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Abstract: Repetitive transcranial magnetic stimulation (rTMS) for post-stroke aphasia (PSA) has
been suggested to promote improvement of language function when used in combination with
rehabilitation. However, many challenges remain. In some reports examined by category of language
function, only naming has good evidence of improvement, and the improvement effect on other
language modalities is low. Therefore, it is necessary to establish methods that contribute to the
improvement of language functions other than naming. Therapeutic methods for PSA based on
the mechanism of rTMS are mainly inhibitory stimulation methods for language homologous areas.
However, the mechanisms of these methods are controversial when inferred from the process of
recovery of language function. Low-frequency rTMS applied to the right hemisphere has been shown
to be effective in the chronic phase of PSA, but recent studies of the recovery process of language
function indicate that this method is unclear. Therefore, it has been suggested that evaluating brain
activity using neuroimaging contributes to confirming the effect of rTMS on PSA and the elucidation
of the mechanism of functional improvement. In addition, neuroimaging-based stimulation methods
(imaging-based rTMS) may lead to further improvements in language function. Few studies have
examined neuroimaging and imaging-based rTMS in PSA, and further research is required. In
addition, the stimulation site and stimulation parameters of rTMS are likely to depend on the time
from onset to intervention. However, there are no reports of studies in patients between 90 and 180
days after onset. Therefore, research during this period is required. New stimulation methods, such
as multiple target methods and the latest neuroimaging methods, may contribute to the establishment
of new knowledge and new treatment methods in this field.

Keywords: stroke; aphasia; non-invasive brain stimulation; transcranial magnetic

stimulation; neuroimaging

1. Introduction

Stroke is the most disabling health condition worldwide in adults, and a substan-
tial proportion of stroke survivors live with aphasia [1]. Post-stroke aphasia (PSA) is an
acquired language disorder that can impair some or all modalities of language process-
ing (speech, listening, reading, and writing). PSA can affect an individual’s ability to
express or understand language and can impair communication, socialization, and return
to work. Due to early physiological repair mechanisms, stroke patients may achieve some
spontaneous recovery even in the absence of rehabilitation treatment. However, approxi-
mately 40% of these patients have significant aphasia at one year after stroke, and residual
symptoms may persist for many years [2,3].

The basis of treatment for PSA is speech and language therapy (SLT). SLT can re-
store some language function; however, recovery is slow, there is difficulty in maintaining
function, and the effect size may not be large [4,5]. The course of ultra-long-term apha-
sia treatment has demonstrated an almost permanent persistence of SLT is necessary to
maintain language function [5]. The improvement of aphasia requires structural and func-
tional reorganization of language networks in the cerebral cortex, and recent research on
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neural-plasticity has indicated repetitive transcranial magnetic stimulation (rTMS) as a new
approach in stroke rehabilitation [6-9]. As described below, some studies have reported
the use of rTMS for PSA. However, considering the process of improving language func-
tion, questions remain regarding the mechanism of action of r'TMS as well as stimulation
methods and parameters. In this review, we discuss the latest findings for PSA, topics that
remain controversial in this area, and key findings for solutions.

2. rTMS Treatment for Aphasia

The rTMS approach uses magnetic energy to induce change in the excitability the
underlying brain cortex in a non-invasive fashion and can induce long-lasting neuroplastic
changes. TMS produces a time-varying magnetic field that flows perpendicular to the
stimulating coil, which then induces electric currents that are generally parallel to the
coil in the underlying cortical tissue. Different stimulation frequencies have different
effects on the activity of the cerebral cortex, with high-frequency (>5 Hz) stimulation
facilitating local neuronal excitability and low-frequency (<1 Hz) stimulation showing
inhibitory effects [10,11]. Currently, rTMS is the mainstream stimulation method in clinical
applications and has been applied in the field of psychiatric disorders and, especially, to
treat depression [12,13].

Changes in neural activity in the cerebral cortex are induced by rTMS, which promotes
plasticity. This stimulation facilitates network-related reconstruction in the brain. However,
the improvement of aphasia requires reacquisition of language functions, including motor
or sensory elements, in each language modality [14]. Therefore, the combination of SLT
is essential for rTMS to be successful. The concept of rehabilitation aimed at improving
neuroplasticity suggests that SLT combined with rTMS may induce a positive synergistic
effect not only for modulation of neural connections but also for functional re-learning [8,14].
In fact, many reports of rTMS for PSA in recent years have used rTMS in combination with
SLT (see table in the next section).

3. Evidence of the Use of rTMS for Post-Stroke Aphasia

We searched all English articles up to 31 December 2020 using the following databases:
Pubmed /MEDLINE, Scopus, CINAHL, and Embase. The following keywords were used in
the searches: Stroke, Cerebral vascular accident, Ischemic stroke, Hemorrhagic stroke, Non-
invasive brain stimulation, Transcranial magnetic Stimulation, Theta-burst stimulation,
Quadripulse stimulation, and Aphasia. Articles reporting on randomized and prospective
controlled trials (RCT and PCT, respectively) were included, and case studies were excluded.
We identified 198 records through the searches after removal of duplicates. No additional
records from other sources were identified. After screening the titles and abstracts, we
excluded 132 records mainly because the studies were animal studies, abstracts only, articles
reporting on protocols, in-progress trials, retrospective studies or case reports, systematic
review, non-English language publications, and completely irrelevant articles. After further
assessment, 18 studies were considered to meet the review inclusion criteria (Figure 1).
Details of these studies are presented in Table 1.
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Figure 1. Study flow diagram.

Changes in neuroplasticity associated with the amelioration of PSA are associated
with the principle of intercerebral hemisphere inhibition and the relationship between
the activation of the language areas and the activation of the language homologous areas.
However, the role of the left and right cerebral hemispheres in the recovery process is
still under debate, as described later. Early studies of rTMS for PSA showed that low-
frequency rTMS (LF-rTMS) targeting Broca’s area was effective in brain reconstruction and
contributed to the improvement of non-fluent aphasia [22,32]. The target of stimulation in
many studies is the IFG in the right cerebral hemisphere [34] since the language homologous
areas of the right cerebral hemisphere temporarily support language function when the
major area of language in the left cerebral hemisphere is damaged. Over time, the language
homologous areas are associated with maladaptation of activation of the language field in
the left cerebral hemisphere [8].
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Table 1. Individual Study Characteristics, Treatment Characteristics, Assessments, and Outcomes.

Sample/ Time between Stimulation Parameter
Study Design P Stroke Onset and . . Speech Training Assessments Follow-Up Results
Age (SD) Site /Session
Treatment
Compared with the sham group,
the increases were significant for
RCT 18,18,18/ . . o 30 min per day. auditory comprehension,
Ren et al. 2019 IFG group 65.95 (8.53), 55.90 (19.41), Right posterior 1 Hz 80% MT.12OO Specific training of 3 weeks after repetition, and AQ in the pSTG
50.58 (23.80), IFG or Right pulses/session i WAB . .
[15] or STG group 62.46 (10.95), 61.20 (22.66) days osterior STG 3 weeks specific language stimulation group (p < 0.05), whereas the
or Sham 63.60 (16.71) ’ ’ 24 P features. changes in repetition, spontaneous
speech, and AQ tended to be
higher in the pIFG group.
3 h/day for a total
o of 10 days. ILAT was associated with
Heikkinen RCT 17/ 34 (490.77), . 1 Hz 90% MT‘1200 Naming. WAB, BNT, 4,7 weeks, and 3 significant improvement across
rTMS 54 (9.94), Right IFG pulses/session . months after R
etal. 2019 [16] 48 (881.69) months . Intensive ANT . . groups. No significant effect of
or Placebo 61 (7.47) 10 sessions . stimulation
Language-Action rTMS.
Therapy (ILAT)
When measured immediately post
- treatment as well as at 2 months
Divided
. post treatment, the LF group
randomly into 40/ exhibited a more marked
four groups 46.5(12.1),48.5 7.1(2.7), 1 Hz or 10 Hz 80% 30 m per C!ay. WAB with improvement than the HF group in
Hu et al. 2018 (HF group or 7.5(3.2), . MT 600 pulses/ Naming of objects, . 2 months after K
(11.2), Right IFG : . Aphasia . . spontaneous speech, auditory
[17] LF group or 6.8 (2.3), session pictures and . stimulation .
50.7 (10.4), 47.3 . Quotient comprehension.
Sham group 7.7 (3.4) months 10 sessions scenes.
9.8) Compared to the control group, the
or Control " Lo
roup) HF group exhibited significant
& improvement at 2 months post
treatment in repetition.
Speech and language improved
over tim, but more so in the rTMS
45 min per day. group than in the sham condition.
RCT 1 Hz 100% MT .W(‘)rl.< on . Large effect sizes were observed
Haehichi individual WAB with for content, fluency, and the
aghighietal.  rTMS group 12/ subacute (1 month . 1200 L . . L .
Right IFG . linguistic Aphasia N/A aphasia quotient; medium effect
2017 [18] or Sham 55 years after stroke) pulses/session . .
) symptoms and Quotient sizes were observed for command
group 10 sessions . o,
comprehension and repetition,

linguistic deficits.

while in auditory comprehension
and naming, effect sizes were
small.
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Table 1. Cont.

