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ABSTRACT

Post-stroke aphasia, characterized by varying language deficits, typically arises
following left-brain damage. Although speech-language therapy (SLT) is an effective
treatment, it often fails to fully restore language functionality, underscoring the urgent
need for innovative interventions. Transcranial direct current stimulation (tDCS)
emerges as a promising, safe, and feasible strategy that can be smoothly integrated into
SLT routines. By modulating brain activity and fostering plastic changes, tDCS is
particularly effective when paired with SLT, as this combination promotes experience-
dependent plasticity in relevant networks. This strategy has shown considerable
efficacy in enhancing the benefits of naming therapy, a primary focus area in aphasia
literature. Despite fewer studies investigating other language domains, encouraging
outcomes have been observed across virtually all language areas. However, larger and
more rigorously controlled trials are essential to substantiate these findings. Significant
variations in study designs, including stimulation parameters such as intensity, site, and
duration, must also be addressed. Furthermore, individual factors like lesion location,
size, and time post-stroke must be considered for more precise and personalized results.
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While anodal tDCS over the left hemisphere has received substantial support, there is
an apparent need for individualized current flow modeling to ensure accurate
stimulation sites. Increased research into high-definition tDCS is advocated to facilitate
more focused stimulation and reduce inter-individual variability in current flow. As
research advances, rigorously designed large-scale trials are critically needed to bridge
existing knowledge gaps and fully harness the therapeutic potential of this innovative
technology.
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INTRODUCTION

Stroke, a leading cause of disability worldwide, frequently leads to substantial
language impairments commonly referred to as aphasia. This condition occurs in
about 21-38% of acute left-sided stroke survivors (Berthier, 2005), constituting one
of its most devastating and distressing consequences. The aftermath of aphasia is
multifaceted, extending beyond the individual's ability to communicate to
encompass profound effects on the overall quality of life, psychological well-being,
social engagement, and the ability to return to work (Carod-Artal & Egido, 2009;
Graham, Pereira, & Teasell, 2011; Mazaux et al., 2013). Despite the proven benefits
of conventional rehabilitation strategies (i.e., speech and language therapy, SLT),
they often fall short in restoring language abilities, indicating an unmet need in
aphasia therapy.

After a stroke, language recovery is supported by distributed neuroplastic
changes involving the reconfiguration of the brain networks that support different
aspects of language in both hemispheres (Hamilton, Chrysikou, & Coslett, 2011;
Stefaniak, Geranmayeh, & Lambon Ralph, 2022). Spontaneous recovery from post-
stroke aphasia (PSA) occurs typically during the acute stage, however, it may take
place even years after stroke (Hope et al., 2017), mainly aided by speech-language
therapy (SLT) and biological interventions (e.g., pharmacotherapy, non-invasive
brain stimulation - NIBS) (Duncan, Pradeep, & Small, 2020; Tippett, 2015). NIBS
techniques like transcranial direct current stimulation (tDCS) can further enhance
neuroplasticity by modulating neural activity and facilitating the rewiring of
language-related neural circuits. While growing evidence suggests that tDCS can
augment SLT by strengthening task-relevant neural networks, we must also
acknowledge the existence of several limitations.

This chapter aims to delve into tDCS as a complementary intervention tool in
PSA, offering an overview of the current scientific evidence supporting its role in
aphasia recovery, its challenges and limitations, and possible future directions. We
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aim to provide a balanced view, acknowledging this emerging therapy's potential
benefits and complexities.

CURRENT APPROACHES TO APHASIA REHABILITATION AND
NEED FOR NOVEL INTERVENTIONS

Aphasia, as a clinical condition resulting from neurological disruptions, can
manifest as deficits across multiple language dimensions due to the interdependent
yet independently vulnerable nature of the linguistic system. (Stefaniak et al.,
2022). SLT is regarded as the gold standard in aphasia rehabilitation, crucial in
managing and improving the overall severity of language impairments. These
therapies involve engaging people with PSA in language tasks tailored to address
their unique deficits. The overarching goal is to foster neuroplastic changes and
consequently restore the function of the impaired language components.

A recent comprehensive review and meta-analysis (Brady, Kelly, Godwin,
Enderby, & Campbell, 2016) underscores the efficacy of SLT in fostering language
recovery in PSA, demonstrating its role as a critical tool in aphasia rehabilitation.
The study, summarizing findings from 57 randomized controlled trials (RCTs),
presents compelling evidence that SLT significantly enhances functional
communication, reading, writing, and expressive language skills in patients
receiving SLT compared to those not undergoing SLT. However, even higher-
intensity interventions induce moderate improvement, with small to medium effect
sizes. Therefore, while this meta-analysis crucially supports the effectiveness of
SLT in facilitating post-stroke language recovery, it also indicates that despite the
benefits, patients often continue to experience persistent language and
communication deficits, compromising their overall communication efficiency and
quality of life.

In light of these challenges, there is a pressing need to develop and integrate
novel interventions that can potentiate recovery and improve residual deficits. In
this line, pharmacological approaches have been explored as a potential adjunct to
behavioral therapy, with some agents (e.g., donepezil and memantine) showing
positive results in enhancing the effects of SLT (Berthier, 2021; Davila, Torres-
Prioris, Lopez-Barroso, & Berthier, 2023). However, there are limitations to the use
of these drugs, one being that they cannot be prescribed by speech-language
pathologists who are often the sole professionals involved in aphasia care,
especially during the chronic phase. Moreover, certain drugs like donepezil may
not be suitable for severe aphasia cases (Woodhead et al., 2017), despite evidence
of positive outcomes in less severe instances (Berthier et al., 2006; Berthier,
Hinojosa, Martin, & Fernandez, 2003). In this scenario, tDCS emerges as a
compelling alternative for online rehabilitation during SLT. It is affordable,
convenient, easy to use, safe, and portable, with mild side effects (e.g., itching,
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tingling, mild burning sensation) (Lefaucheur et al., 2017). Given these advantages
and the evidence supporting its efficacy, this technique offers a promising approach
to augment the benefits of SLT. By integrating SLT with complementary practices,
such as tDCS and pharmacological agents, synergistic effects can be achieved, and
the overall recovery process in PSA can be improved.

