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Abstract: During the past decade, mounting evidence has increasingly linked programmed cell death (PCD) to the progression and 
development of osteoarthritis (OA). There is a significant need for a thorough scientometric analysis that recapitulates the relationship 
between PCD and OA. This study aimed to collect articles and reviews focusing on PCD in OA, extracting data from January 1st, 
2013, to October 31st, 2023, using the Web of Science. Various tools, including VOSviewer, CiteSpace, Pajek, Scimago Graphica, and 
the R package, were employed for scientometric and visualization analyses. Notably, China, the USA, and South Korea emerged as 
major contributors, collectively responsible for more than 85% of published papers and significantly influencing research in this field. 
Among different institutions, Shanghai Jiao Tong University, Xi’an Jiao Tong University, and Zhejiang University exhibited the 
highest productivity. Prolific authors included Wang Wei, Wang Jing, and Zhang Li. Osteoarthritis and Cartilage had the most 
publications in this area. Keywords related to PCD in OA prominently highlighted ‘chondrocytes’, ‘inflammation’, and ‘oxidative 
stress’, recognized as pivotal mechanisms contributing to PCD within OA. This study presents the first comprehensive scientometric 
analysis, offering a broad perspective on the knowledge framework and evolving patterns concerning PCD in relation to OA over the 
last decade. Such insights can aid researchers in comprehensively understanding this field and provide valuable directions for future 
explorations. 
Keywords: global scientific frontiers, programmed cell death, osteoarthritis, scientometrics, visualization analysis

Introduction
Osteoarthritis (OA), the most prevalent form of arthritis,1 affects approximately 7% of the global population.2 As the 
aging population grows and obesity rates increase, the incidence of OA is projected to rise.3 This presents significant and 
unavoidable challenges to global healthcare systems and the public health infrastructure of individual nations.4 Due to 
our limited understanding of the molecular mechanisms underlying the onset and progression of OA, current treatments 
primarily focus on long-term pain relief, restoring functionality, and enabling early resumption of daily activities.5 In 
advanced cases, consideration is given to arthroplasty.6 Elucidating the molecular mechanisms of OA is crucial for 
significantly improving therapeutic effectiveness.

Previously, OA was attributed to excessive mechanical stress leading to articular cartilage destruction. However, recent 
studies have unveiled a more complex process involving inflammation, metabolic factors, and cell death.7 OA affects all 
joint areas, causing cell death and degradation of the extracellular matrix (ECM).8,9 During the development of OA, 
inflammatory mediators such as reactive oxygen species, interleukins, and matrix metalloproteinases (MMPs) are closely 
associated with cell death, involving mitochondrial, death receptor, and other signaling pathways.10 New discoveries have 
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provided fresh perspectives on the mechanisms of regulated cell death and their in vivo significance for OA pathology, 
indicating a potential significant impact of regulated cell death on OA pathology.11 Consequently, understanding the 
pathogenic process of OA by elucidating various mechanisms of cell death is essential for researchers.12

Cell death, a common occurrence in normal tissues, represents the irreversible cessation of essential life processes and 
plays a pivotal role in maintaining tissue function and structure. It encompasses both accidental cell death (ACD) and 
programmed cell death (PCD).13–15 ACD occurs due to significant mechanical, physical, or chemical damage in extreme 
environments, while PCD denotes a regulated form of cell demise governed by specific signaling pathways and well- 
defined operational mechanisms, which occurs under physiological senescence conditions.7,16 Hence, PCD is intricately 
linked to the onset and progression of OA within genuine age-related clinical scenarios.17,18 PCD broadly categorizes into 
two primary types: apoptotic and non-apoptotic.15,16 Non-apoptotic forms of PCD, such as autophagy,19 ferroptosis,20 

necroptosis,21 pyroptosis,22 cuproptosis,23 and a more recently identified type known as disulfidptosis, discovered in 
2023,24 have been identified. Recent research has explored the association between PCD and OA, proposing that PCD 
could serve as a significant risk factor for OA.10,25–27 Different types of PCD play distinct roles in OA. Some, like 
apoptosis,10 pyroptosis,27 cuproptosis,28 ferroptosis,29 and necroptosis,30 can either trigger or exacerbate OA. Conversely, 
autophagy has shown potential in mitigating OA progression, thereby protecting cartilage.31 The development of new 
approaches to selectively regulate PCD pathways has brought great hope to prevent and treat human diseases (such as 
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OA) that avoid cell (such as chondrocytes) loss.16,32,33 Therefore, emphasizing PCD and unraveling its fundamental 
regulatory mechanisms could pave the way for more effective strategies in treating OA.

Despite numerous reviews delving into PCD’s role in OA,4,10,12,25,27,34,35 there remains a gap in visualized analyses 
and comprehensive summaries delineating developmental trends, primary contributors, and core research priorities. This 
research aims to function as a valuable asset for both experienced individuals and those new to the field, facilitating in- 
depth assessments within their respective fields, exploration of emerging areas, and the development of well-informed 
strategies for future research, all supported by visual aids. To our knowledge, this aspect, which significantly augments 
research efficiency, has not been previously explored in scientometric investigations.

