitment order 
during voluntary and electrically induced contractions in the tibialis 
anterior. Exp Brain Res. 1997;114(1):117–23. https://​doi.​org/​10.​1007/​
PL000​05610.

	 89.	 Feix T, Romero J, Schmiedmayer H-B, Dollar AM, Kragic D. The GRASP 
taxonomy of human grasp types. IEEE Trans Human-Mach Syst. 
2016;46(1):66–77. https://​doi.​org/​10.​1109/​THMS.​2015.​24706​57.

	 90.	 Feldman MH. Physiological observations in a chronic case of “locked-in” 
syndrome. Neurology. 1971;21(5):459–459.

	 91.	 Flesher SN, Downey JE, Weiss JM, Hughes CL, Herrera AJ, Tyler-Kabara 
EC, Boninger ML, Collinger JL, Gaunt RA. A brain–computer interface 
that evokes tactile sensations improves robotic arm control. Science. 
2021;372(6544):831–6. https://​doi.​org/​10.​1126/​scien​ce.​abd03​80.

	 92.	 Fridlund AJ, Cacioppo JT. Guidelines for human electromyographic 
research. Psychophysiology. 1986;23(5):567. https://​doi.​org/​10.​1111/j.​
1469-​8986.​1986.​tb006​76.x.

	 93.	 Friedenberg DA, Schwemmer MA, Landgraf AJ, Annetta NV, Bockbrader 
MA, Bouton CE, Zhang M, Rezai AR, Mysiw WJ, Bresler HS, Sharma G. 
Neuroprosthetic-enabled control of graded arm muscle contraction in 
a paralyzed human. Sci Rep. 2017;7(1):8386. https://​doi.​org/​10.​1038/​
s41598-​017-​08120-9.

	 94.	 Fried-Oken M, Mooney A, Peters B. Supporting communication 
for patients with neurodegenerative disease. NeuroRehabilitation. 
2015;37(1):69–87. https://​doi.​org/​10.​3233/​NRE-​151241.

	 95.	 Frigerio A, Cavallari P. A closed-loop stimulation system supplemented 
with motoneurone dynamic sensitivity replicates natural eye blinks. 
Otolaryngol Head Neck Surg. 2012;146(2):230. https://​doi.​org/​10.​1177/​
01945​99811​427255.

	 96.	 Frigerio A, Heaton JT, Cavallari P, Knox C, Hohman MH, Hadlock TA. 
Electrical stimulation of eye blink in individuals with acute facial palsy: 
progress toward a bionic blink. Plastic Reconstr Surg. 2015;136(4):515e. 
https://​doi.​org/​10.​1097/​PRS.​00000​00000​001639.

	 97.	 Gallegos-Ayala G, Furdea A, Takano K, Ruf CA, Flor H, Birbaumer N. Brain 
communication in a completely locked-in patient using bedside near-
infrared spectroscopy. Neurology. 2014;82(21):1930–2. https://​doi.​org/​
10.​1212/​WNL.​00000​00000​000449.

	 98.	 Gallo UE, Fontanarosa PB. Locked-in syndrome: report of a case. Am J 
Emerg Med. 1989;7(6):581–3.

	 99.	 Gant K, Guerra S, Zimmerman L, Parks BA, Prins NW, Prasad A. EEG-con‑
trolled functional electrical stimulation for hand opening and closing in 
chronic complete cervical spinal cord injury. Biomed Phys Eng Express. 
2018;4(6): 065005. https://​doi.​org/​10.​1088/​2057-​1976/​aabb13.

	100.	 Gater DR, Dolbow D, Tsui B, Gorgey AS. Functional electrical stimulation 
therapies after spinal cord injury. NeuroRehabilitation. 2011;28(3):231–
48. https://​doi.​org/​10.​3233/​NRE-​2011-​0652.

	101.	 Gauger G. Communication in the locked-in syndrome. ASAIO J. 
1980;26(1):527–9.

	102.	 Gorgey AS, Black CD, Elder CP, Dudley GA. Effects of electrical stimula‑
tion parameters on fatigue in skeletal muscle. J Orthop Sports Phys 
Ther. 2009;39(9):684–92. https://​doi.​org/​10.​2519/​jospt.​2009.​3045.

https://doi.org/10.1038/s41467-022-28859-8
https://doi.org/10.1038/s41467-022-28859-8
https://doi.org/10.1007/s11684-020-0794-5
https://doi.org/10.1044/persp3.SIG12.24
https://doi.org/10.1109/BIOCAS.2019.8919069
https://doi.org/10.1589/jpts.27.513
https://doi.org/10.3389/fnins.2018.00208
https://doi.org/10.3389/fnins.2018.00208
https://doi.org/10.1088/1741-2552/ac1add
https://doi.org/10.1016/S0140-6736(12)61816-9
https://doi.org/10.1371/journal.pone.0073691
https://doi.org/10.1007/BF02368496
https://doi.org/10.1007/BF02368496
https://doi.org/10.1080/09638280400018650
https://doi.org/10.1111/gbb.12548
https://doi.org/10.1186/s12984-023-01187-8
https://doi.org/10.1186/s12984-023-01187-8
https://doi.org/10.1088/1741-2560/7/4/046006
https://doi.org/10.1109/EMBC.2012.6347462
https://doi.org/10.1186/s12984-016-0134-9
https://doi.org/10.1097/PHM.0000000000000308
https://doi.org/10.1037/t27734-000
https://doi.org/10.1109/10.76384
https://doi.org/10.1109/10.76383
https://doi.org/10.1080/10833196.2017.1368967
https://doi.org/10.1080/10833196.2017.1368967
https://doi.org/10.1016/0013-4694(88)90149-6
https://doi.org/10.1016/0013-4694(88)90149-6
https://doi.org/10.1007/PL00005610
https://doi.org/10.1007/PL00005610
https://doi.org/10.1109/THMS.2015.2470657
https://doi.org/10.1126/science.abd0380
https://doi.org/10.1111/j.1469-8986.1986.tb00676.x
https://doi.org/10.1111/j.1469-8986.1986.tb00676.x
https://doi.org/10.1038/s41598-017-08120-9
https://doi.org/10.1038/s41598-017-08120-9
https://doi.org/10.3233/NRE-151241
https://doi.org/10.1177/0194599811427255
https://doi.org/10.1177/0194599811427255
https://doi.org/10.1097/PRS.0000000000001639
https://doi.org/10.1212/WNL.0000000000000449
https://doi.org/10.1212/WNL.0000000000000449
https://doi.org/10.1088/2057-1976/aabb13
https://doi.org/10.3233/NRE-2011-0652
https://doi.org/10.2519/jospt.2009.3045


Page 17 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 	

	103.	 Graupe D, Kohn KH. Functional electrical stimulation for ambulation by 
paraplegics: twelve years of clinical observations and system studies. 
USA: Krieger Publishing Company; 1994.

	104.	 Gregory CM, Bickel CS. Recruitment patterns in human skeletal muscle 
during electrical stimulation. Phys Ther. 2005;85(4):358–64. https://​doi.​
org/​10.​1093/​ptj/​85.4.​358.

	105.	 Gregory CM, Dixon W, Bickel CS. Impact of varying pulse frequency 
and duration on muscle torque production and fatigue. Muscle Nerve. 
2007;35(4):504–9. https://​doi.​org/​10.​1002/​mus.​20710.

	106.	 Guger C, Spataro R, Allison BZ, Heilinger A, Ortner R, Cho W, La Bella V. 
Complete locked-in and locked-in patients: command following assess‑
ment and communication with vibro-tactile P300 and motor imagery 
brain–computer interface tools. Front Neurosci. 2017;11:251. https://​
doi.​org/​10.​3389/​fnins.​2017.​00251.

	107.	 Guiraud D, Azevedo Coste C, Benoussaad M, Fattal C. Implanted func‑
tional electrical stimulation: case report of a paraplegic patient with 
complete SCI after 9 years. J Neuroeng Rehabil. 2014;11(1):15. https://​
doi.​org/​10.​1186/​1743-​0003-​11-​15.

	108.	 Guiraud D, Stieglitz T, Koch KP, Divoux J-L, Rabischong P. An implantable 
neuroprosthesis for standing and walking in paraplegia: 5-year patient 
follow-up. J Neural Eng. 2006;3(4):268–75. https://​doi.​org/​10.​1088/​
1741-​2560/3/​4/​003.

	109.	 Handa I, Matsushita N, Ihashi K, Yagi R, Mochizuki R, Mochizuki H, Abe Y, 
Shiga Y, Hoshimiya N, Itoyama Y, Handa Y. A clinical trial of therapeutic 
electrical stimulation for amyotrophic lateral sclerosis. Tohoku J Exp 
Med. 1995;175(2):123–34. https://​doi.​org/​10.​1620/​tjem.​175.​123.

	110.	 Hansen S, Ballantyne JP. A quantitative electrophysiological study of 
motor neurone disease. J Neurol Neurosurg Psychiatry. 1978;41(9):773–
83. https://​doi.​org/​10.​1136/​jnnp.​41.9.​773.

	111.	 Har-Shai Y, Gil T, Metanes I, Labbé D. Intraoperative muscle electrical 
stimulation for accurate positioning of the temporalis muscle tendon 
during dynamic, one-stage lengthening temporalis myoplasty for facial 
and lip reanimation. Plastic Reconstr Surg. 2010;126(1):118–25. https://​
doi.​org/​10.​1097/​PRS.​0b013​e3181​da870b.

	112.	 He B, Baxter B, Edelman BJ, Cline CC, Ye WW. Noninvasive brain–
computer interfaces based on sensorimotor rhythms. Proc IEEE. 
2015;103(6):907–25. https://​doi.​org/​10.​1109/​JPROC.​2015.​24072​72.

	113.	 He S, Huang S, Huang L, Xie F, Xie L. LiDAR-based hand contralateral 
controlled functional electrical stimulation system. IEEE Trans Neural 
Syst Rehabil Eng. 2023;31:1776–85. https://​doi.​org/​10.​1109/​TNSRE.​2023.​
32602​10.

	114.	 Hebert DA, Bowen JM, Ho C, Antunes I, O’Reilly DJ, Bayley M. Examining 
a new functional electrical stimulation therapy with people with severe 
upper extremity hemiparesis and chronic stroke: a feasibility study. Br 
J Occup Ther. 2017;80(11):651. https://​doi.​org/​10.​1177/​03080​22617​
719807.

	115.	 Herff C, Diener L, Angrick M, Mugler E, Tate MC, Goldrick MA, Krusienski 
DJ, Slutzky MW, Schultz T. Generating natural, intelligible speech from 
brain activity in motor, premotor, and inferior frontal cortices. Front 
Neurosci. 2019;13:1267.

	116.	 Herff C, Heger D, De Pesters A, Telaar D, Brunner P, Schalk G, Schultz T. 
Brain-to-text: decoding spoken phrases from phone representations in 
the brain. Front Neurosci. 2015;9:217.

	117.	 Herff C, Heger D, Fortmann O, Hennrich J, Putze F, Schultz T. Mental 
workload during n-back task—quantified in the prefrontal cortex using 
fNIRS. Front Human Neurosci. 2014;7:935. https://​doi.​org/​10.​3389/​
fnhum.​2013.​00935.

	118.	 Herff C, Putze F, Heger D, Guan C, Schultz T. Speaking mode recognition 
from functional near infrared spectroscopy. Ann Int Conf IEEE Eng Med 
Biol Soc. 2012;2012:1715–8. https://​doi.​org/​10.​1109/​EMBC.​2012.​63462​
79.

	119.	 Hernandez-Rojas LG, Cantillo-Negrete J, Mendoza-Montoya O, Carino-
Escobar RI, Leyva-Martinez I, Aguirre-Guemez AV, Barrera-Ortiz A, 
Carrillo-Mora P, Antelis JM. Brain–computer interface controlled func‑
tional electrical stimulation: evaluation with healthy subjects and spinal 
cord injury patients. IEEE Access. 2022;10:46834–52. https://​doi.​org/​10.​
1109/​ACCESS.​2022.​31709​06.

