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Background and aims: The mortality rate of stroke has been increasing 

worldwide. Poststroke somatic dysfunctions are common. Motor function 

rehabilitation of patients with such somatic dysfunctions enhances the quality 

of life and has long been the primary practice to achieve functional recovery. 

In this regard, we aimed to delineate the new trends and frontiers in stroke 

motor function rehabilitation literature published from 2004 to 2022 using a 

bibliometric software.

Methods: All documents related to stroke rehabilitation and published from 

2004 to 2022 were retrieved from the Web of Science Core Collection. 

Publication output, research categories, countries/institutions, authors/

cocited authors, journals/cocited journals, cocited references, and keywords 

were assessed using VOSviewer v.1.6.15.0 and CiteSpace version 5.8. The 

cocitation map was plotted according to the analysis results to intuitively 

observe the research hotspots.

Results: Overall, 3,302 articles were retrieved from 78 countries or regions 

and 564 institutions. Over time, the publication outputs increased annually. In 

terms of national contribution, the United States published the most papers, 

followed by China, Japan, South Korea, and Canada. Yeungnam University had 

the most articles among all institutions, followed by Emory University, Fudan 

University, and National Taiwan University. Jang Sung Ho and Wolf S.L. were 

the most productive (56 published articles) and influential (cited 1,121 times) 

authors, respectively. “Effect of constraint-induced movement therapy on 

upper extremity function 3–9 months after stroke: the Extremity Constraint 

Induced Therapy Evaluation randomized clinical trial” was the most frequently 

cited reference. Analysis of keywords showed that upper limbs, Fugl–Meyer 

assessment, electromyography, virtual reality, telerehabilitation, exoskeleton, 

and brain–computer interface were the research development trends and 

focus areas for this topic.
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Conclusion: Publications regarding motor function rehabilitation following 

stroke are likely to continuously increase. Research on virtual reality, 

telemedicine, electroacupuncture, the brain–computer interface, and 

rehabilitation robots has attracted increasing attention, with these topics 

becoming the hotspots of present research and the trends of future research.
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Introduction

Stroke is a cerebrovascular disease typically caused by the 
rupture or obstruction of blood vessels in the brain. The 
interruption of blood flow to the brain induces brain tissue 
damage (Isaacs-Itua and Wong, 2021). The global incidence risk 
of stroke has been increasing, and stroke has become a major 
cause of death (Stinear et  al., 2020). Motor dysfunction is a 
common sequela in patients after recovery from stroke, accounting 
for ~50%–70% of all sequelae (Borges et al., 2018). Motor function 
is the primary evaluation index and the most critical problem in 
responding to the complaints of such patients. Improving the 
motor function of patients is necessary to enhance the quality of 
life, reduce social effects and socioeconomic expenses, and 
decrease the incidence of disability. Rehabilitation therapy is 
frequently used to rehabilitate motor function after stroke (Le 
Danseur, 2020). Effective rehabilitation strategies can manipulate 
neuroplasticity to strengthen the motor function of the patients 
and improve their quality of life (Dimyan and Cohen, 2011). 
Recently, various treatment methods, including sports, music, and 
mirror therapies, have gradually been introduced in the 
rehabilitation of motor function after stroke (Daniel et al., 2021; 
Saavedra-García et  al., 2021; Timmermans et  al., 2021). More 
scientists are focusing on rehabilitating motor function after 
stroke and have published several articles regarding the same; 
however, the direction and hotspots of research in this field 
remain unclear. It is necessary to conduct a bibliographic analysis 
of research on motor function rehabilitation after stroke to fully 
utilize the existing research foundation and identify the 
research hotspots.

The published bibliometric analyses report the temporal 
trends, geographic distribution, and socioeconomic determinants 
of scientific production related to cerebrovascular and 
cardiovascular disease rehabilitation (Ugolini et  al., 2013). 
Furthermore, there exists a bibliometric analysis regarding the 
effectiveness of rehabilitation treatment and a quantitative analysis 
regarding exercise interventions for stroke (Feng et al., 2013; Dong 
et al., 2022) However, to the best of our knowledge, there has been 
no detailed bibliometric analysis regarding the rehabilitation of 
motor function after stroke, thereby necessitating qualitative and 
quantitative analyses on motor function rehabilitation after stroke. 
Literature metrology is a widely accepted statistical method. It 

considers the writing framework and estimation qualities the 
exploration article and uses numerical, factual, and other 
estimation techniques to depict the collected data and patterns in 
particular research fields (Osareh, 1996). Recently, bibliometrics 
have provided clear insights into several biological areas, such as 
ophthalmic, health information and environmental science fields 
(Efron, 2021; Kokol et al., 2021; Zhou et al., 2021). However, from 
a bibliometric perspective, the comprehensive knowledge 
structure, evolutionary pathways, and research hotspots of motor 
function rehabilitation after stroke have not been analyzed. 
Bibliometric research on this topic will complement the existing 
knowledge regarding motor function rehabilitation after stroke 
and intuitively provide researchers with visual information and 
potential research directions, promoting the further development 
of motor function rehabilitation technologies. Hence, this study 
performed a statistical analysis of articles related to stroke motor 
function rehabilitation published in the past 18 years and 
introduced the basic situation and development trends of motor 
rehabilitation after stroke, providing direction for further research.

Materials and methods

Data collection

Science Citation Index Expanded of the Web of Science Core 
Collection (WoSCC) was selected as the source database for data 
retrieval. WoSCC is an online database contains the standardized 
and latest reference datasets for scientific study and analysis, with 
SCIEXPANDED considered the most suitable data bank for 
bibliometric analysis (Chen et al., 2020; Yao et al., 2020).

The following were the data retrieval strategies: TS = (stroke 
OR apoplexy OR “cerebrovascular accident” OR “cerebral 
hemorrhage” OR hematencephalic OR encephalorrhagia OR 
“cerebral ischemia”) AND TS = (“motor function”) AND 
TS = (recovery OR rehabilitation). To eliminate deviations, articles 
or reviews published from 2004 to 2022 were systematically 
searched between January 1, 2004 and June 23, 2022, and 
downloaded in 1 day (June 23, 2022). Some irrelevant literature 
was excluded, including proceedings papers, early access, and 
book chapters. In total, 3,302 original English articles (including 
2,922 articles and 380 reviews) were screened. The flowchart in 
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Figure 1 illustrates the identification and selection processes of 
the studies.

