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Abstract: In response to the COVID-19 crisis, which has become a severe threat to the health and
sustainability of human life, scholars have published numerous research results. Although the
importance of international research collaboration has been highlighted as a means of overcoming
this global crisis, research on this particular problem has been lacking. Therefore, this study focused
on the response of academia to COVID-19 by examining the collaboration between international
research, and its impact. This study extracted data from Scopus, sampling articles and reviews
published in 2020. By analyzing scenarios by country and international research collaboration based
on data on authors’ nationalities and the research areas of documents, this study revealed that
the United States and China contributed the most. In all countries, most research was conducted
on medicine. European and American countries demonstrated significant interest in the social
sciences and Asian countries in the life sciences. Furthermore, some countries, including Belgium
and Pakistan, extended their research interests through international research collaboration. The
results of this study highlight the importance of international research collaboration across various
areas by overcoming the regional imbalance in intercountry collaboration and the concentration on a
limited scope of subjects.

Keywords: global collaboration; research collaboration; effect of collaboration; network analysis;
COVID-19; SARS-CoV-2; infectious disease

1. Introduction

Infectious diseases have always been a part of human history [1]. In particular, because
pandemics have caused numerous sicknesses and deaths, humans have developed science
and medicine to combat such occurrences. However, infectious diseases continue to affect
humans. In 2003, severe acute respiratory syndrome (SARS) infected 8422 people across
29 countries, resulting in 916 deaths [2]. In 2009, HIN1 infected more than 130,000 people
in over 214 countries and caused 18,449 deaths [3]. In 2014, the Ebola virus, which first
emerged in Africa, infected 28,616 people and caused 11,310 deaths [4]. In 2015, the Middle
Eastern respiratory syndrome (MERS) infected 2502 people in 27 countries and caused 861
deaths [5]. In 2016, the Zika virus spread through 43 countries (mostly in Latin America),
infecting more than 1,600,000 people [6].

To describe the extent of the spread of infectious disease, the World Health Organi-
zation (WHO) in 1999 established a five-stage classification system and updated it to a
six-stage classification in 2005, which is currently in use [7]. Moreover, in May 2016, the
WHO announced the “R&D Blueprint”, which is an initiative to implement anticipatory
actions in terms of research and development on infectious diseases. An initial list of
priority pathogens, which included seven diseases to be urgently addressed based on nine
metrics, was published: (1) Crimean-Congo hemorrhagic fever virus, (2) Filovirus diseases
(i.e., Ebola virus disease and Marburg), (3) highly pathogenic emerging coronaviruses
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(CoVs) relevant to humans (MERS- and SARS-CoV), (4) Lassa fever, (5) Nipah virus, (6) Rift
Valley fever virus, and (7) a new severe infectious disease. Additionally, three severe
diseases that require urgent action were included: (1) Chikungunya virus, (2) severe fever
with thrombocytopenia syndrome, and (3) congenital abnormalities and other neurological
complications associated with the Zika virus [8]. After a round of amendments in 2017, the
WHO published the “WHO R&D Blueprint (2018)”, to which “Disease X”, defined as an
unexpected future infectious disease, was added [9].

In December 2019, an infectious disease caused by a new virus that first emerged in
Wuhan, China, rapidly spread worldwide [10,11]. The International Committee on Taxon-
omy of Viruses (ICTV) termed the virus severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), and the WHO termed the infectious disease coronavirus disease 2019
(COVID-19) [12]. The common perspective is that COVID-19 is the first example of Disease
X to emerge [13-15]. On March 11, the WHO classified this outbreak as a pandemic, which
is the most severe spread of infectious diseases [16,17]. COVID-19 is not the first infectious
disease that has attained the level of a pandemic, but it is the first to have such a global
impact [18]. The disease continued to spread, and according to the WHO's official statistics,
there were 150,995,295 cases of infection and 3,173,668 deaths as of 1 May, 2021 [19].

The world realized the importance of international collaboration in overcoming infec-
tious diseases after it experienced SARS and MERS [20]. The article “A Coordinated Global
Research Roadmap: 2019 Novel Coronavirus”, based on the R&D Blueprint strategy and
published by the WHO, mentions the importance of nurturing scientific collaboration [21].
The International Chamber of Commerce [22] also published a statement highlighting the
importance of international collaboration in response to the COVID-19 pandemic. There-
fore, global research collaboration has become increasingly important in addressing the
current global problem [23].

According to the Royal Society [24], the share of papers with more than one inter-
national author was approximately 25% in 1996, and this increased to over 35% by 2008.
According to Gazni et al. [25], the share of papers from multinational publications was 14%
of all documents in 2000, but this percentage increased to 18% in 2009. The share of papers
with multinational publications varies depending on the subject area. According to this
study, the share of multinational publications was highest in space science (49.18%) and
lowest in social sciences (9.3%). According to Wagner et al. [26], the share of internationally
co-authored documents increased from 10% in 1990 to 25% in 2011. In addition, accord-
ing to the National Science Foundation (NSF), a public funding institution in the United
States [27], the share of international collaboration of authors from at least two countries
increased from 17% in 2008 to 23% in 2018. However, note that the quantitative metrics
used to estimate global research collaboration have discrepancies across investigation
periods and organizations. Nonetheless, all studies have concluded that global research
collaboration is increasing.

Although global research collaboration is gaining interest, no research on its practical
benefits has yet been conducted, particularly regarding its impact on national research
capabilities. Academic publications are the most common method of sharing new results
in academia [28]. Therefore, this paper examines the publication of papers based on
countries and subjects. Subsequently, international research collaboration is analyzed
through network analysis. Finally, it compares major research areas per country and the
subject in which collaborative research occurs most frequently. By analyzing the gap
between the two, we can infer whether knowledge has expanded through international
research collaboration.

