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Background: As an emerging technology, virtual reality (VR) has been broadly
applied in the medical field, especially in neurorehabilitation. The growing
application of VR therapy promotes an increasing amount of clinical studies.
In this paper, we present a bibliometric analysis of the existing studies to reveal
the current research hotspots and guide future research directions.

Methods: Articles and reviews on the related topic were retrieved from the
Science Citation Index Expanded of Web of Science Core Collection database.
VOSviewer and Citespace software were applied to systematically analyze
information about publications, countries, institutions, authors, journals,
citations, and keywords from the included studies.

Results: A total of 1,556 papers published between 1995 and 2021 were
identified. The annual number of papers increased gradually over the past
three decades, with a peak publication year in 2021 (n = 276). Countries and
institutions from North America and Western European were playing leading
roles in publications and total citations. Current hotspots were focused on the
effectiveness of VR therapy in cognitive and upper limb motor rehabilitation.
The clusters of keywords contained the four targeted neurological diseases of
VR, while the burst keywords represented that the latest studies were directed
toward more defined types of VR therapy and greater study design.

Conclusions: Our study offers information regarding to the current hotspots
and emerging trends in the VR for rehabilitation field. It could guide future
research and application of VR therapy in neurorehabilitation.
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Introduction

Neurological conditions are major contributing factors to
death and disability in the modern world (1, 2). It is recently
estimated that neurological disorders affect more than one
billion people (3), and the number will likely keep rising
owing to the growth of the aging population. Most neurological
patients report different degrees of impediment to motor,
sensory, cognitive, and visual function, thereby resulting in
severe functional limitations in performing activities of daily
living, participation, and social interaction (4-6). According
to the expanding research evidence, rehabilitation is the most
effective way to reduce disability and a key link to neurological
disease management (7, 8). Conventional neurorehabilitation
with high-intensity, repetitive, and task-specific practice has
confirmed a curative effect on improving the performance
of neurological patients (8, 9). However, these rehabilitation
techniques can be costly and inconvenient due to professional
and resource-intensive requirements (10, 11). Therefore, a
new effective treatment, different in perspective from existing
treatments, is urgently required.

As health applications of new technologies develop, virtual
reality (VR) is likely to become more widely used in the clinical
rehabilitation setting. VR is a unique form of rehabilitation
technique established by Morton Heiling in 1962 and has been
evolving over the past 60 years (12-14). VR technology is
defined as a system that allows users to interact with images and
sounds in the virtual environment, which can stimulate response
and provide real-time feedback concerning their performance
(15). This technology can be combined with computers, mobile
device screens, and head-mounted displays to better interact
with users (16). Over the past decade, VR has gradually become
a valuable tool for assessment and intervention in clinical
rehabilitation due to the continuous research and reduction in
the cost of virtual technology (17). The potential therapeutic
mechanisms include task-oriented repetition, strategic feedback,
and embodied simulation, while the environmental enrichment
effect of VR therapy has also been documented in previous
research (18-20).

As a non-invasive therapeutic approach, VR therapy
has attracted plenty of studies on neurological disorders
(21, 22). of VR on
neurorehabilitation are as follows: (1) VR-based treadmill

management Common examples
training for regaining gross motor function and balance
(23, 24), (2) manipulating virtual objects exercises for fine motor
skill acquisition (25, 26), and (3) performing various activities
using individual game platforms for improvement in quality of
life (23, 27, 28). The VR-based experimental approaches can
simulate a real-life safe setting, and it has been considered an
essential part of effective neurorehabilitation with demonstrated
improved motivation (29). In addition, under the current
status of epidemic outbreak and the increasing rehabilitation
requirements of patients with neurological diseases, it is time
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to shift the traditional face-to-face rehabilitation therapy to
telemedicine via VR and other digital tools (30). The growing
application of VR therapy has turned it into a meaningful
research field. However, these papers tend to be complex and
unstructured, while the therapeutic mechanisms of VR also
remain unclear. Moreover, no studies performed a cutting-edge
overview of VR on neurorehabilitation through bibliometric
analysis to this point.

To fill the gap in the quantitative analysis of this research
hotspot, this bibliometric study aims to obtain the global
scientific outputs of VR for neurorehabilitation field from the
inception to 2021. We used the Citespace and VOSviewer to
comprehensively analyze publications based on the Web of
Science Core Collection (WoSCC) database. This article will
help clinicians and researchers to comprehend the hotspots and
emerging trends in this field, to guide clinical practice and future
research development.

Materials and methods

Data sources and search strategy

Publications with related themes from the inception to 2021
were searched from the Science Citation Index Expanded (SCIE)
of the WoSCC database on 15th August 2022. Two authors
(Q-FG and LH) independently performed the retrieval, and
the search strategy was presented in Supplementary material 1.
We only selected articles or reviews in English, and all
included documents were required to undergo peer review.
All bibliometric data were imported into Endnote X9, and
then two researchers (Q-FG and LH) screened the titles,
abstracts, and full texts of the included papers to identify
the available studies independently based on the pre-decided
exclusion criteria. Exclusion criteria were as follows: (1) The
intervention modality is not VR; (2) Targeted conditions
are unrelated to neurorehabilitation; (3) The theme of the
paper is uncorrelated to the implementation of VR therapy
on neurorehabilitation. Finally, it yielded a total of 1,556
documents. The flowchart outlining the bibliometric search and
analysis process is demonstrated in Figure 1.

