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Executive Summary

Key takeaways:

e The United States remains a highly influential nation in science and engineering (S&E) research as measured by the
volume of conference papers and peer-reviewed journal articles and the citations to those publications.

e The high-income economies (including the United States, the United Kingdom, Germany, France, and Japan) have
steadily increased their large base of S&E publications, while lower-middle-income and upper-middle-income
economies (including India and China) have rapidly increased production starting from a lower base of S&E
publications in 1996.

e In 2016, China exceeded the publication output of the United States; in 2017, India became the third-largest producer.

e Beginning in 2017, articles from China received citations above the number expected, given the number of articles they
produced.

e U.S. researchers have increased international collaboration over the last 15 years. Authors with an institutional
address in China are the most frequent coauthors with authors whose institutional address is in the United States. In
addition, the international citations by authors, whose institutional address is in the United States, most often cite
authors with institutional addresses in the United Kingdom, Canada, and Australia.

e In 2020, major research countries—the United States, China, the United Kingdom, and many European Union countries
—were hubs of global coronavirus research collaboration.

The primary method of disseminating research findings is through publication of conference proceedings and peer-
reviewed journal articles (i.e., publication output). Data on publication output indicate an increase in global research
activity, a growth in the involvement and scientific capabilities of middle-income countries, and an internationally
connected research ecosystem.

Publication output reached 2.9 million articles in 2020, based on data from the Scopus database of S&E publications. The
countries with the largest volume of S&E publications in 2020 were China, with 23% of global output, and the United
States, with 16%. The compound annual growth rate of publication output has increased in recent years. The rate was 5%
over the last 4 years (2017 to 2020) but was 4% over the longer 11-year period (2010 to 2020).

Internationally collaborative research continues to grow. International collaborations increased in 2020, with nearly one in
four articles having coauthors from multiple countries as compared to one in seven in 2000. Collaboration on articles has
also grown among relatively small producers, such as Saudi Arabia, Pakistan, and Argentina.

Data on article citations show that the United States and other nations, such as the United Kingdom, the Netherlands, and
Switzerland, are among the countries producing highly impactful research papers. The impact of U.S S&E articles has
remained steady over the last 24 years, while highly cited articles from China grew dramatically.
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Introduction

Research publications and presentations at conferences represent the main mechanisms for disseminating research
findings. Presentations are represented in the published research literature as conference proceedings. Published
literature is an indicator of scientific activity and global research partnerships. Additionally, analysis of how the published
literature is cited provides insight into the impact of research output. Scientific publications are not merely an exercise of
ivory tower academics but serve as a key linkage enabling public uses of scientific output (Yin et al. 2021).

This report presents data on research publication output by country, scientific field, international collaboration, and impact
measures. The first section examines comparative country data on publication output across science and engineering
(S&E) fields. It also includes two sidebars: (1) publications by members of underrepresented groups and the impact on the
research and development (R&D) workforce, and (2) measuring cross-disciplinary publication output. The second section
focuses on collaboration between researchers in the United States and other regions, countries, and economies through
examining coauthoring and citation patterns. This section includes a sidebar on the 2020 coronavirus publication output
and collaboration network. The third section provides an analysis of scientific impact as measured by citations in
research publications.

The analysis reported here is based on counting publications and citations using bibliometric data in Scopus, a database
of scientific literature with English-language titles and abstracts (Science-Metrix 2021a). There are benefits and
limitations to counting publications and citations using bibliometric data as an indicator of research output. A benefit is
that this approach provides comparable information for analyzing research output across countries. A potential limitation
is that country-specific incentive payments for academic publications are not considered (Franzoni, Scellato, and Stephan
2011). Additional limitations are the lack of measurement for the amount of research contained in each article and the
contributions of associated data sets (Sugimoto and Lariviére 2018).

There are two potential sources of bias in the data: inclusion of non-peer-reviewed articles, and a bias toward English-
speaking countries because Scopus has a requirement for articles to contain an English-language title and abstract. The
first bias is mitigated by removing articles published in journals that lack substantive peer review, sometimes referred to
as predatory journals (Grudniewicz et al. 2019). This filtering removed 1 million research articles and conference papers
from 2008 to 2020 (see Technical Appendix). The potential for a bias toward English-speaking countries is more difficult
to solve. One solution undertaken by Elsevier is to increase publications from non-English-speaking countries. Specifically,
Scopus has increased Chinese publications 624% from 1996 to 2020 (see Technical Appendix).’

Over 44 million articles published from 1996 to 2020 are analyzed. The articles include conference papers and research
articles (collectively referred to as articles) published in conference proceedings and peer-reviewed scientific and
technical journals. The articles exclude editorials, errata, letters, and other material that do not typically present new
scientific data, theories, methods, apparatuses, or experiments. The articles also exclude working papers and preprints,
which are not generally peer reviewed yet.

Articles with authors working in multiple countries are used for both counting publication output by country and for
determining international collaborations. The country is determined by the institutional address of each author as listed in
the article. For counting country output, each country receives a fractional contribution based on the number of authors.
For determining international collaboration, each country or region represented by one or more authors is counted once.
Because whole counting is used for international collaboration and fractional counting is used for publication output,
those values are not directly comparable.

Assignment of articles to S&E fields uses the 14 fields of science in the National Center for Science and Engineering
Statistics (NCSES) Taxonomy of Disciplines (TOD) (Science-Metrix 2019). The categorization is done by first assigning the
journal to one of the 176 subfields in the Science-Metrix classification and then to the TOD. This approach works well for
most journals and fields; for example, all of dentistry gets assigned to health sciences. Challenges arise for subfields that


https://ncses.nsf.gov/pubs/nsb20214/technical-appendix/
https://ncses.nsf.gov/pubs/nsb20214/technical-appendix/
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are more general, such as energy, and multidisciplinary journals, such as Science or Nature. For these fields and journals,
classification occurs at the article level based on an algorithm using author affiliations, the names of journals referenced
in the bibliography, the titles of the references, the publication’s abstract, the publication’s author-defined keywords, the
publication’s title, and the scientific field of references.

Publications-related data are best viewed as trends. Year-to-year differences are often not indicative of a pattern due to
the process by which the information is indexed in Scopus. Additional details regarding document selection, limitations,
and sources of bias are available in the Technical Appendix.


https://ncses.nsf.gov/pubs/nsb20214/technical-appendix/
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Publication Output by Country, Region, or Economy and Scientific Field

Publication output reached 2.9 million articles in 2020 with over 90% of the total from countries with high-income and
upper middle-income economies (Figure PBS-1).2 Since 1996, output has consistently grown for countries with high-
income economies, such as the United States, Germany, and the United Kingdom (UK), expanding from a large base
number of publications (Table SPBS-2).2 Countries with upper-middle-income economies, such as China, Iran, Russia, and
Brazil, have had a more rapid pace of growth since 1996, expanding from a relatively smaller base number of publications.
Overall, the publication compound annual growth rates of countries with upper middle-income and high-income
economies have been 10% and 3%, respectively, for the 25-year period covering 1996-2020 (Figure PBS-1).

Figure PBS-1

S&E articles, by income group: 1996-2020
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Note(s):

Article counts refer to publications from a selection of conference proceedings and peer-reviewed journals in S&E fields from Scopus. Articles are
classified by their year of publication and are assigned to a region, country, or economy on the basis of the institutional address(es) of the author(s)
listed in the article. Articles are credited on a fractional count basis (i.e., for articles produced by authors from different countries, each country
receives fractional credit on the basis of the proportion of its participating authors). Data are not directly comparable to Science and Engineering
Indicators 2020; see the Technical Appendix for information on data filters. Low-income economies are not included in this figure because of their
low publication output. Data by country and income groups are available in Table SPBS-2.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021; World
Bank Country and Lending Groups, accessed March 2021.

