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APHASIOLOGY, 2012, 26 (9), 1169–1191

Can tDCS enhance treatment of aphasia after stroke?

Rachel Holland and Jenny Crinion

Institute of Cognitive Neuroscience, University College London, London, UK

Background: Recent advances in the application of transcranial direct current stimulation
(tDCS) in healthy populations have led to the exploration of the technique as an adjuvant
method to traditional speech therapies in patients with post-stroke aphasia.
Aims: The purpose of the review is: (i) to review the features of tDCS that make
it an attractive tool for research and potential future use in clinical contexts; (ii) to
describe recent studies exploring the facilitation of language performance using tDCS
in post-stroke aphasia; (iii) to explore methodological considerations of tDCS that may
be key to understanding tDCS in treatment of aphasia post stroke; and (iv) to highlight
several caveats and outstanding questions that need to be addressed in future work.
Main Contribution: This review aims to highlight our current understanding of the
methodological and theoretical issues surrounding the use of tDCS as an adjuvant tool
in the treatment of language difficulties after stroke.
Conclusions: Preliminary evidence shows that tDCS may be a useful tool to comple-
ment treatment of aphasia, particularly for speech production in chronic stroke patients.
To build on this exciting work, further systematic research is needed to understand the
mechanisms of tDCS-induced effects, its application to current models of aphasia recov-
ery, and the complex interactions between different stimulation parameters and language
rehabilitation techniques. The potential of tDCS is to optimise language rehabilitation
techniques and promote long-term recovery of language. A stimulating future for aphasia
rehabilitation!

Keywords: Transcranial direct current stimulation; Post stroke aphasia; Recovery.

Language-based therapeutic interventions for post-stoke aphasia are effective at allevi-
ating some degree of language impairment (Kendall et al., 2008; Nickels, 2002; Vitali
et al., 2007). The dose of speech and language therapy (SLT) delivered may have a
critical effect on recovery (Breitenstein et al., 2009; Brindley, Copeland, Demain, &
Martyn, 1989; Meinzer, Djunja, Barthel, Elbert, & Rockstroh, 2005; Meinzer et al.,
2004; Poeck, Huber, & Willmes, 1989). The idea being that for beneficial therapeutic
outcome “more is better”. Indeed, in studies that report positive therapy outcomes
patients were provided with, on average, a total of 98.4 hours of therapy, while stud-
ies in which no improvement was observed, only 43.6 hours of therapy was delivered
(Bhogal, Teasell, Foley, & Speechley, 2003). Although modest evidence exists for the
efficacy of more intensive treatment and constraint induced language therapy (CILT)
in individuals with chronic stroke-induced aphasia (Barthel, Meinzer, Djundja, &
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Rockstroh, 2008; Cherney, Patterson, Raymer, Frymark, & Schooling, 2008; Meinzer
et al., 2004, 2005; Pulvermuller et al., 2001), extensive language therapy, whether deliv-
ered intensively or not, is difficult to administer with limited clinical resources not
least because significantly more people withdraw from intensive SLT than conven-
tional SLT (Kelly, Brady, & Enderby, 2010). Consequently one approach may be to
consider adjuncts to therapy that may facilitate treatment, such as brain stimulation
interventions. The facilitation of performance could manifest in (i) an increase to the
total amount of learning achieved, such that a higher performance level is reached,
or (ii) an increased rate at which learning is achieved, such that the same maximum
performance is ultimately achieved as with standard therapy alone but over a different
timescale, i.e., with less hours of behavioural therapy. It is not clear what form of stim-
ulation, for example repetitive transcranial magnetic stimulation (TMS), transcranial
direct current stimulation (tDCS), or epidural electrical stimulation (EES) is most
effective and clinically appropriate. However, tDCS is easier and less expensive, and
theoretically could be even self-administered, while TMS requires special equipment
and trained health professionals, and it carries a seizure risk; EES, on the other hand,
is an invasive method that effectively limits the range of its application. In this paper
we summarise results from tDCS studies that aim to elicit improvements in language
performance and language learning in chronic post-stroke aphasic patients.

The translation of tDCS studies of language from healthy participants into aphasic
patients has been limited. To date only four studies have reported data from post-
stroke aphasic speakers (see Table 1). Although the number of studies is small, there
is preliminary and exciting evidence that tDCS may play a role in aphasia rehabili-
tation. However, before we start our review of these studies, in Section 1 we briefly
recap some of the basic mechanisms of tDCS that are relevant to the treatment of
post-stroke aphasic patients. For a more comprehensive work detailing the mecha-
nism of tDCS, TMS, and an overview of both methods we direct readers to excellent
papers by Nitsche et al. (2008), Jahanshahi and Rothwell (2000), and Miniussi et al.
(2008) respectively. For a review of the normative literature using tDCS to modulate
language performance see Floël (2012). In Section 2 we review recent evidence for a
facilitatory role of tDCS on naming performance in post-stroke aphasic patients, and
in Section 3 we discuss several methodological parameters that, at present, remain
unclear and require further consideration if tDCS is to be developed as a realistic ther-
apeutic tool. We conclude in Section 4 by highlighting a number of caveats and ques-
tions that need to be addressed before tDCS may be clinically useful in aphasia reha-
bilitation. It is hoped that, by doing so, new insights and novel research approaches
into the complex nature of aphasia and its treatment might lead to advances in the
improvement of therapy outcomes in chronic post-stroke aphasic patients.

METHOD OF tDCS AND CONSIDERATIONS IN A DAMAGED BRAIN

In recent decades, tDCS has been re-evaluated and shown to reliably modulate human
cortical function by inducing prolonged yet reversible shifts of cortical excitability.
As such, it has been re-introduced as a non-invasive tool to guide neuroplasticity
and modulate cortical function. tDCS relies on tonic stimulation of the cortex via
the application of a direct, constant current flow of low intensity (1–2 mA) between
two electrodes applied to the scalp over a relatively extended period of time (e.g.,
5–20 minutes). This technique has been shown to elicit polarity-dependent changes
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in cortical excitability depending on the orientation of the stimulation electrodes
(Nitsche & Paulus, 2000). In the motor cortex, anodal stimulation increases neu-
ronal excitability whereas cathodal stimulation reduces excitability (Antal, Nitsche,
Kruse, et al., 2004b; Kincses, Antal, Nitsche, Bartfai, & Paulus, 2004). Furthermore,
emerging evidence suggests that the effects of tDCS can persist beyond the period
of stimulation (Nitsche & Paulus, 2001; Nitsche, Schauenburg, et al., 2003), with
changes in task performance reported as late as 6–12 months post-intervention
(Cohen Kadosh, Soskic, Iuculano, Kanai, & Walsh, 2010; Dockery, Hueckel-Weng,
Birbaumer, & Plewnia, 2009; Reis et al., 2009).

