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Graduate, School of Nursing, Sehan University, Yeonggam, Republic of Korea

Background: Recent years have witnessed a rapid growth in research
on accidental falls in patients with Parkinson’s Disease (PD). However, a
comprehensive and systematic bibliometric analysis is still lacking. This study
aims to systematically analyze the current status and development trends
of research related to accidental falls in patients with PD using bibliometric
methods.

Methods: We retrieved literature related to accidental falls in patients with PD
published between January 1, 2003, and December 31, 2023, from the Web of
Science Core Collection (WoSCC) database. Statistical analysis and knowledge
mapping of the literature were conducted using VOSviewer, CiteSpace, and
Microsoft Excel software.

Results: A total of 3,195 publications related to accidental falls in patients with PD
were retrieved. These articles were authored by 13,202 researchers from 3,834
institutions across 87 countries and published in 200 academic journals. Over
the past 20years, the number of published articles and citations has increased
annually. The United States and the United Kingdom have the highest number
of publications in this field, while Harvard University and Tel Aviv University are
the most influential institutions. The Parkinsonism & Related Disorders journal
published the highest number of articles, while the Movement Disorders journal
had the highest number of citations. The most prolific author is Bloem, Bastiaan
R, while the most cited author is Hausdorff, Jeffrey. The main research areas of
these publications are Neurosciences, Biomedical, Electrical & Electronic, and
Biochemistry & Molecular Biology. Currently, high-frequency keywords related
to accidental falls in patients with PD include risk factors, clinical manifestations,
and interventions. Prediction and prevention of accidental falls in such patients
is a research topic with significant potential and is currently a major focus of
research.

Conclusion: This study used bibliometric and knowledge mapping analysis to
reveal the current research status and hotspots in the field of accidental falls
in patients with PD. It also points out directions for future research. This study
can provide theoretical support and practical guidance for scholars to further
conduct related research.
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1 Introduction

Falls in patients with Parkinson’s Disease (PD) are a common
yet serious issue, with 45-68% of patients with PD worldwide
experiencing falls annually, two-thirds of whom experience
recurrent falls. This rate is twice that of falls in non-PD older adults
making it the second leading cause of accidental death in the older
population (1-3). Falls not only cause physiological pain such as
fractures and injuries, but also lead to a fear of falling, reduced
mobility, and a series of negative impacts, which in turn exacerbate
disease symptoms, reduce the quality of life, and increase medical
costs (4, 5). Therefore, preventing and controlling falls is crucial
for improving the quality of life of patients with PD, delaying
disease progression, and reducing the burden on society and
families (1).

Falls in patients with PD are associated with various factors,
such as impaired balance, motor function deficits, freezing of gait
(FoG), and postural instability (6-8). Although multiple studies
have reported on attempts to prevent and reduce falls in these
patients, there is still a lack of effective preventive measures (2,
9). Recent studies are increasing their focus on identifying risk
factors for falls in patients with PD, understanding the
pathological mechanisms, clinical characteristics of falls, and
developing preventive and intervention measures. However, the
research directions and hotspots in this field still remain unclear
(10). Therefore, it is necessary to conduct a bibliometric analysis
of the research on falls in patients with PD to gain a
comprehensive understanding of the current state and research
hotspots in this field and to clarify future research directions.

Existing bibliometric analyses have reported scientific
achievements related to deep brain stimulation, anxiety and
depression, non-motor symptoms, and prodromal symptoms of PD
as temporal trends, geographical distribution, and influencing
factors. However, to our knowledge, no bibliometric analysis
focusing on falls in patients with PD has yet been conducted.
Bibliometric analysis employs mathematical and statistical
techniques to conduct both qualitative and quantitative assessments
of research within a specific field over a designated period (11). This
method emphasizes examining countries, institutions, journals,
authors, and keywords associated with the field of study, providing
readers with an objective view of trends and emerging frontiers in
that area (12). Bibliometric analysis has been extensively utilized
across various fields, including oncology, cardiovascular diseases,
endocrinology, and traditional Chinese medicine, which has helped
in obtaining clear insights into related research (13-16). However,
the knowledge structure, evolution paths, and research hotspots
concerning falls in patients with PD have not yet been analyzed
from a bibliometric perspective. As significant progress has been
made in research related to falls in such patients over the past 2
decades, it is necessary, and timely, to conduct a bibliometric study
in this field to provide researchers with intuitive visual information
and potential research directions. This study aims to utilize
VOSviewer and CiteSpace, two bibliometric software tools, to
comprehensively analyze research on falls in patients with PD
published over the past 20 years. This analysis will construct a
knowledge map of the field, identify and analyze development
trends and research hotspots, provide researchers with valuable
references, and guide further in-depth studies in this area.
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2 Materials and methods
2.1 Data collection

We collected relevant data from the Web of Science Core
Collection (WoSCC) database, one of the largest and most
authoritative electronic scientific literature databases in the world (17).
We retrieved literature published between January 1, 2003, and
December 31, 2023. To avoid errors, we completed the download from
the WoSCC database in a single session on May 25, 2024. The search
terms used in this study were as follows: “Accidental Fall*” OR “Fall*
Accidental” OR “fall*” OR “Slip and Fall” OR “Fall and Slip” AND
“Parkinson Disease” OR “Parkinson*” OR “PD”” The document types
were limited to Article or Review Article, excluding retracted
publications. The search results were exported in “plain text” and “full
record and cited references” formats. Ultimately, 3,195 original articles
and review articles were included.

