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Background: Cardiac fibrosis is a hallmark of various end-stage cardiovascular
diseases (CVDs) and a potent contributor to adverse cardiovascular events.
During the past decades, extensive publications on this topic have emerged
worldwide, while a bibliometric analysis of the current status and research
trends is still lacking.

Methods: We retrieved relevant 13,446 articles on cardiac fibrosis published
between 1989 and 2022 from the Web of Science Core Collection (WoSCC).
Bibliometrix was used for science mapping of the literature, while VOSviewer
and CiteSpace were applied to visualize co-authorship, co-citation, co-
occurrence, and bibliographic coupling networks.

Results: We identified four major research trends: (1) pathophysiological
mechanisms; (2) treatment strategies; (3) cardiac fibrosis and related CVDs; (4)
early diagnostic methods. The most recent and important research themes such
as left ventricular dysfunction, transgenic mice, and matrix metalloproteinase
were generated by burst analysis of keywords. The reference with the most
citations was a contemporary review summarizing the role of cardiac fibroblasts
and fibrogenic molecules in promoting fibrogenesis following myocardial injury.
The top 3 most influential countries were the United States, China, and
Germany, while the most cited institution was Shanghai Jiao Tong University,
followed by Nanjing Medical University and Capital Medical University.
Conclusions: The number and impact of global publications on cardiac fibrosis
has expanded rapidly over the past 30 years. These results are in favor of paving
the way for future research on the pathogenesis, diagnosis, and treatment of
cardiac fibrosis.
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1. Introduction

Cardiac fibrosis is commonly recognized to be highly related to multiple cardiovascular
disorders, such as heart failure (1), atrial arrhythmias (2), and sudden cardiac death (3),
whose pathophysiological features can be generalized as excessive extracellular matrix
(ECM) production and deposition in the myocardial interstitium. Under most cardiac
pathological conditions, the presence and severity of cardiac fibrosis is highly predicative
of poor prognosis, while in fact the role of cardiac fibrosis appears more likely to be a
double-edged

sword. According to different underlying causes and histological
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characteristics, cardiac fibrosis can be categorized into two major
types: reparative fibrosis and reactive interstitial fibrosis (4). Due
to the negligible regenerative property of the adult mammalian
heart, reparative fibrosis is an indispensable biological process
that can replace necrotic cardiac tissues and preserve the
geometry and function of the heart to a large extent after injury
occurs. A prominent example of reparative fibrosis is myocardial
infarction (MI), where fibrotic scar formation maintains the
structural integrity of the heart chamber and protects against life-
threatening complications such as heart rupture, despite the
presence of impaired contractile function (5). In contrast, reactive
interstitial fibrosis may occur in the absence of an evident sign of
cardiomyocyte loss, leading to increased ventricular stiffness,
reduced chamber compliance, diastolic dysfunction, and
eventually heart failure with preserved ejection (HFpEF), which
is the heart failure phenotype primarily related to metabolic risk
factors, including hypertension, diabetes, obesity, and aging (6).
In addition, atrial fibrosis has been demonstrated to be closely
involved in the pathogenesis of atrial arrhythmias, especially
atrial fibrillation (AF) (2). Thus, cardiac fibrosis is a complex and
highly
pathophysiological status rather than simply generalized as a

multifaceted response depending on the
single disease entity that would be treated by standardized
therapeutic procedures.

According to existing studies, the current knowledge of cardiac
fibrosis focuses on three main aspects: (1) an appropriate method
for diagnosing cardiac fibrosis is of utmost importance to assess
the association between cardiac fibrosis and major clinical
outcomes in patients with cardiovascular diseases (CVDs).
Endomyocardial biopsy (EMB) is traditionally considered as the
“gold standard” for the diagnosis of cardiac fibrosis, whereas
such method cannot be routinely utilized due to its inherent
disadvantages such as invasive operations, unexpectable
Later, the

rapid emergence of non-invasive imaging techniques and

complications, and inevitable sampling errors (7).

sensitive fibrosis biomarkers facilitate the in vivo evaluation of
cardiac fibrosis. Cardiovascular magnetic resonance (CMR)
imaging represents a novel and promising approach for the early
detection of cardiac fibrosis, with late gadolinium enhancement
(LGE) and extracellular volume (ECV) serving as the clinical
references for the assessment of focal and diffuse fibrosis,
respectively (8, 9). In addition to radiographic evidence, elevated
serological biomarkers, including procollagen type III N-terminal
propeptide (PIIINP), procollagen type I C-terminal propeptide
(PICP), and galectin-3 (Gal-3) have also been identified as robust
predictors of cardiac fibrosis (10, 11); however, lack of cardiac
specificity hampers the application of these biomarkers in clinical
practice. (2) A comprehensive knowledge of the cellular and
molecular mechanisms of cardiac fibrosis is in favor of shedding
light on the pathogenesis of the disease. It is generally accepted
that the central cellular effectors of cardiac fibrosis are cardiac
fibroblasts, whose proliferation, migration, differentiation into
cardiac myofibroblasts that express smooth muscle a-actin (o-
SMA) as a hallmark, and subsequent production of ECM in the
interstitium constitute a chain of events that drive cardiac fibrotic
response (4). Besides, alternate cardiac cell types, including
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cardiomyocytes (12, 13), vascular endothelial cells (14), and
cardiac-resident immune cells (e.g., macrophages/monocytes,
lymphocytes, and mast cells) (15, 16) may promote cardiac
fibroblast activation via releasing multiple profibrotic mediators,
thereby accelerating the process of cardiac fibrosis. Molecular
mechanisms underlying cardiac fibrosis include neurohormonal
activation (e.g., sympathetic nervous system (SNS), renin-
(RAAS)) (12, 17),
inflammatory cytokines and chemokines [e.g., interleukin-1f (IL-
1B), interleukin-6 (IL-6), tumor necrosis factor-o. (TNF-a),
(MCP-1)] (18, 19),
fibrogenic factors [e.g., transforming growth factor-B (TGEF-p),
endothelin-1 (ET-1), platelet-derived growth factors (PDGFs),
connective tissue growth factor (CTGF), Gal-3, exosomal
microRNAs (Exo-miRs)] (12-14), and oxidative stress (20). (3)
The treatment of cardiac fibrosis has long been an issue of great

angiotensin-aldosterone  system pro-

monocyte chemoattractant protein-1

concern and remains a formidable challenge to clinical
practitioners to date. Given little is known about whether
established cardiac fibrosis can be effectively attenuated or even
reversed, anti-fibrotic therapies centered on interfering with
major cellular and molecular components participating in the
fibrotic response and risk factors for cardiac fibrosis appear to be
RAAS
antagonists, sodium-glucose co-transporter-2 (SGLT2) inhibitors,
and antioxidants] (21, 22) and lifestyle interventions (23, 24) that

are beneficial for cardiovascular fitness have been demonstrated

more feasible at present. Several drugs [such as

to prevent early cardiac fibrosis in animal models exposed to
various cardiovascular risk factors; however, evidence of such
beneficial effects in human patients remains uncertain.
Ameliorated cardiac fibrosis was found in part of the patients
who regularly took medications, experienced left ventricular assist
device (LVAD) implantation and artificial valve replacement (25,
26), whereas this improvement was not consistently documented
in other patients, especially in those with advanced fibrosis (27,
28). These seemingly paradoxical findings may be attributed to
differences in types of fibrotic lesions under various pathological
situations and the degree of cardiac fibrosis at the time of being
further

appropriate therapeutic strategies for cardiac fibrosis.

treated. Therefore, studies are warranted to seek

As an undesirable cardiac pathological alteration that
accompany most CVDs and a robust contributor to increased
cardiovascular morbidity and mortality, cardiac fibrosis has
gained increasing attention for decades, particularly on its clinical
outcomes, underlying mechanisms, and therapeutic strategies. To
date, a large amount of both pre-clinical and clinical studies on
cardiac fibrosis have been published; however, a comprehensively
visualized bibliometric profile of the literature concerning this
issue remains largely unknown. The term “bibliometrics” was a
novel concept raised by Alan Pritchard in 1969 and gradually
emerged as a separate discipline that predominantly focuses on
the influence of publications, contributions of countries/
institutions/authors, collaboration between different countries/
institutions/authors, and the current hotspots and future trends
of a study theme. With the assistance of several sophisticated
softwares, bibliometrics

can provide the quantitative and

qualitative references for assessing the evolving tendencies in a
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research field of interest over a certain period (29). Herein, we
provide a contemporary overview of guidelines for performing a
bibliometric study (30). In the present study, we analyzed the
bibliometric characteristics of the global research on cardiac
fibrosis published over the past three decades to dissect the
research status and summarize the current trends and hotspots
in this realm.

2. Methods
2.1. Data sources and search strategy

The bibliometric analysis was performed based on Web of
Science Core Collection (WoSSC), which is considered one of the
most widely used data sources for bibliometric research and is
capable of providing a comprehensive overview of relevant
information including publications, citations, authors, references,
and keywords (31). The scope of data acquisition was confined
to the Science Citation Index-Expanded (SCIE) database,
regardless of language. Our search query combined Medical
(MeSH) terms and keywords
“myocardial fibrosis” OR “myocardial interstitial fibrosis” OR

Subject Headings including
“cardiac fibrosis” OR “atrial fibrosis” OR “ventricular fibrosis”
OR “heart fibrosis” OR “myocard* fibrosis” OR “myocard*
interstitial fibrosis” OR “card* fibrosis”.

were listed as follows: (1) documents published between 1

The inclusion criteria

January, 1989 and 31 December, 2022; (2) document types of

»  « » o«

“articles”, “reviews”, “editorial material”, and “early access”, thus
paper”, “book

chapter”, and any other non-relevant categories from the results.

excluding “meeting abstract”, “proceedings
For the purpose of mitigating confounding bias caused by daily
database updates, the retrieval process was implemented on a
single day (December 31, 2022). To ensure the authenticity and
reliability of the research data, two well-trained investigators
independently accomplished the mission of data retrieval, and
another colleague was invited to participate in the discussion
only in the case where divergent opinions occurred and needed
to be resolved. After manual reference screening, we ultimately
obtained a total of 13,446 documents, and downloaded full
records and cited references in the form of plain text for further
analyses. A detailed flow chart of data collection and subsequent

analytic procedures were illustrated in Supplementary Figure S1.

2.2. Data analysis and visualization

We employed Bibliometrix (version 4.1.3), VOSviewer (version
1.6.17), and CiteSpace (version 5.8.R3) to perform bibliometric
analyses, and utilized Microsoft Office Excel 2019 for quantitative
analysis of the selected articles. Co-authorship, co-citation, and
co-occurrence constitute three important aspects of bibliometric
analysis. Co-authorship is defined as the presence of two or more
research entities that make equal or hierarchical contributions to
a study; therefore, this index can be used to reflect the
cooperation between different countries/institutions/authors. Co-
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citation refers to a situation in which two references or other
elements are cited together by subsequent citing papers, with its
amount being indicative of the robustness of the relationships
between these items (32). Co-occurrence network is typically
constructed on the basis of the frequencies of two keywords or
other elements appearing in the same documents. Moreover, we
reduced the study period to the last 5 years (2016-2022), as well
as to the last year (2022), and repeatedly performed the analyses
to further detect the evolving trends in research papers published
more recently.