In the next section, we will describe the action mechanisms of tDCS and the
brain changes that may underlie aphasia recovery after stroke. By understanding
how tDCS influences neural activity and leveraging the brain's recovery
mechanisms, we can uncover new insights to enhance the effectiveness of aphasia
rehabilitation.

TDCS ACTION MECHANISMS AND NEUROPLASTICITY IN
APHASIA RECOVERY

Post-stroke recovery is attributed to neuroplastic changes comprising structural
and functional adaptations within unimpaired brain regions in both hemispheres.
Several mechanisms have been proposed to support language recovery after stroke
(Hamilton et al., 2011; Lorca-Puls et al., 2021; Xing et al., 2016). These include the
reactivation of core left hemisphere language regions over time (Saur et al., 20006),
the possibility of recruiting or up-regulating the functioning of right hemisphere
regions (Skipper-Kallal, Lacey, Xing, & Turkeltaub, 2017; Stefaniak, Alyahya, &
Lambon Ralph, 2021) and the recruitment of domain-general networks that support
language recovery (Geranmayeh, Chau, Wise, Leech, & Hampshire, 2017;
Stefaniak et al., 2021).

Recent meta-analytic studies have critically summarized decades of research
on the mechanisms of language recovery after stroke, highlighting their complexity
(Stefaniak et al., 2021; Wilson & Schneck, 2021). In a comprehensive language
Activation Likelihood Estimation (ALE) meta-analysis, (Stefaniak et al., 2021)
revealed that both people with PSA and healthy subjects consistently activate
shared regions in the left and right frontal and temporal lobes, the right parietal lobe,
and the midline cortex, emphasizing the importance of both hemispheres in
language processing. However, people with PSA exhibit a different activation
pattern, with heightened activation in the right anterior insula, the right frontal
operculum —both part of domain-general networks— and the right inferior frontal
gyrus (pars opercularis). Further, Saur et al. (2006) proposed a three-phase model
of language recovery in which the relevance, and the activity, of the left and right
hemispheres evolve through the various post-stroke phases (acute, subacute,
chronic). Later, Stockert et al. (2020) refined this model and provided supporting
evidence highlighting the pivotal role of the right inferior frontal gyrus during
recovery after left frontal lesions but not posterior (temporoparietal) lesions, which
do not rely on the right hemisphere upregulation. These findings suggest that the
timing post-stroke may be crucial when evaluating the efficacy of tDCS. Moreover,
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the pattern of functional reorganization might also depend on factors like lesion
location, size, and the particular language task involved, among other variables
(Skipper-Kallal et al., 2017; Turkeltaub, Messing, Norise, & Hamilton, 2011;
Wilson & Schneck, 2021).

tDCS serves as a strategic method for modulating neural activity in brain areas
that are crucial for the recovery process, potentially aiding the reorganization of
neural networks. This targeted regulation of cortical excitability can enhance the
outcomes of SLT, promoting experience-dependent plasticity and inducing long-
lasting effects. tDCS alters the resting membrane potentials of neurons (Stagg,
Antal, & Nitsche, 2018), influencing spontaneous neuronal excitability and
modulating neurotransmitter equilibrium (Antonenko et al., 2019). As a result,
tDCS acts as a neural modulator, inducing divergent effects through both anodal
and cathodal stimulation. The former facilitate action potential and, thus, behavior,
and the latest reduces neural excitability and the likelihood of neuronal firing (Stagg
etal., 2018).

The physiological effects of tDCS continue beyond the stimulation period, with
increased cortical excitability lasting for a duration dependent on the length of
stimulation. For example, a 9-minute session of anodal tDCS (A-tDCS) can lead to
after-effects for up to 30 minutes, while a 13-minute session can produce effects for
up to 90 minutes (Nitsche and Paulus 2001). Additionally, tDCS can induce longer-
lasting impacts by promoting neuroplastic changes akin to long-term potentiation
and depression. These changes, grounded in synaptic plasticity, involve the
strengthening of synapses when a presynaptic neuron repeatedly fires action
potentials onto a postsynaptic neuron, facilitated by increased neurotransmitter
release and enhanced receptor sensitivity (Hebb 1949). This mechanism may relate
to the enduring clinical benefits found in people with PSA, as noted in a recent
meta-analysis (Bucur & Papagno, 2019). Additionally, tDCS has been shown to
influence the Brain-Derived Neurotrophic Factor (BDNF), a crucial mediator of
LTP and neuroplasticity (Chan, Yau, & Han, 2021), and crucially there is evidence
suggesting that the efficacy of tDCS stimulation may be linked to BDNF
polymorphisms. For instance, Fridriksson et al. (2018) demonstrated that
individuals with typical BDNF genotype (val/val) respond more favorably to A-
tDCS during aphasia treatment than those with atypical genotype (met/met). Hence,
tDCS may promote language recovery by boosting synaptic plasticity during SLT,
which requires activity-dependent BDNF secretion (Fritsch et al., 2010).

RESEARCH EVIDENCE ON TDCS AND LANGUAGE RECOVERY

The body of evidence supporting the efficacy of tDCS in enhancing language
performance in PSA is steadily expanding. This trend is well documented by several
reviews and meta-analyses published over the past decade, demonstrating the
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increasing interest in this field and the evolution of the supporting evidence. While
earlier meta-analyses, limited to a small number of studies, were unable to
conclusively affirm the effectiveness of tDCS (e.g., Elsner et al., 2013), more recent
reviews highlight its promising potential to improve at least some language
outcomes (e.g., Elsner et al., 2019). In the subsequent sections of this chapter, we
will detail pertinent information to understand the state of research on the efficacy
of tDCS in PSA rehabilitation. Considering that numerous reviews, systematic
reviews, and meta-analyses have been published on this topic in the last years, we

provide summaries of these works in Table 1 and Table 2.

Table 1. A summary of reviews on the effectiveness of tDCS in aphasia recovery.

