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Abstract

Background Non-invasive brain stimulation (NIBS) is a burgeoning approach with the potential to significantly enhance
cognition and functional abilities in individuals who have undergone a stroke. However, the current evidence lacks robust
comparisons and rankings of various NIBS methods concerning the specific stimulation sites and parameters used. To address
this knowledge gap, this systematic review and meta-analysis seek to offer conclusive evidence on the efficacy and safety of
NIBS in treating post-stroke cognitive impairment.

Methods A systematic review of randomized control trials (RCT) was performed using Bayesian network meta-analysis.
We searched RCT in the following databases until June 2022: Cochrane Central Register of Controlled Trials (CENTRAL),
PUBMED, and EMBASE. We compared any active NIBS to control in terms of improving cognition function and activities
of daily living (ADL) capacity following stroke.

Results After reviewing 1577 retrieved citations, a total of 26 RCTs were included. High-frequency (HF)-repetitive tran-
scranial magnetic stimulation (rTMS) (mean difference 2.25 [95% credible interval 0.77, 3.66]) was identified as a recom-
mended approach for alleviating the global severity of cognition. Dual-rTMS (27.61 [25.66, 29.57]) emerged as a favorable
technique for enhancing ADL function. In terms of stimulation targets, the dorsolateral prefrontal cortex exhibited a higher
ranking in relation to the global severity of cognition.

Conclusions Among various NIBS techniques, HF-r'TMS stands out as the most promising intervention for enhancing cogni-
tive function. Meanwhile, Dual-rTMS is highly recommended for improving ADL capacity.
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Introduction prevalent residual complication, poststroke cognitive impair-

ment (PSCI) is presented in nearly 70% of stroke survivors

Stroke is a prominent contributor to morbidity and mortal-
ity on a global scale, imposing substantial challenges for
patients, caregivers, and healthcare systems [1, 2]. As a
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and has been implicated with unfavorable long-term out-
comes [3].

Depending on the type of stroke, characteristics of the
population, and time point and thresholds of assessments,
the underlying cognitive profile of PSCI can be varied. Still,
it is widely acknowledged that PSCI can exert deficits not
only specific to stroke lesion sites but also in other cogni-
tive networks associated with higher executional and atten-
tional function [4], hampering the quality of life, affecting
activities of daily living (ADL), and potentially elevating the
risk of recurrent stroke [5]. As such, the restoration of post-
stroke cognitive function has gradually received recognition
equivalent to motor function [6, 7].

In the last two decades, non-invasive brain stimula-
tion (NIBS) has emerged as a promising strategy to pre-
serve cognitive function after stroke [8§—10]. Based on the
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interhemispheric inhibition model, NIBS techniques col-
lectively employ electrical or magnetic energy to achieve
the balance of excitability between two hemispheres [11,
12]. The conventional NIBS techniques for PSCI include
repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS).

rTMS operates by positioning a coil on the scalp to
deliver brief bursts of electricity, generating a pulsating mag-
netic field. rTMS is categorized into high-frequency rTMS
(excitatory, 3-20 Hz) and low-frequency rTMS (inhibi-
tory, < 1Hz) based on various frequency parameters [13].
Novel forms of rTMS like Theta-burst stimulation (TBS)
are divided into intermittent TBS (iTBS) and continuous
TBS (cTBS) [14, 15]. tDCS works by applying a weak and
continuous direct current to the cerebral cortex, possessing
the capability to either augment or diminish cortical excit-
ability [16, 17]. Low-intensity direct current can alter the
excitability of the cerebral cortex. Excitatory anodal tDCS
and inhibitory cathodal tDCS are common neurorehabilita-
tion modes clinically.

Although the effects of NIBS have been critically evalu-
ated in previous meta-analyses, the incomplete findings,
particularly on efficacy comparison and specific stimula-
tion sites, have hindered the integration of NIBS into stand-
ard clinical practice [18-20]. Considering the aforemen-
tioned challenges, our objective is to conduct a thorough
comparison and ranking of the effectiveness of different
NIBS modalities in enhancing both post-stroke cognitive
function and ADL function. Additionally, we aim to assess
the domain-specific effects on various cognitive domains
through the use of network meta-analysis (NMA). This
approach will provide the most comprehensive and robust
evidence currently available [21].

Methods

This study followed the PRISMA guideline [22]. Further-
more, it was prospectively registered in the PROSPERO
database of systematic reviews under the registration number
CRD42022342903 [23].

Search strategy
From January 2012 to June 2022, a systematic search was
performed in three electronic databases, including PubMed,

Embase, and the Cochrane Library. There were no language
or other restrictions. The comprehensive strategy, including

@ Springer

search terms tailored for each database, is available in Sup-
plementary Appendix 2.

Inclusion and exclusion criteria

Two independent investigators (MY and JL) carried out
the selection of records based on screening criteria that
involved filtering through titles, abstracts, and full texts.
If any discrepancies arose, a third reviewer (YL) was con-
sulted for resolution.

