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Abstract Spinal cord injury (SCI) is a disease that affects
millions of people worldwide, causing a temporary or
permanent impairment of neuromotor functions. Mostly
associated to traumatic lesions, but also to other forms of
disease, the appropriate treatment is still unsure. In this
review, several ongoing studies are presented that aim to
provide methods of prevention that ensure quality of life,
and rehabilitation trends to patients who suffer from this
injury. Stem cell research, highlighted in this review, seeks
to reduce damage caused to the tissue, as also provide
spinal cord regeneration through the application of several
types of stem cells. On the other hand, research using
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brain—computer interface (BCI) technology proposes the
development of interfaces based on the interaction of
neural networks with artificial tools to restore motor con-
trol and full mobility of the injured area. PubMed, MED-
LINE and SciELO data basis analyses were performed to
identify studies published from 2000 to date, which
describe the link between SCI with stem cells and BCI
technology.
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Introduction

One of the current concerns in the field of neuroscience is
the injury repair/neuroregeneration process. Since this is a
form of neuroplasticity, one of the goals is to promote or
reinstall functionality in the injured area [1]. Particularly,
spinal cord injury (SCI) has been the focus of extensive
research in neuroscience; this is characterized by damage
in the spinal canal, resulting in a temporary or permanent
impairment of neuromotor functions [2]. This field in
particular gave rise to various hypotheses that attempt to
explain the control of motor actions. The SCI may result
from traumatic injuries or other congenital, degenerative,
neoplastic and infectious processes, neurological and vas-
cular disorders. Recent studies indicate that trauma is the
leading cause of SCI among young people aged between 15
and 40 years. Motor vehicle accidents are the main cause,
followed by firearm injury, sport accidents and direct
trauma [3]. After injury, evaluations should be performed
at various levels to better intervene in the subsequent
recovery processes. The American Spinal Cord Injury
Association (ASIA) devised a qualitative scale for evalu-
ation and classification of neurological deficit caused after
injury. This assessment classifies a SCI into complete and
incomplete, and evaluates the extent of damage to the
spinal cord tissue, firstly verifying if the primary functions
are preserved [4].

The histological, biochemical and functional aspects of
the disease have attracted great interest among researchers,
who seek to improve the quality of life of patients suffering
from this disabling injury [5]. Different treatments have
been employed aiming to contain the structure involvement
and injury severity. These treatments are based on studies
of spinal cord regeneration using neurotrophic factors, fetal
bone marrow graft, peripheral nerve graft, antibodies
against myelin-associated proteins and stem cells [6].
Concomitantly to these treatments, the emergent field of
neuroengineering has made substantial discoveries in brain
research and brain-computer interfacing (BCI), enabling
patients who suffered severe body paralysis to find other
ways to restore full mobility of the injured area [7].

With this in mind, the present paper reviews the types of
SCI, the basic concepts of stem cells and the BClIs, and
presents the clinical applications of stem cells and BCI on
motor control restoration of patients with spinal cord lesions,
to create an elegant proposal regarding the clinical appli-
cations of these potential therapies in the upcoming years.

Spinal cord lesions: basic concepts

This study will mainly emphasize injuries that affect the
conduction of sensory-motor impulses in the spinal cord
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promoting loss of sensation and movement. Trauma in the
spinal cord region undertake the tract and fascicles, which
comprise ascendant and descendent pathways responsible
for transmitting the information to all structure of the
central nervous system (CNS) and the peripheral nervous
system (PNS). Damage in the spinal cord can be mainly
attributed to trauma, but also may result from other etiol-
ogies. Lesion intensity can range from mild to more severe
injuries, and may be complete or incomplete; in the last the
sensory-motor function in the region that was not affected
is still preserved. The spinal cord hemisection, also known
as Brown-Sequard Syndrome, affects the corticospinal tract
(causing ipsilateral loss of motor function), the fasciculus
gracilis and the cuneate nucleus (causing loss of conscious
proprioception and discriminative touch) [8]. In addition,
spinothalamic tract (anterior and lateral) dysfunction cau-
ses contralateral thermal and pain sensitivity, and loss of
light touch [9, 10]. In complete lesions, the motor function
is totally interrupted below the level of trauma. Sensory
and autonomic motor tracts are disrupted, causing nerve
root damage in the segmented section. A complete trans-
verse section of the spinal cord depending on the level of
the lesion can affect several body parts [11].