Data extraction and analysis

After the screening and check via Endnote, the available
documents were manually selected from WOS database.
Then, plain texts containing information of these documents
downloaded from WOS database were analyzed by VOSviewer
and Citespace for further analysis (Supplementary material 2).
VOSviewer and Microsoft Excel were used to capture basic
information and perform the co-occurrence or co-citation
map across different countries, institutions, authors, and
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Step 1: Data collection

2021/12/31. (N=3172)

Search for article or review in the SCIE of
WOSCC database from the inception to

293 studies excluded with reasons:
1. Document types (meeting abstract, case

report, and book chapters)
2. Written in non-English language

Step 2: Data screening

(N=2879)

Full text of studies reviewed for eligibility.

1323 studies excluded with reasons:
1. The research topic is not virtual reality
2. The research direction is unrelated to

neurorehabilitation
3. The research is not a piece about the use
of virtual reality on neurorehabilitation

Step 3: Bibliometric and visualized analysis
Publications included in the quantitative and
visualization-based bibliometric analysis.
(N=1556; Orginal article 1276, Review 280)

| |

General
data

Countries Institutions

Authors

Journals Keywords

FIGURE 1
Flow chart of the bibliometric search and analysis process.

journals. The node size in the VOSviewer co-occurrence graph
reflects the number of published articles, and connecting
lines between the nodes indicate cooperation strength. The
color of the circles represents the cluster to which the node
belongs. In addition, Citespace was applied to analyze the
co-occurrence network of keywords, cluster network, and
burst keywords analysis, indicating cutting-edge knowledge and
research trends. GraphPad Prism 8 was used to describe the
amount of publications among various countries and their
cooperation strength.

Results

Publication outputs and growth trend
The initial retrieval of the WoSCC database identified 3,172

publications. After excluding other document types, limited
English language, and unrelated research topics, 1,556 papers
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were finally enrolled in the analysis, including 1,276 articles [207
randomized controlled trial (RCT) and 1,069 non-RCT] and 280
reviews. These papers were published from 1995 to 2021. The
first publication about VR application for neurorehabilitation
was published in 1995 by Pugnetti et al. (31), which provided
an extensive review of the use of immersive VR therapy
in patients with cognitive impairment. Figure 2 describes the
annual numbers and bibliometric trends in 1,556 publications.
The timing of publication could be divided into three phases:
the infancy phase (1995-2008), the slow-growth phase (2009-
2017), and the rapid-growth phase (2018-2021). In the infancy
phase, the annual publication remained under 15 papers besides
2007. Over the slow-growth phase, a slow and steady upward
tendency was exhibited from 29 papers in 2009 to 105 papers in
2017. In the rapid-growth phase, the amount of papers yielded
a huge growth, with more than 100 publications each year.
Nearly half of the publications were released in the final stage,
with a peak publication year in 2021 (n = 276). Meanwhile,
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FIGURE 2
Trend of publication outputs from 1995 to 2021 on VR for neurorehabilitation topic.
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the linear regression analysis showed that the publications were
positively correlated with the publication year (R* = 0.9781, p <
0.001). Research in this area is expected to continue to grow in
the future.

Active countries

A total of 68 countries participated in the publications on
VR for neurorehabilitation topics. The top 14 countries with
50 or more papers are displayed in Figure 3A. The five most
active nations were the United States (370, 23.8%), Italy (184,
11.8%), China (154, 9.9%), Canada (140, 9.0%), and South Korea
(113,7.3%). Amongst the 14 countries with the highest output of
publications, only China and Brazil were developing countries,
while others were developed countries. Research from the first-
ranked United States was cited 16,808 times, followed by Canada
(6,034), and Italy (5,366). In terms of citations per paper, the
United States also took first place (45.43), followed by Australia
(43.68) and the United Kingdom (43.49). Geographical data of
included papers were extracted by VOSviewer and imported
into Scimago Graphica to generate the cooperative network
among countries in Figure 3B. Obviously, there were three main
country clusters, including North America, Western European,
and Eastern Asia. The strongest cooperation was between the
United States and China.
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Institution distributions

In accordance with the author address, 1,994 institutions
contributed to these 1,556 publications. The 14 most productive
institutions publishing more than 20 papers are listed in
Figure 4A. The most prolific institution was McGill University
(Canada, 42 papers), followed by IRCCS Centro Neurolesi
Bonino Pulejo (Italy, 36 papers) and the University of Sydney
(Australia, 35 papers). The papers by the University of Medicine
and Dentistry of New Jersey-Robert Wood Johnson Medical
School had the most citations (3,482 times) and citations per
paper (113.92). Figure 4B shows the cooperative network among
the top institutions engaging in VR for neurorehabilitation
research. The top organizations showed extensive relationships
with others, while the yellow color block indicated the density of
cooperation between institutions. There were close cooperation
between different institutions, especially in McGill University,
Tel Aviv University, and The University of Sydney.

Author analysis

A total of 5,885 authors engaged in the documents on
VR in neurorehabilitation field. Table 1 shows the top 10 most
active authors and their related information. The top three
authors with the highest output were Calabro RS (35 papers),
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FIGURE 3
The top 14 prolific countries and international collaboration network on VR for neurorehabilitation research. (A) The number of publications,
total citations, and citations per paper in the top 14 countries. (B) The co-operative network visualization map of countries.
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TABLE 1 The top 10 active authors who published literature on VR for neurorehabilitation.

