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ABSTRACT
A major cause of disability after stroke is impaired contralateral manual dexterity. Recently it has been suggested that this may be at least partly due to a maladaptive increase in inhibition from the unaffected primary
motor cortex (M1). Transcranial direct current stimulation (tDCS) is a non-invasive potential therapy that
modulations M1 excitability via a weak electrical direct current applied to the scalp. Immediate improvement
of affected hand function was obtained by anodal (excitatory) tDCS over the affected M1 or by cathodal (inhibitory) tDCS over the unaffected M1. Although the tDCS “after-effects” can last for hours to days following
a 20-minute stimulation session, they are inherently transitory. There is hope that repeated tDCS sessions
applied early after stroke could reduce the maladaptive neuroplasiticy and aid hand dexterity rehabilitation.
Key words: stroke, inter-hemispheric imbalance, manual dexterity, rehabilitation,
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INTER-HEMISPHERIC IMBALANCE IMPAIRS
MANUAL DEXTERITY IN STROKE PATIENTS
A major cause of disability after stroke is impaired contralateral manual dexterity that affects
more than 50% of stroke survivors. Functional imaging studies have revealed that poor recovery of
hand function is associated with an increased activity in the unaffected primary motor cortex (M1) (1),
whereas a more contralateral activation pattern, similar to that of healthy individuals, is associated with a
good recovery (2). In healthy individuals inter-hemispheric inhibition is balanced between the two M1s
via the trans-callosal pathways. Following stroke, a
common hypothesis would suggest a maladaptive

increase in inhibition from the unaffected M1 which
is thought to increase functional impairment of the
affected M1 so that the greater the level of interhemispheric inhibition, the poorer the recovery (3).
This understanding of inter-hemispheric imbalance in stroke has raised the hypothesis that methods
that aim to rebalance excitability between the two
M1s, either by increasing the excitability of the affected M1 or by reducing the excitability of the unaffected M1, could be a strategy for rehabilitation of
manual dexterity. The M1 imbalance after stroke cannot be satisfactorily compensated by pharmacologic modulation of the excitatory/inhibitory neurotransmission at the whole brain level as these are
nonspecific and often have moderate or severe ad-
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verse effects. Several therapeutic interventions for
regional modulation of M1 excitability are currently
under investigation, such as constraint induced therapy (4), peripheral nerve stimulation (5) and direct
brain stimulation (6).

might increase seizure risk such as neuromodulatory medication. Furthermore, it should be considered that the effects of tDCS have not yet been
tested on pregnant or breast-feeding women and
should be temporarily avoided in these situations.

TRANSCRANIAL DIRECT CURRENT
STIMULATION

POLARITY-DEPENDENT EFFECTS

Transcranial direct current stimulation (tDCS)
of the brain is a “rediscovered” therapeutic approach for regional modulation of neocortical excitability (7).
In the clinical setting, tDCS can be applied noninvasively using simple neurophysiological equipment. tDCS implies the delivery of a weak direct
current (DC) via 2 non-polarizable (e.g. Ag/AgCl
or conductive rubber) large patch electrodes attached to the head: an “active electrode” placed just
above the cortical region of interest and a “reference electrode” placed as much as possible away
from the brain – typically above the contralateral
supraorbital ridge or the mastoids. The preference
for a cephalic instead of a distant extra-cephalic
reference (that would be electrically inert in respect
to the brain), is imposed by theoretical safety concerns to avoid the current passing through the heart
or through the brainstem and increase the risks of a
respiratory arrest.
Commonly, tDCS is carried out by using constant DC currents (“slow oscillating” current waveforms e.g. (8) will not be covered by this review).
From the injected current, as much as 50% is
“shunted” through the low resistance pathway between the electrodes, given by the scalp. The remaining “residual” current density is maximal at
the brain-skull interface and then decreases with
the depth of the volume conductor represented by
the brain (9). Experimental and mathematical modeling has indicated that a stimulating surface current density around 0.04 mA/cm2 (e.g. a current of
1 mA delivered over a 5 cm x 5 cm electrode) is
necessary to induce biological effects within the
whole thickness of the neocortex under the active
electrode. It should be clarified that the intended
biological effect of tDCS is a shift in neuronal excitability and not direct stimulation of neuronal firing. Thus, tDCS is a subthreshold stimulation technique and, as such, is very well tolerated and has
virtually no side-effects (10-12). The only absolute
tDCS contraindications are metal implants inside the
skull or eye and severe scalp skin lesions. Relative
contra-indications are represented by known history of previous seizures or predisposing factors that