Science and Engineering Indicators
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More recently, the compound annual growth in publication output for the world was 4% from 2010 to 2020 (Table PBS-1).
Country-specific growth rates vary widely by country. Among the 15 largest publication producers, countries with
compound annual growth rates above the world average were Russia (10%), Iran (9%), India (9%), China (8%), and Brazil
(5%); those with the lower growth rates were Japan (-1%), France (-0.3%), the United States (1%), the UK (1%), and
Germany (1%).* The countries with low growth rates are those that built their scientific capacity decades ago and continue
to maintain their scientific research. The worldwide growth of publication output, from 1.9 million in 2010 to 2.9 million in
2020, was led by four geographically large countries. China (36%), India (9%), Russia (6%), and the United States (5%)
together accounted for about half the increase in publications over this time period.

Table PBS-1
S&E articles in all fields for 15 largest producing regions, countries, or economies: 2010 and 2020

(Number and percent)

Rank | Region, country, or economy 2010 2020 | 2020 world total (%) 2020 cumulative total (%)
na World 1,938,121 2,940,807 na na
1 China 308,769 669,744 22.77 22.77
2 United States 409,512 455,856 15.50 38.28
3 India 60,555 149,213 5.07 43.35
4 Germany 97,255 109,379 3.72 47.07
5 United Kingdom 94,081 105,564 3.59 50.66
6 Japan 108,534 101,014 3.43 54.09
7 Russia 33,855 89,967 3.06 57.15
8 Italy 58,252 85,419 2.90 60.06
9 South Korea 50,224 72,490 2.46 62.52
10 Brazil 41,501 70,292 2.39 64.91
11 France 68,300 66,479 2.26 67.17
12 Canada 56,445 65,822 2.24 69.41
13 Spain 49,031 65,638 2.23 71.64
14 Australia 41,661 60,891 2.07 73.71
15 Iran 24,694 57,755 1.96 75.68

na = not applicable.

Note(s):

The countries or economies are ranked based on the 2020 total. Article counts refer to publications from conference proceedings and peer-
reviewed journal articles in S&E and indexed in Scopus (see Technical Appendix for more details). Articles are classified by their year of publication
and are assigned to a region, country, or economy on the basis of the institutional address(es) of the author(s) listed in the article. Articles are
credited on a fractional count basis (i.e., for articles from multiple countries or economies, each country or economy receives fractional credit on
the basis of the proportion of its participating authors). Detail may not add to total because of countries or economies that are not shown.
Proportions are based on the world total excluding unclassified addresses (data not presented). Details and other countries are available in Table
SPBS-2.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

Collectively, the top 15 countries produced 76% of the world’s publication output of 2.9 million articles in 2020 (Table
PBS-1).5 The two countries producing the most S&E publications in 2020 were China (669,744, or 23%) and the United
States (455,856, or 16%) (Figure PBS-2). With the exception of Iran replacing Taiwan beginning in 2014, the top 15
producers of S&E articles have been the same over the last 10 years (NSB 2016).


https://ncses.nsf.gov/pubs/nsb20214/technical-appendix/
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Figure PBS-2

S&E articles, by selected region, country, or economy and rest of world: 1996-2020
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Note(s):

Article counts refer to publications from a selection of conference proceedings and peer-reviewed journals in S&E fields from Scopus. Articles are
classified by their year of publication and are assigned to a region, country, or economy on the basis of the institutional address(es) of the author(s)
listed in the article. Articles are credited on a fractional count basis (i.e., for articles produced by authors from different countries, each country
receives fractional credit on the basis of the proportion of its participating authors). Data for all regions, countries, and economies are available in
Table SPBS-2.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

The U.S. trend of moderate but increasing publication output varies by state. The National Science Board’s (NSB’s) State
Indicators data tool provides state-level data based on each state’s doctorate population and R&D funding, including
academic S&E article output per 1,000 science, engineering, and health doctorate holders in academia (NSB 2021a) and
academic S&E article output per $1 million of academic S&E R&D (NSB 2021b).

The U.S. trend of publication output varies across race or ethnicity and sex, which impacts R&D careers (see sidebar
Publication Output by Underrepresented Groups and Impact on R&D Careers and Indicators 2022 report “[2022] The STEM
Labor Force of Today: Scientists, Engineers, and Skilled Technical Workers”).


https://www.nsf.gov/statistics/state-indicators/
https://www.nsf.gov/statistics/state-indicators/
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SIDEBAR

Publication Output by Underrepresented Groups and Impact on R&D Careers

The National Science Board stated in its Vision 2030 report that “women and underrepresented minorities remain
inadequately represented in S&E relative to their proportions in the U.S. population” (NSB 2020). These disparities
have also been found in the publication of peer-reviewed articles (Hopkins et al. 2013). The National Center for
Science and Engineering Statistics (NCSES) has undertaken research to examine linkages between publication output
and careers in research (Chang, White, and Sugimoto forthcoming).

Matching publication output data to demographic survey data provides a key to understanding publication output in
conjunction with authors’ demographic, training, and career information. Prior researchers have attempted to add
author demographics using various methods, such as sex and race disambiguation algorithms (e.g., NamSor, Ginni,
Ethnicolr, Originsinfo), that estimate the probability of race or sex from given names (or, in the case of Face**, from
images). The accuracy of these matches varies dramatically by country and field; sex disambiguation algorithms
perform better for western countries and poorly for other countries, specifically in Asia and South America (Karimi et
al. 2016). In addition, some scientific fields, such as astronomy and astrophysics, generally use initials rather than
given names. Despite these limitations, researchers have observed sex and race disparities in publication output
(Hopkins et al. 2013; Lariviére et al. 2013; Marschke et al. 2018; and NSB Indicators 2018: S&E Publication Patterns,
by Gender).

The limitations associated with the earlier approaches can be overcome using data directly collected from the
authors. One such source is the NCSES Survey of Doctorate Recipients (SDR),” which provides demographic,
education, and career history information from a sample of individuals with a U.S. research doctoral degree in a
science, engineering, or health field (NCSES 2021). Clarivate, the architect of Web of Science (WoS)," matched SDR
respondents to publication records in the WoS publication output database. The results provide demographic
information, such as sex and race or ethnicity of publication authors.

These data shed light on publication output differences between groups defined by race or ethnicity and sex, by
discipline, and by impacts to R&D career paths (Chang, White, and Sugimoto forthcoming).¥ The point estimates in
Figure PBS-A show the odds of pre-doctorate student publishing by ethnic group or sex relative to White students (or
men, for the sex comparison) while the error bars show the confidence around that point estimate (95% confidence
interval). The confidence interval is closely linked to the size of the sample. In the SDR-WoS data, the number of
minorities and women receiving degrees in the population influences the sample size—and, consequently, the ability
to measure odds ratios. For example, there are 3,750 women who received mathematics or statistics PhDs compared
to 10,450 men (Table SPBS-32). A similar issue arises for mathematics or statistics PhDs by race or ethnicity (Table
SPBS-33). Overall, compared to White graduates, Asian, Black, or Hispanic graduates are less likely to publish before
their doctorate in biological, agricultural, and other life sciences; engineering; health sciences; and social sciences.


https://nsf.gov/statistics/2018/nsb20181/
https://www.nsf.gov/statistics/2018/nsb20181/report/sections/academic-research-and-development/outputs-of-s-e-research-publications#sidebarCtr1033
https://www.nsf.gov/statistics/2018/nsb20181/report/sections/academic-research-and-development/outputs-of-s-e-research-publications#sidebarCtr1033
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Figure PBS-A
S&E pre-doctorate publishing odds ratio, by sex and selected race or ethnicity: 1995-2006
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Note(s):

S&E doctorates include science, engineering, and health PhD candidates at U.S. research doctorate institutions. Computer sciences is not
included in the figure because the odds ratio and confidence interval show no conclusive results for any demographic group or sex. Table
shows the estimated odds ratios of publishing at least one article or conference proceeding during the five years before receiving a doctorate
in the combined Web of Science and Survey of Doctorate Recipients database. For more detail, see Table SPBS-32 and Table SPBS-33.