The inclusion criteria for the studies were as follows:
(1) participants: individuals diagnosed with a stroke, con-
firmed through standardized scales and neuroimaging;
(2) intervention: Non-invasive brain stimulation (NIBS)
modes, including rTMS, tDCS, and other variants; (3)
comparison: placebo therapy or sham stimulation. In cases
where combined interventions were utilized, the control
group received the same non-invasive brain stimulation
component of the intervention (e.g., brain stimulation plus
conventional rehabilitation therapy vs. sham plus conven-
tional rehabilitation therapy); (4) outcome: Changes in
scale values or performance on cognitive and ADL tasks
after therapy, including Mini-Mental State Examination
(MMSE), Montreal Cognitive Assessment (MoCA), Riv-
ermead Behavioural Memory Test (RBMT), Trail Making
Test (TMT), Line Bisection Test (LBT), Star Cancella-
tion Test(SCT), Catherine Bergego Scale(CBS), Modi-
fied Barthel Index (MBI), Barthel Index (BI), Functional
Independence Measure (FIM) and National Institutes of
Health Stroke Scale (NIHSS) [24-31], with studies report-
ing sufficient information to compute common effect size
statistics (i.e., mean and standard deviations [SD], exact
F-, p-, t-, or z-values); (5) study design: Randomized con-
trolled trials (RCTs) involving adult participants (> 18
years). Studies were not considered for inclusion if they
met any of the following exclusion criteria: (1) publication
in the form of abstracts; (2) implementation of interven-
tions that were irrelevant or imbalanced across different
groups (e.g., invasive interventions); (3) failure to report
pre-post changes in cognitive performance or inability to
calculate these changes based on the available data (e.g.,
inconsistent results not following the consolidated stand-
ards using computerized measurement systems); and (4)
study types that could not provide reliable data according
to GRADE (Grading of Recommendations, Assessment,
Development, and Evaluation) methodology [32], the ini-
tial quality assessment corresponds to the study design,
i.e., “high” for experimental studies (eg, randomized clini-
cal trials [RCTs]) and “low” for observational studies (e.g.,
case reports and cohort studies), including case reports
and cohort studies.
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Data extraction

Two reviewers (MY and JL) extracted data from eligible
studies independently and assessed by another experienced
investigator (YL). A pre-specified form showed demo-
graphic features, study characteristics, clinical information
and stimulation parameters. The outcome data of cognition
level and activities of daily living function were collected
from the main text, tables and supplementary materials.
The results of outcome assessment values in the figures
were carried out using Engauge Digitizer (version 12.1).

Quality assessment

Two independent reviewers (JS and XW) assessed the qual-
ity of the included studies using the Cochrane collabora-
tion’s tool for assessing the risk of bias in randomized trials
(RoB) in Review Manager (version 5.4.1). RoB was based
on the Cochrane Handbook recommendations and explored
sources of bias based on seven dimensions, namely the risk
of bias in six domains: selection bias, performance bias,
detection bias, attrition bias, reporting bias and other bias
[33]. (as shown in Supplementary Figs. 3 and 4).

Primary and secondary outcomes

Pre-post changes in the global severity of cognitive impair-
ment were considered as the primary outcomes. The pri-
mary outcomes of global cognition severity were quantified
using MMSE and MoCA [24]. The assessment of subdomain
scales, such as executive function, memory, and perception,
served as secondary outcomes in the study. These scales
included RBMT [25], TMT [26], LBT, SCT, CBS [27] and
Motor-Free Visual Perception Test (MVPT).

Secondary outcomes in this study also included the MBI
[28], BI [29], FIM [30], and NIHSS) [31]. These scales were
used to assess the overall severity of daily living abilities
and stroke. Further details about these scales can be found
in Supplementary Appendix 3. Adverse events and dropouts
are also summarized in Supplementary Appendix 4.

Statistical analysis

An NMA based on a Bayesian random-effects framework
was performed using R (version 4.1.3, gemtc package
(1.0-1)). In this study, a Markov chain Monte Carlo method
was employed to combine the direct and indirect compari-
sons of interventions, with the number of chains set at four.
Gibbs sampling [34] was according to 20,000 iterations by
removing 5,000 iterations in the burn-in phase. The effect
size of therapeutic efficacy for continuous variables, as
measured by scales, was evaluated using the pooled mean
differences (MDs) of pre-post cognitive changes along with

their corresponding 95% credible intervals (Crls). Given
that some studies did not directly report change values, we
derived the standard deviations (SDs) of pre-post changes
by utilizing the original datasets acquired from online sup-
plements or obtained through requests made to the respec-
tive authors. In cases where the aforementioned methodolo-
gies were not available, we employed a simple imputation
approach to estimate the SD values, as outlined in the
Cochrane Handbook for Systematic Reviews of Interven-
tions [35]. To rank the therapy efficacies of each outcome,
the surface under the cumulative ranking curve (SUCRA)
was computed, with a higher SUCRA value, approaching
100%, suggesting a higher likelihood of an intervention
ranking among the top positions [36]. The level of statisti-
cal significance was set to p <0.05.