Rank  Author Institution Country

1 Calabro, Rocco Salvatore ~ TRCCS Ctr Neurolesi Bonino Italy
Pulejon

2 Adamovich, SV New Jersey Institute of USA
Technology

3 De luca, Rosaria IRCCS Ctr Neurolesi Bonino Italy
Pulejo

4 Naro, Antonino IRCCS Ctr Neurolesi Bonino Italy
Pulejo

5 Merians, AS Rutgers, The State University USA
of New Jersey

6 Riva, Giuseppe IRCCS Institution Italy
Auxologico Italiano

7 Maggio, Maria Grazia TRCCS Ctr Neurolesi Bonino Italy
Pulejo

8 Bramanti, Placido IRCCS Ctr Neurolesi Bonino Italy
Pulejo

9 Deutsch, Judith E. University of Medicine and USA
Dentistry of New Jersey

10 Levin, Mindy F. McGill University Canada

Adamovich SV (31 papers), and De Luca R (27 papers). Five
of the top 10 authors were from IRCCS Ctr Neurolesi Bonino
Pulejon, while others were scattered in research units. In terms
of total citations and citations per paper, Deutsch JE from the
University of Medicine and Dentistry of New Jersey ranked first
(2,243 citations, 131.94 citations/paper), as shown in Table 1.
Additionally, H-index could accurately reflect the academic
achievement of the author. Levin MF ranked first (32) on H-
index and held the greatest influence in this field. In Figure 5,
an overlay visualization map of author co-occurrence analysis
was generated by VOSviewer. The graph forms two main clusters
centered on Calabro RS and Adamovich SV. There were discrete
co-operations between them, but authors who worked together
held a robust partnership.

Journal characteristic

The included publications were published in 416 academic
journals. As per Bradford’s law, core journals were identified as
journals publishing more than one-third of all related papers,
indicating 17 core journals and 399 non-core journals in this
research field. The top 10 most productive journals accounted
for 24.29 % (378 papers) of all research, as shown in Table 2.
Journal of neuroengineering and rehabilitation published the
most papers (102 papers), followed by Frontiers in neurology
(39 papers) and IEEE transactions on neural systems and
rehabilitation engineering (36 papers). Regarding the impact
factor (IF) of journals, only one of the top 10 journals held

Frontiersin Public Health
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Publications  Citations  Citations per paper = H-index
35 676 19.31 30
31 1,643 53.00 26
27 571 21.15 21
21 398 18.95 24
20 1,353 67.65 24
20 394 19.70 14
18 305 16.94 14
17 437 2571 30
17 2,243 131.94 31
17 1,391 81.82 49

an IF >5.000 (Journal of neuroengineering and rehabilitation,
5.208). Seven journals had an IF varying from 2.000 to 5.000,
one had an IF <2.000, and one was not assigned an IF
to the present. VOSviewer was used to yield the co-citation
map of journals, including 124 journals with at least 100
citations. The top three co-cited journals were Archives of
physical medicine and rehabilitation (4.060), Stroke (10.170),
and Neurorehabilitation and neural repair (4.895), which were
representative and professional journals in this field (Figure 6).

Analysis of keywords

Keywords are the core summary of a paper. These high-
frequency or burst keywords could reflect the current themes
and predict future research frontiers. As shown in Figure 7A,
the top three keywords with the highest occurrence were virtual
reality, rehabilitation, and stroke. The overall keywords could be
divided into eight clusters depending on their type (Figure 7B).
Clusters #0, #1, #3, and #5 mainly described the target patients
of VR therapy, including Parkinson’s disease, cerebral palsy,
brain injury, and spinal cord injury, which were also the major
populations in neurorehabilitation. Clusters #2 and #7 mainly
focused on the various function in which VR therapy might
serve a role, with other clusters representing the game design of
VR and stimulated brain area.

In addition, Citespace was used to generate the top 25
keywords with the strongest burst, and the results are indicated
in Figure 7C. Based on the burst time, keywords were divided
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FIGURE 5
Network map of active authors contributed to VR for neurorehabilitation research.

TABLE 2 The top 10 most productive journals in the VR for neurorehabilitation field.

Rank Journal Publications Citations Citations per paper IF JCR OA

1 Journal of Neuroengineering 102 4,150 40.69 5.208 Q2 Yes
and Rehabilitation

2 Frontiers in Neurology 39 583 14.95 4.086 Q2 Yes

3 IEEE Transactions on Neural 36 1,555 43.19 4.528 Q1 No
Systems and Rehabilitation
Engineering

4 Neurorehabilitation 35 780 22.29 1.986 Q3 No

5 Archives of Physical 31 1,904 61.42 4.060 Q1 No
Medicine and Rehabilitation

6 Disability and Rehabilitation 31 847 27.32 2.439 Q2 No

7 Journal of Physical Therapy 27 685 25.37 / / No
Science

8 Neurorehabilitation and 26 1,323 50.88 4.895 Q1 No
Neural Repair

9 Topics in Stroke 26 1,037 39.88 2.177 Q3 No
Rehabilitation

10 Plos One 25 902 36.08 3.752 Q2 Yes

into three periods: from 2000 to 2005, from 2006 to 2010, and
from 2011 to 2021. Among these keywords, environment and

arm held the highest burst strength. Wii, virtual reality exposure research directions in the near future.

therapy, motor recovery, and randomized controlled trial were
presented as the most recent burst keywords, suggesting the

Frontiers in Public Health 08 frontiersin.org
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Discussion

Overview of the results

In this bibliometric study, 1,556 papers focusing on VR in
neurorehabilitation were included and visualized by VOSviewer
and Citespace to display the research hotspots and trends of
this field. The publications on the related topic might reveal
variations in research activity and productivity, which could be
classified into three phases. Before 2009, the number of papers
remained largely unchanged. VR technology has not been widely
applied in the medical field due to the high cost and immature
technologies. With the reduced costs and the availability of
high-quality technologies in the 2010s, the number of papers
steadily increased, and it attracted the increasing attention of
medical staff and researchers. Since 2020, the annual publication
has grown dramatically to over 200 publications in 2021. This
is undoubtedly due to the explosion of COVID-19 facilitating
the development of telerehabilitation techniques, such as VR
therapy (33, 34). It is foreseeable that this research area will
maintain its popularity in the near future.