Bibliometrix R package, developed by Massimo Aria and
Corrado Cuccurullo, is an open-source tool applicable for the
generation of a comprehensive science map of the published
literature and is freely accessible on Github (https://github.com/
massimoaria/bibliometrix) (33). Specifically, Bibliometrix was
used in this study to yield a quantitative estimation of annual
publication outputs and major journals, and to predict future
trends in the research field of cardiac fibrosis.

van Eck et al. introduced a newly developed computer program,
namely, VOSviewer (https://www.vosviewer.com), which is capable
of visually mapping and displaying bibliometric networks (34).
Herein, we applied VOSviewer for implementing bibliographic
coupling analysis based on countries, institutions, journals,
authors, and references and networks of co-citation, co-
authorship, and co-occurrence of keywords, in which each node
corresponds to an individual object, with the size of node and the
thickness of the line connecting two nodes being representative of
the amount or frequency and the strength of the cooperative/co-
different

respectively. In addition, clusters share similarities in particular

cited/co-occurring  association  between objects,
attributes were marked with the same color in the network.
CiteSpace, designed by a Chinese scholar named Chaomei
Chen, is a Java-based software tool widely used in visualizing
knowledge maps and predicting evolving trends of a research
field (35). In this study, we utilized CiteSpace to perform
clustering, timeline, and burst analysis of co-cited references and
co-occurring keywords and visualize co-citation and co-
authorship networks. All cluster labels were extracted from the
keywords based on log-likelihood test (P <0.001), and carefully
re-checked to determine whether necessary modifications are
needed. Timeline view allowed us to explicitly identify the
evolution of different research domains. To investigate the
properties of each cluster, a series of metrics, including temporal
metrics (e.g., citation burst), structural metrics (e.g., betweenness
centrality, modularity, silhouette score), and a combined concept
of both elements (also known as sigma metrics) was adopted in
CiteSpace. Citation burst is a concept corresponding to the
circumstance in which a surge of citations of a particular
publication occurs during a specific period of time (36). If a
cluster incorporates large amounts of nodes with high citation
bursts, such cluster may represent an emerging trend in current
or future research. Betweenness centrality depends on the
frequency a node lies on the shortest pathways between pairs of
other nodes (37). If a node was found to possess high
betweenness centrality, it was considered a so-called turning

point and marked with purple, with the color becoming brighter
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proportionally with increasing betweenness centrality (35). For
instance, papers regarded as turning points typically refer to
those experiencing rapid growth in citations within a short
period of time or serving as a milestone in the evolution of a
specific research domain. The modularity score is also termed as
the Q score, which is commonly applied for quantifying the
extent to which modules or clusters can be obtained from
divisions of a network, and whose range of value is from 0 to 1
(38). The cluster structure is considered significant in the case of
the Q score exceeding 0.3, and possessing a high Q score serves
frequently as an important feature of a well-structured network.
The silhouette score (the S score), ranging from —1 to 1, permits
the evaluation of the quality of clustering analysis and data
configuration (39). A S score greater than 0.3, 0.5, and 0.7 is
recognized as the major criteria of identifying homogeneity,
reasonability, and credibility of a network, respectively. Sigma is
an indicator of both structural and temporal properties and is
generated through merging betweenness centrality with citation
burst [(betweenness centrality + 1)1 Pt (40) A higher
Sigma value commonly indicates a higher impact. In addition,
the symbolic meaning of network structures such as nodes and
connecting lines was identical with those in VOSviewer.

3. Results and discussion

3.1. Analysis of co-cited references: cluster
of research and most cited papers

3.1.1. Cluster of research

3.1.1.1. Cluster of research: for 1989-2022 time period
With the use of CiteSpace, we built the cluster-based co-cited
reference networks for the period 1989-2022, 2017-2022, and the
year 2022, respectively. Each reference was represented by a single
node in the network, with its size being positively correlated with
the times the reference has been co-cited. The name of the first
author with the highest number of citations in each cluster was
black-colored and placed adjacent to the cluster label. All these
networks presented significant cluster structure and adequate
credibility (Q =0.8265, S$=0.9308 for the 1989-2022 network; Q
=0.7075, S=0.8928 for the 2017-2022 network; and Q=0.6737,
$=0.8791 for the 2022 respectively). Detailed
information about the most important clusters in the network

network,

ranked by citation burst were illustrated in Supplementary
Figure S2, and descriptions of cluster labels were listed in
Supplementary Table S1. In addition, the link walkthrough
between clusters based on burst dynamics for co-cited reference
network (1980-2022) was shown in Supplementary Figure S3.
Herein, we elaborated on the clusters constituting these trends,
with cluster label, cluster number, size (N), silhouette score (S),
mean year (Y) of co-cited references, and most representative
references, to summarize how research topics in this field
developed during the past three decades. As shown in Figure 1,
a total of 33 different clusters, which were numbered based on
their sizes [ranging from the largest size (#0) to the smallest size
(#33)], were identified in the network for the period 1989-2022,
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and integrated into four major trends of research on cardiac
fibrosis, namely, pathophysiological mechanisms (cluster #9, #15,
#13, #3, #16, and #5), treatment strategies (cluster #1, #18, #20,
#33, #14, and #10), cardiac fibrosis and related CVDs (cluster #2,
#21, #4, #8, #11, #6, and #0), early diagnostic methods (cluster
#12 and #7), as well as an additional tiny trend on Covid-19
(cluster #24) that emerged more recently.

The first major trend focusing on the pathophysiological
mechanisms underlying cardiac fibrosis started around the early
1990s, when researchers observed the presence of marked cardiac
fibrosis in transgenic rodent models of arterial hypertension
[cluster #9, “transgenic mice” (N=134; $=0.974; Y =1989)] (41),
with angiotensin II (Angll) and downregulated expression and
activity of nitric oxide synthase (NOS) being the leading causes
[cluster #13, “nitric oxide synthase” (N=41; $=0.99; Y=1997)]
(42), and that administration of angiotensin converting enzyme
inhibitor (ACEI) can effectively attenuate the degree of cardiac
fibrosis via suppression of Angll [cluster #15, “angiotensin II”
(N=16; $=0.991; Y=1993)] (43). Later, since the early 2000s,
this trend extended to cluster #3, “aldosterone” (N=192; S=
0.964; Y=2001) (44) that emphasized the role of aldosterone in
the pathogenesis of cardiac fibrosis, followed by cluster #16 on
(N=15; S=1; Y=2006) (45).
Another cluster concerning the cellular events that drive cardiac
fibrotic response [cluster #5, “fibrocytes” (N=178; $=0.921; Y=
2007)] (46) has appeared the last decade and gradually developed
into an important study theme since then.

renin-angiotensin  system

The second major trend focused on treatment strategies for
cardiac fibrosis. A cluster on “losartan”, #1 (N=262; S=0.87; Y
=1994) (47) emerged as the beginning of this research trend,
subsequently evolved into two distinct set of clusters, one of
which developed into cluster #18, “n-acetyl-seryl-aspartyl-lysyl-
proline” (N=13; $§=0.995; Y=2001) (48), and the other one of
which incorporated cluster #33, “probucol” (N=4; $=0.999; Y=
1998) (49) and cluster #20, “counterregulation” (N=10; S=
0.996; Y=1998) (50), and evolved into cluster #14 on
“antiarrhythmic agents” (N=39; $=0.995 Y=2004) (51). It is
noteworthy that the emergence of a novel cluster on “micrornas”,
#10 (N=121; S=0.951; Y=2011) (52) around the 2010s
indicated the rapidly increasing interest on the regulation of
cardiac fibrosis by microRNAs (miRNAs) and thus may provide
revolutionary insights into the treatment strategies for cardiac
fibrosis.

The third major trend was centered on cardiac fibrosis itself
and related CVDs. This trend of research originated from cluster
#2  on (N=226; §$=0.899; Y=2002) (53),
predominantly due to the high prevalence of hypertension

“hypertension”

globally and the fact that elevated arterial pressure is one of the
most contributors to inducing cardiac fibrosis, while it continued
to segregate into two distinct branches, with one branch evolving
into a composite of clusters on CVDs associated with ventricular
fibrosis, including cluster #4, “hypertrophic cardiomyopathy” (N
=179; 8§=0.922; Y=2008) (54), cluster #21, “cardiac
amyloidosis” (N=9; S=1; Y=2005) (55), cluster #8, “aortic
stenosis” (N=135; §$=0.904; Y=2017) (56), and cluster #6,
“heart failure with preserved ejection fraction” (N = 146; S =0.94;
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Y =2016) (57), and the other branch evolving into a cluster on AF,
one of the most common CVDs relevant to atrial fibrosis [cluster
#11, “atrial fibrillation” (N=94; S=0.959; Y =2013)] (58). With
the accumulation of knowledge about different aspects of cardiac
fibrosis during the past decades, more on-going studies
attempted to conduct experiments or summarize the research
domains from a more comprehensive perspective, eventually
leading to the formation of cluster #0 on “cardiac fibrosis” (N =
350; S =0.926; Y =2016) (59), which is currently the largest cluster.
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The fourth major trend, composed of two predominant
clusters, occurred based on the need for acquiring an early
diagnosis of cardiac fibrosis in clinical practice. Compared to
other research trends, formation of this trend was relatively late,
starting with cluster #7 on “T1 mapping” (N=145; $=0.928; Y
=2013) (60), in which the clinical application of CMR T1
mapping in assisting the diagnosis of cardiac fibrosis were
comprehensively assessed. The other cluster
emerged almost at the same time on “galectin-3”, #12 (N=67; S

independent
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=0.984; Y=2011) (61), discussing the potential of Gal-3 as a novel
biomarker for identifying cardiac fibrosis.

We also found a tiny but unneglectable cluster on “Covid-19”,
#24 (N=6; $=0.999; Y=2020) (62). Although the emergence of
Covid-19 as a separate cluster appeared to be a serendipity, given
cardiac impairment and fibrosis related to Covid-19 started to
gain extensive attention from academia since the last 2 years,
when Covid-19 pandemic occurred and spread around the world,
it might be reasonable that Covid-19 became a novel topic in
this field.

3.1.1.2. Cluster of research: for 2017-2022 and 2022 period
In addition, we performed co-citation analyses of references
published during the period of 2017-2022 (Supplementary
Figures S4, S5) with yearly time slices and the year 2022 with
monthly time slices (Supplementary Figure S6), which facilitated
us to gain a more comprehensive knowledge of how research
trends in this field evolved in more recent years.