	120.	 Herrmann C, Schradt F, Lindner-Pfleghar B, Schuster J, Ludolph AC, 
Dorst J. Pharyngeal electrical stimulation in amyotrophic lateral scle‑
rosis: a pilot study. Ther Adv Neurol Disord. 2022;15:175628642110683. 
https://​doi.​org/​10.​1177/​17562​86421​10683​94.

	121.	 Hinterberger T, Birbaumer N, Flor H. Assessment of cognitive function 
and communication ability in a completely locked-in patient. Neurol‑
ogy. 2005;64(7):1307–8. https://​doi.​org/​10.​1212/​01.​WNL.​00001​56910.​
32995.​F4.

	122.	 Ho CH, Triolo RJ, Elias AL, Kilgore KL, DiMarco AF, Bogie K, Vette AH, 
Audu ML, Kobetic R, Chang SR, Chan KM, Dukelow S, Bourbeau DJ, 
Brose SW, Gustafson KJ, Kiss ZHT, Mushahwar VK. Functional electri‑
cal stimulation and spinal cord injury. Phys Med Rehabil Clin N Am. 
2014;25(3):631–54. https://​doi.​org/​10.​1016/j.​pmr.​2014.​05.​001.

	123.	 Hochberg LR, Serruya MD, Friehs GM, Mukand JA, Saleh M, Caplan 
AH, Branner A, Chen D, Penn RD, Donoghue JP. Neuronal ensemble 
control of prosthetic devices by a human with tetraplegia. Nature. 
2006;442(7099):164. https://​doi.​org/​10.​1038/​natur​e04970.

	124.	 Holz EM, Botrel L, Kaufmann T, Kübler A. Long-term independent brain–
computer interface home use improves quality of life of a patient in the 
locked-in state: a case study. Arch Phys Med Rehabil. 2015;96(3):S16–26. 
https://​doi.​org/​10.​1016/j.​apmr.​2014.​03.​035.

	125.	 Hopf HC, Md WM-F, Hopf NJ. Localization of emotional and volitional 
facial paresis. Neurology. 1992;42(10):1918–1918. https://​doi.​org/​10.​
1212/​WNL.​42.​10.​1918.

	126.	 Hotz-Boendermaker S, Funk M, Summers P, Brugger P, Hepp-Reymond 
M-C, Curt A, Kollias SS. Preservation of motor programs in paraplegics 
as demonstrated by attempted and imagined foot movements. Neuro‑
image. 2008;39(1):383–94. https://​doi.​org/​10.​1016/j.​neuro​image.​2007.​
07.​065.

	127.	 Howlett OA, Lannin NA, Ada L, McKinstry C. Functional electrical 
stimulation improves activity after stroke: a systematic review with 
meta-analysis. Arch Phys Med Rehabil. 2015;96(5):934–43. https://​doi.​
org/​10.​1016/j.​apmr.​2015.​01.​013.

	128.	 Ilves M, Lylykangas J, Rantanen V, Mäkelä E, Vehkaoja A, Verho J, Lek‑
kala J, Rautiainen M, Surakka V. Facial muscle activations by functional 
electrical stimulation. Biomed Signal Process Control. 2019;48:248–54. 
https://​doi.​org/​10.​1016/j.​bspc.​2018.​10.​015.

	129.	 Ilves M, Rantanen V, Venesvirta H, Lylykangas J, Vehkaoja A, Mäkelä E, 
Verho J, Lekkala J, Rautiainen M, Surakka V. Functional electrical stimula‑
tion for facial pacing: effects of waveforms on movement intensity and 
ratings of discomfort. Biomed Signal Process Control. 2020;60: 101992. 
https://​doi.​org/​10.​1016/j.​bspc.​2020.​101992.

	130.	 James W. The principles of psychology. NewYork: Cosimo Inc.; 2007.
	131.	 Jeon W, Griffin L. Effects of pulse duration on muscle fatigue during 

electrical stimulation inducing moderate-level contraction. Muscle 
Nerve. 2018;57(4):642–9. https://​doi.​org/​10.​1002/​mus.​25951.

	132.	 Johnston TE, Betz RR, Smith BT, Mulcahey MJ. Implanted functional 
electrical stimulation: an alternative for standing and walking in pediat‑
ric spinal cord injury. Spinal Cord. 2003;41(3):144–52. https://​doi.​org/​10.​
1038/​sj.​sc.​31013​92.

	133.	 Jovanovic LI, Rademeyer HJ, Pakosh M, Musselman KE, Popovic MR, 
Marquez-Chin C. Scoping review on brain–computer interface-con‑
trolled electrical stimulation interventions for upper limb rehabilitation 
in adults: a look at participants, interventions, and technology. Physi‑
other Can. 2022;75:276. https://​doi.​org/​10.​3138/​ptc-​2021-​0074.

	134.	 Junior N, Jarjura J, Gignon V, Kitice A, Prado L, Santos V. Facial nerve 
palsy: Incidence of different ethiologies in a tertiary ambulatory. Int 
Arch Otorhinolaryngol. 2009;13:167.

	135.	 Kapadia N, Zivanovic V, Popovic MR. Restoring voluntary grasping 
function in individuals with incomplete chronic spinal cord injury: pilot 
study. Topics Spinal Cord Injury Rehabil. 2013;19(4):279–87. https://​doi.​
org/​10.​1310/​sci19​04-​279.

	136.	 Kaufmann T, Herweg A, Kübler A. Toward brain–computer interface 
based wheelchair control utilizing tactually-evoked event-related 
potentials. J Neuroeng Rehabil. 2014;11(1):7. https://​doi.​org/​10.​1186/​
1743-​0003-​11-7.

	137.	 Keith MW, Peckham PH, Thrope GB, Stroh KC, Smith B, Buckett JR, 
Kilgore KL, Jatich JW. Implantable functional neuromuscular stimulation 
in the tetraplegic hand. J Hand Surg. 1989;14(3):524–30. https://​doi.​org/​
10.​1016/​S0363-​5023(89)​80017-6.

	138.	 Kellis S, Miller K, Thomson K, Brown R, House P, Greger B. Decoding 
spoken words using local field potentials recorded from the cortical 
surface. J Neural Eng. 2010;7(5): 056007. https://​doi.​org/​10.​1088/​1741-​
2560/7/​5/​056007.

https://doi.org/10.1093/ptj/85.4.358
https://doi.org/10.1093/ptj/85.4.358
https://doi.org/10.1002/mus.20710
https://doi.org/10.3389/fnins.2017.00251
https://doi.org/10.3389/fnins.2017.00251
https://doi.org/10.1186/1743-0003-11-15
https://doi.org/10.1186/1743-0003-11-15
https://doi.org/10.1088/1741-2560/3/4/003
https://doi.org/10.1088/1741-2560/3/4/003
https://doi.org/10.1620/tjem.175.123
https://doi.org/10.1136/jnnp.41.9.773
https://doi.org/10.1097/PRS.0b013e3181da870b
https://doi.org/10.1097/PRS.0b013e3181da870b
https://doi.org/10.1109/JPROC.2015.2407272
https://doi.org/10.1109/TNSRE.2023.3260210
https://doi.org/10.1109/TNSRE.2023.3260210
https://doi.org/10.1177/0308022617719807
https://doi.org/10.1177/0308022617719807
https://doi.org/10.3389/fnhum.2013.00935
https://doi.org/10.3389/fnhum.2013.00935
https://doi.org/10.1109/EMBC.2012.6346279
https://doi.org/10.1109/EMBC.2012.6346279
https://doi.org/10.1109/ACCESS.2022.3170906
https://doi.org/10.1109/ACCESS.2022.3170906
https://doi.org/10.1177/17562864211068394
https://doi.org/10.1212/01.WNL.0000156910.32995.F4
https://doi.org/10.1212/01.WNL.0000156910.32995.F4
https://doi.org/10.1016/j.pmr.2014.05.001
https://doi.org/10.1038/nature04970
https://doi.org/10.1016/j.apmr.2014.03.035
https://doi.org/10.1212/WNL.42.10.1918
https://doi.org/10.1212/WNL.42.10.1918
https://doi.org/10.1016/j.neuroimage.2007.07.065
https://doi.org/10.1016/j.neuroimage.2007.07.065
https://doi.org/10.1016/j.apmr.2015.01.013
https://doi.org/10.1016/j.apmr.2015.01.013
https://doi.org/10.1016/j.bspc.2018.10.015
https://doi.org/10.1016/j.bspc.2020.101992
https://doi.org/10.1002/mus.25951
https://doi.org/10.1038/sj.sc.3101392
https://doi.org/10.1038/sj.sc.3101392
https://doi.org/10.3138/ptc-2021-0074
https://doi.org/10.1310/sci1904-279
https://doi.org/10.1310/sci1904-279
https://doi.org/10.1186/1743-0003-11-7
https://doi.org/10.1186/1743-0003-11-7
https://doi.org/10.1016/S0363-5023(89)80017-6
https://doi.org/10.1016/S0363-5023(89)80017-6
https://doi.org/10.1088/1741-2560/7/5/056007
https://doi.org/10.1088/1741-2560/7/5/056007


Page 18 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 

	139.	 Kenny D, Luke D. ‘Locked-in’syndrome: occurrence after coronary artery 
bypass graft surgery. Anaesthesia. 1989;44(6):483–4.

	140.	 Kern H, Boncompagni S, Rossini K, Mayr W, Fanò G, Zanin ME, Podhor‑
ska-Okolow M, Protasi F, Carraro U. Long-term denervation in humans 
causes degeneration of both contractile and excitation-contraction 
coupling apparatus, which is reversible by functional electrical stimula‑
tion (FES): a role for myofiber regeneration? J Neuropathol Exp Neurol. 
2004;63(9):919–31. https://​doi.​org/​10.​1093/​jnen/​63.9.​919.

	141.	 Kern H, Hofer C, Mödlin M, Forstner C, Raschka-Högler D, Mayr W, 
Stöhr H. Denervated muscles in humans: limitations and problems of 
currently used functional electrical stimulation training protocols. Artif 
Organs. 2002;26(3):216–8. https://​doi.​org/​10.​1046/j.​1525-​1594.​2002.​
06933.x.

	142.	 Kern H, Strohhofer M, Richter, Stohr. Standing up with denervated 
muscles in humans using functional electrical stimulation. Artif Organs. 
1999; 23(5), 447–452. https://​doi.​org/​10.​1046/j.​1525-​1594.​1999.​06376.x.

	143.	 Khan MA, Das R, Iversen HK, Puthusserypady S. Review on motor 
imagery based BCI systems for upper limb post-stroke neurorehabili‑
tation: from designing to application. Comput Biol Med. 2020;123: 
103843. https://​doi.​org/​10.​1016/j.​compb​iomed.​2020.​103843.

	144.	 Kilgore KL, Peckham PH, Keith MW. Twenty year experience with 
implanted neuroprostheses. Ann Int Conf IEEE Eng Med Biol Soc. 
2009;2009:7212–5. https://​doi.​org/​10.​1109/​IEMBS.​2009.​53352​72.

	145.	 Kim J, Choi JY. The effect of subthreshold continuous electrical stimula‑
tion on the facial function of patients with Bell’s palsy. Acta Otolaryngol. 
2016;136(1):100–5. https://​doi.​org/​10.​3109/​00016​489.​2015.​10831​21.

	146.	 Kim M, Eng JJ, Whittaker MW. Effects of a simple functional electrical 
system and/or a hinged AFO on walking in individuals with incomplete 
spinal cord injury. Arch Phys Med Rehabil. 2004;85(10):1718.

	147.	 Kleih SC, Kubler A. Psychological factors influencing brain–computer 
interface (BCI) performance. In: 2015 IEEE International Conference on 
Systems, Man, and Cybernetics. 2015; pp. 3192–3196. https://​doi.​org/​
10.​1109/​SMC.​2015.​554.

