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The role of the autonomic nervous system in cardiovascular diseases has
increasingly attracted the attention of researchers. This study aims to review
research on the autonomic nervous system in arrhythmias from 2004 to 2024,
with a focus on understanding the development trends in this field. Data for this
study were sourced from the Web of Science Core Collection. We constructed
and analyzed bibliometric visualizations related to publication trends, countries/
regions, institutions, journals, research categories, themes, references, and keywords.
Over the past two decades, academic output related to the autonomic nervous
system’s role in arrhythmias has grown, although global research distribution
remains uneven. The United States leads in publication volume and is home to
many high-output institutions, providing it with significant academic influence
and fostering international collaboration. By summarizing high-citation literature,
clustering keywords, and performing a “burst detection” analysis of keywords,
we identified that the mechanisms and assessment methods for autonomic
nervous system regulation are major research focuses. Recent hotspots include
the psychopathology related to the autonomic nervous system and autonomic
regulation therapies. As the biomedical field shifts toward precision medicine, future
research trends are likely to focus on identifying precise biomarkers for assessing
autonomic nervous system function and developing novel strategies to regulate
it. These strategies may include correcting immune dysfunction, psychological
interventions, and surgical treatments. This study suggests that ganglionated
plexi ablation may represent the most transformative intervention strategy for the
Autonomic Nervous System currently available, and highlights electrodermal activity
as an evaluation index with considerable potential for widespread application.

KEYWORDS

autonomic nervous system, arrhythmia, bibliometric, emerging trends, development

01 frontiersin.org


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2025.1595253&domain=pdf&date_stamp=2025-04-28
https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/full
https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/full
https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/full
https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/full
https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/full
mailto:yczar@126.com
https://doi.org/10.3389/fnins.2025.1595253
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2025.1595253

Chen et al.

1 Introduction

Arrhythmia is a significant global public health issue (Savelieva
etal., 2023). The incidence of fetal arrhythmias is approximately 1-2%
of all pregnancies (Veduta et al., 2021; Kharbanda et al., 2022). In the
general population, atrial fibrillation (AF) affects 1-3% of individuals,
with incidence rates rising to 9% among those over 65 years and up to
17% in individuals aged over 80 years (Murphy et al., 2017). The
Global Burden of Disease report highlights that the prevalence of
arrhythmias has steadily increased over the last three decades, based
on assessments from 204 countries and regions worldwide (Roth
et al., 2020).

The pathogenesis of arrhythmia is complex and multifactorial.
Among various contributing factors, abnormal autonomic nervous
system (ANS) activity plays a pivotal role in several cardiovascular
diseases, including heart failure, arrhythmia, and ischemic heart
disease (Florea and Cohn, 2014; Fukuda et al., 2015; Herring et al.,
2019; Gopinathannair et al., 2024).

The ANS, comprising the sympathetic and parasympathetic
nervous systems, is integral to regulating vital physiological functions,
such as heart rate, respiration, digestion, blood pressure, and
metabolism (Karim et al., 2023). These two branches work in balance
to coordinate and control physiological activities (Olshansky et al.,
2022; Salamon et al., 2023).

The heart receives dual innervation from both systems.
Sympathetic nerve fibers, originating from the lateral horn neurons in
the thoracic spinal cord (T1-T5), release norepinephrine, which binds
to myocardial cell receptors, enhancing heart rate, contractility, and
conduction speed, ultimately increasing cardiac output and blood
pressure. Conversely, parasympathetic nerve fibers, originating from
the cardiac vagus nerve in the medulla oblongata, release acetylcholine,
which reduces heart rate, myocardial contractility, and conduction
speed, thereby decreasing cardiac output and blood pressure (Herring
etal,, 2019; Shen and Zipes, 2014; Goldberger et al., 2019).

Under conditions such as coronary insufficiency and elevated
endocardial pressure, the vagus nerve becomes vulnerable to ischemia,
reducing its regulatory control over the ventricular myocardium. This
imbalance heightens sympathetic nervous system excitability,
1990).  Elevated
catecholamine secretion and enhanced excitability of f1-adrenergic

facilitating ~ arrhythmogenesis  (Schomig,
receptors lead to increased activation of adenylate cyclase, thereby
elevating intracellular calcium ion levels. The electrical current
generated by sodium-calcium exchange mechanisms may contribute
to ectopic activity, indicating a possible association between
autonomic nervous system dysfunction and systolia ectopica.
Hasdemir reports that high-frequency stimulation of the pulmonary
artery during continuous dopamine infusion can induce ventricular
premature beats and even ventricular tachycardia, which is
characteristic of right ventricular outflow tract origin, in healthy
volunteers (Hasdemir et al., 2009).

Cardiac autonomic nervous dysfunction exacerbates, leading to
increased atrial wall tension and sympathetic nerve excitation. This
results in enhanced atrial myoregulation, induction of atrial
premature, and an increase in triggering activity. Additionally,
parasympathetic nerve excitation predisposes the formation of
reentrant circuits, thereby providing a substrate for the initiation of
atrial fibrillation. Furthermore, catecholamine-induced inflammatory
environments promote macrophages to release nerve growth factor,

Frontiers in Neuroscience

10.3389/fnins.2025.1595253

which regulates cardiac sympathetic nerve remodeling through p1
receptors on macrophages (Lyu et al., 2020). ANS remodeling in atrial
fibrillation primarily involves excessive innervation and sprouting of
both sympathetic and parasympathetic nerves.

Over the past two decades, research into the ANS’s role in cardiac
regulation has grown, establishing neural circuits between the heart
and central nervous system and identifying key targets for therapeutic
interventions. These advancements have spurred the development of
multidisciplinary neural regulation techniques, including electrical,
magnetic, acoustic, optical, and thermal methods (Stavrakis et al.,
2015; Markman et al., 2020; Xiang et al., 2023; Sato et al., 2020; Zhong,
2006; Sun et al., 2022). While some techniques have entered critical
stages of clinical translation, many ANS modulation strategies remain
in preclinical development or face challenges in progressing to
clinical trials.

Although the role of the autonomic nervous system in the
occurrence, maintenance, and treatment of arrhythmias has been
extensively investigated, existing studies remain highly fragmented.
Moreover, reviews in this domain frequently lack objective visual data
support and are overly reliant on researchers’ subjective interpretations
of the disciplinary framework. This reliance on researcher perspectives
leads to heterogeneity and limits the ability to perform comprehensive
analyses of the research landscape, identify hotspots, and delineate
emerging frontiers. Therefore, a comprehensive examination and
critical review of scientific literature in the field of autonomic function
related to arrhythmic diseases is indispensable.

This study leverages bibliometric analysis to systematically
evaluate publications on autonomic nervous function in arrhythmia
over the past two decades (2004-2024). The primary objectives include:

1. To reveal research trends: By conducting a quantitative analysis
of annual publications, core literature, key journals, and leading
institutions, a systematic and comprehensive knowledge
framework was established. This enhances the understanding
of the current scientific foundation, clarifies the distribution of
research outcomes, and identifies the developmental stage of
this field,
resource allocation.

thereby providing a basis for future

2. To identify key hotspots: Through keyword co-occurrence
analysis and the mapping of research hotspots over time, the
current focal areas of research can be objectively determined,
minimizing the subjective bias inherent in traditional reviews
and offering potential new research directions for new scholars
to the field.

3. To optimize scientific research collaboration: By analyzing the
international cooperation network, the limitations of existing
collaborations are exposed, facilitating the breaking down of
disciplinary barriers and promoting cross-regional and
interdisciplinary communication and cooperation.

2 Methodology and materials
2.1 Research method: bibliometrics
Bibliometrics, which emerged as an independent discipline in

1969 (Pritchard, 1969; Chen et al., 2024), is widely used to describe,
evaluate, and predict research trends and hotspots in specific fields
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(Kaplan, 1973). This method focuses on the system and characteristics
of published literature, employing techniques from mathematics,
statistics, and other fields to conduct comprehensive analyses of the
distribution structure, quantitative relationships, and evolving
patterns within a particular domain. Additionally, bibliometric
analysis uses various indicators to assess both the quality of the
literature and the current state of research in that field (Chen C. et al.,
2014; Pan et al.,, 2024). Bibliometrics offers a rigorous approach to
analyzing large volumes of scientific information, utilizing quantitative
data from citation databases on specific topics. These data include
details about authors, keywords, publishing institutions, countries,
and distribution trends. With the aid of modern computational tools,
bibliometric analysis is often supplemented by graphical and visual
representations, which enhance data interpretation and make the
results more accessible and comprehensive.

Various software tools are available for bibliometric analysis, such
as CiteSpace, VOSviewer, and R language. Among these, CiteSpace is
an information visualization software developed by Dr. Chaomei
Chen at Drexel University in the United States, using Java
programming language (Chen, 2005). It supports multiple data
formats, features an interactive interface, and includes various analysis
algorithms. Using multidimensional, temporal, and dynamic citation
analysis techniques, CiteSpace can create a variety of rich and visually
appealing maps that provide abundant information and have been
widely applied in the field of information science both domestically
and internationally (Chen, 2017). VOSviewer, developed by Van Eck
and Waltman (2009), builds and displays the structure, evolution, and
relationships of a knowledge domain based on “network data”
relationships. It is known for its simple mapping and strong graphical
presentation capabilities. R language, an open-source software widely
used in the statistical field, can not only analyze bibliometric data but
also further process and analyze information extracted from CiteSpace
and VOSviewer results to generate statistical charts according to
research needs.

This study employed the bibliometric analysis tools CiteSpace
(6.3.3, 32-bit), VOSviewer (6.19), and R (4.4.1) with the “bibliometrix”
in-depth
comprehensively examine and interpret the research theme.

package,’ combined with literature analysis, to

2.2 Data retrieval

This study selected the Web of Science Core Collection (WOSCC)
as the data source, specifically utilizing indexes from the Science
Citation Index Expanded (SCIE) and the Social Science Citation Index
(SSCI). The WOSCC dataset was chosen for bibliometric analysis due
to its comprehensive nature, with citation reference information
readily available for analysis (Chen, 2015). Furthermore, the dataset
from WOSCC can be directly processed using mainstream
bibliometric software such as CiteSpace and VOSviewer (Gaviria-
Marin et al., 2018), eliminating the need for format conversion. This
is essential for ensuring the integrity of knowledge mapping
and analysis.

1 https://www.bibliometrix.org

Frontiers in Neuroscience

10.3389/fnins.2025.1595253

To enhance the comprehensiveness and accuracy of the data
retrieval, a search strategy combining MeSH (Medical Subject
Headings) terms and free keywords was employed (Table 1). Keyword
merging incorporated synonyms, aliases, and both singular and plural
forms to ensure high-quality results. The retrieval period spanned
from January 1, 2004, to December 31, 2024. The document types
selected for inclusion were Articles and Review Articles. The
preliminary search yielded a total of 4,406 journal papers, including
3,407 original research articles and 999 review articles. The initial data
screening process is outlined in Table 1.

TABLE 1 Summary of data source and selection.

