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Repetitive transcranial magnetic
stimulation for post-stroke
non-fluent aphasia: a systematic
review and meta-analysis of
randomized controlled trials
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Yanping Liu%?3, Ying Zhan® and Shanli Yang?*
!First School of Clinical Medicine, Fujian University of Traditional Chinese Medicine, Fuzhou, China,

2Affiliated Rehabilitation Hospital of Fujian University of Traditional Chinese Medicine, Fuzhou, China,
School of Rehabilitation Medicine, Fujian University of Traditional Chinese Medicine, Fuzhou, China

Objective: To systematically evaluate the efficacy and safety of repetitive
transcranial magnetic stimulation (rTMS) on language function in patients with
non-fluent aphasia post-stroke.

Methods: We selected randomized clinical trials (RCT) that involved stroke
patients with non-fluent aphasia, whose intervention was rTMS vs. no therapy
or other therapy. Two researchers autonomously reviewed the literature based
on the specified criteria for inclusion and exclusion and completed the process
of data extraction, data verification, and quality evaluation. Meta-analysis was
performed using RevMan 54! and Stata MP 172, while the assessment of risk of
bias was carried out utilizing the Risk of Bias version 2 tool (RoB2)*.

Results: The meta-analysis involved 47 RCTs, encompassing 2,190 patients
overall. The indexes indicated that rTMS has the potential to decrease the
severity of non-fluent aphasia in stroke patients, including improvement of the
capability of repetition, naming, and spontaneous language. The determination
of BDNF in the serum of patients was also increased. In addition, rTMS reduced
the likelihood of depression in stroke patients.

Conclusion: To summarize the relevant studies, rTMS has significant effects on
improving the language abilities of stroke patients suffering from non-fluent
aphasia, including the abilities of repetition, naming, and spontaneous language.

KEYWORDS

stroke, non-fluent aphasia, meta-analysis, repetitive transcranial magnetic
stimulation, systematic review

1 https://revman.cochrane.org/info
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Introduction

Stroke remains a primary cause of mortality and morbidity
globally (1, 2). Approximately 38% of adult stroke victims are
subsequently diagnosed with aphasia (3, 4), which further worsens the
prognosis for these patients. The severity of aphasia is useful in
predicting the functional autonomy of patients, as well as their short-
term and long-term recovery outcomes following a stroke (5, 6).
Patients suffering from post-stroke aphasia (PSA) exhibit significantly
elevated mortality rates and poorer functional outcomes compared to
those without the condition (7). Therefore, rehabilitation therapy after
a stroke places a paramount emphasis on the restoration of
language function.

Non-fluent aphasia (NFA), frequently observed in individuals
recovering from stroke, results from damage to areas encompassing
the left inferior frontal gyrus (IFG-L), namely Broca’s area, along with
transcortical motor, global, and mixed transcortical aphasia (8, 9).
Patients with NFA may exhibit notable impairments in language
production, poor sentence repetition, poor verbal agility, and errors
in sentence construction (9-11). Traditional speech and language
therapies (SLTs) rarely lead to the complete restoration of linguistic
functions. Therefore, it is clear that patients with NFA after stroke
require more adjunctive and enhancing therapies (12).

Repetitive transcranial magnetic stimulation (rTMS) utilizes
magnetic fields to elicit electrical currents within targeted areas of
brain. This technique modulates cortical excitability in both the
stimulated areas and distant regions by delivering consistent stimuli at
extremely short intervals. This process helps restore inter-hemispheric
balance and allows for precise control of stimulation parameters
(frequency and location), significantly affecting the functional brain
network (13). rTMS induces long-lasting neuroplastic changes and
facilitates network-related brain reconstruction (14). Theta-burst
stimulation (TBS), an advanced form of rTMS, is subdivided into
intermittent theta-burst stimulation (iTBS) and continuous theta-burst
stimulation (cTBS) (15). Different rTMS stimulation frequencies yield
varied effects on cerebral cortex activity: high-frequency stimulation
(>5Hz) and iTBS enhance local neuronal excitability, whereas
low-frequency stimulation (<1 Hz) and cTBS reduce it (16).

Martin et al. (17) first reported to support language recovery, yet
conclusive findings are elusive, and influenced by various factors. An
important consideration is whether SLT should be paired with
r'TMS. Several studies suggested that when employed as a standalone
therapy, rTMS holds promise in producing language improvements in
PSA (6, 18-20). On the contrary, the suggestion that rTMS could
prime the brain for behavioral therapy, implying that it should
be integrated with SLT, is met with challenges. Heterogeneity in SLT
types and intensities among recent studies used alongside rTMS (21-
24) contribute to the complexity of this argument. It is challenging to
precisely define the individual contributions of rTMS and SLT and
assess their collective impact on PSA rehabilitation that rTMS could
offer a unique, complementary approach to treating aphasia. Current
research into PSA rehabilitation has used rTMS to modulate
interhemispheric interaction.

Numerous randomized controlled trials (RCTs) (25) suggest that
r'TMS may aid in the reconstruction and recovery of language abilities
in individuals with PSA. Six systematic reviews (25-30) evaluated the
impact of rTMS on PSA, with most reaching inconsistent conclusions
or having loose exclusion criteria; the types of aphasia in patients were
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also ambiguously defined. Georgiou et al. (31) utilized the AMSTAR
2 tool to evaluate the quality of systematic reviews of RCTs focusing
on the effectiveness of rTMS in aphasia rehabilitation following stroke
before July 2017 and found that the quality of these studies was
generally low. Another meta-analysis (32) identified the types of NFA
in stroke patients, but the included literature was outdated.
Consequently, we conducted a systematic review to furnish evidence-
based information regarding the application of rTMS in treating NFA
following a stroke. This involved analyzing a large number of studies
and more relevant outcome indices, to identify new research directions.

Methods

This systematic review adheres to the guidelines set forth by the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (33). And the study protocol has been officially
registered in PROSPERO (ID CRD42023434714).

Our PICO question was: in stroke patients with NFA, does rTMS,
as compared to the absence of therapy or alternative treatments,
reduce the severity of aphasia in patients, including naming,
spontaneous language, and repetition abilities?

Search strategy

We searched nine commonly used electronic databases: PubMed,
Cochrane Library, Embase, Web of Science, SinoMed, OVID, the
China National Knowledge Infrastructure (CNKI), China Science and
Technology Journal Database (VIP), and Wanfang Data for RCTs of
r'TMS for stroke patients with NFA. Furthermore, relevant systematic
evaluations and reference lists of included studies were searched
manually to ensure the comprehensiveness of included studies.
Keywords were determined after preretrieval: repetitive transcranial
magnetic stimulation, rTMS, TBS, stroke, cerebrovascular accident,
aphasia, non-fluent aphasia, and post-stroke aphasia. The final
literature search was conducted on January 8, 2024, using neither
language nor publication date restrictions.

