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Abstract

Following the outbreak of SARS-CoV-2 disease, within less than 8 months, the 50 years-
old scholarly literature of coronaviruses grew to nearly three times larger than its size
prior to 2020. Here, temporal evolution of the coronavirus literature over the last 30 years
(N=43,769) is analysed along with its subdomain of SARS-CoV-2 articles (N=27,460)
and the subdomain of reviews and meta-analytic studies (N=1027). The analyses are con-
ducted through the lenses of co-citation and bibliographic coupling of documents. (1) Of
the N=1204 review and meta-analytical articles of the coronavirus literature, nearly 88%
have been published and indexed during the first 8 months of 2020, marking an unprec-
edented attention to reviews and meta-analyses in this domain, prompted by the SARS-
CoV-2 pandemic. (2) The subset of 2020 SARS-CoV-2 articles is bibliographically distant
from the rest of this literature published prior to 2020. Individual articles of the SARS-
CoV-2 segment with a bridging role between the two bodies of articles (i.e., before and
after 2020) are identifiable. (3) Furthermore, the degree of bibliographic coupling within
the 2020 SARS-CoV-2 cluster is much poorer compared to the cluster of articles published
prior to 2020. This could, in part, be explained by the higher diversity of topics that are
studied in relation to SARS-CoV-2 compared to the literature of coronaviruses published
prior to the SARS-CoV-2 disease. (4) The analyses on the subset of SARS-CoV-2 litera-
ture identified studies published prior to 2020 that have now proven highly instrumental
in the development of various clusters of publications linked to SARS-CoV-2. In particu-
lar, the so-called “sleeping beauties” of the coronavirus literature with an awakening in
2020 were identified, i.e., previously published studies of this literature that had remained
relatively unnoticed for several years but gained sudden traction in 2020 in the wake of the
SARS-CoV-2 outbreak. This work documents the historical development of the literature
on coronaviruses as an event-driven literature and as a domain that exhibited, arguably, the
most exceptional case of publication burst in the history of science. It also demonstrates
how scholarly efforts undertaken during peace time or prior to a disease outbreak could
suddenly play a critical role in prevention and mitigation of health disasters caused by new
diseases.
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Introduction

The influx of scholarly publication that has ensued from the outbreak of the 2019 Novel
Coronavirus (2019-nCoV) has been labelled as unprecedented and marks a unique phe-
nomenon in the history of scientific publications (Haghani & Bliemer, 2020; Homolak
et al., 2020; London & Kimmelman, 2020). While the scientific literature of coronaviruses
has displayed a spike in the number of publications following the onset of each major out-
break, including that of the first Severe Acute Respiratory Syndrome (SARS) and Middle
Eastern Respiratory Syndrome (MERS) diseases, the surge in the number of publications
related to the recent outbreak of SARS-CoV-2 has made previous spikes pale into insignifi-
cance (Chiu et al., 2004; Di Girolamo & Reynders, 2020; Kostoff & Morse, 2011; Wang
et al., 2016) (See Fig. 1 which visualises this trend). In fact, while scientific studies on
coronaviruses have been being undertaken for more than 50 years, according to early pub-
lications documented since late 1960s (Almeida et al., 1968; Haghani et al., 2020), the size
of this literature nearly tripled within approximately 8 months since the onset of the SARS-
CoV-2 outbreak.

It is a rather commonly observed phenomenon that large-scale public health emergencies
and major disease outbreaks mobilise scientific efforts which could lead to sudden surges of
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Fig.1 The distribution of the number of publications related to coronaviruses over time since 1968. The
data for 2020 only reflects the first 8 months of the year. The figure embedded within the main graph visual-
ises the same data on a logarithmic scale
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scientific publications on the respective disease (Johansson et al., 2018; Sweileh, 2017; Zhang
et al., 2020). However, the magnitude of the bursts in publications associated with SARS-
CoV-2 and the broad range of sources across which these studies have been disseminated
remains, arguably, unmatched. In other words, while academics often respond quickly to pub-
lic health emergencies, the response to the SARS-CoV-2 outbreak is like no other, at least in
terms of its magnitude (Fazeli-Varzaneh et al., 2021; Sa’ed & Al-Jabi, 2020; Torres-Salinas
et al., 2020).

This tremendous scientific effort, however, has also posed challenges to academics on mul-
tiple fronts. In addition to exerting exceeding pressure on the review processes and on editorial
boards of the journals that are deemed significant outlets for these publications, the sudden
growth of the literature has also made it challenging for individual researchers to keep pace
with the growing new developments. An article published by Science in May 2020 high-
lighted this issue in these words: “scientists are drowning in COVID-19 papers” (p.1) while
referring to this global scientific effort in the dissemination of outcomes related to COVID-19
as one of “the biggest explosions of scientific literature ever” (p.1) (Brainard, 2020). This has,
for example, prompted researchers of other fields to also weigh in and respond to these chal-
lenges by making efforts parallel to those of medical scientists in order to create data-mining
tools and search tools as well as automated research synthesis and literature mining tools pow-
ered by Artificial Intelligence that could help researchers stay abreast of the new developments
in this literature (Brainard, 2020; Hope et al., 2020).

The abovementioned issues indicate that, in facing this novel phenomenon in scientific
publications, the role of research synthesis could become more important than ever. In fact, as
we will show in the following sections, the current work documents that out of all review and
meta analytical publications that have thus far been published in the coronaviruses literature,
nearly 88% have been prompted by the SARS-CoV-2 outbreak. This shows how, alongside the
rapid and dynamic growth of this literature, parallel efforts needed to be undertaken to synthe-
sise the new developments and to make the findings more readily accessible to researchers in
this area.

