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Abstract
The mapping and analysis of scientific knowledge makes it possible to identify the dynam-
ics and/or growth of a particular field of research or to support strategic decisions related 
to different research entities, based on bibliometric and/or scientometric indicators. How-
ever, with the exponential growth of scientific production, a systematic and data-oriented 
approach to the analysis of this large set of productions becomes increasingly essential. 
Thus, in this work, a data-oriented methodology was proposed, combining Data Analy-
sis, Machine Learning and Complex Network Analysis techniques, and Data Version Con-
trol (DVC) tool, for the extraction of implicit knowledge in scientific production bases. 
In addition, the approach was validated through a case study in a COVID-19 manuscripts 
dataset, which had 199,895 articles published on arXiv, bioRxiv, medRxiv, PubMed and 
Scopus databases. The results suggest the feasibility of the proposed methodology, indicat-
ing the most active countries and the most explored themes in each period of the pandemic. 
Therefore, this study has the potential to instrument and expand strategic decisions by the 
scientific community, aiming at extracting knowledge that supports the fight against the 
COVID-19 pandemic.
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Introduction

COVID-19 is an acute respiratory infection caused by SARS-CoV-2 coronavirus, poten-
tially severe, highly transmissible and of global distribution (Mohamadian et  al. 2021; 
Taleghani and Taghipour  2020). The coronaviruses belong to Coronaviridae family, 
Nidovirales order, and they have been known since the decade of 1930 and infect a high 
variety of species. However, they were only identified causing disease in humans in the 
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decade of 1960 (Mohamadian et  al. 2021; Taleghani and Taghipour  2020). They are 
enveloped viruses composed of a simple chain of ribonucleic acid (RNA) and commonly 
divided into 4 genres, according to their common features: � , � , � and � (Alsharif and 
Qurashi  2020; Mohamadian et al. 2021). The viruses belonging to the gender � (alphac-
oronovirus) generally cause common colds, while those named SARS-Cov (Severe Acute 
Respiratory Syndrome—epidemic in 2002, in China), MERS-Cov (Middle East Respira-
tory Syndrome—epidemic in Saudi Arabia, in 2012) and SARS-Cov-2 (Coronavirus dis-
ease 2019—COVID-19) belong to the gender � , so called betacoronaviruses (Alsharif 
and Qurashi  2020; Mohamadian et al. 2021; Taleghani and Taghipour  2020; Tiwari et al. 
2021).

This virus has harmed the global economy and exhausted the health care system to a 
degree that has not been seen since the 1918 influenza outbreak (Tornberg et  al. 2021). 
Since its origin in Wuhan, China in December 2019, it has caused more fatalities than 
SARS-Cov and MERS-Cov together (Mahase 2020). According to the World Health 
Organization (WHO) COVID-19 Dashboard (World Health Organization  2021), as of 
October 1, 2021, there had been more than 233 million confirmed cases and around 4,7 
million reported deaths across the world. In any case, with the advancement of the process 
of immunization of the world population at the end of 2020, there is a trend of decline in 
cases and deaths by COVID-19 in practically all regions of the globe. Although challenges 
such as inequality in access to vaccines and the resurgence of variants are present in the 
current stage of the pandemic (Stein 2021).

In addition to being an unprecedented high mortality event since the Spanish Flu, the 
COVID-19 pandemic has the particularity of being the first in which information technolo-
gies have taken a leading role in the dissemination of both useful health information and 
fake news calls. Shortly after the announcement of the COVID-19 outbreak as a pandemic, 
the UN Secretary-General launched the United Nations Communications Response Initia-
tive to combat the spread of fake news related to the SARS-CoV-2, in April 2020. The 
called infodemic is characterized by an overabundance of information, both online and 
offline (World Health Organization  2020), including misinformation that can cost lives as 
they contribute to poor adherence to health authorities’ guidelines in central aspects of the 
pandemic such as social distancing, disease management and more recently, adherence to 
vaccination (Moscadelli et al. 2020; Gu 2021).

In this context, the science has played an important role in the dissemination of reliable 
and useful information about the various dimensions of the pandemic, with a rapid dis-
semination of articles and preprints throughout the pandemic (Nowakowska et al. 2020). 
Since the beginning of COVID-19 pandemic, many research communities and agencies 
dedicated their efforts to fight against this infectious disease with their own resources and 
means. One of these efforts was the sharing of coronavirus-related scientific research as 
openly as possible (Colavizza et al. 2021; Grammes et al. 2020; Tornberg et al. 2021).

To date, a huge number of studies related to COVID-19 have been generated, aiming to 
contribute to the fight against the pandemic (Colavizza et al. 2021; Haghani and Bliemer 
2020; Maalouf et al. 2021; Şenel and Topal  2020). However, this fact negatively affects 
several researchers in monitoring recent contributions in their respective areas of expertise. 
Thus, to get around this problem, the researchers can use the tools available in Bibliomet-
rics and Scientometrics, which have quantitative methods applicable to scientific literature 
(Haghani and Bliemer 2020; Şenel and Topal  2020).

Bibliometrics can be understood as the study of quantitative aspects of the production, 
dissemination and use of registered information, as well as this area allows the develop-
ment of patterns and mathematical models to measure such processes, which can support 
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decision-making and prepare forecasts based on their results (Sugimoto and Larivière 
2018; Vinkler 2010). On the other hand, Scientometrics, considered the metric of science, 
is defined as the study of the quantitative aspects of science, either as a discipline or as an 
economic activity. Furthermore, it uses quantitative indicators to measure a specific disci-
pline of science (Şenel and Topal  2020; Sugimoto and Larivière 2018; Vinkler 2010).

So, aiming to extract relevant insights from the large set of publications and to support 
decision making to fight against the current pandemic, several scientometric and biblio-
metric studies have been published for this purpose (Casado-Aranda et al. 2021; Colavizza 
et  al. 2021; Farooq et al. 2021; Gul et  al. 2020; Haghani et  al. 2020; Malik et  al. 2021; 
Okhovati and Arshadi 2021; Tornberg et al. 2021; Zhang et al. 2020). In other words, the 
recent scientific contributions confirm that the academic response to COVID-19 is both 
massive and multifaceted, i.e., these studies explore several scenarios and fields of research.

However, there are few bibliometric analyses exploring the temporal aspect of the pan-
demic, based on keywords or other indicators in COVID-19 scientific publications (Cai 
et al. 2021; Ebadi et al. 2021; Haghani and Varamini  2021; Lauper et al. 2021), using a 
combination of indexed and preprints databases, using a process that is totally auditable 
and reproducible. This is relevant due to the differences observed in the pandemic during 
the past two years, such as waves in number of new cases, new COVID-19 variants, new 
public policies and interventions, new proposed treatments and so on.

Therefore, aiming to fill this research gap, this work proposes a fully auditable and 
reproducible methodology of temporal scientometric analysis of COVID-19 scientific pub-
lications. Also, we perform an experimental evaluation of the proposed approach from a 
case study, using a dataset of manuscripts related to COVID-19 (Santos et al. 2020), avail-
able on PubMed and Scopus databases, in addition to the arXiv, bioRxiv and medRxiv 
preprint servers. The results demonstrate the feasibility of the proposal indicating the main 
countries that produce COVID-19 related works, the main research focus and other inter-
esting insights. The present methodology has the potential to instrument and expand strate-
gic decisions of the scientific community, aiming at knowledge extraction that supports the 
fight against the COVID-19 pandemic. Therefore, the main contributions of this work are:

• Methodology of scientific production analysis related to COVID-19 publications;
• A temporal window overview of COVID-19 scientific contribution;
• Experimental process for the evaluation of proposed approach.