2. Literature Review
2.1. Research Trends on Infectious Diseases
Previous studies have consistently demonstrated that, whenever an infectious disease

emerges, academia reacts immediately. Zhang et al. [29] studied the response of academia to
the emergence of Zika, HIN1, Ebola, and SARS over the past two decades and discovered
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that the number of research publications decreased, after an increase in the two years
following the initial emergence of the diseases. The number of publications was highest
in the United States, China, and the United Kingdom. In particular, the United States
published the most on Zika, HIN1, and Ebola, whereas China published the most on SARS.
An analysis of data from the Web of Science, PubMed, and CNKI databases on 7 April,
2020, indicated that the initial research on COVID-19 was most active in the United States
and China, and that collaborative research between the two countries was also prominent.
Bonilla-Aldana et al. [30] studied articles on the coronavirus from the Science Citation
Index (SCI), Scopus, and PubMed databases from 1951 to January 2020. The findings
revealed that after the emergence of SARS and MERS, research publications emerged
rapidly across all three databases. Malik et al. [31] studied articles related to coronavirus
after 1900 (a total of 28,846 articles) and observed a surge in publications in 2003-2006 and
2013-2016, when SARS and MERS emerged, respectively. Specifically, 4009 articles (13.9%)
were published between 1900 and 1999, 11,403 articles (39.5%) between 2000 and 2019,
and 13,434 articles (46.5%) in 2020. Moreover, research collaboration frequently occurred
between developed countries.

Infectious disease studies are mostly published in affected countries, with life sciences
and medicine being the major research subjects. Sa’ed [32] studied research publications
related to MERS-CoV between 2012 and 2015 and observed that 883 documents were
published in 92 countries. Among them, Saudi Arabia published the second highest
number of documents (113 publications) after the United States (319 publications). Sa’ed
explained that this was because Saudi Arabia was the country that isolated the MERS
virus. Zhang and Shaw [11] studied the trend of research on coronaviruses over the past
two decades and examined the trend of research on virology, epidemiology, and infectious
diseases following the emergence of SARS in 2003 and MERS in 2012. The most popular
research topics were (1) the structural changes and interactions of the virus upon its entry
into the human body, and (2) patient cases of immune reactions, diagnosis, and treatment.
In contrast, almost no studies connect biological dangers, such as infectious diseases, to
disaster response.

Research has also been conducted from the perspective of funding sources. Fitchett
et al. [33] surveyed the annual changes in the size of public and philanthropic funding for
infectious disease research from 1997 to 2010, and observed an increase in public funding
and the uncertainty of philanthropic funding due to the global financial crisis.

2.2. Research Trends on COVID-19

Bibliometric research on COVID-19 focuses on the publication of documents and
major research areas. Aristovnik et al. [34] studied documents published between 1 January
and 1 July 2020, and observed that the United States, China, and Italy published the
greatest amount of research. The categorization of publications by the All Science Journal
Classification (ASJC) of Scopus indicates that health sciences are the most popular research
area, and the three most popular keywords therein are “patient, health, and healthcare”
for health sciences; “protein, human, and vaccine” for life sciences; “factor, lockdown,
and area” for physical sciences; and “crisis, pandemic, and mental” for social sciences.
According to Sa’ed and Al-Jabi [35], who conducted a survey of publications between
December 2019 and 19 June 2020, the ten countries that had published the most research
on COVID-19 since its initial spread published 16,952 articles (89%); the top countries were
the United States (23.5%), China (17.4%), Italy (12.2%), and the United Kingdom (10.4%).

77

Research areas can be categorized into “clinical features studies”, “pathological findings
and therapeutic design”, “care facilities preparation and infection control”, and “maternal,
perinatal and neonatal outcomes”.

Moreover, Martinez-Perez et al. [36] used a citation network of documents related
to COVID-19 (published between January and July, 2020) to identify research areas. The
countries that published the most documents were the United States (26.75%), China

(14.55%), and Italy (12.32%). Research topics were categorized into 16 groups: Group 1,
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virus transmission and treatment; Group 2, vulnerability of cancer patients to COVID-19;
Group 3, psychological and physical pressure of medical personnel; and Group 4, research
on the possibility of early diagnosis through computed tomography (CT). Hossain [37]
conducted a bibliometric analysis of documents published on COVID-19 until 1 April, 2020,
which revealed that the major research areas included genetic, epidemiological, zoonotic,
and other biological topics. Dehghanbanadaki et al. [38] analyzed publications between 1
December 2019 and 1 April 2020, and observed that China published the greatest number
of documents (348), followed by the United States (160) and the United Kingdom (80). In
addition, collaboration was most frequent between the United States and China, and the
most popular research topics were pathogenesis, epidemiology, transmission, diagnosis,
treatment, prevention, and complications.

Research trends within specific topics were also analyzed. Yang et al. [39] sought to
identify content that needs to be updated in diagnosis and treatment guidelines by compar-
ing published research on COVID-19 and treatment guidelines from the WHO, the United
States, and China. Fan et al. [40] compared documents written in English and Chinese and
observed that English-language documents tended to include the exchange of information
among medical personnel and scientists, and provide the background required for major
policy decisions (for example, obligatory wearing of masks and minimizing gathering),
while Chinese-language documents tended to focus on the delivery of key information
to regional medical personnel. Yang et al. [41] analyzed research on traditional Chinese
medicine and observed five major topics, one of which was the analysis of the law around
traditional Chinese medicine based on data mining. In another study, Ng [42] observed that
traditional Chinese medicine and vitamin D were often mentioned as alternative therapies
before the introduction of any medication or vaccine. Lee et al. [20] determined the major
research areas of studies supported by public funds in the United States, the European
Union, Japan, and South Korea, and analyzed the characteristics of each country. This study
observed that in South Korea, research mostly focused on immune reaction platforms,
vaccine development, and diagnosis, and thereby inferred the South Korean government’s
development policies for biotechnology industries and the impacts of government-led
research and development.

