
IntroductIon
Severe motor impairment and disability can be caused 
by many clinical situations and constitutes a challenge 
yet unmet by contemporary medicine1. Ranging from 
appendix movement loss to high spinal cord damage 
and from upstarting Amyotrophic Lateral Sclerosis 
(ALS) to complete locked-in syndrome, these situa-
tions mostly remain effectively uncured. Patients in 
those cases share one common characteristic: a sev-
ered link between thought and action, meaning a block 
between the transmission of the patient’s will to move, 
speak or otherwise communicate with her surround-
ings (thought) and the actual movement, speech and 
communication (action). Bridging those two elements 
has been a focal point of many research fields, includ-
ing pharmacology, biology and genetics and, lately, 
neuroinformatics. The concept of Man-Machine Inter-
faces (MMI) has been under research essentially since 
the 80s2 (and perceived soon after by science fiction), 

but only in the 90s and onwards has solidified itself 
into the formed, separate scientific field of Human-
Computer Interaction (HCI) and, more specifically 
and importantly, the field of Brain-Computer Inter-
faces (BCI)3. Those interfaces aim to somehow “re-
store” the loss of brain-environment communication 
and bypass the cause of that loss, thereby posing as 
a promising solution/treatment to the aforementioned 
medical conditions.

Brain Computer Interfaces are systems that use 
brain activity to interpret voluntary movement thought 
to control of external devices such as, computer cur-
sors and computers, wheelchairs and neuroprosthetics 
and robotic arms4. Brain activity is identified by elec-
tric, magnetic or metabolic brain signals as extracted 
by depictive methods already used in medicine and 
is classified, analysed and translated by computer 
software to be appended to device control functions. 
Among those methods, electroencephalography (EEG) 
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has been more extensively applied probably because 
it is a quite accurate and direct technique of inferring 
neural activity, it is inexpensive, widely available and 
relatively simple as a method5. A variety of other meth-
ods have been used in experimental protocols, each 
exhibiting relative advantages and disadvantages, and 
have provided an elaborate picture of brain activity 
during factual or imaginary motor functions. Among 
the newest and most promising methods, functional 
Magnetic Resonance Imaging (fMRI) and near-Infra-
red Spectroscopy (nIRS), in particular, address effec-
tively two important parameters towards designing a 
functional BCI - as the former holds the gold standard 
in spatial accuracy of activity depiction6 but the latter 
shares similar characteristics with the EEG (particu-
larly mobility, availability and cost)7. As the goal of 
BCI research is actual human mobility restoration, ev-
ery BCI system has to meet a set of characteristics to 
be effective, namely system mobility, real-time func-
tion, accuracy and artefact rejection. Nevertheless the 
current phase of BCI research is (rationally) occupied 
with accuracy and artefact rejection and many papers 
that measure and compare different methods, tech-
niques and protocol accuracies, deal with classifica-
tion of imaginary movement and signal processing1. 
Disabled patient rehabilitation may still be a remote 
objective but in the past five years a number of reports 
detail experiments involving wheelchair8 or robotic 
arm control9 through BCI methods, thereby consist-
ing a major breakthrough towards addressing clinical 
situations effectively3. 

The aim of this paper is to review advances in the 
aforementioned BCI research as these apply to spe-
cific clinical conditions like the Locked-in syndrome, 
ALS, spinal cord injury (SCI), chronic stroke and oth-
ers. Emphasis is placed on efforts towards movement 
restoration through current technological solutions 
for those conditions. Research problems and gaps are 
identified in an attempt to shed light into possible fu-
ture research explorations. So, the remaining of this 
paper is structured as follows. In the next section, 
various clinical conditions are supposed and current 
BCI application efforts are described. Technology in-
novations regarding external device control are pro-
vided in section 3 and discussed in the last section of 
the paper.

