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Abstract

Aims/Background: Transcranial direct current stimulation (tDCS) is a promising intervention for post-stroke dysphagia (PSD). How-
ever, no consensus has been reached regarding the optimal stimulation parameters. This study aimed to identify the optimal tDCS
stimulation protocol for patients with PSD. Methods: Following Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines, we systematically searched seven databases (Web of Science, PubMed, Embase, Cochrane Library, WanFang,
CNKI, and VIP) for relevant trials, covering the period from database inception to 1 January 2025. Statistical analyses were performed
with Review Manager 5.40, with the choice of fixed- or random-effects model guided by F values. Results: Overall, tDCS significantly
improved swallowing function compared with control conditions for both outcome measures in which higher scores indicate better swal-
lowing function (standardized mean difference (SMD) = 1.16, p < 0.001) and those in which lower scores indicate better swallowing
function (SMD = —0.85, p < 0.001). In the subgroup analysis by stimulation intensity, 1.4 mA yielded the largest point estimate among
positive-direction outcomes (SMD = 1.91, p = 0.04), whereas 1.8 mA yielded the largest effect estimate among negative-direction out-
comes (SMD =-0.82, p=0.04). Both single-session tDCS lasting 20 minutes and 30 minutes significantly improved swallowing function
in patients with PSD (positive outcome indicators, 20 min: SMD = 1.18, p <0.001; 30 min: SMD = 1.28, p =0.02, subgroup difference: p
=0.86; negative outcome indicators, 20 min: SMD =-0.69, p < 0.001; 30 min, SMD =-0.70, p = 0.005, subgroup difference, p = 0.89).
However, prolonging single-session duration to 30 minutes did not confer superior therapeutic efficacy relative to 20 minutes. tDCS
was effective for both supratentorial and infratentorial lesions (positive outcome indicators, SMD = 1.57, p < 0.001; negative outcome
indicators, SMD = —0.73, p < 0.001). Compared with the control group, swallowing function was improved in acute, sub-acute and
chronic stroke patients treated with tDCS intervention (positive outcome indicators, Acute: SMD = 1.17, p <0.0001; Subacute: SMD =
1.72, p <0.0001; Chronic: SMD = 0.59, p = 0.0004; negative outcome indicators, Acute: SMD =—0.78, p < 0.0001; Sub-acute: SMD =
—0.91, p =0.0001; Chronic: SMD =-0.77, p = 0.001). tDCS significantly improved swallowing function in patients with pseudobulbar
palsy (SMD =-0.86, p = 0.001), whereas it showed no obvious therapeutic effect on patients with bulbar palsy (SMD =-0.48, p = 0.07).
Conclusion: tDCS yields favorable effects on swallowing function in patients with PSD when administered to the lesional hemisphere,
the contralesional hemisphere, or bilaterally, and there are no differences in efficacy among the three stimulation modes. An intensity
of 1.8 mA represents a potential optimal “sweet spot”, suggesting that higher intensities (2.0 mA) do not necessarily translate to better
clinical outcomes. A 20-minute session duration is sufficient for therapeutic effect. Systematic Review Registration: PROSPERO
(CRDA42022344115).
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1. Introduction

Dysphagia is a common complication following
stroke, with post-stroke dysphagia (PSD) reported to affect
up to 64% of survivors [1,2]. PSD frequently causes malnu-
trition, aspiration pneumonia, electrolyte disturbances and
other adverse sequelae, which severely hinder rehabilita-
tion progress, lower patients’ quality of life, and may even
threaten survival [3,4,5,6]. Current clinical management
of PSD includes dietary modification [7], postural substi-
tution [8] and swallowing sensorimotor training [9,10,11],
all aimed at restoring swallowing function. However, these
interventions remain suboptimal, as some PSD patients still
suffer from severe dysphagia after conventional swallow-
ing rehabilitation [5]. Accordingly, more potent therapeutic
strategies are urgently required to further improve clinical
outcomes in patients with PSD.

Transcranial direct current stimulation (tDCS) is a
non-invasive neuromodulation technique that delivers a
weak direct current to the cerebral cortex, thereby altering
neuronal membrane potential: anodal stimulation increases
excitability while cathodal stimulation decreases it, allow-
ing targeted modulation of specific brain regions and their
functions. Numerous randomized controlled trials (RCTs)
have reported positive clinical effects of tDCS in patients
with PSD [12,13,14]. Our research team previously pub-
lished a meta-analysis in 2022 verifying that tDCS demon-
strates significant efficacy in improving swallowing func-
tion in individuals with PSD [15]. Nevertheless, clinical
application of tDCS requires the selection of stimulus in-
tensity, duration, site and frequency, and these parameters
vary across studies. For example, some investigators ap-
ply anodal tDCS to the lesioned hemisphere to enhance
excitability [16], others stimulate the contralesional hemi-
sphere [12,14], while others use bilateral stimulation [17].
Similarly, intensity and duration differ among trials [12,14],
yet most report beneficial effects on swallowing. No con-
sensus exists regarding the optimal tDCS parameters for
PSD. Our previous meta-analysis [15] attempted subgroup
comparisons of stimulus parameters, but the small number
of eligible RCTs precluded a comprehensive analysis.

Recently, several RCTs investigating tDCS for PSD
have been published. Accordingly, an updated meta-
analysis focusing on the optimal tDCS stimulation param-
eters for patients with PSD is warranted. This updated
study aims to identify the best tDCS stimulation protocol
for PSD, to analyze the efficacy differences of tDCS across
different stroke types and lesion locations, and to provide
evidence-based recommendations for the clinical applica-
tion of tDCS.

2. Methods

This study was designed and conducted in accordance
with the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines [18]. The
PRISMA Checklist is provided in Supplementary Mate-

rial. The systematic review was registered in the Interna-
tional Prospective Register of Systematic Reviews (PROS-
PERO) database (CRD42022344115, https://www.crd.york
.ac.uk/PROSPERO/view/CRD42022344115).

2.1 Search Strategy

Literature retrieval was carried out independently by
two investigators in seven databases: Web of Science (http
s://webofscience.com), PubMed (https://pubmed.ncbi.nlm.
nih.gov/), Embase (https://www.embase.com), Cochrane
Library (https://www.cochranelibrary.com), WanFang (ht
tps://www.wanfangdata.com.cn), CNKI (https://www.cnki
.net), and VIP (https://www.cqvip.com), covering the pe-
riod from database inception to 1 January 2025. The main
search terms comprised “transcranial direct current stim-
ulation”, “stroke”, and “dysphagia”; relevant subheadings
were identified through these terms to broaden the search
scope. Although the search strategy included broader non-
invasive brain stimulation-related terms to maximize the
comprehensiveness of the search, only studies investigating
transcranial direct current stimulation for post-stroke dys-
phagia were eligible for inclusion. Studies involving other
stimulation modalities, such as transcranial alternating cur-
rent stimulation or transcranial random noise stimulation,
were excluded during the screening process. The complete
search strategy developed for PubMed is provided in Table
1 for illustrative purposes.

2.2 Inclusion and Exclusion Criteria

Literature selection was conducted according to pre-
defined inclusion and exclusion criteria. Inclusion crite-
ria: (1) Adult patients with clinically or radiologically con-
firmed stroke who developed dysphagia, with the diagnosis
or severity of dysphagia assessed using Video-fluoroscopic
Swallowing Study (VFSS), Fiber-optic Endoscopic Evalu-
ation of Swallowing (FEES), Penetration—Aspiration Scale
(PAS), or other validated swallowing function assessment
tools; (2) Interventions consisting of tDCS plus conven-
tional swallowing therapy for the experimental group and
control group received conventional swallowing therapy
with or without sham tDCS; (3) Primary outcome: swal-
lowing function assessed before and after tDCS treatment
(any validated dysphagia scale or imaging result was ac-
ceptable); (4) Publications written in Chinese or English.

Exclusion criteria: (1) Animal experiments; (2) Dupli-
cate publications; (3) Full text unavailable; (4) Incomplete
data that could not be extracted; (5) Studies in which the
main intervention was a non-tDCS intervention; (6) Non-
randomized controlled trials; (7) Reviews, conference ab-
stracts, study protocols, editorials, and comments.

2.3 Literature Screening

All retrieved records were imported into EndNote
20 (Clarivate, Philadelphia, PA, USA), duplicate citations
were removed using the software’s “Find Duplicates” func-
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Table 1. Search strategy for PubMed database.

NO. Search items

Stroke [MESH]

2 (Stroke) OR (Cerebrovascular Accident) OR (Cerebral Stroke) OR (Stroke, Cerebral) OR (Cerebrovascular Apoplexy) OR (Apoplexy,
Cerebrovascular) OR (Vascular Accident, Brain) OR (Brain Vascular Accident) OR (Vascular Accidents, Brain) OR (Cerebrovascular
Stroke) OR (Stroke, Cerebrovascular) OR (Apoplexy) OR (CVA) OR (CVAs) OR (Cerebrovascular Accident) OR (Stroke, Acute) OR

(Acute Stroke) OR (Cerebrovascular Accident, Acute) OR (Acute Cerebrovascular Accident)
3 #1 OR #2
Deglutition Disorders [MESH]
5 (Deglutition Disorder) OR (Disorders, Deglutition) OR (Dysphagia) OR (Swallowing Disorder) OR (Oropharyngeal Dysphagia) OR
(Dysphagia, Oropharyngeal) OR (Esophageal Dysphagia) OR (Dysphagia, Esophageal)
#4 OR #5
Transcranial direct current stimulation [MESH]

8 (tDCS) OR (Anodal Stimulation Transcranial Direct Current Stimulation) OR (Anodal Stimulation tDCS) OR (Anodal Stimulation

tDCSs) OR (Stimulation tDCS, Anodal) OR (Stimulation tDCSs, Anodal) OR (tDCS, Anodal Stimulation) OR (tDCSs, Anodal

Stimulation) OR (Cathodal Stimulation Transcranial Direct Current Stimulation) OR (Cathodal Stimulation tDCS) OR (Cathodal

Stimulation tDCSs) OR (Stimulation tDCS, Cathodal) OR (Stimulation tDCSs, Cathodal) OR (tDCS, Cathodal Stimulation) OR
(tDCSs, Cathodal Stimulation) OR (Transcranial Alternating Current Stimulation) OR (Transcranial Random Noise Stimulation) OR
(Repetitive Transcranial Electrical Stimulation) OR (Transcranial Electrical Stimulation) OR (Electrical Stimulations, Transcranial)

OR (Electrical Stimulation, Transcranial) OR (Stimulations, Transcranial Electrical) OR (Stimulation, Transcranial Electrical) OR

(Transcranial Electrical Stimulations)

9

#7 OR #8

10 #3 AND #6 AND #9

#: Previous historical search result.
# OR #: Combine all literature from the two search sets.
# AND #: Retrieve the overlapping literature of the two searches.

tion. Reviewers manually verified that all duplicate records
had been accurately removed. Subsequently, two reviewers
independently screened titles and abstracts against the pre-
defined inclusion and exclusion criteria. For potentially el-
igible studies, both reviewers downloaded and read the full
texts, further excluding articles that did not meet the criteria,
and discussed their eligibility. Disagreements between the
two reviewers during screening were first resolved through
discussion to reach consensus. If consensus could not be
reached, the principal investigator was consulted for final
adjudication.

2.4 Data Extraction

Two reviewers independently extracted the follow-
ing information from each included study: first author,
year of publication, sample size, participant characteristics
(sex, age, stroke type, lesion location, disease duration, ad-
verse events, presence of true bulbar palsy or pseudobul-
bar palsy), intervention details (tDCS site, intensity, treat-
ment frequency, session number, stimulation time), and
outcome measures (swallowing assessment results). For
stroke phase stratification: we unified the internationally
accepted time thresholds: acute stroke <14 days, sub-acute
stroke 15-90 days, and chronic stroke >90 days [19]. When
data were unclear or incomplete, the reviewers attempted to
contact the original authors up to three times to obtain miss-
ing information. If no response was received after three
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attempts, the study was classified as having missing data.
Any disagreements during extraction were resolved through
discussion within a research panel that included the princi-
pal investigator.

2.5 Quality Assessment

Quality appraisal was performed independently by
two reviewers, with discrepancies resolved through discus-
sion to achieve consensus. Risk-of-bias evaluation was
conducted using the Cochrane Risk of Bias 1 (RoB 1) tool
(Review Manager 5.40, Cochrane Collaboration, Oxford,
UK) [20]. Results were plotted and color-coded: high risk
(red), unclear risk (yellow), and low risk (green). Publica-
tion bias was not formally assessed using funnel plots be-
cause fewer than 10 studies were available for most indi-
vidual outcomes.

In addition, separate pooled analyses were carried
out for Chinese- and English-language RCTs to examine
whether the study conclusions were influenced by publi-
cation language. For RCTs with a multi-arm parallel de-
sign included in this study—such as trials wherein multi-
ple intervention groups receiving distinct tDCS parameters
share a single sham stimulation/control group—multiple ef-
fect sizes derived from the same study are statistically non-
independent, as they draw on shared control group data. To
further verify that the pooled findings are not compromised
by potential bias inherent to multi-arm trials, we adopted
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the leave-one-out sensitivity analysis within the analytical
software: the primary analysis was rerun iteratively follow-
ing the sequential exclusion of each multi-arm trial [21]. If
the direction and statistical significance of the pooled ef-
fect size exhibited no substantive shifts following exclu-
sion, the overall results were deemed robust and free from
marked bias attributable to correlated effect sizes stemming
from multi-arm designs; such multi-arm trials were retained
for subsequent subgroup analyses. Conversely, trials fail-
ing this robustness check were excluded from further anal-
yses. All the above analytical procedures were conducted
using Review Manager 5.40 and required repeated manual
sequential operations.

The certainty of evidence for each outcome was evalu-
ated using the GRADE (Grading of Recommendations As-
sessment, Development and Evaluation) framework, which
examines limitations (risk of bias), inconsistency, indirect-
ness, imprecision, and publication bias. The certainty of
evidence was categorized as high, moderate, low, or very
low.

2.6 Data Analysis

Extracted data were entered into Review Manager
5.40 for statistical analysis. For meta-analysis, the appro-
priate effect model was selected according to heterogeneity:
random-effects model if I> >50%, fixed-effects model if
I?> <50%. For continuous outcomes, between-group differ-
ences based on post-treatment scores were analyzed. The
standardized mean difference (SMD) and corresponding
95% confidence intervals (Cls) were used to express the
overall effect size. The magnitude is reported as /2. I*
>75% indicates high heterogeneity; 50% < I*> <75% mod-
erate; 12 <50% low; and I? = 0% no heterogeneity [22]. All
statistical tests were two-sided, and a p value < 0.05 was
considered statistically significant. In addition, to rank the
therapeutic effects of different transcranial direct current
stimulation parameters (e.g., current intensity and electrode
configuration), we calculated the surface under the cumu-
lative ranking curve (SUCRA) values based on the effect
sizes obtained from the subgroup meta-analyses. The SU-
CRA values were used to provide an exploratory ranking of
the probability that each parameter was the most effective.
All SUCRA ranking analyses were performed using Stata
version 15.0 (StataCorp LLC, College Station, TX, USA).
It should be noted that this ranking method was exploratory
and did not constitute a formal network meta-analysis.

3. Results
3.1 Literature Search and Screening

The initial literature search retrieved a total of
682 citations. All records were imported into EndNote
20, and 197 duplicate entries were removed using the
software’s built-in duplicate identification function. Two
reviewers subsequently screened titles and abstracts
against the predefined eligibility criteria, excluding an

additional 389 irrelevant articles. Full-text manuscripts
were retrieved for the remaining 96 records and inde-
pendently evaluated by the same two reviewers, leading
to the exclusion of 69 publications: 15 reviews, 4 case
reports, 8 study protocols, 5 conference abstracts, 19
studies with ineligible interventions, 15 non-randomized
investigations, and 3 studies with insufficient data
(Fig. 1). Ultimately, 27 randomized controlled trials
[12,13,14,16,17,23,24,25,26,27,28,29,30,31,32,33,34,35,
36,37,38,39,40,41,42,43,44] met all inclusion criteria and
were included in the subsequent meta-analysis.

3.2 Characteristics of the Included Studies

The 27 randomized controlled trials enrolled a
total of 1333 participants, with individual study sam-
ples ranging from 14 to 150 subjects. Except for the
study by Sawan et al. (2020) [26], which did not re-
port the sex distribution of participants, the remaining
27 trials included a total of 750 male and 543 female
participants. Across all included studies, the absolute
ages of individual patients ranged from 42 to 88 years,
while the group mean ages summarized in Table 2 (Ref.
[12,13,14,16,17,23,24,25,26,27,28,29,30,31,32,33,34,35,
36,37,38,39,40,41,42,43,44]) ranged from approximately
50.3 to 79.7 years. Stroke lesion locations included
supratentorial and infratentorial regions, and disease
stages spanned the acute, sub-acute and chronic phases.
Outcome measures consisted of both positive and negative
indicators: higher scores on positive scales denoted better
swallowing function, whereas higher scores on negative
scales indicated worse function. For negative indicators,
five trials used the Water Swallowing Test (WST), four
used the Functional Dysphagia Scale (FDS), eight used
the Standard Swallowing Assessment (SSA), one used
the Eating Assessment Tool-10 (EAT-10), three used the
Fiberoptic Endoscopic Dysphagia Severity Scale (FEDSS),
one used the Patient’s Evaluation of Swallowing Outcome
(PESO), five used the Penetration—Aspiration Scale (PAS),
and one used the Dysphagia Severity Rating Scale (DSRS).
Positive indicators were assessed with the Functional Oral
Intake Scale (FOIS) in six trials, the Swallowing Severity
Scale (SSS) in one, the Bedside Swallowing Assessment
(BSA) in two, the Dysphagia Outcome and Severity Scale
(DOSY) in six, the Video-fluoroscopic Swallowing Study
(VFSS) in two, the Mann Assessment of Swallowing Abil-
ity (MASA) in one and the Modified Mann Assessment of
Swallowing Ability (MMASA) in seven (Table 2).