Inconsistency of model

To assess inconsistency, the 'mtc.nodesplit' method was
employed, and a significance level of p <0.05 was utilized
to determine whether the inconsistency was statistically
significant.

Results
Study selection

The study selection process is presented in Fig. 1. A total of
1577 records were initially obtained from databases. After
removing 416 duplicate records, 1161 records remained.
Following the screening of titles and abstracts to exclude
irrelevant data, 292 full-text reports were selected for fur-
ther assessment of eligibility. Trials conducted by a specific
research team were included as long as they involved differ-
ent populations or interventions within the study cohort. A
total of 26 RCT reports were included in the meta-analysis.

Study characteristics

The detailed characteristics of individual studies are listed
in Table 1. This meta-analysis included 1062 patients with
PSCI. The average proportion of females in the included
studies was 42.5%, and the average age of the participants
was 58.91 +12.14 years. Among the enrolled patients, a
small subset (25%, 5 out of 20) were in the chronic phase
of stroke recovery (more than 6 months), while 70% (14
out of 20) were in the subacute phase (7 days to 6 months).
By the way, only one trial [37] was in the acute phase and
one trial [48] was categorized as both subacute and chronic
post-stroke. Five trials [42, 46, 53, 56, 57] did not provide
information about the duration of the disease course. Two
clinical trials [38, 53] did not report participant ages.
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Fig. 1 Flow diagram illustrat-
ing the selection of studies for [ Identification of studies via databases and registers ]
inclusion in the network meta- PN
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L Records identified from: |, | removed (n = 416)
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_‘E” (n=292) > Reports not retrieved
g (n=0)
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(3] \4
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(n = 292) Poor design (n = 62)
Inadequate outcome
(n=76)
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— intervention
— A (n =128)
Q
E Studies included in review
g (n =26)
Concerning the details of the therapy interventions, each  Risk of bias

therapy lasted a mean of 15.8 +5.7 (6-30) sessions, and
r'TMS demonstrated to be the most frequent form of NIBS
for addressing cognitive and functional deficits following
stroke. Out of the total number of trials, 18 (69.2%) focused
on rTMS, encompassing 13 conventional rTMS trials, 4 TBS
trials, and 1 trial [49] combining both types of stimulation.
A significant proportion of the trials focused on measuring
the primary outcomes related to the global severity of post-
stroke cognitive impairments. Various cognition scales, such
as MMSE, MoCA, TMT, RBMT, MVPT, LBT, SCT, and
CBS, were employed for outcome assessments. Addition-
ally, outcome measurements also included global severity
assessments of ADL and stroke using scales such as BI,
MBI, FIM, and NIHSS. Detailed information can be found
in Supplementary Table 1.
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The risk of bias in the included studies is summarized in
Supplementary Fig. 3. Across the seven domains of the
PRISMA RoB tool, two domains were identified to have a
high risk of bias (as shown in Supplementary Fig. 4).

Network geometry of intervention

Figure 2 presents the geometry of the treatment networks
across each cognition domain in the short-term assess-
ment of the primary and secondary outcomes. As shown
in Fig. 2A, the trials reporting cognition function meas-
ured by MMSE contained six interventions and eight pairs
of direct comparisons. Another scale called MoCA con-
tained four interventions and three edges. Furthermore,
Fig. 2A illustrates the network geometry of ADL, which
consists of five nodes and seven edges for B, five nodes
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Table 1 Demographic and clinical characteristics of the included studies

