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Background: The role of subchondral bone in the pathogenesis of osteoarthritis has received continuous attention worldwide. To date, no comprehensive bibliometric analysis of this topic has been carried out. The purpose of this study was to investigate the knowledge landscape, hot spots, and research trends in subchondral bone research through bibliometrics.
Methods: Web of Science Core Collection database was used to collect articles and reviews on subchondral bone in osteoarthritis published between 2003 and 2022. CiteSpace, VOSviewer, Scimago Graphica, and a bibliometric online analysis platform (http://bibliometric.com/) were used to visualize the knowledge network of countries, institutions, authors, references, and keywords in this field. Both curve fitting and statistical plotting were performed using OriginPro, while correlation analysis was done using SPSS.
Results: A total of 3,545 articles and reviews were included. The number of publications on subchondral bone showed an exponential growth trend. The US produced the most (980), followed by China (862) and the United Kingdom (364). Scientific output and gross domestic product were significantly correlated (r = .948, p < .001). The University of California System and Professor Pelletier Jean-Pierre were the most prolific institutions and influential authors, respectively. The most active and influential journal for subchondral bone research was Osteoarthritis and Cartilage. The majority of papers were financed by NSFC (474, 13.4%), followed by HHS (445, 12.6%), and NIH (438, 12.4%). In recent years, hot keywords have focused on the research of pathomechanisms (e.g., inflammation, apoptosis, pathogenesis, cartilage degeneration/repair, angiogenesis, TGF beta) and therapeutics (e.g., regeneration, stromal cell, mesenchymal stem cell).
Conclusion: Subchondral bone research in osteoarthritis is flourishing. Current topics and next research trends would be centered on the pathomechanisms of cellular and molecular interactions in the subchondral bone microenvironment in the development of osteoarthritis and the exploration of targeted treatment medicines for the altered subchondral bone microenvironment.
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1 INTRODUCTION
Osteoarthritis (OA) is a common degenerative disease that affects more than 250 million people and is a major cause of disability, severely reducing the quality of life of patients and causing a significant socioeconomic burden (Hunter and Bierma-Zeinstra, 2019). Articular cartilage damage, abnormal subchondral bone remodeling, synovial inflammation, and ligament and meniscus degeneration are some of its pathological characteristics, which consequently lead to pain, joint dysfunction, and loss of tissue integrity (Dieppe and Lohmander, 2005; Hügle and Geurts, 2017). Current strategies for the management of OA are broadly divided into non-pharmacological, pharmacological, and surgical treatments (Kroon et al., 2018; Bannuru et al., 2019; Kloppenburg and Berenbaum, 2020). However, there are few satisfactory options for improving intra-articular homeostasis and decelerating OA progression. The subchondral bone, a layer of bone plate and trabecular bone beneath the articular cartilage, is a microscopic structural unit composed of a variety of cells, including bone cells, bone matrix, endothelial cells, immune cells, cytokines, and sensory neurons, which could provide mechanical and nutritional support to the cartilage. Some evidence suggested that alterations in the cellular and extracellular components of the subchondral bone microenvironment can cause abnormalities of subchondral bone remodeling, angiogenesis, and sensory innervation, thereby leading directly or indirectly to cartilage destruction and pain (Hu W. et al., 2021; Hu Y. et al., 2021). In addition, subchondral bone can be involved in the pathophysiology of OA by affecting cartilage degeneration through mechanical stress alterations or paracrine-mediated bone-chondral crosstalk (Zhen et al., 2013; Lin et al., 2019; Ni et al., 2020). Overall, the role of subchondral bone in the pathogenesis of OA has attracted extensive attention from researchers, and some promising therapeutic agents have been developed and tested in vitro and in vivo.