The objectives of the current study are to (1) identify cohorts and streams of thematically
similar publications based on measures such as the similarity of their references or the fre-
quency of them being jointly cited, (2) to identify individual studies that are most influential
within each stream of studies, (3) to provide insight into the temporal evolution of the coro-
navirus literature, and (4) to identify studies of this literature published prior to 2020 that are
currently proving instrumental in informing the abundance of articles emerging in the wake of
the SARS-CoV-2 pandemic, particularly those that had remained relatively unnoticed and are
now gaining sudden traction as a result of the SARS-CoV-2 outbreak (i.e., the so-called sleep-
ing beauties of the coronavirus literature). Limited supplementary analyses are also conducted
on the subset of review and meta-analytic papers of the coronavirus literature. The outcomes
of these analyses will help researchers of this field better understand the structural composi-
tion of this literature, as well as its major stream of research activities and fundamental studies
within each stream. It is expected that the study contributes to informing future synthesis of
research in this field, such as scoping and narrative review articles, a cohort of studies that is
becoming exceedingly important in this field.
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Methods and data acquisition strategy

The underlying datasets for the analyses of this work have been sourced from the Web of
Science (WoS) Core Collection. Three separate datasets were obtained, one representing
the general literature related to coronaviruses (dataset (I)), one representing the literature
related to SARS-CoV-2 (dataset (II)), and one representing the subset of review and meta-
analytic articles of the coronavirus literature (dataset (IIT)). Term-based search strategies
were devised to retrieve each dataset from the WoS. The search query strings associated
with datasets (I), (II) and (III) are detailed below respectively as search query (I), (II) and
(I1).

Search query (I): “coronavirus*” OR “corona virus” OR “Covid-19” OR “covid19”
OR “2019-ncov” OR “Severe acute respiratory syndrome” OR “Middle east respiratory
syndrome” OR “SARS disease” OR “SARS virus” OR “MERS disease” OR “MERS
virus”.

Search query (II): “covid-19” OR “covid19” OR “coronavirus disease 2019” OR
“2019-nCov” OR “Novel Coronavirus” OR “Novel Corona virus” OR “SARS-Cov-2”.

Search query (III): TS=(“coronavirus*’ OR “corona virus” OR “Covid-19” OR
“covid19” OR “2019-ncov” OR “Severe acute respiratory syndrome” OR "Middle east
respiratory syndrome” OR “SARS disease” OR “SARS virus” OR “MERS disease” OR
“MERS virus”) AND (TI=(“literature review” OR “literature survey” OR “literature map-
ping” OR “A review” OR “scoping review” OR “systematic review” OR “systematised*
review” OR “systematic survey of the literature” OR “comprehensive review” OR “criti-
cal review” OR “mapping review” OR “mixed methods review” OR “evidence synthesis”
OR “synthesis of evidence” OR “rapid review” OR “state-of-the-art review” OR “review
of the state of the art” OR “qualitative review” OR “quantitative review” OR “umbrella
review” OR “meta analysis” OR “meta-analysis” OR “meta analytic” OR “meta synthesis”
OR “meta-synthesis” OR “meta evidence”) OR AK=(“literature review” OR “literature
survey” OR “systematic review” OR “scoping review” OR “critical review” OR “litera-
ture analysis” OR “literature mapping” OR “survey of literature” OR “meta-analysis” OR
“meta research’)).

Each search targeted the title, abstract, author keywords and Keyword Plus of the
indexed publications, with no restriction on the time span of the research, with the excep-
tion of dataset (II) for which the time span was limited to 2019-2021. The research for
datasets (I) and (II) was conducted on 21 and 22 August 2020 which returned N=43,796
items and N=27,460 items respectively. These numbers could, therefore, be regarded as
estimates of the size of the coronavirus and SARS-CoV-2 literature at that particular point
in time as recorded by the WoS. The quotation marks embodying the search terms ensure
that the term combinations are considered verbatim in the search. The asterisk sign that
accompanies the term “coronavirus” allows for the plural version (and other possible vari-
ations) of the term to also be considered. While search query (I) and search query (II)
were both devised for the Basic Search section of the WoS, search query (III) had fea-
tures that made it necessary to utilise the Advanced Search section of the WoS. In this
string, “TS” indicates Topic (i.e., title, abstract, author keywords and Keyword Plus), “TT”
means Title, and “AK” means Author Keywords, as the domains of search. The reason
for limiting the domains of search for terms associated with review articles to the titles
and author keywords is merely to keep false positives (non-review papers) to a minimum.
The logic underlying the formulation of this search strategy in this fashion was that it is
unlikely that a review/meta-analysis paper on coronavirus makes no mention of the terms
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that characterise review papers in either the title or the keywords list (and do so only in the
abstract). Therefore, in order to minimise the likelihood of false positives in the data, the
domain of the search was limited to author keywords and titles. The first and last one hun-
dred items identified by this search were manually screened to ensure that the search is not
producing false positives, i.e., non-review papers. And pre-processing confirmed that the
data has presents this intended quality. This search strategy returned N=1027 items on 4
September 2020. Full details of the documents associated with each dataset were exported
from the WoS in the form of text files and in bundles of 500 items. The data includes cita-
tion count and bibliographic information of individual documents (i.e. authors, document
title, year, source title, volume, issue, page, citation count and affiliations) as well as their
abstract, keywords and list of references.

Apart from the general statistics obtained from the data, the main focus of the analy-
ses is on the bibliographic coupling and co-citation relations of documents (as discussed
in subsequent sections). For the bibliographic coupling analyses, VOSviewer1.6.15.0 (Van
Eck & Waltman, 2010) and for the co-citation analyses, CiteSpace5.7.R1 (Chen, 2006;
Chen et al., 2012) was used. The study also uses the outcome of the document co-citation
analysis on the SARS-CoV-2 subset to determine articles of the coronavirus literature—
published prior to 2020—that have suddenly been found instrumental in the development
of the SARS-CoV-2 literature and have therefore had a sudden surge in citation, i.e., the
sleeping beauties (Du & Wu, 2018; Van Raan, 2017) of the literature. The identification of
sleeping beauties was assisted by a document co-citation analysis on the subset of SARS-
CoV-2 papers. The unique structure of the coronavirus literature (i.e., the concentration
of the SARS-CoV-2 literature within a single year) allowed us to conduct a document co-
citation analysis on the SARS-CoV-2 subset (i.e., the 2020 segment of the coronavirus lit-
erature) and determine articles published prior to 2020 that are frequently co-cited with
SARS-CoV-2 papers and by SARS-CoV-2 papers. Such articles were taken as candidates
for sleeping beauties. Their citation patterns were then analysed individually. The analy-
ses on sleeping beauties is not claimed to have aimed for a comprehensive list of sleeping
beauties of the coronavirus literature. The focus is merely on sleeping beauties that have
had an awakening in 2020 following the SARS-CoV-2 outbreak. Possible sleeping beauties
with awakening prior to 2020 (if any exists at all) will remain undetected by this analysis.

