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Abstract  
Repetitive transcranial magnetic stimulation, as a relatively new type of rehabilitation treatment, is a pain-
less and non-invasive method for altering brain excitability. Repetitive transcranial magnetic stimulation 
has been widely used in the neurorehabilitation of stroke patients. Here, we used CiteSpace software to 
visually analyze 315 studies concerning repetitive transcranial magnetic stimulation for stroke rehabili-
tation from 1999 to 2019, indexed by Web of Science, to clarify the research hotspots in different periods 
and characterize the gradual process of discovery in this field. We found that four main points were gen-
erally accepted: (1) repetitive transcranial magnetic stimulation has a positive effect on motor function 
recovery in patients with subcortical stroke; (2) it may be more advantageous for stroke patients to receive 
low-frequency repetitive transcranial magnetic stimulation in the unaffected hemispheres than to receive 
high-frequency repetitive transcranial magnetic stimulation in affected hemisphere; (3) low-frequency 
repetitive transcranial magnetic stimulation has become a potential therapeutic tool for patients with 
non-fluent aphasia after chronic stroke for neurological rehabilitation and language recovery; and (4) there 
are some limitations to these classic clinical studies, such as small sample size and low test efficiency. Our 
assessment indicates that prospective, multi-center, large-sample, randomized controlled clinical trials are 
still needed to further verify the effectiveness of various repetitive transcranial magnetic stimulation pro-
grams for the rehabilitation of stroke patients. 

Key Words: data visualization; motor recovery; rehabilitation; repetitive transcranial magnetic stimulation; 
stroke; stroke rehabilitation; transcranial magnetic stimulation
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Introduction 
Magnetic signals can stimulate brain nerves through the 
skull without attenuation. Thus, transcranial magnet-
ic stimulation (TMS) is considered to be a painless and 
non-invasive treatment method that has been extensively 
used in neurorehabilitation treatment of stroke patients 
(van Lieshout et al., 2019). Further, the emergence of con-
tinuously adjustable repetitive TMS (rTMS) has led to new 
applications in the fields of neurological diseases, rehabili-
tation, and the treatment of clinical mental illnesses (Hor-
dacre et al., 2019). rTMS mainly uses different frequencies 
to achieve therapeutic purposes. High frequencies (> 1 Hz) 
mainly produce excitatory effects, and low frequencies (≤ 
1 Hz) mainly produce inhibitory effects (Du et al., 2019; 
Zhang et al., 2019). rTMS affects local nerves by altering 
neural function at multiple sites through the connections 
and interactions between neural networks. To improve 
brain function in patients with various diseases, optimal 
therapeutic effects can be achieved by adjusting the stimu-
lation intensity, frequency, site, and coil direction. 

The purpose of this paper was to: (1) clarify the role and 
characteristics of rTMS in stroke rehabilitation, (2) perform 
a visual analysis of post-stroke rTMS rehabilitation studies 
using CiteSpace software, and (3) objectively clarify the 
time-series changes of research hotspots and dynamic fron-
tiers in this field, with the goal of obtaining quantitative and 
objective data as well as key references.

Data and Methods 
Retrieval strategy
The first author retrieved relevant studies addressing rTMS 
for stroke rehabilitation published from 1999 to 2019. 

Data source
Web of Science (WOS) Core Collection Database. 

Search terms
The search terms were as follows: (Repetitive Transcranial 
Magnetic Stimulation OR Transcranial Magnetic Stimula-
tion OR Transcranial Magnetic) AND (Stroke* OR Cerebral 
Stroke* OR Cerebral Infarct* OR Cerebrovascular Accident) 
AND (Rehabilitation OR Stroke Rehabilitation). 

Retrieval time
From 1999 to 2019.  

Qualification
Full-text retrieval was performed.

Inclusion criteria 
Studies related to the application of rTMS in stroke rehabil-
itation were selected after reading the title and abstract. The 
style of the study was not limited, such that we included any 
study describing a technical method for treating post-stroke 
rehabilitation, such as research originals, meta-analyses, re-
views, commentaries, and case reports. 
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Number of studies included
A total of 315 studies were included, published before the 
deadline of December 30, 2019. 

Methods 
Software parameter settings
CiteSpace software was developed by Dr. Chaomei Chen, 
who is a scholar at Drexel University, USA. The software 
uses Java to conduct visual analyses of scientific references. 
The software uses co-occurrence and co-citation analyses of 
a large set of reference data in a given research field to objec-
tively and quantitatively analyze and forecast research fron-
tiers and development trends (Chen, 2004; Chen and Song, 
2019).