Regarding the nation of researchers, over one-third of
countries worldwide engaged in publications on VR for
neurorehabilitation topics. Without surprise, the USA, Italy,
Canada, UK, and Spain took the dominant places in this field
that were also the driving forces in other telemedicine research
domains (35, 36). This is probably owing to the large national

Frontiers in Public Health 09

gross domestic product (GDP) which can provide sufficient
support for clinical research, and the higher incidence and
prevalence of neurological disease in these Western European
and North American countries (4). In addition, only two
emerging countries, namely China and Brazil, have displayed
their presence in the past 5 years. The financial constraint
and inadequate attention of such developing countries hinder
their sustained investment in the application of novel intelligent
technologies to healthcare management. However, with the
ongoing innovation of intelligent technologies such as artificial
intelligence and the advent of the 5G era, the availability of more
portable, individualized, and affordable VR devices appears
increasingly realistic in the healthcare area, which will definitely
facilitate the general research and application of VR technology
across the world.

In terms of the researchers and their institutions, the most
active and highlighted institutions listed in the Figure 4A were
nearly well-established universities from developed countries
with rich academic resources, which could also be observed
in the co-occurrence network map of the author. As shown
in Table 1, half of the top 10 investigators were affiliated with
IRCCS Ctr Neurolesi Bonino Pulejon, Italy, and all held lower
citations than those from North American countries. A possible
explanation may be that Italian fellows published papers mostly
on the post-2015 period with limited cited length. Besides
the above indicators, core journals with high publications
could offer fundamental insights into a certain domain. The
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Analysis of keywords related to publications on VR for neurorehabilitation field. (A) The keyword co-occurrence network map. (B) The keyword
cluster map. (C) The top 25 keywords with the strongest citation bursts.

number of papers published in the top 10 journals was less
than one-third of the overall papers. These findings implied
that publications on VR for neurorehabilitation were broadly
distributed across multiple journals. In addition, these active
journals did not have a high IF, with only one journal reaching
a score of 5. Therefore, the level and quality of studies in VR
for neurorehabilitation need to be improved, and it requires
more international cooperation between authors to perform
high-quality clinical research.

Hotspots analysis

The author clusters could assist in indicating the past,
present, and future hotspots in a certain field. As indicated
in Figure 5, the authors engaging in the publication of 1,556
papers could be divided into two groups, with Calabro RS and
Adamovich SV as the primary ongoing force, respectively.

The team of Calabro RS is focused on investigating the
benefits of the VR approach to enhancing cognitive function in
patients with neurological disorders, especially stroke patients
(37-40). According to previous research, cognitive impairment
is common among patients with neurological diseases, and
the incidence of cognitive impairment in stroke patients was
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78% (41). Virtual technology has confirmed therapeutic efficacy
in cognitive rehabilitation in that VR can simulate real-life
scenarios in a safe valid setting for patients to reproduce their
real cognitive performance (42). Davis et al. (43) reported that
significant improvement in the cognitive ability of patients with
dementia was observed after receiving a VR exercise program,
with its safety also demonstrated.

The Adamovich SV research group is currently interested in
the effectiveness of VR applications coupled with rehabilitation
robots in enhancing upper extremity motor function in patients
with neurological disorders (11, 44, 45). Severe gross and fine
motor dysfunction is generally present in patients suffering
from neurological diseases. The slow and partial recovery in
upper limb function is the greatest challenge, and improving
upper limb dysfunction is still a major research priority in
this field (46). The 2008 EBRSR guideline (47) recommended
VR technology as an effective method to improve patients’
motor function during stroke recovery, clearly indicating
that computer-assisted sensorimotor training could effectively
reduce the functional limitations of the upper extremity.
This may be because enough sensory feedback, the essential
component of motor learning, can cause increased activity of
the corticospinal system and produce better motor function as
a result (48). The therapeutic effect of VR can be combined with
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rehabilitation robots and other computer-assisted technology to
yield better recovery for patients (33, 49).

Keywords and trend analysis

The cluster analysis of co-occurrence and burst keywords
could reveal the frontier topics and emerging trends in a given
field. Based on the clustering analysis, it could be concluded that
the major targeted illnesses of VR therapy were still aimed at
four major diseases, namely Parkinson’s disease, cerebral palsy,
brain injury, and spinal cord injury. Moreover, apart from the
above-mentioned upper limb motor and cognitive functions,
more studies have been conducted to investigate the benefits of
VR on human spatial navigation and executive function, and the
potential activated brain area of VR therapy might locate in the
prefrontal cortex.

As observed in Figure 7C, the theme of the included studies
underwent three variation stages (Phase I, 2000-2005; Phase II,
2006-2010; Phase III, 2011-2021). The literature published in
2005 and earlier paid more attention to routine rehabilitation for
neurological disorders (stroke, brain injury), with less content
directed toward VR. Since 2006, researchers around the globe
have started to show more interest in adapting VR to enhance
upper limb motor function (arm, upper limb, hemiparesis,
motor) in patients with neurological disorders. Following the
breakthrough of VR technology in the 2010s, several types of
VR therapy (Nintendo Wii, Xbox Kinect) and VR-related proper
nouns (virtual reality exposure therapy) became available with
a more standardized research design (RCT). Over the last 3
years, studies have mainly verified the efficacy of VR therapy on
patients with neurological disorders via RCTs, representing the
state-of-the-art trend in VR for neurorehabilitation.