Study. Number of studies
Article type . . . S included and Review conclusions regarding
(years Aim Inclusion and exclusion criteria experimental {DCS use in PSA
covered) designs
Inclusion: (1) intervention studies
(case reports and observational
Kidwai, studies) of TMS and tDCS in n=36
Sharma, To summarize aphas@. . . - Randomlze(i - 32 of the reviewed studies
Peper, & . Exclusion: (1) not written in crossover (n = 14). . .
research on using - . . reported improvement in
Brumberg, . ’ English; (2) not peer-reviewed - Non-randomized
NIBS for improving e . _ language outcomes.
2022 1 R original research; (3) population crossover (n = 4). . .
. anguage skills in . . . w - Most tDCS studies are with
Scoping aphasia patients other than patients with aphasia; -RCTs (n =8). non-fluent chronic individuals
review P P ’ (4) not targeting linguistic - Non-RCTs (n=1). .

(2015-2022).

communication skills; (5) using
technology solely for assessment,
not rehabilitation.

- Single case (n = 9).

Inclusion: (1) tDCS studies on
persons with acquired brain

- tDCS, in combination with

Zettin, . . SLT, promotes better recovery
Bondesan, lesions and aphasia. of impaired language functions
Nada Valjini To investigate the Exclusion: (1) acute stage; (2) - Heterogencous results ’
& Di;ni i > effectiveness of other types of aphasia not related n=46 regar ding elec;lro de lslize
2021 ? tDCS in aphasia. to acquired brain lesions; (3) <3 elegc tro dgmonta e dura’tion of
Revie.:w participants (e.g., single case); (4) the stimulation %Jr’current
’ other NIBS techniques different densit ’
from tDCS. o
- Results of tDCS are
Picano To overview the Inclusion: (1) RCTs focused on Ia’crl(r)rrlllquj:tlegr 1\t{ Z;Z):: lssiggugifl"}"t?or
Quadri;li efficacy and safet chronic PSA. optimal outcomesg
. iy Y y Exclusion: (1) single cases; (2) _ i T
Pisano, & of aphasia f n=37 - High variability in electrode
L acute stage; (3) other pathologies . .
Marangolo, rehabilitation S - RCTs. location, current density,
2021 methods, including (e.g., PPA, dementla) ; (4) other number of stimulation sessions.
. ? types of NIBS technique that are . >
Review. tDCS. duration of follow-up, language
not tDCS.
protocols, and outcome
measures.
Review evidence of
Fridriksson behavioral therapies - Pharmaceuticals and NIBS,
& Hillis, and other like tDCS, enhance SLT.
2021 interventions Inclusion: (1) RCTs -- - tDCS is suggested to operate
Review (Last  (including tDCS) to via BDNF-dependent
5 years). augment outcomes in mechanism.

PSA rehabilitation.
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To summarize
critical studies using

Marangolo, tDCS in PSA and to Inclusion: (1 & ing tDCS - tDCS is an effective tool for
2020. discuss how tDCS netusion: ( .) studies using (L =30 language recovery in chronic
Review. may enhance combined with SLT in aphasia. PSA.
recovery from
aphasia.
- Positive effects of tDCS on
naming, reading, production of
content units, verbs, nouns, and
To review biological  Inclusion: (1) chronic PSA (> 6 sentences. Those effects were
interventions months post-onset); (2) > 5 found when the left frontal or
Duncan et (i'ncluding tDCS) pal-'ticipa-nts; 3) stimulation n=19 left posterior areas were
al. 2020 aimed at improving paired with a behayloral task; (4) - Crossover (n=17). stlmglateq, the right c&?rebellum
R;view symptoms of chronic  use of double blinding and a - Parallel groups (n = was inhibited, or the right IFG
’ PSA by directly control condition (e.g., sham); (5)  2). was stimulated paired with
influencing brain > 1 stimulation session. Melodic Intonation Therapy.
functions. Exclusion: (1) PPA studies. - Dosing, outcome measures,
and follow-up durations vary
widely, with generally
moderate effect sizes.
- 33/39 RCTs found a positive
significant effect on language
performance.
n=53 -2/2 prospecFive studies and
- 48 intervention 5/5 case studle-s founfi an effect
lusion: (1) studies involvin, studies: RCTs (n= of tDCS combined with SLT.
Biou et al., To summarize Inclusion: ( oo . & S . _ - 2/3 meta-analysis found
2019 evidence on the PSA 1jehab111tat10n w ith (DCS 39); prospective (n= positive effects of tDCS on
Systematic offect of tDCS on combn?ed or not with SITT. 2); single case (n = naming.
Review aphasia Exclusmn; (1) PPA studies; (2) 5); sub-analyses of - There were no studics
(1996-2018).  rehabilitation. TMS studies; (3) only healthy RCTs (n=2). reporting negative effect of

subjects.

- 5 meta-analyses.

tDCS on language outcomes.

- Heterogeneity in
methodology regarding target
areas, intensity and polarity of
stimulation, duration, and
frequency.

Inclusion: (1) unilateral stroke;
(2) chronic stage (> 6 months

- The evidence for using tDCS
to enhance naming ability in

ALHarbi, To overview the post-stroke); (3) tDCS paired or n=19 chronic PSA is in the pre-
Armijo- methodological rigor  not with behavioral therapy; (4) - Crossover (n = 16). efficacy level. This level
Olivo, & of evidence naming as an outcome measure; - Single case (n = 2). includes Phase I (5 studies) and
Kim, 2017 concerning the use (5) published in English. - RCTs with two Phase II (13 studies) studies,
Critical of tDCS in PSA to Exclusion: (1) bilateral strokes; parallel groups (n = while Phase III (1 study) shows
review. improve anomia. (2) naming ability not an outcome  1). emerging evidence of efficacy,
measure; (3) not original research following the five-phase model
studies. of clinical outcome research.
To review existing
evidence on the role
of tDCS in PSA - Despite the diversity in
de Aguiar, rehabilitation, Inclusion: (1) studies using tDCS~ n=11 stimulation parameters, patient

Paolazzi, &
Miceli, 2015
Review.

focusing on the
factors that may
influence the effects
of stimulation, such
as stimulation
parameters,
behavioral
treatments, and

to treat PSA.