The complete records of each article, including publication 
outputs, research categories, countries/institutions, authors/
cocited authors, journals/cocited journals, cocited references, and 
keywords, were downloaded from the WoSCC database in 
text format.

Data analysis

We combined the same author names and synonymous 
keywords and removed any spelling errors. Subsequently, the 
processed data were imported to CiteSpace version 5.8 and 
VOSviewer v.1.6.15.0 for bibliometric analysis.

CiteSpace visualizes and analyzes citations and provides an 
intuitive understanding of the research hotspots and evolution of 
various areas of a particular field and predicts its future 
development (Synnestvedt et al., 2005). Instead of focusing on the 
partial contributions of specific papers, close attention was paid to 
their academic influence on the overall development of the field. 
CiteSpace dissected the essential data of the articles, including 
countries, institutions, cocited references, and reference burst, by 
producing visual maps. In addition, cocitations and coreferences 
were visualized to analyze collaborations among the recognized 
distributions (Dong et al., 2022).

VOSviewer constructs and visualizes bibliometric maps. 
VOSviewer was primarily used to analyze the bibliometric 
network, construct a visual organization map, and understand the 
structural and dynamic development of academic research (Ma 
et  al., 2021). VOSviewer was also used to visually analyze the 

FIGURE 1

The flowchart of study identification and selection.
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authors, research categories, countries, journals, keywords, and 
timelines and identify the frontier hotspots.

Results

Publication trends

The distribution of articles in every period indicates the 
general examination patterns in the field. Figure 2 shows that the 
number of articles on motor function rehabilitation after stroke 
exhibits an increasing trend yearly. From 2004 to 2009, the 
number of publication outputs gradually increased. From 2009 to 
2021, the number of documents steadily and rapidly increased, 
indicating that motor rehabilitation after stroke had received 
particular attention in that timeframe. In 2021, the publication 
output was 377. Although complete information for 2022 is not 

yet available, it is estimated that the final data for 2022 will show 
a rapid growth trend compared to before.

Country/region and institution 
contributions

Overall, 3,302 articles from 78 countries or regions and 564 
institutions had been published. As depicted in Table  1, the 
United  States contributed the most papers in this field (953 
publications, 28.86%), followed by China (674 publications, 
20.41%), implying that the contributions of US and China were 
significantly more than that of the other countries in this field, 
followed by Japan (293 publications, 8.87%), South Korea (282 
publications, 8.54%), and Canada (222 publications, 6.72%). 
We  used CiteSpace for the visual analysis of the countries or 
regions (Supplementary Figure S1A). The size of the circle denotes 

FIGURE 2

Annual publication trend of stroke motor function rehabilitation. The data for 2022 is not complete.

TABLE 1 Top 10 countries/regions and institutions related to stroke motor function rehabilitation.

Rank Country/Region Total link 
strength

Count (%) Institution Total link 
strength

Count (%)

1 United States 527 953 (28.86%) Yeungnam Univ 32 76 (2.30%)

2 China 204 674 (20.41%) Emory Univ (United States) 106 66 (1.99%)

3 Japan 188 293 (8.87%) Fudan Univ (China) 36 63 (1.91%)

4 South Korea 163 282 (8.54%) Natl Taiwan Univ (China) 139 63 (1.91%)

5 Canada 160 222 (6.72%) Chang Gung Univ (China) 119 59 (1.79%)

6 Germany 157 214 (6.48%) Natl Taiwan Univ Hosp (China) 132 56 (1.69%)

7 England 118 181 (5.48%) Univ British Columbia (Canada) 61 49 (1.48%)

8 Italy 116 169 (5.11%) Univ Maryland (United States) 67 47 (1.42%)

9 Taiwan 93 149 (4.51%) Hong Kong Polytech Univ (China) 31 44 (1.33%)

10 Australia 88 141 (4.27%) Sun Yat Sen Univ (China) 28 43 (1.30%)
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the number of articles distributed by countries or regions, and the 
line reflects the strength of cooperation between the countries or 
regions. The purple circle outside the circle represents intermediate 
centrality. Additionally, cluster analysis was performed for 
countries or regions (Figure 3A). The size of the circle was directly 
proportional to the number of articles published in that country/
region. The United States had the highest centrality, followed by 
England, Germany, Canada, Australia, France, Belgium, and 

Spain. The higher the centrality of a node, the more times it 
appears in the shortest path of the whole network and greater its 
influence and significance.

The institutions with the most number of articles are 
Yeungnam University (76 publications, 2.30%), followed by 
Emory University (66 publications, 1.99%), Fudan University (63 
publications, 1.91%), and National Taiwan University (63 
publications, 1.91%). In Supplementary Figure S1B, the size of the 

A

B

FIGURE 3

(A) countries/regions clustering analysis; (B) institution’s clustering analysis.
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circle denotes the number of published articles by an institution. 
The purple circle represents centrality. Emory University and 
Harvard University showed high centrality. CiteSpace was also 
used to visually cluster analyze the institutions and those using 
keywords were marked. Various tones address various groups. As 
shown in Supplementary Figure S1C, the largest cluster is #0, 
labeled “CI therapy,” indicating that this term was used the most 
by the various institutions, followed by “electroacupuncture” 
(cluster #1), “telemedicine” (cluster #2), and “rehabilitation 
robotics” (cluster #3). Other significant groups included 
“neurorecovery,” “diffusion tensor imaging,” and “psychometrics.” 
The cluster analysis of the institutions is presented in 
Figure 3B. The hub size denotes the number of distributions of 
institutions, and the line represents the cooperation among the 
institutions. Node colors represent different clusters.