Summary of VR intervention

The consensus that VR can restore or improve function
levels in neurorehabilitation has reached in recent decades.
Still, some obstacles remain to the successful application of
VR therapy: (1) Various technical limitations regarding the
software and hardware capabilities are left to be tackled to meet
clinical requirements and individualization. (2) Patients who
had suffered adverse reactions (e.g., motion sickness, feeling
disoriented, and eye strain) were monitored in previous VR-
related trials (32, 50, 51), which are expected to explore in
future research. (3) The gap in population diversity, such
as the older adults acceptance of VR technology, needs
more research. (4) Ethical and political factors should also
be considered in the subsequent system design. Moreover,
the epidemic outbreak can be an impetus for driving the
adoption of VR in telemedicine to comply with public
health rules and interrupt the spread of COVID-19. Virtual
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technology has been considered helpful in improving the
efficiency of healthcare workers, reducing the risk of outbreaks,
and enabling patients with neurological disorders to access
suitable therapies with efficacy monitoring, which are likely
to be the future application scenario (34, 52-54). The
findings of our paper may provide some guidance and inspire
researchers to perform more studies and clinical applications in
this field.

Strength and limitations

This is the first review to summarize the current publications
and development trends of VR for neurorehabilitation from
the perspective of bibliometrics. To evaluate as systemically
and comprehensively as possible, this study collected 1,556
related papers published over the last three decades from
the WoSCC database. Furthermore, we utilized the popular
bibliometric tools, Citespace and VOSviewer, to quantitative
analyze VR therapy in neurorehabilitation field in conjunction
with the specific data in countries, institutions, authors, journals,
citations, and keywords.

However, the limitations of our work need to be
acknowledged. First, this study was limited to the Web
of Science database, and the retrieved results of other
databases (e.g., Pubmed, Scopus, and Google scholar) might
be inconsistent with the findings of the present paper. Second,
only studies in English were eligible for the bibliometric
analysis, which may cause publication bias. Third, our search
strategy in this article was formulated based on Topic (TS)
and not strict enough, which may lead to the inclusion
of some less relevant papers and caused some bias to the
final results. Future researchers are recommended to adopt
Title (TI) or Author Keywords (AK) to design a more
accurate search formula to retrieve the results in this research
domain. Fourth, the current work aims to reflect the overall
landscape of this research field. Specific curative effects and
applied modes of VR therapy on neurorehabilitation need
to be refined in more well-designed trials or systematic
reviews with a focused scope, to facilitate the development of
clinical guidelines.

Conclusion

This bibliometric study provides a deeper insight into
research on VR therapy for neurorehabilitation. In the past
three decades, the number of studies in this field has exhibited
an upward trend, with North America and Western European
occupying a leading role in publications and total citations.
Most journals hold a low IF, which deserves more future
attention. The author co-occurrence analysis identified two
predominant clusters centering on cognitive rehabilitation
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by Calabro RS, and upper limb motor rehabilitation by
Adamovich SV, respectively. The most recent research trends
cover more defined types of VR therapy and greater study
design. These findings may assist future researchers in better
comprehending the current hotspots and future development
trends in this field.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding author.

included in article/Supplementary materials,

Author contributions

Q-FG, LH, WS, H-XT, and L-YH acquired, analyzed the
data, and drafted the manuscript. Q-FG, LH, C-FG, YC, H-HJ,
and QG designed the research, acquired the article information,
and revised the manuscript. All authors contributed to the article
and approved the submitted version.

References

1. Gustavsson A, Svensson M, Jacobi E, Allgulander C, Alonso ], Beghi E, et al.
Cost of disorders of the brain in Europe 2010. Eur Neuropsychopharmacol. (2011)
21:718-79. doi: 10.1016/j.euroneuro.2011.08.008

2. Wu S, Wu B, Liu M, Chen Z, Wang W, Anderson CS, et al. Stroke in China:
advances and challenges in epidemiology, prevention, and management. Lancet
Neurol. (2019) 18:394-405. doi: 10.1016/S1474-4422(18)30500-3

3. Carroll WM. The global burden of neurological disorders. Lancet Neurol.
(2019) 18:418-9. doi: 10.1016/S1474-4422(19)30029-8

4. GBD 2016 Neurology Collaborators. Global, regional, and national
burden of neurological disorders, 1990-2016: a systematic analysis for the
Global Burden of Disease Study 2016. Lancet Neurol. (2019) 18:459-80.
doi: 10.1016/s1474-4422(18)30499-x

5. Massetti T, da Silva TD, Crocetta TB, Guarnieri R, de Freitas
BL, Bianchi Lopes P, et al. The clinical utility of virtual reality in
neurorehabilitation: a systematic review. | Cent Nerv Syst Dis. (2018)
10:1179573518813541. doi: 10.1177/1179573518813541

6. Padovani A, Pilotto A. Looking at the burden of neurological disorders in
Europe. Lancet Public Health. (2020) 5:e523. doi: 10.1016/S2468-2667(20)30205-X

7. Miyamoto S, Ogasawara K, Kuroda S, Itabashi R, Toyoda K, Itoh Y, et al.
Japan stroke society guideline for the treatment of stroke. Int J Stroke. (2021)
2022:17474930221090347. doi: 10.1177/17474930221090347

8. Pedersen BK, Saltin B. Exercise as medicine—evidence for prescribing exercise
as therapy in 26 different chronic diseases. Scand ] Med Sci Sports. (2015) 25 Suppl
3:1-72. doi: 10.1111/sms.12581

