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Abstract

Objective This research aims to comprehensively assess the efficacy of intermittent theta-burst stimulation (iTBS) vs. high-
frequency repetitive transcranial magnetic stimulation (HF-rTMS) in post-stroke dysfunction.

Materials and methods Until January 2024, extensive electronic database searches were conducted (PubMed, Embase,
Cochrane Library, Web of Science, etc.). Fugl-Meyer Assessment for Upper Extremities (FMA-UE) was used to assess
upper limb (UL) dysfunction; post-stroke dysphagia (PSD) was identified by Standardized Swallowing Assessment (SSA),
Fiberoptic Endoscopic Dysphagia Severity Scale (FEDSS), and Penetration/Aspiration Scale (PAS). Results were analyzed
by network meta-analysis (NMA), and the mean difference (MD) and 95% confidence intervals (95% CI) were also reported.
We conducted a descriptive analysis due to the inability to synthesize data on post-stroke cognitive impairment (PSCI).
Results 19 studies were included for NMA analysis. For UL disorder, the efficacy of treatments was ranked as HF-rTMS
[MD (95%CI):3.00 (1.69,4.31)], iTBS [MD (95%CI): 2.16 (0.84, 3.50)], and sham stimulation (reference). For PSD, the
efficacy of treatment to reduce scores of FEDSS or SSA were iTBS [FEDSS, MD (95%CI): -0.80 (-1.13, -0.47); SSA, MD
(95%CI): -3.37 (-4.36, -2.38)], HF-rTMS [FEDSS, MD (95%CI): -0.43 (-0.76, -0.10); SSA, MD (95%CI): -2.62 (-3.91,
-1.35)], and sham stimulation(reference). Descriptive analysis of PSCI found that both iTBS and HF-r'TMS were effective
in improving PSCI.

Conclusions HF-rTMS demonstrates superior efficacy in UL dysfunction, while iTBS is more effective in PSD. Clinicians
should carefully evaluate the type and severity of post-stroke dysfunction in each patient to select the most appropriate
treatment.

Keywords Post-stroke dysfunction - iTBS - HF-rTMS - Network meta-analysis

Introduction

According to the World Stroke Organization, stroke is one
of the main causes of death and disability in the globe, with
an estimated 12.2 million stroke events occurring annually
[1]. A study found that over 60% of stroke survivors have

04 Tianlai Lin moderate or severe functional impairment [2]. Post-stroke
tianlailin_ti@outlook.com dysfunction includes increased patient incapacity such as
>< Weiwen Chen motor impairment, and cognitive ability [3, 4], which seri-
WEIWEN_chenn@outlook.com ously affects the quality of life of patients. Upper limb (UL)
L. . . o
! Department of Critical Care Medicine, Quanzhou First dyslﬁmcnon 1S eStlmated to occur in 55-75% of p OSt_Strc,)ke
Hospital Affiliated to Fujian Medical University, Quanzhou, patients [5, 6], which may lead to a health-related reduction
Fujian Province 362000, China in quality of life. In addition, post-stroke dysphagia (PSD)
2 Quanzhou First Hospital Affiliated to Fujian Medical is also a common complication of stroke [7] and previous
University, No.250 East Street, Licheng District, Quanzhou, studies have reported an association with an increased risk

Fujian Province 362000, China

@ Springer


http://orcid.org/0009-0009-2741-5728
http://crossmark.crossref.org/dialog/?doi=10.1007/s10072-024-07918-6&domain=pdf&date_stamp=2024-12-20

1526

Neurological Sciences (2025) 46:1525-1539

of acute-phase mortality, malnutrition, dehydration, and
increased length of hospital stay, although conventional
treatment remains limited [8].

The noninvasive brain stimulation (NIBS) technique, a
method of promoting functional recovery and improvement
by stimulating neuronal activity in the brain, has been shown
to improve stroke [9]. After stroke, patients often experi-
ence decreased cortical excitability, dysfunction, vascular
edema, and interhemispheric imbalance, which together
lead to severe motor dysfunction [10]. Non-invasive brain
stimulation (NIBS) promotes the recovery of motor function
by regulating cortical excitability and reducing interhemi-
spheric inhibition [10]. In addition, NIBS may contribute by
modulating synaptic plasticity in brain neurons and enhanc-
ing the functional connectivity of neural networks [11].
High-frequency repetitive transcranial magnetic stimula-
tion (HF-rTMS) is a technique that delivers high-frequency
magnetic pulses to specific areas of the brain to increase the
cortical excitability of regions targeted by placing electro-
magnetic coils on the scalp [12]. HF-rTMS is widely used
in the treatment of neurological disorders such as depres-
sion, Parkinson’s disease, and sequelae of a stroke [13—15].
Intermittent theta-burst stimulation (iTBS) appears to be a
novel rTMS modality that delivers pulses that imitate theta
rhythms in the brain [16]. Currently, iTBS is also frequently
used for many psychological disorders [17, 18].