Authors and cocited authors

Altogether, 14,523 authors were associated with publications 
related to motor function recovery after stroke. Analyzing the 
authors of the literature enabled us to determine the representative 
scholars and core research forces in this field. As shown in Table 2, 
Sung Ho Jang had the largest number of distributed articles (56, 
1.69%), followed by Ching-Yi Wu (41, 1.24%) and Keh-Chung Lin 
(39, 1.18%). Among the top 10 authors, Ching-Yi Wu (81) and 
Keh-Chung Lin (80) showed high total link strength, which 
indicated a close cooperative relationship of these authors with 
other authors. As shown in Figures 4A,B, each circle represents a 
different author, lines connecting the circles reflect connections 
between the authors, and variously colored networks of the 
linkages represent the groups of authors who frequently 
collaborate. Cocited authors were defined as at least two authors 
who are referred to in at least one ensuing paper, and they are said 
to have a cocitation relationship. Seven of the top  10 cocited 
authors were cited >500 times (Table 2). S. Wolf (1,121) was the 
most cited author, followed by G. Kwakkel (866) and E. Taub 
(827). Moreover, as shown in Supplementary Figure S2, the time 

of publication can be  clearly and intuitively observed to 
understand the research hotspots in real time.

Research categories

The category graph generated using CiteSpace showed 113 
nodes, suggesting that the field of study involves 113 categories. 
Moreover, the hub size represents the recurrence of the event, the 
lines between them denote the strength of the association, and the 
purple circle represents centrality (Figure  5A). The most 
frequently occurring and extensive classification was neuroscience, 
with a recurrence of 400, followed by rehabilitation (315 
distributions). Other frequent categories include clinical 
neurology (231 distributions), sports sciences (195 distributions), 
and science and technology (193 distributions). Moreover, in the 
overlay of the dual map of research publishing in journals 
(Figure 5B), the left half of the diagram depicts the referring to 
diaries, the right half depicts the referred to diaries, and the bends 
constitute the reference lines that ultimately depict the reference 
setting. More articles a diary distributes, more extended the 
upward pivot of the oval, and the more writers, the more extended 
the event hub of the circle. We found six predominantly cited 
pathways (color orange, pink), showing that studies published in 
molecular, biological and genetic journals and in psychology, 
education and social science journals were predominantly cited by 
studies published in molecular, biological and 
immunological journals.

Journals and coreferred scholarly 
periodicals

In total, 3,302 articles were distributed in 595 journals related 
to motor recovery after stroke. The distributed diaries were 
visually examined via VOSviewer programming. As presented in 
Table 3, the journal Neurorehabilitation and Neural Repair had the 
most number of articles (184, 5.57%), followed by Archives of 

TABLE 2 Top 10 authors and co-cited authors related to stroke motor function rehabilitation.

Rank Author Count (%) Total link 
strength

Co-cited author Citation Total link 
strength

1 Jang Sung Ho 56 (1.69%) 63 Wolf Sl 1,121 23,158

2 Wu Ching-Yi 41 (1.24%) 81 Kwakkel G 866 18,728

3 Lin Keh-Chung 39 (1.18%) 80 Taub E 827 17,892

4 Wolf Steven L. 37 (1.12%) 73 Fuglmeyer Ar 694 11,946

5 Kim Yun-Hee 25 (0.75%) 53 Page Sj 657 16,488

6 Taub Edward 25 (0.75%) 73 Duncan Pw 556 10,509

7 Winstein Carolee J. 24 (0.72%) 43 Ward Ns 504 12,209

8 Uswatte Gitendra 23 (0.69%) 72 Stinear Cm 496 11,750

9 Boyd Lara A. 22 (0.66%) 24 Liepert J 469 12,636

10 Cohen Leonardo G. 22 (0.66%) 30 Nudo Rj 462 10,270
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Physical Medicine and Rehabilitation (100, 3.02%). Of the top 10 
journals, Stroke (10.17) had the highest impact factor (IF). Of the 
top 10 coreferred to journals (Table 3), Stroke had the highest 
number of citations (11,443), indicating that the journal had 
important implications for motor function recovery after stroke, 
followed by Archives of Physical Medicine and Rehabilitation 
(6,427) and Neurorehabilitation and Neural Repair (6,321). The 

influence of journals depends on the number of joint citations. 
Additionally, more than half the journals belonged to Q1. As 
shown in Figures 6A,B, each circle represents a journal; the size of 
the circle depends on the strength of connection and number of 
references. The color of the circle denotes the different groups to 
which the journals belong, with the various bunches representing 
various categories. We  can observe information, such as 

A

B

FIGURE 4

(A) Co-author related to stroke motor function rehabilitation; (B) co-cited author related to stroke motor function rehabilitation.
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cooperation among journals, using this figure. The journals Stroke, 
Archives of Physical Medicine and Rehabilitation, and 
Neurorehabilitation and Neural Repair have more co-citations and 
greater influence. Figure  6C shows the number of journal 
publications, citation frequency, and overall strength of links over 
time, with larger circles indicating higher citation frequencies and 
darker colors indicating higher overall strength of links. 
Neurorehabilitation and Neural Repair has been cited frequently 
and has the highest total link strength.

Furthermore, we  conducted a comparative analysis of the 
popularity of the journals (Figure 6D). Each line was compared 
with the one another. The value in the box denotes the number of 

articles distributed in the journal divided by the number of articles 
distributed per year, thereby representing the prevalence of the 
diary in the ongoing year. The popularity of the journals was 
illustrated using a heat map, wherein the intensity of the red color 
was used to indicate the popularity of a journal in a given year. 
Through this heat map, shifts in the exploration course, 
accentuation in this field, and developmental trends could 
be  determined. For example, in 2014 and 2015, articles were 
mainly published in Biome Research International and Journal of 
Physical Therapy Science. From 2016 to 2020, several articles were 
published in Clinical Neurophysiology, Neuroreport, and Scientific 
Reports. From 2019 to 2022, Medicine, Journal of Neuroengineering 

A

B

FIGURE 5

Category network map in the field of stroke motor function rehabilitation: (A) publication distribution among different categories; (B) dual-map 
overlay of journal publishing research.
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and Rehabilitation, Translational Stroke Research, Sensors, Brain 
Sciences, and Journal of Healthcare Engineering had several 
publications. The direction of research in this field was observed 
to gradually shift from physical therapy to neurorehabilitation 
and neuroscience.