2.2 Data analysis

We imported the downloaded data into CiteSpace 6.3.R1,
VOSviewer 1.6.20 and Microsoft Excel 2019 for bibliometric and
knowledge mapping analyses. To ensure data accuracy, synonyms
were merged, and different spellings of author names and institution
names were standardized before conducting the keyword
co-occurrence analysis.

General information about the literature was extracted from Web
of Science (WOS) and organized using Microsoft Excel 2019.

VOSviewer, developed by Nees Jan van Eck and Ludo Waltman,
is a bibliometric analysis software tool that constructs and visualizes
bibliometric knowledge maps based on network data, extracting key
information from numerous publications (18). It can create visual
network maps based on collaboration data and generate keyword
knowledge maps based on co-occurrence information. The main goal
of VOSviewer is to provide users with a comprehensive view of the
dynamic development and internal structure of scientific research.

CiteSpace, developed by Professor Chaomei Chen, is a Java-based
bibliometric and visualization analysis platform (19). It can visualize
the contributions and collaboration relationships of countries and
institutions and analyze disciplinary distribution, citations,
co-citations and research hotspots, thereby uncovering potential

information and patterns within large volumes of literature data.

3 Results
3.1 Annual publication growth trend

The yearly publication trends in a specific research area serve as
an intuitive indicator of the global involvement and level of interest in
that field. It is a simple yet insightful analytical method. Our research
strategy helped retrieve 3,195 publications related to accidental falls
in patients with PD from the WoSCC database. As shown in Figure 1,
the annual publication and citation volumes in the field of “accidental
falls in patients with PD” have shown a steady upward trend from
2003 to 2023. The number of publications increased from only 31 in
2003 and 2004 to 307 in 2022, with a high correlation coefficient
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Temporal trends in annual publications and citations related to accidental falls among individuals with Parkinson’s Disease (PD) from 2003 to 2023. The
number of publications (bar) and citations (solid line) have exhibited a steady upward trajectory, reflecting a growing research interest and emphasis on
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(R*=0.9396) indicating a strong linear growth trend. During the same
period, the annual citation volume of literature in this field also
showed rapid growth.

The continual increase in both the number of publications
(N,) and citations (N;) suggests a growing interest and significant
scholarly investment in the study of accidental falls among
patients with PD. The issue of falls, a common complication in the
patient population with PD, has garnered increasing attention
from the scientific community and has become a hot research
topic. Hence, there is an urgent need in clinical practice to prevent
and manage the risk of falls in this patient group, which aligns
with the modern medical focus on improving the quality of life
of patients.

3.2 Analysis of countries and institutions

National collaboration networks help in identifying the most
influential countries in the field. In the present study, 87 countries and
3,834 institutions participated in research related to accidental falls in
patients with PD. Based on indicators such as N,, N,, H-index, and
total link strength (TLS), we ranked the top 10 countries with the
highest publication volumes (Supplementary Table S1). Figure 2A
shows the annual publication volumes of these 10 countries from 2003
to 2023. In terms of publication volume, the United States leads the
list with 1,117 papers, which is approximately three times that of the
second-ranked United Kingdom (377 papers). China was in the third
place with 282 papers. In terms of total citations, the United States
again leads significantly with 53,611 citations, followed by the
United Kingdom (20,064 citations) and Australia (16,949 citations).
The H-index also places the United States (111), the United Kingdom
(70), and the Netherlands (62) in the top 3. Hence, it can be suggested
that in terms of the quality, quantity, and impact of papers, the
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United States and the United Kingdom far surpass other countries and
dominate the field.

Additionally, there are close cooperative relationships between
countries, as shown in Figures 2B,C. In Figure 2B, countries with
purple circular nodes represent high betweenness centrality (>0.1),
with the top 5 being the United States (0.34), Canada (0.24), Spain
(0.24), France (0.22), and the United Kingdom (0.20), reflecting their
crucial roles in the research on “accidental falls in PD patients”
Figure 2C illustrates the national collaboration network, which shows
that the United States, Israel, the Netherlands, England, and Canada,
which are among the top 10 publishing countries, have close
cooperation, with the USA and Israel having the closest collaboration.

Among the top 10 research institutions in terms of publication
volume and citation frequency, Tel Aviv University of Israel ranks first
in term of publication volume (119), followed by the University of
London of the United Kingdom (115) and Radboud University of the
Netherlands (110) (Supplementary Table S2). In terms of N, and
H-index, Harvard University and Tel Aviv University are the top 2,
which reflects the strength and impact of their research. Based on the
VOS visualization of institutional collaboration networks (occurrence
frequency > 10), a total of 140 institutions were grouped into 10
clusters. The largest cluster (blue) in Figure 3 consists of Tel Aviv
University, Harvard University, and Rush University, indicating their
close cooperation and significant role in the research on accidental
falls in patients with PD.