The network for the 2017-2022 time period displayed a set of
13 clusters. There was a considerable overlap in identified clusters
between this network and 1989-2022 network; however, 4 of these
clusters did not occur in the 1980-2022 network: (1) cluster #7 on
“EndMT” (N=54; $=0.929; Y=2014) (63) that detected the
potential role of endothelial-to-mesenchymal transition (EndMT)
in the pathogenesis of cardiac fibrosis; (2) cluster #8 on “relaxin”
(N=36; $=0.946; Y=2014) (64) that focused on whether relaxin
can be used as a promising candidate drug for the treatment for
cardiac fibrosis; (3) cluster #9 on “diabetic cardiomyopathy” (N
=29; §=0.966; Y=2017) (65) that paid more attention to
cardiac fibrosis in the context of diabetes; (4) cluster #5 on
“cardiac magnetic resonance” (N=60; S=0.894; Y=2017) (66)
as an extension of the cluster “T'l mapping”. These clusters
corresponded to newly emerging directions in different research
trends, respectively.

As to the 2022 network, we identified 17 clusters in total and
observed the presence of several additional clusters on
“myofibroblast”, #0 (N=71; $=0.715 Y=2018) (67), on
“leukocyte”, #2 (N =46; $=0.877; Y=2019) (6), on “mitral valve
prolapse”, #4 (N=43; $=0.938; Y=2018) (68), on “car-t cells”,
#5 (N=35; $=0.935; Y=1990) (69), on “systems biology”, #6
(N=33; §=0.92; Y=2018) (70), on “apoptosis”, #9 (N=24; S=
0.878; Y=2019) (71), on “vascular endothelial function”, #10 (N
=18; $=0.957; Y=2018) (72), on “mitogen-activated protein
kinase kinase kinase 3”7, #11 (N=6; $=0.993; Y=2019) (73), on
“extracellular matrix”, #12 (N=6; $=0.988; Y =2020) (74), and
on “nrg-17, #17 (N=3; S=1; Y=2019) (75), implying an up-to-
date trend towards precise identification of specific cellular
components and molecular signals closely involved in the
initiation and maintenance of cardiac fibrotic events, which may
be favorable to tackling cardiac fibrosis as well as its concomitant
complicated situations and creating targeted therapies.

3.1.2. Most cited papers

The top 10 papers with the most citation frequencies published
during the period 1989-2022, most of which belonged to reviews,
were extracted and illustrated item by item in Table 1. Of all these
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papers, those ranking within the top 5 positions included a
contemporary review of the knowledge about the contribution of
fibroblasts,
downstream signaling pathways to fibrotic tissues formation in

activated  cardiac profibrotic mediators, and
the state of myocardial injury and potential therapeutic strategies
for cardiac fibrosis targeted on cardiac fibroblasts published by
Travers et al. in 2016 (365 citations) (76) and the latest European
Society of Cardiology (ECS) guideline for the diagnosis and
treatment of cardiac fibrosis in patients with different types of
heart failure (HF) occurred in the same year (245 citations) (77),
followed by Kong et al’s review discussing the major effectors
implicated in the pathogenesis of cardiac fibrosis at cellular and
molecular levels (224 citations) (78), Khalil et al’s research
article on dissecting the role of cardiac fibroblast-specific TGF-B-
Smad2/3 signaling in pressure overload-induced cardiac fibrosis
(215 citations) (79),

concerning cell biological processes, molecular mechanisms, and

as well as another high-quality review

therapeutic opportunities of cardiac fibrosis written by Prof.
Nikolaos G Frangogiannis from the Wilf Family Cardiovascular
Research Institute, Albert Einstein College of Medicine alone
(171 citations) (80), while the rest focused on the current status
of CMR and the feasibility of applying this method for early
diagnosis of cardiac fibrosis in clinical practice (60, 81-84).

We also performed the burst analysis to explore the citation
bursts of references for the period 1989-2022 and 2017-2021,
respectively (Supplementary Tables S2S-V). The blue line is the
timeline sliced year by year, and the red line is representative of
how long a citation burst persists. The results implied that the
top 3 references with the latest and strongest beginning of
citation bursts were “Fibroblast-specific TGF-B-Smad2/3 signaling
underlies cardiac fibrosis” published by Khalil et al. in 2017 (79),
“Myocardial Interstitial Fibrosis in Heart Failure: Biological and
Translational Perspectives” published by Gonzdlez et al. in 2018
(1), and “Cardiac fibrosis: Cell biological mechanisms, molecular
pathways and therapeutic opportunities” published by Nikolaos
G Frangogiannis (80) in 2019. As for the last 5 years, the top 3
references were a randomized controlled trial (RCT) conducted
by Zinman and colleagues for the purpose of evaluating the
effects of a sodium-glucose cotransporter 2 (SGLT2) inhibitor on
adverse cardiovascular outcomes in patients with type 2 diabetes
(85),
recommendations for the quantification of the size and function

Lang et al’s article presenting the updated
of cardiac chambers using echocardiography from the American
Society of  Echocardiography/European  Association  of
Cardiovascular Imaging (ASE/ESCVI) (83), and a review created

by Nikolaos G Frangogiannis as mentioned above (80).

3.2. Analysis of co-occurrence of keywords

The primary purpose of identifying co-occurring keywords is
to provide a comprehensive summary of the major trends in a
specific research field and predict the evolution of research
hotspots over time. Each node in the co-occurrence network
represents a highly co-occurring keyword, with the size of node
depending on how frequently a keyword occur. Figure 2 showed
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the co-occurrence networks of keywords for the period 1989-2022
and 2017-2022, both of which possessed significant modularity
and silhouette scores (Q=0.3364, S=0.6569 for the 1989-2022
network; and Q=0.4015, S=0.731 for the 2017-2022 network,
respectively).

For the 1989-2022 network, seven distinct clusters were found:
cluster #0, “oxidative stress”, cluster #1, “hypertrophic
cardiomyopathy”, cluster #2, “cardiac fibrosis”, cluster #3,
“diastolic dysfunction”, cluster #4, “atrial fibrillation”, cluster #5,
“anti-beta(1)-adrenoceptor autoantibodies”, and cluster #6, “rat
myocardium”, while five different clusters were presented in the
2017-2022 network: cluster #0, “cardiac fibrosis”, cluster #1,
“hypertrophic cardiomyopathy”, cluster #2, “chronic kidney
disease”, cluster #3, “atrial fibrillation”, and cluster #4, “diastolic
dysfunction”.

Keywords with high citation bursts can serve as potent
predictors of future directions which major research trends and
frontiers evolve towards. We observed that the top 3 keywords
with the most recent emergence and strongest beginning of
citation bursts included “left ventricular dysfunction”, “transgenic
and “matrix metalloproteinase” for the 1989-2022
those for the 2017-2022 network were
“cardiorenal syndrome”, “perfusion”, and “reactive oxygen specy”
(Supplementary Tables S2W-Z).

We also utilized VOSviewer

visualization of keyword analysis, in which the thickness of the

mice”,
network, while

to construct a network
connecting lines between pairs of keywords is proportional to the
frequencies of their co-occurrence, and an overlay visualization
of keyword analysis, in which the color of one keyword varies
from blue to yellow according to the average year of publication
of all the articles containing this keyword (blue color for the
keywords occurring in earlier years, and yellow color for those
appearing later). From these visualized maps of co-occurring
keywords, we screened out five separate clusters marked with
different colors, all of which shared considerable similarities in
the development of research trends, and found that there was a
nearly even distribution of newly emerging topics across these
clusters (Supplementary Figure S7).

3.3. Publication outputs and major journals

As shown in Supplementary Figure S1, we originally retrieved
15,762 articles on cardiac fibrosis from the WoSSC database, while
ultimately included 13,446 articles for bibliometric analysis
data The
publications showed a pattern of exponential growth from 1989

following strict filtration. annual amounts of
to 2022, including a dramatic increase during the last 5 years
(2017-2022), and reached its peak in 2021, indicating that
cardiac fibrosis is a prevalent research topic during the past three
decades and is likely to continue to thrive. An increasing trend
was also observed in the average number of citations per year
during the same period, with the highest citations appearing in
2019; however, the increasing course appeared to be slower and

more tortuous (Supplementary Figure S8).
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We extracted 10 journals with the most publications on cardiac
fibrosis and the growth trends of the cumulative numbers of
publications over time in these journals in Supplementary
Figure S9. For the 1989-2022 time period, the top 10 journals
Plos  One,
Hypertension, American Journal

were Circulation, Cardiovascular ~ Research,
of Physiology-Heart and
Circulatory Physiology, International Journal of Cardiology,
Journal of Molecular and Cellular Cardiology, Journal of The
American College of Cardiology, Scientific Reports, and Frontiers
in Cardiovascular Medicine, and we found a stable growth in the
cumulative number of publications in most journals, expect
Frontiers in Cardiovascular Medicine, Journal of Molecular and
Cellular Cardiology, Plos One, and Scientific Reports, in which
total amounts of publications were zero or at a low level before
2010 and began to explosively increase since then. It is
noteworthy that, from 2017 to 2022, there was an approximately
linear growth in the number of publications in most of the top
10 journals, wherein Frontiers in Cardiovascular Medicine is the
only one that experienced a turning point during this period.
The rising speed of number of publications on the right side of
the turning point was obviously higher than that on the left side
of the turning point, leading to a surge of publications since
2020 and ultimately enabling the cumulative numbers of
publications in Frontiers in Cardiovascular Medicine to exceed
those of the other journals. We also provided an overlay
visualized map of the most cited journals over the last 5 years
with CiteSpace, and built the networks of co-cited journals for
the past 30 years with VOSviewer (Supplementary Figure 10).

In addition, for the period 1989-2022, we detected the latest
and strongest citation burst in International Journal of Molecular
Sciences (170.87), followed by Frontiers in Physiology (111.62)
and Cells-Basel (108.64) (Supplementary Tables S2G,H), while
for the period 2017-2022, the latest and strongest citation burst
was found in Acta Biochimica Polonica (7.75), followed by
European Journal of Human Genetics (7.75) and Frontiers in
Microbiology (6.09) (Supplementary Tables S2L,J).

3.4. Analysis of cooperation network across
countries and institutions

We constructed the co-citation networks of countries and
institutions (Figure 3), and listed the top countries and
institutions ranked by number of citations and betweenness
centrality (Supplementary Table S5). Among all the countries or
regions that contributed to relevant articles in this field,
publications generated by the United States possessed both the
highest citation frequencies (n=3,814, 28.37%) and betweenness
centrality (0.59) over the period 1989-2022. China ranked
second in total citation counts (n=3,544, 26.36%), followed by
Germany (n=1,146, 8.52%), Japan (n=1,031, 7.68%), and
England (n=773, 5.75%), whereas France ranked second in
betweenness centrality (0.27), followed by Germany (0.25), Italy
(0.2), and Japan (0.17). On the other hand, over the last 5 years
(2017-2022), the United States retained a leading position in the
rankings of betweenness centrality (0.27), exceeding England
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(0.18), France (0.16), Canada (0.13), Germany (0.11), and any
other countries/regions; however, China became the area with the
highest number of global citations during this period (n=2,592),
followed by the United States (n=1,777), Germany (n=516),
England (n =462), and Italy (n=373).