It was established experimentally that the balance between excitation and inhibition within the
cortical region of interest can be modulated by
tDCS in a polarity-specific manner (7,13). When
the active electrode is held at a positive potential as
compared to the reference electrode (“anodal stimulation”), the net result is an increase of network
excitability. Conversely, a net decrease in excitability can be induced by “cathodal stimulation” (7).
At first, the directionality of the polarity-dependent effects of tDCS seems to contradict the golden
rule of extracellular neurophysiology that excitation arises under the cathode. Indeed, neurons have
a membrane potential that is negative in respect to
their surroundings and, as such, an extracellular
cathode should cause a depolarizing shift in membrane potential (reduces the potential difference
across the membrane) hence an increase and not a
decrease in excitability. A possible explanation for
this discrepancy is that the surface current flow
could setup a “virtual electrode” of opposite polarity deeper within the cortex. Furthermore, it should
be considered that similar changes in membrane
potential, albeit not necessarily of the same magnitude, affect both excitatory and inhibitory neurons
that are densely packed within the electric field induced by tDCS. How these neuron-level effects
converge into network effects remains poorly understood. It should, however, be emphasized that in
healthy brains this relationship between tDCS polarity and excitability changes appeared consistent
over different regions strongly suggesting that it
depends on the anatomical rather than the functional neocortical organization. This raises the clinically relevant concern whether the same effects
will be maintained in pathologic brains with profound alterations in cortical architecture.

AFTER-EFFECTS
The magnitude of the biological effects of tDCS
depends on the stimulating current density. However, increasing the stimulation intensity above
0.08 mA/cm2 increases safety concerns that changes in excitability will reach threshold in the upper
cortical layers and, more importantly, that they will
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alter excitability of deeper brain structures with unpredictable results (11). During the last decade, attempts to overcome these limitations leaded to experiments with increasing duration rather than the
intensity of stimulation. These experiments arise to
the unexpected observation that excitability changes induced by tDCS recovered slowly after the
stimulation has stopped with a time-course dependent on the duration of stimulation.
The after-effects of tDCS are negligible following stimulation lasting a minute; however, they can
outlast a 10-minute tDCS session by more than an
hour (14). Even increasing the duration of tDCS
sessions up to 20 minutes is typically not associated
with electrolytic scalp injury under the active electrode (the occasional mild redness/itching may be
left by the electrode, but this is transient and not a sign
of skin damage). One should note that current density under the stimulating patch is non-uniform, being maximal at the edges. As a precaution, it is recommended that the intensity of the current applied
should not exceed 2 mA and that the electrode
should be covered with conductive electrode gel on
its whole surface or with sponges immersed in a
standard saline solution (NaCl 9%). For a good stability on the scalp, rubber bands or a cap can be used to
strap down the electrodes (10-12). Furthermore, it
should be considered that the contact impedance
changes during prolonged tDCS sessions; so, it is a
challenging task for the stimulator to compensate
the potential difference to maintain constant the
stimulation current. Fortunately, a wide range of
relative inexpensive stimulators meet the safety requirements for the task such as those specifically
produced by NeuroConn (Ilmenau, Germany). Furthermore, stimulators adequate for nerve excitability testing, such as the DS5 produced by Digitimer
(Hertfordshire, England) can also be used, especially in research settings where online monitoring
of contact impedance is required.
Although the prompt excitability changes during tDCS – referred to as “online” effects (15) - can
reasonably be explained by changes in membrane
potential, such potential shifts would also promptly
recover at the offset of stimulation and could not
account for the after-effects. Thus, other changes
must be induced apart from acute changes in membrane potential, which can explain these changes. A
number of studies have suggested that prolonged
tDCS can also induce long-term regional changes
in synaptic activity (16-18), similar to the long-

term potentiation (LTP) and long-term depression
(LTD) observed with prolonged stimulation of hippocampal synapses in animal experiments (19).
This view has generated a fruitful line of research
indicating a facilitatory effect of tDCS on learning
and memory, especially related to implicit (20,21)
or explicit (22,23) acquisition of new motor skills
by healthy brains.