Although both TMS and tDCS are forms of non-invasive brain stimulation, it
should be kept in mind that the effects of TMS and tDCS cannot be assumed to be
the same and further research is needed to determine the mechanisms underlying the
effects of each technique on the brain. The effects of stimulation on language func-
tion, its cortical network, and its behavioural consequences are very likely to differ
(see Nitsche & Paulus, 2000, for discussion on motor cortical function). For example,
unlike TMS, tDCS does not “stimulate” neurons; rather the effects are due to modi-
fication of ongoing activity. While TMS pulses depolarise axons and generate action
potentials, tDCS effects are sub-threshold and occur via polarisation of the resting
membrane potential. Anodal tDCS typically has an excitatory neuronal effect due to
a shift towards neuronal depolarisation, while cathodal stimulation elicits a hyperpo-
larisation (Bindman, Lippold, & Redfearn, 1962; Nitsche & Paulus, 2000; Purpura
& McMurtry, 1965). Indeed, recent evidence suggests that tDCS polarises the rest-
ing membrane potential through the modulation of sodium and calcium dependent
channels and NMDA-receptor activity (Nitsche et al., 2004; see Stagg & Nitsche,
2011, for a comprehensive review of pharmacological intervention to explore the
mechanism of tDCS), thereby increasing or decreasing the mean firing rate of the neu-
ron and promoting mechanisms of long-term potentiation and long-term depression
(LTP/LTD) (Liebetanz, Nitsche, Tergau, & Paulus, 2002; Nitsche, Fricke, et al., 2003).
Furthermore, an increased secretion of brain-derived neurotrophic factor (BDNF),
a protein essential for new learning, has been associated with anodal stimulation
(Fritsch et al., 2010). If we are to induce long-term consolidation, or the re-learning
of information—a goal of aphasia therapy—a neuromodulatory method that has
features of LTP-like processes is attractive.

Another attractive feature of tDCS is the apparent lack of any significant side
effects. Large-scale cohort testing from different research centres has reported the
most common adverse sensation is a slight itching sensation under the electrode and
seldom-occurring headache, fatigue, and nausea (see Nitsche et al., 2008, Table 1;
Poreisz, Boros, Antal, & Paulus, 2007). Although reports of skin burns associated with
tDCS have been reported (Frank et al., 2011; Lagopoulos & Degabriele, 2008; Palm
et al., 2008), these occurred in the context of extended stimulation periods (30 min-
utes), drying of electro-conductive gel, abraded skin surface, and the use of tap water
to soak the sponge sheaths respectively. When conventional tDCS protocols were
employed (i.e., 1–2 mA stimulation for up to 20 minutes), using optimised safety pro-
tocols, significant adverse effects, such as burning of the skin (Dundas, Thickbroom,
& Mastaglia, 2007; Loo et al., 2011; Minhas et al., 2010) or heating of the elec-
trodes and scalp surface (Datta, Elwassif, & Bikson, 2009; Nitsche & Paulus, 2000,
2001), were avoided. Under these protocol guidelines, tDCS may be considered safe
(Nitsche, Schauenburg, et al., 2003). Furthermore, tDCS has not been reported to
provoke seizures in non-acute neurological deficits, i.e., intervention protocols are well
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below the threshold of tissue damage (Liebetanz et al., 2009; Nitsche, Schauenburg,
et al., 2003). Therefore, compared with TMS, tDCS may be a viable option for stim-
ulation of perilesional cortex where the threshold to induce seizures is lower. In a
clinical context this makes tDCS an appealing form of neurostimulation in chronic
stroke populations (Priori, Hallett, & Rothwell, 2009). However, further investigation
of tDCS hazards is certainly warranted in non-acute patients, both for existing proto-
cols and those under development (Bikson, Datta, & Elwassif, 2009). In particular, the
interaction of stimulation with different disease aetiologies and potential risk factors
of seizure, such as lack of sleep (Nitsche et al., 2008)—as the propensity for seizure
is much higher in acute and subacute patients. Therefore appropriate safety criteria
are unknown, especially in the context of repeated protocols that may be required for
rehabilitation.

Despite these caveats the technology is easy to use, relatively inexpensive, and
portable, allowing treatment to be delivered not only in clinical settings but also in
the patient’s own home. tDCS is also well suited to online application; i.e., brain stim-
ulation concurrent with behavioural intervention. For example, inferior frontal cortex
(Broca’s area) can be easily and comfortably targeted with tDCS. At the start of stim-
ulation, most participants will perceive a slight itching sensation under the electrodes,
which then quickly fades in most cases. In contrast, TMS and in particular rTMS,
of the same region can inadvertently stimulate the trigeminal facial nerves causing
facials twitches, or painful sensations making certain online tasks, such as spoken
picture naming, very difficult. Therefore, for a treatment study that requires multi-
ple sessions, TMS and repetitive TMS may be a less-suitable option. For research
purposes it is also easier to conduct placebo (sham) stimulation-controlled studies
with tDCS, because, with the exception of a slight itching sensation and mild sensory
phenomena (including retinal phosphenes associated with current switching), partic-
ipants rarely experience sensations related to the stimulation (Gandiga, Hummel, &
Cohen, 2006). Therefore reliable effects of stimulation in the absence of any confound-
ing “placebo effects” (i.e., the influence of participants’ expectation of an effect on the
observed results) may be achieved using tDCS.