Category Specific standard requirements

Research database Web of Science Core Collection

Citation indexes SSCI, SCIE

Searching period 1st January 2004 to December 31th 2024
Language English
Searching keywords [TS = (“Arrhythmia*” OR “Arrythmia*” OR

“Cardiac Arrhythmia*” OR “Cardiac
Dysrhythmia*” OR “Sinus Arrhythmia*” OR
“Sinoatrial Arrhythmia*” OR “Atrial
Fibrillation*” OR “Auricular Fibrillation*” OR
“Persistent Atrial Fibrillation*” OR “Familial
Atrial Fibrillation*” OR “Paroxysmal Atrial
Fibrillation*” OR “Atrial Flutter*” OR
“Auricular Flutter®” OR “Bradycardia*” OR
“Bradyarrhythmia*” OR “Extrasystole*” OR
“Premature Beat*” OR “Premature Cardiac
Complex*” OR “Premature Cardiac
Complices” OR “Ectopic Heartbeat™” OR
“Heart Block*” OR “Auriculo-Ventricular
Dissociation*” OR “Auriculo Ventricular
Dissociation*” OR “A-V Dissociation*” OR “A
V Dissociation*” OR “Atrioventricular
Dissociation®” OR “Long QT Syndrome” OR
“Electrocardiogram QT Prolonged” OR
“Parasystole” OR “Tachycardia*” OR
“Tachyarrhythmia*” OR “Ventricular
Fibrillation*” OR “Ventricular Flutter*”)]
AND TS = (“Autonomic Nervous System*” OR
“Vegetative Nervous System*” OR “Visceral
Nervous System*” OR “Parasympathetic
Nervous System*” OR “Sympathetic Nervous
System*” OR “Vagus Nerve*” OR
“Pneumogastric Nerve*” OR “Tenth Cranial
Nerve*” OR “Cranial Nerve X” OR “Nerve X*”
OR “Nervus Vagus”)

Document types Articles, Review Articles

Data extraction Export with full records and cited references in

plain text format

Sample size 4,406 (Before manual screening)
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2.3 Literature screening

The focus of this study is on the development of the autonomic
nerve system in relation to arrhythmia. Therefore, the core research
topic of all included literature must be closely aligned with both
arrhythmia and the autonomic nervous system. To ensure that the
literature included in the analysis was directly relevant to the study’s
topic, a manual screening process was conducted following the
initial literature retrieval to exclude articles that were not closely
related. This process helped to determine the final set of articles
for analysis.

The manual screening was performed in two stages. First, articles
that were unrelated to the research topic were excluded based on
their titles and abstracts. Following this initial screening, 1,625
articles were retained. This step was carried out by two members of
the research team. Second, to ensure precise alignment with the
research topic, three team members conducted a detailed full-text
the
Supplementary Table 1, 1,383 articles were ultimately selected for the

review. Based on inclusion criteria outlined in

final analysis, following the complete screening process as depicted
in Figure 1.

10.3389/fnins.2025.1595253

2.4 Data standardization

In raw data exported from scientific databases, the same terms are
often expressed in multiple ways. If these synonymous expressions are
not addressed in bibliometric analysis, they can skew the results of the
study (Nguyen and Hallinger, 2020). For instance, an author might
be listed as both “Esler, Murray” and “Elser, Murray D.,” and keywords
may appear as “pulmonary vein isolation” and “pulmonary veins
isolation,” which should typically be merged. Therefore, before
analyzing the screened literature, a data disambiguation process is
necessary to standardize the data (Strotmann and Zhao, 2012; Van Eck
and Waltman, 2019).

This study followed the data standardization process outlined in
previous research (Taskin and Al, 2019) and performed the
following steps:

1. The author and source fields were corrected and unified. If the
same name appeared for different authors, a distinguishing
identifier was added.

2. A check was conducted to identify whether any journals listed
in the literature had undergone renaming in the past two

Identification and screening of studies via databases
Records identified from Web of
g Science database according Records removed before screening:
= to retrieval methods: Duplicate records removed
= Web of Science (n = 44006) (n=12)
=
=
D
=
I—
Number of records after removing Records filtered based on title and

duplicates (n=4394) abstract (n = 2769)
)
=
=
v
o
# v . o

. . Screening out records with irrelevant
Records included in this research . .
R . R or low correlation between the subject
after browsing the full-text —> .
matter and the search subject
(n=1625)
(n=242)
=
U
= Document
E Records of studies included in details Article: 1044 papers
review (n= 1383) Review: 339 papers
FIGURE 1
Flowchart for including studies to review.
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decades, to avoid any potential impact of journal name changes
on the analysis results.

3. The keyword field was standardized by unifying parts of speech
and singular/plural forms, thereby reducing meaningless
repetition in the knowledge map.

3 Performance analysis
3.1 Time trend of the publications

From January 1, 2004, to December31, 2024, a total of 1,383
publications were retrieved from the WOSCC database (Figure 2A).
The number of publications exhibited an overall upward trend,
peaking in 2024 with 99 papers published. The annual growth rate of
publications from 2004 to 2024 was 6.52%, and the cumulative
number of publications followed a second-degree polynomial
distribution (y = 68.779x - 159.48, R* = 0.9826). The average citation
rate per paper from 2004 to 2024 was 3.31, with the peak citation rate
occurring in 2007 at 5.95 (Figure 2B). Figure 2C presents the
references, journal count, and other statistical information for the
publications included in this study.

3.2 Quantitative analysis of countries/
regions

A total of 66 countries/regions contributed to the global scientific
output in this study (Figure 3A). The top 10 countries/regions by
publication output are listed in Table 2. Among them, the United States
(n=589), Germany (n=119), and the China (n = 114) ranked first,
second, and third, respectively. The United States (Betweenness
Centrality, BC=0.58), the United Kingdom (BC=0.24), Italy
(BC =0.16), and Germany (BC = 0.15) are the four central nodes in the
network (Figure 3A). Figure 3B illustrates the extensive collaborations
between the United States and Europe, China, and Canada. Figure 4A
depicts the annual publication trends for the top 10 countries, with the
peak number of publications occurring in 2021 for most countries.

3.3 Quantitative analysis of institutions

A total of 459 institutions contributed to the publications in this
study. The top 10 institutions by number of publications are listed in
Table 3. The University of California System leads with 99 papers,
followed by University of California, Los Angeles with 41 papers, and
theVrije Universiteit Amsterdam with 40 papers. Network
visualization reveals three central institutions: Harvard University
(Betweenness Centrality, BC = 0.12), the University of California
System (BC = 0.12), and the Mayo Clinic (BC =0.11) (Figure 5A).
Figure 4B presents the annual publication trends of the top five
institutions over time, with peak publication numbers occurring
between 2017 and 2022. Figure 5B illustrates the cross collaborations
among the top 20 countries, institutions and authors. It is evident that
the most prominent research activity is concentrated in the
United States and Europe.
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3.4 Quantitative analysis of journals

A total of 574 journals contributed to global publications in this
study (Figure 1C). Figure 6A presents the top 10 journals based on
the number of publications, with most showing rapid growth since
2010 (Figure 6B). Among the top 10 journals, the Journal of
Cardiovascular Electrophysiology leads with 37 publications,
followed by Heart Rhythm (n = 30) and Frontiers in Physiology
(n =29). According to Bradford’s Law, the 574 journals are divided
into three zones: Zone 1 consists of 30 core journals (Figure 6C;
Table 4; Supplementary Table 2).

3.5 Quantitative analysis of subject
categories

CiteSpace identified 105 research categories (Figure 7A). The top
three categories with the highest publication counts are Cardiac &
Cardiovascular Systems (n =395), Neuroscience (n=272), and
Psychology (n = 190) (Table 5). The network visualization reveals 12
central nodes, with the top four being Neuroscience (BC = 0.54),
Psychology (BC = 0.20), Psychiatry (BC=0.18), and Physiology
(BC = 0.18). Figure 4C illustrates the annual publication trends for the
top 10 categories, showing that peak output for most categories
occurred in 2021-2024.

3.6 Quantitative analysis of research
themes

Figure 7B illustrates the progression of research themes over the
past 20 years, divided into 5-year intervals. From 2004 to 2008, there
were 22 distinct research themes. Between 2009 and 2013, the number
of themes narrowed to 8, including topics such as autonomic nervous
system, heart rate variability, syndrome, chronic orthostatic
assessment, and atrial fibrillation stimulation. During this period, new
themes emerged, including respiratory sinusarrhythmia, sudden death
risk, and endurance personality athletes, replacing some of the
earlier themes.

From 2014 to 2018, these themes continued to evolve, with a
primary focus on the autonomic nervous system. Additionally,
research on parasympathetic reactivity to stress expanded rapidly. In
the most recent period, 2019-2024, only two prominent themes
remained. The autonomic nervous system continues to be a significant
and widely explored area, while cardiac atrial fibrillation appears to
be a area that may be in the process of declining research interest. The
keyword timeline visualization map (Figure 8C) clearly illustrates
this trend.

It is important to note that the R bibliometric theme evolution
tool may not fully capture the intrinsic connections between themes
within the same period, or these connections may be relatively weak.
However, this does not negate the existence of internal relationships.
Supplementary Figures 1-4 offer additional clarification for
Figure 7B.
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FIGURE 2
(A) Annual and cumulative global research publications of Autonomic Nervous System Research in Arrhythmia from 2000 to 2024. (B) Average
citations per publication per year from 2000 to 2024. (C) Additional statistics on publications of Autonomic Nervous System Research in Arrhythmia
from R bibliometrix.

3.7 Quantitative analysis of references

This study involved 57,013 references (Figure 1C). References
with high burst strength often have a greater impact on subsequent

Frontiers in Neuroscience

research and scientific output. The top three references in terms of
burst strength are Heart Rate Variability (burst strength = 15.12)
(Shaffer and Ginsberg, 2017), Autonomic Nervous System (burst
strength = 12.82) (Shen and Zipes, 2014), and Renal Sympathetic
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TABLE 2 Top 10 productive Countries/Regions of Autonomic Nervous
System Research in Arrhythmia, ranked by the number of publications.

Ranking Country/ Count Percentage BC
region

1 United States 589 42.59% 0.58
2 Germany 119 8.60% 0.15
3 China 114 8.24% 0
4 United Kingdom 110 7.95% 0.24
5 Italy 105 7.59% 0.16
6 Netherlands 88 6.36% 0.07
7 Japan 85 6.15% 0.06
8 Canada 73 5.27% 0.05
9 Australia 53 3.83% 0.03
10 Brazil 44 3.18% 0.02

(Esler et al., 2010)

Denervation (burst strength = 12.23)
(Figure 9A).

3.8 Quantitative analysis of keywords

A total of 639 keywords were extracted, with no central nodes
identified in the current network (Figure 8A). The top 10 most
frequently occurring keywords are listed in Table 6, with their research
activity peaking between 2021 and 2024 (Figure 4D). The three most
frequent keywords are Autonomic Nervous System (n = 744), Heart
Rate Variability (n =488), and Respiratory Sinus Arrhythmia
(n=311).

These 639 keywords are grouped into 7 clusters (Figure 8B;
Supplementary Table 3), with the clustering results demonstrating
strong reliability and credibility (modularity score, Q = 0.4037;
silhouette score, S = 0.7536). The two most active clusters are Cluster
0 (Respiratory Sinus Arrhythmia) and Cluster 1 (Atrial Fibrillation),
each containing more than 100 keywords. The keyword timeline

Frontiers in Neuroscience

visualization highlights the evolution of research trends over time
(Figure 8C).

