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Abstract.
Background: Aphasia is a debilitating language impairment, affecting millions of people worldwide. About 40% of stroke
survivors develop chronic aphasia, resulting in life-long disability.
Objective: This review examines extrinsic and intrinsic neuromodulation techniques, aimed at enhancing the effects of
speech and language therapies in stroke survivors with aphasia.
Methods: We discuss the available evidence supporting the use of transcranial direct current stimulation (tDCS), repetitive
transcranial magnetic stimulation, and functional MRI (fMRI) real-time neurofeedback in aphasia rehabilitation.
Results: This review systematically evaluates studies focusing on efficacy and implementation of specialized methods for
post-treatment outcome optimization and transfer to functional skills. It considers stimulation target determination and
various targeting approaches. The translation of neuromodulation interventions to clinical practice is explored, emphasizing
generalization and functional communication. The review also covers real-time fMRI neurofeedback, discussing current
evidence for efficacy and essential implementation parameters. Finally, we address future directions for neuromodulation
research in aphasia.
Conclusions: This comprehensive review aims to serve as a resource for a broad audience of researchers and clinicians
interested in incorporating neuromodulation for advancing aphasia care.
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1. Targeted neurorehabilitation strategies in
post-stroke aphasia

Conservative estimates indicate that 2,500,000
people in the US are currently living with an acquired
communication disorder, called aphasia (Simmons-
Mackie & Cherney, 2018). Aphasia is a debilitating
disorder that can disrupt multiple aspects of language,
such as speaking, understanding, writing or reading
(Brookshire, Wilson, et al., 2014). The number of
people affected by aphasia is likely to grow, because
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an estimated 250,000 (32%) of new stroke survivors
in the US each year are diagnosed with this acquired
language impairment, majority of whom demonstrate
persisting deficits at least 1 year later (Flowers et al.,
2016; Pedersen et al., 2004).

Clinically available speech and language therapies
(SLT) are the current standard of care but provide
modest benefits at best. The outpatient therapy ser-
vices available to aphasia survivors last up to 5-6
months after stroke, or up to insurance coverage lim-
its (Babbitt et al., 2015). After this time, aphasia
survivors are often left to live with residual lan-
guage impairments, without continuous access to
aphasia therapy (Abrams, 2017; Babbitt et al., 2015;
L. Johnson et al., 2019). There is a growing gap
between the need for language rehabilitation in a
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large population living with aphasia and the cur-
rent availability of highly effective and accessible
treatments. In the current review, we focus on neu-
romodulation techniques that aim to enhance the
effects of SLT in people with post-stroke apha-
sia (PWA). Our primary goal is to foster in-depth
understanding of neuromodulation techniques and
procedures relevant to PWA, and to discuss method-
ologies to help increase the effectiveness of these
techniques. This review was inspired by our (PSB,
OB, AK) symposium presentation at the 2022 annual
meeting of the American Society for Neuroreha-
bilitation and the subsequent questions from the
audience.

The term neuromodulation in our review refers to
the process of modifying or regulating brain activ-
ity using extrinsic or intrinsic methodologies paired
with behavioral strategies. In the context of this
review, extrinsic methods of neuromodulation alter
excitability of neuronal networks by delivering an
external electrical or magnetic pulse generated by
a noninvasive brain stimulation (NIBS) device. The
magnitude of extrinsic neuromodulation depends on
the strengths of the applied pulse. In contrast, intrin-
sic methodologies, such as neurofeedback, promote
network activity that is generated and controlled
by neurons within that neural network or within
other connected brain areas. Thus, the magnitude of
intrinsic neuromodulation depends on present and
past network activity which determines its current
state. The methodologies discussed are restricted to
NIBS (electrical, electromagnetic) and neurofeed-
back approaches that are both safe and result in
short and long-term alterations in brain activity and
behavior (M.D. Johnson et al., 2013; Krames et al.,
2009).

In this review, we will focus on procedural aspects
of two neuromodulation techniques, namely transcra-
nial direct current stimulation (tDCS) and functional
MRI (fMRI) related real-time neurofeedback (fMRI
NFB). In the interest of space, while we will discuss
repetitive transcranial magnetic stimulation (rTMS),
the rTMS sections will be relatively concise and
focused. We will also evaluate specialized methods
that are implemented using these techniques to opti-
mize therapeutic benefits in PWA.

Briefly, tDCS and rTMS are extrinsic neuromod-
ulation techniques because they use an external
device to generate the neuromodulation effects.
TDCS uses subthreshold, electrical stimulation to
alter the excitability of the stimulated neuronal
populations (Nitsche & Paulus, 2001). RTMS uses

time-varying magnetic fields to induce an electri-
cal current in the cortical neurons and generate
action potentials (Hallett, 2007). Whereas real-
time fMRI NFB is an intrinsic neuromodulation
technique because it uses self-generated regulation
strategies in combination with feedback about con-
current brain activity. This is an innovative approach
allowing patients to regulate their own brain activ-
ity while being guided by feedback which aims
to produce a particular pattern of brain activa-
tion.

These methods have all been applied in research
settings as potential treatments for PWA. The major-
ity of original tDCS studies and meta-analyses
provide compelling evidence in favor of tDCS (Elsner
et al., 2019, 2020; Shah-Basak et al., 2016), report-
ing significant improvements in language functions,
including picture naming accuracy and latency (Flöel
et al., 2011; Fridriksson, Rorden, et al., 2018;
Kang et al., 2011), auditory verbal comprehension
(You et al., 2011), spontaneous speech production
(Marangolo et al., 2013; Norise et al., 2017) and
overall reductions in aphasia severity (Shah-Basak
et al., 2015) in PWA. The positive effects of rTMS
on language recovery are reported both when admin-
istered alone and with SLT (Gholami et al., 2022;
Kielar et al., 2022). More recently, learning-induced
changes in cognitive and motor function have been
demonstrated with repeated efforts to self-regulate
brain activity. Early proof-of-concept studies indi-
cate that real-time fMRI NFB may be beneficial for
the treatment of post-stroke impairments, including
aphasia (Sreedharan et al., 2019).

We provide a scoping overview of the current
neuromodulation research with emphasis on individ-
ualized approaches and potential for generalization.
In the following sections, we begin with in-depth dis-
cussions of NIBS parameters that strongly influence
the ensuing neuromodulatory effects. Special consid-
eration is given to approaches that localize anatomical
targets for the administration of tDCS/rTMS cou-
pled with language therapy to maximize benefits.
This includes topics on targeting precise anatom-
ical areas for stimulation and topics on targeting
brain areas with residual language function vs. brain
areas that exhibit suboptimal post-stroke function,
indicated for example by reduced regional cerebral
blood flow (CBF) or abnormal electrophysiologi-
cal signal. We also discuss future directions and
recommendations to promote translation of research-
based neuromodulation interventions to clinical
practice.
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In the latter sections, we cover the relatively scarce
literature on fMRI NFB in aphasia rehabilitation.
While a large number of fMRI NFB publications in
healthy adults and in psychiatric populations (e.g.,
Major Depressive Disorder) (Young et al., 2017)
demonstrates efficacy of this neuromodulation tech-
nique, only a handful of studies have been published
using it for stroke rehabilitation. We discuss these
studies, as well as fMRI NFB procedures, impor-
tant parameters, and promising directions for future
research in aphasia.

2. Noninvasive brain stimulation (NIBS)

2.1. Transcranial magnetic stimulation (TMS)

RTMS uses magnetic fields to noninvasively stim-
ulate neurons in the brain with no serious side effects
when applied following published safety parame-
ters. TMS employs the principle of electromagnetic
induction. A brief and time-varying magnetic field is
delivered via a TMS coil placed on the scalp. This
magnetic field penetrates through the skull and an
electrical current is induced in the cortical neurons
near the coil. The magnitude, direction and precise
location of the electrical current is determined by
a complex interaction among stimulation intensity,
coil shape and coil orientation. This current is suffi-
cient to depolarize affected neuronal membranes and
generate action potentials (Hallett, 2007). The inten-
sity, frequency, train duration, and intertrain interval
of TMS pulses are important parameters that deter-
mine the direction of its effect on cortical excitability.
Typically, low-frequency rTMS (< 5 Hertz [Hz])
is characterized by decreased cortical excitability
(Chen et al., 1997), whereas high-frequency rTMS
(≥ 5 Hz) is characterized by enhanced excitability
(Berardelli et al., 1998). Recently, a new rTMS
protocol—theta burst stimulation (TBS)—was intro-
duced which can produce longer lasting and more
stable changes in cortical excitability compared to
standard rTMS protocols. TBS consists of deliver-
ing multiple pulses very rapidly (at 50 Hz or bursts),
which can either be interrupted every few seconds
(intermittent TBS [iTBS]) or can be uninterrupted
(continuous TBS [cTBS]). ITBS typically increases
cortical excitability, while cTBS decreases excitabil-
ity (Huang et al., 2005, 2011). Depending on rTMS
parametric settings, the effects after a single ses-
sion outlast the period of stimulation for a few
seconds to up to a few hours. Multiple sessions are

needed to affect long-term plasticity (Klomjai et al.,
2015).

2.2. Transcranial direct current stimulation
(tDCS)

TDCS—a subthreshold, electrical stimulation
technique—affords safe and tolerable stimulation
that is easy to apply, portable and cost-effective.
One advantage of tDCS is that it can be easily com-
bined with behavioral interventions. TDCS involves
low-intensity electric currents that are delivered for
20–30 minutes via two or more scalp electrodes.
Short-term tDCS (20–30 minutes during a single ses-
sion) induces incremental shifts in resting neuronal
membrane potentials and alters neuronal firing rates
(Nitsche & Paulus, 2001). Depending on electrode
polarity (anode or cathode) and current strength (1
to 2 milliamperes [mA]), tDCS can transiently facili-
tate or inhibit the excitability of the affected neuronal
populations. Similar to rTMS, multiple sessions (5
to 15 sessions) of tDCS typically over 1–3 weeks
are needed to promote long-term neural plasticity
(Stagg et al., 2018). The changes in resting mem-
brane potentials after a single session of stimulation
are short-lasting and are distinct from the lasting
neuroplasticity changes associated with protracted
treatment protocols. Long-term neural plasticity after
multiple sessions of stimulation involves changes
in long-term potentiation or depression (LTP/LTD)
by strengthening or weakening of activity-dependent
synaptic connections through N-methyl-D-aspartate
receptor activity (Agboada et al., 2020). In addition,
there is emerging evidence indicating that tDCS can
modulate neuroplasticity by interacting with brain
derived neurotrophic factor (BNDF) gene that facil-
itates synapse formation (Fridriksson, Elm, et al.,
2018; Gersner et al., 2011).

Some PWA respond to tDCS more favorably
than others even when parameters such as electrode
locations, duration and intensity are kept constant
(Chew et al., 2015; Shah-Basak et al., 2015). We
have hypothesized that a one-size-fits-all approach to
treatment of aphasia, which includes the type of lan-
guage therapy and the parameter selection for tDCS,
is suboptimal and may significantly contribute to
the observed interindividual variability (Shah-Basak
et al., 2015, 2020, 2021). To maximize treatment
effectiveness with tDCS, standardized methods are
needed for methodical selection of tDCS parameters
(Fig. 1) in individual patients. In this review, we focus
on two such parameters of tDCS.
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Fig. 1. Parameter and design characteristics involving tDCS treatment studies.

Foremost, the placement of tDCS electrodes is cru-
cial to determining tDCS effects (Shah-Basak et al.,
2020). The main issue in most prior studies is the
use of approaches that do not respect the bound-
aries of structural damage or potential differences in
language network reorganization across PWA (Kang
et al., 2011; Marangolo et al., 2013; Monti et al., 2008;
You et al., 2011). This question of individualized tar-
geting becomes more pertinent as tDCS technology
moves toward relatively more focal current delivery
with high-definition or HD-tDCS. HD-tDCS replaces
large rubber electrodes that cover large sections of the
brain with multiple smaller electrodes that are placed
strategically on the scalp for relatively focal stimula-
tion of brain areas directly underneath the electrodes
(Datta et al., 2009; Villamar et al., 2013). Indi-
vidualized targeting approaches that take structural
and functional characteristics into account can help
increase the consistency of tDCS treatment response
across patients and thus strengthen its efficacy (Shah-
Basak et al., 2020). Currently there is no consensus
on best practices that can be used for individual-
ized targeting to maximize aphasia recovery using
tDCS.

Secondly, our prior work and that of others sug-
gests that cognitive demands of the task during
tDCS (or training tasks) can profoundly influence
the effects of tDCS (Gill et al., 2015). Evidence

indicates that outcomes of tDCS depend on “the
state of neuronal activation at the time of stimu-
lation” (Nozari et al., 2014). That is, the neural
plasticity resulting from tDCS reflects a dynamic
interaction between tDCS and the activity of neu-
ral tissue undergoing stimulation (Hsu et al., 2016;
Nozari et al., 2014). Two main “active ingredients”
that likely determine these effects include the loca-
tion of tDCS electrodes (stimulation targets) and the
cognitive demand of tasks performed during tDCS.
This evidence has direct relevance to maximizing
tDCS efficacy in PWA. It underscores the need to pair
language therapies with targeted tDCS to optimize
overall neuromodulatory effects. Relatedly, recent
evidence from motor studies indicates that the timing
of tDCS in relation to the training tasks (i.e before,
during or after task completion) can influence the
effects of tDCS (Liao et al., 2020). Thus, pairing
of therapies need not be concurrent (tDCS during
training) to tDCS but can be sequential (tDCS before
training, or tDCS after training).

We discuss different approaches that have been
implemented for determining stimulation targets in
PWA and behavioral strategies (or SLT) to increase
transfer of behavioral treatment effects to clinically
meaningful gains (e.g., functional communication)
and the current evidence on pairing these strategies
with NIBS to boost therapeutic benefits.
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3. Stimulation target determination

3.1. Targeting right or left hemispheres –
traditional models of recovery

The review of the emerging literature suggests
nuanced roles of the residual left and right hemi-
sphere areas over the course of aphasia recovery.
Longitudinal fMRI studies of language in aphasia
suggest that stroke may temporarily reduce brain
activity and functional connectivity in the affected
left hemisphere. For example, Saur et al. (2006)
investigated auditory sentence comprehension in 14
PWA using fMRI over 3 sessions (1.8 days post-
stroke (dps), 12.1 dps, and 321 dps) (Saur et al.,
2006) and found early depression in left brain activity,
followed by a subacute increase bilaterally, partic-
ularly in the right frontal activity. In the chronic
stage more successful language recovery was asso-
ciated with decreased right hemisphere activation
and return to left-lateralized brain activity. Siegel
et al. (2016) found that language deficits were associ-
ated with decreased left-hemisphere and homotopic
interhemispheric functional connectivity assessed 2
weeks post-stroke (Siegel et al., 2016) (see also Sand-
berg and colleagues (2017) for similar results). Nair
et al. (2015) found decreased functional connectiv-
ity of 23 bilateral language nodes in acute stroke
patients (5 dps), which improved at 4.5 months post-
stroke (Nair et al., 2015). Thus, the initial decreases in
left hemisphere activation and bilateral connectivity
are followed by subsequent increases that accompany
recovery.

Evidence on the recruitment of contralesional
(right hemisphere) areas during recovery is con-
flicting, with findings indicating both adaptive and
maladaptive roles. Across different neuroimaging
studies and task paradigms, activation in right regions
in PWA is shown to be functionally homologous
to left areas that normally subserve language in
healthy individuals. Activation of right-sided regions
is shown to support language recovery in some stud-
ies (Heath et al., 2012; Mohr et al., 2014). Whereas
increasing involvement (or disinhibition) of contrale-
sional, right hemisphere regions in other studies is
shown to disrupt the balance in interhemispheric
inhibition, suggesting a maladaptive pattern of brain
activity. Consistent with this disinhibition account,
activation of pars triangularis (PTr, BA45) of the right
IFG is shown in some cases to interfere with recovery.

Brain activity following stroke and aphasia is
shown to rely on the extent and location of the lesion.

As mentioned previously, during the early stages of
language recovery, changes in brain activity repre-
sent a transient reliance on right-brain homologues
(Stockert et al., 2016; Thompson & den Ouden,
2008). But the exact pattern of right hemisphere
recruitment may depend on the location of lesions
in the left hemisphere (Hartwigsen & Saur, 2019).
For example, in the Saur et al. study patients with
damage to the left IFG more reliably activated the
right homologous area, than those without left frontal
damage (Turkeltaub et al., 2011).

Re-organization of the language system follow-
ing stroke can also involve the spared areas in the
left hemisphere that are distant from the lesion. For
example, a meta-analysis of neuroimaging studies
(Turkeltaub et al., 2011) found that PWA consistently
recruit spared areas of the left language network
and new left hemisphere areas (see also Hartwigsen
and Saur (2019)). The size and location of lesions
determines the exact pattern of the involvement
of these areas. Adaptive role of perilesional areas
(structurally intact areas surrounding the lesion) in
reorganized language networks is also reported (Ger-
anmayeh et al., 2016; Saur et al., 2006), such that
increased recruitment of the perilesional areas is
shown to result in better language outcomes (Fridriks-
son, 2010; Fridriksson et al., 2010, 2012; Heath et al.,
2012). It is thought that these areas may subserve or
are able to take on a similar function to the lesioned
tissue because of their proximity and therefore, suit-
ability for supporting recovery.

Emerging literature suggests that when enough
of the left hemisphere is spared, restoration of left-
dominant brain activity patterns tends to be associated
with greater language gains (Crosson et al., 2007;
Gainotti, 1993; Price & Crinion, 2005; Rubi-Fessen
et al., 2015). But limited ‘structural reserve’ (or dam-
age to key left language areas) and factors such
as premorbid right hemisphere language dominance
may determine how right regions are recruited to sup-
port or inhibit language recovery.

Which of these patterns becomes more domi-
nant may also be determined by specific linguistic
skills that are impaired or retained (Perani et al.,
2003). For example, using magnetoencephalogra-
phy (MEG), we have shown that recruitment of
right homologous temporoparietal areas was asso-
ciated with better semantic performance, whereas
more accurate processing of syntactic information
was related to bilateral superior temporoparietal
and right frontal activity after stroke (Kielar et al.,
2015).
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Finally, some studies report the involvement of
domain-general functional networks. For example,
Dreyer et al. (2021) found that gains on a clinical
aphasia assessment following constraint induced lan-
guage therapy were linearly associated with activity
in the default mode network.

Prior NIBS protocols take one or more of these
models of recovery into consideration for the selec-
tion of stimulation targets, stimulation frequency
(rTMS) or polarity (tDCS). Improvements have been
reported in response to both facilitation (Flöel et al.,
2011) and inhibition of right homologue regions
(Kang et al., 2011; Lee et al., 2013; You et al.,
2011) and of the left hemisphere regions (Shah-Basak
et al., 2015). The most commonly applied proto-
cols using rTMS are inhibitory (low frequency or
theta burst) rTMS to the intact right regions with
several studies targeting the right PTr (IFG) (Bar-
wood et al., 2013; Georgiou & Kambanaros, 2022;
Heikkinen et al., 2019; Heiss et al., 2013; Kindler
et al., 2012; Medina et al., 2012; Naeser et al., 2005;
Rubi-Fessen et al., 2015; Seniów et al., 2009; Thiel
et al., 2013; Tsai et al., 2014; Wang et al., 2014; Win-
huisen et al., 2005). These protocols operate under the
interhemispheric inhibition hypothesis that suppres-
sion of abnormally activated right regions can release
spared, perilesional areas for recruitment and thus
induce recovery. In a recent meta-analysis of rTMS
studies, Kielar et al. (2022) reported that inhibitory
rTMS applied to right PTr administered daily over
2-3 weeks resulted in a significant improvement of
language skills that persisted for up to 12 months
post-intervention in PWA (Kielar et al., 2022). The
effects of rTMS were modulated by stroke chronic-
ity and language task. In subacute PWA, the greatest
gains were observed for naming, writing, repetition,
and speech production. In chronic patients, most reli-
able improvement was found for naming, and gains
on repetition and speech production were less con-
sistent. Excitatory stimulation using high frequency
rTMS or theta burst to the right IFG and directly
to the left perilesional areas has also facilitated lan-
guage abilities in PWA (Chieffo et al., 2014; Griffis
et al., 2016; Hu et al., 2018; Szaflarski et al., 2011;
Turkeltaub, 2015).

A majority of tDCS studies used anodal tDCS
to stimulate the left hemisphere regions (Norise &
Hamilton, 2016; Shah et al., 2013). Relatively fewer
studies have targeted the right regions with anodal or
cathodal tDCS. With naming accuracy of nouns as
an outcome measure, two recent meta-analyses indi-
cated superior effects of active tDCS compared to

sham tDCS (Elsner et al., 2019, 2020; Shah-Basak
et al., 2016), whereas one other meta-analysis that
only included studies implementing cathodal tDCS
(3 studies with a total of 32 participants) found non-
significant effects (Otal et al., 2015). A recent pilot
trial that compared anodal, cathodal and sham tDCS
at 1 mA intensity applied to the left perilesional areas
during SLT found greater gains in language skills with
both active forms of tDCS compared to sham tDCS
(Cherney et al., 2021). This study could not conclu-
sively confirm superiority of one polarity (anodal or
cathodal) over the other but noted that cathodal tDCS
resulted in increased bilateral brain activity.

The stimulation intensity for tDCS ranged from 1-
2 mA in most prior aphasia treatment studies, and
a linear relationship was assumed with polarity:
anodal-tDCS facilitates and cathodal-tDCS inhibits
neuronal excitability. However, recent evidence
refutes such straightforward relationships, in par-
ticular in response to cathodal tDCS (Batsikadze
et al., 2013). The supposition that cathodal-tDCS
is inhibitory has been questioned in several stud-
ies since the early 2010 s. Batsikadze and colleagues
(2013) found unequivocal evidence of reversal in cor-
tical excitability with increasing intensity of cathodal
tDCS. They replicated previous findings that 1 mA
cathodal tDCS was inhibitory, whereas they found
that 2 mA cathodal tDCS was excitatory. Addition-
ally, a meta-analysis of tDCS studies conducted to
modulate cognitive processes (as opposed to motor)
found that increasing intensity of cathodal tDCS
affects cortical excitability in unpredictable ways
and that relationship may be nonlinear (Jacobson
et al., 2012). In our own work in PWA, we have
found improvements after 2 mA cathodal tDCS over
left perilesional areas, arguing against the inhibitory
effects of cathodal tDCS (Shah-Basak et al., 2015).
Consistent with this, the pilot trial that we pre-
viously described comparing anodal, cathodal and
sham tDCS applied to left areas at 1 mA found that
cathodal tDCS resulted in increased brain activity
(Cherney et al., 2021). This new understanding of
the relationship between intensity and polarity brings
under scrutiny the findings from prior studies that
applied cathodal tDCS to right homolog areas to
reduce their activation (and release the left areas for
reintegration during functional reorganization, see
(Norise & Hamilton, 2016) for a review), in particular
if tDCS was applied at 2 mA intensity.

Another critical point of consideration is that we
still do not fully understand the different patterns
of neural activity changes in aphasia recovery and
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their determinants. The findings from a recent review
by Wilson and Schneck (2021) attests to this limi-
tation. Wilson and Schneck critically appraised the
claims of language reorganization and patterns of
brain activity changes in PWA across 86 functional
neuroimaging studies. They found that PWA com-
pared to healthy controls show decreased activation
in the left language network, including IFG pars
opercularis and triangularis and posterior superior
temporal gyrus (STG), and increased activation in
the right IFG pars opercularis. Increased activation of
the left IFG PTr was associated with improved lan-
guage function. They failed to support the hypothesis
that domain-general network activation is associated
with aphasia recovery and provided only modest evi-
dence for recruitment of the right homotopic areas
during recovery. Overall, the authors noted that their
conclusions are constrained by the fact that the
majority of currently published studies have impor-
tant limitations, including confounds related to task
performance, the validity of task comparisons and
statistical correction for multiple comparisons. With
an incomplete understanding of neural reorganiza-
tion patterns in aphasia, the selection of specific
NIBS parameters to induce permanent neural changes
underlying recovery remains a challenge. The selec-
tion of NIBS parameters is further complicated by
the observed variability in lesion, aphasia severity
and/or language impairment characteristics. Thus, as
we have previously argued, adopting a single stim-
ulation protocol across PWA based on hypothetical
models of recovery may be an ineffective strategy.