Due to its appeal as a potential treatment tool, some manufacturers (NeuroConn,
Germany, personal communication) are exploring mini-tDCS kits for patient’s self-
administration at home with stimulation dosages pre-programmed by their clinician.
Some additional precautions should be considered for safe use of tDCS: (i) patients
should have no metallic implants near the electrodes, and (ii) personnel conducting
tDCS should be appropriately trained before applying the technique, as experience
with the method is still limited and the risk profile of stimulation is not yet com-
pletely known. In the future, if successful, one could envisage a home treatment
programme that the speech therapist would design involving concurrent tDCS with,
e.g., a computer-delivered aphasia treatment programme.

tDCS AND REHABILITATION OF APHASIC STROKE PATIENTS

Two approaches have primarily been used in the application of cortical stimulation
(tDCS and TMS) to rehabilitation of post-stroke aphasic patients. Both approaches
to language recovery are based on a model of interhemispheric rivalry between the
residual speech areas in the stroke-damaged left hemisphere and intact, non-stroke,
right hemisphere (akin to models of motor recovery after stroke). In essence, the
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model proposes that speech deficits are due to (1) reduced output from the stroke-
damaged left hemisphere and (2) excess inhibition of the left hemisphere from the
intact, non-stroke, right hemisphere. Thus improvement may be possible either by
increasing the output of the perilesional left hemisphere or decreasing the output from
the intact, non-stroke, right hemisphere. In simple terms this could be achieved by
using cortical stimulation to increase the excitability of the residual left hemisphere
cortices or decrease the excitability of the intact right hemisphere (see Lindenberg,
Renga, Zhu, Nair, & Schlaug, 2010; Vines, Cerruti, & Schlaug, 2008; both studies used
bi-hemispheric stimulation to increase/decrease left and right cortical excitability).
Despite the potential application of tDCS for language rehabilitation, to date just
four studies in post-stroke aphasic patients have been reported (see Table 1). All of
these studies aimed to improve speech production deficits by modulating the left hemi-
sphere. The first study focused on the effects of a single session of stimulation applied
to left frontal cortex (Monti et al., 2008). More recent work has emphasised the long-
term effects on speech function that occur after repeated stimulation of left frontal or
temporal cortices (Baker, Rorden, & Fridriksson, 2010; Fiori et al., 2010; Fridriksson,
Richardson, Baker, & Rorden, 2011). We discuss each approach in turn below.

Single-session studies

The rationale behind these studies is to test if a single application of tDCS induces
immediate gain in the selected outcome measures. At the same time these studies pro-
vide information about the safety and comfort of the intervention protocol. tDCS
paradigms involving healthy speakers have typically used single-exposure approaches.
That is, on a given session of tDCS a participant is exposed to anodal, cathodal, or
sham stimulation for a relatively short period of time (e.g., 20 minutes) and their per-
formance on language tasks is monitored. Tasks have included verbal fluency (Iyer
et al., 2005), picture naming (Fertonani, Rosini, Cotelli, Rossini, & Miniussi, 2010;
Sparing, Dafotakis, Hesse, & Fink, 2007), proper name retrieval (Ross, McCoy, Wolk,
Coslett, & Olson, 2010), nonword–picture matching (Fiori et al., 2010; Liuzzi et al.,
2010) and a wide range of designs, tDCS protocols and sites of stimulation were
used. The evidence to date suggests that anodal relative to sham stimulation applied
to the left hemisphere language cortices can significantly enhance normal language
performance as measured by reaction time or accuracy.

Ideally, when applied to post-stroke aphasic patients, the gain should not just be
greater than the effect of placebo (sham), or a traditional intervention, e.g., anomia
treatment, but should also be of clinical significance. Although a satisfactory defini-
tion of clinical significance is difficult, most investigators would be content with an
improvement of around 10% in standard aphasia measures, especially in the chronic
stage post-stroke. Monti and colleagues (2008) used a single-session approach to assess
change in post-stroke aphasic patients’ picture-naming abilities. Eight chronic non-
fluent aphasic patients took part in two sessions of tDCS separated by at least a week.
In one session half of the patients received 2 mA anodal stimulation for 10 minutes
applied to left fronto-temporal cortex immediately before a picture-naming task (i.e.,
offline). During the second session patients received sham stimulation applied to the
same cortical region prior to picture naming. For the remaining patients, the interven-
tion procedure was identical except that cathodal stimulation was delivered. The order
of stimulation (anodal or cathodal) and sham was counterbalanced across sessions
and patients. In contrast to the facilitatory results for anodal stimulation reported
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in the healthy participant literature, Monti and colleagues found an improvement in
naming accuracy for cathodal stimulation in the order of 10.6%, with no significant
effects after anodal and sham stimulation. This apparent paradoxical improvement
in naming accuracy was argued to be due to a tDCS-induced depression of corti-
cal inhibitory inter-neurons in the lesioned hemisphere, which led to a disinhibition
of the cortex thereby improving the functioning of the damaged language cortices.
Independent of the neural mechanisms, which remain elusive, this study indicated that
it is possible to improve performance on a language task by means of a single dose of
tDCS applied to the damaged left hemisphere. Subsequent tDCS and aphasia stud-
ies have aimed to investigate whether these intriguing naming improvements could be
made to persist over an extended period of time.

Multiple-session studies

The hypothesis underlying multiple-session studies is that the short-lasting effects
from a single session will accumulate with repeated sessions and eventually lead to a
permanent improvement in function. Precisely how this approach might lead to a per-
manent improvement in language function in aphasic speakers after stroke is not clear.
One possibility is that increasing the output from the stroke-damaged, left hemisphere
will lead to more effective relearning of language. In other words, brain stimulation
itself would not produce any lasting changes in language function; instead it would
temporarily create a state that optimises relearning and rehabilitation. This natural
process would lead to an improvement in language function and reduction in aphasic
deficits. In healthy participants multiple sessions of left-sided anodal stimulation can
improve overall performance when learning new information and associations rela-
tive to sham (e.g., de Vries et al., 2010; e.g., Fiori et al., 2010; Floël, Rosser, Miichka,
Knecht, & Breitenstein, 2008). For language learning, a recent study applied anodal
stimulation to left Broca’s area online during the acquisition phase of an artificial
grammar and demonstrated enhanced performance at detecting syntactic violations
along with an increased use of rule-based decision making (de Vries et al., 2010).
Similarly, anodal stimulation applied to left Wernicke’s area during acquisition of an
artificial lexicon increased the rate and overall success of language learning compared
to sham stimulation after a single exposure to tDCS (Floël et al., 2008).

In relatively well-recovered aphasic patients, as in normal individuals, successful
speech production has been correlated with brain activity in the stroke-damaged left
hemisphere (Fridriksson, Bonilha, Baker, Moser, & Rorden, 2010). In this context, the
interhemispheric model would predict that facilitating the remaining left perilesional
cortex with excitatory stimulation could improve speech recovery (see Figure 2 later).
Three tDCS studies (see Table 1) adopted this approach using a repeated interven-
tion protocol that spanned several days with anodal tDCS delivered during a given
task. This approach has been influenced, at least in part, by (i) the facilitatory effects
observed in single-exposure studies of healthy participants and (ii) the idea that the
favourable effects of mass-practice seen in behaviour-only anomia treatments may also
be valid in combined tDCS and behavioural training approaches. Preliminary results
suggest that anodal tDCS applied to the lesioned left hemisphere can facilitate naming
performance post-treatment.