9. Sall ], Eapen BC, Tran JE, Bowles AO, Bursaw A, Rodgers ME. The
management of stroke rehabilitation: a synopsis of the 2019 U. S department of
veterans affairs and US department of defense clinical practice guideline. Ann
Intern Med. (2019) 171:916-24. doi: 10.7326/M19-1695

10. Norouzi-Gheidari N, Hernandez A, Archambault PS, Higgins J, Poissant
L, Kairy D. Feasibility, safety and efficacy of a virtual reality exergame system
to supplement upper extremity rehabilitation post-stroke: a pilot randomized
clinical trial and proof of principle. Int ] Environ Res Public Health. (2019) 17:113.
doi: 10.3390/ijerph17010113

11. Patel ], Fluet G, Qiu Q, Yarossi M, Merians A, Tunik E, et al.
Intensive virtual reality and robotic based upper limb training compared to

Frontiersin Public Health

12

10.3389/fpubh.2022.1042618

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.1042618/full#supplementary-material

usual care, and associated cortical reorganization, in the acute and early
sub-acute periods post-stroke: a feasibility study. J Neuroeng Rehabil. (2019)
16:92. doi: 10.1186/512984-019-0563-3

12. Ma MKI, Saha C, Poon SHL, Yiu RSW, Shih KC, Chan YK. Virtual
reality and augmented reality-emerging screening and diagnostic techniques
in ophthalmology: A systematic review. Surv Ophthalmol. (2022) 67:1516-30.
doi: 10.1016/j.survophthal.2022.02.001

13. Xiong J, Hsiang EL, He Z, Zhan T, Wu ST. Augmented reality and virtual
reality displays: emerging technologies and future perspectives. Light Sci Appl.
(2021) 10:216. doi: 10.1038/s41377-021-00658-8

14. Heiling M. Sensorama Simulator. (1962). Available online at: http://www.
mortonheilig.com/

15. Sarig Bahat H, Weiss PL, Laufer Y. The effect of neck pain on cervical
kinematics, as assessed in a virtual environment. Arch Phys Med Rehabil. (2010)
91:1884-90. doi: 10.1016/j.apmr.2010.09.007

16. Liu Z, Ren L, Xiao C, Zhang K, Demian P. Virtual reality aided therapy toward
health 4.0: a two-decade bibliometric analysis. Int | Environ Res Public Health.
(2022) 19:1525. doi: 10.3390/ijerph19031525

17. Pawassar CM, Tiberius V. Virtual reality in health care: bibliometric analysis.
JMIR Serious Games. (2021) 9:¢32721. doi: 10.2196/32721

18. Vidas-Diz S, Sobrido-Prieto M. Virtual
purposes in stroke: a systematic
77.doi: 10.1016/j.nrl.2015.06.012

19. You SH, Jang SH, Kim YH, Hallett M, Ahn SH, Kwon YH,
et al. Virtual reality-induced cortical reorganization and associated
locomotor recovery in chronic stroke: an experimenter-blind randomized
study.  Stroke.  (2005) 36:1166-71. doi:  10.1161/01.STR.0000162715.4
3417.91

reality for therapeutic
review. Neurologia. (2016) 31:255-

20. Qian J, McDonough DJ, Gao Z. The effectiveness of virtual reality
exercise on individual’s physiological, psychological and rehabilitative outcomes:
a systematic review. Int ] Environ Res Public Health. (2020) 17:4133.
doi: 10.3390/ijerph17114133

21. Henderson A, Korner-Bitensky N, Levin M. Virtual reality in stroke
rehabilitation: a systematic review of its effectiveness for upper limb motor
recovery. Top Stroke Rehabil. (2007) 14:52-61. doi: 10.1310/tsr1402-52

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1042618
https://www.frontiersin.org/articles/10.3389/fpubh.2022.1042618/full#supplementary-material
https://doi.org/10.1016/j.euroneuro.2011.08.008
https://doi.org/10.1016/S1474-4422(18)30500-3
https://doi.org/10.1016/S1474-4422(19)30029-8
https://doi.org/10.1016/s1474-4422(18)30499-x
https://doi.org/10.1177/1179573518813541
https://doi.org/10.1016/S2468-2667(20)30205-X
https://doi.org/10.1177/17474930221090347
https://doi.org/10.1111/sms.12581
https://doi.org/10.7326/M19-1695
https://doi.org/10.3390/ijerph17010113
https://doi.org/10.1186/s12984-019-0563-3
https://doi.org/10.1016/j.survophthal.2022.02.001
https://doi.org/10.1038/s41377-021-00658-8
http://www.mortonheilig.com/
http://www.mortonheilig.com/
https://doi.org/10.1016/j.apmr.2010.09.007
https://doi.org/10.3390/ijerph19031525
https://doi.org/10.2196/32721
https://doi.org/10.1016/j.nrl.2015.06.012
https://doi.org/10.1161/01.STR.0000162715.43417.91
https://doi.org/10.3390/ijerph17114133
https://doi.org/10.1310/tsr1402-52
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Guo et al.

22. Schréder J, van Criekinge T, Embrechts E, Celis X, Van Schuppen J, Truijen S,
et al. Combining the benefits of tele-rehabilitation and virtual reality-based balance
training: a systematic review on feasibility and effectiveness. Disabil Rehabil Assist
Technol. (2019) 14:2-11. doi: 10.1080/17483107.2018.1503738

23. Vibhuti KN, Kataria C. Efficacy assessment of virtual reality therapy for
neuromotor rehabilitation in home environment: a systematic review. Disabil
Rehabil Assist Technol. (2021). doi: 10.1080/17483107.2021.1998674. [Epub ahead
of print].