MAjor BcI-ApplIcABle  
clInIcAl condItIonS

2.1 Locked-in syndrome

The locked-in syndrome is a dramatic state that de-
scribes patients who, while being awake and retaining 
consciousness, they are incapable of producing limb 
and facial movements and unable to communicate ver-
bally10. Patients retain vertical eye movement which 
can be used for non-verbal communication but even 
that is severely limited in the acute phase (obstructing 
possible evaluation of cognitive functions) because 
of shifting alertness and inconsistency or exhaustion 
of eye movement10. As a result, those patients can be 
falsely declared as comatose (medical doctors’ unfa-
miliarity with the syndrome unfortunately play a very 
“crucial role” here) and wrong decisions regarding 
the patient’s life support may be made, although ten 
year survival rates with proper support and care have 
been reported up to 80%10. Should the patient survive 
the acute phase and positively identified as entered a 
“locked-in syndrome”, the main problem arising is that 
of establishing a proper form of communication. The 
recording of P300 Event Related Potentials (ERPs) in 
patients with locked-in syndrome11 and other findings 
that indicate cognitive function steered research in a 
direction showing that cerebral metabolism and EEG 
signals are only mildly affected12 and can possibly be 
exploited for the operation of a BCI system. However, 
the cause and depth of the syndrome represent impor-
tant factors regarding the success of such a system. 
While external device utilization appears to have sig-
nificant results in the case of brainstem lesion induced 
locked-in syndrome, this is not true for cases where 
the locked-in syndrome is ALS-induced (and espe-
cially when it is complete)3. Certain papers indicate 
that complete locked-in ALS patients could not learn 
any BCI function, in spite of retaining unimpaired 
cognitive functionality (as asserted by ERPs)1316. This 
is associated to a “thought extinction process” by cer-
tain reviews3.

2.2 Amyotrophic Lateral Sclerosis (ALS)

ALS is a progressive neurodegenerative disorder, of 
uncertain cause, that primarily involves the motor 
neurons of cortex, brainstem, and spinal cord (upper 
and lower motor neurons)17. An impressive variety 
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of factors are known to have an effect on the disor-
der’s pathogeny, namely the mutations of superox-
ide dismutase (SOD1) (an enzyme that catalyses the 
disputation of superoxide radical anions to hydrogen 
peroxides and oxygen molecules), autoimmunologi-
cal factors and many others (like neurotoxins, gluta-
mate toxicity and neurodiseases, etc). The disorder 
causes a set of symptoms ranging from peripheral 
muscle atrophy and limb spasticity to oropharyngeal 
dysfunction and respiratory failure, although it seems 
to retain sphincter function and ocular movement up 
to the latest stages18. This disorder is age-related and 
ultimately fatal, and at the later stages patients need 
often mechanical life sustenance and, since nearly all 
bulbal muscles are affected, up to the point of com-
plete paralysis, they suffer from loss of communica-
tion and interaction with the environment17. This need 
for communication was addressed by a number of 
clinical studies using non-invasive EEG-based BCI 
systems that proved that even in the latter stages of 
ALS, a certain quality of life could be maintained19. 

P300-BCI systems, in particular, have demon-
strated certain advantages (especially less necessity 
for lengthy training and faster presentation rates of 
trials3) over other non-invasive approaches. Success-
ful examples of this appear in two pieces of research 
where suitable applications of P300-BCI in four di-
mensional cursor control are demonstrated20,21 thereby 
offering the promise of successful arm motor func-
tion restoration. However, the similar research has 
also showed that in latter stages of ALS, P300-BCI 
becomes ineffective, as it relies extensively on nor-
mal attention span and the ocular modality, which are 
harmed in those stages as the disease insults the ocular 
movement and muscles - a problem that could be ad-
dressed by usage of auditory input (a method that in 
its own account is less accurate and more difficult to 
learn22). An excellent editorial3 summarized the prog-
ress of this path of research up to 2006 with a title that 
pinpointed the need for the BCI research to become 
more mature in ways of clinical applications. More 
recent work has produced even better results in terms 
of accuracy23, classification and higher bit-rate24, but 
overall, it can be presumed, that the special charac-
teristics of this disease (especially the atrophy of the 
frontal lobe which seems to pace with the impairmen-
tof cognitive functions and inability of proper usage 

of BCI systems) render ALS patients less probable to 
be fully benefit from BCI technology soon. Research-
ers seem to agree to the fact that significantly more 
ALS patient-involving research is crucial towards this 
goal.