Exclusion: (1) tDCS used to treat
a condition other than PSA; (2)
only healthy subjects.

- Crossover (n =9).

- Between groups (n =
1).

- ABA design (n=1).

characteristics, and associated
behavioral treatments
employed in different studies,
tDCS emerges as an effective
tool for PSA treatment.

- tDCS has proven to be safe.
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patient
characteristics.

Monti et al., To describe studies :
2013 using tDCS to - tDCS can improve language
L I . -- n=11 function in patients with
Review facilitate language in aphasia
(2005-2012).  PSA. P .
To overview studies n=4

Holland &
Crinion,
2012.
Review.

exploring the role of
tDCS in treating

PSA, covering recent -
studies,

methodology, and

future research gaps.

- Crossover sham-
controlled (n = 1).
- Crossover

randomized sham-
controlled (n = 3).

- tDCS can be a useful tool to
complement treatment in
chronic PSA.

Notes. PSA: post-stroke aphasia. NIBS: non-invasive brain stimulation; TMS: transcranial magnetic stimulation; SLT: speech-language
therapy; RCT: Randomized-controlled trial; PPA: primary progressive aphasia; BDNF: brain-derived neurotrophic factor.

Table 2. A summary of published meta-analyses reviews on the effects of tDCS in aphasia

recovery.
Study Aim and outcome measures Inclusion and exclusion Number of studies included and Study conclusions
(years criteria results
covered)
Ding et Aim: To compare and rank the Inclusion: (1) participants n =69 (1670 participants) - Dual-tDCS and A-
al., 2022 efficacy of various NIBS with diagnosed PSA; (2) tDCS were more
(up to approaches (tDCS and TMS) NIBS interventions; (3) POM: effective at improving
January for enhancing different compared to placebo o sham - Global aphasia severity. A- naming and repetition
2022) language domains and to condition; (4) include a tDCS showed efficacy (SMD = than TMS, while TMS
explore the impact of measure of the change in 0.38; CI1=0.05, 0.71). was better at improving
modulators (e.g., language abilities post- - Naming. Improvement with all the global severity of
sociodemographic factors, therapy; (5) RCTs. types of tDCS (dual: SMD = aphasia. A-tDCS was
therapy characteristics) on their 1.11; CI=0.40, 1.81; C-tDCS: the best technique to
efficacy. Exclusion: (2) non- SMD = 0.84; CI = 0.30, 1.39; A- enhance spontaneous
appropriate participants tDCS: SMD = 0.67; CI1=0.34, speech.
POM: global aphasia severity (e.g., healthy or pediatric 1.01). - The therapy duration
(WAB-AQ) and other subjects); (3) other - Repetition. Dual-tDCS showed may modulate NIBS's
subdomains of speech interventions than NIBS; (4)  superior effect size (SMD =1.50;  effects on naming and
(comprehension, repetition, not appropriate control CI=0.82,2.16) and spontaneous speech.
naming, spontaneous speech). group; (5) low-quality improvements (SMD = 0.54; CI =
SOM: reading and writing, and  studies (e.g., case reports). 0.02, 1.06).
other linguistic variables - Spontaneous speech. A-tDCS
(prosody, phonematic, (SMD = 1.06; CI1=0.49, 1.64)
syntactic processes). and dual tDCS (SMD = 1.05; CI
=0.22, 1.87) resulted in
improvements.
Cheng et Aim: To investigate the Inclusion: (1) adults with n = 4 (42 participants) - A-tDCS over the right
al., 2021 impacts of right-hemispheric PSA diagnosis; (2) > 4 hemisphere may have
(Up to tDCS application on naming participants; (3) tDCS - Clinically significant difference  clinically significant
July 2020)  ability in PSA compared to applied over the right between active tDCS vs sham- therapeutic effects on
sham-tDCS. hemisphere;(4) naming tDCS (SMD = 0.71; 95% CI = patients with PSA on
accuracy as an outcome 0.24,1.19; p=0.003, I* = 16%). naming abilities.
POM: naming accuracy. measure; (5) RCT or - Statistically significant
crossover design; (6) peer- differences between A-tDCS and
reviewed publications in sham-tDCS (SMD = 1.35; 95%
English. CI=0.60,2.10; p = 0.0004; I> =
0%).
Elsner, Aim: To overview the evidence  Inclusion: (1) adult people n =25 (471 participants) - A-tDCS is the most
Kugler, &  regarding the efficacy and with stroke; (2) use of any promising technique to
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Study Aim and outcome measures Inclusion and exclusion Number of studies included and Study conclusions
(years criteria results
covered)
Mehrholz,  safety of different tDCS kind of active tDCS (anodal, =~ SOM: improve performance in
2020 stimulation types for cathodal, or dual); (3) RCTs - Evidence of effect for A-tDCS naming nouns in PSA.
(Up to improving functional and randomized controlled (SMD =0.51; 95% CI=0.11, - No evidence of an
February communication and language crossover trials which 0.9) in naming nouns. effect of active tDCS on
2020) in post-stroke aphasia. compared tDCS with other - No differences in safety functional
interventions. between tDCS conditions (A- communication or
POM: functional tDCS, C-tDCS, dual-tDCS). performance in naming
communication. verbs.
- No difference between
SOM: naming nouns, naming the different types of
verbs, and safety. tDCS regarding safety
(number of dropouts
and adverse effects).
Aim: To investigate the long- Inclusion: (1) adults with n=16 (8 tDCS and 8§ TMS) - NIBS improves
Bucur & term efficacy of NIBS (TMS PSA; (2) repetitive TMS or aphasia recovery and
Papagno, and tDCS) and its effectiveness ~ tDCS intervention studies; - Efficacy at follow-up. tDCS produces durable
2019 and reliability for naming (3) cephalic stimulation resulted in a significant but small ~ results, especially for
(2004- recovery. designs; (4) > 4 weeks of effect (SMD = 0.33; 95% CI = naming.
2019) POM: picture naming accuracy  follow-up; (5) >4 0.03,0.62; p=0.02; I>=18.32%). - The magnitude
(if unavailable, the explicitly participants; (6) peer- - Maintenance of gains. No treatment effect size
reported POM was used.) reviewed publications significant differences between was higher for TMS
published in English; (7) after-therapy vs follow-up. tDCS (medium to large) than
RCT or crossover design. studies (t (7) =0.14, p = 0.88; tDCS (small to
99% CI=-0.16, 0.17). medium).
Exclusion: (1) other - Feasibility is higher
disorders; (2) other brain for tDCS than TMS,
stimulation techniques; (3) given its user-
open-label studies, case friendliness, portability,
reports, or studies with <4 and lower cost.
participants; (4) studies
administering < 3
stimulation sessions; (5)
non-cephalic
stimulation sites; (6) <4
weeks follow-up period; (7)
other publication types or
languages different than
English (e.g., non-peer-
reviewed articles); (8)
articles with insufficient
information.
Elsner et Aim: To evaluate the efficacy Inclusion: (1) RCTs and n =15 (421 participants) in the
al., 2019 of tDCS on improving PSA. randomized controlled qualitative synthesis. - No evidence of
(Update crossover trials (analyses n = 14 (153 participants) in effectiveness of any
of Elsner POM: functional only the first phase); (2) quantitative synthesis. type of tDCS compared
etal. communication. people > 18 years old; (3) to sham for improving
2015; up use tDCS alone or combined ~ SOM: functional
to June SOM: receptive or expressive with SLT vs. sham-tDCS (or - Evidence of effect for accuracy communication in PSA.
2018) language, or both (e.g., other control condition). of naming nouns at post- - Moderate evidence