	148.	 Knutson JS, Harley MY, Hisel TZ, Hogan SD, Maloney MM, Chae J. Con‑
tralaterally controlled functional electrical stimulation for upper extrem‑
ity hemiplegia: an early-phase randomized clinical trial in subacute 
stroke patients. Neurorehabil Neural Repair. 2012;26(3):239–46. https://​
doi.​org/​10.​1177/​15459​68311​419301.

	149.	 Kottink AIR, Oostendorp LJM, Buurke JH, Nene AV, Hermens HJ, IJzer‑
man, M. J. The orthotic effect of functional electrical stimulation on 
the improvement of walking in stroke patients with a dropped foot: a 
systematic review. Artif Organs. 2004;28(6):577–86. https://​doi.​org/​10.​
1111/j.​1525-​1594.​2004.​07310.x.

	150.	 Kübler A, Birbaumer N. Brain–computer interfaces and communica‑
tion in paralysis: extinction of goal directed thinking in completely 
paralysed patients? Clin Neurophysiol. 2008;119(11):2658–66. https://​
doi.​org/​10.​1016/j.​clinph.​2008.​06.​019.

	151.	 Kübler A, Furdea A, Halder S, Hammer EM, Nijboer F, Kotchoubey B. A 
brain–computer interface controlled auditory event-related potential 
(P300) spelling system for locked-in patients. Ann N Y Acad Sci. 
2009;1157(1):90–100. https://​doi.​org/​10.​1111/j.​1749-​6632.​2008.​04122.x.

	152.	 Kübler A, Neumann N, Kaiser J, Kotchoubey B, Hinterberger T, 
Birbaumer NP. Brain–computer communication: self-regulation of slow 
cortical potentials for verbal communication. Arch Phys Med Rehabil. 
2001;82(11):1533–9. https://​doi.​org/​10.​1053/​apmr.​2001.​26621.

	153.	 Kübler A, Nijboer F, Mellinger J, Vaughan TM, Pawelzik H, Schalk G, 
McFarland DJ, Birbaumer N, Wolpaw JR. Patients with ALS can use 
sensorimotor rhythms to operate a brain–computer interface. Neurol‑
ogy. 2005;64(10):1775–7. https://​doi.​org/​10.​1212/​01.​WNL.​00001​58616.​
43002.​6D.

	154.	 Kurita M, Takushima A, Muraoka Y, Shiraishi T, Harii K. Feasibility of bionic 
reanimation of a paralyzed face: a preliminary study of functional 
electrical stimulation of a paralyzed facial muscle controlled with the 
electromyography of the contralateral healthy hemiface. Plast Reconstr 
Surg. 2010;126(2):81e–3e. https://​doi.​org/​10.​1097/​PRS.​0b013​e3181​
df6ff3.

	155.	 Kurz A, Leonhard M, Ho G, Kansy I, Schneider-Stickler B. Applicability of 
selective electrical surface stimulation in unilateral vocal fold paralysis. 
Laryngoscope. 2021;131(9):e2566. https://​doi.​org/​10.​1002/​lary.​29538.

	156.	 Kurz A, Volk GF, Arnold D, Schneider-Stickler B, Mayr W, Guntinas-
Lichius O. Selective electrical surface stimulation to support functional 

recovery in the early phase after unilateral acute facial nerve or vocal 
fold paralysis. Front Neurol. 2022;13:869900. https://​doi.​org/​10.​3389/​
fneur.​2022.​869900.

	157.	 Kutlu M, Freeman CT, Hallewell E, Hughes A-M, Laila DS. Upper-limb 
stroke rehabilitation using electrode-array based functional electri‑
cal stimulation with sensing and control innovations. Med Eng Phys. 
2016;38(4):366–79. https://​doi.​org/​10.​1016/j.​meden​gphy.​2016.​01.​004.

	158.	 Kuzelicki J, Kamnik R, Bajd T, Obreza P, Benko H. Paraplegics stand‑
ing up using multichannel FES and arm support. J Med Eng Technol. 
2002;26:106–10. https://​doi.​org/​10.​1080/​03091​90021​01239​19.

	159.	 Larzabal C, Bonnet S, Costecalde T, Auboiroux V, Charvet G, Chabardes 
S, Aksenova T, Sauter-Starace F. Long-term stability of the chronic epi‑
dural wireless recorder WIMAGINE in tetraplegic patients. J Neural Eng. 
2021;18(5): 056026. https://​doi.​org/​10.​1088/​1741-​2552/​ac2003.

	160.	 Lazarou I, Nikolopoulos S, Petrantonakis PC, Kompatsiaris I, Tsolaki M. 
Eeg-based brain–computer interfaces for communication and reha‑
bilitation of people with motor impairment: a novel approach of the 
21st century. Front Hum Neurosci. 2018;12:14. https://​doi.​org/​10.​3389/​
fnhum.​2018.​00014.

	161.	 Lebedev MA, Nicolelis MAL. Brain–machine interfaces: past, present and 
future. Trends Neurosci. 2006;29(9):536–46. https://​doi.​org/​10.​1016/j.​
tins.​2006.​07.​004.

	162.	 Leonard MK, Lucas B, Blau S, Corina DP, Chang EF. Cortical encoding of 
manual articulatory and linguistic features in American Sign Language. 
Curr Biol. 2020;30(22):4342-4351.e3. https://​doi.​org/​10.​1016/j.​cub.​2020.​
08.​048.

	163.	 Lesenfants D, Habbal D, Lugo Z, Lebeau M, Horki P, Amico E, Pokorny 
C, Gómez F, Soddu A, Müller-Putz G, Laureys S, Noirhomme Q. An 
independent SSVEP-based brain–computer interface in locked-in 
syndrome. J Neural Eng. 2014;11(3): 035002. https://​doi.​org/​10.​1088/​
1741-​2560/​11/3/​035002.

	164.	 Leuthardt EC, Schalk G, Roland J, Rouse A, Moran DW. Evolution of 
brain–computer interfaces: going beyond classic motor physiology. 
Neurosurg Focus. 2009;27(1):E4. https://​doi.​org/​10.​3171/​2009.4.​FOCUS​
0979.

	165.	 Li Y, Zhang S, Jin Y, Cai B, Controzzi M, Zhu J, Zhang J, Zheng X. Gesture 
decoding using ECoG signals from human sensorimotor cortex: a pilot 
study. Behav Neurol. 2017;2017:1–12. https://​doi.​org/​10.​1155/​2017/​
34356​86.

	166.	 Liao K, Xiao R, Gonzalez J, Ding L. Decoding individual finger move‑
ments from one hand using human EEG signals. PLoS ONE. 2014;9(1): 
e85192. https://​doi.​org/​10.​1371/​journ​al.​pone.​00851​92.

	167.	 Likitlersuang J, Koh R, Gong X, Jovanovic L, Bolivar-Tellería I, Myers M, 
Zariffa J, Márquez-Chin C. EEG-controlled functional electrical stimula‑
tion therapy with automated grasp selection: a proof-of-concept study. 
Topics Spinal Cord Injury Rehabil. 2018;24(3):265–74. https://​doi.​org/​10.​
1310/​sci24​03-​265.

	168.	 Lindsay RW, Bhama P, Hadlock TA. Quality-of-life improvement after 
free gracilis muscle transfer for smile restoration in patients with facial 
paralysis. JAMA Facial Plast Surg. 2014;16(6):419. https://​doi.​org/​10.​
1001/​jamaf​acial.​2014.​679.

	169.	 Linse K, Rüger W, Joos M, Schmitz-Peiffer H, Storch A, Hermann A. 
Usability of eyetracking computer systems and impact on psychologi‑
cal wellbeing in patients with advanced amyotrophic lateral sclerosis. 
Amyotrophic Lateral Sclero Frontotemp Degen. 2018;19(3–4):212–9. 
https://​doi.​org/​10.​1080/​21678​421.​2017.​13925​76.

	170.	 Liu Y, Ayaz H. Speech recognition via fnirs based brain signals. Front 
Neurosci. 2018;12:695. https://​doi.​org/​10.​3389/​fnins.​2018.​00695.

	171.	 Livezey JA, Bouchard KE, Chang EF. Deep learning as a tool for neural 
data analysis: speech classification and cross-frequency coupling in 
human sensorimotor cortex. PLoS Comput Biol. 2019;15(9): e1007091.

	172.	 Lopez-Bernal D, Balderas D, Ponce P, Molina A. A state-of-the-art 
review of EEG-based imagined speech decoding. Front Hum Neurosci. 
2022;16: 867281. https://​doi.​org/​10.​3389/​fnhum.​2022.​867281.

	173.	 Lorach H, Galvez A, Spagnolo V, Martel F, Karakas S, Intering N, Vat M, 
Faivre O, Harte C, Komi S, Ravier J, Collin T, Coquoz L, Sakr I, Baaklini E, 
Hernandez-Charpak SD, Dumont G, Buschman R, Buse N, et al. Walking 
naturally after spinal cord injury using a brain–spine interface. Nature. 
2023. https://​doi.​org/​10.​1038/​s41586-​023-​06094-5.

	174.	 Lotte F, Bougrain L, Cichocki A, Clerc M, Congedo M, Rakotoma‑
monjy A, Yger F. A review of classification algorithms for EEG-based 

https://doi.org/10.1093/jnen/63.9.919
https://doi.org/10.1046/j.1525-1594.2002.06933.x
https://doi.org/10.1046/j.1525-1594.2002.06933.x
https://doi.org/10.1046/j.1525-1594.1999.06376.x
https://doi.org/10.1016/j.compbiomed.2020.103843
https://doi.org/10.1109/IEMBS.2009.5335272
https://doi.org/10.3109/00016489.2015.1083121
https://doi.org/10.1109/SMC.2015.554
https://doi.org/10.1109/SMC.2015.554
https://doi.org/10.1177/1545968311419301
https://doi.org/10.1177/1545968311419301
https://doi.org/10.1111/j.1525-1594.2004.07310.x
https://doi.org/10.1111/j.1525-1594.2004.07310.x
https://doi.org/10.1016/j.clinph.2008.06.019
https://doi.org/10.1016/j.clinph.2008.06.019
https://doi.org/10.1111/j.1749-6632.2008.04122.x
https://doi.org/10.1053/apmr.2001.26621
https://doi.org/10.1212/01.WNL.0000158616.43002.6D
https://doi.org/10.1212/01.WNL.0000158616.43002.6D
https://doi.org/10.1097/PRS.0b013e3181df6ff3
https://doi.org/10.1097/PRS.0b013e3181df6ff3
https://doi.org/10.1002/lary.29538
https://doi.org/10.3389/fneur.2022.869900
https://doi.org/10.3389/fneur.2022.869900
https://doi.org/10.1016/j.medengphy.2016.01.004
https://doi.org/10.1080/03091900210123919
https://doi.org/10.1088/1741-2552/ac2003
https://doi.org/10.3389/fnhum.2018.00014
https://doi.org/10.3389/fnhum.2018.00014
https://doi.org/10.1016/j.tins.2006.07.004
https://doi.org/10.1016/j.tins.2006.07.004
https://doi.org/10.1016/j.cub.2020.08.048
https://doi.org/10.1016/j.cub.2020.08.048
https://doi.org/10.1088/1741-2560/11/3/035002
https://doi.org/10.1088/1741-2560/11/3/035002
https://doi.org/10.3171/2009.4.FOCUS0979
https://doi.org/10.3171/2009.4.FOCUS0979
https://doi.org/10.1155/2017/3435686
https://doi.org/10.1155/2017/3435686
https://doi.org/10.1371/journal.pone.0085192
https://doi.org/10.1310/sci2403-265
https://doi.org/10.1310/sci2403-265
https://doi.org/10.1001/jamafacial.2014.679
https://doi.org/10.1001/jamafacial.2014.679
https://doi.org/10.1080/21678421.2017.1392576
https://doi.org/10.3389/fnins.2018.00695
https://doi.org/10.3389/fnhum.2022.867281
https://doi.org/10.1038/s41586-023-06094-5


Page 19 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 	

brain–computer interfaces: a 10 year update. J Neural Eng. 2018;15(3): 
031005. https://​doi.​org/​10.​1088/​1741-​2552/​aab2f2.