A study in which 20 chronic stroke patients received two
different stimulation conditions: single iTBS or sham stimu-
lation of the ipsilateral M1, found that iTBS promoted intra-
cortical excitability in chronic stroke patients [19]. Another
meta-analysis showed that HF-rTMS, low-frequency rTMS
(LF-rTMS), and iTBS all had beneficial effects on overall
cognitive functioning in stroke patients [20]. Currently,
although several studies have investigated the effects of the
two approaches separately, there are relatively few direct
comparative studies on iTBS and HF-rTMS for the treat-
ment of post-stroke dysfunction, and it is not clear which
stimulation method is more effective for functional recovery
in stroke sequelae. A critical question about which treatment
is most effective cannot be answered using traditional meta-
analytic methods [21]. Moreover, traditional meta-analyses
do not allow for comprehensive analyses of trials investigat-
ing multiple treatment groups in a study because they com-
pare only two treatments at a time.

Therefore, randomized controlled trials (RCTs) on iTBS,
HF-rTMS, sham stimulation, and basic stroke treatment
on post-stroke dysfunction have been widely collected
and based on which network meta-analysis (NMA) was
constructed. This study aimed to assess the comparative
efficacy of these therapies on UL dysfunction, PSD, and
post-stroke cognitive impairment (PSCI) to establish a hier-
archy of these interventions.

@ Springer

Materials and methods

A comprehensive literature review was executed following
the standards set by Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) [22] and the
Cochrane Handbook for Systematic Reviews of Interven-
tions [23].

Search strategy

The search for data was extended until January 15, 2024,
encompassing electronic databases including PubMed,
Embase, the Cochrane Library, Web of Science, the China
National Knowledge Infrastructure (CNKI), the China Sci-
ence and Technology Journal Database (VIP), and Wanfang
Data. A complete list of the search keywords and search
terms can be found in Table Supplementary 1.

Eligibility criteria

The PICOS tool served as the foundation for the search
strategy: (P) Population: adult patients (age > 18 years old)
diagnosed with stroke through computed tomography or
magnetic resonance imaging (MRI) and without conscious
impairment; (I) Intervention: iTBS or HF-rTMS; (C) Com-
parator: basic stroke treatment, sham stimulation, sham
stimulation + basic stroke treatment; (O) Outcomes: out-
comes included UL dysfunction, PSD, and PSCI; (S) Study
design: RCTs. All of the above interventions had a duration
of at least one week, excluding interventions with a duration
of less than one week.

The following scales were used for outcomes assess-
ments: UL dysfunction was assessed by Fugl-Meyer Assess-
ment for Upper Extremities (FMA-UE); PSD was identified
by Standardized Swallowing Assessment (SSA), Fiberop-
tic Endoscopic Dysphagia Severity Scale (FEDSS), and
Penetration/Aspiration Scale (PAS); assessments of PSCI
comprised Mini-mental State Examination (MMSE) and
Montreal Cognitive Assessment (MoCA).

Articles with the following characteristics were excluded:
(1) animal experience; (2) retracted studies; (3) reviews,
meta-analyses, errata, case reports, conference abstracts,
editorial materials, letters, notes, and books; (4) non-Eng-
lish literature; (5) studies that do not match the topic.

Data extraction

Primarily, EndNote X9 literature management software was
used to remove duplicate records. An initial screening of
the literature was performed by two reviewers judiciously
through the examination of titles and abstracts. Following
that, the full texts of the remaining articles were downloaded
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and further evaluated. Any discrepancies were addressed
through discussion between the reviewers and consultation
with the superintendent. After screening potentially eligible
articles, two reviewers independently extracted and col-
lected data from the studies. A pre-design extraction table
was utilized to extract relevant information, encompass-
ing the subsequent elements: the characteristics of trials
[authors, year of publication, and country of enrolment), the
characteristics of the patient (age, type of stroke, affected
hemisphere of stroke patients, site of lesion, and presence of
comorbidities (hypertension/diabetes/dyslipidemia, etc.)],
intervention characteristics (type of intervention, period of
intervention, duration of follow up), and outcome of con-
cern (UL dysfunction, PSD, and PSCI).

Risk of bias assessment

The risk of bias was assessed strictly under the guidelines
of the Cochrane Handbook [24] which scored the included
studies on the following: Selection bias, implementation
bias, measurement bias, follow-up bias, reporting bias, and
other biases.

Certainty of the evidence

The Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) technique was used to
assess the quality of the NMA evidence. The quality of evi-
dence was evaluated across five dimensions: risk of bias,
inconsistency, indirectness, imprecision, and publication
bias. GRADE evidence was scored on four levels: high,
moderate, low, and very low. The GRADE grading scale for
this investigation was generated using the GRADEpro GDT
online version [25].