Source(s):
National Center for Science and Engineering Statistics, Survey of Doctorate Recipients; Clarivate, Web of Science.

Science and Engineering Indicators

Compared to men, women are less likely to publish before graduation in the biological sciences, agriculture,
engineering, health sciences, physics, and social sciences. Pre-doctorate publications appear to factor into obtaining
a job in which research is the primary activity.S For those with at least one pre-PhD publication, 56% reported that their
first job has research as its primary activity compared to 37% of those without a publication (Chang, White, and
Sugimoto forthcoming).

12
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* A machine learning approach matches the SDR respondents to the authors of publications indexed by the Web of
Science (WoS). The matching algorithm incorporates name commonality, research field, education, employment
affiliations, coauthorship network, and self-citations to predict matches from the SDR respondents to the WoS.

T WoS is a bibliometric database of conference proceedings and peer-reviewed literature with English-language titles
and abstracts.

* To predict pre-doctorate publishing propensity, separate models were fitted for each doctoral field, and the following
factors from the NCSES's Survey of Earned Doctorates were controlled: doctorate award year, type of PhD-awarding
institution, source of primary support, community college experience, U.S. citizenship status at the time of degree
award, level of parental education, marital status, dependents under 18 years old, disability, graduate debt, and name
commonality.

§ The model controls for critical factors, such as the PhD institutions ranking as a high research institution, year of
graduation, citizenship, parental degree, and student debt. The model does not measure article submissions or
rejections.

Distribution of publications by field of science and region, country, or economy can indicate research priorities and
capabilities. Health sciences is the largest field of science globally (25% of publications in 2020) (Table SPBS-2 and Table
SPBS-10). Likely due to COVID-19, health sciences publications grew 16%, and biological and biomedical sciences
publications grew 15% from 2019 to 2020, far surpassing their previous 2009-19 compound annual growth rates of 3%
for each (Table SPBS-5 and Table SPBS-10). In the United States, the European Union (EU-27), the UK, and Japan, health
sciences publication output far exceeds that of any other field (Figure PBS-3).6 The United States, the UK, and the EU-27
have the highest proportions of articles in the social sciences of the six countries and regions shown. In China, the largest
research area is engineering (24%), followed by health sciences (15%) and computer and information sciences (12%). The
largest scientific field for publication output in India is computer sciences (18%). Japan has a portfolio with health
sciences (32%) at the top, followed by biological and biomedical sciences (13%) and engineering (13%).
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Figure PBS-3

S&E research portfolios, by eight largest fields of science and by selected region, country, or economy: 2020
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Note(s):

Articles refer to publications from a selection of conference proceedings and peer-reviewed journals in S&E fields from Scopus. Articles are
classified by their year of publication and are assigned to a region, country, or economy on the basis of the institutional address(es) of the author(s)
listed in the article. Articles are credited on a fractional count basis (i.e., for articles from multiple countries, each country receives fractional credit
on the basis of the proportion of its participating authors). See Table SPBS-1 for countries included in the EU; beginning in 2020, the United Kingdom
was no longer a member of the EU. See Table SPBS-2 for all fields of science. See Table SPBS-2 through Table SPBS-16 for data on all regions,
countries, and economies and all fields of science.

Source(s):

National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

There is increasing interest in measuring publication output that crosses or combines the standard scientific fields for
solving boundary-defying issues, such as climate change or poverty reduction (NRC 2014, NASEM 2021). While
publication output provides a potential avenue for measuring cross-disciplinary research output, there are challenges for
national-level measures. (See sidebar Measuring Cross-Disciplinarity Using Publication Output.)
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SIDEBAR

Measuring Cross-Disciplinarity Using Publication Output

This sidebar uses cross-disciplinarity as an envelope term that includes convergent, multidisciplinary, and
interdisciplinary research because the measurement techniques for examining publication output are similar. Cross-
disciplinary research includes the following:

e Convergent research that is driven by a specific and compelling problem requiring deep integration across
disciplines (NSF 2019). Convergent science is a team-based approach to problem solving cutting across fields of
inquiry and institutional frontiers to integrate areas of knowledge from multiple fields to address specific scientific
and societal challenges.

e Multidisciplinary research (MDR) that “juxtaposes two or more disciplines focused on a question ... [where] the
existing structure of knowledge is not questioned” (NRC 2014:44).

e Interdisciplinary research (IDR) that “integrates information, data, methods, tools, concepts, and/or theories from
two or more disciplines focused on a complex question, problem, topic, or theme” (NRC 2014:44).

Efforts using publication output to measure cross-disciplinary research yields results that are not suitable for
comparing at the country level (Wagner et al. 2011; Wang and Schneider 2020). This finding is similar to sidebars in
previous Indicators reports (NSB 2010; NSB 2016; Wagner et al. 2009). This sidebar explains the ongoing
methodological issues with measuring convergence, MDR, and IDR at the country level and provides potential
directions for future research.

For measurement at the country level, researchers have analyzed cross-disciplinary research using various
bibliometric measures. Some have used article citations (Campbell et al. 2015; Porter and Chubin 1985), coauthor
fields of specialization (Porter et al. 2007), text mining of abstracts or keywords listed on each article (Del Rio et al.
2001), or network analysis (Leydesdorff and Rafols 2011). An analysis of various approaches for measuring
interdisciplinarity revealed a lack of consistent measurement outcomes across scientific fields, over time, and for
countries or economies (Digital Science 2016).

Measuring cross-disciplinarity is challenging because indicators that are valid by one measure (e.g., citation counts),
are not stable in another scientific area. For example, looking within the broad field of health sciences, health
economics uses fewer citations, while biomedicine uses many more. When attempting to measure cross-disciplinarity
for health sciences, the differences between health economics and biomedicine are, at least in part, related to
different citation habits and not necessarily to differences in the cross-disciplinarity of the research.

Although research has not uncovered robust cross-disciplinary measures for countries, there are insights into the
growth and influence of convergence, IDR, and MDR. Measured broadly, researchers find growth in cross-
disciplinarity: “from about the mid-1980s, both natural sciences and engineering (NSE) and medical fields (MED)
raised their level of interdisciplinarity at the expense of a focus on specialties” (Lariviere and Gingras 2014:197). The
team also found that the social sciences, as well as the arts and humanities, were the most open to collaborating with
other disciplines. While cross-disciplinarity has grown, citation lags are associated with cross-disciplinary research
papers. Specifically, they garner fewer than the normal number of citations for the first 3 years but pick up more
citations than normal over 13 years (Wang, Thijs, and Glanzel 2015).
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Recently, Digital Science prepared a report for the Research Councils of the United Kingdom (RCUK) that scanned the
current literature and measurement approaches (Digital Science 2016). RCUK concluded that “no single indicator of
interdisciplinarity (either MDR or IDR) analysed here should, used alone, satisfy any stakeholder. They show diverse
inconsistency—in terms of change over time, difference between disciplines and trajectory for countries—that raises
doubts as to their specific relevance” (Digital Science 2016:8). The RCUK report suggested that combining
bibliometric IDR measures with other data, such as award information, could create a framework for expert analysis of
IDR. Among the recommendations were continued exploration of text analysis and the inclusion of departmental
affiliations in award information.

Similarly, the 2021 National Academies of Sciences, Engineering, and Medicine workshop on Measuring Convergence
in Science and Engineering found that “using a single or even a few atomistic indicators to measure complex research
activities capable of addressing societal problems is misguided” (NASEM 2021:49). Workshop participant Ismael
Rafols suggested shifting from an atomistic to a portfolio approach, investigating the entire landscape that makes
convergence possible.