When focusing on the most cited institutions, the majority of
the top 10 influential institutions were universities from China,
especially those highlighting the importance of medical education
and advancing medical research. For the period 1989-2022 and
2017-2022, total citations count of publications from Shanghai
Jiao Tong University (n=185 and n =180, respectively) and
Nanjing Medical University (n=145 and n =143, respectively)

Frontiers in Cardiovascular Medicine

ranked first and second. Capital Medical University ranked third
(n=165), followed by Monash University (n=162) and Wuhan
University (n=149) between 1989 and 2022, while Harvard
Medical School ranked third (n=135), followed by Wuhan
University (n=113) and Fudan University (n=106) between
2017 and 2022. In terms of betweenness centrality, institutions in
the United States and Europe performed the best, with the top
position belonging to Harvard University (0.06) for the period
1989-2022 and University of Pittsburg (0.09) for the period
2017-2022, respectively.

According to the results of burst analysis, the latest top 3
countries which possessed the highest citation bursts over the
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period 1989-2022 included Iran (7.66), Saudi Arabia (5.22), and 3 5, Ana[ysis of co—authorship network

Indonesia (4.07) (Supplementary Tables S2A,B). As for the
institutions, the most recent and strongest citation burst was
found in Central South University (19.25), followed by Chinese
Academy of Medical Sciences & Peking Union Medical Collage
(16.08) and Sichuan University (11.77) for the period 1989-2022
(Supplementary Tables S2C,D), and was found in Central South
University (7.64), followed by Emory University (4.78) and
Chinese Academy of Medical Sciences & Peking Union Medical

The co-authorship network based on the number of co-
authored papers were generated by CiteSpace to visualize the
collaboration between different researchers, which can be further
extended to the collaboration between their affiliated countries
and institutions, and assess the relatedness between their research
domains. As shown in Figure 4, the co-authorship network
exhibited significant modularity and cluster structure (Q = 0.9432,

Collage (4.29) for the period 2017-2022 (Supplementary Tables  g—(9671), and suggested that the most recent and most

S2E,F).
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Co-authorship network (A) with corresponding clusters (B) from 1989 to 2022.
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“cardiac fibrosis”, and cluster #2, “heart failure” (Supplementary
Table S3). We also used VOSviewer to produce a similar co-
authorship network, in which a total of 625 authors were
presented as single nodes with different sizes and colors and
clustered into 51 clusters (Supplementary Figure 11). According
to the findings of the burst analysis, the co-authors that were the
most frequently involved in the articles published during the
period from 1989 to 2022 were Weber KT, Brilla CG, and
Bluemke DA (Supplementary Tables S2K,L), and that those
most frequently participating in the articles published during the
period 2017-2022 were Bluemke DA, Packer M, and Tang QZ
(Supplementary Tables S2M,N).

We further constructed the co-citation network that allowed us
to obtain a visualized knowledge of the relation of citing/being
cited among the authors for the last 5 years (Supplementary
Figure 12). The latest top 3 co-cited authors with the strongest
strength of citation bursts were Travers JG, Ponikowski P, and
Khalil H for the period 1989-2022 (Supplementary Tables S20,
P), and were Small EM, Qu XF, and Suthahar N for the period
2017-2022 (Supplementary Tables S2Q,R).

3.6. Bibliographic coupling analysis of
countries, institutions, journals, references,
and authors

Since Kessler pioneered a theory that scientific papers sharing
similarities in references citation are likely to be topically related to
each other in 1963, the concept of bibliographic coupling is thus
formed, and is commonly considered an index that can reflect
the relatedness between previous publications (86). Herein,
VOSviewer was employed to analyze the bibliographic coupling
of the publications (the number of publications of a country
should exceed 1,108) produced by 129 countries (Figure 5A).
The top 5 countries with largest total link strength were the
United States (total link strength equals to 4,295,363 times),
Sweden (total link strength equals to 2,654,429 times), China
(total link strength equals to 2,632,851 times), Germany (total
link strength equals to 1,515,547 times), and England (total link
strength equals to 1,412,788 times) (Supplementary Table S6).

The findings of the bibliographic coupling of the publications
(the number of publications of an institution should exceed
15,459) originating from 459 institutions revealed that the top 5
institutions with largest total link strength were UCL (total link
strength equals to 342,731 times), University of Navarra (total
link strength equals to 318,797 times), University of Pittsburgh
(total link strength equals to 312,393 times), Harvard Medical
School (total link strength equals to 311,148 times), and Monash
link to 295,605
(Figure 5B; Supplementary Table S6).

University (total strength  equals times)

The bibliographic coupling network of the publications (the
number of publications of a journal should exceed 5,475)
published in 475 journals was illustrated in Figure 5C. In this
network, we identified the top 5 journals that possessed largest
total link strength, including Journal of the American College of

Cardiology (total link strength equals to 217,247 times), Journal
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FIGURE 5

Map of bibliographic coupling analysis based on countries (A),
institutions (B), journals (C), references (D), and authors (E) (weights
on the total link strength). Minimum number of documents of a
country =1, 108 meet the thresholds; Minimum number of citations
of a document =150, 455 meet the thresholds; Minimum number of
documents of a journal=5, 475 meet the threshold; Minimum
number of documents of an author =20, 414 meet the threshold;
Minimum number of documents of an institution = 15, 459 meet the
thresholds.

of Molecular and Cellular Cardiology (total link strength equals
to 212,831 times), Cardiovascular Research (total link strength
equals to 206,321 times), Circulation (total link strength equals
to 199,152 times), and JACC-Cardiovascular Imaging (total link
strength equals to 188,831 times) (Supplementary Table S6).

We also detected the bibliographic coupling of the publications
(the number of citations of a publication should exceed 150,455)
that cited 455 common references (Figure 5D). The top 5
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references with largest total link strength were “Cardiac fibrosis:
Cell biological mechanisms, molecular pathways and therapeutic
opportunities” published by Frangogiannis, N. G. in 2019 (total
link strength equals to 1,271 times), “The pathogenesis of cardiac
fibrosis” published by Kong et al. in 2014 (total link strength
equals to 1,035 times), “Cardiac Fibrosis: The Fibroblast
Awakens” published by Travers et al. in 2016 (total link strength
equals to 790 times), “Molecular mechanisms of myocardial
remodeling” published by Swynghedauw, B in 1999 (total link
strength equals to 674 times), and “Assessment of myocardial
fibrosis with cardiovascular magnetic resonance” published by
Mewton et al. in 2011 (total link strength equals to 617 times)
(Supplementary Table S6).

Finally, the bibliographic coupling analysis of publications (the
number of documents of an author should exceed 20,414)
belonging to 414 authors were performed. As shown in
Figure 5E, the top 5 authors with largest total link strength were
as follows: Zhang Y (total link strength equals to 564,914 times),
Li Y (total link strength equals to 459,824 times), Wang Y (total
link strength equals to 452,174 times), Li X (total link strength
equals to 330,875 times), and Wang X (total link strength equals
to 328,994 times) (Supplementary Table S6).

4. Discussion
4.1. Summary of the main findings

We provided, for the first time, a detailed and comprehensive
overview of global publications on cardiac fibrosis over the past
30 years, predominantly focusing on current research status and
the development of major trends and future hotspots. We
confirmed that the yearly number of articles on cardiac fibrosis
conforms to exponential growth until the year 2021 and is
promising to maintain a rising trend in the future. The United
States was the most cooperative country and had the most
prominent impact in this research field for the period 1989-
2022; however, for the last 5 years, China became a brand-new
and robust source of global citations, with its total citation count
surpassing that of the United States during this period, despite
the fact that China lacks adequate collaboration with other
the
institution with the most citations throughout the entire period

countries. Shanghai Jiao Tong University remained
from 1989 to 2022, while Harvard University and University of
Pittsburg played the most crucial roles in the international
cooperative network within the last three decades and within the
last 5 years, respectively. The most recently emerging and highest
citation burst was found in International Journal of Molecular
Sciences, followed by Frontiers in Physiology and Cells-Basel. As
for the most influential authors, the top 3 authors with the latest
and strongest strength of citation bursts were Travers ]G,
Ponikowski P, and Khalil H. We also detected the similarities in
the research topics via analyzing bibliographic coupling among
the articles derived from different countries, institutions, journals,

and authors.
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4.2. Identification of research trends

The co-cited reference network (1989-2022) divided all the
included documents into 33 different clusters, which was
representative of several major research trends as we mentioned
above. The first research trend focuses on pathophysiological
mechanisms of cardiac fibrosis. The beginning of this trend was
based on experimental observations that transgenic rodent
models with hypertension, such as spontaneously hypertensive
rats (SHR) tend to exhibit varying degrees of cardiac fibrosis
(41), and further evolved into dissection of the role of major
components of RAS (e.g, Angll, aldosterone) (87, 88) and
suppressed endothelium-derived nitric oxide (NO) synthesis (89)
in the pathogenesis of cardiac fibrosis. More recently, this trend
converted into an overwhelmingly increasing focus on the
contribution of cardiac fibroblast as the most important ECM-
producing cell types in promoting cardiac fibrosis (76).

Next, treatment strategies for cardiac fibrosis constituted
another major trend, starting with a focus on losartan, a
commonly used Angll receptor type 1 (AT1R) blocker (ARB),
and its actions of blunting the progression of cardiac fibrosis,
demonstrating the crucial role of RAS in driving cardiac fibrotic
response from another perspective (90). Subsequently, this trend
evolved towards the goal of seeking more drugs based on
molecules with newly identified connections with RAS, either by
(Ac-SDKP), which
endogenous polypeptide with potent antifibrotic properties and

N-acetyl-seryl-aspartyl-lysyl-proline is an
mediates ACEI-induced reversal of cardiac fibrosis to a certain
extent (91), or through counterregulatory effects of Angll
receptor type 2 (AT2R) on attenuating cardiac fibrosis caused by
ATIR activation (50). A cholesterol-lowering agent, namely,
probucol was noted to prevent the development of cardiac
fibrosis almost during the same period, probably owing to its
antioxidant capacities (49). In addition to pharmacological
interventions targeted on preserving the normal structure of the
fibrotic heart, some antiarrhythmic agents, such as B-adrenergic
blockers, were also considered to improve cardiac fibrosis as well
as reduce the prevalence of arrhythmias due to differences in
electromechanical characteristics between fibrotic tissue and
normal myocardium, especially AF and life-threatening
ventricular tachycardia (92). The latest topic was centered on
miRNAs as a class of novel regulators of the process of
fibrogenesis and thereby a promising therapeutic target for
treating cardiac fibrosis (52).