Study (year) Study design ~ Group n Age %F  Duration of illness
rTMS
Qingmei Chen et al. (2021) [37] Double-Blind  Dual-rTMS-M1 25 55.85+16.51 28 7.36+3.93 (d)
HF-rTMS-M1 25 59.14+14.15 28 6.07+3.93 (d)
LFE-rTMS-M1 25 57.28+18.87 32 7.72+5.50 (d)
Placebo 25 63.21+16.51 28 6.25+4.32 (d)
Hong Li et al. (2021) [10] Single-Blind LF-rTMS-DLPFC 33 61.79+5.51 36 28.64+12.60 (d)
Placebo 32 59.47+6.75 41 27.78+11.01 (d)
Fangzhou Yu et al. (2021) [38] NM HF-rTMS-DLPFC 60 55.91+8.76 NM  27.58+4.51 (d)
Placebo 55 55.75+9.02 NM  27.02+5.20 (d)
Mingyu Yin et al. (2020) [39] Double-Blind  HF-rTMS-DLPFC 16 56.69+12.92 125 63.95+49.18 (d)
Placebo 18 58.17+11.27 11.1  63.84+44.25 (d)
Yamei Li et al. (2020) [40] Double-Blind  HF-rTMS-DLPFC 15 65.47+3.68 53.3  22.73+8.05 (d)
Placebo 15 64.53+4.72 40 19.13+7.95 (d)
Yuanwen Liu et al. (2020) [41] Double-Blind  HF-rTMS-DLPFC 29 58.55+6.24 65.5 8.79+1.84 (m)
Placebo 29 57.69+7.25 448 8.62+1.84 (m)
Shole Vatanparasti et al. (2019) [42] Single-Blind c¢TBS-PPC 7 65.5+10.2 30 NM
Placebo 7 67.5+8.4 30 NM
Thomas Nyffeler et al. (2019) [43] Double-Blind  Placebo 10 70.60+11.44 30 25.8+11.26 (d)
cTBS-PPC 10 67.80+10.13 50 26.8+20.89 (d)
cTBS-PPC 10 7430+10.23 40 22.90+10.34 (d)
Sang Beom Kim et al. (2018) [44] NM Placebo 10 66.6+12.2 50 2454224 (d)
LF-rTMS-PPC 10 62.5+16.5 50 15.3+9.8 (d)
Ayhan Askin et al. (2017) [45] Single-Blind LF-rTMS-M1 20 58.80+12.02 75 24.35+15.39 (m)
Placebo 20 56.75+11.46 70 28.35+15.34 (m)
Ko Un Kim et al. (2017) [46] NM LF-rTMS-PPC 22 52.6+10.6 182 NM
Placebo 22 643+11.5 409 NM
Koichi Hosomi et al. (2016) [47] Double-Blind  HF-rTMS-M1 18 62.4+15.5 44 46.1+8.7 (d)
Placebo 21 63.2+12.5 38 45.1+9.5 (d)
Haitao Lu et al. (2015) [48] Double-Blind  LF-rTMS-DLPFC 19 42.5+12.3 36.8 161.03+268.32 (d)
Placebo 21 473+11.8 38.1  132.89+211.48 (d)
Wei Yang et al. (2015) [49] NM LF-rTMS-PPC 9 46.72+13.11 33.3  100.96+38.52 (d)
HF-rTMS-PPC 10 48.01+12.25 60 107.52+£39.24 (d)
c¢TBS-PPC 9 49.45+10.78 55.6 104.85+36.38 (d)
Placebo 10 47.70+11.81 70 105.91+37.59 (d)
Hyun Gyu Cha et al. (2015) [50] Double-Blind  LF-rTMS-PPC 10 59.8+9.9 50 44+0.2(w)
Placebo 10 56.7+8.2 40 4.9+0.3 (w)
Bo Ryun Kim et al. (2013) [51] Double-Blind  LF-rTMS-PPC 9 68.6+14.4 444  142+4.7(d)
HF-rTMS-PPC 9 64.1+10.3 55.6 143+3.6(d)
Placebo 9 68.3+6.5 333 16.4+8.5(d)
Dario Cazzoli et al. (2012) [52] Double-Blind  ¢TBS-PPC 8 58+11.02 29.2  26.63+21.75(d)
cTBS-PPC 8
Placebo 8
G. Koch et al. (2012) [53] Double-Blind  ¢TBS-PPC 9 NM NM NM
Placebo 9 NM NM NM
tDCS
Danielle De S. Boasquevisque et al. (2021) [S4]  Double-Blind  c¢-tDCS-M1 15 61.8+15 533 352+18(d)
Placebo 15 61.9+179 26.7 28.4+13.5(d)
Hussien Ahmed Shaker et al. (2018) [55] Single-Blind Dual-tDCS-DLPFC 20 54.45+4.68 0 14.05+1.53 (m)
Placebo 20 53.05+6.32 0 16.55+2.78 (m)
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Table 1 (continued)

Study (year) Study design ~ Group n Age %F  Duration of illness
Hosseinzadeh et al. (2018) [56] Double-Blind  Placebo 25 59+8 52 NM
Sham 25 59+7 52 NM
a-tDCS-STG 25 58+8 48 NM
c-tDCS-STG 25 60+7 52 NM
You Gyoung Yi et al. (2016) [57] NM a-tDCS-M1 10 63.0+8.5 70 NM
Dual-tDCS-PPC 10 61.6+12.2 80 NM
placebo 10 61.7+9.5 60 NM
Ko Un Kim et al. (2016) [58] NM a-tDCS-PPC 15 58.7+12.6 66.7 14.6+6.0 (m)
Placebo 15 51.9+10.7 60 14.5+6.9 (m)
Gi Jeong Yun et al. (2015) [59] Double-Blind  a-tDCS-FTP-L 15 60.9+12.9 60 42.2+31.9(d)
a-tDCS-FTP-R 15 589+15.0 53.3  38.1+27.0(d)
Placebo 15 68.5+14.6 533 39.5+29.6(d)
See Hyun Park et al. (2013) [8] Double-Blind  Dual-tDCS-DLPFC 6 65.3+14.3 66.7 29.0+18.7 (d)
Placebo 5 66.0+10.8 40 252+17.5(@d)
Hyuk Sunwoo et al. (2013) [60] NM Dual-tDCS-PPC 10 62.6+13.3 40 27.8+60.4 (m)
a-tDCS-PPC
Placebo

