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Background: Central sensitization refers to a state of hypersensitivity in the central nervous system and is associated with the
development and maintenance of chronic pain. Central sensitization plays an essential role in various diseases. Nevertheless, there
has been no bibliometric analysis before in this field. The purpose of this study was to provide critical themes and trends in the area
of central sensitization, to build a network of knowledge, and to facilitate the future development of relevant basic and clinical
research.
Methods: Publications on central sensitization were extracted from the Science Citation Index-Expanded. We used R software to
systematically analyze the countries, institutions, authors, journals, references, and keywords of the publications. Besides, conceptual
structure, intellectual structure, and social structure were constructed.
Results: A total of 4466 publications were included. Research in the field of central sensitization generally showed a steady upward
trend. The three structural networks showed that the United States is the leading country in this field. Arendt-Nielsen L and Woolf CJ
were the most productive and influential authors, respectively. “Pain” was the journal with the most studies. Most journals that
published and cited articles about central sensitization were academically influential. Cluster analysis revealed that research in central
sensitization contains three main conceptual clusters, and the themes of research evolve frequently. Current research focuses on the
pathogenesis of central sensitization in neuropathic pain, the role of central sensitization in different diseases, and related clinical
double-blind trials.
Conclusion: Central sensitization received widespread attention. The United States led the way in academic activity. In this field, the
current situation of cooperation and communication between different countries and institutions is positive. The present research
hotspots were the pathogenesis of central sensitization in neuropathic pain, the role of central sensitization in different diseases, and
related clinical double-blind trials.
Keywords: central sensitization, bibliometric analysis, pain, co-word, co-citation, collaboration network

Introduction
Pain is one of the most common clinical symptoms, leading to a decrease in the quality of life and an increase in health
care expenditures.1,2 In the United States alone, approximately 100 million adults suffer from chronic pain and it costs
$600 billion each year.3 Nowadays, more and more researches focus on the central sensitization (CS) of pain. CS,
formally proposed by Woolf et al in 1988, refers to a state of hypersensitivity in the nervous system and is associated
with the development and maintenance of chronic pain.4 In the state of CS, pain-related signaling pathways are
hypersensitive to noxious and non-noxious stimuli. Besides, CS plays a crucial role in the evolution from acute to
chronic pain.5 To a certain extent, pain is a measure of self-protection. However, chronic pain in a pathological state can
be extremely disturbing to physical and mental health. When CS occurs, the nervous system is “provoked”. It is in
a constant state of hyperresponsiveness, which lowers the pain threshold and continues to maintain pain after the external
stimulus has disappeared or diminished.
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CS can be present in many conditions with chronic pain, including fibromyalgia,6 endometriosis,7 chronic low back
pain,8,9 hidradenitis suppurativa,10 osteoarthritis,6,11 rheumatoid arthritis and chronic migraine.12 Besides, complex
regional pain syndrome (CRPS), also known as Sudeck’s atrophy, is also highly associated with CS and is characterized
by significant autonomic and inflammatory features.13,14 In addition, in procedures such as hip and knee arthroplasty,
spinal fusion, ovariohysterectomy, and oral surgery, CS can aggravate postoperative pain and severely reduce the
postoperative quality of life.15–21

In terms of pathogenesis, CS is a broad topic that encompasses distorted sensory processing in the central nerve
system (CNS),22 malfunctioning of descending pain-inhibitory mechanisms,23 enhanced activity of pain-facilitatory
mechanisms,24 and long-term potentiation of the neural synapses in the anterior cingulate cortex.25 The above-
mentioned pathological conditions will gradually lead to CS. This process can start with peripheral sensitization and
then progress to advanced CS characterized by allodynia and diffuse hyperalgesia.26 Synaptic plasticity, influenced by
environmental and individual genetic factors, is a critical element in CS process. Moreover, neuroplasticity in chronic
pain syndromes has been of great interest to clinicians and researchers in recent decades.