Initially, the research focus centered on Atrial Fibrillation and
Heart Rate Variability. However, it has since shifted to emerging fields
such as Psychopathology, Autonomic Regulation Therapy, and areas
related to Psychosocial Development in Childhood. By detecting
sharp bursts in keyword frequency over short periods, this study
identifies emerging research hotspots and frontiers (Wang et al.,
2024). Figure 9B presents the top 25 keywords ranked by
burst strength.

4 Discussion and implications

4.1 Analysis of the geographical
distribution of publications

4.1.1 Global academic landscape in autonomic
nervous system research

The top 10 countries/regions and institutions contributing to
research on autonomic nervous system (ANS) function predominantly
belong to the Americas, Europe, and Asia. With the exception of
China and Brazil, these countries are all developed nations,
emphasizing the correlation between economic power and academic
output. Developed countries and high-level institutions possess
significant advantages and influence in this field, with the United States
leading in academic contributions and Europe following closely. This
dominance highlights the substantial academic influence of
these regions.

This geographical distribution aligns with observations from
organizations such as the American Autonomic Society, the
American Academy of Neurology, and the International Federation
of Clinical Neurophysiology, which have jointly published
guidelines on the electrodiagnostic assessment of the ANS
(Cheshire et al., 2021). To advance research and integrate findings
into clinical practice, these organizations, along with the
International Society for Autonomic Neuroscience and the
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FIGURE 4
(A) Annual fluctuations in academic output for the high-productivity 884 countries/regions (top 10), (B) high-productivity institutions (top 5),
(C) highfrequency 885 research categories (top 10), and (D) highfrequency keywords (top 10) from 2000 to 2024.

European Federation of Autonomic Societies, have facilitated
international collaboration and reached consensus on definitions
of autonomic disorders and methods for ANS testing (Cheshire
et al., 2021; Zhao and Jin, 2017; Gibbons et al., 2014; Freeman
etal., 2011).

4.1.2 Historical milestones and notable
contributions

The United States has maintained a leading role in ANS research,
excelling in both academic achievements and clinical applications. For
example, Figure 3A illustrates early U.S. contributions, such as the
1949 study conducted at the Presbyterian Hospital of New York, titled
“Autonomic Effects on Stimulating Rostral Portion Cingulate Gyri in

” (Pool and Ransohoff, 1949).

In 2004, cardiologists from the San Raffaele Hospital in Milan,
Italy, reported that pulmonary vein denervation enhances the long-
term benefits of circumferential ablation for paroxysmal atrial
fibrillation. This finding linked reduced vagal tone with the success of
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circumferential pulmonary vein ablation (CPVA) in preventing
arrhythmias (Pappone et al., 2004).

Further advancements came from Roy Freeman at Harvard
Medical School
cardiovascular autonomic function. Freeman highlighted the ANS’s

in 2006, who reviewed the assessment of

critical role in arrhythmias, sudden cardiac death, sleep disorders,
hypertension, obesity, and other conditions. His work clarified the
clinical implications of ANS dysfunction and proposed directions for
its clinical assessment (Freeman, 2006).

Psychological research has also significantly contributed to this
field, with studies addressing mental disorders, cognitive impairments
(Agelink et al., 2002; Pham et al,
etal., 2022).

2021), and parenting (Alen

4.1.3 Impact of the COVID-19 pandemic

The COVID-19 pandemic has emerged as a significant factor
influencing ANS research. Infection with COVID-19 exacerbates
autonomic dysfunction in many patients (Pan et al., 2021). This
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TABLE 3 Top 10 productive institutions of Autonomic Nervous System
Research in Arrhythmia, ranked by the number of publications.
Institution =~ Count

Ranking Percentage @ BC

1 University of 99 7.16% 0.12

California System

2 University of 41 2.96% 0.03
California Los

Angeles

3 Vrije Universiteit 40 2.89% 0.07

Amsterdam

4 Harvard 38 2.75% 0.12

University

5 University 36 2.60% 0.07

System of Ohio

6 University of 29 2.10% 0.02
California San

Francisco

7 Indiana 28 2.02% 0.06
University

System

8 David Geffen 27
School of

1.95% 0.02

Medicine at
UCLA

9 Pennsylvania 25 1.81% 0.01

Commonwealth

System of Higher
Education

(PCSHE)

10 Mayo Clinic 24 1.74% 0.11

period also marked a surge in publications, with 2021 recording
the highest number. Most of the top 10 countries/regions in terms
of academic output experienced a significant increase in
publications during this time, underscoring the pandemic’s impact
on the field.

4.1.4 Challenges and opportunities for
underdeveloped regions

Global academic output reveals a pronounced regional
distribution. Factors such as inadequate research funding, weak
infrastructure, limited collaboration, and lack of confidence hinder
the academic competitiveness of underdeveloped countries/regions.
Without disruptive events, the academic influence of developed
nations remains robust.

However, globalization and healthcare expansion offer promising
opportunities. Cross-national and cross-institutional collaborations
between developed and underdeveloped regions are expected to
increase, fostering knowledge transfer and innovation. These
collaborations can help underdeveloped regions overcome existing
challenges, enhancing their contributions to the field of autonomic
nervous system research.
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4.2 Overview of knowledge maps and
research hotspots

The evolution of research themes in autonomic nervous function
among arrhythmia patients reflects a dynamic and progressive
process. To better analyze these changes, the timeline has been divided
into four periods:

A. January 2004-December 2008
B. January 2009-December 2013
C. January 2014-December 2018
D. January 2019-July 2024

The keyword networks for each period were analyzed to
understand the shifting focus of research and the maturing
understanding of the field.

4.2.1 2004-2008: fragmented beginnings
During this initial phase, the volume of research was relatively
low. Key areas of focus included:

A. The pathophysiology of heart failure (Fox et al, 2007;
Olshansky et al., 2008).

B. Cardiac autonomic dysfunction caused by diabetes (Boulton
et al., 2005; Maser and Lenhard, 2005).

C. The effects of emotional and psychological factors on cardiac
autonomic modulation (Carney et al., 2005; Meerlo et al., 2008;
Bensafi et al., 2003).

Research was largely fragmented, with topics ranging from
descriptive studies to preliminary investigations of mechanisms.
Keywords such as sympathetic nervous system (Kario, 2004), atrial
fibrillation (Lérincz et al., 2008), and aggression (Dodge, 2006), etc.,
reflecting a nascent understanding of the field.

4.2.2 2009-2013: focused exploration
This period marked a reduction in the breadth of research themes,
with a stronger focus on specific topics, including:

A. Arrhythmia and respiratory sinus arrhythmia (Numata
etal., 2013).

B. The regulatory role of the autonomic nervous system during
endurance exercise (Fiirholz et al., 2012).

New keywords emerged, such as sudden cardiac death (Billman,
2009), cortisol (Schumacher et al., 2013), and ion channels (Volders,
2010), indicating a deeper dive into specialized areas. This trend
reflects a shift from broad overviews to focused investigations.

4.2.3 2014—-2018: critical exploration phase

The number of annual publications during this phase suggests that
research on autonomic nervous function in arrhythmias entered a
critical exploration stage. Key developments included:

A. Refinement of disease-specific insights: Research became more

detailed, exploring autonomic changes in various disease states.
Studies highlighted topics such as reducing inflammatory
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FIGURE 5

(A) Institution network visualization produced using CiteSpace, revealing 1,219 links spanning across 459 institutions worldwide. (B) Interconnections of

the top 20 high productivity countries/regions, institutions and authors.

responses through autonomic balance (Koopman et al., 2017)
and the harmful effects of tobacco smoke exposure on the
autonomic nervous system (Middlekauff et al., 2014).

. Mechanisms of autonomic activation in arrhythmias: Studies
delved into the role of autonomic activation in triggering
arrhythmias and its potential anti-arrhythmic effects.
Researchers identified specific autonomic triggers and their

Frontiers in Neuroscience 10

impact on cardiac electrophysiology (Shen and Zipes, 2014;
Chen P. et al., 2014).

Adolescents and mental health: The scope of research expanded
to include the autonomic nervous function of adolescents,
particularly its relationship with depressive symptoms, anxiety
(Dieleman et al., 2014), suicide (Koenig et al., 2015), and
internet addiction (Kim et al., 2016). This phase also explored
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TABLE 4 Thirty core source journals in zone 1 according to Bradford's

law.
Ranking Journal Count
1 Journal of Cardiovascular 37
Electrophysiology
2 Heart Rhythm 30
3 Frontiers in Physiology 29
4 Autonomic Neuroscience- 26
Basic and Clinical
5 Developmental 23
Psychobiology
6 Biological Psychology 21
7 Clinical Autonomic Research 20
8 Psychophysiology 20
9 American Journal of 18
Physiology-Heart and
Circulatory Physiology
10 International Journal of 17
Cardiology
11 International Journal of 17
Psychophysiology
12 Psychosomatic Medicine 16
13 Neuroscience and 15
Biobehavioral Reviews
14 Development and 13
Psychopathology
15 Plos One 13
16 Annals of Noninvasive 12
Electrocardiology
17 Frontiers in Neuroscience 12
18 Frontiers in Cardiovascular 11
Medicine
19 Journal of Clinical Medicine 11
20 Journal of Interventional 11
Cardiac Electrophysiology
21 Circulation-Arrhythmia and 10
Electrophysiology
22 Developmental Psychology 10
23 Hypertension 10
24 Journal of Applied 10
Physiology
25 Pace-Pacing and Clinical 10
Electrophysiology
26 American Journal of 8
Physiology-Regulatory
Integrative and Comparative
Physiology
27 Circulation Research 8
28 Journal of Physiology- 8
London
(Continued)
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TABLE 4 (Continued)

29 Journal of the American 8

Heart Association

30 Kardiologiya 8 ‘

underlying factors (Hu et al., 2016) and potential interventions
(Yaroslavsky et al., 2016).

4.2.4 2019-2024: maturation and refinement

The volume of publications continued to grow, and research
themes matured further. Notable influences and developments during
this period included:

A. Impact of the COVID-19 pandemic (2020-2022): The
pandemic accelerated research in autonomic dysfunction.
Studies demonstrated that enhanced sympathetic nerve activity
during SARS-CoV-2 infection, combined with hypoxemia,
increased cardiac workload. This mismatch in oxygen supply
and demand led to arrhythmogenic substrate release (Del Rio
et al., 2020). Additionally, autonomic dysfunction emerged as
a potential contributor to post-COVID-19 syndrome
symptoms such as fatigue, palpitations, and cognitive
impairment (Dani et al., 2020; Dotan et al., 2022).

B. Specialization of research topics: Research themes became
more specific. For instance, the keyword autonomic nervous
system diseases evolved into more detailed terms like postural
orthostatic tachycardia syndrome (Mueller et al., 2023). New
elements such as psychophysiology and cardioneuroablation
(Pachon-M et al., 2020) also gained prominence.

These trends reflect a deeper and more nuanced understanding of
autonomic nervous function, signaling the maturation of the field.

4.3 Analysis of future trends and
implications

4.3.1 Advancements in understanding autonomic
nervous function and arrhythmias: a 20-year
perspective

Over the past two decades, research on autonomic nervous
function in arrhythmia patients has centered on the mechanisms and
assessment of autonomic nervous imbalance. A major development
has been the widespread use of Heart Rate Variability (HRV) as a
non-invasive method to evaluate autonomic nervous system (ANS)
activity. HRV analyzes the variability between successive heartbeats in
sinus rhythm, reflecting the regulatory effects of the ANS on cardiac
rhythm and its correlation with physiological states. Notably, reduced
HRV has been established as a predictor of increased all-cause
cardiovascular and/or arrhythmic mortality (Sztajzel, 2004). The
evolution of research topics depicted in Figure 7B indicates a declining
trend in HRV research, thereby highlighting the necessity to develop
more reliable indicators for assessing autonomic function.