Inclusion and exclusion criteria

Inclusion criteria (1) study design: RCTs; (2) study population:
individuals with NFA following a clinical diagnosis of stroke; (3)
interventions: In addition to the interventions applied to the control
group, the experimental group underwent rTMS. Alternatively, the
experimental group received rTMS, whereas the control group
received sham-rTMS. For studies encompassing more than two
groups, the groups fulfilling the inclusion criteria were also included;
(4) the outcome indicators ought to incorporate at least one metric of
aphasia assessment, such as Western Aphasia Battery (WAB), Aphasia
Battery of Chinese (ABC), China Rehabilitation Research Center
Standard Aphasia Examination (CRRCAE), and Boston Naming
Test (BNT).

Exclusion criteria: (1) duplicate studies or data cannot
be extracted; (2) case studies, animal experimental studies, or reviews;
(3) the unavailability of full text even after contacting the author
via email.
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Study selection and data extraction

Endnote X9 was utilized for document organization and
deduplication. Two reviewers independently conducted literature
screening, data extraction, and cross-verification according to
predetermined inclusion and exclusion criteria. Any discrepancies
between the reviewers were resolved by achieving a consensus with an
unbiased third-party researcher. The process of extracting data
entailed gathering details regarding the title, first author, publication
year, the number of patients, diagnostic criteria, intervention and
control protocols, rTMS parameters (e.g., stimulation site, frequency,
intensity, and duration), outcome measures, any reported adverse
events and follow-up duration.

Risk-of-bias

Risk of bias assessment for the studies included was carried out
utilizing the RoB2 tool (34). Two researchers evaluated the risk of bias
independently, with any discrepancies being resolved by a
third researcher.

Statistical analysis

Meta-analysis was conducted utilizing Revman 5.4 software. The
mean differences (MD) along with the 95% confidence interval (CI)
were employed for statistical analysis, and the standardized mean
difference (SMD) was used when using different measurement
methods or units. Statistically significant differences were indicated by
P <0.05, and the magnitude of heterogeneity was quantified using I.
I shows the proportion of heterogeneity in the total variation of effect
size based on the Student-Newman-Keuls test, ranging from 0 to
100%. I><50% was deemed as an indication of low heterogeneity,
employing the fixed-effects model for Meta-analysis; I*>50% was
considered a clear indication of significant heterogeneity, utilizing the
random-effects model.

Results
Search results

The initial search returned 1,244 articles. Following the removal
of duplicate articles, 607 studies were left, and 59 studies remained
upon reviewing the titles and abstracts. Finally, 47 studies were
included after a rigorous evaluation of the full-text articles
(Supplementary Figure S1).

Characteristics of included studies

Out of the 48 studies (4, 23, 35-80), 37 studies (35-37, 39-49, 51,
52, 54-66, 68, 69, 72-74, 76, 78, 79) had reported diagnostic criteria
for stroke and 35 (4, 35-39, 41-53, 55, 57-60, 62-65, 67-70, 74, 76,
77) for aphasia. In 43 studies (4, 23, 35-52, 54-65, 67-76, 78, 80), the
age of the patient was reported as mean + standard deviation, while
two studies (53, 66) reported specific age information for each patient,
and the age range was reported in two studies (77, 79). Except for two
studies (50, 59) that failed to disclose the post-stroke time, the mean
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course of disease for patients in the other 44 studies (4, 23, 35-49, 51,
52, 54-58, 60-65, 67-80) ranged from 6.9 days to 4.46 years, and two
studies (53, 66) reported specific course of disease for each patient. Of
the total studies, 39 studies (4, 35-43, 45-48, 51-55, 58-70, 72-74,
77-80) specifically reported that the patients were right-handed,
whereas the remaining 9 studies (23, 44, 49, 50, 56, 57, 71, 75, 76)
failed to furnish this information. Duration of the intervention in 45
studies (4, 23, 35, 36, 38-40, 42-46, 48-80) spanned from 2 to 4 weeks,
except for 2 studies (37, 41) with an intervention duration of 30 days
and one (47) with 8 weeks. Regarding the content of the intervention,
five studies (49, 50, 59, 71, 80) used rTMS or sTMS alone, and the
remaining studies also had aphasia treatment components including
SLT, acupuncture, and electroacupuncture (EA). Patients were
followed up after treatment in 15 studies (4, 39, 40, 53, 57, 66, 67,
70-74, 77,78, 80), ranging from 30 days to 12 months.

Adverse events were mentioned in 10 studies (4, 40, 42, 45, 51, 57,
60, 61,73, 77). Six studies (4, 40, 42, 45, 60, 73) reported headache;
three (40, 45, 51) reported dizziness; adverse effects of epilepsy
seizures were seen in two studies (61, 77). One study (57) documented
the occurrence of adverse events such as disorientation, injuries
resulting from falls, and aspiration caused by dysphagia among both
control and experimental participants, the ratio of aspiration was the
highest in the experimental group (3 cases), and the control group (11
cases), which revealed that the combination of rTMS and speech
training could reduce the complications and improve the
therapeutic efficiency.

Regarding the NFA type, 16 studies (23, 37, 41, 42, 44, 45, 47-49,
54, 56,57, 61,74, 78, 79) included patients with Broca aphasia. Four
studies (36, 53, 63, 64) included patients with global aphasia, and 5
studies (39, 43, 72, 73, 76) reported on the number of patients with
different types of aphasia. The aphasia types of patients in the three
studies (43, 72, 73) were global, Broca’s, and transcortical motor
aphasia, and Wang’s (73) study included patients with mixed
transcortical aphasia. In addition to the intervention received by the
control group, the experimental group in one study (48) received
high-frequency TMS (HF-rTMS) on the IFG-L. One study (67)
performed bilateral cerebral pulse stimulation, with HF-rTMS (>
1 Hz) stimulating the left cerebral Broca area and low-frequency TMS
(<1Hz) (LE-rTMS) stimulating the right Broca area; three studies (38,
46, 56) stimulated the right inferior frontal gyrus (IFG-R) with 0.5 Hz.
Of the 40 studies with a frequency of 1 Hz, except for one study (53)
in which the stimulation site was the right superior temporal gyrus,
the stimulation site was the IFG-L. Three of these studies (32, 66, 80)
further stimulated Brodmann 45 (pars triangularis) at the site of the
IFG-R partition. Three studies (43, 58, 77) proceeded theta burst
stimulation (TBS) on patients, one (77) conducted passive cTBS on
the cerebellum in patients of the experimental group, and the other
two (43, 58) conducted iTBS on the IFG-L. The critical characteristics
of the included studies have been summarized in Table 1.

Methodological quality

The outcomes of the risk-of-bias assessments conducted for each
included study are shown in Supplementary Figures S2A,B.