Materials and Methods
Retrieval Strategy & Data Collection
Widely recognized for its standardized and high-caliber academic publication data, the Web of Science Core Collection 
(WoSCC) stands out as a renowned resource for scientometric analysis, offering a comprehensive tool for tracking the 
evolution of scientific frontiers.36–39 The WoSCC not only provides scientometric software with general statistics,39 but 
has also demonstrated superior accuracy in document type labeling compared to other databases.40 In the present 
investigation, an extensive online search was carried out within the WoSCC, with a particular emphasis on original 
research and reviews associated with “PCD-OA”. The search spanned from January 1st, 2013, to October 31st, 2023. To 
ensure both sensitivity and precision in our search strategy, we utilized a combination of Medical Subject Heading terms 
and free words. The methodology underwent rigorous iterative testing and refinement, involving three authors (SYC, 
YHW, and YHY) to ensure comprehensive coverage. For additional details, refer to the Supplementary Table 1.

Criteria for Inclusion and Exclusion
The selection process was guided by clear and predefined criteria. Inclusions comprised research pertinent to PCD in OA, 
encompassing both original articles and reviews published in English. Conversely, exclusions comprised dissertations, letters, 
commentaries, editorials, conference abstracts, and studies published under similar or different titles across various journals. 
Finalizing the inclusion and exclusion criteria involved thorough discussions among team members and peer groups.

Visualization and Statistical Analysis
The dataset retrieved from WoSCC underwent analysis using multiple software tools and databases, including WPS Office 12.1.0 
(Kingsoft Office, China), VOSviewer 1.6.18 (Leiden University, Netherlands), CiteSpace version 6.2.R5 (Chaomei Chen, 
China), Pajek version 5.16 (University of Ljubljana, Slovenia), Scimago Graphica version 1.0.35 (https://www.graphica.app/, 
USA), the STRING database (http://string-db.org/), and Cytoscape software (version 3.8.2). The analysis also involved various 
R packages such as chorddiag, complexHeatmap, circlize, enrichplot, ggplot2, and Clusterprofiler within R Studio version 4.2.0.

Conducting co-occurrence analysis involved utilizing VOSviewer and Pajek to reveal patterns among countries, 
institutions, authors, journals, research fields, keywords, and diseases. For analyzing the temporal evolution of keyword 
intensity, Scimago Graphica was employed. Keyword heatmaps were generated using the complexHeatmap and circlize 
R packages. CiteSpace was employed to facilitate visual analysis, generating maps for countries, institutions, authors, 
journals, co-cited literature, and keywords. Furthermore, the chorddiag R package was utilized to visualize the publishing 
landscape. In performing gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses, the ggplot2, enrichplot, and clusterprofiler packages were deployed. The Protein-Protein 
Interaction (PPI) network was assessed through the STRING database and visualized using Cytoscape software.

Results and Discussion
Output Trends Over the Years
Figure 1A illustrates the process of data retrieval and collection. The research trajectory of a study is reflected in the 
volume of publications over a defined period.41 From 2013 to 2023, we compiled 3,579 relevant pieces of literature 
(3,160 original articles and 419 reviews) focusing on PCD research in OA. This resulted in an average of 357.9 
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Figure 1 (A) Flow Diagram of Literature Search and Selection. (B) Research Publications on “Programmed Cell Death-Osteoarthritis” from 2013 to 2023.
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publications annually. The scholarly output in this field has consistently increased over the last decade, with annual 
relevant publications exceeding 500 starting in 2021 and reaching a peak of 614 in 2022. This surge signifies a growth of 
more than fivefold compared to the 2012 count, expanding each year by 20.98%. The sustained increase in publications 
over the last decade signifies robust research vigor in exploring the relationship between PCD and OA, underscoring the 
field’s importance and its potential impact on our understanding of OA pathogenesis and treatment. To present 
a comprehensive yearly distribution, an exponential equation, y = 94.773e0.1791x (R2 = 0.9453, where x represents 
the year and y denotes the annual publication quantity), was employed, yielding a well-fitted curve (Figure 1B). As per 
this curve, a continual increase in annual publications is projected, indicating a growing interest and commitment to 
understanding the role of PCD in OA. The scientific community anticipates significant advancements in comprehending 
the molecular mechanisms involving PCD in OA, potentially leading to novel therapeutic interventions.