Our assumption in approaching this question is that the exceptional surge of publica-
tion on coronavirus-related topics in 2020 might have acted as awakening role for certain
studies of this literature published prior to 2020. Therefore, by conducting a document co-
citation analysis of the 2020 SARS-CoV-2 articles, we seek to identify articles published
prior to 2020 that have been heavily cited by 2020 SARS-CoV-2 articles and alongside
other 2020 SARS-CoV-2 items, thereby identifying potential sleeping beauties of this field
with an awakening in 2020 (following the SARS-CoV-2 outbreak).

Analyses and results

General statistics of the coronavirus literature

The size of the coronavirus literature as indexed by the WoS and as recorded on 21 August
2020 is 43,796 documents. Of these, 56% are Article, 16% Editorial Material, 13% Early

Access, and 13% Letter, among other document types (including 7 Retracted articles,
which are all 2020 items related to SARS-CoV-2). These publications have been indexed
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across a broad range of categories based on the journals in which they have been pub-
lished. The top six categories include Virology (12%), Medicine General Internal (11%),
Infectious Diseases (8%), Public Environmental Occupational Health (6%), Immunology
(6%) and Veterinary Sciences (5%). Note that the categories could be overlapping as a jour-
nal could be indexed in more than one category. The oldest article of this literature, as
indexed by the WoS, dates back to 1968 (Almeida et al., 1968). The distribution of the
number of publications in this literature over the years, since 1968, has been visualised in
Fig. 1. Nearly 35% of this literature has accumulated during more than 50 years from 1968
to 2019, while the rest, 65%, has emerged within the first 8 months of 2020.

Among the sources of coronavirus publications, Journal of Virology with 1,191 recorded
items is the main source of publications. That is followed by British Medical Journal (798
items), Journal of Medical Virology (572 items), Virology (528 items), Advances in Exper-
imental Medicine and Biology (378 items), and Emerging Infectious Diseases (374 items).
According to this record, there are 443 sources/journals with at least 20 publications on
this topic. Authors affiliated with the organisations based in the United States of America
have been authors or co-authors of nearly 12,800 articles on this topic (making up nearly
20% of all publications). This is followed by authors affiliated with organisations based in
People Republic of China (7602 items), England (3901 items), Italy (3690 items), Canada
(2252 items) and Germany (2192 items). There are 52 countries whose scholars have been
collectively listed in at least 100 publications on this topic. The list of organisations whose
scholars have been most active in publishing articles of this literature include The Uni-
versity of Hong Kong (840 items), The Huazhong University of Science and Technology
(589 items), The Chinese Academy of Sciences (585 items), The University of Toronto (524
items), The Chinese University of Hong Kong (512 items) and Harvard Medical School
(487 items). There are 141 organisations whose authors have collectively published at least
100 documents on this topic.

Bibliographic coupling of coronavirus publications

Thematic similarity of coronavirus publications could be explored through the number of
references that they share, i.e., their bibliographic coupling. Two articles are deemed bib-
liographically coupled when they have a common reference, while the higher the number
of such shared references, the stronger the bibliographic coupling relationship is. A map
of bibliographic coupling identifies clusters of the articles that are related to one another
based on this metric. Figure 2 visualises such map for documents of the coronavirus lit-
erature. In this map, each node represents a document in this literature, and the size of the
node is proportional to the total number of global citations to that document. Documents
with strongest bibliographic coupling relation are visualised at spatial proximity to one
another. Also, links between pairs of nodes as well as the thickness of the links are indica-
tions of bibliographic coupling between pairs of articles. The map of bibliographically cou-
pled coronavirus documents identifies three major clusters of articles, shown green, grey
and purple. A hybrid version of this map that colour-codes the nodes based on their year
of publication has also been shown at the top right corner of the main map. As can be seen
from this hybrid map, the majority of documents in this literature are 2020 publications.
The cluster on the right side of the map (shown green) consists mostly of a mixture of
studies published prior to 2020. This cluster is bibliographically distant from the two other
clusters that consist mostly of 2020 documents (shown purple and grey). However, a group
of 2020 studies appear as a bridge between the two bodies of the coronavirus literature,
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Fig. 2 Bibliographic coupling of coronavirus publications and an overlay with a counterpart map that visu-
alises year of publication (top right corner)

linking the cohort of 2020 publications to those published earlier, meaning that they share
references with both groups. Some of these bridging articles (or in other words, articles
with betweenness centrality role (Barthelemy, 2004)) include those of Walls et al. (2020),
Ou et al. (2020), Zimmermann and Curtis (2020), Wang et al. (2020), Ashour et al. (2020),
Fung et al. (2020), Ahn et al. (2020), Wu et al. (2020), Shang et al. (2020). In fact, the titles
of two of these articles— Ashour et al. (2020) (“Insights into the Recent 2019 Novel Coro-
navirus (SARS-CoV-2) in Light of Past Human Coronavirus Outbreaks”) and Fung et al.
(2020) (“A tug-of-war between severe acute respiratory syndrome coronavirus 2 and host
antiviral defence: lessons from other pathogenic viruses”)—are themselves indicative of
their intended bridging nature. The most cited document of the 2020 clusters (i.e., purple
and grey clusters, collectively) is the early study of Guan et al. (2020) first appearing on 28
February, 2020 (“Clinical Characteristics of Coronavirus Disease 2019 in China”). Other
highly cited items include articles of Lai et al. (2020), Chen et al. (2020), Young et al.
(2020), Zhang et al. (2020), Alhazzani et al. (2020). In the green cluster, the most promi-
nent documents based on the metric of total (global) citations are Peiris et al. (2003) and
Lai and Cavanagh (1997). Note that the global citation count does not differentiate between
citations that these articles have received from other coronavirus papers and those received
from articles outside that field. Rather, it reflects a total count that includes both.