24. Wu ], Zeng A, Chen Z, Wei Y, Huang K, Chen J, et al. Effects of virtual reality
training on upper limb function and balance in stroke patients: systematic review
and meta-meta-analysis. ] Med Internet Res. (2021) 23:e31051. doi: 10.2196/31051

25. Chen Y, Gao Q, He CQ, Bian R. Effect of virtual reality on
balance in individuals with Parkinson disease: a systematic review and
meta-analysis of randomized controlled trials. Phys Ther. (2020) 100:933-
45. doi: 10.1093/ptj/pzaa042

26. Chen J, Or CK, Chen T. Effectiveness of using virtual reality-supported
exercise therapy for upper extremity motor rehabilitation in patients with stroke:
systematic review and meta-analysis of randomized controlled trials. ] Med Internet
Res. (2022) 24:24111. doi: 10.2196/24111

27. Sevcenko K, Lindgren I. The effects of virtual reality training in stroke
and Parkinson’s disease rehabilitation: a systematic review and a perspective on
usability. Eur Rev Aging Phys Act. (2022) 19:4. doi: 10.1186/s11556-022-00283-3

28. Abbruzzese G, Marchese R, Avanzino L, Pelosin E. Rehabilitation for
Parkinson’s disease: current outlook and future challenges. Parkinsonism Relat
Disord. (2016) 22 Suppl 1:560-4. doi: 10.1016/j.parkreldis.2015.09.005

29. Peretti A, Amenta F, Tayebati SK, Nittari G, Mahdi SS. Telerehabilitation:
review of the state-of-the-art and areas of application. JMIR Rehabil Assist Technol.
(2017) 4:e7. doi: 10.2196/rehab.7511

30. Duncan PW, Bernhardt J. Telerehabilitation: has its time come? Stroke.
(2021) 52:2694-6. doi: 10.1161/STROKEAHA.121.033289

31. Pugnetti L, Mendozzi L, Motta A, Cattaneo A, Barbieri E, Brancotti
A. Evaluation and retraining of adults 411 cognitive impairments—
which role for virtual-reality technology. Comput Biol Med. (1995)
25:213-27. doi: 10.1016/0010-4825(94)00040-W

32. Groenveld T, Achttien R, Smits M, de Vries M, van Heerde R, Staal B, et al.
Feasibility of virtual reality exercises at home for post-COVID-19 condition: cohort
study. JMIR Rehabil Assist Technol. (2022) 9:e36836. doi: 10.2196/36836

33. Ahmadi MM, Peyravi M, Azhdari N, Bahaadinbeigy K, Sarpourian
F. Application of telerchabilitation for older adults during the COVID-19
pandemic: a systematic review. Disaster Med Public Health Prep. (2022).
doi: 10.1017/dmp.2022.219. [Epub ahead of print].

34. Brigo E, Rintala A, Kossi O, Verwaest F, Vanhoof O, Feys P, et al. Using
telehealth to guarantee the continuity of rehabilitation during the COVID-
19 pandemic: a systematic review. Int | Environ Res Public Health. (2022)
19. doi: 10.3390/ijerph191610325

35. Wagas A, Teoh SH, Lapao LV, Messina LA, Correia JC. Harnessing
telemedicine for the provision of health care: bibliometric and scientometric
analysis. ] Med Internet Res. (2020) 22:e18835. doi: 10.2196/18835

36. Zheng J, Hou M, Liu L, Wang X. Knowledge structure and emerging trends
of telerehabilitation in recent 20 years: a bibliometric analysis via Citespace. Front
Public Health. (2022) 10:904855. doi: 10.3389/fpubh.2022.904855

37. De Luca R, Lo Buono V, Leo A, Russo M, Aragona B, Leonardi S, et al. Use of
virtual reality in improving post-stroke neglect: promising neuropsychological and
neurophysiological findings from a case study. Appl Neuropsychol-Adult. (2019)
26:96-100. doi: 10.1080/23279095.2017.1363040

38. Maggio MG, Latella D, Maresca G, Sciarrone F, Manuli A, Naro A, et al.
Virtual reality and cognitive rehabilitation in people with stroke: an overview. J
Neurosci Nurs. (2019) 51:101-5. doi: 10.1097/JNN.0000000000000423

Frontiersin Public Health

13

10.3389/fpubh.2022.1042618

39. Torrisi M, Maresca G, De Cola MC, Cannavo A, Sciarrone F Silvestri
G, et al. Using telerehabilitation to improve cognitive function in post-stroke
survivors: is this the time for the continuity of care? Int ] Rehabil Res. (2019)
42:344-51. doi: 10.1097/MRR.0000000000000369

40. Manuli A, Maggio MG, Latella D, Cannavo A, Balletta T, De Luca R,
et al. Can robotic gait rehabilitation plus virtual reality affect cognitive and
behavioral outcomes in patients with chronic stroke? A randomized controlled
trial involving three different protocols. J Stroke Cerebrovasc Dis. (2020)
29:9. doi: 10.1016/j.jstrokecerebrovasdis.2020.104994

41. Nijboer TC, Kollen BJ, Kwakkel G. Time course of visuospatial neglect
early after stroke: a longitudinal cohort study. Cortex. (2013) 49:2021-
7. doi: 10.1016/j.cortex.2012.11.006

42. Gao Y, Ma L, Lin C, Zhu S, Yao L, Fan H, et al. Effects of virtual
reality-based intervention on cognition, motor function, mood, and activities
of daily living in patients with chronic stroke: a systematic review and
meta-analysis of randomized controlled trials. Front Aging Neurosci. (2021)
13:766525. doi: 10.3389/fnagi.2021.766525