The rest of this paper is organized as follows. “Related works” section describes related 
works. “Scientometric approach” section explains the proposed methodology to extract sci-
entometric knowledge from COVID-19 related manuscripts. In “Materials and methods” 
section, we detail the experimental evaluation of our approach. “Results and discussion” 
section discusses the obtained results. “Threats to validity” section details the threats to 
the validity of our study. Finally, in “Conclusion and future works” section, we present the 
conclusions and discussions of future works.

Related works

There are many studies that have performed a scientometric/bibliometric evaluation of lit-
erature related to the 2019 novel coronavirus (COVID-19), with each one focusing in spe-
cific aspects, subject areas or contexts, but all of them have contributed significantly to 
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combat this terrible pandemic and to expand the scientific knowledge. Among these works, 
the following studies stand out: Cai et al. (2021), Casado-Aranda et al. (2021), Colavizza 
et  al. (2021), Ebadi et  al. (2021), Fassin (2021), Grammes et  al. (2020), Lauper et  al. 
(2021), Malik et al. (2021), Rodríguez-Rodríguez et al. (2021) and Tornberg et al. (2021).

In Cai et al. (2021), the authors performed a scientometric analysis focused on explor-
ing the trends in coronavirus research during the pandemic. As data source, they used the 
Scopus, PubMed, Web of Science (WoS) and some preprint servers databases. This study 
was a continuation of their previous study, about the behavior of COVID-19 production in 
terms of countries’ collaborations. According to the authors, they identified that the most 
affected nations tended to produce the greatest number of coronavirus articles, with output 
closely coupled to the rate of infection. Moreover, the USA remained the single largest 
contributor to the global publication output. Contrary to China’s dominance in the initial 
months of the pandemic, China’s contribution fell as the national COVID-19 caseload 
dropped. Despite having used a slightly distinct dataset and other types of analysis, some 
results are in line with those obtained by this study, for example, countries’ contributions, 
specially the essential role of China, USA, Italy and United Kingdom in the academic pro-
duction related to SARS-CoV-2.

Next, in Casado-Aranda et al. (2021), a descriptive and visual quantification of scien-
tific research on the virus and its effect on the environment was performed, in order to 
offer a first straightforward report on the evolution of publications combining the effect of 
COVID-19 on the environment since the outset of the pandemic, as well as to identify the 
main lines of research that were surging as a result of the crisis. All articles related to the 
COVID-19 pandemic were retrieved from the Scopus and Web of Science databases and 
analyzed using the SciMAT software. According to the authors, they identified that several 
environmental studies correlated to a sharp decrease of air pollutants (e.g., NO2

 and CO
2
 ) 

and an increase of O
3
 during the COVID-19 lockdown, as well as others had explored how 

the monitoring of environmental settings could serve to prevent and predict such outbreaks 
and, consequently, improve public health. The authors also highlighted that the potential 
use of artificial intelligence and smart devices could serve in monitoring the mobilization 
of citizens in urban and tourism destinations, and thus playing a vital role in preventing an 
advance of the pandemic. Finally, some results are in line with those obtained by this study, 
for example, the main topics focused by researchers, and countries’ contributions.

In Colavizza et al. (2021), it was performed a scientometric analysis of the COVID-19 
Open Research Dataset (CORD-19), which have publications from the Medline, PubMed, 
and WHO databases, in addition the arXiv, medRxiv and bioRxiv preprint servers. This 
dataset covers other research topics beyond COVID-19 and coronaviruses, i.e., beyond the 
core of research directly on COVID-19 and coronaviruses, it contains many articles on 
related yet distinct streams of virus research, such as on influenza, molecular biology and 
public health. So, the authors explored the potential of CORD-19 using the main sciento-
metric indicators. Even though they had used a slightly distinct dataset and other types of 
analysis, some results are in line with those obtained by this study, for example, the main 
topics focused by researchers.

Next, in Ebadi et al. (2021), the authors used natural language processing and machine 
learning models and techniques to understand and characterize the overview of COVID-19 
research by identifying main themes and their temporal behaviors, within the time-frame 
of January-May 2020, on PubMed and arXiv databases. The authors found out that, in the 
beginning of pandemic, the scientific community seemed to focus more on the pandemic 
aspect of the disease and its acute, imminent danger to public health. Over time, however, 
the attention had been gradually drawn to longer-term and chronic impacts on the public, 
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such as mental health. Other interesting finding was that the research community continu-
ously focused on the vulnerable and high-risk populations who were in danger of severe 
illness from COVID-19, for example, high-risk groups, and pregnant women. Even though 
they had used other slightly distinct types of analysis, some results are in line with those 
obtained by this study, for example, the main topics focused by researchers, and countries’ 
contributions.

In Fassin (2021), the author performed a bibliometric analysis, aiming to analyze the 
disruptive impact of the explosion of COVID-19 production with respect to several bib-
liometric indexes, for example, the impact factor and h-index. As data source, WoS data 
was used, and the author compared the COVID-19 production with the data of publications 
related to the general topic “cancer”, available until the year 2020, as well as restricted 
for the year 2020 alone. According to the author’s results, the theme of the research was 
important for impact and citations for articles in applied sciences. The salience of the 
topic, the magnitude of the problem at study and the urgency to find solutions were drivers 
for citations. An exceptional phenomenon (i.e., the “explosion” of research publications 
related to COVID-19) had a disruptive impact on bibliometric indicators, as well as the 
higher the specialization, the higher the possible impact of a disruptive phenomenon.

Next, in Grammes et al. (2020), the authors performed a scientometric study that aimed 
at providing profound insights into the current scientific SARS-CoV-2 research landscape, 
including correlating the severity of the COVID-19 outbreak with its related scientific out-
put per region/country during the pandemic, as well as assessing international collabora-
tion. All articles related to the COVID-19 pandemic were retrieved from Web of Science 
and analyzed using the web application SciPE (science performance evaluation). Accord-
ing to their findings, the United States, the United Kingdom, China, and Italy were the 
leading nations in terms of the number of publications, as well as the countries severely 
affected by the COVID-19 pandemic (e.g., Italy) and those with a generally high research 
output (e.g., the United States) contributed significantly to the literature base. Other inter-
esting result was that the main types of publications were articles, editorial materials and 
letters. Finally, in terms of international cooperation, the United States were most active 
while China was underrepresented. Note that some results are in line with those obtained 
by this study, for example, countries’ contributions.

In Lauper et al. (2021), it was performed a monthly-temporal scientometric analysis, as 
this study, of manuscripts published in the Annals of Rheumatic Diseases journal—belongs 
to the British Medical Journal (BMJ)—, which were related to COVID-19, in order to ana-
lyze and map the area of Rheumatology during the first months of the pandemic. Accord-
ing to the authors’ findings, most of the publications on COVID-19 were letters, corre-
spondences and correspondence responses. In line with the beginning of the pandemic, 
initially, there was a growing trend of publications with respect to the use of antimalarial 
drugs as a potential preventive therapy or treatment, and, after many studies performed, 
this type of treatment fell into disuse. Other point analyzed by the authors was the use of 
disease-modifying antirheumatic drugs and glucocorticoids as a mean of therapy. Finally, 
the authors discussed about the potential use of telemedicine as an invaluable tool for most 
patients and health professionals, except for older patients or those with higher disease 
activity, that demonstrated dissatisfaction about this type of approach, beyond the difficul-
ties in its implementation in developing countries due to limited internet access.

Next, in Malik et al. (2021), the authors performed a scientometric and temporal evalu-
ation of scholarly production related to all coronaviruses variants, extracted from the WoS, 
using the R-Bibliometrix package, to explore a wide range of indicators. Generally, an 
increasing trend in terms of numbers of publications was observed over the years, led by 
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the USA, China, United Kingdom, European countries, and a few other developed coun-
tries and the majority published in the last 2 decades. In addition, articles (53.4%) were 
the most common publication type. Journal of Virology, BMJ, and Virology were leading 
sources while BMJ and Lancet showed increased contributions recently. Finally, the top 
20 countries contributed to >89% of the total number of documents, that, from the point 
of view of authors, suggested a lack of global efforts. It is important to highlight that some 
results of Malik et al. (2021) match the results of this work.