The rTMS group significantly
improved with respect to all 10
measures of basic linguistic skills,
whereas sham group significantly

RCT o i
Rubi-Fessen rTMS group 67.9 19/ 41.47 (21.51), . 1Hz90% MT'1200 . AAT, Na.m mng improved in only 6 of 10 measures.
.9 (8.12), 69.60 Right IFG pulses/session Oral naming. screening N/A A :
etal. 2015 [19] or Sham (6.67) 48.73 (21.57) days 10 sessions ANELT There was a significant difference
group ’ in the gains made by the 2 groups
on 5 of 10 measures, including
functional communication in
ANELT.
PCT Significant improvements in
Yoon et al CTMS etou 20/ 6.80 (2.39) 1 Hz 90% MT 1200 60 min, twice a repetition and naming in the rTMS
2015 [20] ' or Coitrolp 60.46 (9.63), 520 ('2 67) 'moélths Right IFG pulses/session week, for 4 weeks. WAB N/A group, but no significant
61.13 (8.72) ' ’ 20 sessions Conventional SLT improvement was noted in control
group group.
RCT
rTMS
underwent
sync.htronous rTMS with synchronous
E;le;;e_ picture-naming training group
training g?oup showed significantly superior
or rTMS after 60 min. twice a results in CCAT, expression and
Wang et al picture- 45/ 16.8 (6.4), 1 Hz 90% MT 1200 wéek 3 months after description subtests, and action-
2014 [21] ’ namin 61.3 (13.2), 62.1 15.7 (8.5), Right IFG pulses/session SLT about \./erbal CCAT stimulation and object-naming activity. The
ng (12.7),60.4 (11.9)  16.1 (7.3) months 10 sessions . . superior results lasted for 3 months
training expressive skills . . .
in comparison with the rTMS after
O?SO}?apr;l picture-naming training group and
underwent ' sham wi’Fh sync.hl.‘onous
synchronous picture-naming training group.
picture-
naming
training group
The r'TMS group showed
significantly greater improvement
RCT , y than the ts)ham group in CCAT
. 56 1 Hz 90% MT 600 60 min. scoring, object-naming accuracy,
Tsai et al. 2014 rTMS group 62.3 (12.1),62.8 178 (7.2), Right IFG pulses/session Expression CCAT 3 nTonthS 'after and nimirig reaction%imeA They
[22] or Sham 18.3 (8.2) months . . stimulation . . .
(14.5) 10 sessions production CCAT scoring and naming testing
group changes for the r-TMS group were

persistent at 3 months following
intervention.
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Table 1. Cont.

Right IFG: 1 Hz

110% MT 1000 Th ionificant]
ulses,/session ere was a significantly greater
RCT 30/ P 10 sessions 30 min improvement in the
Khedr et al. rTMS group 61.0 (9.8), 57.4 5.8 (4.08), Bilateral TEG Left TFG 20 Hz SLT using subtests HSS language 2 months .after HSS langu.age score after rTMS
2014 [23] or Sham 9.6) 4.0 (2.6) weeks 80% MT of BDAE score, ASRS stimulation compared with sham group, which
group ' 55/ tra(i)ns 1000 remained significant 2 months after
pulses/session the end of the treatment sessions.
10 sessons
RCT
Patients
received 1 Hz, 1 Hz 100% MT 900
10 Hz and pulses/session
Sham rTMS. 10 Hz 100% MT AAT and 10 Hz rTMS was associated with a
Chieffoetal.  Three sessions 5/ 32 (1.6) years Richt IEG 800 No trainin. Snoderass N/A significant improvement in naming
2014 [24] for each 54.8 (8.4) <0y & pulses/session (15 & n ming test performance and was significantly
patient min) armng test. more effective than 1 Hz rTMS.
separated by a Each stimulation
6-day was 3 sessions
washout
period.
De f;f:?tz}tz.ci fic The change of AAT was
. RCT 30/ 1Hz90% MT 1200  aphasia therapy significantly higher in the rTMS
Thiel et al. rTMS group 37.5(18.52), . . group. Increases were largest for
69.8 (7.96), 71.2 Right IFG pulses/session focused on AAT N/A .
2013 [25] or Sham (7.78) 50.6 (22.63) days 15 sessions individual subtest naming and tended to be
group ’ lineuisti higher for comprehension, token
syn%}l)ltznfs test, and writing.
Language functions improved in
45 min both groups after 3 weeks, but only
Indivi du-al slight group differences in degree
RCT o o of recovery were revealed between
. 40/ 1 Hz 90% MT 1800 linguistic . L
Seniow et al. rTMS group 33.5(24.1), . . patients receiving rTMS and
61.8 (11.8), 59.7 Right IFG pulses/session symptoms, BDAE 15 weeks . 1
2013 [26] or Sham (10.7) 39.9 (28.9) days 15 sessions expression. and control participants. In repetition,
group ’ con?prehens’ion of follow-up revealed that severely

spoken language.

aphasic rTMS group demonstrated
significantly greater improvement
than the sham group.
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RCT
rTMS group 29 right-handed Right-handed 50.1 . 45 min. Right-handed patients treated with
or Sham (+2 (23.96) 39.7 (18.43) Right-handed: 1 Hz 90% MT 1200 Activated rTMS showed better recovery of
Heiss et al. group left-handed)/ ’ ) ’ Right IFG y . . language function in AAT as well
days pulses/session networks in the AAT N/A
2013 [27] (left-handed Right 69.0 (6.33), Left-handed 25. 93 Left-handed: 10 sessions dominant as in picture-naming performance
patients 68.5(8.19) davs ! Left IFG hemisphere than sham group. Both left-handed
received rTMS Left 64, 72 y P patients also improved in AAT.
only)
BNT, subsets Significant changes were observed
RCT 1 Hz 90% MT 1200 of BDAE, and 2,8, and 12 up to 1.2 months post stimulation
Barwood et al. rTMS group 12/ 3.6 (1.3) years Right IFG ulses,/session No trainin Snodgrass motnths after in naming performance, language
2013 [28] or Placebo 63.7 (7.9) G2y & P 10 sessions 8 and stimulation expression, and auditory
group Vanderwart comprehension in the rTMS group
naming test. compared to the placebo group.
Across all subjects, the r-TMS group
resulted in a significant increase in
multiple measures of discourse
RCT Cookie Theft productivity compared to baseline
Medina et al. rTMS group 10/ Chronic . 1 Hz 90% MT.1200 . Plgtu}r N 2 months after . p.e.rform.ance. There wasno
2 Right IFG pulses/session No training Description of . . significant increase in measures of
012 [29] or Sham 61.60 (8.32) (>6 months) . stimulation ..
10 sessions the BDAE and sentence productivity or
group naming tasks. grammatical accuracy. There was
no significant increase from
baseline in the sham condition on
any study measures.
Both groups significantly
improved their naming abilities
after treatment, but no significant
differences were noted between the
rTMS and sham groups. The
RCT 45 min. additional analyses have revealed
Waldowski rTMS group 26/ 28.92 (19.39) ' 1 Hz 90% MT.1800 Focus.ed on CPNT, BDAE, tha}t rTMs subgroup Wlth a lesion,
62.31 (11.03), Right IFG pulses/session expression and 15 weeks including the anterior part of
et al. 2012 [30] or Sham 48.54 (32.33) days ) . ASRS
group 60.15 (10.58) 15 sessions comprehension of language area, showed greater

spoken language.

improvement primarily in naming
reaction time 15 weeks after
completion of the therapeutic
treatment. Improvement was also
demonstrated in functional
communication abilities.
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30 Hz 90% MT
total 801 pulses
3 pulses at 30 Hz .
. A picture- .
267 continuous . Naming performance was
RCT and cross bursts naming task significantly better, and namin:
Kindleretal. if)"ﬁl 18/ 15.3 (0.5-40.9) Right IFG 44 s train duration No trainin 1a2ngaa . N/A latgency wasysigniﬁéantly shorter
2012 [31] or Sgiamp 55.0 (8.6) months & Interval between & inde r%en dgen t after TBS than after sham. Patients
group bursts .100 ms alertness who responded best were in the
Two sessions on 2 test subacute phase after stroke.
different days
separated by 1
week.
Significant improvements in
naming accuracy, latency, and
RCT repetition for the rTMS group
Barwood etal. - rTMS group 60 slé 98) 349 (127) years Right TG Hjlzgs//o;\e?siﬁoo No trainin BNT BDAE, 2 months after ot et mprorements b
2011 [32,33] or Placebo © 2.99), 3.46 (1.53) & p . & CPNT stimulation &l p
group 67 (13.11) 10 sessions naming performance, language

expression, and auditory
comprehension for the rTMS group
at 2 months post stimulation.