NM not mentioned, d day, w week, m month, year year of publication, design study design, group stimulation type-stimulation site, n number
of participants per group, Age mean + standard deviation if available, %F proportion of females, Duration of illness mean = standard deviation if
available, HF- high frequency, LF- low frequency, ¢TBS continuous theta burst stimulation, a- anodal, c- cathodal, DLPFC dorsolateral prefron-
tal cortex, STG superior temporal gyrus, FTP fronto-temporal region, PPC posterior parietal cortex, M1 primary motor cortex, rTMS repetitive
transcranial magnetic stimulation, tDCS transcranial direct current stimulation

and six edges for MBI, and six nodes and five edges for
FIM. The global severity of the stroke, as measured by
NIHSS, is represented by a network with six nodes and
nine edges. Across the subdomains (see Supplementary
Fig. 1A), the visual perception network showed by LBT
and SCT had the highest number of nodes (seven inter-
ventions) and edges (eleven comparisons). Other subdo-
main network geometry included TMT (four nodes, four
edges) for executive function, RBMT (three nodes, two
edges) for memory function, and MVPT (five nodes, six
edges) and CBS for perception function (six nodes, seven
edges).

Refined networks subdivided by targeted brain regions
are presented in Fig. 2B and Supplementary Fig. 1B.

Efficacy across cognition, living function
and stimulation regions according to pooled MDs

Regarding the measurement of cognition and living func-
tion, the present review included two interventions (rTMS
and tDCS). There were 26 studies included in our network
meta-analysis enrolling 1062 stroke patients. Rankings of
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the effects of NIBS modalities measured with SUCRASs
are shown in Fig. 3.

The global severity of cognition

Combining the forest plots and the SUCRA value, it can be
suggested that HF-rTMS (MD 2.25 [95% Crl 0.77, 3.66])
has shown to be the most effective therapy in improving
global cognitive severity. None of the interventions dem-
onstrated significant efficacy in improving the outcome of
MoCA. HF-rTMS (with a mean difference of 4.14 [— 0.28,
9.22]) was ranked among the other treatment modalities
(refer to Fig. 4A and Table 2).

Regarding targeted brain regions, it can be considered
that HE-rTMS-DLPFC (2.51 [0.64, 4.46]) is the best among
these interventions in improving the global severity of cog-
nition from MMSE. Again, none of the interventions also
show apparent efficacy in enhancing global cognitive func-
tion. However, like the results from MMSE, based on the
SUCRA value, HF-rTMS-DLPFC (4.13 [— 0.24, 9.25])
was also ranked among these modes in the measurement of
MoCA (see Fig. 4B and Supplementary Table 2).
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Fig.2 Network geometry of
interventions across cognition
and ADL function in the short-
term assessment. A Gross net-
work plots of NIBS modalities
for global severity of cognition
and ADL function as defined
by stimulation parameters; B
Refined network plots of NIBS
subtypes for global severity of
cognition and ADL function by
targeted stimulation location.
Each node in the diagram rep-
resents an intervention, with its
size reflecting the sample size
of patients involved. The edges
connecting the nodes represent
direct comparisons between
interventions, and their width
is proportional to the number
of trials conducted for each
specific comparison. HF- high
frequency, LF- low frequency,
¢TBS continuous theta burst
stimulation, a- anodal, c-
cathodal, DLPFC dorsolateral
prefrontal cortex, STG superior
temporal gyrus, FTP fronto-
temporal region, PPC posterior
parietal cortex, M1 primary
motor cortex, N/BS non-
invasive brain stimulation, ADL
activities of daily living, rTMS
repetitive transcranial magnetic
stimulation, tDCS transcranial
direct current stimulation

ADL function

A
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Considering the BI index, Dual-rTMS had a superior effect
size (27.61 [25.66, 29.57]), and significant advantages were
also observed with LF-rTMS (12.80 [10.78, 14.84]) and
HE-rTMS (8.60 [6.66, 10.56]). Same results come from the
MBI index, HF-rTMS (9.31 [6.28, 12.38]) and LF-rTMS
(10.70 [9.00, 12.38]) had priority among these modes. LF-
rTMS (2.74 [1.12, 4.37]), HE-rTMS (2.09 [1.37, 2.81]), and
a-tDCS (1.62 [1.31, 1.93]) had the same advantages on the

MoCA BI
LF-rTMS Du‘al-rTMS
LF-rTMS )

®
/! Placebo ,,,/Placebo

/

p HF-rTM
c-DCS S

DCS

NIHSS
LF-rTMS Dual-rTMS

FIM
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. &
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LF-rTMS-M1 HF-rTMS-M1
LF-rTMS-M1
®
/ Placebo - Placebo
LF-rTMS- PPC Dual-tDCS-DLPFC  ¢- tDCS- STR, c-tDCS-M1

a-tDCS-M!1 HF-rTMS-DLPFC

stroke recovery of the NIHSS scale (refer to Fig. 4A and
Table 2).