	175.	 Loyo M, McReynold M, Mace JC, Cameron M. Protocol for randomized 
controlled trial of electric stimulation with high-volt twin peak 
versus placebo for facial functional recovery from acute Bell’s palsy in 
patients with poor prognostic factors. J Rehabil Assist Technol Eng. 
2020;7:205566832096414. https://​doi.​org/​10.​1177/​20556​68320​964142.

	176.	 Lugo ZR, Bruno M-A, Gosseries O, Demertzi A, Heine L, Thonnard M, 
Blandin V, Pellas F, Laureys S. Beyond the gaze: communicating in 
chronic locked-in syndrome. Brain Inj. 2015;29(9):1056. https://​doi.​org/​
10.​3109/​02699​052.​2015.​10047​50.

	177.	 Luo S, Xu H, Zuo Y, Liu X, All AH. A review of functional electrical stimu‑
lation treatment in spinal cord injury. NeuroMol Med. 2020;22(4):447–
63. https://​doi.​org/​10.​1007/​s12017-​019-​08589-9.

	178.	 Lylykangas J, Ilves M, Venesvirta H, Rantanen V, Mäkelä E, Vehkaoja A, 
Verho J, Lekkala J, Rautiainen M, Surakka V. Artificial eye blink pace‑
maker—a first investigation into the blink production using constant-
interval electrical stimulation. In: Eskola H, Väisänen O, Viik J, Hyttinen J, 
editors. EMBEC & NBC 2017. Berlin: Springer; 2018. p. 522–5. https://​doi.​
org/​10.​1007/​978-​981-​10-​5122-7_​131.

	179.	 Lylykangas J, Ilves M, Venesvirta H, Rantanen V, Mäkelä E, Vehkaoja A, 
Verho J, Lekkala J, Rautiainen M, Surakka V. Electrical stimulation of eye 
blink in individuals with dry eye symptoms caused by chronic unilateral 
facial palsy. In: Badnjevic A, Škrbić R, GurbetaPokvić L, editors. CMBEBIH 
2019. Cham: Springer Tnternational Publishing; 2020. p. 7–11. https://​
doi.​org/​10.​1007/​978-3-​030-​17971-7_2.

	180.	 Mäkelä E, Ilves MK, Venesvirta HM, Lylykangas JK, Rantanen VT, Vehkaoja 
AT, Verho JA, Lekkala J, Surakka VV, Rautiainen MEP. Effect of pulse wave‑
forms on movement amplitudes and perceived discomfort in electric 
muscle stimulation in unresolved facial nerve palsy. Biomed Phys Eng 
Express. 2020;6(3):035013. https://​doi.​org/​10.​1088/​2057-​1976/​ab7eea.

	181.	 Mäkelä E, Venesvirta H, Ilves M, Lylykangas J, Rantanen V, Uusitalo H, 
Verho J, Vehkaoja A, Lekkala J, Surakka V, Rautiainen M. Electrically 
induced blink for the prevention of ocular symptoms and blurred vision 
in patients with acute facial nerve palsy. Ear Nose Throat J. 2021. https://​
doi.​org/​10.​1177/​01455​61321​10485​76.

	182.	 Mäkelä E, Venesvirta H, Ilves M, Lylykangas J, Rantanen V, Ylä-Kotola T, 
Suominen S, Vehkaoja A, Verho J, Lekkala J, Surakka V, Rautiainen M. 
Facial muscle reanimation by transcutaneous electrical stimulation for 
peripheral facial nerve palsy. J Med Eng Technol. 2019;43(3):155. https://​
doi.​org/​10.​1080/​03091​902.​2019.​16374​70.

	183.	 Makin JG, Moses DA, Chang EF. Machine translation of cortical activity 
to text with an encoder–decoder framework. Germany: Nature Publish‑
ing Group; 2020.

	184.	 Mangold S, Keller T, Curt A, Dietz V. Transcutaneous functional electrical 
stimulation for grasping in subjects with cervical spinal cord injury. 
Spinal Cord. 2005;43(1):1–13. https://​doi.​org/​10.​1038/​sj.​sc.​31016​44.

	185.	 Marquez-Chin C, Popovic MR. Functional electrical stimulation therapy 
for restoration of motor function after spinal cord injury and stroke: a 
review. BioMed Eng OnLine. 2020;19(1):1–25. https://​doi.​org/​10.​1186/​
s12938-​020-​00773-4.

	186.	 Martin S, Brunner P, Iturrate I, Millán JR, Schalk G, Knight RT, Pasley BN. 
Word pair classification during imagined speech using direct brain 
recordings. Sci Rep. 2016;6:25803.

	187.	 Martin S, Iturrate I, Millán JR, Knight RT, Pasley BN. Decoding inner 
speech using electrocorticography: Progress and challenges toward a 
speech prosthesis. Front Neurosci. 2018;12:422.

	188.	 Masani K, Popovic MR. Functional electrical stimulation in rehabilitation 
and neurorehabilitation. In: Kramme R, Hoffmann K-P, Pozos RS, editors. 
Springer handbook of medical technology. Berlin: Springer; 2011. p. 
877–96. https://​doi.​org/​10.​1007/​978-3-​540-​74658-4_​44.

	189.	 McCrimmon CM, King CE, Wang PT, Cramer SC, Nenadic Z, Do AH. 
Brain-controlled functional electrical stimulation for lower-limb motor 
recovery in stroke survivors. In: 2014 36th Annual International Confer‑
ence of the IEEE Engineering in Medicine and Biology Society. 2014; pp. 
1247–1250. https://​doi.​org/​10.​1109/​EMBC.​2014.​69438​23.

	190.	 McCrimmon CM, King CE, Wang PT, Cramer SC, Nenadic Z, Do AH. 
Brain-controlled functional electrical stimulation therapy for gait reha‑
bilitation after stroke: a safety study. J Neuroeng Rehabil. 2015;12(1):57. 
https://​doi.​org/​10.​1186/​s12984-​015-​0050-4.

	191.	 Metzger SL, Littlejohn KT, Silva AB, Moses DA, Seaton MP, Wang 
R, Dougherty ME, Liu JR, Wu P, Berger MA, Zhuravleva I, Tu-Chan 
A, Ganguly K, Anumanchipalli GK, Chang EF. A high-performance 
neuroprosthesis for speech decoding and avatar control. Nature. 
2023;620(7976):1037–46. https://​doi.​org/​10.​1038/​s41586-​023-​06443-4.

	192.	 Metzger SL, Liu JR, Moses DA, Dougherty ME, Seaton MP, Littlejohn KT, 
Chartier J, Anumanchipalli GK, Tu-Chan A, Ganguly K, Chang EF. Gener‑
alizable spelling using a speech neuroprosthesis in an individual with 
severe limb and vocal paralysis. Nat Commun. 2022;13(1):6510. https://​
doi.​org/​10.​1038/​s41467-​022-​33611-3.

	193.	 Milekovic T, Sarma AA, Bacher D, Simeral JD, Saab J, Pandarinath C, 
Sorice BL, Blabe C, Oakley EM, Tringale KR, Eskandar E, Cash SS, Hen‑
derson JM, Shenoy KV, Donoghue JP, Hochberg LR. Stable long-term 
BCI-enabled communication in ALS and locked-in syndrome using LFP 
signals. J Neurophysiol. 2018;120(1):343–60. https://​doi.​org/​10.​1152/​jn.​
00493.​2017.

	194.	 Min B, Kim J, Park H, Lee B. Vowel imagery decoding toward silent 
speech bci using extreme learning machine with electroencephalo‑
gram. Biomed Res Int. 2016;2016:1–11. https://​doi.​org/​10.​1155/​2016/​
26182​65.

	195.	 Mitchell P, Lee SCM, Yoo PE, Morokoff A, Sharma RP, Williams DL, 
MacIsaac C, Howard ME, Irving L, Vrljic I, Williams C, Bush S, Balabanski 
AH, Drummond KJ, Desmond P, Weber D, Denison T, Mathers S, O’Brien 
TJ, et al. Assessment of safety of a fully implanted endovascular brain–
computer interface for severe paralysis in 4 patients: the stentrode 
with thought-controlled digital switch (SWITCH) study. JAMA Neurol. 
2023;80(3):270. https://​doi.​org/​10.​1001/​jaman​eurol.​2022.​4847.

	196.	 Moghimi S, Kushki A, Marie Guerguerian A, Chau T. A review of EEG-
based brain–computer interfaces as access pathways for individuals 
with severe disabilities. Assist Technol. 2013;25(2):99–110. https://​doi.​
org/​10.​1080/​10400​435.​2012.​723298.

	197.	 Mortimer JT. Motor prostheses. In: Terjung R, editor. Comprehensive 
physiology. USA: Wiley; 1981. p. 155–87. https://​doi.​org/​10.​1002/​cphy.​
cp010​205.

	198.	 Moses DA, Metzger SL, Liu JR, Anumanchipalli GK, Makin JG, Sun PF, 
Chartier J, Dougherty ME, Liu PM, Abrams GM, Tu-Chan A, Ganguly K, 
Chang EF. Neuroprosthesis for decoding speech in a paralyzed person 
with anarthria. N Engl J Med. 2021;385(3):217. https://​doi.​org/​10.​1056/​
NEJMo​a2027​540.

	199.	 Mugler EM, Patton JL, Flint RD, Wright ZA, Schuele SU, Rosenow J, 
Shih JJ, Krusienski DJ, Slutzky MW. Direct classification of all American 
English phonemes using signals from functional speech motor cortex. J 
Neural Eng. 2014;11(3): 035015.

	200.	 Mukaino M, Ono T, Shindo K, Fujiwara T, Ota T, Kimura A, Liu M, 
Ushiba J. Efficacy of brain–computer interface-driven neuromuscular 
electrical stimulation for chronic paresis after stroke. J Rehabil Med. 
2014;46(4):378–82. https://​doi.​org/​10.​2340/​16501​977-​1785.

	201.	 Muller-Putz GR, Rupp R, Ofner P, Pereira J, Pinegger A, Schwarz A, Zube 
M, Eck U, Hessing B, Schneiders M. Applying intuitive EEG-controlled 
grasp neuroprostheses in individuals with spinal cord injury: prelimi‑
nary results from the MoreGrasp clinical feasibility study. In: 2019 41st 
Annual International Conference of the IEEE Engineering in Medicine 
and Biology Society (EMBC). 2019; pp. 5949–5955. https://​doi.​org/​10.​
1109/​EMBC.​2019.​88564​91.

	202.	 Müller-Putz GR, Scherer R, Pfurtscheller G, Rupp R. EEG-based neu‑
roprosthesis control: a step towards clinical practice. Neurosci Lett. 
2005;382(1):169–74. https://​doi.​org/​10.​1016/j.​neulet.​2005.​03.​021.

	203.	 Murguialday AR, Hill J, Bensch M, Martens S, Halder S, Nijboer F, Schoe‑
lkopf B, Birbaumer N, Gharabaghi A. Transition from the locked in to the 
completely locked-in state: a physiological analysis. Clin Neurophysiol. 
2011;122(5):925. https://​doi.​org/​10.​1016/j.​clinph.​2010.​08.​019.

	204.	 Murray LM, Talbot K, Gillingwater TH. Review: neuromuscular synaptic 
vulnerability in motor neurone disease: amyotrophic lateral scle‑
rosis and spinal muscular atrophy. Neuropathol Appl Neurobiol. 
2010;36(2):133–56. https://​doi.​org/​10.​1111/j.​1365-​2990.​2010.​01061.x.