Cocited references and reference burst

Of the 3,302 retrieved documents, the top 15 most frequently 
cited documents are presented in Table 4. “Effect of constraint-
induced movement therapy on upper extremity function 3 to 
9 months after stroke: the EXCITE randomized clinical trial” is the 
most frequently cited reference (1,303 citations). The main content 
of this paper is a prospective, single-blind, randomized, multisite 
clinical trial—EXCITE trial. The study reported that 2 weeks of 
CIMT improved upper-limb function in patients more than 1 year 
after stroke for at least a year. “Influence of interhemispheric 
interactions on motor function in chronic stroke” is the second 
most frequently cited reference (1,014 citations). This paper 
explored the interaction between the hemispheres during the 
autonomic development of deadened hands in patients with 
ongoing subcortical stroke and new corpus callosum. The third 
was Effects of robot-assisted therapy on upper limb recovery after 
stroke: A systematic review (948 citations), which was a systematic 
review of studies on the effects of robot-assisted therapy on motor 
and functional recovery in stroke patients.

Coreference implies that at least two articles are referred to at the 
same time in at least one report, and the two articles are 
co-references. Likewise, the bunching capability of CiteSpace to 

fabricate a visual guide to group the coreference writings was utilized 
and the recovered written works were partitioned into 15 bunches 
via group examination (Figures 7A,B). Each cluster is closely linked 
and collaborates in specific areas. The seclusion Q is 0.7107, whereas 
the typical weighted outline is 0.8722, showing that the bunching 
structure is steady and has high certainty and persuasiveness. From 
purple to yellow, Figure 7B depicts the time dimension, which also 
represents the shift of research focus and direction. The biggest 
cluster was #0, labeled “virtual,” followed by “cerebrovascular” 
(cluster #1), “constraint-induced movement therapy” (cluster #2), 
and “prognosis” (cluster #3). Other important clusters include 
“cortical reorganization,” “repetitive,” “transcranial magnetic 
stimulation,” and “transcranial direct current stimulation.”

This study further analyzed the prominent literature. 
Figure 7C shows the main 25 articles with the most grounded 
burst force and ranks them in chronological order. In Figure 7C, 
the research hotspots and time duration can be  effectively 
observed. A large portion of the cocited literature has been 
referred to in the past 10 years, demonstrating that future 
examination on stroke may steadily increase.

Key topics of research hotspots

Cluster analysis
Clustering keywords, summarizing research themes, and 

performing cluster analysis are helpful for understanding the 
research hotspots. The keywords were grouped using VOSviewer, 
with circles and labels forming a single unit in the Figure 8A and 
different colored units representing different clusters. As displayed 

TABLE 3 Top 10 journals and co-cited journals related to stroke motor function rehabilitation.

Rank Journal Count (%) IF (2022) JCR Co-cited 
journal

Citation IF (2022) JCR

1 Neurorehabilitation and 

Neural Repair

184 (5.57%) 4.895 Q2 Stroke 11,170 10.17 Q1

2 Archives of Physical 

Medicine and 

Rehabilitation

100 (3.02%) 4.06 Q1 Arch Phys Med 

Rehab

6,427 4.06 Q1

3 Journal of 

Neuroengineering and 

Rehabilitation

97 (2.94%) 5.208 Q2 Neurorehab Neural 

Re

6,321 4.895 Q2

4 Frontiers in Neurology 96 (2.91%) 4.086 Q2 Brain 3,336 15.255 Q1

5 Stroke 81 (2.45%) 10.17 Q1 J Neurosci 2,986 6.709 Q1

6 Topics in Stroke 

Rehabilitation

78 (2.36%) 2.177 Q3 Neuroimage 2,836 7.4 Q1

7 Restorative Neurology and 

Neuroscience

77 (2.33%) 2.976 Q3 Clin Rehabil 2,634 2.884 Q2

8 Neural Regeneration 

Research

65 (1.96%) 6.058 Q2 Phys Ther 2,388 3.14 Q1

9 Journal of Stroke & 

Cerebrovascular Diseases

62 (1.88%) 2.677 Q4 Neurology 2,128 11.8 Q1

10 Plos One 57 (1.73%) 3.752 Q2 Clin Neurophysiol 2,006 4.861 Q2
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in Figure 8A, seven clusters are available, each representing seven 
different search directions. The following are the fundamental 
catchphrases of the red cluster: diffusion tensor imaging, motor 
cortex, corticospinal tract, spinal cord injury, and ischemic stroke. 
The main keywords of the purple cluster include stroke 
transcranial magnetic stimulus, robot-assisted therapy, and mirror 
therapy. The keywords of the blue cluster are upper extremity and 
virtual reality and those of the green cluster are neurorehabilitation 
and robotics. Other keywords also include motor function and 
transcranial magnetic stimulus. This indicates the research 
hotspots and provides some guidance for future researchers.

Timeline analysis
Figure  8B depicts a timeline analysis based on VOSviewer 

mapping software, which intuitively shows the phased research 
hotspots and development directions of stroke motion recovery 
from the time dimension. From 2004 to 2012, coordination, 
traumatic brain injury, cortical activation, assisted therapy, double-
blind, randomized trials, guidelines, mirror movement, and other 

keywords have been widely researched. From 2012 to 2020, 
research mainly focused on emerging rehabilitation methods of 
motor function after stroke, and the main keywords used were 
rehabilitation robotics, brain–computer interface, aerobic exercise, 
muscle spasm, virtual reality, ankle–foot orthosis, and paired 
associative stimulation. The interest in studying Fugl-Meyer 
assessment and exoskeleton began in 2020 and lasted until 2022.