Statistical analysis

The statistical analysis was conducted using the Gemtc
1.0.1 package in R Studio, implementing a Bayesian Mar-
kov chain Monte Carlo (MCMC) framework for NMA.
Four MCMC chains were used for simulation. The number
of initial iterations is set at 20,000, followed by an addi-
tional 50,000 iterations, with a step length of 1. Depend-
ing on the level of heterogeneity, either a random-effects or
fixed-effects model was selected for analysis. Consistency,
a crucial assumption of NMAs, was evaluated by compar-
ing the deviance information criterion (DIC) between con-
sistency and inconsistency models. A smaller DIC value
indicates better model fit, and a difference of less than 5
suggests acceptable consistency.

Network diagrams were generated using Stata 15
to visually represent the relationships among different

interventions. For UL dysfunction, and swallowing dys-
function, network plots were created and the mean differ-
ences (MD) along with 95% confidence intervals (95% Cls)
for all comparisons were reported. Forest plots were used to
present the MD values and 95%CIs of comparisons. Addi-
tionally, rank probability plots were generated to compare
the rankings of iTBS and HF-rTMS, with the probabilities
of each intervention being represented on the x-axis. Sub-
group analysis was performed according to stimulated areas
in the assessment of NIBS and SSA. Sensitivity analyses
were also conducted to assess the robustness of the results.

Results
Characteristics of the eligible studies

In the beginning, a total of 9,555 documents were searched
according to the search strategy. After deleting 3,834 arti-
cle duplicates, 5,721 articles were retained for titles and
abstract screening. A full-text review of 42 articles was con-
ducted, resulting in 19 eligible studies [26—44] being used
for systematic review and meta-analysis. More details of the
process of inclusion are presented in Fig. 1.

Table 1 reveals the characteristics of the study with a
total of 1,085 participants. All of the studies were published
between 2017 and 2023. Of the 19 trials, most of the stud-
ies focused on comparisons between iTBS or HF-rTMS and
sham stimulation. Furthermore, the majority of the stud-
ies’ individuals had subacute strokes, and their ages were
largely comparable, ranging from 48.6 to 69.5.

Quality evaluation and research bias

As illustrated in Figure Supplementary 1, random sequence
generation, and other biases were assessed as having a lower
risk of bias, whereas incomplete outcome data was consid-
ered to have a higher risk of bias. Several articles [28, 30,
33, 40] did not exhibit a risk of bias entries by summarizing
the risk of bias for each incorporated article (Figure Supple-
mentary 2). In general, the studies included were considered
to have an acceptable risk of bias.

By applying GRADE to assess the quality of the evi-
dence, FEDSS, FMA-UE, PAS, and SSA were found to have
relatively low-quality evidence (Figure Supplementary 3).

Comparison of the efficacy of three intervention
treatments for UL dysfunction after stroke

There were 4 RCTs included for analysis, comprising a total

of 132 patients. As can be seen from Fig. 2A, the current
study only provided a direct comparison between sham
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PubMed(n=2153)

Web of Science(n=4046)
Embase(n=3205)
Cochrane library(n=4)

CINKI(n=29)
VIP(n=91)
WanFang(n=27)

Records identified through English database searching(n=9555)

» Exclude duplicates(n=3834)

v

Records after duplicates removed(n=5721)

\ 4

Records excluded through title and abstract(n=5679)
Case reports, books, conference abstracts, letters, notes,
editorials, errata, retracted publications (n=1380)
Reviews, meta analyses(n=1263)

Animal experiments(n=170)

Irrelevant to the topic (n=2641)

Non-English and Chinese(n=225)

Full text articles assessed for eligibility(n=42)

Records excluded through full text(n=23)
Data cannot be merged(n=20)

Cannot access the full text(n=3)

Studies included in the systemic review(n=19)

Fig. 1 The flowchart of the study

stimulation and iTBS or HF-rTMS. The connecting lines
between sham stimulation and iTBS/HF-rTMS were of
equal thickness, suggesting that the number of intervention
studies was comparable. Additionally, the larger circle of
sham stimulation indicated a larger sample size. Figure 3A
presents the values of MD (95% CI) for sham stimulation
vs. HF-r'TMS and sham stimulation vs. iTBS were —3.00
(95%CI = -4.30, -1.70) and —2.20 (95%CI = -3.50, -0.84).
There was no heterogeneity observed in the two groups

@ Springer

(I’=0%). According to the rank probability plot (Figure
Supplementary 4 A), the order of increased FMA-UE score
was HF-rTMS > iTBS > sham stimulation. Thus, HF-rTMS
might be the relatively effective treatment for UL dysfunc-
tion after stroke.