In the first treatment study 10 aphasic speakers were trained for five consecutive
days using a spoken word-to-picture match task during which they received 20 min-
utes of anodal (1 mA) or sham stimulation of left frontal and precentral cortex
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(Baker et al., 2010). The patients’ naming accuracy improved on average by 8.4%
after anodal stimulation compared to sham. Furthermore, improvements in naming
were retained for at least 1 week for items that had been treated. Consistent with the
behavioural rehabilitation literature, the observed facilitatory effects did not gener-
alise to untreated items matched for psycholinguistic complexity. In a second study by
this group the same treatment paradigm was used in eight mild fluent aphasic patients
with lesions restricted to left posterior cortical and subcortical regions. Anodal stimu-
lation was applied to left posterior perilesional cortex (Fridriksson et al., 2011) and as
accuracy for naming was high at baseline in these patients, the outcome measure was
reaction time. Anodal stimulation resulted in faster naming responses compared to
sham stimulation. This naming improvement in the order of 38.2% faster persisted for
at least three weeks. Again, the facilitatory effect of anodal stimulation was restricted
to the treated items only. In the third study, Fiori and colleagues (2010) trained three
non-fluent aphasic patients to name 80 pictures they could comprehend but not accu-
rately produce. During naming practice 40 pictures were paired with 1 mA of anodal
tDCS applied to left Wernicke’s area and 40 pictures with sham stimulation of the
same region. Anodal tDCS significantly improved naming accuracy by 20.5% on
average compared to sham after 5 days of intervention.

DISCUSSION

Results from these first studies demonstrate, at the very least, that tDCS applied to
the stroke-damaged left hemisphere in chronic aphasic patients is in principle (1) safe,
there were no reported side effects reported in any of the studies, (2) well tolerated even
when given over multiple sessions, and (3) can significantly modulate change in speech
performance and relearning (see Figure 1 for schematic of mean percentage change
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Figure 1. Summary schematic representation of potential tDCS effects in language performance in relation
to normal re-learning after single and repeated interventions protocols (related to Table 1). Solid green
line represents normal re-learning curve. Solid vertical red line indicates the potential percentage change
in performance that may occur after a single intervention of tDCS. Dashed red line indicates potential
performance change over 5 days from repeated tDCS delivered concurrently with treatment. Normal and
tDCS-enhanced learning share an equivalent learning profile, however resulting gains post-tDCS may be
modified by approximately 25%, with the effects of tDCS persisting for up to 3 weeks. To view this figure in
colour, please see the online issue of the Journal.
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in performance over time based on studies of language reviewed here). However, with
such preliminary data a number of factors and questions emerge that may be key
to understanding and developing tDCS as a truly adjuvant therapy tool in language
recovery after aphasic stroke. The aim of this section is to discuss how to modify cor-
tical excitability by tDCS with special emphasis on three methodological aspects. The
first, Where to stimulate, considers the optimal site of stimulation in aphasic stroke
patients and the role of the ipsilesional and contralesional hemispheres in support-
ing language rehabilitation. The second, When to stimulate, considers whether tDCS
delivered before language rehabilitation (offline) or concurrently with the language
task (online) may be most effective. The third, How long to stimulate, concerns the
durations of tDCS intervention protocols. We discuss each in turn below. However, it
is also important to emphasise that tDCS applied to aphasia research is in its early
stages and therefore future studies might change some of the current concepts.

Where to stimulate

Identifying cortical regions to target with tDCS. The aim of current stimulation
protocols is modulation of task-relevant regions of cortex. For tDCS to successfully
modulate a component of an intact or impaired language system, the brain regions
that support a given task must first be identified. Functional magnetic resonance
imaging (fMRI) has been extensively used to explore which regions of the brain are
associated with a variety of different language tasks. In the case of speech production
meta-analyses revealed that a large, predominantly left-lateralised perisylvian network
is involved. Depending on the task delivered during scanning, the extended speech pro-
duction network is differentially engaged ( for review see Price, 2010; Vigneau et al.,
2006) with frontal (de Zubicaray & McMahon, 2009; Fridriksson et al., 2009; Papoutsi
et al., 2009), premotor, motor (Brown et al., 2009), or posterior temporal (Abel et al.,
2009; Hocking, McMahon, & de Zubicaray, 2009) regions predominantly activated.

In an attempt to determine the key, or functionally critical, regions within these lan-
guage networks identified by fMRI, researchers have used TMS and rTMS. For exam-
ple, in healthy speakers TMS “virtual lesion” methods have been applied to determine
the involvement of (i) frontal regions during action naming (Cappa et al., 2002) and
repetition priming (Thiel et al., 2005); (ii) left anterior temporal regions during verb
generation (Holland & Lambon Ralph, 2010), synonym judgement (Pobric, Jefferies,
& Lambon Ralph, 2007); and left posterior temporal regions during object recognition
(Stewart, Meyer, Frith, & Rothwell, 2001). Each study used results from functional
neuroimaging to inform the stimulation site that when temporarily “lesioned” by the
TMS protocols would determine its relevance for a chosen language task.

While the consensus is that the left hemisphere plays a dominant role in language
processing, it is worth remembering that the right hemisphere is also significantly acti-
vated in a range of language tasks. A recent study of healthy participants used fMRI to
guide rTMS to target the right posterior inferior frontal gyrus (IFG) during phonolog-
ical decisions on words (Hartwigsen et al., 2010). They found that TMS applied over
the left, right, or bilateral IFG disrupted phonological processing to an equivalent
degree. This suggests that the left and right IFG do not have the capacity to rapidly
compensate for disruption to the other during rTMS in healthy participants. However,
in chronic post-stroke aphasia the interhemispheric relationship may be altered as a
consequence of time and brain–language recovery after stroke. Understanding these
patterns of variation may be key factors in developing more sophisticated models of
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language processing and recovery that will, in turn, inform suitable target sites for
stimulation in aphasic patients.