Stimulation parameters of transcranial direct current
stimulation (tDCS) varied across studies. Regarding
electrode placement, ten trials targeted the contralesional
hemisphere as the anodal site, another twelve targeted the
ipsilesional hemisphere, and six applied bilateral anodal
stimulation. Current intensities were distributed as follows:
1.0 mA in nine trials, 1.2 mA in two trials, 1.4 mA in
three trials, 1.5 mA in three trials, 1.6 mA in one trial,
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[ Identification of studies via databases and registers ]

Records removed before screening:
Duplicate records removed (n = 197)

Fig. 1. PRISMA flow diagram.

1.8 mA in one trial, 2.0 mA in eight trials, and variable
intensity of 1-2 mA in one trial. In addition, Chen et al.
(2022) [38] set the tDCS stimulation intensity according
to the patient’s tolerance. Regarding the single-session
duration, the duration was 20 min in twenty-one trials, 25
min in one trial, and 30 min in five trials (Table 3, Ref.
[12,13,14,16,17,23,24,25,26,27,28,29,30,31,32,33,34,35,
36,37,38,39,40,41,42,43,44)).

3.3 Quality Assessment of the Included Studies

We evaluated the risk of bias for each included RCT
with the Cochrane Risk-of-Bias tool (Review Manager
5.40). Six studies had unclear allocation concealment;
five studies had unclear blinding of participants and
personnel, and four had inadequate blinding; five studies
had unclear blinding of outcome assessment, and two
had inadequate blinding; in addition, eight studies had
unclear risk for other bias. Overall, most domains were
judged as having a low risk of bias, although allocation
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concealment was unclear in some studies and some studies
had a high risk related to blinding (Fig. 2 and Fig. 3, Ref.
[12,13,14,16,17,23,24,25,26,27,28,29,30,31,32,33,34,35,
36,37,38,39,40,41,42,43,44]). Publication bias was not
formally assessed because the number of studies available
for most individual outcomes was insufficient to support
reliable funnel plot interpretation.

GRADE evidence profiles were constructed for each
major outcome. Six instruments (EAT-10, PESO, DSRS,
VESS, BSA, and MASA) were downgraded one level for
serious imprecision because their pooled sample sizes were
all below 100. Additionally, the certainty of evidence
for the outcome SSA was downgraded by one level due
to substantial concerns related to risk of bias. As no
other GRADE domains were rated as having serious lim-
itations, these seven outcomes were classified as providing
moderate-certainty evidence (Table 4). The remaining eight
instruments (WST, FDS, FEDSS, PAS, FOIS, SSS, DOSS,
and MMASA) demonstrated no serious limitations across
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Table 2. Demographic characteristics of the included trials.

Study Sample Sex Age (years) Stroke stage/Lesion Disease Intervention  Outcome  Adverse events
size (n) (M/F) location/true bulbar duration method
palsy or pseudobulbar
palsy
Li (2022) [41] Gl:15 9/6 70.0 +10.91 Acute stroke 52+3.78d ST +tDCS DOSS None
G2:15 12/3 72.1£5.85 46+3.09d ST +tDCS SSA
G3:15 12/3  69.8+11.61 3.8+2.48d ST +tDCS
G4:15 8/7 66.6 £ 8.72 47+335d ST + sham
tDCS
Xu et al. (2024) [44] G1:20 11/9  68.87 £6.92 Chronic stroke 3.78+0.83m ST +tDCS SSA G1: headache
G2:20 8/12 69.76 £7.10 398+0.73m ST +tDCS FDS (1), burning (1),
G3:20 9/11 70.37 £7.23 4.18+0.81m ST + sham EAT-10  pruritus (1), rash
tDCS )
G2: headache
(1), burning (1),
pruritus (1)
G3: headache
(1), burning (1)
Duetal. (2020)[39] GI1:20  10/10  68.21 £1.63 Chronic stroke 358+1.24m ST +tDCS PAS NR
G2:20 9/11  72.17+£2.08 4.18€235m ST +tDCS WST
G3:20 12/8  69.11 £4.88 598+1.31m ST +tDCS SSA
Sun et al. (2022) [43] Gl1:14 7/7 62.86+9.28 Sub-acute stroke 6.64+274w ST +tDCS FEDSS None
G2:14 6/8 60.57 =£8.34 (infratentorial) 7.71+£234w ST+tDCS MMASA
G3:14 6/8 62.00 + 8.88 7.07+2.55w ST+ sham
tDCS
Chen and Wu (2022)  G1:50  24/26  62.86+8.87 Chronic stroke 98.12 £ ST +tDCS SSS NR
[38] G2:50  25/25 62.89+8.79 10.48 d ST+tDCS MMASA
G3:50 26/24 62.87+8.71 98.23 + ST + sham
10.54d tDCS
98.14 +
10.52d
Mao et al. (2022) G1:20 11/9 59.8+7.3 Chronic stroke 33£22m ST +tDCS FDS NR
[12] G2:20 8/12 61.3+8.0 (infratentorial) 36£25m ST
Farpour et al. (2023)  G1:22 13/9 65.32 + Acute/Sub-acute 4.09+397d ST +tDCS FOIS G1: pruritus (3)
[13] G2:22 10/12 16.34 stroke (supratentorial/ 4.50+3.96d ST + sham MASA G2: None
70.68 + infratentorial) tDCS
16.33
Sawan et al. (2020) G1:20 NR 53.30+5.04 Acute/Sub-acute NR ST +tDCS DOSS NR
[26] G2:20 50.30 £ 5.22 stroke ST + sham
tDCS
Yang et al. (2012) G1:9 6/3 70.44 + Sub-acute stroke 252+ 11.5d ST +tDCS FDS None
[29] G2:7 3/4 12.59 269+7.8d ST + sham
70.57 £ 8.46 tDCS
Wang et al. (2020) Gl:14 11/3 61.43 + Sub-acute stroke 66.79 + ST +tDCS FOIS NR
[28] G2:14 10/4 11.24 (infratentorial) 38.62d ST + sham FDS
62.00 + 67.50 = tDCS PESO
10.46 47.62d
Shigematsu et al. Gl1:10 7/3 66.9 + 6.3 Chronic stroke 129+78w ST +tDCS DOSS NR
(2013) [16] G2:10 7/3 64.7+8.9 (supratentorial/ 12.1+£9.0 w ST + sham
infratentorial) tDCS
Wang et al. (2023) G1:20 12/8 52.7+8.0 Sub-acute 50.65 + ST +tDCS SSA NR
[14] G2:20 9/11 51.65+£9.74 21.82d ST + sham PAS
5045+ tDCS
17.48d
6 &5 IMR Press
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Table 2. Continued.

Study Sample Sex Age (years) Stroke stage/Lesion Disease Intervention  Outcome  Adverse events
size (n) (M/F) location/true bulbar duration method
palsy or pseudobulbar
palsy
Suntrup-Krueger et G1:29 12/17 689+ 11.5 Acute stroke 116.3 +£98.9 ST +tDCS FEDSS None
al. (2018) [27] G2:30  13/17 67.2+14.5 h ST + sham DSRS
116.8 + 64.9 tDCS
h
Ahnetal. (2017)[23] Gl:13 9/4 61.62+ Chronic stroke 1227+4.92 ST +tDCS DOSS NR
G2:13 6/7 10.28 m ST + sham
66.38 £ 11.62 +4.56 tDCS
10.67 m
Pingue et al. (2018) G1:20 12/8 63.5 Sub-acute stroke NA ST +tDCS DOSS None
[17] G2:20 8/12 68.5 (supratentorial) ST + sham PAS
tDCS
Kumar et al. (2022) Gl:13 8/5 72 +13.3 Acute stroke 101.6 £ 32.5 ST +tDCS PAS None
[25] G2:14 3/11 68 +12.6 h ST +tDCS FOIS
G3:15 6/9 73+ 14.1 84.1+347h ST+ sham
93.5+388h tDCS
Kumar et al. (2011) Gl:7 3/4 79.7 Acute stroke 80.3h ST +tDCS DOSS None
[24] G2:7 4/3 70 96.71 h ST + sham
tDCS
Chen et al. (2019) G1:43  25/18 5431+7.80 Chronic stroke 322+0.58m ST+tDCS MMASA None
[30] G2:41  23/18 56.32+7.81 321+£0.67m ST+ sham WST
tDCS
He (2016) [31] G1:7 5/2 62.29 £ 11.5 Sub-acute stroke 1.03+£0.60m ST+tDCS MMASA None
G2:7 6/1 61.857+8.1 1.80£0.60m ST +tDCS WST
G3:8 5/3 60.25 + 18.6 1.99+1.66m ST+ sham
tDCS
Li et al. (2020) [32] G1:23 15/8  62.87+8.71 Sub-acute stroke 29.27 + ST +tDCS SSA None
G2:24 15/9  63.38+£8.41 (infratentorial) 20.22d ST + sham PAS
3442 + tDCS VESS
12.01d
Liuetal. (2020) [33] Gl1:25 14/11  55.82+3.74 Sub-acute stroke 2-12w ST +tDCS WST None
G2:25  15/10 54.92+3.82 ST + sham VFSS
tDCS
Wang et al. (2018) Gl:12 10/2 63.7+11.2 Sub-acute/Chronic 2-24w ST+tDCS MMASA None
[34] G2:12 9/3 64.1+10.7 stroke ST + sham
tDCS BSA
Wang et al. (2019) G1:20 13/7 64.8+7.2 Sub-acute stroke 5124+289d ST+tDCS MMASA None
[35] G2:20 15/5 60.8+11.2 (supratentorial) 479+21.6d ST+ sham FOIS
tDCS
Yang et al. (2020) G1:30 23/7 5493 +£9.80 Sub-acute stroke 40.63 £ ST +tDCS WST None
[36] G2:30 26/4  59.1+11.24 (supratentorial/ 16.18d ST + sham FOIS
G3:30 24/6 59.7+8.94 infratentorial) 37.20 tDCS SSA
G4:30 21/9  60.3+11.04 true bulbar palsy/ 13.58d ST +tDCS
pseudobulbar palsy 35.77 £9.65 ST + sham
d tDCS
39.00 =
12.50d
Yuan et al. (2015) Gl:15 14/1 60.7+11.5 Sub-acute stroke 57.7+£258d ST+tDCS MMASA None
[37] G2:15 13/2 574472 (infratentorial) 58.5+285d ST+ sham BSA
tDCS
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Table 2. Continued.

Study Sample Sex Age (years) Stroke stage/Lesion Disease Intervention  Outcome  Adverse events
size (n) (M/F) location/true bulbar duration method
palsy or pseudobulbar
palsy
Fu (2023) [40] Gl:15 10/5  58.20+7.93 Sub-acute stroke 20.20+£3.63 ST+ tDCS SSA None
G2:15 1174  60.80 £5.65 (supratentorial) d ST +tDCS FOIS
G3:15 10/5  61.60 £ 6.06 19.20£4.71 ST + sham
d tDCS
20.73 +3.52
d
Luoetal. (2021)[42] GI1:30 14/16 62.4+4.5 Sub-acute stroke 29.8+5.6d ST +tDCS SSA None
G2:30  13/17 60.1+59 272+82d ST +tDCS FEDSS
G3:30 16/14 623+72 29.8+9.7d ST + sham
tDCS

G1, group 1; G2, group 2; n, number; M, male; F, female; WST, Water Swallow Test; FDS, Functional Dysphagia Scale; SSA, Standardized Swal-
lowing Assessment; EAT-10, Eating Assessment Tool-10; FEDSS, Fiberoptic Endoscopic Dysphagia Severity Scale; PESO, Patient’s Evaluation
of Swallowing Outcome; PAS, Penetration-Aspiration Scale; FOIS, Functional Oral Intake Scale; SSS, Swallow Severity Scale; DOSS, Dysphagia
Outcome and Severity Scale; VFSS, Videofluoroscopic Swallowing Study; MASA, Mann Assessment of Swallowing Ability; MMASA, Modified
Mann Assessment of Swallowing Ability; BSA, Bedside Swallowing Assessment; DSRS, Dysphagia Severity Rating Scale; ST, Swallowing Train-
ing; NR, not reported. Where disease duration was not reported as a specific numerical value, stroke stage was determined according to the eligibility
criteria reported in the original study.

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)

77.8% -.6
Incomplete outcome data (attrition bias) 100%

Blinding of outcome assessment (detection bias)

Selective reporting (reporting bias) 100%
Other bias |k _

0% 25% 50% 75% 100%

. Low risk of bias |:| Unclear risk of bias . High risk of bias

Fig. 2. Risk of bias graph: review authors’ judgements about each risk of bias item presented as percentages across all included
studies.

any GRADE domains and were therefore graded as high-
certainty evidence.

41,43)). A significant benefit was also observed
for outcome measures in which lower scores in-
dicate better swallowing function (SMD = -—0.85,

3.4 Efficacy of tDCS for Post-Stroke Dysphagia 95% CI [-1.02, —0.67], p < 0.001; Fig. 5, Ref.

Meta-analysis of the positive outcome indicators
showed that tDCS significantly improved swallowing
function in patients with post-stroke dysphagia compared
with control conditions for outcome measures in which
higher scores indicate better swallowing function (SMD
= 1.16, 95% CI [0.90, 1.42], p < 0.001; Fig. 4, Ref.
[13,16,17,23,24,25,26,28,30,31,32,33,34,35,36,37,38,40,

[12,14,17,25,27,28,29,30,31,32,33,36,38,39,40,41,42,43,
447).

Additionally, we performed separate pooled anal-
yses of Chinese-language and English-language RCTs
stratified by publication language. The results showed
that when analyses were restricted to Chinese-language
or English-language studies alone, the pooled effect size
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Table 3. Parameters of the tDCS interventions included in trials.

Study

Electrode placement sites Intensity (mA)

Stimulation
time (min)

Treatment
schedule

Li (2022) [41]

Xu et al. (2024) [44]

Du et al. (2020) [39]

Sun et al. (2022) [43]

Chen and Wu (2022) [38]

Mao et al. (2022) [12]

Gl 1.5
Anode: the swallowing motor cortex of the affected
cerebral hemisphere
Cathode: the contralateral supra-orbital rim
G2
Anode: the swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: the contralateral supra-orbital rim
G3
Anode: the swallowing motor cortex of both the
unaffected and affected cerebral hemispheres
Cathode: the contralateral supra-orbital rim
G4
Stimulation site same as G3, sham tDCS
Gl 1.8
Anode: swallowing motor cortex of the affected cerebral
hemisphere
Cathode: Contralateral shoulder
G2
Anode: swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: Contralateral shoulder
G3
Stimulation site same as G1, sham tDCS
G1/G2/G3 G1:1.0
Anode: swallowing motor cortex of the affected cerebral G2:1.5
hemisphere G3:2.0
Cathode: Contralateral shoulder

G1/G2 G1:1.0
Anode: swallowing motor cortex of the affected cerebral G2:2.0
hemisphere
Cathode: contralateral supra-orbital rim
G3
Stimulation site same as G1, sham tDCS
Gl Based on the
Anode: swallowing motor cortex of the unaffected patient’s
cerebral hemisphere tolerance
Cathode: Contralateral shoulder
G2
Anode: premotor cortex of the unaffected hemisphere
(Brodmann area 6)
Cathode: Contralateral shoulder
G3
Stimulation site same as G1, sham tDCS
Gl 1.6
Anode: swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: Contralateral shoulder
G2:
No tDCS stimulation was applied

20

30

30

20

20

20

once/d, 5 d/w,

2w

once/d, 5 d/w,
4w

once/d, 5 d/w,

6w

once/d, 5 d/w,
3w

once/d, 5 d/w,

2w

once/d, 6 d/w,

8w
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Table 3. Continued.

Study

Electrode placement sites

Intensity (mA) Stimulation Treatment
time (min) schedule

Farpour et al. (2023) [13]

Sawan et al. (2020) [26]

Yang et al. (2012) [29]

Wang et al. (2020) [28]

Shigematsu et al. (2013)
[16]

Wang et al. (2023) [14]

Suntrup-Krueger et al.
(2018) [27]

Ahn et al. (2017) [23]

Gl
Anode: supramarginal gyrus of the unaffected
hemisphere (CP5 or CP6 of the international 10-10 EEG
system)
Cathode: upper part of the contralateral orbit
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: affected cerebral hemisphere—4.6 cm anterior
and 6.15 cm lateral to the vertex (for left-hemisphere
stimulation: 4 cm anterior and 7.1 cm lateral to the
vertex)
Cathode: contralateral supraorbital margin
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: bilateral cerebral hemispheric swallowing motor
cortex
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: the swallowing motor cortex of the affected
cerebral hemisphere
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: the swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: the swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: contralateral supraorbital margin
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: bilateral cerebral hemispheric swallowing motor
cortex
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS

2.0 20 once/d, 5d

2.0 30 once/d, 5 d/w,

2w

1.0 20 once/d, 5 d/w,
2w

1.0 20 once/d, 5 d/w,
4w

1.0 20 once/d, 10 d

1.0 20 once/d, 5 d/w,

2w

1.0 20 once/d, 4 d

1.0 20 once/d, 5 d/w,

2w
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Table 3. Continued.

