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Chronic communication impairment is common after stroke, and conventional speech
and language therapy (SLT) strategies have limited effectiveness in post-stroke aphasia.
Neurorehabilitation with non-invasive brain stimulation techniques (NIBS)— particularly
repetitive transcranial magnetic stimulation (r-TMS) or transcranial direct current
stimulation (tDCS)—may enhance the effects of SLT in selected patients. Applying
inhibitory NIBS to specific homologous language regions may induce neural
reorganization and reduce interhemispheric competition. This mini review highlights
randomized controlled trials (RCTs) and randomized cross-over trials using low-frequency
rTMS or cathodal tDCS over the non-lesioned non-language dominant hemisphere and
performs an exploratory meta-analysis of those trials considered combinable. Using a
random-effects model, a meta-analysis of nine eligible trials involving 215 participants
showed a significant mean effect size of 0.51 (95% CI = 0.24-0.79) for the main
outcome “accuracy of naming” in language assessment. No heterogeneity was observed
(I = 0%). More multicenter RCTs with larger populations and homogenous intervention
protocols are required to confirm these and the longer-term effects.

Keywords: non-invasive brain stimulation, rTMS, tDCS, stroke, aphasia, neurorehabilitation, speech and language
therapy

Introduction

Post-stroke aphasia accounts for around 85% of all cases of aphasia, is present in 21-38%
of post-stroke patients (Laska et al, 2001; Berthier, 2005), and poses a major challenge in
neurorehabilitation. While spontaneous post-stroke aphasia recovery occurs, this largely takes
place in the first 2-3 months after a stroke with a slower rate and longer progress time compared
with spontaneous motor recovery (Sarno and Levita, 1981; Wade et al., 1986). Further, 12% of post-
stroke survivors are left with some degree of chronic communication deficit even after vigorous
treatment (Wade et al., 1986; Lazar et al., 2010). Patients with post-stroke aphasia experience longer
length of stays, greater morbidity, and greater mortality than those without aphasia and therefore
incur greater costs (Ellis et al., 2012). Additionally, people with aphasia tend to participate in fewer
activities and report worse quality of life after stroke than those without aphasia (Hilari, 2011).
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The aphasic population is heterogeneous, with individual
profiles of language impairment varying in terms of severity
and degree of involvement across the modalities of language
processing, including the expression and comprehension of
speech, reading, writing and gesture (Parr et al., 1997; Code and
Herrmann, 2003). Speech and language therapy (SLT) is the most
commonly employed treatment in aphasia. Generally, SLT is
tailored to meet the individual needs of patients. Nevertheless, its
therapeutic effects are quite variable and usually modest (Brady
etal., 2012).

Repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS) may be viable
approaches to augment the clinical efficacy of conventional SLT
strategies. Two separate meta-analyses of published randomized
controlled trials (RCTs) in post-stroke aphasia rehabilitation have
recently evaluated the clinical efficacy of tDCS (Elsner et al,
2013) and rTMS (Ren et al., 2014). Their results were reported
by combinable outcome measures and treatment protocols with
subgroup analyses in terms of stimulation type, site of stimulation
and duration of stroke. However, both reviews concluded that
the evidence base for the effectiveness of these non-invasive brain
stimulation (NIBS) techniques remains limited. Existing studies
show a remarkable heterogeneity in treatment protocols (e.g.,
target brain region, stimulation type, frequency, etc.) and variety
of aphasic assessment scales. Further, there are no double-blinded
RCTs with large populations that demonstrate benefit of rTMS
or tDCS as an adjunct to SLT in the long-term recovery of
post-stroke aphasia.

The goal of this mini review is to identify and summarize
RCTs and randomized controlled cross-over trials assessing
the clinical efficacy of NIBS techniques in their inhibitory
form (ie., low-frequency rTMS or cathodal tDCS) over the
unaffected non-language dominant hemisphere as an adjunct to
SLT for post-stroke aphasia rehabilitation, and where outcome
measures are considered comparable, to combine these in an
exploratory meta-analysis. This study allows us to specifically
examine the neuroplastic process underlying aphasia recovery
in adults considering the concept of reducing interhemispheric
competition.