16
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International Collaboration and Citations

S&E research has steadily become more global over the past decade; this trend can be measured by examining cross-
national coauthorships and citations (Luukkonen et al. 1993; Glanzel and Schubert 2005; Royal Society 2011).
Researchers gather scientific expertise beyond their country’s borders through collaboration, both direct (working to
coauthor articles) and indirect (through referencing articles from other countries). Measured at the country level,
international collaboration and citation are strongly influenced by the size of the country as well as the policies of the
country. For example, some countries provide preferential funding for research within a region through programs such as
the European Commission’s Horizon 2020.7

Researchers collaborate for a number of reasons, including to develop a scientific relationship with another researcher, to
gain access to costly or shared equipment, or to meet conditions attached to research funding that require international
collaboration (Wagner 2018). The benefits of international collaboration include achieving outcomes that no one nation
could achieve; training a robust S&E workforce, including researchers from developing countries; advancing domestic
science excellence; increasing the impact of discoveries through better distribution of knowledge; strengthening scientific
and diplomatic relations; and enhancing a sense of shared responsibility for future action (Lyons et al. 2016). Also,
international collaborations increase the impact of research, as measured by citations (Narin, Stevens, and Whitlow 1991;
Sugimoto et al. 2017; Chinchilla-Rodriguez, Sugimoto, and Lariviére 2019). Domestic collaboration among researchers in
the academic, government, and industry sectors also receives higher citation rates when compared to articles from a
single author or authors from only one sector (see section Business Collaboration in Peer-Reviewed Publications in
forthcoming Indicators 2022 report “[2022] Invention, Knowledge Transfer, and Innovation”).

International Collaboration Patterns

Articles that have authors from universities or research institutions in at least two countries indicate international
collaboration. The percentage of worldwide S&E articles produced with international collaboration increased from 18% to
23% from 2010 to 2020 (Table SPBS-35).8 International connections among researchers indicate the expanding research
capabilities around the world. Authors with their institutional address in the United States were the largest group
participating in international collaboration, cowriting 239,344 articles, or roughly 35% of the world’s internationally
coauthored articles in 2020 (Table SPBS-35). The United States coauthors the most articles in collaboration with China,
the UK, Germany, and Canada (Table SPBS-37).

The United States collaborated with international partners on 40% of the U.S. articles in 2020 (Table SPBS-35).
International collaboration rates vary by country. There is a higher percentage of international collaboration for the UK
(65%), Australia (62%), France (61%), and Canada (58%), with lower rates for India (22%), China (22%), and Russia (25%)
(Figure PBS-4). Beyond the 15 largest producers, the 2020 international collaboration rates vary: Saudi Arabia (76%),
Switzerland (73%), and Belgium (72%) have relatively high collaboration rates, while Brazil (35%) and Poland (38%) are
lower (Table SPBS-35).°
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Figure PBS-4

International coauthorship of S&E articles for the 15 largest producing countries of S&E articles, by country: 2020
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Note(s):

Articles refer to publications from a selection of conference proceedings and peer-reviewed journals in S&E fields from Scopus. Articles are
classified by their year of publication and are assigned to a region, country, or economy on the basis of the institutional address(es) of the author(s)
listed in the article. Articles are credited on a whole count basis (i.e., each collaborating country or economy is credited with one count). Articles
without international coauthorship are counts of articles with one or more institutional addresses all within a single region, country, or economy,
which include single-author articles and articles coauthored under the same institutional address. International articles are articles with institutional
addresses from more than one country or economy. The numbers of articles from the International collaboration and Domestic author(s) only
categories may not sum to the total article number because some coauthored publications have incomplete address information in the Scopus
database. These publications often cannot be reliably identified as international or domestic collaborations. For this reason, they are not included in
either subcategory but are still counted toward the total number of articles. For more detail, see Table SPBS-35.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

The international collaboration rate was stable for 2018, 2019, and 2020, possibly indicating that international
collaborations were not impacted by COVID-19 (Table SPBS-35). However, there is a potential for a lagged effect on
published articles because the appearance of research in peer-reviewed journals typically evolves over multiple years (Fry
et al. 2020).

Globally, publication output shares have changed (Figure PBS-2), and so have the U.S. international collaboration
partnerships, especially with Asian countries. In 1996, the largest collaboration country for the United States was the UK,
which accounted for 13% of U.S. internationally collaborated articles; by comparison, China (26%) was the largest
collaborator with the United States in 2020 (Figure PBS-5). In 2020, roughly one of every four internationally coauthored
U.S. articles was with an author with an institutional address in China. The U.S.-China collaboration on publications has
benefited both countries as well as global science through the amount of published research collaborations, funding
agency support from U.S. and China, and the role of collaborators on papers (Lee and Haupt 2020). The rapid growth in
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U.S.-China collaborations coincided with the growing scientific and technological capabilities of China, such as rising R&D
spending (see forthcoming Indicators 2022 report “[2022] Research and Development: U.S. and International Trends”) and
university degree awards (see forthcoming Indicators 2022 report “[2022] Higher Education in Science and Engineering”),
which may be contributing factors to the U.S.-China collaboration pattern.

Figure PBS-5

U.S. international articles with coauthor(s) from the United Kingdom and Asian countries: Selected years, 1996-2020
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Note(s):

Articles refer to publications from a selection of conference proceedings and peer-reviewed journals in S&E fields from Scopus. Articles are
classified by their year of publication and are assigned to a region, country, or economy on the basis of the institutional address(es) of the author(s)
listed in the article. Articles are credited on a whole count basis (i.e., each collaborating country or economy is credited with one count). Articles
with international institutions are counts of articles with institutional addresses from more than one country or economy. For more detail, see Table
SPBS-37.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

U.S. international articles with other Asian countries have also changed over time. From 1996 to 2020, U.S. articles with
Japan generally declined but gradually increased with India. South Korea presents a case in which U.S. partnerships grew
from 1996 to 2012 and then declined from 2014 to 2020 as South Korea increased its partnerships with other Asian
countries. Meanwhile, there has been little change to the percentage of U.S. coauthorships with Canada and European
countries, such as the UK, Germany, France, Switzerland, Italy, the Netherlands, and Sweden (Table SPBS-37).
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Since 1996, the countries that produce over 75% of the world’s publication output partner with at least one U.S. author for
a quarter or more of their international articles, with the exceptions of Russia and Spain from 2018 to 2020, France in
2008, and Iran for most years (Table SPBS-38). From 1996 to 2020, Canada, China, and South Korea have partnered with
the United States the most, but coauthor percentages have declined in recent years as those countries have increased
their coauthorship with other countries, primarily in the Pacific region.

Normalizing the international collaboration by a country’s publication output enables comparisons independent of country
size (He 2009). The international collaboration index is obtained by dividing a country’s share of collaboration with
another country by its overall share of international collaborations with all countries. An index of 1.0 occurs when
coauthorship between two countries is exactly proportional to their overall shares of international collaborations. Index
values above 1.0 indicate stronger ties, and scores below 1.0 indicate weaker collaborative ties. The index of
internationally coauthored S&E articles increased between the United States and most other major research countries
from 1996 to 2020, with the exceptions of South Korea (1.4 to 1.1), Japan (1.0 to 0.9), and India (0.9 to 0.8) (Figure
PBS-6).

Figure PBS-6

Relative international collaboration specialization of select large producing countries with the United States: 1996 and 2020
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Note(s):

Article counts for computing the index refer to publications from a selection of conference proceedings and peer-reviewed journals in S&E fields
from Scopus. Articles are classified by their year of publication and are assigned to a region, country, or economy on the basis of the institutional
address(es) of the author(s) listed in the article. Articles are credited on a whole count basis (i.e., each collaborating region, country, or economy is
credited with one count). Regions, countries, or economies that have contributed to less than 1% of all internationally coauthored articles in 2018
are omitted. The index of collaboration is calculated as follows: ICxy = (Cxy / Cx) / (Cy / Cw), where ICxy is the index of collaboration between
country x and country y, Cxy is the number of papers coauthored between country x and country y, Cx is the total number of international
coauthorships by country x, Cy is the total number of international coauthorships by country y, and Cw is the total number of international
coauthorships in the database. For additional countries, see Table SPBS-39.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.
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Science and Engineering Indicators

International collaboration on COVID-19 research shows the role of the United States as a leading research producer and
collaborator. (See sidebar Coronavirus Publication Output and International Collaboration.)