Similarly to this study, Rodríguez-Rodríguez et al. (2021) performed a monthly-tempo-
ral scientometric analysis of manuscripts related to SARS-CoV-2 and the use of emerging 
technologies (Artificial Intelligence, Machine Learning, Internet of Things, Blockchain, 
and others), available on WoS and Scopus databases. They analyzed how these emerging 
technologies are helping the task force to fight against to the pandemic. According to their 
findings, the United States, China and the United Kingdom were the leading nations in 
terms of the number of publications. The authors also extracted topics of research interest 
and observed that the most important current lines of research focused on patient-based 
solutions (e.g., diagnosis, drug discovery, patient, and others). They also identified the 
most relevant journals (e.g., Lancet, Nature, Plos One, and Cell), and the most influential 
authors by an analysis of citations and co-citations. Even though they had used a slightly 
distinct dataset and other types of analysis, some results are in line with those obtained by 
this study, for example, the main topics focused by researchers, and countries’ contribution.

Finally, in Tornberg et al. (2021), the traditional bibliometrics (citation count and impact 
factors) and new bibliometrics (Altmetric and PlumX scores) of the top 100 COVID-19 
articles with the highest Altmetric scores were characterized and compared. Its results 
demonstrated that citation count weakly correlated with Altmetric score and strongly cor-
related with PlumX score, with regard to articles analyzed. Other finding was that the cur-
rent literature had noted that journals with a high Twitter presence also had high Altmetric 
and PlumX scores, as well as it was observed the strong correlations between citation count 
and Mendeley citations, and between citation count and Dimensions citations. Again, some 
of their results are in line with what we present in the current study, for example, that the 
most relevant type of production was journal article.

Finally, in Table  1, a comparative summary among the characteristics of the works 
aforementioned in this section are presented. Thus, it is possible to visualize their main 
similarities and differences, where each row represents one particular study and each of the 
five columns indicates topics (or features) and how they were covered in a given research. 
The features analyzed are: Databases, Country, Keyword, Temporal and DVC.1

All studies presented in Table 1 have distinct characteristics, and neither of them con-
template all predetermined topics, except this proposed work. In fact, as stated previously, 
it can be seen in the literature (through the Databases feature) that there is a predominance 
of indexed databases, and preprint servers are still little explored, unlike the proposed 
study. Likewise, the Keyword feature also shows that most works focus on extraction of 
thematic from the keywords and/or words contained in the title and abstract’s publications. 
However, for the Country feature, few recent studies have performed this type of analysis, 
possibly, for being a widely used analysis. With relation to the Temporal feature, it is pos-
sible to note that few studies explore the temporal aspect of their analyses, and when they 
use this type, they basically use the annual granularity, unlike this work that uses a monthly 

1 Data Version Control.



1615Scientometrics (2022) 127:1609–1642 

1 3

granularity. Finally, for the last feature used for comparison, the use of Data Version Con-
trol (DVC), aiming to automate the analysis process and making it auditable and reproduc-
ible, has not been used by any other work for this purpose.

In this way, the relevance and the relationship of each one of the presented works and 
the work proposed here are highlighted. Thus, from the discussion presented previously, it 
is clear that there are still gaps to be explored in this area, where knowledge is still needed 
in order to direct efforts to fight the pandemic.

In the next section, the proposed methodology developed in this study will be shown.

Scientometric approach

The proposed method to extract scientometric knowledge from COVID-19 manuscripts is 
presented in Fig. 1. Firstly, it is necessary to collect the scientific production data related to 
the new coronavirus. In a previous work (Santos et al. 2020), we generated a dataset with 
manuscripts related to COVID-19 available in arXiv, bioRxiv, medRxiv, PubMed, and Sco-
pus databases. These data can provide an overview of scientific research activities, mak-
ing it possible to identify countries, scientists and research groups that are most active in 
this task force to combat the pandemic. Therefore, for this current work, this dataset was 
updated and now it has works published from December 2019 to 15 July 2021 (date of 
retrieval).

In order to analyze the relevance of these studies and their sources, from the impact 
factor to other metrics, the data related to the 2020 InCites Journal Citation Reports (JCR) 
were collected and used by convenience, which are available in Web of Science  (2021). 
Both datasets were preprocessed and merged, using the Pandas Data Wrangling tool, gen-
erating the final dataset used in this work. The pipeline to preprocess and generate the data-
set is versioned with the DVC tool, making the process easy to reproduce and audit (Santos 
et al. 2020; Iterative  2021). The Data Version Control (DVC) tool provides data science 

Table 1  Summary of related studies

Study Features

Databases Country Keyword Temporal DVC

Cai et al. (2021) Scopus, PubMed, WoS and 
preprints

Yes No Quarterly No

Casado-Aranda et al. (2021) WoS and Scopus Yes Yes No No
Colavizza et al. (2021) CORD-19 No Yes Yearly No
Ebadi et al. (2021) PubMed and arXiv Yes Yes Monthly No
Fassin (2021) WoS No No Yearly No
Grammes et al. (2020) WoS Yes Yes No No
Lauper et al. (2021) Annals of Rheumatic Diseases 

journal
No Yes Monthly No

Malik et al. (2021) WoS Yes Yes Yearly No
Rodríguez-Rodríguez et al. 

(2021)
WoS and Scopus Yes Yes Monthly No

Tornberg et al. (2021) Scopus and Altmetric Explorer No No No No
Proposed work Scopus, PubMed and preprints Yes Yes Monthly Yes
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workflow reproducibility and consistency, and it is Git-compatible, offering lock-free, local 
branching, and versioning. Furthermore, DVC is used to version data and data pipelines, 
following the same rationale used to version source code (Iterative  2021).

Finally, from the final dataset, it is possible to analyze the scholarly production related 
to COVID-19, making it possible to investigate researchers’ efforts made during the pan-
demic until the retrieval date. Furthermore, based on techniques of data visualization 
(within the data analysis process), one can analyze and evaluate this extracted knowledge 
and, whether such patterns and information were inadequate, one can reapply or refine the 
data analysis process until the insights obtained are satisfactory, since the methodology 
is interactive and iterative. It is interactive because the researcher participates during the 
whole process of analysis, and it is iterative because of the steps repeated in the data analy-
sis process until the relevant results are obtained.

With the proposed approach properly presented, its empirical evaluation will be detailed 
in the next section.

Materials and methods

This section describes a case study of our approach, which was based on an experimental 
process such as that presented by Santos et al. (2015) and Wohlin et al. (2012). The next 
subsections focus on the definition and planning of this empirical evaluation. The last sub-
section presents its operation process.

Goal definition

The main goal of this study is to analyze the scholarly production related to COVID-19 
during the pandemic. This goal is formalized using the GQM (Goal-Question-Metric) tem-
plate proposed by Basili and Weiss (1984) and presented by van Solingen and Berghout 
(1999): Analyze a scientific production dataset related to COVID-19 with the purpose of 
characterization and understanding it with respect to scientometric indexes and behavior 
of scholarly production from the point of view of researchers, affiliations and research 

Fig. 1  Scientometric data analysis pipeline for COVID-19 manuscripts
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groups that work with studies associated to the pandemic in the context of preprints and 
published peer-reviewed manuscripts.

Planning

This subsection details the design of the case study.

Research questions

The research questions we want to explore in this work are:

• Based on the 2020 impact factor of WoS InCites, do the most peer-reviewed published 
manuscripts have the highest level of quality?

• For the most peer-reviewed published manuscripts, what is the minimum impact factor 
considered by their authors?