Studies of NIBS in Post-Stroke Aphasia
Neurorehabilitation

The language network includes (i) Broca’s [i.e., pars opercularis
(POp)—corresponding to Brodmann Area 44 or BA44—and,
pars triangularis (PTr, BA45) on the inferior frontal gyrus (IFG)]
and Wernicke’s (on the superior temporal gyrus) areas in the
left hemisphere (dominant hemisphere); (ii) homologous areas
in the right side of the brain (non-dominant hemisphere); (iii)
the prefrontal and premotor areas in the frontal regions; and, (iv)
the lower part of the parietal region (Vigneau et al., 2006; Frey
et al., 2008). Recent neuroimaging studies on post-stroke aphasia
revealed maladaptive cortical changes in both hemispheres,
yet their functional contribution in language recovery remains
elusive (Khedr et al., 2014). Language recovery after a stroke
depends significantly on the degree of neuroplastic change,

which is usually associated with reorganization and reconnection
of the lesioned and perilesional dominant hemisphere regions,
acquisition or unmasking of the homologous language area
in the non-dominant hemisphere, or activation of the non-
dominant cortical region (Hamilton et al., 2011). Heiss and
Thiel (2006) postulated that the homologous area in the non-
dominant hemisphere of aphasia patients may take over the role
of the affected language area of the left hemisphere after a stroke,
particularly among patients with extensive left hemisphere
injury. However, recent findings have indicated that an upsurge
in right hemisphere activity following a stroke may hinder rather
than aid recovery (Turkeltaub et al,, 2011). Interhemispheric
inhibitory connections that normally modulate and effectively
suppress right hemispheric activity are disturbed due to damage
in the left hemisphere, enabling areas in the contralesional right
hemisphere to become increasingly involved via disinhibition.
This may exert an inhibitory influence on perilesional areas,
negatively affecting spontaneous neuroplasticity and interfering
with the ability of perilesional areas to contribute to language
recovery. As Shah et al. (2013) further highlighted, this
interhemsipheric inhibition model provided the rationale in
which suppression of right hemispheric activity or stimulation
of the left hemispheric peri-stroke areas with NIBS has been
employed in order to enhance language performance in patients
with aphasia.

r'TMS focal magnetic pulses penetrate the skull to induce
weak electrical currents that directly depolarize or hyperpolarize
neuronal membranes. rTMS induced currents are sufficient to
generate or inhibit action potentials (Pascual-Leone et al., 1998;
Fitzgerald et al,, 2006). An increasing number of studies have
demonstrated that inhibitory low-frequency rTMS (<1 Hz) over
the unaffected hemisphere can be useful in aphasic patients. Ren
et al. (2014) identified seven RCTs involving 160 stroke patients
for a meta-analysis investigating the effect of low-frequency
rTMS mainly targeting the triangular part of the right IFG
(Weiduschat et al., 2011; Waldowski et al., 2012; Barwood et al.,
2013; Hartmann et al., 2013; Heiss et al., 2013; Seniéw et al.,
2013; Thiel et al., 2013). These studies tested in randomized
sham-controlled studies the concept that downregulating specific
intact contralesional cortical areas may help engage more efficient
language processes by diminishing the impact of trascallosal
imbalance in post-stroke aphasic patients. The underlying
mechanisms involved in the application of low-frequency
r'TMS to selected homologous language regions may include
neural reorganization resulting in a prospective reduction in
interhemsipheric inhibition (Heiss and Thiel, 2006; Thiel et al.,
2006) and an improvement in language recovery. Excitatory
or facilatory high-frequency rTMS (>1Hz) over the damaged
hemisphere has also shown improvements in post-stroke aphasia
(Szaflarski et al., 2011; Dammekens et al., 2014). Further, Khedr
et al. (2014) hypothesized that simultaneous application of low-
frequency rTMS over the non-dominant speech area and high-
frequency rTMS over the dominant speech area would have a
beneficial effect on improving speech performance, particularly
if applied early after stroke in combination with language
training at the time when neural plasticity might be maximal.
The authors emphasized that more neuroimaging studies
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would be helpful to study bi-hemispheric changes in language
recovery.