The damage caused by injury is analyzed through neu-
rological assessments based on the sensory maps and key
muscles. The ASIA Impairment Scale (AIS) aims to define
exactly the level of neurological injury and the degree of
functional impairment, aiming a prognostic classification
[12]. The scale evaluates the sensitivity levels from C2
through S4-S5, and the function of muscle groups and
reflexes related to the nerve roots from C5 to T1 (brachial
plexus) and from L2 to S1 (lumbar plexus) [4]. The lesions
are classified into five levels (A-E); A = Complete. No
sensory or motor function is preserved in the sacral seg-
ments S4-S5; B = Sensory Incomplete. Sensory but not
motor function is preserved below the neurological level
and includes the sacral segments S4-S5 [light touch, pin
prick at S4-S5: or deep anal pressure (DAP)], and no motor
function is preserved more than three levels below the
motor level on either side of the body; C = Motor
Incomplete. Motor function is preserved below the neuro-
logical level, and more than half of key muscle functions
below the single neurological level of injury (NLI) have a
muscle grade <3 (grades 0-2); D = Motor Incomplete.
Motor function is preserved below the neurological level,
and at least half (half or more) of key muscle functions
below the NLI have a muscle grade >3; E = Normal. If
sensation and motor function as tested with the Interna-
tional Standards for Neurological Classification of Spinal
Cord Injury (ISNCSCI) are graded as normal in all seg-
ments, and the patient had no prior deficits, then the AIS
grade is E. Someone without an initial SCI does not receive
an AIS grade.



Neurol Sci (2013) 34:427-433

429

Stem cells: types and functions

The potential uses of stem cells as a medical treatment have
attracted extensive research interest in the recent years. Stem
cells are unspecialized cells that have the unique ability of
self-renewal and to differentiate into multiple specific cell
types, in response to a particular signal [13]. These cells are
divided into two classes, embryonic and adult stem cells,
according to their origin. Embryonic cells are subdivided
into totipotent and pluripotent cells, according to their
potential ability to differentiate into specialized tissue. The
totipotent type is able to differentiate into all cell types in an
adult body [14]; pluripotent cells have the potential to dif-
ferentiate into specialized ectoderm, mesoderm or endoderm
cells [15]. However, despite these unique properties, the use
of embryonic stem cells for rehabilitation treatments is still
polemic, since it involves ethnic and religious questions.
Though, in some countries researches using in vitro embryo
discarded in fertilization process are permitted [14].

In majority, adult stem cells are denominated multipo-
tent cells capable to originate only a few types of cells
lineages [16], but being a non-embryonic potential source
have ethnic and religious advantage to neuroscience
research [17]. These cells are accessible in several organs
and tissues of human body, and in extra-embryonic struc-
tures such as the umbilical cord and placenta [18]. There
are also the mesenchymal stem cells (MSCs), predecessors
of the conjunctive and muscular tissue cells, which are
found in the umbilical cord [3]. Another extraction source
of the MSCs is found in the bone marrow, on the estromal
region [19]. The cells of this region are able to form
mesodermal tissue such as cells from the bone, cartilagi-
nous, adipose and muscular tissue [20]. Furthermore, in
appropriate fertilization conditions and provided specific
stimulus, MSCs can also differ in central and peripheral
nervous tissue [21]. Therapies with these cells are
increasing due to its easy availability and capacity to
propagate in culture; apart from being non-immunogenic,
which eliminates the problems of rejection and permits an
autologous transplant [22]. Another source of multipotent
stem cells with the capacity of differentiation in nervous
tissue is found in the olfactory epithelium [11]. Denomi-
nated neural stem cells (NSCs) are found in an accessible
region of the brain that may be removed from the patient
without causing significant damage [23]. When they grow
properly, they are capable to secrete several growth factors
such as NGF (neural growth factor), BDNF (brain-derived
neurotrophic factor), GDNF (glial cell line-derived neuro-
trophic factor), FGF (fibroblast growth factor), and VEGF
(vascular endothelial growth factor), that are known to play
a role in the neurogenesis, promoting the growth, mainte-
nance and survival of the nervous cells. Due to its char-
acteristics, the olfactory cells have an important supporting

function in axonal regeneration, and they have been used in
diverse research on nervous tissue regeneration [3].