tDCS OF THE PRIMARY MOTOR CORTEX (M1)
IN STROKE
A number of proof-of-principle studies have been
carried out to investigate the improvement of manual
dexterity by tDCS of M1, mostly concerning single,
unilateral stroke patients without a major direct ischemic injury to M1 (6,24,25). In line with the interhemispheric imbalance paradigm, these studies clearly demonstrate that the affected hand function can be
directly facilitated by anodal (excitatory) tDCS over
the affected M1 or, indirectly, by cathodal (inhibitory) tDCS over the unaffected M1 (Figure 1).
Stroke patients reported the tingling sensation associated with tDCS less frequently compared to
healthy subjects, but more often report a minor headache (12). Particular safety concerns for the use of
tDCS in stroke patients are related to the increased
risks of seizures and the disruption of gross anatomy
of the affected M1. In an attempt to minimize these
risks, cathodal stimulation of the unaffected M1 may
be preferable to anodal stimulation of the affected M1
especially for patients with damage to the non-dominant than to the dominant hemisphere (26,27).
However, it should be noted that the inhibition of the
unaffected M1 may not be appropriate in patients with
large M1 neuronal loss, whose motor function improvement relies mostly on activity within the unaffected hemisphere.
Optimal placement of the M1 electrode can be defined based on transcranial magnetic stimulation
(TMS) localization of the motor hotspot for the hand.
Giving the relative large electrode size in respect to
the motor hotspot, in routine clinical setting, an anatomical localization based on scalp coordinates is preferred (24,25), being a significantly easier and less
time-consuming. In relation to the 10-20 electroencephalographic electrode placing convention, the active electrode is centered over C3/C4, which corresponds approximately to the hand region of M1 (28),
while the reference electrode is placed over the contralateral supraorbital ridge (Figure 1).
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Figure 1. Transcranial direct current stimulation (tDCS) montages used for rebalancing the interhemispheric inhibition
in stroke patients. The active electrode is centered over the representation area of the hand in the M1 (C3/C4 according to the 10-20 electroencephalographic electrode system) and the reference electrode is placed on the contralateral
supraorbital ridge. Immediate facilitation of the affected hand function was obtained by anodal (excitatory) tDCS over
the affected M1 (A) or by cathodal (inhibitory) tDCS over the unaffected M1 (B).

To minimize itching, the current should be ramped
up gradually over 10 seconds and the contact impedance should be kept below 10 kΩ. A typical tDCS session (either anodal or cathodal) consists in the stimulation of M1 with 1 mA for 20 minutes using 7 cm x
5 cm electrodes.
The immediate tDCS effects can be evaluated
by standardized measures such as Upper Extremity
Fugl-Meyer-Assessment (UEFMA), Jebsen-Taylor
Test (JTT), Action Research Arm Test (ARAT) or
Nine Hole Peg Test (NHPT). Although these clinical measures are relevant because they mimic activities of daily living, e.g. ARAT involves grasping, gripping, pinching and gross arm movements,
the scoring procedure is subjective and the performance is complex, thus not being appropriate for
highly impaired patients. Consequently, these measures can be combined with simpler motor tasks, e.
g. objective measurements of the force in the paretic hand by squeezing a dynamometer (maximum
grip force task) or the speed of reaction in bending
the wrist (reaction time task).

TIMING OF TDCS IN STROKE AND FUTURE
PERSPECTIVES
Although tDCS after-effects can extend over
several hours and even days, they are inherently
transient. Clinical interest for therapeutic applications of tDCS arises in situations associated with
neuroplastic changes of the brain (functional/anatomical adaptation), such as the M1 imbalance after
stroke in patients with good preservation of the pyramidal tract (29).
Brain neuroplasticity is the primary mechanism
responsible for spontaneous recovery after cerebral
stroke and comprises in the functional and anatomical reorganization in response to the ischemic neuronal loss. In the first few days post-stroke, there is
an acute phase of recovery consisting of a rapid
functional improvement which slows progressively
in the subacute phase (up to 6 months after the cortical event) and then plateaus in the chronic phase so
that it becomes negligible after 3 years following the
ischemic event (30).
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There is hope that repeated tDCS sessions applied early in the subacute phase after stroke could
reduce the maladaptive neuroplasiticy and aid hand
dexterity. Little is known regarding the optimal
repetition rate, however, in a preliminary study, repeating tDCS over 5 consecutive days was found to
be advantageous as compared to weekly sessions
(31). Furthermore, consistent with improvement in
motor learning in healthy brains, tDCS was found
to enhance the effects of rehabilitative hand therapy
(32,33), leading to an ongoing large multicentre
clinical trial (http://clinicaltrials.gov/ct2/show/
NCT00909714).
A growing body of controlled clinical studies
will provide indisputable data over the efficacy and
safety of tDCS to facilitate rehabilitation of manual
dexterity after stroke, leading to a therapeutic tool
currently available for clinical use. Nevertheless,
optimization of tDCS protocols relies on further research involving both human and experimental animals. One pivotal question that needs to be clarified
in the near future is the relationship between tDCS
and neuronal energy metabolism (34-36) which is

profoundly affected after stroke. Furthermore, it remains to be clarified whether the regional effects of
tDCS could be enhanced by systemic pharmacologic manipulations aimed at increasing functional
neuroprotection/neuroplasticity.