Heart rate turbulence (HRT) (Schmidt et al., 1999), which reflects
the rapid autonomic nervous system modulation following ventricular
premature beats, has been confirmed to predict the mortality rate of
myocardial infarction (Bauer et al., 2005). In contrast, HRT observed
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FIGURE 7 (Continued)

Pharmacology and Pharmacy (BC = 0.11), Pediatrics (BC = 0.11), Biochemistry and Molecular biology (BC = 0.11), Zoology (BC = 0.11). (B) R
bibliometrics-thematic evolution tool traces the progression of research themes in the realm of Autonomic Nervous System Research in Arrhythmia,
spanning from 2004 to 2024. The time segmentation points were established in 2008, 2013, and 2018.

TABLE 5 Top 10 productive subject categories of Autonomic Nervous
System Research in Arrhythmia, ranked by the number of publications.

Ranking Subject Count BC Year
category
1 Cardiac and 395 0.12 2004
Cardiovascular
Systems
2 Neurosciences 272 0.54 2004
3 Psychology 190 0.20 2005
4 Physiology 152 0.18 2004
5 Psychiatry 82 0.18 2004
6 Medicine, General 68 0.10 2006
and Internal
7 Peripheral 68 0.04 2004
Vascular Disease
8 Behavioral 66 0 2004
Sciences
9 Pharmacology and 50 0.11 2004
Pharmacy
10 Medicine, 46 0.17 2004
Research and
Experimental

after atrial premature beats (Lindgren et al., 2003) differs from that
seen after ventricular premature beats, potentially being more
influenced by the vagus nerve.

The integrated physiological theory of respiratory sinus
arrhythmia highlights respiration as a primary factor influencing
cardiovascular variability, including heart rate, blood pressure, and
sympathetic nervous tension. Normal respiratory cycles involve minor
accelerations and decelerations of heart rate, regulated by the
combined actions of the sympathetic and parasympathetic nervous
systems (Grossman et al., 2004).

4.3.2 ANS, inflammation, and gut microbiota

Inflammatory responses, immune dysregulation, and gut
microbiota alterations significantly affect ANS function. Dysbiosis in
gut microbiota and the accumulation of harmful metabolites are
linked to excessive sympathetic activation, increased norepinephrine
release, platelet aggregation, macrophage recruitment, and foam cell
formation, leading to atherosclerosis, myocardial ischemia, and
ventricular fibrillation (Allison and Ditor, 2014; Bellocchi et al., 2022;
Hinterdobler et al., 2021).

Recent studies suggest that gut microbes such as Enterococci and
Escherichia coli produce H2S, a gaseous neurotransmitter that influences
the sympathetic nervous system, cardiovascular system, and immune
system (Ayaz and Zubcevic, 2020). Modulating gut microbiota and its
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metabolites offers a promising approach to managing ANS dysfunction
and related cardiovascular diseases. However, the complexity of the gut
microbiome necessitates further studies to optimize beneficial microbiota
manipulation while minimizing adverse food-microbiota interactions.

4.3.3 Emotional regulation and wearable
technologies

Research has increasingly explored the intersection of emotional
regulation and ANS activity, revealing that prolonged activation of the
“defense-alert” response, linked to cognitive fixation (e.g., worry and
rumination), is a significant contributor to autonomic imbalance
(Ottaviani et al., 2015). HRV serves as an indicator of the activity and
balance of ANS, as well as its capacity to respond to internal and
external stimuli. This metric can effectively reflect an individuals
emotional regulation ability.

In addition to HRV, Figure 9B illustrates electrodermal activity
(EDA), a rapidly expanding field of research. EDA involves recording
autonomic nervous system functional activity via surface-based
signals of autonomic nervous activity, providing an objective measure
of cognitive-emotional arousal and the autonomic regulation of sweat
glands in the skin (Shah et al., 2021; Grasser et al., 2022). The
non-invasive and convenient nature of EDA detection offers a robust
theoretical foundation for the development of wearable devices aimed
at monitoring emotions, mental health, and autonomic nervous
activity, showcasing broad application potential (Yu et al., 2019; Dark
etal., 2022).

4.3.4 Innovative therapeutic approaches

New perspectives in the treatment of arrhythmias involve
modulation of the ANS. Vagus nerve stimulation (VNS), approved by
the FDA for refractory depression, has shown efficacy in reducing
ventricular arrhythmias and improving cardiac function post-
myocardial infarction (Chen et al., 2023). Similarly, Low-Intensity
Focused Ultrasound (LIFU) targeting the dorsal anterior cingulate
cortex (dACC) has been effective in alleviating pain perception and
modulating cardiac autonomic responses (Strohman et al., 2024).

Low-Intensity Ultrasound Modulation applied to cardiac
sympathetic ganglia has shown promise in inhibiting sympathetic
activity and reducing ventricular arrhythmias (Wang et al., 2020).

Low-level transcutaneous vagus nerve stimulation (T-VNS) has
been demonstrated to elicit both antiadrenergic and anticholinergic
effects (Sha et al, 2011), thereby prolonging the effective atrial
refractory period. Furthermore, it attenuates the activity of the cardiac
autonomic nervous system, interrupting the pathological cycle
induced by excessive activation of this system and associated atrial
remodeling (Yu et al., 2011). As a result, T-VNS serves as an effective
intervention for inhibiting the onset of atrial fibrillation (Stavrakis
etal., 2015).

The ganglionated plexi (GP), located within the epicardial fat
pad, serve as a critical interface between the endogenous and
exogenous components of the cardiac autonomic nervous system.
Ablation of the GP reduces variability in the effective atrial refractory
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A Top 25 References with the Strongest Citation Bursts

Publication  Publication

Title First author Journal
type
Pulmonary Vein Denervation Enhances Long-Term Benefit After
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Top 25 Keywords with the Strongest Citation Bursts

'Keywords Count Centrality [ Year Strength Begin
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(A) Top 25 references with the strongest citation bursts, including information on first authors, journals, and publication types, arranged in ascending
order based on burst time. (B) Top 25 keywords with the strongest citation bursts, including information on count, centrality (considered here as BC),

and year, arranged in ascending order based on burst time.
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TABLE 6 The top 10 keywords with the highest frequency in of
Autonomic Nervous System Research in Arrhythmia.

Ranking ‘ Keyword ‘ Frequency ‘ BC ‘ Year

1 Autonomic 744 0.05 2004
nervous system
2 Heart rate 488 0.06 2004
variability
3 Respiratory sinus 311 0.09 2004
arrhythmia
4 Atrial fibrillation 260 0.07 2004
5 Sympathetic 191 0.08 2004
nervous system
6 Blood pressure 141 0.10 2004
7 Heart rate 136 0.08 2004
8 Heart failure 112 0.07 2007
9 Parasympathetic 93 0.05 2007
nervous system
10 Catheter ablation 84 0.04 2006

period and diminishes the incidence of pulmonary vein-induced
atrial fibrillation (Lemola et al., 2008). It not only enhances the safety
and efficacy of atrial fibrillation ablation procedures (Pokushalov
etal,, 2010), but also provides substantial clinical benefits for treating
atrial fibrillation in patients with concurrent bradycardia (Hada et al.,
2018). Performing a “burst detection” analysis of keywords, Figure 9B
indicates that research on ganglionated plexi ablation has experienced
rapid growth over the past 5 years. This suggests that GP ablation
holds significant clinical application potential as a novel treatment
for ANS.

Stellate ganglion blockade (SGB) provides a reversible block of the
sympathetic nerves innervating the heart, thereby modulating
autonomic nervous dysfunction induced by heightened sympathetic
activity and ameliorating the imbalance between sympathetic and
vagal tone. This intervention produces an effect analogous to that of
beta-blockers (Fudim et al., 2016) and may serve as a therapeutic
option for arrhythmias, including ventricular tachycardia (Cardona-
Guarache et al., 2017).

4.3.5 Electroimmunology: bridging
electrophysiology and immunology

Damage to the cardiac ANS alters immune cell distribution,
phenotype, and function. Neurons release neurotransmitters,
neuropeptides, and cytokines that modulate immune cells, while
immune imbalances affect ANS morphology and functionality.
Immune cells also influence myocardial electrophysiology through ion
channels and gap junctions, participating in arrhythmogenic processes.

The of
electrophysiology and immunology, providing a framework for

emerging field electroimmunology  bridges
understanding immune mechanisms in arrhythmias (Grune et al,,
2021). Targeting neuroimmune crosstalk represents a promising
strategy for arrhythmia treatment, underscoring the potential for
therapies that integrate insights from both domains.
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5 Conclusions, limitations, and
prospects

5.1 Conclusions and future research

5.1.1 Global trends and future directions in
research on autonomic nervous function in
arrhythmias (2004-2024)

This study employed bibliometric methods to systematically
collect and analyze global research on autonomic nervous function
in arrhythmias from 2004 to 2024. By visualizing trends in publication
volume, research activity by countries and institutions, prominent
journals, influential references, and keyword networks, the study
offers a comprehensive overview of the field. This approach is
designed to assist scholars in tracing the historical development of
autonomic nervous system research, identifying critical literature,
and clarifying emerging research hotspots. It aims to guide
researchers in identifying future directions and opportunities within
this domain.

5.1.2 Key findings and implications

5.1.2.1 Role of the autonomic nervous system in
arrhythmias

As research has advanced, it has become increasingly evident that
autonomic nervous system imbalance plays a pivotal role in the
pathogenesis of arrhythmias. Through visualization analysis, the study
revealed that the mechanisms underlying arrhythmias involve diverse
biological functions, target genes, and signaling pathways associated
with the autonomic nervous system. This highlights its critical
influence on disease progression and suggests that the autonomic
nervous system could serve as:

A. A biomarker for diagnosing arrhythmias.

B. An indicator for assessing treatment efficacy and prognosis.

C A
arrhythmia management.

potential ~ clinical  intervention  target  for

5.1.2.2 Challenges and opportunities in clinical
application

Despite the potential of the autonomic nervous system as a
therapeutic target, significant challenges remain. These include:

A. Understanding mechanisms: The influence of the autonomic
nervous system on arrhythmias involves a multitude of
mechanisms. For instance, neurotransmitters such as

norepinephrine, released into the myocardium during

sympathetic nerve excitation, may enhance the automaticity of

Purkinje fibers and trigger excitability by activating L-type

Ca2 + channels in the inhibitory domain of the Purkinje fiber

K + channel, thereby inducing ventricular arrhythmias

(Ziegelstein, 2007; Pinto, 1999). Additionally, alterations in

sympathetic nerve excitability may serve as one of the

triggering factors for atrial fibrillation (Li et al., 2017), though
its underlying mechanisms remain to be elucidated. The
characteristics of vagal nerve remodeling following myocardial

infarction also warrant further investigation.
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Consequently, researchers need to deepen their understanding of
how the autonomic nervous system functions and contributes
to arrhythmogenesis.