2.3. Trend of Research on International Research Collaboration

Gazni et al. [25] categorized countries into four groups according to the extent of
their technological advancement, and studied the percentage of collaboration among these
groups. This study observed that research collaboration occurred most frequently between
scientifically advanced countries and scientifically proficient countries. By categorizing
countries according to their levels of economic development, this study observed that
high-income Organization for Economic Co-operation and Development (OECD) countries
are the major collaboration partners of countries from all other groups, and collaboration
occurred most frequently between high-income OECD countries and upper-middle-income
non-OECD countries. Velez-Estevez et al. [43] observed discrepancies in academic influence
by categorizing papers published under the categories of computer science and artificial
intelligence (from the Web of Science in 2015) according to the type of collaboration into
“one country and one affiliation”, “one country and two or more affiliations”, and “more
than one country”. Academic influence was measured by the rate of citation, and this study
observed that collaborative research papers were cited more frequently. Additionally, the
same keywords could belong to different areas in the strategic diagram depending on the
type of collaboration. Sweileh [44] compared intercountry collaboration through documents
published between 1996 and February 2005 with respect to eight new pathogens proposed
by the WHO (Ebola, Marburg, Lassa, Rift Valley, Crimean—-Congo, Nipah, MERS, and
SARS). This study observed that the rate of international collaboration differed significantly
by country, ranging between 21.1% (Turkey) and 86.9% (Switzerland), and that there
is a significant relationship (Pearson correlation r = 0.52, p = 0.01) between the rate of
international collaboration and the citation rate per paper.
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Moreover, Wagner et al. [45] used the openness index derived from the mobility
data and the percentage of international co-authored articles, and field-weighted the
citation impact of the relevant area. The findings indicated that more internationally open
countries tend to produce more impactful science papers than countries that are less open.
Chinchilla-Rodriguez et al. [46] compared the rate of cited papers with no collaboration,
those with national collaboration, and those with international collaboration using the mean
normalized citation score (MNCS), and observed that research collaboration has a positive
effect on citation. However, although higher ratios of R&D investment in GDP result in
greater MNCSs, the difference between MNCSs of different research types decreases [46].

As mentioned earlier, previous studies on COVID-19 have focused on articles pub-
lished until the first half of 2020, and tended to only examine research trends during the
early stages of the pandemic. Major research topics included the analysis of researchers,
research institutions, nations, and international research collaborations using bibliometric
tools. They identified major research topics using methods such as the analysis of simul-
taneously occurring keywords. Thus, studies on global research collaboration related to
COVID-19 explored the quantitative aspects of international collaborative research. Previ-
ous studies on the achievements of global research collaboration presented an increase in
citations and publications of papers in impactful journals as qualitative achievements.

This study reviewed research efforts that were made during the first year of the
COVID-19 pandemic to overcome the situation and return to normal life, and analyzed
the status quo and effects of global research collaboration. Therefore, in addition to
quantitative indicators, this study evaluated the major research areas per country and the
benefits of research collaboration from the perspective of academic capability (instead of
quantitative measures).

3. Materials and Methods
3.1. Data Collection

This study gathered data from Scopus, which is an academic database provided by
Elsevier. The reason for using Scopus is journal coverage. Web of Science provides data
from 1900, and Scopus provides data from 1966 [47]. On the other hand, Scopus is the
world’s largest database service, providing over 25,100 source titles [48-50]. In particular,
in the Biomedical Research field and Social Sciences field, the coverage of Scopus is wider
than that of Web of Science, with many exclusive journals [49]. For this reason, there
may be differences in detailed data depending on the database selected as the data source.
This study used Scopus to verify as effectively as possible the document data published
during 2020.

Based on the studies indicating that research tends to surge in the first 2 to 3 years
after the emergence of an infectious disease, this study analyzed the publications from 2020
to study the early response of academia to COVID-19 [29-31]. To decrease false-positive
results and increase accuracy during reference research, this study searched for titles that
best captured the theme of articles and that contained terms including “Coronavirus”,
“COVID”, or “SARS-CoV-2" [31,51,52]. This study used the term COVID, even though the
WHO officially named the disease COVID-19, so as to not exclude early publications that
used the name COVID-2019 (i.e., the shortened version of coronavirus disease 2019). Only
English-language articles were included in this study.

Using the standards outlined above, this study gathered a total of 75,359 publications,
which are listed in Table 1. A CVS-format file was downloaded from Scopus with data
including citation information and author affiliation for 40,782 articles and 8560 reviews.
Data were obtained from 14 to 16 March 2020.
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Table 1. Number of publications by document type.

Document Type Number of Documents Percentage
Article 40,782 54.117%
Letter 12,820 17.012%
Review 8560 11.359%
Note 5602 7.434%
Editorial 4661 6.185%
Conference Paper 1530 2.030%
Short Survey 691 0.917%
Erratum 554 0.735%
Data Paper 88 0.117%
Book Chapter 56 0.074%
Book 9 0.012%
Retracted 5 0.007%
Conference Review 1 0.001%
Total 75,359 100%

3.2. Extracting Nationality Information of Authors by Document Type

This study surveyed international research collaborations using the authors’ nationali-
ties. For this, the national information of authors by document type was extracted. The
nationality of authors was based on the nationality of their affiliated institution; it was
extracted from the nationality information registered in the affiliation section of the data
downloaded from Scopus. In some cases, the affiliation of more than one country was
listed among the authors. The reasons for having multiple international affiliations include
various points, such as research resources or financial benefits. However, it is difficult
to accurately determine the role of each affiliated university or institution in the study
from the publication. Additionally, multiple international affiliations help link institutions
or transfer knowledge [53]. Therefore, such affiliation was reflected in the findings of
all countries that referred to the author’s affiliation. Accordingly, some documents were
counted as research outcomes of multiple countries.

Furthermore, 246 samples without registered author information were excluded
from this study. In some cases, an author was registered, but the affiliation section did
not provide sufficient information to identify their nationality (i.e., it indicated only the
institution’s name and its city, or nothing at all). Instead, author IDs, which were assigned
by Scopus, were used in such cases, as these were available on all articles. Therefore, for
articles for which it was impossible to identify nationality via the information registered in
the affiliation section, this study searched for the author ID in order to identify affiliated
institutions and nationalities. There were 392 cases in which it was not possible to identify
affiliated institutions and nationalities, and these were excluded from this study. Thus, the
authors’ nationalities could be verified in 48,704 articles.

3.3. Technology Classification by Document Type

This study used the ASJC code, a four-digit number used by Scopus to denote technol-
ogy areas to classify documents [54]. An AS]JC code was assigned to each journal, and the
code of the journal in which a document was published was assigned to the document itself.

ASJC codes categorized the technology area of a journal into three levels: super-
group > subject area > field. Supergroup is the highest level and has four categories: health
sciences, life sciences, social sciences, and physical sciences. Under the supergroup is the
subject area; as shown in Table 2, there are five subject areas (e.g., medicine) under health
sciences, five (e.g., agricultural and biological sciences) under life sciences, six (e.g., arts
and humanities) under social sciences, and ten (e.g., chemical engineering) under physical
sciences. In addition, there are 27 subject areas, including multidisciplinary ones, that do
not belong to any of the four supergroups. Subject areas are divided into greater detail into
334 fields (including multidisciplinary subjects), and each field has a unique code.