3.2. Individualized targeting

Traditional reorganization models guided earlier,
proof-of-concept studies by defining a priori stim-
ulation targets that were the same across all PWA,
irrespective of structural and functional integrity of
those brain regions in individual PWA. Although this
early work did not individualize target localization,
the results did help establish feasibility, safety profile
and as noted earlier, preliminary efficacy of NIBS
in improving linguistic outcomes after stroke. But a
large degree of individual variability was reported
across these studies in response to NIBS treatments,
particularly tDCS, bringing the overall treatment
effect sizes down (Li et al., 2015). In the recent
decade, the field is undergoing a major paradigm
shift with a focus on individual PWA and developing
strategies to maximize NIBS’ therapeutic potential
with individual patients in mind.

One strategy that we advocate for increasing NIBS
efficacy is localization of stimulation targets in indi-
vidual PWA (or individualized targeting) to reduce
heterogeneity in treatment response. Accounting for
factors such as lesion location and extent, language
impairment profiles, brain activation profiles and
planned SLTs, researchers have already implemented
several different individualized targeting approaches
(Table 1) that we discuss in detail below and have
broadly categorized as:

(1) Behavioral targeting;
(2) Targeting for strengthening or enhancing brain

function; and
(3) Targeting for normalizing or restoring function

(or dysfunction) within the language network.

3.2.1. Behavioral targeting
Behavioral targeting approaches are those where

transient effects of rTMS or tDCS are evaluated first at
several targets (and polarity) to identify the target that
results in more accurate language performance in an
individual (Hamilton et al., 2011; Medina et al., 2012;
Shah-Basak et al., 2015). In several studies, transient
change in naming ability in response to single ses-
sions of 1 Hz rTMS applied to six regions within
the right IFG (including PTr, POp, pars orbitalis, and
mouth area of the motor cortex) was used as a metric
for identifying optimal targets to inhibit in individuals
with nonfluent aphasia (Hamilton et al., 2010; Har-
vey et al., 2017; Medina et al., 2012; Naeser et al.,
2005; Turkeltaub et al., 2012). The target finding
sessions were separated by 5 days and patients per-
formed a naming task before and immediately after
rTMS. The site with the largest increase in naming
accuracy from pre to post rTMS was selected as a
treatment target. During a subsequent longer treat-
ment trial, 10 daily 20-minute treatment sessions of
1 Hz TMS were administered to this optimal target
over two weeks followed by a naming therapy. Across
several studies, significant improvement in naming
accuracy and on measures of discourse production
was reported immediately and up to 3-months after
stimulation. The long-term benefits were associated
with a shift of activity from right PTr before the inter-
vention, to more posterior regions of the right IFG
(BA 44/6/46). Improved naming performance after
treatment was associated with increased activity in
the right posterior STG and left perilesional regions
(Harvey et al., 2017). Right PTr was the optimal site
for most patients, with a few exceptions where right
pars orbitalis was the optimal site (P. Martin et al.,
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Summary of rTMS and tDCS studies that implemented individualized targeting approaches in post-stroke aphasia

Source Aphasia
characteristics

Stimulation details Localizer task/
modality

Pre-post Tx
imaging
modal-
ity/task

Assessment
time points

Treatment
method

Sham Outcome/activation change
post-Tx

Study design

Behavioral Targeting
rTMS Studies

Hamilton
et al., 2010

n = 1, Age: 61 yrs old,
male Chronic: TPO 7
yrs, nonfluent

Protocol: 1 Hz rTMS
(1200 pulses at 90%
rMT), Target: optimal
target in the posterior
gyral portion of right
BA45 Duration: 10
daily 20 min sessions
over 12 days

Behavioral localizer
picture naming task: 6
sessions, 1 Hz rTMS
(600 pulses at 90%
rMT) administered at
6 sites in the right
frontal lobe, Target:
most responsive
during picture
naming (motor
cortex, BA44, BA45,
BA44/45, BA47)

Structural
MRI only

Pre-rTMS, 2
mo, 6 mo, 10
mo follow up

rTMS only not
performed

-1 Hz rTMS to the right
anterior BA 44/45: ventral
posterior BA45: decrease in
naming accuracy
-LFS to right BA45: improved
object naming and action
naming
-Improved picture description
at 2, 6, and 10 mo after rTMS
-Improvement on the WAB:
spontaneous speech.

Single case

Harvey et al.
(2017)

n = 9 Age: 61 ± 8 yrs,
Males: 7 Females: 2
Chronic; TPO
55 ± 33 mo,
nonfluent;
mild-moderate
ischemic stroke

Protocol: 1 Hz rTMS,
90% rMT Target:
right BA 45 (n = 8)
BA47 (n = 1)
Duration: 10 sessions
over 2 weeks, 20
min/session
administered to the
optimal target

Behavioral localizer
picture naming task;
alternating 10
picture-naming
blocks 2 runs, (3
trials per block) and
10 pattern-viewing
blocks (2 trials per
block) 1 Hz rTMS
applied to 6 different
sites within the right
frontal lobe. -target:
most responsive site

fMRI-
pre-post
rTMS:
picture-
naming and
pattern-
viewing
alternating
blocks

Baseline pre
rTMS, 2 mo,
6 mo

rTMS only not
performed

-LFS to right hemisphere:
improved naming related to
recruitment of posterior right
BA 6, 44, and 46 (post rTMS).
-At 6 mo post-rTMS vs.
baseline : greater activation for
picture naming vs. pattern
viewing were left lateralized,
except right POp and right
STG.

single group

Harvey
et al., 2019

n = 11 Mean age: 55.5
yrs; Range: 29–79 yrs
Chronic: Mean TPO
64.6 mo; Range:
6–173 mo 4 Broca’s,
6 anomic, 1
conduction

Protocol: cTBS, 50
Hz triplets of TMS
pulses at 5 Hz for a
total of 600 pulses
(40 s, 80% of AMT).
Target: right pars
triangularis BA45
administered to the
optimal target
Duration: a single
session of cTBS or
sham delivered on
different days in
randomized order

Task related localizer
naming task and
structural MRI Items
used for naming
during stimulation
were named
incorrectly in one or
both baseline sessions
(i.e., inconsistent vs.
wrong items)

none Pre-post cTBS only rTMS coil to
the vertex

-cTBS to the right BA45:
improved naming following
cTBS for low performers
-improved naming of
inconsistent, but not wrong
items
-baseline phonological but not
semantic naming impairment
severity correlated with
improved accuracy and
decreased phonological errors

Single
session,
cTBS or
sham
Within group
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Martin et al.,
2004

n = 4 Age: 52–58 yrs
Chronic: TPO 5–11
yrs 5 nonfluent 1
anomic

Protocol: 1 Hz rTMS,
90% rMT Target:
right BA45, BA44
Duration:10 daily 20
min sessions (2
weeks), administered
to the optimal target
with best naming
response

Behavioral localizer
picture-naming task:
1 Hz rTMS for 10
min (90% of RMT) to
4 right perisylvian
language homologue
ROI, 4 rTMS sessions
right BA 45, right BA
44, right BA 22, right
motor cortex (M1)
mouth area

none Pre rTMS, 2
weeks post,
2 mo post

rTMS only not
performed

-LF rTMS to right BA45:
improved picture naming
-LF rTMS to right BA44:
decreased naming accuracy
and slower reaction times

Single
group, case
series

Medina et al.
(2012)

n = 10, n = 5 rTMS,
n = 5 Sham Males: 4
Females: 6 Age:
M = 61.60 ± 8.32 yrs
Chronic, TPO:
M = 49.8 ± 29.6 mo
Nonfluent,
mild-moderate,
ischemic

Protocol: 1 Hz rTMS,
90% rMT Target:
right BA45, BA47
rTMS to the optimal
target Duration: 10
sessions over 2
weeks, duration 20
min

Behavioral localizer
naming task, 1 Hz
rTMS delivered to
targets in the right
IFG Optimal site:
greatest improvement
on the picture naming
task

not
performed

2 mo rTMS only rTMS coil
perpendicu-
lar to the
head

-rTMS>Sham, improved
discourse production

Within
group,
randomized,
sham-
controlled,
single blind,
cross-over.

Turkeltaubet al.
(2012)

n = 1 Age = 72 yrs
old, Female Global
aphasia/nonfluent
Chronic: TPO 4 yrs

Protocol: 1 Hz rTMS
90% rMT Target:
inferior posterior
right BA45 Duration:
10 daily sessions, 20
min, over 2 weeks;
treatment target: site
with the largest %
increase in naming
accuracy

Behavioral localizer
picture naming task,
1 Hz rTMS at 90%
rMT for 10 min to 6
RH targets in separate
sessions. (motor
cortex, BA44, BA45,
BA44/45, BA47)
-sites selected based
on gyral anatomy, not
fMRI activity

fMRI
pre-post:
overt picture
naming vs.
pattern
viewing (3
runs)

Multiple
baseline, 2
mo 6 mo
after rTMS
fMRI
acquisition:
first day of
treatment,
prior to
rTMS, &
immediately
after.

rTMS only not
performed

-1 Hz rTMS: reduction of
activity in RBA45; inhibition
of RBA45: improved naming
- decreased activity in the
medial prefrontal cortex, right
caudate, right posterior insula,
and the left STG
-increased activity in the
bilateral superior parietal
cortices, left SMG and left
pTemp

Single case
(part of a
larger trial)

(Continued)
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Source Aphasia
characteristics

Stimulation details Localizer task/
modality

Pre-post Tx
imaging
modal-
ity/task

Assessment
time points

Treatment
method

Sham Outcome/activation change
post-Tx

Study design

Behavioral Targeting
tDCS studies

Shah-Basak
et al., (2015)

n = 12, Age:
M = 63.6 ± 8.6 yrs,
Range: 53–78 yrs 10
males, 2 females
Chronic: TPO
M = 31.0 ± 29.7 mo

Protocol: tDCS,
anodal, cathodal, or
sham Target: F4 or F3
sites Reference:
contralateral mastoid
Duration: 2 mA, 20
min (current den-
sity:0.80 �A/mm2),
sponge 5 cm2

electrodes, 30-s
ramp-up/ ramp-down

Optimal montage
finding naming task
with tDCS:
stimulated with 4
active montages
(left/right, anode or
cathode) and one
sham montage
optimal montage:
best accuracy after
stimulation

not
performed

Multiple
baseline, 2
weeks, 2 mo

tDCS +
concurrent
naming task

Sham
montage,
(randomized
to receive
F3-anode
and cathode
on right
mastoid or
F4-anode
and cathode
on left
mastoid),
Sham
ramped up to
2.0 mA, then
down to
0 mA in the
first 60 s

-7/12 subjects showed
transient improvement in
picture-naming.
-Aphasia severity improved at
2-weeks and 2-mo following
real-tDCS but not sham.
-Naming improvement after
left-frontal
cathodal-stimulation vs. sham.

Randomized
cross-over,
sham
controlled,
single-blind

Targeting Function
rTMS
studies with
fMRI-
localizer
Abo et al.
(2012)

n = 24 rTMS Age:
M = 55.9 ± 8.8 yrs
Males: 22 Females: 2
Chronic: TPO
M = 34.7 ± 20.5 mo,
nonfluent, fluent,
mild-moderate,
stroke: ischemic,
hemorrhagic

Protocol: 1 Hz rTMS,
90% rMT, Target:
right IFG for
nonfluent, Left STG
for fluent aphasia
Duration: 10 sessions:
40-min/session (11
days)

fMRI localizer: word
repetition task

fMRI
localizer
pre-TMS
only

immediate, 4
weeks

rTMS+SLT
(expressive
production, 10
sessions: 60 min/
session)

not
performed

-LF-rTMS to the right IFG for
nonfluent aphasia and to the
left STG for fluent aphasia.
post rTMS > baseline
improvement: nonfluent
-aphasia: auditory and reading
comprehension, repetition.
Fluent aphasia: spontaneous
speech.

single group
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Griffis et al.,
2016

n = 8 Age:
M = 54.4 ± 12.7 yrs
Chronic:
M = 5.25 ± 3.62 yrs 4
anomic, 1 conduction,
4 nonfluent/ Broca’s

Protocol: iTBS 50 Hz
every 200 millis in
2-s trains at 10-s
intervals over a 200-s
period, 600 pulses,
80% AMT Target:
perilesional left IFG,
Optimal target
location Duration: 10
days over 2 weeks

fMRI localizer
semantic
decision/tone
decision: iTBS
applied to residual
language-responsive
cortex in or near the
left IFG identified
using an fMRI
localizer task

fMRI data
pre-post:
alternating
block-design
covert verb
generation
task -silent
verb
generation
alternating
30 s blocks
in response
to binaurally
presented
nouns
-control
condition:
bilateral
sequential
finger
tapping

fMRI before
and after
iTBS

iTBS only not
performed

-Post iTBS: IFG responses
during covert verb generation
were more strongly
left-lateralized.
-Post-iTBS higher levels of
BOLD activity in left IFG and
right IFG during covert verb
generation compared to finger
tapping.
-Shift from right to
left-lateralized activation

single group,
Single
session

Hara et al.
(2015)

n = 50 n = 29 right
LF-rTMS n = 21
left-LF-rTMS Age:
right-LF-rTMS:
M = 59.9 yrs,
left-LF-rTMS:
M = 60.9 yrs Males:
40 Females: 10
Chronic: TPO
right-LF-rTMS:
M = 56.2 ± 33,
left-LF-rTMS group:
M = 55.6 ± 43.2 28
nonfluent, 23 fluent
mild to severe
ischemic,
hemorrhagic,
subarachnoid

Protocol: 1 Hz rTMS,
90% rMT Target:
right or left: STG or
IFG Location based
on pretreatment
activation: LF-rTMS
to the right IFG or
LF-rTMS to the left
IFG Duration: 10
sessions: 40
min/session (2 weeks)

fMRI localizer word
repetition task,
1-week pre-rTMS 4
runs with each run
consisting of 12
cycles of 60-s rest
and overt word
repetition periods

fMRI: target
localization,
SPECT:
pre-post
TMS
evaluation

SPECT at
admission &
3 mo
post-TMS

rTMS+SLT
(expressive
production, 10
sessions: 60
min/session)

not
performed

-Overall aphasia severity
decreased, improved speaking,
reading, writing and listening
-Right hemisphere-LF rTMS:
improvement in the total SLTA
score, SLTA speaking and
writing correlated with
recruitment of perilesional left
hemisphere regions.
-Left hemisphere-LF-rTMS
group: association between
SLTA total score and change in
laterality were not observed.
-Speaking subscale scores
correlated with transition of
laterality index from left to
right hemisphere

single group

(Continued)
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Source Aphasia
characteristics

Stimulation details Localizer task/
modality

Pre-post Tx
imaging
modal-
ity/task

Assessment
time points

Treatment
method

Sham Outcome/activation change
post-Tx

Study design

Hara et al.
(2017)

n = 8 n = 4 LF-rTMS,
n = 4 HF-rTMS Age:
LF-rTMS: M = 63 yrs
HF rTMS: M = 68.25
yrs Chronic: TPO
1 Hz = 20.79 mo 10
Hz = 55.15 mo Males:
6 Females: 2
nonfluent, fluent mild
to severe, ischemic,
hemorrhagic

Protocol: 1 or 10 Hz,
90% rMT Target:
right IFG - left
hemisphere activation
received 1-Hz rTMS
to the right inferior
frontal gyrus (RIFG),
–right hemisphere
activation received
10-Hz rTMS to the
RIFG Duration: 10
sessions: 40
min/session (2 weeks)

fNIRS- rTMS target:
3 cycles of 15-s rest
& 30-s overt
word-repetition
periods.

fNIRS-pre
vs. post:
word
repetition
task

1-week
pre-rTMS, 3
mo
post-rTMS

rTMS+SLT,
(expressive
production, 10
sessions: 60
min/session)

not
performed

-Post rTMS > baseline, overall
aphasia severity, listening,
speaking, reading, and writing
-LFS to right BA45:
post-rTMS reduced bilateral
activation and shift to the left
hemisphere activity.
-fNIRS showed resolution of
interhemispheric inhibition
-LFS to right BA45: left
hemisphere > right hemisphere
-HFS right BA45: post rTMS
increase in the right
hemisphere activity, also
increased activation in the left
hemisphere
-HFS group: regions
contralateral to the
lesion > perilesional left
hemisphere

single group

Szaflarski
et al. (2011)

n = 8 Age:
M = 54. ± 12.7 yrs
Chronic: TPO
M = 5.3 ± 3.6 yrs
Males: 4, Females: 4
Nonfluent-fluent,
Broca’s, Wernicke’s,
global,
moderate-severe,
ischemic

Protocol: iTBS, 50
Hz 600 pulses, 80%
AMT Target: left BA
45 Duration: 10
sessions: 3–10
min/session (2 weeks)

fMRI–localizer,
semantic decision vs.
tone decision task

fMRI pre vs.
post
activation:
semantic
decision vs.
tone decision
task

immediate
pre-post
rTMS

iTBS only, none none -Post iTBS > baseline,
improved semantic fluency,
self-reported improvement in
communication abilities.
-iTBS to the LH: increased
activation in left
fronto-temporo-parietal
language networks, shift to the
left frontal, and left
temporo-parietal regions.
-Improvement in language
performance were correlated
with increased lateralization to
the left hemisphere.

single group
single blind
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Szaflarski
et al. (2018)

n = 12 Age:
M = 49 ± 12.63 yrs,
Range 26–66 yrs
Males: 9 Females: 3
Chronic: TPO
M = 3.42 ± 2.87 yrs
nonfluent, (fluent),
anomic, Broca’s,
global,
mild-moderate, type
of stroke not stated

Protocol: iTBS, 50
Hz 600 pulses, 80%
AMT Target: left BA
45 Duration: 10
sessions: 3–10
min/session (2 weeks)

fMRI localizer:
semantic decision vs.
tone decision task

fMRI pre vs.
post
activation:
semantic
decision vs.
tone decision
task

T1: baseline,
T2: right
after iTBS (2
weeks),
T3:3 mo
after iTBS

rTMS+SLT,
(mCIAT, 10
sessions: 45
min/session)

none -Post iTBS > baseline,
improved aphasia severity
(WAB-AQ) and object naming
(BNT)
-iTBS to the LH:
improvements in WAB-AQ
from T2 to T3 and decreased
activation in left inferior
parietal lobe, improvements
on BNT from T1 to T3 with
decreased activation in the
right inferior frontal gyrus.
-Shift of activation to the
perilesional LH regions

single group
single blind

Targeting Function
tDCS studies with fMRI-localizer

Baker et al.
(2010)

n = 10 Age:
M = 65. ± 11.44 yrs,
Range 45–81 yrs
Chronic: TPO
M = 64.6 ± 68.4 mo,
Range 10 to 242 mo 6
fluent, 4 nonfluent

Protocol: Anodal
tDCS and sham:
1 mA with 5 cm2

sponge electrodes
Target: left frontal
cortex optimal site
reference: right
shoulder Duration: 5
days of anodal tDCS
(1 mA, 20 min day)
and 5 days of sham
tDCS

Optimal site finding.
T1-MRI and fMRI
activation associated
with an overt picture
naming task was used
to determine
placement of the
anode on a patient
by-patient basis.
Optimal target: area
of the left frontal
cortex with the
greatest activation
during correct naming

not
performed

Baseline, 1
week

Anodal tDCS +
self-administered
computerized
anomia treatment
(1 week each
sham or active)

Sham
montage,
sham turned
off following
30 s of
stimulation

-tDCS over the left frontal
cortex improved naming
accuracy
-Those with the most
improvements had perilesional
targets closest to the
stimulation site

cross-over,
randomized,
sham
controlled,
single-blind

(Continued)
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Source Aphasia
characteristics

Stimulation details Localizer task/
modality

Pre-post Tx
imaging
modal-
ity/task

Assessment
time points

Treatment
method

Sham Outcome/activation change
post-Tx

Study design

Cherney
et al. (2021)

n = 12 Age:
M = 56.7 ± 7.14 yrs
Chronic: TPO
M = 34.8 ± 42 mo 8
males 4 females
non-fluent aphasia
unilateral left
hemisphere stroke

Protocol:
anodal-tDCS,
cathodal-tDCS, or
sham tDCS 8 cm2

oblong (2 × 4)
saline-soaked sponge
electrode Target:
perilesional left
hemisphere reference
anode (48 cm2) on
the forehead, directly
above the right orbit.
Duration: 5 days a
week for 6-weeks
tDCS: 1 mA, first 13
min of the 90-minute
speech–language
treatment session 5
days a week

fMRI localizer task:
guided identification
of tDCS sites. Tasks:
1. semantic
categorization, 2. oral
reading of a word
within a sentence, 3.
imitation of
consonant-vowel
syllables
fMRI-navigated
electrode placement
Individualized
stimulation site based
on overlapping fMRI
activation in the left
hemisphere across
three
speech–language task

fMRI task
pre vs. post:
Tasks:
semantic cat-
egorization
oral reading
of a word
within a
sentence,
imitation of
consonant-
vowel
syllables

Baseline,
post Tx,
follow-up

tDCS+STL (90
min
computerized
SLT with virtual
therapist) 2
sequential
15-min intervals
of Oral Reading
for Language in
Aphasia
(ORLA®). The
first 15 min of
ORLA® was
paired with the
tDCS 30-min
interval of
Aphasia Scripts
incorporates
reading aloud of
sentences,
embedded in
scripted
conversation The
last 30-min of
treatment was
continued
reading aloud
practice via
ORLA®.