A striking observation based on the map of bibliographic coupling is the clearly poorer
connectivity of the 2020 cluster(s) of articles compared to the degree of connectivity
between items of this literature that have been published prior to 2020. The 2020 cluster
is not only bibliographically distant from the rest of the body of this literature (with the
exception of some individual 2020 articles that show certain level of betweenness), it is
also highly dispersed within itself while the bibliographic connectivity between its individ-
ual articles is relatively poor. This could, in fact, be a reflection of the abundance of early
studies on SARS-CoV-2 that have been undertaken almost concurrently and have been
unloaded on this literature within the course of only few month, resulting in a large set of
documents that do not show much bibliographic similarity compared to their counterpart
articles published prior to 2020. It could as well, and to some degrees, be a reflection of the
broader diversity of the topics investigated by 2020 cohort of the coronavirus studies com-
pared to the literature that existed before this date. The nature of the journals across which
the 2020 articles have been disseminated indicates a much greater range of topical diversity
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6 covid-19 pandemic

Fig. 3 Network of document co-citation for the coronavirus literature

compared to the studies published prior to 2020 which could as well as be a sign of broader
diversity of their underlying topics and, by extension, a plausible explanation for the poorer
bibliographic connectivity between them.

Co-citation network of the coronavirus literature

The main metric on which we focus here in order to identify the streams of studies in the
coronavirus literature is their co-citation relation. Two articles are co-cited when they
jointly appear in the reference list of a third article. It is assumed that the higher the fre-
quency of co-citation occurrences associated with two articles, the more similar they are
in terms of content. In other words, two articles that are frequently cited simultaneously
by other documents are deemed to have a strong co-citation relation, a standard and well-
established sign of thematic similarity between articles (Small, 1973). A network of co-
citation analysis visualises this relation between articles while identifying clusters of arti-
cles with strong co-citation relations. The network view of the co-citation map for thew
coronavirus literature, consistent with the ground-breaking methodology of Chen (2004)
for progressively visualising a knowledge domain, has been visualised in Fig. 3. The node
selection is based on the g-index algorithm (Chen, 2006). Each node represents a document
while the size of the node is proportional to the number of local citations received by that
document, i.e., the citations to that document exclusively from the studies of the corona-
virus literature. A link between a pair of two nodes represents their co-citation relation,
meaning that other documents of this literature have frequently co-cited the two articles
in their references. Nodes with a red bubble are articles for which a citation burst has been
detected. A burst of citation indicates a sudden increase in the number of citations to a
document over a certain period of time. Here, bursts of citations to documents are detected
based on the algorithm of Kleinberg (2003) adopted by CiteSpace (Chen, 2006; Chen
et al., 2012). A burst is defined by its start year, end year (and as a result, its duration), as
well as its strength. The size of a red bubble on the map for an article with a citation burst
is an indication of the duration of its burst. In the "Appendix", a list of sixty documents of
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Fig.4 The extent of research activities in coronavirus literature during first 8 months of 2020, as reflected
in the patterns of document co-citation. Visually Salient parts of the document co-citation map represent
research activities (i.e., instances of document co-citation) during (first 8 months of) 2020. See the dynamic
visualisation in the Online Supplementary Video

the coronavirus literature with the longest citation bursts has been provided. A cluster with
many citation bursts is indicative of a highly active area of research that may have been an
emerging trend during a certain period of time.

In order to include a temporal component in the co-citation analysis, to visualise the
progression of the knowledge development in this field, the co-citation algorithm divides
the articles into time slices and constructs the temporal evolution of each cluster of stud-
ies in a timeline view. A video in the Online Supplementary Material (Supplementary
Video #1) dynamically visualises the temporal evolution of this literature, based on its
document co-citation network, over the last 30 years with time increments of 1 year. It
can be observed from this supplementary video how vast parts of this literature have been
constructed during only 1 year, that is, 2020 (or to be more precise, the first 8§ months of
2020). Figure 4 visualises segments of the network that have been constructed during these
8 months of 2020; a reflection of co-citation instances (i.e., extent of activities) occurred
during this period. Figure 5 visualises the equivalent timeline view of the map in Fig. 3
with time slices of 1 year. In both maps, darker colours represent clusters that are relatively
older while brighter colours (closer to yellow) represent younger clusters of references.

In order to facilitate presentation of the clusters and their content and nature, CiteS-
pace automatically assigns an objectively determined label to each cluster of co-cited
documents, determined using a loglikelihood ratio (LR) algorithm applied to noun
phrases extracted from the title of the citing articles (i.e. the articles that have co-cited
articles of that cluster). This is meant to help interpret the contents of various clusters,
although the labels need to be considered with an important caveat. It should be noted
that a single label, per se, may not be an adequate representation of the clusters’ con-
tent and nature. A cluster could embody various interconnected subtopics. Therefore,
a list of top terms determined by the LR algorithm should be considered to gain more
accurate insight into the content of each cluster. In other words, the label visualised on
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Fig.5 Timeline view of the network of document co-citation for the coronavirus literature

the map next to each cluster should merely be regarded as an abstract guide and not an
absolute and literal description of the entire cluster content. In the visualised network,
only major clusters receive a visualised label; therefore, there could be a discontinuity
in the numbering of the clusters, especially as the clusters become smaller. A metric
called Silhouette Score (SS) (Lovmar et al., 2005) is assigned to each cluster, whose
value ranges theoretically between — 1 and 1. This score is an indication of the quality of
clustering with values closer to 1 indicative of more homogenous clusters. Another rel-
evant metric is the modularity Q of the network (Mulff et al., 2005), which measures the
extent to which the network is decomposable into multiple components (here, clusters).
The modularity Q of the network presented in Fig. 3 is 0.8243, which is a relatively
high value. The network is comprised of 4383 nodes and 24,235 links.

In order to unpack details of the major clusters of co-cited articles in the corona-
virus literature, Table 1 was constructed. In this table, for each major cluster, the size
(i.e. number of documents associated with that cluster), the mean year of the publica-
tions associated with that cluster, the silhouette score, and a list of top terms extracted
from the titles of the citing documents of that cluster (as determined based on the LR
algorithm) are presented alongside the individual documents of each cluster that have
strongest citation bursts and/or largest citation count. Documents within each cluster
that show no burst but rank among top locally cited items have been included in the
table as influential articles. The reason for this consideration is that these could be fun-
damental papers that have attracted a large number of local citations from within the
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field, while not having experienced any particular period of burst, rather, having accu-
mulated their citations at a steady pace.

