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Abstract

Background Stroke is the second leading cause of death and the third leading cause of disability worldwide. Motor
dysfunction is a common sequela, which seriously affects the lives of patients. Theta burst stimulation (TBS) is a new
transcranial magnetic therapy for improving motor dysfunction after stroke. However, there remains a lack of studies
on the mechanism, theoretical model, and effectiveness of TBS in improving motor dysfunction following stroke.

Objective This paper provides a comprehensive overview and assessment of the current impact of TBS on motor
rehabilitation following stroke and analyzes potential factors contributing to treatment effect disparities. The

aim is to offer recommendations for further refining the TBS treatment approach in subsequent clinical studies
while also furnishing evidence for devising tailored rehabilitation plans for stroke patients.

Methods This study was conducted following PRISMA guidelines. PubMed, Embase, Web of Science, and the Cochrane
Library were searched systematically from the establishment of the database to February 2024. Relevant studies using
TBS to treat patients with motor dysfunction after stroke will be included. Data on study characteristics, interventions,
outcome measures, and primary outcomes were extracted. The Modified Downs and Black Checklist was used to assess
the potential bias of the included studies, and a narrative synthesis of the key findings was finally conducted.

Results The specific mechanism of TBS in improving motor dysfunction after stroke has not been fully elucidated,
but it is generally believed that TBS can improve the functional prognosis of patients by regulating motor corti-

cal excitability, inducing neural network reorganization, and regulating cerebral circulation metabolism. Currently,
most relevant clinical studies are based on the interhemispheric inhibition model (IHI), the vicariation model,

and the bimodal balance-recovery model. Many studies have verified the effectiveness of TBS in improving the motor
function of stroke patients, but the therapeutic effect of some studies is controversial.

Conclusion Our results show that TBS has a good effect on improving motor function in stroke patients, but more
large-scale, high-quality, multicenter studies are still necessary in the future to further clarify the mechanism of TBS
and explore the optimal TBS treatment.
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Introduction

Stroke is a global disease with high mortality and high
disability rate. Globally, stroke is the second leading
cause of death and the third leading cause of disability
[1]. From 1990 to 2019, the number of strokes increased
by 70.0%, and the number of stroke deaths increased by
43.0%, which poses a great threat to human health [2]. As
a common and serious cerebrovascular disease, stroke
often brings many pains and challenges to patient [3].
After stroke, patients often have severe motor dysfunc-
tion secondary to stroke. Common motor injuries include
limb paralysis, muscle weakness, abnormal muscle tone,
and somatosensory changes, etc. Upper limb injuries also
involve the loss of hand fine motor function [4]. Lower-
extremity dysfunction is characterized by poor balance,
limited walking, postural instability, weak trunk control,
and difficulty transferring weight [5]. Motor dysfunction
not only affects the physical health of patients, but also
has a considerable negative impact on the quality of life
and social participation. Patients may be unable to par-
ticipate in social activities, work and entertainment due
to the inconvenience of mobility, leading to psychological
loneliness, depression and loss, which seriously affects
the mental health of patients. In addition, post-stroke
care and treatment are expensive and time-consuming.
The rehabilitation process requires professional medi-
cal equipment and personnel, and the cost is high. At the
same time, the rehabilitation of patients also requires the
family to invest a lot of time and energy to care for them,
which brings a heavy burden to the family and society [6].

At present, drug therapy and conventional physical
therapy (PT) are the main means of stroke rehabilita-
tion, but the efficacy of these methods is limited [7]. Drug
therapy mainly promotes rehabilitation by improving
blood circulation and nerve nutrition, but its effect on
repairing damaged nerve tissue is limited [8]. Although
conventional PT, such as exercise therapy and physi-
otherapy, can improve the motor function of patients
to a certain extent, it requires long-term adherence of
patients, and the effect varies from person to person
[9]. Even if patients receive traditional rehabilitation
programs after stroke, there are still 50-60% of patients
with varying degrees of motor function limitation [10].
Traditional treatment methods are difficult to meet the
rehabilitation needs of patients in many cases. We need
to constantly explore new rehabilitation methods and
techniques to improve the rehabilitation effect of stroke
patients.

Transcranial magnetic stimulation (TMS) is considered
to be an effective adjuvant therapy for post-stroke reha-
bilitation, which can regulate the neural activity of the
brain and enhance neuroplasticity, thereby restoring the
motor function of patients[11]. Theta burst stimulation
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(TBS) is a new type of TMS mode that can be divided
into intermittent theta burst stimulation (iTBS) and
continuous theta burst stimulation (cTBS) [12]. Both
can potentially modulate the excitability of the cerebral
cortex and have the characteristics of low stimulation
intensity and short stimulation time. ITBS can excite the
neural activity of the cerebral cortex, while cTBS has an
inhibitory effect [13]. At present, the research on TMS in
the treatment of neurological diseases has achieved some
results, but the mechanism, theoretical model and effi-
cacy of TBS in improving motor dysfunction after stroke
are still lacking. This article continues and updates the
results of other previous reviews on this therapy, sum-
marizes the effects of TBS on motor rehabilitation after
stroke in current studies, and analyzes the possible rea-
sons for the differences in therapeutic effects, in order
to provide suggestions for further improvement of TBS
treatment in follow-up clinical studies.

Materials and methods

Study enrollment and reporting

This study was conducted in accordance with the recently
updated PRISMA 2020 (the preferred reporting items
for systematic reviews and meta-analysis) statement [14]
and was registered in the International Prospective Reg-
ister of Systematic Reviews (PROSPERO) with ID code:
CRD42024600859.

Inclusion criteria
The inclusion criteria for this review followed the PICOS
[15] model.

Population (P): Adult patients with stroke diagnosed by
CT or MRI and accompanied by limb motor dysfunction.

Intervention (I): TBS. There were no restrictions on
the stimulation site, frequency, intensity, time, and dura-
tion of treatment, and any stimulation protocol would be
included.

Comparison (C): In all experimental groups included
in the study, TBS was used alone or in combination
with other conventional treatment modalities, such as
conventional neurorehabilitation, standardized motor
training, robot-assisted training, conventional PT, occu-
pational therapy (OT), and drug therapy. The control
group received repeat transcranial magnetic stimulation
(rTMS)/sham TBS alone or in combination with other
conventional treatment modalities. The sham TBS refers
to the ineffective stimulation with the stimulation coil
perpendicular to the brain area, but the sound and treat-
ment parameters of the stimulation are the same as those
of the experimental group.

Outcome (O): The primary outcome was the effect of
TBS on the limitation of motor function of the patient’s
limbs. The secondary outcome was the occurrence



Fu et al. European Journal of Medical Research (2024) 29:568

of adverse reactions. The primary outcome measures
included the results of clinical scales and neuro electro-
physiological tests to assess limb motor function, and the
secondary outcome measures included the recovery of
activities of daily living and quality of life.

Study design (S): All published experimental studies,
including randomized controlled trials and non-rand-
omized controlled trials.

Exclusion criteria

The following types of studies were excluded: (1) animal
experiments; (2) limb motor dysfunction caused by other
causes, such as craniocerebral trauma, Alzheimer’s dis-
ease, and Parkinson’s disease, etc. (3) duplicate published
studies; (4) studies for which the full text was not avail-
able through various approaches. (5) Missing experimen-
tal data.

Information sources and search strategy

Two authors separately searched PubMed, Embase, Web
of Science, and Cochrane Library for experimental stud-
ies on TBS improving limb motor function in stroke
patients, including randomized controlled trials and non-
randomized controlled trials. The search time limit was
from the establishment of the database to February 29,
2024. A comprehensive search was carried out by com-
bining medical subject headings and free words. The
search terms included “Stroke’, “Cerebrovascular Acci-
dent, “CVA; “brain vascular accidents;” “hemiplegia,’
“Upper Extremity, “lower extremity,” “theta-burst stimu-
lation,” “TBS,” “intermittent theta burst stimulation,” and
“continuous theta burst stimulation” In this systematic
review (Fig. 1), a total of 18 studies were ultimately incor-
porated. Additional file 1: Table S1 presents the detailed
search strategy.