Study

Electrode placement sites

Intensity (mA) Stimulation

time (min)

Treatment

schedule

Pingue et al. (2018) [17]

Kumar et al. (2022) [25]

Kumar et al. (2011) [24]

Chen et al. (2019) [30]

He (2016) [31]

Li et al. (2020) [32]

Liu et al. (2020) [33]

Wang et al. (2018) [34]

Gl
Anode: the swallowing motor cortex of the affected
cerebral hemisphere
Cathode: contralateral upper orbital region
G2
Stimulation site same as G1, sham tDCS

G1/G2
Anode: the swallowing motor cortex of the healthy
cerebral hemisphere Cathode: the upper part of the
contralateral orbit
G3
Stimulation site same as G1, sham tDCS
Gl
Anode: swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: superior aspect of the contralateral orbit
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: swallowing motor cortex of the affected cerebral
hemisphere
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS
G1/G2
Anode: bilateral cerebral hemispheric swallowing motor
cortex
Cathode: Contralateral shoulder
G3
Stimulation site same as G1, sham tDCS
Gl
Anode: bilateral cerebral hemispheric swallowing motor
cortex
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: swallowing motor cortex of the affected cerebral
hemisphere
Cathode: superior orbital rim of the contralateral side
G2
Stimulation site same as G1, sham tDCS
Gl
Anode: swallowing motor cortex of the affected cerebral
hemisphere
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS

2.0 30

2.0 20

2.0 30

1.2 20

1.4 20

1.2 20

1.0 20

once/d, 10d

twice/d, 4 d

once/d, 5d

once/d, 5 d/w,
2w

once/d, 5 d/w,
2w

once/d, 5 d/w,

3w

once/d, 5 d/w,

2w

once/d, 20 d
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Table 3. Continued.

Study Electrode placement sites Intensity (mA) Stimulation Treatment
time (min) schedule
Wang et al. (2019) [35] Gl 1.5 20 once/d, 5 d/w,

Anode: swallowing motor cortex of the unaffected 2w
cerebral hemisphere
Cathode: superior orbital rim of the contralateral side
G2
Stimulation site same as G1, sham tDCS
Yang et al. (2020) [36] Gl 1.5 20 once/d, 6 d/w,
Anode: bilateral cerebral hemispheric swallowing motor 2w
cortex (true bulbar palsy)
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS (true bulbar
palsy)
G3
Anode: bilateral cerebral hemispheric swallowing motor
cortex Cathode: Contralateral shoulder (pseudobulbar
palsy)
G4
Stimulation site same as G3, sham tDCS (pseudobulbar

palsy)
Yuan et al. (2015) [37] Gl 1 20

Anode: 1 cm below the inion and 3 cm lateral to the left/
right
Cathode: Contralateral shoulder
G2
Stimulation site same as G1, sham tDCS
Fu (2023) [40] Gl 1.4 20 once/d, 5 d/w,
Anode: swallowing motor cortex of the unaffected 3w

once/d, 20 d

cerebral hemisphere
Cathode: contralateral shoulderG2
Anode: bilateral cerebral hemispheric swallowing motor
cortex
Cathode: Contralateral shoulder
G3
Stimulation site same as G1, sham tDCS
Luo et al. (2021) [42] Gl 2 25 once/d, 5 d/w,
Anode: swallowing motor cortex of the affected cerebral 2w
hemisphere
Cathode: Contralateral shoulder
G2
Anode: swallowing motor cortex of the unaffected
cerebral hemisphere
Cathode: Contralateral shoulder
G3

Stimulation site same as G1, sham tDCS

The trial by Luo et al. (2021) [42] utilized a three-arm design. For the meta-analysis, data were extracted as two separate pairwise comparisons
(designated as Luo 2021a and Luo 2021b) evaluating different anodal stimulation sites against a shared sham control.

changed only slightly and remained statistically significant ~ influenced by the language of publication (SMD = —
for both Chinese-language studies and English-language 0.87, 95% CI [-1.19, —-0.55], p < 0.001, Fig. 6A, Ref.
studies, indicating that the original findings were not [12,14,17,25,27,28,29,30,31,32,33,36,38,39,40,41,42,43,44];
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Table 4. GRADE level of evidence rating scale for indicators of consequences.

Certainty Assessment No. of Participants Effect

No. of Study Risk of Inconsistency Indirectness Imprecision Publication Bias  Experimental group  Control SMD [95% CI]  Size Certainty

Studies Design Bias group

Level of PSD

Outcome: WST

5 RCT Not serious Not serious Not serious Not serious unable to assess n=182 n=182 —0.76 [-0.98, Moderate DDHDD
—0.54] High

Outcome: FDS

4 RCT Not serious  Not serious Not serious Not serious unable to assess n =283 n=_8l1 -0.79 [-1.17, Moderate DODDD
-0.42] High

Outcome: SSA

8 RCT Serious Not serious Not serious Not serious unable to assess n =318 n=319 -0.79 [-1.08, Moderate OPPHOS
-0.51] Moderate

Outcome: EAT-10

1 RCT Not serious Not serious Not serious Serious unable to assess n =40 n=40 —1.64 [-2.34, Little DOHPO
-0.94] Moderate

Outcome: FEDSS

3 RCT Not serious  Not serious Not serious Not serious unable to assess n=117 n=118 —1.09 [-1.86, Moderate DDDD
-0.31] High

Outcome: PESO

1 RCT Not serious  Not serious Not serious Serious unable to assess n= 14 n=14 -3.93[-5.27, Little OPPHOS
-2.60] Moderate

Outcome: PAS

5 RCT Not serious Not serious Not serious Not serious unable to assess n =190 n=194 —0.53 [-0.88, Moderate DDODD
—-0.18] High

Outcome: DSRS

1 RCT Not serious  Not serious Not serious Serious unable to assess n =29 n=30 —1.09 [-1.64, Little bPPOS
-0.54] Moderate

Outcome: FOIS

6 RCT Not serious  Not serious Not serious Not serious unable to assess n=173 n=176 1.20 [0.65, Moderate ODDHD
1.76] High

Outcome: SSS

1 RCT Not serious Not serious Not serious Not serious unable to assess n= 100 n=100 0.64 [0.34, Moderate DDHDD
0.94] High

Outcome: DOSS

6 RCT Not serious  Not serious Not serious Not serious unable to assess n=115 n=115 1.29 [0.72, Moderate DDDD
1.85] High
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Table 4. Continued.

Certainty Assessment No. of Participants Effect

No. of Study Risk of Inconsistency Indirectness Imprecision Publication Bias  Experimental group ~ Control SMD [95% CI]  Size Certainty

Studies Design Bias group

Outcome: VFSS

2 RCT Not serious  Not serious Not serious Serious unable to assess n =48 n=49 3.41[-1.93, Little DOHPO
8.74] Moderate

Outcome: MASA

1 RCT Not serious  Not serious Not serious Serious unable to assess n =22 n=22 0.79 [0.17, Little SPPOS
1.40] Moderate

Outcome: MMASA

7 RCT Not serious  Not serious Not serious Not serious unable to assess n =232 n=232 0.89 [0.57, Moderate OPDPD
1.22] High

Outcome: BSA

2 RCT Not serious Not serious Not serious Serious unable to assess n=27 n=27 1.40[0.73, Little DOHPO
2.08] Moderate

WST, Water Swallow Test; FDS, Functional Dysphagia Scale; SSA, Standardized Swallowing Assessment; EAT-10, Eating Assessment Tool-10; FEDSS, Fiberoptic Endoscopic Dysphagia Severity Scale;
PESO, Patient’s Evaluation of Swallowing Outcome; PAS, Penetration-Aspiration Scale; FOIS, Functional Oral Intake Scale; SSS, Swallow Severity Scale; DOSS, Dysphagia Outcome and Severity Scale;
VFSS, Videofluoroscopic Swallowing Study; MASA, Mann Assessment of Swallowing Ability; MMASA, Modified Mann Assessment of Swallowing Ability; BSA, Bedside Swallowing Assessment;
DSRS, Dysphagia Severity Rating Scale. Formal evaluation of publication bias could not be performed in this table due to the limited number of studies included in each outcome analysis.
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Fig. 3. Risk of bias summary: review authors’ judgements for each risk of bias domain in each included study. References for the
included studies [12,13,14,16,17,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44].

SMD = —0.84, 95% CI [-1.05, ~0.62], p < 0.001, Fig. 6B;
SMD = 1.09, 95% CI [0.61, 1.57], p < 0.001, Fig. 7A, Ref.
[13,16,17,23,24,25,26,28,30,31,32,33,34,35,36,37,38,40,
41,43]; SMD = 1.19, 95% CI [0.88, 1.51], p < 0.001, Fig.
7B).

3.4.1 Efficacy of tDCS Applied to Different Brain Regions
in Patients With Post-Stroke Dysphagia

Meta-analysis based on negative outcome scales
showed that, compared with control conditions, anodal
tDCS delivered to the lesional hemisphere, the con-
tralesional hemisphere, or bilaterally all significantly im-
proved swallowing function in patients with post-stroke
dysphagia (Unaffected: SMD -0.74, 95% CI [~

1.08, —0.40], p < 0.001; Affected: SMD = —0.74,
95% CI [-1.05, —0.43], p < 0.001; Bilateral: SMD
= _1.18, 95% CI [-2.32, —0.05], p = 0.04, Fig. 8,

Ref. [12,14,28,29,30,31,32,33,36,40,41,42,44]). The cor-
responding analysis of positive indicators yielded the same
pattern: anodal tDCS to either hemisphere alone or to
both hemispheres together was superior to sham (Unaf-
fected: SMD = 1.47, 95% CI [0.52, 2.42], p = 0.002; Af-
fected: SMD = 1.64, 95% C1[0.92, 2.37], p <0.001; Bilat-
eral: SMD = 1.49, 95% CI [0.44, 2.53], p = 0.005, Fig.
9, Ref. [16,17,23,25,26,28,30,31,32,33,34,36,38,40,41]).
However, subgroup analyses of both positive and negative
outcome indicators demonstrated no differences in efficacy
for improving swallowing function in patients with PSD
among the three stimulation site protocols (subgroup dif-
ference: p = 0.75, Fig. 8; subgroup difference: p = 0.95,
Fig. 9).

3.4.2 Efficacy of Different tDCS Current Intensities in
Patients With Post-Stroke Dysphagia

Pooled analysis of favorable outcome measures in-
dicated that tDCS intensities from 1.0 mA to 2.0 mA
all produced significant improvements over control (SMD
= 1.38, 95% CI [0.97, 1.78], p < 0.001, Fig. 10,

&% IMR Press

Ref. [13,16,23,25,26,28,30,31,33,34,35,36,37,40,41,43]),
with subgroup analyses suggesting that 1.4 mA might
be the most effective intensity (1.0 mA: SMD = 1.07,
95% CI [0.66, 1.47], p < 0.001; 1.2 mA: SMD = 3.58,
95% CI [-1.41, 8.57], p = 0.16; 1.4 mA: SMD = 1.91,
95% CI [0.10, 3.71], p = 0.04; 1.5 mA: SMD = 0.83,
95% CI [0.57, 1.09], p < 0.001; 2.0 mA: SMD = 1.50,
95% CI [0.44, 2.55], p = 0.005, Fig. 10). Analysis of
negative indicators likewise showed significant benefits
for intensities between 1.0 mA and 2.0 mA (SMD = —
0.66, 95% CI [-0.87, —0.44], p < 0.001, Fig. 11A, Ref.
[12,14,17,25,27,28,29,32,36,39,40,41,42,43,44]), whereas
2.0 mA failed to differ statistically from sham (SMD = —
0.47, 95% CI [-0.97, 0.04], p = 0.07). Subgroup analy-
ses suggest that tDCS at 1.8 mA may yield more favorable
therapeutic effects for patients with PSD. (1.0 mA: SMD
=-0.73, 95% CI [-1.07, -0.39], p < 0.001; 1.4 mA: SMD
=-0.64, 95% CI [-1.27, —0.02], p = 0.04; 1.5 mA: SMD
=-0.78, 95% CI [-1.31, —0.24], p = 0.004; 1.6 mA: SMD
=-0.70, 95% CI [-1.34, —0.06], p = 0.03; 1.8 mA: SMD
=-0.82, 95% CI [-1.61, —0.03], p = 0.04, Fig. 11A). In
the subgroup analysis according to stimulation intensity,
1.4 mA yielded the largest point estimate among outcome
measures in which higher scores indicate better swallowing
function (SMD = 1.91, 95% CI [0.10, 3.71], p = 0.04). No
corresponding data for 1.8 mA were available for these out-
comes, precluding a direct comparison between 1.4 mA and
1.8 mA. Among outcome measures in which lower scores
indicate better swallowing function, 1.8 mA yielded the
largest effect estimate (SMD = —0.82, 95% CI [-1.61, —
0.03], p = 0.04). Furthermore, we calculated the Surface
Under the Cumulative Ranking Curve (SUCRA) values for
each tested tDCS current intensity to quantify the probabil-
ity of each intensity being the optimal stimulation parame-
ter for patients with post-stroke dysphagia. The cumulative
ranking probability plot revealed the following efficacy hi-
erarchy for improving swallowing function: 1.8 mA, 1.6
mA, 1.5 mA, 1.4 mA, 1.0 mA, and 2.0 mA (Fig. 11B,C).
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Study or Subgroup
1.1.1 FOIS
Farpour et al. 2023
Fu et al. 2023a

Fu et al. 2023b
Kumar et al. 2022a
Kumar et al. 2022b
Wang et al. 2019
Wang et al. 2020
Yang et al. 2020a
Yang et al. 2020b
Subtotal (95% CI)

Heterogeneity: Tau? = 0.56; Chi? = 42.59, df = 8 (P < 0.00001); I* = 81%

Mean

2.77
217
3.83
29
25
0.9
4.64
26
1.03

tDCS
SD Total Mean

1.74 22 077
0.49 15 117
0.49 15 117

1.2 13 21

1.7 14 21
0.51 20 0.5
1.01 14 3.07
0.83 30 1.7
0.82 30 064

173

Test for overall effect: Z = 4.26 (P < 0.0001)

1.1.2 SSS

Chen et al. 2022a
Chen et al. 2022b
Subtotal (95% CI)

14
9.7

13.06 50 32
12.49 50 3.2
100

Control

SD

2.01
0.49
0.49

1.7

17
0.45
1.24
0.84
0.76

13.9
13.9

Heterogeneity: Tau? = 0.00; Chi2=1.11, df =1 (P =0.29); I2=10%
Test for overall effect: Z = 4.16 (P < 0.0001)

1.1.3 BSA

Wang et al. 2018
Yuan et al. 2015
Subtotal (95% CI)

2.27
2.31

1.53 12 0.81
1.44 15 -0.17
27

1.1
1.32

Heterogeneity: Tau? = 0.04; Chi*=1.23, df=1 (P =0.27); 2= 19%
Test for overall effect: Z = 4.08 (P < 0.0001)

1.1.4 DOSS

Ahn et al. 2017
Kumar et al. 2011
Li et al. 2022a

Li et al. 2022b

Li etal. 2022c
Pingue et al. 2018
Sawan et al. 2020

Shigematsu et al. 2013

Subtotal (95% Cl)

Heterogeneity: Tau? = 0.46; Chi? = 24.85, df =7 (P = 0.0008); I = 72%

0.62
26
1.7
1.8
1.3

0.85

4.11
14

0.77 13 038
0.51 7 126
1.27 15 0.2
1.19 15 02
1.1 15 02
0.8 20 0.15
1.42 20 03
1.13 10 0.5
115

Test for overall effect: Z = 4.47 (P < 0.00001)

1.1.5 VFSS
Li et al. 2020

Liu et al. 2020
Subtotal (95% Cl)

291
7.98

1.46 23 183
0.37 25 587
48

0.65
0.51
1.42
1.42
1.42
0.27
0.93

1.49
03

Total Weight
22 3.2%
15 2.7%
15 1.6%
15  3.0%
15 3.0%
20 3.2%
14 2.8%
30 3.4%
30 3.5%

176  26.5%
50 3.7%
50 3.7%

100 7.3%
12 2.8%
15 2.8%
27 5.6%
13 3.0%

7 1.7%
15 3.0%
15  2.9%
15 3.0%
20 3.2%
20  2.6%
10 27%

115  22.0%
24 3.3%
25 1.9%
49 5.2%

Heterogeneity: Tau? = 14.54; Chi? = 50.80, df = 1 (P < 0.00001); I* = 98%
Test for overall effect: Z = 1.25 (P = 0.21)

1.1.6 MASA

Farpour et al. 2023
Subtotal (95% Cl)

45.96

Heterogeneity: Not applicable
Test for overall effect: Z = 2.50 (P = 0.01)

1.1.7 MMASA
Chen et al. 2019
Chen et al. 2022a
Chen et al. 2022b
He et al. 2016a
He et al. 2016b
Sun et al. 2022a
Sun et al. 2022b
Wang et al. 2018
Wang et al. 2019
Yuan et al. 2015
Subtotal (95% CI)

14.32
9.99
5.98

11.86
6.28

20.86

27.14

14
9.7
8.4

33.08 22 1827
22

6.91 43 6.85
9.19 50 1.03
917 50 1.03
8.31 7 538
8.42 7 538
3.7 14 156.72
3.59 14 15672