2.3 Spinal Cord injury (SCI)

Acute trauma to the spinal cord is a common cause 
of paralysis ranging from paraplegia to complete 
tetraplegia according to the level of the injury. High 
spinal injury can be the cause of complete paraly-
sis, rendering the patient unable to move any but fa-
cial muscles25. The interval from the injury to spinal 
cord death ranges significantly (from 20 minutes to 9 
months) and for a partial injury to progress to com-
plete necrosis, both primary and secondary injury 
mechanisms play important roles25. While the attempt 
of spinal cord preservation and restoration is a field 
for biological, pathophysiological and pharmacothera-
peutical studies, an important issue that concerns BCI 
research is restoring motor functions and mobility to 
already installed and irreversible paralysis and regain-
ing a certain level of quality in patients’ life26. Unfor-
tunately, although studies involving primates (rhesus 
monkeys and rats27) demonstrated significant results, 
human spinal cord injury studies have met not easily 
explainable difficulties1. Although paralysed patients 
cannot move muscles below the respective level of the 
injury, studies involving fMRI have demonstrated that 
during an attempt to move (an imaginary movement) 
their sensorimotor cortices activate almost normally28 
or possibly only at a weaker level compared to healthy 
subjects29. Until recently, as reported by certain exten-
sively reviewed studies, experiments using sensorim-
otor rhythm BCI (SMR-BCI)30 or multielectrode im-
plants in the hand region of motor cortex31, produced 
poor results, not applicable to everyday life4. This is 
bound to change in the near future and more clinical 
studies are once again a necessity to study the perfor-
mance gap between primates and humans (or between 
healthy subjects and tetraplegic patients) and the ac-
tual application of movement restoration BCI systems 
to patients with spinal injury. To that direction, an 
EEG based BCI study32 produced promising results in 
terms of accuracy, simplicity and training time short-
ening, but also stumbled upon the same explanatory 
gap, protruding the need for more clinical studies.
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2.4 Chronic stroke (cerebrovascular accident)

Chronic stroke represents a clinical problem with se-
vere effects on the patient, family, community and so-
ciety as it remains the capital reason for long-term adult 
disability. Lasting disability is the common effect of 
this condition (among others, like speech impairment, 
loss of memory and reasoning ability, coma or death) 
occurring to almost two thirds of surviving patients 
(deaths from chronic stroke have been reduced to less 
than one third of cases thanks to immediate treatment 
procedures), with hand paralysis present in almost 
half of those patients. BCI based rehabilitation for this 
clinical condition has not received a lot of attention 
yet and only a few studies have addressed the issue, 
though with significant results. Among these, recent 
SMR/MEG based (magnetic encephalography)33 and 
EEG based34 BCI studies have succeeded in demon-
strating the usefulness of BCI applications in chronic 
stroke patients. Results ranged from proving that BCI-
naive hemiparetic patients can, in fact, successfully 
use Motor-Imagery based BCI (MI-BCI) and that their 
accuracy is not affected by the extent of motor impair-
ment34, to actual usage of a flexible artificial limb at-
tached to the paralysed arm through training of SMR 
regulation33. More clinical studies involving chronic 
stroke affected patients are once again the key for a 
successful application of BCI technology to this con-
dition. In that direction, a recent study35 used ECoG 
(electrocorticography) and proposed a different possi-
ble methodology, taking advantage of certain findings 
(electrophysiological features related to ipsilateral 
movement) that can be used for external device usage. 
Another study involving healthy subjects36 used event 
related de/synchronisation (ERD/ERS) methodology 
on EEG signals to predict movement occurrence, hav-
ing a possible value in chronic stroke, among other 
BCI applicable conditions.

2.5 Other applications

Epileptic seizure control and attention regulation in 
the attention deficit-hyperactivity disorder (ADHD) 
are two of the most important BCI applications. Both 
lie as untypical applications of this technology (and 
beyond the scope of movement restoration), but have 
produced some very interesting (at least) results. Sev-
eral studies using slow cortical potential (SCP) and 

SMR BCIs, starting from animal epilepsy regula-
tion37 and progressively moving to humans38-40 dem-
onstrated that through training patients to voluntarily 
regulate brain activity in certain areas, they would 
control epileptic seizures and remain seizure-free for 
long periods -even in drug-resistant epilepsy- and 
even show some increase in cognitive abilities and 
IQ. Similarly in ADHD, regulation of brain activity 
could produce results comparable to medication treat-
ment (by methylphenidate)41,42, this being credited to 
an increase in general of the ability for attention ad-
justment.