The timeline view of the co-citation network in Fig. 5 clearly demonstrates the event-
driven nature of the coronavirus literature with many of the highly locally cited articles
being those published shortly after the SARS or MERS outbreaks. In fact, prior to 2020,
the year following the outbreak of SARS, 2003, could be considered as a pivotal point in
the development of this literature. Many of the articles of this literature with the highest
local citations and strongest bursts are those published in the years immediately follow-
ing the first SARS outbreak. In fact, activities represented by the majority of clusters of
this literature seem to have initiated (or at least been invigorated) after this pivotal point,
although there are clusters of research activities that existed prior to this time. Cluster #3
neurotropic coronavirus, for example, is one of the oldest and pioneering clusters of this
field whose activities have now largely extinguished. Cluster #10, subgenomic mRNA syn-
thesis, Cluster #20, bovine coronavirus and Cluster #23, transmissible gastroenteritis virus
are other examples of clusters that existed before the first SARS outbreak, but seem to be
no longer active. Cluster #12, respiratory viruses, is an example of a relatively short-lived
stream of publications prompted by the SARS outbreak that had markedly reduced by the
time that the MERS outbreak occurred (please see the Supplementary Video). However,
the majority of clusters developed since 2003 seem to have continued their activities and
are still ongoing to this date (e.g. Clusters #0, 2, 4, 7, 9, 16). The undelaying articles of
these clusters (with the exception of cluster #7) seem to be heavily co-cited with 2020 arti-
cles, evidenced by the fact that there are links connecting various sections of these clusters
(on the timeline view) to the items concentrated on the 2020 point of the timeline. This
shows that the set of citing articles of these clusters include 2020 items too. Hence, these
clusters still play a relevant role in the development of the SARS-CoV-2 literature. In other
words, these streams of activity seem to be ongoing and are kept alive by the emerging
studies related to the SARS-CoV-2 disease.

The map in Fig. 5 also displays notable degrees of inter-cluster relations (i.e., notable
co-citation occurrences between clusters, represented as vertical relations on the timeline)
that coincide with the time of the occurrences of the three major coronavirus epidemics.
This could also be another reflection of the heightened research activity at those points in
time.

Certain clusters/streams of studies prompted by the MERS outbreak are also identifi-
able through the map of co-citation. This includes cluster #5 and cluster #13, both labelled
middle east respiratory syndrome coronavirus. They both seem to represent streams of
research that came to life in the wake of the MERS outbreak. Both clusters still show signs
of activity to this date although less strongly compared to their onset.

Cluster #0, labelled receptor-binding domain, is also another cluster whose origin of
activities coincides with the first major coronavirus outbreak (i.e., SARS). It represents one
of the largest, most sustained and most fundamental streams of coronavirus research that
is still relevant to the emerging trends of this field. Many fundamental articles of this clus-
ter that have been published around 2003 (or shortly after)—the time of the first SARS
epidemic—seem to have been heavily co-cited alongside 2020 articles of this field and by
2020 articles.

One of the oldest citation bursts of the coronavirus literature belongs to cluster #20 and
is attributable to the study of Sanger et al. (1977) (“DNA sequencing with chain-terminat-
ing inhibitors”, in PNAS), a highly fundamental article with nearly 68,000 total global cita-
tions (according to the WoS record) that has also attracted a considerable amount of atten-
tion from studies of the coronavirus literature, with a burst of citations in this particular
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field that lasted from 1990 to 1997. The strongest burst of citation in this literature has
been recorded for the study of Ksiazek et al. (2003) (“A novel coronavirus associated with
severe acute respiratory syndrome” in New England Journal of Medicine), an article that
identifies with cluster #4, severe acute respiratory syndrome. This is followed by Zaki et al.
(2012) (cluster #5), Drosten et al. (2003) (cluster #4), Rota et al. (2003) (cluster #4), Peiris,
Lai, et al. (2003) (cluster #4) and Marra et al. (2003) (cluster #4).

Cluster #6 represents mostly research activities linked to the “airborne transmissibil-
ity” Conly et al. (2020) of the coronaviruses and the subtopics related to the use of “face
masks”, “medical masks”, “personal protective equipment” and the protection of “health-
care workers”. The visualisation of this cluster points to a number of articles prior to 2020
that are consistently referenced by the SARS-CoV-2 studies including the 2016 systematic
review and meta analysis of Radonovich et al. (2019) as well as articles of Guérin et al.
(2013), Tran et al. (2012) and van der Sande et al. (2008). Note that any link with one end
in 2020 has to have established by 2020 citing articles. The existence of such links with
one end in 2020 is most notable for clusters #0, #2, #6, #9, #16, #19, #21 and #22 meaning
that SARS-CoV-2 studies are consistently referencing older items of these cluster.

Note that we have set a minimum of at least 2 years for recording bursts of citations. As
a result, with the literature of SARS-CoV-2 being younger than 1 year, no burst of citation
could be recorded for the items published following the SARS-CoV-2 outbreak.

Co-citation network of the SARS-CoV-2 literature

The size of the SARS-CoV-2 subset of the coronavirus literature is estimated to have
exceeded 27,000 documents as of 22 August 2020 while exceedingly on the rise at the
time of this analysis.' This subset, as recorded last time, is composed of nearly 43%
Article, 22% Editorial, 20% Early Access, and 21% Letters among other document
types. Four major categories in which documents of this literature have been indexed
include Medicine General Internal, Public Environmental Occupational Health, Infec-
tious Diseases, Surgery and Immunology. A relatively notable portion of this literature,
nearly 8%, has been disseminated collectively across only six journals, out of the stag-
gering number of nearly 4,7807 journals that have published at least one document on
this topic during the first 8 months of 2020 (note that there are only a total of approxi-
mately 29,000 journal titles indexed by the WoS record). These major outlets of SARS-
CoV-2 articles include British Medical Journal (766 items), Journal of Medical Virol-
ogy (466 items), Journal of Infection (311 items), Cureus (244 items), Lancet (232
items) and International Journal of Environmental Research and Public Health (227
items). In 7534 documents of this literature, at least one author affiliated with organi-
sations of the United States of America has been listed. This is followed by authors
affiliated with organisations of Peoples Republic of China (4463 items) and Italy (3332
items). The three organisations with the largest number of research items published on
this subset of the coronavirus literature are The Huazhong University of Science and

! A renewed search at the time of preparing the revision of this article, April 2021, shows that the size of
the SARS-CoV-2 literature now stands at the staggering number of N=107,222 while the yearly split is
N(2020)=283,208 and N(2021, till April)~24,000.