Potential publication bias across the included studies was
evaluated based on Egger’s tests in Stata MP 17, with a significance
level set at p<0.1 (Supplementary Table S1).
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TABLE 1 Basic characteristics of the included studies.
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Studies Diagnostic Total Age Course of = Hand- Intervention rTMS parameters Duration Outcome = Follow up
and year criteria patients (years) disease edness indicators (after
(C/E) treatment)
Stroke Aphasia Intensity Stimulation
sites
Cao HY, 2023 CT/MRI @© 90 (30/30) C:56.97+14.25 | C:49.43+18.14D R SLT + Eye tracking SLT + Eye tracking 1 80-120% of the MT, 1000 IFG-R 5d/wx 4w @© NR
E:57.80+11.69 | E:54.73+17.40 D training training+rTMS pulses
Jiang XC, 2023 | CT/MRI ® 50 (25/25) C:63.57 £9.69 35.04+30.65 D R SLT +S-rTMS SLT +iTBS 50 80% of the rMT, 600 IFG-L 6d/wx 4w @ NR
E:58.86+12.81 39.95+28.84 D pulses
Zhu HM, 2023 | CT/MRI @© 60 (30/30) C:58.0+11.8 C425D R SLT SLT +rTMS 1 80% of the rMT, 1,000 IFG-R 6d/wx 3w @© NR
E:59.7+13.6 E:345D pulses
Liu §J, 2023 CT/MRI @ 92 (46/46) C:50.29+9.768 | C:56.98+31.56 D R SLT +drug SLT +drug 0.5 80% of the rMT IFG-R 5d/wx 4w [©6o) NR
E:53.414£10.23 | E:53.26+29.98 D treatment+ S-rTMS | treatment+r'TMS
Liu SL, 2022 CT/MRI [26] 70 (35/35) C:63.46+£9.57 | C:60.06+22.56 D R SLT +acupuncture SLT +acupuncture 1 The sequence pulse is 30 IFG-R 20min/d x 5d/wx 8w [06) NR
E:60.94+7.80 | E:56.89+24.80 D treatment treatment+ rTMS times
Xu DM, 2022 CT/MRI @ 60 (30/30) C:63.5+2.4 C5.1+1.3M NR SLT SLT +rTMS 1 80% of the MT IFG-R 5d/wx 4w @@ 3IM
E:63.6£2.5 E:52+14M
Zheng Y, 2022 CT/MRI @ 45 (15/15) C:53.27+14.83 | C:50.20+18.52D R SLT +attention SLT +attention 1 80-70% of the MT, 1000 BA45 20min/d x 5d/wx 4w @0® NR
E:50.53+13.85 | E:52.60+18.06 D function training function pulses
training+rTMS
Zhou HY, 2021 | CT/MRI NR 106 (53/53) C:59.87 £7.64 C:8.91+2.36 W R SLT SLT +rTMS 1 90% of the MT IFG-R 5d/w x 4w O®® NR
E:61.25+8.41 E:9.35+3.27W
Wang GX, CT/MRI NR 26 (14/12) C:52.79+12.80 C/E:3-6M R SLT SLT +rTMS 1 90% of the MT, 1200 TFG-R 20 min/d x 5d/wx2w @ NR
2021 E:52.42+10.56 pulses in total
Li WT, 2021 CT/MRI @ 120 (60/60) C:50.88+6.09 C:8.68+2.16 D NR SLT+ acupuncture SLT +rTMS+ 1 80% of the MT, 50 pulses IFG-R 20min/d x 6d/w x 4w 0] NR
E:51.02+5.78 E:8.57+1.38D acupuncture per sequence, 10
sequences per day
Zhang DH, CT/MRI @© 30 (10/10) C:50+08 C44+12M R SLT SLT +rTMS 5 80% of the AMT, IFG-L 5d/wx2w PACA NR
2021 E:50+13 E:3.9+1.0M
Zhu HM, 2021 | CT/MRI @© 30 (10/10) C:60.4+8.3 C:228.5D R SLT+MNTS SLT + MNTS+rTMS 1 80% of the MT, 1000 IFG-R 6d/wx 3w [06] NR
E:61.6+14.7 E:246.5D pulses
Zhu HM, 2020 | CT/MRI O] 50 (16/18) C:60.75+9.00 C:52.00 D R SLT +MNS SLT + MNS +rTMS 1 80% of the MT, 1000 IFG-R 2times/d x 6d/w x 3w [06] NR
E:57.89+14.15 E:69.00 D pulses
Qiu LE, 2020 CT/MRI @© 60 (20/20) C:52.25+15.00 C:1.56+1.63M R SLT + Schuell SLT + Schuell 1 80% of the MT, 1200 IFG-R 5d/wx 4w (o) NR
E:55.00+10.72 E2.12+1.72M stimulation stimulation+rTMS pulses per day
QuYZ,2020 CT/MRI O] 40 (20/20) C:67.80+7.32 C:25.80+11.77D R SLT SLT +rTMS 1 100% of the rMT, 1,200 TFG-R 5d/wx2w NR
E:68.60+7.78 E:26.50+12.51 D pulses
Qin Q, 2020 NR O] 76 (38/38) C:57.84+12.49 NR NR HBO HBO +rTMS 1 80% of the rMT TFG-R 20 min/d x 5d/wx 4w @ NR
E:57.94+11.39

(Continued)
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TABLE 1 (Continued)