Literature screening and data extraction

Two authors (LZ and AX) respectively searched the lit-
erature according to the established search strategy,
imported all retrieved literature into the Endnote 20
document management system, and used the software
management function to remove duplicate studies. They
decided on the inclusion and exclusion of literature by
sequentially reading the title, abstract, and text accord-
ing to our previously established criteria. In case of disa-
greement during the screening process, the decision was
made jointly based on the advice provided by the third
author (DJ).

Two authors (YF and CW) separately extracted the
following data from the included literature: The first
author of the study, country, research type, intervention
method (TBS stimulation site, TBS intensity, number of
TBS pulses, stimulation coils, duration of treatment, and
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adjuvant therapy), age of subjects, course of disease, type
of stroke, outcome indicators (primary outcome indica-
tors and secondary outcome indicators), and adverse
events occurred during the experiment. After all data
were extracted, the results were cross-checked and the
investigator (DJ) reviewed and corrected all discrepan-
cies. Finally, the study conducted a narrative synthesis of
the characteristics and contents of the included literature.

Quality evaluation

The Downs and Black checklist [16] is a methodological
quality assessment tool for both randomized and nonran-
domized studies. Given that some of the original check-
list items did not apply to some of the included studies,
we used a modified version of the Downs and Black
checklist to assess the quality of the included studies. The
modified checklist had 17 items and a maximum score
of 17. For details, see Table 1. Two authors (YF and CW)
scored the methodological quality of each article accord-
ing to the actual situation of the included literature, and
classified the quality of each study according to the per-
centage of the score in the total score of the item: low
quality (<50%), medium quality (50—74%) or high quality
(>75%) [17]. The evaluation results are shown in Table 3.

UTD means Unable to determine. N means none.

Results

Study selection

We searched the above four databases strictly accord-
ing to the inclusion and exclusion criteria formulated
above, and the results of the literature search were 376.
After using the Endnote 20 software management func-
tion to delete 146 duplicate articles, 230 remained. First,
all the topics and abstracts were screened, and 152 were
excluded. After full-text screening, non-experimental
studies (n=31), unrelated interventions (n=15), unre-
lated outcomes (n=8), unavailability of full-text (n=3),
and incomplete data (n=3) were excluded. Finally, 18
articles met the inclusion criteria. Figure 1 shows the
flow chart of the study.

Characteristics of the included studies

A total of 18 articles [18—35] from 9 different coun-
tries were included in this study, which were Switzer-
land (n=1), the Netherlands (n=1), Turkey (n=1),
Japan (n=1), the United Kingdom (n=2), New Zea-
land (n=2), China (n=8), South Korea (n=1) and Italy
(n=1). The included literature included two non-ran-
domized controlled trials [21, 24] and 16 randomized
controlled trials [18-20, 22, 23, 25-35], of which one
was a four-group trial [24], six were three-group trials
[18, 20, 22, 26, 29, 30], and 11 were two-group trials
[19, 21, 23, 25, 27, 28, 31-35]. There are 14 reports on
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[ Included ] [ Eligibility ] [ Screening ] [Identiﬁcation

Fig. 1 Flowchart of included studies

iTBS [22-35], 7 reports on c¢TBS [18-22, 24, 26], and
3 reports on two TBS mode [22, 24, 26]. One article
compared the effects of iTBS and c¢TBS on upper limb
motor function [22], and another article combined
iTBS and cTBS to improve upper limb motor dysfunc-
tion [29]. Table 2 shows the characteristics of the study
in terms of basic information, intervention methods,
outcome indicators and adverse events.

Acute stroke means stroke<1 month. Subacute
stroke means stroke from 1 to 6 months. Chronic
stroke means stroke more than 6 months. N/A means
not available.

non-randomized controlled trial, NRCT; rand-
omized controlled trial, RCT; MT, motor threshold;
RMT, rest motor threshold; UE-FMA, Upper-Extremity

Fugl-Meyer Assessment; WMFT, the Wolf Motor
Function Test; FAS, the functional ability score; PT,
Physical therapy; tDCS, transcranial direct current
stimulation; BBT, Box and Block test; NHPT, Nine
Hole Peg Test; OT, Occupational therapy; JTT, Jebsen
Taylor Test; FDI, First dorsal interosseous; ARAT, the
Action Research Arm Test score; mRS, the modified
Rankin Scale; BI, the Barthel Index; APB, Abductor
pollicis brevis muscle; MAS, Modified Ashworth Scale;
FIM, Functional Independence Measure; MAL, Motor
Activity Log; AMT, active motor threshold; SRT, sim-
ple reaction time; VAS, the visual analogue scale; 1/O
curves, Input—Output curves; PF, Preload force; PD,
Preload duration; MTS, the modified Tardieu scale;
SWYV, the shear wave velocity; Hmax/Mmax ratio, the
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Table 1 Quality modified checklist from Downs and Black

Item Scoring options

Yes No uUTD

Q1 Is the hypothesis/aim/objective of the study clearly described? 1 0 N
Q2 Are the main outcomes to be measured clearly described in the Introduction or Methods section? 1 0 N
Q3 Are the characteristics of the patients included in the study clearly described? 1 0 N
Q4 Are the interventions of interest clearly described? 1 0 N
Q6 Are the main findings of the study clearly described? 1 0 N
Q7 Does the study provide estimates of the random variability in the data for the main outcomes? 1 0 N
Q8 Have all important adverse events that may be a consequence of the intervention been reported? 1 0 N
Q9 Have the characteristics of patients lost to follow-up been described? 1 0 N
Q10 Have actual probability values been reported(e.g. 0.035 rather than < 0.05) for the main 1 0 N

outcomes except where the probability value is less than 0.0017
Q11 Were the subjects asked to participate in the study representative of the entire population from which 1 0 0

they were recruited?
Q15 Was an attempt made to blind those measuring the main outcomes of the intervention? 1 0 0
Q16 If any of the results of the study were based on “data dredging, was this made clear? 1 0 0
Q18 Were the statistical tests used to assess the main outcomes appropriate? 1 0 0
Q20 Were the main outcome measures used accurate (valid and reliable)? 1 0 0
Q21 Were the patients in diverent intervention groups recruited from the same population? 1 0 0
Q23 Were study subjects randomised to intervention groups? 1 0 0
Q26 Were losses of patients to follow-up taken into account? 1 0 0

H-maximum wave/M-maximum wave amplitude ratio;
MEP, motor-evoked potential; CMCT, central motor
conduction time; CE, corticomotor excitability; FA,
fractional anisotropy of the posterior limb of the inter-
nal capsule; PT, peak torque; PTA, peak torque angle;
EMG, Electromyography; FCR, flexor carpi radialis;
BBS, Berg balance scale; FMA-LE, Fugl-Meyer assess-
ment scale for lower extremities; TIS, The trunk
impairment scale; HAMD, Hamilton depression scale;
HAMA, Hamilton anxiety scale; 10 MWT, The ten-
meter walking test; TUG, The Timed Up and Go test;
FAC, The functional ambulation category scale; GMFP,
global mean field power; CSP, the cortical silent period;
MT,midline motor threshold; NIHSS, National Institute
of Health Stroke Scale; BRS, Brunnstrom Stage; MBI,
modified Barthel Index.

Quality evaluation

In this study, the Modified Downs and Black Checklist
was used to assess the potential bias of the included stud-
ies. Two articles were of medium quality [21, 26], 16 arti-
cles were of high quality[18-20, 22-25, 27-35], and the
methodological quality of the included studies was rela-
tively high. The evaluation results are shown in Table 3.