2 This number rose above 8,700 by April 2021, at the time of revising this article. The implication is that
nearly a third of all scientific journals indexed by the WoS have now published at least one article related
Covid-19 (SARS-CoV-2).
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Fig.6 Timeline view of the document co-citation network of the SARS-CoV-2 literature

Technology (585 items), Harvard Medical School (475 items) and Wuhan University
(356 items).

Here, further document co-citation analysis is conducted on the specific subset of the
SARS-CoV-2 literature with the aim of identifying documents published prior to 2020
(i.e., prior to the outbreak of SARS-CoV-2) that have proven instrumental in inform-
ing the 2020 SARS-CoV-2-related articles. In other words, the main objective of the
analysis is to determine documents outside the subset of SARS-CoV-2 literature (i.e.,
those published prior to 2020) that are frequently co-cited with SARS-CoV-2-related
documents and by SARS-CoV-2-related documents. A timeline view of the document
co-citation network associated with this literature, exclusive to the major clusters only,
is presented in Fig. 6. This network has 966 nodes and 6,347 links and has a modular-
ity Q of 0.574. As expected, the majority of the network congregates on the 2020 cross
section of the timeline. However, almost every major cluster displays a number of older
documents frequently co-cited with the 2020 articles of that cluster, as evidenced by the
links going back from 2020 to the previous years on the timeline. Note that, here, every
citing article is a 2020 SARS-CoV-2 article (with exception of a very few 2019 and very
few 2021 items). Therefore, every link between 2020 and a point prior to 2020 is indica-
tive of the existence of an article published prior to 2020 (i.e., outside the SARS-CoV-2
dataset) that has been jointly cited with a specific article of SARS-CoV-2 literature, and
by several other articles of the SARS-CoV-2 literature.

Some clusters such as cluster #1, cluster #3 and cluster #4 look back at instrumental
documents dating around 2004 and 2005; and some other clusters look back at more
recent articles. This includes cluster #7 and cluster#8, for example. Cluster #9 does not
look back to any prominent document within that cluster, but instead, it refers back a
particular 2004 document (Hamming et al., 2004) affiliated with another cluster, cluster
#3. Note that, in interpreting this timeline view map, a link between Article A (2020)
and Article B (<2020) does not necessarily indicate that Article A has looked back at B
and has cited it, rather, it means that there have been “a number of” other Articles like C
(all 2020) that have looked back at Article B in their development and have it (alongside
Article A).
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Among the documents published prior to 2020 that are frequently co-cited with SARS-
CoV-2 studies, two items seem to have been particularly instrumental considering the
number of local citations that they have received from the SARS-CoV-2 papers. One is
the review article of Tran et al. (2012) (“Aerosol generating procedures and risk of trans-
mission of acute respiratory infections to healthcare workers: a systematic review” in
PLoS One) that has been frequently co-cited with 2020 studies of cluster #2 labelled “oral
health”, also to lesser degrees, with those of cluster #0, “novel coronavirus”. The other
highly influential item is a 2017 document entitled “Community Mitigation Guidelines to
Prevent Pandemic Influenza — United States, 2017” (Qualls et al., 2017) that has been fre-
quently cited in conjunction with 2020 studies of cluster #8, “mental health”, also to lesser
degrees, with those of cluster #0.

In order to unpack further details of the SARS-CoV-2 document co-citation network,
information related to the major clusters of this network have been synthesised in Table 2.
The last column of the table singles out the items of the SARS-Cov-2 literature (i.e., the
2020 items) that have, thus far, received largest local citation count from within that lit-
erature, as well as most prominent documents of each cluster published prior to 2020, i.e.
items outside the domain of SARS-CoV-2 literature. These items have been marked by a
sign in the table.

Sleeping beauties of the coronavirus literature

The term sleeping beauty in reference to scientific publications is a metaphoric term
describing publications with delayed recognition, those that go relatively unnoticed or
unrecognised for several years, but suddenly gain a high level of attention, later in their
lifetime (van Raan, 2004). This determination is generally made based on the common
metric of the number of citations recorded to a publication. Sleeping beauties are often,
though not invariably, created as a result of an important scientific discovery or a major
non-scientific event, a trigger or a cause that is usually referred to as the prince correspond-
ing to that sleeping beauty, whose determination is not necessarily easy to make.

The previous co-citation analysis of the documents related to the SARS-CoV-2 disease,
as a literature that has entirely developed within less than a year at the time of this analysis,
revealed a certain set of articles outside the specific SARS-CoV-2 dataset, all published
prior to 2020, that appear to have become consistently contributory to the intellectual
development of the studies emerged in the wake of the 2020 disease outbreak, in that, they
are consistently and frequently cited by SARS-CoV-2 papers. This is an indication that this
set of articles are playing an important role in shaping the rapidly-evolving SARS-CoV-2
literature, and hence, could be candidates for being sleeping beauties of the coronavirus
literature, in which case and following the same line of metaphoric language, the SARS-
CoV-2 pandemic should be deemed as the prince that is causing their awakening (Fig. 7).