The third trend of research concerned cardiac fibrosis itself and
related CVDs, including not only CVDs in favor of the generation
of

cardiomyopathy (HCM), and aortic stenosis (AS), but also those

cardiac fibrosis, such as hypertension, hypertrophic
in which cardiac fibrosis is found to be typical pathological
manifestations or serve as one of the leading causes, such as
HFpEF, cardiac amyloidosis, and AF. In terms of the time order
of emergence, hypertension was the earliest cardiac fibrosis-
related CVD noticed by researchers (53). Later, the other clusters
of research were divided into two major parts, one of which was
composed of CVDs

characterized by ventricular fibrosis
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(including HCM, AS, cardiac amyloidosis, and HFpEF) (6, 28, 93,
94), and the other one of which focused on CVDs related to atrial
fibrosis, AF in particular (51). These studies were ultimately
integrated into an independent research direction in which each
aspect of be
comprehensively explored as a whole (59).

cardiac  fibrosis can systematically ~and
Finally, the rapid development of advanced imaging technique
and highly sensitive serological biomarkers gives rise to the later
emergence of a trend on early diagnostic methods for cardiac
fibrosis. CMR T1 mapping has been generally accepted as a
commonly used non-invasive method applicable for conveniently
and efficiently assessing the severity of cardiac fibrosis (60), while
a growing body of evidence also indicated that Gal-3, a newly
identified member of the B-galactoside-binding lectin family, is a
promising circulating biomarkers for identifying individuals with
high risk of cardiac fibrosis and forecasting their prognosis (95).
In addition, a separate cluster of research has highlighted the
importance of investigating the relatedness between cardiac
fibrosis and Covid-19. Since the outbreak of Covid-19 pandemic
in 2020, articles reporting that cardiac fibrosis is a highly
prevalent cardiovascular outcome of Covid-19 infection, preceded
by inflammatory cytokines storm and myocardial injury, has
gradually increased worldwide, and thus formed a novel trend (62).
To consolidate the findings obtained from clustering analysis,
the citation burst of keywords can also favor the identification of
the most recent research trends, with the highest citation bursts
appearing in similar topics (Supplementary Tables S2W-Z). In
addition, articles with the highest citation counts or strongest
citation bursts in recent years were predominantly reviews and
clinical guidelines, which reflects the abundant accumulation of
evidence extracted from numerous experimental discoveries and
clinical practice in this field (Table 1; Supplementary Tables
§25-V). Although the past three decades have witnessed the
remarkable advancements in research on cardiac fibrosis
worldwide,
knowledge:

sequencing

it is noteworthy that there still exist two gaps of
(1) the wide application of single cell RNA-
(scRNA-seq) and spatial transcriptome technologies
permits a novel dimension of examining the alternations in
distribution and abundance of specific genes in an individual cell
or an anatomical region of interest, however, evidence on the
molecular profiles of each cellular component constituting
cardiac tissues in the state of cardiac fibrosis is still inadequate.
In other words, it is necessary to yield a more profound insight
of the origin of cardiac fibrosis at genetic and epigenetic levels
and perform in vitro and in vivo experiments to confirm the
function of genes specific to major cell populations involved in
the formation of cardiac fibrosis via conditional gene editing
tools such as Cre-loxp or CRISPR-Cas9 system; (2) although
transgenic or drug-induced rodent models of cardiac fibrosis are
indispensable tools for exploring its fundamental mechanisms,
these animal models cannot recapitulate the pathophysiologic
complexity of cardiac fibrotic response in human patients, which
is the reason why we should attach adequate importance on
constructing human-based models or conducting more clinical
research to overcome the translational barriers and to develop
innovative therapeutic strategies.
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4.3. Strengths and limitations

As far as we know, this study provides an up-to-date summary
of the bibliometric characteristics of global publications on cardiac
fibrosis during the past 30 years, which may be favorable for
medical researchers and clinicians to gain a comprehensive
knowledge of the current research status in this research field.
The most prominent advantage of our study is the application of
various  visualization  softwares, including  Bibliometrix,
VOSviewer, and CiteSpace, for the graphical presentation and
interpretation of major bibliometric indexes (co-citation, co-
occurrence, co-authorship, and bibliographic coupling), which
facilitates the identification of evolving research trends, frontiers,
and hotspots over time, thus paving the way for advancing future
medical research and formulating appropriate therapeutic
strategies to prevent such cardiac pathological condition. This
novel mode of research allows us to explore the development of
a research domain of interest during a certain period of time in a
more unbiased manner, compared to those kinds of “old-
fashioned” narrative reviews that are prone to be affected by
man-made selection bias.

However, we have to acknowledge that our study has several
shortcomings that need to be noted and addressed in further
research: (1) WoSSC database was chosen as the data source in
our study; however, there still exist some other online databases
in which publication information are not presented in similar
patterns that can be used for bibliometric research, such as
Pubmed, Embase, Scopus, and Google Scholar, posing a
formidable challenge for merging references published in
different databases. In other words, we may not completely
guarantee the neutrality of data collection due to variations
between different databases; (2) Since the document type
included in our study was merely restricted to original article
and review (including early access), we cannot fully elucidate the
entire features of all publications contributing to this field. Thus,
caution should be taken during the analysis and interpretation
of the data; (3) Under normal circumstances, the relation of
citing or being cited should be determined in an unprejudiced
manner for promoting the extension of the territories of
knowledge on the basis of previously established evidence;
however, it may sometimes be distorted by far-fetched or
improper citations of non-relevant literature, which is another
potentially existing bias when an author attempts to cite an
the
are
4

Co-

article to support his/her own opinions and may lead to
situation in which statements without solid foundations
mistakenly recognized as truth by careless readers (96).
Given first author was the only focused element in the
citation networks, how to quantify the impacts of the other co-

authors remains to be resolved by future research.

5. Conclusion

This
contemporary bibliometric characteristics of global publications

study provides a comprehensive insight into
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on cardiac fibrosis throughout the last 30 years (1989-2022), with
specific attention on the evolution of research trends. The number
of publications has increased exponentially during this period,
reaching its peak in 2021. We identified the most influential
countries, and authors, and found several major trends of
research, pathophysiological mechanisms, treatment strategies,
cardiac fibrosis and related CVDs, early diagnostic methods, as
well as Covid-19. China is a rapidly emerging source of
publication impacts, whereas more cooperation is required
between institutions from China and those from the United
States and Europe. Our study provides important references for
clinical practitioners, medical researchers, and policymakers to
obtain a better knowledge of the evolving trends, frontiers, and
hot topics of global research on cardiac fibrosis.
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SUPPLEMENTARY FIGURE S1
Flow chart of the scientometric study.

SUPPLEMENTARY FIGURE S2

Detail focus on most important clusters of the co-citation reference
networks ranked by burstness of citations (1989-2022). For each cluster,
we report all five top keywords obtained, the selected label being the
keywords that are the most cited (generated by the likelihood ratio of
keywords). These keywords are highly susceptible to represent the overall
topic of a cluster. Burstness is represented in each cluster with red tree-
rings around nodes.

SUPPLEMENTARY FIGURE S3
Link walkthrough between clusters based on burstness dynamic for co-cited
reference network (1989-2022).

SUPPLEMENTARY FIGURE S4
Network of co-cited reference (A) with corresponding clusters (B) and
timeline view (C) for the 2017-2022 time period.

SUPPLEMENTARY FIGURE S5
Detail focus on all 13 extracted clusters of the co-citation reference
networks ranked by burstness of citations for the time period 2017-2022.

SUPPLEMENTARY FIGURE S6
Network of co-cited reference (A) with corresponding clusters (B) and
timeline view (C) for the year 2022.

SUPPLEMENTARY FIGURE S7

Overlay visualization of co-occurring authors’ keywords (A), and scored on
the average publication year (B). Note: Minimum number of occurrences
of a keyword= 10, 664 meet the thresholds, which are represented within
5 clusters. The nodes represent keywords and the colors show the average
year of publication for each node. The size of a node is proportional to
the frequency of keyword co-occurrence. The co-occurrence network is
weighted on total link strength across different keyword node, and scored
on the average publication years from 1989 to 2022.

SUPPLEMENTARY FIGURE S8
Annual scientific production (A) and average citation per year for references
(B) (1989-2022).

SUPPLEMENTARY FIGURE S9
Top 10 growth source (1989-2022 and 2017-2022).

SUPPLEMENTARY FIGURE S10

Overlay visualization of most cited journals for the last 5 years (A), and most
co-cited journals which published the most articles these last 30 years (B).
Figure A is obtained with CiteSpace and Figure B with VOSviewer. (A) 13
clusters are identified. (B) Weighted on documents, Minimum number of
citations of a journal= 150, 523 meet the thresholds, which are identified
with 4 clusters.

SUPPLEMENTARY FIGURE S11
Co-authorship network obtained with VOSviewer. 51 clusters are identified
comprising 625 different authors. Each cluster is identified with a different
color. Minimum number of documents of an author= 10.

SUPPLEMENTARY FIGURE S12
Visualization of the author co-citation network (A), with corresponding
clusters (B) and time map (C) (2017-2022).

SUPPLEMENTARY TABLE S1

Co-cited reference network detailed clusters (1989-2022, 2017-2022 and
2022)
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SUPPLEMENTARY TABLE S2

Burstness analysis for countries, institutions, authors, references and
keywords (1989-2022, 2017-2022 and 2022). Note: The beginning of a
blue line depicts when an article is published. The beginning of a red
segment marks the beginning of a period of burst, whereas the end of the
red segment marks the end of the burst period.

SUPPLEMENTARY TABLE S3
Summary of the largest clusters identified for co-authorship network (1989-
2022) obtained with CiteSpace.