Basic characteristics of iTBS related studies
TBS can be divided into iTBS and cTBS according to the
different pulse stimulation modes. 14 studies used iTBS

[22-35], of which 8 studies reported the effects of iTBS
on upper limb motor function in stroke patients [22-29].
Six articles explored the effects of iTBS on lower limb
motor function in stroke patients [30-35], including 13
randomized controlled trials [22, 23, 25-35] and one
non-randomized controlled trial [24].

All stroke patients included in the study were accom-
panied by varying degrees of limb motor dysfunction.
The average age of the patients was over 50 years old, but
there were differences in the average age of the patients
among different studies. The course of the disease
included subacute phase and chronic phase. Most studies
selected stroke patients in the chronic phase, including
134 patients with hemorrhagic stroke and 183 patients
with ischemic stroke.

The TBS treatment protocol uses 600 pulses 11 items
[22-29, 31, 33, 35], 1200 pulses 3 items [30, 32, 34], 20 or
more sessions 2 items [32, 35], 10 to 15 sessions 9 items
(15 sessions 1 item, 10 sessions 8 items) [23-25, 27, 29—
31, 33, 34], 1 time 3 terms [22, 26, 28]. One study did not
specify the type of stimulation coil for iTBS [23], and the
remaining 13 studies all used figural 8 coils [22, 24-35].
Regarding the stimulation site of iTBS to improve upper
limb motor function, 3 studies were ipsilateral M1 [23, 25,
26], 1 was contralateral cerebellum [27], 1 was the motor
hot spot corresponding to FDI [24], and 1 was the motor
hot spot corresponding to FCR on the affected side [28].
Two studies did not explain in detail the location of the
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Table 3 Quality appraisal of included studies
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Study/Item 1 2 3 4 6 7 8 9 10 11 15 16 18 20 21 23 26 Total Quality
score
Nicolo et al. [18] 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 15 High
Vink et al. [19] 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 16 High
Kuzu et al. [20] 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 16 High
Kondo et al. [21] 1 1 1 1 1 0 0 1 0 1 0 1 1 1 1 0 1 12 Medium
Talelli et al. [22] 1 1 0 1 1 0 1 1 1 1 0 1 0 1 1 1 1 13 High
Ackerley et al. [23] 1 1 1 0 1 0 0 1 1 1 1 1 1 1 1 1 1 14 High
Talelli et al. [24] 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 15 High
Chenetal. [25] 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 15 High
Ackerley et al. [26] 1 1 0 0 1 0 0 1 1 1 0 1 1 1 1 1 1 12 Medium
Chenetal. [27 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 17 High
Kim et al. [28] 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 15 High
Zhang et al. [29] 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 16 High
Liao et al. [30] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 17 High
Xie etal. [31] 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 15 High
Koch et al. [32] 1 1 1 1 1 0 0 1 0 1 1 1 1 1 1 1 1 14 High
Liao et al. [33] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 17 High
Lin et al. [34] 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 16 High
Wang et al. [35] 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 16 High

stimulation motor hot spot [22, 29]. FDI was selected to
determine motor threshold in 4 studies [23—-26], APB in
1 study [27], FCR in 1 study [28], and 2 studies were not
reported [22, 29]. As for the stimulation site of iTBS to
improve the motor function of the lower limbs, one item
is the motor hot spot corresponding to the contralateral
rectus femoris muscle [34], four items are the contralat-
eral cerebellum [31-33, 35], and one item compares the
difference between the stimulation of the contralateral
cerebellum and the ipsilateral M1 [30]. Among them, FDI
was selected for motor evoked potential (MEP) meas-
urement in one study [30], APB in one study [31], rec-
tus femoris in one study [34], and three studies were not
reported [32, 33, 35].

Regarding adjuvant therapy combined with iTBS, 10
studies were PT [23, 24, 26, 27, 30-35], 1 was PT and OT
[19], 1 was robot-assisted training [29], and 2 studies did
not take any adjuvant therapy [22, 28]. The duration of
daily adjuvant therapy was more than 50 min in 3 cases
[25, 30, 32], between 40 and 50 min in 6 cases [23, 27, 29,
31, 33, 34], less than 40 min in 2 cases [26, 35], and 1 case
was not reported [24]. Adjuvant therapy was given for 20
or more courses in 2 cases [32, 35], 15 courses in 2 cases
[30, 33], 10 courses in 7 cases [23-25, 27, 29, 31, 34], and
1 case was not specified [26]. There were differences in
the specific adjuvant treatment modalities in each study,
as detailed in Table 2.

Basic characteristics of cTBS related studies

Seven articles reported the effect of cTBS on upper limb
motor function in stroke patients [18-22, 24, 26], but
no literature on the effect of cTBS on lower limb motor
function was retrieved. There were five randomized con-
trolled trials [18-20, 22, 26] and two non-randomized
controlled trials [21, 24].

All the stroke patients included in the study were mid-
dle-aged and elderly people with different degrees of limb
motor dysfunction, including acute stage, subacute stage
and chronic stage. Among them, 85 patients had hemor-
rhagic stroke, 144 patients had ischemic stroke, and the
stroke type of 50 patients was not specified in the study.

Six items of 600 pulses [18-20, 22, 24, 26], 1 item of
2400 pulses [21], 4 items of 10 to 15 courses [19-21, 24],
1 item of 9 courses [18], and 2 items of 1 course [22, 26]
were used in the TBS treatment regimen. All seven stud-
ies used figure-of-eight coils. Regarding the stimulation
site of cTBS to improve upper limb motor function,4
studies were on the contralateral M1 [18-20, 26], 1 was
on the nonlesional hemisphere [21], 1 was on the motor
hot spot corresponding to FDI [24], and 1 study did not
explain the location of the motor hot spot of the stimu-
lation in detail [22]. FDI was selected to measure MEP
in four studies [19, 21, 24, 26], APB in one study [20],
hand muscles in one study [18], and one study was not
reported [22].
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Regarding adjuvant therapy in combination with iTBS,4
studies were PT [18, 20, 24, 26], 1 was OT [21], 1 was
both PT and OT [19], and 1 study did not take any adju-
vant therapy [22]. The duration of daily adjuvant therapy
was more than 60 min in 1 item [21], 30 to 60 min in 3
items [18-21], less than 30 min in 1 item [26], and 1 item
was not reported [24]. Five courses of adjuvant therapy
were 10 or more [18-21, 24], and one was not specified
[26]. There were differences in the specific adjuvant treat-
ment modalities in each study, as detailed in Table 2.

Adverse events

Numerous clinical trials have established the safety and
efficacy of TBS in treating stroke. In one of the studies
included in this article, headache was the most common
side effect after cTBS treatment, with a higher incidence
in the experimental group, while other side effects, such
as muscle pain and nausea, were relatively rare [19].
Treatment with cTBS was safe and well tolerated in this
study, with no severe adverse events. One study reported
that after iTBS treatment, only one patient in the experi-
mental group had a mild headache but did not require
treatment to resolve the headache [33]. Another experi-
ment showed that after iTBS stimulation of the cerebel-
lum or M1, one patient reported mild headache and one
patient experienced mild vertigo after the first inter-
vention [30]. In addition, the other experiments did not
show any adverse events. In general, the use of TBS in
the treatment of stroke is safe and reliable, but the rel-
evant safety guidelines of TBS still need to be gradually
improved to reduce the occurrence of adverse events.

Discussion

Limb dysfunction is one of the common sequelae of
stroke. Limitation of upper limb function can lead to
difficulties in daily activities such as eating, dressing,
and personal care, and a decline in quality of life [36].
Lower limb motor dysfunction is often accompanied by a
decline in balance function, usually due to poor proprio-
ception, decreased motor control ability, and abnormal
integration of the nervous system. In addition, balance
problems may be the main reason for poor walking ability
and increased risk of falls in stroke patients [37]. There-
fore, the improvement of upper limb and lower limb
motor disorders is the key to the rehabilitation of stroke.