Abbreviations: AAT, Aachen Aphasia Test; ANELT, Amsterdam-Nijmegen Everyday Language Test; ANT, Action-Naming test; ASRS, Aphasia Severity Rating Scale; BDAE, Boston Diagnostic Aphasia
Examination; BNT, Boston Naming test; CCAT, Concise Chinese Aphasia test (CCAT) score; CPNT, Computerized Picture-Naming Test; HSS, Hemispheric Stroke Scale; IFG, inferior frontal gyrus; PCT, pragmatic
randomized controlled trial; RCT, randomized controlled trial; SLT, speech language therapy; STG, superior temporal gyrus; TBS, theta burst stimulation; and WAB, Western Aphasia Battery.
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According to a recent meta-analysis of rTMS treatment for PSA, Shah-Basak et al.
extracted five RCTs and four non-RCTs with Standardized Mean Difference (SMD) = 0.448
(95% CI = 0.23-0.66) [35]. Similarly, Bucur et al. extracted eight rTMS studies in a systematic
review focusing on naming performance and indicated that SMD = 0.71 (95% CI = 0.43-1.00),
with examining at the time of intervention from the onset, SMD = 0.62 (95% CI = 0.25-0.99)
in the chronic phase and SMD = 0.85 (95% CI = 0.38-1.32) in the subacute phase [36].
However, for the subacute phase, only three studies were extracted, and they tended to be
highly heterogeneous (I2 = 15.2%). According to the subanalysis, the effect in the chronic
phase was 0.62 (95% CI = 0.25-0.98) in weighted mean effect sizes from five studies.

On the other hand, some reports have mentioned that the effect is limited. A meta-
analysis that extracted LF-TMS, HF-rTMS, and bilateral-rTMS only had a significant effect
on naming performance and no significant effect on other language modalities [37]. Kim
et al. also evaluated the quality of evidence using the Grade of Recommendation, Assess-
ment, Development, and Evaluation (GRADE) tool and found low quality (i.e., further
research is very likely to have an important impact on our confidence in the estimate of
effect and is likely to change the estimate) [38]. Therefore, it is suggested that the evidence
of the effect of rTMS on PSA is limited, and evidence is limited to the chronic phase. In fact,
a review of rTMS treatment for various diseases by Lefaucheur et al. concluded that rTMS
for PSA is “probable efficacy of LE-rTMS of right IFG in nonfluent aphasia recovery at the
chronic stage (Level B)” [34]. Therefore, further accumulation of research is required, and
it is necessary to verify the effects classified by time from onset and by language modality
other than naming performance.

4. Relationship between rTMS and Language Function Recovery in PSA

Kolb’s concept of cerebral plasticity began to gain attention in regards to aphasia in the
1980s and suggests that the right hemisphere could take over the major language functions
of the left hemisphere [39]. With the development of imaging techniques, studies on the
recovery process of language function using functional neuroimaging techniques (PET and
fMRI) have been reported, and further focus has been placed on activation of the right
cerebral hemisphere and the results of language recovery for PSA [40-42]. When initial
research on magnetic stimulation for PSA was first reported, right hemisphere areas were
suggested to support some language recovery only if essential language areas of the left
hemisphere are destroyed [43]. In addition, Saur et al. noted that transient activation of
right hemisphere networks may be necessary to achieve good recovery and normalization
of left hemisphere network activity [44]. It was inferred that the language homologous
areas complement some language function after a stroke. On the other hand, Postman-
Caucheteux et al. suggested that greater damage to the left hemisphere induces more
involvement of the right hemisphere and poorer functional language recovery [40]. Richter
et al. reported no correlation between language improvement and right hemispheric
activation in subjects with aphasia [41]. Thus, the activation of the language homologous
areas in the right cerebral hemisphere does not necessarily indicate the complementation
of language function, suggesting the possibility of “reactive activation” or “inefficient
activation”. In addition, it is necessary to consider that the role of activation in these right
cerebral hemispheres changes significantly depending on the recovery process over time
from the onset of stroke.

In rTMS therapy for post-stroke motor function, low-frequency rTMS of the contrale-
sional hemisphere is recommended based on the theory of interhemispheric inhibition [34].
In the motor system, transcallosal inhibitory connections between the primary motor cor-
tices of the two hemispheres may help to coordinate bimanual movement [45]. Normally,
suppression between the cerebral hemispheres is similar. However, the onset of stroke
reduces suppression from the lesioned hemisphere to the contralesional hemisphere, which
strengthens suppression from the contralesional hemisphere side to the lesioned hemi-
sphere. Thus, it may become difficult to induce an improvement in the plasticity of the
area around the injury, which is important for recovery after stroke [46]. This inhibitory
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imbalance between hemispheres inhibits functional recovery, and inhibition of the contrale-
sional motor cortex using rTMS enhances cortical excitability on the lesion side [47-49]. In
application of this hypothesis of interhemispheric inhibition to language function, Naeser
et al. performed 1-Hz inhibitory stimulation on the language homologous site of the right
cerebral hemisphere and reported improvement in language function in four non-fluency
aphasia patients [50]. The effectiveness of rTMS therapy for PSA in these studies suggests
a therapeutic protocol based on interhemispheric inhibition [32,51,52].

5. Selection of Stimulation Site Inferred from the Process of Improving
Language Function

Figure 2 shows the improvement mechanism for language function in PSA. First, there
are compensatory activations in the perilesional area that can occur at any of the acute,
subacute, and chronic phases (Figure 2A) Second, an enhancement of activity occurs at
homologous areas in the language domain, which may complement primary language
function areas in the ipsilesional hemisphere (Figure 2B). This reaction is triggered by a
decreased transcallosal inhibition from the ipsilesional hemisphere to the contralesional
hemisphere that can occur during the acute or subacute phase. Third, an imbalance
of interhemispheric inhibition forms, accompanied by activation of homologous areas
in the language region and impediments to functional recovery in the perilesional area
(Figure 2C). This reaction is a change that occurs mostly in the chronic phase.

Deleterious activity
in language

Decreased Inhibition homologous area
transcallosal Inhibition of perilesional
(Left to Right) activity

Compensatory activation
in the perilesional area

Increased activity Imbalance of
in language homologous area interhemispheric inhibition

(A)

(B) (C)

Figure 2. Improvement mechanism for language function in PSA: (A) Compensatory activations in the perilesional area,

that can occur at any of the acute, subacute, and chronic phases; (B) As the next step, an enhancement of activity occurs

at homologous areas in the language domain. This reaction is triggered by a decreased transcallosal inhibition from the

ipsilesional hemisphere to the contralesional hemisphere that can occur during the acute or subacute phase; (C) As the next
step, an imbalance of interhemispheric inhibition forms, accompanied by activation of homologous areas in the language
region and impediments to functional recovery in the perilesional area.

Figure 3 shows the magnetic stimulation site that can be proposed from the changes
described in Figure 1. Excitatory stimulation of the ipsilesional areas results in a more
advanced promotion of compensatory activation in the perilesional areas (Figure 3A).
Alternatively, it is the inhibitory stimulation to the language homologous areas based
on the principle of interhemispheric inhibition. Regarding the increase in activity in the
homologous areas of the language domain, it is not possible to judge whether this activity
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Excitatory stimulation to
Perilesional area

(A)

complements or inhibits the activity in the language area, so the stimulation site and
stimulation methods are controversial (Figure 3B). To solve this problem, it is necessary
to clarify it from the evidence of rTMS and brain function imaging in the subacute phase
(as is described later). It is an inhibitory stimulation to the language homology areas that
eliminates the imbalance of interhemispheric inhibition, that is, to reduce the activity of the
language homology areas (Figure 3C).

Eliminate the imbalance
of interhemispheric inhibition

e

Inhibitory stimulation
in language
homologous area

(B) (©

Figure 3. Magnetic stimulation site that can be assumed from the improvement mechanism related to language function in

PSA: (A) Excitatory stimulation of the ipsilesional areas to promote compensatory activation in the perilesional areas (Red

circle). the inhibitory stimulation to the language homologous areas based on the principle of interhemispheric inhibition

(Blue circle); (B) Regarding the increase in activity in the homologous areas of the language domain, the stimulation site and

stimulation methods are unclear (Pink circle); (C) An inhibitory stimulation to the language homology areas that eliminates

the imbalance of interhe-mispheric inhibition and reduce the activity of the language homology areas (Blue circle).

From Figure 3, the biggest problem is that the inhibitory stimulation to language ho-
mologous areas performed based on the principle of interhemispheric inhibition (Figure 3A)
and inhibitory stimulation performed for the purpose of eliminating overactivity of lan-
guage homologous areas or imbalances of interhemispheric inhibition (Figure 3C) are the
same method despite the difference in the assumed mechanism of action and the back-
ground activity of the cerebral hemisphere. In other words, the most evidence-proven
method of stimulating the language homologous areas of the contralesional hemisphere
may have been performed under a mixed background and an unknown mechanism of ac-
tion.

6. Questions about Language Recovery Processes and Stimulation Sites Associated
with rTMS

Some researchers suggest that there may be challenges in inhibitory stimulation of
the right cerebral hemisphere language homology areas. A study by de Mendonca cites
the following three points as questions [53]: (1) Is inhibition of the right hemisphere truly
beneficial?; (2) Is the transference of the language network to the left hemisphere truly
desirable in all patients?; and (3) Is the use of TMS during the post-stroke subacute phase
truly appropriate? Right hemisphere inhibition has been the most commonly used treat-
ment strategy to date, after the pioneering work of Naeser et al. [50], but this consistency
may be misleading [54]. In addition, as of 2006, Heiss et al. focused on the extent of
damage [43]. In the case of a widespread lesion in the middle cerebral artery (MCA) region,
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even if an inhibitory stimulation is applied to the right cerebral hemisphere, if there is no
room to activate the left cerebral hemisphere, it is possible that rTMS would have no effect,
with no improvement in language function [43]. Khedr et al. also suggested the need for
high-frequency magnetic stimulation of the right hemisphere, as the effect of r'TMS on
only one hemisphere is inadequate for patients with complete infarction in the left MCA
region [23]. Therefore, further research is needed to address these questions.