3.3 Analysis of journals

Visual analysis of published journals and co-cited journals helps
identify the influential core journals in the field. We identified 3,195
articles related to accidental falls in patients with PD across 200
academic journals. As shown in Supplementary Table S3, the top three
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FIGURE 2
Geospatial analysis of research output related to accidental falls in individuals with Parkinson’s Disease (PD). (A) Temporal trends in annual publication
output from the top 10 prolific countries. Node size represents the annual publication count. (B) Co-occurrence network of contributing countries.
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FIGURE 2 (Continued)

Here, node size corresponds to the frequency of co-occurrence, while nodes encircled in purple indicate high betweenness centrality (>0.1), indicating
influential bridging roles. (C) Collaboration network among countries. Node size reflects publication frequency, and links represent co-authorship
relationships. Node colors denote distinct country clusters based on collaborative patterns.

Univ,
Newcastle Upongiyne Hosp Nhs F

Vrije Univ @msterdam

Karoll.(alnst oV
s |

Lur.Jnlv ! S ¢
Univi@ford:¢pfes Univ Prague
Unily Mgchester

Sichugh Univ

*,&nu'u‘.ﬁ"" 'Paulo

FIGURE 3

strength of inter-institutional collaboration.

. s Tel niv »
Northu.naUmv e Unigiel

ol Unlv Wes'n Ontarl
4

;Uni inois
\"‘ ! s Umv”ena

y\ Un?vCal/t*w‘ranc; o

UniviBristol /@ ] '

¢ Skane W@ivHosp . ). 1@

Hop La Piti@Salpetriere

Univ*iney

Radboud Univ Nijmegen Med Ctr
] et

HaN‘Univ

Yaleniv

¢ L BethIsrael Ds’ness Med Ctr
Kathohekﬁle'ul/en Mcgﬁva R ) . Unifpenn
N e ; X ¢ Un 1 i
Auckland @piv.Technol |\ " LEId’UnM aNy Univiiisbon - Jun er@ar % Un|vbrona i
\ | 7 ¢ ’Uan'f&Wﬁ’ -, ‘/ A \
Stavanger@niv Hosp sl WA S Ru‘ Harva;.ted»{seh = - Brigham & Womens Hosp
; 4 i)
} ’ st asim i & \ /
Newcgstl UnW 07N 7

L
Stanf.i Un|v

Umw W‘V ',"gén' ’ ]ohth ins Univ

KarolinskgiUniv Hosp : Ge:manCtl&N de, eneraf DigophAdt
U"NJ’aV'a Radboud Nljm egen e".)u gw‘ n%
[ ; Unwotgary {1
Univ So‘ampton Maastr‘wt Univ: 1 i/ N \ﬂ;u 3
) |v.1am| UmV Hltwetwork
Chinesa@cad Sci H‘gKong.lytenh Um\g ¥ e |
Univ Capbridge Univ Brlti‘Cdlumbla (¥ AN S A2
QueenslandiUniv Technol Sha&haljl.Tong Um\, ENC/ 2K { ‘0 0/ _'L[n'l.\_/CaI‘ik 1Dlego }
Univ nto A Univ.glorida
‘ Unl \’eter Uhtv \*erloo, ’ _ Unw V’ylan v S
A
Univ nsIand . X
: Q‘ 3 UmvB‘@rade‘t

P

\ b
= Uni&orado
1\\

3

‘ Umv \A.consln

Univ Afizona

Univ Nﬁwirmingham
\ Unwaw"?‘h Univ

La Trabe Univ
' Arizona‘te Univ
Univ Fed Minas Gerais Bostdh Univ
Univ @ris 06
@austiala St Josephs Hosp
& VOSviewer Univ Negs WaleﬁNestm‘d Hosp
Univ Féd Bahia
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institutional clusters based on collaborative patterns. Node size reflects the total publication output of each institution. Link width is proportional to the

journals with the highest number of publications are Parkinsonism ¢
Related Disorders (143 articles, 4.48%), Movement Disorders (138
articles, 4.32%), and Gait ¢ Posture (93 articles, 2.91%). These
aforementioned three journals belong to the Q1 Journal Citation
Reports (JCR) category. In terms of citations, Movement Disorders
(15,766) ranks first, with approximately three times more citations
than that in the second-ranked Parkinsonism ¢ Related Disorders
(5,313). Additionally, Movement Disorders (64) and Parkinsonism &
Related Disorders (43) also rank first and second regarding the
H-index, respectively.
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The overlay visualization of journals provides a more intuitive
representation of the thematic distribution across individual journals,
shifts in citation trajectories, and the evolution of research hubs.
We employed knowledge flow analysis to explore the evolutionary
patterns of knowledge citations and co-citation relationships among
the cited journals. In the dual-map overlay, the labels on the left
denote the citing journals, while those on the right represent the cited
journals. The colorful curves depict citation links emanating from the
citing map to the cited map, reflecting the contextual nature of the
citations. Overall, as illustrated in Figure 4, the citing references
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R

predominantly originate from the fields of Molecular, Biology,
Immunology/Medicine, Medical, and Clinical studies, which are
generally considered research frontiers. Conversely, the cited
references primarily belong to the domains of Molecular, Biology,
Genetics/Health, Nursing, Medicine/Psychology, Education, and
Social Sciences and are regarded as the knowledge base. Our analysis
reveals the interdisciplinary knowledge flow and cross-fusion patterns
in the field of accidental falls in patients with PD, reflecting the
diversity of research in this area.