	205.	 Nagels-Coune L, Benitez-Andonegui A, Reuter N, Lührs M, Goebel R, 
De Weerd P, Riecke L, Sorger B. Brain-based binary communication 
using spatiotemporal features of fNIRS responses. Front Hum Neurosci. 
2020;14:113. https://​doi.​org/​10.​3389/​fnhum.​2020.​00113.

	206.	 Nakayama Y, Shimizu T, Mochizuki Y, Hayashi K, Matsuda C, Nagao 
M, Watabe K, Kawata A, Oyanagi K, Isozaki E, Nakano I. Predictors of 

https://doi.org/10.1088/1741-2552/aab2f2
https://doi.org/10.1177/2055668320964142
https://doi.org/10.3109/02699052.2015.1004750
https://doi.org/10.3109/02699052.2015.1004750
https://doi.org/10.1007/s12017-019-08589-9
https://doi.org/10.1007/978-981-10-5122-7_131
https://doi.org/10.1007/978-981-10-5122-7_131
https://doi.org/10.1007/978-3-030-17971-7_2
https://doi.org/10.1007/978-3-030-17971-7_2
https://doi.org/10.1088/2057-1976/ab7eea
https://doi.org/10.1177/01455613211048576
https://doi.org/10.1177/01455613211048576
https://doi.org/10.1080/03091902.2019.1637470
https://doi.org/10.1080/03091902.2019.1637470
https://doi.org/10.1038/sj.sc.3101644
https://doi.org/10.1186/s12938-020-00773-4
https://doi.org/10.1186/s12938-020-00773-4
https://doi.org/10.1007/978-3-540-74658-4_44
https://doi.org/10.1109/EMBC.2014.6943823
https://doi.org/10.1186/s12984-015-0050-4
https://doi.org/10.1038/s41586-023-06443-4
https://doi.org/10.1038/s41467-022-33611-3
https://doi.org/10.1038/s41467-022-33611-3
https://doi.org/10.1152/jn.00493.2017
https://doi.org/10.1152/jn.00493.2017
https://doi.org/10.1155/2016/2618265
https://doi.org/10.1155/2016/2618265
https://doi.org/10.1001/jamaneurol.2022.4847
https://doi.org/10.1080/10400435.2012.723298
https://doi.org/10.1080/10400435.2012.723298
https://doi.org/10.1002/cphy.cp010205
https://doi.org/10.1002/cphy.cp010205
https://doi.org/10.1056/NEJMoa2027540
https://doi.org/10.1056/NEJMoa2027540
https://doi.org/10.2340/16501977-1785
https://doi.org/10.1109/EMBC.2019.8856491
https://doi.org/10.1109/EMBC.2019.8856491
https://doi.org/10.1016/j.neulet.2005.03.021
https://doi.org/10.1016/j.clinph.2010.08.019
https://doi.org/10.1111/j.1365-2990.2010.01061.x
https://doi.org/10.3389/fnhum.2020.00113


Page 20 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 

impaired communication in amyotrophic lateral sclerosis patients with 
tracheostomy-invasive ventilation. Amyotrophic Lateral Sclero Fronto‑
temp Degen. 2016;17(1–2):38–46. https://​doi.​org/​10.​3109/​21678​421.​
2015.​10552​76.

	207.	 Neumann N, Kubler A. Training locked-in patients: a challenge for the 
use of brain–computer interfaces. IEEE Trans Neural Syst Rehabil Eng. 
2003;11(2):169–72. https://​doi.​org/​10.​1109/​TNSRE.​2003.​814431.

	208.	 Neuper C, Scherer R, Wriessnegger S, Pfurtscheller G. Motor imagery 
and action observation: modulation of sensorimotor brain rhythms 
during mental control of a brain–computer interface. Clin Neurophys‑
iol. 2009;120(2):239–47. https://​doi.​org/​10.​1016/j.​clinph.​2008.​11.​015.

	209.	 Nijboer F, Sellers EW, Mellinger J, Jordan MA, Matuz T, Furdea A, Halder 
S, Mochty U, Krusienski DJ, Vaughan TM, Wolpaw JR, Birbaumer N, 
Kübler A. A P300-based brain–computer interface for people with 
amyotrophic lateral sclerosis. Clin Neurophysiol. 2008;119(8):1909–16. 
https://​doi.​org/​10.​1016/j.​clinph.​2008.​03.​034.

	210.	 Norcia AM, Appelbaum LG, Ales JM, Cottereau BR, Rossion B. The 
steady-state visual evoked potential in vision research: a review. J Vis. 
2015;15(6):4. https://​doi.​org/​10.​1167/​15.6.4.

	211.	 Obermaier B, Muller GR, Pfurtscheller G. “Virtual keyboard” controlled 
by spontaneous EEG activity. IEEE Trans Neural Syst Rehabil Eng. 
2003;11(4):422–6. https://​doi.​org/​10.​1109/​TNSRE.​2003.​816866.

	212.	 Oberman LM, Winkielman P, Ramachandran VS. Face to face: blocking 
facial mimicry can selectively impair recognition of emotional expres‑
sions. Soc Neurosci. 2007;2(3–4):167–78. https://​doi.​org/​10.​1080/​17470​
91070​13919​43.

	213.	 Ofner P, Muller-Putz GR. Decoding of velocities and positions of 3D 
arm movement from EEG. Annu Int Conf IEEE Eng Med Biol Soc. 
2012;2012:6406–9. https://​doi.​org/​10.​1109/​EMBC.​2012.​63474​60.

	214.	 Osuagwu BCA, Wallace L, Fraser M, Vuckovic A. Rehabilitation of hand in 
subacute tetraplegic patients based on brain computer interface and 
functional electrical stimulation: a randomised pilot study. J Neural Eng. 
2016;13(6): 065002. https://​doi.​org/​10.​1088/​1741-​2560/​13/6/​065002.

	215.	 Owusu JA, Stewart CM, Boahene K. Facial nerve paralysis. Med Clin 
North Am. 2018;102(6):1135–43. https://​doi.​org/​10.​1016/j.​mcna.​2018.​
06.​011.

	216.	 Oxley TJ, Opie NL, John SE, Rind GS, Ronayne SM, Wheeler TL, Judy 
JW, McDonald AJ, Dornom A, Lovell TJH, Steward C, Garrett DJ, Moffat 
BA, Lui EH, Yassi N, Campbell BCV, Wong YT, Fox KE, Nurse ES, et al. 
Minimally invasive endovascular stent-electrode array for high-
fidelity, chronic recordings of cortical neural activity. Nat Biotechnol. 
2016;34(3):320–7. https://​doi.​org/​10.​1038/​nbt.​3428.

	217.	 Oxley TJ, Yoo PE, Rind GS, Ronayne SM, Lee CMS, Bird C, Hampshire V, 
Sharma RP, Morokoff A, Williams DL, MacIsaac C, Howard ME, Irving L, 
Vrljic I, Williams C, John SE, Weissenborn F, Dazenko M, Balabanski AH, 
et al. Motor neuroprosthesis implanted with neurointerventional sur‑
gery improves capacity for activities of daily living tasks in severe paral‑
ysis: first in-human experience. J NeuroIntervent Surg. 2021;13(2):102–8. 
https://​doi.​org/​10.​1136/​neuri​ntsurg-​2020-​016862.

	218.	 Pan G, Li J-J, Qi Y, Yu H, Zhu J-M, Zheng X-X, Wang Y-M, Zhang S-M. 
Rapid decoding of hand gestures in electrocorticography using recur‑
rent neural networks. Front Neurosci. 2018;12:555. https://​doi.​org/​10.​
3389/​fnins.​2018.​00555.

	219.	 Pandarinath C, Nuyujukian P, Blabe CH, Sorice BL, Saab J, Willett FR, 
Hochberg LR, Shenoy KV, Henderson JM. High performance communi‑
cation by people with paralysis using an intracortical brain–computer 
interface. Elife. 2017;6: e18554. https://​doi.​org/​10.​7554/​eLife.​18554.

	220.	 Patterson JR, Grabois M. Locked-in syndrome: a review of 139 cases. 
Stroke. 1986;17(4):758–64. https://​doi.​org/​10.​1161/​01.​STR.​17.4.​758.

	221.	 Peckham PH, Keith MW, Kilgore KL, Grill JH, Wuolle KS, Thrope GB, Gor‑
man P, Hobby J, Mulcahey MJ, Carroll S, Hentz VR, Wiegner A. Efficacy of 
an implanted neuroprosthesis for restoring hand grasp in tetraplegia: a 
multicenter study. Arch Phys Med Rehabil. 2001;82(10):1380–8. https://​
doi.​org/​10.​1053/​apmr.​2001.​25910.

	222.	 Peckham PH, Knutson JS. Functional electrical stimulation for neuro‑
muscular applications. Ann Rev Biomed Eng. 2005;7(1):327. https://​doi.​
org/​10.​1146/​annur​ev.​bioeng.​6.​040803.​140103.

	223.	 Peckham PH, Mortimer JT, Marsolais EB. Controlled prehension 
and release in the C5 quadriplegic elicited by functional electrical 
stimulation of the paralyzed forearm musculature. Ann Biomed Eng. 
1980;8(4–6):369–88. https://​doi.​org/​10.​1007/​BF023​63440.

	224.	 Peitersen E. Bell’s palsy: the spontaneous course of 2,500 peripheral 
facial nerve palsies of different etiologies. Acta Oto-Laryngologica (Sup‑
plement). 2002;122:4–30.

	225.	 Pfurtscheller G, Brunner C, Schlögl A, Lopes Da Silva FH. Mu rhythm (de)
synchronization and EEG single-trial classification of different motor 
imagery tasks. Neuroimage. 2006;31(1):153–9. https://​doi.​org/​10.​1016/j.​
neuro​image.​2005.​12.​003.

	226.	 Pfurtscheller G, Müller GR, Pfurtscheller J, Gerner HJ, Rupp R. 
‘Thought’—control of functional electrical stimulation to restore hand 
grasp in a patient with tetraplegia. Neurosci Lett. 2003;351(1):33–6. 
https://​doi.​org/​10.​1016/​S0304-​3940(03)​00947-9.

	227.	 Pires G, Nunes U, Castelo-Branco M. Evaluation of brain–computer 
interfaces in accessing computer and other devices by people with 
severe motor impairments. Proc Comput Sci. 2012;14:283–92. https://​
doi.​org/​10.​1016/j.​procs.​2012.​10.​032.

	228.	 Pistohl T, Schulze-Bonhage A, Aertsen A, Mehring C, Ball T. Decoding 
natural grasp types from human ECoG. Neuroimage. 2012;59(1):248–60. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2011.​06.​084.

	229.	 Pistoia F, Conson M, Trojano L, Grossi D, Ponari M, Colonnese C, Pistoia 
ML, Carducci F, Sara M. Impaired conscious recognition of negative 
facial expressions in patients with locked-in syndrome. J Neurosci. 
2010;30(23):7838. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​6300-​09.​2010.

	230.	 Pokorny C, Klobassa DS, Pichler G, Erlbeck H, Real RGL, Kübler A, 
Lesenfants D, Habbal D, Noirhomme Q, Risetti M, Mattia D, Müller-Putz 
GR. The auditory P300-based single-switch brain–computer interface: 
paradigm transition from healthy subjects to minimally conscious 
patients. Artif Intell Med. 2013;59(2):81–90. https://​doi.​org/​10.​1016/j.​
artmed.​2013.​07.​003.

	231.	 Ponari M, Conson M, D’Amico NP, Grossi D, Trojano L. Mapping corre‑
spondence between facial mimicry and emotion recognition in healthy 
subjects. Emotion. 2012;12(6):1398–403. https://​doi.​org/​10.​1037/​a0028​
588.

	232.	 Popović DB. Advances in functional electrical stimulation (FES). J Elec‑
tromyogr Kinesiol. 2014;24(6):795–802. https://​doi.​org/​10.​1016/j.​jelek​in.​
2014.​09.​008.