Sustainability 2021, 13, 7618 7 of 23
Table 2. Categories by ASJC code.

Supergroup Subject Area Code
- Multidisciplinary 1000
Life Sciences Agricultural and Biological Sciences 11 **
Social Sciences Arts and Humanities 12 **
Life Sciences Biochemistry, Genetics, and Molecular Biology 13 **
Social Sciences Business, Management, and Accounting 14 **
Physical Sciences Chemical Engineering 15 **
Physical Sciences Chemistry 16 **
Physical Sciences Computer Science 17 **
Social Sciences Decision Sciences 18 **
Physical Sciences Earth and Planetary Sciences 19 **
Social Sciences Economics, Econometrics and Finance 20 **
Physical Sciences Energy 21 **
Physical Sciences Engineering 22 **
Physical Sciences Environmental Science 23 **
Life Sciences Immunology and Microbiology 24 **
Physical Sciences Materials Science 25 **
Physical Sciences Mathematics 26 **
Health Sciences Medicine 27 **
Life Sciences Neuroscience 28 **
Health Sciences Nursing 29 **
Life Sciences Pharmacology, Toxicology, and Pharmaceutics 30 **
Physical Sciences Physics and Astronomy 31 **
Social Sciences Psychology 32 **
Social Sciences Social Sciences 33 **
Health Sciences Veterinary 34 **
Health Sciences Dentistry 35 **
Health Sciences Health Professions 36 **

** two digits for field.

3.4. Analysis of Current Research Trends by Country

This study analyzed publications by country using a bibliometric methodology.
An analysis was conducted on research quantity, research quality, and the international
collaboration index. Research quantity is the total number of articles published in a country.
Research quality is the total number of citations by country, average citation rate (total num-
ber of citations/total publication number), and h-index. Frequently, the citation rate is an
index used to measure the impact of a publication or to evaluate the impact of a researcher.
Therefore, this study calculated the sum of citation rates of all documents published in a
country so as to compare research quality by country. However, because the total citation
rates tended to increase as the number of documents increased, this study calculated the
average citation rate by dividing the total citation number by the number of articles.

The index that is most widely used to evaluate a researcher’s ability is the h-index,
proposed by Hirsch [55] in 2005. The h-index is an index that simultaneously captures the
productivity, quality, and quantity of a paper defined as “if h of his or her N}, papers have
at least h citations each and the other (Np-h) papers have <h citations each” (p. 16569, [55]).
This study also used the h-index, which is commonly used to represent an individual’s
research capability and to represent a country’s research capability [32,56]. For this, this
study applied the definition of the individual h-index to countries, namely, that “if h of
a country’s N, papers has at least h citations each and the other (Np~h) papers have <h
citations each”.

Finally, the international research collaboration index is the number of collaborative
research projects and the ratio of research collaboration (the number of collaborative
research documents/the total number of documents). This study categorized all documents
per country into single-national and multinational documents, and verified the ratio
between the number of collaborative research documents by country and the total number
of documents.
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3.5. Analysis of the Current State of the Global Research Network

A node is used to signify entities such as persons and goods, and a network is used to
present the relationship among nodes using links; thus, it is used to represent the interactive
relationships among entities. Network analysis is an analytical method derived from graph
theory, and is advantageous in that it can clearly define and organize the relationships
among entities in a network [57]. The co-authorship network analysis, in particular, is an
analytical tool that clarifies the pattern of collaboration and flow of knowledge among
researchers. This study applied the co-authorship network analysis method to analyze
research networks among countries so as to examine the current state of global research
collaboration [58].

This study analyzed the position of each country in a global research network using
the centrality index proposed by Freeman [59]. The mathematically calculated centrality
index indicates positions and relationships within a network [60] using degree centrality,
betweenness centrality, and closeness centrality. Degree centrality is a measure of the
number of other nodes to which a node is directly connected; betweenness centrality is
a measure of how well a node is connected to other nodes; and closeness centrality is
a measurement of how short the distance is from one node to others. An analysis and
visualization of the closeness centrality of the international collaboration network was
conducted using the Gephi version 0.9.2 software. The analysis methodology is shown in
Figure 1.

Download paper information from Scopus DB

(49,342 counts)

<—| Exclude “no author name available” (246 counts) |

<—| Extract author affiliation and nationality using ID |

Exclude cases where author nationality is not
available (392 counts)

<&
hl

A 4

Extract author nationality information

(48,704 counts)

A 4

Identify the research area of each document

(using ASJC code)

I
v v

Analyze the current state of affairs by country Analyze research collaboration
Bibliometric analysis (Research productivity, Research network analysis
research impact, international research (Centrality, level of collaboration)
Major research areas by country ol i B Collaboration research area

Figure 1. Flowchart of data collection, processing, and analysis.
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4. Results
4.1. Highly Contributing Countries
4.1.1. Comparison of the Level of Impact Using the Number of Publications

A total of 158 author nationalities were observed in a sample of 48,704 documents.
The country that published the highest number of documents was the United States
(13,742 counts); 28.2% of all documents had an author from the United States. This was
followed by China (6554; 13.5%), the United Kingdom (5407; 11.7%), Italy (4657; 9.6%),
and India (4256; 8.7%). Including the seven countries, each of which published three
documents, there were 26 countries with less than 10 publications, 53 countries with 11 to
50 publications, and 13 countries with 51 to 100 publications. Furthermore, 92 countries,
which comprise 58% of the 158 countries, published less than 100 documents.

To determine whether a relationship existed between the number of COVID-19 infec-
tions or deaths and research on COVID-19, this study evaluated the number of infections
and deaths per country as of 31 December, 2020 (from the WHO website), and examined
its relationship with the number of publications per country [19]. A calculation of the
correlation coefficient using the SPSS program yielded a significant correlation between
the number of publications and the number of infections per country (Pearson correla-
tion = 0.820, p < 0.001), as well as between the number of publications and number of
deaths per country (Pearson correlation = 0.792, p < 0.001). However, such a correlation
does not necessarily imply that more research has been conducted in countries in which an
infectious disease emerged or had the largest impact [29]. This is because most countries
with high levels of infections or deaths are OECD or G20 countries, thus indicating a
similar tendency as in prior studies, whereby high-income countries were observed to lead
research [43].