accuracy of picture naming), as
well as dropouts and adverse
effects. Measures of other
cognitive functions (working
memory, executive functions,
attention, intelligence, visual-
auditory recognition, visual-
spatial abilities).

Exclusion: studies that do
not match the inclusion
criteria.

intervention evaluation (SMD =
0.42; 95% CI=0.19, 0.66; p =
0.0005; I>= 0%) and follow-up
evaluation (SMD = 0.87; 95% CI
=0.25, 1.48; p = 0.006; I>=
32%).

that tDCS can improve
the naming of nouns at
post-intervention and
follow-up.
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Study Aim and outcome measures Inclusion and exclusion Number of studies included and Study conclusions
(years criteria results
covered)
Rosso, Aim: To explore the effects of Inclusion: (1) sham- n =7 (68 participants) - tDCS applied over
Arbizu, tDCS on naming abilities in controlled experimental repetitive sessions can
Dhennain,  individuals with PSA. design; (2) > 1 tDCS - Mean statistically significant enhance picture naming
Lamy, & session; (3) aphasia after left ~ improvement of 35% in the active  accuracy in PSA.
Samson, POM: picture naming accuracy ~ hemisphere stroke; (4) vs. 25% in the sham condition
2018 naming as an outcome (SMD =0.8; 95% CI=10.27,
measure; (5) > 3 patients; (5)  1.33). A dose-dependent effect
individual data reported. was also found (5 sessions vs. > 5
Exclusion: (1) a parallel sessions; p = 0.02)
group design; (2) risk of - A-tDCS (p <0.0001) and C-
multiplicity. tDCS (p = 0.02) polarities were
effective. Greater effects after left
vs. right stimulation (p = 0.005),
although both were better than
sham condition (p < 0.001, and p
<0.002). No effect of stimulation
site (frontal vs. temporoparietal),
but a statistically significant
interaction between site and
hemisphere was found (F (3,83) =
4.03; p=0.04). tDCS was
beneficial regardless of the
severity of aphasia,
comprehension deficits, and time
post-stroke.
Shah- Aim: To evaluate the efficacy Inclusion: (1) adults n =16 [8 tDCS (140 participants) - tDCS treatment is an
Basak, of TMS and tDCS treatment diagnosed with PSA; (2) and 8 TMS (143 participants) effective tool in the
Wurzman,  studies in PSA and compare NIBS (including tDCS); (3) treatment of PSA.
Purcell, the effects between both NIBS picture naming as part of the - Statistically significant and - Larger clinical trials
Gervits, &  techniques. outcome measures; (4) moderate effect of tDCS on are required.
Hamilton, between-subject or RCTSs, picture naming (SMD = 0.39;
2016 POM: accuracy in picture crossover trials, within- 95% CI=0.28,0.51).
(1960- naming subject or pre-post trial
2014) designs; (5) published
between 1960-2014.
Exclusion: (1) non-stroke
patients; (2) including NIBS
but not as a treatment (single
sessions, multiple sessions
over different sites); (3) non-
English articles.
Elsner, Aim: To evaluate the efficacy Inclusion:(1) RCTs and n =12 (136 participants) in the - None of the included
Kugler, of tDCS on improving PSA. randomized controlled qualitative synthesis studies reported
Pohl, & crossover trials (analyses n = 8 (115 participants) in the functional
Mehrholz,  POM: functional only the first phase); (2) quantitative synthesis communication
2015 communication. people > 18 years old;(3) use measures formally
(Update tDCS alone or combined - No statistically significant evaluated.
of Elsner SOM: receptive and expressive  with SLT vs sham-tDCS (or effects were found. - None of the studies
etal. language (e.g., accuracy of other control condition). examined the effect of
2013; up picture naming) as well as Exclusion: (1) studies that tDCS on cognition in
to dropouts and adverse effects. do not match the inclusion PSA.
November  Measure of other cognitive criteria. - No evidence supports
2014) functions (e.g., attention and the effectiveness of

working memory).