It is getting harder for researchers, particularly for fresh investigators, to completely comprehend, assess, and identify the most pertinent and significant information in the area as a result of the subchondral bone research literature’s rapid growth. Therefore, it is essential to give a macroscopic description of research trends, hot spots, and high-impact articles, institutions, and authors in this field. An increasingly prevalent way to get the aforementioned parameters is through bibliometric analysis. It has been heavily utilized in orthopedics (Zhang Y. et al., 2021; Yang et al., 2021) and other medical specialties (Wen et al., 2022a; Song et al., 2022) to promote the development of medical research and clinical practice. Hu et al. revealed 10 hot microRNAs of chondrocytes in OA and their potential targets based on bibliometrics (Hu et al., 2022). Yang et al (2022) performed a bibliometric analysis of the knowledge structure and trends in OA-related macrophage research. Zhang et al (2022) visualized the historical evolution and future trends of hyaluronic acid for OA. However, to our knowledge, no bibliometric studies on subchondral bone in OA have been reported. Therefore, this study conducted a comprehensive analysis of scientific publications on subchondral bone research over the past 20 years in order to determine the current research status and knowledge landscape and to help researchers understand historical hot spots and research trends in subchondral bone research.
2 METHODOLOGY
2.1 Data collection
Web of Science (WoS) contains more than 12,000 international academic journals and is widely used for bibliometric study (Wu et al., 2021; Wen et al., 2022b). To avoid bias caused by database updates, all of the papers for our study was retrieved and downloaded on 18 October 2022, from the Science Citation Index Expanded of WoS Core Collection database. The specific search strategy was as follows: TS = (osteoarthritis or OA) and TS = (“subchondral bone”), with the time span set to 2003–2022. A total of 3,876 publications were retrieved, of which 241 invalid records were excluded. Finally, 3,545 valid publications were obtained in the final dataset for further analysis (Figure 1). The extracted data included authors, titles, publication years, citation times, countries, institutions, journals, highly cited articles, references, and keywords. Journal information including impact factor (IF) and quartile in categories (Q1, Q2, Q3, and Q4) was collected from the 2021 Journal Citation Report. The Hirsch index (HI) was obtained by WoS. Gross domestic product (GDP) data for each country were obtained from the official website of the World Bank (https://data.worldbank.org.cn/).
[image: Figure 1]FIGURE 1 | Flowchart of the literature search, screening, and analysis.
2.2 Data analysis
Visualization software, including VOSviewer (v.1.6.18), CiteSpace (5.8.R3), and Scimago Graphica, was used in this study. Scimago Graphica was used to map the global distribution of national publications. The online bibliometric analysis platform (https://bibliometric.com) was used to visualize the collaboration network of countries. VOSviewer was used to visualize the co-authorship analyses of institutions and authors, as well as the co-occurrence analysis of keywords. Finally, CiteSpace was used for reference co-citation analysis, keyword burst detection, and drawing timeline views of reference clusters. Statistical analysis was performed using IBM SPSS 22.0 (IBM Corp., Armonk, NY, United States). Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, United States) was used to collate the data. Statistical plots and curve fitting were conducted using OriginPro 9.1 (OriginLab Corp., Northampton, MA, United States). The strength of the correlation between continuous variables was assessed by Spearman’s correlation coefficient. p < .05 was defined as statistically significant.
3 RESULTS
3.1 Trends in publications and citations
A total of 3,545 publications were finally included in the analysis, including 3,006 (84.8%) original articles and 539 (15.2%) reviews. Almost all were English publications (3,485, 98.3%), followed by German (26, .7%) and French (8, .2%). The detailed distribution of annual publications for subchondral bone research was shown in Figure 2A. An exponential growth trend in the number of annual publications and citations related to subchondral bone can be observed. In terms of citation counts, the cumulative total number of citations (TC) for all publications was 111,015 (87,040 after removing self-citations), the average number of citations (AC) per publication was 31.32, and the HI was 130.
[image: Figure 2]FIGURE 2 | (A) Trends in annual citations and publications from 2003 to 2022. (B) World map of the number of publications from each country. The size of the circles represents the number of publications, and the thickness of the lines represents the intensity of cooperation between two countries. (C) Trends in annual publication count in the top 10 productive countries. (D) Network diagram of cooperation among countries.