4.1.2. Comparison of the Level of Impact Using Citation Rates

Of the 48,704 articles, 32,784 (67.3%) were cited more than once. The article that was
cited most (12,738 times) was that of Huang et al. [61], who studied the clinical features of
41 of the first 59 suspected patients. China had the highest total number of article citations
(288,108 times, compared with 223,364 in the United States). Although China had a lower
number of total publications and a higher citation rate than the United States, there was a
significant correlation between the number of documents and the citation rate. An analysis
of the correlation between the number of articles published by the top 25 countries and the
total number of citations yielded a Pearson correlation of 0.839, where p < 0.001.

The average citation rate (the total citation number/total document number) was
highest for China (44), followed by the Netherlands (29.6), Singapore (26.9), and Germany
(25.7). The United States, which published the most documents, had an average citation
rate of 16.3, the 14th highest among the top 25 countries. An analysis of the total number
of articles and the average citation rate of the top 25 countries indicated that the correlation
was not significant, with a Pearson correlation of 0.196, where p = 0.348.

The h-index by country was the highest for China (233), followed by the United States
(196). The average citation rate per article was also similar in the United Kingdom (128)
and Italy (112), as in the United States. The number for other countries was lower than 90.
Table 3 shows the top 25 countries that published the most documents and their COVID-19
scenarios, numbers of documents, citation rates, and h-indexes on 31 December, 2020.

4.1.3. Comparison of the Level of Impact Using Research Collaboration Indexes

There were 37,010 articles (76%) with single-nationality authors and 11,694 (24%) with
multinational authors. Directly comparing this to the general trend is difficult since the
samples were drawn from a database that was limited to publications related to COVID-
19; however, this was crudely similar to the research outcome of Wagner et al. [45], who
observed that approximately 25% of Scopus articles were internationally co-authored. There
were 7515 publications (64.3%) for which two countries collaborated, 2144 publications
for which three countries collaborated (18.3%), and 2035 (17.4%) for which more than four
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countries collaborated. Figure 2 shows the number of articles according to the number of
collaborating countries.

Table 3. COVID-19 scenario and research index per country.

COVID-19 Scenario (31

December 2020) Citation
Country Articles h-Index
Cases Deaths Total Average
(Cumulative) (Cumulative)
United States 13,742 19,346,790 335,789 223,364 16.3 196
China 6554 96,673 4788 288,108 44 233
United Kingdom 5407 2,432,892 72,548 89,248 16.5 128
Italy 4657 2,083,689 73,604 72,136 155 112
India 4256 10,266,674 148,738 28,168 6.6 65
Spain 2205 2,020,702 52,448 29,158 13.2 69
Canada 2120 565,506 15,378 35,942 17 83
France 1867 2,556,708 64,004 39,611 21.2 84
Australia 1863 28,381 909 32,890 17.7 74
Germany 1836 1,719,737 33,071 47,109 25.7 87
Brazil 1740 7,563,551 192,681 12,868 74 48
Iran 1398 1,218,753 55,095 11,879 8.5 50
Turkey 1143 2,194,272 20,642 8181 7.2 42
Saudi Arabia 1025 362,601 6214 9513 9.3 43
Switzerland 965 451,148 7298 20,108 20.8 63
Netherlands 926 786,084 11,293 27,407 29.6 71
Japan 858 230,304 3414 15,146 17.7 50
South Korea 822 60,726 900 14,121 17.2 58
Singapore 707 58,569 29 18,988 26.9 58
Pakistan 666 477,240 10,047 5115 7.7 32
South Africa 661 1,039,161 28,033 4194 6.3 29
Belgium 642 647,590 19,505 12,598 19.6 50
Indonesia 576 735,124 21,944 3312 5.8 24
Sweden 567 437,303 9657 11,111 19.6 45
Mexico 560 1,401,529 123,845 7334 13.1 33
10000 7515
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3132
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Figure 2. Number of documents by the number of countries collaborating in research.

The studies in which the greatest number of countries collaborated were two pub-
lications that observed a lack of interferon as a reason for a COVID-19 patient having
severe symptoms, explaining 14% of the reasons cited for a person developing a severe
COVID-19 infection [62]. These two papers, published in SCIENCE, were written by differ-
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ent authors, but researchers from a total of 42 countries collaborated on them. For example,
a total of 743 authors are listed in “Autoantibodies against type I IFNs in patients with
life-threatening COVID-19” [63], and 813 authors are listed for “Inborn errors of type I IFN
immunity in patients with life-threatening COVID-19" [64].

This study examined the share of collaborative research in each country. Figure 3
shows that the United States, which published the highest number of documents, released
5043 collaborative research documents (36.7%) out of 13,742. Meanwhile, China had 2361
(36%) out of 6554. Other countries that had a high share of collaborative research included
Canada, Australia, Germany, and Saudi Arabia (more than 60%), as well as Switzerland,
the Netherlands, Belgium, and Sweden (more than 70%).
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Figure 3. Share of multinational documents by country.

4.2. Global Research Collaboration
4.2.1. Levels of the Global Research Network

Links within the global research network do not exhibit any orientation. Therefore, if
all 158 countries are connected, 12,403 links are theoretically possible. An analysis of the
international research network using the national information of coauthors indicated that
4987 links connect 158 countries with a density of 0.402. Thus, 40% of the total number of
intercountry links that were theoretically calculated were connected. From the average
distance connecting all countries (1.6), we can infer that most countries were either directly
connected or indirectly connected through a third country. Each country was directly
connected to an average of 63 other countries.

Figure 4 depicts the intercountry collaborative research network. The size of each
node represents the number of documents. That is, the larger the node, the greater the
number of published documents. The thickness and color of each link connecting the
countries represents the frequency of research collaboration. In other words, the more
frequent the collaboration, the thicker and darker the link. The most frequent research
collaboration represented by the thickest link within the network was observed between
the United States and China, with a total of 1026 times. Next was that between the United
States and the United Kingdom (909), the United States and Italy (752), the United States
and Canada (726), and the United Kingdom and Italy (617). However, as shown in Figure 4,
a significant number of links were thin and pale. Of a total of 4987 links, 1544 (31.1%) were
only one-time collaborations, 778 (15.6%) collaborated twice, and 463 (9.3%) collaborated
three times. The average number of collaborations between countries was 12.7 times.
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Figure 4. Collaborative research network among 158 countries.