tDCS (anodal, cathodal,
or bihemispheric)
compared to sham in
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Study Aim and outcome measures Inclusion and exclusion Number of studies included and Study conclusions
(years criteria results
covered)
enhancing SLT
outcomes.
Otal, Aim: To assess the clinical Inclusion: (1) RCTs or n =3 (32 participants) - C-tDCS applied over
Olma, efficacy of inhibitory NIBS randomized controlled the unaffected (non-
Floel, & techniques (including C-tDCS)  crossover trials; (2) adult - Accuracy in naming score was language dominant)
Wellwood, targeting the right hemisphere patients with ischemic stroke  improved in patients receiving hemisphere can be a
2015 as an adjunct to SLT for PSA and aphasia; (3) C-tDCS or active NIBS paired with SLT promising rehabilitation
rehabilitation. repetitive TMS applied over ~ compared with sham (SMD = tool.
the unaffected hemisphere 0.51;95% C1=0.24,0.79); p =
POM: accuracy in naming. paired with SLT; (4) control ~ 0.0003).
group (sham NIBS with
SLT); (5) outcome measures
including accuracy in
naming.
Elsner et Aim: To evaluate the efficacy Inclusion: (1) RCTs and n =5 (54 participants) - None of the included
al., 2013 of tDCS on improving PSA. randomized controlled - No statistically significant studies reported
(Up to crossover trials (analyses effects were found. functional
2012) POM: functional only the first phase); (2) > communication
communication. 18 years old; (3) use tDCS measures formally
alone or combined with SLT evaluated.
SOM: receptive and expressive  vs. sham-tDCS (or other - No evidence of tDCS
language (e.g., accuracy of control condition). enhancing SLT

picture naming) as well as
dropouts and adverse effects.

Exclusion: studies that do
not match the inclusion
criteria.

outcomes. No adverse
events were reported.
The proportion of
dropouts was
comparable between
groups.

Notes. PSA: post-stroke aphasia. POM: primary outcome measures; SOM: secondary outcome measures; NIBS: non-invasive brain stimulation;
TMS: transcranial magnetic stimulation; SLT: speech-language therapy; RCT: Randomized-controlled trial; SMD: standard mean difference; CI:
confidence interval; PPA: primary progressive aphasia; A-tDCS: anodal tDCS; C-tDCS: cathodal tDCS. For space constraints, only the
statistically significant results of the reported outcome measures are included in the "Number of studies included and results" column.

Stimulation parameters and montages

Aphasia studies employing tDCS exhibit marked heterogeneity in the montages

and stimulation parameters. Three key types of stimulation are typically
implemented in aphasia: A-tDCS mainly to left hemisphere areas, but occasionally
to right ones (Floel et al., 2011; Vines, Norton, & Schlaug, 2011); cathodal tDCS
(C-tDCS) over the undamaged right hemisphere, and dual stimulation (dual-tDCS)
employing A-tDCS and C-tDCS simultaneously, typically targeting a left frontal or
temporoparietal area with the return electrode over the right homologous area. In
both A-tDCS and C-tDCS, the return electrode can be positioned in a non-cephalic
location (e.g., shoulder) or a cephalic position (areas of no interest, for instance, the
orbitofrontal region). While A-tDCS aims to facilitate the recruitment of
undamaged perilesional areas or right hemisphere structures, C-tDCS typically
intends to inhibit right hemispheric regions. The rationale for using C-tDCS over
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the right hemisphere stems from the interhemispheric competition model (Cook,
1984). This model postulates that, under normal circumstances, the two
hemispheres inhibit each other through the corpus callosum to allow functional
lateralization and specialization. Then, after a brain damage in the left hemisphere,
there is a consequent release of right hemisphere activity that can inhibit left
hemisphere activity and prevent optimal recovery. Nevertheless, this model
oversimplifies the complexity of aphasia recovery and lacks full validation by
recent evidence showing that bilateral brain changes support recovery and that the
importance of each hemisphere may change over time (Geranmayeh et al., 2017;
Saur et al., 2006; Stefaniak et al., 2021). Furthermore, positive outcomes following
right hemisphere C-tDCS do not necessarily endorse the interhemispheric
competition model, mainly because of the low focality of standard tDCS montages,
especially when the return electrode is placed in a cephalic position. Indeed, most
studies do not include individualized modeling of the distribution of electric field
strength to optimize the location of the tDCS electrodes. This raises the possibility
that even when the cathode is positioned over right hemisphere structures, current
flow could generate hotspots in the vicinity, rendering the interpretation of results
more complex (see Figure 1).

A-tDCS is the primary method used in aphasia interventions, typically targeting
the left hemisphere to boost its activity. Key focus areas often include the inferior
frontal gyrus, the posterior superior temporal gyrus—known more commonly as
Wernicke's area—and the motor cortex. Despite these prevalent practices,
significant gaps persist within our understanding of this field. One fundamental
issue is the "one-size-fits-all" approach adopted by most studies, targeting the same
brain area for all participants, neglecting to account for possible lesions in the target
area. This approach fails to consider the unique individual characteristics and
interindividual anatomical and functional variability. For example, even if the
regions stimulated are structurally intact, they may not necessarily play a role in a
particular individual in the specific linguistic processes targeted by the
accompanying SLT. As a result, modulation of unrelated areas may inadvertently
reduce the therapy's effectiveness. To circumvent these obstacles, a handful of
studies have employed individualized targets. These are usually chosen to stimulate
undamaged areas, as determined by structural MRI (de Aguiar et al., 2015) or
functional MRI data. For example, some studies have targeted individualized
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preserved left temporal regions that show the highest activation during a naming
task (Fridriksson, Elm, et al., 2018; Fridriksson, Rorden, et al., 2018).

Electric field simulation of common tDCS montages in aphasia research

Montage 1

0.27
Anode: F5 (L IFG)m Sponge electrodes (5x7 cm)
Cathode: F6 (R IFG) Intensity: 2mA

Montage 2 —~~

magnE
| — |
0 0.13 0.26
Anode: F5 (L IFG) Sponge electrodes (5x7 cm)

Cathode: Fp2 (R fronto-polar cortex) il Intensity: TmA

0 0.14 0.28

Anode: CP5 (Wernicke's area) il Sponge electrodes (5x7 cm)
Cathode: Fp2 (R fronto-polar cortex) il Intensity: 1mA

Figure 1. Simulation of the electric field distribution in three commonly used tDCS montages in aphasia
research. These montages aim to modulate the activity of the inferior frontal gyrus (IFG) or posterior superior
temporal gyrus areas (Wernicke's area). The anode located over: the left IFG (L IFG) and the right IFG (R IFG)
(Montage 1); the L IFG and the right fronto-polar cortex (Montage 2); Wernicke's area and the right fronto-polar
cortex (Montage 3), respectively. Multiple studies have used one of these three setups or similar ones (see for
example, Table 4 of Biou et al. 2019). Sponge electrodes were used for the simulation, and the computational
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modeling of the electric field was performed using the SimNIBS 4.01 software. mangE refers to the magnitude of
the electric field visualized on the grey matter surface, measured in V/m. L: left; R: right.