3.4 Analysis of authors

Author analysis helps identify the most influential researchers in
the field. We considered 13,202 authors with published studies on
accidental falls in patients with PD. Supplementary Table 54 lists the
top 10 authors with the highest number of publications and citations.
In terms of publications, Bloem, Bastiaan R from the Netherlands
leads with 93 articles, followed closely by Hausdorff, Jeftrey (86) and
Giladi, Nir (63), both from Israel. Regarding the total number of
citations, Hausdorft, Jeffrey (12,021), Giladi, Nir (9,983), and Bloem,
Bastiaan (7,477) are the top three researchers. These three scholars
also top the list in terms of the H-index. Bloem, Bastiaan R has a high
centrality (0.12), as shown in Figure 5A, indicating his significant
influence within the research domain.

Figure 5B displays the author collaboration network, providing
information on potential research partners. The figure includes 11
different colors representing 11 clusters. The largest cluster is centered
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around Bloem, Bastiaan R from the Netherlands (orange), the second-
largest cluster (yellow) is centered around Hausdorff, Jeffrey from
Israel, and the third-largest cluster (blue) converges around Rochester,
Lynn from England, indicating close collaboration among them.

Author co-citation analysis reflects the similarity and strength
of different authors in academic research. A high co-citation
frequency between two authors indicates that their research fields
are closely related. In Figure 5C 168 authors with more than 80
citations each, form four clusters centered around Bloem, Bastiaan
R and Horak, Fay B (yellow); Hausdorft, Jeffrey and Giladi, Nir
(green); Goetz CG and Hughes AJ (blue) and Morris ME and
Ashburn A (red).

3.5 Analysis of reference

Highly cited literature can be regarded as the knowledge
foundation of subfields, representing the key carriers of research field
development. Supplementary Table S5 lists the top 10 most cited
articles in the field of accidental falls in patients with PD. The table
shows that the first six articles have over 1,000 citations, four of
which are original research papers. The most-cited paper is “The
Sydney multicenter study of Parkinson’s disease: The inevitability of
dementia at 20years” by Hely, Mariese A published in Movement
Disorders, which systematically observed and followed up patients
with PD and revealed that most patients experience varying degrees
of severe non-motor symptoms, especially dementia, falls,
and hallucinations.
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FIGURE 5
Analysis of authors in research on accidental falls among individuals with Parkinson’s Disease (PD). (A) Betweenness centrality of authors. Nodes
encircled in purple indicate high betweenness centrality, indicating influential bridging roles connecting distinct author clusters. (B) Co-authorship
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network of contributing authors. Nodes are colored by cluster membership based on collaborative patterns. Node size corresponds to the frequency
of co-authorship, while links represent co-authorship relationships between authors. (C) Co-citation network of influential authors. Node size reflects
the frequency at which an author’s works are cited by others in this research domain. Nodes are colored by cluster membership based on collaborative

patterns.

Utilization of co-citation cluster analysis can allow an objective
demonstration of the knowledge structure of the research field
(Figure 6A). “Freezing of gait: moving forward on a mysterious
clinical phenomenon” by Nutt JG, published in Lancet Neurology in
2011, has the highest centrality, as it first proposed FoG as a feature of
Parkinson’s syndrome, closely related to falls in patients with PD.

By visualizing the spread trajectory and residence time of co-cited
footprints among different clusters, we can trace the evolution of
knowledge in this field as well as the accumulation and exchange of
information among all researchers. Based on the relevance of paper,
we can place them in 23 clusters (Figure 6B). The largest cluster is
postural balance (#0). Its study began with the use of animal models
(#17) and gradually evolved into dual task (#7), cognitive change (#8),
progression (#10), gait variability (#16), subthalamic nucleus (#6), and
new hotspots such as fear of falling (#1), inertial sensors (#2), exercise
(#3), and freezing of gait (#5). From the figure, it can be seen that
postural balance (#0) evolved from cognitive change (#8) and turning
(#14). It further evolved into freezing of gait (#5) and orthostatic
hypotension (#9). Hence, it can be suggested that postural balance is
the foundation of this research field. Inertial sensors (#2), exercise
(#3), fear of falling (#1), and freezing of gait (#5) did not evolve into
new clusters from other groups, indicating that they are current
research hotspots as well as future research trends. Recent years have
seen an increase in the density of connections between research fields.

Citation burst references refer to references that experience a
significant and sudden increase in their citations within a certain
period. Figure 6C lists the top 25 articles with the strongest citation
bursts. The earliest citation burst began in 2001. The strongest burst
(strength 36.83) was noted for the paper titled “A meta-analysis of six
prospective studies of falling in Parkinson’s disease” by Pickering et al.,
which was published in Movement Disorder. This paper saw an
explosive growth in citations from 2009 to 2015. The paper “Predictors
of future falls in Parkinson disease” by Kerr et al., published in
Neurology in 2010, has the longest burst cycle of 7 years (2011-2018).
Five papers (two reviews and three articles), including “Gait
impairments in Parkinson’s disease” by Mirelman Anat published in
Lancet Neurology in 2019 and “Parkinson’s disease” by Kalia published
in Lancet Journal in 2015, are currently experiencing bursts. They
mainly focused on identifying clinical diagnostic criteria for motor
disorders, gait impairment, subtypes of falls, identification assessment,
and intervention for falls in PD, indicating that these are research
hotspots and future trends in the field.