• Are the journals with the highest impact factor those that are the most cited ones?
• Are there journals without impact factor that have high quality, based on their number 

of citation?
• Which countries are most relevant in terms of scientometric indicators?
• Were the countries with the highest number of articles the ones with the most citations?
• Were the countries most affected by the pandemic the most productive, based on the 

number of manuscripts?
• Can the citation mean be considered as an indicator of the quality of a country’s pro-

ductions?
• What is the influence of impact factors of the journals in the amount of publications 

grouped by countries?
• What were the most explored research focuses during the pandemic? And which are the 

most explored by period?
• What is the minimum number of occurrences a keyword must have to also be among 

the most cited ones?
• Is there a difference among the keywords regarding the number of manuscripts and 

total of citations during the analyzed period?

The metrics to evaluate these questions are: (1) number of manuscripts by period, i.e., per 
month and year; (2) total number of manuscripts; (3) total citations by period; (4) cumula-
tive total citations; (5) citation mean; and (6) the 2020 impact factor.

Participant and artifact selection

For convenience, the manuscript dataset produced by Santos et  al. (2020) was chosen 
because the PubMed and Scopus databases have several studies in Health, specially the 
former, and other fields. Moreover, the arXiv, bioRxiv and medRxiv preprint servers were 
chosen for the same reason, i.e., they host works in progress in Biological and Health Sci-
ences (bioRxiv and medRxiv), as well as Exact Sciences and Engineering (arXiv). In addi-
tion to this dataset, the 2020 InCites JCR data were selected, for convenience too, to ana-
lyze the relevance of the manuscripts.
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Instrumentation

The materials and/or resources used in this work are:

• Python Data Science ecosystem (pandas,2 NumPy,3 Matplotlib,4 seaborn,5 scikit-learn6 
and others), provided by Anaconda platform7 or Google Colab8;

• Google Colab’s Jupyter Lab;
• NetworkX9 e Gephi,10 library and tool, respectively, for modeling, visualization, analy-

sis e manipulation of complex networks;
• Data Version Control;
• The manuscripts dataset related to COVID-19 and the proposed methodology, both dis-

cussed in the “Scientometric approach” section;
• The 2019 Revision of World Population Prospects dataset, which is made available by 

the United Nations (UN) from its open data service11;
• The Jupyter Notebooks that contain all source code to perform the data analysis, which 

are available at GitHub repository.12

Operation

This subsection describes the preparation and execution of this empirical evaluation. The 
operation process was done initially with the configuration of the environment for the case 
study and planning of data collection.

Firstly, the scholarly dataset produced by Santos et  al. (2020) was updated using the 
same pipeline and artifacts (Jupyter Notebooks and Python scripts) used by the authors 
to collect and preprocess the data. Next, the analysis pipeline was defined, as detailed in 
“Scientometric approach” section, and the updated data were merged with the 2020 InCites 
JCR dataset.

With the dataset properly preprocessed, the analysis process earlier discussed was per-
formed (see “Scientometric approach” section) with the required artifacts (see “Planning” 
section).

Finally, after the execution, the analyses results were obtained, which were based on the 
metrics previously discussed (see “Planning” section). It is worth mentioning that these 
results are used to answer the research questions of this work.

2 https:// pandas. pydata. org.
3 https:// numpy. org.
4 https:// matpl otlib. org.
5 https:// seabo rn. pydata. org.
6 https:// scikit- learn. org.
7 https:// www. anaco nda. com.
8 https:// colab. resea rch. google. com.
9 https:// netwo rkx. org.
10 https:// gephi. org.
11 https:// data. un. org.
12 https:// github. com/ breno- madru ga/ analy sis- covid- manus cripts.

https://pandas.pydata.org
https://numpy.org
https://matplotlib.org
https://seaborn.pydata.org
https://scikit-learn.org
https://www.anaconda.com
https://colab.research.google.com
https://networkx.org
https://gephi.org
https://data.un.org
https://github.com/breno-madruga/analysis-covid-manuscripts
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Results and discussion

This section presents the results of the empirical evaluation that answers the research ques-
tions of this study. It is divided into three parts: (i) general production analysis; (ii) the 
main contribution of countries; and (iii) the thematic analysis based on the keywords.

General production analysis

We performed a general analysis of COVID-19 manuscripts with respect to the sciento-
metric indexes aiming to characterize and understand this dataset, as well as investigate the 
relevance of journal publications according to the JCR impact factor for 2020. So, firstly, a 
distribution of manuscripts per database used was generated.

Table 2 presents the importance of indexed databases, PubMed and Scopus, to spread 
and disclose the scientific information related to COVID-19, corresponding to almost 91% 
of the documents contained in this dataset. The use of this kind of database is preferable 
since the publications were peer-reviewed and indexed by highly rigorous and responsible 
vehicles regarding the dissemination of quality information (Casado-Aranda et  al. 2021; 
Grammes et al. 2020; Haghani and Varamini  2021).

Other important fact is the growing use of preprints to deliver in advance the scientific 
knowledge to support the force task to combat the COVID-19 pandemic, the same pattern 
identified by Callaway (2020) and Colavizza et al. (2021). Thus, for the COVID-19 pan-
demic, the medRxiv preprint together with arXiv have their importance in disseminating 
the information related to COVID-19, as well as the technological solutions that support 
the decision making process of the health agencies and professionals.

Aiming to analyze the contribution of each database during the period (month and year) 
of the pandemic, the distribution of manuscripts by database and period was also analyzed, 
as seen in the Fig. 2. Again, it is noticeable the importance of indexed databases, specially 
PubMed, since it is fully related to Health Sciences, to disclose the studies that associate 
public health, medicine and correlated fields with the COVID-19 outbreak. The Scopus 
database also performs an essential role in publishing scientific multidisciplinary studies.

A constant participation of preprints during the pandemic period is noticeable, in addi-
tion to a similar representation of each preprint server for each period analyzed, especially 
between March 2020 and June 2021.

The dataset was characterized by year and type of production (see Table  3). The 
type Trade Journal includes technical articles related to the products and solutions of 
medical and pharmaceutical industries; Conference Proceedings refers to the papers 

Table 2  Number of manuscripts 
by database

The duplicated manuscripts among the databases were removed dur-
ing the preprocessing step

Database No. of manuscripts Percentage (%)

arXiv 3499 1.75
bioRxiv 3222 1.61
medRxiv 12,402 6.20
PubMed 53,008 26.52
Scopus 127,764 63.92
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that were presented and published in conference proceedings, while Journal represents 
the journal articles. This classification of source was based on the same categorization 
defined by Scopus, except the types Preprint and Unknown, which correspond to: Pre-
print represents the manuscripts uploaded to arXiv, bioRxiv and medRxiv preprint serv-
ers; while Unknown corresponds to the articles of the PubMed database, because it has 
no feature that classifies the means/vehicles of a publication.

In line with some findings in several studies, such as those performed by Grammes 
et al. (2020) and Malik et al. (2021), as shown in Table 3, the most common source is 
journals, due to its high rigor and reliability in the process of disseminating scientific 
information. In 2020, the importance of preprints in the dissemination of knowledge 

Fig. 2  Distribution of manuscripts by period and database

Table 3  Number of manuscripts by type and year

NM No. of manuscripts

Year NM Source of production

Trade journal Conference 
proceedings

Preprint Unknown Journal

2019 130 0 3 0 42 85
2020 104,346 331 2,636 12,752 19,229 69,235
2021 95,419 71 1,848 6,371 33,737 53,099
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related to COVID-19 becomes perceptible, when compared to the quantity of manu-
scripts indexed in the PubMed database (i.e., the type Unknown). Moreover, based on 
the number of manuscripts published/uploaded between 2020 and the retrieval date 
(July 15, 2021), the year 2021 will most likely surpass 2020.

In order to analyze the relevance of articles published in journals based on the 2020 
impact factor of Web of Science, we performed a categorization of impact factor values, 
according to the intervals defined by convenience, which are presented in the Table 4.