Countries/Regions’ Research and Their Connections
The exploration of PCD in OA involves contributions from 74 countries/regions. To scrutinize the collaboration in PCD in OA, 
national collaboration diagrams were generated, utilizing a minimum publication threshold of ten documents per region 
(Figure 2A and B). The geographical representation utilizes separate spheres to depict individual nations or regions, with sphere 

Figure 2 (A) Co-occurrence Network and Cooperation Geo-heatmap. Each sphere represents a country, and the line’s thickness connecting the spheres signifies the 
strength of cooperation between nations. Additionally, the size of each sphere corresponds to the number of publications from that particular country. (B) Chord Maps for 
Country/Region Partnerships. Each outer curve represents a country, with line thickness directly correlating to the strength of collaboration between countries. (C) 
Document Numbers related to “Programmed Cell Death-Osteoarthritis” Highlighted in Top 10 Countries (red areas indicate document surges).
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color denoting the clustering relationship among study areas. These regions are subsequently classified into four separate clusters 
according to their collaboration levels. Within this representation, the thickness of connecting lines between spheres indicates the 
degree of collaboration, while the size of each sphere correlates with the number of published documents originating from that 
nation. The chord diagram enhances the analysis by presenting different countries or regions through outer curve segments. In this 
context, the length of a segment reflects the volume of publications from that particular location. Furthermore, the thickness of 
connections between countries indicates the intensity of collaboration.

Figure 2A presents a global productivity map, highlighting predominant publication concentrations across Asian, 
North American, and European countries. Leading this productivity is China, emerging as the primary contributor with 
2,547 publications, constituting 71.17% of the total. The USA and South Korea follow closely, contributing 10.81% (n = 
387) and 4.02% (n = 144) respectively. Surpassing other country pairs in collaboration frequency (link strength = 112), 
China and the USA demonstrate significant academic engagement (Figure 2B). Publication volume often signifies 
a region’s prominence in a field.42 China and the USA, with their substantial contributions to PCD in OA publications, 
underscore their academic standing and impact in this domain. Their joint efforts are positioned to propel theoretical 
innovation and tackle technical challenges within this field.43

Examining citation bursts proves to be a valuable approach to pinpointing items undergoing significant increases in 
citations within a designated timeframe, providing valuable insights into the dynamics and trajectory of a particular field. 
This scrutiny of rapidly accumulating citations aids in recognizing emerging trends that capture the focus of researchers. 
Figure 2C presents the citation bursts among the leading 10 countries, with the burst magnitude depicted by the red line 
for each country. Particularly noteworthy is the significant surge in publications experienced by the USA (strength = 
15.72) between 2013 and 2017, closely followed by Japan (strength = 14.33). These bursts in publications during specific 
periods highlight the dynamic nature of the field and provide valuable cues for future research directions.

The in-depth examination of research and collaboration patterns among countries/regions in the context of “PCD- 
OA” offers a valuable information repository for both researchers and industry practitioners. This data not only facilitates 
the guidance of collaborative efforts but also aids in the identification of influential contributors. Moreover, it serves as 
a crucial foundation for strategic decision-making in research and development initiatives associated with PCD in OA.

Institutional Performance Insights
In the preceding decade, a total of 2,979 institutions have played a significant role in research pertaining to PCD within 
the framework of OA. Particularly noteworthy is the leadership of Shanghai Jiao Tong University in this pursuit, boasting 
118 publications (3.29%). It is closely trailed by the Chinese Academy of Sciences (110, 3.07%) and Sichuan University 
(108, 3.01%). To visually represent collaboration among these research institutions, a collaboration map was generated, 
applying a minimum threshold of 25 publications per institution (Figure 3A). In this visualization, each sphere-text 
combination symbolizes an institution, and connecting lines denote instances of collaboration. The thickness of these 
lines reflects the strength of collaboration, while the size of each circle corresponds to the institution’s publication count. 
This comprehensive information not only offers insights into collaboration dynamics but also serves as a valuable 
reference for identifying collaboration opportunities and establishing potential research partnerships.

Our analysis brought to light an active collaboration between Zhejiang University, particularly with Wenzhou Medical 
University. This highlights a regional collaborative network that holds potential implications for local research initiatives 
and industry collaborations. Such insights can serve as valuable guidance for industry practitioners seeking to establish 
connections with key research institutions, whether for joint ventures, clinical trials, or technology transfer. To comple-
ment this collaborative perspective, we utilized CiteSpace (Figure 3B) to identify institutions experiencing notable 
citation bursts. From 2013 to 2018, the Scripps Research Institute led the pack, followed closely by Rush University and 
the University of California San Diego within the same timeframe. Interestingly, this surge has not persisted over the last 
five years. Delving into the reasons behind these trends is crucial for both researchers and industry practitioners. Factors 
such as shifts in research focus, emerging competitors, or changes in funding dynamics could provide valuable insights 
into understanding and adapting to the evolving landscape.
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Figure 3 (A) Institutional Co-occurrence Analysis Map. The combination of spheres and text represents an entity, symbolizing an institution; connecting lines between 
circles represent collaborative occurrences among institutions; the thickness of the lines indicates the strength of collaboration between institutions; the size of circles is 
positively correlated with the number of publications from the institutions. (B) Citation Bursts in Top 10 Institutions (red bars represent burst periods for institutions).
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Authors’ Analysis
During our analysis of authorship information, a cumulative count of 16,443 contributors was identified for publications 
addressing PCD in the context of OA. Notably, 19 authors exhibited prolific involvement, each credited with at least 10 
papers. This insight sheds light on key contributors in the “PCD-OA” domain and presents an opportunity for researchers 
to leverage their expertise and insights. Collaboration and mentorship possibilities could emerge from understanding the 
significant contributions of these authors. For the visual depiction of co-authorship networks, VOSviewer software was 
utilized, establishing a minimum threshold of ten documents per author. The resulting visualization employs varying 
circle sizes to indicate the quantity of documents authored by each individual, while distinct colors represent separate 
clusters. The strength of collaboration is illustrated by the thickness of connecting lines between circles. Among the 90 
authors meeting this threshold, Guo Fengjing and Sun Kai stood out for exhibiting the closest collaborative ties 
(Figure 4A). Additionally, Wang Wei, Wang Jing, and Zhang Li emerged as the foremost contributors, emphasizing 
their significant role in the “PCD-OA” domain.