Mechanism of TBS in improving motor dysfunction

after stroke

The common rTMS commonly used in clinical practice
can be divided into high-frequency repetitive transcra-
nial magnetic stimulation (HE-rTMS) and low-frequency
repetitive transcranial magnetic stimulation (LF-rTMS).
HEF-rTMS can produce the same excitatory effect as iTBS
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and improve the excitability of the cerebral cortex, while
LF-rTMS has the same inhibitory effect as ¢cTBS. It can
reduce the excitability of cortical neurons in stimulated
brain areas [38]. The mechanism of rTMS in improving
motor dysfunction after stroke is similar to that of TBS.
By regulating calcium channels, RTMS induces long-
term potentiation (LTP) and long-term depression (LTD)
effects on synaptic structure and function [39]. It can reg-
ulate the activity of cerebral cortex, promote the release
of a variety of neurotransmitters and the secretion of
neurotrophic factors [40, 41], regulate gene expression,
inhibit the secretion of pro-inflammatory cytokines,
reduce neuroinflammatory response [42], induce micro-
circulation repair of necrotic nerve tissue, improve cer-
ebral blood flow [43], and promote nerve growth and
regeneration. It can also intervene in the remodeling
of nerve tissue structure through neuromodulation to
improve motor function [44]. Compared with common
repetitive transcranial magnetic therapy, TBS can regu-
late the excitability of cerebral cortex in a shorter time,
produce corresponding physiological changes and nerve
repair effects, and promote the recovery of motor func-
tion. In addition, stroke patients are often accompa-
nied by anxiety and depression [45]. TBS treatment can
improve the compliance of patients during treatment and
improve the efficiency of clinical treatment.

Although the specific mechanism of TBS in improv-
ing motor dysfunction after stroke has not been fully
clarified, it is generally believed that TBS can improve the
functional prognosis of patients by regulating the excit-
ability of motor cortex, inducing the reorganization of
neural network and regulating the circulation and metab-
olism in the brain [46]. The current mechanism explana-
tions are as follows.

Firstly, from the perspective of synaptic plasticity,
TBS can improve the plasticity of the brain by promot-
ing or inhibiting synaptic transmission [47]. Synaptic
plasticity occurs in the form of LTP and LTD. Cortical
LTP and LTD are commonly mediated by N-methyl-D-
aspartate receptors (NMDA-R) receptor activation [48]
and are associated with glutamate receptors (Glu-R) and
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptors (AMPA-R) are also closely related [47, 49].TBS
can regulate the activity of neurotransmitter receptors,
change the concentration of postsynaptic calcium ions,
reduce or increase the entry of intracellular calcium ions,
and affect the postsynaptic response mediated by neuro-
transmitter receptors, thereby producing LTD or LTP-
like effects and promoting the recovery of brain nerve
function.

Secondly, from the point of gene and protein level,
TBS plays an important role in the recovery of brain
function after stroke by affecting gene expression and
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protein synthesis and changing synaptic remodeling.
The early gene proteins c-Fos and zif268 are associated
with synaptic connectivity and remodeling, and some
studies have shown that iTBS enhances c-Fos protein
expression in the limbic cortex and zif286 expression in
most cortical regions [50]. Thimm et al. [51] also found
that cortical c-Fos and zif268 expression was enhanced,
while parvalbumin (PV) and glutamic acid decarboxy-
lase (GAD67) expression was decreased in the cortex
after iTBS treatment. In addition, a study by Benali et al.
[52] showed that TBS affected the expression of cal-
bindin PV and calbindin D-28 k (CB) in the cortex, and
the change of cortical activity after TBS treatment was
related to the change of inhibitory system activity. ITBS
primarily affects the inhibitory control of pyramidal out-
put activity by decreasing the expression of PV in rapidly
firing interneurons, whereas ¢ITBS more likely affects
the dendritic integration of synaptic inputs controlled
by other types of inhibitory interneurons by decreasing
the expression of CB [52]. ITBS and cTBS regulate the
expression of various gene proteins in different ways,
regulate the activity of different types of inhibitory cells,
affect the change of cortical activity, and ultimately pro-
mote the recovery of brain function after brain injury.

Thirdly, from the perspective of cortical excitability
regulation, TBS can affect the excitability of the cerebral
cortex, induce the reorganization of neural network, and
promote the recovery of motor function. The amplitude
of MEP is an important index for evaluating cortical
excitability. Huang et al. [53] used a transcranial magnetic
stimulator to deliver TBS to human primary motor cor-
tex (M1). They found that cTBS acting on the contralat-
eral hemisphere M1 could increase the amplitude of MEP
in that hemisphere, while iTBS acting on the affected
hemisphere M1 could decrease the amplitude of MEP in
that hemisphere. In other words, iTBS could enhance the
excitability of the stimulated side M1, while cTBS had the
opposite effect. In addition to using TBS to stimulate M1,
other studies have explored different brain targets [27, 28,
30-35]. The effect of TBS on cortical excitability in dif-
ferent brain regions has shown the same results as Huang
et al. [53], which promotes the recovery of motor func-
tion in stroke patients.

Fourthly, from the perspective of motor pathway
reconstruction, TBS may play an important role in the
structural and functional recovery of descending white
matter conduction tracts. White matter is mainly com-
posed of nerve fibers, which are responsible for the
transmission of nerve signals, and the descending fiber
bundles are responsible for the transmission of motor
signals. The corticospinal tract (CST) is a descending
white matter conduction pathway, which is an impor-
tant fiber bundle connecting the cerebral cortex and the
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spinal cord, and plays a key role in motor function. The
degree of injury after focal brain injury is closely related
to motor recovery [54, 55]. After stroke, the interrup-
tion of cerebral blood flow leads to ischemia and hypoxia,
which causes nerve cell death and tissue damage, and
leads to a series of pathological changes in white matter
fiber tracts, especially CST, which may cause axon swell-
ing and fracture, demyelination, reduce nerve conduction
velocity, and affect the transmission of nerve signals [56].
Relevant studies have found that when TBS acts on the
motor area of cerebral cortex, it can increase the post-
synaptic potential between CST neurons, enhance the
synaptic transmission efficiency by inducing LTP/LTD
and synaptic plasticity changes, thereby enhancing motor
signal transmission and improving the motor function
of stroke patients [53]. Fujiki et al. [57] used MEP to
reflect the integrity and excitability of CST and found
that after TBS intervention, the driving effect of cerebral
cortex on spinal motor neurons was enhanced, and the
corticospinal excitability of patients was significantly
improved, which could activate muscles more effectively
and improve motor performance. In contrast to conven-
tional techniques for functional assessment of white mat-
ter, diffusion tensor imaging (DTT) allows qualitative and
quantitative assessment of white matter tracts and their
microstructural integrity [58, 59]. Wadden et al. [60] used
cTBS to stimulate M1 or primary somatosensory cor-
tex on the healthy side of stroke patients and used DTI
to observe the microstructure changes of white matter.
It was found that the fractional anisotropy (FA) of white
matter tracts in the experimental group was significantly
different from that in the control group, the microstruc-
tural integrity of white matter was significantly improved,
and the patients’ motor performance was also signifi-
cantly improved after the intervention. However, only
one study has used DTI to explore the effect of TBS on
white matter tracts after stroke. Future research should
focus on quantitative morphometric measurements of
white matter tracts after stroke to further explore its spe-
cific mechanisms.