We used CiteSpace.5.6.R1 software to retrieve studies pub-
lished from 1999 to 2019 with the ‘Time Slicing’ value set to 
1 year. The subject heading was set to ‘Burst Term’. 

The type of Node was selected according to the country, 
keyword, and category for co-occurrence analysis, and the 
reference and journal for co-citation analysis. CiteSpace soft-
ware can be used to (1) generate a co-citation analysis map 
of a cited reference and cited journal; (2) generate a co-oc-
currence analysis map for a keyword, country, or category; 
and (3) generate a bibliographic coupling analysis map for a 
reference and an overlay map of a journal.

Burst detection is a form of topic detection. In CiteSpace, 
we used the algorithm proposed by Goldberg et al. (2002) to 
detect innovative topic hotspots.

Interpretation of the application of visualization map 
identification
Citation tree-rings: In a map drawn using Citespace, there is 
a circular region termed the citation ‘tree-rings’, which rep-
resents the citation history of a paper. The color of the most 
central citation tree-ring indicates the publication year.

Node circle: The size of the radius indicates the number of 
published papers in the author’s co-authored network and 
the institutional co-authored network, and also indicates 
how often the keywords appear in the keyword co-occur-
rence network.

Link between nodes: A link indicates the presence of 
co-authorship or a co-occurrence relationship. The node col-
ors indicate different years, and gradually change from cold 
colors to warm colors such that blue represents earlier years 
and red represents later years.

Centrality: Centrality is a measure of the importance of 
nodes in the network. CiteSpace uses this index to find and 
measure the importance of references, and uses purple circle 
to mark the references (or authors, journals, and institu-
tions). The nodes labeled with a purple circle have greater 
centrality (≥ 0.1), and the nodes labeled with red circle show 
greater burst intensity. 

Cluster #: Cluster analysis is carried out on the generated 
map, and each cluster is labeled by citing the title, keywords, 
and subject headings in the abstract of the citing reference 
(each label can be divided into several categories, such as #0, 
#1, #2…). 

Results
Research hotspots and hot journals for the application of 
rTMS in the field of stroke rehabilitation based on citation 
relationships
Burst analyses of cited journals revealed neuroscience 
journals with research hotspots
Journal co-citation analyses of references from 1991 to 2019 
cited by 315 studies published from 1999 to 2019 found that 
among the earliest journals, BRAIN, J NEUROPHYSIOL, and 
NAT NEUROSCI had hotspots in 2004, and NAT NEUROS-
CI had hotspots for the longest time period, i.e., from 2004 
to 2014. PLOS ONE and FRONT HUM NEUROSCI had the 
most recent frontier hotspot (Figure 1). 

Among the top 10 cited journals among 315 studies 
published from 1999 to 2019, STROKE was the most 
frequently cited
STROKE was cited 253 times; CLIN NEUROPHYSIOL was 
cited 232 times; and NEUROLOGY was cited 219 times 
(Figure 2). 

Dual-map overlays showed that hot cited journals were 
mainly in the fields of rehabilitation medicine and 
neuroscience
CiteSpace.5.6.R1 software provided basic reference data, and 
the basic map resource data regarding dual-map overlays 
were sourced from Journal Citation Reports 2011. The re-
sults of the dual-map overlays, shown in Figure 3, confirmed 
that the application of rTMS in post-stroke rehabilitation 
is still a current research hotspot, covered by major neuro-
science journals such as STROKE and J NEUROSCI. Based 
on the Bblondel algorithm, the map of dual-map overlays 
among 315 studies is displayed in Figure 3: The left side 
of the figure shows the journal distribution of citing jour-
nals, and the right side shows the journal distribution of 
cited journals (Chen et al., 2014). The citing journals of the 
315 studies are mainly from the fields of neurology, sports, 
medical science, medicine, and rehabilitation medicine. The 
cited journals of the 315 studies are mainly from the fields 
of health, nursing care, medical science, skin, oral health, 
surgery, sports, and rehabilitation medicine. Among them, 
rehabilitation medicine was most concentrated in the cited 
journals (shown in the center of the circle on the right), and 
is the hotspot of current research on rTMS.