Bibliometrics is a cross-cutting discipline that uses mathematical and statistical methods to quantitatively analyze
a variety of specific indicators such as authors, citations, and keywords of the literature. With its help, we can also
construct a network of knowledge in a particular field. Unlike other methods, bibliometrics can provide more accurate
and credible reports through a systematic, reproducible, and modular process of literature analysis. It can simultaneously
manage and handle large amounts of literature information, uncover intrinsic connections in the data, reveal the current
state and development process of the discipline, and present the current scientific landscape of the research field.27,28

Bibliometric analysis has been applied in cutting-edge medical fields, such as COVID-1929 and single-cell
sequencing.30 To the best of our knowledge, this is the first bibliometric study in the field of CS. The purpose of this
study was to provide critical themes and trends in the area of CS, to build a network of knowledge, to get an overview of
academic collaborations, and to facilitate the future development of relevant basic and clinical research.

Materials and Methods
The data for this study were extracted from the Science Citation Index Expanded (SCI-EXPANDED) database of the
Clarivate Analytics Web of Science Core Collection. The data search strategy included the topic “central sensitization”,
and the time span was set to 1998–2020. A total of 4710 articles were retrieved. Two other authors independently
reviewed the titles and abstracts of the literature. We excluded special types of publications such as book chapters,
editorial materials, corrections, and proceedings papers, and obtained a total of 4466 articles for further analysis. We
exported 4466 articles in the form of all records and references and saved them as BibTex files. All data were
downloaded within one day on September 15, 2021 to avoid deviations caused by database updates.

We summarized and analyzed the main bibliometric indicators of the selected literature, including the number of
articles, journals, keywords, citations, author distribution, and collaborations. We used Author Appearances (AA) to
represent the total frequency of all authors in all publications. Besides, we calculated the collaboration index (CI), which
is another metric used to quantify collaboration between authors and can be calculated as total authors of multi-authored
articles/total multi-authored articles. Besides, we used total citations and local citations to assess the impact of the
articles. The former counts citations received by a selected article “all over the world”, while the latter counts only
citations received from documents included in our collection (4466 articles). Local citations measure the impact of
a document in the analyzed collection. What’s more, we assessed the author’s scholarly achievements by H-index,
G-index, and M-index. It is well known that H-index is an author’s number of published articles (h) each of which has
been cited in other papers at least h times. The m-index is defined as H-index/n, where n is the number of years since the
first published paper of the author. Additionally, given a set of articles ranked in decreasing order of the number of
citations that they received, the G-index is the unique largest number such that the top g articles received together at least
g2 citations. In further, we evaluated the academic impact of the journals based on Journal Citation Reports (JCR).
Briefly, journals in a field are ranked according to their impact factors, with the top 25% (including 25%) being classified
as Q1, the top 25% to 50% (including 50%) as Q2, the top 50% to 75% (including 75%) as Q3, and those after 75% as
Q4. As for keywords, there were two types of keywords: those provided by the authors and those automatically extracted
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by the system (KeyWord Plus). KeyWords Plus provides additional search terms extracted from the titles of articles cited
by authors in their bibliographies and footnotes in the ISI (now Clarivate Analytics) database. It substantially augments
title-word and author-keyword indexing.31

Additionally, we constructed three structural networks to enable deeper mining of the literature structure. Nodes in the
network represented high-frequency items (eg, articles, journals, or authors), and their sizes indicated the frequency of
occurrence. The more frequently an item appears, the larger the size of the corresponding node. Similarly, the lines
between nodes represented their connectivity or interactions. The thickness of the line reflected the degree or strength of
co-citation or co-occurrence of the nodes.32,33 We applied three metrics to measure the centrality of nodes in the network.
All shortest paths of any two nodes in the network were calculated, and if many of them passed through a node, then the
Betweenness Centrality of this node was considered high. If the shortest distance from a node to other nodes was small,
then we considered the Closeness Centrality of the node to be high. The PageRank score was obtained by link analysis,
which was an unsupervised learning method based on Markov chains on graph data.34

The conceptual structure was constructed by co-word analysis based on the co-occurrence frequency of keywords in
the whole set. More specifically, it was mapped using the co-occurrence of KeyWords Plus. We set the following
parameters: the normalization method was the association, the number of nodes was 50, the repulsion force was 0.1, the
minimum number of edges was 2, and we removed isolated nodes. In addition, we constructed the intellectual structure
of the CS field by co-citation analysis. Co-citation can be seen as the counterpart of bibliographic coupling. As far as
references are concerned, two articles are coupled if at least one common citation source appears in the references of both
articles. Co-citation, on the other hand, reflects two cited papers being cited by one paper at the same time. The
bibliographic coupling reflects a fixed and long-lasting relationship between the papers, while the co-citation reflects
a changing or temporary relationship. We set the number of nodes to 50 and constructed a co-citation network of articles,
authors, and journals. Besides, we showed the social structure of the CS by collaboration network analysis. The nodes in
the network can represent articles, journals, institutions, or countries, and they were linked by co-authors.