3.6 Analysis of hotspots and frontiers

Our study involves 148 research fields related to accidental falls in
patients with PD (Figure 7A). Currently, research on PD tends to
focuses on Neurosciences/Engineering, Biomedical/Engineering,
Electrical & Electronic/Biochemistry & Molecular Biology/Chemistry,

Physical/Pharmacology =~ &  Pharmacy/Engineering, and
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Multidisciplinary fields. It is evident that research directions regarding
accidental falls in patients with PD are extensive, involving the fusion
of multiple disciplines.

Typically, keywords represent the thematic focus and content of
academic articles. By analyzing the keyword co-occurrence, we can
rapidly gain insights into the research hotspots and prevailing trends
within a particular field. We employed VOSviewer to construct a
keyword co-occurrence network, which not only showcases frequently
occurring keywords but also elucidates the co-occurrence relationships
among keywords within the same article. We selected 193 keywords
with a frequency of occurrence of >25 to construct a keyword
co-occurrence network (Figure 7B) and listed the top 20 keywords
based on their frequency. Apart from PD and fall, the keywords were
mentioned over 150 times, accounting for 38% of the total link
strength: gait (740), balance (565), elderly (529), risk factors (479),
exercise (267), quality of life (267), walking (238), dementia (226),
rehabilitation (217), postural sway (203), deep brain stimulation (201),
performance (188), levodopa (191), motor (174), prevalence (166),
multiple sclerosis (161), mobility (159), validation (156), and reliability
(154). These keywords primarily revolve around the risk factors,
clinical manifestations, and interventions for falls in patients with PD.

The timeline graph of keywords intuitively demonstrates their
evolution process in the field and the research focus at each stage.
Figure 7C shows nine active clusters of keywords. Progressive
supranuclear palsy (#0) is the earliest and largest cluster. The earliest
appearing keywords in this field include dementia, mortality,
progression, impairment, and association. The latest research hotspots
include survival, subtypes, epidemiology, and neurological
rehabilitation. Machine learning (#8) is the newest emerging cluster,
with keywords mainly related to activities of daily living, improvements
made, accelerometer, wearable sensors, and deep learning. In general,
research topics in this field have transitioned from early descriptive
studies and mechanistic explorations of falls to comprehensive clinical
assessments and subtype analyses, using new technologies such as
artificial intelligence for assessment and monitoring to aid in the
precise assessment of fall risk and to develop personalized preventive
measures in an attempt to reduce falls in patients with PD and improve
their quality of life.

Keywords exhibiting robust citation bursts can be employed as
pivotal indicators of research hotspots and frontiers. As depicted in
Figure 7D, the keyword with the highest burst intensity is progressive
supranuclear palsy (strength 12.19), and that with the longest burst
duration is cognitive function (2003-2013). Keywords currently
experiencing bursts include rehabilitation, machine learning, validity,
wearable sensors, epidemiology, and Parkinson’s disease. Hence,
these topics are both current research hotspots and future research
trends. By examining the citation burst situation of keywords, we can
trace the development trajectory of the field, which typically began
with the initial focus on the etiology and risk factor research,
gradually transitioning to mechanistic exploration, and now
concentrating on the rehabilitation measures for preventing falls in
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FIGURE 6

Reference analysis in research on accidental falls among individuals with Parkinson’s Disease (PD). (A) Co-citation network visualization. Node size
represents citation frequency, while purple nodes indicate high betweenness centrality (>0.1), suggesting influential works bridging distinct research
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Top 25 References with the Strongest Citation Bursts
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clusters. Node color gradients from pink to blue depict temporal patterns, with pink indicating more recent publications. (B) Clustering of references
based on semantic similarity, including #0 dual task, #1 fear of falling, #2 exercise, #3 balance impairment, #4 freezing of gait, #5 dance, #6 wearable
technology, #7 festination, and others. Pink arrows indicate the primary citation flow within each cluster. (C) Top 25 references with the strongest
citation bursts. Red bars indicate years with significantly elevated citation counts, revealing emergent publications that attracted intense scholarly

attention over a specific period.

patients with PD and the application of new technologies to predict
and prevent falls. Therefore, the current research hotspots and trends
include the roles of rehabilitation exercise and tele-rehabilitation,
artificial intelligence, and wearable devices in preventing falls in
patients with PD.

4 Discussion
4.1 General information

Over a period of 20years, 3,195 research articles related to
accidental falls in patients with PD were published across 200
academic journals by 13,202 authors from 3,834 institutions in 87
countries. Since 2003, the annual publication volume in this field has
seen a steady and rapid growth, with the number of publications in
2022 being 10 times that of 2003. This result indicates that accidental
falls in patients with PD are one of the more popular research areas,
attracting significant academic attention.