Some reports have suggested that the language homologous part of the right cerebral
hemisphere is not a temporary functional complement in the process of recovery of PSA
language function. Winhuisen et al. identified a language-activated region based on PET in
the acute phase and performed inhibitory stimulation to that region, a stimulation method
that impairs language function [55], and their results showed that inhibitory stimulation
led to impaired verb production [55]. Thiel et al. reported similar findings in cases of
right-handed patients with left hemisphere brain tumors [56]. In addition, Turkeltaub et al.,
in a case report, showed that inhibitory stimulation to the right IFG improved language
function; however, three months later, the patient had a right hemisphere cerebral infarction
that exacerbated the aphasia [57]. The role of these right cerebral hemispheres is unclear,
and those results may be related to the passage of time from recovery. Anglade et al.
proposed the following from the role of the right cerebral hemisphere in the process of
recovery of language function, focusing on the size of the injured area [58]:

1. Concerning limited linguistic impairments with good anatomic preservation of the
primary language-processing areas (Broca and Wernicke areas), there is a good prognosis
for language recovery with weak right cerebral activation. This setting could be described
as the optimal recovery case.

2. Moderate linguistic impairments with a more extended but incomplete lesion of
these same areas are associated with a stronger right cerebral activation during the subacute
phase and a shift back towards the left hemisphere during the chronic phase. This scenario
is associated with greater linguistic recovery and can be described as a partial recovery
case, and individuals could benefit from cerebral stimulation aimed at inhibiting the right
hemisphere.

3. Severe linguistic impairments with near complete destruction of the primary
language-processing areas (large left infarct) involve a significant right hemisphere ac-
tivation during the sub-acute and chronic phase. The behavioral results demonstrate
only a very moderate functional improvement, considerably less than with other recovery
patterns, and only the maintenance of low-level automatic speech can be expected.

Theories based on these damaged areas are consistent. Therefore, it is necessary to
investigate these inferences as well as new theories and methods to solve these remain-
ing questions.

7. Imaging-Based rTMS for PSA

Kakuda et al. performed a repeat task using functional MRI in patients with motor
aphasia, identified the brain activation area, and performed a method of stimulating the
contralateral site corresponding to the homologous site [59]. Low-frequency rTMS per-
formed on four cases showed improvement in language function in all cases. Similarly,
Abo et al. classified non-fluent aphasia and fluent aphasia based on a repeat task using
functional MRI and performed low-frequency rTMS and intensive speech therapy to acti-
vate the identified activation sites [60]. An 11-day protocol was performed, with significant
improvement in the Western Aphasia Battery (WAB) in the fluent aphasia group between
before and after the intervention. In comparison with one month after the intervention, the
Standard Language Test of Aphasia (SLTA) showed significant improvement in language
function in both the non-fluent aphasia group and the fluent aphasia group. In the sub-item
analysis, a significant improvement in spontaneous speech was observed in the non-fluent
aphasia group, and a significant improvement in auditory comprehension and reading
comprehension was observed in the fluent aphasia group.
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From these past reports, we clarified the role of the right cerebral hemisphere, which
is affected by the time course of recovery from onset, by identifying the activated region
using functional MRI during the process of recovery of language function. We speculated
that it would be possible to induce improvement in language function as well. In addition,
we determined whether there was a change in cerebral blood flow, as inferred before and
after the intervention, by the following method [8]. Based on functional MRI, the patients
were classified into a low-frequency rTMS group for the contralesional hemisphere and a
low-frequency rTMS group for the ipsilesional hemisphere, and changes in the regional
cerebral blood flow (rCBF) before and after the intervention were assessed by Single Photon
Emission Computed Tomography (SPECT). The values of rCBF in 14 regions, which are
language-related regions, were calculated, and the laterality index (LI) was calculated.
The relationship between the changes before and after the LI intervention (ALIs) and the
SLTA before and after intervention was statistically analyzed. The SLTA total mean score
improved from 148.8 to 154.7 and 127.0 to 133.6 in the RH-LF-rTMS and LH-LF-rTMS
groups (p < 0.01), respectively. Correlation analyses between the SLTA total change scores
and rCBF ALIs showed a statistically significant association in BA44 in the RH-LF-rTMS
group (r = 0.402, p < 0.05, R? = 0.144). However, the LH-LF-rTMS group did not show any
significant association between the SLTA total change scores and rCBF ALIs. In terms of the
sub-items of the SLTA, SLTA subscale change scores and rCBF ALIs were examined in the
RH-LF-rTMS group, and statistically significant associations were detected in BA11, 20, and
21 for the speaking subscale and in BA6 and 39 for the writing subscale. In the LH-LF-rTMS
group, significant associations were observed in BA10 for the speaking subscale and in
BA13, 20, 22, and 24 for the reading subscale.

There were some interesting points in this study. First, in the two groups of SLTA
divided by functional MRI before intervention to identify the language activation region,
LH-LF-rTMS was lower than RH-LF-rTMS at the baseline of total SLTA. This indicates
that the proportion of patients with severe language impairment was high in the LH-
LF-rTMS group, which was consistent with the above-mentioned reasoning by Anglade
et al. [58]. In other words, individuals in the LH-LF-rTMS group may not have a shift in
language function activity from the contralesional hemisphere (right cerebral hemisphere)
to the ipsilesional hemisphere (left cerebral hemisphere). Second, we identified significant
improvement in language function; however, only RH-LF-rTMS and not LH-LF-rTMS
was significantly correlated with changes before and after total SLTA intervention. In the
sub-items, the LH-LF-rTMS group had a significant correlation with ALIs in reading, but
no significant improvement in scores was observed before and after the intervention in this
item. In other words, low-frequency rTMS for the contralesional hemisphere showed a
significant improvement in language function, as in previous reports. On the other hand,
although low-frequency rTMS and intensive speech therapy for the ipsilesional hemisphere
showed significant improvement in speech function, it was suggested that the effect may
be limited. Therefore, it is necessary to establish an effective rTMS method for patients
with significant activation of the right cerebral hemisphere.

To solve this issue, our research group reexamined the methods used [61]. Using
functional near-infrared spectroscopy (fNIRS), we performed a repeat task, as in previ-
ous studies, and identified language-activated regions. For the left cerebral hemisphere
activation case, we adopted low-frequency rTMS for language homology areas as before
(RH-LF-rTMS group). However, in the case of activation of the right cerebral hemisphere,
high-frequency rTMS for language homology sites was adopted (RH-HF-rTMS group).
In cases where the right cerebral hemisphere was activated, activation of the perilesional
areas may not be expected due to lesions in the left wide area or major language area. This
method, combined with intensive speech therapy, showed a significant improvement in
SLTA in both groups. Analysis of changes in rCBF of fNIRS before and after the interven-
tion showed that, in the RH-LF-rTMS group, activation just below the magnetic stimulation
site in the right cerebral hemisphere decreased, and activation of the language field in the
left cerebral hemisphere became more localized. On the other hand, in the RH-HF-rTMS



Diagnostics 2021, 11, 1853

14 of 20

group, activation directly under magnetic stimulation in the right cerebral hemisphere was
further increased.

This result shows that, in the previous method, the improvement of language function
and the change of cerebral blood flow were inconsistent, but in this recent method, the
improvement of language function and the improvement of cerebral blood flow changed
in parallel in both groups. This is consistent with high-frequency adoption in the right
cerebral hemisphere mentioned by Khedr et al. [23]. In the present study, we did not
verify the direct relationship between low-frequency stimulation to the ipsilesional site
and high-frequency stimulation to the contralesional side for activated cases of language
homologous areas based on fNIRS. Therefore, in the future, it will be necessary to verify
two types of stimulation patterns for activated cases of language homologous areas.

8. rTMS and Neuroimaging Study for PSA

Assessing changes in brain activity before and after rTMS, including our study above,
is useful not only for therapeutic effects but also for determining the effectiveness of
stimulation sites and stimulation methods. Figure 4 shows neuroimaging studies before
and after rTMS for PSA. Four studies used intermittent theta burst stimulation (iTBS), and
the remaining four studies used low-frequency rTMS. Five of the studies were performed in
the chronic phase, and the remaining three studies were performed in the subacute phase.
In addition, all studies in the chronic phase used fMRI to evaluate brain function activity
before and after the intervention. On the other hand, the three studies in the subacute
stages were evaluated using PET.

are significantly correlated.

Griffis et al. 2016. Chronic, fMRI

iTBS Left residual language-responsive cortex
Increase in activation of left IFG and decrease in activation of right IFG.
Decreased activation of right IFG and improved language fluency

Weiduschat et al. 2011. Sub-acute, PET

1Hz Right IFG

LI in IFG shifts from right to left.

Reduction of overactivity in Right hemisphere.

iTBS Left Broca area

Szaflarshi et al. 2011. Chronic, fMRI

Increase in activation of left IFG and
decrease in activation of right IFG.

Heiss et al. 2013. Sub-acute, PET

1Hz Right IFG

LI in IFG shifts from right to left.