3.2 Global research status and knowledge landscape
3.2.1 Analysis of countries
The majority of the works were published by researchers from Europe, North America, and East Asia, as can be seen from the global map of national contributions (Figure 2B). Specifically, as shown in Table 1, the US had the most publications in this field with 980 papers, followed by China (862) and the UK (364), while the other countries published less than 300 papers. The USA also ranked first in terms of TC and HI, followed by the UK. In addition, the correlation analysis showed a high positive correlation between the total number of publications (TP) and GDP (r = .948, p < .001). As shown in Figure 2C, the US dominated the number of papers in this field until 2018, while China had tremendous development beginning in 2012 and eventually overtook the US after 2018. The international cooperation among the different countries was illustrated in Figure 2D. The thickness of the lines between the two countries indicates the strength of cooperation. It can be seen that the US exhibited the strongest collaboration with China, Germany, and the United Kingdom.
TABLE 1 | Top 10 countries and institutions with the most publications.
[image: Table 1]3.2.2 Analysis of institutions
It was estimated that more than 2,900 institutions contributed to this field. Figure 3A and Table 1 showed the top 10 most productive institutions. Three of these are from the United States, three are from France, and the others are from Australia, China, the United Kingdom, and Canada. Specifically, the University of California System ranked first with 125 articles, while Université de Montréal had the highest TC (8,760), AC (81.87), and HI (46). 68 institutions published no less than 20 articles. Figure 3B illustrated the close and complex cooperation among different institutions. It is clear that the University of California System and Boston University were the centers of the most collaborations, indicating the strong influence of these institutions.
[image: Figure 3]FIGURE 3 | (A) The publication counts, citations, and H-index of the top 10 prolific institutions. (B) Cooperation network among institutions. (C) The publication counts, citations, and H-index of the top 10 most productive authors. (D) Visualization diagram of co-authorship analysis for authors. The size of the circles represents the number of publications, and the thickness of the connecting lines represents the strength of collaboration between two institutions/authors.
3.2.3 Analysis of authors
In terms of the top 10 prolific authors (Table 2; Figure 3C), Pelletier Jean-Pierre from the Université de Montréal ranked first with 72 publications, followed by Martel-pelletier Johanne (70) and Guermazi Ali (53). In addition, Pelletier Jean-Pierre was also the author with the highest TC, AC, and HI. A visualization of the author’s co-authorship analysis was generated by VOSviewer software (Figure 3D). It can be seen that Pelletier Jean-Pierre had the most collaborations centered on him, indicating his strong influence in subchondral bone research. Pelletier Jean-Pierre and Martel-pelletier Johanne have the highest co-authorship intensity (total link strength = 136) with 14 articles, followed by Cicuttini Flavia M. (total link strength = 75) with 11 articles.
TABLE 2 | Top 10 most prolific authors on subchondral bone research in osteoarthritis.
[image: Table 2]3.2.4 Analysis of journals and grants
In total, 1,071 (30.2%) articles were published in the top 10 most prolific journals. As shown in Table 3, Osteoarthritis and Cartilage (431, 12.2%) had the highest output, followed by Journal of Orthopaedic Research (116, 4.39%) and Annals of the Rheumatic Diseases (123, 3.3%). Half of the top 10 academic journals belong to Q1. Annals of the Rheumatic Diseases has the highest IF, followed by Arthritis and Rheumatology. In terms of publishers, most of these active journals were from Europe and North America. In terms of grants, NSFC funded the most articles (474, 13.4%), followed by HHS (445, 12.6%), NIH (438, 12.4%), NIAMS (282, 8.0%), and European Commission (162, 4.6%), while other grants funded less than 100 articles, as shown in Table 4.
TABLE 3 | The top 10 journals contributing to publications.
[image: Table 3]TABLE 4 | Top 10 funds with the most publications on subchondral bone research in osteoarthritis.
[image: Table 4]3.3 Analysis of highly cited literature
Table 5 listed the top 10 most cited papers in subchondral bone research with citations ranging from 391 to 1,570. Of these, four were original articles with TC of 2,132, and six were reviews with TC of 4,969, which indicated that review articles tend to have higher citations. Specifically, the top three most cited papers were all reviews. With 1,570 citations, the review produced by Kapoor et al. (2011) attracted the greatest attention, followed by the work from (Berenbaum et al., 2013) with 951 citations. The most cited original article ranked fourth with 609 citations. The knowledge graph of highly co-cited references was shown in Figure 4A. Figure 4B specifically presented the top 25 references with the strongest citation bursts. The citation burst analysis could identify references with a significant increase in citations during a short period of time and could also reflect the focus of research in a given period (Kleinberg, 2003). Figure 4B showed that the reference with the strongest citation burst value was written by Zhen et al. (2013), followed by Hunter and Bierma-Zeinstra (2019).