Like rTMS, tDCS can alter cortical excitability in predictable
ways. However, tDCS is characterized as neuromodulatory rather
than neurostimulatory, since the currents delivered during tDCS
are not sufficient to directly generate or inhibit action potentials.
tDCS currents modulate neural resting membrane potentials,
in which anodal tDCS (a-tDCS) increases cortical excitability
and cathodal (c-tDCS) decreases cortical excitability (Nitsche
and Paulus, 2000). tDCS can easily be administered during
behavioral treatment, and is less expensive and likely to be
better accepted by patients than rTMS (Floel et al., 2011; Floel,
2014). Implications for clinical practice should be ascertained
in larger multicenter trials. Many studies employing tDCS as a
therapy for aphasia have adopted approaches that are broadly
consistent with an interhemispheric inhibition model of aphasia
recovery. That is, a-tDCS investigations are mainly centered
on left hemisphere language areas in order to increase the
excitability in the perilesional and residual fronto-temporal areas
(Baker et al., 2010; Fiori et al., 2011; Fridriksson et al., 2011;
Marangolo et al., 2013), whereas c-tDCS is generally applied
to the right homotopic areas to inhibit over activation (due to
transcollasal disinhibition) in the contralesional right homologs.
In a recent Cochrane meta-analysis, Elsner et al. (2013) evaluated
five tDCS interventional trials with sham-controls involving 54
post-stroke aphasic patients. Although these studies using tDCS
in combination with SLT favored the intervention in each of
these five trials (Monti et al., 2008; Floel et al, 2011; Kang
et al., 2011; Marangolo et al., 2011; You et al., 2011), confidence
interval width did not allow the results to be generalized. Elsner
et al. (2013) did however state that when considering only c-
tDCS over the non-lesioned hemisphere vs. sham-tDCS, the
effect on naming accuracy rises and the probability of error
declines.

As far as we know, no other meta-analysis of RCTs or
randomized controlled cross-over trials has been conducted to
examine the effects of two inhibitory NIBS techniques, here
low-frequency rTMS and c-tDCS, using treatment protocols and
outcome measures considered combinable.

Methods

Electronic searches were performed in PubMed, Embase and
ClinicalTrials.gov databases and limited to studies written in
English and published from March 2012, the date of search
finalization of the previous meta-analysis (Elsner et al., 2013),
up until end September 2014. The search terms were (“repetitive
transcranial magnetic stimulation” OR “rTMS” OR “transcranial
direct current stimulation” OR “tDCS”) AND (“aphasia” OR
“language disorder” OR “anomia”) AND (“stroke” OR “post-
stroke”). We also considered previous results from the recent
meta-analysis of rTMS (Ren et al., 2014) and tDCS (Elsner et al.,
2013). Studies were included if they met the following inclusion
criteria:

1. Design: double-blinded RCTs or randomized controlled cross-
over trials with at least four participants.

2. Participants: adult patients of either gender diagnosed with
ischemic stroke-induced aphasia (no lesion location or
chronicity limits).

3. Intervention: inhibitory NIBS technique (i.e., low-frequency
rTMS or c-tDCS) over the unaffected non-language dominant
hemisphere as an adjunct to SLT.

4. Control group: sham NIBS (i.e., sham rTMS or sham tDCS,
respectively) with SLT.

5. Outcome measures were reported with continuous scales that
evaluated the accuracy of naming (as degree of language
impairment) immediately after treatment.

One review author (BO) read the titles and abstracts of the
records identified from the electronic searches and eliminated
obviously irrelevant studies. Two independent authors (MO
and BO) examined whether the potentially relevant publications
fitted our inclusion criteria and assessed them for methodological
quality and risk of bias using the 11 item PEDro' scale (Maher
et al., 2003). The PEDro scale rates the methodological quality
of randomized trials out of 10. Item 1 is related to the external
validity and therefore not included in the total PEDro score
(PEDro). Eligible studies scoring >6 out of 10 were considered
to be high quality and qualified for quantitative synthesis.

Number of participants, means and standard deviations of
the outcome measures that evaluated the accuracy of naming
were extracted. Trials using similar methods of measurement
immediately after treatment were considered for pooling. Then,
the data were entered into the Review Manager software
(RevMan 5.3)* and pooling was carried out for statistical
analyses. Since different methods of measurement were used
across studies, the effect sizes (ES) were reported as standardized
mean differences (SMD) and 95% confidence intervals (CIs), and
a random effects model was used because it provides a more
conservative ES estimate. The heterogeneity across each ES was
evaluated with the I? statistic, and this review considered 25%
low, 50% moderate, and 75% high (Higgins et al., 2003).

Results

Results of Literature Search and Main
Characteristics

We identified 67 unique records from the database searches (see
Supplementary Figure). After further assessments, we excluded
62 studies that did not meet the inclusion criteria, or, were
ongoing clinical trials or with unpublished results. Five RCTs
published from March 2012 to September 2014 were eligible
(Waldowski et al., 2012; Heiss et al., 2013; Seniow et al., 2013;
Thiel et al.,, 2013; Tsai et al., 2014). From the previous meta-
analysis by Elsner et al. (2013) of tDCS and Ren et al. (2014)
of rTMS, we included four additional interventional trials (Floel
et al,, 2011; Kang et al,, 2011; Weiduschat et al., 2011; You et al.,
2011) that met our criteria. The assessment of risk of bias showed
that all studies had PEDro scores of >6, indicating consistent
methodological quality and a low risk of most biases (see