SIDEBAR

Coronavirus Publication Output and International Collaboration

The onset of the COVID-19 pandemic caused by the novel coronavirus, SARS-CoV-2, marked a dramatic growth in
research articles as well as actions to expand sharing of that research. This sidebar reviews publication output data
from 1 January to 31 December 2020, finding dramatic month-to-month increases in coronavirus-related publication
output. The sidebar also highlights international research collaboration.

Early in the pandemic, the White House Office of Science and Technology Policy (OSTP) issued “a call to action to the
Nation’s artificial intelligence experts to develop new text and data mining techniques that can help the science
community answer high-priority scientific questions related to COVID-19" (Karami et al. 2021:1).* OSTP partnered with
the Allen Institute for Artificial Intelligence (Al), the Chan Zuckerberg Initiative, Georgetown University's Center for
Security and Emerging Technology, Microsoft, and the National Library of Medicine at the National Institutes of
Health. This consortium launched the COVID-19 Open Research Dataset (CORD-19) with articles and preprints
covering the novel coronavirus as well as research on influenzas and coronaviruses, such as SARS and MERS (Wang
et al. 2020).T Adoption of CORD-19 was swift; in its first month of release, CORD-19 received over 1.5 million web
views and over 75,000 downloads (Wang et al. 2020). The number of peer-reviewed articles and preprints entering the
data set peaked in May, totaling more than 107,000 articles for 2020 (Figure PBS-B). The rapid growth and sustained
publication output indicate a previously unseen international research focus (Aviv-Reuven and Rosenfeld 2020).*
Besides removing duplicates, the CORD-19 database was not filtered to remove letters, notes, editorials, and so forth
to show activity in the field.
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Figure PBS-B
S&E articles on coronavirus in CORD-19: 2020
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Note(s):

Records are as contained in the COVID-19 Open Research Dataset (CORD-19). Counts are filtered to those that contain URL addresses and are
deduplicated based on the database-provided unique ID. Figure is currently being updated to use the keywords to build the data set: "covid";
"coronavirus*"; "corona virus*"; "severe acute respiratory syndrome"; "middle east respiratory syndrome"; "SARS-CoV-2"; "spike protein*"; "mers-
cov"; "nl63"; "229¢"; "oc43"; "hcov"; "alphacoronavirus*"; "covid19"; "covid-19"; "SARSCoV2." Note that the * character is used to specify that the
words should serve as prefixes, such that "coronavirus*" also captures articles that used "coronaviruses," for example. Preprints come from
preprint servers (e.g., arXiv, bioRxiv, and medRxiv).

Source(s):
COVID-19 Open Research Dataset, accessed 12 May 2021.

Science and Engineering Indicators

The United States and China produced the largest portion of the coronavirus papers in 2020, as shown in the Scopus
database (Table PBS-A).§ The count of coronavirus articles from Scopus, 59,000, was filtered to remove preprints,
letters, notes, editorials, etc. I This filtering matches that on the Scopus database used in other parts of this report.
Therefore, the 59,000 articles represent peer-reviewed coronavirus publications in 2020. Italy and Spain, sites of high
early outbreaks of coronavirus, ranked higher, at 3rd and 6th by volume of coronavirus articles, compared to their
rankings of 8th for Italy and 13th for Spain in the overall publication count (Table PBS-1). The publication output of
Italy and Spain matches a broader trend of more coronavirus articles from countries with higher rates of COVID-19
infection in 2020 (Cai, Fry, and Wagner 2021).
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Table PBS-A

Coronavirus articles for 15 largest coronavirus article producing regions, countries, or economies: 2020

(Number of articles)

Region, country, or economy Coronavirus article count

World 58,627.0
United States 12,199.6
China 7,529.1
Italy 4,070.7
India 3,528.0
United Kingdom 3,518.6
Spain 1,930.9
Germany 1,673.4
Brazil 1,634.6
France 1,542.6
Canada 1,426.4
Iran 1,227.9
Australia 1,139.8
Russia 975.2
Turkey 968.4
South Korea 708.4

Note(s):

Number of publications uses fractional counting. The list is sorted based on decreasing fractional counting numbers. The data were filtered in
a similar manner as the Scopus data used throughout this report. The filters removed preprints, letters, notes, editorials, errata, surveys, low-
quality journals, or lack of institutional addresses. Any article that had any of the following keywords in its title, abstract, or author-defined

keywords were used to build the data set: "covid"; "coronavirus*"; "corona virus*"; "severe acute respiratory syndrome"; "middle east respiratory
syndrome"; "SARS-CoV-2"; "spike protein*"; "mers-cov"; "nl63"; "229e"; "oc43"; "hcov"; "alphacoronavirus*"; "covid19"; "covid-19"; "SARSCoV2."
The * character is used to specify that the words should serve as prefixes, such that "coronavirus*" also captures articles that used
"coronaviruses," for example. Articles, conference proceedings, and reviews indexed in the Scopus database were searched. For additional
detail, see Table SPBS-55.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

International collaboration on coronavirus-related research is 22% overall,# which is virtually the same as the 23%
calculated for all S&E articles (Table SPBS-35 and Table SPBS-55). United States—China and United States—United
Kingdom (UK) were strong international coauthorship partners on COVID-19 publications (Figure PBS-C). In the
network figure, the color and symbol indicate the region or the country; the size is proportional to the total number of
coronavirus-related articles written by each country; the thickness of the links between nodes is proportional to the
quantity of cowritten papers; and the distance between nodes indicates the relatedness (similarity in terms of network
properties) of the countries. The network analysis shows the centrality of the major research countries—United States,
China, the UK, European Union (EU-27) countries, Japan—while more evolving R&D countries, such as Iran and Russia,
are less integrated into the network. The diagram also shows strong collaboration between the United States and
authors in China, the UK, and Canada. More information on the network measures and definition are available in this
report’s Technical Appendix and Table SPBS-57.
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Figure PBS-C

Coronavirus collaboration network, by country: 2020
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Note(s):

Network diagram shows the number of cowritten articles by all pairs of countries within the top 50 producers of coronavirus-related research
based on whole counting for those pairs that cowrote 50 articles or more. Coronavirus article counts refer to publications from a selection of
conference proceedings and peer-reviewed journals in S&E fields from Scopus. Articles are classified by their year of publication and are
assigned to a country on the basis of the institutional address(es) of the author(s) listed in the article. Links are only shown in a single
direction, dictated by alphabetical order. The size of the nodes is proportional to the total number of coronavirus-related articles written by
each country. The width of the links between nodes is proportional to the quantity of articles both countries have cowritten. Positioning of
nodes is defined using the ForceAtlas2 algorithm.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

The research pattern seen in publication output during the COVID-19 pandemic is different than the pre-pandemic
pattern. The “proportion of COVID-19 papers with a woman first author was 19% lower than that for papers published
in the same journals in 2019” (Andersen et al. 2020). This decline in female research participation is also shown in an
April 2020 survey of 4,535 U.S.- and European-based scientists. They found a decline of women’s work hours and a

24
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disproportionately larger share of home and family care relative to male counterparts during the pandemic (Myers et
al. 2020). In addition, junior faculty and PhD students who responded to the American Finance Association Survey in
October 2020 reported negative effects on time spent on research, self-reported research productivity, health,
isolation, and other similar measures when compared to senior faculty (Barber et al. 2021; Woolston 2020).