TABLE 5 | Top 10 high-cited articles on subchondral bone research in osteoarthritis.
[image: Table 5][image: Figure 4]FIGURE 4 | (A) The co-cited reference knowledge map. The node size represents the number of co-citations. (B) The top 25 references with the strongest citation bursts. The blue line indicates the time interval and the red part represents the period of the reference burst. (C) The timeline graph of co-cited reference clusters.
3.4 Overview of research hotspots and frontiers
3.4.1 Cluster analysis of co-cited references
The references in the co-cited network (Figure 4A) were classified into 11 different clusters by cluster analysis, as shown in the timeline view (Figure 4C). The references in the same cluster were arranged in one timeline by publication time. These clusters were labeled by extricating terms from the titles of cited papers using the log-likelihood ratio algorithm (Wen et al., 2022b; You et al., 2022). As can be seen in Figure 4C, “subchondral bone” was the largest cluster (#0), followed by “bone marrow lesions” (#1) and “angiogenesis” (#2). In addition, the evolutionary characteristics of each cluster can be seen at a glance in this timeline view. We can see that clusters of subchondral bone (#0), angiogenesis (#2), inflammation (#4), and exosomes (#6) have been hot topics in recent years.
3.4.2 Analysis of keywords
Figure 5A showed a visualization of keywords that co-occurred more than 10 times in the subchondral bone research. In total, 493 keywords were grouped into five clusters. Based on the keywords in the groups, they can be summarized as follows: #1 subchondral bone, #2 pathogenesis, #3 therapeutics, #4 pain, and #5 degeneration. The top 25 keywords with the strongest citation burst were listed in Figure 5B, where the burst period lasted until the present day were pathogenesis, inflammation, apoptosis, cartilage degeneration/repair, angiogenesis, TGF beta, regeneration, stromal cell, mesenchymal stem cell.
[image: Figure 5]FIGURE 5 | (A) The co-occurrence view of the keywords, in which each column represents a cluster of studies generated by VOSviewer. The size of the node is proportional to the number of keyword occurrences; the thickness of the line is proportional to the number of keyword co-occurrences. (B) The top 20 keywords with the strongest citation bursts.
4 DISCUSSION
This study provided a bibliometric analysis of publications on subchondral bone research in OA, which can help beginners intuitively and systematically understand the development process and trends in this field. We found that the TP and TC in subchondral bone research have been increasing exponentially over the past 20 years (Figure 2A). Accordingly, we believe that subchondral bone has attracted substantial and consistently growing attention from scholars and that it is an important research direction for OA research. This trend may be related to the increasing global incidence and prevalence of OA due to the aging and obesity of the population (Chen et al., 2017; Hunter and Bierma-Zeinstra, 2019; Kloppenburg and Berenbaum, 2020).
This study found that the US ranked first in the world in terms of TP, TC, and HI, indicating its dominant influence in subchondral bone research (Figure 2B; Table 1). Of note, despite being second in TP, China had fewer AC than any other country, probably because most of the publications from China were published in recent years and have not yet accumulated enough citations (Figure 2C). In terms of institutions, the University of California System contributed the most, while Université de Montréal had the highest TC, AC, and HI, indicating their leadership in subchondral bone research (Table 1; Figure 3A). Co-authorship analysis can establish similar relationships between individuals or institutions by evaluating the number of co-authored publications to understand the status of collaborations among them (Wu et al., 2021; Grover and Gupta, 2022). Figures 2D, 3B demonstrated that collaborations among institutions from North America, East Asia, and Europe were stronger, while collaborations among other institutions were substantially weaker. National and institutional output and cooperation may be influenced by economic power. This study found a significant positive correlation between output and GDP. Countries with high GDP would be likely to invest heavily in scientific investigations and produce a large number of senior researchers (Kim et al., 2016; Wu et al., 2021). It is noteworthy that publications from China have experienced rapid growth since 2012, which is inextricably linked to economic development and funding support (Table 4). Finally, greater mutual collaboration and communication between institutions is encouraged to promote OA research.