B. Developing accurate evaluation indicators: Currently, HRV, the
most widely used non-invasive indicator for evaluating
autonomic nervous function, is susceptible to interference and
influence from respiratory activity, motor functions, and other
autonomic nervous system-related diseases, thereby limiting its
clinical application to some extent (Tiwari et al, 2021;
Schwerdtfeger et al., 2019). Given the distinct responses of heart
rate behavior to atrial premature beats and ventricular premature
beats, the calculation formula of HRT, a widely utilized indicator
in prognostic assessments for patients with heart disease, requires
corresponding adjustments (Lindgren et al., 2003).

Creating reliable and precise indicators for assessing autonomic

nervous function is essential to advance diagnostic and

therapeutic approaches.

C Designing effective interventions: Autonomic nerve stimulation
has been widely used in the treatment of cardiovascular
diseases. Notably, low-level transcutaneous auricular vagus
nerve stimulation (LL-TaVNS) shows promising potential for
treating cardiovascular and inflammatory conditions. However,
it may cause bradycardia in some cases. To confirm its reliability
and safety for clinical use, further research and large-scale trials
are needed (Zou et al., 2024).

The newly developed hybrid nanogenerator can adjust stimulation
parameters in real-time according to the individual’s physiological
state, automatically deliver stimulation pulses during atrial fibrillation
onset, and establish a closed-loop, self-powered vagus nerve
modulation system to optimize therapeutic efficacy while minimizing
side effects (Sun et al., 2022).

Based on the thermal effect of ultrasound, transcatheter ultrasound
ablation for atrial fibrillation treatment (Lins et al., 2010) and renal
sympathetic nerve ablation for hypertension management (Azizi et al.,
2018; Fengler et al.,, 2019) have been implemented with promising
outcomes. However, long-term efficacy varies significantly among
individuals. Further research is needed to determine the optimal
ultrasound ablation target for future clinical applications.

There is a pressing need to design strategies that regulate autonomic
nervous function with minimal side effects, ensuring safety and efficacy.

5.1.2.3 Emerging strategies for arrhythmia management

Modulation of the autonomic nervous system has emerged as a
promising therapeutic strategy. Successful outcomes in clinical trials—
spanning pharmacological interventions, targeted therapies, and
surgical approaches—indicate significant progress in this area. Key
directions for future development include:

A. Drug development: Medications that effectively modulate
autonomic nervous system activity.

B. Interventional techniques: Innovative, minimally invasive
methods for autonomic nervous system regulation.

Advanced

neuromodulation surgeries tailored to patient-specific needs.

C. Surgical methods: techniques such as
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5.1.3 Conclusion

From 2004 to 2024, the global research landscape of arrhythmic
autonomic function has undergone significant transformation,
offering valuable insights into its pathogenesis and potential
therapeutic applications. Key aspects include:

A. The mechanisms and evaluation methods of ANS regulation
have been central to research efforts. Recent focal areas
encompass psychopathological associations with the ANS and
autoregulatory therapeutic approaches.

B. Future research directions are likely to emphasize the
identification of precise biomarkers for assessing ANS function
and the development of novel modulation strategies, such as
immune dysfunction correction, psychological interventions,
and surgical treatments. This study highlights that GP ablation
represents the most promising ANS intervention strategy,
while EDA serves as a widely potential utilized indicator for
ANS assessment.

C. Despite existing challenges, breakthroughs in the assessment,
treatment, and regulation of arrhythmias via the ANS will
be realized through strengthened basic-clinical collaboration,
enhanced cross-regional and interdisciplinary communication,
as well as integrated research efforts.

5.2 Limitations

This study has certain limitations that must be considered. The
analysis was based exclusively on the core collection of the Web of
Science databases. Consequently, significant documents from other
databases, such as SCOPUS and EBSCO, were not included,
potentially limiting the comprehensiveness of the results. To
provide a more complete understanding of global research trends,
future studies should incorporate a broader range of databases.

Given the extensive number of keywords involved in autonomic
nerve research, a few keywords might be overlooked due to variations
in terminology, incomplete coverage of specialized terms, and other
factors. Therefore, we will focus on continuously refining our retrieval
strategy in the future.

In conclusion, despite its limitations, this study offers valuable and
comprehensive information for researchers and institutions. It
provides a foundation for understanding the developmental trends of
research on autonomic nervous function in arrhythmia and serves as
a reference point for future studies aimed at advancing knowledge and
clinical applications in this field.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

TC: Conceptualization, Writing - review & editing, Methodology,
Data curation, Writing - original draft, Funding acquisition,

frontiersin.org


https://doi.org/10.3389/fnins.2025.1595253
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Chen et al.

Visualization. YY: Writing — original draft, Resources, Investigation,
Software, Formal analysis. KS: Writing — original draft, Supervision,
Visualization, Data curation, Validation. FS: Writing - original draft,
Software, Investigation, Data curation, Visualization. YW: Writing -
original draft, Formal analysis, Methodology, Data curation. XY:
Resources, Writing — review & editing, Validation, Supervision,
Project administration.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The project was supported
by grants from Medical Research Project of Chengdu Health
Commission (2024523).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Agelink, M. W, Boz, C., Ullrich, H., and Andrich, J. (2002). Relationship between
major depression and heart rate variability. Psychiatry Res. 113, 139-149. doi:
10.1016/s0165-1781(02)00225-1

Alen, N. V,, Shields, G. S., Nemer, A., D’Souza, I. A., Ohlgart, M. J., and Hostinar, C. E.
(2022). A systematic review and meta-analysis of the association between parenting and
child autonomic nervous system activity. Neurosci. Biobehav. Rev. 139:104734. doi:
10.1016/j.neubiorev.2022.104734

Allison, D. J., and Ditor, D. S. (2014). The common inflammatory etiology of
depression and cognitive impairment: a therapeutic target. . Neuroinflammation 11:151.
doi: 10.1186/s12974-014-0151-1

Ayaz, B. D., and Zubcevic, J. (2020). Gut microbiota and neuroinflammation in
pathogenesis of hypertension: A potential role for hydrogen sulfide. Pharmacol. Res.
153:104677. doi: 10.1016/.phrs.2020.104677

Azizi, M., Schmieder, R. E., Mahfoud, E, Weber, M. A., Daemen, ., Davies, J., et al.
(2018). Endovascular ultrasound renal denervation to treat hypertension (RADIANCE-
HTN SOLO): a multicentre, international, single-blind, randomised, sham-controlled
trial. Lancet 391, 2335-2345. doi: 10.1016/s0140-6736(18)31082-1

Bauer, A., Malik, M., Barthel, P., Schneider, R., Watanabe, M. A., Camm, A. ], et al.
(2005). Turbulence dynamics: an independent predictor of late mortality after acute
myocardial infarction. Int. J. Cardiol. 107, 42-47. doi: 10.1016/j.ijcard.2005.02.037

Bellocchi, C., Carandina, A., Montinaro, B., Targetti, E., Furlan, L., Rodrigues, G. D.,
etal. (2022). The interplay between autonomic nervous system and inflammation across
systemic autoimmune diseases. Int. J. Mol. Sci. 23:2449. doi: 10.3390/ijms23052449

Bensafi, M., Brown, W. M., Khan, R., Levenson, B., and Sobel, N. (2003). Sniffing
human sex-steroid derived compounds modulates mood, memory and autonomic
nervous system function in specific behavioral contexts. Behav. Brain Res. 152, 11-22.
doi: 10.1016/j.bbr.2003.09.009

Billman, G. E. (2009). Cardiac autonomic neural remodeling and susceptibility to
sudden cardiac death: effect of endurance exercise training. AJP Heart Circul. Physiol.
297, H1171-H1193. doi: 10.1152/ajpheart.00534.2009

Boulton, A. ], Vinik, A. I, Arezzo, ]. C., Bril, V., Feldman, E. L., Freeman, R., et al.
(2005). Diabetic neuropathies. Diabetes Care 28, 956-962. doi: 10.2337/diacare.28.4.956

Cardona-Guarache, R., Padala, S. K., Velazco-Davila, L., Cassano, A., Abbate, A.,
Ellenbogen, K. A., et al. (2017). Stellate ganglion blockade and bilateral cardiac
sympathetic denervation in patients with life-threatening ventricular arrhythmias. J.
Cardiovasc. Electrophysiol. 28, 903-908. doi: 10.1111/jce.13249

Carney, R. M., Freedland, K. E., and Veith, R. C. (2005). Depression, the autonomic
nervous system, and coronary heart disease. Psychosom. Med. 67, S29-S33. doi:
10.1097/01.psy.0000162254.61556.d5

Chen, C. (2005). CiteSpace II: detecting and visualizing emerging trends and transient
patterns in scientific literature. J. Am. Soc. Inf. Sci. Technol. 57, 359-377. doi:
10.1002/asi.20317

Frontiers in Neuroscience

10.3389/fnins.2025.1595253

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/
full#supplementary-material

Chen, C. (2015). How to use CiteSpace, Leanpub.

Chen, C. M. (2017). Science mapping: A systematic review of the literature. J. Data
Informat. Sci. 2, 1-40. doi: 10.1515/jdis-2017-0006

Chen, P, Chen, L. S., Fishbein, M. C., Lin, S., and Nattel, S. (2014). Role of the
autonomic nervous system in atrial fibrillation. Circ. Res. 114, 1500-1515. doi:
10.1161/circresaha.114.303772

Chen, C., Dubin, R., and Kim, M. C. (2014). Emerging trends and new developments
in regenerative medicine: a scientometric update (2000 - 2014). Expert. Opin. Biol. Ther.
14, 1295-1317. doi: 10.1517/14712598.2014.920813

Chen, B., Wang, X., Pan, D., and Wang, J. (2024). Global trends and hotspots in the
association between chronic kidney disease and cardiovascular diseases: a bibliometric
analysis from 2010 to 2023. Cardiorenal Med. 15, 1-29. doi: 10.1159/000542441

Chen, M., Zhu, T., Wu, Z., Hu, L., Wu, Z., Liu, Q., et al. (2023). LL-VNS attenuates
SK2 expression and incidence of arrhythmias following acute myocardial infarction in
rats. Front. Cardiovasc. Med. 9:1034888. doi: 10.3389/fcvm.2022.1034888

Cheshire, W. P, Freeman, R., Gibbons, C. H., Cortelli, P, Wenning, G. K., Hilz, M. ],
et al. (2021). Electrodiagnostic assessment of the autonomic nervous system: A
consensus statement endorsed by the American autonomic society, American Academy
of Neurology, and the international federation of clinical neurophysiology. Clin.
Neurophysiol. 132, 666-682. doi: 10.1016/j.clinph.2020.11.024

Dani, M., Dirksen, A., Taraborrelli, P., Torocastro, M., Panagopoulos, D., Sutton, R.,
et al. (2020). Autonomic dysfunction in ‘long COVID’: rationale, physiology and
management strategies. Clin. Med. 21, e63-e67. doi: 10.7861/clinmed.2020-0896

Dark, H. E., Harnett, N. G., Hurst, D. R, Wheelock, M. D., Wood, K. H.,
Goodman, A. M., et al. (2022). Sex-related differences in violence exposure, neural
reactivity to threat, and mental health. Neuropsychopharmacology 47, 2221-2229. doi:
10.1038/s41386-022-01430-1