Table 4 shows the changes in the characteristics of the network, excluding the scenarios
with low collaboration frequency. There were 928 links (18.6%) for which the number of
research collaborations was 13, which is higher than the average number of 12.7. Figure 5
shows that when only those scenarios with more than 13 collaborations were considered,
66 out of the initial 158 countries were not connected to any other country.

Table 4. Changes in the characteristics of the network according to the frequency of international
research collaboration.

Coll{lii)e::act}ilon Link Average Degree Density Avc:':fgetﬂath
More than 1 4987 (100%) 63.127 0.402 1.601
More than 2 3443 (69%) 43.582 0.278 1.754
More than 3 2665 (53.4%) 33.734 0.215 1.779
More than 4 2202 (44.2%) 27.873 0.178 1.812
More than 5 1897 (38%) 24.013 0.153 1.825
More than 6 1675 (33.6%) 21.203 0.135 1.847
More than 7 1507 (30.2%) 19.076 0.122 1.845
More than 8 1368 (27.4%) 17.316 0.110 1.850
More than 9 1247 (25%) 15.785 0.101 1.885
More than 10 1152 (23.1%) 14.582 0.093 1.876
More than 11 1057 (21.2%) 13.380 0.085 1.861
More than 12 990 (19.9%) 12.532 0.080 1.868
More than 13 928 (18.6%) 11.747 0.075 1.885
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Figure 5. Collaborative research network for which more than 13 collaborations occurred be-

tween countries.
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4.2.2. Perspective of Centrality in the Network

Table 5 shows the centrality of the top 25 countries in terms of the number of docu-
ments published. The degree centrality and closeness centrality have similar tendencies.
The degree centrality represents the number of nodes to which a node is directly connected,
whereby the more nodes one is connected to, the shorter its distance to other nodes [65].

Table 5. Degree centrality by country.

Country Documents Degree Closeness Betweenness
Centrality Centrality Centrality

United States 13,742 147 0.945 816.206
China 6554 128 0.848 255.583
United Kingdom 5407 140 0.907 358.620
Italy 4657 130 0.857 200.595
India 4256 130 0.857 443.787
Spain 2205 117 0.800 162.052
Canada 2120 128 0.848 234.070
France 1867 129 0.852 256.888
Australia 1863 124 0.830 249.589
Germany 1836 123 0.825 161.246
Brazil 1740 115 0.792 118.473
Iran 1398 105 0.754 60.076
Turkey 1143 108 0.765 101.944
Saudi Arabia 1025 111 0.776 93.226
Switzerland 965 116 0.796 129.810
Netherlands 926 114 0.788 179.980
Japan 858 115 0.792 88.840
South Korea 822 94 0.716 42.195
Singapore 707 93 0.712 39.636
Pakistan 666 106 0.757 90.552
South Africa 661 121 0.817 231.450
Belgium 642 113 0.784 118.094
Indonesia 576 94 0.716 66.976
Sweden 567 107 0.761 84.863
Mexico 560 111 0.776 104.560

The United States had the highest degree centrality, closeness centrality, and between-
ness centrality. China, which had the highest citation rate and h-index (both of which
are measurements of research impact), ranked sixth for degree centrality and closeness
centrality, and ranked fifth for betweenness centrality. The United Kingdom ranked higher
than China for degree centrality. The betweenness centrality for India was 443.787, the
second highest after the United States. Among countries with more than 60% collaboration,
Australia, Switzerland, and the Netherlands had higher betweenness centralities than other
countries that had published a similar number of documents.

The closeness centrality and betweenness centrality of the 25 countries are shown in
Figure 6 along with the research network. The deeper the color of a node, the greater the
number of articles it represents. The size of a node represents a comparison of closeness
centrality and betweenness centrality.

This graph shows that the United States was the most intensively connected to all
other countries. Moreover, degree centrality was higher for European countries, indicating
that they actively engaged in mutual research collaboration. In comparison, despite their
geographical proximity, Asian countries did not actively collaborate in research, and their
degree centrality was low. The two countries that published the highest numbers of articles,
China and India, collaborated with many countries, but their only deep-colored and thick
links are the ones that connect them to the United States and the United Kingdom.
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Figure 6. Global research collaboration network (node color represents the number of articles; the
node size represents the degree centrality; and the color and thickness of a link represents the
frequency of collaborative research).

4.3. Major Research Areas in Global Research Collaboration
4.3.1. Current State of Research per Technology Area

An analysis was conducted using the ASJC codes assigned to each document. The
results indicate that research on health sciences constituted the largest share of all the
articles, accounting for 56.9%. More specifically, medicine accounted for 51.7% and was the
most researched area, followed by biochemistry, genetics and molecular biology (7.2%),
and immunology and microbiology (5.2%). These were the three most actively researched
subject areas from a total of 27. The ratios of documents by supergroup and subject area
are listed in Table 6.

Table 6. Ratios of documents by supergroup and subject area.

Supergroup Subject Area
Health Sciences Medicine (51.7%), Nursing (2.8%), Health Professions
(56.9%) (1.4%), Dentistry (0.6%), Veterinary (0.4%)
Biochemistry, Genetics, and Molecular Biology (7.2%),
Life Sciences Immunology and Microbiology (5.2%), Pharmacology,
(18.8%) Toxicology and Pharmaceutics (3.1%), Neuroscience

(1.7%), Agricultural and Biological Sciences (1.6%)
Social Sciences (6.3%), Psychology (2.1%), Business,
Social Sciences Management, and Accounting (1.4%), Economics,
(12.3%) Econometrics and Finance (1.2%), Arts and Humanities
(1.1%), Decision Sciences (0.2%)
Environmental Science (2.5%), Engineering (1.4%),
Computer Science (1.3%), Chemistry (1%), Mathematics

Physical Sciences (1%), Physics and Astronomy (0.8%), Chemical

(9.8%) Engineering (0.6%), Materials Science (0.5%), Energy
(0.4%), Earth and Planetary Sciences (0.3%)
Multidisciplinary (2.2%) Multidisciplinary (2.2%)

4.3.2. Comparison of Research Areas per Country

Figure 7 shows a comparison of the current state of research by country for eight
subject areas (nursing; health professions; biochemistry, genetics, and molecular biology;
immunology and microbiology; pharmacology, toxicology, and pharmaceutics; social
science; psychology; and environmental science), which account for more than 2% of the
subject areas in Table 6. Medicine, which was the subject area most frequently studied
in all countries, is excluded from Figure 7 in order to compare areas of international
collaborative research.
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Figure 7. Comparison of major research areas by country.