* COVID-19 Open Research Dataset Challenge (CORD-19), https://www.kaggle.com/allen-institute-for-ai/CORD-19-
research-challenge.

T OSTP worked with publishers to provide full-text coverage of relevant papers available in its catalog. Papers were
made available under special COVID-19 open-access licenses.

¥ CORD-19 includes COVID-19 research from the bioRxiv and medRxiv servers. Preprints have not received peer review
but can contain the earliest sources of novel findings (Wang et al. 2020). Preprints are included to show activity, not
peer-reviewed science.

§ Country-level COVID-19 analysis uses the Scopus database because CORD-19 does not contain uniform data on
authors’ institutions. Retrieval of articles from both Scopus and CORD-19 used the keywords “covid”; “coronavirus*”;
“corona virus*”; “severe acute respiratory syndrome”; “middle east respiratory syndrome”; “SARS-CoV-2"; “spike
protein*”; “mers-cov”; “nl63”; “229e”; “oc43”; “hcov”; “alphacoronavirus*”; “covid19”; “covid-19”; “SARSCoV2.” The *
character is used to specify that the words should serve as prefixes, such that “coronavirus*” also captures articles

that used “coronaviruses” (Science-Metrix 2021b; Wang et al. 2020).

I The initial query of the Scopus database found 108,000 publications, close to the 107,000 found in CORD-19. The
Scopus database applied filters to remove preprints (15,500), letters (12,800), notes (6,300), editorials (5,200), errata
or surveys (2,000), low-quality publications (2,300), and other publications, such as those not being attributable to a
country or of a nonstandard publication type (5,000).

# This is computed as the [papers involving international institutions] / [total number of papers] using whole counting.
Some coauthored publications have incomplete address information in the Scopus database, so some papers cannot
be reliably categorized as international or domestic collaborations. They are not included in either subcategory but are
still counted toward the total number of articles.

International Citation Patterns

Like the indicators of international coauthorship, cross-national citations provide evidence that S&E research is
increasingly international in scope. Citations to a country’s publications that come from publications authored outside
that country are referred to as international citations. This section provides a relative measure normalized by the
publication output by country. If the international citations were simply summed by country, the United States, the UK,
Germany, and China would account for the largest shares of the international citations simply because they produce so
many articles.

The relative citation index (RCI) provides a method to group the citations between countries as above (greater than 1),
near (about 1), or below (less than 1) the expected rate of citation relative to each country’s output level.’® Using the RC],
U.S. authors display a proclivity for citing English-speaking countries with a citation rate above the expected rate with
those countries: for example, Canada (1.22), the UK (1.25), and Australia (1.06) (Table PBS-2). In the next grouping of
those near the expected rate of citation are countries with historically large research communities: for example, Germany
(0.91), ltaly (0.71), and France (0.85). Finally, U.S. authors cite countries with emerging research communities less than
expected given the number of articles produced by those countries: for example, China (0.39), India (0.21), and Iran (0.26).


https://www.nsf.gov/cgi-bin/goodbye?https://www.kaggle.com/allen-institute-for-ai/CORD-19-research-challenge
https://www.nsf.gov/cgi-bin/goodbye?https://www.kaggle.com/allen-institute-for-ai/CORD-19-research-challenge
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Table PBS-2

Relative citation index for 15 largest producing regions, countries, or economies: 2018

(Index)

Citing region, Cited country or economy

country, or United United South

economy China States @ Kingdom |India Germany Japan Italy France Canada| Russia Australia Spain Korea Brazil | Iran
China 2.60 0.74 0.64| 0.50 0.55| 0.52 0.54 0.54 0.67| 0.13 0.89| 0.57 099 030 077
United States 0.39 3.16 1.25 0.21 0.91| 0.52 0.71 0.85 1.22 0.11 1.06 0.62 0.54 033 0.26
United Kingdom | 0.40 1.29 6.68 0.27 1.18 0.50  1.01 1.09 1.21 0.14 1.64 0.89 047 039 0.33
India 0.87 0.60 0.70| 6.42 0.53| 0.42 0.65 0.54 0.62/ 0.18 0.77| 0.66 095 0.55 1.62
Germany 0.37 1.22 1.52 0.22 6.81 0.62/ 1.05 1.23 099, 0.23 1.00 0.91 0.50 0.34 0.25
Japan 0.55 1.09 1.00 0.30 1.00 8.50 0.78/ 0.95 0.76/ 0.16 0.80| 0.68 090 0.30 0.28
Italy 0.39 1.05 1.32 0.32 1.07 0.54/ 9.85 1.25 092/ 0.16 0.97| 1.40 0.60 0.54 0.52
France 0.41 1.23 1.50 0.29 1.34 0.65 1.30 8.38 1.10 0.23 1.09 1.13 0.54 049 0.34
Canada 0.50 1.51 1.49 0.28 0.92| 0.47 0.78 0.96 9.30 0.11 145 0.75 0.57 0.44 055
Russia 0.50 0.70 0.82| 0.46 0.95| 0.54 0.85 0.84 0.65 12.96 0.69 0.72 0.55 0.42| 0.60
Australia 0.61 1.17 1.75 0.30 0.84 0.45 073 0.80 1.32 0.11 11.35 0.76 0.59 042 0.5
Spain 0.47 1.01 1.40 0.38 1.06 050 1.60 1.19 099 0.16 1.21 9.84 0.63 0.74| 0.61
South Korea 1.00 0.99 0.83| 0.58 0.71| 0.78 0.75 0.65 0.77| 0.13 0.88| 0.66 9.53 0.36 0.72
Brazil 0.50 0.81 1.00 0.69 0.72| 0.40 1.07 0.88 0.89| 0.16 1.08 1.30 0.61 11.55 0.99
Iran 0.91 0.52 0.59| 1.09 0.43| 0.33 0.83 0.49 0.74| 0.16 0.90| 0.73 0.81 0.66 16.30
Note(s):

Citations refer to publications from a selection of journals, books, and conference proceedings in S&E from Scopus. Articles are classified by their
year of publication and are assigned to a region, country, or economy on the basis of the institutional address(es) listed in the article. Articles are
credited on a fractional count basis (i.e., for articles with collaborating institutions from multiple countries or economies, each country or economy
receives fractional credit on the basis of the proportion of its participating institutions). Citation counts are based on all citations made to articles in
their publication year and in the following two years (i.e., 3-year citation window; scores in 2018 are based on citations to articles published in 2018
that were made in articles published in 2018-20). The relative citation index (RCI) normalizes cross-national citation data for variations in relative
size of publication output. RCI is computed by dividing the share of the citing country's outgoing citations going to the cited country and then
dividing that amount by the share of publications attributed to the cited country. An RCI of 1.00 means that the citing country cites publications from
the cited country as much as would be expected to happen randomly, showing no particular affinity between the countries. Scores higher than 1.00
mean that the citing country has a higher-than-expected tendency to cite the cited country’s S&E literature. For more detail, see Table SPBS-40. Cells
in which the region, country, or economy collaborates at or above the world average for that year are shaded green.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

The RCI also provides a view into the international nature of the scientific research in a country by presenting the number
of other countries from which the country draws its research (i.e., citations). For example, authors from China
predominantly cite articles from China (2.6), and only South Korea, Saudi Arabia, and Australia are cited by China near the
expected rate (Table PBS-2 and Table SPBS-40). Russia (12.9) and Iran (16.3) tend to cite within their own publications
(Table PBS-2). On the other hand, France cites many other countries at a greater than expected rate—the United States
(1.2), the UK (1.5), Germany (1.3), ltaly (1.3), Canada (1.1), Spain (1.1), and Australia (1.1) (Table PBS-2). Many other
European countries display a similar pattern. Supplementary tables provide equivalent information for each of the 14
scientific fields (Tables SPBS-41 through Table SPBS-54).
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Impact of Published Research

Data from citations provide a window into the impact of specific articles and authors, as well as the return on a country’s
scientific investment (Narin and Hamilton 1996). Research embodied in publications also impacts invention through
patent citations, which will be covered in the forthcoming Indicators 2022 report “[2022] Invention, Knowledge Transfer,
and Innovation.”