Del Rio, R., Marcus, N. J., and Inestrosa, N. C. (2020). Potential role of autonomic
dysfunction in COVID-19 morbidity and mortality. Front. Physiol. 11:561749. doi:
10.3389/fphys.2020.561749

Dieleman, G. C., Huizink, A. C., Tulen, J. H., Utens, E. M., Creemers, H. E., Van Der
Ende, J., et al. (2014). Alterations in HPA-axis and autonomic nervous system

functioning in childhood anxiety disorders point to a chronic stress hypothesis.
Psychoneuroendocrinology 51, 135-150. doi: 10.1016/j.psyneuen.2014.09.002

Dodge, K. A. (2006). Translational science in action: hostile attributional style and the
development of aggressive behavior problems. Dev. Psychopathol. 18, 791-814. doi:
10.1017/50954579406060391

Dotan, A., David, P, Arnheim, D., and Shoenfeld, Y. (2022). The autonomic aspects of the
post-COVID19 syndrome. Autoimmun. Rev. 21:103071. doi: 10.1016/j.autrev.2022.103071

Esler, M. D., Krum, H., Sobotka, P. A, Schlaich, M. P,, Schmieder, R. E., Bohm, M.,
et al. (2010). Renal sympathetic denervation in patients with treatment-resistant

frontiersin.org


https://doi.org/10.3389/fnins.2025.1595253
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2025.1595253/full#supplementary-material
https://doi.org/10.1016/s0165-1781(02)00225-1
https://doi.org/10.1016/j.neubiorev.2022.104734
https://doi.org/10.1186/s12974-014-0151-1
https://doi.org/10.1016/j.phrs.2020.104677
https://doi.org/10.1016/s0140-6736(18)31082-1
https://doi.org/10.1016/j.ijcard.2005.02.037
https://doi.org/10.3390/ijms23052449
https://doi.org/10.1016/j.bbr.2003.09.009
https://doi.org/10.1152/ajpheart.00534.2009
https://doi.org/10.2337/diacare.28.4.956
https://doi.org/10.1111/jce.13249
https://doi.org/10.1097/01.psy.0000162254.61556.d5
https://doi.org/10.1002/asi.20317
https://doi.org/10.1515/jdis-2017-0006
https://doi.org/10.1161/circresaha.114.303772
https://doi.org/10.1517/14712598.2014.920813
https://doi.org/10.1159/000542441
https://doi.org/10.3389/fcvm.2022.1034888
https://doi.org/10.1016/j.clinph.2020.11.024
https://doi.org/10.7861/clinmed.2020-0896
https://doi.org/10.1038/s41386-022-01430-1
https://doi.org/10.3389/fphys.2020.561749
https://doi.org/10.1016/j.psyneuen.2014.09.002
https://doi.org/10.1017/s0954579406060391
https://doi.org/10.1016/j.autrev.2022.103071

Chen et al.

hypertension (the Symplicity HTN-2 trial): a randomised controlled trial. Lancet 376,
1903-1909. doi: 10.1016/s0140-6736(10)62039-9

Fengler, K., Rommel, K., Blazek, S., Besler, C., Hartung, P., Von Roeder, M., et al.
(2019). A three-arm randomized trial of different renal denervation devices and
techniques in patients with resistant hypertension (RADIOSOUND-HTN). Circulation
139, 590-600. doi: 10.1161/circulationaha.118.037654

Florea, V. G., and Cohn, J. N. (2014). The autonomic nervous system and heart failure.
Circ. Res. 114, 1815-1826. doi: 10.1161/circresaha.114.302589

Fox, K., Borer, J. S., Camm, A. ], Danchin, N., Ferrari, R., Sendon, J. L. L., et al. (2007).
Resting heart rate in cardiovascular disease. J. Am. Coll. Cardiol. 50, 823-830. doi:
10.1016/j.jacc.2007.04.079

Freeman, R. (2006). Assessment of cardiovascular autonomic function. Clin.
Neurophysiol. 117, 716-730. doi: 10.1016/j.clinph.2005.09.027

Freeman, R., Wieling, W,, Axelrod, E. B., Benditt, D. G., Benarroch, E., Biaggioni, I.,
etal. (2011). Consensus statement on the definition of orthostatic hypotension, neurally
mediated syncope and the postural tachycardia syndrome. Clin. Auton. Res. 21, 69-72.
doi: 10.1007/510286-011-0119-5

Fudim, M., Boortz-marx, R., Patel, C. B., Sun, A. Y., and Piccini, J. P. (2016). Autonomic
modulation for the treatment of ventricular arrhythmias: therapeutic use of percutaneous
stellate ganglion blocks. J. Cardiovasc. Electrophysiol. 28, 446-449. doi: 10.1111/jce.13152

Fukuda, K., Kanazawa, H., Aizawa, Y., Ardell, J. L., and Shivkumar, K. (2015). Cardiac
innervation and sudden cardiac death. Circ. Res. 116, 2005-2019. doi:
10.1161/circresaha.116.304679

Fiirholz, M., Radtke, T., Roten, L., Tanner, H., Wilhelm, I, Schmid, J., et al. (2012). Training-
related modulations of the autonomic nervous system in endurance athletes: is female gender
cardioprotective? Eur. J. Appl. Physiol. 113, 631-640. doi: 10.1007/s00421-012-2474-x

Gaviria-Marin, M., Merig6, J. M., and Baier-Fuentes, H. (2018). Knowledge
management: A global examination based on bibliometric analysis. Technol. Forecast.
Soc. Chang. 140, 194-220. doi: 10.1016/j.techfore.2018.07.006

Gibbons, C. H., Cheshire, W. P, and Fife, T. D. (2014). American Academy of
Neurology autonomic testing model coverage policy. Minneapolis, MN, USA: American
Academy of Neurology.

Goldberger, J. J., Arora, R., Buckley, U., and Shivkumar, K. (2019). Autonomic nervous
system dysfunction. J. Am. Coll. Cardiol. 73, 1189-1206. doi: 10.1016/j.jacc.2018.12.064

Gopinathannair, R., Olshansky, B., Chung, M. K., Gordon, S., Joglar, J. A,
Marcus, G. M., et al. (2024). Cardiac arrhythmias and autonomic dysfunction associated
with COVID-19: a scientific statement from the American Heart Association.
Circulation 150, e449-e465. doi: 10.1161/cir.0000000000001290

Grasser, L. R., Saad, B., Bazzi, C., Wanna, C., Suhaiban, H. A., Mammo, D., et al.
(2022). Skin conductance response to trauma interview as a candidate biomarker of
trauma and related psychopathology in youth resettled as refugees. Eur. J.
Psychotraumatol. 13:2083375. doi: 10.1080/20008198.2022.2083375

Grossman, P, Wilhelm, . H., and Spoerle, M. (2004). Respiratory sinus arrhythmia,
cardiac vagal control, and daily activity. AJP Heart Circul. Physiol. 287, H728-H734. doi:
10.1152/ajpheart.00825.2003

Grune, J., Yamazoe, M., and Nahrendorf, M. (2021). Electroimmunology and cardiac
arrhythmia. Nat. Rev. Cardiol. 18, 547-564. doi: 10.1038/s41569-021-00520-9

Hada, M., Miyazaki, S., Kajiyama, T., Yamaguchi, M., Kusa, S., Nakamura, H., et al.
(2018). Catheter ablation of paroxysmal atrial fibrillation in patients with sick sinus
syndrome. Heart Vessel. 34, 503-508. doi: 10.1007/s00380-018-1256-8

Hasdemir, C., Alp, A., Aydin, M., and Can, L. H. (2009). Human model simulating
right ventricular outflow tract tachycardia by high-frequency stimulation in the left
pulmonary artery: autonomics and idiopathic ventricular arrhythmias. J. Cardiovasc.
Electrophysiol. 20, 759-763. doi: 10.1111/j.1540-8167.2009.01442.x

Herring, N., Kalla, M., and Paterson, D. J. (2019). The autonomic nervous system and
cardiac arrhythmias: current concepts and emerging therapies. Nat. Rev. Cardiol. 16,
707-726. doi: 10.1038/s41569-019-0221-2

Hinterdobler, J., Schott, S., Jin, H., Meesmann, A., Steinsiek, A., Zimmermann, A.,
et al. (2021). Acute mental stress drives vascular inflammation and promotes plaque
destabilization in mouse atherosclerosis. Eur. Heart ]. 42, 4077-4088. doi:
10.1093/eurheartj/ehab371

Hu, M. X,, Lamers, E, De Geus, E. J., and Penninx, B. W. (2016). Differential
autonomic nervous system reactivity in depression and anxiety during stress depending
on type of stressor. Psychosom. Med. 78, 562-572. doi: 10.1097/psy.0000000000000313

Kaplan, N. (1973). Book review of invisible colleges: diffusion of knowledge in
scientific communities by Diana crane. Phys. Today 26, 72-73. doi: 10.1063/1.3127901

Karim, S., Chahal, A., Khanji, M. Y., Petersen, S. E., and Somers, V. K. (2023).
Autonomic cardiovascular control in health and disease. Compr. Physiol. 13, 4493-4511.
doi: 10.1002/cphy.c210037

Kario, K. (2004). Morning blood pressure surge and hypertensive cerebrovascular
disease*1Role of the alpha adrenergic sympathetic nervous system. Am. J. Hypertens. 17,
668-675. doi: 10.1016/j.amjhyper.2004.04.001

Kharbanda, R. K., Van Schie, M. S., Misier, N. L. R., Wesselius, E. J., Zwijnenburg, R. D.,
Van Leeuwen, W. ], et al. (2022). In-vivo Sino-atrial node mapping in children and adults
with congenital heart disease. Front. Pediatr. 10:896825. doi: 10.3389/fped.2022.896825

Frontiers in Neuroscience

10.3389/fnins.2025.1595253

Kim, N., Hughes, T. L., Park, C. G., Quinn, L., and Kong, I. D. (2016). Altered autonomic
functions and distressed personality traits in male adolescents with internet gaming
addiction. Cyberpsychol. Behav. Soc. Netw. 19, 667-673. doi: 10.1089/cyber.2016.0282

Koenig, J., Rinnewitz, L., Warth, M., and Kaess, M. (2015). Autonomic nervous system
and hypothalamic-pituitary-adrenal axis response to experimentally induced cold pain
in adolescent non-suicidal self-injury - study protocol. BMC Psychiatry 15:150. doi:
10.1186/512888-015-0544-4

Koopman, F. A., Van Maanen, M. A, Vervoordeldonk, M. J., and Tak, P. P. (2017).
Balancing the autonomic nervous system to reduce inflammation in rheumatoid
arthritis. J. Intern. Med. 282, 64-75. doi: 10.1111/joim.12626

Lemola, K., Chartier, D., Yeh, Y., Dubuc, M., Cartier, R., Armour, A., et al. (2008).
Pulmonary vein region ablation in experimental vagal atrial fibrillation. Circulation 117,
470-477. doi: 10.1161/circulationaha.107.737023

Li, Y, Lu, Y,, Zhou, X., Zhang, L., Li, Y., Zhang, J., et al. (2017). Increase of
autonomic nerve factors in epicardial ganglionated plexi during rapid atrial pacing
induced acute atrial fibrillation. Med. Sci. Monit. 23, 3657-3665. doi:
10.12659/msm.902621