Sham: a
ramp-like
fashion for
30 s, and
then shut off

-WAB-IQ and oral reading
improved for anodal and
cathodal vs. sham
-Active tDCS: greater gains on
standardized probes, and
caregiver-reported measures of
functional language
-Cathodal stimulation to the
lesioned left hemisphere:
increased areas of cortical
activation across both
hemispheres, and in
perilesional regions.
-Effects interacted with
severity, less severe aphasia
exhibited greater activation of
the left hemisphere post
treatment, than more severe
aphasia

between
group,
randomized
single-blind
placebo-
controlled
clinical pilot
study

(Continued)
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Fridriksson
et al. (2011)

n = 8 Age:
M = 68.1 ± 10.4 yrs
Range 53–79 yrs
Chronic: TPO,
M = 58.4 ± 44.6 mo,
Range 10–150 mo,
fluent aphasia

anodal-tDCS
(A-tDCS) sham tDCS
(S-tDCS) (1 mA)
Target: left posterior
cortex reference
cathode on the right
forehead. Duration:
10 sessions of
computerized anomia
treatment; 5 (1 week)
sessions, 20-minute
anodal tDCS and 5 (1
week) included Sham
tDCS

fMRI localizer overt
picture naming task:
Anode placed over
perilesional brain
regions that showed
the greatest activation
on a pretreatment
fMRI task

no pre vs.
post fMRI
reported

Baseline,
after Tx, 3
weeks

tDCS+10
sessions of
computerized
anomia
treatment; began
5 min before the
start of tDCS

Sham
stimulator
was turned
off after 45 s

-Reduction in RT during
naming of trained items after
A-tDCS compared with
S-tDCS immediately after
treatment and at 3-week
follow-up testing.
-Greater response
generalization after A-tDCS
- A-tDCS in the absence of
behavioral training did not
improve task performance

randomized,
double-
blind,
sham-
controlled
crossover
trial

Fridriksson
et al., 2018

n = 74 Age:
M = 60 ± 10 yrs 52
Males 22 Females
Chronic: TPO
M = 44 ± 40 mo
Mixed aphasia types
Single ischemic
stroke

A-tDCS, sham tDCS
(S-tDCS), 1 mA,
20-minute Target: left
temporal regions,
Duration: 3 weeks
(15 sessions)

fMRI localizer overt
picture naming task

No pre vs.
post fMRI
reported

Baseline,
1-week
postTx, 6 mo
follow- up

Anodal tDCS +
SLT (3 weeks, 15
sessions, 45 min
each
computerized
anomia
treatment)

sham tDCS -Naming accuracy improved
after anodal tDCS compared
to sham

randomized,
double-
blind,
sham-
controlled
between-
group

Ulm et al.,
2015

n = 1, Age = 51 yrs
old, female Chronic:
TPO 4.7 yrs Mild
anomic aphasia

Protocol: anodal
tDCS+fMRI
(simultaneous) 1 mA,
5 × 7 cm3 sponges
Target: Anode = F3
(left IFG)
corresponded to
∼75% upwards from
F7 to F3 cathode (10
cm×10 cm) over
right supraorbital
region Duration:
Single session anodal
ramped-up 10 s prior
to the start of the
picture naming,
stimulated for 20 min

fMRI localizer overt
picture naming task:
Peak activity located
in the spared left
inferior frontal gyrus
and this area was
stimulated during a
subsequent cross-over
phase.

fMRI
concurrent
with tDCS:
picture
naming task,
pictures
named
correctly
during
baseline

Baseline,
post tDCS

Anodal or sham
+ picture naming
task in fMRI

Sham turned
off after 30 s

Anodal vs. sham resulted in
selectively increased activity
at the stimulation site

Single case,
sham-tDCS
controlled,
Single
session

(Continued)
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Source Aphasia
characteristics

Stimulation details Localizer task/
modality

Pre-post Tx
imaging
modal-
ity/task

Assessment time
points

Treatment
method

Sham Outcome/activation change
post-Tx

Study
design

Richardson
et a., 2015

n = 8 Age:
M = 60. ± 8.88 yrs,
Range 51–74 yrs
Chronic: TPO,
M = 100.2 ± 92,
Range 9–312 mo 4
females 4 males 5
Broca’s 3 anomic

Protocol: compared
conventional
sponge-based (CS)
tDCS to HD-tDCS,
CS-tDCS: 1 mA, 20
min, 5 × 5 cm2,
HD-tDCS:
8-channel, 9th
reference, 1 mA, per
electrode (2 anodes,
2 cathodes), Target:
optimal fMRI
location, Duration:
20 min, 30 s ramp-up
and down.

High-resolution T1-
and T2- MRI scans,
fMRI language task
used to determine
electrode placement
on a
patient-by-patient
basis. Optimal target:
highest fMRI
activation in the
perilesional cortex
on correctly named
trials Individualized
modeling of targeting

not
performed

assessed at 12
different time
points: twice at
Phase 1 baseline
(P1-B), twice
immediately
post final
treatment
session (P1-IP),
twice at
one-week
follow-up
(P1-FU), twice
at P2-B, twice at
P2-IP, and twice
at P2-follow up.

tDCS +
Computerized
anomia
treatment, 5 days
during each
treatment arm.

not
performed

-CS-tDCS and HD-tDCS
comparable outcomes
-Naming accuracy and
response time improved for
both stimulation conditions.

randomized,
cross-over

Targeting pathology or dysfunction
Shah-Basak
et al., 2020

n = 14 Age:
M = 58.8 ± 12.8 yrs,
7 males 7 females
Chronic: TPO:
M = 8.0 ± 5.2 yrs
Range 4–21 yrs
nonfluent,
conduction, Anomic,
Fluent

Protocol: HD-tDCS
vs. sham, 2 mA,
using a 3 × 1
center-surround
configuration,
Targets:
anodal-tDCS: LH
perilesional, right
cathodal-tDCS: RH
homolog or
sham-tDCS,
Duration: Single
20-min session,
separated by 48h.

rsMEG localizer:
Location of the
center electrode
determined
individually based on
rsMEG
abnormalities

MEG:
delayed
word
reading task

Baseline, pre vs.
post

HD-tDCS +
cued and uncued
repetition task,
easy and hard
task adjusted to
severity level

Sham vs.
post-tDCS
repetition
performance

-Anodal-tDCS: improved
repetition accuracy
-Improvements depended on
task difficulty level.
-Anodal-tDCS to perilesional
areas increased low gamma
and signal complexity in the
higher frequencies and
reduced contralateral theta
and signal complexity-
Changes to theta power in
contralateral areas after
perilesional anodal-tDCS
associated with improved
repetition accuracy
-Homolog cathodal-tDCS
was only weakly effective
-Cathodal-tDCS: oscillatory
changes not correlated with
repetition accuracy

randomized,
double-
blind,
within-
subjects

(Continued)
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Source Aphasia
characteristics

Stimulation details Localizer task/
modality

Pre-post Tx
imaging
modal-
ity/task

Assessment
time points

Treatment
method

Sham Outcome/activation change
post-Tx

Study design

Targeting ancillary systems
Motor cortex

Datta et al.,
2011

n = 1 Age:
60-year-old male,
Chronic: TPO 64 mo
Broca’s aphasia

Protocol: anodal
tDCS (A-tDCS 1 mA,
20 min), Target: left
perilesional frontal
cortex Duration: 5
days of A-tDCS and 5
days of sham tDCS
(S-tDCS, 20 min)

computerized model
of current flow

– tDCS or sham +
computerized
anomia treatment

reference
cathode
electrode
placed on
right
shoulder

Single-
subject

Darkow
et al., 2017

n = 16 Age:
M = 56.8 ± 10.1 yrs,
chronic: TPO
M = 54.36 ± 45.3 mo
6 females, 10 males
mild aphasia

Protocol: Concurrent
tDCS+fMRI, MR
compatible Anodal vs
sham tDCS (1 mA,
20 min), 5 × 7 cm2

Target: Left primary
motor cortex (M1)
Duration: Single
session of active or
sham to M1.

C3 based on the
10–20 EEG system,

fMRI: object
naming task
the naming
task during
tDCS-fMRI:
pictures that
could be
named
correctly
during
repeated
behavioral
baseline
assessment

Pre vs. post
tDCS
Activation
change pre
vs. post

tDCS only Sham, turned
off after 30 s

- greater activity during
anodal- compared with
sham-tDCS in the language
regions, but not in the visual or
motor regions
-Anodal-tDCS:
“normalization” of
task-related activity and
network characteristics.
-Stimulation effects task
dependent, M1-tDCS did not
affect the motor network. not
determined by the stimulation
site.

randomized,
cross-over

(Continued)
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Meizner
et al., 2016

n = 26 Age:
M = 60 ± 11.8 yrs,
TPO: M = 42 ± 22.3
yrs, 18 males 8
females Chronic
aphasia, Broca’s,
Wernicke’s, global

Protocol: Anodal
tDCS vs sham Target:
anode to left primary
motor cortex (M1)
(over C3) twice daily,
5 × 7 cm2 cathode
(10 × 10 cm2) over
the right supraorbital
region Duration: 2
weeks 8 days, twice
daily for 1.5h/day,
ramped up and down
for 10 s

C3 based on 10–20
EEG system)

Baseline,
Post Tx, 6
mo
follow-up

Pre and post
tDCS after 6
mo

Anodal tDCS +
SLT (naming
therapy, 2 weeks
(8 days, 2 × 1.5
h/day)

Sham:
ramped up
and
remained at
1 mA for 30
s before
ramping
down

-Naming ability for trained
items improved after the
intervention in both the anodal
and sham-tDCS
-Better maintenance in the
anodal-tDCS group 6 mo later
-Transfer to untrained items
larger in the anodal-tDCS
group after training and during
the 6-month follow-up
-Improved functional
communication in the
anodal-tDCS vs. sham

parallel
group,
randomized,
sham-
controlled,
double-blind

Xu et al.,
2021

n = 16 Age:
M = 55.6 ± 11.8 yrs,
12 males 4 females
TPO: M = 5.1 ± 2.3
mo, Range 2–9 mo,
ischemic or
hemorrhagic stroke

Protocol: iTBS 800
pulses for 300 s, three
pulses at 50 Hz in
each burst at 5 Hz,
and 2 s, 8 s intervals,
80% rMT Target: left
primary motor cortex
(M1) Duration:
Single session

single-pulse rTMS
over the primary
motor area (M1)
where the largest
MEP was evoked

Resting state
fMRI before,
immediately
after the
iTBS

Baseline, Pre
vs. post,
MRI Pre and
immediately
after iTBS
session

iTBS only, No
SLT

not
performed

Changes in functional
connectivity after iTBS

Single group

(Continued)
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Source Aphasia
characteristics

Stimulation details Localizer task/
modality

Pre-post Tx
imaging
modal-
ity/task

Assessment
time points

Treatment
method

Sham Outcome/activation change
post-Tx

Study design

Cerebellum
Demarco
et al., 2021

n = 24 Active: n = 10
Sham: n = 14 Age:
M = 60.2 ± 10.5 yrs,
Range 42–81 yrs 16
males 8 females,
chronicity = TPO:
M = 43.4 ± 39.9 mo
Range 6.8–177.6 mo

Protocol: Anodal
tDCS, 5×5-cm2, 2
mA Target: right
posterolateral
cerebellum cathode
placed on the upper
right bicep. Duration:
applied during the
first 20 min of speech
therapy

No localizer task
Cerebellum: 1 cm
down and 4 cm to the
right of the inion

No imaging 2 × before
treatment,
once
immediately
post
treatment,
and at the
3-month
follow-up

Anodal tDCS +
multimodal
speech therapy
targeting anomia

Sham results
used from a
different
study, Two
sham:
anodes
placed at left
IFG (F7 and
F5), and two
cathodes
placed at the
right-IFG
(F6 and F8).
The current
was ramped
up to 1.5 mA
over 30 s,
followed
immediately
by a 30-s
ramp-down.

-Improvement on number of
utterances produced
-Active = sham no significant
post treatment behavioral
gains
-No significant gains on
measures that engage the
cerebellum

between
group, sham
controlled

(Continued)
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Marangolo
et al., 2018

n = 12 6 males
females

Protocol: cathodal
tDCS, 2 mA, 5 × 7
cm2, sham Target:
right cerebellum
Duration: 20 min, 5
daily sessions/1 week

Location:1 cm down
and 4 cm to the right
of the inion

No imaging Baseline,
Post Tx,
1-week
follow-up

tDCS + verb
generation task,
tDCS + verb
naming task in
different
conditions 5
sessions, over a
week, 6 days
break

Sham turned
off after 30
s, -reference:
right
shoulder
over deltoid
muscle.

-Cathodal tDCS improved
verb generation but not verb
naming.

randomized,
double-
blind, within
group

Sebastian
et al., 2017

n = 1 age = 57 yrs old
male TPO = 5 yrs
ischemic stroke

Protocol: Anodal
tDCS and sham,
25 cm2 saline soaked
sponge electrodes
Sham first, tDCS
second Target: right
cerebellum Duration:
20 min/session, 3–5
per week

Right cerebellum
1 cm under, and 4 cm
lateral to the inion
-Modeled current
flow in the right
cerebellum

MRI image,
resting fMRI

before,
immediately
after, and 2
mo post-
treatment for
each
condition

cerebellar tDCS+
spelling therapy
(15 sessions) 15
training sessions
3–5 per week,
separated by 2
mo tDCS
administered for
the first 20 min
of the 45-min
spelling
treatment

Sham
ramped
down to zero
after 30s,
cathode was
placed on the
right deltoid
muscle

-Greater improvement with
tDCS than with sham for
trained and untrained words
-Immediately after and 2 mo
post-treatment, improved
spelling-to-dictation for
trained and untrained words
-Generalization to written
picture naming in tDCS
condition
-Immediately after and 2 mo
post-treatment, connectivity
increased between the right
cerebellum and the LH and
RH ROIs
-Improved spelling
accompanied by an increase in
cerebro-cerebellar
connectivity.

double-
blind,
within-
subject
crossover
trial design,
with random
order of
treatments

rTMS: repetitive transcranial magnetic stimulation, tDCS: transcranial direct current stimulation; HD-tDCS: High definition transcranial direct current stimulation; CS-tDCS HF: Conventional
sponge tDCS; high frequency, LF: low frequency; cTBS: continuous theta burst stimulation; iTBS: Intermittent theta burst stimulation; rMT: resting motor threshold; AMT: active motor threshold;
MEP: motor evoked potential; SLT: speech language therapy; rTMS+SLT: repetitive transcranial magnetic stimulation combined with speech language therapy. TPO: time post onset; SLT:
speech-language therapy, LMCA: left middle cerebral artery; LH: left hemisphere; RH: right hemisphere, ROIs: regions of interest. ∗values calculated based on the information provided in the
text. �LI: change in laterality index; LFS: low frequency stimulation; HFS: high frequency stimulation; fNIRS: functional near infrared spectroscopy; SPECT: single-photon emission computed
tomography; fMRI: functional magnetic resonance imaging; PET: positron emission tomography; PET AVI: positron emission tomography activation volume; MEG: Magnetoencephalography;
rsMEG: resting-state MEG; CBF: cerebral blood flow. WABAQ: Western Aphasia Battery Aphasia Quotient; CCAT: Chinese Concise Aphasia Test; BDAE: Boston Diagnostic Aphasia Examination;
AAT: Aachen Aphasia Test; ASRS: Aphasia Severity Rating Scale. BA: Broadman’s Area; STG: superior temporal gyrus; IFG: inferior frontal gyrus; FT: frontal-temporal lobe; pIFG: posterior
inferior frontal gyrus; pSTG: posterior superior temporal gyrus; pT: posterior temporal; SMG supramarginal gyrus; min: minutes; hr: hour; ILAT: intensive language action therapy, mCIAT:
modified constraint-induced aphasia therapy; BDAE: Boston Diagnostic Aphasia Examination.
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2004; Medina et al., 2012). Gains in naming abil-
ity are also reported after inhibitory stimulation with
cTBS over the right BA45, especially in those with
more severe baseline naming deficit (Harvey et al.,
2019).

A similar approach was used for a treatment
study involving tDCS. Naming accuracy changes
in response to 4 active tDCS electrode montages
(left hemisphere anodal or cathodal; right hemi-
sphere anodal or cathodal) and 1 sham montage were
examined for each PWA prior to protracted treat-
ment trial. The montage with largest change was
selected as a therapeutic target. Large variability was
reported in 12 patients, and the greatest improve-
ment was reported for cathodal montage over the left
frontal regions. Optimal montage finding procedure
was followed by a sham-controlled cross-over trial
in which tDCS was administered concurrently with
constrained induced language therapy (CILT), over
10-days using the optimal montage configuration.
Reduction in overall aphasia severity was found after
two weeks, which was maintained at the 2-month
follow-up (Shah-Basak et al., 2015).

3.2.2. Targeting function
In other studies, functional neuroimaging with

language tasks closely related to planned language
therapy was performed prior to the NIBS trial to
select the target based on individual’s lesion as well as
functional activation patterns (Cherney et al., 2021;
Fridriksson, Rorden, et al., 2018; Griffis et al., 2016;
Richardson et al., 2015; Ulm et al., 2015). The
rationale was to maximize the effects of therapy
by strengthening activity using NIBS in the most
therapy-responsive region.

FMRI-guided target-finding approach has been
previously implemented for several rTMS studies.
For example, stimulation targets in individual patients
were selected based on the type of aphasia and fMRI
activation patterns during a repetition task in a study
by Abo et al. (2012). Targets for patients with non-
fluent aphasia were within the right IFG and for
those with fluent aphasia within the left STG. Each
patient subsequently received 10 treatment sessions
consisting of 40-minute 1-Hz rTMS to the brain area
contralateral to the region identified during fMRI,
and 60 minutes of intensive SLT. Patients with non-
fluent aphasia improved on auditory comprehension,
reading comprehension and repetition, whereas those
with fluent aphasia showed improvement in sponta-
neous speech. These effects persisted 4 weeks after
the intervention (Abo et al., 2012). In a subsequent

study, Hara et al. (2015) adopted a similar fMRI
guided approach but targeted both left and right
hemisphere targets. After the treatment, overall apha-
sia severity decreased. Improved performance was
observed on subtests of speaking, reading, writing
and listening at 3 months after the intervention (Hara
et al., 2015).

More recently, Hara et al. (2017) modified their
stimulation protocol and localized stimulation targets
using functional near infrared spectroscopy (fNIRS)
during a repetition task. Patients exhibiting left hemi-
sphere activation on the fNIRS localizer task received
1-Hz stimulation to the right IFG, and those with right
hemisphere activation received 10-Hz rTMS directly
to the right IFG. Significant improvement was found
for both groups on the overall aphasia severity,
measured with subtests for listening, speaking, read-
ing and writing. Reduced bilateral activation and a
shift to left hemisphere activation, relative to pre-
intervention, was reported in patients who received
inhibitory rTMS to the right IFG. Patients who
received 10-Hz to the right IFG exhibited increased
activation in the stimulated right hemisphere rel-
ative to pre-intervention time point (Hara et al.,
2017).

In a study by Szaflarski et al. (2011), patients per-
formed a semantic fMRI task to localize optimal
targets within the left hemisphere perilesional areas.
For 7 out of 8 patients, the left IFG was the most acti-
vated region. Over 10 daily sessions, patients received
excitatory stimulation using iTBS. Compared to base-
line, significant improvements on semantic fluency
and a trend toward better self-reported communi-
cation abilities were found. Additionally, changes
after 10 sessions of iTBS treatment were mea-
sured using fMRI with a semantic vs. tone decision
task. Observed improvements were significantly cor-
related with a shift to the left hemisphere after
left IFG stimulation (Szaflarski et al., 2011). In
particular, increased activation in the left fronto-
temporo-parietal language networks was reported.
In a later study by Szaflarski et al. (2018), stimu-
lation targets were determined individually using a
fMRI task and were localized to left frontal regions
in most patients. Treatment trial involved iTBS to
these targets, accompanied by modified constraint-
induced aphasia therapy. Significant reductions in
overall aphasia severity (WAB-AQ) and increases in
naming accuracy (on the BNT) were reported imme-
diately after the treatment, which lasted 3 months
after the intervention was discontinued (Szaflarski
et al., 2018).
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FMRI-guided targeting has also been implemented
to guide electrode positioning during tDCS to ensure
that stimulation is applied over responsive brain
regions (Richardson et al., 2015; Ulm et al., 2015).
Baker et al. (2010) administered anodal tDCS (1 mA,
20-min) and sham tDCS to individually determined
left perilesional locations in 10 patients with chronic
aphasia over two separate weeks combined with
a computerized anomia treatment. The electrode
positioning was guided by fMRI activation patterns
acquired during an overt naming task for each indi-
vidual on correct trials. This procedure ensured that
the active electrode was placed over structurally
preserved cortex engaged during naming, directly rel-
evant to the anomia treatment provided during tDCS.
Naming accuracy improved after active tDCS com-
pared to sham (Baker et al., 2010). Similar fMRI
protocol for tDCS target localization has been used
in other studies (Fridriksson et al., 2011; Fridriksson,
Rorden, et al., 2018). This includes a recent clinical
trial that found that individually targeted anodal tDCS
to left temporal regions, guided by fMRI naming task,
was feasible and non-futile, warranting further study
for the treatment of aphasia.

A more recent study that investigated the effects
of extended six-week application of anodal, cathodal
and sham tDCS (13 min, 1 mA daily) on lan-
guage skills and brain activation adopted a targeting
approach guided by 3 fMRI tasks: semantic decision,
word reading and consonant-vowel imitation. It was
expected that these fMRI tasks would recruit regions
needed for therapies planned during tDCS, namely
Oral Reading for Language in Aphasia or ORLA
and reading scripts out loud. Compared to sham both
anodal and cathodal tDCS groups showed reduction
in aphasia severity (WAB-AQ) and improvement on
WAB language quotient. In addition, active tDCS
resulted in improved reading comprehension and
increased functional communication scores. FMRI
results indicated that cathodal tDCS to the left perile-
sional regions resulted in increased activation in both
hemispheres and increased activation in the perile-
sional regions. These effects interacted with severity,
such that participants with less severe aphasia tended
to exhibit greater activation of the left hemisphere
after the treatment, than participants with more severe
aphasia (Cherney et al., 2021).

3.2.3. Targeting pathology or dysfunction
Another targeting approach implements neu-

roimaging to identify regions that are structurally
intact but exhibit physiologically abnormal activity.

These aberrant physiological signals are thought to
reflect dysfunction, in comparison to healthy regions
within the same individual or compared to matched
healthy controls (Chu et al., 2015; Kielar et al.,
2016; Shah-Basak et al., 2020). The rationale is to
normalize or restore activity in functionally compro-
mised regions using NIBS, and potentially maximize
recruitment of these regions during planned therapy.

One study by Shah-Basak et al. (2020) used
resting-state MEG (rsMEG) to localize region(s)
exhibiting perilesional oscillatory dysfunction in
individual PWA during chronic stages of recovery.
These regions were then targeted using HD-tDCS
to correct or normalize the abnormalities. This
study examined transient changes after a single 20-
minute session of anodal, cathodal or sham-tDCS.
Specifically, perilesional area(s) that exhibited peak
pathological oscillatory slowing was selected as a
stimulation target in individual patients. These areas
were targeted with anodal HD-tDCS directly, or
cathodal HD-tDCS was applied to the homolog right
hemisphere regions. During stimulation, patients per-
formed a graded sentence repetition task. Anodal
HD-tDCS significantly improved repetition accu-
racy, whereas cathodal HD-tDCS showed weaker
effects, compared to sham tDCS. Effects of anodal
tDCS interacted with the difficulty of the task con-
ducted during stimulation such that the improvement
was greater in patients with less severe aphasia
who could undergo the more difficult version of the
task. Anodal HD-tDCS applied over the perilesional
targets resulted in a reduction of oscillatory abnor-
malities in the left hemisphere and in the contralateral
right hemisphere areas. The reduction in theta power
(4–7 Hz) in the right hemisphere areas contralateral to
the left hemisphere stimulation sites was associated
with greater improvement in repetition accuracy. For
cathodal stimulation, changes in oscillatory activity
did not significantly correlate with repetition accu-
racy (Shah-Basak et al., 2020).

While the mechanisms of oscillatory slowing
in perilesional areas are unclear, prior work by
Kielar et al. (2016) has found significant associa-
tions between reduced cerebral blood flow (CBF) in
PWA and increases in slow (pathological) oscillatory
activity in these regions, as measured with rsMEG. In
comparison to age and education matched controls,
PWA exhibit decreased CBF in perilesional regions
(Kielar et al., 2016).

Taking this evidence together, we hypothesize that
partial restoration of perfusion with NIBS in the
structurally intact areas of the affected hemisphere



P. Shah-Basak et al. / Neurorehabilitation strategies in aphasia 151

may be an integral part of post-stroke aphasia recov-
ery. But changes in perilesional perfusion can unfold
differently throughout recovery (with rapid changes
early after stroke that level out chronically) and these
changes may be differentially important at different
stages of stroke recovery. These characteristics would
have to be accounted for in the planning of NIBS
targeting protocols.

In general, we know that stroke can induce deficits
in temporal dynamics of CBF (Roc et al., 2006;
Treger et al., 2007). Diminished blood circulation
in a particular part of the brain results in decreased
delivery of oxygen and nutrients. In brain areas
with extremely limited circulation (or hypoperfu-
sion), apoptosis is very likely (Baron & Marchal,
1999). In other areas, where hypoperfusion is sub-
baseline, neurons can remain alive. However, such
sub-baseline hypoperfusion can last for weeks after
stroke (Brumm et al., 2010; Hillis, 2007) and can
impact language function (Cloutman et al., 2011).
For example, following a left-hemisphere stroke,
chronic hypoperfusion within 0–6 mm band in the
perilesional area was associated with worse language
impairment (Thompson et al., 2017).