The author cluster analysis chart depicted 218 nodes and 236 lines (Figure 4B). CiteSpace offers Modularity (Q value) and 
Mean Silhouette (S value) as measures derived from the network structure and clustering clarity. Q values exceeding 0.3 
generally indicate substantial clustering structure, while S values surpassing 0.5 suggest reasonable clustering. The cluster 
module value (Q) recorded 0.8429, and the average silhouette value (S) was 0.9403. Hence, it is evident that the clustering 
structure of authors is notably significant and reasonably convincing. These authors were categorized into 14 clusters labeled 
as follows: #0 mitochondria-dependent apoptosis, #1 Kashin-Beck disease, #2 osteopontin, #3 Matrix Metalloproteinase 13, 
#4 long coding ribonucleic acids, #5 loc727924, #6 ferroptosis, #7 gastrodin, #8 cartilage generation, #9 meteorin-like, #10 
jun, #13 osteoblast, #14 animal models, and #19 Heme Oxygenase-1 pathway. The categorization of authors into 14 clusters 
based on research themes allows researchers to align their work with specific clusters, fostering a more focused and thematic 
research approach. This categorization is equally valuable for companies or organizations seeking to initiate focused 
collaborations or identify experts in particular research domains.

Crucial indicators, known as citation bursts, unveil an author’s frequency of citations within a specific field over 
a designated period. Figure 4C showcases the top 10 authors with the highest citations related to PCD in OA. Guo Xiong 
takes the lead with a citation burst strength of 5.05, closely trailed by Zhang Li. Prominent authors, including Wang 
Xiangyang, Xu Kai, Wu Lidong, Zhang Xiaolei, and Wang Peimin, have notably increased their publication output in the 
past four years, signaling their dedicated focus on research in this area. These highly cited authors not only provide valuable 
insights into the “PCD-OA” field but also, to some extent, can serve as benchmarks guiding future research directions.

This section offers a wealth of information for both researchers and industry practitioners. It equips them to navigate 
the complex landscape of “PCD-OA” research, identify key contributors, explore collaboration opportunities, and stay 
informed about influential trends in the field.

Journals and Their Associated Fields Analysis
Visualizing journal publication data revealed articles on PCD in OA across 732 journals. Employing a minimum 
threshold of 15 documents per journal, we generated a thermodynamic chart illustrating the distribution of these 
documents across journals. The chart’s color intensity corresponded to the quantity of published journal documents 
(Figure 5A). To depict journal publications, clustering maps were crafted with a minimum publication threshold of 8 
documents per journal (Figure 5B). Unique color regions denoted specific clustering details, and circle size directly 
correlated with the number of documents published by each journal. “Osteoarthritis and Cartilage” emerged as the 
leading journal, having published the highest number of documents (n = 114), closely followed by “International Journal 
of Molecular Sciences” (n = 95) and “International Immunopharmacology” (n = 89). Additionally, we compiled a list 
highlighting the top 20 journals with the highest citation rates for PCD-related publications in OA (Figure 5C). This 
information is crucial for researchers, aiding them in recognizing key platforms for disseminating their work and staying 
updated on the latest research trends.