National and institutional visualization analyses show that the
United States and the United Kingdom are the top-ranked countries
in terms of N,, N, and H-index. Five of these top 10 high-yield
institutions are in the United States, and two are in the
United Kingdom. The United States and the United Kingdom also
have high betweenness centrality, indicating their crucial bridging
role in the global cooperation network in this field. In terms of
institutional collaboration, there is a close relationship between Tel
Aviv University of Israel and Harvard University and Rush University
of the United States. Hence, it can be suggested that the United States
and the United Kingdom dominate the research in accidental falls in
patients with PD. This dominance is likely related to the local
governments’ emphasis and support policies for this field, as well as
a higher degree of population aging in these countries. As the trend
of population aging becomes more pronounced, the need to prevent
and manage common complications in the older population, such as
falls, will become increasingly urgent. Hence, investment in related
research will continue to increase.

An analysis of journals and fields reveals that Parkinsonism e
Related Disorders and Movement Disorders are at the forefront in terms
of publication output and citation impact, underscoring the pivotal
role that these two journals play in the research domain of accidental
falls among individuals with PD (Supplementary Table S3; Figure 3).
Notably, three of the top 10 high-yield journals belong to the Q1
category of the JCR, indicating that research endeavors within this
field garner substantial recognition and significance within the global
academic community. These popular journals mainly involve
disciplines related to Medicine, Medical, and Clinical studies,
consistent with the analysis of journal overlay maps. The current
research primarily focuses on exploring the mechanisms and
interventions for falls in patients with PD. At the same time, emerging
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trends in fall management strategies, the evaluation of intervention
effects, and the application of new technologies have also been noted.

In terms of authors, Bloem, Bastiaan R from the Netherlands and
Hausdorff, Jeffrey and Giladi, Nir from Israel have published the
highest number of articles, with the highest citation counts and
H-index. Bloem, Bastiaan R has the highest betweenness centrality,
forming the largest cluster in both cooperation networks and
co-citations, indicating his outstanding academic status in this field.
Bloem, Bastiaan R and his team have explored various aspects of falls
in patients with PD, including pathophysiology, the relationship
between cognition and gait, the relationship between falls and FoG,
physical therapy and exercise interventions, and comprehensive care.

According to Supplementary Table S5, the top 10 most-cited
articles, with four articles being original research articles, primarily
address the clinical characteristics of falls in patients with PD,
physiological and psychological behavioral factors related to falls, risk
prediction, and intervention measures (20-29). The highest
betweenness centrality belongs to Nutt JG, who first proposed a close
relationship between the FoG and falls in PD. Cluster dependency
analysis indicated the following as the current research hotspots and
future research trends: fear of falling, inertial sensors, exercise, and
FoG. Citation burst analysis indicates research outcomes that have
attracted widespread attention and frequent citations within a certain
period, effectively capturing research dynamics and hotspot transitions
in this field. The earliest citation burst began in 2001, with the strongest
burst from a 2007 meta-analysis by Pickering RM et al., and a 2010
article by Kerr GK et al. attracted a sustained citation burst for 7 years.
Among the five papers still experiencing citation bursts, three are
articles and two are reviews. These papers comprehensively discuss the
clinical diagnostic criteria for Parkinsons motor disorders, gait
impairment, fall subtypes in PD, along with the assessment and
intervention of falls.

4.2 Hotspots and trends

One of the quintessential functions of bibliometrics analysis is its
ability to process and analyze vast quantities of data, providing
researchers with invaluable insights into the dynamic landscape of
research trends (11). An investigation of frequently occurring
keywords will help in the identifying shifting paradigms and
prominent thematic areas, which are essential for understanding the
evolutionary trajectory of a particular academic domain (11).

Before exploring specific analyses, let us first acquire a macro-level
perspective on the evolution of keywords related to accidental falls
among individuals with PD, spanning the period from 2003 to 2023.
As shown in Figure 7C, the early stages of research primarily focused
on the characteristics and risk factors of falls in PD, emphasizing the
role of cognitive decline and basal ganglia lesions in falls. Subsequently,
the focus shifted to exploring the pathophysiological mechanisms
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Top 25 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 2003 - 2024
alzheimers disease 2003 ©.28 2003 2008
community 2003 ©.08 2003 2008
lewy body 2003 7.47 2003 2011
cognitive function 2003 6.24 2003 2013
progressive supranuclear palsy 2004 12.19 2004 2011
richardson olszewski syndrome 2004 ©.86 2004 2011
multiple system atrophy 2004 9.77 2004 2011
corticobasal degeneration 2004 8.46 2004 2011
natural history 2004 7.28 2004 2008
subthalamic nucleus stimulation 2004 6.71 2004 2013
elderly patients 2005 12.02 2005 2012
basal ganglia 2003 8.47 2005 2013 _
population 2006 ©.19 2006 2014
follow up 2008 5.85 2008 2015
muscle strength 2009 6.19 2009 2015 —
randomized controlled trial 2007 7.26 2012 2015 —
cohort 2007 5.87 2015 2018 —
mild cognitive impairment 2010 6.17 2016 2017 J—
management 2007 6.08 2017 2019 —
2007 ©.34 2019 2024

ine learning 2019 6.94 2020 2024 . —
validity 2008 6.87 2020 2024
wearable sensors 2019 8.24 2021 2024 e —
epidemiology 2021 8.12 2021 2024 —
parkinson’'s disecase 2022 8.33 2022 2024 —_—