43. Davis R. The feasibility of using virtual reality and eye tracking in research
with older adults with and without Alzheimer’s disease. Front Aging Neurosci.
(2021) 13:8. doi: 10.3389/fnagi.2021.607219

44. Fluet GG, Merians AS, Qiu QY, Lafond I, Saleh S, Ruano V, et al. Robots
integrated with virtual reality simulations for customized motor training in a
person with upper extremity hemiparesis: a case study. ] Neurol Phys Ther. (2012)
36:79-86. doi: 10.1097/NPT.0b013e3182566{3f

45. Saleh S, Fluet G, Qiu QY, Merians A, Adamovich SV, Tunik E. Neural
patterns of reorganization after intensity robot-assisted virtual reality therapy
and repetitive task practice in patients with chronic stroke. Front Neurol. (2017)
8:10. doi: 10.3389/fneur.2017.00452

46. Sulfikar Ali A, Arumugam A, Kumaran DS. Effectiveness of an intensive,
functional, gamified rehabilitation program in improving upper limb motor
function in people with stroke: a protocol of the EnteRtain randomized clinical
trial. Contemp Clin Trials. (2021) 105:106381. doi: 10.1016/j.cct.2021.106381

47. Teasell R, Foley N, Salter K, Bhogal S, Jutai J, Speechley M. Evidence-
based review of stroke rehabilitation: executive summary, 12th edition. Top Stroke
Rehabil. (2009) 16:463-88. doi: 10.1310/tsr1606-463

48. Shen X, Mak MK. Balance and gait training with augmented
feedback improves balance confidence in people with Parkinson’s disease:
a randomized controlled trial. Neurorehabil Neural Repair. (2014)
28:524-35. doi: 10.1177/1545968313517752

49. Zhang Q, Fu Y, Lu Y, Zhang Y, Huang Q, Yang Y, et al. Impact
of virtual reality-based therapies on cognition and mental health of stroke
patients: systematic review and meta-analysis. ] Med Internet Res. (2021)
23:¢31007. doi: 10.2196/31007

50. Deutsch JE, Myslinski MJ, Kafri M, Ranky R, Sivak M, Mavroidis C, et al.
Feasibility of virtual reality augmented cycling for health promotion of people post-
stroke. ] Neurol Phys Ther. (2013) 37:118-24. doi: 10.1097/NPT.0b013e3182a0a078

51. Calabro RS, Naro A, Cimino V, Buda A, Paladina G, Di Lorenzo G, et al.
Improving motor performance in Parkinson’s disease: a preliminary study on the
promising use of the computer assisted virtual reality environment (CAREN).
Neurol Sci. (2020) 41:933-41. doi: 10.1007/s10072-019-04194-7

52. Domingues RB, Mantese CE, Aquino EDS, Fantini E Prado GFD, Nitrini R.
Telemedicine in neurology: current evidence. Arq Neuropsiquiatr. (2020) 78:818-
26. doi: 10.1590/0004-282x20200131

53. Hubert GJ, Corea F, Schlachetzki F. The role of telemedicine in acute
stroke treatment in times of pandemic. Curr Opin Neurol. (2021) 34:22-
6. doi: 10.1097/WC0.0000000000000887

54. Stauss M, Floyd L, Becker S, Ponnusamy A, Woywodt A. Opportunities in
the cloud or pie in the sky? Current status and future perspectives of telemedicine
in nephrology. Clin Kidney J. (2021) 14:492-506. doi: 10.1093/ckj/sfaal03

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1042618
https://doi.org/10.1080/17483107.2018.1503738
https://doi.org/10.1080/17483107.2021.1998674
https://doi.org/10.2196/31051
https://doi.org/10.1093/ptj/pzaa042
https://doi.org/10.2196/24111
https://doi.org/10.1186/s11556-022-00283-3
https://doi.org/10.1016/j.parkreldis.2015.09.005
https://doi.org/10.2196/rehab.7511
https://doi.org/10.1161/STROKEAHA.121.033289
https://doi.org/10.1016/0010-4825(94)00040-W
https://doi.org/10.2196/36836
https://doi.org/10.1017/dmp.2022.219
https://doi.org/10.3390/ijerph191610325
https://doi.org/10.2196/18835
https://doi.org/10.3389/fpubh.2022.904855
https://doi.org/10.1080/23279095.2017.1363040
https://doi.org/10.1097/JNN.0000000000000423
https://doi.org/10.1097/MRR.0000000000000369
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104994
https://doi.org/10.1016/j.cortex.2012.11.006
https://doi.org/10.3389/fnagi.2021.766525
https://doi.org/10.3389/fnagi.2021.607219
https://doi.org/10.1097/NPT.0b013e3182566f3f
https://doi.org/10.3389/fneur.2017.00452
https://doi.org/10.1016/j.cct.2021.106381
https://doi.org/10.1310/tsr1606-463
https://doi.org/10.1177/1545968313517752
https://doi.org/10.2196/31007
https://doi.org/10.1097/NPT.0b013e3182a0a078
https://doi.org/10.1007/s10072-019-04194-7
https://doi.org/10.1590/0004-282x20200131
https://doi.org/10.1097/WCO.0000000000000887
https://doi.org/10.1093/ckj/sfaa103
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Virtual reality for neurorehabilitation: A bibliometric analysis of knowledge structure and theme trends
	Introduction
	Materials and methods
	Data sources and search strategy
	Data extraction and analysis

	Results
	Publication outputs and growth trend
	Active countries
	Institution distributions
	Author analysis
	Journal characteristic
	Analysis of keywords

	Discussion
	Overview of the results
	Hotspots analysis
	Keywords and trend analysis
	Summary of VR intervention
	Strength and limitations

	Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References