The procedures with stem cells in the field of neuro-
science bring an exciting prospect in the treatment of
thousands of neurodegenerative diseases and damaged
tissues. Due to differentiation and self-regeneration
capacities, regenerative therapies using stem cells are able
to provide functional improvements to the individual.

Stem cells applied to regeneration of neural tissue
in spinal cord lesions

In the search for efficient treatments, the use of several
sources of stem cells, in group or alone, is researched and
reported in experiments with injured animals or human
beings [15]. As micro-environment conditions of rodent
models appear to be similar to that found in humans,
several techniques are being employed in these popula-
tions. However, these techniques should be applied in
humans only after proving the efficiency and acceptance of
the therapy by the ethics committee [24]. In the following,
some treatment will be presented showing the functional
gains in animals and humans with SCI. Investigations of
SCI in rodent models emphasize that the use of Human
Embryonic Stem Cell-Derived Oligodendrocyte Progenitor
Cell to remyelinate axons, reduces tissue damage [25] and
helps to prevent the return of chronic pain [26], improving
the locomotor function [27, 28]. At present, one of the most
important studies that uses embryonic stem cells as a
therapy for SCI regeneration, is developed by Geron Cor-
poration. From embryos discarded in the process of
fecundation in vitro, Oligodendrocytes (GRNOPC1) were
extracted and employed in therapies with SCI rodent
models [16]. Seven days after SCI, the GRNOPC1 were
implanted in the lesion site. With this procedure, it was
possible to note the production of neurotrophic factor and
remyelination of axons, causing significant repair in loco-
motor capacity and body support. In January 2009, the
corporation received permission of Food and Drug
Administration (FDA) to start the first clinical essay in
humans with acute SCI, classified degree A in the evalu-
ation of ASIA. The first stage of the research aimed to
evaluate the security and tolerability of the procedure
applied in humans [29].

Other research line constituted by studies with non-
embryonic stem cells sources, present methods considered
safer and more viable, considering ethical and religious
aspects [30]. Studies with insertion of NSCs in rodents
showed axonal regeneration [31], and recovery of speed
conduction and locomotor function [32]. In another study,
patients with chronic and stable SCI at degree A of ASIA,
had NSCs of mucous olfactory membrane inserted [33].
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Improvement in ASIA scores [34], and returning of sen-
sibility and voluntary contraction of the anal sphincter [35]
were observed in the transplanted individuals. Trials using
MSCs in damaged animals permitted alterations in the site
of the injury; acute and less acute effects on the tissue were
reduced promoting a permissive site for remyelination and
local repair [19]. Functional regeneration and gradual
improvement of locomotor function as assessed by BBB
score (Basso-Beattie-Bresnahan) [36], incidences of spon-
taneous movements, and neural growth have also been
evidential after MSCs graft in rodents [20, 37]. Approaches
with combined sources of non-embryonic stem cells are
also applied in regenerative therapies. Moviglia et al. [38]
have reported skin sensibility in patients with SCI after
combined applications of MSCs and NSCs. Moreover, the
application of diverse sources of NSCs was capable to
promote urologic, sexual and intestinal function repairing
[18]. Although the main objective of the studies with stem
cells is the search for methods to restore the neural circuits,
the therapies developed until the present moment still do
not show an adequate mechanism to completely restore the
damage in the spinal cord tissue.

Brain—computer interface (BCI): future challenges

During the last decade, the neuroscience research has been
progressing in equal to technological improvement. A
considerable progress has been made in understanding the
CNS organization and, mainly, how the brain is capable to
codify and manipulate high quantity of complex informa-
tion [39—42]. The neuroprosthetic devices based on brain—
computer interface (BCI) technology are a promise for
body mobility regeneration in individuals who suffered any
degenerative injury, limbs loss and neurological diseases
[43]. Interface based on non-invasive techniques are
applied in several clinical researches to detect and evaluate
modular activities in the brain which are related to senso-
rial inputs, intention and cognitive states [44—47]. Besides,
noninvasive mechanisms have been developed to help
disabled individuals in daily living tasks. These types of
BCI are composed of systems for answering “yes” or “no”
to questions, managing the user’s environment, accessing
the internet, or controlling a hand orthosis. Thus, disabled
individuals can perform basic daily living tasks, such as
word processing, catching an object, sending e-mails, or
operating a motorized wheelchair [48].