External device control and technology innova-
tions

3.1 Wheelchair control and application of Virtual Re-
ality environments

The most probable BCI technology to widely provide 
mobility restoration to disabled patients (before actual 
reanimation) is wheelchair control. Its advantages lie 
mainly within the simplicity of movement pattern and 
the (by fact) implementation of an appropriate platform 
for a mobile BCI system to be mounted on the wheel-
chair. In the very least, a BCI-controlled wheelchair 
could provide patients with certain autonomy within 
the confines of an appropriate accommodation and, 
through development, even beyond that. BCI research 
has turned its attention towards wheelchair control and 
a number of papers deal with this perspective. Supple-
mentary to this approach (but not exclusively) the 
application of Virtual Reality environments (VR) in 
training have provided a controllable field for research 
experimentation. Through VR, researchers study the 
potentials and limitations of imaginary movement and 
easily all manipulate necessary parameters of (virtual) 
movement control. Of course brain-activity controlled 
virtual environments is a technology not confined to 
BCI training, as it is mostly awaited by the computers 
game industry for commercial use and other associ-
ated exploitations (such as military for instance).

Although both applications of BCI technology are 
relatively new, there are already a number of studies that 
have produced significant results. A P300-BCI system 
using 8 arrows for direction selection for wheelchair 
steering announced 95% accuracy and 7 commands/
min rate43and offered adaptive performance. An-
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other asynchronous EEG based BCI study44 assessed 
the feasibility and consistency of wheelchair mental 
control, using both a real and a simulated wheelchair 
and shared control between the BCI system and the 
intelligent simulated wheelchair. It reported impres-
sive results in accuracy in two experiments (assessing 
system consistency over time and different contexts 
and assessing performance in complex and random 
paths) with the only drawback being the low num-
ber of subjects. This particular approach of complex 
robotics is expected to be tested on disabled patients 
for assessment. Prior to the aforementioned papers, a 
great deal of effort was expended in VR studies that 
produced promising results. 3Class BCI systems were 
used for virtual directional control45 and virtual robot 
control46 with good results in accuracy. Moreover, an-
other asynchronous (self-paced) study demonstrated 
for the first time wheelchair control in VR by a tet-
raplegic subject47. In a virtual setup of a street filled 
with avatars, the subject successfully navigated from 
avatar to avatar with a performance of 90% - 100% in 
single runs. Thus the latter experiment validated this 
technology’s usefulness for disabled patients, thereby 
establishing the urgent need for more studies involv-
ing disabled patients from different causes. Self-paced 
BCIs present a more natural interface between human 
and machine by offering online training and adaptabil-
ity, but they pose greater challenges than cue-paced 
(synchronous) BCIs, because the user’s intention and 
timing is usually not known. Cue paced BCIs on the 
other hand offer known triggers and ignore off-time 
signals, but lack the adaptability of self-paced. The 
majority of BCIs currently are synchronous, and both 
methods are being under research for wheelchair con-
trol, without conclusive results over one or another’s 
superiority.

The usage of Virtual Reality environments has of-
fered a lot in terms of defining goals for BCI research. 
A novel paper involving imaginary feet movements 
for virtual robot control48, characteristically named 
“walking from thought”, is such an example. It dem-
onstrated that imaginary feet movement can be used 
for navigating through VR environments in a series 
of experiments. It can, therefore, be said that a goal is 
set based on this - the actual reanimation of disabled 
patients using imaginary movement and a means to 
interpret them into real movement (such as an exo-

skeleton or neurosurgical interfacing the computer 
and the muscle system of the patients). In another 
recent study, an EEG-BCI based on a probabilistic 
neural network, presented hand grasping and holding 
sequences in a VR environment49. The experiment ob-
tained classification accuracy from 85 to 93% show-
ing that even more elaborate movement sequences 
can be reproduced by brain-computer interfaces. Even 
more, Virtual Reality environment training has been 
claimed to improve performance and feedback control 
(especially for BCI-naive subjects) when compared to 
conventional methods of feedback50, such as simple 
visual presentations.