Fifthly, from the perspective of changes in regional cer-
ebral blood flow perfusion, the recovery of neurological
function may be associated with the improvement of cer-
ebral blood flow [61]. TBS can also promote the recov-
ery of motor function by improving the cerebrovascular
function of stroke patients. After stroke, the integrity of
the blood—brain barrier (BBB) structure is compromised,
leading to increased permeability, abnormal cerebral
blood flow regulation and substance metabolism [62,
63]. Relevant studies have shown that TBS can reduce
the degradation of BBB tight junction components (ZO-
1, cludin-5, occludin and caveolin-1) on the one hand,
significantly reduce BBB permeability in stroke patients,
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promote reoxygenation and reperfusion of microcer-
ebral vessels, and maintain normal vascular morphology
[64]. On the other hand, it can enhance the expression
of HIF-1a, regulate the hypoxia response, and increase
the surface area and volume of astrocytes related to the
vascular system, and transform the pro-inflammatory Al
state into the anti-inflammatory A2 phenotype, repair
the structure and perfusion damage of blood vessels, and
improve the vascular prognosis [64]. At the same time,
TBS also plays an important role in the regulation of cer-
ebral blood flow. ITBS can increase the cerebral blood
flow of the cerebral cortex, while cTBS can reduce the
cerebral blood flow, and this change in cerebral blood
flow may be related to the regulation of TBS on the excit-
ability of the cerebral cortex [65]. Pichiorri et al. [66] used
transcranial Doppler ultrasound monitoring to find that
after receiving iTBS in healthy subjects, the responsive-
ness of bilateral vasodilation to Carbon dioxide increased,
and the cerebral blood flow under the stimulation coil
increased temporarily, indicating that iTBS may affect the
microcirculation of the brain and improve the perfusion
of cerebral blood flow by regulating the relaxation and
contraction function of cerebral vessels. Cho et al. [67]
found that cTBS could reduce the cerebral blood flow in
the ipsilateral dorsolateral prefrontal cortex (BA46) and
the rostral part of the prefrontal cortex (BA10) in normal
people, indicating that the effect of cTBS on the brain is
related to the change of cerebral blood flow. In order to
ensure the safety of subjects, Pichiorri and Cho’s study
is based on normal people, which can also produce cor-
responding improvement effect on stroke patients, and
the subsequent clinical application needs to adopt corre-
sponding TBS treatment strategies according to the spe-
cific conditions of patients.

Theoretical model of TBS in improving motor dysfunction
after stroke
At present, the use of TBS to improve the level of motor
function after stroke is mainly based on the interhemi-
spheric inhibition (IHI) model [68], the vicariation model
and the bimodal balance-recovery model [69], and most
relevant clinical studies are based on these three models.
The THI model assumes balanced mutual inhibition
between the two hemispheres of the healthy brain, and
also predicts that once damaged, inhibition from the
affected hemisphere will be reduced [68]. After stroke,
the mutual inhibition between the two hemispheres is
no longer balanced, and the inhibition effect of the con-
tralateral cortex on the affected cortex is stronger, result-
ing in the phenomenon of excessive excitation of the
contralateral side and excessive inhibition of the affected
side, which hinders the remapping and re-learning
of the neuroplasticity of the reserved structure of the
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affected hemisphere and is not conducive to the recov-
ery of the motor function of the patients [70]. Studies
have shown that restoring the balance of the excitability
of the interhemispheric cortex can improve the overall
prognosis [71]. According to this theory, stroke can be
treated by inhibiting the contralateral cortex’s excitabil-
ity or enhancing the affected cortex’s excitability. Recent
proof-of-principle studies have shown that using specific
transcranial magnetic stimulation patterns to stimulate
the affected hemisphere to up-regulate excitability, or to
stimulate the contralateral hemisphere to down-regulate
excitability, can cause significant behavioral improve-
ment in convalescent stroke patients [72]. It is worth
noting that this model is based on the upper limb motor
system, and whether the IHI model can be applied to
the recovery of lower limb motor function is still con-
troversial. Chieffo et al. [68] believe that the IHI model
may not be applicable to the lower limb, but so far, there
is also some evidence that the IHI model is suitable for
the recovery of lower limb motor function[30-33, 35],
which still needs to be proved by a large number of clini-
cal studies in the future.

The vicariation model assumes that the reorganization
of brain regions after brain injury can replace the func-
tion of nearby injured regions[73, 74], that is, the healthy
side of the brain can compensate for the function of the
affected side of the brain, and the activity of the healthy
hemisphere may contribute to the functional recovery
after stroke [75]. Considering this compensatory neural
plasticity, promoting stimulation should be applied to the
healthy hemisphere to enhance the excitability of com-
pensatory neurons [74]. According to this model, facilita-
tion in the contralateral hemisphere may stimulate brain
tissue reorganization and restore the balance of motor
cortex excitability between the two sides of the brain,
thereby promoting functional recovery of the affected
limb. The IHI model and the vicariation model suggest
opposite predictions for optimal neuromodulation strate-
gies in stroke patients. The IHI model predicts that inhib-
iting the excitability of the contralateral hemisphere will
benefit stroke recovery because it improves the abnormal
inhibition of the contralateral hemisphere by the affected
hemisphere. The vicariation model predicted that such
an intervention would be counterproductive because
it would interfere with the compensatory activity of the
contralateral hemisphere.

Di Pino et al. [69] considered that neither the IHI
model nor the vicariation model is sufficient and not
suitable for the treatment of all stroke patients, so they
put forward a new neural rehabilitation model, the
bimodal balance-recovery model, which links the inter-
hemispheric balance and the structural reserve after the
lesion. It is believed that the integrity of the remaining
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function of the motor area and corticospinal tract in the
affected hemisphere determines the recovery mechanism
after stroke, which perfects the above two theories. The
mechanism of the bimodal balance-recovery model can
be explained by the inhibitory effect on the contralat-
eral hemisphere based on the IHI model in the patients
with less damage and the promoting effect on the con-
tralateral hemisphere based on the vicariation model in
the patients with more damage. Subsequent related stud-
ies have also demonstrated that the healthy hemisphere
should be inhibited for patients with lower injury, and on
the contrary, the healthy hemisphere should be promoted
for patients with higher injury [76, 77].

Application of cTBS in improving upper limb motor
function after stroke

Studies on the improvement of upper limb motor func-
tion by cTBS have shown different results, and the thera-
peutic effect is somewhat controversial. At present, there
are two randomized controlled studies using cTBS com-
bined with conventional exercise training to improve
upper limb hemiplegia after stroke, and the results show
that the upper limb motor function of patients is sig-
nificantly improved after treatment [19, 20]. However,
Nicolo et al. [18] reported that ¢TBS in the contralateral
M1 of the subject’s brain could not improve the upper
limb motor function level of stroke patients and improve
the clinical motor gain. In addition, the trial also assessed
the brain function of patients before and after treatment
by electroencephalogram (EEG), and found that if non-
invasive brain stimulation (NIBS) started within the first
4 weeks after stroke, it would increase the functional
connectivity (FC) of ipsilateral resection of motor nodes,
and early intervention seemed to enhance the recovery
of motor function better. van Lieshout et al. [78] demon-
strated in a meta-analysis that the use of TMS to improve
upper limb motor function should be given as early as
possible and more beneficial starting in the first month
after stroke. A recent study achieved early intervention.
cTBS on the contralateral M1 combined with upper limb
training started within 3 weeks after the onset of stroke,
promoted the recovery of upper limb motor function,
reduced disability and dependence, shortened the length
of hospital stay in the rehabilitation center, and also had
a long-term effect on the recovery of upper limb motor
function [19]. At present, in the four experimental stud-
ies exploring the effect of cTBS on the recovery of upper
limb motor function, there is no quantitative evalua-
tion of cerebral cortex or corticospinal cord excitabil-
ity through instruments, so as to objectively reflect the
correlation between the reorganization of brain neural
network and the recovery of upper limb motor func-
tion[18-21]. An experimental protocol by van Lieshout
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et al. [79] made up for this deficiency by using functional
magnetic resonance imaging (fMRI) to assess the brain
functional status of patients. That is to say, fMRI can
reflect ischemic injury, white matter integrity, functional
connectivity and cortical activation, which provides a
new idea for the design of objective evaluation methods
for later clinical research.