	233.	 Popovic MB, Popovic DB, Schwirtlich L, Sinkjær T. Functional electrical 
therapy (FET): clinical trial in chronic hemiplegic subjects. Neuromodul 
Technol Neural Interface. 2004;7(2):133–40. https://​doi.​org/​10.​1111/j.​
1094-​7159.​2004.​04017.x.

	234.	 Popovic MR, Curt A, Keller T, Dietz V. Functional electrical stimulation 
for grasping and walking: indications and limitations. Spinal Cord. 
2001;39(8):403–12. https://​doi.​org/​10.​1038/​sj.​sc.​31011​91.

	235.	 Popovic MR, Kapadia N, Zivanovic V, Furlan JC, Craven BC, McGillivray C. 
Functional electrical stimulation therapy of voluntary grasping versus 
only conventional rehabilitation for patients with subacute incomplete 
tetraplegia: a randomized clinical trial. Neurorehabil Neural Repair. 
2011;25(5):433–42. https://​doi.​org/​10.​1177/​15459​68310​392924.

	236.	 Popovic MR, Masani K, Micera S. Functional electrical stimulation 
therapy: Recovery of function following spinal cord injury and stroke. 
Neurorehabil Technol. 2016; 513–532.

	237.	 Prodanov D, Marani E, Holsheimer J. Functional electric stimulation 
for sensory and motor functions: progress and problems. Biomed Rev. 
2003;14:23. https://​doi.​org/​10.​14748/​bmr.​v14.​107.

	238.	 Puls WC, Jarvis JC, Ruck A, Lehmann T, Guntinas-Lichius O, Volk GF. 
Surface electrical stimulation for facial paralysis is not harmful. Muscle 
Nerve. 2020;61(3):347–53. https://​doi.​org/​10.​1002/​mus.​26784.

	239.	 Quandt F, Hummel FC. The influence of functional electrical stimulation 
on hand motor recovery in stroke patients: a review. Exp Transl Stroke 
Med. 2014;6(1):9. https://​doi.​org/​10.​1186/​2040-​7378-6-9.

	240.	 Rabbani Q, Milsap G, Crone NE. The potential for a speech brain–com‑
puter interface using chronic electrocorticography. Neurotherapeutics. 
2019;16:144–65.

	241.	 Ragnarsson KT. Functional electrical stimulation after spinal cord injury: 
current use, therapeutic effects and future directions. Spinal Cord. 
2008;46(4):255. https://​doi.​org/​10.​1038/​sj.​sc.​31020​91.

	242.	 Ramsey NF, Salari E, Aarnoutse EJ, Vansteensel MJ, Bleichner MG, 
Freudenburg Z. Decoding spoken phonemes from sensorimotor cortex 
with high-density ECoG grids. Neuroimage. 2018;180:301–11.

	243.	 Rantanen V, Vehkaoja A, Verho J, Veselý P, Lylykangas J, Ilves M, 
Mäkelä E, Rautiainen M, Surakka V, Lekkala J. Prosthetic pacing device 
for unilateral facial paralysis. In: Kyriacou E, Christofides S, Pattichis 

https://doi.org/10.3109/21678421.2015.1055276
https://doi.org/10.3109/21678421.2015.1055276
https://doi.org/10.1109/TNSRE.2003.814431
https://doi.org/10.1016/j.clinph.2008.11.015
https://doi.org/10.1016/j.clinph.2008.03.034
https://doi.org/10.1167/15.6.4
https://doi.org/10.1109/TNSRE.2003.816866
https://doi.org/10.1080/17470910701391943
https://doi.org/10.1080/17470910701391943
https://doi.org/10.1109/EMBC.2012.6347460
https://doi.org/10.1088/1741-2560/13/6/065002
https://doi.org/10.1016/j.mcna.2018.06.011
https://doi.org/10.1016/j.mcna.2018.06.011
https://doi.org/10.1038/nbt.3428
https://doi.org/10.1136/neurintsurg-2020-016862
https://doi.org/10.3389/fnins.2018.00555
https://doi.org/10.3389/fnins.2018.00555
https://doi.org/10.7554/eLife.18554
https://doi.org/10.1161/01.STR.17.4.758
https://doi.org/10.1053/apmr.2001.25910
https://doi.org/10.1053/apmr.2001.25910
https://doi.org/10.1146/annurev.bioeng.6.040803.140103
https://doi.org/10.1146/annurev.bioeng.6.040803.140103
https://doi.org/10.1007/BF02363440
https://doi.org/10.1016/j.neuroimage.2005.12.003
https://doi.org/10.1016/j.neuroimage.2005.12.003
https://doi.org/10.1016/S0304-3940(03)00947-9
https://doi.org/10.1016/j.procs.2012.10.032
https://doi.org/10.1016/j.procs.2012.10.032
https://doi.org/10.1016/j.neuroimage.2011.06.084
https://doi.org/10.1523/JNEUROSCI.6300-09.2010
https://doi.org/10.1016/j.artmed.2013.07.003
https://doi.org/10.1016/j.artmed.2013.07.003
https://doi.org/10.1037/a0028588
https://doi.org/10.1037/a0028588
https://doi.org/10.1016/j.jelekin.2014.09.008
https://doi.org/10.1016/j.jelekin.2014.09.008
https://doi.org/10.1111/j.1094-7159.2004.04017.x
https://doi.org/10.1111/j.1094-7159.2004.04017.x
https://doi.org/10.1038/sj.sc.3101191
https://doi.org/10.1177/1545968310392924
https://doi.org/10.14748/bmr.v14.107
https://doi.org/10.1002/mus.26784
https://doi.org/10.1186/2040-7378-6-9
https://doi.org/10.1038/sj.sc.3102091


Page 21 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 	

CS, editors. XIV Mediterranean conference on medical and biological 
engineering and computing 2016. Berlin: Springer International 
Publishing; 2016. p. 653–8. https://​doi.​org/​10.​1007/​978-3-​319-​32703-
7_​126.

	244.	 Rashid M, Sulaiman N, Abdul Majeed PP, Musa A, Ab Nasir RM, Bari 
BS, Khatun S. Current status, challenges, and possible solutions of 
EEG-based brain–computer interface: a comprehensive review. Front 
Neurorobot. 2020;14:25. https://​doi.​org/​10.​3389/​fnbot.​2020.​00025.

	245.	 Raslan A, Guntinas-Lichius O, Volk GF. Altered facial muscle innerva‑
tion pattern in patients with postparetic facial synkinesis. Laryngo‑
scope. 2020;130(5):E320. https://​doi.​org/​10.​1002/​lary.​28149.

	246.	 Regan D. Human brain electrophysiology. Evoked potentials and 
evoked magnetic fields in science and medicine. 1989.

	247.	 Repitsch CA, Volk GF. Functional electrical stimulation in facial 
rehabilitation. In: Schick T, editor. Functional electrical stimulation 
in neurorehabilitation: synergy effects of technology and therapy. 
Cham: Springer International Publishing; 2022. p. 151–66. https://​doi.​
org/​10.​1007/​978-3-​030-​90123-3_​10.

	248.	 Resquín F, Gonzalez-Vargas J, Ibáñez J, Brunetti F, Pons JL. Feed‑
back error learning controller for functional electrical stimulation 
assistance in a hybrid robotic system for reaching rehabilitation. Eur J 
Transl Myol. 2016; 26(3). https://​doi.​org/​10.​4081/​ejtm.​2016.​6164.

	249.	 Ring H, Rosenthal N. Controlled study of neuroprosthetic functional 
electrical stimulation in sub-acute post-stroke rehabilitation. Journal 
of Rehabilitation Medicine. 2005;37(1):32–6. https://​doi.​org/​10.​1080/​
16501​97041​00353​87.

	250.	 Rouanne V, Costecalde T, Benabid AL, Aksenova T. Unsupervised 
adaptation of an ECoG based brain–computer interface using neural 
correlates of task performance. Sci Rep. 2022;12(1):21316. https://​doi.​
org/​10.​1038/​s41598-​022-​25049-w.

	251.	 Rousseau M-C, Baumstarck K, Alessandrini M, Blandin V, Billette 
de Villemeur T, Auquier P. Quality of life in patients with locked-in 
syndrome: evolution over a 6-year period. Orphanet J Rare Dis. 
2015;10(1):1–8. https://​doi.​org/​10.​1186/​s13023-​015-​0304-z.

	252.	 Rupp, R. (2021). Functional electrical stimulation. In G. Müller-Putz & 
R. Rupp (Eds.), Neuroprosthetics and Brain–computer Interfaces in Spi-
nal Cord Injury (pp. 37–69). Springer International Publishing. https://​
doi.​org/​10.​1007/​978-3-​030-​68545-4_2

	253.	 Rupp R, Rohm M, Schneiders M, Kreilinger A, Muller-Putz GR. 
Functional rehabilitation of the paralyzed upper extremity after 
spinal cord injury by noninvasive hybrid neuroprostheses. Proc IEEE. 
2015;103(6):954–68. https://​doi.​org/​10.​1109/​JPROC.​2015.​23952​53.

	254.	 Rushton DN. Functional electrical stimulation. Physiol Meas. 
1997;18(4):241. https://​doi.​org/​10.​1088/​0967-​3334/​18/4/​001.

	255.	 Salari E, Freudenburg ZV, Branco MP, Aarnoutse EJ, Vansteensel MJ, 
Ramsey NF. Classification of articulator movements and movement 
direction from sensorimotor cortex activity. Sci Rep. 2019;9(1):14165. 
https://​doi.​org/​10.​1038/​s41598-​019-​50834-5.

	256.	 Salari E, Freudenburg ZV, Vansteensel MJ, Ramsey NF. Classification of 
facial expressions for intended display of emotions using brain–com‑
puter interfaces. Ann Neurol. 2020;88(3):631. https://​doi.​org/​10.​1002/​
ana.​25821.

	257.	 Schellekens W, Petridou N, Ramsey NF. Detailed somatotopy in 
primary motor and somatosensory cortex revealed by Gaussian 
population receptive fields. Neuroimage. 2018;179:337–47. https://​
doi.​org/​10.​1016/j.​neuro​image.​2018.​06.​062.

	258.	 Schultz T, Angrick M, Diener L, Küster D, Meier M, Krusienski DJ, Herff 
C, Brumberg JS. Towards restoration of articulatory movements: 
Functional electrical stimulation of orofacial muscles. In: 2019 41st 
Annual International Conference of the IEEE Engineering in Medicine 
and Biology Society (EMBC); 2019, pp. 3111–3114. https://​doi.​org/​10.​
1109/​EMBC.​2019.​88576​70.

	259.	 Serruya MD, Hatsopoulos NG, Paninski L, Fellows MR, Dono‑
ghue JP. Instant neural control of a movement signal. Nature. 
2002;416(6877):141–2. https://​doi.​org/​10.​1038/​41614​1a.

	260.	 Sharma G, Friedenberg DA, Annetta N, Glenn B, Bockbrader M, Majs‑
torovic C, Domas S, Mysiw WJ, Rezai A, Bouton C. Using an artificial 
neural bypass to restore cortical control of rhythmic movements in a 
human with quadriplegia. Sci Rep. 2016;6(1):33807. https://​doi.​org/​
10.​1038/​srep3​3807.

	261.	 Sharon RA, Narayanan SS, Sur M, Murthy AH. Neural speech decod‑
ing during audition, imagination and production. IEEE Access. 
2020;8:149714–29. https://​doi.​org/​10.​1109/​ACCESS.​2020.​30167​56.

	262.	 Shaunak S, Orrell RW, O’Sullivan E, Hawken MB, Lane RJM, Henderson 
L, Kennard C. Oculomotor function in amyotrophic lateral sclerosis: 
evidence for frontal impairment. Ann Neurol. 1995;38(1):38–44. https://​
doi.​org/​10.​1002/​ana.​41038​0109.