Data processing and analysis were performed by R software (version 4.1.0). We completed the bibliometric analysis
and plotted figures using the R package called bibliometrix. For cluster analysis, the Louvain method was chosen as the
algorithm.35

Results
General Information and Publication Trends
As shown in Figure 1 and Table 1, 4466 publications on CS have been published in the past 23 years. During this 23-year
period, there had been a substantial increase in the number of papers on CS. The overall analysis of the publications
showed that they were written by 13,127 authors and the average citations per document were 40.1. These publications
had 833 journals and a total of 119,823 references. Besides, the number of KeyWords Plus and author’s keywords were
8643 and 6850, respectively. Interestingly, the average article citations per year fluctuated around four with two peaks: in
2004 and 2019 with 8.2 and 5.8, respectively, indicating that newly published articles also had a high impact.

Publication Performances: Countries, Institutions, and Authors
The publication country was selected based on the corresponding author. As shown in Table 2, the most productive
country in terms of CS was the United States of America (USA) (n = 1379, 30.9%), followed by China (n = 432, 9.7%)
and Germany (n = 262, 5.9%). However, although the United States has the largest number of multiple countries
publications (MCPs), it does not account for a high percentage of all publications. The most cited country was also USA
(n = 87,030, average article citations (AAC, total citations divided by the number of articles) =63.11), followed by the
United Kingdom (n = 11,313, AAC = 45.07) and Germany (n = 10,977, AAC = 41.9). The top three most productive
institutions were University of Florida (n = 297), Aalborg University (n = 269) and Vrije Universiteit Brussel (n = 232)
(Figure 2A). Six of the top ten most productive institutions were in the USA. The above data showed that the USA was
the leader in CS research. In addition, Figure 2B showed the top ten most productive authors, and Figure 2C showed their
annual articles published and cited information. Many authors had been deeply involved in the field of CS for more than
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ten years. From 1998 to 2020, Arendt-Nielsen L had published articles on CS almost every year. Nijs J and Meeus M, on
the other hand, had been focusing on CS field research since 2007, while academic publications were more prolific after
2013. We analyzed authors’ academic indices (H-index, G-index, and M-index) based on this study’s article collection.
Arendt-Nielsen L from Aalborg University not only had the highest number of publications but also had the highest
academic indices (Supplementary Table 1).

Highly Contributive Journals and Articles
The most productive source for article publication was “Pain” with 380 articles published during 1998–2020, followed by
“Journal of Pain” (n = 118) and “European Journal of Pain” (n = 116) (Table 3). Most of the journals were in the field of
pain research or neuroscience journals. Besides, the articles from “Pain” were the most cited, with 24,854 total citations.
More importantly, the most cited journals in the references of 4466 included publications were also “Pain” with 29,410
citations. Most local cited articles referred to highly cited articles in the current data set, and can be considered as articles
with significant academic influence in this field. The first ranked article was “Woolf et al, 2011”26 with 748 local citations
and 2014 global citations, followed by “Latremoliere et al, 2009”36 with 664 local citations and 1731 global citations
(Supplementary Table 2). Both review articles were published on “Pain”.

Conceptual Structure
Based on the co-occurrence analysis of 8643 KeyWords Plus, we revealed that they can be classified into three different
clusters (Figure 3). We ranked them in each cluster based on their network centrality. In cluster 1, “central sensitization”
(Betweenness Centrality:121.20) had the highest centrality, followed by “pain” and “hyperalgesia”. Cluster 2 contained
only two elements, “sensitization” and “central”. However, cluster 3 revealed another topic closely linked to CS:
“neuropathic pain” (Betweenness Centrality:21.58). “Spinal-cord”, “neurons”, and “activation” also belonged to the
same cluster (Supplementary Table 3). We divided the 23-year time span of articles into three periods: 1998–2005; 2006–
2012; and 2013–2020. As shown in Figure 4, in the first period of 1998–2005, we identified 12 thematic fields, of which
“substance-p” and “central sensitization” were the most studied. In the second phase, the field of “neuropathic pain”