Co-occurrence of WOS categories of 315 studies published 
from 1999 to 2019 shows that neurology and rehabilitation 
are the most important fields in the application of rTMS
The 315 included studies are from various fields, such as 
neuroscience, neurology, clinical neurology, rehabilitation, 
and sports science (Figure 4). 

Co-citation of hot rTMS references based on cited 
references of 315 included studies 
Eleven categories of cited references of 315 studies published 
from 1999 to 2019
The landscape generated using the clusters of co-cited refer-
ences is exhibited in Figure 5. The top 100 references with 
the highest number of citations in each year were selected to 
build a co-cited network. After synthesizing the network for 
each year, the network was found to contain a total of 1624 
citations and 465 nodes. The clustered research categories 
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were divided into 11 groups (#0–10). Each cluster was la-
beled according to the title, keywords, and subject headings 
in the abstracts of the citing references that cited the clus-
tered citation (Chen et al., 2014). 

Time trends for the cited references of the 315 included 
studies 
After generating the co-cited cluster map, the timeline map 
of the co-citation network could be obtained using the 
cluster number as the Y-axis and the publication year of the 
citation as the X-axis. The timeline view shows the time span 
and research progress of the development and evolution of 
each cluster sub-domain. 

Figure 6 presents the characteristics of the time-span ci-
tation information for the 11 cluster domains. Taking the 
field represented by cluster #0 at the top of the figure (#0 
subacute stroke) as an example, the time span is from 2006 
to 2016. Moreover, there are a series of important landmark 
achievements between 2009 and 2012. For example, (1) Khe-
dr et al. (2009) compared the long-term effects of 1 Hz and 
3 Hz rTMS therapies (five daily sessions) on motor function 
recovery from acute stroke. This paper was cited 28 times. 
(2) Khedr et al. (2010) evaluated the effect of rTMS at two 
different frequencies on cortical excitability up to one year 
after motor function recovery and treatment, and this paper 
was cited 33 times. (3) Avenanti et al. (2012) observed the 
effects of regular rTMS and physical therapy combined with 
interventions for long-term behavioral and neurophysiolog-
ical changes in patients with chronic mild stroke-induced 
dyskinesia, and this paper was cited 30 times. (4) Sasaki et 
al. (2013) elucidated the mechanisms of rTMS, and found it 
to be favorable for treating upper limb hemiplegia early after 
stroke. This paper was cited 26 times. (5) Du et al. (2016) 
compared the effects of high-frequency rTMS and low-fre-
quency rTMS on early motor function recovery after stroke, 
and this paper was cited 8 times. 

From 1999 to 2014, the cluster categories with the largest 
time span for the cited references are #1 motor function and 
#2 chronic non-fluent aphasia. The most frequently cited 
cluster categories are #0 subacute stroke and #1 motor func-
tion. In recent years, the cluster categories of the most con-
centrated citations were #3 combined low frequency and #6 
language therapy. 

Analysis of representative cited references in the 315 
included studies 
Content and perspective analysis: Reference information 
for the cited references of the 315 included studies is sum-
marized in Table 1. The studies by Rossi et al. (2009) and 
Lefaucheur et al. (2014) are considered to be references re-
garding the guidelines for efficacy and safety, and are cited 
frequently. The studies by Takeuchi et al. (2015), Fregni et 
al. (2006), Khedr et al. (2005), and Avenanti et al. (2012) 
are randomized controlled trials. A study by Takeuchi et al. 
(2015) focused on hand function recovery. A study by Fregni 
et al. (2006) focused on the effect of rTMS on stroke patients. 
A study by Khedr et al. (2005) focused on the effects of real 
rTMS and sham rTMS on the recovery of neurological func-
tion in stroke patients. A study by Avenanti et al. (2012) fo-
cused on the effect of physical therapy combined with rTMS 
on motor function recovery in affected limbs. A study by 
Mansur et al. (2005) was a cross-controlled study focusing 

on the effect of low-frequency rTMS on improving motor 
function in stroke patients. A study by Kim et al. (2006) 
focused on the effects of high-frequency rTMS on exercise 
performance in patients with chronic stroke. A study by Hsu 
et al. (2012) was a meta-analysis. Hsu et al. (2012) concluded 
that the effect of rTMS varied according to the stimulation 
site. Particularly, low-frequency rTMS on the unaffected 
hemisphere may be more beneficial than high-frequency 
rTMS on the affected hemisphere. Although these concepts 
are generally well accepted, further verification via large-
scale randomized controlled studies is required to clarify the 
different roles of various rTMS schemes in stroke treatment.

