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Japanese encephalitis (JE) is a mosquito-borne disease caused by the Japanese encephalitis virus (JEV). The disease is mainly an epidemic in Asia and has been studied for nearly 90 years. To evaluate the research trends of JE, 3,023 English publications between 1934 and 2020 were retrieved and analyzed from the Web of Science database using indicators for publication, country or territory, citation, journal, author and affiliation, keyword co-occurrence cluster, and strongest citation bursts detection. The results of the bibliometric analysis and the visualization tools show that the number of annual publications on JE has been increasing. JE has been continuously studied in the USA and also many Asian countries, such as Japan, China, India, and South Korea; however, only a few publications have high citations. The main research groups of JE in the last 5 years were in China, Japan, and the UK. The keyword co-occurrence analysis and the strongest citation bursts detection revealed that most studies focused on the pathogenic mechanism of JEV, control of outbreaks, and immunization with JE vaccine. The research maps on JE obtained by our analysis are expected to help researchers effectively explore the disease.
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Introduction

Japanese encephalitis (JE) is an acute central nervous system infection caused by the Japanese encephalitis virus (JEV) and transmitted by mosquitoes. Patients with JE usually present with general symptoms, namely, fever, headache, and convulsions. Approximately 30% of patients with JE admitted to the hospital die, and around half of the survivors develop severe neurological sequelae, such as frank motor deficits, severe cognitive and language impairment, and further convulsions. In addition, Guillain-Barré syndrome has been reported to be associated with JEV infection in older age groups (Wang et al., 2020). JE is mainly prevalent in 24 countries in Southeast Asia and the Western Pacific Region. There are approximately 68,000 clinical cases each year, and more than 3 billion people are at risk of infection, which places a serious burden on the health of the population and healthcare economy (Campbell et al., 2011; Heffelfinger et al., 2017; Wu et al., 2021). JEV belongs to the Flavivirus genus of the Flaviviridae family and was first isolated from the brain of a fatal case of JE in 1935 (Solomon et al., 2000). The viral genome is a positive-sense, single-stranded RNA, which is approximately 11 kb in size. The genome comprises a single open reading frame (ORF) encoding a polyprotein that is processed into three structural proteins [capsid (C), precursor membrane or membrane (preM/M), and envelope (E)] and seven non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) (Sumiyoshi et al., 1987; Chambers et al., 1990). JEV can be divided into five genotypes (GI–GV) based on the E gene or the complete genome phylogenetic analysis (Solomon et al., 2003).

Bibliometrics is a cross-science that integrates mathematics, statistics, and philology, and analyzes all knowledge carriers quantitatively. The measuring parameters are mainly the amount of literature, authors, and words. Bibliometrics plays an important role in assisting relevant personnel in sorting out research trajectories, digging out the frontiers of disciplines, and finding research hotspots. It has been widely used in infectious disease research; however, JE has not been extensively reported until now.

The population composition of JE has changed from mainly children to several cases in adults across Japan, South Korea, China, and parts of India, as JE evolved into a vaccine-preventable disease (Campbell et al., 2011; Heffelfinger et al., 2017; Chen et al., 2021; Wu et al., 2021). Furthermore, the epidemic area of JE has expanded in recent years. Partial nucleic acid of JEV was detected in Culex pipiens pallens and birds in northeastern Italy in 2010, and in 2016, genotype III JEV nucleic acid was detected in the serum of patients in Angola, Africa, which had been earlier considered a non-endemic area for JE (Platonov et al., 2012; Ravanini et al., 2012; Simon-Loriere et al., 2017). The main epidemic genotype of JE is also changing. In Southeast Asia and India, genotype I has replaced genotype III as the main epidemic type of JEV (Gao et al., 2013; Schuh et al., 2013; Su et al., 2014). It is also noteworthy that the genotype V JEV was first isolated from the brain tissue of a patient in Malaysia who died from the disease in 1952, and was again isolated 57 years later from Culex tritaeniorhynchus mosquitoes in Nyingchi, Tibet, China. In 2011, the sequence of genotype V JEV was detected from Culex bitaeniorhynchus mosquitoes in South Korea, and finally, a case of GV JEV infection was found in South Korea in 2015 (Takhampunya et al., 2011; Li et al., 2011; Kim et al., 2015).

Aiming at the changing epidemiological characteristics of viruses and diseases, this article summarizes the studies related to JE from the aspects of publication, country or territory, citation, journal, author and affiliation, keyword co-occurrence cluster, keywords with the strongest citation bursts, etc., using bibliometric and visualization methods. The study seeks to sort out the research process and frontiers, and thereby serve as a valuable reference and guidance for researchers in the future.