Figure 1 The number of publications with the theme of CS indexed by SCI-E from 1998 to 2020.
Abbreviations: CS, central sensitization; SCI-E, Science Citation Index-Expanded.
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emerged, which evolved from the previous nine thematic areas. “Temporal summation”, which evolved from three
thematic areas, was also an important emerging concept during this period. Interestingly, in the recent period, many of the
previous fields evolved into the final five key areas: “central sensitization”, “neuropathic pain”, “ double-blind”,
“sensitization”, “low-back-pain”, and “brain”. These were the hot research topics and future directions in the field of CS.

Intellectual Structure
The most influential authors, articles, and journals were determined based on co-citation networks and cluster analysis. In
articles and authors clustering, we obtained four main clusters, while in journals we obtained two (Figure 5). Figure 5A
showed that “Woolf CJ”, “Arendt-Nielsen L”, “Burstein R” and “Treede RD” occupied the center of each of the four
author clusters. The top five co-cited authors with the highest Betweenness Centrality were “Woolf CJ” (118.06) in
cluster 1, and “Treede RD” (50.30), “Koltzenburg M” (34.07), “Melzack R” (31.42), and “Baron R” (26.11) in cluster 4
(Supplementary Table 4). “Price DD” (22.72) and “Burstein R” (13.78) were the most centralized in clusters 2 and 3,
respectively. Figure 5B indicated that “Woolf CJ, 2011” and “Latremoliere A” were centered in the largest cluster of
articles. In fact, six of the top 10 co-cited articles with the highest centrality were written by Woolf CJ, and these articles
were in the center of cluster 1, cluster 2, and cluster 4. As for the co-cited journals, the “Journal of Neuroscience” and the
“Pain” are the most centralized in clusters 1 and 2, respectively (Figure 5C). However, the “Pain” was the most
centralized by a large margin. Most of the journals in cluster 1 were neuroscience journals, while the journals in cluster
2 seemed to be more focused on pain research. The above results indicated that “Woolf CJ” and the “Pain” were the most
influential author and journal in the co-citation network, respectively.

Table 1 Main Information About Bibliometric Analysis

Description Results

Data
Timespan 1998:2020

Journals 833

Documents 4466
Average years from publication 8.51

Average citations per documents 40.1

Average citations per year per doc 3.881
References 119823

Document types
Original article 3654

Review 812

Document contents
Keywords Plus 8643

Author’s Keywords 6850

Authors
Authors 13127

Author Appearances 21792

Authors of single-authored documents 219
Authors of multi-authored documents 12908

Authors collaboration
Single-authored documents 284
Documents per Author 0.34

Authors per Document 2.94

Co-Authors per Documents 4.88
Collaboration Index 3.09
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Social Structure
Ten different clusters of authors were formed in the social structure of 4466 articles related to CS (Figure 6A). The
authors with high centrality in the co-collaboration network were “Arendt-Nielsen L” in Cluster 1, “Nijs J” in Cluster 2,
“Wang Y” in Cluster 3, and “Ji RR” in Cluster 4. Besides, the institutions reaching the highest centrality were “Aalborg
University”, “Vrije Universiteit Brussel”, “Harvard University”, and “The University of Toronto” (Figure 6B). The most
prominent countries with high centrality were the USA (619.21) in cluster 1, United Kingdom (54.87) in cluster 2, Spain
(21.87) in cluster 3 (Figure 6C). China was in the same cluster as the US and also had a high degree of centrality (48.62).
Simultaneously, we constructed an inter-country collaboration map based on the number of MCPs. In brief, it was created
by mapping MCPs’ international partnerships to a global map to more visually show the state of global collaboration.
The thicker the red line, the more frequent the collaboration. As shown in Figure 7, international cooperation in the field
of CS was quite frequent. Specifically, the top five collaborations among countries, ranked by number of MCPs, were
USA-China:100; USA-United Kingdom:68; USA-Germany:59; USA-Canada:53; USA-Denmark:47. The social structure
suggested a good level of international collaboration in the field of CS, with the USA playing an influential role in the
cooperation network.