Identifying viable cortex to stimulate in damaged brains. When translating stim-
ulation protocols from healthy participants to post-stroke aphasic patients, the
consideration is not only in terms of how the stimulation target site may be engaged
by the language task, but also how the stroke damage impacts on the targeted corti-
cal region’s structure and function. In the four studies reviewed here, two used each
patient’s own fMRI brain activation patterns collected during overt picture naming to
subsequently guide the placement of tDCS electrodes (Baker et al., 2010; Fridriksson
et al., 2011) while the remaining two studies were guided by data from previous
neuroimaging studies.

In each study the active electrode was placed directly over the cortex to be modu-
lated, as the electrical field strength induced by tDCS decreases rapidly with distance
from the electrode (Miranda, Lomarev, & Hallett, 2006). However, the placement of
the active electrode on the scalp varied across the four studies reviewed here. They
included primarily left frontal (Baker et al., 2010) and left temporal regions (Fiori
et al., 2010; Fridriksson et al., 2011; Monti et al., 2008). Baker et al. (2010) found
that, across their group of patients with frontal or posterior lesions, those who showed
the greatest improvement in naming accuracy after frontal anodal tDCS were those
with perilesional areas closest to the electrode site. Indeed, in a more homogeneous
group of patients, seven out of eight patients with posterior cortical or subcortical
lesions showed faster naming responses after posterior anodal tDCS (Fridriksson
et al., 2011), again highlighting the role of perilesional regions in supporting language
processes. In the study by Fiori and colleagues (2010) they noted that the lesion of one
of their patients, M.T., completely overlapped with the electrode location, yet surpris-
ingly this patient also showed an improvement in naming accuracy by the fifth day of
treatment in the order of ∼7% relative to sham. These results suggest that the cortical
effect of tDCS in this patient must be remote from the electrode site, but how this is
mediated is unclear.

Using the model of interhemispheric rivalry, if speech production performance is
to be successfully improved after partial left hemisphere stroke damage then anodal
tDCS applied to structurally and/or functionally intact perilesional cortex should
increase the residual left hemisphere’s output and improve language function. Indeed,
both Baker et al., (2010) and Fridriksson et al., (2011) have used this approach.
Here functioning perilesional left hemisphere cortex was identified using fMRI pre-
treatment to ensure that tDCS was delivered to both functionally and structurally
viable cortical tissue. However, if suitable cortex in the stroke-damaged left hemisphere
were not available due to an extensive lesion for example, an alternative approach to
treatment would be necessary. Again, based on the model of interhemispheric rivalry,
in such cases tDCS could be applied to the right hemisphere to enhance residual
output from the stroke-damaged hemisphere by removing any potential interference,
or reducing the excitability of the right hemisphere i.e., inhibitory stimulation of the
contralesional, right hemisphere (see Figure 2).

Stimulation of the contralesional hemisphere as a method of suppressing the
maladaptive strategies of the unaffected hemisphere and promoting activity of the
damaged hemisphere has been explored in the context of motor recovery post-stroke.
Results indicate that, like positive effects observed for anodal stimulation of the
ipsilesional hemisphere, cathodal stimulation of the contralesional hemisphere also
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Figure 2. Illustration of potential target sites of stimulation to facilitate naming performance in relation to
structural brain damage and the normal naming network in three different patients. The top panel illustrates
the extensive bilateral fronto-temporal naming network found in an fMRI study of healthy older particpants
(cf. Holland et al., 2011). Activation is overlaid onto a rendered cortical surface from SPM8. In the lower
panels of the figure we overlay the normal pattern of brain activation onto three chronic aphasic stroke
patients’ individual structural MRI scans. The aim here is to illustrate from left to right for each patient:
(1) their structural brain damage within the left hemisphere, (2) the normal naming network overlaid onto
their individual brain scan to show the relationship between the lesion damage to the naming network and
the target stimulation site (red cross), and (3) the stimulation sites feasible for each patient depending on
the proposed target site. Panel A highlights, in two chronic aphasic stroke patients, that structurally intact
regions of cortex within the lesioned left hemisphere may serve as potential candidate sites for anodal stim-
ulation to facilitate treatment of anomia in (Ai) Broca’s area and (Aii) Wernicke’s area. Panel B highlights
that when the lesion is has damaged relevant cortices in the left hemisphere perilesional stimulation may
not be possible. Therefore, for the two patients illustrated, facilitation of the contralesional hemisphere
may be the optimal approach to aid recovery: (Bi) right homologue to Broca’s area and (Bii) Wernicke’s
area. Although not illustrated here, in cases where patients have suffered a large MCA infarct affecting the
whole of the left hemisphere and resulted in extremely limited perilesional tissue, stimulation of the con-
tralesional hemisphere would be the sole option. Furthermore, studies of aphasia recovery have successfully
used anodal stimulation of the left perilesional hemisphere to elicit positive behavioural outcomes, however
the effects of anodal or cathodal stimulation of the right contralesional hemisphere are, as yet unknown,
and will be dependent on the theoretical hypotheses of the research. To view this figure in colour, please see
the online issue of the Journal.

enhanced motor performance (Boggio et al., 2007; Fregni et al., 2005). Furthermore,
bi-hemispheric stimulation of the left and right hemisphere with anodal and cathodal
in healthy participants enhanced motor performance to a greater degree than unilat-
eral or sham stimulation (Vines et al., 2008). This pattern of improved performance
following “dual” stimulation was replicated in a group of 10 chronic stoke patients
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compared to a group of 10 patients who received sham stimulation (Lindenberg et al.,
2010), suggesting preliminary support for this approach.

Surprisingly, such an electrode arrangement has not yet been used in tDCS stud-
ies of language recovery in post-stroke aphasic patients. While in the TMS literature
stimulation of the contralesional hemisphere as a method of suppressing the mal-
adaptive strategies of the right, non-lesioned hemisphere during language tasks and
thereby promoting activity of the lesioned hemisphere has been the main approach to
date (Hamilton, Chrysikou, & Coslett, 2011). Functional neuroimaging studies have
shown chronic over-activation of the non-dominant language homologues (Blank,
Bird, Turkheimer, & Wise, 2003; Leff et al., 2002; Naeser et al., 2004; Rosen et al.,
2000), especially in severely aphasic patients (Crinion & Price, 2005). In the case of
speech production it is hypothesised that suppressive stimulation over the right frontal
cortices (homologue to Broca’s area) would promote the recovery of speech function.
Naeser et al., (2005) found such an effect in four chronic patients of variable severity
when given 10 daily sessions of 1 Hz rTMS over the right hemisphere homologue of
Broca’s area. The patients had an immediate improvement in picture naming output
that, for three patients, persisted for up to 8 months.