13.03 12 27

11.46 20 3.2

12.54 15 34
232

36.06

6.84
8.51
8.51
10.72
10.72
4.21
4.21
9.1
8.88
9.56

22
22

Heterogeneity: Tau? = 0.14; Chi? = 21.36, df =9 (P = 0.01); I = 58%
Test for overall effect: Z = 5.41 (P < 0.00001)

Total (95% CI)

Test for subaroup differences: Chiz = 9.02. df = 6 (P = 0.17). I = 33.5%

717

3.3%
3.3%

3.6%
3.6%
3.7%
2.4%
2.5%
2.9%
2.3%
2.8%
3.2%
3.1%
30.1%

721 100.0%
Heterogeneity: Tau? = 0.43; Chi? = 157.22, df = 33 (P < 0.00001); I?=79%
Test for overall effect: Z = 8.80 (P < 0.00001)

Std. Mean Difference

IV. Random. 95% ClI

Std. Mean Difference

1V. Rando

1.04 [0.41, 1.68]
1.99 [1.09, 2.88]
5.28 [3.68, 6.88]

0.52[-0.24, 1.28]

0.23 [-0.50, 0.96]
0.82 [0.17, 1.46]
1.35[0.51,2.18]
1.06 [0.52, 1.61]

0.49 [-0.03, 1.00]
1.20 [0.65, 1.76]

0.79 [0.39, 1.20]
0.49 [0.09, 0.89]
0.64 [0.34, 0.94]

1.06 [0.19, 1.92]
1.75[0.89, 2.61]
1.40 [0.73, 2.08]

0.33[-0.45, 1.10]
2.46 [0.96, 3.96]
1.08[0.31, 1.86]
1.19 [0.40, 1.97]
0.84 [0.09, 1.59]
1.15[0.48, 1.82]
3.11[2.16, 4.06]

0.81[-0.11,1.73]

1.29 [0.72, 1.85]

0.72[0.13, 1.31]
6.17 [4.79, 7.54]
3.41[-1.93, 8.74]

0.79 [0.17, 1.40]
0.79 [0.17, 1.40]

1.08 [0.62, 1.54]
1.00 [0.59, 1.42]
0.56 [0.16, 0.96]

0.63 [-0.42, 1.68]

0.09 [-0.93, 1.10]
1.26 [0.44, 2.08]
2.83[1.74,3.92]
0.97 [0.12, 1.83]

0.62[-0.01, 1.26]

0.44 [-0.29, 1.16]
0.89 [0.57, 1.22]

1.16 [0.90, 1.42]

—_—

. ‘”!HWH ¢ '+ OHH||1 ol e
!

m, 95% Cl

B 4
Favours [control] Favours [tDCS]

2

0

2

Fig. 4. Efficacy of tDCS for Post-stroke Dysphagia (positive outcome indicators). References for the included studies, categorized
by subgroup, are as follows: FOIS: [13,25,28,35,36,40]; SSS: [38]; BSA: [34,37]; DOSS: [16,17,23,24,26,41]; VFSS: [32,33]; MASA:
[13]; MMASA: [30,31,34,35,37,38,43].
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1.1.1 WST

Chen et al. 2019
Du et al. 2020

He et al. 2016a
He et al. 2016b
Liu et al. 2020
Yang et al. 2020a
Yang et al. 2020b
Subtotal (95% CI)

Test for overall effect: Z = 6.70 (P < 0.00001)

1.1.2FDS

Mao et al. 2022
Wang et al. 2020
Xu et al. 2024a
Xu et al. 2024b
Yang et al. 2012
Subtotal (95% CI)

Test for overall effect: Z = 4.17 (P < 0.0001)

1.1.3 §SA

Du et al. 2020

Fu etal. 2023a
Fuetal. 2023b

Li et al. 2020
Lietal 2022a
Lietal. 2022b
Lietal. 2022¢
Luo et al. 2021a
Luo et al. 2021b
Wang et al. 2023
Xu etal. 2024a
Xu et al. 2024b
Yang et al. 2020a
Yang et al. 2020b
Subtotal (95% CI)

Test for overall effect: Z = 5.51 (P < 0.00001)

1.1.4 EAT10

Xu et al. 2024a
Xu et al. 2024b
Subtotal (95% CI)

Test for overall effect: Z = 4.61 (P < 0.00001)

1.1.5 FEDSS

Luo et al. 2021a
Luo et al. 2021b
Sun et al. 2022a
Sun et al. 2022b
Suntrup et al. 2018
Subtotal (95% CI)

Test for overall effect: Z = 2.74 (P = 0.006)

1.1.6 PESO

Wang et al. 2020
Subtotal (95% CI)

Heterogeneity: Not applicable
Test for overall effect: Z = 5.77 (P < 0.00001)

1.1.7 PAS

Chen et al. 2022a
Chen et al. 2022b
Kumar et al. 2022a
Kumar et al. 2022b
Li et al. 2020
Pingue et al. 2018
Wang et al. 2023
Subtotal (95% ClI)

Test for averall effect: Z = 2.96 (P = 0.003)

1.1.8 DSRS
Suntrup et al. 2018
Subtotal (95% CI)

Heterogeneity: Not applicable
Test for overall effect: Z = 3.88 (P = 0.0001)

Total (95% CI)

tDCS Control Std. Mean Difference Std. Mean Difference
ean SD Total Mean SD Total Weight IV, Rand: 95% ClI 1V, Random, 95% ClI
-1.2 033 43  -0.87 042 4 29% -0.87 [-1.32, -0.42] -
-1.65 0.62 40 -0.93 0.6 40 2.8% -1.17 [-1.64, -0.69] -
-1.29 073 7 -1 066 8 1.6% -0.39 [-1.42, 0.63] A
-1.28 064 7 -1 066 8 1.6% -0.40 [-1.43, 0.62] -1
-2.58 35 25 -1.38 061 25 2.6% -0.47 [-1.03, 0.09] ]
-2.37 0.8 30 -1.57 1.02 30 2.7% -0.86 [-1.39, -0.33] "7
-1.36  1.04 30 -0.87 099 30 2.7% -0.48 [-0.99, 0.04] ey
182 182 171% -0.76 [-0.98, -0.54] *
Heterogeneity: Tau? = 0.00; Chi* = 6.33, df =6 (P = 0.39); I? = 5%
-29.25 16.57 20 -18.55 13.18 20 2.4% -0.70 [-1.34, -0.06] T
-40.78 11.77 14 -275 845 14 2.0% -1.26 [-2.08, -0.44] -
-44.47 597 20 -36.92 6.02 20 2.3% -1.23[-1.92, -0.55] T
-39.563 6.02 20 -36.92 6.02 20 2.5% -0.42 [-1.05, 0.20] /T
-13 1218 9 -9.83 7.06 7 1.7% -0.29 [-1.29, 0.70] 1
83 81 10.8%  -0.79 [-1.17, -0.42] L
Heterogeneity: Tau® = 0.04; Chi* =5.22, df =4 (P = 0.27); I* = 23%
-7.04 239 40 -3.22 231 40 2.8% -1.61[-2.12, -1.10] S
-86 266 15 -378 422 15 2.1% -1.33 [-2.13, -0.53] s
-5.73 295 15 -3.79 422 15 2.2% -0.52 [-1.25, 0.21] T
-478 441 23 379 422 24 2.6% -0.23 [-0.80, 0.35] -
4.8 496 15 -3.2 41 15 2.2% -0.34 [-1.06, 0.38] e
7.3 396 15 =32 4.1 15 2.1% -0.99 [-1.75, -0.22] N
6.1 453 15 -3.2 41 15 2.2% -0.65 [-1.39, 0.08] ]
7.8 599 30 7.3 479 30 2.8% -0.09 [-0.60, 0.42] -1
-13.5 5.89 30 7.3 479 30 2.7% -1.14 [-1.69, -0.59] -
-8.1 315 20 49 259 20 2.4% -1.09 [-1.76, -0.42] B
-15.75 5.1 20 -8.95 539 20 2.2% -1.64 [-2.37, -0.92] -
-11.3 519 20 -6.95 539 20 2.4% -0.81[-1.45, -0.16] D
-59 3.18 30 -3.8 3.05 30 2.7% -0.67 [-1.19, -0.14] T
-2.67 367 30 -1.84 293 30 2.8% -0.25 [-0.75, 0.26] B
318 319 341% -0.79 [-1.08, -0.51] *
Heterogeneity: Tau? = 0.19; Chi? = 37.37, df = 13 (P = 0.0004); I? = 65%
-13.59 429 20 -464 438 20 2.1% -2.02 [-2.80, -1.25] -
-1047 435 20 -464 438 20 2.3% -1.31 [-2.00, -0.62] —_
40 40 44%  -1.64[-2.34,-0.94] -
Heterogeneity: Tau? = 0.11; Chi? = 1.82, df = 1 (P = 0.18); 12 = 45%
-14 082 30 -13 087 30 28% -0.12[-0.62, 0.39] -
-34 089 30 -13 087 30 24% -2.36 [-3.02, -1.69] -
=222 074 14 -1.64 1 14 2.1% -0.64 [-1.40, 0.12] ]
-2.93 0.76 14 -1.64 1 14 2.0% -1.41[-2.25, -0.57] S
-1.3 09 29 -04 09 30 27% -0.99 [-1.53, -0.44] —_
"7 118 11.9%  -1.09 [-1.86, -0.31] -
Heterogeneity: Tau? = 0.67; Chi? = 29.19, df = 4 (P < 0.00001); IZ = 86%
-1.5 0.19 14 -0.71 0.2 14 1.2% -3.93[-5.27,-260] —
14 14 12%  -3.93[-5.27, -2.60] —~eui—
-2.84 123 50 -146 133 50 3.0% -1.07 [-1.49, -0.65] Ea
204 134 50 -146 133 50 3.0% -0.43 [-0.83, -0.03] ]
-04 1.2 13 -0.8 1.6 15 2.2% 0.27 [-0.47, 1.02] 1
-0.8 15 14 -0.8 1.6 15 22% 0.00[-0.73, 0.73] -1
-2.95 1.4 23 217 1.3 24 2.6% -0.57 [-1.15, 0.02] ]
-1.15 08 20 -085 027 20 2.5% -0.49 [-1.12, 0.14] /]
-2.35  1.07 20 -1.15 097 20 2.3% -1.15[-1.83, -0.48] T
190 194 17.8% -0.53 [-0.88, -0.18] <
Heterogeneity: Tau? = 0.14; Chi® = 16.01, df = 6 (P = 0.01); I* = 63%
4 28 29 -5 16 30 27% -1.09 [-1.84, -0.54] =
29 30 27%  -1.09 [-1.64, -0.54] <
73 978 100.0% -0.85 [-1.02, -0.67] ¢
Heterogeneity: Tau? = 0.22; Chi* = 133.47, df = 41 (P < 0.00001); I* = 69% 4" 7:2 0 g A

Test for overall effect: Z = 9.47 (P < 0.00001)

Test for subaroup differences: Chi

Fig. 5. Efficacy of tDCS for Post-stroke Dysphagia (negative

=3043.df =7 (P < 0.0001). 2=77.0%

Favours [tDCS] Favours [control]

outcome indicators). References for the included studies, catego-

rized by subgroup, are as follows: WST: [30,31,33,36,39]; FDS: [12,28,29,44]; SSA: [14,32,36,39,40,41,42,44]; EAT10: [44]; FEDSS:
[27,42,43]; PESO: [28]; PAS: [14,17,25,32,38]; DSRS: [27].
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tocs Control
D Total Mean SO Total Weight

Std. Mean Difference
IV, Random, 95% CL

Std. Mean Difference

tudy or Subgroup  Mean IV, Random. 95% CI

11.1WST
m  Chenetal 2018 12 033 43 087 042 41 O0% 047132042
Du et al. 2020 4165 062 40 -083 D6 40 B5%  -1.17[-164,-069] =
He etal. 2016a 120 073 7 1 086 B 00%  0.39[1420863)
He et al. 20185 428 064 7 -1 086 8 00%  -0.40[-143,062
Liu et al. 2020 258 35 25 138 061 25 00%  -0.47[-103,0.09]
Yang et al. 2020a 237 08 30 157 102 N 00%  -0.861139,-03%
Yang et al. 20208 4136 104 30 -087 099 30 00%  -048[-099,0.04]
Subtotal (95% CI) 40 40 B5%  -117[41.84,-0.68] -
Heterogeneity: Not applicable
Test for overall effect: Z = 4.81 (P < 0.00001)
1.1.2FDS
Mao et al. 2022 2025 1657 20 1855 1348 20 TA%  -070[134,-0.08] ]
Wang et al. 2020 4078 177 14 275 845 14 62%  -126[208,-044 R
Xuetal 20242 4447 597 20 3682 602 20 00%  -123[182.-058
Xu et al. 2024b 9953 602 20 -3692 602 20 00%  -042[105020]
Yang et al. 2012 13 1218 9 983 706 7 52%  -0.291129,070] i
Subtotal (95% CI) 43 41 187% 078 [-1.27,-0.30] >
Helerogeneity: Tau® = 0.02; Oh¥ = 2.29, f = 2 (P = 0.32); F = 13%
Test for overall effect Z = 3.15 (P = 0.002)
11388A
Du etal. 2020 704 239 40 322 231 40 00%  -161[212-1.10)
Fu et al. 2023a 86 286 15 379 422 15 00%  -133}213,-053]
Fuetal, 2023b 573 285 15 379 422 15 00%  -0.52[1.25,021)
Liet al. 2020 478 441 23 379 422 24 00%  -0.23[080,0.35]
Lietal. 2022a 48 496 15 32 411 15 00%  -0.34[106,038]
Lietal. 20220 73 396 15 32 411 15 O0%  -089(175,022)
Lietal. 2022¢ 61 453 15 32 411 15 00%  -065(-139,008
Luo atal. 2021a 78 699 30 73 470 30 00% 009060042
Luo et al. 20210 435 589 30 73 479 30 00%  -1.14[-169,-059]
Wang et al. 2023 81 316 20 49 250 20 T2%  -1.09[176.-042) a
Xuetal 2024a A575 51 20 695 530 20 00%  -164[237,002
Xu et al. 2024b 413 519 20 -695 539 20 00%  -081[145-0.16]
Yang et al. 2020a 59 318 30 38 205 30 OO% 067 (119,044
Yang et al. 20200 267 367 30 184 203 N 00%  -0.25[075,026)
Subtotal (95% CI) 20 20 7% 109[1.76,-0.42] -
Helerogeneity: Not applicable
Test for overall effect: Z = 3.19 (P = 0.001)
144 EATI0
Xuetal. 2024a 4350 420 20 464 438 20 00%  -202[-280,-125]
Xu el al. 2024b 047 435 20 <464 438 20 00%  -1.31[-200,-062)
Subtotal (95% C1) 0 [] ot estimable
Helerogeneity: Not applicable
Test for overall effect: Not appiicable
115 FEDSS
Luo etal. 2021a 14 082 30 13 087 30 00% 012062039
Lua el al. 2021b 34 089 30 13 087 30 O00%  -236(-3.02-169]
Sun et al. 20222 222 074 14 164 1 12 00%  -064[140,0.12)
Sun ot al, 20220 203 076 14 164 1 14 00%  -141[:225.-087)
Suntrup et al. 2018 413 09 2 04 08 30 B0%  -099153,-0.44] g
Subtotal (95% C1) 29 30 8.0%  -0.99[-153,-0.44] <>
Helerageneity: Not applicale
Test for overall effect: Z = 3.56 (P = 0.0004)
116 PESO
Wang et al. 2020 S5 019 14 071 02 14 AT%  -393[527.260]
Subtotal 5% 1 i WS Sustsar s eam—
Helerogenaity: Nol applicable
Test for overall effect: Z = 5.77 (F < 0.00001)
117PAS
Chen el al. 2022a 284 123 50 146 133 S0 89%  -1.07[149,-065 -
Ghen et al. 20225 204 134 50 146 133 50 80% 043083003 =1
Kumar et al. 2022a 04 12 13 08 16 15 B7%  027(047,1.02) gl
Kusmar ot al. 2022 08 15 1 08 16 15 B8%  000[073,073 o
Lietal. 2020 285 141 2 217 413 4 00% 057 [.15,0.02)
Pingue ot al. 2018 415 08 20 085 027 20 TA% 049112004 il
Wang et al. 2023 235 107 20 115 087 20 7A%  -115[183,-0.48 =
Subtotal (95% CI) 167 170 459%  -0.52[-0.94,-0.10] L d
Heterogeneity: Taur = 0.18; ChF = 16.00, df = 5 (P = 0.007]; = 69%
Test for overall effect: Z = 2.44 (P = 0.01)
118 DSRS
Suntrup et al. 2018 4 28 20 15 16 30 BO0% -1.08 [-1.64, -0.54] I
Subtotal (95% C1) 2 30 80%  -1.09[1.64,-0.54] -
Haleraganeity: Mot applicable
Test for overall effect: Z = 3,88 (P = 0.0001)
Total (35% C1) 312 385 1000%  -0.87[1.19,0.55 *
Heterogeneity: Tai = 0.25; Chif = 47.19, df = 13 (P < 0.00001); F = 72% I TR e ! S B

Test for averall effect: Z = 5.35 (P < 0.00001)

-4 2 2 4
Favours (IDC: vs loontro
Test for suboroun differences: Chi* = 2493 df = 6 (P = 0.0004). F = 75 9% avours [DCS] Favours [oonlrol]

ocs Control Std. Mean Difference Std. Mean Difference
 Subgr 1 IV, Ran 1
B. e
= Chenstal 2018 2 033 43 087 042 41 44%  -0BT[1.32,-042] =