Studies Diagnostic Total Age Course of  Hand- Intervention rTMS parameters Duration Outcome Follow up
and year criteria patients (years) disease edness indicators (after
(C/E) treatment)
Stroke Aphasia Intensity Stimulation
sites
Chen Y, 2020 CT/MRI ® 30 (15/15) C:61.9+10.7 C:10.7+44W R SLT +drug SLT +drug 1 100% of the rMT IFG-R 20min/d x 5d/w x 2w (6] 30D
E:56.6+15. 1 E9.5+33W treatment+ S-rTMS | treatment+rTMS
Pan LS, 2019 CT/MRI @ 44 (22/22) C:64.41+11.53 | C:45.00+£21.69D R RT+EA RT +EA +rTMS 5 80% of the MT IFG-L 12min/d x 5d/w x 4w NR
E:68.85+8.97 E:53.65+24.92D
Qiao Y, 2019 CT/MRI @ 44 (22/20) C:58.64+9.99 | C:57.32+16.54D NR RT+EA RT+EA+rTMS 1 20 sequences, and IFG-R 20min/d x 5d/wx 4w NR
E:60.70+£9.74 | E:53.50+19.76 D stimulation intensity
ranging from 30 to 50%
ZhangY,2019 | CT/MRI @ 48 (16/16) C:60.7+£8.7 NR R RT+HBO RT+HBO +rTMS 1 120 sequences,960 pulses IFG-R 20min/d x 5d/w x 4w @ NR
E:60.6+9.1
Wang JR, 2018 | CT/MRI @ 35(18/17) C:55.00+11.35 | C:40.87+21.86D R SLT +drug SLT +drug 1 80% of the MT IFG-R 20min/d x 5d/w x 4w © NR
E:47.07+12.52 | E:39.40+24.05D treatment treatment+rTMS
Ren CL, 2018 NR 0] 14 (6/6) Specific age Specific course of R SLT +S-rTMS SLT +1rTMS 1 80% of the MT STG-R 20 min/d x 5d/wx 3w @ 3and 6M
information disease for each
for each patient
patient
LiZH, 2018 CT/MRI [0} 30(13/13) C:68.3+5.8 C:51.0+£9.6 D R SLT +S-rTMS SLT +rTMS 1 80% of the MT IFG-R 20min/d x 5d/wx 3w ©®+QEEG NR
E:65.3+5.6 E:475+7.4D
Chang L, 2018 MRI [0} 126 (63/63) C:66.4+15.8 C:7.3£35D R SLT SLT +rTMS 1 80% of the MT IFG-R ST 30min/dx 15d © NR
E:67.3+19.9 E:6.9+3.1D rT™MS
20min/dx 15d
Wu G, 2017 CT/MRI NR 180 (90/90) 56.91£9.70 C/E:3.47+1.16 D NR SLT SLT +rTMS 0.5 80% of the MT IFG-R 5d/wx 4w @ NR
Guo CH, 2016 | CT/MRI [0} 60 (20/20) C:64.4+8.5 C:30.6+9.4D R SLT SLT +rTMS 1 70% of the MT IFG-R 30min x 6d/w4w © NR
E:62.1+10.6 E:33.1+£8.6D
Fan YN, 2016 CT/MRI 0] 116 (58/58) C:65.4+15.9 C:7.2£3.1D R ST +drug treatment | ST +drug 1 80% of the MT IFG-R 20 min/d x 30d 0] NR
E:64.4+14.5 E:6.9+33D treatment+rTMS
Shen Y, 2016 NR 0] 40 (20/20) C:57.5+11.9 C:45.1+18.8D R drug treatment +ST | drug treatment 0.5 90% of the MT, 384 IFG-R 5d/wx 3w [0 T} NR
E:60.2+10.5 E:50.7+£16.3 D +ST+rTMS pulses
ShanYD,2012 CT/MRI NR 28 (14/14) C:67.3+10.9 C:10.3+£9.1W R SLT SLT +rTMS 1 100% maximum intensity IFG-R 20min/dx10d €] 90D
E:69.7+12.8 E:11.6+7.5W
Chen F, 2012 CT/MRI NR 24 (12/12) C:65.5+2.5 C/E:<7D R SLT SLT +rTMS 1 80% of the MT IFG-R 20min/dx10d @ 2W,2and 6M
E:66.5+1.8
Chen F, 2011 CT/MRI NR 15 (7/8) C:66.5 C/E:<7D R SLT SLT +rTMS 1 80% MEP IFG-R 10d @ NR
E:65.7
(Continued)
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Bing-Fong Lin, | MRI NR 33(17/16) C:62.24+14.42 | C:12.18+12.63M R SLT +S-rTMS SLT +rTMS 1 90% of the rMT, 900 TFG-R 20 min x 5d/w x 2w @ NR
2023 E:54.06+12.12 E:9.00+7.30M pulses
Trevor A. Low, | NR O] 20 (10/10) C:63.8+5.6 C:24Y R M-MAT+ S-rTMS M-MAT+rTMS 1 100% of the rMT,1,200 IFG-R 20min/d x 5d/wx 2w ® 3M
2023 E:61.5+12.2 E32Y pulses
Yasa I, C,2023 | MRI T-RAT 40 (10/10) C:60.00+5.05 C:104M R SLT SLT +rTMS 1 110% of the MT, 1500 IFG-R 20min/dx5d/wx3w | ADD+ T-PNT 1M

E:59.70+5.31 E:10.6 M pulses
Guangtao Bai, CT/MRI © 60 (30/30) C:59.91+8.58 C:3.75+1.67M R CST +S-rTMS CST +rTMS 1 80% of the MT IFG-R 20 min/d x 5d/w x 4w @© NR
2022 E:63.47+7.81 E:3.27+1.50M
Kai Zheng, NR © 40 (20/20) 40-80 C/E:>6M R SLT +S-rTMS SLT +rTMS 5 80% of the ATM Crus I of the 5d/wx2w (060] 12W
2022 right lateral