LE-rTMS and cTBS are the most commonly used
inhibitory non-invasive brain stimulation techniques to
regulate the balance of neural network after stroke. Kuzu
et al. [20] compared the effects of cTBS and LF-rTMS on
upper limb spasticity and functional recovery in patients
with chronic ischemic stroke. This study showed that the
therapeutic effects of these two non-invasive brain stimu-
lation techniques were similar, but the application time
of cTBS was shorter, which could improve the comfort of
patients during treatment and produce more clinical ben-
efits. However, Kondo et al. [21] showed in a study that
the LE-rTMS group had a more significant increase in
the Fugl-Meyer assessment (FMA) score compared with
the ¢TBS group, and LF-rTMS combined with OT was
more recommended for hemiplegic patients. Whether
cTBS is the best inhibitory noninvasive brain stimulation
technology is still in doubt, and we still need a large num-
ber of clinical experiments to prove it.

In a word, future research needs to apply more objec-
tive equipment and technology to explore the relation-
ship between brain network function reorganization and
upper limb motor function improvement, and constantly
improve the design of clinical experiments, explore the
best parameters of cTBS treatment, and explore more
therapeutic advantages of cTBS. To provide individual-
ized and targeted treatment programs for stroke patients
with different stages and degrees of injury.

Application of iTBS in improving upper limb motor
function after stroke

So far, many studies have verified the effectiveness of
iTBS in improving the upper limb motor function of
stroke patients and shown that it has produced signifi-
cant clinical benefits. Talelli et al. [22] first used iTBS
to improve upper limb motor function in patients with
chronic stroke and observed improvements in grip
strength and reaction speed. Ackerley et al. [23] believed
that iTBS may achieve neural network reorganization by
increasing cortical excitability and other mechanisms to
promote the recovery of upper limb motor function. A
recent meta-analysis also showed that iTBS has a good
therapeutic effect on the recovery of motor function in
stroke patients [80]. Among them, the results of sham-
controlled studies on the effects of iTBS on upper limb
motor function in patients with chronic stroke are con-
troversial [22-26]. Four studies have shown that iTBS
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can significantly improve motor function [22, 23, 25, 26],
while one study showed no difference between the iTBS
group and the sham stimulation group [24]. The reason
for the above difference may be related to the inconsist-
ency in the selection of evaluation indicators, the age
of patients included and the course of disease. Previous
studies have reported that patients in the acute phase
have higher neuroplasticity than those in the chronic
phase [18], and a large number of functional recovery
and high levels of neuroplasticity can be observed [81]. It
is suggested that rehabilitation after stroke should be car-
ried out as early as possible, which may better improve
the clinical benefits of motor recovery.

Some studies are no longer limited to the use of tradi-
tional clinical exercise scales, but through the perspec-
tive of electrophysiology and biomechanics to conduct
quantitative analysis, the purpose is to deeply under-
stand the specific impact of iTBS on upper limb spastic-
ity after stroke, and understand the recovery process of
motor ability accordingly. Chen et al. [27] conducted a
study using electrophysiological indicators related to the
degree of spasticity, and the results showed that com-
pared with the sham stimulation group, iTBS combined
with conventional neurological rehabilitation treatment
could reduce the spasticity of patients with subacute
stroke and improve the motor function of upper limbs,
especially the fine motor function. Kim et al. [28] verified
the effectiveness of iTBS in reducing post-stroke upper
limb spasticity on the basis of clinical, electrophysi-
ological, and biomechanical evaluations in a crossover
experiment, and the results showed that both the degree
of upper limb spasticity and motor function of patients
were significantly improved after iTBS stimulation. In
addition, the results of the above studies have shown that
a single iTBS on the affected side of the brain or multi-
ple cerebellar iTBS can produce short-term therapeutic
effects [27, 28]. When using TBS to improve upper limb
motor dysfunction, we can change the treatment ideas
and promote the recovery of upper limb motor func-
tion by directly improving upper limb spasticity. Further
studies are needed in the future to explore the potential
mechanism of different target iTBS, induce longer-term
ameliorative effects, and determine its benefits in the
clinical setting.

As to which mode of iTBS or cTBS will produce a more
significant effect on improving upper limb motor func-
tion in stroke patients, Talelli et al. [22] explored the
effect of a single TBS on hand functional behavior and
physiological indexes in patients with chronic stroke,
and the results showed that ipsilateral iTBS temporarily
improved the motor behavior and corticospinal output
of the affected hand. Compared with ¢TBS, iTBS may
be a more effective transcranial magnetic treatment. A
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recent meta-analysis also showed that iTBS was more
effective than cTBS in treating upper limb motor defi-
cits after stroke [82]. In addition, some studies suggest
that the combination of iTBS and cTBS has a more sig-
nificant effect on improving upper limb motor dysfunc-
tion in stroke patients than the intervention of iTBS or
cTBS alone. The inhibitory priming stimulation through
cTBS can stabilize or even enhance the stimulatory effect
of the subsequent excitatory conditioned reflex stimula-
tion through iTBS. ITBS priming (i.e., performing con-
tralateral cTBS before the iTBS of the affected side) has a
stronger amplification effect on the motor-evoked poten-
tial at the stimulation site [83, 84]. Zhang et al. [29] found
that iTBS priming can promote the recovery of hemiple-
gic upper limbs after chronic stroke, and it is significantly
better than non-priming iTBS and sham stimulation,
especially for patients with higher upper limb function.
In the treatment of chronic stroke, ¢cTBS stimulation
before iTBS stimulation can promote the activation of
cerebral cortex, enhance motor control and learning abil-
ity, and is an effective treatment to improve the level of
upper limb motor function of patients.

Application of iTBS to improve lower limb motor function
after stroke

The choice of transcranial magnetic stimulation target is
very important in research. Cerebellar iTBS is the most
commonly used treatment to improve lower extrem-
ity motor function after stroke, but there is no consen-
sus on the best stimulation target to improve lower
extremity motor dysfunction in stroke patients, and
many researchers have made different attempts. Liao
et al. [30] compared the efficacy of iTBS on the stimula-
tion of the cerebellum or M1 in stroke patients, and the
results showed that both interventions could improve
the balance function of patients, but only iTBS on the
cerebellum could promote the recovery of lower limb
movement. Therefore, iTBS targeting the cerebellum may
be a valuable new therapeutic option in stroke rehabili-
tation programs. At present, there are four randomized
controlled trials using the affected cerebellum as the tar-
get of iTBS stimulation, which found that iTBS stimula-
tion of the affected cerebellum can improve the balance
function and gait parameters (step width and step speed)
of patients with subacute or acute stroke, and improve
trunk stability and control ability, but there is no addi-
tional benefit for lower limb activities of daily living [31—
33, 35]. Other studies have tried different combinations
of targets to improve the level of patients with functional.
Xia et al. [85] compared unilateral cerebellar (CB-single),
cerebellar-primary motor cortex (CB-M1) and cerebellar-
supplementary motor area (CB-SMA), the results showed
that the effect of combined stimulation was better, and
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CB-SMA was more significant in improving the balance
function of stroke patients. Lin et al. [34] discussed the
feasibility and effectiveness of using iTBS to stimulate
bilateral leg motor cortex (LE-M1) before PT to improve
lower limb balance and motor function in stroke patients,
but found no significant advantages. In addition, the
cerebellar vermis plays an important role in integrating
visual, proprioceptive, and sensory skin inputs, and may
be a candidate stimulus target for modulating the motor
network associated with balance [35]. There are two lit-
eratures that take the cerebellar vermis as the stimulation
target, design the experimental scheme of using iTBS
to stimulate the cerebellar vermis to improve the lower
limb balance ability and motor function of patients after
stroke, and design to use resting-state functional mag-
netic resonance imaging and functional near-infrared
spectroscopy to clarify the mechanism of neural remod-
eling [35, 86]. In order to verify the actual effect of iTBS
stimulation in the cerebellar vermis, more clinical studies
are needed in the future.