Materials and Methods


Sources of Literature Data

The data of this study was derived from the Science Citation Index Expanded (SCI-Expanded) database of the Web of Science (WoS), USA Institute of Scientific Information. It contains all the documents indexed by SCI-EXPANDED since 1900. The literature data search was conducted on August 11, 2021.



Search Strategy

According to the search rules of WoS, the search condition was set to (“JAPANESE ENCEPHALITIS” OR “JAPANESE B ENCEPHALITIS”) (Title) or (“JAPANESE ENCEPHALITIS” OR “JAPANESE B ENCEPHALITIS”) (Author Keywords) and Meeting Abstracts (Exclude Document Types) and English (Languages), and the retrieval time span was January 1, 1900 to December 31, 2020. After the retrieval, some pieces of literature with poor relevance to the research topic were removed through manual screening.



Data Analysis

All the essential literature data and information for this research were fully recorded and exported in txt. and xlsx. format on August 11, 2021. Microsoft Excel (version 16.46) was used to perform basic descriptive analysis (such as the number of publications per year, publications with the most citations, etc.). VOSviewer (version 1.6.15) was used to generate visual maps. In the author analysis, researchers with a number of publications greater than 8, and the strength of association with other authors greater than 20 were included in the graph; before keyword analysis, synonyms were merged and invalid words were eliminated by constructing a synonym dictionary. CiteSpace (version 5.8.R3) was used to analyze the keywords with the strongest citation bursts and summarize the research hotspots and frontiers related to JE.




Results


Analysis of the Publication Numbers and Countries

A total of 3,023 publications meeting the search requirements were obtained from 1934 to 2020. The annual number of publications has been increasing and the countries with the most publications are India (704), the USA (697), China (676), and Japan (543). Based on the annual number of publications, JE research can be roughly divided into three stages. The period of 1934–1960 was the initial stage of research, when the WoS first included an article named St. Louis encephalitis (Webster and Fite, 1934) that was published in Science in 1934. During this period, the number of publications remained low with the total being 108, and the average being approximately four per year. The United States was the most important country for JE research in this period. The 1960s to the end of the 20th century represented the developmental stage for JE research. The number of publications on JE was 898, and the average was approximately 23 per year. India, Japan, and China got involved in JE research during this stage. From 2000 to 2020, the publications on JE entered into a stage of rapid development. The total number of publications was 2,017, and the average was approximately 96 per year. In 2000, there were more than 50 new publications, and the number exceeded 100 in 2009. From 2009 to 2020, it remained above 100 and increased to 141 by 2020. Among them, publications in China accounted for 30.34% (612/2,017), making it the most important country for JE research over the past 20 years (Figure 1).




Figure 1 | Number of literatures published each year. The abscissa represents the publication year, the ordinate represents the publication amount, and the colors are used to code the publications from different countries.





Analysis of Citations

The top 10 reviews with the most citations from 1934 to 2020 were cited 4,082 times, accounting for more than 52% (4,082/7,783) of relevant reviews. The most cited review, Emerging Flaviviruses: The Spread and Resurgence of Japanese Encephalitis, West Nile and Dengue Viruses (Mackenzie et al., 2004), received 952 total citations and 59.5 average citations per year. There were only 3 reviews with more than 500 citations, 2 reviews with 300–500 citations, and 5 reviews with 200–300 citations. The latest publication among the 10 most frequently cited reviews was published in 2011 (Table 1).


Table 1 | Top 10 reviews with the most citations.



The top 15 articles with the most citations from 2005 to 2020 were cited a total of 2,205 times, accounting for more than 8% of relevant research articles (2,205/27,149). The most cited article, Proinflammatory Mediators Released by Activated Microglia Induces Neuronal Death in Japanese Encephalitis (Ghoshal et al., 2007), had 265 total citations and 20.38 average citations per year. Except for the first, the other articles were cited less than 200 times. According to the average number of citations per year, there were 2 articles that were cited more than 20 times. In addition, the latest article among the top 15 was published in 2015 with 109 citations, of which ten were published before 2010 (Table 2).


Table 2 | Top 15 articles with the most citations from 2005 to 2020.





Analysis of Journals

All publications included in the study came from 561 different journals and the top 10 journals with the most publications were listed. These 10 journals produced 29.34% (887/3,023) of all publications analyzed in this study and 37.29% (27,172/72,869) of the total citations. Among them, the journal Vaccine has published the maximum number of papers related to JE (165) and the Journal of Virology has the highest average citation frequency (65.19) (Table 3).


Table 3 | Top 10 journals with the most publications.