cerebellum
Bing-Fong Lin, | MRI @ 33(16/17) C:62.94+14.59 C:12.63+129M R SLT +S-rTMS SLT +rTMS 1 90% of the rMT, 900 IFG-R 15min/d x 5d/w x 2w @ NR
2022 E:54.71+12.03 E:9.41+7.27M pulses
Eun-Ho Yu, MRI 0} 20 (10/10) C:52.90£10.90 C:4.63+3.00M NR SLT +IBA SLT +NBA 1 90% of the rMT, 1,200 IFG-R 20 min x 5d/w x 2w © NR
2021 E:59.40+12.18 E:5.17+3.30M pulses
LA Lopez- NR ® 82 (41/41) C:65.6+13.4 C:12.8M R S-rTMS rTMS 1 80% of the MT, 1200 TFG-R 20 min x 5d/w x 2w ® 30D
Romero, 2019 E:61.9+13.9 E:921M pulses
Mohammad NR NR 12 (6/6) C:60.5+11.85 C/E:4-8W NR SLT +S-rTMS SLT+rTMS 1 100% of the rMT IFG-R 30 min x 5d/wx 2w @© NR
Haghighi, 2018 E:61.67+7.06
Tae Hee Yoon, NR NR 20 (10/10) C:61.13+8.72 C:5.20+2.67M NR SLT SLT+rTMS 1 90% of the rMT, 1,200 IFG-R 20min x 5d/w x 4w 0} NR
2015 E:60.46 +9.63 E:6.80+2.39M pulses
Chih-Pin MRI NR 45 (15/15) C:60.4+11.9 C:16.1+7.3M R Naming task+ Namingtask+ rTMS 1 90% of the rMT, 1,200 IFG-R 20min x 5d/w x 2w @ 3M
Wang, 2014 E:61.3+13.2 E:16.8+64M S-rTMS pulses
Po-Yi Tsai, MRI NR 56 (23/33) C:62.8+14.5 C:18.3+82M R SLT +S-rTMS SLT +rTMS 1 90% of the rMT, 1,200 IFG-R 10 min X 5d/w x 2w @ 3M
2014 E:62.3+12.1 E:17.8+72M pulses
Eman M. NR ASRS 30 (10/20) C:57.4+9.6 C:4.0£2.6 W R SLT +S-rTMS SLT +rTMS 1/20 110% of the rMT, 1,000 right and left 5d/wx2w HSS land2M
Khedr, 2014 E:61.0+9.8 E:5.8+4.08W pulses Broca
Caroline H.S, MRI NR 12 (6/6) specific age specific course of R S-rTMS rTMS 1 90% of the rMT, 1,200 BA 45 20 min x 5d/w x 2w 2,8,and 12M
2013 information disease for each pulses
for each patient
Ppatient
(Continued)
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= 3.8 Meta-analysis
S, E ER-
x5 $20 2
% s ‘% A A ig:“ ;j § g A total of 12 studies were excluded from this meta-analysis due to
= s G 5 g2 the following reasons. Specifically, the outcomes of two studies (71,
g g E* f:%" _55) % 73) were shown as bar graphs, and two (66, 74) were presented as line
S § ° ? E “g g charts rather than specific values. Individual outcome indicators in
g -g ;E> ; g g four studies (56, 58, 67, 74) could not be integrated with other studies.
= 2 = E i Zheng’s (77) date was unacquirable. Data in three studies (62-64) of
E£E2 Zhu was described by Median and quartile which could not
< 3 ii g ;; be counted. Finally, a total of 35 studies were included.
8 § 5 =g8:
3 s E EEgE
= _ Eame R Aphasia quotient
S Rt
A ER- ; %%’ } Fifteen studies (23, 36-38, 41,42, 44,46, 51, 52, 57, 59, 61, 65, 75)
.g - g 8 ;:,: gz involving 960 patients assessed aphasia quotient (AQ) in patients
5 @ '% § z 2* % after rTMS stimulation. The random-effects model was utilized due
E - ‘E é‘% i"é to significant heterogeneity across the studies (I’=78%). Global
s § gz g § 5-« language ability of the rTMS-treated group exhibited a substantial
o > § ) %"E E E improvement in comparison to the control group [p<0.00001]
E a & %;1 E = g 2 g (Figure 1). Subgroup analysis was conducted according to the stroke
g % ;2 5] = § g g g stages of patients after removing a study (50) with unidentified stroke
- il e g g 5 {'é ; duration and another study (75) that patients were in the sequelae
g - - g % é § & stage. The random-effects model was employed for the following
52 EE 8 studies: three studies (37, 41, 44) with patients in the acute phase
Ef 443 [SMD=1.41,95% CI (0.91, 1.91), p<0.00001, *=78%)] and 11 studies
%; ; E i3 (23,36, 38,42, 46, 51, 52, 57, 59, 61, 65) with patients in the recovery
c ; ; 2 E : ; “g stage [p <0.00001, =77%] (Figure 2). Upon conducting sensitivity
2 % % ;E §. E gb § analysis, the removal of two studies (36, 57) from the subgroup of
qz’ —é =% A % recovery, the following outcomes were observed: 9 studies (23, 38, 42,
PEJ § go g é % 46, 51, 52, 59, 61, 65) of recovery subgroup [p<0.00001, I*=0%]
£ g2 s f —?g," (Figure 3). The findings suggest that rTMS has the potential to
g g ; —;E: ; é § enhance the overall language abilities of stroke patients during both
5 s % 2 2 2 acute and recovery phases.
5 28558
5 = 3230
= EEERE Repetition
. oo == 3BT )
a; 225 E %%2 g 5 Twenty-two studies (23, 36-39, 4144, 46, 48-52, 55, 59, 61, 65,
2 23 2% 58 £ 3 68, 69, 75) involving 1,228 patients assessed repetition ability in
O oo o HE g g % ;* Ea patients after rTMS treatment. The random-effects model was utilized
TTN 3 E ;? é c‘}: due to significant heterogeneity across the studies (IP=85%).
g = 5 R I 8 £ g2 Repetition ability of rTMS-treated group exhibited a substantial
g g g8 -S ?é 5‘5 és improvement in comparison to the control group [p<0.00001]
v °ReE zg g Eg (Figure 4). Subgroup analysis was conducted according to the stroke
- £ E 2 5=
i3] _ _ Tz EsE stages of patients after removing a study (50) with unidentified stroke
g 3 s £ :‘éa £ duration. The random-effects model was employed for the following
g = . ET g & ';g 3 studies: four studies (37, 41, 44, 59) with patients in the acute stage
© g g % g %9: [p<0.00001, I’=84%)]. The fixed-effects model was employed for the
9 _rg ® & & g é g fvj following studies: 14 studies (23, 36, 38, 39, 42, 43, 46, 48, 49, 51, 52,
é % g ge ‘:; = 2" g 55, 61, 65) with patients in the recovery stage [p <0.00001, I*=41%]
,.. 8‘8’ ® g g é % g and three studies (68, 69, 75) with patients in the sequelae stage
g [a) g B g g g é’; g [p=0.005, P=0%] (Figure 5). These findings suggest that rTMS
£ 2 Z ,: SEE ﬁ; enhance repetition abilities in patients across various stages of stroke
S g - g‘ g %’ ‘:__,f é recovery. Notably, beyond immediate benefits, rTMS appears to exert
- Eﬁ % %” 50 éﬁ z medium- to long-term effects on language improvement. For
= T g % = g ;@ P E z individuals with NFA post-stroke, the positive effects of rTMS on
= = S|2RIG5E 556 speech enhancement persisted for up to 12 months (66).
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rTMS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bai GT, 2022 5262 2502 30 37.46 2051 28 7.2% 0.65(0.12,1.18)
Cao HY, 2023 19.77 484 30 88 255 30 B1% 2.80[2.07,3.52) —
ChangL, 2018 77.2 8.6 63 645 71 63 7.9% 1.60[1.20, 2.00] I
FanYN, 2016 759 8.1 58 634 6.2 58 T.7% 1.72[1.29,2.15) —
Guo CH, 2016 61.78 11.45 20 5442 1113 20 B6% 0.64 [0.00,1.28)
Haghighi M, 2018 50.27 28.37 6 393 1814 6 4.0% 0.43[-0.73,1.58] ]
LiwWT, 2021 76.38 18.34 60 60.31 16.22 60  8.0% 0.92 [0.55, 1.30] S
Liu 54,2023 63.27 918 46 5468 897 46 77% 0.94[0.51,1.37] -
Qiu LF, 2020 55.65 5.57 19 4666 11.71 19  6.3% 0.96 [0.28, 1.64) I —
QuYZ, 2020 53.05 1875 20 43.04 1013 20 6.6% 0.65(0.01,1.29) —
ShenY, 2016 63.66 13.64 20 4531 1412 20 6.3% 1.30[0.61, 1.98) I
Tae Hee Yoon, 2015 6014 21.37 10 59.32 21.49 10 53% 0.04 [-0.84,0891) I
Xu DM, 2022 235 24 30 183 1 30 65% 2.25[1.60,2.91) —
Zhang Y, 2019 6518 16.22 16 53.92 1399 16 B.1% 0.72[0.01,1.44)
Zhou HY, 2021 66.27 15.34 53 52.83 12.07 53 7.9% 0.97 [0.56, 1.37] - &
Total (95% Cl) 481 479 100.0% 1.13[0.82, 1.44] -
Heterogeneity: Tau®= 0.28; Chi®= 63.34, df= 14 (P < 0.00001); = 78% + ) 0 1 )
Test for overall effect: Z=7.17 (P < 0.00001) Favors Control Favors rTMS
FIGURE 1
Aphasia quotient after rTMS.
rTMS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup __Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.4.1 acute stage
ChangL, 2018 77.2 8.6 63 645 71 63 8.4% 1.60 [1.20, 2.00) I
Fan YN, 2016 759 8.1 58 634 6.2 58 8.2% 1.72[1.29,2.15] -
LiWT, 2021 76.38 18.34 60 60.31 16.22 60 85% 0.92[0.55,1.30] ——
Subtotal (95% Cl) 181 181 25.1% 1.41[0.91, 1.91] N
Heterogeneity: Tau®= 0.15; Chi*= 9.26, df= 2 (P=0.010); F=78%
Test for overall effect: Z=5.52 (P < 0.00001)
2.4.2 recovery stage
Bai GT, 2022 52,62 25.02 30 37.46 2051 28 76% 065([0.12,1.18] —
Cao HY, 2023 19.77  4.84 30 88 255 30 6.3% 2.80[2.07,3.52] —
Guo CH, 2016 61.78 11.45 20 54.42 1113 20 6.9% 0.64 [0.00,1.28] —
Haghighi M, 2018 50.27 28.37 6 393 18.14 6 41% 0.43[-0.73,1.58] -1 =
Liu 54,2023 63.27 918 46 5468 897 46  8.2% 0.94 [0.51,1.37) -
Qiu LF, 2020 5565 5.57 19 46.66 11.71 19  B6.7% 0.96 [0.28, 1.64] —
QuYZ, 2020 53.05 1875 20 43.04 1013 20 6.9% 0.65[0.01,1.29)
ShenY, 2016 63.66 13.64 20 4531 1412 20 6.6% 1.30[0.61,1.98] I
¥u DM, 2022 235 24 30 193 1 30 6.8% 2.25[1.60, 2.91] —
Zhang Y, 2019 65.18 16.22 16 53.92 13.99 16 6.4% 0.72[0.01,1.44] —
Zhou HY, 2021 66.27 15.34 53 52.83 1207 53 84% 0.97 [0.56,1.37] e
Subtotal (95% Cl) 290 288 74.9% 1.12[0.74, 1.51] -
Heterogeneity: Tau®= 0.32; Chi*= 43.46, df=10 (P < 0.00001); F=77%
Test for overall effect: Z=5.70 (P < 0.00001)
Total (95% ClI) 471 469 100.0% 1.19[0.89, 1.50] -
Heterogeneity: Tau®= 0.25; Chi*= 56.86, df= 13 (P < 0.00001); F=77% ) 1 ) 3 )
Test for overall effect: Z= 7.60 (P < 0.00001)
Testfor subaroun differences: Chi*=0.78. df=1 (P=0.38). F=0% FRNRE L FRram Fies
FIGURE 2
Aphasia quotient after rTMS subgroup analysis according to different stroke stages