On the other hand, invasive techniques have been
developed to establish the direct motor control domain
[49]. Due to the disconnection between the brain and the
spinal cord the information provided on the motor cortex is
not transmitted through the pyramidal tract to the effector
organ [50, 51]. These techniques allow a direct channel of
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communication between the CNS and the prosthetic devi-
ces, providing a way to restore the lost capacity in spinal
cord injured individuals [52, 53]. Applying the BCIs,
commands can be extracted directly from cerebral activi-
ties. The multiple channels of neural signals are recorded
simultaneously and maintained in a decodification module.
The interface will process and encode the neural signals in
real time, extracting motor commands and sending to a
robotic limb (neuroprosthesis) the brain motor intention,
which still reproduces a motor thought [54].

The interaction of the proprioceptive system with the
motor intention is vital to perform a precise and natural
movement [7]. The proprioceptive feedback rapidly cor-
rects the movement [55]. Thus, the association with the
proprioceptive and the visual feedback allows a better
control of the device [56]. Lebedev and Nicolelis [49]
emphasize that the BCI should promote to the limbs the
same performance, sensation and action of the real limb,
otherwise it can be rejected by the individual. The neuro-
scientists also emphasize that to perform well with the BCI,
multiple artificial signals coming from pressure and posi-
tion sensors inserted in the prosthetic limb should be
assimilated to the cerebral representation. These feedback
signals are capable to educate the brain to incorporate the
artificial proprieties of the neuroprosthesis, modify neurons
located in cortical and subcortical areas that maintain the
representation of the patient’s body. The future importance
of such BCI applications will depend on their capacities,
practicality, reliability and acceptance by particular groups
of users, and on the extent to which they have substantial
advantages over conventional assistive technology.
Therefore, we should evaluate what has actually been
achieved in patients with spinal cord lesions thus far.

Clinical applications of BCI on motor control
restoration in patients with spinal cord lesions

The clinical applications via noninvasive and invasive BCI
may serve as evidence for the feasibility of controlling
neuroprosthesis, providing a solid basis for the develop-
ment of ‘thought’-controlled neuroprosthesis, which seem
to assist patients with severe paralysis to motor control
restoration. Pfurtscheller et al. [57] investigated the possi-
bility of modulating sensorimotor rhythms in a young tet-
raplegic subject since 1998. The patient was able to
modulate sensorimotor rhythms (i.e., central mu-rhythms)
after extensive training, controlling an electro stimulation
device (FES) applied to the forehand muscles. Thus, he
was able to grasp a glass and bring it to his mouth after
4 months of regular training. Three years ago, Pfurtscheller
et al. [58] examined two tetraplegic patients (male, SCI at
level C5 and sub-C5, respectively) using the same task.
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FES restores the grasp function of the left hand of the first
patient using surface electrodes applied to forearm mus-
cles. The patient learned to induce his sensorimotor
rhythms (i.e., ERD—17 Hz oscillations) through 4 months
of foot MI training. With respect to the second patient, a
FES system was implanted in his right hand and arm. After
3 days of feedback training, the patient learned to induce
an ERD pattern of sensorimotor rthythms during left-hand
MI, allowing a binary control signal to emulate the
shoulder joystick used to operate the FES system.