Discussion
We applied a bibliometric analysis to elucidate the global scientific activity around the topic of CS to help scholars
deepen their understanding of the scientific accumulation and potential future trends in CS research. We analyzed the
most productive countries, institutions and authors, and the most contributive journals and articles in CS research.
Besides, we constructed conceptual structure, knowledge structure, and social structure through network analysis and
cluster analysis. To the best of our knowledge, this is the first bibliometric study in the field of CS.

Table 2 Top 20 Productive Countries and Citations per Country

Sort by
NP

Country Articles (%) SCP MCP (%) Sort by Total
Citations

Country Total
Citations

Average Article
Citations

1st USA 1379 (30.9) 1172 207(15.0) 1st USA 87030 63.11

2nd China 432(9.7) 346 86(20.0) 2nd United

Kingdom

11313 45.07

3rd Germany 262(5.9) 196 66(25.2) 3rd Germany 10977 41.9

4th United

Kingdom

251(5.6) 187 64(25.5) 4th Denmark 10968 51.98

5th Denmark 211(4.7) 131 80(37.9) 5th China 7935 18.37

6th Canada 188(4.2) 141 47(25) 6th Canada 7217 38.39
7th Italy 186(4.2) 151 35(18.8) 7th Belgium 5298 32.7

8th Spain 173(3.9) 82 91(52.6) 8th Italy 4878 26.23

9th Belgium 162(3.6) 96 66(40.7) 9th Spain 4377 25.3
10th Japan 154(3.5) 129 25(16.2) 10th Japan 4054 26.32

11th Australia 138(3.1) 95 43(31.2) 11th France 3436 32.11

12th Brazil 110(2.5) 64 46(41.8) 12th Australia 3252 23.57
13th France 107(2.4) 89 18(16.8) 13th Israel 2127 45.26

14th Korea 107(2.4) 85 22(20.6) 14th Switzerland 2090 41.8

15th Netherlands 101(2.3) 67 34(33.7) 15th Netherlands 2004 19.84
16th Sweden 63(1.4) 37 26(41.3) 16th Brazil 1999 18.17

17th Switzerland 50(1.1) 20 30(60) 17th Sweden 1919 30.46

18th Israel 47(1.1) 42 5(10.6) 18th Korea 1785 16.68
19tn Norway 40(0.9) 33 7(17.5) 19tn Norway 1212 30.3

20th Turkey 40(0.9) 35 3(7.9) 20th Ireland 658 41.12

Abbreviations: NP, number of publications; MCP, multiple countries publications (inter-country collaboration); SCP, single country publications (intra-country
collaboration).
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It is well known that in recent years there had been a significant increase in the number of publications in the field of pain,
such as pain after spinal cord injury,37 chronic postsurgical pain,38 etc. As shown in Figure 1, the number of CS-related
articles was on a very steady upward trend, which indicated a great potential for future development. The USAwas the most
productive and most cited country. Besides, six of the top ten most productive institutions were in the USA. The above data
showed that the USA is the leader in CS research. Similarly, bibliometric analyses in other specific pain areas had shown the
USA was the leader in pain research, such as pain in the elderly,39 back pain,40 acupuncture for low back pain,41 and
neuropathic pain.42 Many of the most productive authors had been deeply involved in this field for more than ten years,
reflecting the progressive development of their research. In recent years, Arendt-Nielsen L, as the most productive author,
had contributed to elucidating the role of CS in tension-type headache, chronic neck and shoulder pain, pelvic pain, and
osteoarthritis pain.43–47 Regarding the number of publications and the citations, “Pain” was the most influential journal.
Besides, 7 of the top 20 most productive journals belonged to JCR Q1, which showed the importance of CS field research.