Publications with more citations are considered to have more impact (Garfield 1955; Waltman, van Eck, and Wouters
2013)."" A small subset within the count of cited articles is categorized as highly cited articles (HCA), or the publications
most frequently cited in other articles. This report presents data on the top 1% of HCA. The index of a country’s number of
HCA relative to the world’s HCA (i.e., the HCA score) creates a comparable cross-country measure.'? Conference
proceedings are excluded from the HCA count because proceedings are not cited as often as journal articles.’3 In
addition, conference papers are often later converted into articles in journals, and then it is the journal article that receives
the majority of the citations. A minimum of 2 years from the publication date is required for calculation of HCA. This delay
provides an opportunity for articles to accumulate citations after the publication (Wang 2012). This report provides data
for articles published through 2018 because citations are calculated based on data up to 2020.

The United States contributed more than the expected number of articles to the world’s pool of HCA in 2018 (HCA score
of 1.8) (Figure PBS-7).7* China’s HCA score is above the expected share of HCA given their level of 2018 articles (HCA
score of 1.2). The HCA scores for China track its emergence as a major S&E research country; the HCA for China in 1996
was 0.3. Not all major article-producing countries received above the expected HCA score; Japan and India each had HCA
scores less than 1.0 in 2018 (both with a score of 0.9).

Figure PBS-7

Share of S&E articles in the top 1% most-cited journal articles, by selected region, country, or economy: 1996-2018
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Note(s):

Articles refer to articles from peer-reviewed journals in S&E fields from Scopus. Articles are classified by their year of publication and are assigned
to a region, country, or economy on the basis of the institutional address(es) of the author(s) listed in the article. Citation data are based on all
citations made to articles in their publication year and all following years and are normalized by subfield and publication year to allow for
comparisons across subfields and over time, resulting in the world level standing at 1.00 for each subfield and year. A minimum 2-year citation
window is needed for a highly cited articles (HCA) score to be computed. This results in scores regarding HCA not being computed after 2018
because the citation window for more recent years is not yet complete. The share of articles in the top 1% is computed as follows: Sx = HCAx / Ax,
where Sx is the share of output from country x in the top 1% most-cited articles; HCAx is the number of articles from country x that are among the
top 1% of most-cited articles (using full counting, with the exception of articles at the limit of the top 1%, which are fractioned so the world average
can stand at 1%); and Ax is the total number of articles from country x with a relative citation score, which excludes articles released after 2018 and
unclassified publications. The world average is 1.00 for each year. For more details, see Table SPBS-74. See Table SPBS-1 for countries included in
the EU; beginning in 2020, the United Kingdom was no longer a member of the EU.

Source(s):
National Center for Science and Engineering Statistics; Science-Metrix; Elsevier, Scopus abstract and citation database, accessed May 2021.

Science and Engineering Indicators

The trends in HCA scores provide an opportunity to understand the changes in a country’s research impact. From 2008 to
2018, the impact of Chinese researchers grew faster than the impact of researchers in the United States and other
countries (Conte et al. 2017; Xie and Freeman 2018). The HCA score of the United States was 2.0 for 2008 and 1.8 for
2018. Over the same decade, China’s HCA score more than doubled (from 0.5 in 2008 to 1.2 in 2018). The HCA scores for
articles with authors in India and Japan also increased from 2008 to 2018; India’s HCA score increased from 0.7 to 0.9,
and Japan increased from 0.6 to 0.9.

Changes over time in the HCA by field of science provide a more nuanced story of research across countries. The
normalization of the HCA by output and scientific field using fractional counting spotlights countries with relatively low
publication output but consistently high rankings among the most cited articles in a field:'® for example, agricultural
sciences in Ireland (2.51), engineering in Singapore (2.87), and materials science in the Netherlands (2.43) (Table
SPBS-59, Table SPBS-64, Table SPBS-67).
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Conclusion

Based on the overall size of the U.S. contribution to S&E research publication output and the relative impact, as measured
by citations to its S&E publications, the United States remains a highly influential nation. The publication output of the
United States, Japan, the UK, and the countries of the EU-27 is concentrated in health sciences, while China and India
focus more on engineering and computer and information sciences, respectively. In terms of S&E publication quantity,
China’s output has grown rapidly and has now surpassed that of the United States. In terms of impact among S&E
publications, China has increased rapidly in the last decade. The high-income economies (including the United States, the
EU-27, and Japan) have slowly increased their large base of S&E publications, while middle-income and upper-middle-
income economies have increased rapidly across production, collaboration, and impact beginning from a smaller S&E
publications base.

International research collaboration is increasing, reflecting traditional cross-country ties and new relationships that stem
from growing capabilities in the middle-income economies. Greater publication output—with greater and more diverse
collaborations—means more countries are contributing, and many are doing so with U.S. authors.
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Glossary

Definitions

Citations: Citations, generally at the end of each article, provide researchers with the list of the prior research relied on for
the article. Citations of S&E publications by other S&E publications provide an indication of the impact of publications and
of the flow of knowledge or linkage between sectors or geographic locations.

Coauthorship: Coauthorship refers to cases in which there is more than one author listed on a publication. Data on
coauthorship can be used to measure collaboration across regions, countries, economies, and institutional sectors.
Publication counts of coauthorship use whole counting, resulting in a full count assignment for each country contributing
to the article. An article is considered to contain an international coauthorship when there are institutional addresses for
authors from two or more different countries. Table SPBS-36 shows international coauthorship from 1996 to 2020.

European Union (EU-27): The European Union (EU) comprises 27 member nations: Austria, Belgium, Bulgaria, Croatia,
Cyprus, Czechia, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania,
Luxembourg, Malta, the Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, and Sweden. Bulgaria and
Romania joined the EU in 2007, and Croatia joined in 2013; they are included in the EU grouping for all years analyzed in
this report. In 2020, the United Kingdom (UK) left the EU, and the UK is excluded from the EU in the text of the report but is
available in the supplemental tables as EU-28.

Fractional counting: Method of counting S&E publications in which credit for coauthored publications is divided among
the collaborating institutions or countries based on the proportion of their participating authors. Fractional counting
allocates the publication count by the proportion of each of the countries or institutional coauthors named on the article.
Fractional counting enables the counts to sum up to the number of total articles. For example, if a paper were authored by
two researchers from the University of Oslo, one from the University College London, and one from the University of
Washington, half of the paper would be attributed to Norway, and one quarter each to the UK and the United States when
the fractions are calculated at the level of researchers. For this report, fractions were calculated at the level of
researchers. If an author provides multiple institutions, and those institutions are in different countries, then each country
receives an appropriate fraction of the count.