Naming

Twenty-two (23, 36-38, 41-44, 46, 48-52, 55, 59-61, 65, 68, 69,
75) studies involving 1,229 patients evaluated naming ability in

patients after rTMS. The random-effects model was utilized due to

significant heterogeneity across the studies (I =86%). Naming ability

of the rTMS-treated group exhibited a substantial improvement in

comparison to the control group [p <0.00001] (Figure 6). Subgroup

analysis was conducted according to the stroke stages of patients after

Frontiers in Neurology

removing a study (50) with unidentified stroke duration. The random-

effects model was employed for the following studies: four studies (37,
41, 44, 59) with patients in the acute stage [p <0.00001, I* =83%]. The
fixed-effects model was employed for the following studies: 14 studies
(23, 36, 38,42, 43, 46,48,49, 51, 52, 55, 59, 61, 65) with patients in the
recovery stage of [p <0.00001, I* =1%] and three studies (68, 69, 75)
with patients in the sequelae stage [p =0.0003, I* =0%)] (Figure 7).
Naming is among the most challenging functions for stroke patients

with NFA to regain. The restoration of naming capabilities necessitates
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rTMS Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD_Total Mean SD_Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Bai GT, 2022 52.62 25.02 30 37.46 2051 28 13.2% 0.65(0.12,1.18]
Guo CH, 2016 61.78 11.45 20 54.42 1113 20 9.1% 0.64 [0.00,1.28]
Haghighi M, 2018 50.27 28.37 6 393 1814 6 28% 0.43[-0.73,1.58)
Liu 8J,2023 63.27 918 46 5468 897 46 19.9% 0.94 [0.51,1.37] _—
Qiu LF, 2020 5565 557 19 46.66 11.71 19 81% 0.96 [0.28, 1.64]
QuYZ, 2020 53.05 18.75 20 43.04 1013 200 9.1% 0.65(0.01,1.29] = =
Ren CL, 2018 63.66 13.64 20 4531 1412 20 7.8% 1.30[0.61,1.98]
Zhang Y, 2019 6518 16.22 16 53.92 13.99 16 7.2% 0.72[0.01,1.44] — =
Zhou HY, 2021 66.27 15.34 53 52.83 1207 53 22.8% 0.97 [0.56,1.37] i
Total (95% Cl) 230 228 100.0% 0.85[0.66, 1.05] L 4
Heterogeneity: Chi*= 4.17, df= 8 (P = 0.84); F= 0% Y g 5 3 ¥
Test for overall effect: Z=8.69 (P < 0.00001) Favors Control Favors ITMS
FIGURE 3
Aphasia quotient of stroke patients in the recovery stage (sensitivity analysis)
rTMsS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD _Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bai GT, 2022 556 3.04 28 397 291 30 49% 0.53 [0.00,1.08)
Cao HY, 2023 203 116 30 08 033 30 48% 1.42[0.85,1.99) = =
Chang L, 2018 9 13 63 71 1.2 63  52% 1.51[1.11,1.91] -
Chen'Y, 2020 24 2 14 19 9 15 4.3% 0.73[-0.02,1.49]
FanYN, 2016 89 13 58 7011 58 51% 1.57[1.15,1.99]
Guo CH, 2016 576 157 20 518 153 20 46% 0.37 [-0.26, 0.99] ]
Haghighi M, 2018 467 3.98 6 258 388 6 3.3% 0.49 [-0.67, 1.65]
Jiang XC,2023 13314 271 22 8935 21.96 23 45% 1.75[1.05, 2.44] —*
LiwwT, 2021 831 072 60 763 143 60 5.2% 0.60 [0.23, 0.96] -
Lin BF, 2022 798 273 16 557 322 17 4.4% 0.79 [0.07,1.50]
Lin BF, 2023 769 289 17 573 326 16 4.5% 0.62 [-0.08,1.32] b
Liu 54,2023 69.71 148 46 6035 13.09 46  51% 0.66 [0.24,1.08]
Pan LS, 2019 715 198 20 573 198 22 46% 0.70[0.08,1.33] = =
QiaoY, 2019 715 1.49 20 627 123 22 4.7% 0.63 [0.01,1.26]
Qin @, 2020 8405 1.3 38 7554 114 38 3.2% 6.86 [5.65, 8.07) »
Qiu LF, 2020 63.27 158 17 5311 22.26 19 45% 0.51 [-0.16,1.18] I
Qu YZ, 2020 53.25 2494 20 4095 13.16 20 46% 0.60 [-0.03,1.24]
ShenY, 2016 8265 1514 20 5585 21.64 20 45% 1.41[0.71,2.11) - =
Tae Hee Yoon, 2015 68.8 2047 10 596 2343 10 4.0% 0.40[-0.49,1.29] N
Wang JR, 2018 72 2374 15 5267 27 15 4.3% 0.74 [-0.00,1.48]
Zhang Y, 2019 8391 182 16 7443 21.03 16 4.5% 0.47[-0.23,1.17] 7
Zhou HY, 2021 84.85 1831 53 75.54 2214 53 52% 0.45[0.07,0.84] -
Total (95% Cl) 609 619 100.0% 1.01[0.68, 1.34] -
Heterogeneity: Tau? = 0.51; Chi*= 144.55, df= 21 (P < 0.00001); #= 85% L) g : 3 ¥
Test for overall effect: Z=6.00 (P < 0.00001) Favors Control Favors rTMS
FIGURE 4
Repetition capability after rTMS.

the involvement of extensive neural networks, and rTMS has been
shown to facilitate the recovery of these abilities across various stages
of stroke, primarily by enhancing the connectivity among pertinent
brain areas (65).