Studies in the hyperacute stroke period (< 2 days
post-stroke) have supported a relationship between
cerebral perfusion and language ability. For exam-
ple, hypoperfusion of Wernicke’s area and BA 37
seen on perfusion MRI was associated with poor
naming and word comprehension, whereas subse-
quent reperfusion coincided with an improvement of
those abilities (Hillis et al., 2005; Hillis & Heidler,
2002). Furthermore, Hillis (2007) showed that pro-
moting reperfusion via a pharmacologically-induced
increase in blood pressure in a patient with hypop-
erfused left perisylvian language cortex improved
naming and comprehension. As suggested by this
and other studies, cerebral circulation following
stroke may undergo changes across different stages
of recovery. A study by Boukrina and colleagues
(Boukrina et al., 2019), which examined post-stroke
recovery of reading, showed that subacute perfusion
in the intact parts of the left reading (ipsilesional) net-
work was positively associated with chronic accuracy
on a pseudoword rhyming task. Consistent with prior
findings, Walenski and colleagues (2022) showed that
cerebral perfusion in perilesional areas was abnor-
mal in both hemispheres of chronic PWA. However,
they did not observe a change in perfusion over time
or any changes associated with recovery resulting
from a language treatment. The authors suggested
that functional re-organization in their cohort may

have accounted for improvements observed after lan-
guage treatments, with changes occurring beyond the
perilesional areas. Abbott et al. (2021) used individu-
alized hypoperfusion cutoffs and found associations
between hypoperfusion in left hemisphere language
areas outside lesion boundaries and standardized
scores on the WAB (Kertesz, 2007) and the BDAE
(Goodglass et al., 2000). This indicates a long-term
decrease in cerebral perfusion after stroke and that
increased reperfusion in the affected left hemisphere
is positively associated with post-stroke language
outcome.

To our knowledge, no treatment studies have used
individualized protocols to identify hypoperfused
areas in post-stroke aphasia during chronic phases
for NIBS applications. CBF measures are typically
used to examine post-stimulation effects but they are
rarely used to localize stimulation targets. Several
studies in healthy volunteers demonstrate a correla-
tion between the effects of tDCS and regional changes
in CBF, but the exact nature of changes varies with the
stimulation target and polarity (anodal vs. cathodal).
For example, Zheng et al. (2011) used an alternat-
ing on-off sampling to detect changes in cerebral
perfusion as a result of anodal or cathodal tDCS of
varying strengths (0.8–2 mA) in 14 healthy adult par-
ticipants. The sponge electrodes were placed above
the right motor region, with reference at the con-
tralateral supraorbital region. Perfusion changes were
found within the spherical region in the motor cortex
below the electrodes during and after the stimulation.
Specifically, anodal tDCS caused a ∼17% increase in
CBF, which persisted in the post-stimulation period.
The increase in CBF correlated with current strength.
Cathodal tDCS caused a ∼5% increase in CBF, and
a subsequent immediate decrease, which continued
during post-stimulation period. Anodal tDCS also
resulted in CBF increases in the ipsilateral motor and
premotor areas, and to a lesser degree in contralat-
eral motor and premotor regions. Stagg et al. (2013)
also reported changes in CBF post-tDCS but their
results are somewhat at odds with those of Zheng
et al. (2011). Like Zheng et al., they found that
CBF increased during sham-controlled anodal and
decreased during cathodal tDCS of the left dorsolat-
eral prefrontal cortex (DLPFC). Specifically, anodal
tDCS resulted in increases in CBF in left primary
sensory cortex, midcingulate, and paracingulate cor-
tex relative to baseline. Cathodal tDCS decreased
perfusion in bilateral thalamus and right temporal
cortex relative to baseline. However, after the stimula-
tion ended, CBF was decreased for both stimulation
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polarities. Compared to CBF during anodal tDCS,
post-stimulation CBF decreased in bilateral frontal
lobe, cerebellum, and the precuneus. Frontal and
precuneus CBF decreases were also evident after
the stimulation when comparing to baseline CBF.
After cathodal tDCS, CBF decreased in the cere-
bellum and bilateral occipital cortex. Compared to
baseline, after cathodal tDCS CBF was decreased in
bilateral frontal and temporal lobes. CBF changes
have also been reported post-rTMS. For example,
Moisa et al. (2010) showed intensity dependent
increases in relative CBF following rTMS to the
motor, premotor, and supplementary motor areas. It
is currently unknown what mediates or determines
the relationship between CBF and tDCS (and other
NIBS methods). Several potential mechanisms have
been proposed. First, perfusion changes may coincide
with tDCS effects through neurovascular coupling
(Figeys et al., 2021). For example, electrical stim-
ulation of cerebellar parallel fibers in anesthetized
rats increased dilation of local arterioles and larger
arterioles upstream of stimulation. This vasodilation
correlated with increased regional CBF (Iadecola
et al., 1997). Additionally, tDCS may have an indirect
effect on CBF through the function of excitatory and
inhibitory neurotransmitters. An MR spectroscopy
study showed that anodal tDCS reduced local con-
centrations of GABA (gamma Aminobutyric acid)
while cathodal tDCS resulted in both reduced gluta-
mate and GABA among 11 healthy volunteers (Stagg
et al., 2009).

While evidence of positive effects of tDCS on CBF
during chronic stages of stroke recovery is minimal,
recently the TESSERACT trial assessed the feasi-
bility, tolerability, and safety of HD cathodal tDCS
delivered to the ischemic regions within minutes after
stroke, or acute ischemic stroke, to salvage tissue
undergoing stroke-related damage (Bahr-Hosseini
et al., 2023). Based on preclinical evidence of vasodi-
lation and neuroprotective abilities of cathodal tDCS,
the trial assessed for the first time in humans the
preliminary efficacy of tDCS to inhibit “peri-infarct
excitotoxic effects and enhance collateral perfusion”
during acute stages of ischemic stroke. Ten patients
(7 active and 3 sham) were randomized to receive
either active HD cathodal tDCS or sham tDCS at
doses of 1 mA or 2 mA within 24 hours from stroke
onset. Individualized HD montages based on com-
putational modeling, predefined to cover vascular
territories undergoing ischemia, were used. The HD
cathodal tDCS was well tolerated (quantified by the
rate of patients completing the stimulation 10 out of

10) and feasible (time from randomization to tDCS
initiation was on average 12.5 minutes (9–15 min-
utes). Penumbral tissue appeared to be salvaged at
higher rates and hypoperfusion in ischemic regions
was reduced in patients receiving active compared to
sham tDCS. Increased regional cerebral blood vol-
ume and higher rate of early recanalization were
other findings after active stimulation. While safety
could not be fully addressed due to the small sam-
ple sizes, the results are quite promising and suggest
that targeted HD cathodal tDCS can be an efficient
strategy to reduce stroke-related damage during the
hyperacute stages. The results further reinforce the
relationship between NIBS and CBF and warrant
clinical trials focusing on safety and efficacy of this
approach in larger samples.

It is possible that the effects of tDCS on CBF vary
across age and disease states (Figeys et al., 2021).
The greatest modulation of CBF by tDCS seems to
occur in healthy younger adults and decreases with
age and disease, as does the regional CBF. With the
caveat that CBF may not be as malleable in older
age, targeting tDCS to restore perfusion in intact
areas of the affected hemisphere may prove to be an
effective treatment strategy during chronic stages of
post-stroke aphasia recovery, and should be further
explored in future studies. Hyperacutely, the use of
cathodal tDCS can help salvage affected tissue and
could thus have long-lasting impact on motor and
cognitive outcomes after stroke. The full potential
of this treatment remains to be explored in future
studies.

3.2.4. Optimal montage configurations
With tDCS, once individual stimulation targets

are localized, another important consideration is
determining optimal montage configurations. The
positioning of active and reference electrodes is criti-
cal to achieving maximal current flow at the intended
target location. The intracranial current distribution
and peak electric field magnitude are affected by
the brain tissue geometry and electrical properties
(conductivity) of the brain layers and tissue between
the scalp electrodes and cortical brain targets (Datta
et al., 2009; Dmochowski et al., 2013; Neuling et al.,
2012; Saturnino et al., 2015). Recent advances in
high-resolution MRI-based finite element (FE) mod-
eling have made it possible to estimate tDCS induced
electric fields with both conventional and HD con-
figurations. Modeling demonstrates that focality and
specificity of tDCS can be modified by changing the
electrode size, placement and number of active or
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reference electrodes (Alam et al., 2016). A common
HD-tDCS configuration is 4 × 1 or ring configura-
tion, shown to result in increased focality with the
peak induced electric field directly under the center
electrode. The conventional tDCS with large rectan-
gular sponge electrodes results in diffused electric
field distribution and the peak field magnitude is
found between the active and reference electrodes
(Datta et al., 2009).

Modeled current flow is also shown to predict
behavioral response to tDCS (Mendonca et al.,
2011). For example, a study testing different (conven-
tional) tDCS montages in patients with fibromyalgia
found increased analgesic effects with supraorbital-
extracephalic (active-reference) montage but no
effects with M1-extracephalic montage. The clini-
cal effects were consistent with modeling results.
Head modeling indicated that the supraorbital mon-
tage produced current flow across anterior prefrontal
structures, associated with the pain matrix, whereas
the M1 montage produced current flow in unrelated
temporoparietal regions. Thus, montage configura-
tion, as guided by current modeling, can directly
impact the efficacy of tDCS (van der Cruijsen et al.,
2021).

Recently, FE models have been developed to guide
electrode positioning by reviewing “hotspots” of
induced electric fields. Most prior studies developed
single FE models from a healthy adult brain template
to estimate cortical current distribution as a function
of different montage configurations. But differences
in brain anatomy and head geometry can produce
differential current distribution across individuals in
targets of interest. Ideally, individualized FE mod-
els using participant’s own head MRI are needed to
optimize montages for maximal focality or intensity
at the target. Several free and open-source software
packages are now available such as simNIBS (Sat-
urnino et al., 2015) that enable processing of electric
field directions and magnitude for a given montage.
This software can also automatically determine opti-
mal montages using electrode placements from an
EEG cap. In this case, the electric field induced by
each individual electrode is calculated and is used
to estimate the field generated by different com-
binations of electrodes. The FE modeling presents
some challenges with stroke lesions or skull defects
that dramatically change the current flow, and thus
they must be accounted for in the processing steps.
Nonetheless, these models, especially individualized
models, are a great tool with a potential to substan-
tially increase tDCS efficacy.

3.3. Implementation of targeting approaches

The targeting approaches that we have discussed
have a component of “precision” using behav-
ioral exploration of optimal montages, pre-treatment
functional mapping of spared language areas, or indi-
vidualized current modeling. We acknowledge that
from a practical and clinical standpoint, determin-
ing precise stimulation targets and montages is time
consuming, expensive and can require specialized
software and expertise (e.g., fMRI, FE modeling) that
may not be readily available in a clinical setting. This
creates a significant barrier for implementation of
focal stimulation (rTMS, HD-tDCS) approaches in
clinical practice. Several clinically inclined groups
have recognized this barrier and note that these
approaches may not be feasible outside specialized
research labs (Meinzer et al., 2016).

For TMS/rTMS applications, neuronavigational
systems that incorporate structural MRI data are
often used to enable spatial precision. The same
systems can also be used for tDCS applications. How-
ever, historically, localization of targets for tDCS has
been imprecise compared to TMS. For conventional
tDCS, the use of 10–20 EEG International coordi-
nate system is common to roughly estimate electrode
placement.

One may argue that precise targeting is exces-
sive for conventional tDCS that affects large sections
of the brain and may not sufficiently increase effi-
cacy to justify complicating procedures, say with
pre-treatment fMRI mapping. The same argument
can also apply to HD-tDCS, which is more focal
than conventional tDCS but not as focal as TMS
and may not require precision targeting. To address
these questions, more empirical research is needed to
quantify and compare the treatment effect sizes with
and without targeting across neurological cohorts
and applications of tDCS, including in PWA. We
hypothesize that precise targeting with conventional
or HD-tDCS would improve tDCS efficacy, partic-
ularly in patients with brain damage, by reducing
individual variability, but this remains to be tested
in future studies.

3.4. Implementation of HD-tDCS

To our knowledge, only 2 published studies have
implemented HD-tDCS with linguistic therapies for
the treatment of aphasia after stroke. Richardson et al.
compared the efficacy of sponge-based vs. HD-tDCS
(5 sessions per arm, 1 mA) during a computerized
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anomia treatment in 8 PWA. Individualized tar-
geting procedures were implemented to determine
stimulation targets. While numerically higher nam-
ing accuracy was found after HD-tDCS in most
patients, the difference was not significant compared
to sponge-based tDCS (Richardson et al., 2015).
The other study in PWA is from our group and
evaluated transient changes after a single 20-minute
session of HD-tDCS on sentence repetition accu-
racy. As described earlier, rsMEG analysis was used
to localize region(s) exhibiting perilesional oscil-
latory dysfunction in individual PWA, which were
then targeted using HD-tDCS to correct or normal-
ize the abnormalities. Anodal HD-tDCS significantly
improved repetition accuracy, and cathodal HD-tDCS
showed weaker effects, both compared to sham tDCS
(Shah-Basak et al., 2020).

While evidence for the implementation of HD-
tDCS in PWA is lacking, several studies have
implemented HD-tDCS in normal healthy volunteers
to modulate language processes (Table 2), involv-
ing vocal motor control, rapid talker adaptation,
action sentence processing, noun and verb retrieval,
lexical-semantic integration, assembled phonology
and creativity in verb generation. We summarize
these studies below.

Behroozmand et al. (2020) used HD-tDCS targeted
to the left ventral motor cortex to modulate vocal pitch
motor control in response to pitch-shift stimuli in
30 healthy participants. Participants were pseudoran-
domized to receive anodal-, cathodal- or sham-tDCS.
In the anodal- and cathodal-tDCS groups, intensity
was set to 2 mA and electrodes were positioned at
locations FC5, F7, C1, TP7, and AF7 using standard
10–20 EEG cap. In the sham group, HD-tDCS was
applied at 1 mA with two electrodes positioned over
the inferior occipital cortex. Both anodal and catho-
dal HD-tDCS enhanced voice motor control. The
pitch frequency of the vocalized vowel sounds was
more stable and less susceptible to externally altered
auditory feedback under both anodal and cathodal
tDCS conditions (Behroozmand et al., 2020). In a
sub-experiment with a different cohort of 26 partici-
pants, cathodal tDCS conditions with 1 mA vs. 2 mA
were compared. The effects of 1 mA and 2 mA were
comparable.

Choi and Perrachione (2019) used HD-tDCS to
modulate rapid talker adaptation and speech process-
ing in 60 healthy participants, randomly assigned
to receive anodal-, cathodal-, or sham-tDCS. In the
anodal and cathodal groups, HD-tDCS was applied
at 2 mA targeted to the left superior temporal cortex.

Electrode placement was the same across partici-
pants using the standard a 10-10 EEG system at T7
and TP7 and return electrodes at C3, CP3, PO7 and
F7. In sham, current was ramped up to 2 mA over
30 seconds then ramped back down over the next
30 seconds. Participants completed a word identifi-
cation task during stimulation. Compared to sham,
both anodal and cathodal stimulation significantly
disrupted rapid talker adaptation in connected speech.
No differences in processing isolated words were
found across stimulation conditions. The authors con-
cluded that stimulation of the left superior temporal
lobe impaired the ability to rapidly adapt to a talker
on a timescale as short as within a sentence, but not
its ability to adapt over longer timescales (Choi &
Perrachione, 2019).

Perceval et al. (2017) used HD-tDCS to study
access to newly learned words in 50 healthy partici-
pants, randomized to active anodal or sham groups.
HD-tDCS was applied at 1 mA intensity targeted over
the left temporo-pareital cortex for 20 minutes per
session. Electrodes were positioned using a 10–20
EEG system with center electrode at CP5 with a
surrounding return electrodes. Participants learned
associations between line drawings of Finnish farm-
ing equipment and a non-word “name”. Active
HD-tDCS resulted in faster retrieval of correct word-
picture pairs, but accuracy was unaffected (Perceval
et al., 2017).

Price et al. (2016) examined lexical-semantic inte-
gration using HD-tDCS in 18 healthy participants.
HD-tDCS was applied at 2 mA for 20 minutes over
the left angular gyrus (AG), right AG or sham in
a within-subject design. Electrodes were positioned
using the 10–20 EEG system in a 4 × 1 montage.
For left AG, central electrode was placed at CP5,
surrounded by return electrodes at C3, T7, P7, and
P3. For right AG, a mirror coordinate montage was
used. During stimulation, participants completed a
two-word comprehension task. Left AG anodal stim-
ulation modulated semantic integration with faster
comprehension of semantically meaningful combi-
nations compared to sham-tDCS (A.R. Price et al.,
2016).

Malyutina and Ouden (2015) examined noun
and verb retrieval in naming and lexical decision
with HD-tDCS in 27 healthy participants, randomly
assigned to receive left inferior frontal (N = 14)
or left AG stimulation (N = 13). HD-tDCS was
applied at 2 mA using a 10-10 EEG cap. Elec-
trode montages were chosen based on FE modeling
using a template adult brain and HD-TargetTM and
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Table 2

Summary of HD-tDCS studies in healthy controls

Source Sample size Stimulation protocol Target and Montage Sham Condition Language
process
assessed

Outcomes Study design

Behroozmand
et al. (2020)

Experiment 1:
N = 30. Age:
Mean = 21,
Range = 18–25
Experiment 2:
N = 26. Age:
Mean = 22,
Range = 18–28

Protocol: Experiment 1: Participants were
pseudorandomly assigned to one of three groups
(N = 10) matched for age and gender, to receive
anodal, cathodal or sham stimulation. Each
subject had two experimental sessions with
minimum of 4 days apart, for an average of 11.6
days (SD 7.6; range 4–32).
Intensity: 2 milliamps (mA) Experiment 2:
Participants were pseudorandomly assigned to
one of two groups (N = 13) matched for age and
gender, to receive either 1 mA or 2 mA cathodal
stimulation.

Target: Left ventral
portion of the pre-central
gyrus (MNI: x = –57,
y = 3, z = 14)
Montage: Electrodes
were positioned at
locations FC5, F7, C1,
TP7, and AF7 using
standard 10–20 EEG cap

Current was applied
at 1 mA with two
electrodes positioned
over the inferior
occipital cortex.

Vocal pitch
motor
control

In experiment 1, both anodal
and cathodal HD-tDCS
enhanced voice motor control.
The pitch frequency of the
vocalized vowel sounds was
more stable and less
susceptible to externally
altered auditory feedback
under both anodal and
cathodal tDCS conditions. In
experiment 2, cathodal tDCS
conditions with 1 mA vs. 2 mA
effects were comparable.

Blinded,
between-
subject
design

Choi and
Perrachione
(2019)

N = 60 Age:
Mean = 20.4,
Range = 18–31

Protocol: Participants were assigned to groups
receiving either sham (N = 20), anodal (N = 20),
or cathodal (N = 20) while performing a word
identification task.
Intensity: 2 mA

Target: Left superior
temporal cortex
Montage: Electrode
placement used the
standard 10-10 EEG
system were at T7 and
TP7 and return electrodes
at C3, CP3, PO7 and F7.

Current was ramped
up to 2 mA over
30 seconds then
ramped back down
over the next 30
seconds.

Rapid talker
adaptation in
speech
processing

Compared to sham, both
anodal and cathodal
stimulation significantly
disrupted rapid talker
adaptation in connected
speech on a timescale as short
as within a sentence, but not
its ability to adapt over longer
timescales. No differences in
processing isolated words
were found across stimulation
conditions.

Mixed
between and
within-
subjects
design

Perceval
et al. (2017)

N = 50 Age:
Mean = 23.16,
SD = 3.79

Protocol: Participants were stratified by
baseline learning ability and pairwise
randomized to active anodal (20 mins; N = 25) or
sham (40 seconds; N = 25). Current was ramped
up before the first training block (word-picture
learning) over 10 seconds to 1 mA, remained
constant for 20 mins, then ramped down over 10
seconds.
Intensity: 1 mA

Target: Left
temporo-parietal cortex
Montage: Electrodes
placement used a 10–20
EEG system with center
electrode at CP5 with
surrounding return
electrodes.

The current was
ramped up and down
in the same way as
anodal but remained
constant for 40
seconds.

Novel word
learning

Active HD-tDCS resulted in
faster retrieval of correct
word-picture pairs, but
accuracy was unaffected

Double-
blind,
between-
subjects
design

(Continued)
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(Continued)

Source Sample size Stimulation protocol Target and Montage Sham Condition Language
process
assessed

Outcomes Study design

Price et al.
(2016)

N = 18 Age:
Mean = 25.3,
Range = 20–39

Protocol: Each participant completed three
separate brain-stimulation sessions (anodal left
angular gyrus (AG), anodal right AG, and
sham), for a total of 54 sessions. The sessions
were scheduled at the same time of day for each
participant and were a minimum of 48 h apart.
HD-tDCS is administered while participants
perform a two-word comprehension task. For
the active anodal brain-stimulation sessions, a
constant current of 2 mA was delivered for a
period of 20 min, preceded and followed by
linear ramp-up and ramp-down periods of 30s.
Intensity: 2 mA

Target: Left AG (MNI:
–52, –56, 22). Right AG
(MNI: 52, –56, 22)
Montage: Electrodes
placement used a 10–20
EEG system in a 4 × 1
montage. Left AG central
electrode was placed at
CP5, surrounded by return
electrodes at C3, T7, P7,
and P3. Right AG used a
mirror coordinate
montage.

A constant current of
2 mA for a period of
30 s preceded and
followed by the same
ramp-up and
ramp-down periods
of 30 s, and then
followed by 19.5 min
of no stimulation.

Lexical-
semantic
integration

Compared to sham and right
AG, anodal stimulation to the
left AG resulted in faster
comprehension of
semantically meaningful
combinations. The size of the
effect from brain stimulation
correlated with the degree of
semantic coherence between
word pairs, demonstrating left
AG integrates lexical-semantic
information and HD-tDCS
modulate integrative processes
in semantic memory.

Within-
subjects
design,
blinded
design

Malyutina
and Ouden
(2015)

N = 27 Age:
Mean = 22.1, SD
3.2, Range 18–31

Protocol: Participants received stimulation
either of Broca’s area (N = 14) or of the left AG
(N = 13), each received 20 min of anodal,
cathodal, and sham stimulation on separate days.
Stimulation sessions separated by a minimum of
24 hr (Mean 2.8 days, SD 3.0, range 1–10),
followed by naming and lexical decision tasks
with single-word verb and noun stimuli.
Intensity: 2 mA

Target: Left Broca’s
(MNI: –49, 16, 24). Left
AG (MNI: –27, –57, 51)
Montage: Electrodes
placement used a 10-10
EEG cap. Frontal target
anodal and cathodal
electrodes were placed at
FC5 and AFz. AG
electrodes were at CP5
and POz. Frontal target
density was 0.61 V/m, AG
was 0.16 V/m.

Corresponding frontal
sham electrodes were
placed at AFz and
FPz or FC5 and FC3
with density
estimated to be
< = 0.11 V/m at both
locations. For AG
stimulation, sham is
placed at CP5 and
TP7.

Noun and
Verb
Retrieval in
Naming and
Lexical
Decision

Cathodal stimulation over both
areas increased naming speed
for verbs and nouns, but no
effects were found for the
lexical decision task.

Randomized,
blinded
design
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Johari et al.
(2021)

N = 21 Age:
Mean = 24.2, SD
3, Range 18–29

Protocol: Half of the subjects received cathodal
stimulation in the first session following with
sham stimulation in the second session. The
other half was reversed. Stimulation sessions
were separated by a minimum of 24 hr (range:
1–24 days). Half of the sentences from each
condition were used during stimulation of the
targeted area, while the other half was used
during sham. Stimulation lasted 20 min.
Intensity: 1.85 mA

Target: Left-hemisphere
hand motor cortex (MNI:
–57, 3, 14)
Montage: Electrode
placement used a 10–20
EEG cap. In the cathodal
group, electrodes were
positioned at CP3, Cz, C1,
FC3, and FC1.