	263.	 Sheffler LR, Chae J. Neuromuscular electrical stimulation in neuroreha‑
bilitation. Muscle Nerve. 2007;35(5):562–90. https://​doi.​org/​10.​1002/​
mus.​20758.

	264.	 Shenoy P, Krauledat M, Blankertz B, Rao RPN, Müller K-R. Towards adap‑
tive classification for BCI. J Neural Eng. 2006;3(1):R13–23. https://​doi.​
org/​10.​1088/​1741-​2560/3/​1/​R02.

	265.	 Silvoni S, Ramos-Murguialday A, Cavinato M, Volpato C, Cisotto G, 
Turolla A, Piccione F, Birbaumer N. Brain–computer interface in stroke: 
a review of progress. Clin EEG Neurosci. 2011;42(4):245–52. https://​doi.​
org/​10.​1177/​15500​59411​04200​410.

	266.	 Sinkjaer T, Haugland M, Inmann A, Hansen M, Nielsen KD. Biopotentials 
as command and feedback signals in functional electrical stimulation 
systems. Med Eng Phys. 2003;25(1):29–40. https://​doi.​org/​10.​1016/​
S1350-​4533(02)​00178-9.

	267.	 Śliwowski M, Martin M, Souloumiac A, Blanchart P, Aksenova T. Decod‑
ing ECoG signal into 3D hand translation using deep learning. J Neural 
Eng. 2022;19(2): 026023. https://​doi.​org/​10.​1088/​1741-​2552/​ac5d69.

	268.	 Smith B, Tang Z, Johnson MW, Pourmehdi S, Gazdik MM, Buckett 
JR, Peckham PH. An externally powered, multichannel, implantable 
stimulator-telemeter for control of paralyzed muscle. IEEE Trans Biomed 
Eng. 1998;45(4):463–75. https://​doi.​org/​10.​1109/​10.​664202.

	269.	 Smith E, Delargy M. Locked-in syndrome. BMJ. 2005;330(7488):406–9. 
https://​doi.​org/​10.​1136/​bmj.​330.​7488.​406.

	270.	 Snoeys L, Vanhoof G, Manders E. Living with locked-in syndrome: an 
explorative study on health care situation, communication and quality 
of life. Disabil Rehabil. 2013;35(9):713–8. https://​doi.​org/​10.​3109/​09638​
288.​2012.​705950.

	271.	 Spataro R, Ciriacono M, Manno C, La Bella V. The eye-tracking computer 
device for communication in amyotrophic lateral sclerosis. Acta Neurol 
Scand. 2014;130(1):40–5. https://​doi.​org/​10.​1111/​ane.​12214.

	272.	 Spüler M, Bensch M, Kleih S, Rosenstiel W, Bogdan M, Kübler A. Online 
use of error-related potentials in healthy users and people with severe 
motor impairment increases performance of a P300-BCI. Clin Neuro‑
physiol. 2012;123(7):1328–37. https://​doi.​org/​10.​1016/j.​clinph.​2011.​11.​
082.

	273.	 Spüler M, Walter A, Ramos-Murguialday A, Naros G, Birbaumer N, Ghara‑
baghi A, Rosenstiel W, Bogdan M. Decoding of motor intentions from 
epidural ECoG recordings in severely paralyzed chronic stroke patients. 
J Neural Eng. 2014;11(6): 066008. https://​doi.​org/​10.​1088/​1741-​2560/​
11/6/​066008.

	274.	 Stavisky SD, Willett FR, Wilson GH, Murphy BA, Rezaii P, Avansino DT, 
Memberg WD, Miller JP, Kirsch RF, Hochberg LR, et al. Neural ensemble 
dynamics in dorsal motor cortex during speech in people with paraly‑
sis. Elife. 2019;8: e46015.

	275.	 Stein RB, Everaert DG, Thompson AK, Chong SL, Whittaker M, Robertson 
J, Kuether G. Long-term therapeutic and orthotic effects of a foot drop 
stimulator on walking performance in progressive and nonprogressive 
neurological disorders. Neurorehabil Neural Repair. 2010;24(2):152. 
https://​doi.​org/​10.​1177/​15459​68309​347681.

	276.	 Stel M, Van Knippenberg A. The role of facial mimicry in the recognition 
of affect. Psychol Sci. 2008;19(10):984–5. https://​doi.​org/​10.​1111/j.​1467-​
9280.​2008.​02188.x.

	277.	 Sujith OK. Functional electrical stimulation in neurological disorders. Eur 
J Neurol. 2008;15(5):437–44. https://​doi.​org/​10.​1111/j.​1468-​1331.​2008.​
02127.x.

	278.	 Sun P, Anumanchipalli GK, Chang EF. Brain2Char: a deep architecture for 
decoding text from brain recordings. J Neural Eng. 2020;17:066015.

	279.	 Takahashi M, Takeda K, Otaka Y, Osu R, Hanakawa T, Gouko M, Ito K. 
Event related desynchronization-modulated functional electrical stimu‑
lation system for stroke rehabilitation: a feasibility study. J Neuroeng 
Rehabil. 2012;9(1):56. https://​doi.​org/​10.​1186/​1743-​0003-9-​56.

	280.	 Tamaki E, Miyaki T, Rekimoto J. PossessedHand: Techniques for 
controlling human hands using electrical muscles stimuli. In: 

https://doi.org/10.1007/978-3-319-32703-7_126
https://doi.org/10.1007/978-3-319-32703-7_126
https://doi.org/10.3389/fnbot.2020.00025
https://doi.org/10.1002/lary.28149
https://doi.org/10.1007/978-3-030-90123-3_10
https://doi.org/10.1007/978-3-030-90123-3_10
https://doi.org/10.4081/ejtm.2016.6164
https://doi.org/10.1080/16501970410035387
https://doi.org/10.1080/16501970410035387
https://doi.org/10.1038/s41598-022-25049-w
https://doi.org/10.1038/s41598-022-25049-w
https://doi.org/10.1186/s13023-015-0304-z
https://doi.org/10.1007/978-3-030-68545-4_2
https://doi.org/10.1007/978-3-030-68545-4_2
https://doi.org/10.1109/JPROC.2015.2395253
https://doi.org/10.1088/0967-3334/18/4/001
https://doi.org/10.1038/s41598-019-50834-5
https://doi.org/10.1002/ana.25821
https://doi.org/10.1002/ana.25821
https://doi.org/10.1016/j.neuroimage.2018.06.062
https://doi.org/10.1016/j.neuroimage.2018.06.062
https://doi.org/10.1109/EMBC.2019.8857670
https://doi.org/10.1109/EMBC.2019.8857670
https://doi.org/10.1038/416141a
https://doi.org/10.1038/srep33807
https://doi.org/10.1038/srep33807
https://doi.org/10.1109/ACCESS.2020.3016756
https://doi.org/10.1002/ana.410380109
https://doi.org/10.1002/ana.410380109
https://doi.org/10.1002/mus.20758
https://doi.org/10.1002/mus.20758
https://doi.org/10.1088/1741-2560/3/1/R02
https://doi.org/10.1088/1741-2560/3/1/R02
https://doi.org/10.1177/155005941104200410
https://doi.org/10.1177/155005941104200410
https://doi.org/10.1016/S1350-4533(02)00178-9
https://doi.org/10.1016/S1350-4533(02)00178-9
https://doi.org/10.1088/1741-2552/ac5d69
https://doi.org/10.1109/10.664202
https://doi.org/10.1136/bmj.330.7488.406
https://doi.org/10.3109/09638288.2012.705950
https://doi.org/10.3109/09638288.2012.705950
https://doi.org/10.1111/ane.12214
https://doi.org/10.1016/j.clinph.2011.11.082
https://doi.org/10.1016/j.clinph.2011.11.082
https://doi.org/10.1088/1741-2560/11/6/066008
https://doi.org/10.1088/1741-2560/11/6/066008
https://doi.org/10.1177/1545968309347681
https://doi.org/10.1111/j.1467-9280.2008.02188.x
https://doi.org/10.1111/j.1467-9280.2008.02188.x
https://doi.org/10.1111/j.1468-1331.2008.02127.x
https://doi.org/10.1111/j.1468-1331.2008.02127.x
https://doi.org/10.1186/1743-0003-9-56


Page 22 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 

Proceedings of the Sigchi Conference on Human Factors in Comput‑
ing Systems. 2011; pp. 543–552.

	281.	 Taylor DM. Functional electrical stimulation and rehabilitation appli‑
cations of BCIs. In: Berger TW, Chapin JK, Gerhardt GA, McFarland DJ, 
Principe JC, Soussou WV, Taylor DM, Tresco PA, editors. Brain–com‑
puter interfaces. Berlin: Springer; 2008. p. 81–94. https://​doi.​org/​10.​
1007/​978-1-​4020-​8705-9_6.

	282.	 Taylor DM, Tillery SIH, Schwartz AB. Direct cortical control of 3D 
neuroprosthetic devices. Science. 2002;296(5574):1829–32. https://​
doi.​org/​10.​1126/​scien​ce.​10702​91.

	283.	 Taylor PN, Burridge JH, Dunkerley AL, Wood DE, Norton JA, Singleton 
C. Clinical use of the Odstock dropped foot stimulator: its effect ion 
the speed and effort of walking. 1999;80.

	284.	 Taylor PN, Esnouf J, Hobby J. The functional impact of the Freehand 
system on tetraplegic hand function. Clin Results Spinal Cord. 
2002;40(11):560–6. https://​doi.​org/​10.​1038/​sj.​sc.​31013​73.

	285.	 Thrasher TA, Flett HM, Popovic MR. Gait training regimen for incom‑
plete spinal cord injury using functional electrical stimulation. Spinal 
Cord. 2006;44(6):357. https://​doi.​org/​10.​1038/​sj.​sc.​31018​64.

	286.	 Thrasher TA, Zivanovic V, McIlroy W, Popovic MR. Rehabilitation of 
reaching and grasping function in severe hemiplegic patients using 
functional electrical stimulation therapy. Neurorehabil Neural Repair. 
2008;22(6):706. https://​doi.​org/​10.​1177/​15459​68308​317436.

	287.	 Topper R, Kosinski C, Mull M. Volitional type of facial palsy associ‑
ated with pontine ischaemia. J Neurol Neurosurg Psychiatry. 
1995;58(6):732–4. https://​doi.​org/​10.​1136/​jnnp.​58.6.​732.

	288.	 Tuncay F, Borman P, Taşer B, Ünlü İ, Samim E. Role of electrical stimu‑
lation added to conventional therapy in patients with idiopathic 
facial (Bell) palsy. Am J Phys Med Rehabil. 2015;94(3):222–8. https://​
doi.​org/​10.​1097/​PHM.​00000​00000​000171.

	289.	 Vafadar AK, Côté JN, Archambault PS. Effectiveness of functional 
electrical stimulation in improving clinical outcomes in the upper 
arm following stroke: a systematic review and meta-analysis. Biomed 
Res Int. 2015;2015:1–14. https://​doi.​org/​10.​1155/​2015/​729768.

	290.	 Vanderthommen M, Duchateau J. Electrical stimulation as a modality 
to improve performance of the neuromuscular system. Exerc Sport 
Sci Rev. 2007;35(4):180–5. https://​doi.​org/​10.​1097/​jes.​0b013​e3181​
56e785.

	291.	 Vansteensel MJ, Klein E, Van Thiel G, Gaytant M, Simmons Z, Wolpaw 
JR, Vaughan TM. Towards clinical application of implantable brain–
computer interfaces for people with late-stage ALS: medical and 
ethical considerations. J Neurol. 2023;270(3):1323–36. https://​doi.​org/​
10.​1007/​s00415-​022-​11464-6.