To investigate this question, articles marked in Table 2 by a { sign, were individually
investigated and their history of citations (as recorded by WoS) were one by one analysed.
The investigation showed that a large portion of such studies, though not all of them, were
in fact sleeping beauties of this field. These publications have been listed in Table 3 with
their respective citation history is visualised in Fig. 8. Clearly, not all marked articles of
Table 2 qualified as a sleeping beauty. For example, we required that the study has at least
3 years of citation history. Therefore, articles published in 2019, 2018 or 2017 were auto-
matically left out of the consideration. Also, studies whose record shows an increasing
trend of citation accumulation were not included in this list, even if the number of citations
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Citing Citing Citing Citing
article article I article I11 article IV

Subset of coronavirus references published prior to 2020 Subset of 2020 references

Covid-19 reference published in 2020
Coronavirus reference published prior to 2020, not qualified as sleeping beauty
Coronavirus reference published prior to 2020 and candidate for sleeping beauty

Voo e

Citation instance

Fig. 7 Illustration of the method used for identifying potential sleeping beauties of the coronavirus litera-
ture, exclusive to those that had an awakening in 2020

to them in 2020 was substantially higher compared to the earlier years. An example of
this is the article of Moher (2010), that has been well and truly awake and accumulating
increasing number of citations since birth, even though it has been cited at a much higher
rate in 2020. Figure 7 illustrates this concept and further clarifies our method of identifying
sleeping beauty candidates.

Some of the articles identified in this list may not have been absolute “sleeping” items
in the lifetime, rather, there were a few that had a relatively notable amount of attention in
their earlier years while having lost traction shortly after the first round of attention and
remaining relatively unnoticed over the years leading to 2020, before becoming a centre of
attention again in 2020. This includes articles such as those of Mair-Jenkins et al. (2015),
and Li et al. (2003).

Our search process also identified a number of articles published within the range of
2017-2019, that cannot technically qualify as sleeping beauties of this literature (as they
are too recent) but have gained exceptional attention from the 2020 SARS-CoV-2 studies.
One can mention the study of Lurie and Carr (2018) as a prime example. The article is
titled “The role of telehealth in the medical response to disasters” and is a short Viewpoint
of only two pages long published by JAMA Internal Medicine in April 2018. The article
had not received a single citation during 2018 or 2019, and yet, was poised to become an
influential document in the wake of the novel coronavirus epidemic. Its authors, Lurie and
Carr, had been so visionary to recognise the importance of “technologies to support and
promote long-distance clinical care, education and health administration” in the events of
disasters that could “cause damage, ecological disruption, loss of human life, or deteriora-
tion of health and health services”, an idea that could not have been any timelier and more
relevant once the SARS-CoV-2 pandemic affected the world. A look at the studies that
have so far cited this article demonstrates how the ideas discussed by these authors 2 years
ahead of a major global health emergency are now proving to be critically important. Other
examples of similar studies that, due to their young age, could not be classified as sleeping
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Fig.8 Citation history of the sleeping beauties of the coronavirus literature, those with an awakening in
2020 and at least five-years-long sleep period

beauties, but are receiving exceptional attention (relative to their own (short) history) from
the SARS-CoV-2 papers are Channappanavar and Perlman (2017), Kwak et al. (2016),
Gralinski et al. (2018) and Kim et al. (2017).

Note that our analysis in this section should not be considered as an attempt to exhaus-
tively identify all possible sleeping beauties across the entire coronavirus literature. Rather,
the analysis focused particularly on identifying the recently awakened items, as opposed to
possible sleeping beauties that may have had an awakening earlier by other prince(s) such
as SARS or MERS epidemics. That remains beyond the scope of our analysis.
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Reviews and meta analyses of the coronavirus literature

As of September 2020, more than 1,000 review and meta studies have been recorded by
WosS related to the coronavirus literature (1,024 items on 4 September 2020),% of which
nearly 88% (902 items) are related to SARS-CoV-2 and have been published in 2020.*
These reviews and meta analyses have been distributed across more than 650 journals/
sources with Journal of Medical Virology (48 items), Cureus (37 items) and Medicine (29
items) being major outlets for these reviews and meta studies. Table 4 lists the top 30 most
cited reviews of the coronavirus literature based on their total citation count recorded by
WoS. Of these items, more than half are documents published since January 2020.

Figure 9 presents a hybrid map of bibliographic coupling of the review and meta studies
of the coronavirus literature. This figure also particularly allows us to contrast the extent
of research synthesis activities in relation to the coronavirus literature during the first
8 months of 2020 as opposed to the years before. The colour yellow has been assigned
to mark the 2020 items and to distinguish them from the rest of the body of review and
meta studies in this literature. The map shows a coupling pattern comparable to that of the
general literature of coronaviruses (Fig. 2) by presenting the body of 2020 studies largely
separate from the previous literature in terms of their number of shared references. Recent
research synthesis studies (i.e., 2020 items) that show coupling relations with both subsets
of the literature (i.e., between reviews and meta analyses published prior and after 2020)
include Zhang and Liu (2020) and Pormohammad et al. (2020). The review article of Mo
and Fisher (2016) is also one that has been prompted by the MERS outbreak and has been
published at the early stages of that outbreak but is bibliographically linked to several of
the individual 2020 review and meta analyses on SARS-CoV-2. This means that several of
the 2020 review studies have a considerable number of references in common with those
of Mo and Fisher (2016). Within the body of the 2020 review and meta-analytic articles,
Kulkarni et al. (2020), Mao et al. (2020), Sanders et al. (2020), Cheung et al. (2020), Kim
et al. (2020), Zhang et al. (2020) and Liguoro et al. (2020) are those with the strongest
degree of bibliographic connectivity with the rest of the 2020 cluster, meaning that they
each have a considerable number of references in common with several number of other
2020 review articles.

In order to identify the studies that have most frequently been cited by reviews and
meta analyses of the coronavirus literature, and to determine the reviews and meta anal-
yses with the highest degree of coverage within each cluster (i.e., to determine the cit-
ing reviews and meta analyses that have cited the largest number of items/references
within each cluster), a document co-citation analysis was conducted on the sub-set of
1,024 review and meta-analytic articles. The map of document co-citation associated
with this analysis overlaid with convex hulls that highlight the borders of each cluster
has been shown in Fig. 10. The network includes 1229 nodes and 3941 links and has a
modularity Q of 0.921. Information associated with individual major clusters has been
synthesised in Table 5. This includes, for each cluster, articles that have received largest

3 This number, in April 2021, when the revision of this article was being prepared had risen to N=3586, of
which N(2020)=2,642 and N(2021, till April)~820, according to the WoS.