Duetal 2020 65 062 40 093 06 40 Mot estimable
He at al. 20162 429 073 7 -1 086 B 24%  -039[1.42,063 .
He et al. 2016b A28 084 T 1 086 8 24%  -0.40[1.43,067] o
Liu et al. 2020 25 35 25 138 081 25 39%  -047[1.03,009] |
Yang et al. 20208 237 08 30 157 102 30 40%  -0B6[1.39.-033 -
Yang et al. 20200 4136 104 30 087 089 30 4%  -0.48[0.99,004] |
Subtotal (95% CI) 142 142 212%  0.66[0.90,0.42] *
Halerogeneity: Tau? = 0.00; ChP = 2.60, df = 5 (P = 0.73) = 0%
Test for overall efect Z = 5,37 (P < 0.00001)
112 FDS
Mao et al. 2022 2035 1657 20 1855 1318 20 Mot estimable
Wangetal. 2020 <078 1177 14 215 845 14 Mot estimable
Kuotal 2024a 4447 587 20 3692 602 20 5%  -123[1.92.-058) —
Xu et al. 20240 3953 602 20 3692 602 20 37%  -042[-1.05,020] =
Yang etal. 2012 43 1218 8 983 706 7 Nt estimabie
Subtotal (95% CI) a0 40 72%  -0.82[1.61,-0.03] -
Heterogensity: Tau® =0.22; Gh# = 2.93,of = 1 (P = 0.08) F = 66%
Test for averall effect Z = 2,02 (P = 0.04)
113584
Du et . 2020 704 239 40 322 231 40 4% -161[212,-1.10] e
Fu el al. 2023a 6 266 15 479 422 15 1% -133[213.-053) =
Fu et al. 20236 573 205 15 379 422 15 33%  -052[-1.25,021] il
Lietal. 2020 ATE 441 23 379 42 24 3%%  -023[0.0,03) =[5
Lietal. 2022 48 486 15 92 411 15 33%  -0.34(1.06,038) .y
Lietal. 20220 73 386 15 32 411 15 32% 089175027 =
Lietal. 2022c 61 455 15 92 411 15 33%  -085[-1.39,00] A
Luo etal. 2021a 78 599 30 3 479 30 41%  -0.09[-060,042) an
Lugstal. 20210 35 589 30 73 478 30 40%  -1.14[1.80,-050] i
Wang et al. 2023 81 315 20 49 25 20 Mot estimabie
Ku etal, 2024a 876 51 20 695 630 20 3%  -164[237.-082) .
Xu et al. 20240 13 519 20 695 539 20 36%  -0B1[1.45-0.18 S
Yang et al. 20208 55 318 30 38 305 30 4i%  -067[4.19,-0.44) =
Yang el al. 20200 267 367 30 184 293 30 41%  -025[0.75026) =T
Sublotal (85% CI) 298 299 474%  QT7[1.07,0.47] *
Heterogensity: Tau® = 0.20; Ch = 36.44, df = 12 (P = 0.0003); F = 87%
Test for overall effect: Z = 5.06 {P < 0.00001)
114 EATIO
Xuetal 2024a 1350 429 20 484 438 20 31% 20228012 -
Xu et al. 20246 047 435 20 464 438 20 34%  -1.31(200,-067] S
Subtotal (5% C1) av 40 66%  -1.64 [-2.34,-0.94] -
Helerogenelty: Tau® = 0.11; Ch? = 1,62, 0f = 1 (P = 0.18) I = 45%
Test for overall effect: 2 = 4 61 (P < 0.00001)
11.5FEDSS
Luostal. 20212 A4 082 30 13 087 30 41%  -0.42[062039 =
Luo etal. 20210 34 089 30 13 087 30 35% 236302169 S
Sun et al. 2022 222 074 M 184 1 14 32%  -064[140,013) =
Sun et al. 20225 293 076 14 168 1 14 29%  -141[225,-057] e
Suntrup et al. 2018 42 09 2@ 04 09 30 Mot estimabla
Subtotal (95% CI) 8 88 138%  -1.12[-2.18,-0.08] -
Helerogenaity: Tau’ = 1.04: Chi* = 29,18, df = 3 (P < 0.00001); ¥ = 90%
Test for overall efiect: 2 = 2.07 (P = 0.04)
116 PESO
Wang et al. 2020 45 019 14 071 02 Mot estimaia
Subtotal (95% GI) ] 0 Not estimable
Helerogenaity: Not applicable
Test for averall effect: Not applicable
117 PAS
Chen at al. 20222 284 123 50 146 133 50 Mot estimabie
Chen et al, 20220 204 13 50 146 133 80 Mot estimable
Kumar el al. 20222 04 12 13 08 16 15 Mot estimable
Kumar et al. 20225 08 15 14 08 16 15 Mot estimatia
Lietal. 2020 285 141 23 217 13 2 38%  -057[1.15,003 -
Pingue etal. 2018 -115 08 20 085 02 20 Not estimabie
Wang et al. 2023 235 107 20 145 097 20 Mot estimable
Subtotal (95% CI) 2 28 38%  D5T[115,002 ->
Helerageneity: No applicable
Test for overall efiect Z = 1.90 (P = 0.06)
1.1.8 DSRS
Suntrup ot al. 2018 4 28 28 45 16 30 Mot estimatia
Subtotal (85% GI) [] 0 Not estimable
Heterogenaly: Not applicable
Test for averallefact: Not applicable
Total (95% CI) 631 633 100.0%  -0.84[-1.05,-0.62] +
Helerogeneity: Tau® = 0.22; Chi = B6.13, df = 27 (P < 0.00001); F = 69% y + + +

Test for overall effect Z = 7.67 (P < 0.00001)

2 2 4
Test for suboroun differences: Chi = 7.73. df = 5 (P = 0171 F = 35.3% P IR

Fig. 6. Forest plot of all negative outcome indicators ((A) Analysis restricted to included English-language studies; (B) Analy-

sis restricted to included Chinese-language studies). References for the included studies, categorized by subgroup, are as follows:
WST: [30,31,33,36,39]; FDS: [12,28,29,44]; SSA: [14,32,36,39,40,41,42,44]; EAT10: [44]; FEDSS: [27,42,43]; PESO: [28]; PAS:

[14,17,25,32,38]; DSRS: [27].

3.4.3 Efficacy of Different tDCS Session Durations in
Patients With Post-Stroke Dysphagia

Meta-analysis of positive outcomes revealed
that single sessions lasting either 20 min or 30 min
were both significantly better than control (SMD =
1.17, 95% CI [0.84, 1.50], p < 0.001, Fig. 12, Ref.
[16,17,23,24,25,26,30,31,33,34,35,36,37,38,39,40,41,43]).
Nevertheless, prolonging stimulation duration to 30 min-
utes failed to generate a substantially larger therapeutic
benefit relative to the conventional 20 minutes regimen
(20 min: SMD = 1.15, 95% CI [0.80, 1.49], p < 0.001;
30 min: SMD = 1.28, 95% CI [0.18, 2.38], p = 0.02,
subgroup difference: p = 0.82, Fig. 12). Analysis of
negative indicators drew consistent conclusions: both the
20-minute and 30-minute single-session interventions were
more effective than sham stimulation (20 min: SMD =
—0.69, 95% CI [-0.94, —0.45], p < 0.001; 30 min, SMD
=-0.70, 95% CI [-1.20, —0.21], p = 0.005, Fig. 13, Ref.
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[12,14,17,25,27,28,29,32,36,38,39,40,41,42,44]).  How-
ever, the 25-minute intervention showed no significant
difference in efficacy compared with sham stimulation
(SMD = -1.22, 95% CI [-3.42, 0.97], p = 0.27). Addi-
tionally, the 30-minute protocol did not yield significantly
better outcomes than the 20-minute protocol (subgroup
difference, p = 0.89, Fig. 13). However, only five RCTs
in this subgroup analysis adopted a 30-minute stimula-
tion duration. The statistical comparison between the
20-minute and 30-minute protocols was underpowered;
hence, the findings of this subgroup should be interpreted
with caution.

3.4.4 Efficacy of tDCS in PSD Patients With Different
Lesion Locations

Meta-analysis of the positive outcome scales showed
that, compared with the control group, tDCS significantly
improved swallowing function regardless of whether the

&% IMR Press


https://www.imrpress.com

tocs Control Std. Mean Difference Std. Mean Difference
Mean  SD Total Mean SO Total Weight IV, Random, 95% Cl 1V, Random, 95% CI

A tudy or Subgroup.
*  TiiiFoIs

Farpour et al. 2023 277 174 22 077 201 2 114% 1.04 [0.41, 1.68] -
Fu etal. 2023a 217 049 15 117 049 15 00% 1.99 [1.09, 2.88)

Fu etal. 2023b 383 049 15 1147 049 15 0.0% 5.28(3.68, 6.88]

Kumar et al. 2022a 29 12 13 21 17 15 105% 0.52[-0.24,1.28] —
Kumar et al. 20220 25 17 14 21 17 15 107% 0.23(-0.50, 0.96] T
Wang et al. 2019 09 051 20 05 045 20 0.0% 0.82(0.17, 1.46]

Wang et al. 2020 464 101 14 307 124 14 10.0%
Yang etal. 2020a 26 083 30 17 084 30 0.0%
Yang etal. 20200 103 082 30 064 076 30 00%
Subtotal (95% CI) 63 66 42.6%

135051, 2.18) ==
1.06 (052, 1.61]
0.49-0.03, 1.00]
0.78 [0.30, 1.26] *
Heterogeneily: Tau? = 0.10; Ch" = 5.09, df = 3 (P = 0.17); ' = 41%
Test for overall effect: Z = 3.19 (P = 0.001)

11.2888
Chen etal. 20228 14 1306 50 32 139 50 00%
Chen et al. 2022b 97 1249 50 32 139 50 0.0%
Subtotal (95% Cl) 0 0
Heterogeneity: Not applicable

Test for overall effect: Not applicable

0.79(0.39, 1.20)
0.49 (0.09, 0,89
Not estimable

11.3BSA
Wang et al. 2018
Yuan etal. 2015
Subtotal (95% CI)
Heterogeneity: Not applicable

Test for overall effect: Not appiicable

227 153 12 081 11 12 00% 1.06(0.19, 1.92)
231 144 15 047 132 15 0.0% 1.75(0.89, 2.61)
[ 0 Not estimable

11.4D088
Ahnetal. 2017
Kumar et al. 2011

062 077 13 038 065 13 10.4%
26 051 7 126 051 7 5%%

0.33[0.45, 1.10]
246 [0.96, 3.96]

Lietal. 2022a 17 127 15 02 142 15 00% 1.08 [0.31, 1.86]
Lietal. 20220 18 119 15 02 142 15 00% 1.19(0.40, 1.97)
Lietal. 2022¢ 13 11 15 02 142 15 00% 0.84{0.09, 159]

Pingue et al. 2018 085 08 20 015 027 20 11.1% 1.15(0.48, 1.82) e
Sawan et al. 2020 411 142 20 03 093 20 91% 3.11(2.16, 4.06] I
Shigematsu et al. 2013 14 113 10 05 110 93% 0.81[-0.11,1.73) —
Subtotal (95% CI) 70 70 45.9% 1.50 [0.52, 2.49] ->

Heterogeneily: Tau* = 1.02; Chi' = 23,66, df = 4 (P < 0.0001); I* = 83%
Test for overal effect: Z = 2.99 (P = 0.003)

115 VFSS
Lietal. 2020

Liu etal. 2020
Subtotal (95% CI)
Heterogeneity: Not applicable

Test for overall effect: Not applicable

291 146 23 183 149 24 00% 0.72(0.13, 131)
798 037 25 587 03 25 0.0% 6.7 (4.79,7.54]
[ 0 Not estimable

11.6 MASA
Farpour et al. 2023
Subtotal (95% CI)
Heterogeneity: Not applicable

Test for overall effect: Z = 2.50 (P = 0.01)

4596 33.08 0.79(0.17, 1.40] ==

22 1827 3606 22 115%
22 0.79 [0.17, 1.40] >

2 1.5%

147 MMASA
Chen et al. 2019 1432 691 43 685 684 41 00% 1.08 (0,62, 1.54]
Chen et al. 2022a 999 919 50 103 851 50 0.0% 1.00 (0.59, 1.42]
Chen et al. 2022b 598 947 50 103 851 50 0.0% 0.56(0.16, 0.96]
He etal. 2016a 1186 831 7 538 1072 8 00% 0.63[-0.42, 1.68]
He et al. 2016b 628 842 7 538 1072 8 00% 0.09 (0,93, 1.10]
Sunetal. 2022a 2086 37 14 1572 421 14 00% 1.26 (0.4, 2.08)
Sun etal. 20220 2714 359 14 1572 421 14 00% 283(1.74,392)

Wang etal. 2018
Wang et al. 2019
Yuan etal. 2015

141303 12 27 9N 12 00%
32 888 20 00%

34 956 15 00%

097 [0.12, 1.83)
062001, 1.26]
0.44[-0.29, 1.16]

97 1146 20
84 1254 15
[

Subtotal (95% CI) 0 Not estimable
Heterogeneity: Not applicable

Test for overall effect: Not applicable

Total (95% CI) 158 100.0% 1.09 (061, 1.57) <>

Heterogeneily: Tau? = 0.42; Chi* = 32.88, df = 9 (P = 0.0001); I = 73%
Test for overall effect: Z = 4.47 (P < 0.00001)
Test for suborouo differences: Chi? = 1.81. df = 2 (P = 0.41). 1= 0%

4 2 2 4
Favours [control] - Favours [tDCS]

tocs Control Std. Mean Difference Std. Mean Difference

Farpour et al. 2023
Fuetal. 2023a

277 174 22 077 201 2 00%
217 049 15 117 049 15 38%

1.04[0.41,1.68)
1.99[1.09, 2.88] ——

Fuetal. 2023b 383 049 15 117 049 15 23% 5.28 (3.68, 6.88] —
Kumar et al. 2022a 29 12 13 21 17 15 00%  052(024,1.28]

Kumar et al. 20220 25 17 14 21 17 15 00%  023(-050,096]

Wang et al. 2019 09 051 20 05 045 20 45% 0.82(0.17, 1.46] —
Wang etal. 2020 464 101 14 307 124 14 00% 135051, 2.18)

Yang et al. 2020a 26 083 30 17 084 30 48% 1.06 (052, 1.61] -
Yang etal. 2020b 103 082 30 064 076 30 48%  049(0.03,1.00] =
Subtotal (95% Cl) 110 10 20.4% 1.67[0.71,2.63] -
Heterogeneity: Tau = 1.02; Chi* = 36.08, df = 4 (P < 0.00001); I* = 89%

Test for overall effect: Z = 3.40 (P = 0.0007)

112588

Chen etal. 2022a 14 1306 50 32 139 50 51% 0.79[0.39, 1.20) b
Chen etal. 20225 97 1249 50 32 139 50 51% 0.49[0.09,0.89) =z
Subtotal (95% CI) 100 100 102%  0.64[0.34,0.94] *
Heterogeneity: Tau? = 0.00; ChP* = 1.11, df = 1 (P = 0.29); ' = 10%

Test for overall effect: Z = 4.16 (P < 0.0001)

11.3BSA

Wang etal. 2018 227 153 12 081 11 12 39% 1.06(0.19, 1.92) ——
Yuan etal. 2015 231 144 15 047 132 15 39% 1.75(0.89, 2.61] =
Subtotal (95% CI) 27 27 78%  1.40(0.73,2.08] >
Heterogeneity: Tau? = 0.04; Chi* = 1.23, df = 1 (P = 0.27); ' = 19%

Test for overall effect: Z = 4.08 (P < 0.0001)

1.1.400Ss

Ann etal. 2017 062 077 13 038 065 13 00%  033[0451.10]

Kumar et al. 2011 26 051 7 126 051 7 00% 2.46(0.96, 3.96]

Lietal 2022a 17 127 15 02 142 15 41% 1.08(0.31, 1.86] -
Lietal. 20220 18 149 15 02 142 15  41% 1.19(0.40, 1.97) =
Lietal 2022c 13 11 15 02 142 15 42% 0.84[0.09, 1.59] —
Pingue et al. 2018 085 08 20 015 027 20 00% 1.15(0.48, 1.82)

Sawan et al. 2020 411 142 20 03 093 20 00% 3.11(2.16, 4.06]

Shigematsuetal. 2013 14 143 10 05 1 10 00%  081(0.11,173

Subtotal (95% CI) 45 45 125% 1.03[0.59, 1.48] *
Heterogeneity: Taus® = 0.00; Chi* = 0.41, df =2 (P = 0.81); = 0%

Test for overall effect: Z = 4.56 (P < 0.00001)

11.5 VFSS

Lietal 2020 291 146 23 183 149 24 46% 072(0.13,1.31] ===

Liu etal. 2020 798 037 25 587 03 25 27% 6.17[4.79,7.54] —=
Subtotal (95% Cl) 48 49 73% 3.41(-1.93,8.74] | ———R—

Heterogenelty: Tau? = 14.54; Ch? = 50.80, df = 1 (P < 0.00001); = 98%
Test for overall effect: Z = 1.25 (P = 0.21)

1.1.6 MASA
Farpour et al. 2023
Subtotal (95% CI)
Heterogeneity: Not applicable

Test for overall effect: Not applicable:

4596 33.08 0.79(0.17, 1.40]