Explosion detection
Catchphrase burst identification alludes to detecting high-

frequency keywords for some time, which assists scientists to break 
down the advancement of examination on the recuperation of 
motor function after stroke. According to Table 5, excluding “stroke” 
(1,754), the keywords with high frequency in this study were 
“rehabilitation” (811), “upper extremity” (390), “motor function” 
(259), “hemiparesis” (177), and “transcranial magnetic stimulation” 
(171), suggesting that these fields were the research hotspots. To 
further visualize the popularity of the keywords, a heat map of the 
keywords is presented in Figure 9. The value of each grid is divided 

A B

C D

FIGURE 6

(A) Co-cited journals related to stroke motor function rehabilitation; (B) Journals related to stroke motor function rehabilitation; (C) number of 
journal publications, frequency of citations, total link strength over time; (D) journals heat map on stroke motor function recovery.
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by the frequency of occurrence by the number of articles distributed 
annually because as this field shows a rapid growth trend, if only the 
frequency of occurrence is used, it will produce an error in the 
number of articles and misjudgment of the popular keywords in that 
year. As depicted in Figure 8B, changes in future research topics can 
be intuitively predicted using keywords. Additionally, in Figure 8B, 
the outer circle denotes the keyword, and the line denotes time. A 
box replaces the burst intensity of each keyword. The redder the 
color, more popular the keyword in a particular year. For example, 
in 2022, the keywords with redder colors were systematic review 
meta-analysis, machine learning, and electromyography. The 

popular keywords in recent years are virtual reality, EEG, machine 
learning, and acute stroke. We can predict that the future research 
hotspots may be in these areas.

Discussion

Global trends

This study conducted a bibliometric analysis of motor 
function rehabilitation after stroke from 2004 to 2022. An annual 

TABLE 4 Top 15 co-cited references related to stroke motor function rehabilitation.

Rank Author Title Source Citation Year DOI

1 Wolf, SL, et al. Effect of constraint-induced movement 

therapy on upper extremity function 

3–9 months after stroke – The EXCITE 

randomized clinical trial

JAMA-J AM MED 

ASSOC

1,303 2006 10.1177/1545968307305457

2 Murase, N, et al. Influence of interhemispheric interactions 

on motor function in chronic stroke

ANN NEUROL 1,014 2004 10.1056/NEJMoa0911341

3 Kwakkel, G, et al. Effects of robot-assisted therapy on upper 

limb recovery after stroke: A systematic 

review

NEUROREHAB 

NEURAL RE

948 2008 10.1177/1545968307305457

4 Lo, AC, et al. Robot-Assisted Therapy for Long-Term 

Upper-Limb Impairment after Stroke

NEW ENGL J MED 856 2010 10.1056/NEJMoa0911341

5 Hummel, F, et al. Effects of non-invasive cortical stimulation 

on skilled motor function in chronic stroke

BRAIN 827 2005 10.1093/brain/awh369

6 Laver, KE, et al. Virtual reality for stroke rehabilitation COCHRANE DB SYST 

REV

701 2011 10.1002/14651858.CD008349.

pub2

7 Lindvall, O, et al. Stem cells for the treatment of neurological 

disorders

NATURE 631 2006 10.1038/nature04960

8 Maciejasz, P, et al. A survey on robotic devices for upper limb 

rehabilitation

J NEUROENG REHABIL 618 2014 10.1186/1743-0003-11-3

9 Hummel, FC, et al. Non-invasive brain stimulation: a new 

strategy to improve neurorehabilitation after 

stroke?

LANCET NEUROL 581 2006 10.1016/S1474-4422(06)70525-7

10 Veerbeek, JM, et al. What Is the Evidence for Physical Therapy 

Poststroke? A Systematic Review and Meta-

Analysis

PLOS ONE 575 2014 10.1371/journal.pone.0087987

11 Clarkson, AN, et al. Reducing excessive GABA-mediated tonic 

inhibition promotes functional recovery 

after stroke

NATURE 570 2010 10.1038/nature09511

12 Ramos-Murguialday, 

A, et al.

Brain-Machine Interface in Chronic Stroke 

Rehabilitation: A Controlled Study

ANN NEUROL 543 2013 10.1002/ana.23879

13 Carter, AR, et al. Resting Interhemispheric Functional 

Magnetic Resonance Imaging Connectivity 

Predicts Performance after Stroke

ANN NEUROL 530 2010 10.1002/ana.21905

14 Zhou, HY, et al. Human motion tracking for rehabilitation-A 

survey

BIOMED SIGNAL 

PROCES

472 2008 10.1016/j.bspc.2007.09.001

15 Saposnik, G, et al. Effectiveness of Virtual Reality Using Wii 

Gaming Technology in Stroke Rehabilitation 

A Pilot Randomized Clinical Trial and Proof 

of Principle

STROKE 464 2010 10.1161/

STROKEAHA.110.584979
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increase in the number of papers and citations published in the 
journal was observed. The most significant growth period was 
noted from 2020 to 2021, with the highest number of publications 

in 2021(Figure  2). Furthermore, research related to motor 
function rehabilitation after stroke is expected to continue 
increasing in the future.

A

B

C

FIGURE 7

(A) Co-cited references related to stroke motor function rehabilitation; (B) cluster view of co-cited references in stroke motor function 
rehabilitation research; (C) CiteSpace visualization map of top 25 references with the strongest citation bursts involved in stroke motor function 
rehabilitation.
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In terms of refereed journals, among the top 10 journals, 20%, 
50%, 20%, and 10% were Q1, Q2, Q3, and Q4, respectively. 
Neurorehabilitation and Neural Repair was cited the most (9,770 
times). One of the top 10 journals had an IF of more than 10 
(Stroke). Three journals had an IF of 1–3 (Thomas In Stroke 
Rehabilitation, Restorative Neurology and Neuroscience, and 
Journal of Stroke & Cerebrovascular Diseases), four journals had 
an IF of 3–5 (Neurorehabilitation and Neural Repair, Archives of 
Physical Medicine and Rehabilitation, Frontiers in Neurology, and 
PLOS One), and two journals had an IF of 5–10 (Journal of 
Neuroengineering and Rehabilitation and Neural Regeneration 
Research; Table 3). These results suggest that the quality of research 

on motor function rehabilitation after stroke is relatively high. The 
United States (953) was the most significant contributor to the 
number of papers published in the above mentioned journals, 
with China (674) and Japan (293) closely behind. Furthermore, 
the United States had the greatest total link strength (527) and the 
most citations (45,080). In terms of traditional institutions, the 
largest cluster was labeled “CI therapy,” followed by 
“electroacupuncture,” “telemedicine,” and “rehabilitation robotics” 
(Supplementary Figure S1C). CI therapy, also known as CIMT, is 
a neurorehabilitation therapy aimed at recuperating the function 
of an affected limb after stroke. The affected limb is forced to 
be  used instead of the healthy one (Wang et  al., 2022). Many 