References

1. Gonzélez A, Schelbert EB, Diez J, Butler J. Myocardial interstitial fibrosis in heart
failure: biological and translational perspectives. ] Am Coll Cardiol. (2018)
71:1696-706. doi: 10.1016/j.jacc.2018.02.021

2. Ma J, Chen Q, Ma S. Left atrial fibrosis in atrial fibrillation: mechanisms, clinical
evaluation and management. J Cell Mol Med. (2021) 25:2764-75. doi: 10.1111/jcmm.
16350

3. Disertori M, Mas¢ M, Ravelli F. Myocardial fibrosis predicts ventricular
tachyarrhythmias. Trends Cardiovasc Med. (2017) 27:363-72. doi: 10.1016/j.tcm.
2017.01.011

4. Frangogiannis NG. Cardiac fibrosis. Cardiovasc Res. (2021) 117:1450-88. doi: 10.
1093/cvr/cvaa324

5. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after
myocardial infarction: from inflammation to fibrosis. Circ Res. (2016) 119:91-112.
doi: 10.1161/circresaha.116.303577

6. van Ham WB, Kessler EL, Oerlemans M, Handoko ML, Sluijter JPG, van Veen
TAB, et al. Clinical phenotypes of heart failure with preserved ejection fraction to
select preclinical animal models. JACC Basic Transl Sci. (2022) 7:844-57. doi: 10.
1016/j.jacbts.2021.12.009

7. Halliday BP, Prasad SK. The interstitium in the hypertrophied heart. JACC
Cardiovasc Imaging. (2019) 12:2357-68. doi: 10.1016/j.jcmg.2019.05.033

8. Schelbert EB, Fridman Y, Wong TC, Abu Daya H, Piehler KM, Kadakkal A, et al.
Temporal relation between myocardial fibrosis and heart failure with preserved
ejection fraction: association with baseline disease severity and subsequent outcome.
JAMA Cardiology. (2017) 2:995-1006. doi: 10.1001/jamacardio.2017.2511

9. Roy G, Slimani A, de Meester C, Amzulescu M, Pasquet A, Vancraeynest D, et al.
Associations and prognostic significance of diffuse myocardial fibrosis by
cardiovascular magnetic resonance in heart failure with preserved ejection fraction.
J Cardiovasc Magn Reson. (2018) 20:55. doi: 10.1186/s12968-018-0477-4

10. Raafs AG, Verdonschot JAJ, Henkens M, Adriaans BP, Wang P, Derks K, et al.
The combination of carboxy-terminal propeptide of procollagen type I blood levels
and late gadolinium enhancement at cardiac magnetic resonance provides
additional prognostic information in idiopathic dilated cardiomyopathy: a multilevel
assessment of myocardial fibrosis in dilated cardiomyopathy. Eur ] Heart Fail.
(2021) 23:933-44. doi: 10.1002/ejhf.2201

11. Begg GA, Swoboda PP, Karim R, Oesterlein T, Rhode K, Holden AV, et al.
Imaging, biomarker and invasive assessment of diffuse left ventricular myocardial
fibrosis in atrial fibrillation. J Cardiovasc Magn Reson. (2020) 22:13. doi: 10.1186/
512968-020-0603-y

12. Nuamnaichati N, Sato VH, Moongkarndi P, Parichatikanond W, Mangmool S.
Sustained B-AR stimulation induces synthesis and secretion of growth factors in
cardiac myocytes that affect on cardiac fibroblast activation. Life Sci. (2018)
193:257-69. doi: 10.1016/j.1fs.2017.10.034

13. Yang J, Yu X, Xue F, Li Y, Liu W, Zhang S. Exosomes derived from
cardiomyocytes promote cardiac fibrosis via myocyte-fibroblast cross-talk. Am
J Transl Res. (2018) 10:4350-66.

14. Zhang X, Hu C, Yuan YP, Song P, Kong CY, Wu HM, et al. Endothelial ERG
alleviates cardiac fibrosis via blocking endothelin-1-dependent paracrine
mechanism. Cell Biol Toxicol. (2021) 37:873-90. doi: 10.1007/s10565-021-09581-5

15. Rurik JG, Aghajanian H, Epstein JA. Immune cells and immunotherapy for
cardiac injury and repair. Circ Res. (2021) 128:1766-79. doi: 10.1161/circresaha.121.
318005

16. Bradshaw AD, DeLeon-Pennell KY. T-cell regulation of fibroblasts and cardiac
fibrosis. Matrix Biol. (2020) 91-92:167-75. doi: 10.1016/j.matbio.2020.04.001

17. Ock S, Ham W, Kang CW, Kang H, Lee WS, Kim J. IGF-1 protects against
angiotensin II-induced cardiac fibrosis by targeting oSMA. Cell Death Dis. (2021)
12:688. doi: 10.1038/541419-021-03965-5

18. Kume O, Teshima Y, Abe I, Ikebe Y, Oniki T, Kondo H, et al. Role of atrial
endothelial cells in the development of atrial fibrosis and fibrillation in response to
pressure overload. Cardiovasc Pathol. (2017) 27:18-25. doi: 10.1016/j.carpath.2016.
12.001

Frontiers in Cardiovascular Medicine

16

10.3389/fcvm.2023.1182606

SUPPLEMENTARY TABLE S4
Summary of the largest clusters identified for the author co-citation network
(2017-2022) obtained with CiteSpace.

SUPPLEMENTARY TABLE S5
The top countries and institutions (1989-2022 and 2017-2022 period).

SUPPLEMENTARY TABLE S6
Average citations and total link strength of countries, institutions, journals,
references, and authors per cluster based on bibliographic coupling analysis.

19. Sivakumar P, Gupta S, Sarkar S, Sen S. Upregulation of lysyl oxidase and MMPs
during cardiac remodeling in human dilated cardiomyopathy. Mol Cell Biochem.
(2008) 307:159-67. doi: 10.1007/s11010-007-9595-2

20. Grosche ], Meifiner J, Eble JA. More than a syllable in fib-ROS-is: the role of
ROS on the fibrotic extracellular matrix and on cellular contacts. Mol Aspects Med.
(2018) 63:30-46. doi: 10.1016/j.mam.2018.03.005

21. Habibi J, Aroor AR, Sowers JR, Jia G, Hayden MR, Garro M, et al. Sodium
glucose transporter 2 (SGLT2) inhibition with empagliflozin improves cardiac
diastolic function in a female rodent model of diabetes. Cardiovasc Diabetol. (2017)
16:9. doi: 10.1186/s12933-016-0489-z

22. Fang WJ, Wang CJ, He Y, Zhou YL, Peng XD, Liu SK. Resveratrol alleviates
diabetic cardiomyopathy in rats by improving mitochondrial function through
PGC-1o: deacetylation. Acta Pharmacol Sin. (2018) 39:59-73. doi: 10.1038/aps.2017.50

23. Hong Y, Yang AL, Wong JKS, Masodsai K, Lee SD, Lin YY. Exercise
intervention prevents early aged hypertension-caused cardiac dysfunction through
inhibition of cardiac fibrosis. Aging. (2022) 14:4390-401. doi: 10.18632/aging.204077

24. Takatsu M, Nakashima C, Takahashi K, Murase T, Hattori T, Ito H, et al. Calorie
restriction attenuates cardiac remodeling and diastolic dysfunction in a rat model of
metabolic syndrome. Hypertension. (2013) 62:957-65. doi: 10.1161/hypertensionaha.
113.02093

25. Dadson K, Kovacevic V, Rengasamy P, Kim GH, Boo S, Li RK, et al. Cellular,
structural and functional cardiac remodelling following pressure overload and
unloading. Int J Cardiol. (2016) 216:32-42. doi: 10.1016/j.ijcard.2016.03.240

26. Treibel TA, Kozor R, Schofield R, Benedetti G, Fontana M, Bhuva AN, et al.
Reverse myocardial remodeling following valve replacement in patients with aortic
stenosis. | Am Coll Cardiol. (2018) 71:860-71. doi: 10.1016/j.jacc.2017.12.035

27. Kassner A, Oezpeker C, Gummert J, Zittermann A, Gértner A, Tiesmeier J, et al.
Mechanical circulatory support does not reduce advanced myocardial fibrosis in
patients with end-stage heart failure. Eur ] Heart Fail. (2021) 23:324-34. doi: 10.
1002/ejhf.2021

28. Weidemann F, Herrmann S, Stork S, Niemann M, Frantz S, Lange V, et al.
Impact of myocardial fibrosis in patients with symptomatic severe aortic stenosis.
Circulation. (2009) 120:577-84. doi: 10.1161/circulationaha.108.847772

29. Nakagawa S, Samarasinghe G, Haddaway NR, Westgate MJ, O’Dea RE, Noble
DWA, et al. Research weaving: visualizing the future of research synthesis. Trends
Ecol Evol. (2019) 34:224-38. doi: 10.1016/j.tree.2018.11.007

30. Donthu N, Kumar S, Mukherjee D, Pandey N, Lim WM. How to conduct a
bibliometric analysis: an overview and guidelines. J Bus Res. (2021) 133:285-96.
doi: 10.1016/j.jbusres.2021.04.070

31. Mongeon P, Paul-Hus A. The journal coverage of web of science and scopus: a
comparative analysis. Scientometrics. (2016) 106:213-28. doi: 10.1007/s11192-015-
1765-5

32. Small H. Co-citation in the scientific literature: a new measure of the relationship
between two documents. ] Am Soc Inf Sci. (1973) 24:265-9. doi: 10.1002/asi.
4630240406

33. Aria M, Cuccurullo C. Bibliometrix: an R-tool for comprehensive science
mapping analysis. J Informetr. (2017) 11:959-75. doi: 10.1016/.j0i.2017.08.007

34. van Eck NJ, Waltman L. Software survey: VOSviewer, a computer program for
bibliometric mapping. Scientometrics. (2010) 84:523-38. doi: 10.1007/s11192-009-
0146-3

35. Chen C. Searching for intellectual turning points: progressive knowledge domain
visualization. Proc Natl Acad Sci U S A. (2004) 101(Suppl 1):5303-10. doi: 10.1073/
pnas.0307513100

36. Kleinberg J. Bursty and hierarchical structure in streams. Data Min Knowl
Discov. (2003) 7:373-97. doi: 10.1023/A:1024940629314

37. Freeman LC. A set of measures of centrality based on betweenness. Sociometry.
(1977) 40:35-41. doi: 10.2307/3033543

38. Newman ME. Modularity and community structure in networks. Proc Natl Acad
Sci U S A. (2006) 103:8577-82. doi: 10.1073/pnas.0601602103

frontiersin.org


https://doi.org/10.1016/j.jacc.2018.02.021
https://doi.org/10.1111/jcmm.16350
https://doi.org/10.1111/jcmm.16350
https://doi.org/10.1016/j.tcm.2017.01.011
https://doi.org/10.1016/j.tcm.2017.01.011
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.1161/circresaha.116.303577
https://doi.org/10.1016/j.jacbts.2021.12.009
https://doi.org/10.1016/j.jacbts.2021.12.009
https://doi.org/10.1016/j.jcmg.2019.05.033
https://doi.org/10.1001/jamacardio.2017.2511
https://doi.org/10.1186/s12968-018-0477-4
https://doi.org/10.1002/ejhf.2201
https://doi.org/10.1186/s12968-020-0603-y
https://doi.org/10.1186/s12968-020-0603-y
https://doi.org/10.1016/j.lfs.2017.10.034
https://doi.org/10.1007/s10565-021-09581-5
https://doi.org/10.1161/circresaha.121.318005
https://doi.org/10.1161/circresaha.121.318005
https://doi.org/10.1016/j.matbio.2020.04.001
https://doi.org/10.1038/s41419-021-03965-5
https://doi.org/10.1016/j.carpath.2016.12.001
https://doi.org/10.1016/j.carpath.2016.12.001
https://doi.org/10.1007/s11010-007-9595-2
https://doi.org/10.1016/j.mam.2018.03.005
https://doi.org/10.1186/s12933-016-0489-z
https://doi.org/10.1038/aps.2017.50
https://doi.org/10.18632/aging.204077
https://doi.org/10.1161/hypertensionaha.113.02093
https://doi.org/10.1161/hypertensionaha.113.02093
https://doi.org/10.1016/j.ijcard.2016.03.240
https://doi.org/10.1016/j.jacc.2017.12.035
https://doi.org/10.1002/ejhf.2021
https://doi.org/10.1002/ejhf.2021
https://doi.org/10.1161/circulationaha.108.847772
https://doi.org/10.1016/j.tree.2018.11.007
https://doi.org/10.1016/j.jbusres.2021.04.070
https://doi.org/10.1007/s11192-015-1765-5
https://doi.org/10.1007/s11192-015-1765-5
https://doi.org/10.1002/asi.4630240406
https://doi.org/10.1002/asi.4630240406
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1073/pnas.0307513100
https://doi.org/10.1073/pnas.0307513100
https://doi.org/10.1023/A:1024940629314
https://doi.org/10.2307/3033543
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.3389/fcvm.2023.1182606
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Mao et al.