In terms of the targeted brain regions, among the spe-
cific modes of NIBS, Dual-rTMS-M1 exhibited the most
favorable effect size (27.61 [25.66, 29.57]) in improving BL.
HF-rTMS-DLPFC (8.07 [4.74, 11.39]), LE-rTMS-DLPFC
(9.65 [5.01, 14.15]), LE-rTMS-PPC (mean difference 4.06
[95% Crl 0.13, 8.02]), and HF-rTMS-PPC (13.45 [6.18,
20.71]) all exhibited advantages in improving MBI. Fur-
thermore, Dual-rTMS-M1 (4.95 [3.20, 6.70]), LE-rTMS-M1

@ Springer
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magnetic stimulation, MD mean o~ cTBS-PPC
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direct current stimulation

LBT

MVPT

T™T

(2.79 [0.83, 4.75]), HF-rTMS-M1 (2.15 [0.53, 3.79)),
HF-rTMS-DLPFC (2.08 [1.29, 2.87]), and a-tDCS-STG
(1.62 [1.31, 1.93]) all showed improvements in the rehabili-
tation process of stroke according to NIHSS (see Fig. 4B and
Supplementary Table 2).

Subdomains of cognition

LF-rTMS (3.89 [2.05, 5.95]) had impressive privileges in
the MVPT scale. HF-rTMS (19.12 [3.52, 34.94]), LF-rTMS
(13.03 [1.30, 24.78]) had considerable improvement among
these NIBS modes in the results of the LBT scale. Three
modes, including HF-rTMS (1.85 [0.94, 2.76]), a-tDCS
(1.77 [1.54, 2.00]), and c-tDCS (1.17 [0.92, 1.42]), had the
same positive influence in the executive function of TMT
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scale. Only LF-rTMS (2.81 [1.47, 4.14]) offered benefits in
the results of the RBMT scale (see Supplementary Fig. 2A).

Regarding targeted brain regions, LF-rTMS-PPC (3.92
[1.83, 6.21]) had a moderate privilege in the MVPT scale.
HF-rTMS-PPC (19.12 [3.34, 35.24]), LE-rTMS-PPC (13.08
[1.20, 25.18]) had considerable improvement among these
NIBS modes in the results of the LBT scale. Three modes,
including HF-rTMS- DLPFC (1.86 [0.94, 2.77]), a-tDCS-
STG (1.77 [1.53, 2.00]), and c-tDCS-STG (1.17 [0.92,
1.42]), had the same positive influence in the executive
function of TMT scale. In addition, LF-rTMS-DLPFC (2.81
[1.48, 4.14]) offered evident benefits in the results of the
RBMT scale (see Supplementary Fig. 2B).
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Adverse events and dropouts

Participants in both rTMS and tDCS trials reported expe-
riencing pricking sensations and tingling. Furthermore, a
small percentage of trials (11%, 3 out of 26) [37, 40, 48]
documented the occurrence of mild symptoms, such as tem-
porary headaches and dizziness in the rTMS sessions. No
severe adverse events were documented in any of the trials
included in the analysis. Overall, both rTMS and tDCS are
considered relatively safe, as no patients withdrew from the
trials due to serious adverse effects.

Evaluation of the inconsistency

Test results for outcomes that met the test criteria were
shown by stimulation type and by targeted stimulation loca-
tion (See Supplementary Fig. 5).

Discussion

The present NMA assessed the efficacy of seven NIBS
modalities across 1062 patients with cognition deficits at
various levels. Most NIBS research on these symptoms finds
positive effects across several cognitive subdomains. HF-
rTMS ranks the highest in improving the global severity of
cognition. Considering the subdomains, LF-rTMS is ranked
higher in improving memory and unilateral spatial neglect
(USN). a-tDCS has a positive effect on the global sever-
ity of stroke, USN and executive function. Taken together,
Dual-rTMS is recommended for enhancing ADL function.
Refined NMA based on locations find that DLPFC stimula-
tion has a clear advantage, especially regarding global sever-
ity. Also, PPC is the best choice for USN. Moreover, M1
stimulation exhibits a significant influence on the BI and
NIHSS scales. Additionally, the STG site plays a vital role
in executive function.

Domain-specific rankings across cognition aspects
and ADL

We focus on examining the effectiveness of various treat-
ments throughout the stroke recovery process. The enhance-
ment of cognition and ADL capacity could potentially have
a broad positive impact on stroke patients [41]. Therefore,
we rank the efficacy of these functions in terms of stroke.
We find that the overall effects tend to be more favora-
ble for bilateral stimulation, particularly in relation to ADL
function. According to a study by Qingmei Chen et al. [37],
the application of HF-rTMS and LF-rTMS on both the
affected and unaffected hemispheres provides additional
therapeutic benefits for functional recovery. Other studies
have shown alignment, where Dual-rTMS exerts significant

protective effects on the risk of worsening cognitive decline
[61]. We speculate that applying Dual-rTMS can alleviate
the interhemispheric inhibition interaction and promote
recruiting collaborative potential between two hemispheres
motor cortices across varying injury extents when compar-
ing bilateral stimulation to unilateral stimulation. Regard-
less, more studies are required to explore the unidentified
neurophysiological mechanisms of synergistic advantages
in Dual-rTMS.