This study compared the major research areas of the United States and China, the two
countries that published the highest number of documents. Multinational documents were
excluded from this study, and only single-national documents from these two countries
were included to deliver a more accurate comparison between the features of major research
areas by country. This study examined 8699 out of 13,742 articles from the United States
and 4397 out of 6554 articles from China. In the United States, the second most researched
area after medicine (50.4%) was social sciences (9.1%), followed by biochemistry, genetics,
and molecular biology (5.6%). In addition to social sciences, research has been conducted
on psychology (6.5%) and business, management, and accounting (3.4%), thereby demon-
strating that researchers are interested in not only the mechanism of COVID-19 but also its
impacts on society and the challenges it has caused. The major research areas in China were
medicine (50.6%); biochemistry, genetics, and molecular biology (10%); and immunology
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and microbiology (8.3%). The research on social sciences in China accounted for only 2.8%,
which was significantly lower than that in the United States. Such differences are illustrated
in Figure 7a, which compares the major research areas in China and the United States.

Although the major research areas differed by country, Figure 7b shows that the
United States and China had similar trends in the subject areas of collaborative documents.
The trend of extensive research in the social sciences in the United States was limited to
single-national documents. Its global research collaboration tended to focus on life sciences,
such as biochemistry, genetics, molecular biology, and immunology and microbiology. This
indicates that intercountry collaborative research tended to focus more on life sciences and
medicine than on social sciences.

A similar tendency was observed for other European, American, and Asian countries.
Figure 7c shows the subject areas across these countries. The European countries that were
examined included the United Kingdom, Italy, France, Germany, and Spain. The countries
examined in the Americas were Canada and Brazil. The Asian countries examined included
India, South Korea, and Japan. Some differences were observed between European and
American countries, but most countries exhibited an interest in social sciences. The share
of research on social sciences was 12.2% in Canada, 10.9% in the United Kingdom, 8.4%
in Germany, 6.8% in Brazil, and 5.8% in Spain. In contrast to other European countries,
Italy focused more on biochemistry genetics and molecular biology (9.6%) than on social
sciences (3.4%).

In South Korea, as in China, less than 5% of all publications were in the social sciences.
In India and Japan, the share of research on social sciences (6.5%) was higher than that
in China or South Korea, but more attention was given to biochemistry, genetics, and
molecular biology (14%) and pharmacology, toxicology, and pharmaceutics (10.1%). South
Korea and Japan conducted more research on biochemistry, genetics, molecular biology,
and immunology and microbiology.

Despite the differences between major research areas in different countries, Figure 7b,d, f
show that international research collaboration occurred most frequently in the field of life
sciences, including biochemistry, genetics, molecular biology, immunology, and microbiol-
ogy. In other words, international research collaboration occurred more frequently in life
sciences and medicine than in the social sciences.

4.3.3. Knowledge Expansion through Intercountry Research Collaboration

There are differences in the major research areas between single-country-author articles
and multinational articles. This study observed the phenomenon of expanding subject
areas in multinational documents in some countries. Despite the slight differences among
countries, 8.8% of collaborative research articles in Belgium were on research areas that did
not appear in single-national articles from the country; the same was observed for 8.3%
of collaborative research articles in Pakistan, 4.3% in Sweden, and 2.3% in Switzerland.
Figure 8 shows the subject areas of multinational articles by country. The red nodes
represent the subject areas newly appearing in collaborative research articles.

In Belgium, 43 out of the 490 multinational articles (8.8%) were on research areas
that were not observed in single-country-author articles and that had recently emerged
through research collaboration. Furthermore, 24 of them were on environmental science,
7 on mathematics, 5 on earth and planetary sciences, 4 on arts and humanities, 2 on
veterinary science, and 1 on dentistry. Most research collaboration occurred in the area of
environmental science, including a study on the impact of temperature and humidity on
social distancing [66] and a study on resources and wastes [67].

In Pakistan, 31 out of 375 multinational articles (8.3%) were on new research areas,
23 on engineering, 5 on earth and planetary sciences, and 3 on energy. In particular, in
the field of engineering, many studies were conducted on computer science and math-
ematics, including machine learning [68], artificial intelligence [69], and mathematical
remodeling [70].
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Figure 8. Subject area categorization of international research collaboration articles (nodes in red represent technology
categories that have emerged through research collaboration).

In Sweden, 19 out of 443 multinational articles (43%) were on new research areas, with
13 of them being on economics, management and accounting; 4 on materials science; 1 on
earth and planetary sciences; and 1 on veterinary sciences. In the most popular fields of
economics, management and accounting, studies have been conducted on the impact of
infectious diseases on the tourism industry [71], audits [72], public budgets [73], and public
capital markets [74].

In Switzerland, 24 out of 742 multinational documents (3.2%) were on new research
areas, with 12 being on physics and astronomy, 4 on materials science, 4 on veterinary, 3 on
energy, and 1 on dentistry. In the most popular fields of physics and astronomy, studies
have been conducted on biosensors [75], applications of nanotechnology [76], and radiation
therapy [77,78].
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5. Discussion

The WHO declared a pandemic on 11 March, 2020, a few months after patients with
an unidentified disease were reported in Wuhan, China, on 31 December, 2019 [16,17].
COVID-19, which has become the first example of Disease X, has physically, mentally,
and economically threatened sustainable human life [9,79]. Secretary-General Kituyi of
the United Nations Conference on Trade and Development stressed the importance of
international collaboration in responding to COVID-19, stating that “collaboration is the
engine of global science” [80].

This study examined the status of international collaboration by conducting a bib-
liometric analysis and network analysis of research conducted during the first year of
the COVID-19 pandemic. This study observed that academic benefits could be derived
from international collaboration as well as by identifying research areas that require more
attention. Thus, this study analyzed a total of 48,704 English-language articles and reviews
(with “Coronavirus,” “COVID,” or “SARS-CoV-2" in their titles) from the Scopus database
that were published in 2020 and with confirmable author nationality.

5.1. Contribution by Country and Research Collaboration

A total of 158 countries contributed to research on COVID-19, according to the na-
tionality of the authors of each article. However, the level of national contribution and the
current state of research collaboration differed significantly by country. The countries that
contributed the most to publishing research related to COVID-19 were the United States
and China. Research collaboration occurred most actively between these two countries.
This finding is consistent with those of other studies [81,82]. Belli et al. [83] argued that
these two countries are equipped with excellent science infrastructure.