The efficacy of tDCS can also be significantly influenced by parameters such
as current intensity and stimulation duration, which have shown considerable
variation across aphasia studies. The duration of each stimulation session in these
studies typically ranges from 10 to 30 minutes, with most studies opting for a 20-
minute duration and a current intensity between 1 and 2 mA (Biou et al., 2019).
Notably, the characteristics and placement of electrodes significantly impact
stimulation intensity and current distribution. Traditional sponge electrodes,
usually of dimensions 5 x 5 cm or 5 x 7 cm, are used in most aphasia studies.
However, a few studies have explored high-definition tDCS (HD-tDCS)
(Richardson et al. 2015; Fiori et al. 2019).

Contrary to the presumption that traditional tDCS using large sponge electrodes
focuses the modulatory effect directly under the electrode, computational modeling
of electric fields proposes a more complex scenario. To illustrate this complexity,
Figure 1 depicts an electric field modeling of three of the most frequently used
montages, as summarized in Biou et al. (2019), using the software package
SimNIBS (version 4.01, https:/simnibs.github.io/simnibs). Conventional tDCS
montages often yield multiple peak clusters not restricted to the area directly
beneath the target electrode. In fact, the electrode position can influence the
emergence of these electric fields peak, with potential hotspots occurring in regions
between or even near the return electrodes rather than exclusively underneath them
(Datta, Truong, Minhas, Parra, & Bikson, 2012; Truong, Magerowski, Blackburn,
Bikson, & Alonso-Alonso, 2013; Wicthoff, Hamada, & Rothwell, 2014). These
peaks' distribution and scattering can significantly vary among individuals,
depending on electrode placement and individual anatomical variations. Opitz,
Paulus, Will, Antunes, & Thielscher (2015) demonstrated through a multiple
regression model that the electric field distribution systematically depends on
anatomical factors, such as the thickness and composition of the overlying skull,
the cerebrospinal fluid layer's thickness between the cortex and skull, and the depth
of the sulci. This underscores the significance of individualized modeling to ensure
control over the modulated brain area.

The implications of the less-focused nature of standard montages, commonly
used in aphasia studies, are far-reaching for our comprehension of the neural
mechanisms underpinning recovery. HD-tDCS, as opposed to conventional tDCS,
employs small electrodes positioned around a central electrode situated in the target
area. This configuration produces a current distribution with a maximum electric
field under the anode electrode (located in the target areas), leading to a more
substantial and focused electric field. This characteristic reduces the influence of
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individual differences in cortical current flow (Datta et al., 2012), potentially
bringing about a higher degree of consistency in research results. Only two
intervention studies have, to our knowledge, utilized HD-tDCS in PSA (Fiori,
Nitsche, Cucuzza, Caltagirone, & Marangolo, 2019; Richardson, Datta,
Dmochowski, Parra, & Fridriksson, 2015). Richardson et al. (2015) revealed an
improvement in naming accuracy under both C-tDCS and HD-tDCS conditions,
with most patients showing a higher, albeit statistically insignificant, improvement
with HD-tDCS. Moreover, Fiori et al., 2019 found that HD-tDCS efficacy in
enhancing verb recovery in PSA is current intensity-dependent, with significant
improvement seen at 2 mA stimulation but not at 1 mA.

Stroke phase: subacute vs. chronic

The stroke stage, whether subacute or chronic, significantly influences the
brain's condition and ongoing plastic changes, potentially affecting treatment
outcomes. Most of the intervention studies in PSA have been conducted in the
chronic stage, generally defined as more than three to six months after stroke. A
recent meta-analytic study supports the efficacy of these interventions in the
chronic phase, although the level of evidence remains low (Bucur & Papagno,
2019). This limited evidence is partly attributed to the variability in stimulation
parameters, stimulation site, and the small sample size across studies. The larger
RCT performed in chronic aphasia resulting from a single left hemisphere stroke
involved a three-week computerized anomia treatment (15 sessions of 45 minutes
each) combined with either A-tDCS or a sham-tDCS applied to preserved left
temporal lobe regions, individualized based on functional fMRI peaks. The primary
outcome measure was the ability to name common objects correctly. The findings
demonstrated a relative 70% increase in correct naming for those treated with A-
tDCS compared to the sham group.

Contrarily, studies focusing on the subacute phase of stroke have yielded mixed
results. While some have indicated considerable improvements over a control
condition in domains like auditory verbal comprehension and discourse skills (as
seen in the content and efficiency of picture descriptions) (Stockbridge et al., 2023;
You, Kim, Chun, Jung, & Park, 2011), others found no difference from the control
condition (Polanowska, Lesniak, Seniow, Czepiel, & Czlonkowska, 2013;
Polanowska, Les$niak, Seniow, & Czlonkowska, 2013; Spielmann, van de Sandt-
Koenderman, Heijenbrok-Kal, & Ribbers, 2018). In the largest RCT on acute-
subacute aphasia to date, Stockbridge et al. 2023 administered to 58 patients either
A-tDCS or sham-tDCS over an undamaged brain area (frontal or temporal) paired
with fifteen 45-minute sessions of naming treatment. They found that A-tDCS did
not significantly improve picture naming accuracy but enhanced discourse content
and efficiency compared to sham. However, the body of research in the subacute
phase remains relatively sparse compared to the chronic phase, with a recent meta-
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analysis suggesting that tDCS's primary benefits may lie in treating chronic aphasia,
while its efficacy for subacute aphasia is still under examination (Bucur & Papagno,
2019).