	292.	 Vansteensel MJ, Pels EGM, Bleichner MG, Branco MP, Denison T, 
Freudenburg ZV, Gosselaar P, Leinders S, Ottens TH, Van Den Boom 
MA, Van Rijen PC, Aarnoutse EJ, Ramsey NF. Fully implanted brain–
computer interface in a locked-in patient with als. N Engl J Med. 
2016;375(21):2060. https://​doi.​org/​10.​1056/​NEJMo​a1608​085.

	293.	 Värbu K, Muhammad N, Muhammad Y. Past, present, and future of 
EEG-based BCI applications. Sensors. 2022;22(9):3331. https://​doi.​org/​
10.​3390/​s2209​3331.

	294.	 Velliste M, Perel S, Spalding MC, Whitford AS, Schwartz AB. 
Cortical control of a prosthetic arm for self-feeding. Nature. 
2008;453(7198):1098–101. https://​doi.​org/​10.​1038/​natur​e06996.

	295.	 Verstraete E, Van Den Heuvel MP, Veldink JH, Blanken N, Mandl RC, 
Hulshoff Pol HE, Van Den Berg LH. Motor network degeneration in 
amyotrophic lateral sclerosis: a structural and functional connectivity 
study. PLoS ONE. 2010;5(10): e13664. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00136​64.

	296.	 Vinil TC, Devasahayam S, Tharion G, Naveen BP. Investigation of con‑
trollable multi electrode based FES (functional electrical stimulation) 
system for restoration of grasp-preliminary study on healthy indi‑
viduals. In: 2014 IEEE Global Humanitarian Technology Conference, 
South Asia Satellite (GHTC-SAS). 2014; pp. 212–215. https://​doi.​org/​
10.​1109/​GHTC-​SAS.​2014.​69675​85.

	297.	 Volk GF, Thielker J, Möller MC, Majcher D, Mastryukova V, Altmann 
CS, Dobel C, Guntinas-Lichius O. Tolerability of facial electrostimula‑
tion in healthy adults and patients with facial synkinesis. Eur Arch 
Oto-Rhino-Laryngol. 2020;277(4):1247. https://​doi.​org/​10.​1007/​
s00405-​020-​05818-x.

	298.	 Waldert S, Preissl H, Demandt E, Braun C, Birbaumer N, Aertsen A, 
Mehring C. Hand movement direction decoded from MEG and EEG. 
J Neurosci. 2008;28(4):1000–8. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​
5171-​07.​2008.

	299.	 Waller BM, Vick S-J, Parr LA, Bard KA, Smith Pasqualini MC, Gothard 
KM, Fuglevand AJ. Intramuscular electrical stimulation of facial mus‑
cles in humans and chimpanzees: Duchenne revisited and extended. 
Emotion (Washington, DC). 2006;6(3):367. https://​doi.​org/​10.​1037/​
1528-​3542.6.​3.​367.

	300.	 Wang L, Zhang X, Zhong X, Zhang Y. Analysis and classification 
of speech imagery EEG for BCI. Biomed Signal Process Control. 
2013;8(6):901–8. https://​doi.​org/​10.​1016/j.​bspc.​2013.​07.​011.

	301.	 Wang W, Collinger JL, Degenhart AD, Tyler-Kabara EC, Schwartz AB, 
Moran DW, Weber DJ, Wodlinger B, Vinjamuri RK, Ashmore RC, Kelly 
JW, Boninger ML. An electrocorticographic brain interface in an 
individual with tetraplegia. PLoS ONE. 2013;8(2): e55344. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00553​44.

	302.	 Westerveld AJ, Schouten AC, Veltink PH, Van Der Kooij H. Passive 
reach and grasp with functional electrical stimulation and robotic 
arm support. In: 2014 36th Annual International Conference of 
the IEEE Engineering in Medicine and Biology Society. 2014, pp. 
3085–3089. https://​doi.​org/​10.​1109/​EMBC.​2014.​69442​75.

	303.	 Willett FR, Avansino DT, Hochberg LR, Henderson JM, Shenoy KV. 
High-performance brain-to-text communication via handwrit‑
ing. Nature. 2021;593(7858):249–54. https://​doi.​org/​10.​1038/​
s41586-​021-​03506-2.

	304.	 Willett FR, Kunz EM, Fan C, Avansino DT, Wilson GH, Choi EY, Kamdar 
F, Hochberg LR, Druckmann S, Shenoy KV, Henderson JM. A high-
performance speech neuroprosthesis. Neuroscience. 2023. https://​
doi.​org/​10.​1101/​2023.​01.​21.​524489.

	305.	 Wodlinger B, Downey JE, Tyler-Kabara EC, Schwartz AB, Boninger 
ML, Collinger JL. Ten-dimensional anthropomorphic arm control in 
a human brain−machine interface: difficulties, solutions, and limita‑
tions. J Neural Eng. 2015;12(1): 016011. https://​doi.​org/​10.​1088/​1741-​
2560/​12/1/​016011.

	306.	 Wolpaw JR, Birbaumer N, McFarland DJ, Pfurtscheller G, Vaughan 
TM. Brain–computer interfaces for communication and control. Clin 
Neurophysiol. 2002;113(6):767–91. https://​doi.​org/​10.​1016/​S1388-​
2457(02)​00057-3.

	307.	 Wolpaw JR, Millán JDR, Ramsey NF. Brain–computer interfaces: defini‑
tions and principles. In: Handbook of clinical neurology, vol. 168. 
Amsterdam: Elsevier; 2020. p. 15–23. https://​doi.​org/​10.​1016/​B978-0-​
444-​63934-9.​00002-0.

	308.	 Wolpaw JR, Wolpaw EW. Brain–computer interfaces: something new 
under the sun. In: Brain–computer interfaces: principles and practice. 
2012;14.

	309.	 Wu W-T, Chang K-V, Chang H-C, Chen L-R, Kuan C-H, Kao J-T, Wei L-Y, 
Chen Y-J, Han D-S, Özçakar L. Ultrasound imaging of the facial mus‑
cles and relevance with botulinum toxin injections: a pictorial essay 
and narrative review. Toxins. 2022;14(2):101. https://​doi.​org/​10.​3390/​
toxin​s1402​0101.

	310.	 Yuan H, He B. Brain–computer interfaces using sensorimotor 
rhythms: current state and future perspectives. IEEE Trans Biomed 
Eng. 2014;61(5):1425–35. https://​doi.​org/​10.​1109/​TBME.​2014.​23123​
97.

	311.	 Zhang D, Guan TH, Widjaja F, Ang WT. Functional electrical stimula‑
tion in rehabilitation engineering: A survey. In: Proceedings of the 1st 
International Convention on Rehabilitation Engineering & Assistive 
Technology: In Conjunction with 1st Tan Tock Seng Hospital Neu‑
rorehabilitation Meeting. 2007, pp. 221–226. https://​doi.​org/​10.​1145/​
13284​91.​13285​46.

	312.	 Zickler C, Riccio A, Leotta F, Hillian-Tress S, Halder S, Holz E, Staiger-
Sälzer P, Hoogerwerf E-J, Desideri L, Mattia D, Kübler A. A brain–com‑
puter interface as input channel for a standard assistive technology 
software. Clin EEG Neurosci. 2011;42(4):236–44. https://​doi.​org/​10.​
1177/​15500​59411​04200​409.

	313.	 Zilio F, Gomez-Pilar J, Chaudhary U, Fogel S, Fomina T, Synofzik M, 
Schöls L, Cao S, Zhang J, Huang Z, Birbaumer N, Northoff G. Altered 
brain dynamics index levels of arousal in complete locked-in 
syndrome. Commun Biol. 2023;6(1):757. https://​doi.​org/​10.​1038/​
s42003-​023-​05109-1.

https://doi.org/10.1007/978-1-4020-8705-9_6
https://doi.org/10.1007/978-1-4020-8705-9_6
https://doi.org/10.1126/science.1070291
https://doi.org/10.1126/science.1070291
https://doi.org/10.1038/sj.sc.3101373
https://doi.org/10.1038/sj.sc.3101864
https://doi.org/10.1177/1545968308317436
https://doi.org/10.1136/jnnp.58.6.732
https://doi.org/10.1097/PHM.0000000000000171
https://doi.org/10.1097/PHM.0000000000000171
https://doi.org/10.1155/2015/729768
https://doi.org/10.1097/jes.0b013e318156e785
https://doi.org/10.1097/jes.0b013e318156e785
https://doi.org/10.1007/s00415-022-11464-6
https://doi.org/10.1007/s00415-022-11464-6
https://doi.org/10.1056/NEJMoa1608085
https://doi.org/10.3390/s22093331
https://doi.org/10.3390/s22093331
https://doi.org/10.1038/nature06996
https://doi.org/10.1371/journal.pone.0013664
https://doi.org/10.1371/journal.pone.0013664
https://doi.org/10.1109/GHTC-SAS.2014.6967585
https://doi.org/10.1109/GHTC-SAS.2014.6967585
https://doi.org/10.1007/s00405-020-05818-x
https://doi.org/10.1007/s00405-020-05818-x
https://doi.org/10.1523/JNEUROSCI.5171-07.2008
https://doi.org/10.1523/JNEUROSCI.5171-07.2008
https://doi.org/10.1037/1528-3542.6.3.367
https://doi.org/10.1037/1528-3542.6.3.367
https://doi.org/10.1016/j.bspc.2013.07.011
https://doi.org/10.1371/journal.pone.0055344
https://doi.org/10.1371/journal.pone.0055344
https://doi.org/10.1109/EMBC.2014.6944275
https://doi.org/10.1038/s41586-021-03506-2
https://doi.org/10.1038/s41586-021-03506-2
https://doi.org/10.1101/2023.01.21.524489
https://doi.org/10.1101/2023.01.21.524489
https://doi.org/10.1088/1741-2560/12/1/016011
https://doi.org/10.1088/1741-2560/12/1/016011
https://doi.org/10.1016/S1388-2457(02)00057-3
https://doi.org/10.1016/S1388-2457(02)00057-3
https://doi.org/10.1016/B978-0-444-63934-9.00002-0
https://doi.org/10.1016/B978-0-444-63934-9.00002-0
https://doi.org/10.3390/toxins14020101
https://doi.org/10.3390/toxins14020101
https://doi.org/10.1109/TBME.2014.2312397
https://doi.org/10.1109/TBME.2014.2312397
https://doi.org/10.1145/1328491.1328546
https://doi.org/10.1145/1328491.1328546
https://doi.org/10.1177/155005941104200409
https://doi.org/10.1177/155005941104200409
https://doi.org/10.1038/s42003-023-05109-1
https://doi.org/10.1038/s42003-023-05109-1


Page 23 of 23Canny et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:157 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	314.	 Zulauf-Czaja A, Al-Taleb MKH, Purcell M, Petric-Gray N, Cloughley J, 
Vuckovic A. On the way home: a BCI-FES hand therapy self-managed 
by sub-acute SCI participants and their caregivers: a usability study. 
J NeuroEng Rehabil. 2021;18(1):1–18. https://​doi.​org/​10.​1186/​
s12984-​021-​00838-y.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/s12984-021-00838-y
https://doi.org/10.1186/s12984-021-00838-y

	Boosting brain–computer interfaces with functional electrical stimulation: potential applications in people with locked-in syndrome
	Abstract 
	Introduction
	BCI communication for locked-in individuals
	Augmentative and alternative communication devices
	Non-implantable BCI for communication in LIS
	Implantable BCI for communication in LIS
	Functional electrical stimulation (FES)
	What is FES?
	FES in limb, body, and face paralysis
	Limb and body paralysis
	Facial nerve paralysis


	Complementation of BCI with FES
	BCI-FES for the regulation of stroke and spinal cord injury
	Non-implantable BCI-FES
	Implantable BCI-FES

	Future BCI-FES research avenues for communication in LIS
	Restoring coded communication
	Restoring natural communication


	Challenges and future directions
	Clinical considerations about LIS
	Technical considerations of FES
	Potential of combined BCI-FES communication systems for long-term use

	Conclusions
	References