Electrodes were
positioned at FC3,
FC1, CP1, and CP3.

Figurative
and literal
action
sentence
processing

Cathodal HD-tDCS to the
motor cortex significantly
facilitated performance on
literal, idiomatic, and
metaphoric action sentences
relative to the visual sentences
control condition.The effect of
this modulation differs
depending on the
action-related content of the
sentences.

Randomized,
blinded
design

Green et al.
(2017)

N = 23 Age:
Mean = 21.69,
SD = 3.09

Protocol: Half of the participants received
anodal tDCS and the other half received sham
for the first 20 min of the testing session.
Stimulation was delivered for the first 20
minutes with a 30 seconds ramp up and down of
an analogy finding task and slice creativity verb
generation task.
Intensity: 2 mA

Target: Left frontopolar
cortex
Montage: Electrode
placement used a 10-10
EEG cap in a 4 × 1
montage. Anodal
electrode at AF3, return
electrodes at FPz, Fz, F7,
and FC3.

Sham was applied
with a 30 seconds
ramp up, then 15
seconds later ramped
down over 30
seconds.

Creative
analogical
reasoning
and
creativity in
verb
generation

HD-tDCS was effective in
eliciting more creative
analogical reasoning without
decreasing the meaningfulness
of analogies. Participants
interacted more with creativity
cueing to generate creative
verbs.

Randomized,
blinded
design

Xue et al.
(2017)

N = 46 Age:
Mean = 19.67,
SD = 1.81,
Range = 18 to 25

Protocol: Two matched groups of participants
received anodal stimulation either on left
temporoparietal cortex (LTPC) or on the control
site at visual cortex (VC) prior to training at
Session 1 (day 1) and Session2 (day 3).
Stimulation was applied for 20 min, with a 30
seconds ramp up and down.
Intensity: 1.5 mA

Target: LTPC or VC
Montage: Electrode
placement used a 10–20
EEG cap in a 4 × 1
montage. LTPC electrodes
were halfway between T3
and P3, with four return
electrodes at P5, CP1, Pz,
and PO7.

Control site was at the
VC, with a montage
electrodes placement
at Oz, with return
electrodes at PO3,
O1, PO4, and O2.

Assembled
phonology,
learning to
read an
alphabetic
language
(map
graphemes
to
phonemes)

LPTC HD-tDCS enhanced
learning of assembled
phonology and its effect lasted
for four days post-stimulation.

Randomized,
blinded
design
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HD-ExploreTM software packages. Electrode place-
ments optimized current intensity at the target
location, while minimizing the intensity at the non-
target. For frontal stimulation, anodal and cathodal
active electrodes were placed at FC5 and AFz, which
resulted in 0.61 V/m density in frontal target com-
pared to 0.16 V/m in AG. Corresponding sham,
electrodes were placed at AFz and FPz or FC5 and
FC3 with density estimated to be < = 0.11 V/m at
both locations. For AG stimulation, anodal and catho-
dal electrodes were placed at CP5 and POz, and
sham placed at CP5 and TP7. The sham montages
were chosen such that the current would bypass the
cortex. During stimulation, participants completed a
jigsaw puzzle. After stimulation, participants com-
pleted overt naming and lexical (word or non-word)
decision tasks. Cathodal stimulation over both areas
increased naming speed for verbs and nouns, but
no effects were found for the lexical decision task
(Malyutina & Ouden, 2015).

Johari et al. (2021) used HD-tDCS to modulate
figurative and literal action sentence processing in 21
healthy participants, randomly assigned and blinded
to receive either cathodal or sham stimulations first.
HD-tDCS was applied at 1.85 mA for 20 minutes tar-
geting the left-hand motor cortex using a standard
10–20 EEG cap. In the cathodal group, electrodes
were positioned at CP3, Cz, C1, FC3, and FC1.
In the sham group, electrodes were positioned at
FC3, FC1, CP1, and CP3 so current can bypass
the cortex. Cathodal HD-tDCS to the motor cor-
tex significantly facilitated comprehension of literal,
idiomatic, and metaphoric action sentences relative to
the visual sentences control condition (Johari et al.,
2021).

Green et al. (2017) examined creativity in verb
generation using HD-tDCS in 23 healthy partici-
pants, randomly assigned to receive anodal- or sham-
tDCS. HD-tDCS was applied at 2 mA over the left
frontopolar cortex using a 10-10 EEG cap. A 4 × 1
montage was used with anodal electrode at AF3, and
return electrodes at FPz, Fz, F7, and FC3. Stimu-
lation was delivered for the first 20 minutes of an
analogy finding task and slice creativity verb gener-
ation task. HD-tDCS was effective in eliciting more
creative analogical reasoning without decreasing the
meaningfulness of analogies. Participants interacted
more with creativity cueing to generate creative verbs
(Green et al., 2017).

Xue et al. (2017) used HD-tDCS to modulate
assembled phonology in 26 healthy native Chinese
speakers, who were randomly assigned and blinded

to receive anodal stimulation on left temporoparietal
cortex (LTPC) or the control site on the visual cor-
tex. HD-tDCS was applied at 1.5 mA in a 4 × 1 ring
montage using a 10–20 EEG cap. For anodal LTPC
stimulation, electrodes were located halfway between
T3 and P3, with four return electrodes at P5, CP1, Pz,
and PO7. For the control visual cortex stimulation,
electrodes were located at Oz, with return electrodes
at PO3, O1, PO4, and O2. Stimulation was delivered
prior to two training sessions of an artificial language
based on Korean Hangul characters. LPTC HD-tDCS
enhanced learning of assembled phonology and its
effect lasted for four days post-stimulation (Xue et al.,
2017).

While different electrode configurations were used
across these studies, the 4 × 1 ring configuration
appears to be the most popular montage for lan-
guage studies. Template modeling of current flow
was implemented in one study to guide placement
of electrodes to maximize intensity at the target
location (Malyutina & Ouden, 2015). None of the
studies adopted an individualized approach to tar-
geting. The coarse location of stimulation targets
was informed by prior functional imaging studies,
linking brain regions to the language function of
interest. HD-tDCS was found to be safe and tol-
erable in studies that did report these data. Across
these studies, mild tingling, mild pain, and mild burn-
ing sensations are typically reported with HD-tDCS.
But overall pain, discomfort or unpleasantness are
rated low (Behroozmand et al., 2020; Choi & Perra-
chione, 2019; Malyutina & Ouden, 2015; Perceval
et al., 2017; A.R. Price et al., 2016). The sen-
sations are reported to gradually reduce over the
duration of a session (Behroozmand et al., 2020).
Two studies that reported blinding outcomes indi-
cated that participants could not distinguish scalp
sensations between sham and active stimulation
(Behroozmand et al., 2020; Choi & Perrachione,
2019). Overall, it appears that the use of HD-tDCS
would be acceptable in PWA with minimal side
effects.

Future studies should further evaluate the relative
effect sizes of conventional vs. HD-tDCS to deter-
mine whether focal stimulation provides any benefit
over diffused stimulation modality, particularly in
patients with brain damage. It is also unclear from
the current literature whether individualized target-
ing with HD-tDCS or conventional tDCS would be
superior to no targeting (as in using 10/20 EEG sys-
tem) in patients and should be systematically studied
in future applications of tDCS.
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3.5. Targeting ancillary systems

Several other investigators have also explored the
effectiveness of stimulation targets that are located
outside of the canonical language network but are
structurally and functionally connected to it. The
rationale for this approach is to modulate excitability
in preserved systems supporting language. Previous
models that we discussed involved targeting seem-
ingly spared perilesional regions. But these regions
may be affected by encephalomalacia, and surround-
ing lesions filled with cerebrospinal fluid may distort
or shunt current flow in unpredictable ways, weaken-
ing the effect of stimulation (van der Cruijsen et al.,
2021). The problem with targeting right hemisphere
is variability in recruitment of these areas and only
a partial understanding of its role during recovery
(Heath et al., 2012; Mohr et al., 2014; Turkeltaub,
2015). There is a risk that inhibiting these regions
would interfere with recovery or impair language
skills normally associated with these regions (e.g.,
semantics, pragmatic skills, prosody) (de Aguiar,
Paolazzi, et al., 2015).

Two ancillary systems that may indirectly facili-
tate processing of the residual language regions are
primary motor cortex (Darkow et al., 2017; Meinzer
et al., 2016; Xu et al., 2021) and cerebellum (Sebas-
tian et al., 2017, 2020; Turkeltaub et al., 2016). Both
primary motor cortex and cerebellum are usually pre-
served in individuals with perisylvian lesions and thus
may provide targets that can be easily administered
and feasible in clinical environments (Grimaldi et al.,
2016; P.A. Pope & Miall, 2012; Pulvermüller, 2005;
Vukovic et al., 2021). Previous studies indicate a tight
link between motor and language systems in healthy
controls and PWA (Darkow et al., 2017; Meinzer
et al., 2016). In healthy controls, stimulation of the
motor cortex with anodal tDCS is shown to facilitate
language function, whereas cathodal stimulation is
shown to impair language processing (Pulvermüller,
2005; Vukovic et al., 2021).

In one PWA, Datta et al. (2011) reported improved
naming after administration of anodal tDCS to the
left primary motor cortex (M1) (Datta et al., 2011).
In a larger randomized, double-blind and sham con-
trolled study, Meinzer et al. (2016) investigated
effectiveness of 2 weeks of anodal tDCS adminis-
tered to left M1 in combination with intensive naming
therapy in 26 PWA. Significant improvements on
naming accuracy of trained items and generaliza-
tion to untrained items were reported in active tDCS
compared to the sham group, and the effects were

maintained at 6 months follow up. They also reported
significant gains in functional communication after
anodal tDCS assessed immediately after the inter-
vention and 6-months later (Meinzer et al., 2016).
In a different study, Xu et al. (2011) used iTBS to
stimulate left M1 hand area in 16 PWA and mea-
sured its immediate effects on brain connectivity
using resting-state fMRI. The immediate functional
effects of the iTBS intervention were assessed using
regional, seed-based connectivity and graph-based
measures. Induced functional connectivity changes
were reported in the motor and language networks
(Xu et al., 2021). These results suggest that stimula-
tion of preserved primary motor cortex may induce
extensive neuroplastic changes including in the lan-
guage network.

Recently several studies have targeted the right
cerebellum using tDCS. Although traditionally
cerebellum has been associated with motor and artic-
ulatory functions, more recent evidence points to its
involvement in multiple cognitive and language pro-
cesses (Mariën et al., 2014). Right cerebellum often
coactivates with left hemisphere regions during a
variety of language tasks, including verbal fluency,
verb generation, and semantic association tasks (De
Smet et al., 2013; Mangano et al., 2015; Schmah-
mann, 2019; Senaha et al., 2005). Damage to the
cerebellum is associated with deficits in phonemic
and semantic fluency, syntactic processing, nam-
ing and grammar (De Smet et al., 2013; Mariën
et al., 2014). The right posterolateral cerebellum
has anatomical and functional connections with the
left temporal, parietal and inferior frontal language
regions. Given right cerebellum’s role in learning
and language, and connections with the left language
cortical areas, it has been proposed that cerebel-
lar neuromodulation can facilitate excitability of left
hemisphere language regions and in turn aphasia
recovery (D’Mello et al., 2017; Pope & Miall, 2012;
Sebastian et al., 2017; Turkeltaub et al., 2016). As the
mechanism of action, it has been suggested that cere-
bellar tDCS modulates activity in the Purkinje cells
and this affects level of activity in the deep cerebellar
output nuclei, which exerts facilitatory or inhibitory
input on the distant cortical regions (Marangolo et al.,
2018). For example, anodal tDCS to the cerebellum
through its excitatory effect on Purkinje cells has
been shown to increase the inhibitory input from the
cerebellar nuclei to the frontal cortex, whereas catho-
dal stimulation reduces Purkinje cells inhibition and
increases activity in the left cerebral language cortices
(Pope & Miall, 2014).
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Consistent with this idea, Turkeltaub et al. (2016)
applied anodal, cathodal or sham tDCS to the
right posterolateral cerebellum in healthy participants
during articulation and verbal fluency tasks. Both
anodal and cathodal cerebellar tDCS were effec-
tive in improving verbal fluency (Turkeltaub et al.,
2016). Anodal tDCS increased functional connec-
tivity between the cerebellum and cortical areas
involved in the motor control of speech and enhanced
the correlations between language and speech-motor
regions in the left hemisphere. Following on the
results of that study, DeMarco et al. (2021) applied
anodal tDCS during SLT to the right posterolat-
eral cerebellum in 24 PWA. The only reliable effect
of active vs. sham stimulation was found for the
mean utterance length on the picture description task
(DeMarco et al., 2021). In a different study, Sebastian
et al. (2017) applied 15 sessions of anodal tDCS to the
right cerebellum combined with spelling treatment in
one PWA. They documented greater improvement on
spelling to dictation with anodal tDCS compared to
sham for both trained and untrained words (Sebas-
tian et al., 2017). Generalization to written picture
naming was observed with tDCS but not sham con-
dition. Resting state functional connectivity analysis
revealed increased connectivity between right cere-
bellum and perilesional language regions 2 months
after the intervention and it was related to improve-
ment in spelling. In another study, Marangolo et al.
(2018) applied cathodal and sham tDCS to the right
cerebellum in 12 PWA during a verb generation task
and a verb naming task, over 5 days. Significant
improvements were found after cathodal tDCS on
the verb generation task. There were no differences
between tDCS and sham conditions for the naming
task (Marangolo et al., 2018).

These preliminary results suggest that neuromod-
ulation of a distal site that is functionally and/or
anatomically connected to the left hemisphere lan-
guage regions can be an effective approach for
language neurorehabilitation in chronic post-stroke
aphasia.

4. Translation to clinical practice

Another important consideration is the functional
efficacy of NIBS treatments. A recent meta-analysis
on aphasia studies using tDCS showed no evidence
of treatment transfer from specific linguistic outcome
to functional communication (i.e., translation of spe-
cific improvements in naming a picture of an object

to day-to-day communication) (Elsner et al., 2019,
2020).

The ultimate goal of language rehabilitation with
NIBS is to achieve clinically meaningful gains with
lasting impact on daily communication abilities.
Improving functional communication is vital to trans-
lating the use of NIBS to routine clinical practice. An
essential intermediate step(s) to achieve this goal is
to examine factors that are important for generaliza-
tion or transfer of effects from therapies paired with
NIBS that target specific linguistic skills to broader
gains in functional communication and real-world
social interactions. We rationalize that for NIBS to
be accepted widely as part of routine clinical prac-
tice, it must promote generalization with much larger
effect sizes than aphasia therapy alone and make a
significant impact on daily communicative needs. In
the sections below, we define the term generaliza-
tion in the context of aphasia therapies and functional
communication, summarize behavioral strategies that
are implemented to strengthen language generaliza-
tion, and the small evidence base on generalization
of aphasia therapies paired with NIBS with a focus
on tDCS studies.

4.1. Generalization

Broadly, generalization is described as “effects that
extend beyond the immediate focus of treatment” to
untreated behaviors, observed in different contexts or
domains of communication (Stokes & Baer, 1977;
Webster et al., 2015a). Based on psycholinguistic
and neurobiological models of language processing,
several strategies have been adopted for developing
aphasia therapies that facilitate generalization, which
we will summarize in the section below.

Generalization can be assessed across at least 3
dimensions, including distance, context, and modal-
ity/level. Given a language therapy, comparing
performance on treated vs. untreated items is more
proximal (near) to the therapy than assessment of
performance changes on everyday communication
abilities (far), if not directly targeted during therapy.
Generalization can be elicited in different environ-
ments or contexts, say if treated items after therapy
are used with people and/or in everyday scenario
outside of routine clinical setting. Generalization
can occur cross-modally, (e.g., therapies target-
ing production benefit comprehension abilities), or
across-linguistic levels, (e.g., therapy focused on
production of single words benefits production of sen-
tences). Relatedly, generalization is often described
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as either response generalization or “emergence of
untrained language response”, or stimulus general-
ization or “transfer of trained behavior in a different
context” (Webster et al., 2015a). Improvement on
treated and untreated words after a word retrieval
therapy is an example of response generalization,
whereas retrieval of treated words (restricted to spe-
cific words that are treated during therapy) evoked
under different conditions (e.g., in a narrative context)
is an example of stimulus generalization. Cross-
linguistic generalization requires change in stimulus
or condition that evokes the response and thus falls
under stimulus generalization. Changes within a lin-
guistic level fall under response generalization, as the
type of stimulus that evokes the response is the same
(Webster et al., 2015a).

4.2. Aphasia treatment strategies to strengthen
generalization

Numerous linguistically motived strategies have
been adopted to strengthen generalization of aphasia
therapies, published as single case studies, case series
and small group studies. While comprehensive dis-
cussion of all these strategies is beyond the scope of
this review (excellent reviews are already published
(e.g., Webster et al., 2015b)), we summarize a few
strategies with promising findings from case-series,
group-level studies, and meta-analyses (Table 3).

Most strategies focus on response generalization,
specifically generalization within a linguistic level.
For example, many therapies involve production, tar-
geting noun or verb retrieval at the single word level,
followed by an assessment of transfer to untreated
words. Strategies based on the spreading activation
theory (Collins & Loftus, 1975) are applied most
often, where generalization is expected to untrained
items that share some linguistic properties (semantic
or phonological) with the items trained during ther-
apy. The best example of this strategy is the semantic
feature analysis (SFA) treatment, which is hypoth-
esized to promote generalization first by lateral
spreading of activation within the semantic network
from one concept to related concepts. Activating
concepts by cueing semantic properties or features
related to a target item is expected to increase acti-
vation of semantically related concepts. Downstream
effects to phoneme-level lexical representations are
also expected whereby strongly activated phonolog-
ical representations are selected. Thus, retrieval of
the target item is thought to strengthen representa-
tions and access to its semantic neighbors that are

not directly treated but share semantic features with
the treated items, facilitating within-level generaliza-
tion (Gilmore et al., 2020; Quique et al., 2019). A
recent meta-analysis of SFA outcomes, including 35
PWA from 12 studies, found that SFA promotes gen-
eralization to untreated stimuli, albeit the treatment
gains are smaller on untreated than treated stim-
uli. Consistent with the hypothesized mechanism of
SFA, generalization was found to be larger for related
than unrelated items (Quique et al., 2019). Another
recent meta-analysis on SFA also reported group-
level evidence of response generalization for naming
to untreated items in a relatively large sample of
patients (Oh et al., 2016). Reduction in aphasia sever-
ity on standardized aphasia assessment (WAB-AQ)
was also reported in this study.

A strategy targeting phonology to promote gen-
eralization is the phonomotor treatment (PMT)
approach. PMT is derived from the Lindamood
Phoneme Sequencing program for developmental
dyslexia (Lindamood & Lindamood, 1998) and
is based on the assumption rooted in some con-
nectionist models (Nadeau, 2001) that phonology
is a fundamental building block of all language
processing. Within the connectionist architecture,
representations are thought to emerge from co-
activation patterns of elements across primary
domains of language processing: concept repre-
sentations (semantics), phonemic, phonological and
orthographic representations. Following damage to
this massively interconnected network, the goal of
PMT is to rebuild and strengthen phonological repre-
sentations and the ability to manipulate them across
perception and production and thus improve the effi-
ciency and accuracy across all levels of language
processing (Kendall et al., 2015). This is accom-
plished by therapeutic tasks that engage phonology
through a variety of visual, acoustic, orthographic,
motor and tactile representations. Sixty hours of PMT
was associated with medium to large gains in naming
of trained nouns, and small to medium gains in nam-
ing of untrained nouns immediately and 3 months
after treatment (Kendall et al., 2015). The benefits
also generalized across levels to discourse production
(Silkes et al., 2019). While most PMT research has
focused on word retrieval outcomes, several studies
reported benefits of PMT to reading ability (Brook-
shire, Conway, et al., 2014; Madden et al., 2021).

Another treatment that focuses on strengthening
central phonological processing skills, including sub-
lexical letter-to-sound mapping and phonological
manipulation, has been shown to induce positive
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Table 3

Aphasia treatment strategies to strengthen generalization

Treatment Broad
impairment
targets

Specific language
process targets

Training Studies Generalization findings

Semantic feature
analysis (SFA)

Word
retrieval
difficulties

Lexical-
semantics

Patient names a picture of an object based on a description of its semantic
features (e.g., its superordinate group, physical properties, usage, etc.). The
training includes lists of words representing several object categories, with the
premise that training of overlapping feature sets will strengthen the semantic
system and augment generalization to untrained words.

Meta-analysis by
Quiques, Y, et al.
(2019); Gilmore,
N, et al. (2020).

SFA promotes generalization for
naming untreated or untrained stimuli,
with a larger generalization for related
items.

Phonomotor
treatment (PMT)

Word
retrieval
difficulties

Phonological To
rebuild and
strength
phonological
representations
with a variety of
tasks.

Patient engages phonology initially through recognizing, producing, and
manipulating phonemes in isolation, then progressing to longer phoneme
sequences in words and non-words. Tasks involve a variety of representations
that include visual, acoustic, orthographic, motor and tactile (e.g., visual
feedback, auditory perceptual discrimination tasks, etc.).

Kendall et al.
(2015); Silkes
et al. (2019);
Madden et al.
(2021);
Brookshire et al.
(2014).

PMT promotes generalization for
naming trained nouns, and untrained
nouns with sustained effects;
improvements in discourse production
reading are also reported.

Treatment
Sequence for
Phonological
Alexia/Agraphia

Reading,
spelling, and
written
narratives

Sublexical
phonological
skills To train the
interactive use of
sublexical and
lexical
information.

In a two-stage treatment procedure, patient is first retrained on the grapheme to
-phoneme correspondence and then engages in phonological manipulation
tasks (e.g. blending of phonemes into words and non-words or
deleting/replacing phonemes in words and non-words)

Beeson et al.
(2010, 2018)
DeMarco et al.
(2010)

Significant generalization to reading
and spelling of words and non-words as
well as written narratives (grammatical
construction, functors, and
morphological markers).

Complexity
Account of
Treatment
Efficacy (CATE)

Word
retrieval
difficulties

Semantic,
phonological or
syntactic domain

For e.g., CATE in the syntactic domain: Patients are trained to comprehend and
produce atypical or complex sentence structures with wh-movement (e.g., from
least to most complex: who-questions, object clefts, object-relative
constructions). Patients are tested with untrained sentences and narrative
language samples.

Thompson and
Shapiro (2007);
Swiderski et al
(2021).

Significant generalization to simpler
sentence structures from complex,
treated sentences, limited to the same
structural family.

Verb network
Strengthening
Treatment
(VNeST)

Word
retrieval
difficulties

Lexical-
semantics.
Retrieval of
verbs and their
thematic roles to
facilitate access
to content words

Patient generates an agent (doer of action or thematic roles e.g., carpenter, chef)
and patient (receiver of action e.g., lumber sugar) pairs to a target transitive
verb (e.g., measure). Patient generates transitive verbs (e.g., gives or plays),
reads the generated sentences, expanding on them using wh-questions to
activate their related contexts, makes semantic judgments about similar
generated sentences, and produces the target verb independently.

Edmonds et al.
(2009); Edmonds
et al. (2015);
Edmonds (2016).

VNeST promotes generalization for
naming single noun and verbs and
retrieval in sentences (containing
trained and untrained items), including
cross-linguistic generalization to
discourse production or connected
speech and to untrained sentence and
discourse contexts.