22 1827 3606 22 0.0%
0 [ Not estimable

1.4.7 MMASA
Chen etal. 2019 1432 691 43 685 684 41 50% 1.08(0.62, 1.54) -

Chen et al. 2022a 999 919 50 103 851 50 51% 1.00 (0.59, 1.42] ==

Chen et al. 20220 598 917 50 103 851 50 51% 0.56(0.16, 0.96] -

He etal. 2016a 1186 831 7 538 1072 8 34% 0.63(-0.42, 1.68] T

He etal. 20160 628 842 7 538 1072 8 35% 0.09(-093, 1.10] i

Sunetal. 20222 2086 37 14 1572 421 14 40% 1.26 (0.44, 2.08] ==

Sun et al. 20220 2744 359 14 1572 421 14 33% 2.83[1.74,3.92) =
Wang etal. 2018 141303 12 27 911 12 39% 0.97(0.12,1.83] =

Wang et al. 2019 97 1146 20 32 888 20 45% 0.62[-0.01, 1.26] =

Yuan etal. 2015 84 1254 15 34 956 15 43% 0.44(-029,1.16] e

Subtotal (95% CI) 232 232 424% 089 (0.57,1.22]

Heterogeneity: Tau? = 0.14; Chi* = 21.36, df = 9 (P = 0.01); = 58%

Test for overall effect: Z = 5.41 (P < 0.00001)

Total (95% C1) 563 100.0% 1.19[0.88, 1.51] *
Heterogeneity: Tau® = 0.46; Chi* = 124.19, df = 23 (P < 0.00001); I = 81%
Test for overall effect: Z = 7.49 (P < 0.00001)

Test for suborouo differences: Chi = 8.70. df = 5 (P = 0.12). I = 42.5%

4 2 2 4
Favours [control]  Favours (IDCS]

Fig. 7. Forest plot of all positive outcome measures (A) Analysis restricted to included English-language studies; (B) anal-

ysis restricted to included Chinese-language studies. References for the included studies, categorized by subgroup, are as fol-
lows: FOIS: [13,25,28,35,36,40]; SSS: [38]; BSA: [34,37]; DOSS: [16,17,23,24,26,41]; VFSS: [32,33]; MASA: [13]; MMASA:

[30,31,34,35,37,38,43].

stroke lesion was supratentorial or infratentorial (SMD =
1.57, 95% CI [0.94, 2.21], p < 0.001, Fig. 14, Ref.
[17,28,32,35,37,40,43]). The benefit appeared somewhat
larger in patients with supratentorial lesions than in those
with infratentorial lesions (Supratentorial: SMD = 2.11,
95% CI[0.81, 3.41], p=0.002; Infratentorial: SMD = 1.23,
95% CI1[0.55, 1.92], p=0.0004, Fig. 14). The correspond-
ing analysis of negative indicators likewise demonstrated a
significant advantage of tDCS over control in both anatomic
subgroups (SMD =-0.73, 95% CI [-0.97,-0.48], p <0.001,
Fig. 15, Ref. [12,17,28,32,40,43]), with virtually identi-
cal effect sizes for supratentorial and infratentorial lesions
(Supratentorial: SMD = -0.72, 95% CI [-1.13, -0.31], p
= 0.0006; Infratentorial: SMD = —0.73, 95% CI [-1.04, —
0.41], p <0.001, Fig. 15).

3.4.5 Efficacy of tDCS in PSD Patients at Different Stroke
Phases

Pooled analysis of positive outcomes indicators re-
vealed that tDCS was clearly superior to control in the
acute and sub-acute phases, with the gain being most
pronounced in the Sub-acute group (Fig. 16, Ref.
[16,23,24,28,30,31,32,33,35,36,37,38,39,40,41,43]), while
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a statistically significant benefit was also detected in the
chronic phase (Acute: SMD = 1.17, 95% CI [0.69, 1.64],
p <0.0001; Subacute: SMD = 1.72,95% CI [1.05, 2.39], p
< 0.0001; Chronic: SMD = 0.59, 95% C1[0.26, 0.91], p =
0.0004, Fig. 16). Analysis of negative indicators, however,
showed significant improvement with tDCS in all three
phases (Acute: SMD =-0.78, 95% CI [-1.11, —0.44], p <
0.0001; Subacute: SMD =-0.91, 95% CI [-1.38,-0.45], p
=0.0001; Chronic: SMD =-0.77, 95% CI [-1.23,-0.31], p
=0.001, Fig. 17, Ref. [12,14,27,28,29,32,40,41,42,43,44]).

3.4.6 Comparison of tDCS Efficacy Between PSD Patients
With Pseudobulbar and Bulbar Palsy

Relative to control interventions, tDCS significantly
improved swallowing function in patients with pseudobul-
bar palsy (SMD =-0.86, 95% CI [-1.39,-0.33], p = 0.001)
but failed to do so in those with bulbar palsy (SMD =-0.48,
95% CI [-0.99, 0.04], p = 0.07, Fig. 18, Ref. [36]). How-
ever, there was no significant difference in the improve-
ment of swallowing function following tDCS intervention
between the two types of patients (subgroup difference: p
=0.31, Fig. 18).
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tDCS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
3.1.1 Unaffected
Fu et al. 2023a -8.6 2.66 15 -3.79 422 15 4.7% -1.33 [-2.13, -0.53]
He et al. 2016a -1.29 0.73 7 -1 0.66 8 3.6% -0.39 [-1.42, 0.63] - 1
Li et al. 2022b -7.3 3.96 15 3.2 4.1 15 4.9% -0.99 [-1.75, -0.22] T
Luo et al. 2021a -7.8 5.99 30 -7.3 4.79 30 6.5% -0.09 [-0.60, 0.42] /T
Mao et al. 2022 -29.25 16.57 20 -18.55 13.18 20 5.6% -0.70 [-1.34, -0.06] N
Wang et al. 2023 -8.1 3.15 20 -49 259 20 5.5% -1.09 [-1.76, -0.42] R
Xu et al. 2024b -11.3 519 20 -695 539 20 5.6% -0.81[-1.45, -0.16] -
Subtotal (95% Cl) 127 128 36.5%  -0.74 [-1.08, -0.40] <>
Heterogeneity: Tau? = 0.09; Chi2=10.19, df =6 (P = 0.12); 2= 41%
Test for overall effect: Z = 4.23 (P < 0.0001)
3.1.2 Affected
Chen et al. 2019 -1.2 0.33 43 -0.87 042 41 6.9% -0.87 [-1.32, -0.42] R
He et al. 2016b -1.28 0.64 7 -1 0.66 8 3.6% -0.40 [-1.43, 0.62] T
Liu et al. 2020 -2.58 3.5 25 -1.38 0.61 25 6.1% -0.47 [-1.03, 0.09] )
Luo et al. 2021b -13.5 5.89 30 -7.3 4.79 30 6.2% -1.14 [-1.69, -0.59] -
Xu et al. 2024a -15.75 5.1 20 -6.95 539 20 5.1% -1.64 [-2.37, -0.92] [
Yang et al. 2012 -13 12.18 9 -983 7.06 7 3.8% -0.29 [-1.29, 0.70] S
Yang et al. 2020a -5.9 3.18 30 -3.8 3.05 30 6.4% -0.67 [-1.19, -0.14] -
Yang et al. 2020b -2.67 3.67 30 -1.84 293 30 6.5% -0.25[-0.75, 0.26] |
Subtotal (95% CI) 194 191  44.7%  -0.74[-1.05, -0.43] <>
Heterogeneity: Tau? = 0.10; Chi2 = 14.07, df = 7 (P = 0.05); I = 50%
Test for overall effect: Z = 4.67 (P < 0.00001)
3.1.3 Bilateral
Fu et al. 2023b -5.73 295 15 -3.79 4.22 15 5.1% -0.52 [-1.25, 0.21] -
Li et al. 2020 -4.78 4.41 23 -3.79 422 24 6.1% -0.23 [-0.80, 0.35] T
Li et al. 2022¢ 6.1 453 15 -3.2 4.1 15 5.1% -0.65 [-1.39, 0.08] s
Wang et al. 2020 -1.5 0.19 14 -0.71 0.2 14 2.6% -3.93 [-5.27, -2.60] —
Subtotal (95% CI) 67 68 18.8% -1.18 [-2.32, -0.05] "‘"
Heterogeneity: Tau? = 1.15; Chi? = 25.38, df = 3 (P < 0.0001); I> = 88%
Test for overall effect: Z=2.04 (P = 0.04)
Total (95% CI) 388 387 100.0% -0.78 [-1.03, -0.52] ’
Heterogeneity: Tau? = 0.19; Chi2 = 49.71, df = 18 (P < 0.0001); I = 64% 2 1 : 1 2

Test for overall effect: Z = 5.97 (P < 0.00001)
Test for subaroup differences: Chi2 =0.57. df =2 (P =0.75). 12 = 0%

Favours [tDCS] Favours [control]

Fig. 8. Efficacy of tDCS applied to different brain regions in patients with post-stroke dysphagia (negative outcome indica-

tors). References for the included studies, categorized by subgroup, are as follows: Unaffected: [12,14,31,40,41,42,44]; Affected:
[29,30,31,33,36,42,44]; Bilateral: [28,32,40,41].

3.5 Adverse Events

A total of 19 RCTs reported adverse events (Table 2),
but adverse events occurred in only two studies. A total
of 12 patients experienced adverse reactions, and the types
of adverse reactions included local itching, transient burn-
ing sensation beneath the electrodes, short-lived headache,
and rash. All adverse reactions were mild in severity, spon-
taneously resolved without additional treatment, and were
well tolerated by participants. No subject discontinued trial
participation due to adverse effects.

4. Discussion

The present meta-analysis demonstrates that tDCS
yields consistent improvements in swallowing function
among patients with post-stroke dysphagia relative to con-
trol groups receiving conventional swallowing therapy
alone. Subgroup synthesis further indicates that intensities
between 1.0 mA and 1.8 mA are all effective, that 20 min
and 30 min session durations are equally efficacious, that
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lesions located either supratentorially or infratentorially re-
spond equally well, and that acute, sub-acute and chronic
patients all gain measurable benefit—most pronounced in
the sub-acute phase. Furthermore, the intervention tends to
exert a more prominent therapeutic benefit in patients with
pseudobulbar palsy relative to those with true bulbar palsy.
Based on these findings, we discuss the clinical implica-
tions for individualized parameter selection and propose a
network-level mechanistic model to account for the hetero-
geneous efficacy patterns identified across different stimu-
lation regimens.

4.1 Selection of Cortical Target

Teismann et al. [45] examined 37 PSD patients and
found that dysphagia was associated with a bilateral re-
duction of cortical excitability; they argued that disrup-
tion of the bilateral swallowing network, rather than uni-
lateral damage, underlies the deficit. Ahn et al. [23] sub-
sequently showed that concurrent anodal tDCS over both
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tDCS 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
3.2.1 Unaffected

Chen et al. 2022a 14 13.06 50 32 139 50 6.1% 0.79[0.39, 1.20] -

Chen et al. 2022b 9.7 1249 50 32 139 50 6.1% 0.49[0.09, 0.89] [

Fu et al. 2023b 3.83 0.49 15 117 049 15  37% 5.28 [3.68, 6.88] -
He et al. 2016b 6.28 8.42 7 538 10.72 8 49% 0.09 [-0.93, 1.10] 1

Kumar et al. 2022b 25 1.7 14 21 1.7 15  55% 0.23 [-0.50, 0.96] T

Sawan et al. 2020 411 142 20 0.3 0.93 20 5.1% 3.11[2.16, 4.06] =
Subtotal (95% CI) 156 158 31.4% 1.47 [0.52, 2.42] &
Heterogeneity: Tau? = 1.20; Chi? = 59.38, df = 5 (P < 0.00001); I? = 92%

Test for overall effect: Z = 3.03 (P = 0.002)

3.2.2 Affected

Chen et al. 2019 1432 6.91 43 685 6.84 41 6.0% 1.08 [0.62, 1.54] -

Fu et al. 2023a 217 049 15 117 049 15  52% 1.99 [1.09, 2.88] -

Li et al. 2022a 1.7 127 15 02 142 15  55% 1.08 [0.31, 1.86] -

Liu et al. 2020 7.98 0.37 25 587 0.3 25 42% 6.17 [4.79, 7.54] o
Pingue et al. 2018 0.85 0.8 20 0.15 0.27 20 56% 1.15[0.48, 1.82] -
Shigematsu et al. 2013 14 113 10 0.5 1 10  51% 0.81[-0.11,1.73] I
Wang et al. 2018 14 13.03 12 27 911 12 53% 0.97[0.12, 1.83] T

Yang et al. 2020a 26 083 30 1.7 0.84 30 5.9% 1.06 [0.52, 1.61] e
Subtotal (95% CI) 170 168  42.8% 1.64 [0.92, 2.37] <
Heterogeneity: Tau? = 0.91; Chi2 = 54.10, df = 7 (P < 0.00001); I2 = 87%

Test for overall effect: Z = 4.46 (P < 0.00001)

3.2.3 Bilateral

Ahn et al. 2017 0.62 0.77 13 0.38 0.65 13 54% 0.33 [-0.45, 1.10] T
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Li et al. 2020 291 1.46 23 1.83 149 24 5.8% 0.7210.13, 1.31] _'_

Li et al. 2022¢c 13 11 15 0.2 142 15 5.5% 0.84 [0.09, 1.59] KB

Wang et al. 2020 464 1.01 14 3.07 124 14 53% 1.35[0.51, 2.18] -
Subtotal (95% Cl) 80 81 25.8% 1.49 [0.44, 2.53] <o
Heterogeneity: Tau® = 1.19; Chi? = 32.03, df = 4 (P < 0.00001); I* = 88%

Test for overall effect: Z=2.79 (P = 0.005)

Total (95% CI) 406 407 100.0% 1.53 [1.05, 2.00] .
Heterogeneity: Tau? = 0.93; Chi? = 152.22, df = 18 (P < 0.00001); I* = 88% 4‘1 2 2 j‘

Test for overall effect: Z = 6.27 (P < 0.00001)
Test for subaroup differences: Chiz = 0.11. df = 2 (P = 0.95). I? = 0%

Favours [control]

Favours [tDCS]

Fig. 9. Efficacy of tDCS applied to different brain regions in patients with post-stroke dysphagia (positive outcome indi-

cators).
[16,17,30,33,34,36,40,41]; Bilateral: [23,28,32,40,41].

hemispheres, combined with conventional therapy, pro-
duced additive benefit. Neurophysiological studies indi-
cate that the brain-stem central pattern generator for swal-
lowing receives bilateral corticobulbar drive [46,47], and—
unlike limb muscles—pharyngeal and laryngeal muscles
are innervated by corticobulbar projections from both hemi-
spheres. As early as 2006, Daniels et al. [48] observed

References for the included studies, categorized by subgroup, are as follows: Unaffected: [25,26,31,38,40]; Affected:

of whether stimulation is applied to the lesional hemisphere,
the contralesional hemisphere, or both hemispheres simul-

taneously.