FIGURE 7
Analytical overview of research domains and prominent keywords in the study of accidental falls among individuals with Parkinson’s Disease (PD).
(A) Co-occurrence network of contributing research fields/disciplines. Node size represents citation frequency, while purple nodes indicate high
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betweenness centrality (>0.1), suggesting influential works bridging distinct research clusters. (B) Co-occurrence network of prominent keywords,
where node size represents frequency and links indicate co-occurrence relationships. (C) Temporal view depicting the emergence and evolution of
key terms over time. (D) Top 25 keywords exhibiting the strongest citation bursts. Red bars indicate years with significantly elevated citation counts for
a given keyword, signaling emergent research trends that attracted intense scholarly attention.

related to falls and attempting intervention methods. Through
epidemiological surveys, longitudinal follow-ups, and randomized
controlled trials, researchers analyzed the occurrence, development
patterns, and influencing factors of falls in patients with PD. In recent
years, research hotspots have mainly centered on rehabilitation
measures as well as on the use of new technologies to predict and
prevent falls. Keywords, such as rehabilitation, machine learning,
validity, wearable sensors, and epidemiology, have been gaining
prominence since 2019, reflecting the development trends in this field.
Therefore, the roles of rehabilitation exercise and tele-rehabilitation,
artificial intelligence, and wearable devices in preventing falls in
patients with PD have been identified as the current research hotspots
and trends.

4.2.1 Rehabilitation exercise and
tele-rehabilitation in preventing falls in patients
with PD

Parkinson’s Disease is a progressively worsening neurodegenerative
disorder, primarily characterized by motor dysfunction, cognitive
impairment, and autonomic nervous system disturbances (30). As the
disease progresses, patients often experience gait disturbances and
decreased balance, significantly increasing the risk of falls (30). Falls
not only cause a direct physical harm to patients but also exacerbate
psychological burdens, increase medical costs, and reduce the quality
of life (4, 5). Therefore, preventing and reducing falls in patients with
PD has become a current research focus. Exercise training, a
non-pharmacological intervention, has been proven to effectively
improve both motor and non-motor symptoms in patients with PD
by enhancing their muscle strength, improving posture control,
increasing coordination, and boosting mental health. Consequently,
the risk of fall significantly decreases and the quality of life increases
for both patients and caregivers (6, 9, 31, 32). In recent years, various
types of exercise training programs have been widely applied in the
treatment of PD (32).

Home exercise games, protective step training, music therapy, Tai
Chi and tele-rehabilitation are some of the methods that can improve
balance and reduce fall risk in patients with PD (6, 31-33). A study
involving 22 patients with PD undergoing a 4-week split-belt treadmill
gait adaptation training found that they could effectively learn and
retain the ability to overcome movement perturbations (10). Pelicioni
et al. reported that a 12-week program combining home exercise
games with unsupervised volitional step training improved the
balance recovery of patients from induced perturbations, volitional
stepping time, and stepping accuracy during cognitively challenging
tests (34). Protective step training and music therapy improve balance
through rhythmic stimulation (35, 36). Tai Chi not only enhances gait
and stability but also aids in cognitive improvement, making it a
beneficial exercise for reducing fall risk in this population (37, 38).

Tele-rehabilitation, as an adjunct, plays a crucial role in home
exercise, fall reporting, and monitoring, thereby enhancing the health-
related quality of life (HRQoL) of patients (39). Afshari et al.
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implemented video-based  tele-physical/occupational therapy
rehabilitation for 15 patients with PD and their caregivers and showed
that fall risk decreased and home safety improved after 6 months (40).
Li et al. developed a machine learning-based model to automatically
recognize FOG in patients with PD using videos captured by
smartphones. This model can be used for rapid assessment of FoG in
the home environment as well as for remote management of FoG-PD
(41). These applications did not increase the incidence of severe
adverse events and were found to be simple, acceptable, and user-
friendly for patients with PD (42, 43).

However, no standardized treatment protocol has yet been
developed. In addition, the effectiveness of rehabilitation exercises may
vary among individuals (32). Therefore, rehabilitation plans should
be personalized based on the specific condition of each patient.
Multidisciplinary team cooperation, including physical therapists and
exercise trainers, is essential for developing and implementing effective
rehabilitation exercise programs (6, 31). Future research should continue
to explore the long-term efficacy and feasibility of different types of
rehabilitation exercises in preventing falls in patients with PD to optimize
intervention strategies and further benefit the patient population.

4.2.2 Role of artificial intelligence in preventing
falls in patients with PD

In recent years, machine learning has shown broad application
prospects in health care. Its use in preventing falls among patients with
PD has garnered increasing attention (44). Owing to its powerful data
processing and analysis capabilities, machine learning offers new
approaches for accurate and effective risk assessment, early prediction,
intelligent monitoring, and rehabilitation exercises for patients with
PD (44, 45).