Trials with invasive methods have been made in animals
and humans; however, the experiments still need to over-
come several obstacles. One of those refers to neural
recording that lacks quality and stability, to prevent inflam-
matory reaction and cerebral tissue damage. In addition, the
degree of freedom in interfaces needs to be enhanced to
provide a stable performance of the neuroproteases. In rela-
tion to the amount of neurons that will efficiently control this
device, Nicolelis and Lebedev [59] includes in his research a
fundamental question that is still being studied: “What
should be the satisfactory amount of neurons to activate the
motor control restoration?” To answer this question, studies
are being conducted in monkeys at the University of Duke in
North Carolina. The neuroproteases, implanted in motor
areas, are based on bidirectional systems in which the motor
control signals are extracted from the brain using a group of
multi-electrodes. The sensorial feedback made by tactile, and
proprioceptive stimuli and other functional signals are sent to
the sensorial areas of the brain through intracortical stimu-
lation (ICMS) [60]. Based on these methods, The Walk
Again Project (WAP), an international scientific consortium
led by researchers of Duke University and composed by two
headquarters,' has been trying to develop and incorporate the
first brain—machine interface capable of restoring the cor-
poral mobility in SCI or neurodegenerative diseases’
patients. This interface called “wearable robot” will make
possible that movements from all parts of the patient’s body
be controlled and fulfilled by his voluntary brain activity.
This exoskeleton will be designed to sustain and transport the
patient’s body according to his mental will [51].

Another type of BCI, the neuromotor prostheses, refer-
red by Hochberg and co-workers [61], is capable to guide
the movements through the patterns of neural activities in
the primary motor area (M1). The authors have shown that
the neuroprosthesis requires a detection sensor of the
multiple neuron activities and an encoder to translate a
group of discrete patterns in motor commands. In order to

! The Center for Neuroprosthetics at the Ecole Polytechnique
Fédérale de Lausanne (EPFL), in Switzerland, and the Laboratory
of Dr. Gordon Cheng at the Technical University of Munich in
Germany are the houses of the European headquarters of the WAP
and the Latin American headquarters, the Brazilian National Institute
of Brain—Machine Interface located in Natal, Brazil [51].

make these commands occur correctly, a neuroprosthesis
should have a device capable to involve the effectors in the
determinate action. In 2004, Hochberg et al. [61] made the
first trial to implant the BCI. Micro-electrodes have been
implanted in M1 area in a 25-year-old woman that in 2001
suffered a SCI at the cervical level resulting in tetraplegia.
After a functional magnetic resonance imaging (fMRI) it
could be observed that action potentials were still being
generated in the cortical area, even after 3 years of SCI. In
the same year, a second patient was included in the
research, a 55-year-old man that suffered a SCI in 1999, in
C4 level. After 7 months of adaptation to micro-electrodes
implement in the M1 area, the recording confirmed neural
activity in the M1 area.

In order to stabilize the transformation of the firing
patterns in the M1, Hochberg et al. [61] mentioned that
neural filters generators of bidimensional output signals to
the computer control position should be created with a new
approach for people with paralysis. In this study, the filters
have been used to decode the activity and direction of the
cursor by neural activation. The desired action in the first
moment consisted in the mental visualization of the hands
controlling a computer mouse. After that, the subject was
instructed to follow the movement of the cursor in the
computer. The results of the study indicate that even after
years of damage, and in absence of sensorial feedback and
limb movements, the neurons of the M1 area were still
active and capable to decode the information related to a
specific task. Therefore, the control signal of neural activity
can be used in several interfaces. Simple assistance devices
such as visual interface of e-mails and control of electronic
equipment will help the injured individuals in basic tasks.
Besides, Hochberg et al. [61] describe the employment of a
prosthetic hand to the neural output. After the coupling, the
subject imagined and produced verbal commands (open/
close) leading the hand to open and close the fingers. Due
to interfering factors such as the modest implanted area, the
chosen approach for filters construction, and the attention
and motion state, the subject showed an inferior level of
control of actions when compared to healthy individuals.

Conclusion

As outlined in the previous sections two distinct methods
were shown which can be considered promising approa-
ches in neurorehabilitation for SCI progress; however, their
true potential in the spinal cord repair have not yet clearly
been shown. The use of stem cells in the therapeutic field is
still dealing with barriers of ethics and religion. which do
not allow researching with all types of stem cells. At the
same time, the BCI technology is facing limitations in
developing artificial tools which are capable of linking the
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living brain tissue and being incorporated. Then there is
still no clear evidence that either stem cells or BCI tech-
nology presently makes the cure for SCI possible. Studies
have been developed around the world, and maybe we will
see one of these therapies being successful in the near future.
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