Analysis of Authors and Affiliations

The groups led by the Japanese scientists Konishi E. (Kyoto Prefectural University of Medicine), Kurane I. (National Institute of Infectious Diseases), and Igarashi A. (Showa University), and the Indian scientists Mathur A. (Saraswati Dent & Med Coll) and Banerjee K. (ICAR—National Research Centre for Grapes), were the most productive research authors in the field of JE in the period of 1990 to 2000. From 2000 to 2010, groups led by scientists, such as Solomon T. from the University of Liverpool, Basu A. from the National Brain Research Center of India, and Tomohiko T. from the National Institute of Infectious Diseases in Japan, were the most active JE researchers. Since 2010, Chinese scientists, such as GD Liang and HY Wang from the Chinese Center for Disease Control and Prevention, SB Cao from Huazhong Agricultural University, and CF Qin from the Beijing Institute of Microbiology and Epidemiology, have become the most active researchers in the field of JE. In addition, the team of ZY Ma from the Chinese Academy of Agricultural Sciences joined JE research around 2020. The top 15 institutions with the most publications are listed in Table 4, with most of them were from the United States, India, China, Japan, and Thailand (Figure 2, Table 4).


Table 4 | Top 15 Affiliations with the most publications.






Figure 2 | Author co-authorship analysis map. The size of each node indicates the number of publications produced by the author. The thickness of each link indicates the strength of collaboration relationship between two authors. The distance between two nodes indicates the relatedness of the links they each has. Indicator shows the publication time of the author from purple to yellow.





Analysis of Keywords

The research directions of JE-related publications collected by WoS were divided into ten clusters, four of which were dominant. The keywords which roughly connected to JEV were shown in red, and the word “Japanese encephalitis virus” occurred 737 times, accounting for 24.38% (737/3,023) of the total publications. The keywords which roughly connected to JE were shown in blue and “Japanese encephalitis” appeared 470 times, accounting for 15.55% (470/3,023) of the total publications. “Vaccines” appeared 164 times, accounting for 5.43% (164/3,023) of the total publications and the words relevant to vaccines and immunization were coded with purple. The keywords related to the pathogen vectors were shown in green and “Culex mosquitoes” appeared 87 times, accounting for 2.88% (87/3,023) of the total publications (Figure 3).




Figure 3 | Keyword co-occurrence analysis map. The size of each node indicates the occurrence of the keyword in all 3,023 publications. The thickness of each link indicates the strength of co-occurrence relationship between two keywords. The distance between two nodes indicates the relatedness of the links they each has. Nodes with common attributes are assigned to a color-coded cluster.



A total of 33 keywords with the strongest citation bursts were detected. There were 10 keywords (“monoclonal antibody”, “antigen”, “e glycoprotein”, “cytotoxic t lymphocyte”, “protective immunity”, “vaccine”, “epitope”, “immunogenicity”, “cd8 (+) t cell”, “sa 14-14-2 vaccine”) related to the topic of immunization and vaccine development were detected, accounting for 30.3% (10/33). “Monoclonal antibody” was the strongest keyword, followed by “nucleotide sequence”, “antigen” and “vaccine”, each of which had an outbreak range of more than 10 years. “Emergence”, “transmission”, “dominant genotype” and “pathway” were the most recent burst keywords (Figure 4).




Figure 4 | Keywords with the strongest citation burst in publications on JE research from 1980 to 2020. The time interval is depicted as a blue line. The period in which a keyword is found to exhibit a strong increase is shown as a red line, which indicates the beginning and the end year of the burst.






Discussion

As a vaccine-preventable infectious disease, JE has a great impact on public health in Asia due to its high fatality rate, high disability rate, and potential global epidemic risk. There are still major challenges in rapid and effective disease control and prevention of JE once an epidemic occurs. Since the 1930s, the isolation of JEV had promoted research on JE, and a large volume of literature was published. In order to improve research efficiency and reduce unnecessary duplication, 3,023 publications that meet the research objectives were analyzed by innovative bibliometric and visual tools to uncover the research trends and hotspots, promote cooperation between JE researchers in different teams, and provide reference and guidance for future researchers.

The annual publication volumes reflect the key development of this field over the past years (Durieux and Gevenois, 2010). Between 1934 and 2020, the number of publications remained low, but it continued to grow. There was an explosive growth peak around 2009, and this may be related to the establishment of WHO reference laboratories for JE in 2009 in the Southeast Asian and Western Pacific Region, which promoted the monitoring and research of JE in relevant countries.

Asian countries are highly concerned about JE because of conditions, such as epidemic areas, distribution of vectors, climate, geographical location, social health, and economics. Meanwhile, the United States has continued to pay attention to JE and has carried out comprehensive and extensive research. Since the 1960s, many Asian countries such as China, India, and Japan have been involved in JE research, accompanied by their inherent economic and social development. In recent years, Asian countries have played a more important role in the research of JE. However, because this research is mainly aimed at the English publications of WoS, publications in other languages such as Japanese or Chinese were excluded, which has a certain impact on the accuracy of the analysis about different countries.