The NMA suggests a favorable effect of a-tDCS in the
global severity of a stroke, USN and executive function. The
advantageous mechanism of anodal transcranial direct cur-
rent stimulation (a-tDCS), similar to HF-rTMS mentioned
previously. In the NMA of Bernhard Elsner et al. [62],
c-tDCS is the most promising treatment option to improve
ADL capacity and arm function in patients with stroke,
which is contradictory to our results partly. However, this
NMA included a large proportion of c-tDCS studies, which
may affect the conclusion of the superiority of c-tDCS with
the advantages of publication bias. In general, there is con-
troversy surrounding the effectiveness of different types of
tDCS in stroke recovery.

Concerning stimulation modes, rTMS works at more
localized areas under the coil, whereas tDCS stimulates
less focal and more broadly brain regions. Meanwhile, tDCS
presents a more cost-effective and convenient option com-
pared to rTMS, making it a viable alternative for clinical
intervention.

Selection of targeted brain regions contributes
to rehabilitation

There is insufficient evidence to precisely address the under-
lying mechanism of rTMS and tDCS in neurorehabilitation
among PSCI patients. Various factors, such as distinct patho-
physiological mechanisms, heterogeneity, may influence the
outcomes of stimulation types. Therefore, brain region selec-
tion is crucial for increasing functional connectivity within
the brain network.

Dorsolateral prefrontal cortex (DLPFC) is the frequently
targeted cortical site for cognitive recovery using NIBS
techniques. Additionally, the DLPFC has been associated
with executive functions, as per a recent organizing prin-
ciple that distinguishes cognitive processes from affective/
reward-related processes [63]. A previous study [64] showed
that DLPFC stimulation can amplify DMN node deactiva-
tions and enhance high cognitive demand processing. It can
maximize therapeutic efficacy through the integration of
HF-rTMS stimulation for unleashing the potential of neu-
ronal recovery through enhanced excitability of ipsilesional
hemisphere. Thus, DLPFC is favored selection for cognition
recovery.
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«Fig. 4 Forest plots of network meta-analyses compared with placebo
across various cognition domains and ADL function, pooling the
effects of NIBS modalities (number of trials >2). A Forest plots of
NIBS modalities for global severity of cognition and ADL function
as defined by stimulation parameters; B forest plots of refined NIBS
subtypes for global severity of cognition and ADL function by tar-
geted stimulation location. HF- high frequency, LF- low frequency,
c¢TBS continuous theta burst stimulation, a- anodal, c¢- cathodal,
DLPFC dorsolateral prefrontal cortex, STG superior temporal gyrus,
FTP fronto-temporal region, M/ primary motor cortex, NIBS non-
invasive brain stimulation, ADL activities of daily living, ¥TMS repet-
itive transcranial magnetic stimulation, MD mean difference, tDCS
transcranial direct current stimulation

Further, stimulating the motor cortex has been found to
improve ADL function. Augmenting motor cortical excit-
ability in the hemisphere affected by stroke is a crucial
prerequisite for neural plasticity. This allows the remaining
neurons to reorganize and adapt in response to treatment
feedback. As a result, motor cortex (M1) stimulation has
shown additional benefits across multiple domains, includ-
ing enhanced ADL capacity and alleviation of cognitive
dysfunction [65].

The superior temporal gyrus (STG) is located in the upper
part of the temporal lobe and plays a role in both verbal
and non-verbal communication. The right anterior STG is
involved in processing object- and space-related informa-
tion. The left posterior STG is responsible for language pro-
cessing, auditory short-term memory, and the perception and
production of speech [66, 67]. Therefore, this region may
contribute to the recovery of executive function.

Anatomical-clinical data suggests that posterior parietal
damage is the most common relevant anatomical area for
USN. Meanwhile, USN is associated with decreased arousal
network activity and an imbalance of cortico-subcortical

Table 2 Rankings of different interventions

hemispheric connectivity [68]. According to Maurizio
Corbetta et al. [69], the phenomenon of neglect is better
understood as a result of impairments in distributed corti-
cal networks responsible for attention control, rather than
being solely attributed to structural damage in specific brain
regions. Overall, PPC stimulation still has significant effects
in improving USN.

c-tDCS and other brain regions not mentioned did not
show prominent priority in cognition and living function,
maybe more extensive clinical trials with larger sample sizes
are required to achieve solid evidence.

Taking into account the aforementioned factors, the com-
bination of an appropriate brain region with rTMS has the
potential to yield more favorable therapeutic outcomes. In
addition, the restoration of entire brain networks plays a
crucial role in the rehabilitation journey of stroke patients.