Pelletier Jean-Pierre (Université de Montréal, Canada) had particularly attractive data (Table 2; Figure 3C, 3D), indicating his powerful academic influence in the field. His team has been working on a series of studies on the pathogenesis, risk factors, biomarkers, and treatment of OA. In a recent study, they identified single nucleotide polymorphism genes and mitochondrial DNA haplogroups as biomarkers for early prediction of the progression of knee OA through machine learning (Bonakdari et al., 2022; Martel-Pelletier and Pelletier, 2022). Highly cited literature can be considered the most valuable and influential research in the field, so new researchers can read these papers before further research (Table 5; Figure 4). For example, the article “Role of proinflammatory cytokines in the pathophysiology of osteoarthritis” by Kapoor et al. (2011). was ranked first with 1,570 citations. This article reviewed the role of pro-inflammatory cytokines (IL-1β, TNF, IL-6, IL-15, IL-17, IL-18, IL-21, IL-8, and leukemia inhibitory factor) in the pathophysiology of OA and explored the potential of anti-cytokine therapy for OA (Kapoor et al., 2011). Berenbaum et al (2013) suggested that subchondral bone may be the source of inflammatory mediators of pain and deep cartilage degradation processes in OA. Furthermore, the article by Zhen et al. (2013) had the strongest citation burst value of 49.07, which means that this study was widely cited in the short term. His study showed that high levels of active TGF-β1 in subchondral bone appear to trigger pathological changes in OA. High concentrations of TGF-β1 could induce the formation of nestin-positive mesenchymal stem cell (MSC) clusters, leading to the formation of bone marrow-like islets and accompanied by angiogenesis. In contrast, suppressing TGF-β activity in subchondral bone could attenuate articular cartilage degeneration. Moreover, the article by Hunter and Bierma-Zeinstra (2019) detailing the updated information on the pathogenesis, diagnosis, treatment, and frontiers of OA was the paper with the strongest citation burst in recent years. All of the above literature has had a profound impact on OA research.
In this study, keyword analysis and literature analysis were used to obtain research hotspots and predict Frontier trends. It is reported that research themes in the field could be reflected by cluster analysis of co-cited references and cluster analysis of co-occurrence keywords (Chen et al., 2012; Zhang X. et al., 2021). The evolution of research hotspots could be revealed by the timeline view of clusters (Chen et al., 2012). In this study, the co-cited references were classified into 11 clusters by CiteSpace software, of which four clusters subchondral bone (#0), angiogenesis (#2), inflammation (#4), and exosomes (#6) were hot topics in recent years (Figure 4C). In addition, the burst detection algorithm can capture the sharp increase in keyword popularity over a specific period, which can be an effective way to identify topics discussed actively during this period (Kleinberg, 2003), as shown in Figure 5B. It demonstrated that hot keywords have focused on pathomechanisms and therapeutics in recent years.
Subchondral bone provides mechanical and nutritional support to cartilage and plays a crucial role in the pathogenesis of OA. Alterations in the cellular and extracellular components of the subchondral bone microenvironment can cause abnormalities in subchondral bone remodeling, angiogenesis, and sensory innervation, thereby leading to cartilage destruction and pain (Hu W. et al., 2021; Hu Y. et al., 2021). In addition, subchondral bone can affect cartilage degeneration through mechanical alterations or paracrine-mediated bone-chondral crosstalk (Zhen et al., 2013; Lin et al., 2019; Ni et al., 2020). When subchondral bone is injured, such as subchondral bone cysts or subchondral bone marrow lesions (BML), the integrity of the osteochondral unit is disrupted, crosstalk between cartilage and subchondral bone is increased, and subchondral bone remodeling is aberrant (Goldring and Goldring, 2016; Muratovic et al., 2016). Osteoclasts, monocytes, osteoblasts, and osteocytes are the main cells involved in subchondral bone remodeling (Sims and Martin, 2020). In addition, bioactive factors in the bone extracellular matrix are also involved in this process, such as TGFβ, which could cause the recruitment of MSCs and enhance bone formation (Zhen et al., 2013). Aggressive subchondral H-type angiogenesis and abnormal sensory innervation are also key processes in subchondral bone remodeling. Netrin-1 secreted by osteoblasts could induce sensory nerve growth during subchondral bone remodeling (Zhu et al., 2019). Platelet-derived growth factor-BB (PDGF-BB) over-secreted by preosteoclasts could enhance subchondral angiogenesis (Xie et al., 2014; Su et al., 2020). Vascular endothelial growth factor (VEGF) derived from osteoblasts and mast chondrocytes could also stimulate angiogenesis (Hu and Olsen, 2016). The above pathological processes individually or synergistically contribute to OA progression.