1529

Bale

[e1o1e[0SIOP
puE X93109
reruoayard [ev]
VOO VN 4 VN VN Cl/81 01/0T 01/0C 991 Ftb'8S pajooye-uoN  SINLI-JH 09 amoeqng 6107 Sueyz
BoJe
[e101e[0SIOP
pue X23109
reyuonyoid uoneNUINS
VN 147! PI/ST €1/91  STLF69'LS Paooye-uoN weyg
BoJR
[e10)e[0SIOP
pue X03100
rejuoyard [€€]
dSIWIN VN 4 VN VN 11/81 6/0T 61/01 ¥T9FSS8S Padoye-uoN SIALL 9 dmoayd 00T ary
(00°sL IN SdlL!
T1/81 vT/9 9L TI/8T ‘00°€$) 0099  [euolsayisdy weys
(00'8L TN
dSIWIN VN [4 VN 14%4! 91/¢l1 01/81 TI/9T ‘00°09) 05’69  [euorsafisd] SdlL! 8¢ amoeqng  zgoz [0€] 1T
IN SdL
¥/01 LIL ¥/01 LIL  OF'SFO00t9  [euorsafisd] weys
an TN [vv]
“VINA 4 € SIA e/l 8/9 8/9 §/6  006FIT8S  [euorsayisd] SdlL! 8¢C owory)y 7gog Sueyz
IN  SINL-dH
SSF6L S1/s L/€1 VN 01/01 OF'E€IF009  [euorsdqisd] weygs
an l62]
“VINd €1 €SFT8 VN el/L 8/l VN  S/ST 0TYIFOLT9 TN [BUOISST  SINII-AH (V1% amaeqng  0T0C wry
TN SIALL!
0/1¢ cl/6 VN LT 00VIFOy'LS  [euorso[isd] wreyg
8y
YT
an IN [82]
“VINA ‘v [4 VN 0/1¢ I1/01 VN S/9T 08'9F0L65 [euorsonisd]  SINLI-AH [4% MY LIOC  uenDh
N SdlL!
VN 6/c 8/€  v/L 0E£8F09TS [euorsdpisd weys
an IN (L]
“VINd VN C VN VN 9/§ 6/C Y/L OU'TIF06CS  [euorsafisd] SdlL! [44 osworyy  610C  UdYH
) )
dn  porrad (yor1pySry)
QWD -MO[  UONUA (xo10)/x91100qng)  21oydsruoy J3eyuIowoy suor3ar ureiq
-mQ  -104 -1ou]  uoneordwo) uo13a1 paseasiq PRy oruoyos] g/ (10K) 93y genumns  juounear],  ojdwieg oSeis oyong Iegx Ioyny

Neurological Sciences (2025) 46:1525-1539

SIPN)S PAPN[OUI A} JO SONSLINILILYD Y] | 3|qeL

pringer

As



Neurological Sciences (2025) 46:1525-1539

1530

X910
proAyexdns
VN VN L/8 S/O1 L89TFLOLS 9pISPajooyy Sl weys
X9}100
proAyexdns [L€]
VSS 4 4 VN VN VN 191 11/61 OI'V1F0t'8S OpIs pajooyy SdL 06 mdeqng - £20C el
X910
[e191R]0SIOP
pue X93109
[eyuoyoxd Sd.L!
S/1 44! cl/6l  LvT TITF06'S9 PRV uwreys
X910
[e101e[0SIOP
SVd pue X93109
/Ssadd [ejuoyaid [o€]
/VSS 4 [4 SIA §/0¢ v1/81 81/S1 11/2C SEOIFTHE9 PR3PV SdlL! 0L v ¢20c oey
X9)109
proAyexdns SINLY
VN €1/01 S/IT  9/0T L6'6FELLY 9PIS pAOdYy weys
SVd X01100
/Ssadd proAyeidns [1€]
/VSS 4 [4 S9A VN 8/8 v/61  9/LT TLTIFI9LY 9pISpadapy  SINILI-AH (14 MY TTU0T oy
sazoydsruay
[e1G9109
30q uo
X109 JOjJoWl  UOHE[NWNS
VN VN €01 1/21 6TOIFSI'09  PoAYOlAN weygs
soroydsiuoy
[e1g9109
10q Uo
X9}100 10O [z+]
VOON VN 4 VN VN VN TOT  T/IT 86'11F8S'8S  PIOAYOIAN  SINLI-IH 94 mdeqng 10T utx
JUSUEI}
oyons
VN VN VN 81/€C ITEFTIP9 VN o1seq
[o7]
dSININ - VN 4 VN VN VN VN 91/ST 91'€+8T+H9 VN SILI-dH [4] drmomyn  ¢coc usyp
BoJe
[e101e[0SIOP
pue X23109
reyuoyyoid uone[NUINS
VN Cl/81 CTI/81 T1/81 €O'8IFII'SS Ppajodye-uoN weygs
ey @)
dn  porrad (gor1pySTy)
QW0 -MO|  UONUA (xo110)/x91100qng)  d1oydsrwoy J3eyuowoy suor3ar ureiq
-mnQO  -[og -] uonestdwo)) uor3a1 paseasi(q PalodPYy JOTRYS] /N (1e0K) 28y oenuung  Juounear],  ojdweg oSeis oyong JIesx Ioyny

(penunuoo) | ajqeL

pringer

As



1531

Neurological Sciences (2025) 46:1525-1539

VSS VN € VN

VSS VN 4 VN

Svd
/VSS VN 4 S9A

Svd
/VSS 4 [4 SIA

SSadd
/VSS 4 [4 VN

VN

VN

VN

VN

8/81

[1/91

VN

VN

VN

VN

VN

VN

VN

8/L

6/9

81/0C

Sl/€c

VN

VN

VN

470!