Analyzing the degree of innovation 
According to the formula for calculating Sigma given by 
Professor Chen Chaomei (Chen et al, 2010), Sigma = (cen-
trality+1)burstness (burstness on the index), the Sigma value 
is composed of two indicators: the intermediary centrality 
and the burst value. This formula can be used to identify 
innovative references and thus identify innovative topics. 
We have summarized the top 3 innovative references (Table 
2). A study by Ameli et al. (2009) was a case analysis that 
confirmed the effectiveness of 10 Hz rTMS in the treatment 
of stroke. A study by Khedr et al. (2009) was a randomized 
controlled trial that found that 1 Hz rTMS in the unaffected 
hemisphere or 3 Hz rTMS in the affected hemisphere could 
promote functional recovery after stroke. A study by Bar-
wood et al. (2011) was a case study that highlighted the po-
tential effect of rTMS on language rehabilitation after stroke. 

Keywords for hotspots based on a co-occurrence analysis 
of keywords for the 315 included studies 
The co-occurrence analysis of all the keywords in the 315 
studies revealed 183 keyword nodes and 826 connection 
lines.

Hot word clusters revealed by the cluster analysis chart 
The keyword clusters were divided into eight categories 
(#0–7) (Figure 7). The main three categories were: (1) #0: 
daily living, with 30 keywords; (2) #1 subacute stroke, with 
26 keywords; (3) #2: chronic motor deficit, with 26 keywords 
(Figure 8). 

Three stages of keyword mutations for the 315 included 
studies 
Figure 9 shows the years when hot keywords began to appear 
and ended. An analysis of the year in which the keywords 
began (“Begin” in Figure 9) indicated two main points. (1) 
In the first stage, the primary motor cortex (2007–2010) was 
the first hot keyword, mainly describing the relationship be-
tween TMS and the primary motor cortex in stroke patients. 
(2) In the second stage, unaffected hemisphere (2008–2010), 
upper extremity function (2009–2012), aphasia (2009–2015), 
language (2011–2013), and hemispatial neglect (2012–2015) 
were the hot keywords, mainly describing the effects of 
rTMS on the unaffected hemisphere, hemispatial neglect, 
upper limb function, and speech function in patients with 
stroke. (3) In the third stage, noninvasive brain stimulation 
(2014–2019) and motor function recovery (2016–2017) were 
the latest hot words, reflecting the finding that a noninva-
sive brain stimulation method can promote the recovery of 
motor function after stroke. The ending years of the above 
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Figure 1 Top 25 cited journals with the strongest citation bursts among 
315 studies published from 1999 to 2019.
(1) The Burst journals are the periodicals that were suddenly cited repeat-
edly at a certain time. (2) The figure shows the 25 most representative Burst 
journals covered by citations from 1991 to 2019 of 315 studies published 
from 1999 to 2019. (3) The red block represents a Burst year. The journals 
(solid line frame) with the earliest Bursts were BRAIN between 2004 and 
2007, J NEUROPHYSIOL between 2004 and 2008, and NAT NEUROSCI be-
tween 2004 and 2014. Among them, NAT NEUROSCI spent the most time 
covering the research hotspot. In 2015–2019, the journals (virtual frame) 
with strong Bursts that appeared later were PLOS ONE and FRONT HUM 
NEUROSCI. (4) 1991 was the first year that a cited journal appeared. The 
strength represents the frequency intensity of the cited journal. ‘Begin’ and 
‘End’ represent the time when the mutation of the cited journal began and 
ended, respectively.

Figure 2 Top 10 most cited journals among 315 studies published from 
1999 to 2019.

Figure 3 Visualization of dual-map overlays of citing journals and cited journals of 315 studies published from 1999 to 2019.
The colored curve indicates the path of citation, which originates from 11 fields of the citing journals on the left and points to 14 fields of the cited journals 
on the right.  

Figure 4 Co-occurrence analysis of web of science categories of the 315 
included studies.
References are organized by year from left to right, and the color is arranged 
from cold in 1999 to warm in 2019. The color of the most central citation 
tree-ring represents the publication year of the reference.

highlighted keywords are shown in Figure 9. 