CONCLUSION
tDCS has a great clinical potential for recovery
of manual dexterity after stroke because it can reestablish the inter-hemispheric imbalance for increased periods of time in a non-invasive, safe, easy
to administer and low-cost manner. tDCS might become an important therapy in routine rehabilitation
both in early and in chronic stages of stroke.

ACKNOWLEDGEMENTS
Alexandra Constantinescu was supported by
InEurope award from International Brain Research
Organization (IBRO). Charlotte Stagg thanks the
National Institute for Health Research Oxford Biomedical Research Centre, UK, for funding.

REFERENCES
1. Calautti C, Baron JC. Functional neuroimaging studies of motor
recovery after stroke in adults: a review. Stroke 2003; 34: 1553-1566.
2. Ward NS, Brown MM, Thompson AJ, Frackowiak RS. Neural
correlates of outcome after stroke: a cross-sectional fMRI study. Brain
2003; 126: 1430-1448.
3. Murase N, Duque J, Mazzocchio R, Cohen LG. Influence of
interhemispheric interactions on motor function in chronic stroke. Ann
Neurol 2004; 55: 400-409.
4. Taub E, Morris DM. Constraint-induced movement therapy to enhance
recovery after stroke. Curr Atheroscler Rep 2001; 3: 279-286.
5. Pomeroy VM, King L, Pollock A, Baily-Hallam A, Langhorne P.
Electrostimulation for promoting recovery of movement or functional
ability after stroke. Cochrane Database Syst Rev 2006: CD003241.
6. Hummel FC, Cohen LG. Non-invasive brain stimulation: a new strategy to
improve neurorehabilitation after stroke? Lancet Neurol 2006; 5: 708-712.
7. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol 2000;
527 Pt 3: 633-639.
8. Groppa S, Bergmann TO, Siems C, Molle M, Marshall L, Siebner HR.
Slow-oscillatory transcranial direct current stimulation can induce
bidirectional shifts in motor cortical excitability in awake humans.
Neuroscience 2010; 166: 1219-1225.
9. Miranda PC, Lomarev M, Hallett M. Modeling the current distribution
during transcranial direct current stimulation. Clin Neurophysiol 2006;
117: 1623-1629.
10. Nitsche MA, Liebetanz D, Lang N, Antal A, Tergau F, Paulus W.
Safety criteria for transcranial direct current stimulation (tDCS) in
humans. Clin Neurophysiol 2003; 114: 2220-2222.
11. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A,
Paulus W, Hummel F, Boggio PS, Fregni F, Pascual-Leone A.
Transcranial direct current stimulation: State of the art 2008. Brain Stimul
2008; 1: 206-223.
12. Poreisz C, Boros K, Antal A, Paulus W. Safety aspects of transcranial
direct current stimulation concerning healthy subjects and patients. Brain
Res Bull 2007; 72: 208-214.

13. Nitsche MA, Liebetanz D, Tergau F, Paulus W. [Modulation of cortical
excitability by transcranial direct current stimulation]. Nervenarzt 2002;
73: 332-335.
14. Nitsche MA, Paulus W. Sustained excitability elevations induced by
transcranial DC motor cortex stimulation in humans. Neurology 2001; 57:
1899-1901.
15. Bergmann TO, Groppa S, Seeger M, Molle M, Marshall L, Siebner
HR. Acute changes in motor cortical excitability during slow oscillatory
and constant anodal transcranial direct current stimulation. J
Neurophysiol 2009; 102: 2303-2311.
16. Nitsche MA, Liebetanz D, Schlitterlau A, Henschke U, Fricke K,
Frommann K, Lang N, Henning S, Paulus W, Tergau F. GABAergic
modulation of DC stimulation-induced motor cortex excitability shifts in
humans. Eur J Neurosci 2004; 19: 2720-2726.
17. Nitsche MA, Seeber A, Frommann K, Klein CC, Rochford C, Nitsche
MS, Fricke K, Liebetanz D, Lang N, Antal A, Paulus W, Tergau F.
Modulating parameters of excitability during and after transcranial direct
current stimulation of the human motor cortex. J Physiol 2005; 568: 291303.
18. Stagg CJ, Best JG, Stephenson MC, O’Shea J, Wylezinska M,
Kincses ZT, Morris PG, Matthews PM, Johansen-Berg H. Polaritysensitive modulation of cortical neurotransmitters by transcranial
stimulation. J Neurosci 2009; 29: 5202-5206.
19. Bliss TV, Collingridge GL, Morris RG. Introduction. Long-term
potentiation and structure of the issue. Philos Trans R Soc Lond B Biol
Sci 2003; 358: 607-611.
20. Kuo MF, Unger M, Liebetanz D, Lang N, Tergau F, Paulus W, Nitsche
MA. Limited impact of homeostatic plasticity on motor learning in
humans. Neuropsychologia 2008; 46: 2122-2128.
21. Nitsche MA, Schauenburg A, Lang N, Liebetanz D, Exner C, Paulus
W, Tergau F. Facilitation of implicit motor learning by weak transcranial
direct current stimulation of the primary motor cortex in the human. J
Cogn Neurosci 2003; 15: 619-626.
22. Reis J, Schambra HM, Cohen LG, Buch ER, Fritsch B, Zarahn E,
Celnik PA, Krakauer JW. Noninvasive cortical stimulation enhances