In order to define the value of journal class for a manuscript, the journal must have 
an ISSN/e-ISSN.13 Therefore, only the manuscripts that met this criterion were ana-
lyzed, where this sample corresponded to the set of articles whose type of production was 
journals and trade journals, all belonging to the Scopus database, totaling 122,821 peer-
reviewed published articles.

As can be seen in the Table  5, from the number of manuscripts by year and journal 
class, it is noticeable that the researchers have published their studies in journals whose 
impact factor is greater than or equal to one, highlighting, specially, those ones that are 
considered quite relevant (classes A and B) to the scientific community. These findings are 
aligned with those found by Casado-Aranda et al. (2021), Lauper et al. (2021) and Malik 
et  al. (2021). Moreover, these values are extremely relevant in their respective scientific 
scope, due to their high citation history, as well as by their very rigorous and serious peer-
review process. Therefore, these factors are fundamental to allow greater credibility of the 
published studies.

Table 4  Journal classes Impact factor (IF) Journal class

IF ≥ 5 A
3 < IF < 5 B
1 ≤ IF ≤ 3 C
0 < IF < 1 D
IF = 0 E

Table 5  Number of manuscripts, total of citation and citation mean by journal class and year

NM no. of manuscripts; TC total of citation; �
TC

 citation mean; �
TC

 citation standard deviation

Journal class Year

2019 2020 2021

NM TC �
TC

�
TC

NM TC �
TC

�
TC

NM TC �
TC

�
TC

A 30 1653 55.10 83.17 24,244 968,537 39.95 234.18 16,816 62,785 3.73 18.16
B 36 477 13.25 16.98 15,545 237,520 15.28 50.53 14,525 26,537 1.83 4.39
C 12 188 15.67 25.53 15,129 139,216 9.20 34.08 12,428 16,887 1.36 4.03
D 0 0 0.00 0.00 1396 2873 2.06 6.86 813 237 0.29 0.72
E 7 36 5.14 7.36 13,252 59,790 4.51 18.60 8588 5398 0.63 2.70

13 ISSN stands for “International Standard Serial Number”, while e-ISSN corresponds to the electronic 
version of a ISSN.
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As a result of the high relevance and impact of these journals, their articles tend to 
be highly cited, as can be seen, for each year, in the Fig. 3 and in the columns Total of 
Citation (TC) and Citation Mean ( �

TC
 ) of the Table  5. This behavior is expected since 

most researchers seek and reference quality and high-value works for a particular field of 
research.

According to the Table  5 and best illustrated in Fig.  3, other interesting finding is a 
prevalence of class E journals over class D ones. Due to the unprecedented nature of the 
COVID-19 phenomenon, this fact leads to two possible situations: (i) the researchers pub-
lish their works in journals without impact factor, aiming to guarantee the pioneering in 
a particular field of study, since these means are possibly less competitive than those of 
classes A, B or C; or (ii) these journals were created recently to attend a specific scope 
or emerging area, and are gaining importance and highlight in their scientific community. 
Therefore, for this fact, further investigation is necessary.

Countries’ contribution

In this subsection, we analyzed the countries that contributed the most in terms of sciento-
metric indexes associated with their population rate—an approach similar to that used by 
Di Girolamo and Reynders (2020)—, in addition to the quality of their publications based 
on the impact factor in 2020. We extracted the set of countries, based on the affiliations/
authors of each article that had this information, so the numbers presented do not represent 

Fig. 3  Citation mean by journal class and year
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the whole dataset, but rather a sample considered quite significant, as around 86.6% of the 
records had this information.

Table 6 presents the top 35 countries by number of manuscripts (NM), total of cita-
tion (TC), mean ( �

TC
 ) and standard deviation ( �

TC
 ), as well as the population rates 

Table 6  Top 35 countries

In columns NM and TC, the numbers highlighted in bold represent the top 5 values for a respective metric/
column
NM no. of manuscripts; TC total of citation; �

TC
 citation mean; �

TC
 citation standard deviation; Rate CP 

total of citation per 100,000 inhabitants; Rate MP no. of manuscripts per 100,000 inhabitants

Country NM TC �
TC

�
TC

Rate CP Rate MP

North Macedonia 47 1379 29.34 88.24 66,025.06 2250.31
China 20,263 566,194 27.94 253.87 39,135.37 1400.58
Honduras 66 1810 27.42 115.94 18,003.66 656.49
Viet Nam 471 9852 20.92 126.20 10,023.09 479.18
Bolivia 85 1556 18.31 97.17 13,173.27 719.62
Congo (Democ. Rep.) 115 2061 17.92 70.27 2263.25 126.29
Paraguay 56 997 17.80 91.34 13,806.50 775.49
Singapore 2317 38,747 16.72 91.71 656,794.49 39,275.11
Estonia 156 2467 15.81 54.74 185,799.69 11,748.99
Netherlands 3568 56,092 15.72 91.87 326,486.29 20,767.72
Mozambique 86 1311 15.24 58.73 4125.51 270.63
Venezuela 120 1760 14.67 82.28 6186.69 421.82
United Kingdom 15,886 220,319 13.87 81.93 323,160.67 23,301.35
Germany 7197 99,472 13.82 104.08 118,514.76 8574.78
Denmark 1511 20,208 13.37 74.40 347,921.60 26,014.92
Switzerland 3735 49,674 13.30 72.22 570,648.51 42,907.20
United States 38,418 504,055 13.12 69.68 151,507.43 11,547.57
Russia 1330 17,318 13.02 169.53 11,864.11 911.15
Austria 1773 22,929 12.93 141.82 253,473.67 19,600.02
Libya 66 833 12.62 60.96 11,971.37 948.51
South Korea 1835 22,956 12.51 59.88 44,582.20 3563.70
France 7051 84,879 12.04 70.19 129,745.95 10,778.15
Sweden 2055 22,968 11.18 56.45 226,374.28 20,254.23
Belgium 2567 27,859 10.85 64.78 239,585.34 22,076.01
Australia 6942 74,501 10.73 81.88 289,626.62 26,987.40
Italy 15,689 164,554 10.49 47.99 272,302.18 25,961.99
Japan 3611 30,559 8.46 56.80 24,202.53 2859.89
Spain 7556 61,578 8.15 48.00 131,498.85 16,135.72
Canada 9471 75,606 7.98 43.16 198,972.06 24,924.80
Brazil 5265 31,507 5.98 35.80 14,695.88 2455.77
Israel 2619 14,543 5.55 30.14 166,245.84 29,938.65
Iran (Islamic Rep.) 4484 23,457 5.23 20.47 27,584.62 5273.03
Turkey 3,638 16,589 4.56 28.68 19,450.23 4,265.47
India 13,567 54,279 4.00 22.36 3893.78 973.25
Saudi Arabia 9639 19,582 2.03 21.74 55,509.73 27,323.99



1624 Scientometrics (2022) 127:1609–1642

1 3

related to total of citation (Rate CP) and number of manuscripts (Rate MP). The data 
is ordered decreasingly by the column citation mean ( �

TC
 ), and the countries present in 

this table are the union of the top 20 ones for the NM, TC, and �
TC

 metrics.
The countries that contributed the most, in terms of number of manuscript and total 

number of citations, were those that were heavily affected by the pandemic, such as 
China, United States, United Kingdom, and Italy. This result is in line with those of 
the studies carried out by Casado-Aranda et  al. (2021), Grammes et  al. (2020) and 
Malik et al. (2021). Another interesting fact is that, despite Brazil being one of the most 
affected countries by the pandemic, it does not have sufficient resources for conducting 
research, when compared to the already mentioned countries (Monteiro et al. 2022).