Bibliographic coupling analysis of 13 academic hotspots 
among the 315 included studies 
Among the 315 studies, if two or more studies cited a ref-

erence together, then these two or more studies constituted 
a coupling relationship. Cluster analysis of the coupled 
references yielded 13 categories (#0–12). The hottest words 
in the largest coupling area were #0 focal inhibition and #1 
open-protocol trial (Figure 10). 
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Figure 5 Analysis of cited references 
in keyword clusters.
The color of a cluster block indicates 
the year in which the co-citation rela-
tionship in the cluster first occurred. 
The occurrence in the blue block is ear-
lier than that in green block, and that 
in the yellow block is later than that in 
the green block. By analogy, the size of 
a node represents the number of cita-
tions of a reference, journal, or author, 
and the color of the line represents the 
time of the first citation. The citation 
time color is from 1999 to 2019, from 
left to right. There are 11 types of clus-
ters (#0–10).

Figure 6 Timeline view of 
co-citation analysis.
(1) The timeline view shows the way 
that references are co-cited over 
time. (2) Different years correspond 
to different colors, and the longer 
the color line segment, the larger 
the time span of the citation. (3) The 
node represents the reference name. 
Larger nodes indicate higher fre-
quencies of the citations. The lines 
represent the connections between 
the references. (4) The longer the 
color line segment, the larger the 
time span of the citation. (5) The 
cluster label on the right is the cat-
egory of research hotspots involved 
in the citation. 

Figure 7 Cluster of keywords from 315 included studies. 
The keyword clusters (LLR algorithm) were divided into eight categories 
(#0–7). Those without ‘#’ are high-frequency keywords. Figure 8 Frequency of the top 20 keywords.
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Table 1 Ten representative studies on rTMS and post-stroke rehabilitation among the cited references of the included 315 studies 

Study
Citation 
counts

Design or 
type of articls Sample size Intervention Outcomes Highlights

Rossi et al. 
(2009)

54 Safety 
guideline

– – – The present updated guidelines review 
issues of risk and safety of conventional 
transcranial magnetic stimulation (TMS) 
protocols. 

Takeuchi et 
al. (2015)

49 Randomized 
controlled 
trial

20 Real versus sham rTMS in stroke 
patients

Amplitude of motor-
evoked potentials in 
contralesional M1 
and the transcallosal 
inhibition (TCI) 
duration

A disruption of the TCI by the 
contralesional M1 virtual lesion caused 
a paradoxical functional facilitation 
of the affected hand in stroke patients; 
this suggests a new neurorehabilitative 
strategy for stroke patients.

Fregni et al. 
(2006)

45 Randomized, 
sham-
controlled, 
phase II trial

15 Fifteen patients with chronic stroke 
were randomized to receive active 
or sham rTMS of the unaffected 
hemisphere.

Motor function 
and corticospinal 
excitability at 
baseline, during 
and after 2 weeks of 
treatment

These results support and extend 
the findings of previous studies on 
rTMS in stroke patients because five 
consecutive sessions of rTMS increased 
the magnitude and duration of the motor 
effects. Furthermore, this increased dose 
of rTMS is not associated with cognitive 
adverse effects and/or epileptogenic 
activity.

Mansur et 
al. (2005)

44 Crossover, 
sham 
stimulation-
controlled, 
double-blind 
study

16 Participants received three sessions of 
rTMS (1 Hz, 100% of motor threshold, 
600 pulses) to the unaffected 
hemisphere over the primary motor 
(real or sham rTMS) and over the 
premotor cortex (real rTMS).

Simple reaction time 
(sRT), four-choice 
reaction time (cRT), 
Purdue Pegboard 
Test, and finger 
tapping.

The authors investigated the use of 
slow-frequency rTMS to the unaffected 
hemisphere to decrease interhemispheric 
inhibition of the lesioned hemisphere 
and improve motor function in patients 
within 12 months of a stroke. 

Kim et al. 
(2006)

38 Single-arm, 
case analysis

15 Fifteen patients 
with chronic hemiparetic stroke 
practiced a complex, sequential 
finger motor task using their 
paretic fingers either after 10 Hz or 
sham rTMS over the contralateral 
primary motor cortex (M1).

MEP amplitude, and 
the plastic change 

High-frequency rTMS of the affected 
motor cortex can facilitate practice-
dependent plasticity and improve 
the motor learning performance in 
chronic stroke victims.