The dual maps effectively illustrate the interconnectedness of journals across disciplines, tracing the evolution of 
citations and shifts in scientific research hubs.44 These maps feature labels that highlight the various study areas covered 
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Figure 4 (A) Co-occurrence Map of Authors. Circles and text labels form a node, with different colors representing distinct clusters. (B) Cluster Analysis Chart of 
Authors. The superimposition of circle sizes, ie, the sum of the sizes corresponding to the tree rings, is directly proportional to the author’s publications; purple indicates 
earlier publication times, yellow represents later publication times, and overlaid colors signify publications by the author in the respective years. Connecting lines between 
circles represent co-authorship among authors. (C) Top 10 Authors with Strongest Citation Bursts in Publications Related to “Programmed Cell Death-Osteoarthritis”.
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Figure 5 (A) Density Visualization Map of Journal Citations. The color intensity correlates directly with the volume of publications. (B) Journal Clustering Visualization Map. 
Circles and labels together form a node; the size of the circle is positively correlated with the journal’s publication volume, and colors represent different clusters. (C) Top 
20 Journals with Strongest Citation Bursts in Publications related to Programmed Cell Death (PCD) in Osteoarthritis (OA). (D) Dual-map Overlay of Journals Related to 
PCD in OA. Every point in the graph signifies a journal, while the curves bridging the graph’s left and right parts represent citation connections. These trajectories offer 
insights into interdisciplinary relationships within the field and vividly showcase the inception and progression of citations. (E) Analysis of Research Subject Areas. Various 
colored spheres symbolize distinct converging fields.
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by the journals. Positioned on the left are journals citing others, while those being cited are on the right. Colored lines 
visually trace reference paths, emanating from the citation map and reaching their endpoint. The width of these 
connecting pathways strongly correlates with the frequency of z-score-scaled citations.39 Additionally, the exploration 
of “PCD-OA” encompasses four main categories: molecular biology, immunology, genetics, and clinical medicine, as 
illustrated in Figure 5D. Understanding the interconnectedness of journals and the categories they cover is crucial for 
industry practitioners. It enables them to identify strategic collaborations and partnerships by recognizing the primary 
categories of research, including molecular biology, immunology, genetics, and clinical medicine, and aligning their 
interests with specific domains.

Visual analysis using VOSviewer software categorized 3,579 articles into five major fields, as displayed in Figure 5E. Each 
field is represented by differently colored spheres, signifying distinct domains. The analysis highlights a substantial amount of 
related research centered on the “Biology and Medicine” field. Within this domain, a considerable portion of articles delves 
into subdivisions such as “Cell Biology”, “Medicine (research & experimental)”, and “Pharmacology & Pharmacy”. This 
information provides industry practitioners with insights into the dominant research focus areas, guiding investment decisions, 
product development, and strategic planning in alignment with prevailing trends in “PCD-OA” research.

Furthermore, the comprehensive examination of journals and their respective domains provides researchers and 
practitioners with a holistic perspective on the publication landscape, influential journals, citation rates, and interdisci-
plinary collaborations within the realm of “PCD-OA” research. These findings can benefit both researchers and industry 
practitioners, enhancing their engagement, visibility, and impact in this dynamic field.

Co-Cited References and Construction of PPI Network
The reference cluster analysis atlas presents 218 nodes and 236 lines (Figure 6A). CiteSpace provides metrics such as 
module value (Modularity, Q value) and average silhouette (Mean Silhouette, S value) to evaluate network structure and 
clustering clarity. Generally, Q > 0.3 indicates significant clustering, while S > 0.5 suggests reasonable clustering. In this 
analysis, Q = 0.8429 and S = 0.9403, indicating significant and convincing clustering structures. This highlights the 
robustness of the citation clustering. These references were grouped into 16 clusters: #0 stem cells, #1 ferroptosis, #2 
autophagy, #3 therapeutics, #4 long noncoding RNA, #5 microRNA, #6 mitophagy, #7 proliferation, #8 mechanical 
strain, #9 Nampt, #10 senescence, #11 IL-1 beta, #12 exosomes, #13 PI3K/AKT/mTOR signaling, #14 bone disease, #15 
meteorin-like. It provides researchers with a comprehensive overview of the interconnectedness of various themes within 
the “PCD-OA” domain. This aids in identifying key areas of focus and potential interdisciplinary collaborations.

CiteSpace’s examination of citation bursts proficiently detects studies that have attracted noteworthy attention. As 
illustrated in Figure 6B, the significant impact of the top 20 references in the “PCD-OA” domain is emphasized through 
their substantial citation bursts. The surge in citations for this field initiated in 2013, and numerous co-citation references 
persistently receive extensive citations in the following years, underscoring the enduring relevance of PCD in OA 
research. Among these references, 30% (6/20) of the citation bursts occurred in 2016, claiming the top spot, followed by 
2014 (5/20, 25%) and 2018 (4/20, 20%) in second and third positions, respectively. The article with the most significant 
burst (strength = 31.01) was titled “Chondrocyte Apoptosis in the Pathogenesis of Osteoarthritis”, a review published in 
the International Journal of Molecular Sciences.45 It was followed by Glyn-Jones et al,46 and Zhang et al.47 Researchers 
can explore these references for in-depth insights and potentially leverage them as foundational knowledge for their own 
work. This is particularly relevant for industry practitioners, as understanding the pivotal studies can inform industry 
strategies, especially in areas related to drug development and therapeutic interventions.