Some studies used corticospinal cord excitability as an
evaluation index to compare the efficacy of lower limb
motor function before and after iTBS, and found that
the choice of peripheral target muscles affected the reli-
ability and validity of the experimental results to a cer-
tain extent. Liao et al. [33] selected the abductor pollicis
brevis (APB) on the affected side as the peripheral target
muscle, and used the amplitude of MEP on the affected
side to evaluate the corticospinal excitability, while Xie
et al. [31] recorded the surface electromyogram of the
APB on the healthy side to measure the cortical excit-
ability of the M1 on the healthy side. The results of both
studies showed that there was no significant difference in
corticospinal excitability between the experimental group
and the control group, which speculated that the leg mus-
cle response might be more specific without the difficulty
of device testing. In a recent study, MEP was measured
by taking the tibialis anterior muscle of the affected side
as the peripheral target muscle, and the latency of MEP
was recorded to reflect the integrity of motor nerve con-
duction pathway and nerve recovery. The results showed
that compared with the control group, the latency of
MEDP in the experimental group decreased significantly
[35], which verified the reliability of the conjecture, but
a large number of clinical experiments are still needed to
demonstrate it. Moreover, changes in corticospinal excit-
ability can only be used to explain some of the underly-
ing mechanisms of cerebellar iTBS, and future studies
should use more non-invasive brain function testing
techniques to assess changes in multiple regions of the
brain. In addition, the difference in therapeutic coils will
also affect the therapeutic effect. In previous literature
on iTBS to improve lower extremity motor dysfunction
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[31-35], the fig-eight coil was mainly used, which has the
characteristics of a small stimulation area, shallow stimu-
lation depth, and good focusing. Studies have found that
the double-cone coil can achieve a deeper stimulation
effect compared with the eight-coil [87] and produce a
stronger electric field [88]. Hardwick et al. [89] showed
that the cerebellum tissue is deeper than the M1 area of
the brain. Under the same parameters of magnetic stimu-
lation, compared with the eight-coil, Cerebellar stimula-
tion with a biconical coil can achieve better stimulation
effect and better therapeutic effect, so the best therapeu-
tic coil should be selected according to the stimulation
site in the follow-up study.

Application summary

Most of the subjects included in this study are in the
chronic phase, which may be due to the consideration of
the safety of the subjects and the degree of cooperation
in treatment. However, some studies have shown that the
neuroplasticity of the brain in patients in the acute phase
is higher, and early intervention can better enhance the
recovery of motor function [19]. If there is no interfer-
ence factor in the acute phase after comprehensive exam-
ination and evaluation, Such as cerebral edema, increased
intracranial pressure and unstable vital signs, it is recom-
mended that TBS should be intervened as early as pos-
sible in clinic, which may enhance the effect of motor
function recovery [18].

The incidence of ischemic stroke is usually higher than
that of hemorrhagic stroke. In the epidemiological sur-
vey of most regions, ischemic stroke accounts for about
60% —80% of all stroke cases [90]. A higher proportion of
ischemic stroke was included in this literature, which is
consistent with the epidemiological findings. In addition,
patients with hemorrhagic stroke are more likely to have
symptoms of disturbance of consciousness and increased
intracranial pressure, while patients with ischemic stroke
are more prone to hemiplegia, sensory disorders, lan-
guage disorders, etc. [91]. Hemorrhagic stroke seems to
be more likely to lead to dyskinesia than ischemic stroke
[92]. Some studies have compared hemorrhagic stroke
and ischemic stroke from the perspective of pathophysi-
ology, pointing out that hemorrhagic stroke is caused by
blood vessel rupture leading to blood entering the brain
tissue, causing brain tissue injury and compression,
while ischemic stroke is caused by insufficient blood sup-
ply to the brain due to vascular blockage, causing brain
tissue hypoxia and necrosis [93, 94]. This difference in
pathophysiology determines the difference in treatment
methods between the two groups. For example, hemor-
rhagic stroke requires control of bleeding and reduction
of intracranial pressure, while ischemic stroke requires
thrombolysis and antiplatelet therapy [93, 94]. At present,
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the recommended method of TBS in the rehabilitation
treatment of hemorrhagic stroke and ischemic stroke is
still in the stage of research and exploration, and there is
no clear and unified standard recommended method. In
view of the fact that the condition of patients with hem-
orrhagic stroke in the acute stage is usually dangerous
and complex, the application of TBS needs to be more
cautious [95].

The pulse number commonly used in TBS treatment
is 600, but some studies have used 1200 pulses and 2400
pulses [21, 30, 32, 34]. TBS with higher pulse number
may enhance the connection and remodeling of nerve
synapses to a certain extent, which can achieve bet-
ter motor function recovery, but also increase the risk
of adverse reactions. TBS with a lower pulse number is
relatively mild and may have a more limited regulatory
effect on the cerebral cortex, but it may be safer. At pre-
sent, the results of studies on the optimal pulse number
are not consistent, which may vary with individual differ-
ences, stroke types and course of disease. In many stroke
patients, it is often difficult to measure the motor thresh-
old of the target muscle because of the interruption of
the motor conduction pathway. At this time, research-
ers may choose the other side of the mirror muscle for
motor threshold measurement, but this may lead to low
stimulation intensity [96]. In addition, when determining
the stimulation intensity of TBS, the selection of target
muscles will also affect the efficacy. In the current study,
the target muscles selected for determining the motor
threshold are mostly FDI, APB, FCR and other hand
muscles, but when TBS improves the motor dysfunc-
tion of lower limbs, the response of leg muscles may be
more specific [35]. Taking the lower limb muscle as the
target muscle to measure the motor threshold to define
the stimulation intensity may improve the effect of lower
limb motor function recovery.

There are many types of TBS stimulation coils, such as
circular coils, figure-of-eight coils, double-cone coils, and
H-shaped coils. These different types of coils have their
own characteristics in clinical application, and there are
differences in the effective stimulation area and depth
produced by them. The circular coil has a simple struc-
ture and can usually generate a relatively uniform mag-
netic field, but the effective stimulation area is relatively
large and scattered, and the stimulation depth is shallow
[97]. All the literatures included in this study used figue-8
coil, which was composed of two circular coils, with a
more focused magnetic field, a relatively small but more
concentrated effective stimulation area, and a slightly
deeper stimulation depth for specific brain regions than
the circular coil [88]. However, when deep brain regions
(such as bilateral leg motor cortex) are stimulated, the
double-cone coil and H-shaped coil seem to have more
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advantages and can achieve deeper stimulation depth.
Among them, the focusing degree of the double-cone coil
is better than that of the H-shaped coil, but the focus-
ing degree is not as good as the Fig. 8 coil [98]. When
choosing a TBS stimulation coil, it is necessary to com-
prehensively consider the characteristics of different coils
according to the specific research purpose, the patient’s
condition, and the desired stimulation effect, so as to
achieve the best therapeutic effect.

The stimulation site is the key factor of TBS stimula-
tion protocol, which can cause corresponding local neu-
rophysiological changes, so as to achieve different clinical
effects. The stimulating brain areas included M1, Cer-
ebellum, hand cortical motor area and lower limb corti-
cal motor area. In addition, Supplementary Motor Area
(SMA), Sensory Motor Cortex, and Prefrontal Cortex are
also key brain regions for motor function recovery [99,
100]. One study compared the difference in the efficacy
of iTBS on M1 and cerebellum, and found that the recov-
ery of motor function of patients was more significant
when the cerebellum was used as the stimulation target
[30]. However, there is no consensus on the best target of
transcranial magnetic stimulation. Moreover, compared
with single-target stimulation, the effect of combined tar-
get stimulation may be better [85].