Lindgren, K. S., Mikikallio, T. H., Seppénen, T., Raatikainen, M. P, Castellanos, A.,
Myerburg, R. J., et al. (2003). Heart rate turbulence after ventricular and atrial premature
beats in subjects without structural heart disease. J. Cardiovasc. Electrophysiol. 14,
447-452. doi: 10.1046/j.1540-8167.2003.02552.x

Lins, R. M. M., De Carvalho Lima, R., Silva, E P. V., De Menezes, A. M., Salerno, P.R.,
Thé, E. C,, et al. (2010). Tratamento da fibrilagdo atrial com ablagdo por ultrassom,
durante corregio cirurgica de doenga valvar cardiaca. Braz. J. Cardiovasc. Surg. 25,
326-332. doi: 10.1590/50102-76382010000300008

Lérincz, 1., Szabd, Z., Simko, J., Szdnthd, E., Barta, K., Fiizi, M., et al. (2008). Atrial
fibrillation and the autonomous nervous system. Orv. Hetil. 149, 2019-2028. doi:
10.1556/0h.2008.28466

Lyu, J., Wang, M., Kang, X., Xu, H., Cao, Z., Yu, T, et al. (2020). Macrophage-mediated
regulation of catecholamines in sympathetic neural remodeling after myocardial
infarction. Basic Res. Cardiol. 115:56. doi: 10.1007/s00395-020-0813-3

Markman, T. M., Hamilton, R. H., Marchlinski, E. E., and Nazarian, S. (2020). Case
series of transcutaneous magnetic stimulation for ventricular tachycardia storm. JAMA
323, 2200-2202. doi: 10.1001/jama.2020.3833

Maser, R. E., and Lenhard, M. J. (2005). Cardiovascular autonomic neuropathy due to
diabetes mellitus: clinical manifestations, consequences, and treatment. J. Clin.
Endocrinol. Metabol. 90, 5896-5903. doi: 10.1210/jc.2005-0754

Meerlo, P, Sgoifo, A., and Suchecki, D. (2008). Restricted and disrupted sleep: effects
on autonomic function, neuroendocrine stress systems and stress responsivity. Sleep
Med. Rev. 12, 197-210. doi: 10.1016/j.smrv.2007.07.007

Middlekauff, H. R, Park, J., and Moheimani, R. S. (2014). Adverse effects of cigarette
and noncigarette smoke exposure on the autonomic nervous system. J. Am. Coll. Cardiol.
64, 1740-1750. doi: 10.1016/j.jacc.2014.06.1201

Mueller, B. R., Ray, C., Benitez, A., and Robinson-Papp, J. (2023). Reduced cardiovagal
baroreflex sensitivity is associated with postural orthostatic tachycardia syndrome
(POTS) and pain chronification in patients with headache. Front. Hum. Neurosci.
17:1068410. doi: 10.3389/fnhum.2023.1068410

Murphy, A., Banerjee, A., Breithardt, G., Camm, A. J., Commerford, P, Freedman, B.,
et al. (2017). The world heart federation roadmap for Nonvalvular atrial fibrillation.
Glob. Heart 12:273. doi: 10.1016/j.gheart.2017.01.015

Nguyen, U. P,, and Hallinger, P. (2020). Assessing the distinctive contributions of
stimulation & gaming to the literature, 1970-2019: A bibliometric review. Stimulat.
Gaming 51, 744-769. doi: 10.1177/1046878120941569

Numata, T., Ogawa, Y., Yoshida, L., Kotani, K., and Jimbo, Y. (2013). High-accuracy
extraction of respiratory sinus arrhythmia with statistical processing using Normal
distribution. Electr. Commun. Japan 96, 23-32. doi: 10.1002/ecj.11441

Olshansky, B., Ricci, E, and Fedorowski, A. (2022). Importance of resting heart rate.
Trends Cardiovasc. Med. 33, 502-515. doi: 10.1016/j.tcm.2022.05.006

Olshansky, B., Sabbah, H. N., Hauptman, P. ], and Colucci, W. S. (2008).
Parasympathetic nervous system and heart failure. Circulation 118, 863-871. doi:
10.1161/circulationaha.107.760405

Ottaviani, C., Thayer, J. E, Verkuil, B., Lonigro, A., Medea, B., Couyoumdjian, A., et al.
(2015). Physiological concomitants of perseverative cognition: A systematic review and
meta-analysis. Psychol. Bull. 142, 231-259. doi: 10.1037/bul0000036

Pachon-M, J. C., Pachon-M, E. L., Pachon, C. T. C,, Santillana-P, T. G., Lobo, T. J.,
Pachon-M, J. C,, et al. (2020). Long-term evaluation of the vagal denervation by
cardioneuroablation using holter and heart rate variability. Circ. Arrhythm.
Electrophysiol. 13:e008703. doi: 10.1161/circep.120.008703

Pan, D., Wang, J., Wang, H., Wu, S., Guo, J., Guo, L., et al. (2024). Mapping the
blueprint of artificial blood vessels research: a bibliometric analysis of publications in
the 21st century. Int. J. Surg. 111, 1014-1031. doi: 10.1097/js9.0000000000001877

Pan, Y., Yu, Z., Yuan, Y, Han, J., Wang, Z., Chen, H,, et al. (2021). Alteration of
autonomic nervous system is associated with severity and outcomes in patients with
COVID-19. Front. Physiol. 12:630038. doi: 10.3389/fphys.2021.630038

frontiersin.org


https://doi.org/10.3389/fnins.2025.1595253
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/s0140-6736(10)62039-9
https://doi.org/10.1161/circulationaha.118.037654
https://doi.org/10.1161/circresaha.114.302589
https://doi.org/10.1016/j.jacc.2007.04.079
https://doi.org/10.1016/j.clinph.2005.09.027
https://doi.org/10.1007/s10286-011-0119-5
https://doi.org/10.1111/jce.13152
https://doi.org/10.1161/circresaha.116.304679
https://doi.org/10.1007/s00421-012-2474-x
https://doi.org/10.1016/j.techfore.2018.07.006
https://doi.org/10.1016/j.jacc.2018.12.064
https://doi.org/10.1161/cir.0000000000001290
https://doi.org/10.1080/20008198.2022.2083375
https://doi.org/10.1152/ajpheart.00825.2003
https://doi.org/10.1038/s41569-021-00520-9
https://doi.org/10.1007/s00380-018-1256-8
https://doi.org/10.1111/j.1540-8167.2009.01442.x
https://doi.org/10.1038/s41569-019-0221-2
https://doi.org/10.1093/eurheartj/ehab371
https://doi.org/10.1097/psy.0000000000000313
https://doi.org/10.1063/1.3127901
https://doi.org/10.1002/cphy.c210037
https://doi.org/10.1016/j.amjhyper.2004.04.001
https://doi.org/10.3389/fped.2022.896825
https://doi.org/10.1089/cyber.2016.0282
https://doi.org/10.1186/s12888-015-0544-4
https://doi.org/10.1111/joim.12626
https://doi.org/10.1161/circulationaha.107.737023
https://doi.org/10.12659/msm.902621
https://doi.org/10.1046/j.1540-8167.2003.02552.x
https://doi.org/10.1590/s0102-76382010000300008
https://doi.org/10.1556/oh.2008.28466
https://doi.org/10.1007/s00395-020-0813-3
https://doi.org/10.1001/jama.2020.3833
https://doi.org/10.1210/jc.2005-0754
https://doi.org/10.1016/j.smrv.2007.07.007
https://doi.org/10.1016/j.jacc.2014.06.1201
https://doi.org/10.3389/fnhum.2023.1068410
https://doi.org/10.1016/j.gheart.2017.01.015
https://doi.org/10.1177/1046878120941569
https://doi.org/10.1002/ecj.11441
https://doi.org/10.1016/j.tcm.2022.05.006
https://doi.org/10.1161/circulationaha.107.760405
https://doi.org/10.1037/bul0000036
https://doi.org/10.1161/circep.120.008703
https://doi.org/10.1097/js9.0000000000001877
https://doi.org/10.3389/fphys.2021.630038

Chen et al.

Pappone, C., Santinelli, V., Manguso, E, Vicedomini, G., Gugliotta, E.,, Augello, G.,
et al. (2004). Pulmonary vein denervation enhances long-term benefit after
circumferential ablation for paroxysmal atrial fibrillation. Circulation 109, 327-334. doi:
10.1161/01.¢ir.0000112641.16340.c7

Pham, T., Lau, Z. J., Chen, S. H. A., and Makowski, D. (2021). Heart rate variability in
psychology: A review of HRV indices and an analysis tutorial. Sensors 21:3998. doi:
10.3390/521123998

Pinto, J. (1999). Electrical remodeling in ischemia and infarction. Cardiovasc. Res. 42,
284-297. doi: 10.1016/s0008-6363(99)00013-9

Pokushalov, E., Romanov, A., Artyomenko, S., Turov, A., Shugayev, P, Shirokova, N.,
et al. (2010). Ganglionated plexi ablation for longstanding persistent atrial fibrillation.
EP Europace 12, 342-346. doi: 10.1093/europace/euq014

Pool, J. L., and Ransohoff, J. (1949). Autonomic effects on STIMULATING ROSTRAL
PORTION of cingulate GYRI in man. J. Neurophysiol. 12, 385-392. doi:
10.1152/jn.1949.12.6.385

Pritchard, A. (1969). Statistical bibliography or bibliometrics. J. Doc. 25, 348-349.

Roth, G. A., Mensah, G. A., Johnson, C. O., Addolorato, G., Ammirati, E.,
Baddour, L. M, et al. (2020). Global burden of cardiovascular diseases and risk factors,
1990-2019. J. Am. Coll. Cardiol. 76, 2982-3021. doi: 10.1016/j.jacc.2020.11.010

Salamon, R. J., Halbe, P, Kasberg, W,, Bae, J., Audhya, A., and Mahmoud, A. I. (2023).
Parasympathetic and sympathetic axons are bundled in the cardiac ventricles and
undergo physiological reinnervation during heart regeneration. iScience 26:107709. doi:
10.1016/j.i5¢i.2023.107709

Sato, T., Kamada, R., Koizumi, T., Takenaka, S., Tada, A., Tsujinaga, S., et al. (2020).
Refractory ventricular tachycardia in a patient with a left ventricular assist device
successfully treated with stellate ganglion phototherapy. Can. J. Cardiol. 36, 1977.
e1-1977.e3. doi: 10.1016/j.cjca.2020.08.002

Savelieva, I., Fumagalli, S., Kenny, R. A., Anker, S., Benetos, A., Boriani, G., et al.
(2023). EHRA expert consensus document on the management of arrhythmias in frailty
syndrome, endorsed by the Heart Rhythm Society (HRS), Asia Pacific Heart Rhythm
Society (APHRS), Latin America Heart Rhythm Society (LAHRS), and cardiac
arrhythmia Society of Southern Africa (CASSA). EP Europace 25, 1249-1276. doi:
10.1093/europace/euac123

Schmidt, G., Malik, M., Barthel, P, Schneider, R., Ulm, K., Rolnitzky, L., et al. (1999).
Heart-rate turbulence after ventricular premature beats as a predictor of mortality after
acute myocardial infarction. Lancet 353,1390-1396. doi: 10.1016/S0140-6736(98)08428- 1

Schomig, A. (1990). Catecholamines in myocardial ischemia. Systemic andcardiac
release. Circulation 82, T113-1122