* The implication of the updated figures (obtained in April 2021) is that the share of the review articles of
coronavirus literature published post Covid-19 pandemic, relative to the entire size of the review articles
in this literature, neared 97%, in April 2021 (an increase from 88% in September 2020, and a clear sign of
increasing accumulation of review articles in this field).
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Fig.9 Hybrid map of the bibliographic coupling of reviews and meta analyses in the coronavirus literature.
The colour coding represents the year of publication

Fig. 10 Map of document co-citation for the subset of reviews and meta analyses in the general coronavirus
Literature. Visually salient links represent co-citation instances occurred in 2020 (i.e., by 2020 reviews and
meta analytical studies related to SARS-CoV-2)

local citation counts from reviews and meta analyses of this literature, as well as cit-
ing articles (i.e., reviews and meta analyses) with the largest degree of coverage. For
some clusters such as cluster #0, cluster #1 and cluster #4, both major citing articles
and major cited items are 2020 publications, an indication that the cluster is exclusively
focused on SARS-CoV-2. The dynamic evolution of this map on a year-by-year basis
can be more tangibly observed through the video associated with this map that is acces-
sible in the Online Supplementary Material (Supplementary Video #2). The visually
salient parts of this map (with thicker links) highlight particular segments/areas of the
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network that has been constructed since January 2020, in contrast to the rest of the net-
work that has formed prior to the SARS-CoV-2 outbreak.

Summary and conclusions

As established by the current study, the collective response of the scientific community to
the outbreak of SARS-CoV-2 has been unique, swift and arguably unprecedented in the
history of scientific publishing in terms of its magnitude. While the analyses demonstrated
that major outbreaks of coronavirus diseases do generate spikes of scholarly publications
on their respective topics, the scale of the reaction from the scientific community to the
most recent coronavirus outbreak has proven rather incomparable to the previous instances.
An influx of scholarly publications following the recent outbreak has more than tripled
the size of the coronavirus literature within a time span of nearly 8 months, for a literature
that has been in the making for more than 50 years and has already experienced two other
bursts of activities as a result of the previous viral outbreaks. In fact, in many ways, the
scientific literature of coronaviruses has proven to be a unique anomaly, featuring effects
that have barely been observed in relation to other domains of science. The literature of
most topics of science accumulate and develop gradually, often at an increasing rate. There
are not many areas of science for which more than two thirds of the literature has been
developed in less than a single year. In fact, the sheer size of this literature, per se, has
now become rather enormous compared to the literature of many other scientific fields. As
another feature, one can point to the creation and existence of a multitude of sleeping beau-
ties in this literature. Sleeping beauties are generally rare in science, yet this field has cre-
ated several of them already. Another feature is the retraction of articles. Retracted articles
are generally rare and when they happen, it is often several years after the paper has been
published. And yet, this field has created seven of them within less than 8§ months.

According to our analyses, the 2020 sector of this literature displays an unusually poor
bibliographic connectivity level compared to the rest of the body of the literature. This
could, in fact, be viewed as an inevitable feature when several thousands of articles are
deployed in a literature almost concurrently within a time span of 8 months. With the
rapid developments that are currently occurring in the structure of this literature, the role
of research synthesis has become more critical than ever. With more than 900 review and
meta analyses already published on this topic since January 2020, it appears that the role of
information and finding synthesis is, in fact, being increasingly recognised by the scientific
community, which could, in time, compensate for the aforementioned effect.

Here, using scientometric methods, the structure and temporal development of the coro-
navirus literature, along with certain subsets of this literature (i.e., that of SARS-CoV-2,
and that of reviews and meta analyses) were analysed at the level of individual articles. The
composition of this vast literature (consisting of more than 44,000 published and officially
indexed items) was analysed by identifying clusters/streams of highly connected or the-
matically similar research activities based on the number of references shared by individual
studies or the frequency of individual studies being jointly cited by third articles. Individ-
ual subsets of studies were identified that have played a centrality role between the bodies
of literature published prior to and after 2020. The oldest and newest streams of research
activities, those that have largely terminated and those that are actively ongoing were iden-
tified through a document co-citation analysis. Based on the metrics of total citations, and
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local citations as well as citations bursts, most influential articles of this literature within
each stream of activities were determined. Further co-citation analysis on the subset of
reviews and meta-analytic studies of this literature identified the body of research synthesis
activity in this domain that has been undertaken since January 2020 in contrast with the
preceding years. It also identified review and meta studies with the highest relative cover-
age of the literature as well as individual articles that have most frequently been cited by
reviews and meta analyses in various clusters of this literature.

An analysis on the subset of SARS-CoV-2 literature, also identified individual articles
outside this literature; i.e., published prior to 2020, many of which having remained rela-
tively unnoticed until now when currently proving instrumental in informing the emerging
2020 literature of SARS-CoV-2. The determination of such articles, some proving to be
sleeping beauties of this literature, shows how research undertaken prior to a health emer-
gency could suddenly serve scientists in the wake of unanticipated health crises. This could
be a promising sign that, with the abundance of studies being currently undertaken during
the SARS-CoV-2 crisis, the human community will be better prepared for responding to
future disease outbreaks of respiratory nature. While the nature and chemistry of differ-
ent diseases differ from one another and this often requires their own specific knowledge
base, the integration established between health scientists and social scientists during the
SARS-CoV-2 pandemic could be one lasting effect and a timeless impact of the current
scientific efforts (Betsch, 2020; Van Bavel et al., 2020). This has been aptly pointed out by
Leslie et al. (2020) who delineate how, facing disease epidemics of such magnitude “health
systems might leverage social science to improve their preparations and communications”.

It is hoped that these large-scale analyses of the coronavirus literature in its full scope
have been able to provide useful insights into the nature and unique features of this lit-
erature, as well as its structural composition, temporal evolution and influential entities. In
the face of the abundance of the studies already accumulated in this field, this could assist
reviewers and authors to take better notice of influential work in their particular subdo-
mains of interest within this field. The analyses could also be helpful in identifying areas
where synthesis of research in the form of reviews or meta analyses could be needed or be
more of the interest of researchers of this field. The cluster information presented alongside
the analysis of each dataset could particularly assist scoping and narrative reviews on spe-
cific topics of this field.
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Appendix

Documents with longest citation bursts in the coronavirus literature.
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