In the construction of the PPI network using the STRING plugin in Cytoscape (Figure 6C), 100 nodes, 1,182 edges, 
and an average node degree of 23.6 were involved. Core proteins within the PPI network were identified by ranking the 
degree value using Cytoscape. The top 5 proteins identified—interleukin 6 (IL6), tumor necrosis factor (TNF), inter-
leukin 1 beta (IL1B), AKT serine/threonine kinase 1 (AKT1), and signal transducer and activator of transcription 3 
(STAT3)—are acknowledged as pivotal within the context of “PCD-OA”. The three most expressed proinflammatory 
cytokines in OA joints, namely IL-6, TNF, and IL1B, are actively synthesized by chondrocytes, synoviocytes, macro-
phages, and osteoblasts. They play a pivotal role in the development of OA by modulating oxidative stress and the 
turnover of cartilage ECM, making them critical targets for therapeutic intervention.48 Nevertheless, the elimination of 
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Figure 6 (A) Co-Citation Network of Literature. Overlaying the sizes of circles, ie, adding the sizes of circles corresponding to each annual ring, is proportional to the total 
citation count. Purple represents earlier citation times, yellow represents later citation times, and the overlaid colors indicate that the paper has been cited in corresponding 
years. The connecting lines between circles represent co-citation relationships, with nodes marked in magenta considered as key nodes with centrality greater than 0.1. (B) 
Top 20 References Showing Strongest Citation Bursts. (C) Protein-Protein Interaction Network Construction.
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IL1B or its converting enzyme, which are commonly associated with OA pathogenesis, accelerated the progression of 
experimental OA in the mouse model. This implies that complete elimination of IL1B or its converting enzyme 
exacerbates OA development.49,50 The findings demonstrate that proinflammatory cytokines, implicated in OA patho-
genesis, also contribute to chondrocyte homeostasis and the maintenance of joint health. Achieving a delicate balance of 
these inflammatory mediators is crucial for normal joint function, underscoring the incomplete understanding of this 
area.48 More extensive investigation is anticipated.

Endochondral ossification, vital not only for physiological skeletal development but also for pathological conditions 
like osteophyte formation in OA advancement, is mediated by phosphoinositide-dependent serine/threonine protein 
kinase (AKT). This kinase serves as a robust mediator of both systemic and local factors, such as insulin, bone 
morphogenetic proteins, and Wnt proteins, all of which play critical roles in the endochondral ossification 
pathway.51,52 AKT1 is a member of the AKT family, which exhibits similar expression patterns across various 
tissues.53 Prior studies have suggested that AKT1, a versatile kinase involved in transmitting diverse upstream signals 
to a wide range of substrates, facilitates cartilage calcification by suppressing the accumulation of inorganic pyropho-
sphate (PPi) in chondrocytes. This regulatory mechanism thereby governs both endochondral ossification in skeletal 
development and osteophyte formation in OA.54 While directly targeting this molecule for the development of new 
therapies targeting OA might pose challenges given its widespread expression and multifaceted functions, delving deeper 
into the molecular network associated with the AKT1/PPi axis promises to elucidate the intricate mechanism governing 
the endochondral ossification process.

Activated by inflammatory cytokines or growth factors, STAT3, a cytoplasmic transcription factor, translocates to the 
nucleus, where it modulates DNA transcription.55 Due to its pivotal role in various biological processes including 
proliferation, differentiation, anti-apoptosis, inflammatory response, and angiogenesis, STAT3 has garnered significant 
attention in research circles, emerging as a focal point of investigation.56,57 A growing body of literature suggests that 
STAT3 regulates various pathways involved in OA, encompassing inflammatory responses, cartilage degradation, and 
macrophage polarization.58–60 Nevertheless, the involvement of STAT3 in OA regulation remains inadequately eluci-
dated, indicating a considerable journey from laboratory research to clinical application.

The insights derived from the PPI network, highlighting core proteins crucial in the context of “PCD-OA”, offer 
valuable information for practitioners involved in developing pharmaceutical interventions. This understanding of key 
proteins in molecular pathways can guide the development of targeted therapies. Researchers can explore these proteins 
for potential therapeutic targets and mechanistic investigations.

Analysis of Keywords
Keywords within academic papers serve as essential indicators, reflecting the current knowledge base and guiding 
advancements within a scholarly field. Figure 7A illustrates the yearly popularity of keywords (number of citations in 
the year divided by total citations in the year) from 2013 to 2023. “Chondrogenesis” and “fibroblast-like synoviocytes” have 
displayed relatively diminished annual popularity in recent years. Conversely, “bioinformatics analysis” and “ferroptosis” 
have shown increased annual popularity, indicating emerging areas of interest. Researchers can adapt their projects to align 
with emerging areas of interest, such as “bioinformatics analysis” and “ferroptosis”, ensuring that their work remains 
relevant and impactful. Keyword bursts indicate significant increases in citations during specific periods.61 Figure 7B 
presents the top 10 emerging keywords, suggesting that research focus between 2013 and 2014 centered on “nitric oxide”, 
“MMPs”, and “hyaluronic acid”. Present hotspots mainly include “extracellular vesicles”, “long non-coding RNA”, and 
“circular RNA”, serves as a guide for researchers to explore new research avenues. This information aids in identifying 
emerging trends that have gained prominence, presenting opportunities for innovative investigations.