A

B

FIGURE 8

(A) Cluster view of keywords in stroke motor function rehabilitation research; (B) CiteSpace visualization map of timeline viewer related to stroke 
motor function rehabilitation research.
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TABLE 5 Top 20 keywords related to stroke motor function rehabilitation.

Rank Keyword Occurrences Total link 
strength

Rank Keyword Occurrences Total link 
strength

1 Stroke 1,754 4,560 11 Neurorehabilitation 102 365

2 Rehabilitation 811 2,403 12 Robot 87 360

3 Upper extremity 390 1,258 13 Virtual reality 84 348

4 Motor function 259 723 14 Constraint-induced 

movement therapy

82 271

5 Hemiparesis 177 547 15 Ischemic stroke 79 167

6 Transcranial 

magnetic 

stimulation

171 537 16 Neuroplasticity 73 206

7 Motor recovery 148 408 17 Plasticity 70 208

8 Recovery of 

function

141 448 18 Diffusion 69 353

9 Stroke rehabilitation 130 337 19 Repetitive transcranial 

magnetic stimulation

64 253

10 Magnetic resonance 

imaging

124 361 20 Corticospinal tract 62 217

FIGURE 9

Keywords heat map on stroke motor function recovery.
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studies have confirmed the efficacy of CIMT in improving limb 
motor function (Ju and Yoon, 2018; Wang et  al., 2022). 
Electroacupuncture therapy combines traditional Chinese 
medicine acupuncture therapy and Western medicine 
rehabilitation therapy. When electroacupuncture is applied to 
both antagonistic and active muscles in patients with spasms after 
stroke, the intermittent wave improves the excitability of the 
muscle tissue. The short-term application of low-frequency, 
continuous waves can also excite the muscles. However, its long-
term application can inhibit the sensory and motor nerves (Zhang 
et al., 2022). Telerehabilitation is developed based on telemedicine 
owing to the development of telecommunication and information 
technology (Nikolaev and Nikolaev, 2022). Telecommunication 
technology, rehabilitation diagnostics, and treatment methods are 
used to provide rehabilitation services to patients in families, 
communities, or remote areas (Chumbler et  al., 2012). 
Telerehabilitation is a promising rehabilitation treatment and a 
realistic choice to deal with coronavirus disease 2019 (COVID-19; 
Maresca et  al., 2020; Suso-Martí et  al., 2021). The concept of 
rehabilitation robotics was developed in engineering. It combines 
the latest technologies with rehabilitation medicine. Multiple 
rehabilitation robots are being developed, including upper- and 
lower-limb rehabilitation robots (Bernhardt and Mehrholz, 2019; 
Rodgers et  al., 2019). Owing to its advantages in improving 
rehabilitation efficiency, ensuring rehabilitation quality, and 
reducing human costs, it has gradually become a research hotspot 
locally and internationally (Morone et al., 2017).

Research hotspots and frontiers

Articles on motor function rehabilitation after stroke covered 
several areas, among which rehabilitation, neuroscience, and 
clinical neurology were the most popular. Other areas included 
sports sciences, peripheral vascular disease, engineering 
biomedical, cell biology, medicine, and multidisciplinary sciences, 
indicating that motor function recovery after stroke is a complex 
issue warranting multidisciplinary intervention (Figure 5).

One of the most significant factors during the assessment of 
the quality of research of motor function rehabilitation after stroke 
is the number of citations. This can help identify the interest areas 
in the research. After the top 15 frequently cited literature were 
read and analyzed, the results showed that CIMT, robot-assisted 
therapy, noninvasive brain stimulation, virtual reality, stem cells, 
physical therapy, and brain–machine interface were widely 
concerned by researchers at a particular period in this field 
(Table 4). The following are the most cited papers that highlight 
the various research hotspots related to the rehabilitation of 
patients with stroke. One of these is a multicenter randomized 
controlled study that reported that rehabilitation using robotic-
assisted technology significantly improved the outcomes of 
patients with long-term extremity dysfunction (Lo et al., 2010). A 
systematic review of 19 studies involving 565 individuals showed 
that interactive video games and virtual reality improved activities 

of daily living functions (Laver et al., 2011). A study involving 
patients with chronic stroke revealed that training the brain using 
computer-assisted technology improved motor function. This 
could form the basis of a new therapeutic approach for treating 
neurological disorders (Ramos-Murguialday et al., 2013). In the 
highly cited literature, the main research directions closely 
correlate to the rehabilitation methods, among which the 
intelligent rehabilitation technology is the most popular.

A sudden increase in the number of citations of a paper indicates 
that the paper focuses on a vital issue in the field, known as burst 
reference. Veerbeek et al. (2017), Santisteban et al. (2016), Woytowicz 
et al. (2017), Hatem et al. (2016), and Winstein et al. (2016) were the 
top five strongest burst references in the last 5 years (Figure 7C). A 
meta-analysis systematically reviewed the impact of robot-assisted 
treatment on motor function and activities of daily living of the 
paralyzed arm (Veerbeek et al., 2017). A review showed that Fugl–
Meyer assessment was the most commonly used measurement 
method (Santisteban et  al., 2016). A study quantified the upper 
extremity motor deficits in patients with chronic stroke using cluster 
analysis of the Fugl–Meyer findings (Woytowicz et al., 2017). A 
systematic review summarized emerging interventions, including 
virtual reality, robot-assisted training, and noninvasive brain 
stimulation (Hatem et al., 2016). This is consistent with most of the 
previous research hotspots of institutional clustering. The fifth 
strongest burst reference is the growth-up stroke restoration and 
recuperation rule (Winstein et al., 2016). In 5 years, except for one 
guideline, burst references were connected with upper-limb motor 
function, two with upper-limb motor function assessment, and two 
with upper-limb motor function rehabilitation methods. Hence, 
research on the motor function of the upper limb has been popular 
in the last 5 years. Moreover, this emphasizes the need to reach a 
worldwide consensus regarding optimal assessment methods of 
motor function after stroke. The challenge now is to develop 
evidence-based treatment protocols for different patients.