'PEDro. Physiotherapy Evidence Database [http://www.pedro.org.au/].
ZRevMan. (2011). ReviewManager5.3. Copenhagen: The Nordic Cochrane Centre,
The Cochrane Collaboration.
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Supplementary Table). Overall, nine high quality interventional
trials involving 215 participants were retained for quantitative
synthesis: six RCTs of low-frequency rTMS [five previously
identified by Ren et al. (2014) and one recently published by
Tsai et al. (2014)] and three interventional trials of c-tDCS
identified by Elsner et al. (2013). Table 1 summarizes the main
characteristics of all the inhibitory NIBS included studies.

Included Trials of Low-Frequency rTMS

We included six RCTs involving 183 participants investigating
the effect of low-frequency rTMS over the non-lesioned
hemisphere (experimental group) vs. sham rTMS (control
group) in combination with SLT. Three of the included studies
were conducted with German-speakers and used the Aachen
Aphasia Test (AAT) as an outcome measure (Weiduschat et al.,
2011; Heiss et al., 2013; Thiel et al., 2013), two with Polish-
speakers using an adapted version of the Boston Diagnostic
Aphasia Examination (BDAE) (Senidéw et al., 2013) and the
Computerized Picture Naming Test (CPNT) (Waldowski et al.,
2012). Finally, one was conducted in Chinese using the Picture
Naming Test (PNT) as a main outcome measure (Tsai et al.,
2014). All studies measured the degree of “accuracy of naming”
performance.

Included Trials of Cathodal tDCS

We included three interventional trials involving 32 participants
examining the effect of c-tDCS over the non-lesioned hemisphere
(experimental group) vs. sham tDCS (control group) in
combination with SLT. Two of these three studies were
randomized cross-over trials (Floel et al., 2011; Kang et al., 2011),
one was a RCT (You et al.,, 2011). Two of the included studies
were conducted in the Republic of Korea using a standardized,
validated Korean version of the Boston Naming Test (BNT)
(Kang et al., 2011) and the Western Aphasia Battery (You et al.,
2011) as outcome measures. One further study was conducted
with German speakers and the main outcome parameter was the
naming ability for trained objects (Floel et al., 2011). All studies
measured the degree of “accuracy of naming” performance.

Results of the Meta-Analysis

Figure 1 illustrates a forest plot of the SMD for the main outcome
“accuracy of naming” of the corresponding language assessment
scales (Table 1). The overall “accuracy of naming” score was
significantly improved in patients receiving inhibitory NIBS over
the non-lesioned hemisphere as an adjunct to SLT compared to
sham-NIBS controls (with SLT), with a significant mean effect
size of 0.51 (95% CI = 0.24-0.79, P = 0.0003). Between study
heterogeneity was negligible (I* = 0%).

Discussion

Our work complements recent systematic reviews of rTMS (Ren
etal., 2014) and tDCS (Elsner et al., 2013) and enables for the first
time a preliminary comparison of the effect size of two inhibitory
NIBS techniques in clinical studies using combinable protocols
and outcome measures.

Our results are coherent with the concept that inhibitory
NIBS to selected right hemispheric homologous language regions

induce neural reorganization and reduce interhemispheric
competition. A higher significant SMD of 0.53 was found if we
consider only the subgroup of trials with low-frequency rTMS
(183 participants) targeting the right IFG (mainly PTr). There is
some indication that an inhibitory NIBS effect might be more
relevant on the right homologs of Broca’s area, right PTr but
not POp (Naeser et al., 2011), which most rTMS RCTs target
exclusively, with the exception of Waldowski et al. (2012) that
also included POp.

The lower SMD with a wide confidence interval in c-tDCS
trials indicates no statistically significance to generalize its effect.
However, the mean effect size in this subgroup is greater than that
seen when stimulating with a-tDCS over the lesioned language-
dominant hemisphere (Elsner et al., 2013), where no effect was
found. It should be noted that the number of participants in c-
tDCS trials is still very limited (only 32 participants) and that
the location site varied considerably among the different studies.
Only Kang et al. (2011) targeted the right IFG (right Broca’s
homolog) similar to the included rTMS trials. To further analyze
this issue is beyond of the scope of this review.