To visually represent these trends, we constructed a comprehensive map (Figure 7C) through co-occurrence cluster 
analysis of keywords. In this map, nodes are depicted as circles, varying in size based on each keyword’s frequency. The 
strength of relationships among keywords is depicted by the connections between these nodes. Furthermore, these nodes 
are categorized into distinct color-coded clusters, representing different research directions. Five clusters in total were 
recognized. Notably, the benefits of co-occurrence cluster analysis extend beyond researchers to include collaborative 
opportunities for industry practitioners. By identifying clusters and relationships among keywords, industry professionals 
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Figure 7 (A) Annual Heatmap Covering 2013 to 2023. The annual heat value of each keyword is obtained by dividing the number of citations in that year by the total 
number of citations in that year. (B) Top 10 Keywords Demonstrating Most Prominent Citation Bursts in CiteSpace. (C) Visualization of Keyword Clustering. Spheres and 
labels constitute a node, where the size of the sphere is positively correlated with the frequency of keyword occurrence. The thickness of the lines connecting spheres is 
positively correlated with the strength of the relationships between keywords. Nodes of different colors form different clusters, with each color representing a distinct 
research direction. Using a clustering algorithm based on keyword co-occurrence, the similarity between keywords is calculated, and keywords with high similarity are 
assigned to the same cluster. (D) Graph Illustrating Heat Trend of Keywords. The curve’s fluctuation illustrates the trend of ranking changes. The hollow circle represents 
the time period from January 1st, 2013, to October 31st, 2023, indicating when the keyword first entered the top 50, while the solid circle represents the endpoint when the 
keyword appeared consistently in the top 50.
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can explore partnerships with research institutions and contribute to advancements in the field. Moving on to the analysis 
of keywords from articles published between 2013 and 2023, a trend chart (Figure 7D) was generated to illustrate 
keyword heat trends over the last decade, accompanied by ranking trend curves. For example, “pyroptosis” entered the 
top 50 for the first time between 2020 and 2021 and has consistently gained popularity since then. In contrast, 
“ferroptosis” has maintained enduring high popularity without decline. The graph incorporates open circles to signify 
periods when a keyword emerged over nearly a decade of research, while filled circles indicate when a keyword faded 
from prominence. Researchers can leverage this information to understand the persistence of certain keywords, anticipate 
shifts, and strategically plan their research trajectories.

Overall, the analysis of keywords provides a roadmap for researchers and industry practitioners to navigate the 
dynamic landscape of “PCD-OA”. It not only facilitates strategic decision-making and fosters collaboration but also 
ensures that both research and industry practices stay at the forefront of innovation in the field.

Key Genes and Signaling Pathways
Exploring crucial genes and pathways is instrumental in gaining a rapid understanding of key gene targets associated 
with “PCD-OA”. In this regard, a visual map (Figure 8A) was generated through co-occurrence cluster analysis, focusing 
specifically on genes appearing at least 50 times within “PCD-OA”. Labeled nodes, varying in size based on the 
frequency of gene occurrence, represent key genes. The strength of connections between these nodes is depicted by the 
thickness of connecting lines. Different node colors signify diverse gene clusters, spanning various domains. This 
approach aids in prioritizing and targeting specific genes for in-depth studies and functional analyses. Notably, industry 
practitioners in pharmaceuticals and biotechnology can leverage the identified crucial genes as potential targets for 
therapeutic development, offering opportunities to design drugs that may modulate or target these specific genes to 
alleviate OA symptoms. Simultaneously, researchers can gain insights into the interconnectedness of genes, potentially 
uncovering regulatory networks or collaborative functions contributing to OA progression.

Moreover, we performed enrichment analyses using GO and KEGG on genes related to “PCD-OA”, particularly 
emphasizing the 455 genes mentioned more than 11 times in the article (Figure 8B and C). The GO pathway enrichment 
analysis is presented in a histogram format, revealing the top 20 signaling pathways. Each pathway is depicted on the 
X-axis, with the gene count significantly enriched, and the Y-axis represents distinct signaling pathways. The height of 
each histogram column indicates both the gene count within the pathway and its level of enrichment significance. 
Enriched biological processes (BP), molecular functions (MF), and cellular components (CC) are displayed in Figure 8B. 
Biological processes include “muscle cell proliferation” and “smooth muscle cell proliferation”, while cellular compo-
nents show enrichment in “RISC complex” and “RNAi effector complex”. Molecular functions exhibit enrichment in 
“cytokine receptor binding” and “cytokine activity”. This information proves valuable for elucidating the underlying 
mechanisms of PCD in OA, aiding researchers in formulating hypotheses and designing targeted experiments.