Strengths and limitations

To the best of our knowledge, this is the first NMA to rank
the efficacy of NIBS modes and targeted brains for func-
tion in cognition and daily living of patients with stroke.
Additionally, evidence-based clinical decision-making can
be enhanced by utilizing NMA, which combines direct
and indirect comparisons of trials. This approach provides
ranked results that indicate the relative efficacy of each inter-
vention type, aiding in informed decision-making. Moreo-
ver, specific studies that primarily focus on enhancing motor
function have been deemed valuable additions to NMA in
terms of statistical integrity, as they also offer potential
benefits for cognition and ADL. Overall, the primary goal
of this NMA is to offer improved rehabilitation strategies

Assessments Rankings of different interventions
MMSE HF-rTMS|[2.25(0.77,3.66)] > Dual-rTMS > LF-1TMS > a-tDCS > Dual-rTMS > Placebo
HF-rTMS-DLPFC[2.51(0.64,4.46)] > LF-rTMS-M1 > HF-rTMS-M1 > Dual-rTMS-M1 > a-tDCS-FTP > LF-rTMS-PPC > Dual-tDCS-DLPFC > Placebo
MoCA HF-rTMS > LF-rTMS > Placebo > c-tDCS
HF-rTMS-DLPFC > LF-rTMS-DLPFC > Placebo > c-tDCS-M1
BI Dual-rTMS[27.61(25.66,29.57)] > LF-rTMS[12.80(10.78,14.84)] > HF-r'TMS[8.60(6.66,10.56)] > Placebo > c-tDCS
Dual-rTMS-M1[27.61(25.66,29.57)] > LF-rTMS-M1[12.80(10.78,14.84)] > HF-rTMS-M1[8.60(6.66,10.56)] > Placebo > c-tDCS-M 1
MBI LF-rTMS[10.70(9.00,12.38)] > HF-rTMS[9.31(6.28,12.38)] > c-tDCS > a-tDCS > Placebo
HF-rTMS-PPC[13.45(6.18,20.71)] > HF-rTMS-DLPFC[9.65(5.01,14.15)] > HF-r'TMS-DLPFC[8.07(4.74,11.39)] > LF-rTMS-PPC[4.06(0.13,8.02)] > c-tDCS-
PPC > a-tDCS-PPC > a-tDCS-FTP > Placebo
FIM Dual-tDCS > cTBS > a-tDCS > HF-rTMS > LF-rTMS > Placebo
HF-rTMS-DLPFC > Dual-tDCS-DLPFC > ¢cTBS-PPC > a-tDCS-M1 > LF-rTMS-PPC > LF-rTMS-M1 > Placebo > HF-rTMS-M 1
NIHSS Dual-rTMS[4.90(3.53,6.29)] > LF-rTMS[2.74(1.12,4.37)] > HF-rTMS[2.09(1.37,2.81)] > a-tDCS[1.62(1.31,1.93)] > Placebo > c-tDCS

Dual-rTMS-M1[4.95(3.20,6.70)] > LF-rTMS-M1[2.79(0.83,4.75)] > HF-rTMS-M1[2.15(0.53,3.79)] > a-tDCS-STG[1.62(1.31,1.93)] > HF-rTMS-

DLPFCJ[2.08(1.29,2.87)] > c-tDCS-M1 > Placebo > c-tDCS-STG

HF- high frequency, LF- low frequency, ¢TBS continuous theta burst stimulation, a- anodal, c- cathodal, DLPFC dorsolateral prefrontal cortex,
STG superior temporal gyrus, FTP fronto-temporal region, PPC posterior parietal cortex, M/ primary motor cortex, rTMS repetitive transcranial

magnetic stimulation, tDCS transcranial direct current stimulation
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for patients and provide clinicians with enhanced decision
support.

Notwithstanding, our study does have a few limitations.
First, part of NIBS modes was not included in the current
NMA, which may have an impact on the completeness of the
findings. However, the inclusion has covered common clini-
cal treatments and explains and guides current clinical appli-
cations. Second, the assessment of outcomes in our study
involved the utilization of different cognition scales, which
introduced subjectivity and potentially increased heterogene-
ity. To mitigate this bias, we specifically selected RCTs that
incorporated blinding designs. Additionally, we included as
many relevant scales as possible to ensure comprehensive
results. However, given the diversity of assessments, it was
not feasible to include all interventions in the partial ranking.
Therefore, the results of our study should only be applied to
the interventions included in the analysis.

Conclusions

HF-rTMS is recognized as the superior NIBS intervention
for ameliorating overall cognitive impairment. In contrast,
Dual-rTMS has exhibited greater effectiveness in improv-
ing ADL functioning, while LF-rTMS has demonstrated
advantages in enhancing memory and alleviating USN. For
enhancing global cognition, DLPFC is highly recommended,
whereas the motor cortex (M1) can also be beneficial for
improving ADL function. Additionally, PPC is a recom-
mended option for alleviating USN.
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