4.2 Stimulus Intensity of tDCS

Our subgroup analyses demonstrate that therapeu-

that healthy volunteers exhibit hemispheric dominance that
varies across swallowing phases: the left hemisphere is
dominant during the oral phase, whereas the right hemi-
sphere is more influential during the pharyngeal phase.
Accordingly, post-stroke swallowing recovery differs sub-
stantially from upper/lower extremity motor rehabilitation;
swallowing recovery is inherently a bilateral physiological
process, even when one hemisphere becomes functionally
dominant over time. Collectively, the above mechanistic
evidence provides theoretical support for the findings of our
subgroup analyses, indicating that tDCS can effectively im-
prove swallowing function in patients with PSD regardless
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tic efficacy for swallowing improvement varies markedly
across different tDCS current intensities in patients with
PSD. In the meta-analysis based on positive-outcome, 1.4
mA appeared to be the most potent intensity, whereas for
negative outcome metrics, 1.4 mA ranked second only to
1.8 mA. Notably, higher current intensity does not always
correspond to superior therapeutic effects: although rais-
ing intensity to 2.0 mA still yielded larger benefits rela-
tive to 1.0 mA, its efficacy was inferior to that observed
at 1.8 mA. This inverted-U dose—response relationship is
consistent with previous published evidence. Du et al.
[39] applied electroencephalography (EEG) to detect tDCS-
mediated neurophysiological alterations among PSD pa-
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tDCs Control Std. Mean Difference Std. Mean Difference
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Test for overall effect: Z =5.17 (P < 0.00001)
41.21.2mA
Chen et al. 2019 1432 6.91 43 6.85 6.84 41 51% 1.08 [0.62, 1.54] -
Liu et al. 2020 798 0.37 25 587 0.3 25 3.3% 6.17 [4.79, 7.54] -
Subtotal (95% Cl) 68 66 8.4% 3.58 [-1.41, 8.57] e —
Heterogeneity: Tau? = 12.68; Chi? = 47.30, df = 1 (P < 0.00001); I = 98%
Test for overall effect: Z = 1.41 (P = 0.16)
4.1.31.4mA
Fu et al. 2023a 217 0.49 15 117 049 15 4.3% 1.99 [1.09, 2.88] = e
Fu et al. 2023b 3.83 049 15 117 049 15 2.9% 5.28 [3.68, 6.88]
He et al. 2016a 11.86 8.31 7 538 10.72 8 4.0% 0.63 [-0.42, 1.68] T
He et al. 2016b 6.28 8.42 7 5.38 10.72 8  4.0% 0.09 [-0.93, 1.10] -
Subtotal (95% Cl) 44 46 15.2% 1.91 [[0.10, 3.71]] g
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Test for overall effect: Z = 2.07 (P = 0.04)
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Li et al. 2022a 1.4 .27 15 02 142 15 45% 1.08 [0.31, 1.86] -
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Li et al. 2022¢ 1.3 1.1 15 02 142 15  4.6% 0.84 [0.09, 1.59] .
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Yang et al. 2020a 26 0.83 30 1.7 084 30 4.9% 1.06 [0.52, 1.61] -
Yang et al. 2020b 1.03 0.82 30 064 0.76 30 5.0% 0.49 [-0.03, 1.00] [
Subtotal (95% ClI) 125 125  28.2% 0.83[0.57, 1.09] ¢
Heterogeneity: Tau? = 0.00; Chi? =4.05, df =5 (P = 0.54); I? = 0%
Test for overall effect: Z = 6.24 (P < 0.00001)
4.1.7 2.0mA
Farpour et al. 2023 277 174 22 077 201 22 4.8% 1.04 [0.41, 1.68] -
Kumar et al. 2022a 29 1.2 13 21 1.7 15 4.5% 0.52 [-0.24, 1.28] =
Kumar et al. 2022b 2.5 1.7 14 2.1 1.7 15 4.6% 0.23 [-0.50, 0.96] T
Sawan et al. 2020 411 142 20 03 093 20 4.2% 3.11[2.16, 4.06] -
Sun et al. 2022b 2714 359 14 1572 4.21 14 3.9% 2.83[1.74,3.92] —
Subtotal (95% Cl) 83 86  22.0% 1.50 [0.44, 2.55] -
Heterogeneity: Tau? = 1.27; Chi? = 34.31, df =4 (P < 0.00001); I> = 88%
Test for overall effect: Z = 2.78 (P = 0.005)
Total (95% CI) 398 401 100.0% 1.38[0.97, 1.78] L 4

Heterogeneity: Tau? = 0.79; Chiz = 136.42, df = 22 (P < 0.00001); I? = 84%
Test for overall effect: Z = 6.68 (P < 0.00001)
Test for subaroup differences: Chi2 = 4.30. df =4 (P = 0.37). I> = 6.9%
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Favours [control]
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Fig. 10. Efficacy of different tDCS current intensities in patients with post-stroke dysphagia (positive outcome indicators). Refer-
ences for the included studies, categorized by subgroup, are as follows: 1.0 mA: [16,23,28,34,37,43]; 1.2 mA: [30,33]; 1.4 mA: [31,40];

1.5 mA: [35,36,41]; 2.0 mA: [13,25,26,43].

tients and reported that stimulation at 2.0 mA induced a
larger elevation in o-peak frequency compared with 1.0
mA, which the authors interpreted as an optimal excitation—
inhibition balance correlating with better swallowing per-
formance. Given high skull impedance diverting a substan-
tial proportion of applied current, higher intensities within
the therapeutic window are more capable of modulating
target cortical excitability as intended. Nevertheless, our
pooled results indicate that further increasing intensity be-
yond 1.8 mA (exemplified by 2.0 mA tDCS) fails to gen-

22

erate additional swallowing improvements; instead, thera-
peutic efficacy exhibits a mild decline. The fundamental
mechanism underlying tDCS consists of modulating neu-
ronal excitability via shifting resting membrane potentials
[39]. When the current intensity reaches 1.8 mA, tDCS
may exert greater therapeutic effects on swallowing func-
tion in patients with post-stroke dysphagia. This plateau
phenomenon is presumably attributable to the induction
of activity-dependent synaptic fatigue—characterized by
neurotransmitter depletion and/or receptor inactivation—
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Fig. 11. Comparison of different tDCS current intensities for post-stroke dysphagia. (A) Efficacy of different tDCS current

intensities in patients with post-stroke dysphagia (negative outcome indicators). References for the included studies, categorized
by subgroup, are as follows: 1.0 mA: [14,27,28,29,43]; 1.4 mA: [32,40]; 1.5 mA: [36,39,41]; 1.6 mA: [12]; 1.8 mA: [44]; 2.0 mA:
[17,25,42,43]. (B) SUCRA values, PrBest, and MeanRank for each tDCS current intensity and the control group. (C) Cumulative

ranking probability curves for each tDCS current intensity and the control group.

within discrete cortical regions under supra-optimal direct-
current intensities [49], consequently attenuating treatment
efficacy. In other words, tDCS excites the cortical swal-
lowing motor areas, opens voltage-gated Ca®>" channels,
raises intracellular Ca?* and increases the release of exci-
tatory neurotransmitters such as glutamate [50,51]. How-
ever, the amounts of Ca®', other transmitters and their re-
ceptors are finite, so the excitatory effect of tDCS can-
not increase indefinitely with current intensity. On the
other hand, the human cerebral cortex possesses homeo-
static plasticity: synapses can persistently scale their ef-
ficacy up or down (long-term potentiation [LTP] or long-
term depression [LTD]) in response to changes in presynap-
tic activity [52], and the induction thresholds for LTP/LTD
are dynamically reset to match postsynaptic activity levels
[53]. These adjustments prevent excessive LTP or LTD and
keep neural activity within a useful dynamic range [54,55].
Accordingly, excessively high tDCS intensities lead to di-
minished swallowing-related therapeutic responses in PSD
patients. Collectively, our data reveal differential therapeu-
tic magnitudes across tested intensities following a clear
inverted-U (parabolic) trend. Within the current intensity
range of 1.0-2.0 mA investigated in this study, tDCS at 1.8
mA may achieve greater improvements in swallowing func-
tion among patients with post-stroke dysphagia.
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4.3 Duration of tDCS Sessions

Pooled analyses of both favorable and unfavorable
swallowing outcome scales indicate that prolonging single-
session tDCS duration from 20 minutes to 30 minutes fails
to produce additional swallowing-related therapeutic gains
among patients with PSD. Neurophysiologically, tDCS-
induced modulation of cortical excitability may involve
calcium-dependent signalling and activity-dependent plas-
ticity [56]. However, the mechanisms underlying the non-
linear effects associated with prolonged stimulation du-
rations remain incompletely understood. Taken together,
these mechanistic findings suggest that extending single-
session stimulation beyond 20 minutes confers no supple-
mentary therapeutic benefit.

4.4 tDCS in PSD Patients With Different Lesion Locations

Regardless of whether stroke lesions (infarction or
hemorrhage) are situated in supratentorial or infratento-
rial territories, tDCS yields significant improvements in
swallowing function, with comparable therapeutic mag-
nitudes observed between the two subgroups. Accord-
ingly, lesion anatomical location does not determine clini-
cal responsiveness to tDCS intervention. This phenomenon
can be explained by the fundamental working principle
of tDCS: weak direct current is applied transcranially to
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tDCS Control

Study or Subgroup Mean SD Total Mean SD Total Weight
5.1.1 20min

Ahn et al. 2017 0.62 0.77 13 038 0.65 13 3.7%
Chen et al. 2019 1432 6.91 43 6.85 6.84 41 4.2%
Chen et al. 2022a 9.99 9.19 50 1.03 8.51 50 4.3%
Chen et al. 2022b 598 9.17 50 1.03 8.51 50 4.3%
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Std. Mean Difference
1V, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

0.33[-0.45, 1.10] .
1.08 [0.62, 1.54]
1.00 [0.59, 1.42]
0.56 [0.16, 0.96]
0.78[0.19, 1.37]
1.99 [1.09, 2.88]
5.28 [3.68, 6.88]

0.63 [-0.42, 1.68] m

0.09 [-0.93, 1.10]

0.52 [-0.24, 1.28]

0.23 [-0.50, 0.96]
1.08 [0.31, 1.86]
1.19[0.40, 1.97]
0.84[0.09, 1.59]
6.17 [4.79, 7.54]

0.81[-0.11, 1.73]
1.26 [0.44, 2.08]
2.83[1.74, 3.92)
0.97 [0.12, 1.83]
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1.06 [0.52, 1.61]

0.49 [-0.03, 1.00]

0.44 [-0.29, 1.16] b
1.15 [0.80, 1.49]

0.01 [-0.61, 0.63] =
0.10 [-0.52, 0.73] -
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Fig. 12. Efficacy of different tDCS session durations in patients with post-stroke dysphagia (positive outcome indicators). Refer-
ences for the included studies, categorized by subgroup, are as follows: 20 min: [16,23,25,30,31,33,34,35,36,37,38,40,41,43]; 30 min:

[17,24,26,39].

modulate transmembrane potentials of cortical neurons,
triggering either hyperpolarization or depolarization to re-
model local neuronal excitability and synaptic plasticity
[57,58]. Furthermore, tDCS induces sustained neurochem-
ical alterations—predominantly via NMDA and GABA-B
receptor signaling cascades—that remodel the synaptic mi-
croenvironment and stabilize long-term synaptic plasticity
[59,60]. Since these modulatory effects take effect at the
global cortical level rather than relying on region-specific
circuit pathways, lesion localization within supratentorial
versus infratentorial compartments exerts no measurable in-
fluence on overall treatment efficacy.

4.5 Timing of tDCS Intervention

When comparing treatment outcomes across differ-
ent stroke stages, significant improvements in swallowing
function scores were observed in post-stroke patients re-
ceiving tDCS intervention, regardless of whether they were

24

in the acute, sub-acute, or chronic phase. Moreover, pa-
tients in the sub-acute stroke phase appeared to achieve
greater therapeutic gains from tDCS intervention than those
in the acute and chronic phases. Well-documented evi-
dence indicates that spontaneous swallowing recovery com-
mences almost immediately after stroke, driven by endoge-
nous neuroplasticity [61]. Patients who still suffer from
dysphagia several months post-stroke may have exhausted
these intrinsic compensatory mechanisms. tDCS is thought
to amplify functional recovery by modulating cortical ex-
citability, thereby promoting adaptive plasticity [62]; nev-
ertheless, data from animal studies demonstrate that the
brain’s capacity for such plasticity declines progressively
over time following brain injury [63]. Therefore, once con-
traindications are ruled out, tDCS should be introduced as
early as possible during clinical management to capture the
window of enhanced neuroplastic responsiveness.
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Heterogeneity: Tau? = 0.16; Chi? = 42.50, df = 16 (P = 0.0003); 12 = 62%
Test for overall effect: Z = 5.57 (P < 0.00001)
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Yang et al. 2020b -2.67 3.67 30 -1.84 293 30 5.1% -0.25 [-0.75, 0.26] |
Subtotal (95% ClI) 402 405 76.8% -0.69 [-0.94, -0.45] ’

-1.4 0.82 30 -13 087 30 51%
-34 0.89 30 -13 087 30  4.4%

-0.12 [0.62, 0.39]
-2.36 [-3.02, -1.69]

Subtotal (95% CI) 60 60 9.6% 1.22[3.42,097] ————
Heterogeneity: Tau? = 2.41; Chi? = 27.39, df = 1 (P < 0.00001); 12 = 96%

Test for overall effect: Z=1.09 (P =0.27)

5.2.3 30min

Pingue et al. 2018 -1.15 0.8 20 -0.85 0.27 20 4.6% -0.49[-1.12, 0.14] - T
Xu et al. 2024a -44 47 597 20 -36.92 6.02 20 4.4% -1.23 [-1.92, -0.55] T

Xu et al. 2024b -39.563 6.02 20 -36.92 6.02 20 4.6% -0.42 [-1.05, 0.20] o
Subtotal (95% CI) 60 60 13.6%  -0.70 [-1.20, -0.21] -
Heterogeneity: Tau? = 0.08; Chi? = 3.51, df =2 (P = 0.17); 12 = 43%

Test for overall effect: Z=2.78 (P = 0.005)

Total (95% Cl) 522 525 100.0% -0.74 [-0.98, -0.49] <

-2 -1 0 1 2
Favours [tDCS] Favours [control]

Heterogeneity: Tau? = 0.24; Chi? = 74.50, df = 21 (P < 0.00001); I =72%
Test for overall effect: Z = 5.85 (P < 0.00001)
Test for subaroup differences: Chi? = 0.22. df =2 (P = 0.89). I = 0%

Fig. 13. Efficacy of different tDCS session durations in patients with post-stroke dysphagia (negative outcome indicators). Refer-
ences for the included studies, categorized by subgroup, are as follows: 20 min: [12,14,25,27,28,29,32,36,38,39,40,41]; 25 min: [42]; 30
min: [17,44]. The two entries for Luo et al. (2021) [42] represent two distinct intervention arms (anodal stimulation over the unaffected

versus affected hemisphere) compared against a shared sham control group.

4.6 tDCS in PSD Patients With Bulbar or Pseudobulbar [64]. By contrast, pseudobulbar palsy results from bilat-

Palsy

The comparative analysis across bulbar and pseudob-
ulbar palsy subgroups revealed that tDCS yielded signifi-
cantly superior therapeutic effects relative to control inter-
ventions among patients with pseudobulbar palsy, whereas
no statistically significant benefit was detected in those with
bulbar palsy. This intergroup discrepancy can be attributed
to fundamental differences in the underlying pathophysi-
ology of these two clinical entities. Bulbar palsy arises
from lesions involving the medullary swallowing center and
presents as lower motor neuron paresis: pharyngeal reflexes
are reduced or abolished, laryngeal elevation is weakened,
and incomplete relaxation of the cricopharyngeal muscle
collectively hinders safe bolus transit through the pharynx
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eral disruption of the corticobulbar pathways, representing
an upper motor neuron syndrome predominantly disrupting
the oral preparatory and oral swallowing phases, with inco-
ordination or apraxia affecting the soft palate, tongue, and
facial musculature [65]. In addition, patients with pseudob-
ulbar palsy demonstrate relatively high rates of spontaneous
functional recovery: approximately 50% start to recover
swallowing competence within seven days after stroke on-
set [66]. Collectively, these physiological features render
patients with pseudobulbar palsy more susceptible to thera-
peutic gains from cortical neuromodulation. Nevertheless,
only a small number of randomized controlled trials have
explicitly recruited participants stratified by bulbar versus
pseudobulbar palsy subtypes. Accordingly, these prelimi-
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tDCS Control

Study or Subgroup Mean SD Total Mean

Std. Mean Difference
SD Total Weight

Std. Mean Difference

6.1.1 Supratentorial

Fu et al. 2023a 217 049 15 117 049 15 11.0%
Fu et al. 2023b 3.83 049 15 117 0.49 15 7.4%
Pingue et al. 2018 08 08 20 0.15 0.27 20 12.2%
Wang et al. 2019 09 051 20 0.5 045 20 12.3%
Subtotal (95% CI) 70 70 42.9%

Heterogeneity: Tau? = 1.52; Chi? = 27.79, df = 3 (P < 0.00001); I = 89%
Test for overall effect: Z = 3.17 (P = 0.002)

6.1.2 Infratentorial

Li et al. 2020 291 146 23 1.83 149 24 12.5%
Sun et al. 2022a 20.86 3.7 14 1572 4.21 14  11.4%
Sun et al. 2022b 27.14 3.59 14 15.72 4.21 14 10.0%
Wang et al. 2020 4.64 1.01 14 3.07 1.24 14 11.3%
Yuan et al. 2015 84 12.54 15 34 956 15 11.9%
Subtotal (95% CI) 80 81 57.1%

Heterogeneity: Tau® = 0.44; Chi* = 14.95, df =4 (P = 0.005); I =73%
Test for overall effect: Z = 3.55 (P = 0.0004)

Total (95% Cl) 150 151 100.0%

Heterogeneity: Tau? = 0.75; Chi* = 44.76, df = 8 (P < 0.00001); I = 82%
Test for overall effect: Z = 4.84 (P < 0.00001)
Test for subgroup differences: Chi* = 1.36, df =1 (P = 0.24), I* = 26.2%

IV. Random, 95% CI IV, Random, 95% CI
1.99 [1.09, 2.88] i
5.28 [3.68, 6.88] —
1.15[0.48, 1.82) =
0.82[0.17, 1.46] = o
2.1 [0.81, 3.41] -
0.72 [0.13, 1.31] ——

1.26 [0.44, 2.08] s
2.83[1.74, 3.92) .=
1.35[0.51, 2.18] =
0.44 [-0.29, 1.16] ™=

1.23 [0.55, 1.92] <>

1.57 [0.94, 2.21] <&

-4 -2 0 2 4
Favours [control] Favours [tDCS]

Fig. 14. Efficacy of tDCS in PSD patients with different lesion locations (positive outcome indicators). References for the included

studies, categorized by subgroup, are as follows: Supratentorial: [17,35,40]; Infratentorial: [28,32,37,43].

tDCS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
6.2.1 Supratentorial
Fu et al. 2023a -86 266 15 379 422 15 9.7% -1.33 [-2.13, -0.53]
Fu et al. 2023b -5.73 295 15 -3.79 422 15 11.7% -0.52 [-1.25, 0.21] 2
Pingue et al. 2018 -1.15 08 20 -085 0.27 20 15.7% -0.49 [-1.12, 0.14] s
Subtotal (95% CI) 50 50 37.4%  -0.72 [-1.13, -0.31] >
Heterogeneity: Chi? = 3.00, df = 2 (P = 0.22); I2 = 33%
Test for overall effect: Z = 3.44 (P = 0.0006)
6.2.2 Infratentorial
Li et al. 2020 -4.78  4.41 23 379 422 24  18.9% -0.23 [-0.80, 0.35] — &
Mao et al. 2022 -29.25 16.57 20 -18.55 13.18 20 15.2% -0.70 [-1.34, -0.06] =
Sun et al. 2022a 222 0.74 14 -1.64 1 14 10.7% -0.64 [-1.40, 0.12] — & [
Sun et al. 2022b 293 0.76 14 -1.64 1 14 8.8% -1.41[-2.25, -0.57] -
Wang et al. 2020 -40.78 11.77 14 275 845 14 9.2% -1.26 [-2.08, -0.44] W
Subtotal (95% CI) 85 86 62.9% -0.73 [-1.04, -0.41] >
Heterogeneity: Chi? =7.13, df =4 (P = 0.13); 12 = 44%
Test for overall effect: Z = 4.54 (P < 0.00001)
Total (95% CI) 135 136 100.0% -0.73 [-0.97, -0.48] <&
Heterogeneity: Chi? = 10.13,df =7 (P = 0.18); I>= 31% 2 1 5 1 2

Test for overall effect: Z = 5.69 (P < 0.00001)
Test for subgroup differences: Chi? = 0.00, df =1 (P = 0.97), = 0%

Favours [tDCS] Favours [control]

Fig. 15. Efficacy of tDCS in PSD patients with different lesion locations (negative outcome indicators). References for the included

studies, categorized by subgroup, are as follows: Supratentorial: [17,40]; Infratentorial: [12,28,32,43].

nary observations warrant further validation in larger, ded-
icated prospective clinical trials.