3.2 Robotic arms and neuroprosthetics

As BCI research progresses, so does arise the need 
for more accurately classifying intricate and elaborate 
movements, such as the movements of the hand. This 
derives from the possibility of restoring such move-
ments to patients with limb loss or limb function loss 
(such as those from tetraplegia or chronic stroke). 
Neural prosthetics are devices used to link the central 
nervous system with machines. While those systems 
constitute a whole different field of neuroscience and 
neural engineering, there are cases where neuropros-
thetics and BCI applications overlap, most important 
examples of this being the invasive BCI systems that 
use cortical implants to record motor brain signals and 
relate them to specific movements.

Movement reproduction, after limb movement-
related signal extraction, is currently applied to a 
robotic arm8 or a virtual arm or artificial flexible de-
vice attached to the paralysed arm49 (this being the 
closer approach to hand reanimation at this moment). 
A number of studies researching restoration of upper 
limb movement, as in other areas of BCI research, 
have produced valuable results. Accurate classifica-
tion of intention to generate shoulder versus elbow 
movement (two joints whose relative area in motor 
cortex lie in close proximity) by a time-frequency 
synthesized spatial patterns (TFSP) EEG BCI51 is ac-
tually an effective example of this, reaching an aver-
age recognition level of 89% in four healthy subjects. 
More importantly in the same study a hemiparetic 
subject (after chronic stroke) achieved a recognition 
level of 76%. Another demonstration of a non-inva-
sive method was achieved by real time fMRI (rtfMRI) 
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two-dimensional control of a robotic arm8, a method 
that uses blood oxygenation level dependant (BOLD) 
signals, which originate from the corresponding mo-
tor areas. Though performance level of subject was 
inferior to that achieved in other studies, this paper 
reported relative but undeniable success.

Be it invasive or non-invasive methods alone, 
this area of research has one feature in common with 
the rest of BCI research areas, which is the lack of 
clinical trials with disabled subjects. In those stud-
ies where patients were involved51, their performance 
was inferior to that of healthy subjects, but that cannot 
even nearly be credibly assessed. This need for clini-
cal studies involving patients is also asserted by data 
that show changes in somatotopy (representation of 
body areas in the motor cortex) following long-term 
spinal injury or amputation52. It is possible that reor-
ganisation of the motor cortex can actually occur in 
such conditions, more extensively in long-term injury. 
Another recent study that53 emulated mouse control 
(multidimensional movement and selection) using 
EEG BCI, involved two wheelchair-confined patients 
(SCI) - both achieved high performances, but the level 
of spinal damage was not affecting upper limb con-
trol.

3.4 Different approaches of Brain-computer inter-
faces

EEG based brain computer interfaces are the most 
common and more extensively researched. Significant 
knowledge of brain activity during actual or imaginary 
movement has been derived by multiple experiments 
using variants of EEG BCI systems. Nevertheless, 
such systems appear to have limitations - though by 
no means it can be said that EEG BCIs have reached 
their limits – in terms of classification accuracy, spatial 
resolution and performance, though it is probable that 
through research such limitations will be overcome. 
Among other approaches of brain computer interfac-
es, fMRI based ones allow very region-specific signal 
extraction and it is expected that through MRI usage 
expansion and real time analysis tools emergence, this 
technology will become more available8. fMRI uses 
brain oxygenation level dependant (BOLD) signals, 
an indirect method of measuring metabolic activ-
ity that corresponds to neuronal activation, that can 
be used mostly in self-regulation based BCIs8. fMRI 

BCI systems have been studied in robotic arm control8 
and its application in stroke rehabilitation54 is under 
research. Studies demonstrated that modification of 
motor cortex functionality can occur as a response to 
fMRI feedback55 a process that resembles changes in 
somatotopy after spinal injury or stroke. Research is 
being conducted towards the facilitation of such reor-
ganisation in order to be used by fMRI BCI systems 
for movement restoration.