Moving to the KEGG enrichment analysis, depicted in a bubble chart, each bubble represents a specific KEGG term. 
The size of each bubble corresponds to the number of genes associated with that particular function, while the color 
indicates the level of enrichment. On the X-axis, the GeneRatio value indicates the proportion of genes associated with 
the KEGG term within the total gene set. A higher GeneRatio value implies a larger number of genes linked to the KEGG 
term, suggesting potentially greater significance. On the Y-axis, various KEGG terms are categorized into distinct 
biological processes, molecular functions, or cellular components. Figure 8C illustrates that this subject primarily aligns 
with signaling pathways such as “MicroRNAs in cancer” and “Lipid and atherosclerosis”. Notably, OA, an age-related 
ailment, commonly affects middle-aged and elderly individuals. This demographic group is also prone to other conditions 
such as cancer, cardiovascular diseases, and cerebrovascular disorders like atherosclerosis. Therefore, further research is 
needed to investigate the interaction between PCD and the aforementioned signaling pathways in the context of an aging 
global population, aiming to identify potential targets for synergistic combination therapy. The detailed information 
provided by the enrichment analyses allows industry practitioners to make informed decisions regarding the development 
of therapeutic interventions. Understanding the specific biological processes and pathways enriched in OA contributes to 
a more targeted and effective approach in drug development.
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Figure 8 (A) VOSviewer Visualization of Critical Gene Clustering. Spheres and labels constitute a node, where the size of the sphere is positively correlated with the 
frequency of gene occurrence. The thickness of the lines connecting spheres is positively correlated with the strength of relationships between genes. Nodes of different 
colors form different clusters, where each color represents gene clustering in different domains, representing a specific biological or medical field of gene groups. (B) 
Analysis of Gene Ontology (GO) Pathway Enrichment. In the bubble chart of GO enrichment analysis, each bubble represents a GO Term, where the size of the bubble 
reflects the number of genes included in this function, and the color indicates the degree of enrichment for this function. The X-axis represents the GeneRatio value, which 
is the proportion of the number of genes associated with the GO Term in the background gene set (the entire genome of the human species under study). A higher 
GeneRatio value on the X-axis indicates a greater number of genes associated with that GO Term, and it may be more significant. The Y-axis represents the terms or 
categories of GO Terms, where each node corresponds to a specific biological process, molecular function, or cellular component. If the GeneRatio of a certain GO Term is 
significantly higher than the expected value, it indicates that this GO Term may have important biological functions in the experiment. (C) Bubble Plots Depicting Kyoto 
Encyclopedia of Genes and Genomes (KEGG) Enrichment Analysis. KEGG pathway enrichment analysis selected the top 10 signaling pathways and plotted a bar chart. The 
X-axis represents the number of significantly enriched genes in each pathway, and the Y-axis represents different signaling pathways. The longer the bar, the more genes in 
that category; red indicates significantly enriched pathways after enrichment, while blue represents less significant pathways.
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Strengths & Limitations
The use of scientometric tools enriches the depiction of research trends and focal points across various dimensions, 
diverging from previous approaches that solely relied on meta-analyses or narrative reviews.7,62 In this inaugural 
scientometric exploration, the study maps and characterizes the knowledge landscapes associated with “PCD-OA” 
over the past decade. It stands as a comprehensive and impartial reference for future advancements, notwithstanding 
inherent limitations.

However, this study encounters several limitations. Firstly, the exclusive extraction of publications from WoSCC due 
to software limitations unavoidably introduces selection bias. Secondly, elements such as the time of publication, 
research domain, periodical, and authorship may markedly impact the citation count of a paper, potentially distorting 
the assessment of its influence. Thirdly, the vast number of papers rendered a thorough review and detailed analysis of 
subfields impractical, leading to the equal consideration of high and low-quality publications, which could impact the 
study’s credibility. Fourthly, inherent biases in natural language processing, noted in previous scientometric investiga-
tions, remain a concern.62–67 Fifthly, the incorporation of exclusively English documents may introduce a bias in 
publication. Lastly, limitations in literature retrieval might exclude newly published literature and crucial keywords, 
impacting the completeness of the statistical analysis.

Conclusion
In this investigation, scientometric analysis explores the domain of PCD associated with OA, concentrating particularly 
on international collaboration, publication patterns, and pivotal research areas. These findings provide valuable insights 
for the scientific community, enabling a deeper understanding of emerging concepts and critical domains that will shape 
the future of PCD research in OA. Staying abreast of these trends and leveraging existing knowledge remains crucial for 
researchers to drive advancements in this field. Moving forward, the development of OA treatments should strategically 
target various forms of PCD and explore the intricate signaling pathways regulating its progression. Promisingly, 
molecules capable of inhibiting PCD show potential as therapeutic agents for OA. Despite the inherent challenges, 
a comprehensive approach encompassing both experimental and clinical research can harness PCD as a promising target 
for developing therapeutic drugs against OA.
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