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Abstract. – The field of neuromodulation

encompasses a wide spectrum of interventional technologies that modify pathological activity within the nervous system to achieve a therapeutic effect. Therapy including transcranial direct current stimulation (tDCS) has all shown
promising results across a range of neurological
and neuropsychiatric disorders. This article reviews the state-of-the-art of neuromodulation for
stroke and discusses the opportunities and challenges available for clinicians and researchers
interested in advancing neuromodulation therapy. The annual worldwide incidence of stroke
ranges from 27.5 to 63 individuals per 100,000.
Stroke, a major cause of adult disability, has devastating effects on patients and their caregivers,
which has a tremendous socioeconomic impact
on families and healthcare systems around the
world. There are only a few treatments available
for the improvement of motor function in stroke
patients. The majority of these treatments are
based on functional motor learning (ML) strategies. Both the mechanisms underlying stroke
recovery and the effectiveness of neurorehabilitation interventions still remain poorly understood for widespread implementation, although it
strongly depends on the quality of rehabilitation
service to reach maximal post-stroke recovery.
Key Words:
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Introduction
Stroke is the third leading cause of death and,
in many surviving patients, is the devastating
endpoint of cerebrovascular disease. The impacts of acquired brain injuries such as stroke
on individuals, families, and society continue to
increase due to both the aging general population
and the increasing length of post-insult survival.
Stroke-related neurologic deficits, including motor function deficits, are often persistent and exert
a negative effect on the patients’ quality of life1,2.
Understanding the Stroke Recovery
Mechanism Based on Brain Plasticity is
Critical for Developing New Therapeutic
Approaches
Brain plasticity is a broad term for the property of the human brain to adapt to environmental
pressure, experiences, and challenges including
brain damage3-5. Brain plasticity occurs at many
levels from molecular to system including cortical reorganization. The time after a stroke, the
location of the lesion, the lesion volume, the integrity of corticospinal tracts (CST) and cortical
and subcortical connections are the main factors influencing stroke outcome6. In general, each
hemisphere of the brain undergoes neuroplasticity
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changes by means of regeneration by axonal and
dendritic sprouting and/or reorganization within
cortical motor areas, e.g., by the modulation of
synaptic plasticity, the remapping of functional
representations by a diminution of GABAergic inhibition or increased NMDA receptor binding that
is redirected from lesioned areas onto ipsilesional
unaffected areas surrounding the lesion or homologous areas within the unaffected (contralesional) hemisphere6,7. Recent research indicates that
noninvasive brain stimulation (NIBS) techniques
such as transcranial direct current stimulation
(tDCS) can enhance motor function recovery in
chronic stroke patients. Two potential roles have
been described for tDCS in stroke recovery: (1)
the inhibition (i.e., downregulation) of the healthy
hemisphere; or (2) an enhancement of the excitability of the lesioned hemisphere. The downregulation of the contralesional hemisphere can lead
to improve motor performance in the affected
limb, which is thought to act via a reduction in
interhemispheric inhibition of the lesioned side of
the brain. Much of the spontaneous recovery from
the stroke after the acute phase involves plastic
changes in the brain8-10.
The Measurement of Indicators of
Cortical Physiology and Corticospinal
Tract Integrity is Important in Terms of
Planning an Effective Treatment
The advances in technologies enabling non-invasive exploration of the human brain have increased our understanding of brain reorganization after ischemic stroke11,13. This kind of therapeutic approach relies solely on the functional
and physiological status of each hemisphere and
the balance between the two hemispheres, which
implies the importance of this physiological measure on planning an effective treatment strategy.
Diffusion tensor imaging tractography (DTI) is a
recently developed technique that enables non-invasive visualization of fiber tracts in the human
brain in vivo, and is likely to have an impact on
the future design and choice of rehabilitation
methods for individual patients11,14-15. This imaging technique has advantages in delineating the
white matter integrity, which has clinical importance as it broadened the possibility to check the
individual motor tract precisely. Especially, the
corticospinal tract is most important descending
motor tract for functional recovery, which is
known to be related to selective and voluntary
control of individual muscles16. Measurements
of corticospinal tract volume and each diffu7386