ACTION Word
retrieval
difficulties

Lexical verb
retrieval by
addressing
grammatical
properties of
verbs

Training at lexical level during action naming, training at syntactic and
morphosyntactic levels during sentence completion tasks with infinitive and
finite verbs, and the final step requiring sentence construction

de Aguiar et al.
(2015)

ACTION promotes improvement on
untrained infinitives and finite verbs;
generalization to verbal communication
also reported.
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Integrated
discourse
treatment for
aphasia (IDTA)

Discourse
difficulties

Multilevel
cross-linguistic.
Problem-based
learning

Patients are trained to solve real-world problems (e.g., conversing on a topic),
incorporate personal relevance (e.g., using names of family members), and
training of specific linguistic components (word retrieval based on semantic,
phonological and orthographic cueing hierarchy, and sentence production) as
well as their usage in connected speech (discourse training with response
elaboration treatment).

Milman (2016) IDTA allows generalization to related
linguistic structures, standardized tests
of language and cognition, and
discourse production.
*The evidence is considered
preliminary due to small sample sizes.

Novel Approach
to Real-life
communication:
Narrative
Intervention in
Aphasia
(NARNIA)

Discourse
difficulties

Multilevel
cross-linguistic.
Metalinguistic
premise

Patients are trained with picture sequences, including identifying events in
pictures, accessing verbs and relevant nouns, and creating complete argument
structures within sentences. The patients are then trained on structural elements
of everyday discourse genres (e.g., story-telling or narrative, explaining a
procedure or procedural, event recounting, and providing opinions or
exposition), including sentences to set the scene (the beginning), events taking
place (the middle) and conclusion of the story (the end). Other genres are
introduced using a similar framework. A mind-mapping format with visual
prompts is used to help and is gradually decreased as therapy progresses. Once
coherence aspects are learned, cohesion is targeted through the use of
connectives.

Whitworth et al.
(2015)

NARNIA promotes generalization for
verb and argument structures
production, untreated nouns and verbs
and untreated discourse genres.

Cognitive-linguistic approaches
Cognitive
Flexibility in
Aphasia Therapy
(CFAT)

Everyday
communica-
tion

Verbal cognitive
flexibility and
semantic fluency

Integrates characteristics of cognitive flexibility, including response to change
of topic and misunderstandings and use of nonverbal communication.

Spitzer et al.
(2021)

CFAT promotes verbal cognitive
flexibility and semantic fluency.
Individuals with impaired verbal
cognitive flexibility may benefit from
this specific cognitive and linguistic
training than linguistic approaches
alone.

Language-
specific attention
treatment
(L-SAT)

Attention Language-
specific
attention

Language tasks and stimuli that impose increasing attentional demands on
lexical and sentence processing. For example, dual processing tasks for lexical
items to promote attention allocation, and sentence tasks that focus attention
during language processing using non-canonical sentence structure, grounding
elements, event windowing, and anaphoric references, among others.

Peach et al.
(2019)

L-SAT effects are larger than DAT for
standardized WAB-AQ assessments,
functional language, and
patient-reported outcomes.

Auditory-verbal
WM and
short-term
memory (STM)

Word
retrieval

WM and
phonological
processing

WM training provided with phonological component analysis (PCA) Simic et al.
(2022); Case
study N = 1

Larger gains in naming accuracy and
generalization to verbal communication
with WM and PCA training

WM training – WM/STM N-back tasks with pictures or words/letters; Salis et al.
(2017); Zakariás
et al. (2018)

Improvements on sentence
comprehension and functional
communication; large variability across
patients exists.

Repetition and
span treatment

Verbal STM Maintenance of
activation of
representations

STM treatments include repetition of phrases or sentences, words or nonwords,
or matching listening span tasks with no spoken output. Treatment included
delay between hearing and repeating stimuli of varying durations (up to 10 s)
the delay was filled (e.g., unison counting) or unfilled. One study provided
cuing hierarchical feedback.

Martin et al.
(2018);
Kalinyak-Fliszar
et al. (2011);
Martin et al.
(2020)

Generalization to measures of WM and
STM load and verbal STM span; large
variability found across patients.
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outcomes in PWA. This treatment implements ther-
apeutic tasks that retrain transcoding from letters
to sounds and vice versa. More complex phonol-
ogy is trained using tasks, such as deleting and
replacing phonemes in words and blending individual
phonemes into words (Beeson et al., 2010). Following
this treatment sequence, PWA have shown improve-
ment in transcoding and phonological manipulation
skills (DeMarco et al., 2018). More importantly, sev-
eral studies have demonstrated generalized gains to
written language production, including reading and
spelling of words and non-words as well as increased
accuracy of written narratives (Nickels et al., 2023),
with greater inclusion of morphological markers and
functors.

Another interesting strategy to increase general-
ization, irrespective of the linguistic domain (as in
semantic, phonological, syntactic), is grounded in
complexity-based theories as it pertains to the lan-
guage material used during therapy. The hypothesis
is that more complex linguistic materials can be
used to promote generalization to not only com-
plex but down to simpler structures as well. Overall
language learning is increased when planned thera-
pies incorporate more complex than simple language
material, which is counterintuitive to most treatment
approaches that begin with simple structures and
build up to more complex structures. This approach
has been tested with treatment focused on phonolog-
ical, semantic, and syntactic domains. One important
aspect proposed by Thompson and colleagues (2003)
under this Complexity Account of Treatment Effi-
cacy (CATE) is that complexity effect only emerges
“when untreated structures encompass processes rel-
evant to (i.e., are in a subset relation to) treated
ones” (Thompson et al., 2003). The trained and
untrained material must be linguistically related and
organized in a hierarchical fashion, by carefully
considering relevant psycholinguistic factors within
the domain of interest. For example, in studies by
Kiran et al. (2003, 2007), complexity of training
items during the SFA was modulated using only the
atypical items within a semantic category (e.g., pen-
guin in the category bird) (Gilmore et al., 2020;
Kiran, 2007; Kiran & Thompson, 2003). Atypical
items are more complex in that they contain dis-
tinctive features or share fewer features with other
exemplars within the category. Atypical items are
accessed slower and less accurately than typical
items. Training features related to atypical items is
hypothesized to activate analysis of both atypical
and typical items, thus strengthening access to both

atypical and typical items within the same therapy
modality.

Similarly, CATE is applied to increase general-
ization of SFA treatment by modulating concrete-
ness/imageability of language material used during
training (Sandberg & Kiran, 2014). In patients with
agrammatic aphasia, Thompson and Shapiro (2007)
adopted CATE in the syntactic domain by training
complex sentence structures such as object rela-
tive structures with wh-movement, which resulted
in generalization to simpler structures (Thompson &
Shapiro, 2007). A recent meta-analysis with aggre-
gated data from 46 PWA from 13 studies reported
significant generalization of treatment of underly-
ing forms (TUF) to less complex sentence structures
from more complex, treated sentences. Consistent
with CATE, generalization was limited to sentences
that belonged to the same structural family as the
treated sentences (Swiderski et al., 2021). While evi-
dence related to CATE is compelling, more research
is needed to characterize the impact of variables such
as type of treatment, frequency of treatment delivery,
individual variability in impairment profiles, stroke-
related factors and demographics, and how these
may interact with complexity (Thompson, 2007). In
addition, effects of this approach on stimulus general-
ization (across levels or in different contexts) remain
largely unexplored.

One strategy that is shown to promote stimulus
generalization is Verb Network Strengthening treat-
ment (VNeST) with evidence indicating improved
single-word naming and sentence production in
untrained contexts (Edmonds et al., 2015). The “verb
network” in VNeST relates to the semantic rela-
tionships between verbs and their thematic roles,
which manifest as priming or facilitation effects.
VNeST requires (1) generating agent (doer of action
or thematic roles e.g., carpenter, chef) and patient
(receiver of action e.g., lumber, sugar) pairs related to
a given transitive verb (e.g., measure), (2) reading out
loud the different subject-verb-object scenarios (to
strengthen semantic-phonological connections and
practice producing subjects, verbs and objects as
a cohesive utterance, and (3) building up on these
scenarios using where, when and why questions
(Edmonds et al., 2009). Generalization is thought
to occur because retrieval of nouns that represent
plausible agent-patient thematic roles of target verbs
promotes activation across different sets of seman-
tic concepts, resulting in increased retrieval of not
only trained items but also untrained items (Edmonds,
2016). Generalization to related verbs that share
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features with target verbs can also occur. Thus,
large-scale engagement of semantic networks during
therapy is proposed to increase lexical retrieval in
different sentence and discourse contexts (Edmonds
et al., 2009). In an initial Phase 1 study of VNeST in 4
PWA, generalization was demonstrated as improved
retrieval of single nouns, trained and semantically
related untrained verbs, and improved agent-verb-
patient retrieval in sentences. Across a variety of
tasks and stimuli not directly related to the treatment
itself, generalization was observed on single verb and
noun naming and retrieval in sentence production.
Importantly, generalization to retrieval of nouns and
verbs in constrained connected speech was found in 3
out of 4 PWA, which reflects stimulus generalization
(Edmonds et al., 2009). Recent evidence, albeit also
small, from 11 PWA who received 35 hours of VNeST
over 10 weeks, indicated generalization to untrained
sentence and discourse contexts. The underlying
mechanism is thought to be increased integration
of lexical retrieval during sentence construction, and
generalization to complex or simpler sentences was
shown to depend on individual patients’ pretreat-
ment sentence construction abilities (Edmonds et al.,
2015). The efficacy of VNeST was also demonstrated
in a recent review with 19 PWA revealing increased
naming of nouns and verbs and retrieval in sentence
and discourse contexts on untrained items and tasks in
more than half of the participants (Edmonds, 2016).
Thus, VNeST that takes advantage of the “centrality
of verbs to semantics and syntax within a sentence”
(Edmonds, 2016) seems to promote cross-level gen-
eralization, but larger-scale clinical trials are needed
to further confirm this evidence in heterogenous pop-
ulations (Edmonds, 2016).

Another protocol that incorporates treatment of
verbs with lexical verb retrieval as well as training
of verbal morphology is the ACTION protocol (de
Aguiar, Bastiaanse, et al., 2015), originally developed
for Dutch (Bastiaanse et al., 1997). This treatment
approach addresses grammatical properties of verbs
(infinitive, finite) and is focused on verb retrieval
in the sentence context, the ingredients that are
hypothesized to be important for achieving general-
ization to untreated verbs. Links et al. (2010; N = 11
PWA) reported improvement on untrained infinitives
and finite verbs, indicating response generalization.
Stimulus generalization to verbal communication
reflected in measures of spontaneous speech such as
mean length of utterances, proportion of finite verbs
and verb diversity was also observed (Links et al.,
2010).

Final linguistic strategy that we will discuss
focuses on integrated or multilevel treatments target-
ing more than one linguistic level during therapy, with
a goal to maximize cross-linguistic generalization
to discourse in everyday communication. A recent
systematic review (Dipper et al., 2021) extensively
covers the topic on discourse treatments, includ-
ing multilevel treatments, of which we discuss two
approaches. One approach, referred to as integrated
discourse treatment for aphasia (Milman, 2016) or
IDTA, applies principles of problem-based learning.
The core elements of IDTA consist of solving a real-
world problem, active role of participants in treatment
planning and therapy materials, and training of
specific linguistic components and their usage in con-
nected speech. Evidence from case series analysis
indicates that this approach can lead to generaliza-
tion to related linguistic structures, to standardized
measures of language and cognition, and measures of
discourse production. But the evidence can be con-
sidered preliminary because of small sample sizes
tested, and relatively limited changes observed on
functional communication measures (observed in 2
out 5 mildly impaired individuals). Additionally, con-
siderable variability in linguistic outcomes has been
noted across individuals, reducing the overall effect
sizes.

A second multilevel approach, referred to as
Novel Approach to Real-life communication: Narra-
tive Intervention in Aphasia or NARNIA (Whitworth
et al., 2015), was developed under a metalinguistic
premise of teaching and practicing sentence struc-
tures at the word and sentence levels as well as
the macrostructure of discourse (Whitworth et al.,
2015). In a pilot randomized controlled trial and
between-group design, effects of NARNIA (N = 8)
were compared against usual care (N = 6). Usual
care consisted of routine clinical therapies planned
around goal setting and aimed to improve word and
sentence production, reading or writing, functional
activities, and discourse. Discourse training during
usual care did not follow any organization princi-
ples as NARNIA. Pertinent to within- and cross-level
generalization, significant group differences favor-
ing NARNIA were reported but only on a single
measure of discourse production (orientation). Eval-
uating changes within groups, significant gains were
reported in the NARNIA group related to the amount
of output, verb usage, production of argument struc-
tures, and discourse macrostructure with medium
to large effect sizes. Importantly, within-level gen-
eralization at the discourse level was found in the
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NARNIA group with changes noted in untreated dis-
course genres. No such changes were found in the
usual care group. Significant gains in untreated nouns
and verbs were found in the NARNIA group with
large effect sizes. Generalization to untreated con-
strained sentences was not found in either group.
Thus, multilevel training that explicitly targets dis-
course can lead to increased improvements at the
discourse level.

While the evidence from pilot exploratory studies
involving multilevel treatments is promising, larger
clinical trials will need to substantiate the group-level
evidence to assess the effectiveness of this approach.
In addition to effectiveness, a better understanding of
the interaction between levels of treatment and identi-
fication of patients most responsive to treatment will
also benefit planning of future applications of this
approach.

4.3. Cognitive-linguistic approaches

Prior studies have confirmed a strong relationship
between non-linguistic cognitive abilities on apha-
sia recovery (Murray, 2012; Seniów et al., 2009)
and linguistic treatment success (Breitenstein et al.,
2009; Dignam et al., 2017; Gilmore et al., 2019;
Ralph et al., 2010; Schumacher et al., 2022; Simic
et al., 2020). Impaired executive functions such as
cognitive flexibility, goal-directed planning, working
memory (WM) (Martin et al., 2012) and attention are
reported in PWA. It has been suggested that cognitive
impairments can influence verbal learning (Vallila-
Rohter & Kiran, 2013) and can reduce generalization
from linguistic therapies to everyday communica-
tion. Communication in real-life relies not only on
intact linguistic abilities but also on nonlinguistic and
cognitive skills such as attention, sequencing, flex-
ible task shifting, and self-monitoring (Fridriksson
et al., 2006; Purdy, 2002). Consequently, attention
and executive skills can greatly influence functional
communication abilities in aphasia (Frankel et al.,
2007; Helm-Estabrooks, 2002; Purdy, 2002). Based
on this evidence, one strategy to improve everyday
communication abilities or generalization of linguis-
tic treatments to everyday communication is using
combination treatments that target linguistic as well
as non-linguistic attention and executive functions
(Ramsberger, 2005).

A recent case-series (N = 10) compared a conven-
tional language therapy approach with a Cognitive
Flexibility in Aphasia Therapy (CFAT) approach in
a within-subject, cross-over design (Spitzer et al.,

2021). Both therapies involved impairment-based
and communicative exercises. The key difference was
inclusion of cognitive flexibility training during these
exercises as part of CFAT. CFAT integrated charac-
teristics of cognitive flexibility including response to
change of topic and misunderstandings and use of
nonverbal communication, which were not trained
during conventional therapy. Improved performance
(mainly driven by 3/10 patients) after CFAT was
reported on language measures and measures of ver-
bal cognitive flexibility and semantic fluency tests.
Generalization was also noted to different ther-
apy settings after CFAT only while generalization
to untrained topics was reported after both ther-
apy methods and no additional gains were found
with CFAT. Nonverbal cognitive flexibility was not
improved after CFAT. Overall consistent with their
hypothesis, verbal cognitive flexibility improved only
after CFAT but not after conventional therapy. The
authors suggested that individuals with impaired ver-
bal cognitive flexibility may greatly benefit from this
specific cognitive and linguistic training than linguis-
tic approaches alone.

Another approach that a recent study tested
is language-specific attention treatment (L-SAT)
against domain-general treatment involving direct
attention training (DAT) in 4 PWA. The hypothesis
was that improving attention for language with a tar-
geted treatment approach would be more beneficial
than domain-general attentional approaches (Peach
et al., 2019a). L-SAT consisted of language tasks and
stimuli that impose increasing attentional demands on
lexical and sentence processing (Peach et al., 2019b).
DAT involved computer exercises from Attention
Process Training-3 (Sohlberg & Mateer, 2010) for
auditory and visual sustained attention, selective
attention, suppression and alternating attention, and
auditory WM. Mixed findings were reported with
improvements noted after both programs. According
to the authors’ evaluation, overall effects were larger
after L-SAT on standardized WAB-AQ assessments,
functional language, and patient-reported outcomes.
However, there was significant variation across indi-
viduals and reported improvements after DAT. More
research is needed to establish a strong claim for addi-
tional gains from an approach like L-SAT compared
to domain-general attentional training.

Next approaches primarily target auditory-verbal
WM and/or short-term memory (STM) during
therapy. Recently a case study on WM training pro-
vided with phonological component analysis (PCA)
resulted in larger gains in naming accuracy and
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appeared to generalize to communication measures in
1 PWA compared to matched control patient who did
not receive WM training (Simic et al., 2022). Treat-
ments that rely heavily on WM/STM but without
explicit linguistic therapy have also been practiced
with some success (Nikravesh et al., 2021; Zakariás,
Salis, et al., 2018). The hypothesis is that STM/WM
treatments will improve (or effects will general-
ize to) language functions that critically depend on
STM/WM functions (Zakariás et al., 2019). Lan-
guage processing in general, and aphasia as a disorder
of language processing, relies strongly on cognitive
abilities such as executive functions and verbal STM
that enable activation of linguistic representations
and maintenance of these representations for efficient
language production and comprehension (Kalinyak-
Fliszar et al., 2011). Treatments that directly target
these abilities would impact how representations are
retrieved and maintained as they are processed at
a single unit level or as part of phrases and sen-
tences over brief intervals of time. Thus, treatment
effects could result in generalization beyond the con-
text and conditions of treatment (Kalinyak-Fliszar
et al., 2011). Thus far, evidence has been mixed and
presents large variability across individuals.

WM training using N-back tasks with pictures or
words/letters is shown to influence sentence compre-
hension (Salis et al., 2017; Zakariás, Keresztes, et al.,
2018; Zakariás, Salis, et al., 2018), and the train-
ing impacts functional communication abilities (e.g.
ANELT), albeit with large variability across indi-
viduals (Zakariás, Salis, et al., 2018). Other studies
involving STM training that sought to improve sen-
tence comprehension found no to minimal transfer to
sentence comprehension (Salis et al., 2017). Across
different studies, the specifics of STM treatments
vary, and include repetition of phrases or sentences
(Eom & Sung, 2016; Francis et al., 2003), words or
nonwords (Harris et al., 2014), or matching listen-
ing span tasks with no spoken output (Salis, 2012).
One case study that implemented word and nonword
repetition treatment, specifically targeting STM or
the ability to maintain activated linguistic represen-
tations, in a patient with conduction aphasia did not
find response generalization to untrained stimuli. But
generalization to (or improved performance on) mea-
sures of WM and STM load and verbal STM span
from Temple Assessment of Language and Short-
Term Memory in Aphasia or TALSA was reported
(N. Martin et al., 2018). Another case study with
repetition treatment with multisyllabic words and
nonwords varied the timing between hearing and

repeating stimuli (or the delay) and difficulty of stim-
uli. Improvements on repetition were reported on
treated stimuli (3-syllable word, 2-syllable nonword
at 5 second filled interval). While response general-
ization to untreated stimuli was not a clear finding
from the data, post-treatment improvements were
noted on several subtests of TALSA involving word
pair repetition, synonym triplet judgements, rhyming
triplet judgements and verbal STM span, overall
reflecting an improved STM and WM (Kalinyak-
Fliszar et al., 2011). More recently, N.Martin and
colleagues (2020) tested whether repetition of word
sequences with a delay could improve verbal span
and in turn repetition and other language functions.
For the planned therapy no feedback was provided,
unlike prior studies which included hierarchical cue-
ing (Kalinyak-Fliszar et al., 2011), and redundancy
in treatment stimuli was removed. By eliminating
repeated exposure to stimuli (unique items used dur-
ing treatment), the authors rationalized that they
could parse out the effects on short-term maintenance
over and above simple practice effects. In a case series
analysis, they found that 4 out of 8 PWA exhibited
improvements on STM and other language functions,
albeit with large variability across different outcome
measures and with effect sizes ranging from small to
large (Martin et al., 2021).

A recent review that critically evaluated the
methodological quality of stroke aphasia studies
implementing WM/STM treatments found several
limitations including lack of experimental control
across studies, lack of mechanistic understanding
of STM/WM treatment effects and their relation-
ship with language functions (Zakariás et al., 2019).
Additionally, lack of standardized test batteries of
WM/STM applicable to PWA with moderate to
severe language impairments was also recognized
as a limitation (Majerus, 2018). But a recent devel-
opment of TALSA (N. Martin et al., 2018), a
theoretically motivated comprehensive assessment of
verbal STM and related aspects in functional com-
munication, has filled this gap. Overall, while a
very promising avenue for aphasia treatment, more
research is needed to develop and test the effi-
cacy of cognitive and cognitive-linguistic treatment
approaches in stroke aphasia.

4.4. Current evidence of tDCS effects on genera-
lization and functional communication

In this section, we focus our discussion on stud-
ies that implemented one of the treatment strategies,
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or strategies that are similar to what we discussed in
the earlier sections (Aphasia Treatment Strategies to
Strengthen Generalization and Cognitive-Linguistic
Approaches), paired with tDCS to facilitate and
increase generalization (summarized in Table 4).

A recent study tested the feasibility of anodal tDCS
in combination with VNeST to improve discourse
production in 6 PWA (Matar et al., 2022). A double-
blinded, randomized design with an active tDCS and
a control or sham tDCS group was implemented.
Over six weeks, VNeST was delivered for 45 min-
utes, once weekly, in both groups. Conventional tDCS
with anode placed over left IFG (FC5 based on 10-
10 EEG system) was applied at 2 mA intensity for
20 minutes in the active group, whereas stimula-
tion was turned off after 30 seconds in the sham
group. Immediate and follow-up assessments at 6
months were conducted. Outcome measures included
rates of screening (86%), eligibility (53%), consent
(60%), retention (100%), completion (of treatment
and follow-up; 100%) for feasibility. No adverse
events were reported. Other measures included lan-
guage quantity and syntactic complexity from three
discourse samples (picture description of a scene,
description of a procedure such as making a cup
of tea, Cinderella narrative) using the Quantitative
Production Analysis and Predicate Argument Struc-
ture (PAS) procedures, respectively. As expected
from VNeST, both active and sham groups showed
improvements on the measure of lexical richness or
diversity in verb production (verb type token ratio
or VTTR) at the discourse level. Large effect sizes
were selectively reported in the active tDCS group
for verb retrieval (verb type token and verb type total)
across different discourse genres, reflecting increased
stimulus generalization. Total number of words and
utterances also increased in the active compared to
sham groups. But no differences between groups
were found in syntactic complexity, as measured with
PAS. Out of several measures of functional commu-
nication, quality of life and psychological symptoms,
significant improvements on Communicative Effec-
tiveness Index (CETI), a validated measure that
covers a wide range of everyday communication
scenarios, were reported in the active compared to
the sham group. Changes in cognitive skills mea-
sured using Montreal Cognitive Assessment (MoCA)
were not significant. Overall, these results, while
exploratory, are promising and suggest feasibility and
early efficacy of anodal tDCS of left IFG as a poten-
tial tool to further enhance generalization of VNeST
in stroke aphasia.

de Aguiar et al. (2015) paired tDCS with an
Italian version of ACTION, which included sen-
tence completions with infinitive and finite verbs of
all tenses. In a multiple-baseline, sham-controlled,
double-blinded, crossover design, real tDCS at 1 mA
or sham tDCS was paired with ACTION and was
delivered over left perilesional areas in 9 patients. To
ensure that tDCS was delivered to spared tissue, stim-
ulation targets were determined individually based
on visual inspection of patients’ MRI scans and the
extent of lesions covering the inferior frontal and pari-
etal regions. The targets were different across patients
with placement of anode over BA 44-45 (inferior
frontal Broca’s area) in 3 patients, over BA 45-46
(superior to Broca’s area) in two patients, over BA
9-10 (superior and middle frontal gyri) in 3 patients
with large anterior lesions, and over posterior middle
and superior temporal gyri in 1 patient. Cathode was
placed over the homologous region in the right hemi-
sphere, except for 3 patients with anterior lesions,
where cathode was placed over the right homolog of
Broca’s area. Ten daily (over 2 weeks) treatment ses-
sions lasted 1-hour per day. Important findings were
that ACTION improved retrieval for both treated and
untreated verbs and for both types of verbs (infini-
tive and finite) albeit improvement of untreated verbs
was smaller than treated verbs. Greater improvements
were observed after real than sham tDCS for both
treated and untreated verbs, but the authors cautioned
against conclusively interpreting these results in favor
of tDCS. Because of differences in scores before and
after real and sham-tDCS cycles, it was difficult to
rule out the effects of order and/or ceiling effects dur-
ing the second cycle of treatment. Replication of find-
ings related to tDCS with ACTION in a larger sample
is warranted (de Aguiar, Paolazzi, et al., 2015).