Effectiveness of online vs. offline tDCS in language outcomes

Most studies utilizing tDCS for the treatment of PSA have implemented online
stimulation, in which stimulation is paired with linguistic training, predominantly
demonstrating the advantages of active stimulation compared to sham. As
highlighted in the systematic review by Biou et al. (2019), nearly all of the 34
reviewed tDCS RCTs using online stimulation yielded positive effects on language
outcomes. The only exception was a study performed in subacute aphasia (<3
months post-onset) (Spielmann et al., 2018). Nevertheless, at least one other recent
RCT yielded null results, with no observed impact of tDCS when coupled with
personalized SLT in chronic PSA (Guillouét et al., 2020).

Although tDCS was used alongside various tasks tapping into almost all
linguistic processes —including production (naming, spontaneous speech),
comprehension, repetition, and lexical decision—, recent reviews (Biou et al.,
2019; Kidwai et al., 2022; Marangolo, 2020; Picano et al., 2021) indicate that
interventions were primarily aimed at enhancing naming abilities. Indeed, 40 to
60% of RCTs covered in these recent reviews utilized confrontation naming as a
training and outcome task. Consequently, the most convincing evidence for the
efficacy of tDCS in language recovery primarily revolves around enhancing naming
performance. There are critical reasons for naming being the central metric in tDCS
studies of PSA: first, word retrieval problems are the most common deficit observed
in PSA irrespective of the severity and, therefore, they are often the focus of aphasia
therapy; and second, naming outcomes and the generalization from trained to
untrained items are relatively simple to measure. In fact, multiple recent meta-
analytic studies endorse tDCS as a beneficial intervention for naming rehabilitation,
despite the small to medium reported effect sizes (Bucur & Papagno, 2019; Elsner
et al., 2020, 2019; Rosso et al., 2018). Further, a recent study also points towards
its superiority over sham-tDCS in improving global aphasia severity and repetition
abilities (Ding et al., 2022). Nevertheless, a dose-dependent effect has been
suggested (Rosso et al., 2018), with therapies extending beyond five sessions
reporting superior outcomes than their shorter counterparts. The duration of
interventions in aphasia studies ranges from a single session to as many as 30,
although most studies typically utilize repeated stimulation over 5 to 10 sessions. It
is worth noting that improvements in naming abilities have been observed to persist
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for a period ranging from one to six months after the final stimulation session
(Bucur & Papagno, 2019).

In contrast, offline tDCS, which involves administering stimulation
independently without simultaneous SLT (although language training can occur
before or after), is ineffective. Several studies have shown no significant differences
when compared to a control condition (Polanowska, Lesniak, Seniow, Czepiel, et
al., 2013; Polanowska, Lesniak, Seniow, & Cztonkowska, 2013; Santos et al., 2017,
Silva, Mac-Kay, Chao, Santos, & Gagliadi, 2018; Volpato et al., 2013). Given the
modulatory effect of tDCS, these findings suggest that when stimulation is
combined with linguistic training, it triggers relevant neuroplastic changes in the
stimulated areas, hence improving recovery to a greater extent than when SLT is
applied alone. This combination may be particularly important in facilitating
impactful changes in brain configuration.

In conclusion, the pairing of repeated tDCS sessions with naming tasks appears
to significantly and durably improve naming accuracy in PSA, and may also reduce
overall aphasia severity and enhance repetition. However, evidence regarding other
linguistic domains remains sparse. For instance, current research does not
sufficiently support a positive effect of tDCS on functional communication (Elsner
et al., 2020, 2019), a key aspect for evaluating the impact of interventions on
patients' everyday communication abilities. This deficiency may largely be
attributed to the limited number of studies incorporating functional communication
as an outcome; for instance, only 6 out of 25 studies reviewed in Elsner, Kugler,
and Mehrholz (2020) included these measures.

LIMITATIONS AND FUTURE DIRECTIONS

Despite the potential of tDCS in aphasia treatment, significant limitations need
to be addressed in future research. Considerable heterogeneity exists among the
montages and stimulation parameters used in current tDCS studies. To optimize the
benefits of this methodology, additional research is needed to determine the most
effective parameters for tDCS, including specific stimulation location, intensity,
duration, and frequency. This research should focus on understanding how
individual factors (e.g., lesion characteristics and brain structure and function), and
technical aspects (e.g., montage configuration and intensity), interact to modulate
the therapeutic response to tDCS. Understanding these interactions is critical to
developing more personalized therapeutic interventions for PSA.

Further, HD-tDCS presents an exciting avenue for future research, as this
technique may allow for more focal stimulation. With its potential for enhanced
precision, HD-tDCS may facilitate the design of more controlled studies, providing
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more reliable and replicable evidence regarding the efficacy of tDCS in treating
aphasia and other language impairments.

The current body of evidence primarily supports the use of tDCS to enhance
naming abilities in the chronic phase of aphasia recovery. There is a lack of robust
evidence demonstrating benefits in other linguistic domains or during the acute-
subacute phase of the condition. This gap in the research is partly due to the
significant heterogeneity among studies, coupled with the typically small sample
sizes employed. Preliminary findings suggest potential efficacy for virtually all
linguistic domains, underlining the need for larger, rigorous RCTs incorporating
functional communication outcomes, among other language measures.

Another crucial limitation lies in our incomplete understanding of the
specific language components (e.g., phonology, semantics) modulated by tDCS.
Previous studies have shown that different language components follow different
recovery trajectories and are associated with activation changes in distinct neural
regions (Stefaniak et al., 2022). This suggests that a given stimulation protocol
might improve some components of language but not others. Optimally, the regions
chosen for stimulation should be individualized to each patient accounting for the
specific deficits and targeting areas functionally related to the specific language
component to be improved. Thus, future investigations should seek to individualize
stimulation sites to target relevant areas and differentiate the language components
modulated by tDCS.

In sum, while tDCS offers significant potential for aphasia rehabilitation,
a comprehensive understanding of its capabilities, limitations, and optimal
implementation is still a work in progress. Rigorous, well-designed future research
will be instrumental in fully realizing the therapeutic potential of this promising
technology.
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