Reduction of overactivity in Right hemisphere.

iTBS Left Broca area

Allendorfer et al. 2012. Chronic
FA value (fractional anisotropy value)

Left hemispheric FA increases near the IFG,
SFG and anterior corpus callosum.

Thiel et al. 2013. Sub-acute, PET
1Hz Right IFG
LI in IFG shifts from right to left.

Significant correlation between changes in LI
and changes in global Aachen Aphasia Test score.

iTBS Left IFG + CIAT

Boston Naming Test

Szaflarshi et al. 2018. Chronic, fMRI
Significant correlation between improved

and decreased activation of right IFG
before and 3 months after intervention. to BAG, 44, and 46 activation. Activation of the left IFG

Harvey et al. 2017. Chronic, fMRI

IHz Right IFG (BA44)

Maximum effect in naming after 6 months of intervention.
Its long-term effect was associated with a shift from BA45

also increased.

Figure 4. rTMS intervention and Neuroimaging assessment in PSA.

Szaflarshi et al. reported increased activation of the left fronto-temporo-parietal
language networks and decreased activation of the right language homologous site by fMRI
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with iTBS stimulation of the left Broca’s area in patients with chronic PSA [62]. Similarly,
Griffis et al. stimulated the left language residual region with iTBS and reported an increase
in left IFG activation and a decrease in right IFG activation on fMRI. In addition, there
was a significant correlation between decreased activation of the right IFG and improved
fluency in aphasia [63]. Allendorfer et al. used MRI to calculate fractional anisotropy value
(FA), and iTBS stimulation targeting the left Broca area showed an increase in FA in the
left inferior and superior frontal gyri and anterior corpus callosum [64]. In a study of
iTBS stimulation combined with constraint-induced aphasia therapy (CIAT), there was a
significant correlation between an improved Boston Naming Test and decreased activation
of the right IFG before and at three months after intervention in the evaluation of brain
activity using fMRI [65]. Harvey et al. performed 1-Hz low-frequency rTMS on the right
IFG and evaluated changes in brain activation using fMRI [66]. According to that study,
language function was most effective in naming after six months. Its long-term effect was
associated with the transition of activation of brain activity from BA45 to BA6, 44, and 46.
In addition, activation of the left IFG also increased. In a study using low-frequency rTMS
targeting the right IFG in the subacute phase, PET was used to evaluate brain function
before and after the intervention, with a shift of LI from right to left in IFG and overactivity
of the right cerebral hemisphere [27,52]. Similarly, Thiel et al. reported that, in addition
to the right-to-left shift of LI, changes in LI and changes in language function evaluation
scores showed a significant correlation [25]. Together, these results suggest that evaluating
changes in cerebral blood flow and brain function activity in parallel with the effect of
PSA on language function in the intervention of rTMS can be expected to strengthen the
evidence in choice of stimulation site and stimulation parameters. In other words, further
research using the above-mentioned “imaging-based rTMS” method is needed.

9. Stimulation Site of rTMS Considered from the Time of Onset

As mentioned above, in the process of PSA recovery from onset to stimulation, plas-
ticity changes occur in the cerebral hemisphere for improvement. For this reason, each
language modality has different areas of activity, but it is important to further reinforce the
brain activity that supports their recovery.

Regarding time between stroke onset and treatment, if 30 days or less is classified as
acute phase, 30 days to 180 days is classified as subacute phase, and 6 months or later is
classified as chronic phase. The relationship between past RCT and PCT reports and the
stimulation site is shown in Table 2. The subacute phase was divided into two periods: 30
to 90 days and 90 to 180 days. In the report on the acute phase, the study of Waldowski et al.
was classified during the acute phase [30]. In the subacute phase (30 to 90 days), seven
studies were classified [16,18,19,23,25-27]. In the study by Heiss et al., the stimulation site
was different between right-handed and left-handed individuals [27]. The study by Khedr
et al. is the only study that employed bilateral stimulation in the subacute phase [23]. On
the other hand, none of the studies corresponded to the subacute phase of 90 to 180 days).
Ten studies were classified in the chronic phase [15,17,20-22,24,28,29,31-33]. Of these, Ren
et al. selected two stimulation patterns, Rt IFG and Rt STG. In addition, there were two
studies in which neuroimaging was performed, both of which were subacute (30 to 90 days)
studies (Figure 3) [25,27].
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Table 2. Distribution of previous rTMS studies and the timing of intervention from stroke onset.

Study

Acute

Lt IFG: None

Rt IFG: Waldowski et al., 2012 [30]

Other: None

Subacute (30-90 days)

Lt IFG: Heiss et al., 2013 (Left handed) [27]

Rr IFG: Heikkinen et al., 2019 [16], Haghighi et al., 2018 [18], Rubi-Fessen et al., 2015 [19], Thiel et al., 2013 [25], Seniéw et al.,
2013 [26], Heiss et al., 2013 (Right handed) [27]

Other: Khedr et al., 2014 (Bilateral IFG) [23]

Subacute (90-180 days)

Lt IFG: None
Rt IFG: None
Other: None

Chronic

Lt IFG: None

Rt IFG: Hu et al., 2018 [17], Yoon et al., 2015 [20], Wang et al., 2014 [21], Tsai et al., 2014 [22], Chieffo et al., 2014 [24], Barwood et al.,
2013 [28], Medina et al., 2012 [29], Kindler et al., 2012 [31], Barwood et al., 2011 [32,33]
Other: Ren et al., 2019 ( Rt IFG or Rt STG) [15]

IFG, inferior frontal gyrus; STG, superior temporal gyrus; Lt, left; Rt, right.

As mentioned above, it is important to use neuroimaging to strengthen the evidence of
r'TMS for PSA. However, in the past research using RCT and PCT, there were only two stud-
ies. Therefore, further research using the imaging-based rTMS method is required in the
future. Many of the rTMS studies in the subacute phase include patients at approximately
30 days after onset. These cases are close to the acute phase, and from the viewpoint of the
process of recovery of language function from the onset, the activity of the right cerebral
hemisphere is imminent in these cases. Therefore, stimulation of the right IFG in these
cases aims to activate the activity of the perilesional areas in the left cerebral hemisphere
with a remote effect, mainly through the network between hemispheres (Figure 2A). On the
other hand, it can be seen that there is no study in Figure 2B at the time when the increase
in activity in the homologous part of the language domain is expected to appear. As
mentioned above, the increase in activity in the homologous part of the language domain
is controversial because it cannot be determined whether this activity complements or
inhibits the activity in the language domain. For this reason, the selection of only one
stimulation site may be difficult. Therefore, bilateral rTMS may be an effective method,
as in the study by Khedr et al [23]. Actually, the multiple-target method was proposed
as a possible effective approach as a treatment for cognitive dysfunction and psychiatric
disorders after stroke [14,67-69].

10. Conclusions

Studies have suggested that rTMS for PSA may promote improvement of language
function when used in combination with rehabilitation. However, many challenges in the
use of these methods remain:

1. In some reports that examined the effects of rTMS by category of language function,
only naming shows good evidence of an effect, and the improvement effect on other
language modalities is not high. Therefore, it is necessary to establish methods that
contribute to the improvement of language functions other than naming.

2. Therapeutic methods for PSA based on the mechanism of rTMS are mainly in-
hibitory stimulation methods for language homologous areas. However, the mechanism
of this method is still controversial when inferred from the process of recovery of lan-
guage function.
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3. Low-frequency rTMS for the right hemisphere has been shown to be effective in
the chronic phase, but recent studies of the recovery process of language function indicate
that this mechanism is unclear. Therefore, evaluating brain activity using neuroimaging
contributes to clarification of the mechanism of rTMS on PSA and the elucidation of the
mechanism of functional improvement.

4. Neuroimaging-based stimulation methods (imaging-based rTMS) may lead to
further improvements in language function. There are still few studies on neuroimaging
and imaging-based rTMS in PSA, and further research is required.

5. The stimulation site and stimulation parameters of rTMS are likely to depend on
the time from onset to intervention. However, there are no reports of studies in patients
between 90 and 180 days after onset. Therefore, research during this period is required.

New stimulation methods, such as multiple target methods and the latest neuroimag-
ing methods, may contribute to the establishment of new knowledge and new treatment
methods in this field.