In contrast, a later study by Winhuisen and colleagues (2005) showed that verbal
fluency could be significantly reduced after stimulation of the right inferior frontal
gyrus (IFG). They studied 11 patients within 2 weeks of their stroke and applied 4 Hz
rTMS over the right IFG for 10 seconds during a verbal fluency task. Pre-treatment
positron emission tomography (PET) showed that eight patients showed activation of
the right IFG during this task and, in five of these patients, fluency was reduced by
stimulation of the right IFG. The conclusion from this study was that in some patients
activity in the right IFG at least in this early time post stroke was contributing to
speech rather than interfering with function of Broca’s area on the left. These data
highlight the issue of general applicability of a treatment approach using suppression
of the non-stroke hemisphere; for a subset of these patients the right IFG was also
essential for residual language function. Therefore the preliminary results from tDCS
of the right hemisphere to promote motor recovery are encouraging (e.g., Lindenberg
et al., 2010; Vines et al., 2008), but more research is needed to explore whether these
issues of individual differences that apply to TMS effects of the motor cortex may also
apply for tDCS of the language cortices.

Furthermore, Martin and colleagues (2004), using a single session of 1 Hz rTMS
under magnetic resonance imaging navigation, showed that the nature of the stimula-
tion effect may depend on the exact site of stimulation: picture naming was transiently
improved by rTMS only after suppression of the anterior portion of the IFG (Broca’s
area), whereas stimulation of the posterior parts of Broca’s area had the opposite
effect. If cognitive models predict subtle gradations within proximal cortical regions,
an issue that is particularly problematic for tDCS is spatial specificity within a tar-
get stimulation site, which may preclude its use to explore such empirical questions.
We discuss this issue in the following section.

tDCS focality. While TMS has been successfully used in exploring subtle spa-
tial variation across different cortical regions (Devlin, Matthews, & Rushworth,
2003; Gough, Nobre, & Devlin, 2005; Nixon, Lazarova, Hodinott-Hill, Gough, &
Passingham, 2004) tDCS is argued to lack such spatial specificity due to (a) using
large electrodes and (b) the bipolar scalp electrode arrangement used in many studies.
Electrodes are typically quite large, ranging from 25–35cm2, therefore tDCS may
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stimulate not only the intended cortex, but also adjacent cortices. This limits the use of
tDCS for detailed anatomical mapping and differential stimulation of cortical regions
in close proximity to one another. As such, the issue of focality remains an impor-
tant consideration in brain stimulation studies and may preclude the use of tDCS
in favour of (r)TMS to explore certain research questions. However, to increase the
focality of tDCS, researchers are investigating different electrode geometries (Datta,
Bansal, et al., 2009) and reducing the size of the electrodes, while maintaining the level
of direct current delivered. For example, it has been shown that a smaller (3.5cm2)
electrode and reduced current 0.1 mA induced equivalent effects on cortico-spinal
activity (Nitsche, Doemkes, et al., 2007). However, the effects of smaller electrodes on
tissue excitability due to changes in current orientation and edge effects, for example,
are unclear and require further development and investigation highlighting that the
solution is not a simple one (Nitsche et al., 2008).

Another consideration of tDCS is that, by definition, it relies on delivering cur-
rent via electrodes placed on the scalp surface (transcranially). It has been suggested
that much of the current delivered is shunted through the scalp, with only half of an
injected current entering the cortex (Miranda et al., 2006). The electrical field strength
induced by tDCS also decreases rapidly with distance from the electrode, which may
preclude the use of tDCS to target deep cortical structures, such as the insula, in speech
production tasks in healthy and impaired speakers.

When deciding where to stimulate with tDCS, there is also the question of where
to place the reference electrode. All tDCS protocols require that there are two elec-
trodes between which a direct, constant current must flow from the anode (positively
charged) to the cathode (negatively charged). In paradigms that refer to anodal or
cathodal stimulation effects the second “reference” electrode is located over an area
deemed to be remote from cortical regions involved in the task. In tDCS studies
of language processing to date, the location of the reference electrode has varied
from contralateral supraorbital ridge (Fiori et al., 2010; Liuzzi et al., 2010), ver-
tex (Sparing et al., 2007), the cheekbone (Ross et al., 2010), to an extracephalic site
(Baker et al., 2010; Fertonani et al., 2010; Fridriksson et al., 2011; Monti et al., 2008).
Issues arise concerning each montage of electrodes. If both electrodes are placed
on the scalp (bi-cephalic montage), it has been argued that observed tDCS effects
may be due to a combination of facilitation and/or inhibition across the brain, giv-
ing rise to a widespread change of cortical excitability (Lang et al., 2005). However,
making inferences about the source of tDCS effects is difficult. Although this is
an important consideration, evidence from the motor-tDCS literature suggests that
neurobehavioural measures of excitability of the motor cortex (e.g., motor evoked
potentials) are unaffected by a supraorbital reference electrode (Nitsche & Paulus,
2000). To further address such concerns, another approach has been to use an enlarged
reference electrode relative to the active electrode. A large reference electrode renders
the current too dispersed to be effective (current density = current strength divided by
the electrode size)—therefore making the reference electrode stimulation theoretically
neutral—allowing for the inference that the observed effects on brain and behaviour
are solely due to modulation of the target cortex by the active electrode. Research in
the motor literature indicates that tDCS effects were equivalent across the standard
and enlarged electrode geometries (Nitsche, Doemkes, et al., 2007).

Avoiding any potential confounding effects of two electrodes with opposite polar-
ities over the brain, an extracephalic reference was used in two of the tDCS studies
in this review (e.g., Baker et al., 2010; Fridriksson et al., 2011). In motor studies this
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electrode arrangement has been suggested to allow for potential spinal influence on
observed effects via cortico-spinal connections (e.g., Nitsche, Doemkes, et al., 2007).
However, a recent study exploring autonomic responses to anodal, cathodal, and sham
stimulation of the frontal midline with an extracephalic reference found no signifi-
cant effects of stimulation with an extra-cephalic reference (Vandermeeren, Jamart,
& Ossemann, 2010). It is important to note that at this stage it is not clear which is
the “best” approach to use, but any differences in the arrangement of electrode may
influence effects of stimulation (Miranda et al., 2006) and should therefore be clearly
reported to allow for comparison across studies (cf. Nitsche et al., 2008).