Khedr et al. 
(2005)

35 Randomized 
controlled 
trial

52 Patients were randomly assigned to 
real or sham rTMS.

Three clinical rating 
scales plus measures 
of MEPs evoked 
in muscles on the 
hemiplegic side.

Disability scales measured before rTMS, 
at the end of the last rTMS session, and 
10 days later showed that real rTMS 
improved patients' scores more than 
sham.

Lefaucheur 
et al. (2014)

35 Guidelines 
on the 
therapeutic 
use

– – – The effects of rTMS in a number of 
indications reach level C (possible 
efficacy), including LF-rTMS of the left 
temporoparietal cortex in tinnitus and 
auditory hallucinations. 

Khedr et al. 
(2010)

33 Randomized 
controlled 
trial

48 Forty-eight patients with acute 
ischemic stroke were randomly 
classified into three groups. The 
first two groups received real 
rTMS over motor cortex (3 and 
10 Hz respectively) of the affected 
hemisphere and the third group 
received sham stimulation of the same 
site, daily for five consecutive days.

Disability and 
cortical excitability 

Real rTMS over motor cortex can 
enhance and maintain recovery and may 
be a useful add on therapy in treatment 
of acute stroke patients.

Hsu et al. 
(2012)

32 Meta-analysis 18 studies, 
392 patients.

meta-analysis The mean effect size 
and a 95% CI were 
estimated for the 
motor outcome and 
motor threshold 
using fixed and 
random effect 
models.

rTMS has a positive effect on motor 
recovery in patients with stroke, 
especially for those with subcortical 
stroke. Low-frequency rTMS over the 
unaffected hemisphere may be more 
beneficial than high-frequency rTMS 
over the affected hemisphere. 

Avenanti 
et al. (2012)

30 Double-blind, 
randomized, 
single-center 
clinical trial

30 Patients received 10 daily sessions 
of 1 Hz rTMS over the intact motor 
cortex. In different groups, stimulation 
was either real (rTMS(R)) or sham 
(rTMS(S)) and was administered 
either immediately before or after PT.

Dexterity, force, 
interhemispheric 
inhibition, and 
corticospinal 
excitability

This interventional study provides 
Class I evidence that time-locked rTMS 
before or after physical therapy improves 
measures of dexterity and force in the 
affected limb in patients with chronic 
deficits more than 6 months poststroke.

MEP: Motor evoked potential; rTMS: repetitive transcranial magnetic stimulation.
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Analysis of authoritative authors, institutions, and 
countries in the application of rTMS in post-stroke 
rehabilitation
Authoritative authors of cited references of the 315 included 
studies
Among all co-cited authors, the most cited authors were 
KHEDR EM (118 times), followed by FREGNI F (104 times) 
and TAKEUCHI N (104 times). These three authors are au-
thoritative experts in their field (Table 3). 

Authoritative institutions of cited references of the 315 
included studies
Of the 315 studies, the most cited institution was Jikei Univ 
(Jikei University School of Medicine, Japan) (19 times), fol-
lowed by Univ Queensland (The University of Queensland, 
Australia) (8 times), Univ Minnesota (University of Minne-
sota, USA) (8 times), Harvard Med Sch (Harvard Medical 
School, USA) (6 times), and McGill Univ (McGill University, 
Canada) (6 times). These five institutions are authoritative 
institutions in their field (Table 4). 

Distribution of authoritative countries with high-level 
research in burst analysis based on the citation analysis of 
315 studies
There were six major burst countries, including the United 
Kingdom, Germany, the United States, Australia, South Ko-
rea, and China (Figure 11). The United Kingdom, Germany, 
and the United States, which are relatively developed in 
terms of imaging research, were the first to focus on rTMS 
for stroke treatment. The number of studies in China ex-
ploded in 2017–2019, indicating that China has paid more 
attention to this field in recent years. 

Discussion
Advantages and challenges related to the application of 
TMS in stroke rehabilitation
TMS and motor function recovery after stroke
In addition to its application in the rehabilitation of motor 
function after stroke, TMS has a positive effect on the early 
prediction of motor recovery (Lüdemann-Podubecká and 

Nowak, 2016). However, there are still many issues to be 
resolved in the application of TMS in the early prediction of 
motor function recovery after stroke, such as the optimal de-
tection time after stroke, whether it can be equally effective 
in the prediction of rehabilitation results for the upper and 

Table 2 Three innovative studies about rTMS and post-stroke rehabilitation among the cited references of the included 315 studies 

Study Sigma* Design or type Sample size (n) Intervention Outcomes Highlights

Ameli et al. 
(2009)

0.16 Single-arm, 
case analysis

29 Pateints received 1 session of 10 
Hz rTMS (5-second stimulation, 
25-second break, 1,000 pulses, 80% 
of the resting motor threshold) 
applied over: 1) ipsilesional M1 
and 2) vertex (control stimulation).