Author Contributions: T.H.: conceptualization, literature search, extraction and synthesis, literature
assessment, data analysis, and writing initial drafts; M.A.: supervisor role on conceptualization,
literature search, extraction, synthesis, review, and editing manuscript drafts. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Berthier, M.L. Poststroke aphasia. Drugs Aging 2005, 22, 163-182. [CrossRef] [PubMed]

2. Lazar, RM,; Speizer, A.E.; Festa, ].R.; Krakauer, ].W.; Marshall, R.S. Variability in language recovery after first-time stroke. J.
Neurol. Neurosurg. Psychiatry 2008, 79, 530-534. [CrossRef] [PubMed]

3. Pedersen, PM.; Vinter, K.; Olsen, T.S. Aphasia after stroke: Type, severity and prognosis. Cerebrovasc. Dis. 2004, 17, 35-43.
[CrossRef] [PubMed]

4. Brady, M.C; Kelly, H.; Godwin, ].; Enderby, P.; Campbell, P. Speech and language therapy for aphasia following stroke. Cochrane
Database Syst. Rev. 2016, 4-7. [CrossRef]

5. Nakagawa, Y,; Sano, Y.; Houjou, T.; Kijima, Y.; Kato, M. Super Long-term Follow-up Studies of Aphasics: An Analysis of
Functional Decline. High. Brain Funct. Res. 2011, 31, 373-383. [CrossRef]

6. Berube, S.; Hillis, A.E. Advances and Innovations in Aphasia Treatment Trials. Stroke 2019, 50, 2977-2984. [CrossRef]

7.  Hoogendam, ].M.; Ramakers, G.M.].; Di Lazzaro, V. Physiology of repetitive transcranial magnetic stimulation of the human
brain. Brain Stimul. 2010, 3, 95-118. [CrossRef]

8.  Hara, T.; Abo, M.; Kobayashi, K.; Watanabe, M.; Kakuda, W.; Senoo, A. Effects of low-frequency repetitive transcranial magnetic
stimulation combined with intensive speech therapy on cerebral blood flow in post-stroke aphasia. Transl. Stroke Res. 2015, 6,
365-374. [CrossRef]

9.  Ohara, K,; Kuriyama, C.; Hada, T.; Suzuki, S.; Nakayama, H.; Abo, M. A pilot study verifying the effectiveness of high-frequency
repetitive transcranial magnetic stimulation in combination with intensive speech-language-hearing therapy in patients with
chronic aphasia. NeuroRehabilitation 2021, 1-9. [CrossRef]

10. Liew, S.-L.; Santarnecchi, E.; Buch, E.R.; Cohen, L.G. Non-invasive brain stimulation in neurorehabilitation: Local and distant
effects for motor recovery. Front. Hum. Neurosci. 2014, 8, 378. [CrossRef]

11. Begemann, M.J.; Brand, B.A.; Curéi¢-Blake, B.; Aleman, A.; Sommer, LE. Efficacy of non-invasive brain stimulation on cognitive
functioning in brain disorders: A meta-analysis. Psychol. Med. 2020, 19, 1-22. [CrossRef]

12.  Lefaucheur, J.-P.; André-Obadia, N.; Antal, A.; Ayache, S.; Baeken, C.; Benninger, D.H.; Cantello, R.M.; Cincotta, M.; De Carvalho,
M.; De Ridder, D.; et al. Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS).
Clin. Neurophysiol. 2014, 125, 2150-2206. [CrossRef]

13. Fox, M.D.; Buckner, R.L.; Liu, H.; Chakravarty, M.M.; Lozano, A.M.; Pascual-Leone, A. Resting-state networks link invasive
and noninvasive brain stimulation across diverse psychiatric and neurological diseases. Proc. Natl. Acad. Sci. USA 2014, 111,
E4367-E4375. [CrossRef] [PubMed]

14. Hara, T.; Shanmugalingam, A.; McIntyre, A.; Burhan, A.M. The Effect of Non-Invasive Brain Stimulation (NIBS) on Attention

and Memory Function in Stroke Rehabilitation Patients: A Systematic Review and Meta-Analysis. Diagnostics 2021, 11, 227.
[CrossRef] [PubMed]


http://doi.org/10.2165/00002512-200522020-00006
http://www.ncbi.nlm.nih.gov/pubmed/15733022
http://doi.org/10.1136/jnnp.2007.122457
http://www.ncbi.nlm.nih.gov/pubmed/17846113
http://doi.org/10.1159/000073896
http://www.ncbi.nlm.nih.gov/pubmed/14530636
http://doi.org/10.1002/14651858.CD000425.pub4
http://doi.org/10.2496/hbfr.31.373
http://doi.org/10.1161/STROKEAHA.119.025290
http://doi.org/10.1016/j.brs.2009.10.005
http://doi.org/10.1007/s12975-015-0417-7
http://doi.org/10.3233/NRE-210139
http://doi.org/10.3389/fnhum.2014.00378
http://doi.org/10.1017/S0033291720003670
http://doi.org/10.1016/j.clinph.2014.05.021
http://doi.org/10.1073/pnas.1405003111
http://www.ncbi.nlm.nih.gov/pubmed/25267639
http://doi.org/10.3390/diagnostics11020227
http://www.ncbi.nlm.nih.gov/pubmed/33546266

Diagnostics 2021, 11, 1853 18 of 20

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ren, C.; Zhang, G.; Xu, X.; Hao, J.; Fang, H.; Chen, P; Li, Z.; Ji, Y.; Cai, Q.; Gao, E. The Effect of rTMS over the Different Targets on
Language Recovery in Stroke Patients with Global Aphasia: A Randomized Sham-Controlled Study. BioMed Res. Int. 2019, 2019,
4589056. [CrossRef] [PubMed]

Heikkinen, PH.; Pulvermdtiller, F.; Mékeld, J.P.; lImoniemi, R.J.; Lioumis, P.; Kujala, T.; Manninen, R.L.; Ahvenainen, A.; Klippi, A.
Combining rTMS With Intensive Language-Action Therapy in Chronic Aphasia: A Randomized Controlled Trial. Front. Neurosci.
2019, 12, 1036. [CrossRef] [PubMed]

Hu, X.Y,; Zhang, T.; Rajah, G.B.; Stone, C.; Liu, L.X; He, ].].; Shan, L.; Yang, L.Y.; Liu, P; Gao, F; et al. Effects of different frequencies
of repetitive transcranial magnetic stimulation in stroke patients with non-fluent aphasia: A randomized, sham-controlled study.
Neurol. Res. 2018, 40, 459-465. [CrossRef]

Haghighi, M.; Mazdeh, M.; Ranjbar, N.; Seifrabie, M.A. Further Evidence of the Positive Influence of Repetitive Transcranial
Magnetic Stimulation on Speech and Language in Patients with Aphasia after Stroke: Results from a Double-Blind Intervention
with Sham Condition. Neuropsychobiology 2017, 75, 185-192. [CrossRef]

Rubi-Fessen, I.; Hartmann, A.; Huber, W.; Fimm, B.; Rommel, T.; Thiel, A.; Heiss, W.D. Add-on Effects of Repetitive Transcranial
Magnetic Stimulation on Subacute Aphasia Therapy: Enhanced Improvement of Functional Communication and Basic Linguistic
Skills. A Randomized Controlled Study. Arch. Phys. Med. Rehabil. 2015, 96, 1935-1944.e2. [CrossRef]

Yoon, T.H.; Han, S.J.; Yoon, T.S,; Kim, J.S; Yi, T.I. Therapeutic effect of repetitive magnetic stimulation combined with speech and
language therapy in post-stroke non-fluent aphasia. NeuroRehabilitation 2015, 36, 107-114. [CrossRef]

Wang, C.P,; Hsieh, C.Y;; Tsai, P.Y.; Wang, C.T.; Lin, EG.; Chan, R.C. Efficacy of synchronous verbal training during repetitive
transcranial magnetic stimulation in patients with chronic aphasia. Stroke 2014, 45, 3656-3662. [CrossRef]

Tsai, PY.; Wang, C.P,; Ko, ].S.; Chung, Y.M.; Chang, Y.W.; Wang, ].X. The persistent and broadly modulating effect of inhibitory
rTMS in nonfluent aphasic patients: A sham-controlled, double-blind study. Neurorehabil. Neural Repair 2014, 28, 779-787.
[CrossRef]

Khedr, E.M.; Abo El-Fetoh, N.; Ali, A.M.; El-Hammady, D.H.; Khalifa, H.; Atta, H.; Karim, A.A. Dual-hemisphere repetitive
transcranial magnetic stimulation for rehabilitation of poststroke aphasia: A randomized, double-blind clinical trial. Neurorehabil.
Neural Repair. 2014, 28, 740-750. [CrossRef]

Chieffo, R.; Ferrari, F,; Battista, P; Houdayer, E.; Nuara, A.; Alemanno, F; Abutalebi, J.; Zangen, A.; Comi, G.; Cappa, S.F; et al.
Excitatory deep transcranial magnetic stimulation with H-coil over the right homologous Broca’s region improves naming in
chronic post-stroke aphasia. Neurorehabil. Neural Repair. 2014, 28, 291-298. [CrossRef]

Thiel, A.; Hartmann, A.; Rubi-Fessen, I.; Anglade, C.; Kracht, L.; Weiduschat, N.; Kessler, J.; Rommel, T.; Heiss, W.D. Effects
of noninvasive brain stimulation on language networks and recovery in early poststroke aphasia. Stroke 2013, 44, 2240-2246.
[CrossRef] [PubMed]

Seniow, J.; Waldowski, K.; Le$niak, M.; Iwanski, S.; Czepiel, W.; Cztonkowska, A. Transcranial magnetic stimulation combined
with speech and language training in early aphasia rehabilitation: A randomized double-blind controlled pilot study. Top. Stroke
Rehabil. 2013, 20, 250-261. [CrossRef] [PubMed]