(174!

VN

VN

cl/e

6/9

6l/6l1

L1/1T

8V 44

8/TC

/11

91/L

81/9

01/sT

8/LT

V/11

S/01

€1/sc

L1/1T

gl/ce

El/L1

8/91

S/81

8/91

YT EF8I€9

TTeEFBTE9

TE9FLTIS

L6'9F 0981

YSEFT9T9

T8EFLEEY

[0 TTF€¥'€9

SO'0IF0L€9

€6'6+00°59

0€' 1T F0819

09°0T ¥0S°L9

BoJE JOjoU
[eo3ukreyd
Ie[[9Q2100
[BUOISI[-UON
BOIE JOJOW
[eo3ukreyd
Ie[[9Q2130
[BUOISO[-UON
sozoydsrwoy
[81q9190
yroq ur
X0}100 J0j0UI
PIOAYOIAN
sazoydsruoay
2199109
yoq ur
X9}109 J0j0U
proAyolA N
X910
proAyexdns
OPIS PajdRygyVy
X9}109
proAyexdns
OPIS PV
X910
proAyexdns
OIS PajoRygV
X910
proAyexdns
9PIS Pard_gVv
X910
proAyerdns
OPIS PPV
X910
proAyexdns
9PIS PajoagVv
X91109
proAyerdns
OPIS PPV

flclinii)i]
ajons
oiseq

SINL-dH

uonenuIys
weys

SINLI-AH
JuoU)RII)
ayons
orseq

SINL-AH

uone[nuns

weys

SINL-AH

Sdl!

SINL-AH

Sdl!

[8¢]
0L MY £70T npm

[1+]
Sy moeqng 6107 UBX

43
9L omoIy) 770 nry

[t€]
68  Qmoeqns 70T nry

[ov]
Ly @moeqns 70T arx

(m) (a)
dn  pouad
QWO0o -MO[  UONUIA
-mnQO  -[og -] uonestdwo))

(x0110)/%91100qNS)
uor3a1 paseasi(q

(yo1pusry)
aroydsruay

oYY

J3eyuowoy
JOTWIAYOS]

4/

(19K) 93V

SuoI3a1 ureiq
oje[nung

juauneal],

oidweg oSeisoyong JIeox JIoyny

(penunuoo) | ajqeL

pringer

As



Neurological Sciences (2025) 46:1525-1539

1532

3

3

X9}100 I0joW AIeWILI] ‘TN "9[eds uoneiidse/uonenoudd ‘Syd 9[eos £31104A3s erdeydsAp ordoosopus ondoraqr ‘SSOH.] (9[eos uonjenjeAd uonounj Jurmojems piepuel§ ‘yss
UOWISSISSE 2ANIUTOD [BAIUOIA “YDOJA ‘UONBUIWIEXD 21B)S [BIUSW WNWIUTIA “GSINIA ‘Sontwanxa 1oddn 10y juowssasse IAIN-18n ‘AN-VINL oo ‘M o[qeordde joN ‘YN Qewa J Q[eN
A ‘uonje[nwins dnjoudew [eIuBIoOsULRI], ‘SIAL ‘uone[nwins dnoudew [erueIosuer) 2Annddar Aouonboij-ySiH ‘SINII-JH ‘uone[nNWINS 1SINQ-BIAY) JUINIULIAU] ‘S [T ‘(1) [01u0d wopuey ‘1Y

VOO
/ASIWIN VN

VSS VN

4 VN

Cl VN

VN

VN

VN

VN

VN

VN

VN

VN

9/€T

$/9¢

VN

VN

L/TT

€1/81

S1/0C

y1/1C

TN BaIR
[eruoiyard
[e1oye|os
-I0p Yor]
TN BaI1R
Teyuoxgord
[e19e[0S
-I0p Yor]
X9)109
[e191R[0SIOP
puE X31100
reruoayard
PRV
X910
[e10)e[0SIOP
puE X21100
reyuoyaxd
PPV

SS9F€6'99

9’ SF06'79

SEEFOLSI

LY €FT8°S9

uone[nwns
weys

SdlL!