Although there are no treatments designed specifically for subchondral BML, several drugs have shown great therapeutic potential in animal models given the above pathogenesis, as subchondral bone changes precede cartilage degeneration. 1) Restoring abnormal subchondral bone remodeling using antiresorptive agents has been evaluated in many trials. Evidence demonstrated that osteoprotegerin, bisphosphonates, cathepsin K inhibitors, and strontium ranelate have protective effects on subchondral bone and cartilage in animal models or clinical trials (Sagar et al., 2014; Han et al., 2017; Conaghan et al., 2020; Hayes et al., 2020). However, recent meta-analyses showed that bisphosphonates do not improve pain, BML, or function in patients with knee OA (Vaysbrot et al., 2018; Zhang X. et al., 2022). Moreover, TGF-β1 antibodies could block the phosphorylation of Smad2/3 in preosteoclasts in OA models, thereby reducing their subchondral localization and improving bone parameters and cartilage architecture (Zhen et al., 2013). 2) Bevacizumab (VEGF blocking antibody) and defactinib (focal adhesion kinase inhibitor) can reduce subchondral H-vessel formation in a mouse model of OA, thereby inhibiting chondrocyte hypertrophy and delaying OA progression (Lu et al., 2018; Hu et al., 2020). Inhibition of Netrin-1 in subchondral osteoblasts could attenuate sensory innervation and relieve pain (Zhu et al., 2019). Of note, more clinical trials are needed for these therapeutic agents and potential therapeutic targets. 3) The value of regenerative therapies has been confirmed by many studies. MSCs play a key role in subchondral bone remodeling and osteochondral homeostasis (Zhu et al., 2021). In a series of 15-year clinical follow-up trials, (Hernigou et al., 2021a; Hernigou et al., 2021b) demonstrated that treatment with bone marrow MSCs was effective in reducing subchondral BML and could delay joint replacement in OA patients for more than 10 years. In addition, stem cell-derived exosomes may protect joints from damage by promoting cartilage repair and mediating subchondral bone remodeling (Ni et al., 2020). However, investigations into MSC-derived exosomes are just beginning, and there are still many unanswered questions.
5 LIMITATIONS
To our knowledge, this work is the first comprehensive bibliometric analysis of publications related to subchondral bone in OA. However, this study also has several limitations inherent in bibliometrics. Firstly, the data was only sourced from the WoSCC database, which may have missed some relevant studies from other databases. However, WoSCC is the most widely used and sufficiently large database for bibliometric study, as indicated in earlier studies (Zhang Y. et al., 2021; Wu et al., 2021). Secondly, the shortcoming is that this study did not perform journal dual-map overlay analysis because it can reflect the citation relationship between journals and further show the change in the research area. Finally, recent high-quality works may not have received enough citations, which could lead to an underestimation of their influence. Although the WoSCC database is continuously updated and citation-specific parameters are subject to temporal changes, the effect of time on citation trends is limited. Therefore, this work can shed light on the general status and trends of subchondral bone research in OA.
6 CONCLUSION
This study found that publications on subchondral bone in OA have experienced an exponential increase. The pathological mechanisms of cellular and molecular interactions in the subchondral bone microenvironment in the development of OA, as well as the exploitation of targeted therapeutic agents against the altered subchondral bone microenvironment, would be current hot topics and future research trends.
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