The United States, which published the highest number of articles, ranked first across
all centrality measures in the network analysis. This is significant because it is a leading
country in research and has a significant impact on other countries [23]. China published
a total of 6554 articles, which accounted for approximately 47.7% of those published by
the United States (13,742); however, it ranked highest for total citation number, average
citation number, and national h-index, demonstrating the highest qualitative contribution.
However, the results of the network analysis indicate that its centrality measures were
lower than those of some European countries, such as the United Kingdom, Italy, and
France. Moreover, its betweenness centrality was even lower than that of India. Thus,
from the perspective of intercountry connectivity, India is more important than China, as it
has maintained collaborative relationships with various countries from various continents,
including Libya, Bhutan, Kazakhstan, Jamaica, and Bahrain.

In addition, research on COVID-19 has been concentrated in a few countries, as has
research collaboration. Among 158 countries, 92 (58%) published fewer than 100 articles.
Excluding countries in which the frequency of research collaboration was lower than 12.7,
66 countries did not collaborate with other countries at all. Notably, whereas European
countries in close geographical proximity tended to collaborate actively with one another
for research, Asian countries such as China, India, South Korea, and Japan collaborated
closely with the United States, but did not collaborate actively amongst themselves. A study
by Molton et al. [84] examining the current status of international research collaboration in
Asia on tuberculosis revealed that Asian countries collaborated more with North American
and European countries, and collaborated among themselves at a very low rate of 8%.
This was because of the nature of funding, which requires research to be conducted within
national boundaries, as well as the diversity of languages.

5.2. Research Areas by Country and Effects of Research Collaboration

An analysis of research areas using ASJC codes from Scopus revealed that among the
four (health sciences, life sciences, social sciences, and physical sciences), health sciences
was the most popular research area (56.9%). To categorize it into more specific subject areas,
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medicine was observed to be the most popular research area (51.7% of the total articles),
followed by biochemistry, genetics and molecular biology (7.2%), and social science (6.3%).

However, there are differences between the United States, European countries, and
Asian countries in terms of major research areas. The United States and European countries
demonstrate a high level of interest in social sciences. In contrast, Asian countries tend
to focus on the health and life sciences. Despite the differences in major research areas,
international research collaboration frequently occurs in medicine under health sciences,
and in biochemistry, genetics and molecular biology, and immunology and microbiology in
life sciences. Gazni et al. [25] explained that such theory-based research on social sciences
frequently occurs with less collaboration.

The COVID-19 pandemic has introduced unprecedented ethical and moral chal-
lenges [85]. For example, there is increasing concern regarding its impact on mental health
issues, including depression and anxiety. While the high-risk group for depression com-
prised 3.8% of the population before the emergence of COVID-19, this number increased to
22.1 and 18.9% for depression and anxiety, respectively, 9 months into the pandemic [86,87].
In addition, measures to limit the spread of the virus have meant that people spend more
time indoors using televisions and other electrical devices, thereby aggravating the risk of
behavioral addiction. Similarly, social distancing implemented to prevent the spread of
COVID-19 has triggered a psychological and emotional sense of loss [88-90]. Quarantine
due to one’s own infection or contact with someone else who is infected has triggered
post-traumatic stress symptoms and avoidance behaviors [91]. In addition, the public’s fear
of infectious disease may result in discrimination, stigmatization, and scapegoating [92].
For instance, the United States has experienced an increase in anti-Asian hate crimes, and
on 21 April, 2021, the United States Senate passed the Anti-Asian Hate Crimes Bill [93].
Therefore, academia must respond to and implement collective actions against such social
problems, and public funding for infectious disease research ought to consider this.

Research collaboration is a means of delivering knowledge and technology that has
not been documented [94] and creating a channel of knowledge flow [95]. According
to Edler [96], the motivations for international collaboration are knowledge acquisition
and resolving problems that cannot be solved using only domestic resources. Moreover,
knowledge sharing through research collaboration promotes research activities and de-
velopment, and contributes significantly to research productivity [97,98]. Thus, research
collaboration is a channel for extending knowledge into new areas. Indeed, this study
demonstrated that some countries have engaged in research on subject areas in which no
domestic research has been conducted. For example, Belgium expanded its research into
environmental science, Pakistan into engineering, Sweden into economics, management
and accounting, and Switzerland into physics and astronomy. This is not a result of surveys
on all 158 countries; therefore, we expect that an analysis of more countries would reveal
a higher number of scenarios. Although the objective of collaborative research is not to
expand knowledge, but to increase academic value by collaborating with researchers with
the necessary knowledge and capacity, the expansion of knowledge through research
collaboration is clearly occurring, even if only in selected countries.

A year after the pandemic, COVID-19 continues to threaten the sustainability of our
health and lives, and this has caused rapid and dramatic changes. Eventually, this infectious
disease will be overcome, but it will not be the last Disease X to occur. Therefore, countries
should combine their knowledge and capabilities to encourage such collaboration.

6. Conclusions

This study examined articles published in the first year of the COVID-19 pandemic,
and presented the status and effects of international research collaboration.

First, because research on COVID-19 has focused on health sciences and life sciences,
more focus should be given to social challenges as the pandemic continues. Public funds
should consider this when establishing policies. Second, the level of international research
collaboration varies across countries and regions. For example, the United States and Euro-
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pean countries actively collaborate, whereas Asian countries do not actively collaborate,
despite their geographical proximity. Third, different countries are interested in different
research areas. Therefore, expanding research capacities into new research areas through
international collaboration is necessary.

When analyzing the data, this study did not address the different types of research
collaborations and the weight of each country. For example, this study did not consider
the share of contributions of each author in co-authored documents, nor did it consider
the differences in the number of authors from each country who participated in a publi-
cation. Therefore, if a country had many authors participating in one article and another
country had only one author in the same article, they were both counted as having the
same weight. Furthermore, if an author describes multiple international affiliations, an
over-count may occur in the number of studies by country and the status of research
collaboration. Moreover, this study did not consider the differences between the impacts of
journals and articles. There is also a data limitation, in that the Scopus database used in
this study does not cover all journal data. Better results can be obtained if all of the above
factors are considered.
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