4.7 Comparison With Previous Work

Our pooled findings corroborate previous meta-
analyses reporting therapeutic benefits of tDCS for swal-
lowing rehabilitation among patients with PSD [15,67].
The present review, however, adopts a more rigorous an-
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alytic strategy by separately synthesizing positive and neg-
ative outcome scales (earlier reviews merged positive and
negative scales, requiring data transformation which com-
plicates interpretation). In addition, we incorporated a
greater number of eligible trials and a larger total sample
size, enabling exploratory novel subgroup analyses. Be-
yond this established finding, the present study further con-
firms that there are no differences in the efficacy of tDCS
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Std. Mean Difference
IV, Random, 95% ClI

Std. Mean Difference
IV, Random, 95% CI

tDCS Control

r I Mean D Total Mean D Total Weight
6.3.1 Acute
Kumar et al. 2011 26 051 7 126 0.51 7 28%
Li et al. 2022a 1.7 1.27 15 02 1.42 15 43%
Li et al. 2022b 1.8 1.19 15 02 1.42 15 4.3%
Li et al. 2022¢ 1.3 1.1 15 02 142 15  4.3%
Subtotal (95% CI) 52 52 15.7%
Heterogeneity: Tau® = 0.04; Chi? =3.61,df =3 (P =0.31); P =17%
Test for overall effect: Z = 4.82 (P < 0.00001)
6.3.2 Subacute
Fu et al. 2023a 217 049 15 1147 049 15 4.0%
Fu et al. 2023b 3.83 0.49 15 117 049 15 2.6%
He et al. 2016a 11.86 8.31 7 538 10.72 8 37%
He et al. 2016b 6.28 842 7 5.38 10.72 8 38%
Li et al. 2020 291 146 23 183 1.49 24 4T7%
Liu et al. 2020 7.98 0.37 25 587 0.3 25  3.0%
Sun et al. 2022a 20.86 3.7 14 1572 4.21 14 4.2%
Sun et al. 2022b 2714 3.59 14 1572 4.21 14 3.6%
Wang et al. 2019 9.7 11.46 20 32 888 20 46%
Wang et al. 2020 4.64 1.01 14 3.07 1.24 14 4.2%
Yang et al. 2020a 26 083 30 1.7 0.84 30  4.8%
Yang et al. 2020b 1.03 0.82 30 064 0.76 30 4.8%
Yuan et al. 2015 231 144 15 -017 1.32 15 4.1%
Subtotal (95% Cl) 229 232  52.0%

Heterogeneity: Tau® = 1.28; Chi? = 107.34, df = 12 (P < 0.00001); I* = 89%
Test for overall effect: Z = 5.05 (P < 0.00001)

6.3.3 Chronic

Ahn et al. 2017 062 0.77 13 038 0.65 13 43%
Chen et al. 2019 1432  6.91 43 6.85 6.84 41 4.9%
Chen et al. 2022a 9.99 919 50 1.03 8.51 40  4.9%
Chen et al. 2022b 598 9.17 50 1.03 8.51 40 5.0%
Du et al. 2020a 0.36 0.81 20 035 0.81 20 46%
Du et al. 2020b 044 0.87 20 0.35 0.81 20 46%
Shigematsu et al. 2013 14 113 10 0.5 1 10  4.0%
Subtotal (95% Cl) 206 184 32.3%

2.46 [0.96, 3.96]
1.08 [0.31, 1.86]
1.19 [0.40, 1.97]
0.84 [0.09, 1.59]
1.17 [0.69, 1.64]

1.99 [1.09, 2.88]
5.28 [3.68, 6.88]
0.63[-0.42, 1.68]
0.09 [-0.93, 1.10]
0.72[0.13, 1.31]
6.17 [4.79, 7.54]
1.26 [0.44, 2.08]
2.83 [1.74, 3.92]
0.62[-0.01, 1.26]
1.35[0.51, 2.18]
1.06 [0.52, 1.61]
0.49 [-0.03, 1.00]
1.75 [0.89, 2.61]
1.72 [1.05, 2.39]

0.33[-0.45, 1.10]
1.08 [0.62, 1.54]
1.00 [0.56, 1.44]
0.55 [0.13, 0.98]

0.01 [-0.61, 0.63]

0.10 [-0.52, 0.73]

0.81[-0.11, 1.73]
0.59 [0.26, 0.91]

ol

Heterogeneity: Tau® = 0.10; Chi? = 13.73, df =6 (P = 0.03); I = 56%
Test for overall effect: Z = 3.53 (P = 0.0004)

Total (95% Cl) 487
Heterogeneity: Tau® = 0.64; Chi? = 139.26, df = 23 (P < 0.00001); I* = 83%
Test for overall effect: Z = 6.68 (P < 0.00001)

Test for subarouo differences: Chi?2 = 10.53. df = 2 (P = 0.005). I? = 81.0%

468 100.0%

1.23[0.87, 1.59] *

I 1 I
T

4 2 0 2 4
Favours [control] Favours [tDCS]

Fig. 16. Efficacy of tDCS in PSD patients at different stroke phases (positive outcome indicators). References for the included
studies, categorized by subgroup, are as follows: Acute: [24,41]; Subacute: [28,31,32,33,35,36,37,40,43]; Chronic: [16,23,30,38,39].

for improving swallowing function in patients with PSD
among isolated contralesional stimulation, isolated lesional
stimulation, and bilateral simultaneous stimulation. More-
over, our analyses suggest 1.8 mA may represent the op-
timal stimulation intensity, and confirm that prolonging
single-session duration beyond 20 minutes produces no ad-
ditional therapeutic benefit. Meanwhile, it should be noted
that the latest stroke rehabilitation guidelines [68] also men-
tion that sufficient evidence regarding the timing of initi-
ating and terminating rehabilitation for stroke patients re-
mains lacking. No unified standard exists to determine
when to discontinue rehabilitation interventions, and reha-
bilitation regimens should be individualized to deliver per-
sonalized “rehabilitation prescriptions”. Therefore, the op-
timal tDCS stimulation parameters for patients with PSD
should be selected according to individual patient charac-
teristics. Our findings can provide a convenient “reference
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value” for the choice of individualized stimulation parame-
ters.

4.8 Limitations

Several limitations of this meta-analysis deserve con-
sideration. First, regarding the characteristics of the in-
cluded literature, many RCTs had small sample sizes,
which increases the risk of overestimating the true effect
of tDCS. Additionally, substantial heterogeneity detected
among some included studies in this meta-analysis is con-
sidered to arise mainly from four aspects: discrepancies in
tDCS intervention parameters across trials, varied baseline
clinical characteristics of participants, inconsistent outcome
assessment measures adopted in different studies, and con-
siderable variations in the conventional adjunct swallow-
ing rehabilitation training regimens combined with stimu-
lation. We conducted subgroup analyses stratified by dif-
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tDCS Control
Study or Subgroup Mean SD_Total Mean SD_Total Weight
6.4.1 Acute

Li et al. 2022a 4.8 4.96 16 -3.2 4.1 15  5.8%
Li et al. 2022b -7.3  3.96 15 3.2 411 15 5.5%
Li et al. 2022c 6.1  4.53 15 -3.2 41 15 57%
Suntrup et al. 2018 -1.3 0.9 29 -0.4 0.9 30 6.9%
Subtotal (95% CI) 74 75 23.9%

Heterogeneity: Tau? = 0.00; Chi? = 2.38, df = 3 (P = 0.50); I = 0%
Test for overall effect: Z = 4.54 (P <0.00001)

6.4.2 Subacute

Fu et al. 2023a -8.6 2.66 15 -3.79 4.22 15 5.3%
Fu et al. 2023b -5.73 295 15 -3.79 422 15 5.7%
Li et al. 2020 -4.78 4.41 23 -379 422 24 6.7%
Luo et al. 2021a -1.4  0.82 30 -1.3  0.87 30 7.2%
Luo et al. 2021b -3.4 0.89 30 -1.3  0.87 30 6.1%
Sun et al. 2022a 222 074 14  -164 1 14 5.5%
Sun et al. 2022b -293 0.76 14 -1.64 1 14 5.1%
Wang et al. 2020 -40.78 11.77 14 -275 845 14 5.2%
Wang et al. 2023 -8.1 3.15 20 -49 259 20 6.1%
Yang et al. 2012 -13 12.18 9 -983 7.06 7  43%
Subtotal (95% CI) 184 183 57.3%

Heterogeneity: Tau? = 0.43; Chiz = 38.89, df =9 (P < 0.0001); 12=77%
Test for overall effect: Z = 3.83 (P = 0.0001)

6.4.3 Chronic

Mao et al. 2022 -29.25 16.57 20 -18.55 13.18 20 6.3%
Xu et al. 2024a -44.47 597 20 -36.92 6.02 20 6.0%
Xu et al. 2024b -39.53 6.02 20 -36.92 6.02 20 6.4%
Subtotal (95% CI) 60 60 18.7%

Heterogeneity: Tau? = 0.05; Chiz = 2.99, df = 2 (P = 0.22); 1= 33%
Test for overall effect: Z = 3.30 (P =0.0010)

Total (95% CI) 318 318 100.0%
Heterogeneity: Tau? = 0.22; Chi? = 44.40, df = 16 (P = 0.0002); I* = 64%

Test for overall effect: Z = 5.92 (P < 0.00001)

Test for subaroup differences: Chi? = 0.25. df =2 (P =0.88). 17 = 0%

Std. Mean Difference Std. Mean Difference
1V, Random, 95% ClI IV, Random, 95% CI

-0.34 [-1.06, 0.38]
-0.99 [-1.75, -0.22]
-0.65 [-1.39, 0.08]
-0.99 [-1.53, -0.44]

-0.78 [-1.11, -0.44] -

-1.33[-2.13, -0.53]
-0.52 [-1.25, 0.21]

-0.23 [-0.80, 0.35]

-0.12 [-0.62, 0.39]
2.36[-3.02,-1.69] ¥
-0.64 [-1.40, 0.12] — ]
141225, -057] ——
-1.26 [-2.08, -0.44] B E—
-1.09 [-1.76, -0.42] -

-0.29 [-1.29, 0.70] —
-0.91 [-1.38, -0.45] -

-0.70 [-1.34, -0.06] . S
1.23 [1.92, -0.55] =
-0.42 [-1.05, 0.20] —
-0.77 [-1.23, -0.31] N
-0.85 [-1.13, -0.57] .
2 R 0 1 2

Favours [tDCS] Favours [control]

Fig. 17. Efficacy of tDCS in PSD patients at different stroke phases (negative outcome indicators). References for the included
studies, categorized by subgroup, are as follows: Acute: [27,41]; Subacute: [14,28,29,32,40,42,43]; Chronic: [12,44].

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight [V, Random. 95% Cl IV. Random, 95% CI
6.5.1 True bulbar paralysis
Yang et al. 2020a -1.36 1.04 30 -0.87 0.99 30 51.5% -0.48 [-0.99, 0.04] — B
Subtotal (95% CI) 30 30 51.5% -0.48 [-0.99, 0.04] —i—
Heterogeneity: Not applicable
Test for overall effect: Z=1.82 (P = 0.07)
6.5.2 Pseudobulbar palsy
Yang et al. 2020b 237 08 30 -1.57 1.02 30 48.5% -0.86 [-1.39, -0.33] —
Subtotal (95% CI) 30 30 48.5% -0.86 [-1.39, -0.33]
Heterogeneity: Not applicable
Test for overall effect: Z=3.18 (P = 0.001)
Total (95% CI) 60 60 100.0% -0.66 [-1.04, -0.29] o

Heterogeneity: Tau? = 0.00; Chi? = 1.04, df =1 (P = 0.31); 2 =4%
Test for overall effect: Z = 3.44 (P = 0.0006)
Test for subgroup differences: Chi2 = 1.04, df =1 (P = 0.31), 2= 4.3%

-2 -1 0 1
Favours [tDCS] Favours [control]

Fig. 18. Comparison of tDCS efficacy between PSD patients with pseudobulbar and bulbar palsy. References for the included

studies, categorized by subgroup, are as follows: True bulbar paralysis [36] and Pseudobulbar palsy [36].

ferent intervention parameters (including stimulation inten-
sity, stimulation site, stimulation duration, etc.), performed
separate analyses for negative and positive outcome indi-
cators, and carried out comparative analyses between Chi-
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nese and English studies. However, interstudy heterogene-
ity could not be adequately eliminated. Detailed data on
stroke severity and baseline severity of dysphagia were not
fully available; none of the original trials provided individ-
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ual participant data, which precluded adjustments for these
baseline confounding factors. In addition, only one study
stratified patients by bulbar palsy and pseudobulbar palsy.
Owing to the limited number of randomized controlled tri-
als and insufficient overall sample size, the findings of this
subgroup analysis have limited reference value. Accord-
ingly, the results with prominent heterogeneity in our study
are merely suggestive. A full consideration of various con-
founding and heterogeneous factors is required when in-
terpreting the study conclusions. We recommend that fu-
ture large-sample, multicenter clinical trials adopt unified
protocols to reduce heterogeneity and validate the findings
of the present meta-analysis. Second, critical data limita-
tions restricted our subgroup analyses. Only a small frac-
tion of the included RCTs recruited patients with chronic
stroke; consequently, subgroup analyses for this time win-
dow were underpowered, yielding discordant patterns with
borderline statistical significance. Similarly, as only six of
the 27 RCTs adopted bilateral cerebral tDCS, the sample
size remains insufficient to definitively conclude whether
bilateral stimulation is superior to unilateral stimulation.
Third, adverse events were observed in only two studies;
therefore, the long-term safety and tolerability of tDCS can-
not be fully confirmed. Fourth, concerning methodological
constraints, the exploratory parameter network analysis in
this study is not a standard NMA. Because the nodes repre-
sent different settings of the same intervention rather than
distinct independent interventions, this analysis does not
conform to the core transitivity assumption of NMA (i.e.,
connecting multiple distinct interventions via a common
comparator). We utilized the network framework solely to
visualize evidence connections and explore parameter het-
erogeneity. Furthermore, the inability to establish strictly
unified criteria for pooling certain subgroups may compro-
mise the reproducibility of those specific analyses. Finally,
restricting the literature search to English and Chinese pub-
lications may have introduced language-related publication
bias. Therefore, large-scale, multicenter RCTs with stan-
dardized protocols and long-term follow-ups are required to
definitively assess the safety, long-term efficacy, and opti-
mal parameter settings of tDCS for post-stroke dysphagia.

5. Conclusion

This meta-analysis demonstrates that tDCS serves as
an effective adjuvant intervention for improving swallow-
ing function in patients with PSD, with superior therapeu-
tic effects predominantly observed in the sub-acute recov-
ery phase. Notably, our parameter-specific subgroup anal-
yses refute the conventional “more is better” notion regard-
ing tDCS stimulation parameters. An intensity of 1.8 mA
represents a potential optimal “sweet spot”, suggesting that
higher intensities (2.0 mA) do not necessarily translate to
better clinical outcomes. In terms of stimulation site selec-
tion, we found that tDCS can effectively improve swallow-
ing function in patients with post-stroke dysphagia when
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administered to the lesional hemisphere, the contralesional
hemisphere, or bilaterally, and there are no statistically sig-
nificant differences in efficacy among the three stimulation
modes. Additionally, prolonging single-session stimula-
tion duration beyond 20 minutes fails to yield incremen-
tal clinical benefits. Based on these findings, we recom-
mend a protocol prioritizing at 1.8 mA for 20 minutes to
optimize the cost-benefit ratio in clinical practice. Future
studies should focus on large-scale RCTs to validate these
parameters in stroke populations and further elucidate the
neurophysiological mechanisms underlying the non-linear
intensity-response relationship.

Key Points

* tDCS is an effective adjuvant intervention for im-
proving swallowing function in patients with PSD.

* For tDCS swallowing interventions in patients with
post-stroke dysphagia, 1.8 mA may be the optimal current
intensity; when the intensity was raised to 2.0 mA, efficacy
plateaued and then declined, manifesting a “ceiling effect”.

» Extending a single tDCS session beyond 20 min-
utes confers no additional clinical benefit for swallowing
improvement in PSD patients.
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