JuouneaI)
axons
o1seq

SINLI-AH

[sel
09  amoeqng 7Zoz  Id

[6€]
0L  @moeqns  €70C arx

ey

dn
-MO[
-104

QUWI0d
-mno

(a)
porurad
UONUIA

-1o1u]  uonesrdwo)

(x0110))/X21109qNS)
uor3a1 paseasi(q

(gor1/ySry)
a1oydsruoy

paaPy

a3eyuowoy
JOTWIAYOST

J/N

SuoI3a1 ureiq

(189K) 23V denung

juaunjeal],

ojdweg a3ejs oyonsg JIeax Ioyny

(penupuoo) | ajqey

pringer

As



Neurological Sciences (2025) 46:1525-1539

1533

A

iTBS

|/ e

Sham stimulation

Cc

HF-rTMS

iTBS

Basic stroke treatment

Sham stimulation

Fig. 2 Geometry of the network. The node size indicates the number
of participants in the intervention, while the edge thickness reflects
the number of studies for each treatment comparison. (A) FMA-UE;
(B) FEDSS; (C)SSA; (D) PAS. FMA-UE, Fugl-Meyer Assessment for

Comparison of the efficacy of three intervention
treatments for PSD

For FEDSS scores, 3 articles with a total of 202 patients
were included. The studies of iTBS, HF-rTMS, and sham
stimulation were directly compared to form a closed loop.
Among them, the connecting line between sham stimulation
and iTBS/HF-rTMS is thicker, indicating a larger number
of studies (Fig. 2B). Figure 3B shows the MD values for
sham stimulation vs. HF-rTMS and sham stimulation vs.
iTBS were 0.43 (I?=0%, 95% CI=0.10, 0.76) and 0.80
(I’=0%,95% CI=0.47, 1.10). The league table (Table 2)
demonstrates that sham stimulation vs. iTBS has the high-
est effect value (MD: 0.80, 95%CI=0.47, 1.13), and sham

B

iTBS

HF-rTMS

Sham stimulation

D

HF-rTMS

iTBS

Basic stroke treatment

Sham stimulation

Upper Extremities; FEDSS, Fiberoptic Endoscopic Dysphagia Sever-
ity Scale; SSA, Standardized Swallowing Assessment; PAS, Penetra-
tion/Aspiration Scale

stimulation vs. HF-rTMS had a medium effect value (MD:
0.43,95%CI=0.10, 0.76). According to Figure Supplemen-
tary 4B, the FEDSS scores ranked from highest to lowest
were observed in the following order: sham stimulation,
HF-rTMS, and iTBS. Higher FEDSS scores represented
poorer swallowing function.

Nine studies were included in the analysis of SSA,
involving 548 patients. Figure 2C indicates that iTBS, HF-
rTMS, and sham stimulation were directly compared and
studies conducted HF-rTMS exhibited a larger sample size.
Figure 3C indicates that the value of MD (95% CI) for HF-
rTMS vs. basic stroke treatment, sham stimulation vs. HF-
rTMS, and sham stimulation vs. iTBS were —2.80 (-3.40,
-2.10), 2.60 (1.30, 3.90), and 3.40 (2.40, 4.40), respectively.
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Fig. 3 Meta-analysis for outcomes. (A)
FMA-UE; (B) FEDSS; (C) SSA. FMA-
UE, Fugl-Meyer Assessment for Upper
Extremities; FEDSS, Fiberoptic Endo-
scopic Dysphagia Severity Scale; SSA,
Standardized Swallowing Assessment
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Table 2 Ranking of pairwise comparison of different treatments for post-stroke dysfunction

FMA-UE

HF-rTMS

iTBS

Sham stimulation
FEDSS

HF-rTMS

iTBS

Sham stimulation
SSA

Basic stroke treatment
HF-rTMS

iTBS

Sham stimulation
PAS

Basic stroke treatment
HF-rTMS

iTBS

Sham stimulation

HF-rTMS
HF-rTMS

0.84 (-1.02, 2.69)
3.00 (1.69, 4.31)

HF-rTMS
HF-rTMS

0.38 (-0.03, 0.78)
-0.43 (-0.76, -0.10)

Basic stroke treatment
Basic stroke treatment
2.78 (2.10, 3.45)
3.53(1.93,5.13)
0.16 (-1.29, 1.59)

Basic stroke treatment
Basic stroke treatment
0.67 (0.06, 1.28)
-1.16 (-2.52, 0.19)
-2.46 (-3.55, -1.37)

iTBS

-0.84 (-2.69, 1.02)
iTBS

2.16 (0.84, 3.50)

iTBS
-0.38 (-0.78, 0.03)
iTBS
-0.80 (-1.13, -0.47)

HF-rTMS
-2.78 (-3.45, -2.10)
HF-rTMS

0.76 (-0.70, 2.20)
-2.62 (-3.91, -1.35)