Spontaneous language

Seventeen studies (4, 23, 36-38, 41, 42, 44, 46, 48, 50-52, 55, 59,
61, 65) involving 1,046 patients assessed spontaneous language ability
in patients after rTMS stimulation. The random-effects model was
utilized due to significant heterogeneity across the studies (I’ =67%).
Spontaneous language ability of the rTMS-treated group exhibited a
substantial improvement in comparison to the control group
[p<0.00001] (Figure 8). Subgroup analysis was conducted according
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to the stroke stages of patients after removing a study (50) with
unidentified stroke duration and another study (75) that patients
were in the sequelae stage. The random-effects model was employed
for the following studies: four studies (37, 41, 44, 59) with patients in
the acute stage [p <0.00001, I?=64%]. The fixed-effects model was
utilized for the following studies: 11 studies (23, 36, 38, 42, 46, 48, 51,
52,55, 61, 65) with patients in the recovery stage [p <0.00001, I*=0%]
(Figure 9). These results suggested that rTMS ameliorated
spontaneous language capability in patients in acute and recovery
stages. Acupuncture therapy constitutes a significant component of
complementary and alternative medicine, which has potential
therapeutic effects in the treatment of PSA (81). The combined
therapeutic application of acupuncture and rTMS on NFA has
demonstrated a markedly superior efficacy compared to
monotherapy. Specifically, the overall effectiveness of combining 1 Hz
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rTMS Control

Study or Subgrou Mean SD _Total Mean SD _Total Weight

Std. Mean Difference

IV, Fixed, 95% CI

Std. Mean Difference
IV, Fixed, 95% CI

2.3.1 acute stage

ChangL, 2018 9 1.3 63 71 1.2 63  9.5%
Fan¥YN, 2016 8.9 1.3 58 7 1.1 58 B.E6%
LiWT, 2021 831 072 60 763 1.43 60 11.2%
ZhangY, 2019 8391 182 16 7443 21.03 16 3.0%
Subtotal (95% Cl) 197 197 32.3%
Heterogeneity: Chi*=19.22, df= 3 (P = 0.0002); F=84%

Test for overall effect: Z=10.11 (P < 0.00001)

2.3.2 recovery stage

Bai GT, 2022 556 3.04 28 397 29 30 54%
Cao HY, 2023 203 1186 30 08 033 30 46%
ChenY, 2020 24 2 14 19 9 15  2.6%
Guo CH, 2016 576 1.57 20 518 1.3 20 3.8%
Haghighi M, 2018 467 398 6 258 388 6 1.1%
Jiang XC,2023 13314 271 22 8935 21.96 23 31%
Liu 54,2023 69.71 148 46 60.35 13.09 46 B.5%
PanL$, 2019 715 1.98 20 573 1.98 22 38%
QiaoY, 2019 715 1.49 20 627 1.23 22 39%
Qiu LF, 2020 63.27 158 17 5311 22.26 19 3.4%
QuYZ, 2020 53.25 24.94 20 4095 1316 20 37%
ShenY, 2016 8265 1514 20 5585 21.64 20 31%
Wang JR, 2018 72 2374 15 5267 27 15  2.7%
Zhou HY, 2021 8485 1831 53 7554 2214 53 10.1%
Subtotal (95% Cl) 331 341 59.8%
Heterogeneity: Chi*=22.22, df=13 (P =0.05); F=41%

Test for overall effect: Z=9.18 (P < 0.00001)

2.3.3 sequelae stage

Lin BF, 2022 798 273 16 587 322 17 3.0%
Lin BF, 2023 769 289 17 573 326 16 3.0%
Tae Hee Yoon, 2015 68.8 2047 10 596 2343 10  1.9%
Subtotal (95% Cl) 43 43 7.9%
Heterogeneity: Chi*=0.44, df=2 (P=0.80); F=0%

Test for overall effect: Z= 2.84 (P = 0.005)

Total (95% Cl) 571 581 100.0%

Heterogeneity: Chi®= 50.32, df= 20 (P = 0.0002); = 60%
Test for overall effect: Z=13.64 (P < 0.00001)
Test for subaroun differences: Chi*=8.44. df=2(P=001. F=76.3%

FIGURE 5

151 [1.11,1.91]
157 [1.15,1.99]
0.60[0.23, 0.96]
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Repetition capability after rTMS subgroup analysis according to different stroke stages.
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Testfor overall effect: Z=6.15 (P < 0.00001)

FIGURE 6
Naming capability after rTMS.

Favors Control Favors rTMS

rTMs Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Bai GT, 2022 496 249 28 339 247 30 49% 0.66[0.13,1.19] — &
Cao HY, 2023 1.23 054 30 068 019 30 49% 1.34 [0.78, 1.90]
Chang L, 2018 8.4 23 63 6.8 22 63 53% 0.71[0.35,1.07] —
Fan YN, 2016 8.3 2 58 6.7 1.9 58 52% 0.81[0.44,1.19] —
Guo CH, 2016 582 1.53 20 524 157 20 47% 0.37 [-0.26, 0.99] T
Haghighi M, 2018 45 422 6 333 409 6 35% 0.26 [-0.88, 1.40] ]
Jiang XC,2023 90.86 33.11 22 51 27.84 23 47% 1.28[0.64,1.93]
LiWT, 2021 538 063 60 431 053 60 5.2% 1.83[1.40,2.25) -
Lin BF, 2022 7.49 35 16 465 3.02 17 45% 0.85[0.13,1.57]
Lin BF, 2023 7.28 35 17 476 3.09 16 4.5% 0.74[0.03, 1.45)
Liu 54,2023 59.65 13.26 46 46.95 13.08 46  51% 0.96 [0.52,1.39] I
PanLS, 2019 1285 3.23 20 1041 325 22 4A7% 0.74[0.11,1.37) _—
QiaoY, 2019 1233 243 20 1064 282 22 47% 0.63[0.01,1.25)
Qin @, 2020 7674  1.82 38 5486 1.01 38 15%  1471[12.27,17.16) ’
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FIGURE 7

Naming capability after rTMS subgroup analysis according to different stroke stages.
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Spontaneous language capability after rTMS subgroup analysis according to different stroke stages.

rTMS with acupuncture for NFA reached 96.66%, strongly associated
with enhanced blood flow velocity and perfusion in the left middle
cerebral artery (MCA) (44). Interaction between various acupuncture
techniques and rTMS frequencies in producing distinct clinical
outcomes warrants further investigation.

BDNF

Two studies (43, 65) involving 103 patients assessed the
concentration of brain-derived neurotrophic factor (BDNF)
within patients. The fixed-effects model was utilized due to low
heterogeneity across the studies (I?’=0%). The rTMS-treated
group exhibited a substantial enhancement in serum BDNF
concentration in comparison to the control group [p <0.00001]
(Figure 10). The findings indicated that rTMS has the potential to
elevate the concentration of BDNF in the serum of stroke patients.