Near-Infrared Spectroscopy (nIRS) based BCI sys-
tems are another innovative approach of this technol-
ogy. The method itself is not new, as it is being used 
for haemodynamic studies of the brain for more than 
thirty years now56, but its potential in brain computer 
interfaces has not been researched until recently. NIRS 
BCI paradigms have been now proposed for decoding 
subjective preferences with 80% accuracy57 and other 
studies demonstrated the feasibility of nIRS usage for 
brain activity recognition and its potential for BCI 
use, taking into account the method’s low cost, safety 
and high accuracy7. Complete nIRS brain computer 
interfaces are currently under development58 and are 
expected to prove significantly advantageous in the 
near future among other state-of-the-art BCI meth-
ods, such as magnetic encephalography (MEG) based 
systems. MEG BCI systems are a different approach, 
although based on the same physics principles that 
generate EEG, that have produced comparable results 
to the most advanced applications of EEG and ECoG 
BCIs59 and are also expected to be more thoroughly 
studied in the near future.

dIScuSSIon
It can be said that Brain-computer interface technol-
ogy is passing through puberty and rapidly approach-
ing adulthood. BCI research has recently passed that 
critical point that separates a promising idea from an 
applicable and useful technology, but it seems to still 
retain a level of immaturity. Since the conception of 
the possibility of movement restoration through BCI 
systems, and the first studies of the mid-90s, a lot of 
research has been conducted and a lot more is yet to 
come. Brain computer interface technology is bound 
to fulfil its role in movement restoration as soon as 
all studies converge to the same resolution; then its 
clinical application is just one step (or so) from real-
ization. 
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It is not possible to decide upon a specific BCI 
method to be universally applied on all possible situ-
ations. Each method proves its own advantages (and 
fights to solve its problems), but some guidelines to 
be followed may include certain characteristics. Sys-
tem mobility and simplicity are among them, if BCI 
systems are to be used in everyday life, and that could 
possibly exclude methods like fMRI. On the other 
hand, no research can be labelled as useless, since 
e.g. fMRI can provide us with valuable knowledge 
on brain activation, maybe more than any other tech-
nique. Different EEG based BCIs seam more mature 
in terms of clinical application, while other rising 
methods (such as nIRS) yet await to be tested more 
extensively. On the whole, BCI research has to shift 
towards the conduction of significantly more clini-
cal studies that involve patients, rather than healthy 
subjects, and proceed towards addressing all difficul-
ties and inconveniences met in each different patient 
group. Up to this day, only a small number of studies 
have included patients but this has got to change, if 
one were to design brain computer interfaces useful 
in everyday life.

In summary, the future goals of BCI research can 
be arbitrarily divided in two groups, namely, short-
term and long-term. The first group includes a set of 
goals that their realization could take less than five 
years, among them lies the aforementioned urgent 
need for more patient-involving studies. The develop-
ment of widely available methodologies for brain sig-
nal extraction and tools for processing could provide 
the scientific community with some useful paradigms, 
and facilitate interconnection between research groups 
and their results. Several research groups have already 
made their tools and appropriate documentation avail-
able online for assessment, so as to enable more labo-
ratories to engage in relevant research. As for actual 
mobility restoration, the development of wheelchair 
control technology could probably be the main short 
term goal and perhaps the first application of BCI that 
will reach -along with other types of BCI applica-
tions, like P300 spelling devices- wide scale clinical 
and commercial use. The second group, of long-term 
goals, has not been completely defined yet, as further 
development of BCI technologies towards specific 
directions has to be based upon the clinical findings 
and the degree of success of short-term goals. First-

ly, accurate classification of very elaborate, complex 
and multi-muscular movements (imaginary and real) 
should be the objective of studies to come60, as move-
ment restoration of disabled patients has to evolve, in 
some point, to actual reanimation. This term, in partic-
ular, implies the usage of the patients’ own functional 
muscular system. That would be the target of pro-
cessed brain signals, through the implementation of 
neuroprosthetics and neurosurgical methods that will 
bypass the severance of thought/action coherence.
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ΠΕΡΙΛΗΨΗ: Η αποκατάσταση κινητικών λειτουργιών των ασθενών με έκπτωση της κινητικότητας αποτελεί ακόμη ένα 
άλυτο ιατρικό πρόβλημα, αλλά και ένα από τα πιο προέχοντα ερευνητικά πεδία των νευροεπιστημών. Ανάμεσα στις προ-
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