HF-rTMS
-0.67 (-1.28, -0.06)
HF-r'TMS
-1.83 (-3.04, -0.62)
-3.13 (-4.04, -2.22)

Sham stimulation
-3.00 (-4.31, -1.69)
-2.16 (-3.50, -0.84)
Sham stimulation

Sham stimulation
0.43 (0.10, 0.76)
0.80(0.47,1.13)
Sham stimulation

iTBS
-3.53(-5.13, -1.93)
-0.76 (-2.20, 0.70)
iTBS

-3.37 (-4.36, -2.38)

iTBS

1.16 (-0.19, 2.52)
1.83 (0.62, 3.04)
iTBS

-1.30 (-2.11, -0.49)

Sham stimulation
-0.16 (-1.59, 1.29)
2.62 (1.35,3.91)
3.37(2.38, 4.36)
Sham stimulation

Sham stimulation
2.46 (1.37,3.55)
3.13(2.22, 4.04)
1.30(0.49,2.11)
Sham stimulation

iTBS, Intermittent theta-burst stimulation, HF-rTMS, High-frequency transcranial repeated magnetic stimulation; FMA-UE, Fugl-Meyer
assessment for upper extremities; SSA, Standard swallowing function evaluation scale; FEDSS, Fiberoptic endoscopic dysphagia severity

scale; PAS, Penetration/aspiration scale

The league table exhibits similar results (Table 2). Fig-
ure Supplementary 4 C concluded that the SSA scores
in descending order are basic stroke treatment>sham
stimulation > HF-rTMS > iTBS.

Three papers with 183 patients were included to assess
the association of NIBS and PAS. Sham stimulation was
compared directly with iTBS and HF-rTMS, and HF-rTMS
was compared directly with sham stimulation and basic
stroke treatment. The circles for HF-rTMS and sham stimu-
lation were larger, indicating that their interventions were
studied with larger sample sizes (Fig. 2D). Sham stimula-
tion vs. HF-rTMS had high effect values, with an MD value
of 3.13 (95% CI=2.22, 4.04). Effect values were low for
HF-rTMS vs. basic stroke treatment (MD: -0.67, 95%CI =
-1.28, -0.06) (Table 2). In descending order, the PAS scores
of different treatments were sham stimulation, iTBS, basic
stroke treatment, and HF-rTMS (Figure Supplementary
4D).

Comparison of the efficacy of three intervention
treatments for PSCI

A total of 6 papers were included in the assessment of PSCI.
In the comparison of HF-rTMS and the control group, HF-
r'TMS performed better in treating PSCI (P<0.05) (Yin,
2018 [42]; Zhang, 2019 [43]; Liu, 2020 [33]; and Chen,
2022 [26]). The differences between post-intervention and

pre-intervention were as follows: 5.75 +£5.97 vs. 3.15+5.44,
4.60+4.08 vs. 1.36 £4.61, 3.07+4.18 vs. 1.20+3.37, and
8.37+2.17 vs. 3.77 +£2.28 for the HF-rTMS group and con-
trol groups, respectively. In literature conducted by Li et al.
(2022) [30] and Pei et al. (2022) [35], iTBS was also found
to be more effective than sham stimulation in treating PSCI
(P<0.05). The values of the median (interquartile range)
between post-intervention and pre-intervention for the iTBS
group were 20 (15, 23) vs. 12 (6, 17) in MoCA scores, while
for the sham stimulation group, they were 13 (10, 20) vs. 9
(4, 15) [35]. Similarly, in the study conducted by Pei (2022)
[30], the MMSE scores (post-intervention vs. pre-interven-
tion) for the iTBS group were 17.00 (14.00, 24.00) vs. 12.50
(8.00, 19.00), and for the sham stimulation group, they were
14.00 (11.00, 18.75) vs. 11.00 (7.00, 15.00).

Subgroup and sensitivity analyses

Because of the heterogeneity of SSA studies, subgroup
analyses were performed according to the affected side or
bilateral stimulation of NIBS. Table Supplementary 2 sum-
marizes the NIBS priorities as iTBS, HF-rTMS, and sham
stimulation. Excluding studies with influenced data (longest
intervention duration, different stimulation sites) did not
change the results (Table Supplementary 2).
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Discussion

To our understanding, this study is the first NMA to compre-
hensively assess the impact of iTBS, HF-rTMS, on multiple
dysfunctions after stroke. This network analysis included 19
RCTs. The main findings of our study are as follows: (1)
HF-rTMS therapy is superior to iTBS and sham stimulation
in improving UL dysfunction; (2) iTBS seems to present a
more positive effect than HF-rTMS and sham stimulation
in improving patients’ swallowing function (FEDSS and
SSA scales); (3) Either HF-rTMS or iTBS was effective in
improving PSCI in stroke patients.