sion metrics including fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD)
and radial diffusivity (RD), will give us insight
into its pathological status of the lesion causing
the inter-individual variability in the efficacy
of therapeutic interventions. Non-invasive brain
stimulation (NIBS) techniques such as TMS and
tDCS have recently been reintroduced in neuroscience research due to their potential for both the
investigation of causal brain-behavior relationships and for the rehabilitation of many diseases.
It is worth noting that progress in neuroscience
often depends on the convergence of evidence
from multiple methods, because each individual
technique has unique limitations, there is a clear
theoretical advantage in combining different approaches17,18.
Development of a Novel Therapeutic
Approach Combining Motor Learning
and Neuromodulation with Shared
and Similar Mechanisms
It is known that coupling cortical stimulation
with motor learning can enhance motor recovery. As described above, both strategies for enhancing motor recovery – motor learning and
cortical stimulation – are associated with similar
mechanisms of action, i.e., an increase in the
local excitability of the affected motor cortical area (possibly via synaptic strengthening) coupled
with a corresponding decrease in the contralateral healthy hemisphere. To date, a few animal and
human studies support this suggestions12,19. Although, there is sufficient evidence to support the
significant influence of NIBS in inducing neuroplasticity changes that are reflected in observable behavioral changes, the exact mechanism
of action of NIBS in producing this neuromodulator is not completely clear. Therefore, recent
efforts to combine NIBS and neuroimaging in
experimental paradigms have been undertaken
to provide a more methodical characterization
of neuroplasticity modulation by NIBS through
the use of brain network analysis techniques20,21.
The brain has the characteristic of plasticity and
is, thus, capable of major functional reorganization after injury. Using functional neuroimaging
techniques, several studies have reported that
cortical activation can change according to the
clinical recovery of hand function over time in
stroke patients. The elucidation of the changes
in cortical activation coinciding with clinical
recovery is important for brain rehabilitation because such information can be used to develop or
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evaluate treatment methods in brain-injured patients22-24. Recent investigations13,25 have demonstrated that cortical brain stimulation with invasive and non-invasive brain stimulation improves
motor function in stroke patients. An animal
and a human study both indicated that epidural
stimulation of the motor cortex resulted in motor
function enhancement after stroke. The rTMS
effect on motor learning paradigm was proven in
healthy subjects and stroke patients. It is important to note that stimulating the primary motor
cortex did not only affect the neuronal activity
at that site, but the activity throughout the entire
motor network related to motor learning26. Both
mechanisms of action of neuromodulation and
exercise in improving motor function in stroke
are related to a change in local brain activity.
Previous studies have suggested that these effects
are associated with plastic changes such as longterm potentiation (LTP) and depression (LTD) in
rTMS27-29. Similarly, it has been shown that tDCS
induces a modulatory effect on cortical excitability that depends on the direction of the current;
for example, cathodal tDCS decreases cortical
excitability, and anodal tDCS increases cortical
excitability30,31. The after-effects of tDCS have
also been linked to changes in synaptic strengthening, as demonstrated in pharmacological studies32,33. An important finding is that the effects of
brain stimulation on cortical excitability last beyond the period of stimulation; when applied for
several consecutive days, these effects can last for
several weeks. Additionally, several consecutive
stimulation sessions of tDCS induce behavioral
effects that last up to 3 months34,35.
Current Rehabilitation
Therapy Approaches
The primary goal of the rehabilitation approaches is training patients to approximate the
partially lost motor function closely to the previous healthy condition. If it is not possible, then
the other strategic approaches such as substitution
for its absence by using the other limb or a device
can be used36. Therefore, the ideal rehabilitation
therapy may evolve over the course of recovery,
and different strategies may be needed according
to the time since the brain insult (BI), to the injury characteristics and to the potential plasticity.
Finally, prolonged and sustained interventions are
likely the underlying cause of the higher level of
recovery observed in some patients. If so, identification of the correct intervention and sustained
persistence will be crucial. However, currently,

the majority of post-stroke patients receive only
a few weeks to a few months of rehabilitation37-39.
Some of the earliest observational studies of BI
patients suggested that motor disabilities were
largely the result of disuse40. Another technique
to increase paretic arm activity in chronic stroke
patients involves bilateral arm training with a
custom-built arm trainer41. In this researches,
patients participated in three 20-minute sessions
per week of bilateral repetitive pushing and pulling movements for 6 weeks. The results revealed
increased function and increased strength and
an active range of motion; however, the lack of
a control group prevents any extrapolation of
the specificity of this type of training. Bilateral
movements likely allow facilitation of the paretic arm through spared ipsilateral CM projections, indirect ipsilateral corticospinal pathways
or ipsilateral corticospinal pathways from the
unaffected hemisphere42. Again, the lack of clear
evidence that this approach results in functional
improvements that are superior to conventional
physiotherapy limits the clinical relevance of
these studies. In line with this strategy for searching effective rehabilitative intervention, the Constraint-induced Movement Therapy (CIMT) became as a useful technique for effectively induce
activation in the peri-lesion area, which is proven
by functional imaging. A common characteristic
of behavioral rehabilitation approaches, with or
without technology support, is that functional
gains are usually associated with the amount
of cortical excitability within the lesioned and
non-lesioned motor-related cortical areas. Study
showed that CIMT therapy leads to an increase
in the motor mapping area size as indexed by
TMS, which supports the notion that CIMT leads
to an increase in corticospinal excitability in the
affected primary motor cortex43. In other words,
it implies that the significance of the Ipsilesional
corticospinal tract integrity would be critical in
building up the enhancement of the functional
motor recovery44,45 (Table I). Achieving maximal
post-stroke recovery strongly depends on the
quality of rehabilitation. As recovery processes
are reflected and adjusted by cortical reorganization, it is important to guide these plastic changes
so as to restore natural movement sequences.
Therefore, physiotherapists have a great impact
on the outcome of rehabilitative training. However, there are three limiting factors in this context:
(1) a physiotherapist has limited time to devote to
each patient; (2) movements practiced under the
supervision of physiotherapists are generally not
7387
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Motor map Volume
of FMS, SIS,
ipsilesional
hemisphere,
COG.