Another interesting fact is that the metric �
TC

 does not represent the relevance of 
studies performed by a country, therefore, for emphasizing this, it is showed the stand-
ard deviation of the metric total of citation ( �

TC
 ). For example, North Macedonia has a 

mean of 29.34, which is higher than China’s (27.94). However, China has a total of cita-
tions approximately 410 times larger than North Macedonia. So, the studies performed 
by China are more relevant and more cited in comparison to North Macedonia.

It is important to highlight that the calculation of CP and MP rates was based on the 
2019 Revision of World Population Prospects dataset (see “Planning” section). In addi-
tion, also for this calculation, it was used the population estimates for the year 2021.

Fig. 4  Top 20 Countries by No. of manuscripts, total of citation and citation mean
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In order to facilitate the visual comprehension of the data of Table 6, it was generated 
a slope chart with the top 20 countries by number of manuscripts, total of citation and 
their means (see Fig. 4).

China is the country that contributed the most in terms of number of studies and cita-
tions. This was possibly because it was the pioneer in studies related to the COVID-19. 
Still, the United States has the highest number of manuscripts, but apparently they have 
an irregular distribution of citations, based on their citation mean, because it is lower 
than ones of China, the United Kingdom and Germany. Although Italy does not appear 
because of the low citation mean, it has studies that are widely cited and considered 
relevant for works carried out later on for the dissemination of knowledge linked to 
COVID-19.

We also analyzed the relevance of journal articles belonging to the same countries 
of Table 6, as seen in the Fig. 5. It is noticeable that the United States is the country 
with the highest number of relevant productions based on the journal classes previously 
defined. They have published a lot in journals of classes A, B, and C. The same pattern 
is found in the United Kingdom, Italy and China.

Brazil has more manuscripts with classes B and C, especially of the latter type. A 
possible cause for this case could be the excessive cuts in research funding and the lack 
of incentives for education and research, through the policy of the current government 
of this country (Monteiro et al. 2022).

It is important to highlight that the countries Estonia, Venezuela, Mozambique, 
Libya, Bolivia, North Macedonia, Congo (Democ. Rep.), Honduras, and Paraguay did 

Fig. 5  No. of manuscripts by country and journal class
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not appear on the Fig. 5, because their numbers of manuscripts by journal class were not 
relevant for this chart.

Finally, it was performed a clustering analysis for the same set of countries of 
Table 6. For the clustering process, apart from the features that appeared in the Table 6, 
for each country, the number of journal articles for each class previously defined was 
considered. Firstly, we used the K-means algorithm, varying the parameter k for the val-
ues 3, 4, and 5. The results of K-means clustering can be seen in Figs. 6, 7, and 8.

According to the Fig.  6, for K-means with the parameter k = 3 , the United States 
and China remained in the same group (Cluster 3). This was probably because of their 
higher number of manuscripts and total of citation, as well as having high number of 
journal articles with classes A, B, and C. These countries can be considered as outliers 
in terms of contribution regarding the COVID-19 pandemic. For the Clusters 1 and 2, 

Fig. 6  Top 35 countries grouped by K-means (k = 3)

Fig. 7  Top 35 countries grouped by K-means (k = 4)
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possibly the distribution of articles for each journal class has influenced the formation 
of these groups.

After comparing the results of the clustering in the Figs. 6 and 7, it was noticed that the 
group that had the United States and China (Cluster 1, in Fig. 6) was divided into two new 
clusters, generating Clusters 1 and 3, as can be seen in the Fig. 7. Maybe, the difference 
between the number of articles for each journal class influenced the clustering process, 
especially the number of articles with class A, where this difference is noticeable. Moreo-
ver, the other countries remained in their respective groups.

Finally, for K-means with the parameter k = 5 (Fig. 8), the result of clustering is totally 
different to those with k = 3 or k = 4 . Probably, the algorithm must have captured the 
subtle differences among the top 35 countries, therefore, its results are a little complex to 
understand just by analyzing the generated clusters.

Main keywords related to COVID‑19

In this subsection, we analyze the research focus based on the manuscripts’ keywords, also 
in terms of scientometric indexes. From this analysis, it is also possible to identify some 
broad thematic areas, because some keywords are thematic areas or very characteristic 
of their subject areas. Similar to the countries analysis, we extracted the keywords from 
the feature auth_keywords that had this information, so the numbers presented do not rep-
resent the whole dataset, but rather the sample that was considered, which had 107,830 
manuscripts.

A preprocessing process for the keywords was performed, in order to extract the focus 
of each research related to a manuscript. The keywords that corresponded to synonyms of 
COVID-19 and other types/variations of coronavirus were removed, in addition to terms 
that represented the places where the studies were carried out, such as China, Wuhan, Bra-
zil and Africa. So, it enabled to extract the essence of each work.

This subsection is divided into two parts: (i) general keywords analysis; and (ii) 
advanced keywords analysis.

Fig. 8  Top 35 countries grouped by K-means (k = 5)
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Table 7  Top 50 keywords

Keyword NM TC �
TC

�
TC

Priming 8 16,763 2095.38 2891.34
Epidemic potential 3 3429 1143.00 0.00
Viral receptor 5 5540 1108.00 1269.26
Oral-fecal transmission 1 1032 1032.00 0.00
Pilot project 1 885 885.00 0.00
pcr cycle threshold 2 1744 872.00 0.00
ace2 tissue distribution 1 785 785.00 0.00
ctd 2 1552 776.00 0.00
Fibrin degradation product 3 2088 696.00 1205.51
Cardiovascular metabolic diseases 1 695 695.00 0.00
Entry 26 17,370 668.08 1813.48
Fingerstick blood 1 661 661.00 0.00
Rapid igm-igg combined test 1 661 661.00 0.00
Biocidal agents 2 1308 654.00 919.24
Proprotein convertase furin 1 644 644.00 0.00
t cell reduction 1 622 622.00 0.00
Maturation protease 2 1224 612.00 0.00
Diagnosis and interventions 1 561 561.00 0.00
Open-label nonrandomized control study 1 518 518.00 0.00
Potential interventions 1 493 493.00 0.00
Laboratory 117 27,030 231.03 563.94
Neutralization 144 21,687 150.60 806.33
Spike 275 22,534 81.94 585.38
Diagnostics 309 17,706 57.30 325.22
tmprss2 400 21,853 54.63 482.95
Outbreak 865 37,624 43.50 210.49
rt-pcr 620 19,238 31.03 228.39
ace2 1541 45,440 29.49 256.38
Thrombosis 877 25,544 29.13 139.63
Transmission 997 18,351 18.41 84.69
Stress 1488 24,720 16.61 107.86
Hydroxychloroquine 1198 19,672 16.42 113.66
Infection 1508 23,643 15.68 70.05
Depression 2340 34,224 14.63 92.28
Anxiety 2714 37,458 13.80 87.90
Treatment 1224 16,066 13.13 55.60
Epidemiology 3379 34,408 10.18 48.12
Pregnancy 1242 12,552 10.11 34.46
Children 1511 14,572 9.64 39.47
Mortality 2961 27,990 9.45 45.41
Inflammation 1891 17,362 9.18 30.97
Mental health 3592 29,161 8.12 39.22
Public health 4131 32,372 7.84 30.17
Lockdown 2139 14,255 6.66 23.05
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General keywords analysis

Firstly, Table 7 presents the top 50 keywords by number of manuscripts (NM), total of 
citation (TC), together with its mean ( �

TC
 ) and standard deviation ( �

TC
 ), considering the 

whole period of the pandemic. The data of this table is ordered decreasingly by the col-
umn citation mean ( �

TC
 ), as well as the keywords in this table are the union of the top 

20 ones for the NM, TC, and �
TC

 metrics.
The main focus based on keywords were the several aspects of public health and epi-

demiology, virus containment means (telemedice, telehealth and lockdown), the lock-
down and virus’ effects (inflammation, mortality, thrombosis, mental health, depression, 
and anxiety) and the results related to the vaccines, in terms of number of documents 
and total of citation.