Mood

Two studies (48, 49) involving 84 patients used the Hamilton
Depression Scale (HAMD) to evaluate the effects of rTMS on mood
in stroke patients. The fixed-effects model was utilized due to low
heterogeneity across the studies (I’=0%). The HAMD score of
rTMS group was notably lower in comparison to the control group
[p=0.0005] (Figure 11). The findings indicated that rTMS had
potential to ameliorate the depression of these patients.
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Discussion

Numerous research groups, including those led by Naeser,
Hamilton, Heiss, and Thiel, have showcased the effectiveness of rTMS
in the treatment of PSA through significant studies. Despite their
contributions, these studies were excluded from the review for various
reasons. Hamilton’s research indicated that rTMS offers sustained
enhancements in picture naming and fluency in patients with
NFA. However, limitations included the absence of a control group in
one study (82) and crossover of sham group participants to actual
r'TMS treatment in another (71). Heiss and Thiel observed a delayed
beneficial impact of LE-rTMS on the right pars triangularis (R IFG pr)
in enhancing naming ability in subacute PSA patients, yet these
individuals were not suffering from NFA (83-87). The Naeser team
reported improvements in Phrase Length and picture naming on the
BNT following the suppression of the posterior R IFG pr through the
application of LE-rTMS in NFA patients. Nevertheless, the exclusion
was due to the absence of control groups not comprised of stroke
patients, rendering it impossible to extract and cross-reference
assessment data (88-93).

The present study aimed to provide an updated overview of the
current evidence about the efficacy of rTMS in treating NFA. Firstly,
this review found that rTMS could improve NFA in stroke patients,
evidenced by increased aphasia quotient (AQ) scores in the rTMS
group. AQ is an indicator of aphasia severity and serves as a metric for
assessing aphasia improvement (94). Subgroup analysis revealed that
r'TMS significantly enhanced repetition and naming abilities in stroke
patients at various stages. Additionally, spontaneous language
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FIGURE 11
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improvement was noted in both acute and recovery phase patients,
although the effects in the sequelae stage require further investigation.
In our pursuit to examine studies focusing on the impact of rTMS on
language skills, we discovered that several of these studies provided
valuable insights beyond our initial scope. Interestingly, this exploration
led us to understand that depression alleviation and the increase of
BDNF may also benefit from rTMS. Admittedly, these findings are only
based on 2 studies (each), and further research is necessary.

Stroke damages brain regions responsible for language expression
and auditory comprehension, leading to aphasia, which in turn
worsens functional outcomes (95). Aphasia improvement is linked to
the rebalancing of activity between the perilesional ipsilateral and
contralateral hemispheres, making rTMS a promising method for
promoting language recovery (5, 96). The meta-analysis primarily
focused on single-site and LF-rTMS stimulation, uncovering a notable
association between the activation level of the IFG-R and patients’
fluency (97). Lefaucheur et al. (16) proposed Level B evidence
supporting the utilization of LF-rTMS on the IFG-R in patients
suffering from NFA, especially when combined with SLT. Both
HF-rTMS and LF-rTMS applied to one hemisphere, have
demonstrated effectiveness in treating NFA (13). HF-rTMS enhances
cerebral cortex excitability and revives bilateral cerebral hemisphere
function by stimulating local neurons in the language center (98).
However, HF-rTMS can cause intracranial hemorrhage and epilepsy,
leading to its limited use in clinical and research settings. In one study
(67), bilateral hemispheric stimulation (LF-rTMS applied to the right
unaffected Broca’s area and HF-rTMS targeting the left affected Broca’s
area) led to significant language function improvements, including
repetition, naming, word comprehension, and fluency. These
improvements were observed immediately after treatment and lasted
for 2months. Similarly, Vuksanovi¢ et al. (99) observed that the
integration of cTBS applied to the right hemisphere with iTBS
targeting the left, followed by 45min of SLT, improved various
language functions.
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Aphasia, a neural network disorder, involves changes in the brain’s
functional connections. The reinstatement of the language network
structure and function is crucial for restoring language abilities in
individuals with aphasia (100). Regional homogeneity (Reho) analysis
revealed that in aphasia patients, the activation of the IFG-L and left
cuneiform lobe was lower compared to normal subjects, and there was
a reduction in the functional connection between the left medial
temporal gyrus (MTG-L) and superior temporal gyrus (STG-L) (101).
r'TMS has been demonstrated to enhance the functional connections
between the bilateral frontal lobes and the left temporal lobe (35). Lin
etal. (69) investigated the relationship between functional connectivity
in language-related regions and language performance. The LE-rTMS
group demonstrated significant functional connectivity remodeling,
which fostered positive changes in brain plasticity. This aligns with the
theory of improving the “Inter-hemispheric competition pattern”
(102). Therefore, imaging analysis holds a crucial role in
comprehensively assessing disruption and remodeling of the language
network following a stroke.

Regarding the risk of bias, Egger’s test results indicated that
publication bias was not significant in the language domains such as
repetition and overall language proficiency (p>0.1). However, there was
a significant presence of bias in naming and spontaneous speech
categories (p<0.1). Of the seven domains assessed by RevMan 5.4, the
domain of random sequence generation exhibited the highest risk of bias.

The review also indicated that rTMS can enhance linguistic
functions by increasing serum BDNF levels. BDNF the most
abundant neurotrophin in the cerebrum and predominantly found
in the forebrain, is closely associated with cognitive and language
functions. It plays a crucial role in facilitating the neuroplasticity
process in PSA patients (65). LE-rTMS (43) and iTBS (65) have
been shown to elevate BDNF levels in the peripheral serum of the
rTMS group, reflecting changes in brain BDNF concentration. Post-
stroke depression (PSD) affects 30-60% of stroke survivors (103),
which also relates to the language performance of stroke patients
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(10). Recognized as an effective treatment for depression, rTMS is
supported by level A evidence (16). The meta-analysis demonstrated
that both LF-rTMS and HF-rTMS significantly reduced depression
scores and improved mood in the meta-analysis. Our findings
indicate that lower HAMD scores correlate with better linguistic
function performance. In conclusion, notable improvements in
mood or serum BDNF from rTMS in NFA patients positively
influence linguistic functions.

Limitations and future directions

Recognition of numerous constraints is essential in this systematic
review. Firstly, the high proportion of Chinese literature may cause some
publication bias. Secondly, clinical and methodological heterogeneity
among the included literature may influence overall results, including the
age of patients and varied rTMS treatment regimens. Thirdly, owing to
restrictions on article length, only some meta-analysis findings were
reported. In the future, we can discuss the therapeutic effects of different
dosages of rTMS and different rTMS approaches, and design accurate
r'TMS parameters according to aphasia types, combined with functional
imaging technology to further explore the related mechanisms.

Conclusion

Collectively, the reviewed literature provides compelling support
for the utilization of rTMS as a viable non-pharmacological
intervention aiding in the recovery of non-fluent aphasia post-stroke,
including the ability of repetition, naming, and spontaneous language
which may be accompanied by the improvement of serum BDNF and
alleviation in depression in patients.
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