MI-BCI screening

–
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indicators

7388

tDCS = Transcranial Direct Current Stimulation; RT = Robotic Training; TMS = Transcranial Magnetic Stimulation; MEP = Motor Evoked Potential; FMS = Fugl-Meyer-Score ;
MAS = Modified Ashowrth Scale; BI = Barthel Index; B&B = Box and block test; MRC = Medical Research Council; MAL= Motor Activity Log ; FCR = Flexor Carpi Radialis;
SD = Standard deviation; MI-BCI = Motor Imagery-Brain Computer Interface ; COG = Center Of the Gravity lesion; SIS = Stroke Impact Scale.
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2 h of RT. Group B: 10 daily
		
Chronic stroke: 7 ischemic 			
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Table I. Stroke recovery studies that used transcranial direct current stimulation.
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completely optimized for an individual patient;
and (3) treatment is not standardized and, therefore, the effects are heterogeneous. To ameliorate
these problems, robotic devices such as the LOKOMAT and ARMIN were developed (for the
lower and upper extremities, respectively). The
combination of individualized support and repetitive training increases motivation and has a net
positive effect on rehabilitation46.
Coupling Cortical Stimulation with
Motor Learning With the Armeo System
We suggest that coupling transcranial direct
current stimulation with functional task training
will enhance the effect on motor recovery in
BI survivors. The learning of new skills (that is
accompanied by behavioral changes) is linked to
changes in neuronal activity and excitability51.
A possible mechanism is through changes in
synaptic strength, for example, through N-methyl-D-aspartate (NMDA) receptor-modulated
long-term potentiation (LTP)52,53. Successful manipulation of cortical excitability to improve
learning processes has been demonstrated in humans in neuro-pharmacological investigations,
with TMS, and with differentiation of adjacent
or contralateral body parts54-56. tDCS presents
an interesting alternative to these approaches,
because it is non-invasive, painless (compared
to TMS), and without serious side effects (compared to pharmacological agents). In addition,
tDCS has an important theoretical advantage as
it modifies spontaneous neuronal activity and
therefore can increase activity in a more physiological manner. tDCS also offers a valuable
practical advantage as investigators and study
subjects can be reliably blinded, thus allowing
well-controlled trials57,58. Studies showed that
anodal tDCS of the human motor cortex elicits
prolonged increases in cortical excitability, probably by sub-threshold neuronal membrane depolarization.59 Moreover, it has been shown that the
evoked after-effects are NMDA receptor dependent, and thus may share some similarities with
the LTP thought to underlie learning processes.
Hence, anodal tDCS has the potential to improve
learning by increasing cortical excitability and
modulating neurotransmitter dependent plasticity in the brain11,61. Furthermore, it has been
shown that tDCS can enhance motor learning in
healthy subjects, and stroke patients.62,63 These
findings have been confirmed, and extended to
language in normal subjects and in patients with
aphasia63,64.

Conclusions
The human brain continues to adjust throughout
life and this neuroplasticity is particularly important for recovery of neurological disorders such
as stroke. Neurorehabilitation programs improve
function partly by enhancing cortical reorganization, which is greatly dependent on various factors
including remaining corticospinal integrity. Both
non-invasive neuromodulation and exercise are
based on similar physiological mechanism, i.e.
Long-term potentiation, which induces a potent
change in cortical excitability and plasticity in the
motor network. For maximizing the efficacy of the
rehabilitative interventions, one need to be aware
of the basic mechanisms on which each therapeutic
interventions based on and how one can combine
each of this intervention leading to functional recovery in stroke patients.
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