Motor 
function of 
the affected 
hand; neural 
activity in 
ipsilesional 
M1

The beneficial effects of 10 Hz repetitive 
transcranial magnetic stimulation (rTMS) 
over ipsilesional M1 on motor function of 
the affected hand depend on the extension of 
MCA stroke. Neural activity in ipsilesional 
M1 may serve as a surrogate marker for the 
effectiveness of facilitatory rTMS.

Khedr et al. 
(2009)

0.14 Randomized 
controlled trial

36 The patients were randomly 
assigned into one of three groups; 
the first and second groups 
received real rTMS; 1 and 3 Hz 
and third group received sham 
stimulation, daily for 5 days.

Motor 
disability 
and cortical 
excitability 

These results confirm that five daily sessions of 
rTMS over motor cortex using either 1 Hz over 
the unaffected hemisphere or 3 Hz over the 
affected hemisphere can enhance recovery. 

Barwood 
et al. (2011)

0.14 Single-arm, 
case analysis

12 Low-frequency (1 Hz) rTMS was 
applied to six real stimulation and 
six sham placebo patients for 20 
min per day, for 10 days

Behavioural 
language 
outcome 
measures

Considerable evidence to support the theory of 
rTMS modulating mechanisms of transcallosal 
disinhibition in the aphasic brain and highlight 
the potential clinical applications for language 
rehabilitation post-stroke.

*Sigma = (centrality+1)burstness (burstness on the index) to identify innovative references (Chen et al., 2010). 

Table 3 Top10 authoritative authors in cited references of the 315 
included studies 

Counts Centrality Years Authors

118 0.05 2006 KHEDR EM (Egypt)
104 0.22 2006 FREGNI F (USA)
104 0.15 2006 TAKEUCHI N (Japan)
78 0.03 2008 ROSSI S (Italy )
78 0.03 2004 WASSERMANN EM (USA)
72 0.01 2005 MURASE N (Japan)
70 0.01 2006 MANSUR CG (Brazil)
69 0.02 2006 KIM YH (South Korea)
69 0.01 2008 LEFAUCHEUR JP (France)
66 0.59 2005 CHEN R (USA)

Table 4 Top10 authoritative institutions in cited references of the 315 
included studies

Counts Centrality Years Institutions 

19 0 2011 Jikei Univ (Jikei University School of 
Medicine, Japan)

8 0 2011 Univ Queensland (The University of 
Queensland, Australia)

8 0 2015 Univ Minnesota (University of Minnesota, 
USA)

6 0 2016 Harvard Med Sch (Harvard Medical School)
6 0.01 2012 McGill Univ (McGill University, Canada)
5 0 2011 Royal Brisbane & Womens Hosp (Royal 

Brisbane and Womens’ Hospital, Australia)
4 0 2014 Eulji Univ Hosp (Eulji University Hospital, 

South Korea)
4 0 2017 Univ Sao Paulo (University of Sao Paulo, 

Brazil)
4 0 2013 Sichuan Univ (Sichuan University, China)
4 0.01 2008 Max Planck Inst Neurol Res (Max Planck 

Institute, Germany)
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Figure 9 Top 10 keywords with the strongest citation bursts of the 315 
included studies published from 1999 to 2019. 
“Unaffected hemisphere” was the keyword with the highest burst inten-
sity. The year represents the earliest year of the keyword appearance. The 
strength stands for the citation strength. ‘Begin’ and ‘End’ represent the start 
and end time of the mutation, respectively.

Figure 10 Bibliographic 
coupling of the 315 included 
studies (cluster #0–12).
The 13 categories were ob-
tained via cluster analysis of 
the coupled references. 