In our study, HF-rTMS was superior to iTBS or sham
stimulation therapy in improving UL dysfunction. Previous
research has demonstrated both iTBS and rTMS dramati-
cally enhance the motor performance of UL compared to
sham stimulation treatment [27, 28]. Damage to structural
brain regions and their connections, as well as inhibition of
the ipsilateral primary motor cortex (M1) and sensory cor-
tex, disrupt the functional connectivity of motor networks
after stroke and impair their flexibility [45]. Ipsilesional M1
was considered the key stimulating brain region of NIBS
therapy. A meta-analysis also suggested that activation of
the ipsilateral M1 and medial-premotor may be critical
for motor recovery after stroke [46]. Du et al. [14] found
an enhancement of cortical excitability in stroke patients
receiving HF-rTMS, with a positive correlation between
ipsilesional M1 activation and motor function. As a therapy
of ipsilateral hemispheric excitatory repetitive NIBS, both
iTBS and HF-rTMS can significantly promote the recovery
of upper limb motor function and hand dexterity by enhanc-
ing the excitability of M1 on the affected side [47].

Dysphagia is another common stroke complication, and
poor care may lead to serious consequences such as dehy-
dration, pneumonia, and increased risk of acute-phase death
[8]. Coincident with previous studies [48, 49], both iTBS
and HF-rTMS significantly improved PSD. The stimulated
brain regions of NIBS in improving PSD are mainly the
motor cortex (especially the areas controlling the supra-
hyoid and mylohyoid muscles), cerebellum, and prefrontal
cortex. Results of Lin et al. [50] showed that iTBS facili-
tated ipsilateral suprahyoid motor cortex excitability, and
restored the balance of the bilateral hemispheres. Cerebel-
lar NIBS can also elicit excitation of the swallowing motor
cortex in the contralateral cerebral hemisphere through the
cerebello-thalamo-cortical connections [51]. Additionally,
cortical areas controlling oral and pharyngeal movements
partially overlap, and iTBS may excite these overlapping
areas, leading to co-enhancement [37]. This may explain the
better performance of ITBS on the FEDSS and SSA scales
observed in our study.

@ Springer

Both NIBC methods were found to be beneficial for
PSCI in our study. Cholinergic pathways are often impaired
in patients with mild cognitive impairment (MCI) [52].
Stimulation of the dorsolateral prefrontal cortex (DLPFC)
may help restore this cholinergic innervation [53] and
thereby improve cognitive function, which is also important
in memory tasks in healthy people [54]. Another probable
mechanism is the enhancement of long-term potentiation
(LTP)-like plasticity [55]. LTP impairment has been proven
to be associated with the level of cerebrospinal fluid (CSF)
neurodegeneration [56], and plasticity impairment is central
to cognition and recovery after neural injury [57]. A study
by Koch et al. [56] demonstrated that stroke significantly
reduced excitability and LTP in damaged areas, but rTMS
improved LTP in patients with cognitive impairment. Both
iTBS [58] and HF-rTMS [59] have been reported to enhance
synaptic plasticity by promoting LTP to improve cognitive
function.

In this research, we discovered that HF-rTMS and iTBS
significantly improved patients’ UL dysfunction, PSD, and
PSCI. Considering the risk of epilepsy induced by rTMS
[60] and the relatively long treatment time, iTBS could be
a potentially important modality for swallowing dysfunc-
tion that is treated. Our work serves as a valuable refer-
ence for future research and the development of therapeutic
options, in addition to offering recommendations for the
clinical practice of post-stroke dysfunction. It is crucial to
recognize that our study has several limitations. Firstly, the
follow-up periods in the included studies were short, with
a lack of subsequent data collection, which limits the abil-
ity to assess the long-term efficacy and sustainability of
the interventions. Additionally, the quality of the included
studies varied, with some lacking rigorous methodologi-
cal designs and sufficient follow-up periods, which could
affect the reliability of the findings. Third, although iTBS
showed better outcomes than HF-rTMS in treating PSD as
measured by FEDSS and SSA, it was less effective than HF-
rTMS in FMA-UE and PAS outcomes. Given the limited
research directly comparing HF-rTMS and iTBS, this con-
clusion should be interpreted with caution. Finally, due to
insufficient data on cognitive improvement, we were unable
to perform an NMA analysis and to determine whether the
improvement was specific to the stimulation site or network
enhancement. In the future, more studies are needed to fur-
ther verify the results and mechanisms.

Conclusions

In summary, our study comprehensively assessed the effi-
cacy of iTBS, HF-rTMS, and the control group (sham stim-
ulation and basic stroke therapy) in improving post-stroke
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dysfunction. The available evidence suggests that HF-rTMS
is more efficacious in improving UL deficits and iTBS is
better in improving PSD. However, due to the variable qual-
ity of the included studies, this conclusion still needs to be
further validated by large-sample, high-quality RCTs to pro-
vide a more reliable clinical basis.
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supplementary material available at https://doi.org/10.1007/s10072-0
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