Clustering analysis of keywords revealed that among the top 10 
keywords, alongside the words related to the retrieval words, the 
study in this field mainly revolved around the upper limbs (top 3), 
transcranial magnetic stimulation (top 6), and magnetic resonance 
imaging (top 10; Table 5). Transcranial magnetic stimulation is used 
for various functional assessments and treatments of the nervous 
system. It has been proven effective in promoting motor recovery in 
patients with stroke (Bai et al., 2022). It acts on the central nervous 
system, changes the membrane potential of cortical neurons, and 
causes corresponding physiological and biochemical reactions. 
Magnetic resonance imaging is a standard imaging examination in 
patients with stroke. Upper limbs and noninvasive brain stimulation 
are also hot topics in burst literature, indicating that these hotspots 
will remain popular for some time. Subsequently, combined with 
timeline analysis and burst detection, an overall understanding of the 
research progress and future directions of motor function recovery 
after stroke can be  formed, with Fugl–Meyer assessment, 
electromyography, exoskeleton, home training, telemedicine, and 
virtual reality becoming the new hot words from 2019 onward 
(Figures 8B, 9). The main contents are as follows.
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Motor function evaluation after stroke
The Fugl–Meyer assessment is widely used to assess sensorimotor 

function after stroke (Santisteban et al., 2016), and electromyography 
is a popular tool for measuring muscle activity (Cè et al., 2020). 
Owing to the COVID-19 pandemic, the motor function of several 
patients with stroke required to be  assessed online. Thus, Pérez-
Robledo et al. (2022) designed an online Spanish version of the Fugl–
Meyer assessment scale. Because the scoring and action guidance of 
the Fugl–Meyer assessment scale require the participation of 
professional rehabilitation therapists and the evaluation is difficult to 
perform at home, Shen and Liu (2022) proposed a video-based Fugl–
Meyer assessment system, allowing users to use a camera for at-home 
Fugl–Meyer assessment. Yamamoto et al. (2020) conducted a cross-
sectional study to explore the connection between the results of the 
upper extremity Fugl–Meyer scale and motor function scores of 
Functional Independent Measure. Cecchi et al. (2021) developed an 
Italian version of the Fugl–Meyer assessment by transcultural 
interpretation and approval. Suponeva et al. (2021) reported high 
sensitivity, reliability, and validity of the Russian version of the Fugl–
Meyer assessment. Rech et al. (2020) concluded that the Fugl–Meyer 
assessment could be used to assess the quality of motor performance 
in patients with chronic stroke and different degrees of functional 
impairment owing to the consistency of the scores as determined with 
instrumental kinematic measures. Formstone et al. (2021) used a new 
combination of wearable inertial and mechanical mapping sensors to 
quantify motor function after stroke, demonstrating that the results 
of Fugl–Meyer assessment were consistent with those of the mapping 
sensors. Pan et al. (2021) quantitatively assessed motor function in 
patients with stroke by collecting surface electromyography (sEMG) 
signals and inertial sensor data during the voluntary upward reach of 
the upper extremity. As evidenced by new publications in the last 
3 years, the Fugl–Meyer scale has been widely used worldwide. 
Ongoing research has linguistically and culturally adapted the Fugl–
Meyer assessment and confirmed its validity, reliability, and sensitivity. 
Simultaneously, owing to the outbreak of the COVID-19 pandemic, 
some studies have proposed online versions of the Fugl–Meyer scale 
and a video-based Fugl–Meyer assessment system that does not 
require the involvement of therapists. However, the Fugl–Meyer scale 
still has some shortcomings, including the imprecision of the scale 
itself and the variability between different assessors (Formstone et al., 
2021). Quantitative assessment of motor function is extremely 
significant for patients after stroke because it can be used to develop 
a more precise rehabilitation treatment plan (Pan et  al., 2021). 
Therefore, many automation systems have been proposed for 
empirical quantification of motor assessments; however, they are 
insufficient. Clinical practice based on this aspect is required in the 
future to provide a premise for the broad clinical reception of 
automated and quantitative instrument applications in poststroke 
motor assessments.

Electromyography can quantitatively and qualitatively analyze 
the neuromuscular function of target muscles by collecting surface 
signals during muscle activity and speculating on the damage extent 
and nature of target muscles, thereby offering noninvasive and real-
time measurements (Cè et al., 2020; Feldner et al., 2021; Fujita et al., 

2021; Papazian et al., 2021). Liu et al. (2022) combined sEMG devices 
and video games to develop a biofeedback-based therapeutic play 
system, which could improve patient training initiative and 
compliance. Lee (2022) found that EMG-guided pedaling training 
was effective for enhancing activities of daily living and improving 
motor dysfunction in patients with stroke. Khan et  al. (2021) 
proposed a wireless data acquisition system by combining sensors 
and sEMG, which reduces the dependence of patients on caregivers 
and enables them to complete daily activities independently by 
helping them control different devices in real time. Ito et al. (2021) 
developed an electromyography-controlled gamified movement 
system that motivates patients with stroke with various degrees of 
paralysis to complete repetitive finger and wrist movements in 
enjoyment. Yu et al. (2020) developed an artificial intelligence system 
using real-time EMG signals that can obtain accurate stroke 
predictions. This shows that electromyography can potentially 
be  used to predict disease occurrence, and the combination of 
electromyography and rehabilitation training based on the 
biofeedback theory is a promising rehabilitation method. Therefore, 
further development and research are warranted to test the potential 
efficacy of this combination treatment in the future.