For fall risk assessment, combining smartphone inertial sensors
with actual measurements and analyzing fall-related risk factors through
machine learning has led to the development of simple, fast and accurate
fall risk assessment programs, providing a new decision-making model
for fall screenings (46, 47). In early prediction, Juwara et al. developed
a machine learning-based model to predict the loss of balance and falls
in the mid-to-late stage in patients with PD, effectively predicting fall
risk (48). Venuto et al. developed a dynamic progression clinical
prediction model based on changes in motor disorder scores, which can
predict walking ability in patients with PD (49). Additionally, machine
learning plays a crucial role in intelligent monitoring, assisted decision-
making, and personalized intervention for falls in patients with PD
through data collection and analysis (50-52).

Al-driven virtual reality and gamified training systems provide
patients with PD a safe and realistic environment. These systems can
design customized comprehensive training programs for balance, gait
and cognition based on individual patient conditions, enhancing
their motor coordination abilities (53-55). A previous meta-analysis
indicated that virtual reality (VR)-based balance training is more
effective in immediately improving balance abilities in patients with
PD post-training, especially in individuals with high baseline
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postural instability (55). Non-immersive VR can improve balance,
reducing the risk and frequency of falls (53). However, challenges
such as data privacy and security, model interpretability and
credibility, and individual variability remain (45). Hence, future
research should continue to address these issues to promote the
widespread clinical application of machine learning, further
improving the quality of life of patients with PD (45).

4.2.3 Role of wearable devices in preventing falls
in patients with PD

Wearable devices play a significant role in preventing falls in
patients with PD by providing real-time monitoring, data analysis, and
personalized prevention plans. These devices also assist with gait
training and enhance the autonomy and compliance of exercises.
Consequently, they themselves have become a research hotspot in
recent years. Portable smart devices integrating motion sensors and
physiological monitoring have shown broad application prospects in the
health care, particularly in improving self-management for patients with
chronic diseases (56-58). For patients with PD at a high risk of falls,
wearable devices offer new solutions for fall prevention through
convenient monitoring and data collection capabilities (59-61).

Recent research focuses on the relationship between gait
abnormalities and fall risk in PD, with wearable devices providing new
opportunities for fall prediction and continuous monitoring (58, 60).
A previous meta-analysis indicated that using wearable devices to
capture FOG and fall incidents in patients with PD can effectively
prevent falls (62). Inertial sensor gait data have demonstrated that they
are capable of providing personalized and accurate risk assessments
(63). Wearable fall
electromechanical systems inertial sensors can distinguish between

detection systems based on micro-
fall behaviors and normal activities by capturing gait and turning data,
issuing warnings in advance (64, 65). Wearable devices with inertial
measurement units record spatiotemporal gait characteristics in the
daily lives of patients, providing references for fall risk assessment
(66). Botonis et al. developed an anti-fall safety airbag vest with
built-in wearable sensors to protect patients from accidental falls and
reduce impact (67). Additionally, wearable devices equipped with
voice recognition and video call functions can intelligently seek help
in the event of a fall, accelerating rescue response and mitigating fall
consequences (68).

Robot-assisted therapy not only improves HRQoL in patients
with PD but also enhances cognition, psychological behavior and
fear of falling (69). Wearable sensors are also used to assist with
exercise, remote monitoring, and improving treatment compliance
(69, 70). Kim et al. developed a soft wearable robot that enhances
hip flexion to assist patients with PD in walking, enabling them to
walk longer distances, at faster speeds and with improved gait
quality (71). Adaptive robot-assisted ground gait training can
improve the hip range of motion, gait speed, and stride length in
patients with PD, reduce stride duration, and lower the fall risk
(72). However, different patients have varying levels of acceptance
and usage habits regarding wearable devices, which may affect
their promotion and effectiveness of application. Hence, future
research should continue to optimize device performance, address
data privacy and security issues, and enhance patient acceptance
and compliance to achieve widespread clinical application of
wearable devices, further improving the quality of life of
such patients.
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4.3 Limitations

This study is subject to several limitations that warrant
acknowledgment. Firstly, all data were sourced from WoSCC. Although
this database includes most major publications, some relevant
literature might still be missing. Secondly, the analysis only covered
published literature, excluding ongoing research or unpublished data,
which might introduce a publication bias. Lastly, the analytical
software employed, such as CiteSpace and VOSviewer, inherently
possesses certain limitations. For instance, terms extracted from titles,
abstracts, and keywords may exhibit substantial variability during
cluster analysis. In addition, there is no guarantee that all synonymous
terms will be successfully grouped together.

5 Conclusion

The number of publications on accidental falls in patients with PD
has been increasing annually, indicating a growing interest in this
research area. The United States and the United Kingdom are the major
contributors to this field. The journals Parkinsonism ¢ Related Disorders
and Movement Disorders demonstrate a significant influence in this
domain. Professor Bloem Bastiaan R from the Netherlands has made
outstanding contributions to this research area. Currently,
Neurosciences and Biomedical are the most prominent research
directions in this field. Rehabilitation exercises for preventing falls in
patients with PD, as well as the application of machine learning and
wearable technology, are current research hotspots and trends. Our
study may help construct a knowledge map of the field, identify and
analyze development trends and research hotspots, provide researchers
with valuable references, and guide further in-depth studies in this field.
Our bibliometric analysis provides an objective perspective on the
research of accidental falls in patients with PD, helping scholars track

knowledge development and identify future research directions.
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