Figure 11 Top 6 countries with the strongest citation bursts among the 
315 included studies. 
There are six major burst countries, including the United Kingdom, Ger-
many, the USA, South Korea, and China. A Burst appeared in the United 
Kingdom from 2004 to 2008 and in China from 2017 to 2019. The year 
represents the earliest year that a Burst was seen in a country. The strength 
represents the intensity of the frequency of the country. ‘Begin’ and ‘End’ 
represent the beginning and ending time of the mutation, respectively.

lower limbs, and whether it can be used together with other 
evaluation tools to provide more accurate predictions.

rTMS and swallowing function rehabilitation after stroke
This treatment has gradually become a hot topic (Ünlüer et 
al., 2019). Based on the neurophysiological mechanisms of 
swallowing, multiple treatment schemes have been developed 
involving different frequencies, intensities, and locations. 
However, these have specific effects on the rehabilitation of 
swallowing function. Further study regarding the neurophys-
iological mechanisms of rTMS is needed. A practical and 
individualized scheme could be developed by studying the 
swallowing neural network and exploring the optimal time 
window of neural stimulation for swallowing regulation. 

rTMS and neurological repair in the subacute and chronic 
phases of stroke
Kang et al. (2019) found no obvious adverse reactions for 
rTMS and determined that the treatment was safe. Neverthe-
less, different rTMS stimulation programs have been found 
to have different effects. High-frequency rTMS can increase 
cortical excitability, while low-frequency rTMS can decrease 
cortical excitability. Therefore, rTMS treatment schemes 
should vary according to the outcomes for different neuro-
logical impairment in patients with stroke, such as dyskine-

sia, cognitive impairment, and dysphagia.

Generally accepted conclusions regarding rTMS
(1) rTMS has a positive effect on motor recovery in patients 
with subcortical stroke (Hsu et al., 2012). (2) Within 12 
months after stroke, slow-frequency rTMS could be used in 
unaffected hemispheres to reduce the inter-hemispheric in-
hibition of damaged hemispheres and improve motor func-
tion (Mansur et al., 2005). It is suggested that low-frequency 
rTMS in the unaffected hemisphere may be more beneficial 
than high-frequency rTMS in the affected hemisphere. (3) 
Low-frequency rTMS has become a potential tool for neu-
rorehabilitation and language recovery of chronic non-fluent 
aphasia after chronic stroke (Barwood et al., 2011).

Timing of research hotspots revealed by analysis of 
keywords in rTMS studies
Noninvasive brain stimulation (2014–2019) and motor re-
covery (2016–2017) have become the latest hot keywords, 
which is in line with the main trends in current research 
(Fisicaro et al., 2019; Lee et al., 2019; Veldema et al., 2019). 

Analysis of authoritative countries obtained by analyzing 
highly-cited references of related rTMS studies 
Chinese scholars have been more active in researching post-
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stroke rTMS for rehabilitation. According to the Chinese 
expert consensus on rTMS, the biggest problem is accurate 
stimulation of the target (Chinese Society of ECT & Neuro-
stimulation, 2018). The main problems in the application of 
rTMS for related diseases include: (1) factors that influence 
the treatment effect; (2) the action mechanism of various 
diseases; (3) the combination of rTMS with drug treatment, 
for which there is not currently an effective standard.

Limitations in the application of rTMS
Although most rTMS studies have shown positive ther-
apeutic effects, large-sample randomized controlled data 
are lacking. The number of case studies is high. Further, 
few high-level clinical studies have examined the treatment 
of acute stroke. In addition, because of a limitation of the 
CiteSpace software, this paper only analyzed references 
in the WOS database. The data in other databases such as 
PubMed have not been comprehensively analyzed. There-
fore, the 315 included studies only represent information 
from the WOS database, and not all of the information in 
the rTMS field.

Significance and contribution
Based on bibliometric visual analysis, we present a visualiza-
tion map of rTMS in the treatment of post-stroke rehabilita-
tion. The map shows the hot research directions of rTMS in 
recent years, such as the influence of rTMS on the unaffected 
hemisphere, hemispatial neglect, language function, and 
motor function recovery in stroke patients. Simultaneously, 
we observed deficiencies in the research in this field. With 
the continuous improvement and development of rTMS 
technology, new insights regarding the pathogenesis of vari-
ous related diseases, which will greatly promote the research 
and application of rTMS, are expected. The international re-
search hotspots obtained from our bibliometrics analysis of 
315 studies using CiteSpace software are in line with current 
clinical practice of rTMS for stroke rehabilitation, indicating 
that the methodology is valid. 
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