To our knowledge, there are no published studies
that have applied tDCS for improved language learn-
ing and facilitating generalization based on CATE
or PMT. We note this as a potentially promising yet
uncharted future direction that could boost response
generalization of these strategies. Additionally, the
phonological treatment including sublexical letter-to-
sound mapping and phonological manipulation has
not been paired with NIBS in PWA. In an individual
with primary progressive aphasia, this treatment com-
bined with anodal tDCS to the left IFG demonstrated
significant generalization to written language pro-
duction, including written narratives (Nickels et al.,
2023).

No published studies have paired tDCS with ther-
apies closely following the principles of IDTA or
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Table 4

Current evidence of conventional tDCS on generalization and functional communication

Treatment
with tDCS

Broad
impairment
targets

Study N Behavioral treatment tDCS brain
targets

Other tDCS
parameters

Outcomes Findings

VNeST Word
retrieval and
discourse

Matar et al.
(2018)

6 Over six weeks, VNeST was delivered
for 45 minutes, once weekly, in both
groups.

Left IFG
(FC5 based
on 10-10
EEG
system).

Anodal tDCS at
2 mA intensity
for 20 minutes in
the active and
sham groups

Language quantity and
syntactic complexity from
three discourse samples
(picture description of a
scene, description of a
procedure such as making
a cup of tea, Cinderella
narrative) using
Quantitative Production
Analysis and Predicate
Argument Structure
procedures, respectively

Both active and sham groups showed
improvements on lexical richness or
diversity in verb production. Active
tDCS group improved more on verb
retrieval, total number of words and
utterances, and Communicative
Effectiveness Index.

ACTION Verb
retrieval and
verbal
morphology

de Aguiar
et al. (2015)

9 Sentence completions with infinitive
and finite verbs of all tenses; Ten daily
(over 2 weeks) treatment sessions
lasted 1-hour per day

left
perilesional
frontal or
temporal
areas

Multiple-
baseline,
sham-controlled,
double-blinded,
crossover design,
real tDCS at 1
mA or sham
tDCS

Accuracy of treated and
untreated infinitive and
finite verbs

Improved retrieval for treated and
untreated verbs and for both types of
verbs. Improvements smaller for
untreated verbs. Greater improvements
after real than sham tDCS for both
treated and untreated verbs.

Ecologically-
focused
therapy

Sentence
production,
naming, and
discourse

Galletta and
Vogel-Eyny
(2015)

1 Three treatment components, including
Sentence Production Program for
Aphasia, sentence-embedded
production training, and focused
discourse (on current events from
newspaper articles) using supportive
conversational strategies.

Left IFG
(F7)

Active tDCS at
1 mA for 20
minutes; sham
for 30 seconds.
TDCS was
delivered during
the first 20
minutes of an
hour long
therapy session.

Sentence production,
naming in sentence
context and
focused-discourse tasks

Increased verb retrieval for untrained
verbs in a sentence context was
reported after left IFG tDCS compared
to sham-tDCS.

Conversational
Therapy

Discourse or
conversa-
tional, and
multi-level

Marangolo
et al. (2013)

12 Natural conversation between patients
and therapist using a series of
videoclips reproducing common
everyday situations (e.g., eating at a
restaurant). Any form of
communication, including gestures,
drawings, orthographic or phonological
cues, was allowed. 2 hours per day over
10 daily sessions

left IFG
(Broca’s
region; F5)
or left
posterior
STG
(Wernicke’s
region; CP5)

Conventional
anodal- (1 mA)
or sham-tDCS
for 20 minutes.
Inter-condition
interval was 14
days.

Correct content units,
verbs and sentence
production,

Significantly larger increases in correct
content units, verbs and sentences
produced were found on trained and
untrained videoclips after active left
IFG stimulation, compared to sham and
left STG stimulation.

(Continued)
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(Continued)

Treatment
with tDCS

Broad
impairment
targets

Study N Behavioral treatment tDCS brain
targets

Other tDCS
parameters

Outcomes Findings

Cognitive
training

– Pisano et al.
(2022)

20 Cognitive training (ten 1-hour sessions
over 2 weeks) involved computerized
interactive exercises of alertness,
visuo-spatial working memory,
selective attention and planning

right DLPFC
(F4); return
electrode
contralateral
Fp1

2 mA, active for
20 minutes

Cognitive, linguistic and
functional communication
measures

Greater improvements with anodal
tDCS across all cognitive domains
except alerting, which persisted a
month after training ended. Greater
improvements reported on
Communication Activities of Daily
Living Scale, and linguistic measures
such as noun and verb naming, and
auditory and written language
comprehension after anodal compared
to sham-tDCS

Word finding
therapy

Word
retrieval

Spielmann
et al. (2016)

58 subacute
(< 3 m)

Word finding therapy 5 daily sessions
of 45 minutes

Left IFG 1 mA anodal
tDCS for 20
minutes in
experimental
group vs. sham
group

Boston naming test,
naming performance on
trained and untrained
items, and verbal
communication

No superior effect of anodal tDCS on
naming, verbal communication, quality
of life and participation.

Speech and
language
therapy

– Guillouët
et al. 2020

10 (4
chronic; 6
subacute
< 6 m)

Routine speech and language therapy 3
weeks; 2 to 5 days per week

Left IFG
with anodal
and right
IFG with
cathodal-
tDCS;

Crossover design
2 mA active
compared to
sham tDCS; 1
week “washout”
between
conditions

Number of different
nouns used in 2 minutes
to answer the question:
“what is your job”, and
other flow and quality
measures

No effects of active tDCS compared to
sham-tDCS on number of nouns
produced during job description, or
verbs, adjectives, adverbs, pronouns or
number of repetitions, utterance with
and without novel ideas, grammatical
errors, and paraphasias

Computerized
naming
treatment

Word
retrieval

Meinzer
et al. (2016)

26 Intensive naming therapy over 2 weeks
(twice daily; 4 days per week; 1.5 hours
per day).

Left motor
(M1 hand)
region

1 mA anodal
tDCS group vs.
sham tDCS
group

Naming for trained and
untrained items and
generalization to everyday
communication (CETI,
PCQ ratings); Tested
immediately after and at 6
months after the treatment

Trend toward larger gains on trained
items after anodal compared to sham
group. Treatment effects for trained
items were better maintained in anodal
group after 6 months. Generalization to
untrained items and to functional
communication larger for anodal group
at both time points.

Abbreviations: VNeST = Verb Network Strengthening Treatment; m = months; tDCS = transcranial direct current stimulation; IFG = inferior frontal gyrus; DLPFC = dorsolateral prefrontal cortex;
STG. = superior temporal gyrus; CETI = Communicative Effectiveness Index; PCQ = Partner Communication Questionnaire.
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NARNIA. But a few studies have implemented dis-
course or conversational therapies and other therapies
with multi-level approaches paired with tDCS that we
discuss in detail here. Marangolo et al. (2013) tested a
Conversational Therapy approach with conventional
anodal- (1 mA) or sham-tDCS delivered either over
the left IFG (or Broca’s region; F5 from 10–20 EEG
system; 5 × 7 cm2 sponge electrodes) or left poste-
rior STG (or Wernicke’s region; CP5) (Marangolo
et al., 2013). A within-subject, randomized, double-
blinded design was implemented in 12 PWA. During
sham-tDCS sessions, stimulation was turned off after
30 seconds. Active tDCS lasted 20 minutes. The ther-
apy started at the beginning of tDCS and lasted a total
of 2 hours per day over 10 daily sessions per tDCS
condition. The inter-condition interval was 14 days.
The Conversational Therapy consisted of natural con-
versation about salient information between patients
and therapist using a series of videoclips reproduc-
ing common everyday situations (e.g., eating at the
restaurant). Any form of communication, includ-
ing gestures, drawings, orthographic or phonological
cues, was allowed. This portion of the therapy devi-
ates from what was previously described under IDTA
or NARNIA, which consisted of a more structured
hierarchical cuing approach and explicit training
of discourse macrostructures. Nevertheless, signifi-
cantly larger increases in correct content units, verbs
and sentences produced were found on trained sam-
ples after left IFG stimulation at the end of 10 days
of treatment, compared to sham- and left pSTG
stimulation. Additionally, on untrained videoclips,
significant generalization was reported on the same
measures also after left IFG stimulation. No changes
were found on any other standardized assessments
of aphasia. The authors discussed that the use of
informative speech as part of therapy together with a
stimulation of a region involved in controlled lexical
selection could have facilitated the flow of informa-
tion during discourse, produced more informative
chunks or content units, and resulted in improved
verb production and production of grammatically cor-
rect sentences. In a subsequent study, anodal-tDCS
over left IFG during the Conversational Therapy
also significantly improved performance on picture
description, and noun and verb naming tasks (Cam-
pana et al., 2015).

Galletta and Vogel-Eyny (2015) implemented an
ecologically focused language therapy in a single
case-study using training components at multiple
levels involving sentence production, naming in sen-
tence context and focused-discourse tasks paired

with tDCS over left IFG (F7; 1 mA active for 20
minutes; sham for 30 seconds). They hypothesized
that explicit treatment of nouns and verbs in a
sentence context with left IFG stimulation would
result in increased generalization to untrained sets
of sentence-embedded nouns and verbs. TDCS was
delivered during the first 20 minutes of an hour-
long therapy session with 3 treatment components:
Sentence Production Program for Aphasia (Helm-
Estabrooks & Nicholas, 2000), sentence-embedded
production training (Raymer & Kohen, 2006), and
focused discourse (on current events from newspaper
articles) using supportive conversational strategies.
Increased verb retrieval for untrained verbs in a
sentence context was reported after left IFG tDCS
compared to sham-tDCS (Galletta & Vogel-Eyny,
2015).

For cognitive-linguistic approaches, we found
one study by Pisano et al. (2022) that imple-
mented cognitive training with tDCS in 20 PWA
and reported outcomes related to generalization
to linguistic measures and functional communica-
tion. Cognitive training (ten 1-hour sessions over
2 weeks) involved computerized interactive exer-
cises of alertness, visuo-spatial working memory,
selective attention, and planning paired with tDCS
over the right DLPFC (F4; 2 mA, active for 20
minutes; return electrode contralateral Fp1). Com-
pared to sham, greater improvements were found
with anodal tDCS across all these cognitive domains
except alerting, which persisted a month after the
training ended. Significant generalization was noted
with greater improvements reported on the Commu-
nication Activities of Daily Living Scale, and other
linguistic measures such as noun and verb naming,
and auditory and written language comprehension
after anodal compared to sham-tDCS (Pisano et al.,
2022).

A recent meta-analysis of tDCS randomized con-
trolled trials found that while tDCS targeting IFG (left
or bihemispheric IFG) improved specific linguistic
outcome of naming nouns, its effect on functional
communication was not superior to sham-tDCS. Sub-
analysis related to communication included 112 PWA
from studies that assessed communication abilities as
secondary outcome measures. The impact of tDCS on
communication was assessed using several different
measures across these studies, involving spontaneous
speech in response to open-ended questions (e.g.,
describe your job), everyday life settings using Ams-
terdam Nijmegen Everyday Language Test (ANELT)
or using Aphasia Severity Rating Scale (ASRS),
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quality of everyday communication using CETI
(Lomas et al., 1989) and Partner Communication
Questionnaire (PCQ) (Blomert, 1993), and quality of
life measures such as EuroQol-5D (Brooks, 1996),
Stroke and Aphasia Quality of Life questionnaire
(SAQOL) (Hilari et al., 2003), social participation
using Community Integration Questionnaire (Dale-
mans et al., 2010), and cost-effectiveness using Cost
Analysis Questionnaire (iMTA, n.d.).

One of the studies included subacute PWA (1 mA;
anodal tDCS; left IFG; daily over 2-weeks) and did
not find a superior effect of tDCS on verbal com-
munication, quality of life and participation. The
authors attributed the negative results to ongoing
spontaneous recovery, which may preclude the effec-
tiveness of left hemispheric tDCS and that targeting
right hemispheric regions during this phase may be
a more suitable approach (Spielmann et al., 2016).
Another study in chronic PWA that targeted left IFG
with anodal and right IFG with cathodal-tDCS during
routine speech and language therapy (2 mA; bihemi-
spheric IFG; 3 weeks; 2–5days/week) also did not
find significant effects of tDCS compared to sham-
tDCS. Outcomes used in this study to test the effects
of tDCS were the number of nouns produced during
job description, and other flow and quality measures
such as verbs, adjectives, adverbs, pronouns or num-
ber of repetitions, utterance with and without novel
ideas, grammatical errors, and paraphasias (Guillouët
et al., 2020). In these studies, either the phase of stroke
recovery (subacute) (Spielmann et al., 2018), or min-
imal constraints on therapy duration, frequency and
type during routine clinical practice may have weak-
ened the effects of tDCS.

Another study in chronic PWA that targeted left
motor regions (1 mA; anodal tDCS; left M1 hand; 2-
weeks; 4days/week) during a computerized naming
treatment in a more controlled research setting did
find significantly enhanced generalization of anodal
tDCS to untrained items and to CETI and PCQ every-
day communication ratings, which were maintained
at 6-months after treatment termination (Meinzer
et al., 2016).

Overall, the evidence related to tDCS on gen-
eralization/communication outcomes is mixed and
appears to be influenced by several factors includ-
ing the details of aphasia treatment protocol,
stroke-related factors (e.g., chronicity) and tDCS
parameters. Additionally, it is unclear how tDCS
affects generalization. With variability across treat-
ment protocols and outcomes, it is difficult to
comment on tDCS parameters that are likely to facil-

itate generalization (e.g., individualized stimulation
targets for a given therapy, or higher intensity or
longer duration of stimulation or treatment).

It has been shown that factors governing effects
of aphasia treatments on trained (acquisition) and
untrained (generalization) items may be different.
The brain regions associated with acquisition may
be distinct from those associated with generalization
(Meinzer et al., 2010). Additionally, the timing of
treatment response between acquisition and general-
ization is also shown to be distinct; improvements for
generalization stimuli emerge later than acquisition
stimuli (Dickey et al., 2014). Interesting questions
that remain unanswered are whether the patterns of
treatment response for generalization with and with-
out tDCS are qualitatively different. For example, as
shown by Dickey, Hula and Yoo (2014), generaliza-
tion responses with TUF are shifted in time compared
to acquisition. They concluded that more sessions of
TUF may be needed in some individuals to increase
the likelihood of generalization. Can tDCS reduce the
gap between acquisition and generalization in terms
of timing, or in other words can tDCS induce gener-
alization in fewer sessions? These questions remain
largely unexplored.

Another important factor related to generalization
is the timing of tDCS. It is not clear whether the
timing of tDCS delivery in relation to aphasia treat-
ments differentially affects language outcomes. The
effectiveness of tDCS is potentially as “good” as the
therapy that it is paired with. The pairing of tDCS
can be done in multiple ways: concurrent to language
therapy (online) or sequential to language therapy
(offline). Both offline and online protocols would
modulate the state of neuronal activation at the time
of stimulation. Offline tDCS could either precondi-
tion neural activity or maintain or increase activation
post-therapy. The question of timing has been raised
recently in stroke-related motor recovery, and small
sample trials provide proof of concept that while
both concurrent and sequential tDCS with motor ther-
apy result in improvements, sequential tDCS seems
to be more effective for rehabilitating motor daily
function and hand movement control (Liao et al.,
2020). While we do not have direct evidence for post-
stroke language recovery, an ongoing clinical trial
aims to address this important question and promises
to provide effect sizes related to three tDCS tim-
ing conditions: tDCS during language therapy, tDCS
before therapy and tDCS after therapy in comparison
with sham tDCS in a randomized, between-group,
double-blinded study. The authors theorize that tDCS
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provided before therapy could “prime the language
system” and tDCS after therapy could help in memory
consolidation (Ashaie et al., 2022). Their main goal
is to compare the efficacy between online and offline
tDCS protocols. Relatedly, given the hypothesized
mechanisms of offline tDCS on memory consoli-
dation, it would be interesting to study differential
effects of tDCS timing on treatment generalization
and whether offline tDCS increases generalization.

4.5. Real-time fMRI neurofeedback

Unlike tDCS, real-time fMRI NFB is an intrinsic
neuromodulation method used to train individuals to
increase or decrease activity in a specific brain region
or network. It is a unique and innovative approach
allowing individuals to regulate their own brain activ-
ity (Dewiputri & Auer, 2013; Renton et al., 2017;
Thibault et al., 2018; T. Wang et al., 2018). FMRI
NFB paradigm involves measurements of activity
levels of a particular brain area relative to an appro-
priate baseline. This information is then given to
the participant, who can employ mental strategies to
modulate the signal. The choice and refinement of
these mental regulation strategies are guided by neu-
rofeedback given to the participant. Such repeated
efforts to self-regulate brain activity are shown to
result in learning-induced changes in cognitive as
well as motor ability (Sitaram et al., 2017). Stud-
ies also show that individuals can learn to increase
or decrease functional connectivity among targeted
brain networks (Kim et al., 2015; Koush et al., 2013,
2015; Krylova et al., 2021; Megumi et al., 2015).
Thus, fMRI neurofeedback can help individuals to
learn to voluntarily modulate their brain activity, lead-
ing to changes in neural function, with the potential
to improve symptoms of neurological or psychiatric
disorders.

4.6. Current evidence for efficacy

The number of published fMRI NFB studies has
exponentially increased over recent years, with most
studies in healthy individuals demonstrating efficacy
(Watanabe et al., 2017). However, a review of 99
published fMRI NFB studies by Thibault and col-
leagues (2018) cautioned against over interpreting
the positive evidence due to methodological variabil-
ity (Thibault et al., 2018). While most of the studies
included a control group and showed that participants
were able to modulate their brain activity according to

at least one statistical test, some did not compare the
experimental and control groups directly. Moreover,
although the primary goal of fMRI NFB interventions
is to change behavior, the evidence for behavioral
changes across the examined studies was modest.
For example, out of the 59 studies that examined
behavioral change from before to after the interven-
tion, 69% showed an improvement, and of the studies
that included a control group, 59% showed a greater
behavioral improvement in the experimental than the
control group. Thus, although it appears that individu-
als can regulate their brain activity using fMRI NFB,
further research is needed to replicate clear behav-
ioral improvements suggested by some studies, but
not others.

Apart from its effectiveness in healthy volunteers,
fMRI NFB has demonstrated potential for neurore-
habilitation in various clinical applications, including
stroke (Renton et al., 2017) and Parkinson’s Dis-
ease (Ruiz et al., 2014), to enhance motor function
(Liew et al., 2016; Sitaram et al., 2012), language
(Sreedharan et al., 2019, 2020), and other cognitive
abilities (Krylova et al., 2021). It also shows promise
as a treatment for psychiatric disorders (Taschereau-
Dumouchel et al., 2018), including anxiety (Pindi
et al., 2022), depression (Taylor et al., 2022; Young
et al., 2017), and addiction (Subramanian et al.,
2021). In cases of chronic pain, fMRI NFB has been
utilized to help manage pain by modulating activity
in pain-associated brain regions (Roy et al., 2020).

Additionally, fMRI NFB has proven valuable in
studying neuroplasticity and the mechanisms under-
lying learning and memory (deBettencourt et al.,
2019). By examining the role of specific brain regions
and networks in various cognitive processes, fMRI
NFB has contributed to a deeper understanding of the
brain and its functions. For example, deBettencourt
and colleagues (2015) used fMRI NFB to identify
neural mechanisms that support sustained attention
training (deBettencourt et al., 2015). In the study,
participants performed a visual detection task on
composite images containing a mixture of faces and
scenes and were asked to respond when the compos-
ite contained a specific category of images (indoor
scenes, female face, 90% of trials) or withhold a
response when it did not (10% of trials). At the start of
each block, participants were cued to attend to either
faces or scenes. fMRI NFB was implemented using
a whole brain multivariate classifier which detected
participants’ current brain state and compared it to
the pre-trained state for each category (faces vs.
scenes). When the current state corresponded with
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the cued category, the composite image became eas-
ier to process as the proportion of task relevant image
was increased. Such fMRI NFB training improved
behavioral sensitivity in the NFB group but not in the
control group who received NFB from other partici-
pants’ brains. Importantly, at the end of training, the
NFB group showed altered brain dynamics, such that
the ventral temporal cortex and the basal ganglia rep-
resented the two attentional states (attend to faces vs
scenes) more distinctly. Furthermore, the degree of
improved behavioral sensitivity depended critically
on whether the fMRI NFB carried information from
the frontoparietal attention network. The authors sug-
gested that increased neural separation in the frontal
cortex enabled stronger top-down modulation of cate-
gory specific responses in the ventral temporal cortex
and stronger irrelevant response inhibition in the
basal ganglia. Thus, using fMRI NFB allowed to
reveal the brain mechanisms supporting neuroplastic-
ity of attention-related behavior. Compared to widely
used EEG-based neurofeedback methods, fMRI NFB
offers several advantages, including superior spatial
resolution and signal specificity (Renton et al., 2017).
It is also flexible with respect to the neurofeedback
targets (single brain regions, and/or networks) and
the nature of the neurofeedback signal (percent signal
change, functional or effective connectivity, machine
learning classifier weights) making it useful for a
variety of clinical and research applications. One
downside is the high cost and complexity of fMRI
NFB procedures that currently precludes wide use in
clinical practice, but this could change if future stud-
ies can demonstrate clear and unequivocal benefits to
patients’ quality of life.

4.7. Current evidence of efficacy in stroke and
aphasia

In stroke rehabilitation, fMRI NFB shows consid-
erable promise as a viable method for addressing
dysfunction in structurally intact regions that may
be directly or indirectly connected to the site of the
infarction. In the context of aphasia rehabilitation,
there are several advantages of treatments employing
fMRI NFB compared to conventional rehabilitation
methods or routine SLT. First, fMRI NFB affords per-
sonalized training that can target brain regions and
networks associated with language processing in an
individual, which is particularly beneficial for PWA
who present with diverse and heterogeneous impair-
ment profiles and lesion patterns. Second, fMRI NFB
allows for real-time monitoring of brain activity and

feedback, which can increase patient engagement and
help them stay motivated to continue the treatment.
Third, fMRI NFB can increase neuroplasticity by
reinforcing the regional and language network activa-
tion, resulting in more effective language processing
over time. Finally, fMRI NFB is non-invasive and
safe as it does not involve exposure to ionizing radi-
ation or use of pharmacological agents, making it an
attractive adjunctive treatment option for PWA.