Our results indicate low levels of heterogeneity between
studies in the meta-analysis with low I?%. Nevertheless, some
may consider there to be considerable variability of types of
aphasia, study design, stimulation protocol and site. Where
this is the case it can be difficult to assess combinability of
studies. We acknowledge this difficulty and recommend cautious
interpretation of our exploratory analysis. Not all aphasic patients
may benefit from inhibitory NIBS after stroke, but no adverse
events were reported in the included trials. Our study has several
limitations: (1) we did not include any unpublished or non-
English language studies; (2) too few inhibitory NIBS trials were
included to generalize the results; (3) publication and selection
bias might have affected our results.

This exploratory meta-analysis suggests potential benefits
of low-frequency rTMS and c-tDCS over right hemispheric
homologous language regions in post-stroke aphasia, though
the effects of c-tDCS still need to be confirmed in RCTs with
larger cohorts of patients and more homogenous protocols.
Further RCTs of ¢-tDCS modulating the right Broca’s homolog
(especially the right PTr) in the subacute phase may be
relevant to allow more realistic comparisons vs. low-frequency
rTMS. Additionally, RCTs directly comparing low-frequency
r'TMS vs. c-tDCS may provide insight in assessing which
inhibitory technique is most clinically effective and best tolerated.
More well-designed longitudinal studies and standardized
region location methods are necessary to determine the effect
duration and long-term impact in language recovery of both
techniques.

Conclusion

There is a lack of information comparing the clinical efficacy
of trials of rTMS and tDCS as an adjunct to conventional
SLT utilizing combinable protocols and outcome measures
in post-stroke aphasia. By using stringent inclusion criteria,
this exploratory meta-analysis combines existing randomized
trials of these two inhibitory NIBS techniques in combination
with SLT. Our results reflect that low-frequency rTMS and
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Inhibitory NIBS Sham NIBS Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI

1.1.1 low-frequency rTMS over non-lesioned hemisphere

Heiss 2013 6.1 335 15 24 489 14 13.0% 0.86[0.10,1.63]

Senidw 2013 347 30.68 19 207 3336 19 185% 0.43[-0.22,1.07] BN L —

Thiel 2013 6.67 333 13 1.67 5 1" 9.9% 1.16 [0.28, 2.04] —_—

Tsai 2014 47.4 283 33 353 301 23 26.4% 0.41 [-0.13, 0.95] T

Waldowski 2012 215 258 13 2.16 3.46 13 129% -0.00[-0.77,0.77)

Weiduschat 2011 26.67 6.15 6 1575 16.28 4 41% 0.89[-0.47,2.25]

Subtotal (95% CI) 99 84 84.9% 0.53[0.23, 0.84] ’

Heterogeneity: Tau®= 0.00; Chi*=5.08, df=5 (P = 0.41), F= 2%

Test for overall effect: Z= 3.44 (P = 0.0006)

1.1.2 cathodal tDCS over non-lesioned hemisphere

Floel 2011 8575 13.226 4 6975 46.67 4 38% 0.41 [-1.01,1.82]

Kang 2011 112.58 162 5 5.56 443 5 43% 0.84 [-0.48,2.17]

You 2011 799.21 1,733.92 7 54286 1,029.33 7 69% 017 [-0.88,1.22] S E—

Subtotal (95% Cl) 16 16 15.1% 0.42[-0.29, 1.13] ’

Heterogeneity: Tau®= 0.00; Chi*= 0.61, df=2 (P =0.74), F=0%

Test for overall effect: Z=1.16 (P = 0.24)

Total (95% CI) 115 100 100.0% 0.51[0.24, 0.79] -

Heterogeneity: Tau®= 0.00; Chi*= 5.77, df= 8 (P = 0.67); F= 0% ?2 51 s 14 é

Testfor overall effect. Z= 3.65 (P = 0.0003) Favours sham NIBS Favours inhibitory NIBS

Test for subaroup differences: Chi*= 0.08, df=1 (P=0.78), F=0%
FIGURE 1 | Meta-analysis by inhibitory non-invasive brain accuracy of naming (relative change in per cent) in post-stroke aphasic
stimulation (NIBS) (low-frequency rTMS and cathodal tDCS) vs. patients until end of intervention phase, inhibitory NIBS vs. sham NIBS.
sham NIBS over the non-lesioned non-language dominant All included trials utilized inhibitory NIBS and sham NIBS in combination
hemisphere. Forest plot of SMD and 95% ClI for the outcome of with SLT.

c-tDCS over the unaffected non-language dominant hemisphere
may be a promising approach compatible with the concept
of interhemispheric inhibition. Further multicenter RCTs with
larger populations and homogenous intervention protocols are
required to confirm these and the longer-term effects.
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