39. Rousseeuw PJ. Silhouettes: a graphical aid to the interpretation and validation of
cluster analysis. J] Comput Appl Math. (1987) 20:53-65. doi: 10.1016/0377-0427(87)
90125-7

40. Chen C, Ibekwe-SanJuan F, Hou J. The structure and dynamics of cocitation
clusters: a multiple-perspective cocitation analysis. ] Am Soc Inf Sci Technol. (2010)
61:1386-409. doi: 10.1002/asi.21309

41. Weber KT, Brilla CG, Janicki JS. Myocardial fibrosis: functional significance and
regulatory factors. Cardiovasc Res. (1993) 27:341-8. doi: 10.1093/cvr/27.3.341

42. Kobayashi N, Mori Y, Mita S, Nakano S, Kobayashi T, Tsubokou Y, et al. Effects
of cilnidipine on nitric oxide and endothelin-1 expression and extracellular signal-
regulated kinase in hypertensive rats. Eur ] Pharmacol. (2001) 422:149-57. doi: 10.
1016/50014-2999(01)01067-6

43. Swynghedauw B, Jasson S, Chevalier B, Clairambault J, Hardouin S, Heymes C,
et al. Heart rate and heart rate variability, a pharmacological target. Cardiovasc Drugs
Ther. (1997) 10:677-85. doi: 10.1007/bf00053024

44. White PC. Aldosterone: direct effects on and production by the heart. J Clin
Endocrinol Metab. (2003) 88:2376-83. doi: 10.1210/jc.2003-030373

45. Nguyen G, Danser AH. Prorenin and (pro)renin receptor: a review of available
data from in vitro studies and experimental models in rodents. Exp Physiol. (2008)
93:557-63. doi: 10.1113/expphysiol.2007.040030

46. Dzeshka MS, Lip GY, Snezhitskiy V, Shantsila E. Cardiac fibrosis in patients with
atrial fibrillation: mechanisms and clinical implications. ] Am Coll Cardiol. (2015)
66:943-59. doi: 10.1016/j.jacc.2015.06.1313

47. Lijnen P, Petrov V. Induction of cardiac fibrosis by aldosterone. ] Mol Cell
Cardiol. (2000) 32:865-79. doi: 10.1006/jmcc.2000.1129

48. Moncrieff J, Lindsay MM, Dunn FG. Hypertensive heart disease and fibrosis.
Curr Opin Cardiol. (2004) 19:326-31. doi: 10.1097/01.hc0.0000127134.66225.97

49. Sia YT, Parker TG, Liu P, Tsoporis JN, Adam A, Rouleau JL. Improved post-
myocardial infarction survival with probucol in rats: effects on left ventricular
function, morphology, cardiac oxidative stress and cytokine expression. ] Am Coll
Cardiol. (2002) 39:148-56. doi: 10.1016/s0735-1097(01)01709-0

50. Opie LH, Sack MN. Enhanced angiotensin II activity in heart failure:
reevaluation of the counterregulatory hypothesis of receptor subtypes. Circ Res.
(2001) 88:654-8. doi: 10.1161/hh0701.089175

51. Burstein B, Nattel S. Atrial fibrosis: mechanisms and clinical relevance in atrial
fibrillation. J Am Coll Cardiol. (2008) 51:802-9. doi: 10.1016/j.jacc.2007.09.064

52. Wijnen WJ, Pinto YM, Creemers EE. The therapeutic potential of miRNAs in
cardiac fibrosis: where do we stand? ] Cardiovasc Transl Res. (2013) 6:899-908.
doi: 10.1007/s12265-013-9483-y

53. Lijnen PJ, Petrov VV. Role of intracardiac renin-angiotensin-aldosterone system
in extracellular matrix remodeling. Methods Finds Exp Clin Pharmacol. (2003)
25:541-64. doi: 10.1358/mf.2003.25.7.778094

54. Ambale-Venkatesh B, Lima JA. Cardiac MRI: a central prognostic tool in
myocardial fibrosis. Nat Rev Cardiol. (2015) 12:18-29. doi: 10.1038/nrcardio.2014.159

55. Narumi H, Funabashi N, Takano H, Sekine T, Ueda M, Hori Y, et al.
Remarkable thickening of right atrial wall in subjects with cardiac amyloidosis
complicated with sick sinus syndrome. Int ] Cardiol. (2007) 119:222-4. doi: 10.
1016/j.ijcard.2006.07.103

56. Sabbag A, Essayagh B, Barrera JDR, Basso C, Berni A, Cosyns B, et al. EHRA
expert consensus statement on arrhythmic mitral valve prolapse and mitral annular
disjunction complex in collaboration with the ESC council on valvular heart disease
and the European association of cardiovascular imaging endorsed cby the heart
rhythm society, by the Asia pacific heart rhythm society, and by the latin American
heart rhythm society. Europace. (2022) 24:1981-2003. doi: 10.1093/europace/euac125

57. Rommel KP, Liicke C, Lurz P. Diagnostic and prognostic value of CMR T(1)-
mapping in patients with heart failure and preserved ejection fraction. Rev Esp
Cardiol. (2017) 70:848-55. doi: 10.1016/j.rec.2017.02.018

58. Hirsh BJ, Copeland-Halperin RS, Halperin JL. Fibrotic atrial cardiomyopathy,
atrial fibrillation, and thromboembolism: mechanistic links and clinical inferences.
J Am Coll Cardiol. (2015) 65:2239-51. doi: 10.1016/j.jacc.2015.03.557

59. Lopez B, Ravassa S, Moreno MU, José GS, Beaumont J, Gonzélez A, et al. Diffuse
myocardial fibrosis: mechanisms, diagnosis and therapeutic approaches. Nat Rev
Cardiol. (2021) 18:479-98. doi: 10.1038/s41569-020-00504-1

60. Messroghli DR, Moon JC, Ferreira VM, Grosse-Wortmann L, He T, Kellman P,
et al. Clinical recommendations for cardiovascular magnetic resonance mapping of
T1, T2, T2* and extracellular volume: a consensus statement by the society for
cardiovascular magnetic resonance (SCMR) endorsed by the European association
for cardiovascular imaging (EACVI). ] Cardiovasc Magn Reson. (2017) 19:75.
doi: 10.1186/512968-017-0389-8

61. Lala RI, Puschita M, Darabantiu D, Pilat L. Galectin-3 in heart failure
pathology—"another brick in the wall'? Acta Cardiol. (2015) 70:323-31. doi: 10.
1080/ac.70.3.3080637

62. Cenko E, Badimon L, Bugiardini R, Claeys MJ, De Luca G, de Wit C, et al.
Cardiovascular disease and COVID-19: a consensus paper from the ESC working
group on coronary pathophysiology & microcirculation, ESC working group on

Frontiers in Cardiovascular Medicine

17

10.3389/fcvm.2023.1182606

thrombosis and the association for acute CardioVascular care (ACVC), in
collaboration with the European heart rhythm association (EHRA). Cardiovasc Res.
(2021) 117:2705-29. doi: 10.1093/cvr/cvab298

63. Vestri A, Pierucci F, Frati A, Monaco L, Meacci E. Sphingosine 1-phosphate
receptors: do they have a therapeutic potential in cardiac fibrosis? Front Pharmacol.
(2017) 8:296. doi: 10.3389/fphar.2017.00296

64. Liu T, Song D, Dong J, Zhu P, Liu J, Liu W, et al. Current understanding of the
pathophysiology of myocardial fibrosis and its quantitative assessment in heart failure.
Front Physiol. (2017) 8:238. doi: 10.3389/fphys.2017.00238

65. Tuleta I, Frangogiannis NG. Fibrosis of the diabetic heart: clinical significance,
molecular mechanisms, and therapeutic opportunities. Adv Drug Delivery Rev. (2021)
176:113904. doi: 10.1016/j.addr.2021.113904

66. van der Bijl P, Podlesnikar T, Bax JJ, Delgado V. Sudden cardiac death risk
prediction: the role of cardiac magnetic resonance imaging. Rev Esp Cardiol. (2018)
71:961-70. doi: 10.1016/j.rec.2018.05.019

67. Maruyama K, Imanaka-Yoshida K. The pathogenesis of cardiac fibrosis: a review
of recent progress. Int ] Mol Sci. (2022) 23:2718. doi: 10.3390/ijms23052617

68. Alenazy A, Eltayeb A, Alotaibi MK, Anwar MK, Mulafikh N, Aladmawi M, et al.
Diagnosis of mitral valve prolapse: much more than simple prolapse. Multimodality
approach to risk stratification and therapeutic management. J Clin Med. (2022)
11:455. doi: 10.3390/jcm11020455

69. Morfino P, Aimo A, Castiglione V, Gélvez-Mont6n C, Emdin M, Bayes-Genis A.
Treatment of cardiac fibrosis: from neuro-hormonal inhibitors to CAR-T cell therapy.
Heart Fail Rev. (2022) 28(2):1-15. doi: 10.1007/s10741-022-10279-x

70. Zhang Q, Wang L, Wang S, Cheng H, Xu L, Pei G, et al. Signaling pathways and
targeted therapy for myocardial infarction. Signal Transduct Target Ther. (2022) 7:78.
doi: 10.1038/541392-022-00925-2

71. Raziyeva K, Kim Y, Zharkinbekov Z, Temirkhanova K, Saparov A. Novel
therapies for the treatment of cardiac fibrosis following myocardial infarction.
Biomedicines. (2022) 10:2178. doi: 10.3390/biomedicines10092178

72. Su M, Cui J, Zhao J, Fu X. Skimmin ameliorates cardiac function via the
regulation of M2 macrophages in a myocardial infarction mouse model. Perfusion.
(2022):2676591221100742. doi: 10.1177/02676591221100742