When to stimulate. As with TMS, an important empirical question is when to
deliver tDCS in relation to a task of interest, i.e., online: concurrently with the task
or offline: pre-task (at rest). The choice depends on the hypotheses about the neural
mechanisms supporting the behavioural effects. To date, the neural mechanisms that
support tDCS remain unclear (Nitsche, Fricke, et al., 2003; Nitsche, Liebetanz, et al.,
2003; Nitsche & Paulus, 2000).

The offline approach uses tDCS to prime the system at rest in preparation for
a task to be performed after stimulation. It has been successfully used in language
studies of both healthy (Fertonani et al., 2010) and impaired speakers (Monti et al.,
2008). In contrast to Fertonani and colleagues, who report an improvement in per-
formance after offline anodal tDCS, Monti et al. found an improvement in patients’
naming accuracy after offline cathodal stimulation of left fronto-temporal cortex. This
apparent contradictory effect observed for cathodal rather than anodal stimulation
was argued to be due to tDCS-induced depression of cortical inhibitory inter-neurons
in the lesioned hemisphere. This in turn led to a disinhibition of the cortex, thereby
improving the function of the damaged left hemisphere language areas. This paradox-
ical improvement has also been reported in a motion detection study (Antal, Nitsche,
Kruse, et al., 2004). Further research using offline stimulation to precondition the cor-
tex prior to delivery of a task is certainly needed in order to better understand these
contrasting effects.

In contrast, several studies have used online tDCS delivered during a language
task (Iyer et al., 2005; Ross et al., 2010; Sparing et al., 2007), and during language
learning in healthy participants (de Vries et al., 2010; Fiori et al., 2010; Floël et al.,
2008). Consistent with the approach of these latter studies the facilitatory effects of
anodal stimulation on motor learning was found to be maximal when delivered dur-
ing motor skill training. In contrast, tDCS applied at rest, i.e., not paired with training,
had no beneficial effect on motor performance (Nitsche, Roth, et al., 2007; Nitsche,
Schauenburg, et al., 2003).

At a cellular and molecular level, studies in basic science suggest that one possible
neurobiological account of the mechanism underlying the facilitatory effects of online
anodal stimulation is that during anodal tDCS the intracellular calcium concentra-
tions, which are important for processes of LTP, are increased via improved trans-
membrane calcium conduction (Canepari, Djurisic, & Zecevic, 2007). Furthermore,
there is an increased secretion of brain-derived neurotrophic factor (BDNF), a protein
crucial for new learning that occurs during anodal stimulation (Fritsch et al., 2010).
Conversely, anodal modulation of synaptic strength prior to motor learning has been
shown to compromise performance (Kuo et al., 2008), an effect that was further mod-
ulated by the presence of a partial NMDA-receptor agonist (d-cycloserine). Similarly,
the enhancement of motor cortex excitability by preconditioning with anodal tDCS
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elicited decreased excitation in rTMS protocols that had previously had no effect
(Siebner et al., 2004). The excitability status, or homeostatic plasticity, of the underly-
ing cortex is important as it modulates the ease with which synaptic connections can
be facilitated or suppressed (e.g., Antal, Terney, Poreisz, & Paulus, 2007).

Increased excitability within a language-engaged network (during practice or
therapy) and the associated neurobiological facilitation of cellular and molecular
mechanisms of anodal tDCS may together have the capacity for increased neuroplas-
ticity within the damaged language system, which may increase the potential for better
learning or language recovery. Specifically, within a task-engaged network the syn-
chronous firing of post-synaptic targets will encourage synaptic strengthening (Kuo
et al., 2008; Nitsche, Roth, et al., 2007). Therefore, it could be argued that in the
context of re-learning language and aphasia therapy tDCS delivered during, and not
before, a task or learning paradigm could optimise outcome and long-term language
performance. Although preconditioning—or offline stimulation—of the cortex with
tDCS has been shown to enhance subsequent neural effects of TMS (e.g., Lang et al.,
2004; Siebner et al., 2004), the comparison of offline and online tDCS stimulation
protocols, their effect on behavioural performance and relationship to the underlying
neural mechanism of tDCS requires further systematic research.

How long to stimulate. The efficacy of tDCS from current density and stimulation
duration has been systematically explored in the primary motor cortex. Increasing
current density or stimulation duration, holding the other parameter constant, results
in longer-lasting and stronger effects (Nitsche, Nitsche, et al., 2003; Nitsche & Paulus,
2000, 2001). However, this might not be a linear relationship in each case. Larger cur-
rent densities also increase the depth of the electrical field modulating deeper cortical
regions not affected by lower intensity protocols and where the effects of tDCS might
be different compared with more superficial cortical structures (Creutzfeldt, Fromm,
& Kapp, 1962). Moreover, large current densities might be painful. Current densities
delivered during language studies have varied between 0.029 and 0.08 mA/cm2 in most
published studies (see Floël, 2012, and Table 1). These limits will probably continue to
expand with experience (Nitsche et al., 2008).

Similarly, one might consider that repeated delivery of tDCS paired with repeated
activation of a task-engaged network should be incrementally beneficial. However,
stimulation durations, which are likely to result in excitability changes lasting more
than 1 hour, should be applied with caution, because changes lasting that long could
be consolidated and stabilised leading to unintended or adverse effects: i.e., beyond a
certain period of time, the enhancing effects of anodal tDCS may switch and become
inhibitory (Fricke et al., 2010). The same concerns apply for repeated application
of tDCS to the same brain region without an appropriate interval between sessions
(Monte-Silva et al., 2010). When repetitive tDCS is performed to prolong and stabilise
long-lasting after-effects, participants are generally stimulated once a day (Boggio
et al., 2007; Fregni et al., 2006). Although repeated interventions in the order of days
appeared to give facilitatory effects on language performance in aphasic speakers (see
Table 1), and language learning in healthy speakers (de Vries et al., 2010; Floël et al.,
2008), it remains unclear whether this protocol is optimally suited to maximise the
electrophysiological effects of tDCS.