Results from several small-scale studies
(N = 2–12) in stroke patients that employed real-time
fMRI NFB (Liew et al., 2016; Robineau et al.,
2019; Sitaram et al., 2012; Sreedharan et al., 2019),
or combined fMRI and EEG NFB (Bezmaternykh
et al., 2021; Giulia et al., 2021) indicate positive
effects of this treatment. For example, Liew et al.
(2016) found that in 3 out of 4 patients with severe
hemiparesis ipsilesional connectivity between the
thalamus and primary motor cortex was improved
following two 2-hour sessions of connectivity-based
NFB with small to medium effect size (ES) (Liew
et al., 2016). Sitaram et al. (2012) reported increased
activity in the ventral premotor area with large ES
after 3 sessions of NFB training in 2 chronic stroke
patients and 4 healthy controls. Visuomotor accuracy
was improved in 4 participants (1 stroke participant
and 3 healthy controls) (Sreedharan et al., 2019).
Robineau et al. reported upregulated visual cortex
activity in 6 stroke patients with spatial neglect after
three 15-minute sessions of NFB (large ES) and
reduced spatial neglect severity (Robineau et al.,
2019).

So far, two studies have evaluated the use of fMRI
NFB in PWA. These studies compared effects of
fMRI NFB training across 3 groups: 2 groups of
PWA with a diagnosis of expressive and anomic
aphasia and 1 group of healthy controls. The inter-
vention PWA group (N = 4) and the healthy control
group (N = 4) underwent 4 fMRI NFB training ses-
sions and 2 pre-post test scans, while the control
PWA group (N = 4) received routine clinical treat-
ment similar to that received by the intervention
PWA group and underwent 2 test scans but did not
receive fMRI NFB training. During the fMRI NFB
upregulation blocks, participants were instructed to
engage in covert speech, recite a poem, have a con-
versation, or engage in another covert language task
of their choice as a regulation strategy (Sreedha-
ran et al., 2019). They received connectivity-based
feedback such that greater connectivity between the
Broca’s and Wernicke’s areas defined using a func-
tional localizer resulted in higher feedback scores.
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Fig. 2. Parameter and design characteristics in fMRI NFB studies.

Functionally defining the regions of interest ensured
that lesioned areas were not considered for fMRI
NFB training. The first study reported increased con-
nectivity between Broca’s and Wernicke’s regions
in patients with expressive aphasia who underwent
fMRI NFB. The magnitude of connectivity after
training was similar to that in healthy controls,
suggesting normalization. In the second study (Sreed-
haran et al., 2020), activity in these regions during
regulation compared to the baseline was compared
across groups. Increased activation in the Broca’s
area and its right homologue area was reported in the
PWA group after fMRI NFB training, but this level of
activity was still lower than that in healthy controls.
No significant differences in language improvement
(WAB and naming) were found between the fMRI
NFB and the usual-care PWA groups. Taken together,
emerging literature suggests that real-time fMRI NFB
can induce changes in neural activation patterns and
connectivity in patients with stroke, including PWA.
But associated behavioral improvements are not con-
sistently found. Small patient samples and lack of a
sham/control group in some published studies overall
limit the ability to drive concrete conclusions regard-
ing the efficacy of fMRI NFB. Large-scale, properly
controlled trials are needed to confirm the effects of
fMRI NFB on neural function and ensuring behav-
ioral changes.

In the next section, we provide some details and
resources to implement fMRI NFB for interested
researchers.

4.8. Parameters important for implementation

Implementation of fMRI NFB requires special-
ized equipment configuration to enable a closed-loop
system, wherein the MRI scanner is connected to
a computer equipped with software that enables
real-time neural data preprocessing and analysis for
computing the neurofeedback signal. The specifics
of such a system are extensively discussed in sev-
eral high-quality reviews (e.g., Koush et al., 2017).
Participant selection is crucial for successful fMRI
NFB training. Participants should be able to with-
stand the MRI environment for extended periods of
time and follow instructions during the session. Other
important considerations are selection of the regu-
lation strategy, feedback design, training protocol,
outcome assessment and choice of an appropriate
control group, which are highlighted in Fig. 2 and
discussed below.

The selection of a successful regulation strategy
is essential for the success of fMRI NFB training.
The strategy should be engaging, meaningful, and
tailored to the participant’s individual capabilities,
while also designed to elicit the desired neural activ-
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ity and remain feasible within fMRI paradigms. Many
studies have opted for covert regulation strategies to
prevent in-scanner motion. For example, Robineau
and colleagues (2019) used visual imagery and covert
attention to the left visual field to upregulate right
visual cortex activity in patients with spatial neglect
(Robineau et al., 2019). Rota and colleagues (2009)
allowed participants to choose specific strategies
to upregulate right IFG activation in the context
of language processing, leading to strategies such
as imagining lecturing before a class of students,
arguing scenes, debates, singing or reciting poems,
and recalling old conversations with friends (Rota
et al., 2009). As discussed previously, Sreedharan
and colleagues (2019, 2020) instructed participants
to covertly engage in making a speech, having a
conversation, reciting a poem, or another language
activity of participants’ choice to upregulate con-
nectivity between the Broca’s and Wernicke’s areas
(Sreedharan et al., 2019, 2020). Lastly, Young and
colleagues (2017) instructed patients with depression
to retrieve positive memories to upregulate activity in
the amygdala (Young et al., 2017). Thus, personalized
and engaging regulation strategies have been used
to maximize the effectiveness of fMRI NFB training
across diverse clinical applications.

The nature of the feedback provided to partic-
ipants is equally important. Feedback should be
clear and meaningful and should prevent partic-
ipants from getting overwhelmed as that can be
counterproductive. While the optimal approach is
likely dependent on the application, Stoeckel and col-
leagues (2014) noted that continuous feedback has
the advantage of delivering immediate feedback but
that can increase cognitive load. Intermittent feed-
back may be more effective as it reduces cognitive
load (Stoeckel et al., 2014). Visually presented feed-
back has been reported to be more effective than
auditory feedback, with various visual presentation
methods employed across studies, including a con-
tinuously updated graph, smiling avatars, fluctuating
levels of a thermometer, or fire (Dewiputri & Auer,
2013). Some studies implement implicit feedback by
modulating task difficulty. For example, as discussed
earlier, deBettencourt and colleagues (2015) trained
participants to improve sustained attention wherein
the feedback signal modulated the proportion of task
relevant to task-irrelevant information presented on
each trial (deBettencourt et al., 2015). Feedback can
also vary based on whether the goal is to modulate
signal within a single region or modulate coordi-
nated activity from multiple regions. As abnormal

brain states after stroke are thought to result from
uncoordinated activation of distributed brain regions,
fMRI NFB applications that enhance or modulate
functional connectivity (Koush et al., 2013) across
distributed regions can be particularly promising in
stroke rehabilitation. With growing interest in pat-
tern recognition, fMRI NFB studies have also begun
to implement decoding of brain states in spatially
distributed brain regions for providing feedback. Sev-
eral pattern recognition techniques have been applied,
with support vector machine (SVM) being the most
widely used technique (Watanabe et al., 2017). But
this presents a challenge in that it is difficult to build
individualized pattern classifier in real-time. This
issue was recently addressed in one study by develop-
ing a participant-independent pattern classifier from a
larger set of group data, which represented a specific
demographic population (Ruiz et al., 2014).

While single-group design studies have been used
in clinical applications of fMRI NFB, efficacy cannot
be established without appropriate control condi-
tions. Sorger and colleagues (2019) provided a
detailed review and critical analysis of different
control groups and their suitability for fMRI NFB
applications (Sorger et al., 2019). For instance, a no-
training control, such as treatment as usual (TAU),
may be used to reveal whether neurofeedback has
a clinically significant benefit. However, TAU is a
relatively inadequate control as there is no true “con-
sistent background” practice against which a new
intervention can be tested. Among the more robust
alternatives are bidirectional regulation and placebo
control conditions. In bidirectional regulation con-
trol, participants are trained to regulate the same brain
region or network in opposite directions. This control
condition ensures physiological specificity, controls
for motivational and placebo effects, and rules out
non-specific effects. However, it does not exclude that
mental rehearsal alone might be sufficient to change
brain activity and associated behavior. Additionally,
alternating up- and down-regulation in a within-group
design can induce order and carry-over effects. Var-
ious types of placebo control can be used in fMRI
NFB, including feedback from an alternative brain
region, non-neural feedback (e.g., respiration), and
sham feedback, where participants receive unrelated
or non-contingent feedback that does not reflect their
actual brain signal. This type of control can match
the experimental condition on all aspects except gain-
ing control over the experimental region-of-interest
signal. However, participant’s efforts to regulate a
non-contingent NFB signal and the resulting frus-
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tration can become critical confounds, especially if
participants detect the non-contingency. The mental-
rehearsal control is another control condition where
participants are instructed to self-regulate brain activ-
ity using a mental strategy but in the absence of
neurofeedback. This allows to control for the effects
of cognitive/behavioral strategy without the support
of neurofeedback. While this approach can be easily
applied, it cannot rule out motivational and placebo
effects.

In a special case of implicit neurofeedback, where
participants are not provided any information about
the trained brain region, feedback signal, or poten-
tial mental strategies, the specificity of the behavioral
effect can be used as a control by training only one
specific brain state and testing for changes only in
that state. An example of such paradigm is a study by
Wang et al. (2021) where participants were trained
to control the diameter of a visually presented disk
to match the multivariate pattern of V1/V2 activity
observed when they were viewing Sekular motion
displays (Z. Wang et al., 2021). The study showed that
participants improved their detection of local motion
of dots in Sekular displays, but not of global motion,
which may be subserved by higher order visual areas.
Overall, while each type of control condition has clear
advantages and disadvantages, the choice of the con-
trol condition should be tailored to the fMRI NFB
implementation.

Other important design considerations include
determining the number, optimal frequency, and
duration of training sessions, and the number of
neurofeedback runs per session. While some stud-
ies report successful regulation of brain activity
after a single session, a more typical implementa-
tion requires 2–5 separate training sessions with 1
or 2 runs, each lasting 15–20 minutes (Ruiz et al.,
2014; Sitaram et al., 2017; Thibault et al., 2018;
Watanabe et al., 2017). The duration of neurofeed-
back training may vary in PWA, depending on stroke
severity and the level of engagement with the train-
ing. However, at this point, there are no dose-response
studies available for fMRI NFB training for neurore-
habilitation applications. Such studies would inform
the relative effectiveness of fMRI NFB compared to
existing therapies or compared to biofeedback using
more cost-effective neuroimaging tools such as EEG.

The success of fMRI NFB training can be assessed
using various outcome measures, such as improved
control of brain activity during NFB training runs and
during non-NFB transfer runs, as well as changes in
behavioral performance on the trained task, related

tasks, or real-world outcomes. There is some support
showing that fMRI NFB training can lead to behav-
ioral changes, such as improved pain perception in
patients with chronic pain, improved verbal working
memory in healthy participants, and improved mood
in individuals with major depressive disorder. How-
ever, there is limited evidence of behavioral change
that has generalized to other tasks or real-world out-
comes (Stoeckel et al., 2014). It is possible that longer
and more intensive training sessions may be required
to achieve generalization effects.

In conclusion, successful implementation of fMRI
NFB depends on various factors, including appro-
priate equipment configuration, participant selection,
personalized and engaging regulation strategies, and
effective feedback design. More studies with suitable
control conditions are needed to evaluate the effi-
cacy of fMRI NFB by addressing potential confounds
such as placebo effects. Other critical aspects that
remain unclear are the optimal training frequency,
duration, and assessment of outcomes. As fMRI NFB
continues to be explored and refined, understanding
these key parameters will contribute to its adoption
across diverse clinical applications. While some stud-
ies have demonstrated behavioral change because of
fMRI NFB training, further research is needed to
determine the potential for generalization to func-
tional and real-world outcomes. We anticipate that
the ongoing development of fMRI data preprocess-
ing and analysis methods, alongside the investigation
of dose-response relationships, will help unlock new
opportunities and expand the potential of fMRI NFB
in various therapeutic settings, including in PWA
after stroke.

4.9. Challenges specific to aphasia in fMRI NFB
implementation

Implementing fMRI neurofeedback treatments
in PWA presents several challenges that must be
addressed for the successful use of this method as
a treatment tool. PWA could have difficulty follow-
ing instructions, or attending to tasks that require
linguistic ability, which can affect the quality of the
neurofeedback signal. Careful design of task, instruc-
tions, and stimuli as well as selection of patients for
whom this treatment may be appropriate is necessary
when working with patients whose communication
ability is compromised. Interpreting the fMRI NFB
signal and providing meaningful feedback can also
be challenging in PWA, as the signal from language-
related brain regions may be affected by stroke. For
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successful implementation, the brain regions selected
for neurofeedback training should be intact and rel-
evant to the language or cognitive process being
re-trained in PWA. The primary goal of biologically-
based interventions, such as tDCS or fMRI NFB is
to enhance the generalizability of treatment effects
to other language tasks or real-world communication
situations. To achieve this, we expect that fMRI NFB
would need to be combined with speech therapies
or cognitive therapies as part of an intensive aphasia
treatment paradigm. Finally, as mentioned previ-
ously, fMRI NFB treatments can be time-consuming
and require specialized equipment and expertise,
which may limit their availability and accessibility
to PWA.

While there is potential for fMRI NFB to become
a treatment tool for aphasia, more research is needed
to establish its efficacy and feasibility. The current
literature on fMRI NFB in aphasia is limited to 2-
3 studies with small to medium effect sizes. Larger
randomized controlled trials with well-defined pro-
tocols are needed for validating this technique as a
viable treatment option for PWA. If it is proven to be
highly effective, the current barriers such as cost and
accessibility of fMRI technology in clinical settings
would need to be addressed for its widespread use
in clinical practice. Additionally, before fMRI NFB
transitions into mainstream clinical practice, RCTs
must demonstrate its sustained benefits post-training,
necessitating the inclusion of long-term follow-ups.
The novelty of fMRI NFB means that methodologies
across studies can differ significantly, precluding con-
sistent conclusions. Checklists such as the Consensus
on the Reporting and Experimental Design of Clini-
cal and Cognitive-Behavioral Neurofeedback Studies
(CRED-nf) outlining evidence-based best practices
for conducting NFB research are a promising step in
the right direction (Ros et al., 2020). Beyond stan-
dardizing fMRI NFB methods, it is also essential to
evaluate the appropriateness and acceptability of the
fMRI NFB procedures for the target population and
understand their life-quality impact. These consid-
erations will shape future research directions in this
field.

5. Future directions

After a thorough review of NIBS literature, and in
particular literature related to tDCS, we have devel-
oped a following list of questions that remain largely
unanswered and could be addressed in future studies
involving PWA after stroke:

(1) We still do not fully understand the differ-
ent patterns of neural activity changes during
aphasia recovery. With an incomplete under-
standing of neural reorganization patterns,
the selection of NIBS parameters to induce
recovery remains a challenge. This is fur-
ther complicated by observed variability in
lesion, aphasia severity and language impair-
ment characteristics. We posit that use of a
single stimulation protocol across PWA based
on hypothetical models of recovery may be an
ineffective strategy and instead advocate for
individualized protocols.

(2) Individualized targeting protocols that take
structural and functional characteristics into
account may optimize neuromodulatory
effects. But empirical evidence to support
this claim does not exist. In addition, several
individualized targeting approaches have been
implemented but there is no consensus on best
practices.

(3) Targeting tDCS to restore cerebral perfusion
in intact areas of the affected hemisphere may
prove to be an effective treatment strategy
for post-stroke aphasia and should be further
explored in future studies.

(4) Individualized FE models using participant’s
own head MRI should be generated to optimize
tDCS montages to achieve maximal focality
or intensity at the target, and in turn increase
tDCS efficacy.

(5) Some argue that such precise targeting may
be excessive for conventional and HD-tDCS.
Future studies should quantify and compare
the treatment effect sizes with and with-
out targeting across neurological cohorts and
applications of tDCS, including in PWA. We
hypothesize that precise targeting with con-
ventional or HD-tDCS would improve tDCS
efficacy, particularly in patients with brain
damage.

(6) Evidence for the implementation of HD-tDCS
in PWA is lacking. Future studies should
evaluate the relative effect sizes of conven-
tional vs. HD-tDCS to determine whether focal
stimulation provides any benefit over diffused
stimulation modality.

(7) We rationalize in this review that for tDCS to be
accepted clinically as routine practice, it must
promote generalization with much larger effect
sizes than aphasia therapy alone and make
a significant impact on daily communicative
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needs. The evidence related to tDCS on gen-
eralization/communication outcomes is mixed
and appears to be influenced by several factors
including the details of aphasia treatment pro-
tocol, stroke-related factors (e.g., chronicity)
and tDCS parameters. With variability across
published treatment protocols and outcomes,
it is difficult to comment on tDCS parameters
that are likely to facilitate generalization (e.g.,
stimulation targets given a therapy, or higher
intensity or longer duration of stimulation or
treatment). We recommend that future tDCS
protocols deviate from “train, [stimulate] and
hope” (Stokes & Baer, 1977) for generalization
to using theoretical understanding of changes
induced by tDCS following aphasia therapies
to form predictions for generalization (Webster
et al., 2015a).

(8) Future studies should aim to disentangle how
tDCS affects generalization. A few questions
of interest to advance the use of tDCS for func-
tional recovery are:

a. Given a therapy, are the brain regions
associated with generalization distinct
from acquisition (trained)?

b. For a given therapy, what brain regions
should be targeted to promote general-
ization?

c. Can tDCS induce generalization in fewer
treatment sessions?

d. When should tDCS be provided in rela-
tion to the treatment (concurrent or
sequential) to increase generalization?

(9) Finally, to test the effectiveness of tDCS pro-
tocols on both acquisition and generalization
of language therapies, there is little debate
that we need large-scale, multi-site clinical
trials in PWA. Given the heterogeneity in
aphasia presentation combined with tDCS’
large parameter space, we think translation
of research-based tDCS protocols to clinical
practice cannot be accomplished using conven-
tional randomized, double-blinded, parallel or
cross-over trials. Conventional designs would
need very large sample sizes, long study dura-
tions, and may still lack statistical power to
run analysis in multiple subgroups to address
questions related to heterogeneous samples.
Coordinated effort across multiple stroke and
aphasia groups using pragmatic clinical trial
designs that allow more flexibility and greater
efficiency such as cluster or adaptive designs

will be needed to definitively enable selection
of optimal tDCS protocols in a given sample
of PWA and advance its application in routine
clinical settings (Ajmera et al., 2021).

After a comprehensive review of the literature
using fMRI NFB for stroke rehabilitation, we have
identified several key objectives that are currently
unaddressed and require further investigation in
future studies:

(1) Investigate the optimal frequency and duration
of fMRI NFB training in PWA necessary to
establish efficacy, while also considering cost-
effectiveness.

(2) Determine the long-term effects of fMRI NFB
training on functional and real-world outcomes
in PWA. This may require longitudinal studies
that include long-term follow up and a variety
of standardized and ecologically valid behav-
ioral assessments.

(3) Explore ways to integrate fMRI NFB with
other interventions, such as SLT or other neu-
romodulation techniques, to enhance treatment
outcomes and promote generalization.

(4) Standardize methods to assess outcomes after
fMRI NFB training.

(5) Develop personalized approaches to fMRI
NFB training in PWA that can rapidly
accommodate individual differences in stroke
anatomy and the nature of language impair-
ment.

Addressing these questions will contribute to the
continued advancement and adoption of fMRI NFB
as a potential therapeutic tool for aphasia.
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Seniów, J., Litwin, M., & Leśniak, M. (2009). The relation-
ship between non-linguistic cognitive deficits and language
recovery in patients with aphasia. Journal of the Neu-
rological Sciences, 283(1), 91-94. https://doi.org/10.1016/
j.jns.2009.02.315

Shah, P., Szaflarski, J., Allendorfer, J., & Hamilton, R.
(2013). Induction of neuroplasticity and recovery in post-
stroke aphasia by non-invasive brain stimulation. Frontiers
in Human Neuroscience, 7, 888. https://www.frontiersin.
org/article/10.3389/fnhum.2013.00888

Shah-Basak, P., Fernandez, A., Armstrong, S. E. M., Hodzic-
Santor, B. H., Lavoie, M., Jokel, R., & Meltzer, J. A. (2021).
Behavioural and neurophysiological responses to written
naming treatment and high definition tDCS: A case study in
advanced primary progressive aphasia. Aphasiology, 36(10),
1182-1205. https://doi.org/10.1080/02687038.2021.1959015

https://doi.org/10.1682/JRRD.2005.01.0028
https://doi.org/10.1371/journal.pone.0177290
https://doi.org/10.3233/NRE-141199
https://doi.org/10.1080/09602011.2017.1301262
https://doi.org/10.1161/01.STR.0000198807.31299.43
https://doi.org/10.1093/brain/awaa009
https://doi.org/10.1002/hbm.20621
https://doi.org/10.3389/fnins.2020.00671
https://doi.org/10.1016/j.apmr.2015.06.017
https://doi.org/10.1016/j.biopsycho.2013.04.010
https://doi.org/10.1080/09602011.2012.656460
https://doi.org/10.1055/s-0036-1597262
https://doi.org/10.1080/09602011.2014.899504
https://doi.org/10.3389/fnhum.2017.00091
https://doi.org/10.1016/j.neuroimage.2015.06.067
https://doi.org/10.1093/brain/awl090
https://doi.org/10.1016/j.neulet.2018.07.005
https://doi.org/10.1093/braincomms/fcac107
https://doi.org/10.1093/braincomms/fcaa179
https://doi.org/10.3389/fnhum.2016.00695
https://doi.org/10.1590/s0100-879x2005001200013
https://doi.org/10.1016/j.jns.2009.02.315
https://www.frontiersin.org/article/10.3389/fnhum.2013.00888
https://doi.org/10.1080/02687038.2021.1959015


P. Shah-Basak et al. / Neurorehabilitation strategies in aphasia 189

Shah-Basak, P., Norise, C., Garcia, G., Torres, J., Faseyitan, O., &
Hamilton, R. H. (2015). Individualized treatment with tran-
scranial direct current stimulation in patients with chronic
non-fluent aphasia due to stroke. Frontiers in Human Neuro-
science, 9, 201. https://doi.org/10.3389/fnhum.2015.00201

Shah-Basak, P. P., Wurzman, R., Purcell, J. B., Gervits, F., &
Hamilton, R. (2016). Fields or flows? A comparative meta-
analysis of transcranial magnetic and direct current stimula-
tion to treat post-stroke aphasia. Restorative Neurology and
Neuroscience, 34(4), 537-558. https://doi.org/10.3233/RNN-
150616

Shah-Basak, P., Sivaratnam, G., Teti, S., Francois-Nienaber,
A., Yossofzai, M., Armstrong, S., Nayar, S., Jokel, R., &
Meltzer, J. (2020). High definition transcranial direct current
stimulation modulates abnormal neurophysiological activ-
ity in post-stroke aphasia. Scientific Reports, 10(1), 19625.
https://doi.org/10.1038/s41598-020-76533-0

Siegel, J. S., Ramsey, L. E., Snyder, A. Z., Metcalf, N. V.,
Chacko, R. V., Weinberger, K., Baldassarre, A., Hacker,
C. D., Shulman, G. L., & Corbetta, M. (2016). Dis-
ruptions of network connectivity predict impairment in
multiple behavioral domains after stroke. Proceedings of
the National Academy of Sciences, 113(30), E4367-E4376.
https://doi.org/10.1073/pnas.1521083113

Silkes, J. A. P., Fergadiotis, G., Hunting Pompon, R., Torrence,
J., & Kendall, D. L. (2019). Effects of phonomotor treat-
ment on discourse production. Aphasiology, 33(2), 125-139.
https://doi.org/10.1080/02687038.2018.1512080

Simic, T., Bitan, T., Turner, G., Chambers, C., Gold-
berg, D., Leonard, C., & Rochon, E. (2020). The role
of executive control in post-stroke aphasia treatment.
Neuropsychological Rehabilitation, 30(10), 1853-1892.
https://doi.org/10.1080/09602011.2019.1611607

Simic, T., Laird, L., Brisson, N., Moretti, K., Théorêt, J.-
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