In the clinic, TBS is often combined with PT or OT.
Among them, PT can promote muscle strength recov-
ery, improve joint range of motion, enhance balance and
coordination, and also promote neural plasticity. OT can
improve patients’ activities of daily living, promote occu-
pational rehabilitation, provide psychological support
and increase social participation. The course of treatment
and duration should be appropriate; too short can not
achieve the desired effect, and too long will cause fatigue
in patients. It is recommended that stroke patients
should have exercise training at least 3—4 times a week,
40 min of moderate intensity aerobic exercise each time,
and the duration of exercise can be adjusted according to
the specific situation of patients with in stable condition
and tolerance [101]. The specific frequency and duration
of exercise therapy should be formulated and adjusted by
professional rehabilitation doctors or therapists accord-
ing to the patient’s specific condition, physical condition,
rehabilitation progress and other factors.

Comparison of TBS with other rehabilitation modalities

In addition to TBS, many studies have explored other
advanced technologies, such as robotics, gamified and
virtual reality based rehabilitation models, which all
have a certain effect on improving motor dysfunction
after stroke [102-105], but these rehabilitation strategies
have their own characteristics in terms of the way and
mechanism of action on the brain. In terms of the way of
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influence, the influence of TBS on the brain is relatively
direct. It directly regulates nerve activity and plasticity
through magnetic field stimulation, and affects blood cir-
culation and substance metabolism in the brain [46, 63].
However, rehabilitation methods based on robotics, gam-
ification and virtual reality are more likely to indirectly
affect the brain by guiding the patient’s motor, cognitive
and perceptual experience [106]. In terms of mecha-
nism of action, TBS can precisely stimulate specific brain
regions, regulate their excitability and plasticity, and has
a certain pertinence [46]. Robotic rehabilitation is mainly
aimed at the recovery of motor function, focusing on the
remodeling of motor cortex and related neural pathways
[107]. Gamification rehabilitation is more focused on the
comprehensive impact on the brain from the aspects of
psychological motivation and cognitive function, with
a wide range of comprehensiveness [106]. By provid-
ing immersive multi-sensory experience, virtual reality
rehabilitation comprehensively promotes the functional
integration of brain perception, cognition, movement
and other aspects, and has a strong comprehensive-
ness, which also has a certain impact on the changes of
cerebral blood flow [108, 109]. In conclusion, TBS and
other advanced rehabilitation modalities have their own
characteristics and advantages in terms of their effects
on brain changes, and they can complement each other.
According to the specific conditions and rehabilitation
needs of stroke patients, the comprehensive use of a vari-
ety of rehabilitation modalities is expected to achieve
better rehabilitation effects. In the future rehabilita-
tion treatment, further study on the synergistic mecha-
nism between them will provide new ideas and methods
for improving the level of rehabilitation treatment after
stroke.

Innovation

At present, similar systematic reviews and Meta-anal-
yses have found that TBS has a certain improvement
effect on motor dysfunction after stroke. Compared
with traditional rehabilitation methods, TBS combined
with conventional rehabilitation therapy has a statisti-
cally significant advantage in improving motor function
scores. In different stages of stroke, the therapeutic effect
of TBS may be different. In addition, different stimula-
tion parameters and stimulation schemes may affect the
therapeutic effect [80, 110-112]. However, most studies
only explored the effect of iTBS on upper limb motor
function after stroke, and few literatures explored the
effect of iTBS on lower limb motor function recovery.
There were few reviews on cTBS treatment of motor dys-
function after stroke, and most of the efficacy evaluation
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indicators focused on scales and tests related to motor
function. Compared with previous studies, this study has
the following new contributions: (1) It comprehensively
searches the experimental studies of iTBS and c¢TBS on
motor dysfunction after stroke, which are no longer lim-
ited to unilateral discussion, but systematically explores
the findings of TBS on limb motor recovery from three
aspects. (2) The neurobiological mechanism of TBS in
improving motor dysfunction after stroke was further
studied, which provided deeper molecular evidence. At
the same time, combined with DTI technology, we dis-
cussed the effect of TBS on brain network connectivity
and functional integration, as well as the relationship
between this effect and motor function recovery, provid-
ing a more comprehensive mechanism. (3) In addition to
finding that TBS combined with conventional rehabilita-
tion therapy was more effective than conventional reha-
bilitation therapy alone, this study also compared the
efficacy of TBS with rTMS, and concluded that the com-
bination of the two TBS modes was more effective than
iTBS or cTBS alone. These are parts that have not been
discussed in previous reviews. (4) This study not only
used the traditional clinical exercise scale, but also used
neuroelectrophysiological indicators to evaluate the effi-
cacy and narrative summary, which can provide a more
comprehensive and multi-dimensional understanding of
the recovery of patients after treatment.

Limitations of evidence

Among the 18 included trials, including 16 randomized
controlled trials and 2 non-randomized controlled trials,
the types of trials were inconsistent, and there was signif-
icant heterogeneity in the general condition of patients,
the intervention protocols of TBS and adjuvant therapy,
and outcome measures. Therefore, this paper does not
carry out Meta-analysis, but uses the method of system-
atic review to sort out the same characteristics of differ-
ent studies, analyze the possible reasons for the difference
in treatment effect, and make a narrative summary of the
factors of the included studies. Without using any sta-
tistical methods to provide more precise information, it
is difficult to draw strong evidence on the effectiveness
of TBS in improving motor function in stroke patients.
Most of the included studies selected stroke patients in
the chronic phase, with little potential for rehabilitation,
which may lead to no significant difference in outcome
measures within or between groups before and after TBS
treatment. Moreover, some studies included small sam-
ple sizes, did not randomly assign subject groups, and did
not blind the outcome index assessors, which also led to
a large bias in the interpretation of the results.
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Future research

Future studies should further clarify the exact mecha-
nism of TBS in improving motor dysfunction after stroke
and improve the theoretical model. Whether the IHI
model is suitable for the recovery of lower limb motor
function also needs a large number of clinical trials to
verify. At present, there are few studies on the application
of iTBS in the recovery of lower limb motor function.
Moreover, there is no relevant literature on the applica-
tion of ¢TBS in the improvement of lower limb motor
function at home and abroad. It is suggested that follow-
up studies should be carried out to explore the effect of
TBS on the rehabilitation of lower limb motor function.
In addition, the effect of ¢cTBS in upper limb treatment
is controversial. When using TBS to improve upper limb
motor dysfunction, we can change the treatment thinking
and promote the recovery of upper limb motor function
by directly improving upper limb spasticity. Early inter-
vention should be carried out after the onset of stroke,
and transcranial magnetic stimulation should be carried
out at least within four weeks after the onset of stroke to
obtain greater efficacy. More objective evaluation indica-
tors should be included in follow-up related studies, and
non-invasive brain functional imaging technology should
be used to detect the reorganization of neural network in
different brain regions. Such as functional magnetic reso-
nance imaging, near-infrared functional brain imaging,
electroencephalogram, and so on, through some visual
quantitative indicators to evaluate the improvement of
patients’ motor function before and after treatment.

In a word, it is suggested that the mechanism of TBS
should be further clarified in the follow-up studies, the
best target of brain stimulation should be explored, the
appropriate stimulation coil should be selected, the
treatment parameters of TBS should be improved, the
improvement effect should be induced for a longer time,
the individualized treatment should be formulated for
stroke patients with different stages and degrees of injury,
and the follow-up should be followed up in the later stage
of the experiment. To determine the long-term efficacy
of TBS.

Conclusion

The results of this study indicate that TBS is an effective
treatment for improving limb function in stroke patients,
but the optimal timing of treatment, dose of adjuvant
therapy, and TBS parameters need to be further clarified
according to the course of stroke and the degree of injury.
Future studies need to explore the mechanism of TBS
combined with other advanced rehabilitation methods,
which will provide new ideas and methods for improving
the level of rehabilitation treatment after stroke.
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