Emerging rehabilitation treatment techniques 
for motor function after stroke

Exoskeleton, home training, telemedicine, and virtual reality 
are the new keywords from 2020 to 2022. The exoskeleton, a 
wearable rehabilitation robot, assists patients in daily life activities 
and gait training and has gained considerable popularity in recent 
years (Molteni et  al., 2017; Nolan et  al., 2020). Rodríguez-
Fernández et al. (2021) systematically evaluated lower extremity 
exoskeleton robots to reveal the potential of wearable exoskeletons 
for applications in early rehabilitation, thereby promoting 
functional recovery and daily life activities in homes and 
communities. Chen et al. (2022) developed a tendon-driven soft 
hand exoskeleton, paving the way for a fully driven soft hand 
exoskeleton. Chen et al. (2021) proposed a therapeutic system 
comprising sensory and motor gloves. The sensory gloves worn 
on the fitness hands contain force and flex sensors, which 
measured the gripping force and bending angle of each finger joint 
for motion detection. Simultaneously, micromotors provide an 
auxiliary driving force for the motor gloves worn on the affected 
hand to perform training tasks. Exoskeleton equipment has 
considerably improved, from a large upper and lower limb 
exoskeleton to a delicate hand exoskeleton and from heavy and 
bulky devices to comfortable, safe, and soft gloves. However, 
evidence supporting its benefits has been restricted owing to small 
study samples, inconsistent clinical protocols, and short 
intervention durations; therefore, in the future, large-sample, 
long-term, normalized randomized controlled trials are warranted 
to demonstrate the clinical effectiveness of the exoskeletons.

Home training is frequently associated with telerehabilitation 
(Truijen et al., 2022). A review presumed that telerehabilitation is an 
appropriate option for at-home recovery (Perrochon et al., 2019). 
Chae et al. (2020) proposed a home rehabilitation system that can 
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be  used for at-home treatment of patients with stroke using a 
smartwatch and cell phone application to identify and record the 
type and frequency of rehabilitation exercises performed by the user. 
Cramer et al. (2019) demonstrated that telerehabilitation and general 
rehabilitation significantly improved arm motor function, indicating 
that telerehabilitation was as effective as in-hospital rehabilitation. 
Similarly, Knepley et  al. (2021) reviewed articles related to 
telerehabilitation and concluded that telerehabilitation is less 
expensive and more effective than in-clinic rehabilitation for 
improving functional impairment in patients with stroke and that 
telerehabilitation can be  combined with different treatments, 
including virtual reality. For patients with stroke, the utilization of 
virtual reality in the rehabilitation process has been proved to 
improve motor function (Norouzi-Gheidari et al., 2019; Domínguez-
Téllez et  al., 2020; Karamians et  al., 2020; Mekbib et  al., 2020). 
Thielbar et al. (2020) found that multiuser virtual reality training was 
better for at-home rehabilitation by comparing patient engagement 
and subjective experience with multiuser and single-user virtual 
reality therapy. Lee et  al. (2020) validated the feasibility of fully 
immersive virtue reality technology with head mounted displays for 
the upper-limb recovery of patients with stroke. Qiu et al. (2020) 
developed a virtual rehabilitation system for home use that can 
be remotely customized for a certain intensity of upper extremity 
training. Patients with stroke benefit from longer treatment duration 
when their motor function improves. However, in the current 
one-to-one treatment model, increasing the duration of treatment is 
usually impossible (Norouzi-Gheidari et al., 2019). Therefore, virtual 
reality and telerehabilitation allow patients to complete the same or 
even more training at home as in a medical facility (Truijen et al., 
2022). Additionally, although there have been more randomized 
clinical trials performed to test the efficacy of virtual reality, it is 
difficult to conclude its effectiveness owing to the significant 
differences between interventions and comparative participants in 
the different studies. The field is emerging, and stronger examination 
is expected to have more precise inferences (Laver et  al., 2020). 
Meanwhile, according to Thielbar’s research conclusion (Thielbar 
et al., 2020), more multiuser-connected rehabilitation systems should 
be developed based on virtual reality and remote rehabilitation to 
improve the enthusiasm for rehabilitation training for patients 
with stroke.

Limitation

The study had few limitations. First, only the publications 
distributed in the WoSCC database was incorporated. Second, the 
selected articles were written in English, which may disregard a 
few literary works of different language in this field. Therefore, 
some limitations in literature retrieval occurred. Conversely, 
recently, the sum of cocitation frequency in the published 
literature may be rather low owing to the short publishing time, 
thereby generating contrasts between the study results and 
genuine circumstances. Finally, because of different algorithms 
while using CiteSpace to generate visual maps, there are no 

unitary setting processes of time division, threshold, and clipping 
methods, which may produce some deviation.

Conclusion

In this study, we first searched the WoSCC database for the last 
18 years of literature regarding poststroke motor function 
rehabilitation and performed bibliometric and visual analyses using 
CiteSpace and VOSviewer software, presenting a relatively scientific 
and intuitive overview of research on this topic. Visual analysis 
revealed that research in this field is in the stage of rapid development, 
and the related literature on this topic is constantly emerging, 
showing a steady growth trend. Briefly, rehabilitation of the upper 
limb is the most common research hotspot. Regarding rehabilitation 
evaluation and assessment, the Fugl–Meyer assessment may be the 
most generally utilized assessment scale. Meanwhile, research on 
quantitative measurement techniques, including electromyography, 
has gradually emerged. Regarding rehabilitation treatment 
technology, in addition to conventional intervention methods, such 
as CI therapy and noninvasive brain stimulation, research on virtual 
reality, telemedicine, electroacupuncture, brain–computer interface, 
and rehabilitation robots, including exoskeleton, has attracted 
increasing attention. These topics have become research hotspots on 
poststroke motor function rehabilitation and reveal future research 
trends. Future research on motor function rehabilitation after stroke 
should be focused on these points: first, formulate normative and 
systematic rehabilitation interventions throughout the whole course 
of stroke, and second, develop targeted interventions for patients 
with different types and stages of stroke.
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