ROMANIAN JOURNAL OF NEUROLOGY – VOLUME IX, NO. 3, 2010
motor skill acquisition over multiple days through an effect on
consolidation. Proc Natl Acad Sci U S A 2009; 106: 1590-1595.
23. Vines BW, Nair DG, Schlaug G. Contralateral and ipsilateral motor
effects after transcranial direct current stimulation. Neuroreport 2006; 17:
671-674.
24. Fregni F, Boggio PS, Mansur CG, Wagner T, Ferreira MJ, Lima MC,
Rigonatti SP, Marcolin MA, Freedman SD, Nitsche MA, PascualLeone A. Transcranial direct current stimulation of the unaffected
hemisphere in stroke patients. Neuroreport 2005; 16: 1551-1555.
25. Hummel F, Celnik P, Giraux P, Floel A, Wu WH, Gerloff C, Cohen LG.
Effects of non-invasive cortical stimulation on skilled motor function in
chronic stroke. Brain 2005; 128: 490-499.
26. Baumer T, Dammann E, Bock F, Kloppel S, Siebner HR, Munchau A.
Laterality of interhemispheric inhibition depends on handedness. Exp
Brain Res 2007; 180: 195-203.
27. Vines BW, Nair D, Schlaug G. Modulating activity in the motor cortex
affects performance for the two hands differently depending upon which
hemisphere is stimulated. Eur J Neurosci 2008; 28: 1667-1673.
28. Steinmetz H, Furst G, Meyer BU. Craniocerebral topography within the
international 10-20 system. Electroencephalogr Clin Neurophysiol 1989;
72: 499-506.
29. Schlaug G, Renga V. Transcranial direct current stimulation: a
noninvasive tool to facilitate stroke recovery. Expert Rev Med Devices
2008; 5: 759-768.
30. Cramer SC, Riley JD. Neuroplasticity and brain repair after stroke. Curr
Opin Neurol 2008; 21: 76-82.

123

31. Boggio PS, Nunes A, Rigonatti SP, Nitsche MA, Pascual-Leone A,
Fregni F. Repeated sessions of noninvasive brain DC stimulation is
associated with motor function improvement in stroke patients. Restor
Neurol Neurosci 2007; 25: 123-129.
32. Edwards DJ, Krebs HI, Rykman A, Zipse J, Thickbroom GW,
Mastaglia FL, Pascual-Leone A, Volpe BT. Raised corticomotor
excitability of M1 forearm area following anodal tDCS is sustained during
robotic wrist therapy in chronic stroke. Restor Neurol Neurosci 2009; 27:
199-207.
33. Hesse S, Werner C, Schonhardt EM, Bardeleben A, Jenrich W, Kirker
SG. Combined transcranial direct current stimulation and robot-assisted
arm training in subacute stroke patients: a pilot study. Restor Neurol
Neurosci 2007; 25: 9-15.
34. Constantinescu AO, Chirvasuta R, Ilie A, Barborica A, Zagrean AM,
Zagrean L, Moldovan M. Cortical excitability changes during deep
anesthesia monitored by transcranial direct current stimulation. FENS
Forum (Amsterdam, July 3-7) 2010; Abstr.vol 5, 196.7.
35. Ilie A, Ciocan D, Constantinescu AO, Zagrean AM, Nita DA, Zagrean
L, Moldovan M. Endogenous activation of adenosine A1 receptors
promotes post-ischemic electrocortical burst suppression. Neuroscience
2009; 159: 1070-1078.
36. Moldovan M, Constantinescu AO, Balseanu A, Oprescu N, Zagrean
L, Popa-Wagner A. Sleep deprivation attenuates experimental stroke
severity in rats. Exp Neurol 2010; 222: 135-143.