Heiss, W.D.; Hartmann, A.; Rubi-Fessen, 1.; Anglade, C.; Kracht, L.; Kessler, ].; Weiduschat, N.; Rommel, T.; Thiel, A. Noninvasive
brain stimulation for treatment of right- and left-handed poststroke aphasics. Cerebrovasc. Dis. 2013, 36, 363-372. [CrossRef]
Barwood, C.H.; Murdoch, B.E.; Riek, S.; O’Sullivan, ]J.D.; Wong, A.; Lloyd, D.; Coulthard, A. Long term language recovery
subsequent to low frequency rTMS in chronic non-fluent aphasia. NeuroRehabilitation 2013, 32, 915-928. [CrossRef] [PubMed]
Medina, J.; Norise, C.; Faseyitan, O.; Coslett, H.B.; Turkeltaub, P.E.; Hamilton, R.H. Finding the Right Words: Transcranial
Magnetic Stimulation Improves Discourse Productivity in Non-fluent Aphasia After Stroke. Aphasiology 2012, 26, 1153-1168.
[CrossRef] [PubMed]

Waldowski, K.; Seniéw, J.; Lesniak, M.; Iwanski, S.; Czlonkowska, A. Effect of low-frequency repetitive transcranial magnetic
stimulation on naming abilities in early-stroke aphasic patients: A prospective, randomized, double-blind sham-controlled study.
Sci. World |. 2012, 2012, 518568. [CrossRef] [PubMed]

Kindler, J.; Schumacher, R.; Cazzoli, D.; Gutbrod, K.; Koenig, M.; Nyffeler, T.; Dierks, T.; Miiri, R.M. Theta burst stimulation over
the right Broca’s homologue induces improvement of naming in aphasic patients. Stroke 2012, 43, 2175-2179. [CrossRef]
Barwood, C.H.; Murdoch, B.E.; Whelan, B.M.; Lloyd, D.; Riek, S.; O’Sullivan, ].D.; Coulthard, A.; Wong, A. Improved language
performance subsequent to low-frequency rTMS in patients with chronic non-fluent aphasia post-stroke. Eur. |. Neurol. 2011, 18,
935-943. [CrossRef]

Barwood, C.H.; Murdoch, B.E.; Whelan, B.M.; Lloyd, D.; Riek, S.; O’Sullivan, J.; Coulthard, A.; Wong, A.; Aitken, P; Hall, G. The
effects of low frequency Repetitive Transcranial Magnetic Stimulation (rTMS) and sham condition rTMS on behavioural language
in chronic non-fluent aphasia: Short term outcomes. NeuroRehabilitation 2011, 28, 113-128. [CrossRef]

Lefaucheur, ].P; Aleman, A.; Baeken, C.; Benninger, D.H.; Brunelin, ]J.; Di Lazzaro, V,; Filipovi¢, S.R.; Grefkes, C.; Hasan, A.;
Hummel, EC,; et al. Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS): An
update (2014-2018). Clin. Neurophysiol. 2020, 131, 474-528. [CrossRef] [PubMed]

Shah-Basak, P.P.; Wurzman, R.; Purcell, ].B.; Gervits, F.; Hamilton, R. Fields or flows? A comparative metaanalysis of transcranial
magnetic and direct current stimulation to treat post-stroke aphasia. Restor. Neurol. Neurosci. 2016, 34, 537-558. [CrossRef]
[PubMed]


http://doi.org/10.1155/2019/4589056
http://www.ncbi.nlm.nih.gov/pubmed/31467892
http://doi.org/10.3389/fnins.2018.01036
http://www.ncbi.nlm.nih.gov/pubmed/30778280
http://doi.org/10.1080/01616412.2018.1453980
http://doi.org/10.1159/000486144
http://doi.org/10.1016/j.apmr.2015.06.017
http://doi.org/10.3233/NRE-141198
http://doi.org/10.1161/STROKEAHA.114.007058
http://doi.org/10.1177/1545968314522710
http://doi.org/10.1177/1545968314521009
http://doi.org/10.1177/1545968313508471
http://doi.org/10.1161/STROKEAHA.111.000574
http://www.ncbi.nlm.nih.gov/pubmed/23813984
http://doi.org/10.1310/tsr2003-250
http://www.ncbi.nlm.nih.gov/pubmed/23841973
http://doi.org/10.1159/000355499
http://doi.org/10.3233/NRE-130915
http://www.ncbi.nlm.nih.gov/pubmed/23867417
http://doi.org/10.1080/02687038.2012.710316
http://www.ncbi.nlm.nih.gov/pubmed/23280015
http://doi.org/10.1100/2012/518568
http://www.ncbi.nlm.nih.gov/pubmed/23213288
http://doi.org/10.1161/STROKEAHA.111.647503
http://doi.org/10.1111/j.1468-1331.2010.03284.x
http://doi.org/10.3233/NRE-2011-0640
http://doi.org/10.1016/j.clinph.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31901449
http://doi.org/10.3233/RNN-150616
http://www.ncbi.nlm.nih.gov/pubmed/27163249

Diagnostics 2021, 11, 1853 19 of 20

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bucur, M.; Papagno, C. Are transcranial brain stimulation effects long-lasting in post-stroke aphasia? A comparative systematic
review and meta-analysis on naming performance. Neurosci. Biobehav. Rev. 2019, 102, 264-289. [CrossRef]

Li, T.; Zeng, X; Lin, L.; Xian, T.; Chen, Z. Effects of repetitive transcranial magnetic stimulation with different frequencies on
post-stroke aphasia: A PRISMA-compliant meta-analysis. Medicine (Baltim.) 2020, 99, €20439. [CrossRef] [PubMed]

Kim, W.J.; Rosselin, C.; Amatya, B.; Hafezi, P.; Khan, F. Repetitive transcranial magnetic stimulation for management of post-stroke
impairments: An overview of systematic reviews. J. Rehabil. Med. 2020, 52, jrm00015. [CrossRef]

Kolb, B.; Teskey, G.C.; Gibb, R. Factors influencing cerebral plasticity in the normal and injured brain. Front. Hum. Neurosci. 2010,
4,204.

Postman-Caucheteux, W.A.; Birn, RM.; Pursley, R.H.; Butman, J.A.; Solomon, J].M.; Picchioni, D.; McArdle, J.; Braun, A.R.
Single-trial fMRI shows contralesional activity linked to overt naming errors in chronic aphasic patients. J. Cogn. Neurosci. 2010,
22,1299-1318. [CrossRef]

Richter, M.; Miltner, W.H.; Straube, T. Association between therapy outcome and right-hemispheric activation in chronic aphasia.
Brain 2008, 131, 1391-1401. [CrossRef] [PubMed]

Heiss, W.D.; Kessler, J.; Thiel, A.; Ghaemi, M.; Karbe, H. Differential capacity of left and right hemispheric areas for compensation
of poststroke aphasia. Ann. Neurol. 1999, 45, 430-438. [CrossRef]

Heiss, W.D.; Thiel, A. A proposed regional hierarchy in recovery of post-stroke aphasia. Brain Lang. 2006, 98, 118-123. [CrossRef]
[PubMed]

Saur, D.; Lange, R.; Baumgaertner, A.; Schraknepper, V.; Willmes, K.; Rijntjes, M.; Weiller, C. Dynamics of language reorganization
after stroke. Brain 2006, 129, 1371-1384. [CrossRef] [PubMed]

Daffertshofer, A.; Peper, C.L.; Beek, PJ. Stabilization of bimanual coordination due to active interhemispheric inhibition: A
dynamical account. Biol. Cybern. 2005, 92, 101-109. [CrossRef] [PubMed]

Kakuda, W.; Abo, M.; Kobayashi, K.; Momosaki, R.; Yokoi, A.; Fukuda, A.; Ishikawa, A ; Ito, H.; Tominaga, A. Low-frequency
repetitive transcranial magnetic stimulation and intensive occupational therapy for poststroke patients with upper limb hemi-
paresis: Preliminary study of a 15-day protocol. Int. J. Rehabil. Res. 2010, 33, 339-345. [CrossRef]

Pal, PK.; Hanajima, R.; Gunraj, C.A.; Li, ].Y.; Wagle-Shukla, A.; Morgante, F.; Chen, R. Effect of low-frequency repetitive
transcranial magnetic stimulation on interhemispheric inhibition. J. Neurophysiol. 2005, 94, 1668-1675. [CrossRef] [PubMed]
Boggio, P.S.; Nunes, A.; Rigonatti, S.P.; Nitsche, M.A.; Pascual-Leone, A.; Fregni, F. Repeated sessions of noninvasive brain
DC stimulation is associated with motor function improvement in stroke patients. Restor. Neurol. Neurosci. 2007, 25, 123-129.
[PubMed]

Fregni, F,; Boggio, P.S.; Valle, A.C.; Rocha, R.R.; Duarte, J.; Ferreira, M.].; Wagner, T.; Fecteau, S.; Rigonatti, S.P,; Riberto, M.; et al.
A sham-controlled trial of a 5-day course of repetitive transcranial magnetic stimulation of the unaffected hemisphere in stroke
patients. Stroke J. Cereb. Circ. 2006, 37, 2115-2122. [CrossRef] [PubMed]

Naeser, M.A.; Martin, PI; Nicholas, M.; Baker, E.H.; Seekins, H.; Kobayashi, M.; Theoret, H.; Fregni, F; Maria-Tormos, J.; Kurland,
J.; et al. Improved picture naming in chronic aphasia after TMS to part of right Broca’s area: An open-protocol study. Brain Lang.
2005, 93, 95-105. [CrossRef]