73. Liu Y, Hu J, Wang W, Wang Q. MircroRNA-145 attenuates cardiac fibrosis via
regulating mitogen-activated protein kinase kinase kinase 3. Cardiovasc Drugs Ther.
(2022). doi: 10.1007/s10557-021-07312-w

74. Meng T, Wang P, Ding J, Du R, Gao J, Li A, et al. Global research trends on
ventricular remodeling: a bibliometric analysis from 2012 to 2022. Curr Probl
Cardiol. (2022) 47:101332. doi: 10.1016/j.cpcardiol.2022.101332

75. Ebrahim N, Al Saihati HA, Mostafa O, Hassouna A, Abdulsamea S, Abd El Aziz
M El Gebaly E, et al. Prophylactic evidence of MSCs-derived exosomes in doxorubicin/
trastuzumab-induced cardiotoxicity: beyond mechanistic target of NRG-1/erb signaling
pathway. Int ] Mol Sci. (2022) 23:5967. doi: 10.3390/ijms23115967

76. Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac fibrosis: the
fibroblast awakens. Circ Res. (2016) 118:1021-40. doi: 10.1161/circresaha.115.306565

77. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al.
2016 ESC guidelines for the diagnosis and treatment of acute and chronic heart
failure: the task force for the diagnosis and treatment of acute and chronic heart
failure of the European society of cardiology (ESC)Developed with the special
contribution of the heart failure association (HFA) of the ESC. Eur Heart J. (2016)
37:2129-200. doi: 10.1093/eurheartj/ehw128

78. Kong P, Christia P, Frangogiannis NG. The pathogenesis of cardiac fibrosis. Cell
Mol Life Sci. (2014) 71:549-74. doi: 10.1007/s00018-013-1349-6

79. Khalil H, Kanisicak O, Prasad V, Correll RN, Fu X, Schips T, et al. Fibroblast-
specific TGF-B-Smad2/3 signaling underlies cardiac fibrosis. J Clin Invest. (2017)
127:3770-83. doi: 10.1172/jci94753

80. Frangogiannis NG. Cardiac fibrosis: cell biological mechanisms, molecular
pathways and therapeutic opportunities. Mol Aspects Med. (2019) 65:70-99. doi: 10.
1016/j.mam.2018.07.001

81. Flett AS, Hayward MP, Ashworth MT, Hansen MS, Taylor AM, Elliott PM, et al.
Equilibrium contrast cardiovascular magnetic resonance for the measurement of
diffuse myocardial fibrosis: preliminary validation in humans. Circulation. (2010)
122:138-44. doi: 10.1161/circulationaha.109.930636

82. Moon JC, Messroghli DR, Kellman P, Piechnik SK, Robson MD, Ugander M,
et al. Myocardial T1 mapping and extracellular volume quantification: a society for
cardiovascular magnetic resonance (SCMR) and CMR working group of the
European society of cardiology consensus statement. | Cardiovasc Magn Reson.
(2013) 15:92. doi: 10.1186/1532-429x-15-92

83. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American society of echocardiography and the European
association of cardiovascular imaging. Eur Heart ] Cardiovasc Imaging. (2015)
16:233-70. doi: 10.1093/ehjci/jev014

84. Mewton N, Liu CY, Croisille P, Bluemke D, Lima JA. Assessment of myocardial
fibrosis with cardiovascular magnetic resonance. | Am Coll Cardiol. (2011)
57:891-903. doi: 10.1016/j.jacc.2010.11.013

frontiersin.org


https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1002/asi.21309
https://doi.org/10.1093/cvr/27.3.341
https://doi.org/10.1016/s0014-2999(01)01067-6
https://doi.org/10.1016/s0014-2999(01)01067-6
https://doi.org/10.1007/bf00053024
https://doi.org/10.1210/jc.2003-030373
https://doi.org/10.1113/expphysiol.2007.040030
https://doi.org/10.1016/j.jacc.2015.06.1313
https://doi.org/10.1006/jmcc.2000.1129
https://doi.org/10.1097/01.hco.0000127134.66225.97
https://doi.org/10.1016/s0735-1097(01)01709-0
https://doi.org/10.1161/hh0701.089175
https://doi.org/10.1016/j.jacc.2007.09.064
https://doi.org/10.1007/s12265-013-9483-y
https://doi.org/10.1358/mf.2003.25.7.778094
https://doi.org/10.1038/nrcardio.2014.159
https://doi.org/10.1016/j.ijcard.2006.07.103
https://doi.org/10.1016/j.ijcard.2006.07.103
https://doi.org/10.1093/europace/euac125
https://doi.org/10.1016/j.rec.2017.02.018
https://doi.org/10.1016/j.jacc.2015.03.557
https://doi.org/10.1038/s41569-020-00504-1
https://doi.org/10.1186/s12968-017-0389-8
https://doi.org/10.1080/ac.70.3.3080637
https://doi.org/10.1080/ac.70.3.3080637
https://doi.org/10.1093/cvr/cvab298
https://doi.org/10.3389/fphar.2017.00296
https://doi.org/10.3389/fphys.2017.00238
https://doi.org/10.1016/j.addr.2021.113904
https://doi.org/10.1016/j.rec.2018.05.019
https://doi.org/10.3390/ijms23052617
https://doi.org/10.3390/jcm11020455
https://doi.org/10.1007/s10741-022-10279-x
https://doi.org/10.1038/s41392-022-00925-z
https://doi.org/10.3390/biomedicines10092178
https://doi.org/10.1177/02676591221100742
https://doi.org/10.1007/s10557-021-07312-w
https://doi.org/10.1016/j.cpcardiol.2022.101332
https://doi.org/10.3390/ijms23115967
https://doi.org/10.1161/circresaha.115.306565
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.1172/jci94753
https://doi.org/10.1016/j.mam.2018.07.001
https://doi.org/10.1016/j.mam.2018.07.001
https://doi.org/10.1161/circulationaha.109.930636
https://doi.org/10.1186/1532-429x-15-92
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1016/j.jacc.2010.11.013
https://doi.org/10.3389/fcvm.2023.1182606
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Mao et al.

85. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al.
Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N Engl |
Med. (2015) 373:2117-28. doi: 10.1056/NEJMoal504720

86. Kessler MM. Bibliographic coupling between scientific papers. Am Doc. (1963)
14:10-25. doi: 10.1002/asi.5090140103

87. Crawford DC, Chobanian AV, Brecher P. Angiotensin II induces fibronectin
expression associated with cardiac fibrosis in the rat. Circ Res. (1994) 74:727-39.
doi: 10.1161/01.res.74.4.727

88. Robert V, Heymes C, Silvestre JS, Sabri A, Swynghedauw B, Delcayre C. Angiotensin
ATT1 receptor subtype as a cardiac target of aldosterone: role in aldosterone-salt-induced
fibrosis. Hypertension. (1999) 33:981-6. doi: 10.1161/01.hyp.33.4.981

89. Hou J, Kato H, Cohen RA, Chobanian AV, Brecher P. Angiotensin II-induced
cardiac fibrosis in the rat is increased by chronic inhibition of nitric oxide synthase.
J Clin Invest. (1995) 96:2469-77. doi: 10.1172/jci118305

90. Ju H, Zhao S, Jassal DS, Dixon IM. Effect of AT1 receptor blockade on cardiac
collagen remodeling after myocardial infarction. Cardiovasc Res. (1997) 35:223-32.
doi: 10.1016/s0008-6363(97)00130-2

91. Yang F, Yang XP, Liu YH, Xu J, Cingolani O, Rhaleb NE, et al. Ac-SDKP
reverses inflammation and fibrosis in rats with heart failure after myocardial

Frontiers in Cardiovascular Medicine

18

10.3389/fcvm.2023.1182606

infarction. Hypertension. (2004) 43:229-36. doi: 10.1161/01.Hyp.0000107777.
91185.89

92. Brouri F, Hanoun N, Mediani O, Saurini F, Hamon M, Vanhoutte PM, et al.
Blockade of beta 1- and desensitization of beta 2-adrenoceptors reduce
isoprenaline-induced cardiac fibrosis. Eur ] Pharmacol. (2004) 485:227-34. doi: 10.
1016/j.ejphar.2003.11.063

93. Teekakirikul P, Eminaga S, Toka O, Alcalai R, Wang L, Wakimoto H, et al.
Cardiac fibrosis in mice with hypertrophic cardiomyopathy is mediated by non-
myocyte proliferation and requires tgf-p. J Clin Invest. (2010) 120:3520-9. doi: 10.
1172/jci42028

94. Pucci A, Aimo A, Musetti V, Barison A, Vergaro G, Genovesi D, et al. Amyloid
deposits and fibrosis on left ventricular endomyocardial biopsy correlate with
extracellular volume in cardiac amyloidosis. ] Am Heart Assoc. (2021) 10:€020358.
doi: 10.1161/JAHA.120.020358

95. Sygitowicz G, Maciejak-Jastrzgbska A, Sitkiewicz D. The diagnostic and
therapeutic potential of galectin-3 in cardiovascular diseases. Biomolecules. (2021)
12:46. doi: 10.3390/biom12010046

96. Greenberg SA. How citation distortions create unfounded authority: analysis of a
citation network. Br Med J. (2009) 339:b2680. doi: 10.1136/bm;j.b2680

frontiersin.org


https://doi.org/10.1056/NEJMoa1504720
https://doi.org/10.1002/asi.5090140103
https://doi.org/10.1161/01.res.74.4.727
https://doi.org/10.1161/01.hyp.33.4.981
https://doi.org/10.1172/jci118305
https://doi.org/10.1016/s0008-6363(97)00130-2
https://doi.org/10.1161/01.Hyp.0000107777.91185.89
https://doi.org/10.1161/01.Hyp.0000107777.91185.89
https://doi.org/10.1016/j.ejphar.2003.11.063
https://doi.org/10.1016/j.ejphar.2003.11.063
https://doi.org/10.1172/jci42028
https://doi.org/10.1172/jci42028
https://doi.org/10.1161/JAHA.120.020358
https://doi.org/10.3390/biom12010046
https://doi.org/10.1136/bmj.b2680
https://doi.org/10.3389/fcvm.2023.1182606
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Trends in worldwide research on cardiac fibrosis over the period 1989–2022: a bibliometric study
	Introduction
	Methods
	Data sources and search strategy
	Data analysis and visualization

	Results and discussion
	Analysis of co-cited references: cluster of research and most cited papers
	Cluster of research


	Cluster of research: for 1989–2022 time period
	Cluster of research: for 2017–2022 and 2022 period
	Outline placeholder
	Most cited papers

	Analysis of co-occurrence of keywords
	Publication outputs and major journals
	Analysis of cooperation network across countries and institutions
	Analysis of co-authorship network
	Bibliographic coupling analysis of countries, institutions, journals, references, and authors

	Discussion
	Summary of the main findings
	Identification of research trends
	Strengths and limitations

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