Most local cited articles can provide us with more helpful information. Two reviews written by Woolf and
Latremoliere described in detail the concept and mechanisms of CS. They elaborated on its relationship to central
neuroplasticity and implications for the diagnosis and treatment of pain.26,36 Ji et al analyzed the molecular mechanisms
underlying the generation and maintenance of CS and learning memory.48 Notably, they suggested that although synaptic
plasticity changes differ between the two, they share striking similarities. Using patch-clamp recordings in lamina II
neurons of isolated spinal cord slices, pro-inflammatory cytokines (interleukin-1β, interleukin-6, and tumor necrosis
factor-α) had been shown to induce CS through distinct and overlapping synaptic mechanisms in superficial dorsal horn
neurons.49 In addition, these cytokines may further induce long-term synaptic plasticity through cAMP response element-
binding protein (CREB)-mediated downstream responses. The study by Arendt-Nielsen et al revealed the role of CS in
painful knee osteoarthritis and received 518 global citations and 167 local citations.50

In the conceptual structure we constructed, the essential clusters were cluster 1: “Central Sensitization” and cluster
2: “Neuropathic Pain”. The concepts in both clusters have been very active over the past 20 years: cluster 1 - which
includes the terms pain, mechanism, hyperalgesia, modulation, and temporal summation - is the most prominent and

Table 3 Top 20 Journals Related to Central Sensitization

Sort by Number of Articles Relevant Sources Articles TC JCR IF (2020)

1st Pain 380 24854 Q1 6.961
2nd Journal of Pain 118 6214 Q1 5.820

3rd European Journal of Pain 116 3563 Q2 3.931

4th Neuroscience 109 3870 Q3 3.590
5th Molecular Pain 105 2968 Q3 3.395

6th Pain Medicine 101 2390 Q2 3.750

7th Clinical Journal of Pain 85 3041 Q2 3.442
8th Journal of Neuroscience 84 8961 Q1 6.167

9th Neuroscience Letters 75 1477 Q3 3.046
10th Cephalalgia 74 10642 Q1 6.292

11th PLoS One 71 1587 Q2 3.240

12th Headache 66 2787 Q1 5.887
13th Anesthesiology 57 3513 Q1 7.892

14th Journal of Neurophysiology 57 2744 Q3 2.714

15th Brain Research 54 1607 Q3 3.252
16th Journal of Pain Research 49 615 Q3 3.133

17th Anesthesia and Analgesia 45 2669 Q1 5.108

18th Experimental Neurology 44 1824 Q2 5.330
19tn Pain Practice 44 1117 Q3 3.183

20th Current Pain and Headache Reports 43 1428 Q2 3.494

Abbreviations: JCR, Journal Citation Reports; IF, impact factor; TC, total citations.
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Figure 2 Top ten most productive institutions and authors. (A) Top ten most productive institutions; (B) Top ten most productive authors; (C) Top-Authors’ Production
Over Time. The color of the dots represent the number of articles, and the size of the dots represent the TC per year.
Abbreviation: TC, total citations.
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demonstrates the core concepts of the CS field. As well, another primary cluster “Neuropathic Pain” - which includes
the terms spinal cord, neurons, activation, substance-p, long-term potentiation, and peripheral nerve injury – mainly
explores the neuropathological alterations of CS.26,51–53 We analyzed the thematic evolution of different time slices,
which can highlight the complexity of research in the CS field. Interestingly, in the recent period, many of the
previous fields evolved into the final five key fields: “central sensitization”, “neuropathic pain”, “double-blind”,
“sensitization”, “low-back-pain”, and “brain “. Several bibliometric analyses showed similar interesting results.
“Double blind” was also one of the most commonly used keywords in neuropathic pain research.42 Besides, “central
sensitization” was the research development trends and focus in the pain field after spinal cord injury.37 Nowadays,
there are a growing number of double-blind studies advancing the clinical application of the concept of CS,
deepening the understanding of a variety of diseases such as osteoarthritis and migraine.54–57 CS-related changes
in functional brain activity can be observed in rats with endometriosis-related pain: enhanced ReHo signaling in the
cingulate cortex, thalamus, and hippocampus, which may be due to neuronal apoptosis or hyperactivity.58 In addition,
since the brain-derived neurotrophic factor (BDNF) is an essential driver of neuroplasticity, targeting BDNF may be
a potential therapeutic target for improving CS (blockade of the adenosine A2A receptor, antagonizing NMDA
receptors, or blocking the proteinase-activated receptors 2-NK-κβ signaling pathway).59 The importance of CS in
chronic low back pain has been demonstrated. Similarly, in acute lower back pain CS may co-exist with other
psychological factors (high sensitivity and negative psychological state) and contribute to the persistence of pain.60

Intellectual structure analysis revealed the current knowledge base of CS research, and it indicated that “Woolf CJ”
and the “Pain” were the most influential author and journal in the co-citation network, respectively. Although “Woolf CJ”

Figure 3 Network visualization of KeyWords Plus (KWP) co-occurrence. The thickness of the connecting line between 2 keywords represents the strength of co-
occurrence. The size of the KWP represents the index of their centrality.
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Figure 4 Thematic evolution of KeyWords Plus in field of research on central sensitization 1998–2020. Three time slices: 1998–2005, 2006–2012, and 2013–2020.