At present, 20 minutes of anodal tDCS given within a session appears to be facili-
tatory, with the effects lasting at least as long as the duration of stimulation. However,
beyond 20 minutes of stimulation the effects may not be as expected. For repeated
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application of tDCS, we suggest a sufficiently long intersession interval between tDCS
interventions to avoid unintended carry-over effects. The duration of this interval
depends on the stimulation procedure. If the aim is to induce more long-term and
stable changes in cortical function, repeated daily tDCS sessions may be adequate.
However, further studies are certainly needed to explore the optimal intersession inter-
val for stabilising effects. So contrary to the general “more is better” approach for
aphasia behavioural therapeutic interventions, this adage may not be the case with
tDCS.

CAVEATS

Despite significant limitations to our understanding of the mechanism of tDCS, the
preliminary work with chronic aphasic stroke patients reviewed here indicate that it
is possible to improve language task performance by means of noninvasive electrical
stimulation applied to the damaged brain. This raises the exciting hypothesis that cur-
rently available tDCS has the potential to modulate language rehabilitation. Several
caveats should be kept in mind.

First, studies implemented so far have mostly focused on the ability of tDCS to elicit
improvements in speech production by stimulation of left-hemisphere perilesional
regions. Yet the accompanying neural mechanisms underlying these changes have not
been investigated. The paths of tDCS-induced effects remain unclear and behavioural
changes may result through specific enhancement of activity in the targeted corti-
cal area or via distant effects on other interconnected cortical areas. Therefore more
sophisticated head models incorporating detailed anatomical information from struc-
tural MRI or DTI may be necessary to constrain tDCS effects. At the very least in
aphasic stroke patients a detailed anatomical MRI scan is necessary to be confident
that the active electrode is placed over structurally intact cortex.

Second, detailed theoretical and anatomical models of language processing that
guide the application of tDCS to particular regions of cortex are also necessary. fMRI
and TMS studies of language processing have highlighted that the right hemisphere
may well have a contributing role to play in aphasia recovery emphasising that ther-
apeutic interventions, such as tDCS, that stress targeting the left or right-hemisphere
currently should be based on supporting functional neuroimaging of patients and
language tasks. Studies combining tDCS with other brain imaging and neurophys-
iologic mapping methods, e.g., fMRI or electroencephalography (EEG), promise to
provide invaluable insights on the correlation between modification of language and
its underlying neurophysiological mechanisms.

Third, most basic neuroscience research in the field has focused on studying the
effects of stimulation over the motor cortex, where anodal stimulation has a facilita-
tory effect and cathodal an inhibitory effect. However, some studies have reported that
anodal stimulation of the frontal cortex failed to induce significant improvements in
behaviour (Antal, Nitsche, Kincses, et al., 2004; Nitsche, Schauenburg, et al., 2003).
Similarly, cathodal tDCS does not always inhibit language performance in healthy par-
ticipants (e.g., Fertonani et al., 2010; Iyer et al., 2005; Sparing et al., 2007). However,
studies indicating a lack of effect of stimulation in a particular cortical region are not
proof that that area is not involved. The most parsimonious interpretation of these
findings is that more elaborate, hypothesis-driven behavioural paradigms or stimula-
tion parameters may be necessary to study the functional role of the cortical regions
involved in language processing. Alternatively, it is possible that the “threshold” for
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facilitating motor learning by stimulation of motor cortex is lower than by stimulation
of other cortical areas for language processing, an issue that needs to be investigated
in future experiments.

Finally, studies to date have focused on relatively short-term improvements in lan-
guage performance (longest follow-up data available in aphasic patients was 3 weeks
post training; Fridriksson et al., 2010). It is not known whether these intriguing
task-specific improvements may be persistent or have any impact on real-life func-
tional communication abilities. More experiments are required to assess the effects
of repeated applications of tDCS in association with multiple training sessions, their
interaction with specific language tasks and different intensive training regimes, such
as constraint-induced aphasia treatment (CIAT) and the extent to which these perfor-
mance improvements are retained in the long term. Therefore these factors should be
considered when designing a study.

CONCLUSIONS AND FUTURE DIRECTIONS

In summary, despite the infancy of the field and the very few studies to date, it does
seem possible to improve aphasic stroke patients’ performance on speech production
tasks by means of tDCS. The lack of any reported adverse effects suggests that the
procedure is safe, even in chronic stroke patients who have a higher reported incidence
of seizures than healthy participants. Future work will have to address many so-far
unanswered questions including:

(1) What are the optimal combinations of stimulation parameters to get maxi-
mal behavioural effects? For tDCS these parameters involve the size of electrodes,
amplitude, duration of current, online versus offline, and the time-interval between
stimulation periods. A systematic exploration of how these parameters interact and
influence tDCS-induced effects in normal language function is certainly important.
How these effects then translate to damaged brains is an additional level of complex-
ity that may also vary with time post-stroke. Furthermore, whether established tDCS
protocols may be usefully combined with other forms of therapeutic intervention: for
example pharmacological interventions also needs investigation. Pharmacotherapy
for recovery from aphasia when delivered in combination with behavioural training
(Berthier et al., 2009) may have maximal potential when also combined with tDCS.
While drugs may have a more global effect on brain function, tDCS can have a more
regionally specific effect (Holland et al., 2011). Therefore, when administered in com-
bination with language rehabilitation, these approaches may have a synergistic effect.
For example, tDCS of frontal cortex during speech production in combination with
pharmacological modification of the dopaminergic system may enhance, or prolong,
therapeutic outcome compared to each intervention alone (e.g., Antal & Paulus, 2011).

(2) When applying tDCS to facilitate aphasia recovery is it more effective to stimulate
the stroke-damaged or the non-stroke hemisphere? Although the model of interhemi-
spheric rivalry has been used to support the idea that excitatory tDCS should be
applied to the stroke hemisphere to optimise recovery, the corollary argument that
inhibition of the right hemisphere with tDCS is beneficial requires further research.
As suggested by some TMS studies of interference with language function, it may
well be that in some aphasic patients the right hemisphere is contributing signifi-
cantly to their language recovery, rather than suppressing remaining function of the
stroke hemisphere. In this instance these patients may benefit from anodal tDCS to
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the right hemisphere: one approach may not be suitable for all. Further work is cer-
tainly needed to understand the mechanism of tDCS. Nevertheless, at this stage there
is an encouraging possibility that tDCS of perilesional cortices when combined with
behavioural rehabilitation may contribute to improved speech outcome in post-stroke
aphasic patients. These preliminary foundations suggest that tDCS as a complemen-
tary tool for rehabilitation of language function in chronic stroke aphasic patients is
an exciting opportunity and an important new avenue of research.
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