Highly cited articles (HCA): An HCA score is not a perfect measure of influence, but it provides an indication of scientific
impact (Waltman, van Eck, and Wouters 2013). The first step is to create a data set of the top 1% most-cited publications
in each field and for each year. The HCA score for a country is the share of authors with institutional addresses within that
country that have articles among the top 1% of the world’s highly cited articles, relative to all the articles ascribed to that
country up to 2018. The HCA score is indexed to 1, so that a country whose authors produce highly cited articles at the
expected (i.e., global average) rate has an HCA score of 1.0; that is, 1% of the country’s articles are among the top 1% of
the world'’s highly cited articles. Countries with authors producing highly cited articles at greater than the expected rate
have HCA scores greater than 1, and countries with authors producing influential articles at lower than the expected rate
have HCA scores less than 1. For example, assume a world of two countries produced an output of 10,000 articles, with
country x authors producing 7,000 articles and country y authors producing 3,000 articles. If both countries had the same
influence in the citation records, then country x would have 70 highly cited articles, and country y would have 30 highly
cited articles in the top 100 most-cited articles in the world. Each country would have an HCA score of 1. The scores
would be different if authors in one of the countries produced a higher proportion of the highly cited articles. For example,
if authors in country y produced 50 of the most highly cited articles, then their HCA score would be 1.7, indicating that
1.7% of the articles of country y’s authors (50 out of 3,000) are among the top 1% of the world’s highly cited articles. For
country x, the HCA score would be 0.7 (50 out of 7,000).
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International collaboration index: The international collaboration index is calculated as follows: ICxy = (Cxy / Cx) / (Cy /
Cw), where ICxy is the index of collaboration between country x and country y, Cxy is the number of papers coauthored
between country x and country y, Cx is the total number of international coauthorships by country x, Cy is the total number
of international coauthorships by country y, and Cw is the total number of international coauthorships in the database. An
index greater than 1.0 means that a country-country pair has a stronger-than-expected tendency to collaborate; an index
less than 1.0 indicates a weaker-than-expected tendency to collaborate (Table SPBS-39).

Relative citation: The relative citation is a normalization of the relative scientific impact of papers produced by a given
country that takes into consideration the fact that citation behavior varies between fields and years of publication. For a
paper in a given scientific field and publication year, the citation count is then divided by the average count of all papers in
the relevant field and publication year.

Relative citation index: The relative citation index normalizes cross-national citation data for variations in relative size of
publication output. It is computed by dividing the share of the citing country’s outgoing citations going to the cited country
and then dividing this by the share of publications attributed to the cited country.

Whole counting: This measure (also called full or integer counting) assigns one count to each country or institutional
sector involved in coauthoring the article, irrespective of its proportionate involvement in authorship. Whereas fractional
counting aims to assess the proportionate contributions of countries or sectors, whole counting aims instead to assess
the participation of countries or sectors. One result of this difference is that the sum of articles from countries or
institutional sectors will exceed the total number of articles when whole counting is used. For the United States in 2018,
there were 435,000 publications in the Scopus database as measured on a fractional count basis and 563,000 as
measured on a whole count basis (Table SPBS-2 and Table SPBS-17). In the full-counting method, each paper is counted
once for each entity listed in the address field. For example, if a paper was authored by two researchers from the
University of Oslo, one from the University College London, and one from the University of Washington, the paper would be
counted once for Norway, once for the UK, and once for the United States. When it comes to aggregating groups of
institutions (e.g., research consortia) or groups of countries (e.g., the EU), double counting is avoided. This means that if
authors from Croatia and France co-published a paper, this paper would be credited only once when counting papers for
the EU, even though each country had been credited with one publication count.

Key to Acronyms and Abbreviations

CORD-19: COVID-19 Open Research Dataset

EU: European Union

HCA: highly cited articles

IDR: interdisciplinary research

MDR: multidisciplinary research

NASEM: National Academy of Sciences, Engineering, and Medicine

NRC: National Research Council

NSF: National Science Foundation

OSTP: Office of Science and Technology Policy

R&D: research and development

RCI: relative citation index

RCUK: Research Councils of the United Kingdom
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S&E: science and engineering

SDR: NCSES Survey of Doctorate Recipients
TOD: Taxonomy of Disciplines

UK: United Kingdom

WoS: Web of Science
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Notes

1 Itis important to note that the biases, introduced from either inclusion of non-peer-reviewed articles or preferential
inclusion of English-language journals, cannot be statistically measured nor 100% removed. The publication database
contains administrative data that are collected for purposes of cataloging research output, as opposed to a statistical
population survey in which errors could be specified and measured.

2 Publication output only includes those indexed in the Scopus database. The publication output discussion uses
fractional counting, which credits coauthored publications according to the collaborating institutions or countries based
on the proportion of their participating authors. Country assignments refer to the institutional address of authors, with
partial credit given for each international coauthorship. As part of our data analysis, we employ filters on the raw Scopus
S&E publication data to remove publications with questionable quality, which appear in what are sometimes called
predatory journals (NSB Indicators 2018: Bibliometric Data Filters sidebar).

3 This report uses the World Bank (2021) country income classifications accessed in March 2021. The World Bank
updates the classifications each year on 1 July. The World Bank income classifications are assigned using the gross
national income per capita as measured in current U.S. dollars. This report uses the rankings. More information is
available at https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-
groups.

4 ltis possible that the growth rates could be influenced by fractional counting. For example, the compound annual
growth rate for France using whole counting is 1%. Publication output using whole counting is available in Table SPBS-17.

5 The proportion of output attributable to the large producers is consistent whether using fractional counting, as in Figure
PBS-2 and Table PBS-1, or whole counting, as in Table SPBS-17. There is a slight difference between the United States and
China when looking at the whole counting total production numbers. Using whole counting for 2020, the United States had
600,053 articles, while China had 742,431. A whole counting measure allocates one full count to each country with an
author contributing to the article; in fractional counting, each country receives a proportion of the count based on the
number of authors from that country. For example, if an article had four authors—with two from the United States, one
from China, and one from Brazil—the fractional scores would be 2/4 for the United States, 1/4 for China, and 1/4 for Brazil.
In this example, the difference between whole and fractional counting indicates that the United States had more authors
on the example paper, compared to the number of authors in China or Brazil.

6 There is little difference between whole or fractional counting of publications for the large producing countries. Whole
counting shows a difference for small countries with high collaboration rates because they only receive a fraction of a
point for each article, while whole counting awards them a full point (Table SPBS-17 through Table SPBS-31).

7 European Commission, Horizon Europe, https://ec.europa.eu/info/research-and-innovation/funding/funding-
opportunities/funding-programmes-and-open-calls/horizon-europe_en.

8 The total international collaboration rate differs from the co-publications of individual countries. Individual country
scores use whole counting in which each country, with an institutional address on the paper, receives one point.
Therefore, the basis count for individual countries will be larger than the number of papers that have authors with
institutional addresses from two or more countries, which is the basis for computing the total international collaboration
rate.

9 Countries contributing less than 1% of all internationally coauthored papers in 2020 are not included in the analysis.

10 Relative citation index is a citation-based measure of scientific influence. It is calculated from a country’s share of all
cited S&E publications divided by the other country’s share of all cited S&E publications; an index less than 1.00 means a
lower-than-expected tendency to cite the other country.
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11 Publications include some peer-reviewed journal articles that receive citations as examples of poor or outdated
research, but often the articles refuting the low-quality article receive many more citations (Wallin 2005).

12 The share of S&E articles in the top 1% of cited articles is computed by field because different fields of science have
different rates of citation. Details provided in Science-Metrix (2021a).

13 Table SPBS-73 and Table SPBS-89 provide the data to compare the computer and information sciences publications in
the top 1% for both journal articles and conference proceedings with the HCA scores with only journal articles. For the
large producing countries, the HCA that include conference proceedings show the same trend but with slightly higher HCA
scores as the HCA with only journal articles. This comparison is made for computer and information sciences because
conference proceedings are close to 20% of the references in which proceedings are much less cited (Lisée, Lariviéere, and
Archambault 2008).

14 The share of top 1% articles produced by a country is computed as follows: Sx = HCAx / Ax, where Sx is the share of
output from country x in the top 1% most-cited articles; HCAx is the number of articles from country x that are among the
top 1% of most-cited articles; and Ax is the total number of articles from country x with a relative citation (RC) score. Both
HCAXx and Ax are based on whole counting. The RC score is a normalized citation score assigned to a paper and used to
rank articles into the top 1%. The RC score takes into consideration the citation behavior between fields and years of
publication.

15 Computing the HCA score using fractionally counted publications gives a more exact view of performance for
countries with relatively fewer articles.
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