Figure 5 Co-citation network analysis with the identification of only 2 co-citation clusters for (A) authors, (B) articles, and (C) journals.
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is not on the list of the most productive authors, his papers have a considerable impact on the CS field. The most
contributive article is “Woolf et al, 2011”8 with 748 local citations and 2011 global citations, which can also confirm the
significance of his publications. He revealed that IL1β-mediated induction of Cox-2 in the central nervous system
promoted hypersensitivity of inflammatory pain.61 Besides, he confirmed that bradykinin activated multiple kinases in
dorsal horn neurons resulting in hyperalgesia.62 On a more fundamental level, the papers located at the center of each
cluster in Figure 5B can represent recognized carriers of knowledge in the CS field. At the same time, they can also
contribute to the emergence of new research.

We constructed social structures at three levels: authors, research institutions, and countries. What is exciting is that
there is a good co-collaboration network in the CS field, especially between countries, which is not available in some
other studies.32 But we should also note the imbalance between the different geographic regions: North America, Europe,
East Asia, and Oceania are the regions where collaboration is much more frequent. The lack of deeper international
cooperation may be a real obstacle to more remarkable progress in CS research in the future. With the help of academic
journals and professional associations, it is proposed that scholars from different research areas and professional
backgrounds should work collaboratively to optimize this situation further.63

The present study also has some limitations that need to be solved. First, we only included articles from the Web of
Science Core Collection; therefore, this study cannot be an exhaustive review of the entire literature in the CS field.
Second, the search results of this study are not representative of the real-time situation due to the continuous updating of
the relevant literature. Third, although the publications included in this study were manually screened, the quality of the
collected literature was uneven, which may reduce the credibility of the results. It is undoubtedly important to select as

Figure 6 Collaborations network among (A) authors, (B) institutions, and (C) countries.
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much relevant publications as possible in order to obtain an overall picture of research in a given field. Therefore,
stringent inclusion criteria for the publications may be a double-edged sword. In future studies we may be able to assess
or avoid the uneven quality of the literature by setting different inclusion criteria, classification according to different
definitions of CS, or based on impact factor or number of citations, etc. Fourth, CS can only be assessed in animals and in
humans we can only assess a proxy, which may introduce uncertainty into the results. In future research, we may be able
to precisely define CS in humans or animals separately and analyze it separately. Finally, we cannot assess the incidence
of self-citation when constructing the knowledge structure.

Our study was based on the R package “bibliometrix”, and three structural networks were constructed. Overall, we
established a model that can be used to keep track on the area in the future with the option to see changes in the
landscape. Through periodic analysis, we can obtain historical trajectories and real-time dynamics of CS research. We
hope this is an innovative exploration in this field.

Conclusion
Studying the mechanism of CS and its role in disease diagnosis and treatment has excellent research value and broad
clinical application prospects. Using the R package named bibliometrix for bibliometric analysis and visualization,
research in CS generally showed a steady upward trend. The three structural networks showed that the USA is the
leading country in this research. Arendt-Nielsen L and Woolf CJ were the most productive and influential authors,
respectively. The current situation of cooperation and communication between different countries and institutions is
positive. Most journals that publish and cite articles about CS were academically influential, indicating that CS had
received widespread attention. Cluster analysis revealed that research in the field of CS contained three main
conceptual clusters, and the themes of research evolved frequently. The current research focused on the pathogenesis
of CS in neuropathic pain, the role of CS in different diseases, and related clinical double-blind trials.

Abbreviations
CS, central sensitization; CNS, central nerve system; SCI-EXPANDED, Science Citation Index Expanded; BDNF, brain-
derived neurotrophic factor; KWP, KeyWords plus; MCP, multiple countries publications.

Figure 7 Worldwide collaborations among countries in the field of central sensitization. The thicker the red line, the more frequent the collaboration.
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