Schumacher, S., Kirschbaum, C., Fydrich, T,, and Strohle, A. (2013). Is salivary alpha-
amylase an indicator of autonomic nervous system dysregulations in mental
disorders?—A review of preliminary findings and the interactions with cortisol.
Psychoneuroendocrinology 38, 729-743. doi: 10.1016/j.psyneuen.2013.02.003

Schwerdtfeger, A. R., Schwarz, G., Pfurtscheller, K., Thayer, J. E, Jarczok, M. N., and
Pfurtscheller, G. (2019). Heart rate variability (HRV): from brain death to resonance
breathing at 6 breaths per minute. Clin. Neurophysiol. 131, 676-693. doi:
1041016/j.clinph.2019.11.013

Sha, Y., Scherlag, B. J., Yu, L., Sheng, X., Jackman, W. M., Lazzara, R., et al. (2011).
Low-level right vagal stimulation: anticholinergic and antiadrenergic effects. J.
Cardiovasc. Electrophysiol. 22, 1147-1153. doi: 10.1111/j.1540-8167.2011.02070.x

Shaffer, F, and Ginsberg, J. P. (2017). An overview of heart rate variability metrics and
norms. Front. Public Health 5:258. doi: 10.3389/fpubh.2017.00258

Shah, A. J., Wittbrodt, M. T., Bremner, J. D., and Vaccarino, V. (2021). Cardiovascular
pathophysiology from the cardioneural perspective and its clinical applications. Trends
Cardiovasc. Med. 32, 172-177. doi: 10.1016/j.tcm.2021.03.001

Shen, M. J., and Zipes, D. P. (2014). Role of the autonomic nervous system in modulating
cardiac arrhythmias. Circ. Res. 114, 1004-1021. doi: 10.1161/circresaha.113.302549

Stavrakis, S., Humphrey, M. B., Scherlag, B. ]., Hu, Y., Jackman, W. M., Nakagawa, H.,
et al. (2015). Low-level transcutaneous electrical vagus nerve stimulation suppresses
atrial fibrillation. J. Am. Coll. Cardiol. 65, 867-875. doi: 10.1016/j.jacc.2014.12.026

Frontiers in Neuroscience

21

10.3389/fnins.2025.1595253

Strohman, A, Isaac, G., Payne, B., Verdonk, C., Khalsa, S. S., and Legon, W. (2024).
Low-intensity focused ultrasound to the insula differentially modulates the heartbeat-
evoked potential: a proof-of-concept study. Clin. Neurophysiol. 167, 267-281. doi:
10.1016/j.clinph.2024.09.006

Strotmann, A., and Zhao, D. (2012). Author name disambiguation: what difference
does it make in author-based citation analysis? . Am. Soc. Inf. Sci. Technol. 63,
1820-1833. doi: 10.1002/asi.22695

Sun, Y., Chao, S., Ouyang, H., Zhang, W.,, Luo, W,, Nie, Q,, et al. (2022). Hybrid
nanogenerator based closed-loop self-powered low-level vagus nerve stimulation system
for atrial fibrillation treatment. Sci. Bull. 67, 1284-1294. doi: 10.1016/j.scib.2022.04.002

Sztajzel, J. (2004). Heart rate variability: a noninvasive electrocardiographic method
to measure the autonomic nervous system. Schweiz. Med. Wochenschr. 134, 514-522.
doi: 10.4414/smw.2004.10321

Taskin, Z., and Al, U. (2019). Natural language processing applications in library and
information science. Online Inf. Rev. 43, 676-690. doi: 10.1108/0ir-07-2018-0217

Tiwari, R., Kumar, R., Malik, S., Raj, T., and Kumar, P. (2021). Analysis of heart rate
variability and implication of different factors on heart rate variability. Curr. Cardiol. Rev.
17:¢160721189770. doi: 10.2174/1573403x16999201231203854

Van Eck, N. ], and Waltman, L. (2009). Software survey: VOSviewer, a computer program
for bibliometric mapping. Scientometrics 84, 523-538. doi: 10.1007/s11192-009-0146-3

Van Eck, N. J., and Waltman, L. (Eds.) (2019). VOSviewer manual. Universiteit Leiden.

Veduta, A., Panaitescu, A. M., Ciobanu, A. M., Neculcea, D., Popescu, M. R., Peltecu, G.,
etal. (2021). Treatment of fetal arrhythmias. J. Clin. Med. 10:2510. doi: 10.3390/jcm10112510

Volders, P. G. (2010). Novel insights into the role of the sympathetic nervous system in
cardiac arrhythmogenesis. Heart Rhythm. 7,1900-1906. doi: 10.1016/j.hrthm.2010.06.003

Wang, S., Li, B., Li, X., Wu, L., Zhu, T., Zhao, D., et al. (2020). Low-intensity ultrasound
modulation may prevent myocardial infarction-induced sympathetic neural activation
and ventricular arrhythmia. J. Cardiovasc. Pharmacol. 75, 432-438. doi:
10.1097/jc.0000000000000810

Wang, J., Zhao, W., Zhang, Z., Liu, X., Xie, T., Wang, L., et al. (2024). A journey of
challenges and victories: A bibliometric worldview of nanomedicine since the 21st
century. Adv. Mater. 36:10.1002/adma.202308915. doi: 10.1002/adma.202308915

Xiang, C., Cheng, Y., Yu, X., Mao, T., Luo, H., Hu, H,, et al. (2023). Low-intensity
focused ultrasound modulation of the paraventricular nucleus to prevent myocardial
infarction-induced ventricular arrhythmia. Heart Rhythm. 21, 340-348. doi:
10.1016/j.hrthm.2023.11.026

Yaroslavsky, 1., Rottenberg, J., Bylsma, L. M., Jennings, J. R., George, C., Baji, I, et al.
(2016). Parasympathetic nervous system activity predicts mood repair use and its
effectiveness among adolescents with and without histories of major depression. J.
Abnorm. Psychol. 125, 323-336. doi: 10.1037/abn0000149

Yu, L., Scherlag, B. J., Sha, Y,, Li, S., Sharma, T., Nakagawa, H., et al. (2011).
Interactions between atrial electrical remodeling and autonomic remodeling: how
to break the vicious cycle. Heart Rhythm. 9, 804-809. doi: 10.1016/j.hrthm.2011.12.023

Yu, X, Xie, Z., Yu, Y, Lee, J., Vazquez-Guardado, A., Luan, H., et al. (2019). Skin-
integrated wireless haptic interfaces for virtual and augmented reality. Nature 575,
473-479. doi: 10.1038/541586-019-1687-0

Zhao, T., and Jin, Y. (2017). The recommendations of a consensus panel for the
screening, diagnosis, and treatment of neurogenic orthostatic hypotension and
associated supine hypertension. Chin. J. Geriatr. Res. (Electr. Ed.) 4, 16-27. doi:
10.3877/cma.j.issn.2095-8757.2017.02.003

Zhong, W. (2006). Piezoelectric nanogenerators—their principle and potential
applications. Physics 35, 897-903.

Ziegelstein, R. C. (2007). Acute emotional stress and cardiac arrhythmias. JAMA
298:324. doi: 10.1001/jama.298.3.324

Zou, N., Zhou, Q,, Zhang, Y., Xin, C., Wang, Y., Claire-Marie, R., et al. (2024).
Transcutaneous auricular vagus nerve stimulation as a novel therapy connecting the
central and peripheral systems: a review. Int. J. Surg. 110, 4993-5006. doi:
10.1097/js9.0000000000001592

frontiersin.org


https://doi.org/10.3389/fnins.2025.1595253
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1161/01.cir.0000112641.16340.c7
https://doi.org/10.3390/s21123998
https://doi.org/10.1016/s0008-6363(99)00013-9
https://doi.org/10.1093/europace/euq014
https://doi.org/10.1152/jn.1949.12.6.385
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1016/j.isci.2023.107709
https://doi.org/10.1016/j.cjca.2020.08.002
https://doi.org/10.1093/europace/euac123
https://doi.org/10.1016/S0140-6736(98)08428-1
https://doi.org/10.1016/j.psyneuen.2013.02.003
https://doi.org/10.1016/j.clinph.2019.11.013
https://doi.org/10.1111/j.1540-8167.2011.02070.x
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1016/j.tcm.2021.03.001
https://doi.org/10.1161/circresaha.113.302549
https://doi.org/10.1016/j.jacc.2014.12.026
https://doi.org/10.1016/j.clinph.2024.09.006
https://doi.org/10.1002/asi.22695
https://doi.org/10.1016/j.scib.2022.04.002
https://doi.org/10.4414/smw.2004.10321
https://doi.org/10.1108/oir-07-2018-0217
https://doi.org/10.2174/1573403x16999201231203854
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.3390/jcm10112510
https://doi.org/10.1016/j.hrthm.2010.06.003
https://doi.org/10.1097/fjc.0000000000000810
https://doi.org/10.1002/adma.202308915
https://doi.org/10.1016/j.hrthm.2023.11.026
https://doi.org/10.1037/abn0000149
https://doi.org/10.1016/j.hrthm.2011.12.023
https://doi.org/10.1038/s41586-019-1687-0
https://doi.org/10.3877/cma.j.issn.2095-8757.2017.02.003
https://doi.org/10.1001/jama.298.3.324
https://doi.org/10.1097/js9.0000000000001592

	The developments and emerging trends of Autonomic Nervous System Research in Arrhythmia: a bibliometric study from 2004 to 2024
	1 Introduction
	2 Methodology and materials
	2.1 Research method: bibliometrics
	2.2 Data retrieval
	2.3 Literature screening
	2.4 Data standardization

	3 Performance analysis
	3.1 Time trend of the publications
	3.2 Quantitative analysis of countries/regions
	3.3 Quantitative analysis of institutions
	3.4 Quantitative analysis of journals
	3.5 Quantitative analysis of subject categories
	3.6 Quantitative analysis of research themes
	3.7 Quantitative analysis of references
	3.8 Quantitative analysis of keywords

	4 Discussion and implications
	4.1 Analysis of the geographical distribution of publications
	4.1.1 Global academic landscape in autonomic nervous system research
	4.1.2 Historical milestones and notable contributions
	4.1.3 Impact of the COVID-19 pandemic
	4.1.4 Challenges and opportunities for underdeveloped regions
	4.2 Overview of knowledge maps and research hotspots
	4.2.1 2004–2008: fragmented beginnings
	4.2.2 2009–2013: focused exploration
	4.2.3 2014–2018: critical exploration phase
	4.2.4 2019–2024: maturation and refinement
	4.3 Analysis of future trends and implications
	4.3.1 Advancements in understanding autonomic nervous function and arrhythmias: a 20-year perspective
	4.3.2 ANS, inflammation, and gut microbiota
	4.3.3 Emotional regulation and wearable technologies
	4.3.4 Innovative therapeutic approaches
	4.3.5 Electroimmunology: bridging electrophysiology and immunology

	5 Conclusions, limitations, and prospects
	5.1 Conclusions and future research
	5.1.1 Global trends and future directions in research on autonomic nervous function in arrhythmias (2004–2024)
	5.1.2 Key findings and implications
	5.1.2.1 Role of the autonomic nervous system in arrhythmias
	5.1.2.2 Challenges and opportunities in clinical application
	5.1.2.3 Emerging strategies for arrhythmia management
	5.1.3 Conclusion
	5.2 Limitations


	References