Aiming to analyze the main focus based on keywords by each period, we extracted, 
by period, the three most frequent keywords and the three most cited ones, as shown 
in Table 8. In the first four months, the research focuses were the exploratory studies 
related to COVID-19 (the understanding of the virus transmission curve, the compari-
son between COVID-19 and its predecessors, and the laboratory analysis of the virus 
and its preliminary results), as well as the several works that highlighted the COVID-19 
crisis in their respective countries/cities.

Between April 2020 and January 2021, the research focuses were the general aspects 
of medicine, epidemiology and public health linked to COVID-19, the alternative means 
to reduce the spread of the virus (the use of telemedicine, telehealth, lockdown, and 
social distancing), the analysis of substances and other drugs (chloroquine and hydroxy-
chloroquine) to fight the pandemic, beyond the impact of the lockdown effects (mental 
health, depression, and anxiety).

Between February 2021 and July 2021, again, the focus remained on the general 
aspects of medicine, epidemiology and public health linked to the characteristics of 
COVID-19. However, some specific studies were performed during the pandemic, for 
example, those that involved pregnant women and people with asthma or anaphylaxis. 
Again, the alternative means to support the force task against the virus were explored, 
for example, telemedicine and deep learning. Finally, in the last two months, the works 
involving vaccines have gained their deserved recognition, probably because some 
countries are considering the application of a third dose as a booster for their popula-
tion’s immunity.

In columns NM and TC, the numbers highlighted in bold represent the top 10 values for a respective met-
ric/column
NM no. of manuscripts; TC total of citation; �

TC
 citation mean; �

TC
 citation standard deviation

Table 7  (continued)

Keyword NM TC �
TC

�
TC

Social distancing 1233 7130 5.78 16.88
Telehealth 1486 8110 5.46 27.36
Cancer 1216 6340 5.21 22.13
Telemedicine 2775 13,983 5.04 22.42
Vaccine 1801 7354 4.08 14.89
Machine learning 1240 4987 4.02 13.14
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Table 8  Top 3 keywords by no. of manuscripts and total of citation

Period Keywords and metrics

Keyword NM Keyword TC

2019–12 Dromedary camels 10 Disease control 672
Evolution 9 Infectious disease epidemiology 672
Feline infectious peritonitis 8 Mathematical modelling 672

2020–01 Epidemiology 27 Diagnostics 14,135
Public health 24 Outbreak 14,066
Outbreak 21 rt-pcr 14,046

2020–02 Epidemiology 23 Respiratory disease 1802
Outbreak 16 Clinical practice guideline 1800
Virology 10 Evidence-based medicine 1800

2020–03 Epidemiology 36 Clinical features 12,278
Outbreak 31 Laboratory 12,278
Infection 30 Outcomes 12,278

2020–04 Public health 119 ace2 18,226
Epidemiology 83 Spike 16,937
Outbreak 83 tmprss2 16,814

2020–05 Public health 127 ace2 9276
Epidemiology 110 Critical illness 7547
Treatment 94 Clinical practice guidelines 7535

2020–06 Public health 172 Thrombosis 17,925
Epidemiology 158 Anticoagulant 14,699
Mental health 112 Antiplatelet 14,040

2020–07 Public health 207 Hydroxychloroquine 9514
Telemedicine 161 Anxiety 8086
Epidemiology 156 Mortality 8020

2020–08 Public health 190 Infection 6475
Mortality 150 Anosmia 6459
Epidemiology 149 Olfaction 6251

2020–09 Public health 264 Olfaction 3302
Telemedicine 255 Head and neck surgery 3300
Mental health 218 Somatosensation 3300

2020–10 Public health 278 Mental health 2419
Mental health 226 Depression 2188
Telemedicine 199 Anxiety 2010

2020–11 Public health 242 Mortality 2111
Mental health 235 Public health 1556
Mortality 215 Healthcare workers 1517

2020–12 Mental health 287 Anxiety 2410
Public health 260 Mental health 2405
Epidemiology 252 Depression 2357

2021–01 Epidemiology 271 Mortality 1242
Anxiety 246 Depression 1139
Public health 244 Anxiety 996
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Although the data referring to the three most cited keywords per period are shown in 
Table 8, only the chart of the three most frequent keywords per period will be presented 
(see Fig. 9). Thus, the main reason for this is the complexity of visualizing the results of 
the keywords for the metric of citations total per period.

As seen in Fig.  9, most studies actually focused on aspects of public health and epi-
demiology. Again, another focus was the exploration of studies involving mental health, 
possibly investigating the impact of the pandemic on the mental health of patients or rela-
tives of victims, the effects of lockdown, among others. However, the works that reported 
evidences related to the vaccines only gained highlight in the last month in the period ana-
lyzed, possibly because of studies analyzing the possibility of applying a third dose as an 
immunity booster.

Advanced keywords analysis

Aiming to provide a deep perspective of the research focus, it was performed a complex 
network analysis applied over the whole manuscripts’ keywords data. According to Zweig 
(2016), a network is a collection of objects, in which some pairs of these objects are con-
nected by some kind of link. These objects are often referred to as nodes, as well as the 
relationships among these nodes are called links or edges. Particularly, a complex network 
is a set of related (connected) entities, where its structure is considered non-trivial (Menc-
zer et al. 2020; Zinoviev  2018).

NM no. of manuscripts; TC total of citation

Table 8  (continued)

Period Keywords and metrics

Keyword NM Keyword TC

2021–02 Public health 299 Mortality 958

Epidemiology 276 Infection 950

Mental health 263 Pregnancy 892
2021–03 Public health 383 Asthma 865

Mental health 338 Anaphylaxis 842
Epidemiology 302 Psychological impact 826

2021–04 Public health 450 Mental health 453
Mental health 383 Transmission 421
Epidemiology 249 Epidemiology 377

2021–05 Mental health 358 Inflammation 372
Epidemiology 303 Telemedicine 273
Public health 302 Deep learning 233

2021–06 Mental health 437 bnt162b2 320
Mortality 361 Infectivity 316
Public health 346 Vaccine 270

2021–07 Vaccine 213 Epidemiology 800
Epidemiology 200 Autoimmune diseases 658
Public health 197 Glucocorticoids 651
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Fig. 9  No. of manuscripts by keyword and period

Fig. 10  Analysis of the top 25 k-cores of keywords network
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The generated keyword network has 103,435 nodes (keywords) and 709,026 links 
(i.e., the co-occurrence between two keywords in the same article), and the number of 
manuscripts and total of citation were used as nodes’ and edges’ attributes. In addition 
to the preprocessing explained above, just for the generation of the network, the key-
words were also submitted to textual preprocessing, in order to reduce textual variations 
of similar terms.

So, aiming to extract the most relevant keywords in this complex network, the rela-
tionship between the network cores and their number of nodes was analyzed using the 
k-core measure (see Fig. 10). k-core or core of order k is considered the cohesive sub-
sets of nodes among whom there are relatively strong, direct, intense, frequent, or posi-
tive ties, where their number of neighboring nodes is equal to or greater than k (Batagelj 
and Zaversnik  2003; Menczer et al. 2020).

As seen in Fig.  10, an interesting behavior occurs when the k-core is greater than 
or equal to 8, once the number of keywords (nodes) seems to decrease more quickly. 
Because of that and aiming to extract a more representative subnet, the one whose 
k-core is equal to 8 was selected and illustrated in Fig. 11. Thus, this subnet has 24,627 
nodes and 445,372 edges. Moreover, several related nodes of this subnet were manually 
merged in Gephi tool, aiming to simplify the structure of this subnet, resulting in a new 
network with 22,296 nodes and 384,572 edges, which was explored in this study.