The number of citations of a publication reflects its dissemination and influence to a certain extent (Muniz et al., 2018). A large number of JE publications were lowly cited, whereas highly cited publications were published earlier. This shows that JE is not a global point of focus because of its somewhat limited epidemic area. There are only a few research groups engaged specifically in JE research worldwide, most of which are in the field of disease prevention and control, such as the Centers for Disease Control and Prevention in the USA and China, and the National Institute of Infectious Diseases in Japan. Furthermore, in-depth exploration of specialized fields may change the focus and direction of future research in this field. Among the 15 most cited articles listed in Table 2, there are studies on different topics including but not limited to antiviral drugs, vaccine development, molecular epidemiology, and virus structure; the pathogenic mechanism of the virus has become more popular since JE research has entered the stage of rapid development.

Journals with a high frequency of publication of related literature provide researchers with publication guidelines for documents (Deng et al., 2020). Among the 15 most cited articles listed in Table 2, five articles were from the Journal of Virology, which reflects the authority and high degree of attention to the field by the journal. In addition, the journal Vaccine has published the maximum number of papers related to JE, indicating that vaccine development and application is a popular topic in JE research.

The analysis of the authors helps to understand a research field more comprehensively and evaluate the contributions, research level, and the academic status of researchers in the field objectively (Podsakoff et al., 2008). Our results show that since 2010, the following JE research groups are the most representative: Solomon T. of the University of Liverpool in the UK is mainly engaged in research involving JE epidemiology (Ooi et al., 2008), pathogenesis and clinical features (Solomon and Vaughn, 2002), diagnosis and treatment methods (Solomon et al., 1998; Turtle and Solomon, 2018), immune mechanism (Turtle et al., 2016), transmission vector (Mackenzie-Impoinvil et al., 2015) and molecular epidemiology of JEV (Mohammed et al., 2011); Basu A. of the National Brain Research Center in India focuses on the pathogenesis of JEV (Mackenzie et al., 2004) and the pathology and clinical features (Ghosh and Basu, 2009) of JE; Takasaki T of the National Institute of Infectious Diseases in Japan is mainly devoted to the serological detection of the JEV antibody (Hamano et al., 2007), vaccine and immunization (Kurane and Takasaki, 2000), epidemiology survey (Kurane et al., 2013), etc. In addition, there are mainly the following groups in China: GD Liang and HY Wang of the Chinese Center for Disease Control and Prevention are mainly engaged in the analysis of the JEV genotype and molecular epidemiology (Wang et al., 2007; Pan et al., 2011; Gao et al., 2019), JE epidemiology, and disease prevention and control-related research (Yin et al., 2010; Gao et al., 2014; Wang and Liang, 2015). The team of SB Cao from the Huazhong Agricultural University is mainly engaged in basic research related to JEV pathogenic mechanism (Li et al., 2015), immune response (Cao et al., 2011), and antiviral drugs (Ye et al., 2014). CF Qin from the Beijing Institute of Microbiology and Epidemiology is mainly devoted to research on JEV infection and pathogenic mechanism, and relevant research on the JEV live attenuated vaccine SA14-14-2 (Ye et al., 2012; Li et al., 2013).

Keyword co-occurrence analysis and citation burst detection can provide a large amount of meaningful information to help researchers identify hotspots and trends in their fields (Hand et al., 2002; Romero and Portillo-Salido, 2019). Judging from the keyword clustering map and the citation burst detection, immunization, vaccine and vector of JEV are the fields that have attracted continuous attention in JE research, while emerging virus, JEV transmission, dominant genotypes, pathogenic mechanism and immune pathways can be the popular research trends in future. Recent years, the main epidemic genotype of JEV has gradually changed from genotypes III to I. The genotype V JEV has also received increasing attention because of the re-emergence of clinical cases of the genotype V JEV infection. The vaccines used across the world were developed based on genotype III JEV, which has a low protective efficacy against the genotype V (Li et al., 2014; Tajima et al., 2015; Cao et al., 2016), and the protective effect for genotype II or IV has not been evaluated. Therefore, research on multivalent vaccine for different genotypes of JEV may become the focus of future studies. Furthermore, with the widespread application of vaccines, the incidence of infectious cases in children significantly declined, and the growing number of adult cases has become a significant public health problem. Immunocompromised populations, organ transplantation and vaccine breakthrough cases are poised to attract attention in the JE research field (Cheng et al., 2018; Qi et al., 2020).

The current explosion of information and the unprecedented amount of data makes it challenging for researchers to derive actual benefit. Bibliometric analysis combined with data visualization is critical for exploring and communicating information effectively and for helping researchers to continue their progress (Wong et al., 2012). Therefore, we conducted a bibliometric and visual analysis of the publications about JE from 1934 to 2020, which might promote cooperation among researchers and provide valuable ideas for the future research of JE.
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