Martin, P1.; Naeser, M.A.; Ho, M,; Treglia, E.; Kaplan, E.; Baker, E.H.; Pascual-Leone, A. Research with transcranial magnetic
stimulation in the treatment of aphasia. Curr. Neurol. Neurosci. Rep. 2009, 9, 451-458. [CrossRef] [PubMed]

Weiduschat, N.; Thiel, A.; Rubi-Fessen, I.; Hartmann, A.; Kessler, J.; Merl, P; Kracht, L.; Rommel, T.; Heiss, W.D. Effects of
repetitive transcranial magnetic stimulation in aphasic stroke: A randomized controlled pilot study. Stroke 2011, 42, 409-415.
[CrossRef]

de Mendonga, L.I.Z. Transcranial brain stimulation (TMS and tDCS) for post-stroke aphasia rehabilitation: Controversies. Dement
Neuropsychol. 2014, 8, 207-215. [CrossRef]

Turkeltaub, P.E. Brain Stimulation and the Role of the Right Hemisphere in Aphasia Recovery. Curr. Neurol. Neurosci. Rep. 2015,
15,72. [CrossRef] [PubMed]

Winhuisen, L.; Thiel, A.; Schumacher, B.; Kessler, J.; Rudolf, J.; Haupt, W.F.,; Heiss, W.D. Role of the contralateral inferior frontal
gyrus in recovery of language function in poststroke aphasia: A combined repetitive transcranial magnetic stimulation and
positron emission tomography study. Stroke 2005, 36, 1759-1763. [CrossRef] [PubMed]

Thiel, A.; Habedank, B.; Herholz, K.; Kessler, J.; Winhuisen, L.; Haupt, W.E,; Heiss, W.D. From the left to the right: How the brain
compensates progressive loss of language function. Brain Lang. 2006, 98, 57-65. [CrossRef]

Turkeltaub, PE.; Coslett, H.B.; Thomas, A.L.; Faseyitan, O.; Benson, J.; Norise, C.; Hamilton, R.H. The right hemisphere is not
unitary in its role in aphasia recovery. Cortex 2012, 48, 1179-1186. [CrossRef]

Anglade, C.; Thiel, A.; Ansaldo, A.I. The complementary role of the cerebral hemispheres in recovery from aphasia after stroke: A
critical review of literature. Brain Inj. 2014, 28, 138-145. [CrossRef]

Kakuda, W.; Abo, M.; Kaito, N.; Watanabe, M.; Senoo, A. Functional MRI-based therapeutic rTMS strategy for aphasic stroke
patients: A case series pilot study. Int. |. Neurosci. 2010, 120, 60-66. [CrossRef]

Abo, M.; Kakuda, W.; Watanabe, M.; Morooka, A.; Kawakami, K.; Senoo, A. Effectiveness of low-frequency rTMS and intensive
speech therapy in poststroke patients with aphasia: A pilot study based on evaluation by fMRI in relation to type of aphasia. Eur.
Neurol. 2012, 68, 199-208. [CrossRef]


http://doi.org/10.1016/j.neubiorev.2019.04.019
http://doi.org/10.1097/MD.0000000000020439
http://www.ncbi.nlm.nih.gov/pubmed/32541465
http://doi.org/10.2340/16501977-2637
http://doi.org/10.1162/jocn.2009.21261
http://doi.org/10.1093/brain/awn043
http://www.ncbi.nlm.nih.gov/pubmed/18349055
http://doi.org/10.1002/1531-8249(199904)45:4&lt;430::AID-ANA3&gt;3.0.CO;2-P
http://doi.org/10.1016/j.bandl.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16564566
http://doi.org/10.1093/brain/awl090
http://www.ncbi.nlm.nih.gov/pubmed/16638796
http://doi.org/10.1007/s00422-004-0539-6
http://www.ncbi.nlm.nih.gov/pubmed/15685391
http://doi.org/10.1097/MRR.0b013e32833cdf10
http://doi.org/10.1152/jn.01306.2004
http://www.ncbi.nlm.nih.gov/pubmed/15872061
http://www.ncbi.nlm.nih.gov/pubmed/17726271
http://doi.org/10.1161/01.STR.0000231390.58967.6b
http://www.ncbi.nlm.nih.gov/pubmed/16809569
http://doi.org/10.1016/j.bandl.2004.08.004
http://doi.org/10.1007/s11910-009-0067-9
http://www.ncbi.nlm.nih.gov/pubmed/19818232
http://doi.org/10.1161/STROKEAHA.110.597864
http://doi.org/10.1590/S1980-57642014DN83000003
http://doi.org/10.1007/s11910-015-0593-6
http://www.ncbi.nlm.nih.gov/pubmed/26396038
http://doi.org/10.1161/01.STR.0000174487.81126.ef
http://www.ncbi.nlm.nih.gov/pubmed/16020770
http://doi.org/10.1016/j.bandl.2006.01.007
http://doi.org/10.1016/j.cortex.2011.06.010
http://doi.org/10.3109/02699052.2013.859734
http://doi.org/10.3109/00207450903445628
http://doi.org/10.1159/000338773

Diagnostics 2021, 11, 1853 20 of 20

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hara, T.; Abo, M.; Kakita, K.; Mori, Y.; Yoshida, M.; Sasaki, N. The Effect of Selective Transcranial Magnetic Stimulation with
Functional Near-Infrared Spectroscopy and Intensive Speech Therapy on Individuals with Post-Stroke Aphasia. Eur. Neurol.
2017, 77, 186—194. [CrossRef]

Szaflarski, ].P.; Vannest, J.; Wu, S.W.; DiFrancesco, M.W.; Banks, C.; Gilbert, D.L. Excitatory repetitive transcranial magnetic
stimulation induces improvements in chronic post-stroke aphasia. Med. Sci. Monit. 2011, 17, CR132-9.

Griffis, ].C.; Nenert, R.; Allendorfer, ].B.; Szaflarski, J.P. Interhemispheric Plasticity following Intermittent Theta Burst Stimulation
in Chronic Poststroke Aphasia. Neural Plast. 2016, 2016, 4796906. [CrossRef]

Allendorfer, ].B.; Storrs, ].M.; Szaflarski, J.P. Changes in white matter integrity follow excitatory rTMS treatment of post-stroke
aphasia. Restor. Neurol. Neurosci. 2012, 30, 103-113. [CrossRef]

Szaflarski, J.P.; Griffis, J.; Vannest, ].; Allendorfer, ].B.; Nenert, R.; Amara, A.W.; Sung, V.; Walker, H.C.; Martin, A.N.; Mark, VW.;
et al. A feasibility study of combined intermittent theta burst stimulation and modified constraint-induced aphasia therapy in
chronic post-stroke aphasia. Restor. Neurol. Neurosci. 2018, 36, 503-518. [CrossRef]

Harvey, D.Y,; Podell, J.; Turkeltaub, P.E.; Faseyitan, O.; Coslett, H.B.; Hamilton, R.H. Functional Reorganization of Right Prefrontal
Cortex Underlies Sustained Naming Improvements in Chronic Aphasia via Repetitive Transcranial Magnetic Stimulation. Cogn.
Behav. Neurol. 2017, 30, 133-144. [CrossRef] [PubMed]

Dlabac-de Lange, ].J.; Bais, L.; van Es, F.D.; van den Heuvel, E. Efficacy of bilateral repetitive transcranial magnetic stimulation
for negative symptoms of schizophrenia: Results of a multicenter double-blind randomized controlled trial. Psycol. Med. 2015, 45,
1263-1275. [CrossRef] [PubMed]

Ahmadizadeh, M.].; Rezaei, M. Unilateral right and bilateral dorsolateral prefrontal cortex transcranial magnetic stimulation
in treatment post-traumatic stress disorder: A randomized controlled study. Brain Res. Bull. 2018, 140, 334-340. [CrossRef]
[PubMed]

Draaisma, L.R.; Wessel, M.].; Hummel, EC. Non-invasive brain stimulation to enhance cognitive rehabilitation after stroke.
Neurosci. Lett. 2018, 719, 133678. [CrossRef] [PubMed]


http://doi.org/10.1159/000457901
http://doi.org/10.1155/2016/4796906
http://doi.org/10.3233/RNN-2011-0627
http://doi.org/10.3233/RNN-180812
http://doi.org/10.1097/WNN.0000000000000141
http://www.ncbi.nlm.nih.gov/pubmed/29256908
http://doi.org/10.1017/S0033291714002360
http://www.ncbi.nlm.nih.gov/pubmed/25354751
http://doi.org/10.1016/j.brainresbull.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29883597
http://doi.org/10.1016/j.neulet.2018.06.047
http://www.ncbi.nlm.nih.gov/pubmed/29960054

	Introduction 
	rTMS Treatment for Aphasia 
	Evidence of the Use of rTMS for Post-Stroke Aphasia 
	Relationship between rTMS and Language Function Recovery in PSA 
	Selection of Stimulation Site Inferred from the Process of Improving Language Function 
	Questions about Language Recovery Processes and Stimulation Sites Associated with rTMS 
	Imaging-Based rTMS for PSA 
	rTMS and Neuroimaging Study for PSA 
	Stimulation Site of rTMS Considered from the Time of Onset 
	Conclusions 
	References