In Fig.  11, the nodes of this subnet were grouped using the Modularity algorithm 
(Blondel et  al. 2008)—implemented on Gephi—and they were colored based on their 
resulting clusters. Aiming to facilitate the visualization of this network, it was only 
showed the label of nodes whose number of manuscripts be equal to or higher than 830, 
as well as the nodes’ size and edges’ weight were determined by this attribute (number 
of manuscripts).

Fig. 11  Keywords’ subnet with 8-core
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According to Fig. 11, again, several studies specially focused their research on several 
aspects related to the public health, while other works explored the mental and psychologi-
cal effects of pandemic (mental health, anxiety, stress, depression, mortality).

A lot of studies that showed insights related to vaccines, as well as those that investi-
gated antibodies against COVID-19 and others that explored the role of health profession-
als during the pandemic. It was also investigated several means of preventing the spread of 

Fig. 12  Overview of outlier 
keywords analysis

Fig. 13  Boxplot of keywords’ occurrences on the manuscripts contained in the dataset
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COVID-19, for example, lockdown, social distancing, online teaching, telemedicine and 
telehealth.

Next, in order to find out whether the most frequent keywords would be the most cited 
ones too (see Fig. 12), firstly, it was checked the existence of keywords considered as out-
lier from the number of manuscripts that they appeared. According to the Fig. 13, for each 
period, there are many keywords with a great number of manuscripts that they appeared. 
However, this raises the following question: what is the minimum number of occurrences 
for a keyword to also be one of the most cited?

It was found out the most frequent keywords and the most cited ones from the Algo-
rithm 1, from Tukey’s rule (Bruce et al. 2020), based on the interquartile distance. These 
sets of keywords are considered as outliers from their respective metric (number of manu-
scripts or total of citation) in each period analyzed. Outliers are data that differ drastically 
from all others, they are points outside the normal curve, i.e., they are values that are out-
side of normality (Igual and Seguí 2017).

With the outliers determined, in the Algorithm 2, each unique value of outliers’ number 
of manuscripts was tested, checking whether there was a difference between the sets of 
keywords. After a few iterations, it was found out that the minimum number of occurrences 
of a keyword for the same keyword to be among the most cited ones was 69.
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In addition to the previous analysis, it was analyzed how discrepant the number of 
manuscripts and total of citation among the keywords would be for each period ana-
lyzed. So, based on the Equation  1, the multivariable Gini index of the keywords for 
each analyzed period was calculated, using the metrics number of manuscripts and total 
of citation.

The Gini index is used to measure the inequality of a set of observations, defined as 
the mean of absolute differences between all pairs of observations for some measure. Its 
values are measured between 0 and 1, i.e., the minimum value is 0 when all measure-
ments are equal and the theoretical maximum is 1 for an infinitely large set of observa-
tions where all measurements but one has a value of 0, which is the ultimate inequality 
(Brown 1994).

Therefore, as seen in Fig. 14, for the metrics analyzed, the Gini index was higher than 0.5 
in all periods. This shows that there is a considerable difference among keywords from the 
metrics number of manuscripts and total of citation. In other words, the keywords do not 
have the same number of manuscripts and total of citation, i.e., there is a great inequality 
between keywords, based on these two metrics.

However, between May 2020 and February 2021, this inequality declined modestly, 
possibly indicating that researchers were focusing on similar or correlated themes. Also, 
it is noticeable to highlight that, from the official start of the COVID-19 pandemic—
declared by WHO—, this inequality was decreasing, possibly indicating a convergence 
of efforts and studies more focused on the pandemic.

On the other hand, from the official start of vaccination, this inequality went back 
up, apparently retracting the effects of vaccines in different aspects, where some topics 
stood out more among the others. Another interesting fact is the two peaks at the ends, 
possibly, retracting of the unprecedented nature of the disease and the results linked to 
vaccines, respectively.

(1)G
m
= 1 −

k−1
∑

i=0

(Y
i+1 + Y

i
)(X

i+1 − X
i
)
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Conclusive discussion

In summary, despite the importance of indexed databases for the dissemination of scientific 
research, during the COVID-19 pandemic, preprints have also played an essential role in 
this scientific dissemination, in addition to being used to ensure a certain scientific prece-
dence for the authors’ studies. However, it is important to follow the work progress in order 
to verify if it will be approved after peer-review.

As expected, most researchers have published their studies in journals whose impact 
factor is greater than or equal to one, highlighting specially those ones that are considered 
quite relevant (impact factor is greater than three) to the scientific community. On the other 
hand, there is a considerable amount of manuscripts that were published in journals with-
out impact factor.

The countries that contributed the most, in terms of number of manuscript and total 
of citation, were those that were heavily affected by the pandemic, such as China, United 
States, United Kingdom, and Italy. On the other hand, despite Brazil being one of the coun-
tries most affected by the pandemic, the current resources for research are scarce, which 
have harmed publications from that country, according to the impact factors of the journals 
of their manuscripts.

Regarding keyword analysis, several studies have focused their research on several 
aspects related to the public health, while other works explored the mental and psychologi-
cal effects of the COVID-19 pandemic (mental health, anxiety, stress, depression, mortal-
ity). Also, many studies have showed insights related to vaccines, have explored the role of 

Fig. 14  Gini Index of number of manuscripts and total of citation by period
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health professionals during the pandemic, and have investigated several means of prevent-
ing the spread of COVID-19, for example, lockdown, social distancing, online teaching, 
telemedicine and telehealth.

With the results properly presented, the threats to validity of this study will be explained 
in the next section.

Threats to validity

The threats to the validity of the present study are:

• Collection Bias A threat linked to the collection process is the possible existence of 
relevant productions that were published after the date of retrieval, in addition to the 
failure to contemplate other sources of complementary data, which may also contain 
relevant studies to support fight COVID-19. Thus, to mitigate this threat, the main pro-
duction bases widely used by the scientific community were used, in addition to the use 
of preprint repositories.

• Indexing Bias Since the data contained in the datasets used are cataloged and main-
tained by third parties, this threat could not be mitigated as it is beyond the scope of 
the approach proposed by this work. Another fact related to this threat is the existence 
of duplicate publications with slightly different titles, hosted in indexed bases and pre-
prints. Once a study, previously hosted in a preprint database, has been officially pub-
lished under a slightly different title, it is understood that the author is solely responsi-
ble for updating/removing the preprint version. Therefore, this is beyond the scope of 
this work.

• Ethical approval Since this was a metadata analysis of published work, ethics commit-
tee approval was not required.

• External validity a scientometric analysis of published and ongoing works related to 
SARS-CoV-2 was carried out for the period from December 2019 to 15 July 2021. 
However, it is possible that some relevant work was not yet indexed or is indexed on 
bases other than those used. Therefore, it is not possible to generalize the conclu-
sions obtained to understand the behavior of scientific production related to the pan-
demic. However, the results are quite relevant to outline future investigations regarding 
COVID-19.

Conclusion and future works

With the exponential growth of scientific production related to the new coronavirus, biblio-
metric and scientometric studies started to need a systematic process that allows analyzing 
this large set of data. Thus, the aforementioned work proposed a Data Science-oriented 
methodology, combining techniques of Data Analysis, Machine Learning, Complex Net-
work Analysis and DVC, in order to extract relevant and implicit knowledge and patterns in 
these scientific productions, as well as the experimental validation of this approach through 
a case study.

From the proposed approach, it was possible to analyze, characterize and understand, 
descriptively and temporally, the behavior of scientific productions linked to SARS-
CoV-2, based on scientometric indexes and other related metrics. Therefore, the results 
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demonstrated the feasibility of the proposal, indicating the main countries, research focus 
and other interesting insights. The presented methodology has the potential to instrument 
and expand strategic and proactive decisions of the scientific community aiming at knowl-
edge extraction that supports the fight against the pandemic.

As future works, it is intended to expand the context of analysis, increasing the quan-
tity and diversity of analyzes and databases, enabling a general and complete view of the 
research linked to COVID-19.
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